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Abstract It is the objective of this review to introduce the reader to the current status of
organometallic chemistry, oriented towards the development of novel 99mTc-based imaging
agents. This type of inorganic chemistry has nowadays become part of so-called bioorgano-
metallic chemistry.

The article describes the current state of research and development of radiopharmaceu-
tical imaging agents based on organometallic moieties and complexes. Organometallics are,
in general, not considered to play an important role in inorganic medicinal chemistry. An
introductory section describes the requirements for practical application of a radiophar-
maceutical to underline in the second part that currently available compounds might well
be the basis for the development of completely new imaging agents. The introduction gives
also a short outline of basic organometallic technetium compounds as well as organo-
metallic aqua ions from other elements which are currently under investigation in the new
field of bioorganometallic chemistry.

In the following section, major focus is put on technetium–CO complexes. The com-
pound [99mTc(OH2)3(CO)3]+ is the prototype of a precursor, the special behaviour of
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which is based on its organometallic character. The synthesis and some fundamental 
properties are discussed. Within this section substitution reactions of [99mTc(OH2)3(CO)3]+

are presented according to the denticity of the ligands. The reactions are critically high-
lighted in respect of their versatility for the development of novel radiopharmaceuticals.
Combining monodentate and bidentate ligands leads to the potential of a new [2+1] mixed-
ligand concept.

In the last section, the labelling of biomolecules with organometallic moieties is de-
scribed. Since most of the organometallic complexes are still being researched this section
focuses on concepts, and some of the most important developments towards new CNS re-
ceptor ligands and labelled peptides and proteins are given. This section aims at motivating
researchers from radiopharmaceutical chemistry to experience new approaches which are
probably superior to the currently available ones. Throughout the text, examples from other
organometallic compounds are described; however, since the carbonyl concept is the most
advanced, the review is oriented towards the chemistry of [99mTc(OH2)3(CO)3]+.

Keywords Technetium · Rhenium · Bioorganometallics · Carbonyl · Radiopharmaceuticals · 
Labelling

1
Introduction

The artificial element technetium was discovered by Perrier and Segré in 1937
[1]. In those days, nobody suspected that this element would become an es-
sential part of medical health care some 40–50 years later.At that time, X-rays,
which had been discovered by Röntgen some 40 years earlier, were the most im-
portant tool for diagnosis by imaging. The application of radionuclides had 
already been introduced by deHevesey but this was more a toy than a serious
instrument. In fact patients usually suffered severely from the radiation of ad-
ministered radionuclides such as radium or thorium and, not surprisingly, a
number of them even died as a consequence of the treatment. Nowadays, this
situation has changed completely. With growing knowledge about the interac-
tion of ionizing radiation with tissues the properties of a radionuclide to be
useful for and not dangerous for a patient became more defined. In parallel, the
development of sensitive cameras for the detection of single photons increased.
A selection of radionuclides whose decomposition characteristics would allow
high-resolution images in single-photon-emission computer tomography with-
out the burden of a high dose to patients became possible. Among these few
versatile radionuclides, 99mTc is probably the most important one and a large
portion of nuclear medicine diagnostics is carried out with it. The main rea-
sons for the versatility of 99mTc are not only its decay characteristics but also its
price and availability. Costs of public health care are steadily increasing and
play a major role in the selection of a particular diagnostic procedure. The cost
for a diagnostic amount of 99mTc is very low compared with that for other ra-
dionuclides, which might even have better decay characteristics. Another im-
portant feature of 99mTc is its availability. In the 1960s researchers at Brook-
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haven National Laboratories developed a generator in which 99Mo, the mother
of 99mTc, is loaded on an alumina column [2–4]. The radionuclide 99Mo decays
with a 67-h half life time to 99mTc, which can be continuously eluted with saline
from the generator. Mother and daughter are in a so-called secular equilibrium.
Brookhaven National Laboratories did not patent the generator, anticipat-
ing that the system would not have any application in the future. Consider-
ing the number of generators sold so far, it has become obvious that a 
large amount of money did not reach the inventors owing to this wrong de-
cision.

Price and availability are the favourable features that help to keep the clin-
ical importance of 99mTc alive. The disadvantages arise from the chemical side
owing to the artificial nature of technetium and the difficulty of combining a
transition metal with targeting biomolecules. From a chemical point of view,
other radionuclides are more versatile, in particular the positron emitters 11C,
18F and 123I, which are most important in positron emission tomography and
are strongly competing with single-photon-emission computer tomography
despite other disadvantages not discussed here.Whereas a number of so-called
technetium-essential radiopharmaceuticals have been successfully introduced
onto the market, labelled vectors such as peptides or brain receptor imaging
agents are still subjects of research and, with a very few exceptions, in phase I
clinical trials only. The radiopharmaceutical chemistry of technetium-based
coordination compounds has been reviewed without considering organometal-
lic compounds systematically [5–9].A selection of perfusion agents introduced
onto the market and some 99mTc-labelled targeting vectors in phase I clinical
trials are given in Scheme 1.
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Scheme 1 Important representatives of commercially available 99mTc-based radiopharma-
ceuticals and advanced research compounds: a Cardiolite, b Myoview, c TRODAT-1,
d Tc-MAG3 Technescan, e Tc-ECD Neurolite
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Labelling of targeting vectors is the main object of modern radiopharma-
ceutical research. Inorganic chemistry is challenged to find convenient ways to
introduce physiologically stable 99mTc cores into biomolecules without affect-
ing their bioactivity. The labelling of biomolecules must inherently be possible
with the facilities of hospitals and the skills of their personnel. Beyond these
very fundamental requirements, targeting radiolabelled biomolecules accu-
mulate, in general, in nontargeted organs such as kidney or liver; hence, getting
clear images from whole body scans is spoiled. Since the biodistribution of an
unlabelled biomolecule is not sufficiently well known, quantification of organ
uptake becomes obvious only after labelling the biomolecule.

Besides the essential requirements pointed out before, it now becomes the
task of the radiopharmaceutical chemist to change the nature of the tagged
complex in a way that accumulation in nontargeted organs is reduced and in
targeted organs enhanced. Hence, the attached 99mTc complex has to influence
the biological behaviour of the native biomolecule in a positive direction. From
a pharmaceutical point of view, such a procedure is called “compound finding”
and is comparable to what is performed with nonradioactive organic com-
pounds to enhance, for example, the therapeutic index whilst reducing side ef-
fects, and allow the administration of higher amounts of the drug. Conse-
quently, compound finding in radiopharmacy means altering the structure of
a metal complex to achieve a better in vivo distribution. This is a new situation
and demands a flexible metal core with respect to the chelators forming stable
complexes under physiological conditions.

Radiopharmaceutical chemistry is a topic in life science and the related co-
ordination chemistry must be aqueous chemistry.Accordingly, the main focus
related to the labelling of biomolecules with 99mTc is classical “Werner-type”
chemistry. Coordination chemistry of technetium has recently been the focus
of several reviews [10–16]. As is obvious from Scheme 1 the vast majority of
complexes comprises the “[Tc=O]3+” core in which technetium is in the oxida-
tion state +V. Although a hypothetical aqua ion of [Tc=O]3+ does not exist, it
can be stabilized with weak mulitdentate ligands present in large excess. They
can then be replaced via ligand exchange to give stronger multidentate chela-
tors.Another core that merits attention is “[Tc�N]2+”, also with technetium in
oxidation state +V and similar chemical behaviour in respect of aquo ions as
in [Tc=O]3+ [17–20]. Besides these two central moieties, the mixed-ligand [3+1]
concept based on the [Tc=O]3+ core is widely applied in research [21, 22]. The
approach is problematic for certain biomolecules since in vivo instability of
complexes has been observed.

2
Organometallic Complexes in Life Science

At a first glance it seems that the special properties of M–C bonds are not in-
volved in biological systems. The well-known coenzyme B12, in which a cobalt-
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carbon (to adenosyl or methyl) is present, seems rather to be the exception that
confirms the rule. In the recent past however, more and more metalloenzymes
that contain M–CO fragments have been structurally characterized. These en-
zymes represent a classical sort of organometallic compound [23–27]. It is
probably not just by chance that CO is applied as a coligand in biology and it
can be anticipated that more organometallic enzymes will be discovered in the
near future.

Owing to the pure aqueous nature of radiopharmaceutical chemistry,
organometallic compounds are rare in this field and in life science, in general.
It is even a fact that nonradioactive drugs in inorganic medicinal chemistry
rarely contain a M–C bond. Recent research on cytotoxic agents with
[(C6H6)Ru(OH2)3]2+ represents a valuable research extension in the organo-
metallic direction [28–32]. Actually, to our knowledge there is only one com-
pound containing M–C bonds which has successfully been introduced onto the
(radio)pharmaceutical market. This concerns Cardiolite, a compound which
will be discussed later and is shown in Scheme 1. On the other hand, the rapidly
growing research field of “bioorganometallic chemistry” is focused on the ap-
plication of organometallic compounds in life science [33]. Bioorganometallic
chemistry will not be discussed here but it merits emphasis that organometal-
lic compounds such as ferrocene, [Cp*Rh(OH2)3]2+, [(C6H6)Ru(OH2)3]2+,
[(Cp*)2MoX2], where Cp* is pentamethylcyclopentadienyl, and others proved
to be superior to coordination compounds (Scheme 2). Many water- and air-
stable organometallic compounds have been described in detail and in respect
of their biological versatility. Still, the use of organometallics in life science re-
mains a niche although, for example, ferrocifene and some cytotoxic ruthe-
nium-based agents have progressed to phase I clinical trials.

In radiopharmaceutical chemistry, the only exception is the Tc(I) isonitrile
complex [99mTc(CN–R)6]+ (R is methoxy isobutyl isonitrile) which has found its
way to routine clinical application for myocardial imaging [34, 35]. This
organometallic complex is probably the most successful radiopharmaceutical
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Scheme 2 Examples of organometallic aqua ions that are currently under investigation for
application in life science



ever produced. The complex merits special attention not only owing to its ra-
diopharmaceutical application but, probably more importantly, owing to its
surprising preparation and unexpected properties. Originally, the complex was
formed in quantitative yield within a short time after heating and in the pres-
ence of the isonitrile ligand and dithionite as a reducing agent. It is remarkable
that a low-valent organometallic compound is thermodynamically favoured
under such conditions and that the complex is completely stable over the pH
range and at high temperature. It is a drawback of the stability that the mono-
dentate ligands can hardly be substituted by other ligands and, thus, the com-
plex can be taken as a starting material for further complexes. The synthesis
matches with the conditions as required from routine application and in vitro
and in vivo stabilities are excellent. The stability must be of kinetic origin and
this allows application of a compound that contains exclusively single bonds.
This structural feature would not be expected with classical coordination com-
pounds of higher valences.

The preparation of low-valent complexes such as [99mTc(CN–R)6]+ from wa-
ter might still initiate research in the field of organometallic compounds for life
science. The paradigm that organometallic compounds are not compatible with
conditions imposed by biological systems could clearly be repudiated with this
compound.

2.1
Particular Properties of Organometallic Compounds

Organometallic complexes applied in life science must be stable in water and
air.Additionally, in radiopharmaceutical chemistry they have to be prepared di-
rectly from [99mTcO4]– in a one-pot synthesis from aqueous saline. Low-valent
organometallic complexes are, in general, closed shell and obey the 18-electron
rule as, for example, in [99mTc(CN–R)6]+ as mentioned before. These two im-
portant features essentially govern all complexes under investigation in life sci-
ence, they have 18 electrons and have d3 or d6 electronic configuration. Often,
the organometallic ligands are not involved in pH equilibria. The electronic
configuration is responsible for kinetic stability towards full or partial ligand
replacement. The M–C bonds are reasonably stable and prevent dissociative
substitution and the lowest unoccupied molecular orbital is too high in energy
to enable an interchange or an associative reaction pathway. This makes, for ex-
ample, d6 organometallic complexes robust if the ligand bond energies are suf-
ficiently high, which is the case for CO or CN–R, for example. In contrast to
Werner-type ligands, organometallic ligands are not prone to protonation and
the corresponding complexes are stable over a broad pH-range. Werner-type
ligands, as applied for the Tc(V) cores, are s and/or p donors which can be pro-
tonated and are pH-sensitive. The combination of donors is limited since, for
example, weak donors such as thioethers have to be combined with a set of
electronically “correct” ligands in order to achieve thermodynamic stability.As
a drawback of the robust nature of organometallic complexes, they are more
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flexible owing to the electronic flexibility of the CO ligand. Strong donation can
be compensated by better p backbonding and an incoming p acceptor by
stronger donation from the CO or other ligands, respectively. Complexes obey-
ing the 18-electron rule make complexes with a mixed classical/nonclassical
ligand sphere very robust as well. Consequently, monodentate ligands are fea-
sible for stable binding of a technetium fragment to a targeting vector. This
contrasts with complexes in oxidation state +V, where stability must be
achieved by multidentate chelators. Complexes with tridentate or lower-dentate
ligands are, in general, not sufficiently stable. Aiming at electronically robust
complexes of technetium must focus on oxidation states +IV (d3) and +I (d6).
Tc(IV) is problematic since, at least on the macroscopic level, TcO2 or other hy-
drolysed species represent a thermodynamic trap. Tc(I), on the other hand, is
an electron-rich centre and p acceptors such as CO or CN–R must be present
in order to compensate the high electron density.

An aqua-ion of technetium would be most convenient but its existence is un-
likely since aqua-ions in the second transition-metal row are rare. On the other
hand, acceptor ligands can stabilize low-valent metal centres and form a kind
of aqua ion (e.g. [Tc(OH2)3(CO)3]+) and donors can stabilize medium-valency
centres for the same purpose and the existence of [Cp*Rh(OH2)3]2+ is a nice ex-
ample for the latter case [36].

The electronic flexibility of organometallic moieties is the important feature
for their application in life science. The difficulties of introducing a new
organometallic-based concept are manifold. Organometallic compounds are
considered to be air- and water sensitive. Still, they represent a great opportu-
nity to explore new possibilities in biological fields as outlined in the following,
especially with the [99mTc(CO)3]+ moiety but also with others.

2.2
Organometallic Technetium Complexes

This section gives a short overview of the most relevant organometallic tech-
netium complexes. More details about the compounds applied in radiophar-
maceutical imaging will be given in later sections. The organometallic chem-
istry of technetium has been reviewed on several occasions [13, 14, 37, 38]. The
main motivation for exploring technetium chemistry is the application in ra-
diopharmacy; hence, organometallic chemistry is rather underdeveloped. In
the early days of technetium chemistry, fundamental types of compounds were
synthesized and characterized but no studies about their behaviour in water
appeared. Since the chemistry of technetium in its low oxidation states strongly
resembles that of its higher homologue rhenium, not much effort was under-
taken to really explore more details. It has to be emphasized at this point that
technetium does not only differ gradually from rhenium but principally in
many of its compounds and reactions.

Homoleptic [Tc2(CO)10)] can be synthesized in autoclaves, a procedure that
is difficult to reproduce owing to safety regulations [39–41]. [Tc(CO)6]+ is avail-
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able as well and can even be synthesized from water as recently published [42].
Most of the organometallic chemistry starts with [Tc2(CO)10)] and, for exam-
ple, the important Tc(I) starting material [TcBr(CO)5] can be produced directly
by bromination [43]. All kinds of cyclopentadienyl (Cp) complexes or com-
plexes that comprise the fac-[Tc(CO)3]+ moiety can be prepared starting from
[Tc2(CO)10)] [44]. Oxidation of [CpTc(CO)3] gives cis- and trans-[TcBr4(CO)2]–,
in which technetium is in oxidation state +III and this is the highest oxidation
state in which CO remains coordinated [45, 46]. A limited number of other
complexes that contain classical organometallic ligands such as alkyls and
alkenes are known. Important starting compounds are shown in Scheme 3.
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Scheme 3 Basic organometallic compounds of technetium useful as starting materials for
further syntheses

An interesting reaction in which a metal carbonyl was formed from an in
situ CO source and not from free CO was published in 1982 [47]. Baldas et al.
aimed at the preparation of a dithiocarbamate Tc(III) complex using for-
mamidine–sulfinic acid as a reducing agent. Instead, they isolated a seven-co-
ordinate Tc(III) complex [Tc(CO)(S2CNR2)3] containing a CO ligand that
formed upon degradation of formamidine–sulfinic acid (Scheme 4).Although
not studied in more detail and not extended to other studies, the procedure is



remarkable. The authors propose that the formation of CO and its binding to
technetium is metal-mediated and that the binding does not occur by the co-
ordination of the free CO generated. This mechanistic picture, if true, is prob-
ably also valid for the formation of the fac-[Tc(CO)3]+ moiety as discussed in
a later section. Other approaches for in situ CO formation are known (e.g. HCl
and formic acid), however, the respective conditions are not compatible with a
one-step procedure as required for routine use in life science. As a model, the
procedure described by Baldas et al. deserves more attention since carbonyl
complexes are versatile starting materials. They need to be prepared without
pressure and, for safety reasons, without free CO but with an in situ CO source.
Formamidine–sulfinic acid might be a reasonable alternative.

3
Technetium Carbonyl Complexes in Water

Precursor complexes that are versatile for the labelling of targeting molecules
must comprise ligands which can be exchanged for incoming, biomolecule-
bound chelators. These ligands are preferentially water molecules since water
is the solvent of biology and medicine. Organometallic fragments with water
ligands are rare, probably owing to the lack of attempts to prepare them.A lim-
ited number of reactions have been described in the literature comprising some
of the cations described earlier but also [Ru(OH2)3(CO)3]2+.A review of this in-
teresting class of compounds has been given by Koelle [48]. [Ru(OH2)3(CO)3]2+

has some typical features as a precursor for aqueous organometallic coordi-
nation chemistry: three more or less tightly bound CO ligands and three labile
water ligands. Extrapolating to group 7 transition metals, we can expect that the
analogous complexes exist and that they are even stabler. This led to the de-
velopment of the chemistry of fac-[Tc(OH2)3(CO)3]+, whose basic chemistry
and potential applications in imaging are described.
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3.1
The [Tc(OH2)3(CO)3]+ Complex, Basic Properties

The original synthesis of [99TcCl3(CO)3]2– was performed in tetrahydrofuran
(THF) at 1 atm CO and directly from [NBu4][TcO4] with BH3·THF as a reduc-
ing agent [49]. The exact reaction mechanism remains unclear. It consist of a
6-e– reduction and concomitant coordination of three CO ligands. No inter-
mediates were found. The dianion can be dissolved in water and the three chlo-
rides readily exchange for solvent molecules as evident from IR spectroscopy.
Only at high Cl– concentration ([Cl–]>2 M] is some evidence from NMR spec-
troscopy obtained that one chloride re-coordinates. Aqueous solution of
[Tc(OH2)3(CO)3]+ are completely stable over the full pH range although at high
pH reversible hydrolytic di- tri- and tetramerization occurs [50, 51]. Thermal
or hydrolytic cleavage of the CO ligands through the formation of a metal-
lacarboxylic acid as in case of the ruthenium analogue (water gas shift reac-
tion) could not be observed, which implies that the CO ligands cannot be 
substituted by an incoming ligand. This is true for incoming Werner-type lig-
ands; however, strong trans-effect ligands such as CO can replace technetium-
bound CO as shown in Scheme 5 and this has been proven experimentally 
with 13CO. Mechanistically, an incoming CO ligand replaces first one of the 
coordinated H2O, which results in the formation of an intermediate complex
[Tc(OH2)2(CO)4]+. Owing to the strong trans-effect, one of the two trans COs
is then cleaved and either the original compound, [Tc(OH2)3(CO)3]+, or the iso-
tope-labelled analogue, [Tc(OH2)3(13CO)(CO)2]+, is regenerated. Complexes
[Tc(OH2)2(CO)4]+ and [Tc(OH2)(CO)5]+ can be observed with 99Tc NMR but
both are not stable under these conditions and are true intermediates present
in a steady-state concentration after an extended period of time. If CO pressure
is released, rapid back reaction to [Tc(OH2)3(CO)3]+ occurs, behaviour known
for the structurally related ruthenium complex. Experiments with 13CO showed
a very nice and stepwise exchange of 12CO bound to rhenium or technetium 
by 13CO. The reaction can be followed by 13C and 99Tc NMR and a picture of the
reaction is given in Scheme 5.

Surprisingly, after about 2 weeks at moderate pressure, significant amounts
of [99Tc(CO)6]+ could be detected in the 99Tc NMR. The signal is weak owing to
the fact that in the solution most of the hexacarbonyl complex precipitated as
[99Tc(CO)6][ClO4] from the 1 M HClO4 solution. This method presents a con-
venient strategy to prepare the binary Tc(I) carbonyl complex and is much eas-
ier than the original procedure [39, 42].

The water exchange rate is very important for the ligand exchange reactions
described later in this section and has been determined for the corresponding
rhenium complex [Re(OH2)3(CO)3]+. If the water self-exchange rate is too slow,
a labelling process is not expected to occur at a reasonable rate; hence, the pre-
cursor is not convenient for radiopharmaceutical purposes. The self-exchange
rate is strongly pH dependent. This can be expected since the exchange follows
a classical base-catalysed mechanism. The pKa value of [Re(OH2)3(CO)3]+ has
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been estimated to be about 7.8. Deprotonation of one water yields a hydroxo
complex which stabilizes the transition state in a D or Id ligand exchange mech-
anism. From the data it is clear that the substitution will be slow, but reason-
ably fast for labelling processes at physiological pH and at elevated temperature
[52]. The corresponding experiments for technetium are currently being per-
formed but it can be estimated that the reactions are about 10–100 times faster
according to the general trends when going from the second to the third tran-
sition-metal series.

Besides the stability of the CO ligands towards ligand exchange, oxidation
stability in aqueous solution is, in particular, remarkable. Cyclovoltametric 
experiments showed that the oxidation potential must be higher than 1.2 V 
in water. As described later, the 99mTc compound is moderately air sensitive at
high dilution. [Re(OH2)3(CO)3]+ and [99Tc(OH2)3(CO)3]+ are stable when ex-
posed to air.

These basic properties are favourable for application in imaging. The
[Tc(OH2)3(CO)3]+ complex can also be described as a semi aqua ion. One half
of the coordination sphere is shielded, whereas the other half is prone to sub-
stitution with classical or nonclassical ligands. Three ligands of small size and
low molecular weight are tightly bound, while three water ligands can be ex-
change by incoming chelators. To yield physiologically stable complexes, the re-
sulting compounds must be robust.
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Scheme 5 a Synthesis of [99Tc(OH2)3(CO)3]+, CO exchange with 13CO, b formation of
[99Tc(OH2)2(13CO)(CO)3]+ and c re-formation of [99Tc(OH2)3(13CO)(CO)2]+ or d formation of
[99Tc(OH2)(CO)5]+ and e [99Tc(CO)6]+, respectively

a

b c

d

e



Before outlining the coordination properties of [99Tc(OH2)3(CO)3]+ in more
detail, the synthesis of the corresponding precursor [99mTc(OH2)3(CO)3]+ mer-
its attention. A precursor is only useful if quantitative aqueous preparation in
a hospital or a clinical research institute can be done in one step under rea-
sonable conditions. Such requirements are not routine for organometallic com-
pounds. CO is merely soluble in water and other classical ligands such as C5H6
(HCp) rapidly decompose. Isonitriles are reasonably stable but will, as demon-
strated earlier, occupy all available positions on the metal centre. This does not
leave a coordination site available for subsequent ligand substitution and la-
belling. The preparation of [99mTc(OH2)3(CO)3]+ starts from [99mTcO4]– com-
prising a six-electron reduction and concomitant coordination of three COs.
Differently from organic solvents, many side reaction pathways are now pos-
sible, since stable hydroxo and oxo species are known in intermediate oxidation
states. Still, the switch from BH3·THF to reasonably water stable [BH4]– enables
the straightforward synthesis of [99mTc(OH2)3(CO)3]+ in one step [53]. The pres-
ence of 1 atm CO and heating to 95 °C for 30 min is sufficient. The mechanism
has not been elucidated but it represents a challenge not only in respect of this
particular reaction, but also to transfer the principle to other transition ele-
ments. The reaction conditions are depicted in Scheme 6.

12 R. Alberto

Scheme 6 Standard synthesis of [99mTc(OH2)3(CO)3]+ without an in situ CO source

This reaction conditions are compatible with routine application. However
small vials filled with gaseous CO are a hazard and are not convenient for safety
reasons.A water-stable and soluble compound that releases CO under well-con-
trolled conditions, i.e. an in situ CO source, would be the solution to the prob-
lem. Molecules or slats with such properties are rare. Malone and coworkers
[54, 55] and Carter and Parry [56] described the synthesis and properties of so-
called boranocarbonate [H3BCO2]2– (BC), which does release CO under acidic
conditions. BC is formed from H3BCO under alkaline conditions. The CO
adduct of BH3 is difficult to prepare and to handle and a synthesis was devel-
oped starting directly from H3B·THF. Bubbling CO through a THF solution car-
ries H3BCO continuously off and this can then be hydrolysed as in the original
procedure [57]. This allowed the preparation of bulk amounts of Na2[H3BCO2]
or Na[H3BCO2H] as shown in Scheme 7.

BC parallels the behaviour of metallacarboxylic acids which could poten-
tially also serve as in situ CO sources along the same pathway. BC comprises
two functions in one anion: the reducing function of [BH4]– and CO as a ligand.



BC is reasonably stable at neutral-to-alkaline pH but decomposes rapidly in
acidic media. The reaction of [99mTcO4]– with BC at pH 11–12 yields quantita-
tively the organometallic aqua ion [99mTc(OH2)3(CO)3]+. Mechanistically, it is
possible that BC acts as a ligand which binds to the technetium centre. Hydride
transfer followed or paralleled by reduction occurs concomitantly with CO co-
ordination. The X-ray structure of a model with K+ as the metal is shown in
Fig. 1.

BC is stable in aqueous solution and can be lyophilized. This is the basis for
a kit formulation which is nowadays commercially available under the trade
name Isolink (Mallinckrodt Med.). The precursor [99mTc(OH2)3(CO)3]+ can be
synthesized in quantitative yield by adding generator eluate to the vial and sub-
sequent heating to 98 °C for 20 min. The reaction yield does not depend on the
total amount of activity. The complex [99mTc(OH2)3(CO)3]+ is stable for hours
if kept under N2 but is slowly reoxidized when exposed to air. In contrast, all
complexes in which the three water ligands are substituted as discussed later
are thermally very stable even when exposed to air. It merits attention at this
point that the rhenium homologue [188Re(OH2)3(CO)3]+ cannot be prepared
along the same route. Since rhenium is more difficult to reduce and reacts, in
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Scheme 7 a Schematized preparation of boranocarbonate, b protonation equilibrium of
boranocarbonate and c dehydration to boranocarbonyl, which decomposes under release 
of CO

Fig. 1 X-ray structure of [K(18crown-6)][H3BCOOCH3]

a

b

c



general, much slower, the technetium procedure gives only minor yields of
[188Re(OH2)3(CO)3]+. In this case, H3B·NH3 is the reducing agent and the reac-
tion must be carried out in the presence of H3PO4 at acidic pH. So far, this for-
mulation excludes an instant kit formulation but this is not considered to be a
limiting issue for therapeutic applications [58].

The reducing agent BC is likely to be a general compound and it deserves
more attention for the preparation of mixed water–CO complexes on the
macroscopic level of other transition-metal cations. We observed in prelimi-
nary experiments the formation of [99Tc(OH2)3(CO)3]+ on the macroscopic
level directly from water, although in moderate yields of less than 30%. The
same was found for [MoO4]2–, which gives mixed H2O–CO complexes of so far
unknown composition. The general behaviour of BC appears to point towards
a new field in aqueous organometallic chemistry.

3.2
Reaction with Werner-Type Ligands

3.2.1
Monodendate Ligands

The incentive of the chemistry of [99(m)Tc(OH2)3(CO)3]+ is the fact that it can be
considered as a normal aqua-ion with only three available coordination sites.
Since the complexes resulting from water substitution are kinetically stable, al-
most any type of chelator forms coordination compounds with the fac-
[99(m)Tc(CO)3]+ moiety. This is equally true for mono- bi- and tridentate chela-
tors regardless of whether the hard–soft condition for ligand and metal centre
matches. This behaviour also represents the major impact of using
[99mTc(OH2)3(CO)3]+ for the labelling of targeting molecules for imaging pur-
poses. As outlined later it is of importance to conjugate a metal complex with
similar physicochemical properties such as hydrophilicity, size, and charge to
a biomolecule. For the traditional “[Tc(V)=O]3+” approaches, the choice of the
ligand is limited, whereas for Tc(I) almost any donating molecules can be used
as ligands. Some minor limitations will be mentioned at the appropriate places.
In this section coordination compounds are in focus. It will be shown later how
the observed general coordination chemistry can be extrapolated to biomole-
cules for receptor targeting.

Some selected reactions with different type of ligands that are of relevance
for radiopharmaceutical chemistry are depicted in Scheme 8.

It has been observed that [99mTc(OH2)3(CO)3]+ interacts directly with serum
proteins, resulting in partially irreversible labelling. The major potential coor-
dination sites in proteins are thioether side chains in methionine and the im-
idazole group in histidine. The primary amine group in lysine or other groups
such as the amides of the protein backbone might be weakly coordinating as
well but are unstable and therefore less significant [59]. Accordingly, the reac-
tion with monodentate ligands such as imidazole and thioethers results in a
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stepwise substitution of one, two and eventually three monodentate ligands to
the fac-[99mTc(CO)3]+ moiety. If such a reaction with monodentate ligands is
performed in saline with [99mTc(OH2)3(CO)3]+ it is often encountered that the
reaction is fast for the first two incoming ligands but then becomes very slow.
The reason for this observation is the occupation of the third coordination site
with a chloride from the solution. After substitution of two ligands, the result-
ing cation readily attracts an anion, preferred for charge-neutralizing reasons.
It has been shown that this Cl– is in equilibrium with water and prevents the fast
substitution of a third incoming ligand. The equilibria are shown in Scheme 9
[60, 61].

The complexes formed are stable and the monodentate ligands do not 
exchange for H2O or halides. Ligand-exchange studies of [Re(im)3(CO)3]+

with a large excess of fully deuterated imidazole did not show any replacement
of the coordinated imidazole even at elevated temperature. Imidazole is a 
potent chelator. It was shown that recombinant scFv which often bear a 
histidine tag can conveniently be labelled just by mixing the protein with
[99mTc(OH2)3(CO)3]+ [62, 63]. The exact coordination geometry around the
technetium-centre is unknown but coordination must occur at the histidine 
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Scheme 8 Reaction of [99mTc(OH2)3(CO)3]+ with simple tridentate N,O ligands in aqueous
solution: a with diethylenetriamine, b with ethylenediamine monoacetic acid, c with
imino–diacetic acid and d nitrilotriacetic acid

b

a

d

c



tag since labelling of the same protein without his-tag gave very low yields 
only.

Monodentate thioether molecules, isonitriles, nitriles and phosphines react
in the same way and yield stable bis- and tris-substituted complexes [49, 64].
The drawback of such complexes with monodentate ligands is the halide ex-
change, which is slow but still occurs and results in physiological media in un-
specific serum protein binding. The exchange rate is likely to depend on the
type of monodentate ligand which influences the electronic properties of the
metal and, thus, the strength of Cl– binding to the technetium-centre.As will be
outlined later, monodentate ligands are still versatile when combined with a
bidentate ligand in the so-called mixed-ligand [2+1] approach.

One recent example in the context of the monodentate ligands is the reac-
tion with purin bases which shall be discussed here. The N7 nitrogen of gua-
nine is a potential coordinating site, electronically comparable to the one found
in imidazole. In guanine the carbonyl oxygen O6 might sterically interfere with
the coordinated COs. Reaction of [99Tc(OH2)3(CO)3]+ with 9Me-guanine and
7Me-guanine showed that a total of two purin bases can still coordinate despite
some sterical interference (Scheme 10). The X-ray structures of the corre-
sponding complexes could be elucidated and are shown in Fig. 2. Clearly, N7
and N9 coordinate to the rhenium-centre in a head-to-tail conformation. The
coordination of the second guanine is an equilibrium, whereas the first guanine
is strongly coordinated to the metal [65]. The implication of this observation
is obvious: [99mTc(OH2)3(CO)3]+ can be used to directly label oligodeoxynu-
cleotides or more simply, guanine. Interestingly, no coordination occurs to 
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Scheme 9 Equilibria of [99(m)Tc(OH2)3(CO)3]+ with monodentate ligands (imidazole) in
aqueous solution. The end product is the tris-substituted complex [99mTc(im)3(CO)3]+,
whereas the bis-substituted intermediate [99mTcCl(im)2(CO)3] is the kinetic product



adenine or the pyrimidin bases, which follows observations made with, for 
example, Pt2+, which also shows a strong preference for guanine.

3.2.2
Bidentate Ligands

Two monodentate ligands can be combined to one bidentate ligand.According
to the chelate effect, the complexes are expected to be even stabler. This is not
so crucial since it is almost impossible to replace even monodentate ligands but
more importantly, the rate of coordination is expected to be faster. Hence, the
ligand concentration to achieve quantitative labelling or complex formation
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Scheme 10 Reaction of [Re(OH2)3(CO)3]+ with 7-MeG and 9-MeG in water

Fig. 2 X-ray structures of a [Re(OH2)(7-MeG)2(CO)3]+ and b [Re(OH2)(9-MeG)2(CO)3]+

a b



will be lower. In terms of preference, bidentate ligands are similar to mono-
dentate ones. Many possible combinations of donor atoms have been described.
The bidentate ligand can be neutral or anionic, resulting in neutral complexes
of general composition [99mTcCl(L2)(CO)3] and [99mTc(OH2)(L2)(CO)3], re-
spectively. In the latter example, the solvent molecule (H2O) remains coordi-
nated. A number of potential bidentate ligands are shown in Scheme 11 and a
representative X-ray structure is shown in Fig. 3. The bidentate ligands are very
strongly coordinating and cannot be replaced. As in the case of the complex
type [99mTcCl(L)2(CO)3], the Cl– or the water ligand can be replaced by other in-
coming ligands. This might lead in certain cases to cross-reactivity to other po-
tential coordinating sites in physiological media [66]. Bidentate ligands are fast
ligands, in particular if they are of anionic nature such as, for example, picol-
inic acid.
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Scheme 11 Direct synthesis of [99mTc(OH2)(L2)(CO)3] from [99mTcO4]– in water in the pres-
ence of [H3BCO2H]–, 30 min, 95 °C, where L2 represents bidenate anionic ligands such as im-
idazole–carboxylic acid, picolinic acid or 2,4(5)-dipicolinic acid

Fig. 3 X-ray structure of [Tc(OH2)(2,4-dipic)(CO)3]



Since very low concentrations of biomolecules are crucial for the labelling
of receptor binding molecules the rate of complex formation is important. Ide-
ally, the ratio biomolecule-to-technetium ratio is close to 1. This is rarely the
case for the routinely available methods. For bidentate ligands, the lower limit
is about 10 µM to achieve quantitative labelling within a reasonable time period
(typically 30 min at 100 °C). In comparison with other methods a concen-
tration of 10 µM can still be considered to be very good. Remarkably, a 
full one-pot preparation of complexes of the formula [99mTcCl(L2)(CO)3] or
[99mTc(OH2)(L2)(CO)3] is feasible, if the bidentate ligands are not significantly
reduced under the conditions applied in the labelling kit, which is the case for
most of the simple bidentate ligands discussed in this section. These complexes
can be prepared by adding generator eluate and a ligand solution of appropri-
ate concentration to the vial, yielding quantitative complex formation upon
heating. One could expect that hard ligands efficiently stabilize intermediate
oxidation states and prevent further reduction to Tc(I) but this has never been
observed. It underlines the hypothesis that reduction takes place in one step
from coordinated BC.

3.2.3
The [2+1B] and [2B+1] Mixed-Ligand Concept

The water ligand in [99mTc(OH2)(L2)(CO)3] is only loosely bound and can be ex-
changed for another monodentate ligand. This observation led to a novel
mixed-ligand concept besides the well-known [3+1] approach developed by
Pietzsch et al. [21]. In the [2+1B] approach, an anionic, bidentate ligand is co-
ordinated as described previously. Then a monodentate ligand replaces the 
last H2O molecule on the technetium-centre, yielding a complex of the general
formula [99mTc(L1)(L2)(CO)3]. The monodentate ligand L1 can be attached to 
a biomolecule which allows convenient labelling. The bidentate ligand L2 is
variable and, consequently, the physicochemical properties of the labelled bio-
molecule are also variable. As in normal compound finding, the structure and
the properties of the (radio)pharmaceutical are flexible and allow systematic
screening in order to optimize, for example, the target-to-nontarget ratio.
Versatile bidentate ligands are commercially available. Two of them, imida-
zole–carboxylic acid and monopicolinic or dipicolinic acid, are particularly 
interesting since a second ligand coordination resulting in compounds of
composition [99mTc(h1-L2)(h2-L2)(CO)3] should not be possible for steric rea-
sons. This was indeed not the case for imidazole–carboxylic acid and mono-
picolinic acid and was not even observed for structurally more flexible biden-
tate ligands such as the amino acids serine or alanine. Exclusive formation of
[99mTc(OH2)(L2)(CO)3] was observed, which implies an electronic preference of
the remaining coordination site. This hypothesis is confirmed by comparing
the rate of formation for [99mTc(L1)(L2)(CO)3] for different types of monoden-
tate ligands L1. Aromatic amines such as imidazole and pyridine react fast but
still require a relatively high concentration of 0.1 mM to go to completion
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within 30 min at 100 °C. The most efficient ligand group is isonitriles, for which
10 µM is sufficient for quantitative complex formation. The X-ray structure for
a typical complex is given in Fig. 4. Imidazole or pyridine can conveniently be
introduced in biomolecules without extensive protecting group chemistry. De-
pending on the biomolecule, higher temperatures can be employed and allow
the fast preparation of labelled biomolecules. These procedures apply, in par-
ticular, for peptides, which, in general, are thermally stable. Systematic screen-
ing becomes possible and allows fast and efficient development of radiophar-
maceuticals.

The mixed-ligand concept can be altered to [2B+1], in which the biomolecule
is attached to the bidentate ligand. In this case, the variable portion is repre-
sented by the monodentate ligand, which determines the physicochemical
properties of the radiopharmaceutical. Most of the peptides are synthesized
with solid-phase techniques and the corresponding ligand can be introduced
as the last step in the synthesis. The bidentate ligand is, for example, a normal
histidine at the N-terminus and the a- and g-amine groups provide a strong lig-
and. The bidentate ligand L2 is preferentially an anionic ligand since the Cl–

substituent in the case of neutral L2 is more difficult to replace. We have syn-
thesized a dipicolinic acid based bidentate ligand. This ligand can be coupled
through alkylation of the N-terminus to a peptide. Subsequent labelling of this
molecule occurred at 10 µM concentrations and monodentate ligands could be
coordinated to the sixth site. The principles of the [2+1B] and the [2B+1] con-
cept are shown in Scheme 12.
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Fig. 4 Example of a [2+1] mixed-ligand complex: X-ray structure of [Re(im)(2,5-dipic)
(CO)3]



One of the features of the mixed-ligand concept is the exclusive forma-
tion of one single complex. This result is general for reactions with
[99mTc(OH2)3(CO)3]+ and is a consequence of the high kinetic stability of all the
complexes formed. Lability of the bi- or the monodentate ligand would clearly
result in statistical mixtures of all possible complexes but even a very high ex-
cess of monodentate ligand did not replace the bidentate chelator. In a further
step, it is even possible to prepare the mixed-ligand complexes in one single
step directly from the kit and the two ligands L1 and L2.Adding a solution of L1

and L2 to the lyophilized kit gave only the mixed-ligand complex
[99mTc(L¢1)(L2)(CO)3]. Again, if the ligands and the biomolecules resist the re-
ductive conditions, there is the possibility of preparing the compounds in one
single step.

The [2+1] approach with the fac-[99mTc(CO)3]+ moiety can be used for 
mimicking the structure of certain small biomoelcules (Scheme 13). Coordi-
nation of serine as the bidentate ligand and guanine as the monodentate ligand
gives a structure that roughly resembles guanosine. The X-ray structure of the
corresponding rhenium complex could be elucidated and is shown in Fig. 5.
The ribose moiety is replaced by the five-membered ring of the coordinated
serine, whereas the guanine coordinates directly through N9 to rhenium.
Whether enzymes in which guanosine is the substrate still recognize this copy
is currently under investigation.

Bidentate ligands have been applied in combination with various targeting
molecules. Recently, fatty acids have been labelled by introducing a bidentate
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Scheme 12 Two different mixed-ligand approaches based on [99mTc(OH2)3(CO)3]+: a the
[2+1B] approach, in which the bidentate ligand is coordinated first, followed by the labelling
of the targeting biomolecule (BM) with a pendant monodentate ligand (the synthesis of the
intermediate can be performed in one step), and b the [2B+1] approach, in which the biden-
tate ligand is attached to the BM and the monodentate ligand represents the variable por-
tion

a

b



Schiff base type chelator at one of the terminal groups of the C18 chain. Schiff
bases have also been introduced in WAY, a piperazine-based serotonergic re-
ceptor binding molecule (Scheme 14). For both molecules labelling could be
performed at low concentrations and, depending on the spacer length between
the receptor binding part and the chelator, affinity was fully retained [67]. Un-
fortunately, brain uptake was too small to make this compound relevant for
CNS receptor density imaging.
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Scheme 13 Mimicking organic structures: coordination of one serine and 7-MeG to
[Re(OH2)3(CO)3]+ resembles in its overall structure that of guanosine

Fig. 5 X-ray structure of [Re(9-MeG)(serin)(CO)3], a potential mimic for guanosine



3.2.4
Tridentate Ligands

As previously mentioned, the lowest possible level of vector concentration is es-
sential for future application of imaging agents. If the concentration for quan-
titative labelling of the targeting molecule is high, then purification from cold,
unlabelled material is required. Depending on the type of receptor binder, the
upper concentration is between 1 and 10 µM. At such low concentrations it is
sometimes difficult to get one single product. For mechanistic reasons, heating
for all the common approaches is necessary to achieve complete labelling
within a short period of time. Even the very efficient 6-hydrazinonicotinamide
(HYNIC) approach needs heating below a certain concentration level to afford
quantitative labelling [6, 68, 69]. The labelling efficiency is not only a question
of stability but also of the reaction pathway. Classical coordination chemistry
with the fac-[99mTc(CO)3]+ moiety follows a D or an Id mechansim, using Lang-
ford–Gray nomenclature. The formation of an outer sphere complex is there-
fore an important step in the labelling procedure.Anionic bidentate ligands are
more efficient than neutral ones probably owing to an increased outer sphere
stability constant. Correspondingly, tridentate anionic ligands should be even
more efficient, a behaviour that could indeed be observed.Although tridentate
ligands do not provide significantly higher thermodynamic stability, their re-
action rate is much faster than that of bidentate ligands. Since all the complexes
are kinetically stable, the rate of reaction becomes the decisive step. In that re-
spect tridentate ligands are favoured. Tridentate ligands provide an additional
advantage in that they shield the technetium-centre perfectly from cross-reac-
tivity as is often the case for [99mTc(OH2)(L2)(CO)3] or [99mTcCl(L2)(CO)3]. The
drawback of tridentate ligands is the request for protecting group chemistry
since several cross-reacting functional groups may be present.

Research with tridentate ligands has been carried out for several funda-
mental coordinating groups, pyrazolyl-borates, aliphatic triamines and histi-
dine-type ligands. Other ligands have also been investigated and some of the
structures are shown in Scheme 15.

These tridentate ligands are coupled to biomolecules although the organic
chemistry is not routine. All the ligands shown are very efficient for labelling
reactions and concentrations of 1 µM or even lower are sufficient to afford
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Scheme 14 Labelling of a serotonergic receptor ligand from the aryl–piperazine type,
derivatized with a Schiff-base type bidentate chelator



quantitative complex formation at 98 °C after 30 min. The imidazole–thione
borohydrides are particularly fast ligands [70]. Besides the efficiency of la-
belling, they have the very interesting feature of agostic hydrogen coordination.
An X-ray structure is shown in Fig. 6. The reaction in aqueous solution yields
the complex in which the sulphurs from two imidazoles and one hydride are co-
ordinated. Originally it was expected that a halide would occupy the sixth site;
however, reaction in water or organic solvents afforded only a complex with the
shown structure. The replacement of the agostic hydrogen with other incom-
ing monodentate ligands proved to be impossible in water and could only be
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Scheme 15 The fac-[Tc(CO)3]+ core with different types of tridentate chelators: a histidine,
b 1,4,7-trithiacyclononane, c bis-benzimidazole amine and d diethylenetriamine

a b

c d

Fig. 6 Unusual tridentate coordination with an agostic hydride; X-ray structure of
[Tc{H2B(Sim)2}(CO)3]



achieved in organic solvents under drastic conditions [71]. It is obvious that the
derivatization of biomolecules with this type of chelator will result in radio-
pharmaceutical precursors that are very efficiently labelled.

Since of natural origin, histidine is a versatile tridentate chelator if not cou-
pled to a biomolecule by the amine or the carboxylic function through peptide
formation.As discussed later, histidine has been introduced in the peptide neu-
rotensin through alkylation at the a-NH2 group and amide formation with the
N-terminus of neurotensin. This gives a highly efficient tridentate, histidine-
based ligand. Keeping the histidine part intact for coordination requires de-
rivatization at the imidazole ring. The e-amino group is particularly versatile
and additional alkyl chains bearing amino, hydroxo, halide or carboxylic func-
tions could be introduced in fully protected histidine. Subsequent deprotection
results in coupled histidine as a tridentate chelator. The reaction pathway is out-
lined in Scheme 16.
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Scheme 16 Introduction of an acetic acid group at Ne in histidine to yield an Na and car-
boxylate-protected histidine ready to be coupled to a biomolecule

These histidine derivatives are easily introduced in biomolecules. The com-
plex [99mTc(his)(CO)3] is hydrophilic and can be combined with hydrophilic
peptides. The high-performance liquid chromatography retention times of the
native and the labelled peptide do not differ significantly. Histidine is a very ef-
ficient ligand and quantitative labelling occurs, in general, at the micromolar
level. The complexes are physiologically stable and well characterized. Large
quantities of the ligand precursor can be synthesized from cheap starting ma-
terials and can then be introduced in biomolecules by applying standard pep-
tide coupling techniques. Since histidine is not sensitive for reduction, the com-
plex [99mTc(his)(CO)3] can also be prepared in one single step directly from
[99mTcO4]–. If the biomolecule is stable under these conditions, the same can be
applied for a one-step labelling procedure. The X-ray structure analysis of a
model complex is shown in Fig. 7 [72].

Surprisingly, aliphatic tridentate amines also showed a high tendency for co-
ordination to the fac-[Tc(CO)3]+ core. It is expected that the very basic aliphatic
amines are protonated and fully or partially cleaved at physiological pH. This
did not occur, demonstrating the high kinetic stability of the Tc–N bond. Like



histidine, aliphatic tridentate amines afford coordination at concentrations as
low as 1 µM in the ligand or the biomolecule. The resulting complexes of gen-
eral composition [99mTc(N3)(CO)3]+ are cationic and highly hydrophilic. One or
two of the terminal primary amines can be replaced by pyridines or imidazoles
without changing the charge of the complex but making it more lipophilic if re-
quired. Tridentate aliphatic amines can conveniently be introduced into bio-
molecules. Commercially available tetramines such as “trien” can be protected
and coupled through peptide bond formation to a carboxylic acid. The termi-
nal amines can also be reacted with aldehydes and reduced to get directly the
tridentate ligand as shown in Scheme 17. Of course, alkylation at any of the
amines is possible as well.

As shown in Scheme 17, a tridentate amine was coupled to an intercalating
aromatic molecule such as pyrene or anthrachinon and was labelled with 99mTc.
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Fig. 7 X-ray structure of a complex with tripodal histidine and derivatization at Ne

Scheme 17 Triamine ligands in combination with an intercalating moiety yields a highly 
stable cationic complex



The X-ray structure of the rhenium homologue is given in Fig. 8. These labelled
intercalators exhibit strong interaction with plasmide DNA and it was shown
that the Auger electrons emitted from the decay of 99mTc induced double strand
breaks in DNA [73]. Since Auger emitters are frequently discussed as potential
therapeutic nuclides, 99mTc could probably be applied for the same purpose
[74–77]. Coupling a nucleus-localizing peptide to the other terminus of the tri-
amine ligand resulted in a trifunctional molecule,: one function to coordinate,
one to intercalate and one to transport the radionuclide into the nucleus. En-
hanced radiocytotoxicity was found when the intercalating portion was com-
bined with such an appropriate peptide.

The stability constant of intercalation depends, of course, on the charge of
the molecule. Since tridentate amines yield cationic complexes, for simple elec-
trostatic reasons interaction with the negatively charged DNA backbone is en-
hanced.

Derivatives of aliphatic amines have an interesting drawback. It was ob-
served that tertiary amines involved as ligand atoms in coordination to the fac-
[99mTc(CO)3]+ moiety cleaved during the labelling reaction, affording a coor-
dinating secondary amine. If the tertiary amines link to a biomolecule, cleavage
of the biomolecule from the 99mTc-complex occurs; hence, tertiary amines
should not be part of a chelator. Cleavage could be observed regardless of the
nature of the two other donators and only the extent of cleavage varied as a
function of these two additional groups. Selective cleavage was transferred to
solid-phase bound chelators. Metal-mediated cleavage then allows the prepa-
ration of essentially no carrier added complexes or biomolecules. Solid-phase-
based preparation of radiopharmaceuticals of very high specific activity has
also been described in the context of Tc(V) chemistry in which a Au–S bond
cleaved upon coordination of the [Tc=O]3+ core [78, 79]. Metal-mediated cleav-
age of solid-phase ligand bonds provides a very elegant and simple way to high
specific-acitivity radiopharmaceuticals. Furthermore, application on a routine
basis is convenient since filtration is sufficient to get a radiopharmaceutical of
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Fig. 8 X-ray structure of a cationic complex comprising a tridentate aliphatic amine ligand
and an intercalating pyrene moiety



high radiochemical and chemical purity. In the case of fac-[99mTc(CO)3]+ it
could be shown that cleavage occurs exclusively with technetium but not with
rhenium and that the active state must be an intermediate in which the tri-
dentate ligand is not yet fully coordinated. Complexes with the completed lig-
and sphere were perfectly stable towards cleavage of the tertiary amine bond.
Typical yields of these processes varied depending on the ligand and reaction
conditions between 10 and 50% relative to the total activity of the 99mTc pre-
cursor. Examples of the molecules involved are shown in Scheme 18 [80].
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Scheme 18 Metal-mediated cleavage of 99mTc-labelled biomolecules from a solid-phase sup-
port (grey spheres). Unlabelled biomolecules remain bound, whereas labelled ones only are
partially cleaved

It is likely that the Lewis acidity of the fac-[99mTc(CO)3]+ moiety is the rea-
son for cleavage. It is assumed that one remaining water molecule is acidified
and attacks intramolecularly the tertiary N–C bond, resulting in a hydroxo
group on the cleaved carbon and a secondary amine coordinated to tech-
netium.

3.2.5
Reaction with Nonclassical Ligands

Among the nonclassical organometallic ligands, [C5H5]– (Cp–) plays an essen-
tial role for several reasons. It was shown in the early days of bioorganometal-
lic chemistry that complexes of the cymantrene type [CpM(CO)3] (M repre-
sents group 7 elements) are very stable in physiological media [81, 82]. Cp– is
one of the smallest ligands with a low molecular weight that stably occupies
three coordination sites. Furthermore, Cp– can be derivatized to introduce 
targeting biomolecules; the corresponding chemistry is well known from 
classical organometallic chemistry. Apart from these advantages, a major 
disadvantage is the stability of free Cp– in particular in water. Since radio-
pharmaceuticals have ultimately to be prepared from water, Cp– is probably 



not very versatile in this solvent. Attempts to prepare cytectrene (the tech-
netium analogue of cymantrene) go back to the early 1990s. Wenzel [83] re-
ported a so-called double ligand transfer reaction and succeeded for the first
time in the preparation of [Cp99mTc(CO)3] if we do not consider the prepara-
tion of the same complex by decaying the molybdenum analogue reported by
Fischer and Schmidt [44]. The pioneering reaction of Wenzel is shown in
Scheme 19.
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Scheme 19 First preparation of a [Cp99mTc(CO)3] labelled biomolecule by the so-called 
double ligand transfer approach

Apart from the reaction conditions, cymantrene was formed concomitantly
in this reaction and could not easily be separated from cytectrene. Progress in
the Wenzel approach was reported by the group of Katzenellenbogen [84]. They
developed the double ligand transfer reaction by reaction of [99mTcO4]– with
CrCl2 as a reducing agent, [Cr(CO)6] as a CO source and ferrocene as a Cp
source. Under these conditions, cytectrene could be synthesized in reasonable
yields without getting cymantrene at the same time. The difficulty of this ap-
proach is the presence of chromium and the still relatively harsh condition of
150 °C in MeOH. The same group reported the labelling of octreotide with cy-
tectrene and performed biological studies [85]. Since cytectrene is rather
lipophilic, accumulation in the liver was observed and no real advantages over
other approaches were stated. Clearly, cytectrene is probably most interesting
for lipophilic biomolecules such as CNS receptor ligands and to a lesser extent
only for peptides or antibodies.

The main problem with Cp– is the insolubility in water (since it is readily
protonated to HCp), its high pKa value of about 14 which prevents its deproto-
nation on the aqueous pH-scale and its instability, resulting in fast dimeriza-
tion and polymerization. The pKa value could be decreased by the introduction
of an electron withdrawing group. Acetyl–Cp (ACp) represents such an acidi-
fied cyclopentadiene. ACp was described in the early literature but the 
pKa was not determined. Later, it was found that the pKa value of Acp was
around 8.7 [86]. Acp is water-soluble and reasonably stable. The reaction with
[99Tc(OH2)3(CO)3]+ in phosphate buffer resulted in the formation of
[99Tc(ACp)(CO)3] in 10–40% yield. The yield is not quantitative owing to the
hydrolytic formation of [Tc4(m3-OH)4(CO)12], which is the competing side re-
action to the formation of cytectrene. Since tetramerization does not occur in
highly dilute solutions, the same reaction was carried out with 99mTc and re-
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Scheme 20 Fully aqueous preparation of a [Cp99mTc(CO)3] labelled biomolecule, enabled 
by the carbonyl group directly attached to the cyclopentadienyl-ring: a two-step approach,
b direct one-step procedure and c observed by-product from carbonyl reduction by bora-
nocarbonate

sulted in quantitative formation of [99mTc(ACp)(CO)3] after 30 min at 95 °C. The
reaction requires a relatively high concentration of ligand but further opti-
mization of the conditions will probably reduce this factor. The procedures are
shown in Scheme 20 [87].

The acetyl group can act as an anchoring group for biomolecules. The gen-
eral strategy of reacting NaCp with an ester results in the formation of a
Cp–CO–biomolecule conjugate. This approach has been described with the
serotonergic receptor ligands WAY, one of the most thoroughly investigated
CNS receptor ligand. Some of the compounds are shown in Scheme 20. Reac-
tion with [99Tc(OH2)3(CO)3]+ in phosphate buffer gave the corresponding 99Tc
complexes. The X-ray structure of a model complex is shown in Fig. 9. Labelling
with 99mTc gave the corresponding complexes in quantitative yield, but again at
relatively high concentrations of 10–4–10–3 M. The structure–activity relation-
ship made clear that a two-carbon spacer is too short and the in vitro receptor
affinity decreased significantly. On the other hand, the complex with a four-
carbon spacer showed full retention of the affinity.Whether the main obstacle
for 99mTc carrying CNS receptor ligands, the blood brain barrier, can be over-
come needs to be proven [88].

The approach of using acetylated Cps has one limitation. If the C=O group
and an additional donator in, for example, the biomolecule can form a six-
membered chelate, this mode of coordination is preferred and slippage from
this h2 coordination to h5 coordination on the Cp takes place, if ever, very
slowly.

a

b

c
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Fig. 9 Preparation of a cyclopentadienyl (Cp) complex from water: X-ray structure of
[(PhCO–Cp)Tc(CO)3]

Recently, it was shown that ferrocene derivatives can be used directly as a
Cp– source. Ferrocene is introduced in a biomolecule through a carbonyl group
and the bioconjugate is then reacted with [99mTc(OH2)3(CO)3]+ in a dimethyl
sulphoxide (DMSO)/water mixture at 95 °C. The corresponding Cp compound
is produced in good yield. The advantage of this procedure is the easier han-
dling of the ferrocene precursor compared with that of the biomolecule with
an attached free and deprotonated Cp. On the other hand, the reaction condi-
tions are still quite rough and the demand for DMSO might cause problems in
the practical application. It seems that DMSO is solely required to achieve suf-
ficient solubility of the highly lipophilic ferrocene precursor [89].

Other ligands compatible with aqueous conditions and providing additional
M–C bonds are CO and isonitriles.As discussed earlier, at ambient pressure of
CO, no more than three COs will coordinate to Tc(I) as a consequence of the
trans effect.At elevated pressure, however, it is possible to synthesize the binary
carbonyl complex [99mTc(CO)6]+ [42]. This could be shown by 99Tc NMR spec-
troscopy and by isolation of the complex.

More relevant to radiopharmaceutical imaging are isonitriles since they can
be derivatized with a biological vector. Complexes of general composition
[99mTc(CN–R)3(CO)3]+ can be prepared by mixing the precursor with the cor-
responding isonitrile. The coordination of three biomolecules is not desirable.
The potential behind compounds of formulation [99mTc(CN–R)3(CO)3]+ is
rather the synthesis of novel perfusion such as myocardial imaging agents. It
has been shown by two groups that [99mTc(CN–R)3(CO)3]+ with R representing
tBu has comparable biological properties as Sestamibi [90]. The drawback is the
two-step synthesis, which is not convenient for routine use. Only much better
biological behaviour would justify a replacement of the current market leader
[99mTc(CN–R)6]+.

Pioneering work has recently been performed at the interface between
boron neutron capture therapy and diagnostic imaging agents. If the carborane
3-isocyano-1,2-dicarba-closo-dodecaborane is reacted with [ReBr3(CO)3]2– in
an organic solvent, the three bromides are replaced by three carboranes to yield
the highly lipophilic complex [Re(CN–R)3(CO)3]+, in which R represents the
closo-carborane. The reaction was also performed with 99mTc and the analogous



compound was formed in quantitative yield. This opens a new avenue to carry
a high boron density molecule to a target and to quantify and to visualize 
the distribution of boron, an analytic task that is not easily verified with 
nonradioactive boron compounds [91]. The replacement of one CO ligand 
by one isonitrile ligand was observed during the reaction resulting in the 
formation of [Re(CN–R)4(CO)2]+. The same group reported the very elegant
synthesis of a carborane analogue of cytectrene. The nido-carborane
[C2B9H12]– reacted with [Re(OH2)3(CO)3]+ in slightly alkaline solution to pro-
duce [Re(h5-C2B9H11)(CO)3]– in very good yield [92]. Although not described
explicitly, it can be expected that 99mTc behaves the same way. The complex can
be considered as an analogue of cytectrene. In fact, the carboranes have also
been derivatized with a propionic acid residue which allows the introduction
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Scheme 21 Preparation of carborane complexes comprising the fac-[99mTc(CO)3]+ moiety
and different functionalities for linking to biomolecules



of a targeting biomolecule. The advantage of the carborane ligands is their sta-
bility and their low molecular weight.Although bulky at first glance, the actual
size is not much bigger than that of Cp and the coordination chemistry is
straightforward. Still, the complexes are highly lipophilic, which would make
them the choice for brain receptor imaging, but the complexes are still anionic,
which might prevent them from passing the blood-brain barrier.

For completeness, it was reported in the context of binary isonitrile com-
plexes that the Re(III) precursor [Re2(OAc)4Cl2] reacted with 3-isocyano-1,2-
dicarba-closo-dodecaboran to produce [Re(CN–R)6]+ in good yield. The X-ray
structure of this complex was elucidated.Again, it remains to be shown that the
same complex can be prepared with 99mTc to be useful in imaging [93]. Relevant
complexes of this section are depicted in Scheme 21.

4
Labelling of Biological Vectors with Organometallic Moieties

As outlined in the Introduction, an organometallic precursor useful for the la-
belling of targeting molecules must be stable in water or be synthesized in situ
and subsequently be stabilized with additional ligands. In most cases, the pre-
cursor is synthesized in a first step and reacted in a second step with the de-
rivatized biomolecule. Most of the papers describe labelling chemistry with the
fac-[99mTc(CO)3]+ moiety and a lower number of papers with Tc(III) complexes
comprising one Tc–C bond to an isonitrile. Since the application of organo-
metallic compounds in life science is recent, systematic studies are not available
yet and the most important research results will be discussed in the following 
sections.

4.1
CNS Receptor Ligands

A good overview of CNS receptor binding 99mTc-labelled complexes became
available recently [88]. To achieve a useful labelled CNS receptor ligand, the 
attached complex must be neutral and possess an octanol/water partition 
oefficient between 2 and 3. The hydrogen-bonding properties of the complex
affect the ability to pass the blood brain barrier. Efforts were essentially applied
to the dopamin transporter ligand DAT and the 5-HT1A serotonergic receptor
ligand WAY100635.

For the latter CNS receptor ligands, different types of chelators have been in-
troduced to the basic receptor binding framework. Originally a bidentate Schiff
base was introduced by the reaction of an aliphatic amine with pyridine–alde-
hyde. Labelling occurred at low concentration and the radioconjugate was
physiologically stable. Although receptor affinity was fully retained, brain up-
take was low [67]. ACp was introduced at the same position and, as described
earlier, and receptor affinity was perfectly retained. No brain uptake data are
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available so far [87]. The HYNIC group presents a favourable coordination site
for the fac-[99mTc(CO)3]+ moiety. Derivatization of WAY and subsequent la-
belling gave a well-defined complex with good binding properties but brain up-
take again was too low. As is obvious from these few experiments, more sys-
tematic studies are required to improve brain uptake in particular. Other
labelling methods suffer from the same difficulties but, as more compounds are
described, a better structure–activity relationship is deductible.

Recently, ligands with PNN or PNO donor sets have been introduced at the
alkyl chain of WAY as described before. This donor set represents a powerful
alternative to other ligand types but is probably too large in size owing to the
two phenyl groups attached to the phosphine. Labelling with the fac-
[99mTc(CO)3]+ moiety occurs at medium to low concentration. The X-ray struc-
tures of the corresponding rhenium-complexes have been elucidated showing
that the PNN ligand is tridentate and the PNO ligand bidentate. Interestingly,
in the latter case the amide group coordinates through the carbonyl oxygen and
not through the deprotonated NH group, representing one of the rare cases in
which O is preferred over N [94]. The same group published rare examples of
pyrazol-based ligands. It could be shown that bis-pyrazolyl-borohydrides are
extremely powerful and highly lipophilic ligands. Labelling with the fac-
[99mTc(CO)3]+ moiety occurs at low concentration [70]. Pyrazole-based-ligand
frameworks have been extended to tridentate amines in which two pyrazolyl
ligands are connected through a secondary amine yielding a tridentate NNN
ligand. The corresponding complexes have been characterized structurally
[95]. Similarly, ligands based on (mercaptoimidazolyl)borohydrides and hydro-
tris-(mercaptoimidazolyl)borate have been shown to be powerful tridentate
ligands as well. So far, none of these ligands have been coupled to biomolecules
to prove their versatility. The coordination chemistry encountered with these
ligand types is very promising for the preparation of high specific-activity ra-
diopharmaceuticals [71].

An organometallic Tc(III) complex has been described in the context of the
HT1A receptor.An isonitrile group was introduced into the pendant alkyl chain
of WAY. The isonitrile group then reacted with a Tc(III) centre coordinated to
an umbrella-type NS3 chelator to produce a five-coordinated complex con-
taining one Tc–C bond. Depending on the chain length, the affinity was in the
nanomolar range but brain uptake was still relatively low ( about 0.3%) [96].

Based on the very positive results with “TRODAT”, a DAT receptor ligand
with an N2S2 ligand for labelling with Tc(V), a few studies have been per-
formed in the context of carbonyls. Cp– was introduced at various positions in
the tropane framework. It could be shown that dervatization at the bridging ni-
trogen retained the biological activity but that biological activity was lost at all
other positions [84, 97]. In another attempt, a bidentate thioether ligand was in-
troduced at the carboxylic acid group in the tropane framework following the
structure–activity relationship of the TRODAT molecule. This molecule could
be labelled with the fac-[99mTc(CO)3]+ moiety and the molecule was called
TROTEC-1. The affinity to the receptor was fully retained (IC50<1 nM) but the
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brain uptake was again not sufficient to allow structure-resolved brain imag-
ing [98, 99].

The labelling of estradiol is of ongoing interest. Some lead structures are de-
picted in Scheme 22. Originally, ferrocene was introduced through an ethinyl
spacer at position 17. Following the procedure described in the so-called dou-
ble ligand transfer protocol, the fac-[Tc(CO)3]+ moiety was introduced using
[MnBr(CO)5] as the CO source. The cytectrene-labelled estradiol was produced
in 30–90% yield. Although a suboptimal synthesis, the authors could show re-
ceptor-specific binding to the uterus and tumour uptake [100]. In a more recent
approach, the ferrocene approach was combined with the higher reactivity of
ACp coupled to estradiol. The reaction of [99mTc(OH2)3(CO)3]+ with acetyl–fer-
rocene replaced the iron at 95 °C in DMSO/H2O and gave the corresponding cy-
tectrene-labelled estradiol. The presence of DMSO is not an option as DMSO
is required to solubilize estradiol to a reasonable amount. Further development
is expected to solve this practical inconvenience [89] Various alterations of
these methods have been described [101, 102]. In general, the conditions
worked out so far in the context suffer from rather rough conditions and are,
in general, not compatible with demands from routine application. The only ex-
ception is probably the labelling of ACp derivatives of biomolecules which can
be performed directly in water although the concentrations of biomolecules are
still relatively high [86]. 188Re–Cp compounds have been synthesized by the
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Scheme 22 Differently labelled estradiols with attached organometallic rhenium moieties.
RBA is the relative binding affinity to the estradiol receptor



double ligand transfer approach. The in vivo metabolism was studied to prove
the applicability of [(R–Cp)Re(CO)3] for the labelling of biomolecules such as
peptides or proteins. No metabolical decomposition could be observed [103].

In an earlier work, a bidentate thioether ligand was attached through an
alkinyl spacer to C17 in estradiol. The corresponding Re(I) and Tc(I) complexes
were characterized but no biological 99mTc data were determined [104]. More
recently, bidentate SS and tridentate SSO ligands have been introduced at po-
sitions 7 and 17 in estradiol. The relative binding affinity to Era and Erb have
been determined. The compounds were labelled with 94mTc (a positron emitter)
and showed favourable estrogen receptor binding. Despite the favourable bind-
ing properties, the compounds did not show a target-tissue-directed biodistri-
bution in vivo [105].

An extension to this work appeared recently when pyridin-2-yl hydrazine
based classical chelators were introduced through an ethinyl or ethenyl moiety
at position 17. Although still model complexes, this type of derivatization and
complexation can easily be transferred to the corresponding 99mTc chemistry.
It could be shown that the relative binding affinity was essentially retained and
compared favourably with other reported estradiol-derived carbonyl com-
plexes [106].

4.2
Peptides and Proteins

Radiolabelled peptides and proteins are currently under intense investigation
since they are still considered as “magic bullets” for cancer diagnostics and
therapy. Numerous publications describing labelling techniques and biological
properties of Tc(V) complexes with tetradentate NS chelators have appeared.
Despite these enormous efforts, it is surprising that almost none of the tech-
niques have found their way onto the market and into routine clinical applica-
tion. This fact might be related to the instability of such peptides, the un-
favourable accumulation in nontargeted organs or the difficulty in preparing
in one step high specific-activity radiolabelled peptides of sufficient radio-
chemical purity. One of the most successful concepts is probably the HYNIC
approach. The only problem is the noncharacterization of the complex. Pep-
tides are biomolecules in which the advantage of kinetically stable complexes
can be shown. Introducing various types of different chelators will influence the
biodistribution of the radiopharmaceutical. Since many chelators coordinate
strongly to the fac-[99mTc(CO)3]+ moiety, systematic structure–activity rela-
tionships are accessible. So far, only a limited number of papers describing the
labelling of peptides with organometallic complexes are available. A few se-
lected examples will be described in the following.

In an early work, neurotensin was derivatized with histidine either through
an amide bond to the carboxylic acid to produce a bidentate NN chelator or
through alkylation at the Na-amino group under retention of the tripodal co-
ordinating feature [107]. Labelling of neurotensin comprising the tripodal his-
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tidine occurred at very low concentrations (below 10–5 M) without affecting the
affinity to the receptor. Biodistribution studies showed that tridentate ligands
are superior to bidentate ones. A lower limiting concentration can be applied
and accumulation in nontarget organs such as liver and kidney is much lower
for tridentate ligands. Halide exchange for competing coordinating groups in
serum might be the reason for this observation and the formation of larger ag-
gregates. Complete shielding of the Tc(I) centre with a tridentate ligand pre-
vents these cross-linking reactions [59, 66, 108]. Owing to the too short half life
time of native neurotensin, the same strategy was applied to stabilized neu-
rotensin. Much better biodistribution patterns could be realized and some of
the derivatives have been involved in phase-I clinical trials and are currently
being tested in humans [109–112].

Somatostatin and its stabilized derivatives, for example, the octreotides have
been combined with organometallic 99mTc moieties. Since somatostatin deriv-
atives are most attractive from a practical point of view, relatively many papers
have appeared in this field. Of special interest was an early attempt to use cy-
tectrene and octreotide. Octreotide was labelled at the N-terminus with
CpTc(CO)3 by the double ligand transfer approach in an overall 8% yield and
the biodistribution was tested in rats. The labelled octreotide was found to be
stable in the serum for at least 1 h and the uptake in targeted organs was spe-
cific, i.e. could be blocked by cold unlabelled octreotide. The compound pos-
sessed the important features of a radiopharmaceutical, in vivo stability, spe-
cific uptake and retention in target tissue and low accumulation in nontarget
tissue such as fat and muscles. Still, the synthesis is not convenient and needs
improvement [85].

In another approach, somatostatin 14-dextran was oxidized and coupled to
histidine through imination. Subsequent reduction gave a glycosylated so-
matostatin that was labelled with fac-[99mTc(CO)3]+ by simple mixing. Chal-
lenging the labelled conjugate with a large excess of cysteine resulted in loss of
about 25% of the label. This was probably due to unspecific binding of fac-
[99mTc(CO)3]+ since other work showed complete stability of [99mTc(his)(CO)3]
against cysteine challenge [113, 114]. Carbohydrated octreotide was coupled to
picoline–aminoacetic acid. The carbohydrate makes the conjugate much more
hydrophilic and an excellent biodistribution could be observed [115].

A number of other peptides have been studied in detail. Bombesin was de-
rivatized at the C-terminus with histidine to give a bidentate NO chelator and
a neutral complex after labelling. The labelled peptide fully retained the bio-
logical activity and was stable in vivo and in vitro, although the peptide as such
slowly metabolized. Clearly, bidentate coordination is not optimal in respect of
stability; still, labelling yield and specific activity were both very high [114].
Similarily, ethylenediamine was introduced at the N-terminus of bombesin.
Specific labelling with fac-[99mTc(CO)3]+ could be achieved. The labelled com-
plex exhibits subnanomolar affinity to PC-3 cells, which was demonstrated by
competitive displacement assay. Accumulation in bombesin receptor contain-
ing organs was demonstrated in tumour-bearing mice models. Since the chela-
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tor is only bidentate, the third position was subsequently coordinated to the
highly hydrophilic phosphine P(CH2–OH)3. This further coordination can be
described as a mixed-ligand approach and resulted in significantly higher hy-
drophilicity of the radioconjugate and an improved biodistribution [116]. A
similar investigation has also been performed with the fac-[188Re(CO)3]+ moi-
ety [117].

Beside these well known peptides, neuropeptide Y analogues have been la-
belled with the fac-[99mTc(CO)3]+ moiety. 2-Picolylamine-N,N-diacetic acid was
coupled to the N-terminus of neuropeptide Y. The biological stability was ex-
cellent and neither cysteine nor histidine challenge replaced the label. However,
since neuropeptide Y comprises a histidine in the chain, some unspecific la-
belling at the imidazole side chain occurred. The specific affinity of bombesin
does not strongly depend on this histidine. Consequently, it was replaced by ala-
nine, resulting in specific labelling at the ligand site only [118]. The potential
of approaches with organometallic moieties was recently shown in the context
of permeation tat peptides. Tat peptides are in focus since rapid translocation
properties, seemingly independent of receptor-mediated endocytosis, have
been observed. Tat peptides were derivatized with histidine and diethylenetri-
aminepentaacetic acid (DTPA). In parallel, fluorescein was introduced to enable
double localization and to quantitatively measure cell uptake and tissue dis-
tribution as well as to qualitatively confirm subcellular localization by fluores-
cence microscopy. These dual-labelled tat peptides have been tested in vivo and
in vitro. The localizations of the fluorescing agent and the radionuclides are in
good agreement. No loss of label was found, confirming the high physiological
stability of the organometallic moiety [119].

Proteins seem to be an attractive target for direct labelling with low-valent
organometallics. On one hand, a protein offers numerous sites for anchoring an
organometallic moiety but, on the other hand, monodentate coordination only
is probably not sufficient to prevent cross-linking to other proteins, leading to
the formation of larger aggregates. The histidine-tagged recombinant scFv pro-
teins are an exception to this expected general behaviour. They possess a chain
of 3–6 histidines at the N-terminus which are necessary for purification but not
for receptor binding. This histidine tag can be considered as a multidentate lig-
and since two or more imidazoles from histidine can coordinate at the same
time. In contrast to the direct unspecific labelling, improved stability against
cross-linking is expected. This concept could be verified for a number of ex-
amples. Histidine-tagged scFv has been labelled at 37 °C to a high degree and
labelling occurred specifically at the his-tag. However, endogenous histidine in-
terfered in coordination to the histidine tag to a low degree (less than 5%). Re-
placement of theses histidines by mutation allowed specific labelling at the his-
tidine tag only. Still, the procedure is convenient for the quick 99mTc labelling of
this important class of targeting vectors and this will allow preliminary evalu-
ation of some biodistribution data [62, 63].
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4.3
Miscellaneous

Clearly, the labelling of targeting vectors with organometallic moieties is still
at its infancy. Some other single studies have been carried out with small mol-
ecules. It is, of course, an incentive to find a way of labelling not only peptides
and proteins but also smaller molecules such as amino acids. CNS receptor lig-
ands as described at the beginning are small but a number of biologically ac-
tive molecules, like glucose, are even smaller and, thus, more challenging. How-
ever, no promising results are available so far, neither for the Tc(V) approach
nor for other concepts, including organometallic moieties. It is likely that pos-
itive results are not available since the challenge of labelling these molecules
with 99mTc is just too big (and possibly impossible). Efforts have been under-
taken in the context of folic acid which was derivatized with DTPA. DTPA is
hardly expected to form stable complexes with the fac-[Tc(CO)3]+ moiety but
reaction gave one single product in high yield and radiochemical purity. The
stability of the radiopharmaceutical is excellent, exhibiting the importance of
kinetic stability. The radiotracer undergoes folate receptor mediated uptake in
a human carcinoma cell line in vitro and in vivo. However, as a folate-receptor-
targeted radiopharmaceutical, the radiotracer does not appear to offer advan-
tages over other folate–chelate conjugates [120].

Probably the biggest challenge is the labelling of glucose with 99mTc.Whereas
the synthesis of compounds which are antagonists for hexokinase could prob-
ably be achieved (the 3D structure of hexokinase is known), it is much more
difficult to transport such radiopharmaceuticals through the glucose trans-
porter of the cell membrane. In a recent study, an imino-diacetate based chela-
tor was introduced at C1. Labelling with fac-[99mTc(CO)3]+ gave one product but
the glucose conjugate did not show any uptake in cells [121]. Coordination of
imino-diacetate gave an anionic and hydrophilic complex which was stable in
serum at 37 °C for more than 24 h.

The surfactant protein B was unspecifically labelled with fac-[99mTc(CO)3]+.
The highly lipophilic protein spread over a hydrophilic surface and could have
potential in the diagnosis of acute respiratory disease syndrome. The spread-
ing properties of the labelled and native surfactant protein B were in coinci-
dence, making labelled surfactant protein B a potential diagnostic radiophar-
maceutical [122].

4.4
Perspectives and Conclusions

The application of organometallic complexes and moieties in life science, in
general, or in radiopharmacy, in particular, is very recent. Still, bioorganometal-
lic chemistry is progressing very fast since it offers an attractive and challeng-
ing topic besides the pathway of using classical coordination compounds.
Clearly, novelty is not a sufficient argument to work in a field; however,
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organometallic complexes offer many advantages over coordination com-
pounds as shown in the previous sections. Essentially, this statement was un-
derlined with radiopharmaceuticals comprising the fac-[99mTc(CO)3]+ moiety
since no other comparable fragments have been described or are available
along a reasonable synthesis. If no organometallic imaging agent has found its
way onto the market, the same holds true for classical 99mTc-based imaging
agents. Comparing the amount of literature available for this part of radio-
pharmaceutical chemistry, we find the progress organometallics have made in
this highly competitive environment is considerable. For the future it is an in-
centive to find other fragments with even more favourable properties than fac-
[99mTc(CO)3]+. Corresponding model complexes can easily be drawn on paper
but to synthesize them and to find a versatile synthetic approach to their pro-
duction is a challenge for the inorganic chemist. If not successful in application,
the reactions to be explored along this way will reveal many exciting results that
are not only attractive for the radiopharmaceutical chemist but for inorganic
chemistry in general. To keep the importance of 99mTc alive, such intellectual in-
puts and developments are urgently required.
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Abstract This review presents a comprehensive overview of the most significant develop-
ments in the chemistry of technetium and rhenium complexes anchored by heterofunc-
tionalized phosphines and by hard and soft scorpionates. The main goal is to provide the
reader with chemical, radiochemical and biological knowledge which is expected to enhance
the application of these types of compounds in the development of target-specific radio-
pharmaceuticals.

In the introductory section, a short historical outlook is presented to introduce the few
99mTc radiopharmaceuticals based on phosphorus- and boron-containing ligands already in
clinical use. Generic considerations of the characteristics of these ligands are included in this
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section highlighting their potential usefulness in the design of biocomplexes for clinical 
applications.

The following section deals with the chemistry of intermediate- and low-valent rhenium
and technetium complexes anchored by polydentate phosphines, which combine soft phos-
phorus atoms with other hard or soft donors (N, O, S). Synthetic procedures involving phos-
phines with denticities adjustable to a given metal fragment are described. In the last sec-
tion the coordination chemistry of rhenium and technetium with poly(pyrazolyl)borates
and poly(mercaptoimidazolyl)borates (hard and soft scorpionates) is described, giving spe-
cial attention to high-valent rhenium and technetium oxides and to low-valent carbonyl
complexes. In all these sections, synthetic procedures, reactivity studies and structural char-
acterization are discussed, with special emphasis on those inorganic and organometallic sys-
tems that allowed, or are expected to allow, the labeling of biomolecules (e.g., small peptides
and central nervous system receptor ligands). In this context, the biological properties of the
already achieved biocomplexes, anchored by phosphorus- or boron-containing ligands, are
also briefly discussed.

Keywords Technetium · Rhenium · Heterofunctionalized phosphines · 
Hard and soft scorpionates · Biomolecules · Radiopharmaceuticals

Abbreviations
BBN Bombesin
Bp Dihydrobis(pyrazolyl)borate
Bp* Dihydrobis(3,5-dimethylpyrazolyl)borate
CCK Cholecystokinin
CDO Cyclohexanedionedioxime
CNS Central nervous system
DPPBA 2-(Diphenylphosphanyl)benzoic acid
Dpr 2,3-Diaminopropionic acid
ESI-MS Electrospray ionization mass spectrometry
FT-IR Fourier transform IR
GRP Gastrin-releasing peptide
H2CH2PNO 2-(Diphenylphosphanyl)-N-(2-hydroxyethyl)benzylamine
HCyPN2 [(1R,2R)-N-(2-Aminocyclohexyl)]-2-(diphenylphosphanyl)benz-

amide
H2(Me2PO2) Bis(2-hydroxy-5-methylphenyl)phenylphosphine
HMPB 1,2-Bis(bis(hydroxymethyl)phosphino)benzene
HMPE 1,2-Bis(bis(hydroxymethyl)phosphino)ethane
HPLC High-performance liquid chromatography
HPN2 N-(2-Aminoethyl)-2-(diphenylphosphanyl)benzamide
H2P2N2 N,N¢-Bis[2-(diphenylphosphino)phenyl]propane-1,3-diamine
HPNBr N-(2-Bromo)-2-(diphenylphosphanyl)benzamide
H2PNO 2-(Diphenylphosphanyl)-N-(2-hydroxyethyl)benzamide
H2PNS 2-(Diphenylphosphanyl)-N-(2-thioethyl)benzamide
H3PN2S N-[N-(3-Diphenylphosphinopropionyl)glycyl]-S-cysteine
H2PN2S-Bz N-{N-[3-(Diphenylphosphino)propionyl]glycyl}-L-S-benzylcysteine
H2PO2 Bis(o-hydroxyphenyl)phenylphosphine
HSSSH 3-Thiapentane-1,5-dithiol
HYNIC 6-Hydrazinonicotinamide
HYNIC-Ko-DPPBN-e (2-(Diphenylphosphino)benzoyl)-N-a-(6-(2-(2-sulfonatobenz-

aldehyde)hydrazono)nicotinyl)lysine methyl ester
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HYNIC-Kp-DPPBN-e (4-(Diphenylphosphino)benzoyl)-N-a-(6-(2-(2-sulfonatobenz-
aldehyde)hydrazono)-nicotinyl)lysine methyl ester

ID Injected dose
LHRH Luteinizing hormone-releasing hormone
PBS Phosphate-buffered saline
Ph2P(O)py Diphenyl-2-pyridyl phosphine monoxide
Ph2Ppy 2-Pyridyl-diphenylphosphine
PhTp Phenyltris(pyrazolyl)borate
PN o-[Diphenylphosphino)benzylidene]aniline
P2N2-COOH 4,4-Bis[bis-hydroxymethyl-phosphanylpropyl-carbamoyl)butyric

acid
PNH2 (o-Aminophenyl)diphenylphosphine
PNMe2 o-(Diphenylphosphino)-N,N¢-dimethylaniline
PO o-(Diphenylphosphino)benzaldehyde
P1OH (o-Hydroxyphenyl)diphenylphosphine
P2OH 2-(Diphenylphosphinomethyl)-4-methylphenol
PPh3oxaz 2-(2-Diphenylphosphinophenyl)oxazoline
P2S2-COOH 6,8-Bis-[3-(bis(hydroxymethyl)phosphanyl)propyl-sulfanyl]octa-

noic acid
PTA 1,3,5-Triaza-7-phosphaadamantane
py Pyridine
pzH Pyrazole
pz* 3,5-Me2pyrazole
pzTp Tetrakis(pyrazolyl)borate
THP Tris(hydroxymethyl)phosphine
timMe 1-Methyl-2-mercaptoimidazole
Tp Hydrotris(pyrazolyl)borate
Tp¢ Substituted tris(pyrazolyl)borate
Tp* Hydrotris(3,5-dimethylpyrazolyl)borate
TPPTS Triphenylphosphine-3,3¢,3≤-trisulfonate

1
Introduction

Phosphines as well as hard scorpionates have played an important role in in-
organic and organometallic chemistry [1, 2]. Most of the studies with these
chelating ligands have been directed toward the search for complexes poten-
tially useful in stoichiometric or catalytic transformations of organic substrates
[1–7]. However, for technetium and rhenium, another major driving force for
the development of their coordination chemistry is the potential applications
of 99mTc and 186/188Re in nuclear medicine imaging and therapy [8–16].

Since the 1960s, phosphines, owing to their s-donor and p-acceptor prop-
erties, have been considered as good candidates for medical applications, be-
ing used as reducing agents toward the permetalate salts [MO4]– (M is Tc, Re)
and also as chelating agents in the stabilization of the metal in intermediate and
low oxidation states (I–V) [16–18]. A rich chemistry has been developed and,
after a number of attempts to prepare cationic complexes anchored by phos-
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phines, two myocardial perfusion imaging agents have been introduced in clin-
ical practice: [99mTcO2(P53)2]+ [P53 is bis(2-ethoxyethyl)phosphinoethane]
(Myoview) and [99mTc-Q12]+ {[99mTc(P(CH2CH2OCH3)3)2L]; L is 1,2-bis[dihy-
dro-2,2,5,5-tetramethyl-3(2H)-furanone-4-methyleneamino]ethane} (Techne-
Scan Q12) [19, 20].

Concerning boron-containing ligands, the chemistry of rhenium and tech-
netium, for medical applications, has been focused exclusively on tech-
netium–boronic adducts of dioximes, which are neutral and seven-
coordinate complexes formed by an elegant technetium-templated synthesis,
involving reduction of [99mTcO4]– with stannous chloride in the presence of a
boronic acid and a dioxime derivative. From this family of complexes,
[TcCl(CDO)(CDOH)2BMe] (Cardiotec) has also been successfully applied in
myocardial perfusion imaging [21] (Structure 1, myocardial perfusion imaging
agents).
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Nowadays, there is an increasing demand for more sophisticated radioactive
probes which would allow the imaging or the therapy of specific sites in the
body [9–16]. To achieve this goal is a nontrivial task, one possibility being the
design of bifunctional chelating agents which bind the metal and also have a
site to covalently attach the targeting molecule. This biometal complex has to
be stable in vitro and resistant to metabolical degradation, and at the same time
the metal chelate fragment must not interfere with the receptor binding abil-
ity of the targeting molecule. Concerning heterofunctionalized phosphines, ef-
forts to use these ligands in the development of target-specific radiopharma-
ceuticals have been pursued, either as bifunctional chelators or just as anchor
ligands. However, the application of scorpionates for development of target spe-
cific radiopharmaceuticals is rather unexplored, despite the roughly similar
chemical behavior exhibited by rhenium and technetium, and the sophisticated
coordination chemistry developed for rhenium with these chelators [4, 5].
Nevertheless, scorpionates are quite attractive chelators and form quite stable
metal complexes. This class of ligands can be hard or soft donors, depending
on the azole rings coordinated to the boron atom, and their electronic, steric
and coordinating properties can be easily tuned. Owing to this versatility the
physicochemical properties of the complexes, which are determinant for phar-



macokinetics and biological behavior, are easily controlled by using different
coordinating azole rings and/or by introducing different substituents on the
ligand framework [2, 4–7]. An interesting and challenging task for inorganic
and organometallic chemists is to find new synthetic processes or methodolo-
gies adjustable to biomedical applications. Such goals can be achieved by 
extending or adjusting the rich inorganic and organometallic chemistry of
rhenium and/or technetium to the experimental conditions needed for radio-
pharmaceutical applications. In most cases, this will need the disclosure of
novel strategies and synthetic methodologies.An elegant example of such work
was the introduction by Alberto and coworkers [13, 14, 16] of the novel and ver-
satile organometallic aquo ion fac-[M(OH2)3(CO)3]+ (M is Re, 99/99mTc), relevant
for biomedical applications. More recently, Duatti and coworkers [9] have also
introduced the [M(N)PXP]2+ metal fragment, which certainly will also con-
tribute to expanding the field.

In this work, the chemistry of rhenium and technetium complexes anchored
by heterofunctionalized phosphines and by scorpionates will be reviewed. Spe-
cial attention will be given to those chemical aspects that, according to the au-
thors, could enhance the ability of using these ligands in the development of
target-specific radiopharmaceuticals. In this context, the chemistry of the novel
fac-[M(CO)3]+ and [M(N)PXP]2+ metal fragments will also be mentioned, but
to such an extent that minimizes any overlap with other reviews published in
this special issue of Topics in Current Chemistry.

This contribution updates previous reviews especially the ones, recently
published, covering the coordination chemistry of rhenium and/or technetium
[4, 5, 14–16]. Special attention will be given to more recent achievements, but
to provide some context to the current work, some overlap between this review
and its predecessors is unavoidable.

2
Complexes Anchored by Phosphines

With the aim of designing prototype molecules useful for the development of
radiopharmaceuticals based on rhenium and technetium, investigations have
been pursued on the synthesis and chemistry of metal complexes in interme-
diate and low oxidation states with heterofunctionalized phosphine ligands.
Polydentate phosphines, combining a soft phosphorus donor with other hard
or soft donors, have been synthesized and their chemistry studied with rhe-
nium and technetium. The most thoroughly studied heterofunctionalized
phosphines combine the phosphorus donor atom with hydroxy, carboxylic,
amino, amide, thioether or thiol coordinating functions. The incorporation of
these functions into the phosphine framework has been achieved using aro-
matic or aliphatic side-arms bearing the additional heteroatom(s). These chela-
tors have been explored either as anchors or as bifunctional chelating ligands.
The results achieved in this field will be presented taking into account the 
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oxidation state of the metal (intermediate or low) and in each case the dentic-
ity and the donor atom set of the phosphines.

2.1
Intermediate-Valent Complexes

2.1.1
Bidentate Phosphines

2.1.1.1
Mixed P, O Ligands

The potentially bidentate (o-hydroxyphenyl)diphenylphosphine ligand (P1OH)
reacts with [MOCl4]– yielding the mono oxocomplex [ReOCl3(P1O)]– (1) and
the bisubstituted [MOCl(P1O)2] [M is Tc (2), Re (3)] (Scheme 1) [22, 23]. Com-
plex 2 could also be obtained by a reduction/substitution reaction of pertech-
netate with P1OH in the presence of HCl, while complex 3 was also synthesized
by reacting the anionic trans-dioxo [ReO2(P1O)2]– with hydrochloric acid
(Scheme 1) [23, 24].
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Scheme 1 Oxo complexes anchored by (o-hydroxyphenyl)diphenylphosphine

Reaction of [ReOCl3(PPh3)2] with the related 2-(diphenylphosphinomethyl)-
4-methylphenol ligand (P2OH) led to the formation of the bisubstituted species
[ReOCl(P2O)2] (4) [25]. The structural analysis of 2, 3 and 4 demonstrated 
that these compounds display a trans-O–M=O–cis-P,P “twisted” octahedral
geometry [22, 24, 25]. In contrast, the corresponding phenylimido complex
[Re(NPh)Cl(P2O)2] (5), prepared by reacting [Re(NPh)Cl3(PPh3)2] with P2OH,



adopts the trans-O–Re–NPh–trans-P,P arrangement, as indicated by 31P NMR
spectroscopy [25].

The ligand-exchange reaction of [ReNCl2(PPh3)2] with P1OH was also stud-
ied. Although the formation of a five-coordinate complex might have been ex-
pected, because of the strongly trans-labilizing nitrido group and the sterically
demanding ligand phenyl groups, the reaction proceeded with the formation
of the six-coordinate [ReN(P1O)2(PPh3)] (6) [22].

The chemistry of the P1OH ligand was also extended to 99mTc. In HCl 
media, the reduction/substitution reaction of [99mTcO4]– with P1OH yields
[99mTcOCl(P1O)2] (2a), which is formed only through careful control of the 
ligand concentration.When the same reaction was carried out in the presence
of a weakly coordinating acid, such as CF3SO3H, [99mTc(P1O)3] (7a) was ob-
tained. In contrast to complex 7a, which is stable in solution and in serum,
2a is unstable, regenerating [99mTcO4]– [26]. Compound 7a was characterized
by high-performance liquid chromatography (HPLC) comparison with
[99Tc(P1O)3] (7), which was obtained by reacting [99TcO4]– with an excess of
P1OH [27]. Similar tris-substituted Tc(III) complexes were easily obtained by
reduction with other bidentate PX-heterofunctionalised phosphines (X is
COOH or SH) [27, 28]. The homoleptic [Re(P1O)3] (8) and [Re(P2O)3] (9) com-
plexes were also reported. Their preparation involved the reaction of
[ReCl3(MeCN)(PPh3)] with the corresponding phosphine, in a 1:3 molar ratio
[29]. The X-ray diffraction analysis of several of these M(III) complexes con-
firmed the coordination of three bidentate heterofunctionalised phosphines
in the mer configuration [27–29].

Considering that replacement of the oxo by the nitrido core enhances the
stability of Tc(V) toward reduction, Duatti et al. explored the chemistry of
P1OH with the isoelectronic core [Tc�N]2+.At the macroscopic and at the non-
carrier added level, the only complexes identified were [99/99mTcN(P1O)2] (10,
10a) [26]. Biodistribution studies of 10a in rats have shown some transient
heart uptake, but a significant amount of activity was also retained into the
lungs [26].

The substitution lability of the halide groups in [ReOCl3(P1O)]– (1) allowed
entrance to a novel family of mixed-ligand complexes of the type “3+2”.As de-
picted in Scheme 2, the “[ReO(P1O)]2+” moiety can accommodate aminodithi-
olate ligands (11), other tridentate ligands containing a central amine group
(12), model peptide fragments (13) and Schiff bases (14) [30–34]. These 3+2
compounds, 11–14, are closed-shell 18-electron oxorhenium species, adopting
a distorted octahedral geometry in the solid state or in solution, as demon-
strated by classical spectroscopical methods, including multinuclear NMR. In
all the complexes the axial positions are occupied by the oxo group and by the
oxygen atom of the k2-P1O ligand. In general, these 3+2 complexes are stabler
against glutathione substitution than related “3+1” mixed-ligand complexes,
anchored by the same type of tridentate ligands. The formation of isomers, ob-
served for some 3+1 analogous complexes, was also prevented in the case of the
3+2 approach [30–32].
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Reactions of different Re(V) starting materials with 2-(diphenylphos-
phanyl)benzoic acid (DPPBA) gave only monosubstituted species, containing
the [ReO(PCOO)]2+ unit, even when an excess of ligand was used. This unit also
allowed the synthesis of mixed 3+2 complexes with tridentate Schiff bases
(Scheme 3) [33, 35]. X-ray structural analysis of some of the complexes (15–19)
confirmed the bidentate coordination mode of the monoanionic phosphino–
carboxylate ligand, and a distorted octahedral coordination geometry around
the metal [35].
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Scheme 2 Mixed-ligand complexes of the “3+2” type

Scheme 3 Oxo complexes anchored by 2-(diphenylphosphanyl)benzoic acid



2.1.1.2
Mixed P, N Ligands

Reactions of the potentially bidentate (o-aminophenyl)diphenylphosphine
(PNH2) with [TcO4]–, [NBu4][MOCl4] (M is Tc, Re) or [ReCl3(MeCN)(PPh3)2] are
quite sensitive to the nature of the solvent, as well as to the ligand-to-metal mo-
lar ratio [36–38]. As shown in Scheme 4, starting from [TcO4]– in aprotic me-
dia the main product formed was [Tc(PNH)3] (20), while in alcohol the isolated
complexes were [TcO(PNH)2(OR)] (21). Analogous oxo-alkoxide derivatives
with rhenium (22) were prepared via ligand-exchange reactions, starting from
[ReOCl4]– in basic media [36]. In acidic media, the same reaction yields 
[ReOCl3(PNH2)] (23) [38]. Interesting imido complexes, [MCl2(PN)(PNH)] [M
is Re (24), Tc (25)], were obtained by reacting [NBu4][MOCl4] (M is Tc, Re) with
an excess of PNH2 in nonpolar solvents [37]. In all these six-coordinate com-
plexes the PNH2 ligand always acts as bidentate, although it coordinates as neu-
tral, monoanionic or dianionic, depending on the reaction conditions [36–38].
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Scheme 4 Complexes with (o-aminophenyl)diphenylphosphine

Substitution reactions on [NBu4][Tc(N)Cl4] and [M(N)Cl2(PPh3)2] (M is 
Re or Tc) with the PNH2 ligand yields the cationic nitrido complexes
[M(N)Cl(PNH2)2]Cl [M is Re (26), Tc (27)] (Scheme 4). The two bidentate and
neutral PNH2 chelators are coordinated with a mutual cis-P configuration in



the equatorial plane of a distorted octahedron; the site trans to the M�N unit
is occupied by a Cl ligand [37].

Despite the rich chemistry developed with PNH2, the high number of species
produced precluded the application of this ligand in the development of ra-
diopharmaceuticals. Expecting to overcome this problem, Tisato et al. [38]
evaluated the behavior of o-(diphenylphosphino)-N,N¢-dimethylaniline
(PNMe2) toward different starting materials and using different reaction 
conditions (Scheme 5). However, reactions of PNMe2 with Re(V) or Re(III)
starting materials also provide different neutral or cationic complexes. The re-
sulting complexes are six-coordinate with an approximately octahedral co-
ordination geometry, with the PNMe2 ligand acting as bidentate, through the
phosphorus and the nitrogen atoms [38]. In spite of the paramagnetism of the
low-spin d4 ion, all the rhenium(III) complexes with PNMe2 were conveniently
characterized in solution by NMR spectroscopy [38].
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Scheme 5 Complexes with o-(diphenylphosphino)-N,N¢-dimethylaniline

Reactions of the potentially bidentate 2-pyridyl-diphenylphosphine
(Ph2Ppy) with [NBu4][TcCl4(NO)] and with [NH4][TcO4] afforded the six-co-
ordinate nitrosyl and trichloride complexes [TcCl2(NO)(k2-Ph2Ppy)(k1-
Ph2Ppy)] (28) and mer-[TcCl3(k2-Ph2Ppy)(k1-Ph2Ppy)] (29), respectively
(Scheme 6) [39, 40]. During the synthesis of 29, the cationic trans-[TcCl2(k2-
Ph2P(O)py)2](PF6) (30) [Ph2P(O)py is diphenyl-2-pyridyl phosphine monox-
ide] was identified as a by-product. NMR spectroscopic data of these complexes
were consistent with the structures found in the solid state [39, 40].

The Tc–6-hydrazinonicotinamide (HYNIC) core for labeling biomolecules,
in particular peptides, was introduced by Schwartz et al. [41]. However, since

Scheme 6 Complexes with 2-pyridyl-diphenylphosphine



the conjugate HYNIC-biomolecule can only occupy one or two coordination
positions, other coligands are needed for preparing stable complexes [42]. The
use of the ternary ligand system, HYNIC–biomolecule, tricine, and triphe-
nylphosphine-3,3¢,3≤-trisulfonate (TPPTS) in the labeling of biologically active
substrates has been successfully achieved, with improvement of stability and
reduction of the number of isomeric forms [43]. However, a large excess of
TPPTS is required, in combination with high-temperature heating, which can
be problematic in the labeling of substrates containing disulfide bridges. Try-
ing to overcome this problem, Purohit et al. [44] introduced two novel phos-
phine-containing HYNIC chelators, HYNIC-Kp-DPPB and HYNIC-Ko-DPPB
(Scheme 7). These ligands, with tricine as a coligand, have been proposed to im-
prove stability, reducing most of the drawbacks previously mentioned, and
probably, in future, could help in defining unambiguously the real coordination
mode of HYNIC.
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Scheme 7 Phosphine-containing 6-hydrazinonicotinamide (HYNIC) chelators

2.1.1.3
Mixed P, S Ligands

A novel class of trigonal bipyramidal Tc(V) nitrido complexes of the type
[Tc(N)(k2-PS)2] (31–33) were isolated by reacting the precursors [Tc(N)-
Cl2(PPh3)2] or [Tc(N)Cl4]– with bidentate mixed P, S ligands (Scheme 8).
Depending on the experimental conditions, the reactions with the starting 
material [Tc(N)Cl4]– could be accompanied by competitive reduction of the
metal and abstraction of the Tc�N core, giving complexes of the type [Tc(k2-
PS)2(k1-SP)] or [Tc(k2-PS)2(k1-SP(O)] [45].

Complexes of the [Tc(N)(k2-PS)2] type were also synthesized at noncarrier
added level and their biological behavior was studied [46]. These compounds
exhibited high initial heart uptake, and elimination through liver and kidneys.
The washout kinetics from heart was dependent on the nature of the lateral R
groups on the phosphine thiol ligands. Extraction of the activity from myo-



cardium tissue indicates that no change of the complexes took place, but me-
tabolization to more hydrophilic species was observed in liver and kidneys [46].
The studies performed on complexes 31–33 along with the observation that the
PS ligands easily replace the dithiocarbamates in [Tc(N)(S2R)2] with a pre-
dictable change in the coordination geometry, highlighted that an appropriate
mixture of p-donor/p-acceptor coordinating atoms would stabilize the less
usual trigonal bipyramidal coordination geometry. These chemical con-
siderations motivated the synthesis of mixed-ligand complexes of the type
[Tc(N)(P–X–P)(X–Y)], where P–X–P are neutral diphosphines which 
contain a central heteroatom (X), namely R2P(CH2)2–O–(CH2)2PR2 and
R2P(CH2)2–N(CH2CH2OCH3)–(CH2)2PR2 [47]. This elegant and systematic
study, supported by theoretical calculations, allowed the introduction of the
novel “[M(N)(P–N–P)]2+” (M is Re, Tc) metal fragment, which exhibits selective
reactivity toward nucleophilic bidentate ligands (X–Y) having p donors as co-
ordinating atoms (Scheme 9) [47]. The uni- or dinegative bidentate coligands
are easily functionalized with different biomolecules. This approach has been
applied to the labeling of small peptides, 5HT1A antagonists and benzodiaze-
pine receptor ligands with 99mTc [48–50].
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Scheme 8 Technetium nitrido complexes with bidentate mixed P,S ligands

Scheme 9 Metal fragment “[M(N)(P–N–P)]2+” (M is Re, Tc) for labeling biomolecules

Recently, a family of monocationic complexes of the type [M(N)(P–N–P)-
(S2CNR1R2)]+, which exhibit high myocardial uptake in rats, was also described
[51, 52]. Some of these complexes possess superior biological properties, com-
pared with Sestamibi and Tetrafosmin. However, because of the possibility of
species-dependent effects, further studies of these agents in other animal mod-
els are underway, in order to assess their utility as heart perfusion agents [52].



2.1.2
Tridentate Phosphines

2.1.2.1
Mixed P, O, O Ligands

The potentially tridentate and dianionic phosphines bis(o-hydroxyphenyl)-
phenylphosphine (H2PO2) and bis(2-hydroxy-5-methylphenyl)phenylphos-
phine [H2(Me2PO2)] allowed the synthesis of [MO(k3-L)(k2-LH)] {M is Tc, L is
PO2 (34); M is Re, L is PO2 (35), Me2PO2 (36)}, and [ReOCl(PPh3)(k3-PO2)] (37),
either by methathesis reactions with a Re(V) precursor or by reduction/sub-
stitution reactions with [MO4]– salts (M is Re, Tc) (Scheme 10) [22, 53]. The 
disubstituted complexes 34 and 35 exist as two noninterconvertible diastereo-
mers, as evidenced by 31P{1H} NMR, owing to the up or down orientation of the
free phenol group relative to the [Re=O]3+ core [22]. The mixed-ligand com-
plex [ReO(k2-P1O)(k3-PO2)] (38), obtained by ligand exchange of 37 with P1OH,
was also reported [22]. Compound 38 could not be prepared directly from 
[ReOCl3(PPh3)2] via ligand-exchange reactions, as observed for 34 and 35.

The characterization of 34–38 demonstrated that these compounds are neu-
tral and octahedral, containing an oxo moiety and tridentate [Me2PO2]2– or
[PO2]2– ligands coordinating facially [22, 53].
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Scheme 10 Complexes with bis(o-hydroxyphenyl)phenylphosphine and bis(2-hydroxy-5-
methylphenyl)phenylphosphine



Reactions of H2PO2 with the isoelectronic Re(V) phenylimido [Re(NPh)-
Cl3(PPh3)2] afforded the phenylimido complex [Re(NPh)Cl(PPh3)(k3-PO2)]
(39), which, depending on the polarity of the reaction media, was isolated in
two geometrical isomeric forms [cis- or trans-(P,P)] [22]. The structural analy-
sis of the cis-[Re(NPh)Cl(PPh3)(k3-PO2)] isomer has shown a facial coordina-
tion for the k3-PO2, due to the sterical unavailability of the meridional posi-
tions. Other examples of rhenium compounds containing multiple metal–
nitrogen bonds and anchored by this type of ligand, are trans-(P,P)-
[Re(NPh)(k2-PO)(k3-PO2)] (40), [Re(Hhypy)(hypy)(HPO2)(H2PO2)]Cl (41)
and [Re(Hhypy)(hypy){H(Me2PO2){H2(Me2PO2)]Cl (42). Complex 40 was ob-
tained from the trans isomer of 39, while the synthesis of 41 and 42 involved re-
actions of [Re(Hhypy)(hypyH)Cl3] with H2PO2 or H2(Me2PO2) [22, 53].

Complexation reactions of silylated aryloxo proligands with [ReO(OEt)-
Cl2(PPh3)2] proceed by displacement of one PPh3 and the subsequent stepwise
replacement of the OEt and/or Cl ligands, followed by elimination of Me3SiOEt
or Me3SiCl (Scheme 11) [54]. The resulting complexes, 43–46, were fully char-
acterized and the X-ray diffraction analysis of 46 confirmed the k3-(P,O,O) co-
ordination of the phosphine ligand, as well as the retention of the trimethylsi-
lyl group of the noncoordinated phenyl ring [54].
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Scheme 11 Reactions of rhenium complexes with silylated phosphine proligands

The softer and potentially tridentate phosphino thiolate PPh(2-C6H4SH)2
was used to prepare the mixed-ligand Re(V) complex [ReO{PPh(2-
C6H6S)2}(S2CNEt2)] (47) by cleavage of the dimer [Re2O3(S2CNEt2)4] [55]. The
monomeric structure of 47, as well as the tridentate coordination of the het-
erofunctionalized phosphine was confirmed by X-ray crystallographic analy-
sis [55].



2.1.2.2
Mixed P, N, X (X is O, N, S) Ligands

Aiming their application at the design of stable mixed-ligand complexes of
the 3+1 type, Correia and coworkers [56–58] have introduced the new poten-
tially tridentate phosphines [(1R,2R)-N-(2-aminocyclohexyl)]-2-(diphenyl-
phosphanyl)benzamide (HCyPN2), N-(2-aminoethyl)-2-(diphenylphospha-
nyl)benzamide (HPN2), 2-(diphenylphosphanyl)-N-(2-hydroxyethyl)benz-
amide (H2PNO) and 2-(diphenylphosphanyl)-N-(2-thioethyl)-benzamide
(H2PNS). Using different starting materials and reaction conditions, the co-
ordination chemistry of these heterofunctionalized phosphines was extensive-
ly explored (Scheme 12).
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Scheme 12 Complexes with heterofunctionalized phosphine ligands

Reactions of [ReOCl4]– with HCyPN2, HPN2 and H2PNO, at room tempera-
ture, yielded the neutral trichlorooxorhenium(V) complexes [ReOCl3{k2-L}] 
[L is HCyPN2 (48), HPN2 (49), H2PNO (50)] [56]. By contrast, the similar adduct
with the H2PNS ligand could not be isolated, most probably owing to the higher
acidity of the terminal thiol function. By increasing the temperature or by us-
ing excess ligand, the deprotonation of the heterofunctionalized phosphines oc-
curs and the reactions with [Bu4N][ReOCl4] afforded the monooxorhenium(V)
complexes 51–53, which display coordination environments strongly depen-
dent on the incoming phosphine (Scheme 12) [57, 58]. k3- or k1-Coordination



capabilities were observed for the PNS ligand, in contrast with the HPN2 or
H2PNO ligands that behave as tridendate or bidentate ligands. The ligand-
exchange reaction between H2PNO and [ReOCl3(PPh3)2] in the presence of
NaOAc was also studied. This reaction led to the six-coordinate oxorhenium(V)
complex [ReO(k3-PNO)(k2-DPPBA)] (54), owing to partial hydrolysis of the
H2PNO ligand [57].

The characterization of compounds 48–54 in the solid state or in solution by
multinuclear NMR spectroscopy confirmed the coordination mode of the
phosphines. In complexes 51–54 the tridentate heterofunctionalized phos-
phines display a meridional coordination mode, with the remaining coordi-
nation sites being occupied by the oxo group and by other bidentate or mono-
dentate coligands [56–58].

The rich and diversified rhenium chemistry developed with the PNX (X is
O, S) phosphines motivated the authors to explore their use in the so-called 3+1
approach [58, 59]. Different model complexes, 55–58, were synthesized by re-
acting [NBu4][ReOCl4] with H2PNO or with H2PNS in the presence of several
monodentate thiols as coligands (Scheme 13) [58].
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Scheme 13 Complexes of the “3+1” type anchored by tridentate heterofunctionalized phos-
phine ligands

The characterization of complexes 55–58 involved IR, 1H NMR and
31P NMR spectroscopy and X-ray crystallographic analysis in the case of 55 and
56 [58]. The complexes are five-coordinate, adopting a distorted square-pyra-
midal geometry. The oxo group occupies the axial position and the equatorial
plane is defined by the tridentate dianionic chelators and by the sulfur atom of
the monothiolate.

An important point in the synthesis of the mixed-ligand complexes, 56–58,
was the [ReOCl4]–-to-H2PNS-to-S–R molar ratio, which has to be maintained
at 1:1:1 to avoid the formation of the previously mentioned complex 53. This
was also an important point when these complexes were prepared at noncar-
rier added level. The careful optimization of the concentration of the ligands
allowed the one-pot synthesis of [99mTcO(k3-PNX)(k1-SPh)] (X is O, 55a; X is S,
56a) in high yield, starting from [99mTcO4]– and using stannous chloride as the
reducing agent [60]. Stability studies in phosphate-buffered saline (PBS) and in



serum, as well as challenge experiments with glutathione, revealed that
[99mTcO(k3-PNS)(k1-SPh)] (56a) was the stablest. Biodistribution studies in
mice of 56a have also shown that this complex is able to cross moderately the
blood brain barrier (percentage injected dose, ID, per gram of 0.14% at 5 min
post injection), with a slow washout (percentage ID per gram of 0.11% at
120 min post injection) [60]. These findings prompted the synthesis of several
rhenium and 99mTc complexes, 59–62, with monodentate thiol coligands de-
rivatized with a 5-HT1A receptor-binding moiety, 1-(2-methoxyphenyl)piper-
azine (Scheme 14) [60, 61].
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Scheme 14 Complexes of the 3+1 type bearing a monodentate 5-HT1A receptor-binding 
ligand

Complexes 59–62 have been synthesized by reaction of the precursor [Re-
OCl3(PPh3)2] with H2PNS and HSL, at the molar ratio 1:1:1, in refluxing
methanol, using sodium acetate as the base. The analogous 99mTc complexes
(59a–62a) were prepared in a one-pot procedure by direct reduction of
[99mTcO4]– with stannous chloride in the presence of the tridentate and mono-
dentate ligands, at 40–50 °C. Labelling yields of 80–95% have been achieved 
and, after HPLC purification, all the complexes were obtained with a radio-
chemical purity higher than 95% [60, 61].

In order to evaluate the effect of the chemical modifications introduced in
the monodentate receptor-binding ligand, the binding affinity of the rhenium
complexes for the 5-HT1A and 5-HT2A receptors was determined. The affinity
for 5-HT1A receptors spanned between 2.35 and 1,570 nM. Complex 61 ap-
peared as the one with the highest affinity (IC50=2.35 nM) and best selectivity
towards the 5-HT1A receptor. Despite the good in vitro and in vivo stabilities
and the adequate lipophilicity (log P=1.07–2.01) of complexes 59a–62a, none
of them seem capable of crossing the blood brain barrier, as demonstrated by
biodistribution studies in mice [60, 61].

Considering that silylation should improve the bioavailability of the com-
plexes [62], especially in terms of passing the blood brain barrier with conse-
quent increase of brain uptake, silylated mixed-ligand rhenium and technetium
complexes of the type 3+1 were prepared. Moreover, the accumulation in the
target organ would be enhanced if the silyl ethers remain intact in physiolog-
ical conditions but hydrolysable in the target organ. The first attempts for



preparing these types of complexes were performed with the tridentate 3-thia-
pentane-1,5-dithiol ligand (HSSSH); however, these mixed-ligand complexes
were unstable towards trans-chelation with glutathione [63, 64]. The high sta-
bility evidenced by the Re/99mTc mixed-ligand complexes with the H2PNS
chelate prompted us to prepare silylated mixed-ligand complexes in which the
tridentate HSSSH ligand was replaced by the heterofunctionalized phosphine
H2PNS.

The new oxorhenium compounds, 63–65, were prepared by reacting
[NBu4][ReOCl4] with H2PNS, and with different hydroxyl silylated monoden-
tate thiols (Scheme 15) [65, 66]. These complexes were fully characterized and
used as surrogates of the corresponding [99mTcO(k3-PNS)(S(CH2)nOSiR3)] com-
pounds (63a–65a), obtained by one-pot synthesis, in 60–90% yields
(Scheme 15) [65–67]. Considering that eventual radiochemical impurities in
the preparation of complexes 63a–65a could be the hydrolyzed species
[99mTcO(k3-PNS)(S(CH2)nOH)] [n=2 (66a) n=3 (67a)], these complexes and the
respective rhenium surrogates were also prepared [67]. All the 99mTc-silylated
complexes, 63a–67a, were obtained with high radiochemical purities (above
95%), after HPLC purification [65, 67].
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Scheme 15 Silylated mixed-ligand rhenium and technetium complexes of the 3+1 type

The silylated compounds 63a–65a are stable in pH 7.4 PBS, rat plasma, hu-
man serum and whole blood, and do not bind to plasmatic proteins. No ex-
change with glutathione was observed, even in the presence of concentrated so-
lutions (1 and 10 mM in pH 7.4 PBS, 120 min at 37 °C). There is a marked
influence of the silicium substituents on the pH at which the cleavage of the
O–Si bond occurs. Under physiological conditions (pH 7.4, 37 °C), rapid cleav-
age of the O–Si bond was observed for 65a. However, complexes 63a and 64a,
with a triphenyl substituent, are stable under the same conditions, requiring a
much lower pH to be hydrolyzed [65, 67].

Biodistribution studies in mice demonstrated that the silylated 99mTc com-
plexes 63a–65a are stable in vivo and no significant hydrolysis was observed.
The complexes are eliminated essentially through the hepatobiliary tract with



low urinary elimination. The silylation increased significantly the lipophilicity
of the compounds, but no effect was found in their brain uptake or brain re-
tention [67]. In spite of the unsatisfactory brain uptake, compounds 63a–65a,
anchored by the tridentate PNS ligand, are quite stable in vitro and in vivo, con-
trasting with all the previously described mixed-ligand 3+1 M(V) monoxo-
complexes. These findings demonstrate the great importance of the tridentate
ligand on the in vitro and in vivo stabilities of the 3+1 compounds. The stabil-
ity promoted by the heterofunctionalized phosphine H2PNS encourages further
studies to improve blood brain barrier penetration, namely by reducing the
bulkiness of the PNS framework.

2.1.3
Tetradentate Phosphines

2.1.3.1
Mixed P, N2, X (X is P, O, S) Ligands

The potentially tetradentate N,N¢-bis[2-(diphenylphosphino)phenyl]propane-
1,3-diamine ligand (H2P2N2) reacts with [MO4]– (M is Tc, Re) or with [ReOCl4]–

yielding neutral six-coordinate M(V) oxo complexes of the type [MO(P2N2)X]
[M is Tc (68), Re (69)] (Scheme 16) [68].
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Scheme 16 Complexes with N,N¢-bis[2-(diphenylphosphino)phenyl]propane-1,3-diamine

Complexes 68 and 69 are six-coordinate with a distorted octahedral co-
ordination geometry, with the equatorial plane being defined by the tetraden-
tate P2N2-phosphino-amido and the axial positions being occupied by an oxo
group and a monodentate nucleophile X, namely Cl, OR (R is H, Me, Et) or
CF3COO– [68].

The N-{N-[3-(Diphenylphosphino)propionyl]glycyl}-L-S-benzylcysteine,
H2PN2S-Bz, and its methyl ester derivative have been used for preparing 
the oxorhenium(V) complexes 70 and 71, using [ReOCl3(PPh3)2] or 
[ReOCl2(OEt)(PPh3)2] as precursors (Scheme 17) [69, 70]. Complexes 70 and 71
are six-coordinate, displaying a distorted octahedral geometry. The equatorial
plane is defined by the phosphorus, the two deprotonated nitrogen atoms of the
amide groups and by an oxygen or sulfur atom of the derivatized peptide, while



the axial positions are occupied by an oxo group and by a halogen, a hydroxy
or a water molecule [69, 70].Another phosphorus-containing peptide explored
was N-[N-(3-diphenylphosphinopropionyl)glycyl]-S-cysteine (H3PN2S) and the
corresponding methyl ester. The ligands, protected with an S-trityl group, re-
act with [ReOCl3(PPh3)2] or Ph4P[ReOCl4], yielding complexes 72a and 72b.
Complex 72b was isolated as two diastereomers, which were separated by re-
verse-phase HPLC and characterized by NMR, FT-IR and UV–vis spectroscopy
and electrospray ionization mass spectrometry (ESI-MS). X-ray analysis was
also undertaken and showed a distorted square-pyramidal coordination geom-
etry for the syn isomer of 72b [71, 72].

The ligand H2PN2S-Bz has been coupled to a model peptide (tetragastrin,
cholecystokinin fragment) by active ester chemistry, either before or after ra-
diolabelling with 99mTc. Despite the formation of various isomers, the authors
claimed that coordination to the metal involves the PN2S donor set of the lig-
ands [73]. The H2PN2S ligand has also been coupled to the N end of a novel
CCK8 derivative, where CCK is cholecystokinin, and the corresponding oxo-
rhenium(V) complex was prepared and characterized by ESI-MS, FT-IR and
UV–vis spectroscopy. The structure proposed for the complex is similar to the
one reported for 72b [74].

2.1.3.2
Mixed P2, X2 (X is S, N) Ligands

Novel water-soluble tetradentate dithiobis(hydroxymethyl)phosphine ligands
(P2S2) have been synthesized and characterized by the group of Katti. These
P2S2 phosphines react with [ReO2(C5H5N)4]Cl, in refluxing water, yielding
mononuclear or dinuclear Re(V) cationic trans-dioxocomplexes (73, 74), as es-
tablished by X-ray crystallography (Scheme 18) [75].

At noncarrier added level, stable mononuclear complexes, [99mTcO2(P2S2)]+,
analogous to 74, were synthesized with high radiochemical purity (above 95%).
These compounds, which are stable in vitro over a wide range of pH, were ob-
tained by simply mixing [99mTcO4]– with the ligands or by trans-chelation from
99mTc citrate [76]. The high in vitro and in vivo stability of [99mTcO2(P2S2)]+

prompted the group of Katti to develop a bifunctional chelating agent (P2S2-
COOH) based on the P2S2 framework. Using low concentrations (10–5 M) of the
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Scheme 17 Rhenium complexes with phosphorus-containing tripeptides



P2S2-COOH ligand, the complex [99mTcO2(P2S2-COOH)]+ (75a) was prepared by
direct reduction of [99mTcO4]– with Sn2+, or by trans-chelation using 99mTc glu-
conate (Scheme 19). This water-soluble complex (75a) exhibited fast clearance
from the bloodstream and its excretion was through the renal and the hepato-
biliary pathways, as revealed by biodistribution studies in mice [77].
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Scheme 18 Complexes with dithiobis(hydroxymethyl)phosphines

Scheme 19 Complexes with bifunctional tetradentate water-soluble phosphines

With the aim of the preparation of 99mTc/188Re complexes with improved hy-
drophilicity relative to 75a, the ligand 4,4-bis[bis-hydroxymethylphosphanyl-
propylcarbamoyl)butyric acid (P2N2-COOH) was introduced. The coordination
properties of P2N2-COOH were evaluated with rhenium and technetium, and
the complexes formed, 76a and 76b, were analogous to 75 and 75a but nega-
tively charged (Scheme 19) [78, 79].

The in vitro stability of 76a in aqueous solutions, over a wide pH range, was
excellent. In vivo biodistribution studies in normal mice showed that 76a
and 76b clear almost exclusively via the renal-urinary excretion, and to a lower
extent via the hepatobiliary route, reflecting the greater hydrophilic character
of the 99mTc-/188Re-P2N2-COOH complexes (76a, 76b) if compared with 75a
[77, 79].



Complexes 75 and 75a were coupled to the N-terminal region of the trun-
cated nine amino acid bombesin (BBN) analogue 5-Ava–Gln–Trp–Ala–Val–
Gly–His–Leu–Met–NH2 [BBN(7–14)] by preactivation of the –COOH group with
pentafluorophenol. The Re–P2S2–BBN(7–14) conjugate retained its bioespecificity
(IC50, 0.8±0.4 nM). The biodistribution in normal mice revealed a fast and ef-
ficient clearance from the blood pool and a significant uptake in the pancreas,
which expresses BBN/gastrin-releasing peptide (GRP) receptors [80].

In order to use the postlabeling approach, a novel and elegant synthetic
strategy has been outlined by Gali et al. [81], which allows the efficient synthesis
of P2S2–peptide conjugates. This strategy enabled the labeling of glycine glycine
ethyl ester 5-Ava-BBN(7–14)NH2 and D-Lys6–luteinizing hormone-releasing 
hormone (LHRH) with 99mTc and 188Re. The 99mTcO2–P2S2–GlyGlyOEt and
99mTcO2–P2S2–D-Lys6-LHRH complexes were prepared in yields higher than
95% and 88%, respectively. The identity of the former was confirmed by HPLC
comparison with the cold rhenium analogue (ReO2–P2S2–GlyGlyOEt). The
188Re-labelled BBN analogue, obtained with a radiochemical purity of 90% or
greater, was stable in vitro and in vivo [82].

2.2
Low-Valent Carbonyl Complexes

The chemistry of the precursor fac-[ReBr3(CO)3]2– [13, 14] was studied with 
the water-soluble monophosphine 1,3,5-triaza-7-phosphaadamantane (PTA),
and with the bisphosphines 1,2-bis(bis(hydroxymethyl)phosphino)ethane
(HMPE) and 1,2-bis(bis(hydroxymethyl)phosphino)benzene (HMPB) [83, 84].
The cyclic monophosphine PTA replaces in a stepwise way one or more 
of the halides in [ReBr3(CO)3]2–, yielding [ReBr2(CO)3(PTA)]– (77),
[ReBr(CO)3(PTA)2] (78) and [Re(CO)3(PTA)3]+ (79), which were all character-
ized by X-ray diffraction analysis. The follow-up of these reactions by 31P NMR
techniques revealed that the nature and the concentration of the intermediate
species depend very much on the solvent system [83]. The fac-[ReBr(CO)3L] [L
is HMPE (80), HMPB (81)] complexes have also been prepared in water, in 
good yields, by reaction of the diphosphines with fac-[ReBr3(CO)3]2–. These
complexes were characterized by 1H and 31P NMR spectroscopy, and also by
single-crystal X-ray crystallography in the case of 81. The related cations
fac-[Re(OH2)(CO)3L]+ [L is HMPE (82), HMPB (83)] were also identified 
as intermediates in the formation of 80 and 81 [84]. The precursor fac-
[99mTc(OH2)3(CO)3]+ reacts with HMPE and HMPB yielding initially the fac-
[99mTcCl(CO)3L] [L is HMPE (80a), HMPB (81a)] complexes, with subsequent
lost of the coordinate halide to produce the cationic species fac-
[99mTc(OH2)(CO)3L]+ [L is HMPE (82a), HMPB (83a)] (Scheme 20). Complexes
82a and 83a are very stable in vitro and experiments performed in normal mice
demonstrated a fast clearance from the blood pool and clearance through the
hepatobiliary and the urinary pathways [85].
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The monodentate tris(hydroxymethyl)phosphine (THP) reacts with
[99mTc(CO)3(HMPE)(OH2)]+ (82a), yielding, albeit slowly, fac-
[99mTc(CO)3(HMPE)(THP)]+ [86]. The high kinetic inertness of the tricarbonyl
complexes containing the unidentate THP motivated the use of this phosphine
as a coligand in the labeling of a biologically active peptide [87]. Smith et al.
have prepared and characterized 2,3-diaminopropionic (Dpr)–BBN conjugates
of the type Dpr–Ser–Ser–Ser–Gln–Trp–Ala–Val–Gly–His–Leu–Met–(NH2), in
which the terminal aliphatic diamine behaves as a bidentate ligand toward the
organometallic moiety fac-[M(CO)3]+.A metallated BBN conjugate of the type
[Re(OH2)(CO)3(k2-Dpr–Ser–Ser–Ser–Gln–Trp–Ala–Val–Gly–His–Leu–Met–
(NH2)]+ (84), which exhibits high binding affinity to human prostate cancer-
ous PC-3 cells, was prepared and fully characterized. The analogous
[99mTc(X)(CO)3(k2-Dpr–Ser–Ser–Ser–Gln–Trp–Ala–Val–Gly–His–Leu–Met–
(NH2)]+ [X is OH2 (84a), THP (85a)] conjugates were also prepared
(Scheme 21). These complexes retain high in vitro and in vivo specificity for the
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Scheme 20 Tricarbonyl complexes with water-soluble bis-phosphines

Scheme 21 Tricarbonyl complexes with 2,3-diaminopropionic–bombesin conjugates



targeting of GRPr-expressing cells. The use of the water-soluble phosphine
THP, as a coligand, increased noticeably the hydrophilicity of the conjugate,
providing an alternative method for tuning the in vivo pharmacokinetics of ra-
diolabeled conjugates [87].

Reactions of (NEt4)2[ReBr3(CO)3] were also studied with the potentially
tri(bi)dentate phosphines HPN2, H2PNO, 2-(diphenylphosphanyl)-N-(2-
hydroxyethyl)benzylamine (H2CH2PNO), and N-(2-bromo)-2-(diphenylphos-
phanyl)benzamide ligand (HPNBr). Several neutral complexes, namely
[Re(CO)3(k3-PN2)] (86), [Re(CO)3(k2-H2PNO)Br] (87), [Re(CO)3(k2-H2CH2-
PNO)Br] (88) and [Re(CO)3(k2-PPh3oxaz)Br] (89), [PPh3oxaz is 2-(2-di-
phenylphosphinophenyl)oxazoline], were isolated and characterized by 1H 
and 31P NMR spectroscopy and by X-ray crystallographic analysis (Scheme 22)
[88, 89].
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Scheme 22 Tricarbonyl complexes anchored by heterofunctionalized phosphines

These complexes contain an unusual combination of donor atoms for the
organometallic fac-[M(CO)3]+ moiety and complex 89 is the first example of
a Re(I) tricarbonyl anchored by a phosphorus–oxazoline ligand, which was
generated during the course of complex formation (Scheme 22) [88, 89]. The
analogous [99mTc(CO)3(k3-PN2)] (86a), [99mTc(CO)3(k2-H2PNO)Cl] (87a) and
[99mTc(CO)3(k2-H2CH2PNO)Cl] (88a) have been prepared by reaction of the
corresponding chelating ligands with the aquo ion fac-[99mTc(OH2)3(CO)3]+

[90]. Stability studies indicated higher stability for 87a and 88a than for 86a
[90]. Taking advantage of the coordination properties of these ligands
(H2PNO, k2-PO; H2CH2PNO, k2-PN), and also of the stability and lipophilicity
of the complexes, a family of arylpiperazine derivatives (L1–4, receptor-ligands
for the 5-HT1A subclass of serotonergic receptors) coupled to a P,X donor-atom
unit (X is O, N) were used in the synthesis of [M(CO)3Br(k2-L1–4)] (M is Re,
90–93; 99mTc, 90a–93a), which were fully characterized [88, 90, 91] (Scheme 23).



The characterization of the complexes at macroscopic level included ele-
mental analysis, IR, 1H and 31P NMR spectroscopy, and X-ray crystallographic
analysis [88, 90, 91]. The 99mTc complexes have been characterized by HPLC
comparison with the analytically pure rhenium analogues. The rhenium com-
plexes 90–93 have been used for determination of the receptor-binding affin-
ity and selectivity in rat brain homogenates. The IC50 values of these com-
pounds for 5-HT1A receptors were in the range 20–1,100 nM, while for 5-HT2A
they were in the range 4,680–1,190 nM. Compound 90 was the one with the best
affinity (5-HT1A, IC50=20±0.1 nM) and selectivity (5-HT2A/5-HT1A=234). Be-
sides the effect of the spacer length on the bioespecificity of the complexes, the
occurrence of intramolecular hydrogen bonding also has a clear influence, as
confirmed by structural studies [91].

With the bidentate o-(diphenylphosphino)benzaldehyde (PO) and o-
[(diphenylphosphino)benzylidene]aniline (PN) ligands the complexes
[ReX(CO)3(PO)] (X is halide, 94) and [ReX(CO)3(PN)] (X is halide, 95) have
been synthesized and characterized, starting from [ReX(CO)5] (X is Br, Cl) [92].
Using the same starting material, complexes of the type fac-[Re(CO)3(k3-L) (96)
were also prepared, where L is a phosphorus-containing heterotridentate 
ligand, obtained by condensation of 2-(diphenylphosphino)aniline with several
salicylaldehyde derivatives (Scheme 24) [93].
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Scheme 23 Tricarbonyl complexes anchored by heterofunctionalized phosphines bearing a
5-HT1A receptor binding unit

Scheme 24 Tricarbonyl complexes with tridentate phosphines



The novel water-soluble tridentate phosphines, amino-bis(hydroxy-
methyl)phosphine (P2N) and a dithioether-phosphine (S2P) reacted with the
organometallic synthon fac-[99mTc(CO)3]+, yielding single and well-defined
complexes which were assumed to be [99mTc(CO)3(k3-P2N)] (97a) and
[99mTc(CO)3(k3-PS2)]+ (98a), respectively [94, 95]. On the basis of the high in
vitro stability of these complexes, the authors considered that P2N- and PS2-
based bifunctional chelating agents hold potential for labeling biomolecules via
the fac-[99mTc(CO)3]+ precursor.

3
Complexes Anchored by Scorpionates

Since their introduction by Trofimenko, in 1966, a large number of hard 
scorpionates have been prepared over the years, and have been used in the
synthesis of complexes with most metals and metalloids of the periodic table
[2, 4–7]. For rhenium, almost all oxidation states (I–VII) have been explored,
and a large variety of oxo, carbonyl or polyhydride complexes anchored by
hard scorpionates have been synthesized and their reactivity studied [4, 5]. By
contrast, the chemistry of technetium with hard scorpionates has been much
less explored [5]. Poly(mercaptoimidazolyl)borates, which can be seen as soft
congeners of the classical poly(pyrazolyl)borates, have recently been intro-
duced in the chemistry of d and f elements [96, 97]. These novel sulfur donors
also started to be applied in the chemistry of rhenium and technetium. Hard
and soft scorpionates, which can be prepared starting from borohydrides,
allow the possibility of introducing graded alterations on the chemistry of a
given metal, tuning the physicochemical properties of the corresponding com-
plexes, and are easily functionalized with different biomolecules (Structure 2,
hard and soft scorpionates).
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Like the pincers of a scorpion, poly(pyrazolyl)- or poly(mercaptoimida-
zolyl)borates bind to metals by the nitrogen or sulfur heteroatoms from the
azole rings attached to the central boron atom. The third azole ring or the hy-
drogen attached to the boron can rotate forward like a scorpion’s tail to “sting”
the metal. Nevertheless, the ligands can also be bidentate or monodentate, de-
pending on the nature of the coligands and on the steric congestion around the
metal. Concerning hard scorpionates some of the acquired basic chemical
knowledge can be considered relevant in the design and development of target-
specific radiopharmaceuticals. In this field, the chemistry explored with soft
scorpionates, so far, is really unusual and encouraging.

Herein, some of the chemistry with hard and soft scorpionates is reviewed,
and for each class of ligands we will take into account the oxidation state of the
metal.

3.1
Hard Scorpionates

3.1.1
High- and Intermediate-Valent Oxo Complexes

In the late 1970s, Deutsch and coworkers focused on poly(pyrazolyl)borates in
the course of their pioneering studies on the coordination chemistry of tech-
netium. These authors synthesized the oxo-dichloride [TpTcOCl2] (99) by re-
duction of TcO4

– with excess KTp in aqueous HCl solution (Scheme 25) [98].
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Scheme 25 Hydrotris(pyrazolyl)borate oxo-dichloride complexes

At the time, the synthesis and full characterization of 99, including X-ray
structural analysis, were considered quite relevant in terms of the chemistry of
99mTc radiopharmaceuticals. Together with [TcO(SCH2CH2S)2]– [99], complex
99 was one of the first examples of Tc(V) oxocomplexes prepared under aque-
ous conditions and to be fully characterized. These results highlighted the im-
portance of the [Tc=O]3+ core in the chemistry of 99mTc radiopharmaceuticals,
afterwards confirmed by the synthesis of several 99mTc oxocomplexes currently
used in diagnostic nuclear medicine [10].

As indicated in Scheme 25, the synthesis of the rhenium congener of 99,
[TpReOCl2] (100), was also achieved by reduction of perrhenate with Tp in the



presence of hydrochloric acid, but with an isolated yield (40%) lower than the
one reported by Deutsch et al. for technetium (60%). Such a difference is cer-
tainly due to the different redox properties of rhenium and technetium [100].

Further studies revealed that the high-valent oxides [TpMO3] [M is Re (101),
Tc (105)] could also be obtained starting from [MO4]– anions, which are the
usual starting materials in the synthesis of 99mTc and 186/188Re radiopharma-
ceuticals (Scheme 26). A quite disappointing yield was reported for the syn-
thesis of the Re(VII) oxide (7.5%), while the technetium congener was obtained
in a reasonable yield (44%) [101]. Together with compounds anchored by the
Klaüi ligand, [(h5-C5H5)Co{P(OCH3)2(=O)}3MO3] (M is Tc, Re), 101 and 105 are
almost unique examples of M(VII) trioxides fully characterized and obtained
directly from [MO4]– as starting materials [102].
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Scheme 26 Hydrotris(pyrazolyl)borate or tetrakis(pyrazolyl)borate trioxides

A more general method for the synthesis of M(VII) oxides of the type
[Tp¢MO3] [M is Re, Tp¢=Tp (101), pzTp (102), Tp*(103), PhTp (104); M is Tc,
Tp¢=Tp (105), Tp*(106)] is the reaction of M2O7 (M is Re, Tc) with sodium or
potassium salts of the corresponding scorpionates, but these reactions have to
be run in organic coordinating solvents (Scheme 26) [103–108]. The trioxides
[Tp¢MO3] (M is Re, Tc) are remarkably stable toward aerial oxidation or hy-
drolysis and the metal center is six-coordinate, by three oxygen atoms and by
the nitrogen atoms of k3-Tp¢. The coordination geometry around the metal is
pseudo-octahedral and within each compound the Re–N distances are almost
identical [range 2.231(3)–2.222(7) Å] as well as the Re–O bond distances [range
1.714(2)–1.710(8) Å], which are consistent with conventional double bonds
[103, 105, 106].

As would be expected for complexes with the metal in the highest oxidation
state, the chemistry of the trioxides 101–104 is dominated by reductive/de-
oxygenation processes. This reduction, normally performed with phosphine
ligands, yields dinuclear or mononuclear reactive species, which have been for-
mulated as [pzTpReO(m-O)]2 (107) and {Tp¢ReO2}, respectively [109–112].
These species, generated in situ, are key compounds to enter into the chemistry



of mono or dioxo complexes. As depicted in Scheme 27, several mixed-ligand
scorpionate complexes, air- and water-resistant, could be obtained by reacting
those fragments with protic or neutral bidentate coligands. Using oxygen,
nitrogen or sulfur donor bidentate dianionic coligands, the [M(O)Tp¢]2+ metal
fragment can be easily stabilized, yielding monomeric Re(V) complexes
[111–118]. These compounds are six-coordinate, displaying a distorted octa-
hedral coordination geometry. The scorpionate occupies one triangular face of
the coordination polyhedron and the donor atoms of the bidentate coligands
are in the equatorial plane. The displacement of the rhenium atom toward the
oxo ligand and the lengthening of the Re–N bond trans to the oxo group are
common features of all the structures [109–112].
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Scheme 27 Monoxo and trans-dioxo complexes anchored by hydrotris(pyrazolyl)borates or
tetrakis(pyrazolyl)borates

Owing to the k3¤k2 haptotropism of the scorpionates, the trapping of the
{Tp¢ReO2} metal fragments can also be achieved in reactions with neutral
bidentate ligands, namely diphosphines, yielding trans-dioxo derivatives of
general formula trans-[(k2-Tp¢)ReO2(P«P)] (108–110) [119, 120]. The structural
analysis of these trans-dioxo complexes confirmed the k2-coordination mode
of the scorpionate ligands and the presence of the trans-ReO2 unit. The Re–O
bond distances (1.751–1.773 Å) are typical of Re(V) trans-dioxo complexes and
are compatible with a certain double character [119, 120]. In solution the struc-
ture is maintained, and the abnormally high-field shifted H(3/5) resonances for
the uncoordinated pyrazolyl rings rendered 1H NMR spectroscopy a powerful
tool for assigning the denticity of the scorpionate ligand [119, 120]. The possi-
bility of generating, at noncarrier added level, units of the type {Tp¢MO2} would
introduce in radiopharmaceutical chemistry an unprecedented and quite re-
active synthon that should allow the labeling of a large variety of simple dipro-
tic or neutral bidentate ligands, easily derivatizable with a plethora of biolog-
ically active molecules. However, the preparation of the radioactive synthons
{Tp¢MO2} requires the development of new methodologies for the synthesis of



trioxides of the type [Tp¢MO3] (M is 99mTc, 186/188Re) under the conditions re-
quired for radiopharmaceutical preparations. If these trioxides are available at
noncarrier-added level, it is expectable that the synthons [Tp¢MO2] (M is 99mTc,
186/188Re) can be easily obtained by reduction with water-soluble phosphines or
by polymer-supported phosphines, avoiding in the latter case eventual com-
petition of the phosphines in the coordination to the naked {Tp¢MO2} frag-
ments.

3.1.2
Low-Valent Carbonyl Complexes

Several research groups have studied the chemistry of tris(pyrazolyl)borate tri-
carbonyl complexes of technetium and rhenium. As depicted in Scheme 28,
these studies allowed the synthesis of fac-[M(CO)3Tp¢] [M is Tc, Re, Tp¢ is Tp
(111/113), Tp* (112/114)] complexes, which were all structurally characterized.
Complexes 111–114 were synthesized by reaction of the classical starting ma-
terials [M(CO)5Br] with the sodium or potassium salts of the correspondent
Tp¢ ligands [121–123].
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Scheme 28 Tris(pyrazolyl)borate tricarbonyl complexes

Considering that (NEt4)2[Re(CO)3Br3] in coordinating solvents forms
cations of the type fac-[Re(CO)3(L)3]+ (L is a solvent molecule), which are anal-
ogous to the fac-[M(CO)3(OH2)3]+ (M is 99mTc, 186/188Re) synthons, our research
group evaluated the possibility of preparing complex 114 by reacting
(NEt4)2[Re(CO)3Br3] with NaTp*. During these studies, which were performed
in organic (acetonitrile, tetrahydrofuran) or in aqueous media, we found that
114 is hardly formed, and a significant decomposition of the scorpionate lig-
and was observed. These results probably explain why, in our hands, the label-
ing of the Tp* ligand with the fac-[99mTc(CO)3]+ moiety does not proceed with
formation of the expected fac-[99mTc(CO)3(Tp*)] complex. Instead, another ra-
diochemical species is formed, albeit slowly [124].

At the macroscopic level, and with bis(pyrazolyl)borates, only one complex
is fully characterized, and this is fac-[Re(CO)3Bp(pzH)] (115), obtained by 
reacting [Re(CO)5Br] with KBp [125]. Reactions of the substituted bis(pyra-



zolyl)borate Bp* with (NEt4)2[Re(CO)3Br3] have also been explored in our lab-
oratories [126]. We also found that these reactions are accompanied by degra-
dation of the Bp* ligand, yielding a mixture of species. Complex fac-
[Re(CO)3{k3-H(m-OH)B(pz*)2}] (116) is the only species to have been isolated
and fully characterized by IR and NMR spectroscopy and by mass spectrome-
try. Compound 116, which was formed when the reaction was run in water, is
anchored by a heteroscorpionate, which resulted from the partial hydrolysis of
the original ligand. In our hands, the reaction of fac-[99mTc(CO)3]+ with NaBp*
displays rather unfavorable kinetics, yielding a mixture of two radioactive
species, but both are different from 116, as indicated by HPLC analysis [126].

3.2
Soft Scorpionates

3.2.1
Low-Valent Carbonyl Complexes

More recently, great attention has been given to the chemistry of M(I) (M is Tc,
Re) tricarbonyl complexes with bis(mercaptoimidazolyl)borates and tris(mer-
captoimidazolyl)borates, searching for target-specific radiopharmaceuticals
based on the fac-[M(CO)3]+ moieties (M is 99mTc, 186/188Re) [127–129].

As depicted in Scheme 29, sodium or lithium salts of tris(mercaptoimida-
zolyl)borates or bis(mercaptoimidazolyl)borates react, in water or in organic
solvents, with [M(CO)3X3]y (M is 99mTc, X=H2O; M is Re, X=Br), affording the
complexes fac-[M{k3-RB(timMe)3}(CO)3] [M is Re, 99mTc, R is H (117/117a) Me
(118/118a), Ph (119/119a)] and fac-[M{k3-R(m-H)B(timMe)2}(CO)3] [M is Re,
99mTc, R is H (120/120a), Me (121/121a), Ph (122/122a)] [127–130]. Based on a
similar reaction, the complex fac-[99Tc{k3-H(m-H)B(timMe)2}(CO)3] (123) was
also obtained in almost quantitative yield [127].
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Scheme 29 Bis(mercaptoimidazolyl)borate and tris(mercaptoimidazolyl)borate tricar-
bonyl complexes

Unlike the harder congeners, the poly(mercaptoimidazolyl)borates react
smoothly with the fac-[M(CO)3]+ moieties, yielding, in almost quantitative
yield, complexes that are remarkably stable toward aerobic oxidation and 
hydrolysis. The 99mTc complexes are obtained with high radiochemical purity



(more than 95%), even using low concentrations of the ligands (10–5–10–6 M),
which confirms the quite favorable kinetics of the soft scorpionates toward the
tricarbonyl moieties.

The rhenium and 99Tc complexes (117–123) have been characterized by IR,
1H, and 11B NMR spectroscopy, and most of them also by X-ray crystallographic
analysis [127–129]. The identification of the 99mTc complexes has been made by
HPLC comparison with the analogous rhenium compounds [128, 130].

The X-ray diffraction analysis of 117 and 118 showed a tridentate coordi-
nation of the ligands through the thione sulfur atoms, with the scorpionates
adopting a typical propeller-like configuration. Comparing complexes fac-
[Re{k3-HB(timMe)3}(CO)3] (117) and fac-[Re(CO)3Tp] (113), we find that the
most striking difference is that in 113 the pyrazolyl rings are almost parallel to
the Re–B axis, while in 117 the mercaptoimidazolyl rings lie at an average an-
gle of 60.3° to the B–Re axis. In complex 113 the Tp ligand bite angles are rather
less than 90° [average N–Re–N 81.0(7)°], while in compound 117 these angles
are close to 90° [average S–Re–S 91.15(7)°] [119, 124]. These structural differ-
ences confirm the larger flexibility of {k3-HB(timMe)3} compared with Tp, and
this most probably explains the fast kinetics of the reactions with
[RB(timMe)3]–, as well as the low tendency of this family of ligands to undergo
decomposition processes.

In complexes 120–123 the bis(mercaptoimidazolyl)borates are coordinated
through the two thione sulfur atoms and through one hydrogen atom attached
to boron, defining two six-membered rings and one eight-membered chelate
ring. Compounds 120–123 are unique examples of tricarbonyl Re(I) or Tc(I)
complexes containing B–H···M agostic interactions. For the technetium com-
plex, 123, this interaction was confirmed by the direct location of the agostic
hydride by X-ray structural analysis, while for the other complexes this inter-
action was based on the short B...Re bond distances [2.832 (12)–2.92(2) Å], from
IR and on 1H NMR spectroscopy. Interestingly, the B–H···M agostic interac-
tions, found in the solid state, are maintained in solution, even in water or in
other coordinating solvents, as clearly indicated by 1H and 11B NMR [127, 128].
Another interesting point is that, during the synthesis of complexes 120a–122a,
the about 105 fold excess of Cl– present in solution does not compete with the
agostic 99mTc–H bond formation. This underlines the excellent properties of
these ligands and the versatility of the fac-[99mTc(CO)3]+ moiety, which allowed
the unprecedented coordination of a hydrogen atom, the smallest possible lig-
and, to technetium-99m.

Complexes 117a, 120a and 122a display remarkable in vitro stability, and can
be kept in phosphate buffer at 37 °C for at least 6 h without detectable decom-
position. Furthermore, challenge experiments with histidine, one of the most
powerful chelators for the unit fac-[99mTc(CO)3]+, have shown that, after 6 h, no
trans-chelatation reaction occurred for 117a and 120a, while for 122a only neg-
ligible displacement of the scorpionate ligand was observed. However, quite dif-
ferent behavior was observed when the complexes were incubated in the pres-
ence of a large excess of cysteine. In this case, complex 117a remained intact,
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but 120a and 122a reacted slowly with cysteine, yielding a novel radiochemi-
cal species, which did not result from a trans-chelation process.With the pres-
ence of the B–H···Tc agostic interaction in 120a and 122a being the most sig-
nificant difference between these complexes and 117a, the reaction of cysteine
with the agostic hydrides of 120a and 122a may explain the reactivity found
[130].

Biodistribution studies in mice of complexes 117a, 120a, and 122a demon-
strated that these neutral and moderately lipophilic complexes (log P =
1.50–1.64) are able to cross the blood brain barrier. In the case of 117a there is
a fast washout from the brain, but complexes 120a and 122a display moderate
brain retentions [1 h post injection 0.28% ID/g (120a) and 0.38% ID/g (122a)]
[130]. These biological features have shown that 120a and 122a could be ade-
quate building blocks for the labeling of CNS-receptor avid molecules.

The coupling of biologically active substrates to the bis(mercaptoimida-
zolyl)borate chelator framework has been achieved through the mercaptoim-
idazolyl rings. Bis(mercaptoimidazolyl)borate anchors have been functional-
ized, in a symmetric or asymmetric fashion, with 1-(2-methoxy)arylpiperazine
fragments, which are known to recognize selectively the 5-HT1A subclass of
serotonergic receptors [131, 132]. As depicted in Scheme 30, several symmet-
ric and asymmetric bis(mercaptoimidazolyl)borates have been used in the syn-
thesis of functionalized rhenium tricarbonyl complexes, by reaction with
(NEt4)2[ReBr3(CO)3]. The novel compounds 124–128 have been fully charac-
terized, including by X-ray diffraction analysis in the case of 124 and 127
[131, 132].
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Scheme 30 Tricarbonyl complexes anchored by bis(mercaptoimidazolyl)borates bearing a
5-HT1A receptor ligand unit

The affinity of compounds 124–128 for the 5-HT1A receptors has been mea-
sured, and very encouraging IC50 values have been found for 125, 126 and 128
(0.172–0.71 nM). These excellent values contrast with the IC50 values found for
124 and 127, which are higher than 1,000 nM. Interestingly, the symmetric com-
plex, 128, is the one that shows the best affinity (IC50=0.172 nM), while main-
taining excellent selectivity [132]. Hence, the so-called bivalent approach seems
to improve the biological properties of this family of compounds [133]. The



synthesis of the 99mTc congeners of complexes 125, 126 and 128 is currently un-
derway, in order to evaluate if they are able to cross the blood brain barrier.

Another versatile alternative for labeling biologically active substrates, with
the building blocks fac-[M{k3-R(m-H)B(timMe)2}(CO)3] (M is Tc, Re; R is H,
alkyl, aryl), relies on the selective and efficient cleavage of the B–H···M agostic
interaction with ligands carrying a biologically active fragment. Searching for
substrates that could cleave efficiently the B–H···Re interaction, Garcia et al.
[134] studied the reactivity of [Re{k3-H(m-H)B(timMe)2}(CO)3] (120) toward
different unidentate ligands, like imidazoles, pyridines, phosphines or iso-
nitriles (Scheme 31). Thus, novel [Re{k2-H2B(timMe)2}(CO)3(L)] complexes,
129–133, have been synthesized and fully characterized, including by X-ray dif-
fraction analysis [134].
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Scheme 31 Bis(mercaptoimidazolyl)borate tricarbonyl complexes of the “2+1” type

Except for the isonitrile derivatives 132 and 133, all the other adducts
(129–131) tend to regenerate the starting compound [Re{k3-H(m-
H)B(timMe)2}(CO)3] (120) slowly, if kept in solution. Therefore, the electronic
properties of the unidentate coligand have a marked influence on the rebuild-
ing of the agostic B–H···Re interaction. In complexes 132 and 133, the strong
p-acceptor character of the isonitrile ligands probably prevents such rebuild-
ing [134].

Taking into account these results, mixed-ligand complexes of the type
[Re{k2-H2B(timMe)2}(CO)3(L)] (134–136), with isonitriles bearing 1-(2-
methoxy)arylpiperazines fragments, have been synthesized and characterized
(Scheme 32) [135]. In vitro receptor binding assays of 134–136 demonstrated
that the complexes retained affinity for the 5-HT1A receptors (IC50 values be-
tween 23.2 and 66.5 nM), although they displayed lower affinities than the com-
plexes containing functionalized bis(mercaptoimidazolyl)borates [132]. The
increase of the spacer length between the isonitrile function and the piper-
azinyl moiety is followed by the improvement of the affinity and selectivity of
the complexes. The possibility of preparing the mixed target-specific com-
pounds 134–136 at noncarrier added level (99mTc) is currently under investi-
gation.



4
Concluding Remarks and Perspectives

The versatility of heterofunctionalized phosphines and scorpionates, two rel-
evant and classical chelating ligands, allowed the synthesis of a large variety of
inorganic and organometallic technetium and rhenium complexes, with the
metals in the oxidation states +I to +VII.A sustained effort from basic coordi-
nation chemistry toward a more applied field confirmed the interest of phos-
phines and scorpionates in radiopharmaceutical development, although with
more mitigated progress in the case of scorpionates.

Heterofunctionalized phosphines, with different denticities and/or donor
sets, were successfully applied, at macroscopic and noncarrier added level, to
the stabilization of the [M=O]3+, trans-[MO2]+, [M�N]2+ and fac-[M(CO)3]+

cores. The unique electronic and/or stereochemical properties of the tridentate
PNS phosphine allowed the synthesis of 3+1 mixed-ligand complexes with an
unprecedented in vivo robustness. Phosphines as bifunctional chelate ligands
have been successfully applied for labeling different biologically active sub-
strates, namely peptides and CNS-receptor avid molecules.

The recent availability of the synthon fac-[Tc(CO)3(H2O)3]+ enabled the
preparation of unprecedented complexes of the type fac-[Tc{k3-H(m-
R)B(timMe)2}(CO)3], which contain a coordinated agostic hydrogen, the small-
est possible ligand. The coupling of a 5-HT1A receptor-binding piperazinyl moi-
ety to these building blocks yielded functionalized complexes exhibiting
excellent subnanomolar affinity for the 5-HT1A receptors. The best performing
complex was the one symmetrically functionalized with two biologically active
fragments. Apparently, the so-called bivalent approach seems to be a valuable
tool to improve the bioespecificity of technetium/rhenium complexes for 
the targeting of CNS-receptor ligands. The remarkabe water resistance of
poly(mercaptoimidazolyl)borates and the successful results obtained with the
fac-[99mTc(CO)3]+ core are strong motivation to extend this research to other
oxidation states.

Studies on the basic coordination chemistry of rhenium and technetium
with tris(pyrazolyl)borates demonstrated that water-stable Re(VII) trioxides
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Scheme 32 Bis(mercaptoimidazolyl)borate tricarbonyl complexes of the 2+1 type bearing
a 5-HT1A receptor ligand unit



[Tp¢MO3] (M is Re, Tc) can be prepared starting from [MO4]–, the conventional
precursor in radiopharmaceutical synthesis. Although quite challenging, re-
search into the synthesis of radioactive (99mTc or 186/188Re) congeners of these
trioxides, including that with other tripodal ligands, is of great interest, since
it could allow the introduction of innovative labeling procedures. On the basis
of those methodologies, robust M(VII) (M is Re, Tc) complexes would then be
achieved without the need for any reducing agent.

References 

1. Hierso JC,Amardeil R, Bentabet E, Broussier R, Gautheron B, Meunier P, Kalck P (2003)
Coord Chem Rev 236:143

2. Trofimenko S (1999) Scorpionates: the coordination chemistry of polypyrazolylborate
ligands. Imperial College Press, London

3. Katti KV, Pillarsetty N, Raghuraman K (2003) Top Curr Chem 229:121
4. Paulo A, Correia JDG, Santos I (1998) Trends Inorg Chem 5:57
5. Paulo A, Correia JDG, Santos I, Campello P (2004) Polyhedron 23:331
6. Santos I, Marques N (1995) New J Chem 19:551
7. Marques N, Sella A, Takats J (2002) Chem Rev 102:2137
8. Hashimoto K, Yoshihara K (1995) Top Curr Chem 176:275
9. (a) Duatti A (1999) In: Nicolini M, Mazzi U (eds) Technetium and rhenium in chemistry

and nuclear medicine 5, SGEditoriali, Padova, p 3; (b) Bolzati C, Boschi A, Duatti A,
Prakash S, Ucelli L, Refosco E, Tisato F (2000) J Am Chem Soc 122:4510

10. Jurisson SS, Lydon LL (1999) Chem Rev 99:2205
11. Liu S, Edwards DS (1999) Chem Rev 99:2235
12. Volkert WA, Hoffman TJ (1999) Chem Rev 99:2269
13. (a) Alberto R, Schibili R, Egli A, Schubiger AP (1998) J Am Chem Soc 120:7987; (b) Al-

berto R, Ortner K,Wheatley N, Schibili R, Schubiger AP (2001) J Am Chem Soc 123:3135
14. Alberto R, Schibili, Waibel R, Abram U, Schubiger AP (1999) Coord Chem Rev 190–

192:901
15. Schibili R, Schubiger PA (2002) Eur J Nucl Med 29:1529
16. Alberto R (2003) In: McCleverty J, Meyer TJ (eds) Comprehensive coordination chem-

istry II. Elsevier–Pergamon, Amsterdam, chap 4
17. Tisato F, Refosco F, Bandoli G (1994) Coord Chem Rev 135–136:325
18. Bandoli G, Dolmella A, Porchia M, Refosco F, Tisato F (2001) Coord Chem Rev 214:43
19. Kelly JD, Forster AM, Higley B, Archer CM, Booker FS, Canning LR, Chiu FW, Edwards

B, Gill HK, McPartlin M, Nagle KR, Latham IA, Pickett Rd, Storey AE, Webbon PM
(1993) J Nucl Med 34:222

20. Rosseti C,Vanoli G, Paganelli G, Kwiatkowski M, Zito F, Colombo F, Bonino C, Carpinelli
A, Casati R, Deutsch K, Marmion M, Woulfe SR, Lunghi F, Deutsch E, Fazio F (1994) 
J Nucl Med 35:1571

21. (a) Treher EN, Francesconi LC, Gougoutas JZ, Malley MF, Nunn AD (1989) Inorg Chem
28:3411; (b) Narra RK, Nunn AD, Kucziynski BL, Feld T, Wedeking P, Eckelman WC
(1989) J Nucl Med 30:1830

22. Luo H, Setyawati I, Rettig SJ, Orvig C (1995) Inorg Chem 34:2287
23. Bolzati C, Tisato F, Refosco F, Bandoli G, Dolmella A (1996) Inorg Chem 35:6221
24. Bolzati C, Tisato F, Refosco F, Bandoli G (1996) Inorg Chim Acta 247:125
25. Connac F, Lucchese Y, Gressier M, Dartiguenave, Beauchamp AL (2000) Inorg Chim Acta

304:52

80 I. Santos et al.



26. Bolzati C, Ucelli L, Refosco F, Tisato F, Duatti A, Giganti M, Piffanelli A (1998) Nucl Med
Biol 25:71

27. Bolzati C, Refosco F, Tisato F, Bandoli G (1992) Inorg Chim Acta 201:7
28. Refosco F, Tisato F, Bandoli G, Deutsch E (1993) J Chem Soc Dalton Trans 2901
29. Loiseau F, Connac F, Lucchese Y, Dartiguenave M, Fortin S, Beauchamp AL, Coulais Y

(2000) Inorg Chim Acta 306:94
30. Nock B, Maina T, Tisato F, Papadopoulos M, Raptopoulou CP, Terzis A, Chiotellis E

(1999) Inorg Chem 38:4197
31. Nock B, Maina T, Tisato F, Papadopoulos M, Raptopoulou CP, Terzis A, Chiotellis E

(2000) Inorg Chem 39:2178
32. Nock B, Maina T, Tisato F, Raptopoulou CP, Terzis A, Chiotellis E (2000) Inorg Chem

39:5197
33. Bolzati C, Porchia M, Bandoli G, Boschi A, Malago E, Uccelli L (2001) Inorg Chim Acta

315:205
34. Femia FJ, Chen X, Babich JW, Zubieta J (2001) Inorg Chim Acta 316:145
35. Correia JDG, Domingos A, Santos I, Bolzati C, Refosco F, Tisato F (2001) Inorg Chim

Acta 315:213
36. (a) Refosco F, Bolzati C, Moresco A, Bandoli G, Dolmella A, Mazzi U, Nicolini M (1991)

J Chem Soc Dalton Trans 3043; (b) Refosco F, Tisato F, Bandoli G, Bolzati C, Dolmella
A, Moresco A, Nicolini M (1993) J Chem Soc Dalton Trans 605

37. Refosco F, Tisato F, Moresco A, Bandoli G (1995) J Chem Soc Dalton Trans 3475
38. Tisato F, Refosco F, Bolzati C, Cagnolini A, Gatto S, Bandoli G (1997) J Chem Soc 

Dalton Trans 1421
39. Nicholson T, Hirsch-Kuchma M, Shellenbarger-Jones A, Davison A, Jones AG (1998) 

Inorg Chim Acta 267:319
40. Freiberg E, Davis WM, Nicholson T, Davison A, Jones AG (2002) Inorg Chem 41:5667
41. Schwartz DA, Abrams MJ, Hauser MM, Gaul FE, Larsen SK, Rauh D, Zubieta JA (1991)

Bioconjugate Chem 2:333
42. Liu S, Edwards DS, Looby RJ, Harris AR, Poirier MJ, Rajopadhye M, Bourque JP (1996)

Bioconjugate Chem 7:196
43. Edwards DS, Liu S, Barrett JA, Harris AR, Looby RJ, Ziegler MC, Heminway SJ, Carroll

TR (1997) Bioconjugate Chem 8:146
44. Purohit A, Liu S, Casebier D, Edwards DS (2003) Bioconjugate Chem 14:720
45. Bolzati C, Boschi A, Ucelli L, Malago E, Bandoli G, Tisato F, Refosco F, Pasqualini R,

Duatti A (1999) Inorg Chem 38:4473
46. Bolzati C, Ucelli L, Boschi A, Malago E, Duatti A, Tisato F, Refosco F, Pasqualini R,

Piffanelli A (2000) Nucl Med Biol 27:369
47. Bolzati C, Boschi A, Ucelli L, Tisato F, Refosco F, Cagnolini A, Duatti A, Prakash S,

Bandoli G, Vittadini A (2002) J Am Chem Soc 124:11468
48. Boschi A, Bolzati C, Benini E, Malago E, Ucelli L, Duatti A, Piffanelli A, Refosco F, Tisato

F (2001) Bioconjugate Chem 12:1035
49. Bolzati C, Mahmood A, Malago E, Ucelli L, Boschi A, Jones AG, Refosco F, Duatti A,

Tisato F (2003) Bioconjugate Chem 14:1231
50. Boschi A, Ucelli L, Duatti A, Bolzati C, Refosco F, Tisato F, Romagnoli R, Baraldi PG,

Varani K, Borea PA (2003) Bioconjugate Chem 14:1279
51. Boschi A, Bolzati C, Ucelli L, Duatti A, Benini E, Refosco F, Tisato F, Piffanelli A (2002)

Nucl Med Commun 23:689
52. Boschi A, Ucelli L, Bolzati C, Duatti A, Sabba N, Moreti E, (2003) J Nucl Med 44:806
53. Kovacs MS, Hein P, Sattarzadeh S, Patrick BO, Emge TJ, Orvig C (2001) J Chem Soc 

Dalton Trans 3015
54. Cavell RG, Hilts RW, Luo H, Mcdonald R (1999) Inorg Chem 38:897

Rhenium and Technetium Complexes Anchored by Phosphines and Scorpionates 81



55. Dilworth JR, Griffiths DV, Parrot SJ, Zheng Y (1997) J Chem Soc Dalton Trans 2931
56. Correia JDG, Domingos Â, Santos I (2000) Eur J Inorg Chem 7:1523
57. Correia JDG, Domingos Â, Paulo A, Santos I (2000) J Chem Soc Dalton Trans 14:2477
58. Correia JDG, Domingos Â, Santos I, Spies H (2001) J Chem Soc Dalton Trans 15:2245
59. Palma E, Correia JDG, Domingos A, Santos I (2002) Eur J Inorg Chem 2402
60. Fernandes C, Correia JDG, Gano L, Santos I, Seifert S, Shyre R, Spies H (2001) J Labelled

Compd Radiopharm 44 (Suppl 1):518
61. Fernandes C, Seifert S, Spies H, Syhre R, Bergman R, Gano L, Santos I (2004) 12th 

European symposium on radiopharmacy and radiopharmaceuticals, September,
Gdansk, Poland

62. (a) Beckett AH, Taylor DC, Garrod JW (1975) J Pharm Pharmacol 27:588; (b) Millership
JS, Shanks ML (1988) J Pharm Sci 77:116; (c) Przuntek H, Westarp ME, Vohl ML,
Gerlach M, Jutzi P, Wekerle H (1987) Neuropharmacology 26:255; (d) Tsareva TA,
Kramarova EP, Zharkovskii AM (1982) Farmakol Toksikol 45:20

63. (a) Kniess T, Spies H, Santos I, Zablotskaya A (2002) J Labelled Compd Radiopharm
45:629; (b) Spies H, Fietz, Th, Zablotska A, Belyakov S, Lukevics E (1999) Chem Hetero-
cycl Compd 35:112

64. (a) Gupta A, Seifert S, Syhre R, Scheunemann P, Brust P, Johannsen B (2001) Radiochim
Acta 89:43; (b) Syhre R, Seifert S, Spies H, Gupta A, Johannsen B (1998) Eur J Nucl Med
25:793

65. Fernandes C, Kniess T, Santos I, Seifert S, Spies H, Zablotskaya A (2002) In: Nicolini M,
Bandoli G, Mazzi U (eds) Technetium, rhenium and other metals in chemistry and 
nuclear medicine 6. SGEditoriali, Padova, p 211

66. Kniess T, Fernandes C, Santos I, Kraus W, Spies H (2003) Inorg Chim Acta 348:237
67. Fernandes C, Kniess T, Gano L, Seifert S, Spies H, Santos I (2004) Nucl Med Biol 31:785
68. Tisato F, Refosco F, Moresco A, Bandoli G, Dolmella A, Bolzati C (1995) Inorg Chem

34:1779
69. Santimaria M, Maina T, Mazzi U, Nicolini M (1995) Inorg Chim Acta 240:291
70. Santimaria M, Mazzi U, Gatto S, Dolmella A, Bandoli G, Nicolini M (1997) J Chem Soc

Dalton Trans 1765
71. Visentin, Santimaria M, Giron MC, Mazzi U, Nicolini M (1999) In: Nicolini M, Mazzi U

(eds) Technetium, rhenium and other metals in chemistry and nuclear medicine 5.
SGEditoriali, Padova, p 173

72. Visentini R, Rossin R, Giron MC, Dolmella A, Bandoli G, Mazzi U (2003) Inorg Chem
42:950

73. Santimaria M, Blok D, Feitsma RIJ, Mazzi U, Pauwels EKJ (1999) Nucl Med Biol 26:251
74. Morelli G, De Luca S, Tesauro D, Saviano M, Pedone C, Dolmella A,Visentin R, Mazzi U

(2002) J Pept Sci 8:373
75. Smith CJ, Kati KV, Volkert WA, Barbour LJ (1997) Inorg Chem 36:3928
76. Smith CJ, Li N, Kati KV, Higginbotham, Volkert WA (1997) Nucl Med Biol 24:685
77. Schibli R, Karra SR, Gali H, Katti KV, Higginbotham C, Volkert WA (1998) Radiochim

Acta 83:211
78. Prabhu KR, Pillarsetty N, Gali H, Katti KV (2000) J Am Chem Soc 122:1554
79. Kothary KK, Gali H, Prabhu KR, Pillarsetty N, Owen NK, Katti KV, Hoffman TJ,Volkert

WA (2002) Nucl Med Biol 29:83
80. Karra SR, Schibli R, Gali H, Katti KV, Hoffman TJ, Higginbotham C, Sieckman GL,

Volkert WA (1999) Bioconjugate Chem 10:254
81. Gali H, Karra SR, Reddy VS, Katti KV (1999) Angew Chem Int Ed Engl 38:2020
82. Gali H, Hoffman TJ, Sieckman GL, Owen NK, Katti KV,Volkert WA (2001) Bioconjugate

Chem 12:354
83. Schibli R, Katti KV, Volkert WA, Barnes CL (1998) Inorg Chem 37:5306

82 I. Santos et al.



84. Schibli R, Katti KV, Volkert, WA, Barnes CL (2001) Inorg Chem 40:2358
85. Schibli R, Katti KV, Higginbotham C,Volkert WA,Alberto R (1999) Nucl Med Biol 26:711
86. Kothari KK, Pillarsety NK, Katti KV, Volkert WA (2003) Radiochim Acta 91:53
87. Smith CJ, Sieckman GL, Owen NK, Hayes DL, Mazuru DG, Kannan R, Volkert WA,

Hoffman TJ (2003) Cancer Res 63:4082
88. Correia JDG, Domingos Â, Santos I, Alberto R, Ortner K (2001) Inorg Chem 40:5147
89. Kniess T, Correia JDG, Domingos Â, Palma E, Santos I (2003) Inorg Chem 42:6130
90. Correia JDG, Santos I, Alberto R, Ortner K, Spies H, Drews A (2001) J Labelled Compd

Radiopharm 44(Suppl 1):507
91. Palma E, Correia JDG, Domingos Â, Santos I, Alberto R, Spies H (2004) J Organomet

Chem, in press
92. Chen X, Femia FJ, Babich JW, Zubieta J (2001) Inorg Chim Acta 315:147
93. Faller JW, Mason G, Parr J (2001) J Organomet Chem 626:181
94. Kothari KK, Raghuraman K, Pillarsetty NK, Hoffman, Owen NK, Katti KV,Volkert WA

(2003) Appl Radiat Isot 58:543
95. Kothari KK, Raghuraman K, Pillarsetty NK,Volkert WA, Jurisson SS, Hoffman TJ (2002)

In: Nicolini M, Bandoli G, Mazzi U (eds) Technetium, rhenium and other metals in
chemistry and nuclear medicine 6. SGEditoriali, Padova, p 69

96. Garner M, Reglinski J, Cassidy I, Spicer MD, Kennedy AR (1996) Chem Commun 1975
97. (a) Maria L, Domingos A, Santos I (2001) Inorg Chem 40:6863; (b) Maria L (2003) PhD

Thesis. IST, Lisbon
98. Thomas RW, Estes GW, Elder RC, Deutsch E (1979) J Am Chem Soc 101:4581
99. Smith JE, Byrne EF, Cotton FA, Sekutowski JC (1978) J Am Chem Soc 100:5571

100. Abrams MJ, Davison A, Jones AG (1984) Inorg Chim Acta 82:125
101. Thomas JA, Davison A (1991) Inorg Chim Acta 190:231
102. Banbery HJ, Hussain W, Evans IG, Hamor TA, Jones CJ, McCleverty JA, Schulte H-J,

Engles B, Klaüi W (1990) Polyhedron 9:2549
103. Degnan IA, Herrmann WA, Herdtweck E (1990) Chem Ber 123:1347
104. Coe BJ (1992) Polyhedron 9:1085
105. Domingos A, Marçalo J, Paulo A, Pires de Matos A, Santos I (1993) Inorg Chem 32:5114
106. Garcia R, Xing YH, Domingos A, Paulo A, Santos I, Inorg Chim Acta (2003) 343:27
107. Joachim JE,Apostolidis C, Kanellakopulos B, Maier R, Ziegler ML (1993) Z Naturforsch

48b:227
108. Matano Y, Northcutt TO, Brugman J, Bennet BK, Lovell S, Mayer JM (2000) Organo-

metallics 19:2781
109. Paulo A, Domingos A, Marçalo J, Pires de Matos A, Santos I (1995) Inorg Chem 34:2113
110. Paulo A, Marçalo J, Pires de Matos A, Santos I (1995) In: Nicolini M, Bandoli G, Mazzi

U (eds) Technetium and rhenium in chemistry and nuclear medicine. SGEditoriali,
Padova, p 227

111. Gable KP, Abubaker A, Zientara K, Wainwright AM (1999) Organometallics 18:173
112. Gable KP, Chuawong P, Yokochy AFT (2002) Organometallics 21:929
113. Tisato F, Bolzati C, Duatti A, Bandoli G, Refosco F (1993) Inorg Chem 32:2042
114. Nunes D, Domingos A, Paulo A, Patrício L, Santos I, Carvalho MFNN, Pombeiro AJL

(1998) Inorg Chim Acta 271:65
115. Brown SN, Mayer JM (1992) Inorg Chem 31:4091
116. Paulo A, Domingos A, Pires de Matos A, Santos I, Carvalho MFNN, Pombeiro AJL (1994)

Inorg Chem 33:4729
117. Faller JW, Lavoie AR (2000) Organometallics 19:3957
118. Kettler PB, Chang Y, Chen Q, Zubieta J, Abrams MJ, Larsen SK (1995) Inorg Chim Acta

231:13
119. Paulo A, Reddy KR, Domingos A, Santos I (1998) Inorg Chem 37:6807

Rhenium and Technetium Complexes Anchored by Phosphines and Scorpionates 83



120. Paulo A, Domingos A, Santos I (1999) In: Nicolini M, Bandoli G, Mazzi U (eds) Tech-
netium and rhenium in chemistry and nuclear medicine. SGEditoriali, Padova, p 245

121. McCleverty JA, Wolochowicz I (1979) J Organomet Chem 169:289
122. Angaroni M,Ardizzoia GA, D’Alfonso G, La Monica G (1990) J Chem Soc Dalton Trans

1895
123. Joachim JE, Apostolidis C, Kanellakopulos B, Maier R, Marques N, Meyer D, Müller J,

Matos AP, Nuber B, Rebizant J, Ziegler M (1993) J Organomet Chem 448:119
124. Garcia R, Paulo A, Santos I (2003) Faculty of Sciences, University of Lisbon, May, Por-

tugal, private communication
125. Bond A, Green M (1971) J Chem Soc A 682
126. Garcia R, Paulo A, Santos I (2003) Annual report, Instituto Tecnológico e Nuclear,

Portugal
127. Garcia R, Paulo A, Domingos A, Santos I, Ortner K, Alberto R (2000) J Am Chem Soc

122:11240
128. Garcia R, Paulo A, Domingos A, Santos I (2001) J Organomet Chem 632:41
129. Garcia R, Paulo A, Domingos A, Santos I (2003) J Chem Soc Dalton Trans 2757
130. Garcia R, Paulo A, Gano L, Santos I (2003) 1st congress of the Portuguese Society of

Pharmaceutical Sciences, April, Lisbon, Portugal
131. Garcia R, Xing YH, Paulo A, Domingos A, Santos I (2002) J Chem Soc Dalton Trans 4236
132. Garcia R, Paulo A, Santos I, Spies H, Pietzsch H-J, Bergmann R (2004) 2nd international

symposium on biorganometallic chemistry, July, Zurich, Switzerland
133. Tamiz AP, Zhang J, Zhang M,Wang CZ, Johnson KM, Kozikowski AP (2000) J Am Chem

Soc 122:5393
134. Garcia R, Paulo A, Domingos A, Santos I, Alberto R (2002) Inorg Chem 41:2422
135. Garcia R, Paulo A, Domingos A, Santos I, Spies H, Pietzsch HJ, Bergmann R, Alberto R

(2002) In: Nicolini M, Mazzi U (eds) Technetium and rhenium in chemistry and nuclear
medicine 6. SGEditoriali, Padova, p 143

84 Rhenium and Technetium Complexes Anchored by Phosphines and Scorpionates



Development of Technetium-99m and Rhenium-188 
Radiopharmaceuticals Containing a Terminal 
Metal–Nitrido Multiple Bond for Diagnosis and Therapy

Alessandra Boschi · Adriano Duatti ( ) · Licia Uccelli 

Laboratory of Nuclear Medicine, Department of Clinical and Experimental Medicine,
University of Ferrara, Via L. Borsari, 46, 44100 Ferrara, Italy 
dta@unife.it

1 Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
1.1 Preparation of Nitrido Technetium-99m Radiopharmaceuticals  . . . . . . . . . 86
1.2 The Electronic Structure of the Tc∫N Group . . . . . . . . . . . . . . . . . . . . 89

2 Structural Properties of Five-Coordinate Nitrido Technetium(V) Complexes  . . 91
2.1 Square Pyramidal Complexes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
2.2 Trigonal Bipyramidal Complexes  . . . . . . . . . . . . . . . . . . . . . . . . . . 93

3 Five-Coordinate Nitrido Technetium(V) Complexes with Bidentate Ligands  . . 94
3.1 Symmetrical Complexes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
3.2 Asymmetrical Complexes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4 Nitrido Technetium(V) Radiopharmaceuticals  . . . . . . . . . . . . . . . . . . 98
4.1 Heart Imaging  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
4.2 99mTcN-NOET  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
4.3 99mTcN-DBODC  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
4.4 Labeling of Biologically Active Molecules  . . . . . . . . . . . . . . . . . . . . . 103

5 Nitrido Rhenium-188 Radiopharmaceuticals  . . . . . . . . . . . . . . . . . . . 108
5.1 Reduction of the Tetraoxo Rhenium-188 Anion  . . . . . . . . . . . . . . . . . . 108
5.2 Bis-Dithiocarbamato Nitrido Rhenium-188 Complexes  . . . . . . . . . . . . . . 110
5.3 Rhenium-188 Lipiodol  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

Abstract The chemistry of nitrido complexes of technetium has played an important role
in the search of new Tc-99m radiopharmaceuticals and in providing efficient labeling pro-
cedures of biologically active molecules.A number of potentially useful 99mTc-labeled nitrido
compounds have been found for imaging the most important organs and, in particular, for
heart imaging. The relevance of nitrido complexes is also currently expanding to the field
of Re-188 radiopharmaceuticals utilized as therapeutic agents in the treatment of degener-
ative diseases. Presumably, the most useful characteristic of nitrido complexes of technetium
and rhenium lies in their unique structural features that are strictly controlled by the elec-
tronic structure of the Tc�N multiple bond. Five-coordination is the most common arrange-
ment, and structures may range between the two ideal limits of square pyramidal and trig-
onal bipyramidal geometry. It was found that geometrical changes can be efficiently
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manipulated through the careful selection of the type of coordinating atoms bound to 
the Tc�N group. A set of four p-donor atoms favors square pyramidal geometry, while 
a combination of two p donors and two p acceptors causes the structure to switch toward
trigonal bipyramidal geometry. The precise geometrical control conjoined with the high 
stability of the Tc�N group easily allows a rational design of different categories of radio-
pharmaceuticals and the determination of their structure–activity relationships. In turn, this
makes possible a fine tuning of the biological properties of selected lead compounds. In this
review, a summary of the more recent results obtained in the application of nitrido com-
plexes of technetium and rhenium to nuclear medicine and molecular imaging will be given
with specific emphasis to the underlying chemical principles.

Keywords Technetium-99m · Rhenium-188 · Nitrido complexes · Radiopharmaceuticals ·
Imaging · Therapy

Abbreviations
DBODC Diethoxyethyldithiocarbamato
DEDC Diethyldithiocarbamato
DTCZ Dithiocarbazic acid
HCC Hepatocellular carcinoma
HcysD Cysteine–distamycin
H2DMSA meso-2,3-Dimercaptosuccinic acid
H2SB S-Methyl-3-(2¢-hydroxybenzylidene)dithiocarbazate
MO Molecular orbital
NOET (N-Ethoxy, N-ethyl)dithiocarbamato
PNP5 Bis[(dimethoxypropylphosphino)ethyl]ethoxyethylamine)
PPh3 Triphenylphosphine
R Organic functional group
sp Square pyramidal
tbp Trigonal bipyramidal

1
Introduction

1.1
Preparation of Nitrido Technetium-99m Radiopharmaceuticals

The first attempt to prepare a Tc-99m complex containing a terminal tech-
netium–nitrogen multiple bond (Tc�N) in physiological solution with con-
centrations as low as 10–6 mol dm–3 (micromolar concentration scale or tracer
level), and under sterile and pyrogen-free conditions, for example, in strictly
controlled conditions suitable for intravenous injection, was first reported by
Baldas and coworkers [1–3]. The proposed method was based on the reaction
of [99mTcO4]– with sodium azide (NaN3) in the presence of HCl, and required a
complicated, multistep procedure that made it difficult to ensure the sterility
and apyrogenicity of the resulting solution. Besides, the observed yield of for-

86 A. Boschi et al.



Development of Technetium-99m and Rhenium-188 Radiopharmaceuticals 87

Fig. 1 Reaction diagram for the synthesis of the complex [Tc(N)(PPh3)(L)], and schematic
drawing of its chemical structure showing the resulting square pyramidal arrangement with
an apical Tc�N group bound to a tridentate L ligand and a monodentate PPh3 ligand posi-
tioned on the basal plane. In this reaction, the Schiff base ligand L also plays the role of a
donor of nitrido nitrogen atoms

mation of the final product was far below the limit of 90% radiochemical pu-
rity required to allow administration to a patient.

A few years later, an alternative route to the preparation of this category 
of complexes came out unexpectedly from results obtained in a study of a 
new reaction procedure carried out at tracer level [4, 5]. This reaction is de-
picted in Fig. 1. In this procedure, [99mTcO4]– is reacted with triphenylphosphine
(PPh3) and the Schiff base derivative of dithiocarbazic acid (DTCZ), S-methyl-
3-(2¢-hydroxybenzylidene)dithiocarbazate (H2SB), under acidic conditions.
Surprisingly, this preparation gave rise to the high-yield ( above 95%) forma-
tion of the nitrido Tc-99m complex, [99mTc(N)(SB)(PPh3], shown in Fig. 1.
[99mTc(N)(SB)(PPh3] is a five-coordinated Tc(V) complex composed of a ter-
minal Tc�N multiple bond bound to a PPh3 group and a doubly deprotonated
SB2– ligand [6]. This latter compound is coordinated in its thiol form, and 
acts as a tridentate ligand through the negative, hydroxylic oxygen atom, the
neutral, aldiminic nitrogen atom and the negative, thiol sulfur atom. The 
unexpected result was the discovery that H2SB could play the role of both a 
coordinating ligand and a donor of nitrido nitrogen atoms (N3–) to afford the
Tc�N group. This N3–-donor property of derivatives of DTCZ was confirmed
by employing N-methyl S-methyl dithiocarbazate [H2N–N(CH3)–C(=S)SCH3]
in the reaction illustrated in Fig. 1 [4]. In these conditions, addition of
[99mTcO4]– yielded a mixture of different products. Though the exact chemi-
cal nature of these intermediate complexes has not yet been established, it was
easily demonstrated that all these species incorporate a terminal Tc�N group.
This result was simply achieved by reacting the intermediate mixture with
some suitable coordinating ligand. For instance, quantitative conversion to 
a single product could be rapidly accomplished through the reaction with 
a dithiocarbamate ligand of the type [R2N-C(=S)S]Na (R is an organic 



functional group) yielding the bis-substituted, nitrido Tc(V) complex
[99mTc(N)(R2NCS2)2].

It soon became apparent that almost all derivatives containing the basic hy-
drazine-like motif >N–N < were able to behave as donor of N3– groups in re-
actions with [99mTcO4]–. The further requirement to formulate the preparation
of the Tc�N core as a freeze-dried, pharmaceutical kit led to the selection of
the compound succinic dihydrazide (Fig. 2) as a convenient source of N3– atoms
owing to its high solubility in water and low toxicity. Another step toward the
development of a suitable lyophilized kit formulation was brought about by the
discovery that PPh3 could be conveniently replaced by SnCl2. As this reagent is
widely utilized in radiopharmaceutical preparations, demonstration that it
could be successfully employed for preparing the Tc�N group in physiologi-
cal solution was particularly useful. The composition of the currently available
kit formulation for preparing nitrido Tc-99m radiopharmaceuticals is illus-
trated in Fig. 2. The procedure involves introducing generator-eluted [99mTcO4]–

into a vial containing SnCl2 and succinic dihydrazide, in the presence of a 
phosphate buffer and of the Sn2+-complexing agents 1,2-diaminopropane-
N,N,N¢,N¢-tetraacetic acid or ethylenediaminetetraacetic acid. Upon addition of
[99mTcO4]–, the formation of the Tc�N group takes place within 15 min, at room
temperature [7–12].

In summary, early investigations into the chemistry of Tc-99m radiophar-
maceuticals containing a terminal Tc�N bond clearly showed that this chem-
istry is perfectly feasible at tracer level and in physiological solution, thus open-
ing the door for the exploration of the biological behavior of a completely new
class of potential diagnostic agents. In the next sections, a survey of current de-
velopments of the chemistry of nitrido Tc-99m radiopharmaceuticals and their
relevance for nuclear medicine applications will be presented. Particular em-
phasis will be given to the relations existing between the structural design of
a nitrido Tc-99m radiopharmaceutical, required to match those essential fea-
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Fig. 2 The N3– donor succinic dihydrazide having two terminal hydrazine-like (>N–N<)
moieties essential for producing the [TcV�N]2+ core



tures for targeting a specific biological function, and the electronic properties
of the Tc�N core.

1.2
The Electronic Structure of the Tc�N Group

Fragment theory [13] offers a simple and convenient tool for describing the
electronic structure of the Tc�N group. The remarkable stability of this core
allows it to be classified as a true inorganic functional group exhibiting pecu-
liar chemical characteristics. Therefore, it is convenient to describe it as a sin-
gle molecular entity. It turns out that the main structural properties of com-
plexes containing the Tc�N core can be easily accounted for on the basis of the
electronic structure of the technetium nitrido fragment.

A simplified molecular orbital (MO) diagram of the Tc�N group is illustrated
in Fig. 3. This was drawn by assuming that the technetium atom has a +5 oxi-
dation number, which is the most common metal oxidation state for technetium
nitrido complexes. This corresponds to a d2 electronic configuration for the
metal. As a consequence, the nitrido nitrogen atom was given a –3 oxidation
state corresponding to a filled 2s22p6 electronic configuration. Assuming a C4v
symmetry associated with a five-coordinated, square pyramidal (sp) complex
with an apical Tc�N multiple bond and four identical basal ligands, the sym-
metry type of the atomic orbitals gives the combinations shown in Fig. 3.

Filling the resulting MOs with the eight valence electrons gives the corre-
sponding highest occupied MO (HOMO),which is a xy-type nonbonding orbital,
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Fig. 3 Simplified molecular orbital (MO) diagram of the fragment [TcV�N]2+ in C4v sym-
metry (energy scale is arbitrary). The xy highest occupied MO (HOMO) and the xz, yz pair
of lowest unoccupied MOs (LUMOs) are the frontier orbitals regulating the reactivity of the
fragment



and the corresponding lowest unoccupied MOs (LUMOs), which are two degen-
erate p* antibonding orbitals. The distribution of the electronic density of these
frontier orbitals is able to account for all structural features of sp Tc(V) nitrido
complexes. It should be noted that similar arguments can be applied to the 
description of the electronic structure of the isoelectronic [TcV�O]3+ fragment.

The alternative geometry for a five-coordinate nitrido Tc(V) complex is a
trigonal bipyramidal (tbp) structure. Though replacement of one of the five
identical ligands of an ideal tbp geometry by a nitrido group determines the
lowering of the symmetry from D3h to C2v, for practical reasons it is convenient
to attribute a full D3h symmetry to this class of complexes. The transition be-
tween sp and tbp geometries, therefore, can be simply accomplished through
a Berry pseudorotation as shown in Fig. 4. In the final tbp arrangement the
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Fig. 4 Berry pseudorotation for the transition from C4v to D3h symmetry transforming a
square pyramidal geometry into a trigonal bipyramidal geometry



Tc�N group lies along the x-axis on the trigonal plane perpendicular to the z-
axis. The simplified MO diagram of the fragment [TcV�N]2+ in D3h symmetry
is illustrated in Fig. 5. The set of the resulting frontier orbitals is composed of
a yz-type HOMO nonbonding orbital and a z2-type LUMO nonbonding orbital.

2
Structural Properties of Five-Coordinate Nitrido Technetium(V) 
Complexes

2.1
Square Pyramidal Complexes

Five-coordinated Tc(V) nitrido complexes may assume two distinct structural
arrangements, namely a sp geometry and a tbp geometry. The choice between
the two limiting geometries is always dictated by the nature of the four coor-
dinating atoms bound to the Tc�N group. A survey of crystal structure deter-
minations reported to date [14, 15] easily reveals that a sp configuration is
highly preferred when the four coordinated atoms are p-donor Lewis bases. A
p donor is defined here as a coordinating atom having filled atomic orbitals
with appropriate symmetry to overlap with the two empty p* LUMOs of the
Tc�N group.
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Fig. 5 Schematic MO diagram of the fragment [TcV�N]2+ in D3h symmetry (energy scale is
arbitrary). The yz HOMO and the z2 LUMO are the frontier orbitals regulating the primary
reactivity of the fragment toward substitution by p-acceptor ligands along the axial posi-
tions. This set of orbitals behaves independently from the xy, x2–y2 pair of antibonding or-
bitals regulating the reactivity of the fragment toward substitution by p-donor ligands on
the trigonal plane



Two structural parameters, derived from crystallographic studies, are par-
ticularly useful in the description of the structural features of sp Tc(V) nitrido
complexes. These are the displacement (D) of the technetium atom from the
basal plane of the square pyramid, and the Tc�N bond length (d) (Fig. 6).
When d is plotted as a function of D the curve represented in Fig. 7 is obtained.
Inspection of this diagram reveals that there exists a close relationship between
the two parameters D and d. Specifically, points on the right side of the curve
represent complexes where the lengthening of the Tc�N bond length is always
associated with a corresponding increase of the parameter D. This effect leads
to a progressive distortion of the sp geometry toward an “umbrella-shaped”
structure, and is determined by the rise of the “soft” basic character of the four
donor atoms coordinated on the basal plane. Thus, the right portion of the di-
agram corresponds to complexes containing sulfur ligands such as thiols or
dithiocarbamates. Conversely, replacement of “soft” p donors with “hard” p
donors causes the joint decrease of the parameters D and d, and the transition
of the coordination geometry toward a more ideal sp structure.As a result, the
minimum of the curve corresponds to the Tc(VI) complex [Tc(N)Cl4]– where
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Fig. 6 Representation of the structural parameters D and d. In a square pyramidal geome-
try, the parameters D and d measure the displacement of the central ion from the basal plane
and the length of the terminal multiple bond, respectively

Fig. 7 The variation of d as a function of D



the Tc�N group is fully surrounded by four “hard” chloride atoms. Points on
the left part of the curve, beyond the minimum point, correspond to octahedral
complexes. This category includes complexes with ligands which do not pos-
sess suitable p orbitals, but are mostly s donors such as polyamines and
tetraazamacrocycles. They are characterized by small values of the parameter
D, but always exhibit a concomitant increase of the Tc�N bond length. Usually,
a weakly bound sixth ligand is coordinated in the trans position to the Tc�N
group.

The observed structural behavior of sp Tc(V) nitrido complexes is easily ac-
counted for by considering the corresponding MO diagram of the [Tc�N]2+

core. Actually, soft p-donor ligands can also be viewed as possessing high-en-
ergy filled orbitals, which correctly overlap with p* antibonding orbitals of the
Tc�N fragment. Owing to the specific spatial distribution of metallic LUMO p*
orbitals, the coordinated atoms are bent away from the Tc�N multiple bond
and the metal ion is forced to lie over the sp plane. Therefore, the resulting
geometry is characterized by high values of the D parameter. However, filling
up of the metal fragment p* orbitals determines, as a consequence, the corre-
sponding weakening of the Tc�N bond length. The highly distorted, umbrella-
shaped structure of these complexes also prevents a sixth ligand from entering
in the trans position to the metal–nitrogen multiple bond.

By decreasing the soft character of the coordinating atoms, the electronic
density on the p* orbitals is consequently reduced. Thus, the lengthening of the
Tc�N bond becomes less pronounced and the effect of geometrical distortions
is actually reversed. Furthermore, the gradual decrease of the D parameter al-
lows a sixth coordinating ligand to overlap with the high-energy, s* orbital of
the metal fragment, giving rise to octahedral structures. This latter interaction
accounts for the concurrent increase of the Tc�N bond length on the left side
of the curve.

2.2
Trigonal Bipyramidal Complexes

The number of nitrido Tc(V) complexes characterized by a tbp structure is rel-
atively small compared with the number of sp complexes. However, available
structural data [14–16] clearly indicate that a tbp arrangement is preferred
when the set of four coordinating atoms around the Tc�N group is formed by
a combination of two p-donor and two p-acceptor atoms. A p acceptor is de-
fined here as a coordinating atom possessing empty orbitals with a symmetry
appropriate to overlap with filled p orbitals of the metal. Despite the fact that
sterical distortions from ideal geometry frequently make it difficult to distin-
guish sharply between sp and tbp structures, a key structural preference ob-
served in mixed p-donor–p-acceptor nitrido Tc(V) complexes is always ap-
parent. This can be expressed by the remark that the two p-acceptor atoms
usually manifest a strong tendency to occupy a reciprocal trans position [16,
17]. Since a tbp arrangement can only accommodate two trans ligands along
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the C3 axis perpendicular to the trigonal plane, this suggests that the arrange-
ment with two axial p-acceptor and two equatorial p-donor ligands lying in the
same plane of the nitrido group is the most preferred configuration.

The MO diagram of the fragment [TcV�N]2+ (Fig. 5) provides a simple de-
scription of the axial interaction between a p-acceptor ligand and the Tc�N
group in tbp complexes. The HOMO possesses the correct symmetry to over-
lap with empty p orbitals of the two axial p-acceptor atoms. Similarly, a s bond
can be formed by overlapping the fragment LUMO with filled, axial atomic or-
bitals having the same symmetry. The remaining two coordination positions on
the trigonal plane can only accommodate donor atoms having filled p orbitals
that overlap with p* antibonding orbitals of the metal fragment.

This picture of the bonding in tbp nitrido Tc(V) complexes clearly suggests
that there exist two different sets of metal fragment orbitals which can be used
independently. Specifically, the yz and z2 orbitals control the axial interaction
with the two p-acceptor ligands and, conversely, the p* orbitals account for the
equatorial bonding with two p-donor ligands. This representation will be par-
ticularly useful for describing the interaction of five-coordinate tbp nitrido
Tc(V) complexes with bidentate ligands discussed next.

3
Five-Coordinate Nitrido Technetium(V) Complexes with Bidentate 
Ligands

3.1
Symmetrical Complexes

An important class of five-coordinate nitrido Tc(V) complexes is represented
by compounds containing two bidentate ligands bound to the same Tc�N
group. Owing to the strong steric hindrance exerted by the electron-rich Tc�N
multiple bond, it is usually found that coordination by two bidentate ligands is
more favored than that of a single tetradentate ligand. Generally, this difference
determines, at tracer level, faster reaction kinetics for bidentate ligands in com-
parison with tetradentate species.

Nitrido Tc(V) complexes with a bidentate ligand may occur both as sym-
metrical and as asymmetrical compounds. A symmetrical complex is re-
presented by the general formula [Tc(N)(L)2]n+/0/n–, where L is a bidentate 
ligand and n is an integer. Asymmetrical complexes can be written as
[Tc(N)(L)(L¢)]n+/0/n–, where L and L¢ are different bidentate ligands. Symmetri-
cal complexes may assume both sp and tbp geometries depending on the set of
coordinating atoms. An example of sp compounds is given by the class of
bis(dithiocarbamato) nitrido Tc(V) complexes of the type {Tc(N)[R(R¢)–CS2]2}
[18, 19]. Symmetrical complexes having a tbp structure are represented by the
class of bis(phosphinothiol) nitrido Tc(V) compounds, {Tc(N)[R2P(CH2)nS]2},
where n=2, 3 [16, 20].
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3.2
Asymmetrical Complexes

Asymmetrical nitrido Tc(V) complexes (simply defined as heterocomplexes)
are defined as coordination compounds in which two different bidentate lig-
ands are bound to the same Tc�N group, and are represented by the general
formula [Tc(N)(L)(L¢)]n+/0/n–. The attempt to develop a high-yield synthesis of
these types of complexes may first appear to be prevented by basic chemical
considerations. Actually, it is reasonable to expect that the reaction of two dif-
ferent bidentate ligands, A and B, with the same Tc�N group would always
yield a statistical mixture of symmetrical and asymmetrical complexes, namely
[Tc(N)(A)2], [Tc(N)(B)2] and [Tc(N)(A)(B)]. However, the peculiar properties
of mixed p-acceptor–p-donor ligands offered the route to the solution of this
synthetic problem. The key approach can be outlined as follows.

As previously discussed, the description of the electronic structure of tbp,
nitrido Tc(V) complexes revealed the existence of two separated bonding 
interactions for p-acceptor and p-donor ligands. In particular, p-acceptor 
ligands interact with an axial set of metal fragment orbitals, thus assuming a
reciprocal trans position. Conversely, p-donor ligands overlap with another 
set of metal orbitals positioned on the equatorial plane containing the 
Tc�N group. This picture suggests that the stability of the resulting complex 
should not be influenced by the way in which the two p-acceptor and two
p-donor atoms are connected to each other. More precisely, if in symmetrical
{Tc(N)[R2P(CH2)nS]2} complexes the links between the P and S atoms in the two
phosphino-thiol ligands were removed and replaced by two separate bridges,
one connecting the two P atoms and the other the two S atoms as illustrated in
Fig. 8, the resulting complex would be composed by a Tc�N group coordinated
to one diphosphine P~P ligand and one disulfide S–S ligand. It is reasonable to
expect that this simple change in the connectivity between atoms would not al-
ter significantly the electronic distribution of the nitrido group. This conver-
sion, therefore, would allow the formation of an asymmetrical complex, but
without affecting the starting arrangement of coordinating atoms around the
metal center and, consequently, the whole electronic stability.
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Fig. 8 Conversion of a symmetrical bipyramidal nitrido Tc(V) complex containing two
identical mixed p-acceptor–p-donor bidentate ligands into an asymmetrical nitrido Tc(V)
complex containing one p-acceptor and one p-donor bidentate ligand. Conversion is sim-
ply obtained by changing the connectivity between coordinating atoms without altering the
first coordination sphere



Experimental results completely confirmed these theoretical predictions [21,
22]. In a series of reactions, a diphosphine ligand (P~P) and a bidentate ligand
(Y~Z), selected from the list reported in Fig. 9, were simultaneously mixed with
the precursor nitrido complex [Tc(N)Cl2(PPh3)2] to yield asymmetrical hete-
rocomplexes of general formula [Tc(N)(P~P)(Y~Z)]+/0. It is important to note
that no formation of the corresponding symmetrical complexes was detected
in these preparations.

Another strong piece of evidence supporting the predicted theoretical be-
havior was obtained from the study of monosubstituted complexes of the type
[Tc(N)Cl2(P~P)]. These species were easily prepared by substitution reactions
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Fig. 9 Representative diphosphine and bidentate ligands utilized in the synthesis of asym-
metrical nitrido Tc(V) complexes



of a diphosphine ligand (P~P)onto the precursor complex [Tc(N)Cl2(PPh3)2].
With P~P ligands containing either an oxygen or a sulfur heteroatom within
the carbon chain connecting the two terminal P atoms (POP and PSP diphos-
phines, respectively), the resulting complexes [Tc(N)Cl2(PXP)] (X is O, S) were
found to occur in two distinct isomeric forms (Fig. 10). One complex corre-
sponds to a cis isomer with the two P atoms in a reciprocal cis position, while
the other complex represents a trans isomer where the same atoms assume a
reciprocal trans position. Interestingly, in solution, the cis isomer transformed
into the trans isomer, which, therefore, constitutes the thermodynamically 
stable species.

Different behavior was observed with diphosphine ligands containing 
an amino nitrogen within the carbon bridge between the two P atoms 
[PN(R)P diphosphines]. The configuration of the resulting complexes,
{Tc(N)Cl2[PN(R)P]}, was found to be strongly influenced by the nature of
the R group on the N atom. When R was composed by a chain of
carbon atoms, only the cis isomer was isolated [22, 23]. In contrast, using H 
for R, only the trans isomer was obtained. Surprisingly, however, this latter 
species exhibits an octahedral structure in which the PN(R)P ligand be-
haves as a tridentate ligand assuming a meridional configuration, in 
which the two P atoms are coordinated in a reciprocal trans position, and 
the N(R) atom is bound in a cis position relative to the Tc�N group 
(Fig. 11) (G. Bandoli, unpublished data). These findings suggest that, in
{Tc(N)Cl2[PN(R)P]} complexes, achievement of the stable trans configuration
is strongly hindered by sterical constrains brought about by the pendant R
group on the nitrogen atom. Removal of this group causes the rapid re-
arrangement of the structure to acquire the stablest trans arrangement. Evi-
dently, these observations give further support to the general statement con-
cerning the preference of the two p-acceptor atoms for a reciprocal trans
position in nitrido Tc(V) complexes.
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Fig. 10 Schematic drawings of the structures of cis and trans isomers of the complexes
[Tc(N)Cl2(POP)] and [Tc(N)Cl2(PSP)]. The cis isomer exhibits a distorted square pyrami-
dal structure with the two P atoms in a reciprocal cis position, whereas the trans isomer 
has a distorted trigonal bipyramidal structure with the two P atoms occupying the axial 
positions



4
Nitrido Technetium(V) Radiopharmaceuticals

4.1
Heart Imaging

A cardiac perfusion tracer is a compound that is selectively captured by the my-
ocardium, and its accumulation is proportional to the blood flow passing
through the heart.An ideal heart perfusion imaging agent should possess a few
important properties, such as a high first-pass extraction, i.e., it should be
quickly extracted by myocardial tissue immediately after intravenous injection.
Moreover, it should be rapidly washed out from critical, nontarget organs such
as lungs, liver, and from the blood to allow a clear visualization of the cardiac
region. A further requirement is that cardiac uptake should be linear over the
whole range of blood flows passing through the organ [24].

The first Tc-99m radiopharmaceuticals for heart perfusion imaging were 
introduced more than a decade ago [25, 26]. However, the properties of these
tracers are still far from ideal. Both categories of symmetrical and asymmetri-
cal nitrido Tc(V) complexes were found to have potential application for car-
diac imaging. In particular, the complexes {99mTc(N)[Et(OEt)N–CS2]2} (99mTcN-
NOET) and [99mTc(N)(PNP5)(DBODC)]+ (99mTcN-DBODC), where PNP5 is
bis[(dimethoxypropylphosphino)ethyl]ethoxyethylamine) and DBODC is di-
ethoxyethyldithiocarbamate, showed the most interesting biological properties,
which, in some respect, appear to approach more closely the ideal behavior.
These agents are described in the following paragraphs.
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Fig. 11 Schematic drawings of the structures of cis and trans isomers of the complexes
{Tc(N)Cl2[PN(R)P]}. The cis isomer exhibits a distorted square pyramidal structure with the
two P atoms in a reciprocal cis position, whereas the trans isomer has an octahedral struc-
ture with the two P atoms in a reciprocal trans position



4.2
99mTcN-NOET

The first class of potentially useful radiopharmaceuticals characterized by the
presence of a [Tc�N]2+ core was that of neutral bis(dithiocarbamato) nitrido
Tc(V) complexes of general formula {99mTc(N)[R(R¢)N–CS2]2} [19, 26]. These
complexes have a sp geometry with an apical Tc�N group and two identical
dithiocarbamate ligands symmetrically arranged around the metal ion. It was
found that these complexes accumulate in the myocardium both in animal
models and in humans. Depending on the chemical nature of the lateral groups,
retention of activity in the heart region was highly variable, ranging from a few
minutes to hours. 99mTcN-NOET (Fig. 12) was the member of this class show-
ing the most promising imaging properties and, therefore, was selected for fur-
ther clinical evaluation in patients.

Biodistribution studies in healthy volunteers demonstrated that heart up-
take of 99mTcN-NOET is remarkably high, approaching 4% of injected activity.
Washout is slow with a half-life of approximately 3 h [27]. Heart uptake was
found to be almost proportional to the blood flow at low and medium flux
rates, becoming approximately 80% at higher fluxes. Accumulation of activity
after the first cardiac transit (first-pass extraction) is in the range 80–90% [28,
29]. The lungs are another target organ and they are visualized immediately 
after injection, but successively undergo fast clearance with a half-life of ap-
proximately 10 min. Elimination occurs mostly through the liver, where a large
portion of activity is retained and only slowly eliminated. Lung uptake and per-
sistent liver accumulation may become an important drawback in patients with
a significant impairment of heart function causing abnormal blood circulation
from the lung compartment.

A relevant feature of 99mTcN-NOET derives from its in vivo kinetic behavior,
which gives rise to the phenomenon called ‘“redistribution”. This term is com-
monly referred to as the ability of a tracer to move across viable heart regions
filled with a different concentration of activity, a situation that usually occurs
when some areas within the heart tissue receive a lower blood supply owing to
the partial occlusion of coronary vessels (ischemia).When an ischemic patient
is injected with a cardiac tracer under stress conditions, a sharp contrast is 
observed between normally perfused tissue and ischemic areas (defects). In
contrast, when the patient is at rest, the activity becomes more uniformly dis-
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Fig. 12 Schematic drawing of the square pyramidal structure of the cardiac imaging agent
99mTcN-(N-ethoxy, N-ethyl)dithiocarbamato comprising two identical bidentate ligands 
coordinated to the same metal center



tributed as a result of the lower demand for blood supply by normal tissues, and
defect areas are usually not evidenced. However, in the presence of a necrotic
lesion (infarct), in which no viable myocites survive, the defect remains per-
sistent also under rest conditions. Therefore, a tracer which is capable of dif-
ferentiating between ischemic, but still viable, and infarcted myocardium
would be of great clinical utility. This characteristic can be observed only for
those tracers which are able to diffuse slowly from high-activity regions toward
low-activity regions (redistribution) when the patient is allowed to rest. In these
conditions defects usually disappear when repeating a patient scan after a few
hours, but obviously this does not occur when necrotic tissues are already pre-
sent. Thus, with a single injection it would be possible to evaluate if the patient
is suffering from a reversible ischemic attack or if tissue has been irreversibly
damaged. Only the monocation Tl-201 was previously known to undergo re-
distribution in going from stress to rest conditions. Monocationic Tc-99m com-
plexes do not possess this feature, and two injections, under stress and rest con-
ditions, are usually required to discriminate between ischemia and infarct.
99mTcN-NOET was the first Tc-99m agent exhibiting this useful, thallium-like
behavior that, at present, remains the most unique trait of this agent.

It turns out that 99mTcN-NOET was the first neutral agent showing a pro-
longed uptake within the heart. Previously, only Tc-99m complexes carrying a
monopositive charge were found to possess a stable myocardial localization,
and this feature was mostly determined by their specific localization mecha-
nism [30]. Subcellular studies conducted on isolated rat’s cardiac tissue demon-
strated that, after entering a myocite through passive diffusion, a monocationic
heart Tc-99m agent is captured by the mitochondria as a result of its interac-
tion with the negative charge gradient existing across the mitochondrial mem-
brane. It was thought, therefore, that only this category of positively charged
complexes would be able to accumulate in the heart tissue, neutral complexes
necessarily being rapidly washed out [31]. Thus, the high heart uptake and slow
clearance of 99mTcN-NOET were somewhat unexpected. Subcellular distribu-
tion studies revealed that the localization site of this tracer is not the mito-
chondrial membrane, but rather the external cell membrane [32]. In vitro ex-
periments conducted with calcium blockers suggested that uptake of
99mTcN-NOET would be related to the affinity of this complex for channel pro-
teins involved in calcium transport [33]. Recent studies have pursued another
possibility that the primary uptake site of 99mTcN-NOET is cardiac endothelial
cells and not the myocites [33]. If confirmed, this result would have a signifi-
cant impact on the assessment of the diagnostic usefulness of this agent, mostly
because cardiac endothelium always receives the first injury at the onset of an
ischemic process. Thus, the possibility to visualize this damage before it spreads
to the surrounding myocites would dramatically improve the early detection of
the cardiac infarct [34].
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4.3
99mTcN-DBODC

Conversion of the symmetrical, bis-substituted complexes {99mTc(N)-
[R(R¢)N–CS2]2} to asymmetrical species containing two different bidentate lig-
ands coordinated to the same Tc�N group had a dramatic impact on the ob-
served biological properties. The preparation of the monocationic nitrido
Tc(V) heterocomplexes {Tc(N)[PN(R)P][R(R¢)N–CS2]}+ was accomplished
through the simultaneous reaction of a suitable nitrido Tc(V) precursor with
the ligands PN(R)P and [R(R¢)N–CS2]Na. In particular, using the diphosphines
bis[(dimethoxypropylphosphino)ethyl]methoxyethylamine) and PNP5 (Fig. 9),
a novel class of myocardial tracers exhibiting superior imaging qualities was
obtained [35]. Within this class, the compound [99mTc(N)(PNP5)(DBODC)]+

(99mTcN-DBODC), where DBODC is diethoxyethyldithiocarbamato, was se-
lected as a promising candidate for clinical applications [36]. The structure of
this complex is illustrated in Fig. 13. It is composed of one PNP5 ligand and one
DBODC ligand bound to the same [Tc�N]2+ core through the two P atoms, and
the two S atoms of the CS2

– group, respectively. The resulting geometry is highly
distorted sp.

The first biological evaluation of 99mTcN-DBODC was carried out in rats.
Biodistribution data showed that the heart is the most important target organ
for this complex. Lung clearance is remarkably fast and elimination occurs both
through kidneys and liver. However, liver activity is rapidly washed out into the
intestine, thus leaving the cardiac region completely emptied of background ac-
tivity. This result appears particularly evident when heart/lung and heart/liver
ratios are considered. The variation in time of heart/lung and heart/liver ratios
for 99mTcN-DBODC as compared with two commercial tracers, 99mTc-Sestamibi
and 99mTc-Tetrofosmin, is reported in Fig. 14.
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Fig. 13 Schematic drawing of the distorted square pyramidal structure of the cardiac imag-
ing agent 99mTcN-diethoxyethyldithiocarbamato (DBODC) comprising two different biden-
tate ligands coordinated to the same metal center



Though heart/lung ratios are nearly comparable for the three compounds,
the heart/liver ratio of 99mTcN-DBODC rises dramatically over time becoming
much greater, at 1 h post injection, than the ratios of the other two agents,
which remain almost constant. This biological behavior may provide a useful
tool for improving the quality of heart images. A tomographic view of the rat
heart, obtained with a dedicated small-animal scanner [37] at 1 h after injec-
tion of 99mTcN-DBODC, is reported in Fig. 15. The images clearly show the car-
diac region without interference from surrounding activity. Liver is not visu-
alized, activity being localized mostly in kidneys and intestine. Dog studies
nicely confirmed the results obtained in rats and demonstrated that the kinetic
behavior of 99mTcN-DBODC parallels that of 99mTc-Sestamibi [37]. The un-
precedented biological properties of 99mTcN-DBODC appear to approach more
closely those of an ideal perfusion tracer and, therefore, this new agent is 
currently under further investigation for assessing the feasibility in humans of
myocardial perfusion imaging with superior quality.
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Fig. 14 Time variation of a heart/lung and b heart/liver ratios for the complexes 99mTcN-
DBODC (squares), 99mTc-Sestamibi (circles) and 99mTc-Tetrofosmin (triangles) measured at
a specific time after injection in rats. The values are expressed as the ratio between the ac-
tivity localized in the heart and the activity localized in the lungs and the liver, respectively

a

b



4.4
Labeling of Biologically Active Molecules

In recent years, the labeling of biologically active molecules has become the
most effective tool to generate affinity of a Tc-99m complex for a specific bio-
logical target. The most common design of this type of diagnostic agent is
based on the application of two main methods called bifunctional (or pendant)
and integrated approaches [38]. The first step in both strategies always requires
the selection of a convenient biologically active molecule or a pharmaceutical
drug having affinity for a definite biological substrate. After this common on-
set, the two methods follow separate routes. The bifunctional approach literally
suggests putting together the bioactive group and the metal complex through
a suitable linkage, a result that can be conveniently achieved using a bifunc-
tional ligand. This species could be represented as a composite molecule com-
bining two different molecular blocks such as a strong chelating group for the
metal and a biomolecule. Thus, in the final ligand, these two moieties become
tightly connected by means of a chemical linker. Clinging the chelating system
to the metal results in the formation of a conjugate complex, which will incor-
porate the bioactive group within its structure as an appended side chain. In
contrast, the integrated approach focuses on the selected biomolecule itself. In
fact, the structure of this substance may serve as a template for shaping the
structure of the final Tc-99m radiopharmaceutical. The key step is to identify
a region of the biomolecule that can be easily replaced without affecting its bi-
ological properties. The final radiopharmaceutical, therefore, will be assembled
simply by removing this nonessential part and filling the resulting empty po-
sition with a metal-containing fragment having structural similarity with the
substituted portion. In principle, if the size and the geometry of the metallic
block fit correctly within the edges of the molecular mould, the final integrated
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Fig. 15 Tomographic images of the rat heart obtained with a small-animal scanner at 1 h
after injection of 99mTcN-DBODC. The images represent heart horizontal slices moving from
the top of the heart (upper left) to the heart apex (middle). The last image corresponds to
kidney uptake (bottom right)



complex should display the same biological properties of the primitive bio-
molecule. Obviously, the ultimate success of both designs lies in their ability to
keep unaltered the intrinsic biological behavior of the starting biomolecule.

The previously mentioned approaches provide a theoretically useful picture
of the molecular structure of a radioactive tracer as composed of different
pieces or fragments, which can be conveniently put together to obtain the final
radiopharmaceutical. However, the combination of the various fragments to
yield a stable product is not always simple to perform. In recent years, an al-
ternative solution to this problem has emerged. The method exploits the chem-
ical properties of certain types of substitution-labile technetium complexes
showing a marked reactivity only toward ligands bearing some specific sets of
coordinating atoms. The characteristic feature of these complexes resides in the
presence of two different groups of ligands in the coordination environment
around the metal center. One set is composed by ligands that are tightly bound
to the metal ion. The resulting strong ligand field allows the relevant stabiliza-
tion of the metal oxidation state and prevents the occurrence of oxidation–re-
duction reactions. The residual positions of the coordination arrangement are
usually occupied by another set of ligands forming weak bonds with the metal.
This weakly bound group can be easily removed when some incoming ligand
having selective bonding affinity for the robust part of the complex (metal frag-
ment) undergoes strong interaction with the metal center. The reaction is ex-
pected to be highly selective, thus affording the final substituted complex in
great yield.

Metal fragments can be efficiently employed for tethering a biomolecule
with a Tc-99m complex providing that the bioactive group includes the appro-
priate set of coordinating atoms. The high affinity of the precursor metal frag-
ment for the specific bonding sites on the bioactive ligand would ensure the
careful fitting of these two molecular building blocks to form the final, conju-
gate complex. It was found that the novel mixed-ligand complexes of the type
[Tc(N)Cl2(P~P)] discussed in the previous sections provide a definite example
of the metal-fragment approach. In these complexes, the arrangement of atoms
[Tc(N)(P~P)]2+, formed by a Tc�N group coordinated to a chelating diphos-
phine ligand P~P, plays the role of a robust metallic block. In contrast, the two
chlorine atoms can be easily displaced by an incoming bidentate ligand (L) to
afford the asymmetrical complexes [99mTc(N)(P~P)(L)]0/+ [22, 23]. A salient
property of this fragment comes from the fact that its structure can switch be-
tween sp and tbp geometries depending on the relative cis or trans position of
the two p-acceptor P atoms. A tbp arrangement is more favored as a result of
the strong tendency of the two P atoms to span a reciprocal trans position. This
constitutes the key factor controlling the selective reactivity of this fragment to-
ward nucleophilic ligands. Actually, the tendency toward a tbp structure also
brings about the complete rearrangement of the electronic density, which ap-
pears to concentrate only on the two p-acceptor atoms [23]. This leaves the
other two coordination positions depleted of electrons and, thus, activated to-
ward reaction with electron-rich ligands surrounded by a set of filled atomic

104 A. Boschi et al.



orbitals having the appropriate symmetry to overlap with the empty anti-
bonding p orbitals of the metal fragment. Owing to its peculiar electronic
structure, the fragment [Tc(N)(P~P)]2+ exhibits strong electrophilic character,
and reacts selectively only toward soft p-donor bases such as S– or O–. When a
biomolecule carrying an appropriate set of two p-donor atoms is selected, it
easily combines with the fragment [Tc(N)(P~P)]2+ to yield the corresponding
conjugate complex. Thus, the metal synthon [99mTc(N)(P~P)]2+ could be con-
veniently utilized to obtain a very broad class of asymmetrical nitrido Tc(V)
complexes with a variety of bidentate bioactive ligands.

The finding that the amino acid cysteine displays excellent coordinating
properties toward the fragment [Tc(N)(P~P)]2+ provided an almost natural way
for incorporating short peptide chains into a nitrido Tc-99m asymmetrical
complex [39]. Cysteine binds the fragment [Tc(N)(P~P)]2+ either through the
[NH2, S–] pair or, alternatively, the [O–, S–] pair (Fig. 16). These reactions are
highly specific and quantitative. Thus, peptide sequences having a cysteine
group sufficiently accessible to bind the technetium atom of the basic motif
[Tc(N)(P~P)]2+ would be the most obvious candidates for labeling studies. The
application of the metal-fragment approach can be outlined as follows. A se-
lected peptide is combined with a cysteine residue either through the terminal
amino group to give N-functionalized O,S-cysteine ligands or, alternatively,
through the terminal carboxylic group to yield the corresponding COO-func-
tionalized N,S-cysteine ligands. The resulting bifunctional ligand (cys~) is then
reacted with the metal fragment [99mTc(N)(P~P)2]2+ to afford the mixed, asym-
metrical complex [99mTc(N)(P~P)(cys~)]0/+. As a result, the peptide sequence
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Fig. 16 Schematic drawing of the possible structures of nitrido Tc-99m heterocomplexes
with cysteine. This compound can bind to the metal center either as [NH2, S–] monoanionic
bidentate ligand or as [O–, S–] dianionic bidentate ligand



remains stably incorporated into the structure of the final complex. The over-
all charge of the resulting asymmetrical complex is dependent on the pair of p-
donating atoms of cysteine. A [NH2, S–] chelating system yields monocationic
complexes, while neutral complexes arise when cysteine coordinates through
the [O–, S–] pair.

Attempts to develop Tc-99m imaging agents for the central nervous system
using the metal-fragment approach with the [Tc(N)(P~P)]2+ synthon have 
recently been undertaken [40]. A receptor-specific complex for imaging 
benzodiazepine receptors was designed by first selecting the drug des-
methyldiazepam as the starting bioactive molecule. This substance was suc-
cessively modified by appending a cysteine moiety through its terminal amino
group to the central seven-membered ring of the benzodiazepine moiety.
The resulting bifunctional ligand H2Bz (Fig. 17) was in turn reacted with the
fragment [Tc(N)(P~P)]2+ to yield the neutral asymmetric complexes,
[Tc(N)(P~P)(Bz)] (Fig. 17). These complexes occur in two distinct isomeric
forms depending on the syn or anti orientation of the pendant benzodiazepine
group relative to the Tc�N multiple bond. A similar approach was utilized in
the investigation of receptor-specific tracers for 5HT1A receptors [41]. The 2-
methoxyphenylpiperazine pharmacophore, which displays preferential affinity
for 5HT1A receptors, was conjugated to the amino group of cysteine to obtain
the N-functionalized O,S-cysteine ligand H2HT (Fig. 18). The strong elec-
trophilic [Tc(N)(P~P)]2+ metal fragment efficiently reacts with this bifunc-
tional chelating ligand affording the neutral nitrido Tc(V) heterocomplexes,
[Tc(N)(P~P)(HT)] (Fig. 18).As observed before, a mixture of syn and anti iso-
mers was obtained, the latter being the thermodynamically favored species.
Biodistribution studies were carried out in rats, and affinity for benzodiazepine
and 5HT1A receptors was assessed through in vitro binding experiments on iso-
lated rat cerebral membranes. The results showed that the labeling procedure
determined the almost complete loss of receptor affinity of the conjugate com-
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Fig. 17 Schematic drawing of the structures of the bifunctional ligand H2BZ and of the cor-
responding nitrido Tc-99m heterocomplexes for imaging benzodiazepine receptors



plexes presumably because of the strong perturbation caused by the proxim-
ity of the metal-containing block to the bioactive group.

A novel category of Tc-99m radiopharmaceuticals for diagnostic imaging
applications in oncology was developed by selecting the compound distamycin
as a bioactive substrate for labeling with the metal fragment [Tc(N)(P~P)]2+

[42]. The tripyrrole peptide distamycin A is a naturally occurring antibiotic
which binds to the minor groove of DNA by hydrogen bonds, van der Waals
contacts and electrostatic interactions. This oligopeptide exhibits a high selec-
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Fig. 18 Schematic drawing of the structures of the bifunctional ligand H2HT and of the cor-
responding nitrido Tc-99m heterocomplexes for imaging 5HT1A receptors

Fig. 19 Schematic drawing of the structures of the bifunctional ligand cysteine–distamycin
and of the corresponding nitrido Tc-99m heterocomplexes



tivity for AT rich sequences and sticks preferentially to 5¢-AAATT-3¢ sequences.
Introduction of L-cysteine on the N-terminus of deformyl distamycin gave the
bifunctional ligand shown in Fig. 19. The resulting hybrid cysteine–distamycin
(HcysD) retained an efficiency in arrested polymerase-chain reactions exper-
iments comparable to that of the parent distamycin A. The ligand HcysD was
efficiently labeled with the metal synthon [Tc(N)(P~P)]2+ to give the new class
of monocationic heterocomplexes reported in Fig. 19. In these complexes,
HcysD binds the metal center through the deprotonated thiol sulfur atom and
the neutral amino nitrogen atom. The complexes were found to be highly sta-
ble in physiological solution and in plasma. In vitro experiments showed that
they display both DNA binding activity and sequence-selectivity and, therefore,
can be used as suitable models for the design of potentially useful Tc-99m
imaging agents for the diagnosis of various types of cancerous diseases.

5
Nitrido Rhenium-188 Radiopharmaceuticals

5.1
Reduction of the Tetraoxo Rhenium-188 Anion

The use of radiolabeled compounds for the treatment of degenerative diseases
currently constitutes a rapidly expanding field in nuclear medicine [43]. The
basic principle of this therapeutic method involves administration of a radio-
active molecule that should incorporate at least one radionuclide emitting
high-energy, massive particles such as b-electrons or a-particles. After reach-
ing the target tissue, the radiopharmaceutical will deliver its radiation in situ,
and the interaction with the decay particle may eventually kill the diseased cell,
thus producing a therapeutic effect.

Rhenium-188 is a b-emitting nuclide that is currently attracting much in-
terest as a potential candidate for therapeutic applications because of its use-
ful nuclear properties and availability. Rhenium-188 decays through the emis-
sion of a high-energy b-particle (Ebmax=2.1 MeV) with a half-life of 16.9 h.
Associated with this decay mode there is also a g-emission of 152 keV that can
be conveniently utilized to monitor the course of therapy using a conventional
g camera. Another important advantage of employing Re-188 radiopharma-
ceuticals comes from the easy availability of this radionuclide, which is pro-
duced through a transportable generator system under the chemical form of
the tetraoxo perrhenate anion [188ReO4]–. This generator is, essentially, com-
posed of an alumina column onto which the father nuclide W-188 is absorbed
as tetraoxo wolframate anion, [188WO4]2–. Radioactive b-decay of the W-188 nu-
clide yields the parent [188ReO4]–, which is successively eluted with a physio-
logical solution. This situation, therefore, parallels completely that of the nu-
clide Tc-99m, which is obtained through the 99Mo/99mTc generator system in the
form of the tetraoxo pertechnetate anion [99mTcO4]–, which always constitutes
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the starting compound for preparing Tc-99m radiopharmaceuticals. Likewise,
[188ReO4]– is the ubiquitous starting material for the preparation of Re-188 ra-
diopharmaceuticals.

However, since technetium and rhenium belong to the same group 7 of the
transition series, the similarities between Tc-99m and Re-188 radiopharma-
ceuticals are even more pronounced. In fact, owing to lanthanide contraction,
technetium and rhenium have almost identical ionic radii. This indicates that,
when these two elements form analogous complexes having exactly the same
chemical structure and stability, and differing only in the metal center, these
species should exhibit the same in vivo biological behavior. Despite this, there
exists a fundamental difference between the values of the standard reduction
potentials of the redox reactions involving technetium and rhenium com-
pounds. On average, E° of a technetium process is 200 mV higher than 
that of the corresponding rhenium process. This implies that reduction of
[188ReO4]– should be much more difficult than that of [99mTcO4]–. As a conse-
quence, the methods utilized for the preparation of Re-188 radiopharmaceu-
ticals cannot simply follow routes employed for obtaining Tc-99m complexes,
and usually more drastic conditions are required [44]. This fact always consti-
tutes a fundamental obstacle for the development of new Re-188 radiophar-
maceuticals.

A solution to this problem has recently been proposed [45]. This approach
was inspired by a basic principle of inorganic chemistry sometimes called ex-
pansion of the coordination sphere [46]. Briefly, the principle states that in elec-
tron-transfer reactions involving coordination complexes, a redox process is
more favored when the geometries of the oxidized and reduced pair are very
similar. Since [188ReO4]– constitutes the ubiquitous starting material in all ra-
diopharmaceutical preparations, conversion of this species to a final complex
containing the metal in a lower oxidation state (less than +7) is always an in-
evitable step. However, the tetraoxo anion has a four-coordinate, tetrahedral
geometry, while, commonly, rhenium complexes in lower oxidation states pos-
sess a more expanded five- or six-coordinate geometry. This suggests that the
geometrical change always occurring in redox reactions involving [188ReO4]–

should have a detrimental influence on the standard reduction potential of the
whole process. To avoid this negative effect it would be necessary to literally ex-
pand the coordination arrangement of [188ReO4]– before effecting the electron
transfer. This result could be simply achieved by forming an intermediate
Re(VII) complex, thus having an expanded coordination arrangement,
through the reaction of [188ReO4]– with some suitable ligand. In this way, the
transfer of electrons will occur between two species having similar geometries,
a situation that should bring about a significant increase of the standard re-
duction potential.

It was found that oxalate ions, (C2O4)2–, are excellent ligands for rhenium in
the +7 oxidation state. This simple dicarboxylic acid is able to form interme-
diate Re(VII) complexes that are sufficiently stable to allow the expansion of the
coordination sphere, but also sufficiently substitution-labile to permit the re-
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placement of the ancillary ligands by some stronger ligand of biological inter-
est. The results demonstrated that addition of Na2[C2O4] to radiopharmaceu-
tical preparations starting from generator-eluted [188ReO4]– dramatically im-
proved the yield of the final product. Moreover, no drastic conditions such as
high temperature or high concentrations of the reducing agent were required.
A pictorial representation of the action of oxalate is reported in Fig. 20.

The first application of the new, oxalate-based reduction method was carried
out for preparing the complex [188Re(O)(DMSA)2]–, where H2DMSA is meso-
2,3-dimercaptosuccinic acid. This complex had been previously obtained, un-
der strong acidic conditions, by heating [188ReO4]– at high temperature for a
prolonged time, and in the presence of a large amount of SnCl2 as a reductant.
Such conditions are completely unsuitable for any in vivo clinical study in hu-
mans. However, addition of oxalate ions changed dramatically the course of this
reaction [45]. The high-yield production of the complex [188Re(O)(DMSA)2]–

was easily obtained at pH>5, by keeping the reaction solution at room tem-
perature for a few minutes and using a small amount of SnCl2 (less than
0.5 mg).

5.2
Bis-Dithiocarbamato Nitrido Rhenium-188 Complexes

The oxalate-based approach has been subsequently utilized to develop the first
efficient procedure for producing the [188Re�N]2+ core from [188ReO4]–, at
tracer level and under physiological conditions [47]. For this purpose, the
method originally developed for the tracer-level preparation of the analogous
[99mTc�N]2+ core was employed [4]. As mentioned before, this procedure in-
volves the reaction of [99mTcO4]– with the N3–-donor DTCZ and SnCl2 to afford
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Fig. 20 Pictorial illustration of the hypothetical mechanism of the action of oxalate on the
reduction of [188ReO4]–. Oxalate ions react first with the teraoxo anion forming an interme-
diate Re(VII) complex and causing the concomitant expansion of the coordination sphere
of the metal from tetrahedral to octahedral. Successively, electron transfer takes place from
Sn2+ ions to the octahedral metal center



a mixture of intermediate nitrido Tc-99m complexes. This intermediate mix-
ture is suddenly converted into a single product upon addition of a strong co-
ordinating ligand. In the first attempt at transferring the procedure to the
preparation of nitrido Re-188 radiopharmaceuticals, dithiocarbamate ligands
of the type [R2N-C(=S)S]Na were employed and, thus, the formation of
bis-dithiocarbamato nitrido Re-188 complexes was investigated. However,
it was found that the plain application of the experimental conditions used with 
Tc-99m completely failed to give the corresponding Re-188 complexes,
[188Re(N)(R2NCS2)2]. In contrast, addition of sodium oxalate allowed these
complexes to be obtained in very high yield. The observed results clearly sug-
gest that the rate-determining step in these reactions is always associated with
the reduction of the tetraoxo perrhenate anion. The synthesis of the complexes
[188Re(N)(R2NCS2)2] was carried out using a two-step procedure. In the first
step, [188ReO4]– was reacted with DTCZ, SnCl2 and oxalate. Chromatographic
analysis showed that this reaction yielded two intermediate complexes. Though
the exact chemical nature of these species was not fully determined, it was
found that, upon addition of the appropriate dithiocarbamate ligand, the in-
termediate mixture was rapidly converted into the final nitrido complex
[188Re(N)(R2NCS2)2]. This strongly supports the hypothesis that the molecular
structure of the two intermediate complexes should comprise a terminal Re�N
group.

Biological experiments carried out in rats showed that the biodistribution
of [188Re(N)(R2NCS2)2] complexes parallels exactly that observed for the anal-
ogous Tc-99m complexes [99mTc(N)(R2NCS2)2] described previously [19]. In
particular, heart was one of the most important target organs. This fact clearly
demonstrates that, inside a matching pair of technetium and rhenium com-
plexes possessing identical molecular structure and stability toward in-vivo 
redox reactions, the corresponding radiocompounds always exhibit the same
biological behavior.

5.3
Rhenium-188 Lipiodol

The complexes [188Re(N)(R2NCS2)2] have been successively utilized for devel-
oping the first nitrido Re-188 therapeutic agent for the treatment of hepato-
cellular carcinoma (HCC) [48, 49]. This pathological state is one of the most
common cancerous diseases in the world and is particularly frequent in Asiatic
and South American areas. It often appears late, and successful surgical resec-
tion is difficult or impossible in most patients. Carriers of therapeutic agents
that treat hepatoma effectively, without damage to normal tissues, are actively
investigated. An example of this type of carrier is lipiodol, an iodinated ethyl
ester of the poppy-seed fatty oil containing 38% iodine by weight, and is usu-
ally employed as a radiological contrast material. Administration through the
hepatic artery in HCC patients is followed by selective and prolonged reten-
tion of lipiodol within the HCC. This unique characteristic suggests its poten-
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tial as a carrier for radiotherapeutic agents. Iodine-131 and yttrium-90 
labeled lipiodol have been developed for the treatment of hepatoma, but 
these agents also accumulate in nontarget organs, especially in the lungs,
gut and bone marrow, a fact that strongly limits their clinical usefulness.
Various attempts at labeling lipiodol with Re-188 have been proposed, but 
most of them are exceedingly complicated and difficult to apply under con-
trolled conditions [50]. A simple and elegant approach involves dissolution 
of a strongly lipophilic Re-188 compound into lipiodol, which constitutes a
highly hydrophobic material [51]. Using this strategy, Re-188 would be tightly
retained into the fatty oil as a consequence of its strong hydrophobic inter-
action with the lipophilic metal complex. The successful application of this 
approach always requires the high-yield production of a Re-188 complex that
possess enough stability and lipophilicity to remain firmly trapped in lipiodol.
An attempt to employ this labeling method has recently been reported
[51–53]. A series of oxo complexes of Re-188 were prepared by reacting
[188ReO4]– with derivatives of the tetradentate ligand 3,3,10,10-tetramethyl-
1,2-dithia-5,8-diazacyclodecane, and then mixed with lipiodol; however, the
final labeling yield was low and the Re-188 complexes were not stably 
retained in hepatoma. This result reflects the difficulty in obtaining Re-188
complexes in satisfactory yield and the intrinsic instability of oxo rhenium
complexes.

The high lipophilic character of the complexes [188Re(N)(R2NCS2)2] was pre-
dicted on the basis of the measured water-to-octanol partition coefficient (P)
of the corresponding Tc-99m counterparts [19]. Owing to their identical chem-
ical structure, the analogous Re-188 complexes exhibit exactly the same bulk
properties. Therefore, the complex [188Re(N)(DEDC)2], where DEDC is di-
ethyldithiocarbamato, was selected as a suitable candidate for labeling lipiodol
through the previously mentioned method. The preparation of the nitrido Re-
188 complex was accomplished in two steps using a two-vial, lyophilized kit for-
mulation. The first vial contained DTCZ, as a donor of nitrido nitrogen atoms,
SnCl2 and sodium oxalate to allow the formation of the Re�N group. The pH
was kept approximately in the range 4.5–5.0 by addition of glacial acetic acid.
The second vial, filled with the sodium salt of the ligand DEDC and a carbon-
ate buffer, was utilized to accomplish the facile substitution reaction onto the
[188Re�N]2+ to give the bis-substituted product [188Re(N)(DEDC)2], in high
yields (95–99%). This reaction was carried out under basic conditions to favor
the coordination of the CS2

– group of the ligand.
After preparation, the reaction solution containing the complex

[188Re(N)(DEDC)2] was mixed with a sample of lipiodol, thus allowing the ac-
tivity to be partitioned between the aqueous and hydrophobic phases. Ap-
proximately 98% of the initial activity was incorporated into the lipiodol phase
as a consequence of the high lipophilicity of [188Re(N)(DEDC)2]. Subsequent
separation of the two phases led to the recovery of 188Re-labeled lipiodol for in
vivo studies. A schematic representation of the labeling procedure is reported
in Fig. 21.
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Whole-body g-imaging of HCC patients within 1–4 h of intrahepatic arter-
ial administration of 188Re-labeled lipiodol demonstrated excellent uptake in
the lesion without significant activity in the gut and lungs. Stable retention of
activity in hepatoma was revealed at 20 h post administration with minimal in-
crease in colonic activity and some uptake in the spleen. In particular, no lung
activity was observed in any patient as opposed to treatment of hepatocellular
carcinoma with 131I-lipiodol where lung uptake approaches 35% of adminis-
tered activity. The excellent biological properties and selective uptake in the
target tissue indicates that nitrido 188Re-lipiodol may become an effective ther-
apeutic agent for the treatment of this type of neoplastic lesion.
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Abstract 99mTc-labeled small biomolecules are a class of receptor-based, target specific ra-
diopharmaceuticals for the detection of various diseases, such as cancer, thrombosis, infec-
tion and inflammation. To label a small biomolecule with 99mTc, a bifunctional coupling
agent (BFC) is needed so that the 99mTc can be tightly attached to the biomolecule and can
localize at the site of the diseased tissue. For the last several years, 6-hydrazinonicotinamide
(HYNIC) has been used as the BFC for the 99mTc-labeling of small biomolecules, including
chemotactic peptides and leukotriene B4 receptor antagonists for imaging infection or in-
flammation, integrin avb3 receptor antagonists and somatostatin analogs for tumor imag-
ing, and a glycoprotein IIb/IIIa receptor antagonist for imaging thrombosis. This review will
focus on some important issues associated with the HYNIC technology and recent devel-
opments in the use of HYNIC derivatives as BFCs for the 99mTc-labeling of small biomole-
cules. It will also discuss some new techniques for the characterization of 99mTc radio-
pharmaceuticals at the tracer level. The topics of this chapter include 99mTc-labeling of
HYNIC–biomolecule conjugates, protection of the hydrazine moiety, formulation develop-
ment, 99mTc-labeling efficiency, effect of the coligand on physical and biological properties
of 99mTc radiopharmaceuticals, characterization of 99mTc radiopharmaceuticals at the tracer
level, structural characterization of ternary ligand technetium complexes, and examples of
99mTc-labeled HYNIC–biomolecules as new diagnostic radiopharmaceuticals.

Keywords 6-Hydrazinonicotinamide · 6-Hydrazinonicotinamide–biomolecule conjugates ·
Target-specific radiopharmaceuticals

1
Introduction

Abrams and coworkers [1, 2] first reported the use of aromatic hydrazines, in-
cluding 6-hydrazinonicotinamide (HYNIC), as bifunctional coupling agents
(BFCs) for the 99mTc-labeling of polyclonal IgG for imaging inflammation and
infection diseases. Since then, the HYNIC technology has successfully been
used for the 99mTc-labeling of antibodies [3–8] and small biomolecules (BMs),
including chemotactic peptides [9–18], somatostatin analogs [19–25],“stealth”
liposomes [26, 27], antisense oligonucleotides [28–31], a folate receptor ligand
[32], and polypeptides [32–34]. A ternary ligand system (HYNIC, tricine, and
trisodium triphenylphosphine-3,3¢,3≤-trisulfonate, TPPTS) has been used 
for the 99mTc-labeling of chemotactic peptides [35] and leukotriene B4 (LTB4)
receptor antagonists [36–39] for imaging infection and inflammation, inte-
grin avb3 receptor antagonists for tumor imaging [40], and a glycoprotein
IIb/IIIa (GPIIb/IIIa) receptor antagonist for imaging thrombosis [41–48]. The
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advantage of HYNIC is its high labeling efficiency (rapid and high yield radio-
labeling) and the high in vivo stability of the resulting complexes [35–46,
49–52]. Since HYNIC can only occupy one or two coordination sites, a coligand
such as tricine is needed to complete the coordination sphere of technetium.
The choice of coligands allows easy modification of hydrophilicity and phar-
macokinetics of 99mTc-labeled small BMs [35–46, 49–52].

2
99mTc-Labeling of HYNIC–Biomolecule Conjugates:
Problems and Solutions

2.1
Binary Ligand Technetium Complexes

Babich and coworkers [9–14, 18] have studied the 99mTc labeled HYNIC-conju-
gated chemotactic peptides (such as fMLFK–HYNIC) extensively for the de-
velopment of radiopharmaceuticals for imaging infection. It was found that the
99mTc labeling of fMLFK–HYNIC could be performed using glucoheptonate
(GH), mannitol, and glucamine as coligands [18]. Very high specific activity
(20,000 mCi/µmol and greater) was achieved using GH as the coligand.
Different biodistributions were observed for binary ligand 99mTc complexes
[99mTc(XV120)(L)2] [Fig. 1: L is GH, mannitol, and glucamine and XV120 is 
cyclo(D-Val–NMeArg–Gly–Asp–Mamb(5-(6-(6-hydrazinonicotinamido)hexan-
amide)))].Animal studies have shown evidence of binding of the 99mTc-labeled
fMLFK–HYNIC to leukocytes in vivo and localization at the infection site
[9–18, 35].

6-Hydrazinonicotinamide Derivatives as Bifunctional Coupling Agents 119

Fig. 1 Binary ligand 99mTc complexes of 6-hydrazinonicotinamide (HYNIC)-conjugated
chemotactic peptide (fMLFK). Coligands such as tricine are used to stabilize the
99mTc–HYNIC core



Liu et al. [41] reported the 99mTc-labeling of an HYNIC-derivatized platelet
GPIIb/IIIa receptor antagonist (Scheme 1) using tricine as the coligand. 99mTc-
labeling was performed by reacting XV120 with 99mTcO4

– in the presence of ex-
cess tricine and stannous chloride at pH 4–5. Very high specific activity
(20,000 mCi/µmol and greater) was achieved for the binary ligand technetium
complex [99mTc(XV120)(tricine)2] (Scheme 1: RP431). However, it was found
that RP431 is not stable, particularly under dilute conditions, and exists as mul-
tiple species in solution. Similar characteristics were also observed for 99mTc
complexes, [99mTc(fMLFK–HYNIC)(L)2] (Fig. 1: L is tricine and GH) [35, 49].
Although the biological data from animal studies show that these agents are
able to localize at the disease site, it would still be difficult to develop them for
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routine clinical use mainly owing to their solution instability and the presence
of many isomers.

In order to prepare [99mTc]HYNIC complexes with higher solution stability
and less isomerism, ethylenediamine-N, N¢-diacetic acid (EDDA) has been used
for 99mTc-labeling of XV120 (Scheme 1). It was found that the complex
[99mTc(XV120)(EDDA)n] was stable for at least 12 h in the reaction mixture;
but it exists in at least three isomeric forms in solution [41]. It is clear that 
the replacement of tricine by EDDA produces [99mTc]HYNIC complexes 
with higher stability and fewer isomers. The composition of the complex
[99mTc(XV120)(EDDA)n] remains unknown; but recent liquid chromatogra-
phy–mass spectrometry (LC–MS) data seem to indicate that there are two
EDDA coligands in the complex [99mTc(HYNIC–TOC)(EDDA)n], where TOC is
D-Phe1-Tyr3-octreotide [53].

2.2
Ternary Ligand Technetium Complexes

Another approach to increase solution stability and decrease the number of
isomers in [99mTc]HYNIC complexes involves the use of a water-soluble phos-
phine (Fig. 2: TPPTS, disodium triphenylphosphine-3,3¢-disulfonate, TPPDS,
and sodium triphenylphosphine-3-monosulfonate, TPPMS) as a second coli-
gand [42]. It was found that the combination of XV120 with tricine and a phos-
phine coligand results in a versatile ternary ligand system that forms 99mTc
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Fig. 2 Structures of coligands and their ternary ligand 99mTc complexes. The combination
of HYNIC, tricine, and a phosphine or pyridine analog results in a versatile ternary ligand
system that forms ternary ligand 99mTc complexes with extremely high stability



complexes, [99mTc(XV120)(tricine)(L)] (Scheme 1: RP444, L is TPPTS; RP445,
L is TPPDS; RP446, L is TPPMS) in high yield and high specific activity
20,000 Ci/mmol and greater). These complexes can be readily prepared by 
reacting XV120 directly with 99mTcO4

– in the presence of excess tricine, water-
soluble phosphine coligand, and stannous chloride. The radiolabeling yield for
RP444 is usually 90% or greater using 5 µg XV120 and 100 mCi 99mTcO4

–. The
XV120-to-technetium ratio is about 7:1 under these conditions. Since these
complexes require no postlabeling purification, the procedure is amenable 
for the development of a kit formulation [42]. The ternary ligand system
(HYNIC–BM, tricine, and TPPTS) has been successfully used for the 99mTc-
labeling of a variety of HYNIC-conjugated small BMs (HYNIC–BMs) for the
development of new receptor-based target-specific radiopharmaceuticals [21,
22, 32–35, 43, 44].

Ternary ligand 99mTc complexes, [99mTc(XV120)(tricine)(L)] (L is TPPTS,
TPPDS, and TPPMS), are extremely stable in solution, and are formed as equal
mixtures of two detectable isomeric forms. Using a chirality experiment, it has
been demonstrated that the presence of two isomeric forms is due to the res-
olution of diastereomers resulting from a combination of the chiral technetium
chelate and chiral centers in the cyclic peptide. It was also found that the two
diastereomers of RP444 possess equal biological activity [46]. The chemical
composition of these ternary ligand 99mTc complexes has been determined to
be 1:1:1:1 for Tc:HYNIC:L:tricine through a series of mixed-ligand experiments
[42], and was confirmed by LC–MS at both the tracer level and the macroscopic
level [46, 54].

Apparently, the use of the ternary ligand system offers several advantages.
First, bonding of the phosphine coligand to the technetium dramatically re-
duces the number of isomeric forms of the [99mTc]HYNIC complexes. Secondly,
the solution stability of [99mTc]HYNIC complexes is dramatically improved.
Finally, the hydrophilicity of [99mTc]HYNIC complexes with the new ternary 
ligand system can be tuned by either altering the number of sulfonato groups
or by using water-soluble phosphines with other functionalities. The tricine 
coligand can also be substituted by other polyaminocarboxylates, such as N-
bis(hydroxymethyl)methylglycine (dicine) and N,N-bis(hydroxymethyl)glycine
(bicine). However, the specific activity of [99mTc]HYNIC complexes using dicine
and bicine as coligands is not as high as that of the corresponding tricine com-
plexes. This is consistent with the literature results reported by Larson et al.
[55], who found that the [99mTc]tricine precursor has the highest reactivity with
aromatic hydrazines.

Phosphine-P is known as a soft donor, and binds strongly to Tc(III). When
bonded to the technetium, it uses its 3p electron lone-pair to form a Tc–P s
bond. The empty 3d orbitals can be used to accept the electrons from 4d or-
bitals of the technetium and form dp–dp back-bonding. This suggests that
monodentate ligands with other soft donors such as pyridine-N may also be
used as coligands. Like phosphines, pyridine analogs also form 99mTc com-
plexes, [99mTc(HYNIC–BM)(tricine)(L)] [Fig. 2: L is nicotinic acid, NIC, iso-
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nicotinic acid, ISONIC, ISONIC–L-Asp–OMe2, N-(2-hydroxylethyl)isonico-
tinylamide, ISONIC-HE, 4-pyridyl acetic acid, PA, 2-(4-pyridyl)ethylsulfonic
acid, PES, and pyridine-3-sulfonic acid, PSA], as equal mixtures of two de-
tectable isomers, if the BM has one or more chiral centers. The bonding of pyri-
dine-N to the technetium reduces the number of isomers and increases the so-
lution stability of [99mTc]HYNIC complexes. In addition, pyridine analogs are
much smaller, so the impact of the technetium chelate on receptor binding
might be minimized. The hydrophilicity of [99mTc]HYNIC complexes can be
tuned by changing the substituents on the pyridine ring. The 1:1:1:1 composi-
tion for Tc:HYNIC:L:tricine (L is pyridine analogs) was determined through the
mixed-ligand experiments, and has been confirmed by the LC–MS spectral 
data [54].

The coligand ISONIC–Asp–OMe2 is of particular interest because it contains
two ester groups, which can be enzymatically hydrolyzed in biological systems.
Since ISONIC–Asp-OMe2 carries no charge, it is expected to form neutral
ternary ligand 99mTc complexes, which can across the cell membrane and po-
tentially bind to intracellular receptors, if the HYNIC–BM conjugate carries no
charge. Once inside the cell, enzymatic hydrolysis of ester groups will result in
the formation of negatively charged 99mTc species, which cannot be easily
washed out from the cell. In this way, the target uptake may be improved. If
ester groups are hydrolyzed in the blood stream, the negatively charged 99mTc
species is expected to have faster renal clearance than the neutral precursor.
Therefore, the introduction of two enzymatically active ester groups offers two
potential advantages: increasing the target uptake and decreasing the back-
ground.

2.3
Macrocyclic Technetium Complexes

In principle, the ternary ligand system (HYNIC–BM, tricine, and TPPTS) can
be used for 99mTc-labeling of any small BMs. However, problem may arise when
it is used for 99mTc-labeling of small BMs containing one or more disulfide link-
ages, which are often vital to keep the rigid cyclic conformation of the BM and
to maintain the high receptor binding affinity. The use of a large amount of
TPPTS in combination with high-temperature heating may destroy the S–S
disulfide bonds and cause an adverse effect on the biological properties of the
99mTc-labeled BM. Replacing TPPTS with a pyridine analog will definitely avoid
the use of the phosphine coligand. However, a large amount (more than
10 mg/mL) of pyridine coligand has to be used in order to achieve high radio-
chemical purity (RCP) for the ternary ligand 99mTc complex. Therefore, there is
a continuing need for a better chelating system which does not require the use
of a large amount of phosphine or pyridine coligand.

One approach to minimize the use of a large amount of phosphine coligand
is to attach the phosphine coligand onto HYNIC via a linker to form the 
corresponding phosphine-containing HYNIC chelator [56]. Two phosphine-
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containing HYNIC chelators which are designed in such a way that when
HYNIC binds to the technetium center, the “effective concentration” of
the phosphine-P donor in the vicinity of the technetium will be increased 
dramatically are shown in Fig 3. This makes it much easier for the phos-
phine-P to bond to the technetium and form a macrocyclic 99mTc chelate.
The linker between HYNIC and the phosphine moiety may be a polymethyl-
ene chain or a small peptide sequence. The site for attachment of the linker
may vary for the triphenylphosphine moiety. For example, the w-amino 
group of lysine is attached to the triphenylphosphine moiety at either the 
para or the ortho position of the benzene ring relative to the P–C bond. Lysine
was selected as a linker to connect HYNIC with the triphenylphosphine 
moiety, while the carboxylic group of the lysine linker can be used for con-
jugation of the targeting BM for the development of target-specific radio-
pharmaceuticals.

Macrocyclic 99mTc complexes, [99mTc(HYNIC–Ko-DPPB)(tricine)] and
[99mTc(HYNIC–Kp-DPPB)(tricine)], where HYNIC–Ko-DPPB is N-e-(2-
(diphenylphosphino)benzoyl)-N-a-(6-(2-(2-sulfonato-benzaldehyde)hydra-
zono)nicotinyl)lysine methyl ester and HYNIC–Kp-DPPB is N-e-(4-
(diphenylphosphino)benzoyl)-N-a-(6-(2-(2-sulfonato-benzaldehyde)hydrazon
o)nicotinyl)lysine methyl ester were prepared by reacting the phosphine-
containing HYNIC chelator with 99mTcO4

– in the presence of excess tricine 
and stannous chloride [56]. It was found that both HYNIC–Kp-DPPB and
HYNIC–Ko-DPPB are able to form highly stable 99mTc complexes,
[99mTc(HYNIC–Ko-DPPB)(tricine)] and [99mTc(HYNIC–Kp-DPPB)(tricine)],
when tricine is used as the coligand. The radio-high-performance liquid 
chromatography (HPLC) data suggest that [99mTc(HYNIC–Kp-DPPB)(tricine)]
exists as only one detectable isomer in solution, while the complex
[99mTc(HYNIC–Ko-DPPB)(tricine)] has three isomers (Fig. 4). It was also found
that three isomers of the macrocyclic 99mTc complex [99mTc(HYNIC–Ko-
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Fig. 3 Phosphine-containing HYNIC chelators and their macrocyclic technetium com-
plexes. These chelators are designed in such a way that when HYNIC binds to the technetium
center it becomes much easier for the phosphine-P to bond to the technetium and form a
macrocyclic 99mTc chelate



DPPB)(tricine)] interconvert at elevated temperatures, suggesting that the pres-
ence of these isomers might be due to conformational changes in the macro-
cyclic technetium chelate. The LC–MS data for these two macrocyclic 99mTc
complexes are completely consistent with the proposed composition. These
phosphine-containing HYNIC chelators may have the potential to act as bi-
functional chelators for 99mTc labeling of small BMs [56].
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Fig. 4 Typical radio-high-performance liquid chromatography (HPLC) chromatograms of
macrocyclic 99mTc complexes [99mTc(HYNIC–Kp-DPPB)(tricine)] (top) and [99mTc(HYNIC–
Ko-DPPB)(tricine)] (bottom), where HYNIC–Kp-DPPB is N-e-(2-(diphenylphosphino)ben-
zoyl)-N-a-(6-(2-(2-sulfonato-benzaldehyde)hydrazono)nicotinyl)lysine methyl ester and
HYNIC–Ko-DPPB is N-e-(4-(diphenylphosphino)benzoyl)-N-a-(6-(2-(2-sulfonato-ben-
zaldehyde)hydrazono)nicotinyl)lysine methyl ester



Several questions remain to be answered. These include (1) the bonding
modality of the HYNIC chelator and the coordinated tricine, (2) the identity 
of the three isomers in the macrocyclic 99mTc complex [99mTc(HYNIC–
Ko-DPPB)(tricine)], (3) the reason for there being three isomers for
[99mTc(HYNIC–Ko-DPPB)(tricine)] while only one is detectable for the macro-
cyclic 99mTc complex [99mTc(HYNIC–Kp-DPPB)(tricine)], and (4) the impact 
of linker length and attachment site on the coordination chemistry of phos-
phine-containing HYNIC chelators. In the ternary ligand 99mTc complex,
[Tc(HYNIC–BM)(tricine)(TPPTS)], HYNIC is monodentate owing to the pres-
ence of the tetradentate tricine and monodentate phosphine coligands [46].
However, the HYNIC in macrocyclic 99mTc complexes, [Tc(HYNIC–L)(tricine)]
(L is phosphines), may be forced to become bidentate (Fig. 5) owing to the
bonding of the attached phosphine-P. The tridentate tricine may result in the
formation of different coordination isomers owing to its asymmetric nature in
bonding to the technetium [46]. If HYNIC is monodentate in the macrocyclic
99mTc complex, [Tc(HYNIC–L)(tricine)] (L is o-DPPB or p-DPPB), conforma-
tional isomers may form owing to the limited freedom of rotation in the macro-
cyclic technetium chelate. This may explain the presence of three different iso-
mers, which interconvert in solution at elevated temperatures, for the
macrocyclic 99mTc complex [99mTc(HYNIC–Ko-DPPB)(tricine)]. However, in the
absence of solid-state structure and variable temperature NMR studies, this ex-
planation remains a speculation. Studies on structures of macrocyclic 99Tc com-
plexes will definitely help us to understand the fundamental coordination
chemistry of HYNIC chelators in their macrocyclic 99mTc complexes.

3
Protection of the Hydrazine Moiety

The free hydrazine group in the HYNIC–BM conjugate is not stable to oxida-
tion, particularly under basic conditions, and reacts readily with aldehydes 
or ketones, which are extracted from various plastic and rubber materials.
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Fig. 5 Possible structures for macrocyclic 99mTc complexes [99mTc(HYNIC–P)(tricine)]



This makes it very difficult to maintain the purity and the stability of the
HYNIC–BM conjugate during the manufacturing process. In a US patent,
Schwartz et al. [57] disclosed the use of propylaldehyde hydrazone to stabilize
HYNIC-modified proteins. Although its use can prevent the cross-reaction of
the hydrazine with other reactive groups on the protein, it can also be displaced
by other aldehydes and ketones to form different hydrazones. This presents a
significant problem in maintaining the purity of the final intermediate, and
thus renders lower alkyl hydrazones unattractive as commercial reagents. To
prevent the decomposition or degradation of the HYNIC–BM conjugate in the
manufacturing process, several stable hydrazones (Fig. 6) have been synthe-
sized [58] and studied for their solution stability in the presence of formalde-
hyde. It was found that for a hydrazone to be stable in aqueous solution there
must be a conjugated p system [58].

Hydrazones are used only as protecting groups for the HYNIC–BM conju-
gate. During radiolabeling, the hydrazone moiety must hydrolyze (Scheme 2)
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Fig. 6 Stable hydrazones useful for synthesis of ternary ligand 99mTc complexes



to produce a sufficient quantity of free hydrazine to bind to the technetium via
either a technetium-hydrazino or a technetium-diazenido bond [45]. The yield
of the ternary ligand 99mTc complex depends largely on the kinetics of hydro-
lysis, as well as on the total concentration of the unprotected HYNIC–BM con-
jugate in the reaction mixture. The higher the degree of the hydrolysis of the
hydrazone, the more free hydrazine groups are available for the technetium-
binding, and the higher the radiolabeling yield of the ternary ligand 99mTc com-
plex, within certain limits. However, the hydrolysis may not need to go to com-
pletion since there are typically 50–100 equivalents of the hydrazone to the total
technetium in each reaction. The ternary ligand 99mTc complex obtained from
the hydrazone should be the same as that prepared from the unprotected
HYNIC–BM conjugate [45].

4
Formulation Development

The discovery of a new 99mTc radiopharmaceutical is just the beginning of a
long process of radiopharmaceutical development. In addition to the biologi-
cal efficacy (high target uptake, high target-to-background ratio, and favorable
pharmacokinetics), the new 99mTc radiopharmaceutical must have very high ra-
diochemical purity (90% or greater) and high solution stability (6 h or longer).
A kit formulation is often required owing to the 6-h half-life of 99mTc. The kit
formulation for rapid preparation of 99mTc radiopharmaceuticals has facilitated
the practice of nuclear medicine, and is particularly important for the consis-
tency and reproducibility in the RCP performance for the radiolabeling of the
BFC–BM conjugate.
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Scheme 2 Synthesis of ternary ligand 99mTC complexes using stable hydrazones



4.1
Kit Formulation and Kit Components

Kits are sterile, pyrogen-free, and nonradioactive mixtures, which are dried 
by lyophilization and stored under nitrogen in glass vials. For target-specific
99mTc radiopharmaceuticals, a kit contains a BFC–BM conjugate and a reduc-
ing agent, if necessary. Kit components are often dissolved in a buffer system,
and then lyophilized to form a “cake”. The buffer is often used for pH control,
which is extremely important during manufacturing and radiolabeling
processes. Sometimes a bulking agent is needed so that the kit components can
crystallize on the crystal frameworks of the bulking agent during lyophiliza-
tion. Other components (antioxidants, solubilizing agents, and weak transfer-
ring ligands) may be needed to improve the yield and solution stability of the
99mTc radiopharmaceutical. In many cases, the 99mTc-labeling can be accom-
plished simply by adding 99mTcO4

– to the kit.
In general, all the components must be nontoxic so that the kit matrix is suit-

able for intravenous injection. For receptor-based radiopharmaceuticals, the
amount of the BFC–BM conjugate in the formulation has to be sufficiently high
so that high RCP can be readily achieved for the desired 99mTc radiopharma-
ceutical. However, the use of a large amount of the BFC–BM conjugate may re-
sult in receptor-site saturation, blocking the docking of the 99mTc-labeled re-
ceptor ligand, as well as unwanted side effects. To avoid these problems, the
BFC–BM concentration in each kit has to be very low (around 20 µg/mL, cor-
responding to 2¥10–6 M for a BFC–BM conjugate with a molecular weight of
1,000 Da and IC50 values in the nanomolar range). Otherwise, postlabeling pu-
rification is needed to remove excess unlabeled BFC–BM conjugate, which is
time-consuming and thus not amenable for the kit formulation. Compared
with the total technetium concentration (around 5¥10–7 M) in 100 mCi 99mTcO4

–

eluant with 24-h prior elution time, 20 µg BFC–BM conjugate is not in over-
whelming excess. In addition, the use of other kit components should not in-
terfere with the 99mTc-labeling of the BFC–BM conjugate.

4.1.1
Reducing Agents

99mTc is obtained from the 99Mo–99mTc generator as 99mTcO4
– in saline. Since

there is no effective chemistry that can be used to attach 99mTcO4
– to a small BM,

the Tc(VII) in 99mTcO4
– has to be reduced to a lower oxidation state in order to

produce a stable 99mTc–BFC–BM complex. Various reducing agents, including
stannous chloride, sodium borohydride, sodium dithionate, sodium dithionite,
hydroxamine, formamidine sulfinic acid, dithiothreitol, and water-soluble
phosphines, have been used for the reduction of 99mTcO4

–. To date, stannous
chloride remains the most commonly used reducing agent in commercial kits
for rapid preparation of 99mTc radiopharmaceuticals. Other Sn(II) compounds,
such as stannous citrate, stannous tartrate, stannous glucoheptonate, and stan-
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nous pyrophosphate, have also been used by different commercial manufac-
turers.

While most of these reducing agents can be used for 99mTc radiopharma-
ceuticals, only a few of them have been used for receptor-based 99mTc radio-
pharmaceuticals. This is mainly due to limitations imposed by the radiolabel-
ing kinetics and the solution stability of the radiolabeled BFC–BM conjugate.
For example, the use of borohydride may prove to be detrimental for a cyclic
peptide containing S–S disulfide bonds because it is able to reduce the S–S
disulfide bonds, particularly at elevated temperatures. Hydroxamine may not
be able to reduce 99mTcO4

– to the required oxidation state in a short period of
time (less than 30 min). Sodium dithionite and sodium dithionate are used at
pH≥10 for effective reduction of 99mTcO4

–. Harsh reaction conditions such as
high pH should be avoided during the radiolabeling because the BFC–BM con-
jugate may decompose or undergo racemerization under these conditions.

4.1.2
Buffer Agent

The RCP of a 99mTc radiopharmaceutical is highly dependent on the pH of the
kit mixture; thus, buffers can be important in the formulation. Sometimes the
chelator itself acts as a buffer agent. The buffer agents most frequently used in
commercial kits include sodium acetate, sodium benzoate, sodium bicarbon-
ate, sodium citrate, sodium tartrate, and sodim suucinate. In general, the buffer
agent should have a pKa close to the pH at which the RCP of the expected 99mTc
radiopharmaceutical is optimized. The use of a buffer agent should not inter-
fere with radiolabeling of the BFC–BM conjugate and the RCP of the expected
99mTc radiopharmaceutical.

4.1.3
Transferring Agents

A weak transferring agent such as GH is often used to form an intermediate
complex [99mTcO(GH)2]n–, which undergoes ligand exchange with the BFC–BM
conjugate under mild conditions to give the expected 99mTc radiopharmaceu-
tical. The use of a transferring agent is particularly important for the 99mTc-la-
beling of BMs which are sensitive to harsh reaction conditions (e.g., high pH
and heating at high temperatures).

4.1.4
Solublizing Agents

Solublizing agents are surfactants that help to increase dissolution of the
lipophilic drug intermediate (the BFC–BM conjugate for receptor-based 
radiopharmaceuticals) so that a maximal amount of BFC–BM is available 
for the formation of the 99mTc radiopharmaceutical. Solublizing agents also
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help to reduce the glass surface absorption of the BFC–BM conjugate and 
the lipophilic 99mTc radiopharmaceutical. Reduction of the glass surface 
absorption of BFC–BM is particularly important in the manufacturing pro-
cess.

4.1.5
Antioxidants

99mTc radiopharmaceuticals, when prepared in high quantity, may undergo au-
toradiolysis during preparation, release, and storage. Radiolytic degradation
imposes serious safety concerns since the radioactivity that is not linked to the
targeting BM will accumulate in nontargeted tissues. Decomposition of the ra-
diopharmaceutical prior to or during administration will decrease the target-
ing capability of the BM. Therefore, it is very important to use a stabilizer to
minimize autoradiolysis of the radiolabeled BMs. Radiolytic stabilizers are of-
ten antioxidants, which readily react with hydroxyl and superoxide radicals.
Antioxidants, such as ascorbic acid, gentisic acid, and p-aminobenzoic acid,
have been used as stabilizers to reduce the radiolytic degradation of 99mTc ra-
diopharmaceuticals.

4.2
SnCl2-Containing Formulation

Edwards et al. [45] recently reported a SnCl2-containing formulation for the
99mTc-labeling of a GPIIb/IIIa receptor antagonist (XV066: 2-sulfonatoben-
zaldehyde hydrazone of XV120). Although it was first developed for routine
preparation of RP444, a new 99mTc radiopharmaceutical useful for imaging
thrombosis, the SnCl2-containing formulation should be useful for the 99mTc 
labeling of any HYNIC–BM conjugate simply by replacing XV066 with the
HYNIC–BM conjugate to be labeled.

There are many factors influencing the RCP of RP444 [45]. These include the
hydrazone-protecting group, radiolabeling conditions (the temperature and
heating time), and component levels. For example, if the amount of XV066 in
the formulation is lower than 10 µg/vial for 50 mCi 99mTcO4

–, the RCP of RP444
is dramatically reduced. Stannous chloride is used as the reducing agent. If the
stannous chloride level is 5 µg/vial or lower, 99mTcO4

– is not completely reduced,
and the RCP of RP444 is low. If a large amount (100 µg/vial or greater) of stan-
nous chloride is used, the [99mTc]colloid formation becomes a major problem,
and the corrected RCP of RP444 is also low. Tricine is a stabilizing agent for the
[99mTc]tricine intermediate and a coligand in the ternary ligand system at the
same time.At a lower tricine level (10 mg/vial or lower), the [99mTc]colloid for-
mation becomes significant, and results in a lower RCP for RP444. TPPTS is also
a coligand in the ternary ligand system. If the amount of TPPTS is less than
1.0 mg/vial, the RCP of RP444 is reduced. There is no significant difference in
the RCP of RP444 if the TPPTS level is 1.0–7 mg/vial. The pH also has a signif-
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icant impact on the RCP of RP444. At pH£3.5, the tricine coligand may not
able to stabilize the [99mTc]tricine intermediate, which decomposes to form a
significant amount of 99mTcO4

–. At pH≥5.0, the hydrazone group in XV066 re-
mains highly stable in solution, and there is not enough hydrolyzed free hy-
drazine available for the 99mTc-labeling. Through a series of radiolabeling stud-
ies, it was found that the combination of 40 mg tricine, 1 mg TPPTS, 20 µg
XV066 for 50 mCi 99mTcO4

–, 20–50 µg stannous chloride, pH 4.5±0.5, and heat-
ing at 80 °C for 30 min gives the best yields for RP444. All kit components are
water-soluble. Using the SnCl2-containing formulation, RP444 can be readily
prepared in high yield (85–92%), and excellent images in the canine deep vein
thrombosis (DVT) and arteriovenous shunt models are produced. Injection of
the whole or part of the formulation did not cause any unwanted side effects
[59–62].

4.3
No-SnCl2 Formulation

The SnCl2-containing formulation suffers several shortcomings, including a
large variation in RCP (85–92%) and a high failure rate (up to 50%) at high ac-
tivity levels (100 mCi/vial). There is no firm pH control owing to the low buffer
capacity of tricine. Stabilization of SnCl2 always imposes a challenge in the
manufacturing process. In addition, the SnCl2-containing formulation typically
results in the formation of a small amount of [99mTc]colloid. Therefore, there
was a need to develop a new formulation, which gives better RCP performance
(RCP≥90%), is more amenable to commercial manufacturing, and has better
pH control. In developing the SnCl2-containing formulation, it was found that
SnCl2 could be omitted if a large amount (more than 5 mg/mL) of TPPTS is
used for the radiolabeling [45]. This is most likely due to the fact that TPPTS
is an excellent reducing agent for 99mTcO4

– [63]. The [99mTc]colloid formation be-
comes minimal if TPPTS is used as the reducing agent. These observations
eventually lead to the development of a “universal” no-SnCl2 formulation for
the 99mTc-labeling of HYNIC-conjugated small BMs.

Factors influencing the RCP of the ternary ligand 99mTc complex include
heating temperature, heating time, pH, buffer agent, the bulking agent, and the
component (HYNIC–BM, tricine, TPPTS, and Na99mTcO4) concentration [64].
For convenience, we will use RP444 as an example to illustrate the importance
of the reaction conditions and component levels on the yield and RCP of the
expected ternary ligand 99mTc complex. XV066 is the HYNIC–BM conjugate for
RP444 [64]. A concentration of 5 µg/vial is too low to afford an RCP of more
than 90%. There is no significant difference in the RCP performance between
vials containing 20–40 µg XV066. The tricine concentration has no significant
impact on the RCP of RP444. TPPTS serves as a reducing agent for 99mTcO4

– and
as a coligand in the technetium chelate. The optimal concentration of TPPTS
is 5–7 mg/vial. Pluoronic acid is a surfactant to reduce the glass absorption of
XV066. The use of pluronic acid (0.01–1.0%) does not have a significantly im-
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pact on the RCP of RP444. Mannitol is a bulking agent to provide a “crystalline
framework” for the other kit components to crystallize. Too much or too little
mannitol in the formulation is detrimental for the RCP of RP444. Succinic acid
is a buffer agent for pH control and has the buffer capacity at pH 4.5–5.5. The
optimal pH is 5.0. There is no significant difference in the RCP at the buffer con-
centrations between 100 and 450 mM for succinic acid although there is an in-
dication that the higher buffer concentration may give better RCP performance.
Through a series of radiolabeling experiments, it was found that frozen vials
containing 20 µg XV066, 5 mg TPPTS, 6.5 mg tricine, 40 mg mannitol, 38.5 mg
disodium succinate hexahydrate, 12.7 mg succinic acid, and 0.1 mg pluronic
acid (0.1%) give the best RCP (92–97%) for RP444. All the kit components are
readily dissolved in 1 mL water. After lyophilization, all the components are
crystallized to give a white solid firm “cake” [59]. The lyophilized vials can be
stored at room temperature for more than 3 years without any significant
degradation or increase in moisture. Using the no-SnCl2 formulation, the ra-
diolabeling is achieved by adding 1.5 mL of generator eluant (33–135 mCi/mL)
and heating the reaction mixture at 100 °C for 10 min. RP444 is prepared in
high yield with RCP≥90%. Formation of the [99mTc]colloid is minimal (less than
0.5%).

In principle, the no-SnCl2 formulation can be used for the 99mTc-labeling of
any HYNIC–BM conjugates, including small peptides and nonpeptide receptor
ligands; however, there are also limitations using this no-SnCl2 formulation. For
example, SG380 is the HYNIC–BM conjugate for preparation of RP517,
[99mTc(SG380)(tricine)(TPPTS)], a 99mTc-labeled LTB4 receptor antagonist for
imaging foci of infection and inflammation. Direct substitution of 20 µg SG380
for XV066 in the no-SnCl2 formulation gave fairly low yields (60–70%) of RP517
[39]. SG380 is very lipophilic and has low solubility in the kit matrix. Even
though a surfactant (Poloxamer-188, 0.1%) is used in the no-SnCl2 formulation,
both SG380 and RP517 showed significant adsorption on the glass surface of re-
action vials. To solve the problem, a solubilizing agent or cosolvent such as
ethanol has to be used to reduce glass-surface adsorption and to increase the
solubility of SG380 in the kit matrix [39]. Therefore, the no-SnCl2 formulation
has to be modified according to the physical and chemical properties of the
HYNIC–BM conjugate.

5
99mTc-Labeling Efficiency

The 99mTc-labeling efficiency is a term used to describe the ability of a BFC to
achieve a high radiolabeling yield (more than 90%) of its 99mTc complex.Vari-
ous chelators have been used for 99mTc-labeling of proteins and small BMs.
These include N3S triamidethiols [65–67], N2S2 diamidedithiols [67–70], N2S2
monoamidemonoaminedithiols [71], N2S2 diaminedithiols [72–77], boronic
acid adducts of technetium dioximes [78, 79], tetraamines [80], and HYNIC
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[1–48]. However, there is very little comparative data on these chelators with 
respect to their 99mTc-labeling efficiency.

Several factors may influence the labeling efficiency of a BFC. These include
the identity of donor atoms, chelator concentration, and reaction conditions
(e.g., temperature, time, and the pH). If the chelator concentration is fixed,
the 99mTc-labeling conditions are largely dependent upon the nature of the
donor atoms. A major advantage of HYNIC as the BFC is its high labeling 
efficiency (rapid and high-yield radiolabeling). For example, it has been 
reported that under optimized conditions, very a high specific activity
(25,000 mCi/µmol and greater) can be achieved for ternary ligand 99mTc 
complexes, [99mTc(HYNIC–BM)(tricine)(TPPTS)] [42, 45, 47]. The HYNIC–BM-
to-technetium ratio is about 6:1 under these conditions. The 99mTc-labeling 
efficiency of HYNIC is comparable to or better than that of N2S2 diaminedi-
thiols [81].

For the HYNIC–BM conjugate, the 99mTc-labeling efficiency also depends on
the hydrazone protecting group and the coligand used for preparation of the
[99mTc]HYNIC complex. For example, it has been reported that tricine gives 
a much higher specific activity for the 99mTc-labeled HYNIC-IgG than GH 
[1, 2, 55]. Tricine also gives a higher specific activity for the 99mTc-labeled
HYNIC–BM than EDDA analogues [42]. The use of the hydrazone protecting
group usually slows down the rate of radiolabeling. That may explain why the
elevated temperature (80–100 °C) is needed for successful 99mTc-labeling of the
hydrazone-protected HYNIC–BM conjugate [39].

6
Effect of Coligand on Physical and Biological Properties 
of 99mTc Radiopharmaceuticals

In ternary ligand technetium complexes, [99mTc(HYNIC–BM)(tricine)(L)], the
coligand may vary from phosphines to pyridine analogues (Fig. 2). The change
of coligand will result in a dramatic change in the technetium chelate with re-
spect to the size and charge. For small BMs, the technetium chelate contributes
greatly to the overall size and molecular weight of the 99mTc-labeled
HYNIC–BM conjugate. The change of coligand may have a significant impact
on the physical (hydrophilicity or lipophilicity) and biological (biodistribution
and the route of excretion) characteristics of the ternary ligand 99mTc complex
[99mTc(HYNIC–BM)(tricine)(L)]. For example, the lipophilicity of RP444,
RP445, and RP446 increases as the number of sulfonato groups on the phos-
phine coligand decreases [42]. As a result, RP444 and RP445 are preferentially
excreted via the renal system, while RP446 is excreted via the hepatobiliary
route [43]. The hydrophilicity of ternary ligand 99mTc complexes,
[99mTc(XV120)(tricine)(L)] (L is NIC, ISONIC, ISONIC–L-Asp–OMe2 ,
ISONIC–HE, PA, and PSA) is readily altered simply by changing the functional
groups on the pyridine ring [44].
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Decristoforo and coworkers [20–23, 25] reported the 99mTc-labeling of sev-
eral HYNIC-conjugated somatostatin analogs. It was found that the coligand
has a significant impact on both the tumor accumulation and the biodistribu-
tion of 99mTc complexes. For example, the binary ligand 99mTc complex
[99mTc(HYNIC–TOC)(tricine)2] shows much higher protein binding than the
complexes [99mTc(HYNIC–TOC)(EDDA)x] and [99mTc(HYNIC–TOC)(tricine)
(NIC)] [21–25]. The high serum protein binding was also observed for the
99mTc-labeled DNA oligonucleotides when tricine was used as the coligand
[29–31]. Arano and his coworkers reported the 99mTc-labeling of HYNIC-de-
rivatized small BMs and found that the combined use of tricine and nicotinic
acid as coligands dramatically reduces the protein binding of the 99mTc-labeled
HYNIC–BM conjugates.

The high serum protein binding of the 99mTc-labeled HYNIC–BM con-
jugates is most likely related to solution instability of the complex
[99mTc(HYNIC–BM)(tricine)2]. Liu et al. [44] have demonstrated that imine-N
containing heterocycles, such as N-acetylhistidine (HIS-AC), can react with the
complex [99mTc(XV120)(tricine)2] and form the stabler ternary ligand 99mTc
complex [99mTc(XV120)(tricine)(HIS-AC)]. Since proteins contain many histi-
dine amino acid residues, it is quite possible that the binary ligand 99mTc com-
plex [99mTc(HYNIC–BM)(tricine)2] will react with the imidazole moiety of his-
tidine residues, and form stable bonding between the [99mTc]HYNIC moiety
and protein molecules. Protein binding usually leads to long blood retention
time and lower target-to-background ratios.

Recently, Rennen et al. [82] reported the 99mTc-labeling of the HYNIC-con-
jugated interleukin-8 (HYNIC–IL-8) and the effect of coligands (tricine,
EDDA, TPPTS/tricine, NIC/tricine and ISONIC/tricine) on in vivo charac-
teristics of the 99mTc-labeled HYNIC-IL-8. The in vivo biodistribution of
radiotracers in rabbits with Escherichia coli induced soft-tissue infection 
and was determined by g-camera imaging as well as by tissue-counting at 6 h
post injection. High-quality images with clear delineation of infectious foci
could be obtained 2 h after injection of the 99mTc-labeled HYNIC–IL-8 con-
jugate. Ternary ligand 99mTc complexes [99mTc(HYNIC–IL-8)(tricine)(L)] (L is
NIC and ISONIC) showed the highest abscess uptake (around 0.55% ID/g) 
and abscess-to-muscle ratios (above 200). The complex [99mTc(HYNIC–
IL-8)(EDDA)x] also showed highly favorable pharmacokinetic properties
(rapid and high abscess uptake, rapid blood clearance and high abscess-to-
background ratio) for infection imaging; however, the specific activity for the
complex [99mTc(HYNIC–IL-8)(EDDA)x] is much lower than that of ternary lig-
and 99mTc complexes [99mTc(HYNIC–IL-8)(tricine)(L)] (L is NIC and ISONIC).
The use of the bulky TPPTS coligand resulted in a significant reduction of
in vitro receptor binding affinity, much lower abscess uptake (0.075±
0.004% ID/g), and higher liver uptake (0.28±0.01% ID/g) of the 99mTc-labeled
HYNIC–IL-8 [82].

It is rather surprising that the in vivo and in vitro properties of a 72 amino
acid protein such as IL-8 could be greatly affected by a small coligand such as
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nicotinic acid [82]. This study represents very few examples of in vivo studies
to illustrate the importance of the 99mTc chelate on physical and biological
properties of 99mTc complex radiopharmaceuticals. The results from this study
also demonstrate the advantage of ternary ligand systems for the 99mTc-label-
ing of small BMs in developing target-specific radiopharmaceuticals because
of the choice of different coligands.

7
Characterization of 99mTc Radiopharmaceuticals at the Tracer Level

7.1
Composition Determination of 99mTc Radiopharmaceuticals

One of the most important aspects of radiochemistry is to know the composi-
tion of the 99mTc radiopharmaceutical in the radiolabeled kit. A quick and ac-
curate method would help radiochemists understand the fundamental coor-
dination chemistry at the tracer (99mTc) level. Since the total technetium (99mTc
and 99Tc) concentration in the generator eluant is very low (10–8–10–6 M), it is
impossible to use spectroscopic (IR, UV/vis, and NMR) methods to character-
ize 99mTc radiopharmaceuticals. Therefore, there is a growing need for a quick
and accurate method to determine the composition of the radiopharmaceuti-
cal at the tracer level.

7.1.1
Mixed-Ligand Experiment

A mixed ligand experiment has been used to determine the composition of
ternary ligand 99mTc complexes, [99mTc(XV120)(tricine)(L)] (L is water-soluble
phosphines and pyridine analogs) [42, 44]. In the first experiment, XV120 and
N-(6-hydrazinonicotinyl)-D-phenylalanine methyl ester (HYNIC–D-Phe–OMe)
were used in the same reaction mixture, while tricine and TPPTS were used as
coligands [42].After the radiolabeling, the reaction mixture was analyzed by ra-
dio-HPLC. If only one XV120 is bonded to the technetium, the chromatogram
is expected to show two sets of radiometric peaks: one set from RP444 and the
other from the complex [99mTc(HYNIC–D-Phe–OMe)(tricine)(TPPTS)]. If there
are two HYNIC ligands in each complex, a third set of peaks from the mixed-
ligand complex, [99mTc(XV120)(HYNIC–D-Phe–OMe)(tricine)(TPPTS)], is ex-
pected. The presence of only two sets of peaks in the radio-HPLC chro-
matogram (Fig. 7) demonstrates clearly that there is only one XV120 bonded
to the technetium in [99mTc(XV120)(tricine)(L)]. The same experiment can be
used to determine the number of tricine, phosphine, or pyridine coligands in
these ternary ligand 99mTc complexes [42, 44]. This methodology should also
apply to the composition determination of 99mTc complexes with other binary
or ternary ligand systems. The mixed-ligand experiment is simple, easy to carry
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out, and it only takes a few hours to know the composition of a new 99mTc ra-
diopharmaceutical.

7.1.2
LC–MS Method

Traditionally, characterization of a new 99mTc radiopharmaceutical involves
synthesis of the corresponding 99Tc complex at the macroscopic level. The com-
position and the structure of 99Tc complexes are determined by IR, NMR, fast
atom bombardment MS, and X-ray crystallography.An HPLC concordance ex-
periment is performed to demonstrate that the same technetium complex is
prepared at both the tracer (99mTc) and macroscopic (99Tc) levels. For peptide-
based technetium radiopharmaceuticals, isolation of the 99Tc-peptide complex
usually involves multiple-step synthesis and tedious HPLC purification. It is
also very difficult to grow single crystals for highly water soluble 99Tc–peptide
complexes. The chemistry of some chelating systems may differ at the tracer
and macroscopic levels; thus, it is ideal to determine the composition of the
99mTc radiopharmaceutical at the tracer level.

MS has been used for a number of years as a powerful tool for the study of
drug biodeposition and metabolism [83–87]. These types of studies have tra-
ditionally been carried out by gas chromatography–MS techniques. However,
the use of LC–MS has been growing, especially since the introduction of the
thermospray interface. With the advent of liquid-phase ionization techniques,
such as electrospray, it has become possible to use LC–MS for the structural
characterization of highly polar molecules at very low concentrations.

Liu et al. [54] first reported the use of LC–MS for characterization of ternary
ligand 99mTc complexes [99mTc(XV120)(tricine)(L)] (L is TPPTS, TPPDS,
TPPMS, ISONIC-HE, and ISONIC-Sorb) [54]. It was found that all the 
99mTc complexes (Table 1) show the expected monoprotonated molecular ions,
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Fig. 7 Radio-HPLC chromatogram for RP444 and the complex [99mTc(HYNIC–D-
Phe)(TPPTS)(tricine)]



(M+1)+, and diprotonated molecular ions, (M+2)2+ (Fig. 8). The LC–MS data
support the proposed structure, and are consistent with those obtained by 
fast atom bombardment MS for their 99Tc analogs. The two isomers of RP444
show the same molecular ions with almost identical fragmentation patterns
[54]. This is consistent with results from chirality experiments and provides 
direct evidence that the two radiometric peaks in the radio-HPLC chromato-
gram of ternary ligand 99mTc complexes [99mTc(HYNIC–BM)(tricine)(L)] (L is
phosphines and pyridine analogs) are really due to resolution of two 
diastereomers [54].

The amount of injected activity necessary to obtain interpretable results is
very much dependent on the charge and molecular weight of the 99mTc com-
plex. For example, RP444 is highly charged, and usually requires a larger
amount of activity to obtain the mass spectrum with a signal-to-noise ratio
above 3. Thus, the decayed generator eluant is recommended to increase the
technetium concentration. Using a fresh generator eluant (24-h prior elution),
more than 10 mCi 99mTc (around 7¥10–11 mol of technetium complex) is re-
quired to obtain an interpretable mass spectrum for RP444. Ternary ligand
99mTc complexes [99mTc(XV120)(tricine)(L)] (L is ISONIC-HE and ISONIC-
Sorb) are neutral, and the molecular weights are also lower than that of
RP444. Using a fresh generator eluant (24-h prior elution), only 1–2 mCi 99mTc
(7¥10–12–1.5¥10–11 mol of technetium complex) is required to obtain a reason-
ably clean mass spectrum [54]. LC-MS is particularly useful for 99mTc-labeled
HYNIC conjugates, the 99Tc analogs of which cannot be readily prepared. For
example, [99Tc(XV120)(tricine)(ISONIC-HE)] could not be readily prepared at
the macroscopic level, owing to the competition between the ISONIC-HE col-
igand and XV120, which also contains a pyridine-N donor.At the tracer (99mTc)
level, the molar ratio of ISONIC-HE to XV120 is around 2,000:1. At the macro-
scopic level, this ratio is very difficult to achieve. The synthesis of the 99Tc com-
plex [99Tc(XV120)(tricine)(ISONIC-HE)] is extremely difficult. It is much 
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Table 1 Liquid chromatography–mass spectrometry spectral data for ternary ligand99mTc
complexes [99mTc(XV120)(tricine)(L)], where VX120 is cyclo(D-Val–NMeArg–Gly–Asp–
Mamb(5-(6-(6-hydrazinonicotinamido)hexanamide))) and L is trisodium triphenylphos-
phine-3,3¢,3≤-trisulfonate (TPPTS), disodiumtriphenylphosphine-3,3¢-disulfonate (TPPDS),
sodium triphenylphosphine-3-monosulfonate (TPPMS), N-(2-hydroxylethyl)isonicotinyl-
amide (ISONIC-HE), and ISONIC-Sorb. Data from Ref. [54]

Coligand (L) Formula of Exact Found Found
the complex mass (M+1)+ (M+2)2+

TPPS C62H78N14O23PS3Tc 1,613.4 1,613.8 807.5
TPPDS C62H79N14O20PS2Tc 1,533.4 1,534.5 767.7
TPPMS C62H80N14O17PSTc 1,454.5 1,454.3 727.8
ISONIC-HE C52H73N16O16Tc 1,277.1 1,277.3 639.3
ISONIC-Sorb C56H81N16O20Tc 1,397.2 1,398.3 699.2



easier to use LC–MS to determine the composition of [99mTc(XV120)(tricine)
(ISONIC-HE)] at the tracer (99mTc) level.

LC–MS is a quick and accurate analytical tool for determining the compo-
sition of 99mTc radiopharmaceuticals. It also supplements structural informa-
tion obtained from other analytical methods such as NMR. Therefore, LC–MS
may also be a complimentary technique for structure determination of radio-
labeled compounds by analyzing the fragmentation patterns of the mass spec-
tra. LC–MS has the potential to become a routine analytical tool for radio-
pharmaceuticals labeled with 99mTc or other radioisotopes such as 186Re.
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Fig. 8 Liquid chromatography–mass spectrometry spectrum of RP444 and [99mTc(HYNIC-
tide)(tricine)(ISONIC-HE)], where ISONIC-HE is N-(2-hydroxylethyl)isonicotinylamide



7.2
Diastereomers and Chirality Experiments

For the last decade, HPLC has become a routine quality-control technique for
99mTc radiopharmaceuticals. The advantage of radio-HPLC is its capability to
determine the RCP for the 99mTc-labeled BM, and to separate different 99mTc
species in the kit matrix. It is also a very powerful tool for separation of dif-
ferent isomers, such as diastereomers. For example, HPLC chromatograms of
ternary ligand 99mTc complexes [99mTc(HYNIC–BM)(tricine)(L)] (L is phos-
phines and pyridine analogs) always show two radiometric peaks with the area
ratio being close to 1:1 if the HYNIC–BM conjugate contains a chiral center.
These two radiometric peaks are most likely due to the resolution of either di-
astereomer resulting from the chiral centers on both the cyclic peptide back-
bone and the technetium chelate, or geometric isomers resulting from differ-
ent geometric orientations of the diazenido ligand owing to restricted rotation
around the Tc=N and N=N bonds.

A chirality experiment has been designed to understand the presence of two
isomers in ternary ligand 99mTc complexes, [99mTc(HYNIC–BM)(tricine)(L)]
[44]. In this experiment two closely related HYNIC derivatives, N-benzyl-6-(2-
sulfobenzaldehydehydrazono)nicotinamide (HYNIC–BA) and N-((R)-(+)-
a-methylbenzyl)-6-(2-sulfobenzaldehydehydrazono)nicotinamide (HYNIC–
MBA), were used in the same reaction mixture; PSA (Fig. 2) was used as a col-
igand. HYNIC-MBA contains a chiral center and HYNIC–BA has no chiral cen-
ter. Ternary ligand 99mTc complexes [99mTc(HYNIC–BA)(tricine)(PSA)] and
[99mTc(HYNIC–MBA)(tricine)(PSA)] were synthesized by reacting 99mTcO4

–

with HYNIC–BA and HYNIC–MBA, in the presence of excess tricine, PSA, and
stannous chloride. If the existence of two isomeric forms were from different
geometric orientations of the HYNIC moiety owing to restricted rotation
around Tc=N and N=N bonds, there would be two pairs of peaks in the radio-
HPLC chromatogram: one from [99mTc(HYNIC–BA)(tricine)(PSA)] and the
other from [99mTc(HYNIC–MBA)(tricine)(PSA)]. On the contrary, the radio-
HPLC chromatogram (Fig. 9) of the reaction mixture shows a single peak at
12.5 min from [99mTc(HYNIC–BA)(tricine)(PSA)], and a pair of peaks at 19.8
and 20.4 min from [99mTc(HYNIC–MBA)(tricine)(PSA)]. These results provides
strong evidence that the isomerism seen in these 99mTc complexes is due to the
resolution of two diastereomers [44].

In another chirality experiment, HYNIC–BA was used as the ligand while
tricine and two pyridine analogs (ISONIC-HE without a chiral center and
ISONIC–L-Asp–OMe2 with a chiral center) were used as coligands. The radio-
HPLC chromatogram (Fig. 10) of the reaction mixture shows a single peak at
9.0 min from [99mTc(HYNIC–BA)(tricine)(ISONIC-HE)], and a pair of peaks at
21.4 and 26.4 min from [99mTc(HYNIC–MBA)(tricine)(ISONIC–L-Asp–OMe2)].
The area ratio of these two peaks is always close to 1:1, suggesting that they are
indeed a result of resolution of the two diastereomers of [99mTc(HYNIC–MBA)-
(tricine)(ISONIC–L-Asp–OMe2)].

140 S. Liu



The technetium chelate is chiral owing to the tricine coligand being prochi-
ral, and should be formed in an equal mixture of dextro and levo enantiomers.
These enantiomers in combination with the chiral center(s) in the HYNIC–BM
conjugate or coligand result in the formation of two diastereomers. If there is
no chiral center in the HYNIC–BM conjugate or coligand, the ternary ligand
99mTc complex is expected to show only one radiometric peak unless a chiral
chromatographic method is employed to separate the two enantiomers. The
chirality experiment should also apply to other 99mTc complexes with other 
binary or ternary ligand systems. This experiment is particularly useful to 
distinguish diastereomers from geometric and conformational isomers.
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Fig. 9 Radio-HPLC chromatogram for the chirality experiment. The single peak at 12.5 min
is due to [99mTc(HYNIC–BA)(tricine)(PSA)], where HYNIC–BA is N-benzyl-6-(2-sulfobenz-
aldehydehydrazono)nicotinamide and PSA is pyridine-3-sulfonic acid, and the peaks at 19.8
and 20.4 min are from [99mTc(HYNIC–MBA)(tricine)(PSA)], where HYNIC–MBA is N-((R)-
(+)-a-methylbenzyl)-6-(2-sulfobenzaldehydehydrazono)nicotinamide

Fig. 10 Radio-HPLC chromatogram for the chirality experiment. The single peak at
11.9 min is due to [99mTc(HYNIC–BA)(tricine)(ISONIC-HE)], where ISONIC-HE is
N-(2-hydroxylethyl)isonicotinylamide, and the doublet at 21.5 and 26.5 min is from
[99mTc(HYNIC–BA)(tricine)(ISONIC–Asp–OMe2)]



8
Structural Characterization of Ternary Ligand Technetium Complexes

8.1
Technetium Oxidation State

While the composition of the ternary ligand 99mTc complexes has been deter-
mined via a series of mixed-ligand experiments and by LC–MS at the tracer
(99mTc) level, the technetium oxidation state remains unclear. It has been pro-
posed that the technetium oxidation state in the [99mTc]tricine complex is +5
[55, 88]. The oxidation state might change when HYNIC is bonded to the tech-
netium center. Since organohydrazines are good reducing agents, the reaction
of HYNIC with 99mTcO4

– or an intermediate [99mTcO(tricine)2] should be treated
as a redox reaction instead of simple deprotonation of the hydrazine group.
Therefore, the charge on the organohydrazine cannot be assigned simply as a
function of the number of hydrogens lost when it is bonded to the technetium
center.

8.2
Bonding Modality of HYNIC

Complexes containing technetium-hydrazido and technetium-diazenido bonds
have previously been characterized by X-ray crystallography [89–102]. Nichol-
son and coworkers [95–102] recently reported a series of Tc(III)/Re(III) com-
plexes of 2-hydrazinopyridine (HYPY) and hydrazinopyrimidine. Although
there are several bonding modalities (Fig. 11) for organohydrazines such as
HYPY, only four bonding modalities have been structurally characterized by X-
ray crystallography, including neutral monodentate pyridiniumdiazenido
(Fig. 11a), anionic monodentate pyridyldiazenido (Fig. 11b), neutral bidentate
pyridyldiazene (Fig. 11c), and anionic bidentate pyridyldiazenido (Fig. 11d).
There is no structural information available for the monodentate pyridyliso-
diazene (Fig. 11e) and anionic monodentate pyridyldiazenido (Fig. 11f).

The binding modality and the number of HYPY in the technetium complex
also depend on the nature and availability of the coligand. For example, the 
reaction of NH4[99mTcO4

–] with HYPY·2HCl produces a complex [TcCl3(HN=
NC5H4N)(N=NC5H4NH)], in which the technetium is bonded by three chlo-
rides, a neutral bidentate pyridyldiazene and a neutral pyridiniumdiazenido.
The reaction of HYPY·2HCl with [n-Bu4N][TcOCl4] in the presence of ex-
cess tricine and PPh3 produces the complexes [Tc(HYPY)(PPh3)2Cl2] (major
product) and [Tc(HYPY)(tricine)(PPh3)] (minor product).HYPY in the com-
plex [Re(HYPY)(PPh3)2Cl2] was found to be a neutral and bidentate pyridyl-
diazene [96].

[Tc(HYPY)(tricine)(PPh3)] is a model compound for ternary ligand 99mTc
complexes [99mTc(HYNIC-BM)(tricine)(L)] (L is TPPTS, TPPDS, and TPPMS).
The NMR data suggest that the complex [Tc(HYPY)(tricine)(PPh3)] has a dis-
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torted octahedral coordination sphere with a monodentate HYPY, a tetraden-
tate tricine, and a monodentate PPh3 coligand [46]; however, the exact boding
modality of HYPY in [Tc(HYPY)(tricine)(PPh3)] still remains unclear owing to
the difficulty in determining which atom is bonded to the exchangeable hy-
drogen (Fig. 12). If the hydrogen is deprotonable in solution, these three dif-
ferent structures are indistinguishable.
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Fig. 11a–f Possible bonding modalities for 2-hydrazinopyridine (HYPY)

a                                           b

c                                           d

e                                           f

Fig. 12 Possible structures for the ternary ligand technetium complex [99mTc(HYPY)-
(tricine)(PPh3)]



9
99mTc-Labeled HYNIC–BM Conjugates as Radiopharmaceuticals

For the last several years, the ternary ligand system (HYNIC–BM, tricine, and
TPPTS) has been used as a platform technology for the 99mTc-labeling of a va-
riety of small BMs. These include a platelet GPIIb/IIIa receptor antagonist for
imaging thrombosis, chemotactic peptides, LTB4 receptor antagonists, and 
IL-8 for detection of infection and inflammation, integrin avb3 receptor an-
tagonists, and somatostatin analogs for tumor imaging. Selected examples of
targeting BMs are shown in Table 2.

9.1
Thrombus Imaging Agent

Venous and arterial thrombus formation is common and is potentially a life-
threatening event. A venous thrombus is an intravascular deposit predomi-
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Table 2 Ternary ligand 99mTc complexes [99mTc(6-hydrazinonicotinamide–biomolecule)-
(tricene)(TPPTS)] as diagnostic radiopharmaceuticals

Compound BM Targeted Targeted
Receptor Disease



nantly comprising fibrin and aggregates of platelets. Intraarterial platelet-fib-
rin thrombus formation is the final common pathway that leads to most com-
plications of atherosclerosis, including acute myocardial infarction, stroke, and
sudden death. In addition, intraarterial thrombus is a major cause of the com-
plications associated with intravascular prosthetic materials such as arterial by-
pass grafts and heart valves. Thus, the development of an imaging agent that is
able to detect thrombus with high accuracy would be a significant advance in
diagnostic nuclear medicine.

RP444 (Table 2) is a 99mTc-labeled cyclic platelet GPIIb/IIIa receptor antag-
onist binding to the activated platelets. In the canine arteriovenous shunt model
[43], RP444 was adequately incorporated into the arterial and venous portions
of the rapidly growing thrombus (7.8–9.9 and 0.2–3.7% ID/g, respectively). In
the canine DVT model, the thrombus uptake (2.86±0.4% ID/g) of RP444 was
much higher than that of [99mTc]albumin. RP444 showed a moderate blood
clearance with a t1/2 of approximately 90 min. Visualization of DVT can be as
early as 15 min post injection, and improves over time with a thrombus-to-
muscle ratio of 9.7±1.9 at 120 min post injection. In a canine model of en-
dothelial injury, RP444 is able to identify platelet-rich thrombus, and may have
applications for detection of unstable coronary syndromes in humans [51].
Phase I clinical trials showed an excellent safety profile and acceptable dosime-
try. Results from phase II trials clearly demonstrated the utility of RP444 as a
new radiopharmaceutical for detection of DVT within 60 min with 93% sensi-
tivity, 95% specificity, and 82% accuracy [52–54].

9.2
Infection/Inflammation Imaging Agents

White blood cells, particularly polymorphonuclear leukocytes and monocytes,
accumulate in high concentrations at sites of infection. Therefore, research has
been directed toward radiolabeling small molecules that bind to both circu-
lating granulocytes and leukocytes. Recently, Edwards et al. [35] reported the
radiolabeling of fMLFK–HYNIC using tricine and TPPTS as coligands. The
ternary ligand 99mTc complex [99mTc(fMLFK–HYNIC)(tricine)(TPPTS)]
(RP463, Table 2) was evaluated in two animal (guinea pig and rabbit) models
of focal infection. It was also found that RP463 was incorporated rapidly into
the infected tissues with a target-to-background ratio of 5–7:1 at 4 h post in-
jection. In the rabbit infection model, a transient decrease in the white blood
cell count of 35% was observed during the first 30 min after injection of the
HPLC-purified RP463 [35]. Since RP463 was purified by HPLC, it should be free
of unlabeled fMLFK–HYNIC. The neutropenic effect is probably due to the fact
that RP463 is a very high affinity agonist for chemotactic peptide receptors on
leukocytes. Therefore, future research should be focused on receptor antago-
nists as targeting BMs for imaging infection or inflammation.

LTB4 is a product derived from the action of 5-lipoxygenase on arachidonic
acid, and is known to stimulate degranulation, aggregation, chemotaxis, and
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chemokinesis of polymorphonuclear leukocytes, as well as to promote super-
oxide generation [36–39]. LTB4 receptors are highly expressed on a number of
inflammatory cells such as neutrophils and lymphocytes. Numerous LTB4 re-
ceptor antagonists have been evaluated for their potential in the treatment of
infectious and inflammatory diseases. Recently, we reported a series of 99mTc-
labeled LTB4 receptor antagonists [36–39]. The ternary ligand 99mTc complex
RP517 (Table 2) was evaluated in two animal (guinea pig and rabbit) models of
focal infection.

In the guinea pig peritonitis model, RP517 showed an uptake of 0.6±
0.05% ID/g at the site of infection 1 h after intravenous injection [36, 37]. The
radioactivity was retained with an uptake of 0.5±0.08% ID/g at 4 h post injec-
tion. RP517 is excreted mainly via the hepatobiliary route. In the rabbit infec-
tion model, RP517 showed similar uptake at the infection site with a target-
to-background (infected muscle-to-normal muscle) ratio of 16:1 at 1 h post in-
jection.A primate dosimetry study indicated that the dose-limiting organ was
the gall bladder. RP517 is under clinical investigation as a new imaging agent
for acute infection and inflammation.

9.3
Tumor Imaging Agents

In spite of a number of imaging modalities currently available in clinics there
is still an unmet need for the development of new diagnostic agents which can
detect both primary and metastastic tumors with more specificity and accu-
racy. Radiolabeled receptor-binding BMs are of great interest because they have
the potential to detect primary sites, identify occult metastatic lesions, guide
surgical intervention, stage tumors, and predict the efficacy of therapeutic
agents.

9.3.1
99mTc-Labeled Integrin aavbb3 Receptor Antagonists for Tumor Imaging

The formation of new blood vessels (angiogenesis) is a requirement for ma-
lignant tumor growth and metastasis [103–106]. The angiogenic process de-
pends on vascular endothelial cell migration and invasion, regulated by cell ad-
hesion receptors.Integrins are a family of proteins that facilitate cellular
adhesion to and migration on the extracellular matrix proteins found in inter-
cellular spaces and basement membranes. They also regulate cellular entry and
withdraw from the cell cycle. Integrin avb3 is a receptor for a wide variety of ex-
tracellular matrix proteins with the exposed RGD tripeptide sequence. These
include vitronectin, fibronectin, fibrinogen, lamin, collagen, Von Willibrand’s
factor, osteoponin, and adenovirus particles. The expression of integrin avb3
enables a given cell to adhere to, migrate on, or respond to almost any matrix
protein it may encounter. Despite its promiscuous behavior, integrin avb3 is
generally expressed at low levels on epithelial cells and mature endothelial cells.
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It has been reported that integrin avb3 is highly expressed on the neovascula-
ture of tumors, including osteosarcomas, neuroblastomas, glioblastomas,
melanomas, lung carcinomas, breast, prostate, and bladder cancers [107–112].
A recent study showed that integrin avb3 is overexpressed not only on en-
dothelial cells but also on tumor cells in human breast cancer xenografts [113].
The expression of integrin avb3 correlates with tumor progression in
melanoma, glioma, and ovarian and breast cancers [107–113]. The highly re-
stricted expression of integrin avb3 during tumor invasion and metastasis pre-
sents an interesting molecular target for diagnosis of rapidly growing solid tu-
mors [104, 114, 115].

RP593 (Table 2) is a 99mTc-labeled integrin avb3 receptor antagonist with two
RGD-containing cyclic peptide receptor-binding motifs [33]. In a c-Neu onco-
mouse model, RP593 showed rapid blood clearance via the renal system, and
demonstrated good tumor uptake and tumor retention (3.41±0.5% ID/g at 
2-h and 1.5±0.3% ID/g at 24 h post injection). In dogs with mammary adeno-
carcinoma, the tumor uptake was 0.7±0.1% ID/g at 15-min and 0.43±
0.05% ID/g at 24 h post injection. The tumor-to-muscle ratio was about 8:1 at
15 min post injection, and increased to 20:1 at 24 h post injection. RP593 has
also been evaluated in athymic female BALB/c mice with a subcutaneously
growing OVCAR-3 ovarian carcinoma xenograft [116]. The tumor uptake was
5.8±0.7% ID/g with the tumor-to-blood ratio being 63:1 at 24 h post injection.
The kidney activity retention for RP593 was high, and was attributed to the
presence of two arginine amino acid residues. RP593 is a promising tracer to
study changes in integrin avb3 expression during metastasis and tumor-in-
duced angiogenesis.

RP678 (Table 2) is a 99mTc-labeled nonpeptide integrin avb3 receptor antag-
onist with a quinolone pharmacophore [117, 118]. Compared with that of
RP593, the tumor uptake of RP678 is about 1.5 times higher than that of RP593,
while the kidney and liver uptake of RP678 is much lower than that of RP593
in the same animal model. In this respect, RP678 offers advantages over RP593;
however, RP678 still shows a certain degree of hepatobiliary clearance. There-
fore, the pharmacokinetics of RP678 needs to be further modified before it is
used for human studies.

9.3.2
99mTc-Labeled Somatostatin Analogs for Tumor Imaging

Somatostatin receptors are overexpressed on a number of human tumors and
their metastases [119–121], thereby serving well as the target for tumor imag-
ing.Although the first report of in vivo imaging with a somatostatin analog ap-
peared in 1976 [122], further development was hampered owing to rapid degra-
dation of the native peptide by plasma and tissue proteases.For this reason,
analogs of somatostatin have been synthesized using D-amino acids to prolong
the in vivo half-life by inhibiting the action of amino and carboxypeptidases.
Octreotide (Sandostatin, SMS 201–995) is a metabolically stable analog of so-
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matostatin, and has been successfully used for the treatment tumors.
111In–DTPA–octreotide, where DTPA is diethylenetriaminepentaacetic acid, has
become one of the most commonly used radiopharmaceuticals in clinics for tu-
mor imaging; however, 111In–DTPA–octreotide suffers several drawbacks such
as a long half-life (t1/2=67 h, g=173 keV, 89%, and 247 keV, 94%) and the high
cost of 111In. For diagnostic purposes, 99mTc is more desirable because of its low
cost, easy availability, and ideal nuclear characteristics, which better match the
rapid blood clearance and fast tumor accumulation of octreotide.

Decristoforo and coworkers [20–23, 25] have studied 99mTc-labeled somato-
statin analogs to develop new diagnostic radiopharmaceuticals for imaging so-
matostatin-positive tumors. The structures of two HYNIC-conjugated somato-
statin analogs (HYNIC–TOC and HYNIC–RC-160) are shown in Fig. 13; both
analogs show extremely high receptor binding affinity with IC50 in the
nanomolar range. In AR4-2J tumor-bearing nude mice, [99mTc(HYNIC–TOC)-
(EDDA)n] shows the most promising overall biodistribution profile with a
rapid blood clearance and a high tumor uptake of 9.65±2.16% ID/g at 4 h post
injection [22]. The tumor-to-liver and tumor-to-gastrointestinal tract ratios are
similar to those of 111In–DTPA–octreotide; but the tumor-to-kidney ratios are
significantly higher in the same animal model [22]. Although the exact com-
position of the complex [99mTc(HYNIC–TOC)(EDDA)n] is not known, recent
LC–MS data seem to indicate that it contains two EDDA coligands [53].

In patients with somatostatin-positive tumors, [99mTc(HYNIC–TOC)-
(EDDA)n] has demonstrated rapid tumor uptake within the first hour after in-
jection [23]. It also showed predominantly renal excretion. The accumulation
patterns of [99mTc(HYNIC–TOC)(EDDA)n] in tumors and normal organs are
comparable to those of 111In–DTPA–octreotide.A lesion-by-lesion comparison
showed superior capabilities of [99mTc(HYNIC–TOC)(EDDA)n] in respect of ex-
trahepatic lesions. It allows much earlier diagnosis (10 min–4 h) compared with
111In–DTPA–octreotide (4–24 h). [99mTc(HYNIC–TOC)(EDDA)n] is under
phase II clinical investigation as a new radiopharmaceutical for diagnosis of so-
matostatin receptor-positive tumors [53].
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Conclusions

HYNIC is an extremely useful BFC for 99mTc-labeling of small biomolecules.
The major advantage is its high 99mTc-labeling efficiency and the high in vivo
stability of the resulting 99mTc complexes. Another advantage of HYNIC is the
choice of different coligands, which allows easy modification of hydrophilicity 
and pharmacokinetics of 99mTc-labeled BMs. The binary ligand complex
[99mTc(HYNIC–BM)(tricine)2] can be prepared with a very high specific activ-
ity (20,000 mCi/µmol and greater); but it is unstable in solution and often ex-
ists in multiple isomeric forms in aqueous solution. The discovery of various
ternary ligand systems represents a major achievement for the HYNIC tech-
nology by increasing the solution stability and reducing the number of iso-
meric forms in [99mTc–HYNIC] complexes. In principle, these ternary ligand
systems can be used for the 99mTc-labeling of any HYNIC-conjugated small
BMs. However, phosphine- or pyridine-containing HYNIC chelators may be the
candidates of choice for 99mTc-labeling of small BMs containing one or more
disulfide linkages, which are important to keep the rigid cyclic conformation
of the BM and to maintain the high receptor binding affinity.
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Abstract Multidrug resistance (MDR) mediated by overexpression of MDR1 P-glycoprotein
(Pgp) is one of the best characterized transporter-mediated barriers to successful chemo-
therapy in cancer patients and there is an expanding requirement to noninvasively inter-
rogate Pgp transport activity in vivo. Both small organic medicinals as well as coordination
compounds characterized as transport substrates for MDR1 Pgp are amenable to incorpo-
ration of positron emission tomography or single-photon emission computed tomography
radionuclides and may enable noninvasive diagnostic imaging of MDR in cancer patients.
In particular, several clinically approved [99mTc] complexes already show promise for the
functional evaluation of MDR1 Pgp-mediated transport activity in human tumors in vivo.

Keywords Multidrug resistance · ATP-binding cassette transporters · P-glycoprotein · 
Single-photon emission computed tomography · Positron emission tomography · Metal
complexes · Chemotherapeutic agents

Top Curr Chem (2005) 252: 155– 178
DOI 10.1007/b101227
© Springer-Verlag Berlin Heidelberg 2005



Abbreviations
EC50 Half-maximal effective concentration
Ga-ENBPI (Bis(R-2-hydroxybenzylidene)-N,N¢-bis(3-aminopropyl)ethylenedi-

amine)68Ga complex
LRP Lung resistance protein
MDR Multidrug resistance
MIBI 2-Methoxyisobutyl isonitrile
MRP1 Multidrug resistance-associated protein-1
PET Positron emission tomography
Pgp P-glycoprotein
SPECT Single-photon emission computed tomography
Tc-CO-MIBI Tricarbonyltris(2-methoxyisobutyl isonitrile)99mTc complex
Tc-EIBI Hexakis(2-ethoxy-isobutylisonitrile)99mTc complex
Tc-Furifosmin trans[(1,2-Bis(dihydro-2,2,5,5-tetramethyl-3(2H)furanone-4-methylene-

imino)ethane) bis(tris(3-methoxy-1-propyl)phosphine)]99mTc complex
Tc-Sestamibi Hexakis(2-methoxyisobutyl isonitrile)99mTc complex
Tc-Tetrofosmin [1,2-Bis{bis(2-ethoxyethyl)phosphino}ethane]2O2

99mTc complex

1
Introduction

Resistance to chemotherapy represents a major obstacle in the treatment of
cancer. Many tumors are intrinsically resistant to chemotherapy, whereas oth-
ers initially respond to treatment, but acquire resistance to selected cytotoxic
drugs during chemotherapy. Multidrug resistance (MDR) is the phenomenon
by which cultured cells in vitro and tumor cells in vivo show resistance simul-
taneously to a variety of structurally and functionally dissimilar cytotoxic and
xenobiotic compounds [1–6].While several different genes have been shown to
be associated with an MDR phenotype [7–9], MDR mediated by overexpression
of the MDR1 gene product, P-glycoprotein (Pgp), represents one of the best
characterized barriers to chemotherapeutic treatment in cancer [6, 10]. Pgp, a
170-kD plasma membrane protein, is predicted by sequence analysis to com-
prise two symmetrical halves that share both homology with a family of ATP-
binding cassette membrane transport proteins and a common ancestral origin
with bacterial transport systems [5, 11]. Characterized by 12 transmembrane
domains and two nucleotide-binding folds [3, 5], the protein is thought to hy-
drolyze ATP to affect outward transport of substrates from the cell surface
membrane [5, 12]. Although the specific protein domains and amino acids in-
volved in substrate recognition have not been formally identified, genetic and
biochemical evidence has conventionally been interpreted to show putative
membrane-associated domains interacting directly with selected cytotoxic
agents to affect transport [10, 13–15]. The net effect is that Pgp decreases the
intracellular concentration of substrate compounds in Pgp-expressing mul-
tidrug resistant cells compared with non-Pgp-expressing drug sensitive cells.

In addition to the standard paradigm of MDR1 Pgp as an ATP-dependent ef-
flux transporter of xenobiotics and chemotherapeutic drugs, several studies
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provide evidence supporting alternative mechanisms for the diminished Pgp-
mediated drug accumulation in MDR cells. For example, a flippase model has
been proposed for Pgp [16]. This model suggests that Pgp flips hydrophobic cy-
totoxic compounds from the inner to outer leaflet of the lipid bilayer wherein
the agents can diffuse away or acts as a phospholipid flippase altering mem-
brane permeability, thereby accounting for the observed decrease in intracel-
lular concentration of drug and providing an explanation for the broad speci-
ficity of Pgp. Hoffman and coworkers [17, 18] have shown a more alkaline
internal pH and decreased membrane potential in selected cells transfected
with MDR1 Pgp compared with normal cells. These models suggest that MDR1
Pgp indirectly alters partitioning of substrates within cells through effects on
intracellular pH and/or the membrane potential and does not directly trans-
port drugs. In addition, cells expressing MDR1 may have intracellular com-
partments that are more acidic than non-Pgp-expressing cells [19, 20], altering
intracellular distribution of the drug [21], or altered membrane permeability,
resulting in decreased drug influx [22]. By comparison, using a bicistronic vec-
tor for selection of cells, a line of stable transfectants, MCF-7/MDR1, retained
expression of Pgp without the use of chemotherapeutic drugs [23]. Electrical
current and drug transport experiments showed no changes in membrane po-
tential or membrane conductance between parental MCF-7 and MCF-7/MDR1
cells, but reduced unidirectional influx and steady-state cellular content of Pgp
substrates. There was no change in the unidirectional efflux of substrates from
these cells. Thus, the dominant effect of MDR1 Pgp in this system was the re-
duction of drug influx, possibly through an increase in the intramembranous
dipole potential [23]. Furthermore, MDR1 Pgp may interfere with or alter path-
ways of apoptosis (programmed cell death) [24, 25], therefore offering protec-
tion from cytotoxic compounds. Thus, although the exact mechanism remains
to be biochemically elucidated, the observed combined net effect is a decreased
intracellular concentration of cytotoxic drugs that results from overexpression
of MDR1 Pgp, thereby rendering chemotherapeutic treatment ineffective in
cancer.

In addition to its overexpression in tumors, MDR1 Pgp is normally located
in several tissues involved in excretory functions, including the brush border
of proximal tubule cells in the kidney, the biliary surface of hepatocytes, and the
apical surface of mucosal cells in the small intestine and colon [26, 27]. MDR1
Pgp is also located on the luminal surface of endothelial cells lining capillaries
in the brain and in the testis [28–30] as well as on the apical surface of choroid
plexus epithelial cells [29]. However, despite its widely disseminated expression,
the function of MDR1 Pgp in normal physiology has not been clearly defined,
although Pgp may have a role in protection from xenobiotics [31] and in in-
tracellular cholesterol trafficking [32]. Furthermore, inhibition of Pgp with an
MDR modulator could provide an effective means for increasing oral absorp-
tion of drugs and reducing drug excretion, resulting in decreased dosing re-
quirements. For example, Pgp modulation is currently under evaluation as a
means to improve oral absorption of chemotherapeutics and HIV-1 protease
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inhibitors such as indinavir, nelfinavir, saquinavir, and rotonavir [33, 34]. Sim-
ilarly, the use of MDR modulators could allow drug penetration into Pgp pro-
tected sites in the body, such as the brain and selected hematopoietic cells, as
has been shown for penetration of protease inhibitors into the central nervous
system [34]. In addition, transgenic expression of the MDR1 gene has been 
explored for hematopoietic cell protection in the context of cancer chemo-
therapy [35–37], wherein Pgp could protect hematopoietic progenitor cells
from chemotherapy-induced myelotoxicity. Hematopoietic cells transduced 
via retroviral-mediated transfer of the MDR1 gene have shown preferential 
survival in vivo after treatment with MDR drugs [37] and pilot clinical data 
support the approach [38]. Thus, a noninvasive method of determining Pgp-
mediated drug transport activity could be important in the use of new modu-
lators, applications of gene therapy to chemotherapeutic protocols, as well as
predicting oral absorption, pharmacokinetics, and penetrance of MDR drugs
into target tissues and the brain.

2
MDR1 Pgp-Mediated Drug Transport in Chemotherapy

Compounds recognized by Pgp are typically characterized as modestly hy-
drophobic (octanol-to-water partitioning coefficient, logP>1), often contain
titratable protons with a net cationic charge under physiological conditions,
and are predominately “natural products” with an aromatic moiety [39].
Among an extensive list of conventional cytotoxic compounds, anthracyclines
(doxorubicin 1, daunorubicin 2, taxanes (paclitaxel 3, docetaxel 4), Vinca al-
kaloids (vincristine 5, vinblastine 6, vindesine 7), and etoposides (VP-16 8) 
are examples of clinically important chemotherapeutic drugs recognized by
MDR1 Pgp [6, 7, 39, 40]. The diversity of these agents emphasizes the key 
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characteristic feature of MDR, i.e., the apparent capacity of Pgp to recognize a
large group of cytotoxic compounds sharing little or no structural or functional
similarities. Furthermore, in the modern era of molecular oncology, novel 
designer compounds that target cancer-specific proteins have generated wide
excitement in clinics [41]. However, a prime example of targeted molecular
therapy, Gleevec, 9, a 2-phenylaminopyrimidine derivative [42, 43], while a
highly potent inhibitor of receptor tyrosine kinases, such as BCR-Abl and plat-
let-derived growth factor receptor, is also recognized and transported by MDR1
Pgp [6, 44]. Thus, it would appear that even novel targeted therapeutics will 
remain susceptible to broad-specificity transporter-mediated resistance mech-
anisms.
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Because clinical studies have documented the poor outcomes associated
with MDR1 Pgp expression in tumors [40, 45], reversal of MDR by nontoxic
agents that block the transport activity of MDR1 Pgp has been an important
target for pharmaceutical development.When coadministered with a cytotoxic
agent, these nontoxic compounds, known as MDR modulators or reversal
agents, enhance net accumulation of relevant cytotoxic drugs within the tumor
cells. Many compounds known to have other pharmacological sites of action
initially were used to reverse MDR in cancer cells grown in culture and several
underwent pilot clinical trials [39]. These compounds included verapamil 10,
cyclosporin A 11, quinidine 12, trifluoperazine 13, and their derivatives [39].

However, these agents had limited clinical utility because of unacceptable tox-
icities at serum levels of the drug needed to modulate MDR1 Pgp [40]. Second-
generation modulators, such as dexverapamil, an optically pure verapamil[46],
and PSC 833 (Valspodar) 14, a cyclic undecapeptide analogue of cyclosporin A
[47]) were soon developed with some improvement in efficacy. These were fol-
lowed by third-generation modulators, such as GF120918 15, a substituted iso-
quinolinyl acridonecarboxamide [48], LY335979 16, a difluorocyclopropyl
dibenzosuberane [49],VX710 (biricodar) 17, an amido-keto-pipecolinate [50],
XR9576 (tariquidar) 18, an analog of the anthranilamide pharmacophore
[51–53], and MS209 19, a quinoline derivatized analog [54, 55], that have been
developed more recently. Phase II/III clinical trials are currently in progress
with these new, more specific, and more potent compounds. Thus, the MDR
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phenotype may be modulated more effectively with these targeted reversal
agents to improve the efficacy of chemotherapeutic regimens.

3
Single-Photon Emission Computed Tomography Agents for Noninvasive
Imaging of P-Glycoprotein Transport Activity

Increasingly, the choice of systemic therapy for cancer is based on a priori
analysis of tumor markers to assess the presence or absence of a molecular
pathway or target (such as a key receptor or enzyme activity) for a given ther-
apeutic agent. Identification of tumor markers with diagnostic agents assists in
the proper selection of patients most likely to benefit from targeted therapy.
Measurement of MDR is one potentially important marker in planning sys-
temic therapy. However, expression of MDR1 Pgp, as detected at the level of
mRNA or protein, does not always correlate with the functional assessment of
Pgp-mediated transport activity. Because Pgp transport activity is affected by
specific mutations as well as the phosphorylation state of the protein [5, 56, 57],
altered or less-active forms of Pgp may be detected by polymerase chain 
reaction or immunohistochemistry which do not accurately reflect the status
of tumor cell resistance. Thus, methods to functionally interrogate Pgp trans-
port activity have been sought [58]. Imaging with a radiopharmaceutical 
that is transported by MDR1 Pgp may identify noninvasively those tumors in



which the transporter is not only expressed, but functional. Thus, significant 
effort has been directed toward the noninvasive detection of transporter-
mediated resistance using planar scintigraphy or single-photon emission com-
puted tomography (SPECT) employing radiolabeled metal complexes charac-
terized as transport substrates for MDR1 Pgp. These will now be reviewed in
detail.

Hexakis(2-methoxyisobutylisonitrile)technetium-99m (commonly known
as [99mTc]Sestamibi) (20a), although originally developed as a radiopharma-
ceutical for myocardial perfusion imaging [59, 60], was the first metal complex
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shown to be a Pgp transport substrate [61]. Characterized by octahedral geom-
etry around the central technetium(I) core [59, 62], the radiopharmaceutical
possesses a cationic charge and modest hydrophobicity similar to many
chemotherapeutic agents in the MDR phenotype. In the absence of Pgp ex-
pression, this [99mTc]isonitrile complex accumulates within the interior of cells
in response to the physiologically negative mitochondrial and plasma mem-
brane potentials maintained within cells [63, 64]. However, in Pgp-expressing
multidrug resistant tumor cells, net cellular accumulation levels of [99mTc]Ses-
tamibi are inversely proportional to the level of MDR1 Pgp expression [61,
65–68]. Furthermore, complete reversal of the Pgp-mediated exclusion of
[99mTc]Sestamibi has been affected by treatment with conventional MDR1 Pgp
inhibitors such as verapamil, cyclosporin A, and quinidine or recently discov-
ered more-potent reversal agents such as GF120918, LY335979, PSC 833 or
VX710 [32, 61, 65, 66, 69–75], and more recently, XR-9576 [6, 51]. Of interest,
[99mTc]Sestamibi is also recognized as a transport substrate for the MDR-as-
sociated protein (MRP1) [76–78], a close homologue of Pgp [79], thereby pro-
viding a two-edged sword. On the one hand, cross-reactivity with MRP1 may
reduce the specificity of the tracer for functional imaging of MDR1 Pgp in



tumor cells, but alternatively, this property may favorably enable [99mTc]Ses-
tamibi to be a more general probe of transporter-mediated MDR in some can-
cer cell lines.

Furthermore, to optimize the transport and Pgp targeting characteristics of
[99mTc]isonitrile complexes, several studies investigating structure–activity re-
lationships have been performed. In one study, the alkyl chains in [99mTc]Ses-
tamibi were replaced with longer-chain ether functionalities. The hexakis(2-
ethoxy-isobutylisonitrile)[ 99mTc] complex ([99mTc]EIBI) was shown to be a
transport substrate recognized by Pgp, but with slightly greater nonspecific cell
binding than [99mTc]Sestamibi [80]. Substituted aromatic functionalities were
also explored [81]. A series of substituted arylisonitrile analogs were synthe-
sized from their corresponding amines through a reaction with dichloro-
carbene under phase-transfer-catalyzed conditions, and noncarrier-added
hexakis(arylisonitrile)[99mTc]complexes were produced by reaction with
pertechnetate in the presence of sodium dithionite. The lead compound of the
series, 20b, demonstrated an overall encouraging transport profile in Pgp-ex-
pressing cells, but significant nonspecific adsorption to hydrophobic com-
partments was identified. The results also suggested that methoxy substituents,
compared with other substituents, preferentially contributed to enhanced Pgp
recognition for this class of compounds. However, none of these radiolabeled
complexes exceeded [99mTc]Sestamibi in their Pgp-mediated transport prop-
erties.

In addition, several entirely different classes of technetium-complexes have
been identified as Pgp transport substrates. Using a planar Schiff-base moiety
and hydrophobic phosphines, nonreducible Tc(III) monocationic compounds
known as “Q complexes” were developed a decade ago for applications in my-
ocardial perfusion imaging [82, 83]. The lead complex for clinical development
was trans[(1,2-bis(dihydro-2,2,5,5-tetramethyl-3(2H)furanone-4-methyl-
eneimino)ethane) bis(tris(3-methoxy-1-propyl)phosphine)]Tc(III), known as
[99mTc]Furifosmin 21 [84]. Because the hydrophobicity and Pgp targeting prop-
erties of these complexes could be readily adjusted by varying functionalities
on the Schiff base or phosphine moieties independently, a variety of novel
[99mTc]Q complexes with subtle structural variations were synthesized [69, 85].
This approach allowed the coordination environment of the Tc(III) metal core
to be maintained while the overall electronic environment was altered, thereby
enabling refined exploration and evaluation of features conferring Pgp-medi-
ated transport properties. Ether functionalities can be incorporated into the
equatorial Schiff base ligand by condensation of ethylenediamines with ether-
containing b-dicarbonyl compounds [86]. The gem-dimethyl groups present
sterically hinder the attack of diamine at the adjacent carbonyl and the strat-
egy results in regioselective condensation at the less hindered carbonyl. Prepa-
ration of the tertiary phosphines was accomplished in a two-step, one-pot re-
action involving treatment of 1-chloro-3-methoxy propane with magnesium in
tetrahydrofuran and subsequent reaction of the reagent with dimethyl-
chlorophosphines or dichloromethylphosphines to provide the necessary 

166 V. Sharma · D. Piwnica-Worms



substituted phosphines with overall yield of 50–70% [85]. The desired
[99mTc]Q complexes were then obtained by a two-step synthetic approach us-
ing the phosphines as both reductants and ligands [87]. From MDR transport
assays in vitro, the trans[2,2¢-(1,2-ethanediyldiimino) bis(1,5-methoxy-5-
methyl-4-oxo-hexenyl)] bis[methyl-bis(3-methoxy-1-propyl)phosphine]Tc(III)
complex 22 and the trans[5,5¢-(1,2-ethanediyldiimino) bis(2-ethoxy-2-methyl-
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3-oxo-4-pentenyl)] bis[dimethyl(3-methoxy-1-propyl)phosphine]Tc(III) com-
plex 23 were discovered. These complexes are nearly identical to [99mTc]Ses-
tamibi in their Pgp recognition properties in vitro [69, 85]. In addition, a Tc(V)
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complex known as [99mTc]Tetrofosmin [88], bis[1,2-bis{bis(2-ethoxyethyl)-
phosphino]ethane]Tc(V) 24, has been identified as another [99mTc]complex
with highly favorable MDR1 Pgp-mediated transport properties [85, 89].While
these metal complexes do not share any obvious structural homology, they do

23

24



share the common features of a delocalized cationic charge and modest hy-
drophobicity. Overall, which of these selected [99mTc]complexes may be most
clinically useful in evaluation of the Pgp status of tumors by SPECT imaging re-
mains under intense investigation.

Another class of technetium-based radiopharmaceuticals has emerged on
the basis of pioneering work done on the development of an air- and water-
stable organometallic aqua complex [99mTc(OH2)3(CO)3]+ 25 obtained from re-
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action of pertechnetate in saline under 1 atm CO [90]. It was shown that the co-
ordinated water molecules were labile, thus exchangeable with other ligands,
generating complexes with heterogeneous ligands. On the basis of these ob-
servations, these water molecules were substituted with methoxy-isobutylisoni-
trile ligands to generate another novel class of Pgp-targeted radiopharma-
ceuticals, tris(carbonyl)tris(2-methoxy-isobutylisonitrile)technetium(I);
[99mTc(CO)3(MIBI)3]+ (26) [91]. Recently, to assess the potential of this radio-
labeled technetium complex, commonly known as Tc-CO-MIBI, as a noninva-
sive probe of MDR1 Pgp activity in tumors, cellular accumulation in human
epidermal carcinoma drug-sensitive KB 3-1 (–Pgp) and colchicine-derived
drug-resistant KB 8-5 (+Pgp) cells was evaluated [92]. The radiotracer demon-
strated 60-fold higher accumulation in drug-sensitive KB 3-1 cells compared
with drug-resistant KB 8-5 cells. In KB 8-5 cells, tracer enhancement was ob-
served with the potent MDR1 Pgp modulator LY335979 (half-maximal effective
concentration, EC50=62 nM). Similar behavior was observed using drug-sensi-
tive MCF-7 breast adenocarcinoma cells and MCF-7/MDR1 stable transfec-
tants, confirming that Tc-CO-MIBI is specifically excluded by overexpression
of MDR1 Pgp. By comparison, net accumulation in control H69 lung tumor cells
was 9 times higher than in MDR-associated protein (MRP1)-expressing H69AR



cells, indicating only modest transport by MRP1. Biodistribution analysis fol-
lowing tail vein injection of Tc-CO-MIBI showed delayed liver washout as well
as enhanced brain uptake and retention in mdr1a/1b(–/–) gene-deleted mice
versus wild-type mice, directly demonstrating that Tc-CO-MIBI is a functional
probe of Pgp transport activity in vivo [92].

Organic scaffolds capable of coordinating other metals have also been ex-
plored. Multidentate ligands with an N4O2 donor core have the ability to form
stable monomeric, monocationic, hydrophobic complexes with a variety of
main-group [93, 94] and transition metals [95–97]. Schiff-base Ga(III) com-
plexes were previously reported as potential positron-emitting radiopharma-
ceuticals with utility as myocardial perfusion imaging agents [98, 99]. These
complexes, exemplified by the lead compound 27, demonstrated pharma-
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cological profiles consistent with their potential utility as positron emission
tomography (PET) probes of MDR1 Pgp activity in tumors [100–102]. The tri-
aryl precursors containing a central imidazolidine ring were synthesized by
condensation of an appropriate substituted linear tetramine with substituted
salicylaldehydes. The desired metal(III) complexes were obtained by cleavage
of the imidazolidine ring using transmetallation reactions using appropriate
metal(III) acetylacetonates. Selected gallium(III) complexes were able to dif-
ferentiate between human epidermal carcinoma KB 3-1 (–Pgp) and KB 8-5
(+Pgp) cells through differential cytotoxicity profiles indicating MDR1 Pgp-
mediated transport [101]. The active metal complexes containing 4,6-
dimethoxy substituted aromatic rings were more potent than their corre-
sponding 3-methoxy analogs. In addition, radiolabeled analogs of these 
compounds, commonly called Ga-ENBPI [(bis(R-2-hydroxybenzylidene)-
N,N¢-bis(3-aminopropyl)ethylenediamine)67Ga] complexes, accumulated in



cells in inverse proportion to expression of Pgp. Furthermore, uptake in MDR
cells was completely reversed compared with that of control cells in the pres-
ence of potent MDR inhibitors, further demonstrating target specificity [100].
These results suggested that radiolabeled analogues of these Ga(III) complexes
also could provide templates for 68Ga PET radiopharmaceuticals to probe Pgp
transport activity in tumors [102].

4
PET Agents for Noninvasive Imaging of P-Glycoprotein Transport Activity

PET radiopharmaceuticals offer enhanced spatial resolution and quantification
capabilities compared with SPECT agents. To probe Pgp transport activity,
PET-based radiopharmaceuticals have been actively investigated on three
fronts: (1) use of SPECT scaffolds capable of accommodating PET radionu-
clides, (2) bioinorganic radiochemistry, and (3) conventional PET organic 
radiochemistry.

Regarding the use of scaffolds that coordinate both SPECT and PET radio-
nuclides, two validated examples make use of the PET radionuclides 94mTc and
68Ga. The radiosynthesis and biochemical validation of 94mTc-Sestamibi and
68Ga-ENBPI complexes have been reported [100, 103].As expected chemically,
the highly favorable Pgp targeting properties of these complexes were retained
upon transformation from SPECT to PET imaging agents.

On another front, organic scaffolds capable of accommodating PET ra-
dionuclides that generate novel metallopharmaceuticals through short syn-
thetic routes have been reported. Based upon rigorous prior contributions [104,
105], a stable, monocationic radiolabeled complex of copper(II) 28 was ob-
tained as a potential 64Cu PET radiopharmaceutical targeting Pgp [106]. The
desired diiminedioxime ligand was synthesized from 2,3-dimethyl-propane-
1,2-diamine and heptane-2,3-dione-3-oxime. Cellular accumulation studies
demonstrated significantly more accumulation of the radiolabeled compound
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in MES-SA (–Pgp) cells compared with MES-SA (+Pgp) cells in vitro.Addition
of the MDR reversal agent cyclosporin A completely reversed the accumulation
profile in MES-SA cells, rendering uptake comparable to control (non-Pgp)
cells.

Bidentate tertiary phosphine ligands have the ability to generate stable cop-
per(I) complexes through a one step synthesis in quantitative yields [107, 108]
and represent another class of potential 64Cu PET radiopharmaceuticals tar-
geting Pgp. These complexes previously demonstrated potent antitumor prop-
erties compared with their free ligands alone [109, 110].As with [99mTc]Q com-
plexes, phosphines were exploited as both ligands and reducing agents to
generate cationic, hydrophobic, tetrahedral copper(I) complexes 29 with 1,2-
bis(diphenylphosphino)ethane. These potential PET radiopharmaceuticals
show evidence of Pgp targeting properties [111, 112]. However, although sev-
eral leads exist for a 64Cu-based radiopharmaceutical for interrogation of Pgp
by PET, these radiopharmaceuticals show only modest Pgp targeting properties
compared with 94mTc-Sestamibi or 68Ga-ENBPI.
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A third focus has been directed toward incorporation of conventional PET
radionuclides 11C or 18F into existing substrates or inhibitors known to inter-
act with Pgp [113–115]. This strategy has been employed to produce various
PET agents, including 11C-colchicine, 11C-verapamil, 11C-daunomycin, and
11C/18F-paclitaxel[115–123]. While promising data have been generated, some
of these PET agents suffer from modest radiochemical yields and others 
from complex pharmacokinetics in vivo mediated, at least in part, by rapid
metabolism of the radiolabeled compounds.

5
Molecular Imaging of MDR1 Pgp in Clinical Drug Resistance

Several clinical studies have shown the feasibility of interrogating Pgp trans-
port activity in vivo with imaging cameras commonly available in nuclear med-
icine facilities [71–73, 124–129]. In general, 99mTc-Sestamibi pharmacokinetic
data are extracted from tumor images over time and correlated with immuno-
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histochemical assessment of Pgp expression in the tumor specimen. For 
example, in a pioneering clinical study, Del Vecchio et al. [124] determined rates
of efflux of 99mTc-Sestamibi in 30 patients with untreated breast cancer. Dy-
namic imaging of the primary tumor was performed for 4 h following injection
of 99mTc-Sestamibi and tumor specimens were obtained for quantitative au-
toradiography of Pgp. Rates of efflux of 99mTc-Sestamibi were 2.7 times greater
in tumors overexpressing MDR1 Pgp compared with tumors that expressed
Pgp at a level comparable to benign breast lesions. Estimates of sensitivity and
specificity for in vivo detection of MDR1 Pgp using 99mTc-Sestamibi were 80%
and 95%, respectively. From these data, the authors concluded that efflux rate
constants of 99mTc-Sestamibi may be used for noninvasive identification of
MDR1 Pgp in breast cancer.

Several additional clinical studies have examined the relationship between
tumor retention of 99mTc-complexes and MDR [51, 128–136].Analysis of wash-
out rates by comparing early (less than 30 min) and delayed (180–240 min)
SPECT and planar images have shown a strong inverse correlation between tu-
mor-to-background ratios and levels of Pgp expression. The relation between
therapeutic response and tumor retention of tracer also was analyzed in some
studies and showed that most tumors with high tracer retention exhibited a fa-
vorable response to chemotherapy, whereas most tumors with low tracer re-
tention did not respond to chemotherapy. These investigators have concluded
that 99mTc-Sestamibi and 99mTc-Tetrofosmin are useful tools in vivo for predic-
tion of MDR in a variety of cancers.

Early uptake, delayed uptake, and washout rates of 99mTc-Sestamibi have also
been obtained for correlation with MDR1 Pgp, MRP1, and lung resistance pro-
tein (LRP) expression determined by immunohistochemistry and MDR1 Pgp,
MRP1, and LRP mRNA levels determined by real-time reverse-transcription
polymerase chain reaction [137]. These investigators found that increased lev-
els of Pgp expression correlated with a low accumulation of 99mTc-Sestamibi on
delayed scans and a high washout rate of 99mTc-Sestamibi. Interestingly, neither
MRP1 nor LRP expression on the level of either protein or mRNA correlated
significantly with tumor accumulation or efflux of 99mTc-Sestamibi in lung can-
cer. Thus, although, 99mTc-Sestamibi has been shown to modestly cross-react
with MRP1 using cells in culture under ideal laboratory conditions [77, 138],
unlike the case with MDR1 Pgp, this lower level of MRP1 transport activity can-
not be detected in patients in vivo.As a practical consequence, when used in pa-
tients, 99mTc-Sestamibi may be specific for detection of MDR1 Pgp transport ac-
tivity in vivo.

Furthermore, in addition to the in vitro and animal laboratory studies cited
earlier, clinical blockade of Pgp-mediated extrusion of 99mTc-Sestamibi from
tissues and tumors of patients has been imaged following treatment with
highly selective and potent Pgp modulators such as PSC 833 (valspodar),
VX-710 (biricodar), and XR-9576 (tariquidar) [6, 51, 71, 72, 74]. A two-step 
protocol for imaging MDR reversal in patients is under evaluation and this 
may provide a noninvasive method to determine the effectiveness of MDR
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modulation. After baseline imaging, administration of a potent modulating
agent and reinjection of the tracer is performed. Those tissues or tumors show-
ing higher accumulation of the tracer and/or reduced washout rates would in-
dicate specific blockade of MDR1 Pgp. Thus, these radiopharmaceuticals enable
noninvasive mapping of specific transport events in vivo and provide a basis
for further exploration of targeted molecular imaging of Pgp in cancer and
gene therapy.

6
Conclusion

In summary, MDR1 Pgp recognizes and outwardly transports a wide variety of
bioinorganic complexes with a broad diversity of chelation scaffolds as well as
conventional anticancer drugs. Both small organic medicinals as well as coor-
dination compounds are amenable to incorporation of PET or SPECT ra-
dionuclides that may enable diagnostic imaging technologies to be exploited
for functional interrogation of the MDR phenotype in cancer patients. In par-
ticular, several clinically approved [99mTc] complexes have already shown
promise for use in the functional evaluation of MDR1 Pgp-mediated transport
activity in human tumors in vivo. Therefore, contributions of bioinorganic ra-
diochemistry and conventional organic radiochemistry are rapidly growing to
enhance the existing armamentarium of targeted diagnostic agents that would
be capable of functionally analyzing the presence of Pgp in human subjects.
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Abstract The targeting of somatostatin receptors in tumors has been a goal in cancer treat-
ment and diagnosis since the 1980s. Over the past two decades, great strides have been made
in the development of somatostatin analogs labeled with positron emitters for positron
emission tomography (PET) imaging of somatostatin receptor positive tumors. In this re-
view, the radionuclide production, radiochemistry, preclinical and clinical studies of so-
matostatin analogs labeled with several positron-emitting radionuclides are described. In
the past 5 years, there have been clinical trials with 18F-, 64Cu-, 68Ga-, 86Y- and 110mIn-labeled
somatostatin analogs. In addition, radiochemistry and preclinical studies have been per-
formed with 76Br and 66Ga. The advantages of these positron-emitting somatostatin analogs
include increased image resolution with PET compared with g scintigraphy, improved quan-
tification capabilities with PET, and the ability to use the positron emitters as companion iso-
topes to therapeutic radionuclides such as the 86Y (PET)/90Y (therapy) pair.
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Abbreviations
76BrNHS N-Succinimidyl 4-[76Br]bromobenzoate
CB-TE2A 4,11-Bis(carboxymethyl)-1,4,8,11-tetraazabicyclo[6.6.2]hexadecane
DFO Desferrioxamine B
DOTA 1,4,7,10-Tetraazacyclododecane-N,N¢,N≤,N¢≤-tetraacetic acid
DTPA Diethylenetriaminepentaacetic acid
111In-DTPA-OC 111In-DTPA-D-Phe1-octreotide
[18F]FBA 4-[18F]fluorobenzoic acid
[18F]FB-OC 4-[18F]fluorobenzoyl-OC
[18F]FP-Gluc-TOCA Na-(1-deoxy-D-fructosyl)-Ne-(2-[18F]fluoropropionyl)-Lys0-Tyr3-

octreotate
OC Octreotide
PET Positron emission tomography
SPECT Single-photon-emission computerized tomography
SSTr Somatostatin receptor
SSTr2 Somatostatin receptor subtype 2
TATE Octreotate
TETA 1,4,8,11-Tetraazacyclotetradecane-1,4,8,11-tetraacetic acid
TOC Tyr3-OC
Y3 Tyr3

1
Introduction

Somatostatin is a 14-amino-acid peptide involved in the regulation and release
of a number of hormones, including growth hormone, thyroid-stimulating hor-
mone and prolactin. Somatostatin receptors (SSTr) are found on the cell sur-
face and occur in a number of different normal organ systems, including the
central nervous system, the gastrointestinal tract, and the exocrine and en-
docrine pancreas [1–3].A large number of human tumors express SSTr [4], par-
ticularly SSTr subtype 2 (SSTr2). The targeting of SSTr in tumors has been a
goal in cancer treatment and diagnosis since the 1980s. Somatostatin has a very
short biological half-life, but analogs have been developed, such as octreotide
(OC), that have much longer residence times [5].

OC has been labeled with 123I and 111In and used to image SSTr2-positive
tumors in humans by conventional scintigraphy [6, 7]. 123I-Tyr3-OC has a high
hepatobiliary excretion that hinders visualization of tumors in the abdomen,
whereas 111In-diethylenetriaminepentaacetic acid-D-Phe1-OC (111In-DTPA-
OC) clears primarily through the kidneys [7]. In the USA and Europe, 111In-
DTPA-OC is currently a clinically approved agent for imaging neuroendocrine
tumors. Because of the limited sensitivity and resolution of single-photon-
emission computerized tomography (SPECT), several research groups have
worked towards the development of a positron-emitting agent for positron
emission tomography (PET) imaging of SSTr-positive tumors. Using somato-
statin analogs labeled with a positron-emitting radionuclide and PET, a quan-
titative assessment of tracer accumulation within tissues can be achieved,
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potentially offering improvements over SPECT where quantitative results are
needed, and where tumor size is small or the tumor is deep within the body.
This review will provide an overview of the progress thus far towards the de-
velopment of a PET SSTr imaging agent, using positron-emitting radionuclides
that include 18F, 76Br, 68Ga, 66Ga, 64Cu, 110mIn and 86Y (Table 1).

2
Radionuclides for PET Imaging

There are two gallium radionuclides with decay characteristics that are suitable
for PET imaging. 68Ga (T1/2=68 min; 90% b+) is produced from the 68Ge/68Ga
generator. The long half-life of the parent nuclide 68Ge (T1/2=270·8 days) allows
the generator to be used for 1–2 years, making 68Ga radiopharmaceuticals rela-
tively economical.A commercially available generator was based on the design
of Loc’h et al. [8], where the generator was eluted in 3 mL 1 N HCl. More re-
cently, another 68Ge/68Ga generator has recently been reported, where the gen-
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Table 1 Positron-emitting radionuclides

Isotope T1/2 (h) Methods of production Decay mode Eb+ (keV) Reference

18F 1.83 Cyclotron 18O(p,n)18F b+ (97%), 635 [27]
EC (3%)

60Cu 0.4 Cyclotron, 60Ni(p,n)60Cu b+ (93%), 3,920, 3,000, [16]
EC (7%) 2,000

61Cu 3.3 Cyclotron, 61Ni(p,n)61Cu b+ (62%), 1,220, 1,150, [16]
EC (38%) 940, 560

64Cu 12.7 Cyclotron, 64Ni(p,n)64Cu b+ (19%), 656 [15]
EC (41%),
b– (40%)

66Ga 9.5 66Zn(p,n)66Ga b+ (57%), 4.15 (max) [10, 12]
EC (43%)

68Ga 1.1 68Ge/68Ga generator b+ (90%), 1,880, 770 [8]
EC (10%)

76Br 16.2 76Se(p,n)76Br b+ (54.7%), 3,941 (max)
EC (45.3%)

86Y 14.7 Cyclotron, 86Sr(p,n)86Y b+ (33%), 2,335, 2,019, [20]
EC (66%) 1,603, 1,248,

1,043
110mIn 1.15 Cyclotron, 110Cd(p,n)110mIn b+ (62%), 1,010, [22, 24]

or 110Sn/110mIn generator EC (38%) 2,260 (max)
124I 100.2 Cyclotron b+ (25%), 2,134, 1,533 [64]

EC (75%)



erator is eluted in 1 mL 0.1 N HCl, making it more convenient for radiophar-
maceutical preparation [9]. 66Ga is a cyclotron-produced positron-emitting ra-
dionuclide that has been used in a limited number of studies requiring a
medium half-life positron-emitting nuclide where a half-life longer than 1 h is
needed. This nuclide can be produced in small biomedical cyclotrons, utilizing
the 66Zn(p,n)66Ga reaction [10–13].

Positron-emitting copper radionuclides have a wide range of half-lives
(10 min–12.7 h) and are cyclotron- or generator-produced. 64Cu was initially
produced using a reactor by the 64Zn(n,p)64Cu nuclear reaction [14] but more
recently is produced by the 64Ni(p,n)64Cu nuclear reaction using a biomedical
cyclotron [15].A target has been specifically designed for the production of this
nuclide [15], and by altering the enriched isotope of nickel used as the target,
large quantities of 64Cu, 60Cu and 61Cu have been produced [16]. 62Cu is gener-
ator-produced from the decay of 62Zn [17], and 60Cu is produced with a bio-
medical cyclotron [16], but with 10- and 23-min half-lives, respectively, these
radionuclides are not readily applicable to labeling somatostatin analogs or
other peptide-based tumor imaging agents. 64Cu is becoming widely-used for
labeling peptide-based agents.

There are two radioisotopes of yttrium that are utilized in radiopharma-
ceuticals: 90Y (T1/2=64.06 h) and 86Y (T1/2=14.7 h). 90Y is a pure b– emitter pro-
duced following the decay of the parent nuclide 90Sr (T1/2=27.8 years) and has
been widely used for targeted radiotherapy of cancer. 86Y is produced by the
86Sr(p,n)86Y nuclear reaction and is a positron-emitting nuclide that has been
used in PET imaging of patients that are undergoing therapy with 90Y radio-
pharmaceuticals [18, 19]. No-carrier-added 86Y can be produced with a bio-
medical cyclotron by the 86Sr(p,n)86Y reaction.As described by Rösch et al. [20],
an enriched 86SrCO3 target was irradiated yielding 86Y, which was separated by
a combined coprecipitation and ion-exchange purification process [20].An im-
proved procedure for separation and purification of 86Y is an electrochemical
separation that was recently reported [21], which produced 86Y more rapidly
and in high chemical purity, with the residual strontium content reduced to less
than 0.1 ppm.

111In-OC has been used extensively in the imaging with SPECT for SSTr-pos-
itive tumors. 110mIn (T1/2=69 min) is a short-lived positron-emitting isotope of
indium and can be produced either from a 110Sn/110mIn generator or by the nu-
clear reaction 110Cd(p,n)110mIn with a low-energy cyclotron (11.8 MeV protons
with beam currents up to 15 µA) [22–24]. Using a low-energy cyclotron, 1 h ir-
radiation of 110Cd produced more than 20 GBq (540 mCi) [25]. With its short
half-life, 110mIn is suitable for the labeling of small peptides such as OC that have
rapid kinetics.

The positron-emitting halogens with applications for labeling somatostatin
analogs include 18F, 76Br and 124I. From an imaging standpoint, 18F (T1/2=
110 min) is an ideal isotope among all other halogen radionuclides for PET
imaging, since it has 97% positron abundance with 0.64-MeV positron energy
[26]. 18F had historically been produced by a variety of cyclotron, linear-accel-
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erator and reactor methods [27]. Currently, nearly all 18F is produced using a
single nuclear reaction, 18O(p,n)18F, with the majority of the radionuclide iso-
lated as the [18F]fluoride ion in aqueous solution [28]. More importantly, 18F can
be produced in relatively large quantities (gigabecquerels or curies) in standard
commercial PET cyclotrons supplied by several manufacturers [29–31]. 76Br
(T1/2=16.2 h) is practical for PET imaging applications and can be prepared by
the direct reaction of Cu2

76Se alloy with protons at 16 MeV, producing 76Br in
high yield and low 77Br contamination with a small medical cyclotron [32]. 124I
can be produced via the nuclear reaction 124Te(p,n)124I with a cyclotron [33].
Despite the disadvantage of 124I, a lower positron abundance and subsequent
emission of high-energy g-rays, successful PET imaging with 124I-labeled 
tracers is possible [34, 35].

3
Somatostatin Analogs Labeled with Positron-Emitting Metal 
Radionuclides

3.1
Somatostatin Analogs Labeled with Gallium Radionuclides

The first positron-emitting metal radionuclide-labeled somatostatin analog
was 68Ga-[DFO]-OC [36], where DFO is desferrioxamine B. OC was modified
with DFO, which is a chelator that complexes Fe3+ and Ga3+with high stability.
The binding affinity of [Ga]-DFO-OC was tested against [125I-Tyr3]-OC in rat
cortex membranes and gave a pIC50 of 8.2. The biodistribution of [67Ga]-DFO-
OC in normal and in pancreatic islet cell-tumor-bearing rats showed renal
clearance and tumor uptake similar to that of 111In-DTPA-OC. PET scans with
68Ga-DFO-OC revealed rapid tumor uptake that peaked at 0.9% ID/mL at
30 min post injection [36]. Since the mid-1990s there have been no other pub-
lications on 68Ga-DFO-OC, and it is unknown whether this agent was evaluated
in a successful clinical trial.

A promising new somatostatin analog for PET imaging with the gallium iso-
topes is DOTA-Tyr3-OC (DOTATOC) (Fig. 1). OC was modified by replacing Phe
in the 3-position of OC with tyrosine to increase the hydrophilicity for in-
creased renal clearance and to allow dual labeling with 125I for potential ther-
apy applications [37]. Use of the bifunctional chelator 1,4,7,10-tetraazacy-
clododecane-N,N¢,N≤,N¢¢¢-tetraacetic acid (DOTA) allowed labeling with a
broad spectrum of 2+ and 3+ radiometals. In a biodistribution study compar-
ing 67Ga-DOTATOC (67Ga, T1/2=78 h) with 111In-DPTA-OC (111In, T1/2=2.8 days)
in rat pancreatic AR42 J tumor-bearing nude mice, the gallium compound had
a significantly higher tumor uptake and a lower kidney uptake. Examination of
the crystal structure of a model peptide chelate, Ga-DOTA-D-PheNH2, revealed
that one carboxylate group is free and deprotonated at physiological pH; this
increased hydrophilicity may contribute to the improved tumor uptake and re-
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nal clearance [37]. When affinities were compared in complete displacement
experiments with 125I-[Leu8, D-Trp22, Tyr25]-somatostatin 28 using membranes
from CCL39 cells stably transfected with human SSTr, Ga-DOTATOC was found
to have a higher affinity (IC50=2.5 nM) for SSTr2 than In-DTPA-OC (22 nM)
[38].

Henze et al. [39] evaluated 68Ga-DOTATOC as a potential agent for PET
imaging of meningiomas. Dynamic PET scans were acquired over 120 min af-
ter intravenous injection of 175 MBq 68Ga-DOTATOC in three patients with
eight meningiomas. The radiolabeled compound showed rapid blood and re-
nal clearance, with a half-life a of 3.5 min and a half-life b of 63 min.All menin-
giomas showed high uptake, with a mean standard uptake value of 10.6, and
there was no tracer accumulation in the surrounding normal brain tissue.
The ratio of uptake in tumor versus normal tissue reached 730 at 120 min post
injection. The smallest legions detected were 7–8 mm, which is a vast im-
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provement over the lower imaging threshold with 111In-DTPA-OC by SPECT
(2.7 cm) [39].

68Ga-labeled DOTATOC was evaluated as a potential imaging agent for car-
cinoid tumors by Hofmann et al. [40]. Dynamic PET scans were acquired over
180 min after intravenous injection of 80–250 MBq in eight patients with car-
cinoid tumors. The group predefined 40 lesions by CT and/or magnetic reso-
nance imaging, and of these lesions, the PET imaging of 68Ga-DOTATOC iden-
tified 100%, whereas SPECT imaging of 111In-DPTA-OC identified only 85%.
The PET imaging of 68Ga-DOTATOC also identified additional lesions not pre-
viously defined. Blood clearance was rapid and renal accumulation was low
enough to allow delineation of adrenal glands [40].

Recently, 66Ga has been evaluated for use in receptor-targeted PET imaging
[12, 41]. Ugur et al. [12] evaluated 66Ga-DOTATOC in animal biodistribution
and micro PET studies and compared this with 67Ga- and 68Ga-labeled DOTA-
TOC in AR42 J tumor-bearing nude mice. Tumor uptake was rapid and the
maximum values of the percentage infective dose per gram were comparable
for all three isotopes. Blood clearance was rapider and kidney accumulation
was lower in the case of 66Ga-DOTATOC, with a maximum percentage infective
dose per gram in the kidney of 4.5 versus 9.18 for 67Ga and 11.4 for 68Ga.

3.2
Somatostatin Analogs Labeled with Copper Radionuclides

OC has been conjugated to the chelator 1,4,8,11-tetraazacyclotetradecane-
1,4,8,11-tetraacetic acid (TETA) for labeling with 64Cu [42]. 64Cu-TETA-OC
showed high affinity for SSTr both in vitro and in vivo and cleared primarily
through the kidneys, with relatively low liver accumulation. 64Cu-TETA-OC 
was evaluated as a PET imaging agent for neuroendocrine tumors in eight 
patients [43]. Preliminary results showed that in two patients, 64Cu-TETA-OC
and PET detected more SSTr-positive lesions than the currently used agent,
111In-DTPA-OC, and g scintigraphy/SPECT. In one patient, 111In-DPTA-OC 
and g scintigraphy showed low uptake in a lung lesion that was not observed
with 64Cu-TETA-OC and PET.

A series of 64Cu-labeled somatostatin analogs was investigated to determine
the optimal analog with respect to target tissue uptake and nontarget tissue
clearance [44]. The chelator TETA was conjugated to OC, Tyr3-OC (Y3-OC, also
referred to as TOC), octreotate (TATE), and Y3-TATE and labeled with 64Cu.
Binding affinity and biodistribution studies were performed in rat pancreatic
CA20948 tumor-bearing rats. Of these agents, 64Cu-TETA-Y3-TATE showed the
best targeting and clearance properties.

In addition to optimizing for the somatostatin analog, it is also necessary to
optimize the chelator. It was reported that 64Cu dissociated from TETA-OC in
rat liver in vivo [45], and this therefore suggested that a stabler chelator for
complexing Cu(II) was required. Additional support for this argument is that
although 64Cu-TETA-OC was reasonably successful in imaging SSTr-positive tu-
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mors in humans, there was a retention of activity in the blood and liver at
longer times (from 4–24 h post injection) [43]. A new class of cross-bridged
macrocyclic chelators for complexing copper radionuclides was reported by
Sun et al. [46], and it was demonstrated in metabolism experiments in rats that
64Cu-labeled 4,11-bis(carboxymethyl)-1,4,8,11-tetraazabicyclo[6.6.2]hexa-
decane (CB-TE2A) was dramatically stabler in vivo than 64Cu-TETA [47].
A preliminary report described the synthesis and biological evaluation of
64Cu-CB-TE2A-Y3-TATE, showing improved target tissue uptake and blood and
liver clearance compared with 64Cu-TETA-OC [48].

3.3
Somatostatin Analogs Labeled with Yttrium and Indium Radionuclides

90Y (T1/2=64.06 h) labeled DOTATOC has been suggested to be a promising tar-
geted radiotherapy agent for SSTr-positive cancers (for a review, see Ref. [49]).
Although 90Y is highly advantageous for cancer therapy since it has 100% abun-
dance of b– emission, 90Y does not emit g-photons for imaging applications.
Dosimetry calculations for clinical trials with 90Y-DOTATOC have been made
using 111In-DOTATOC and g scintigraphy [50]. The disadvantages of using 111In
are that it might behave somewhat differently than 90Y, and gamma scintigra-
phy is not as accurate for quantification as PET. A more accurate surrogate for
90Y is 86Y (T1/2=14.7 h), although the shorter half-life does not allow biodistri-
bution at very long times (more than 60 h). Förster et al. [51] compared 86Y-
DOTATOC with 111In-DTPA-OC in three patients with metastatic carcinoid tu-
mors, and their data suggested that 111In-DTPA-OC underestimated tumor
uptake, and therefore 86Y-DOTATOC was closer to ideal. The pharmacokinet-
ics and dosimetry of 86Y-DOTATOC were evaluated in a phase I PET study of
24 patients with SSTr-positive neuroendocrine tumors, along with the effect of
amino acid coinfusion on renal and tumor uptake [52]. The use of 86Y-DOTA-
TOC allowed accurate dosimetry of tumor and kidneys, and was valuable in es-
tablishing the optimal amino acid regimen for decreasing renal absorbed dose.

110mIn, a positron-emitting radionuclide that is an alternative to 111In, was
used to label DTPA-OC in a clinical PET study with one patient [25]. 110mIn was
prepared by irradiating an enriched 110Cd target using the 110Cd(p,n)110mIn nu-
clear reaction. In one patient, 175 MBq (4.7 mCi) 111In-DTPA-OC was injected
into a patient who had a small-intestine-carcinoma metastasis to the upper tho-
rax, and the patient was imaged by SPECT. Into the same patient, 150 MBq
(4.1 mCi) 110mIn-DTPA-OC was injected and the patient was imaged by PET.
The 69-min half-life of 110mIn allowed the kinetics to be followed for 2 h.A com-
parison of the imaging studies clearly showed improvements in resolution and
recovery with 110mIn PET versus 111In SPECT.
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4
Somatostatin Analogs Labeled with Positron-Emitting Halogen 
Radionuclides

Somatostatin analogs have been labeled with positron-emitting halogen radio-
nuclides such as 18F and 76Br (Fig. 2).Another potential positron emitting halo-
gen radionuclide for PET imaging applications is 124I (T1/2=4.2 days, 22.8% b+)
[35, 53], although at this time, 124I-labeled somatostatin analogs have not yet
been reported. A great deal of effort has been made to improve the in vivo be-
havior of radioiodine (123I, 125I, 131I) labeled SSTr analogs by new strategies in
SSTr ligand development [54]. With radioiodinated SSTr ligands, the major
drawbacks include rapid clearance from the tumor, hepatic uptake, and high
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thyroid and abdominal background activity [6, 55–57]. Radioiodinated carbo-
hydrated N-terminal conjugates of SSTr analogs showed encouraging im-
provements in the biodistribution and tumor uptake kinetics [54]. With these
improvements in developing iodinated SSTr analogs, it is anticipated that SSTr
analogs labeled with 124I will be reported in the near future.

4.1
18F-labeled Somatostatin Analogs

Over the past 20 years a wide variety of 18F-labeled peptide-based radiophar-
maceuticals have been prepared and evaluated for their potential as diagnos-
tic imaging agents. They have been used primarily for tumor imaging and, to
a lesser extent, for infection/inflammation imaging. 18F-labeled somatostatin
analogs are examples of tumor-imaging agents.

Unlike radioiodination of somatostatin analogs, where the labeling condi-
tions are compatible with the presence of an active ester moiety in the labeling
agents, radiofluorination of somatostatin analogs requires strong basic condi-
tions for the specific introduction of [18F]fluoride and can only be achieved via
a suitable prosthetic group [58]. Guhlke et al. [59] successfully radiolabeled OC
with 18F via 2-[18F]fluoropropionic acid 4-nitrophenylester as a prosthetic
group and evaluated its binding affinity and biological activity as well as its in
vivo distribution. This radiolabeling method involved two steps including the
acylation of e-Boc-Lys5-protected OC with the activated ester, and followed by
an acidolytic deprotection leading to the desired product, 2-[18F]fluoropropi-
onyl-(D)Phe1-OC. The use of the 2-[18F]fluoropropionyl moiety provided cer-
tain advantages for the labeling of OC, such as high reactivity of the acylation
agent, low steric impairment caused by the introduction of the fluoroacyl moi-
ety and no side reactions. 2-[18F]fluoropropionyl-(D)Phe1-OC demonstrated
high binding affinity to SSTr with slightly lower binding affinity than an iodi-
nated somatostatin analog and a low nanomolar IC50 value (around 3 nM). Un-
fortunately, the PET pharmacokinetics of 2-[18F]fluoropropionyl-(D)Phe1-OC in
SSTr-positive tumor-bearing rats was unfavorable [60]. Although 2-[18F]fluo-
ropropionyl-(D)Phe1-OC exhibited rapid blood clearance (0.1% ID/g for 1 h,
0.04% ID/g for 2 h) and high in vivo stability, the lipophilicity of this 18F com-
pound resulted in hepatobiliary excretion followed by increasing activity in the
intestines over time (40% ID/g at 1 h). The low tumor uptake along with the
short retention (0.52±0.24% ID/g for 1 h, 0.17±0.04% ID/g for 2 h) further lim-
ited its application for potential PET imaging.

Another approach to labeling OC with 18F was reported by Hostetler et al.
[61]. OC was labeled via an in situ peptide coupling of 4-[18F]fluorobenzoic acid
([18F]FBA) with the N-terminus of OC to provide 4-[18F]fluorobenzoyl-OC
([18F]FB-OC). The process of synthesizing [18F]FB-OC involved a new efficient,
one-pot synthesis of [18F]FBA using a microwave cavity and the combination
of reagents,1,3-dicyclohexylcarbodiimide and 1-hydroxy-7-azabenzo-triazole.
Unfortunately, [18F]FB-OC also showed high liver uptake and low uptake in so-
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matostatin-rich organs such as CA20948 tumor, pancreas, and adrenal glands
in tumor-bearing male Lewis rats.

Improved and more efficient 18F labeling methods for SSTr ligands via pros-
thetic groups have been developed in recent years, and successes in decreasing
the lipophilicity of the 18F-labeled SSTr analogs have also occurred, thereby im-
proving target tissue uptake with decreased hepatobiliary clearance. Carbo-
hydrated 18F labeled octreotate, Na-(1-deoxy-D-fructosyl)-Ne-(2-[18F]fluoro-
propionyl)-Lys0-Tyr3-octreotate ([18F]FP-Gluc-TOCA) showed promising
biokinetics as a potential PET imaging agent of SSTr [62]. The synthesis of
[18F]FP-Gluc-TOCA applied a trifunctional linker concept and it was com-
pleted in around 3 h with a specific activity of more than 37 GBq/µmol. [18F]FP-
Gluc-TOCA demonstrated higher selective binding affinity to human 
SSTr2 (IC50=2.8±0.4 nM) over other SSTr subtypes such as human SSTr4
(IC50=437±84 nM )and SSTr5 (IC50=123±8.8 nM), and this agent had no affin-
ity at all for human SSTr1 and SSTr3 ((IC50>1,000 nM). The decreased
lipophilicity of [18F]FP-Gluc-TOCA with a logP of –1.70±0.02 led to rapid re-
nal excretion (8.69±1.09% ID/g at 1 h) with lower liver (0.72±0.14% ID/g at 1 h)
and intestinal uptake (1.88±0.52% ID/g at 1 h). Even more encouraging is that
[18F]FP-Gluc-TOCA showed impressive tumor uptake (13.54±1.47% ID/g at
1 h) in AR42 J tumor-bearing mice. Human PET imaging of [18F]FP-Gluc-TOCA
in a patient with a history of a histologically proven metastatic carcinoid in the
liver revealed rapid clearance of the radioactivity from the blood pool within
the first hour of injection by renal excretion [62]. Multiple liver metastases were
clearly delineated with standard uptake values in the regions of interest, rang-
ing from 21.4 to 38.0, which were only visible as regions of large, pronounced
liver uptake by SPECT.

It is important to keep in mind that hydrophilic prosthetic groups are im-
portant for renal rather than hepatobiliary clearance. Wester et al. [62] have
demonstrated this with their carbohydrated analogs. Since 18F possesses in-
herent imaging advantages, the development of a simple and rapid synthesis
which will enable 18F-SSTr ligands to be clinically practical is also important.

4.2
76Br-labeled Octreotide

76Br is an alternative to 18F for labeling the SSTr2 ligand for PET imaging of
SSTr-positive tumors. To the best of our knowledge, there is only one approach
to 76Br-labeling of OC using prosthetic groups to decrease the lipophilicity of
the labeled peptide [63]. The OC was conjugated to N-succinimidyl 4-[76Br]bro-
mobenzoate (76BrNHS) and N-succinimidyl 5-[76Br]bromo-3-pyridinecar-
boxylate using microwave heating. The SSTr binding affinity of these two 76Br
conjugates was disappointing. The 76Br-conjugate via 76BrNHS, 4-[76Br]bro-
mobenzoyl-OC, showed lower binding to meningioma than the other 76Br con-
jugate (5-[76Br]bromo-3-pyridinecarboxy-OC). High nonspecific binding
(more than 20%) to meningioma in heart tissue was observed for both 76Br-
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conjugates. Improved brominated analogs and radiochemistry methods will be
needed for this area of research to grow.

5
Summary and Conclusions

Over the past 2 decades, great strides have been made in the development of so-
matostatin analogs labeled with positron emitters for PET imaging of SSTr-
positive tumors. In this review, we described clinical trials with 18F-, 64Cu-, 68Ga,-
86Y- and 110mIn-labeled somatostatin analogs, all of which have been performed
in the past 5 years, as well as discussed some radiochemistry and preclinical
studies with 76Br and 66Ga. The advantages of these positron-emitting somato-
statin analogs include increased image resolution with PET compared with
SPECT, improved quantification capabilities with PET, and the ability to use the
positron emitters as companion isotopes to therapeutic radionuclides such as
the 86Y/90Y pair. The availability of a clinically approved PET somatostatin ana-
log for diagnosis and/or as a companion to therapeutic studies with 90Y will be
a major benefit for cancer imaging and therapy.
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Abstract Integrins are a family of proteins that facilitate cellular adhesion to and migration
on the extracellular matrix proteins found in intercellular spaces and basement membranes.
integrin avb3 is a receptor for a variety of extracellular matrix proteins with the exposed
RGD tripeptide sequence. These include vitronectin, fibronectin, fibrinogen, lamin, collagen,
Von Willibrand’s factor, osteoponin and adenovirus particles. Integrin avb3 is generally ex-
pressed at low levels on epithelial cells and mature endothelial cells, but it is highly expressed
on the surface of both endothelial cells in tumor neovasculature and some tumor cells, in-
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cluding osteosarcomas, neuroblastomas, glioblastomas, melanomas, and carcinomas of the
lung, the breast, the prostate, and the bladder. The expression of integrin avb3 correlates with
the tumor progression in melanoma, glioma, and ovarian and breast cancers. The highly re-
stricted expression of integrin avb3 during tumor invasion and metastasis presents an in-
teresting molecular target for both early detection and treatment of rapidly growing solid
tumors. This chapter will discuss some important aspects associated with the radiolabeling
of diethylenetriaminepentaacetic acid conjugated and 1,4,7,10-tetraazacyclododecane-
N,N¢,N≤,N¢¢¢-tetraacetic acid conjugated integrin avb3 antagonists, and the use of 90Y-labeled
integrin avb3 receptor antagonists as potential therapeutic radiopharmaceuticals for the
treatment of solid tumors. It will focus on radiopharmaceutical design, selection of the ra-
dionuclide, the bifunctional chelator, and targeting biomolecules, as well as modification of
the pharmacokinetics.

Keywords 90Y-labeled integrin av b3 receptor antagonists · Radiotherapy · 
Target-specific radiopharmaceuticals

1
Introduction

Therapeutic radiopharmaceuticals are radiolabeled molecules designed to de-
liver therapeutic doses of ionizing radiation to specific disease sites. The sys-
temic administration of therapeutic radiopharmaceuticals that are designed for
specific localization at tumor sites provides the opportunity for the treatment
of both localized and disseminated disease [1–12]. Most systemically admin-
istered therapeutic radiopharmaceuticals are small organic or inorganic com-
pounds with definite composition. They can also be macromolecules, such as
monoclonal antibodies or antibody fragments labeled with a therapeutic ra-
dionuclide. Ideally, the radiopharmaceutical should localize at the tumor sites
in sufficient concentration to deliver a cytotoxic radiation dose to the tumor
cells and clear rapidly from the blood and other normal organs to minimize ra-
diation damage to normal tissues [2, 8].

Since the introduction of monoclonal antibodies, much effort has been
made to exploit their specificity [13–20]. It has been the Holy Grail in cancer
research using radiolabeled monoclonal antibodies for radioimmunodetection
and radioimmunotherapy. In the past decade, antibody and genetic technology
advances have resulted not only in novel molecules but also in a dramatic
change in the methods for making antibodies on a large scale. In 2002, the FDA
approved the first 90Y-labeled anti-CD20 monoclonal antibody (Zevalin, IDEC
Pharmaceuticals) for radioimmunotherapy of non-Hodgkin’s lymphoma
[18–20]. Other radiolabeled antibodies are under clinical investigations for
treatment of cancers. These include 131I-labeled anti-CD20 monoclonal anti-
body (tositumomab, Bexxar Corixa Corporation) for the treatment of non-
Hodgkin’s lymphoma [21, 22], and radiolabeled anti-prostate-specific mem-
brane antigen antibody (J591) for the treatment of prostate cancer [23–25]. It
has been reported that injection of nanocurie levels of 225Ac-labeled J591 into
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mice bearing prostate carcinoma or disseminated human lymphoma induced
significant tumor regression and prolonged survival [23].

The introduction of 111In-DTPA-octreotide, where DTPA is diethylenetri-
aminepentaacetic acid, for the diagnosis of somatostatin receptor positive tu-
mors has spurred the search for new receptor-based target-specific therapeu-
tic radiopharmaceuticals. A number of radiolabeled small peptides have been
studied for their potential use in tumor therapy [26–34]. Several 90Y-labeled so-
matostatin analogs have been under clinical investigation for their efficacy in
the treatment of somatostatin-positive cancers [35–40]. Several excellent re-
views have appeared recently covering a broad range of topics related to radi-
olabeled peptides as diagnostic and therapeutic radiopharmaceuticals [1–12,
41–47]. This chapter will focus on some important issues related to the radio-
labeling of integrin avb3 antagonists (peptides and nonpeptides) and their ap-
plication as potential therapeutic radiopharmaceuticals for the treatment of
rapidly growing solid tumors.

2
Why Integrin aav bb3 Targeted Radiopharmaceuticals?

Tumors produce diffusible angiogenic factors, which activate endothelial cells
in nearby established capillaries or venules and induce endothelial prolifera-
tion, migration, and new vessel formation through a series of sequential but
partially overlapping steps. Once vascularized, previous dormant tumors be-
gin to grow rapidly and their volumes increase exponentially. The formation of
new blood vessels (angiogenesis) is a requirement for malignant tumor growth
and metastasis [48–51]. The angiogenic process depends on vascular endo-
thelial cell migration and invasion, regulated by cell adhesion receptors.

Integrins are a family of proteins that facilitate cellular adhesion to and mi-
gration on the extracellular matrix proteins found in intercellular spaces and
basement membranes. They also regulate cellular entry and withdraw from the
cell cycle. Integrin avb3 is a receptor for a variety of extracellular matrix proteins
with the exposed RGD tripeptide sequence [48–51]. These include vitronectin,
fibronectin, fibrinogen, lamin, collagen,Von Willibrand’s factor, osteoponin, and
adenovirus particles. The expression of integrin avb3 enables a given cell to ad-
here to, migrate on or respond to almost any matrix protein it may encounter.
Despite its promiscuous behavior, integrin avb3 is generally expressed at low lev-
els on epithelial cells and mature endothelial cells. It has been reported that in-
tegrin avb3 is highly expressed on the neovasculature of tumors, including os-
teosarcomas, neuroblastomas, glioblastomas, melanomas, lung carcinomas, and
breast, prostate, and bladder cancers [52–57].A recent study has shown that in-
tegrin avb3 is overexpressed not only on endothelial cells but also on tumor cells
in human breast cancer xenografts [58]. The expression of integrin avb3 corre-
lates with tumor progression in melanoma, glioma, and ovarian and breast can-
cers [52–58]. The highly restricted expression of integrin avb3 during tumor in-
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vasion and metastasis presents an interesting molecular target for diagnosis and
radiotherapy of rapidly growing solid tumors [59–71].

3
Radiopharmaceutical Design

The new radiopharmaceutical targeting integrin avb3 can be divided into four
parts (Fig. 1): an integrin avb3 targeting moiety, a linker, a bifunctional chela-
tor (BFC), and a radionuclide. The avb3 targeting moiety serves as the vehicle
to carry the radionuclide to the receptor site at the tumor neovasculature. The
radionuclide is the radiation source. Between the targeting molecule and the
radionuclide is the BFC, which strongly coordinates to the metal ion and is co-
valently attached to the targeting molecule either directly or through a linker.
Selection of a BFC is largely determined by the nature and oxidation state of
the metallic radionuclide. The linker can be a simple hydrocarbon chain or a
small peptide sequence, which is often used for modification of pharmaco-
kinetics.

3.1
Choice of Radionuclide

Some selected metallic radionuclides useful for radiotherapy are shown in
Table 1. In general, identifying the most appropriate isotope for radiotherapy
is often a difficult task and requires balancing a variety of factors. These in-
clude tumor uptake and retention of the radiolabeled BFC–biomolecule (BM)
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Fig. 1 Schematic presentation of the radiopharmaceutical design. The targeting biomole-
cule serves as the vehicle to carry a radionuclide to the receptor site on tumor cells. The ra-
dionuclide is the radiation source. The bifunctional chelator (BFC) is used for radiometal
chelation and attachment of the targeting molecule. The linker is often used for modifica-
tion of pharmacokinetics. Diethylenetriaminepentaacetic acid (DTPA), 1,4,7,10-tetraaza-
cyclododecane-N,N¢,N≤,N¢¢¢-tetraacetic acid (DOTA)



conjugate, blood clearance, rate of radiation delivery, half-life and specific ac-
tivity of the metallic radionuclide, and the feasibility of large-scale production
of the radionuclide in an economical fashion. The key point for a target-spe-
cific therapeutic radiopharmaceutical is to deliver a tumoricidal dose of ra-
diation to the tumor cells while not causing significant side effects to normal
tissues.

Ideally, the physical half-life of the therapeutic radionuclide should match
the biological half-life of the radiopharmaceutical at the tumor site. The ra-
dionuclide should have a half-life long enough so that a minimal dose rate
(more than 0.4 Gy/h) is achieved and all cells are irradiated during the most ra-
diation-sensitive phases of the cell cycle. At the same time, the half-life of the
radionuclide has to be long enough to allow adequate time for manufacturing,
release, and transportation. If the half-life of the radionuclide is too short, most
of the radioactivity decays before it reaches the maximum tumor-to-back-
ground ratio. In this situation, attaining a sufficient dose for tumor ablation
(more than 50 Gy) will be problematic. On the other hand, too long a half-life
would cause unnecessary radiation burden to normal tissues. Other consider-
ations include availability and quality of the radionuclide. The purity has to 
be sufficient and reproducible, as trace amounts of impurities can affect the 
radiochemical purity of the radiopharmaceutical. The chosen radionuclide
should have high specific activity since the target receptor sites in tumors are
often limited in number. The specific activity of a radionuclide depends pri-
marily on the production method. Trace metal contaminants must be mini-
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Table 1 Metallic radionuclides useful for radiotherapy

Radio- Half-life Maximum Maximum   g radiation Production Specific 
nuclide (days) energy range (keV) source activitya

(MeV) (mm)

67Cu 2.58 0.575 1.8 185 (40%) Accelerator Low
90Y 2.66 2.27 12.0 – Generator/reactor High
109Pd 0.56 1.03 5.0 88 (%) Reactor Low
111Ag 7.47 1.05 4.8 – Reactor Low
149Pm 2.21 1.07 5.0 286 (3%) Reactor Low
153Sm 1.95 0.80 3.0 103 (28%) Reactor Low
166Ho 1.1 1.60 8.0 81 (6.3%) Reactor/generator High
177Lu 6.7 0.497 1.5 208 (28%) Reactor Medium
186Re 3.7 1.02 5.0 137 (9%) Reactor Low
188Re 0.71 2.12 11.0 155 (15%) Reactor Low
212Bi 1.0 h 7.8  (a) 70 µm 2.25 (b–, 64%) Generator Low

a The specific activity of a radionuclide depends on the source and method of production,
as well as the technique of separation. In general, generator-produced radionuclides, such
as 90Y and 188Re, have a higher specific activity than accelerator- or reactor-produced radio-
isotopes. High specific activity can also be achieved by chemical purification of the desired
radionuclide from the parent element after direct (n,g)-activation of the target.



mized as they often compete with the radionuclide for the BFC and their metal
complexes compete for receptor binding with the radiolabeled BFC–BM con-
jugate.

b-Particle emitters have relatively long penetration ranges (2–12 mm in the
tissue) depending on the energy level. The long-range penetration is par-
ticularly important for solid tumors with high heterogeneity. The b-particle
emitters yield a more homogeneous dose distribution even when they are 
heterogeneously distributed within the target tissue. Among various metallic
radionuclides, lanthanide radiometals are of particular interest. There are 
several lanthanide isotopes to choose, including low-energy b-emitter 177Lu,
medium-energy b-emitters 149Pm and 153Sm, and high-energy b-emitters 166Ho
and 90Y. Yttrium and lanthanide metals share similar coordination chemistry.
The chelator technology is well developed and well understood.

For systemic cancer radiotherapy, 90Y is of particular interest because it is a
high-energy pure b-particle emitter. The half-life of 2.7 days is short enough to
achieve a critical dose rate and long enough to allow the radiopharmaceutical
to be manufactured and delivered for clinical use. For quantitative imaging, the
corresponding 111In-BFC–BM complex is often utilized as a surrogate to de-
termine the biodistribution and the dosimetry of 90Y-BFC–BM. Depending on
the tumor size and location, the choice of the b-emitter may be different. For
example, low-energy b-emitters such as 177Lu are better for smaller metastases,
while high-energy b-emitters such as 90Y are used for larger tumors. 177Lu also
has a small percentage of g-emission, which can be used for dosimetry deter-
mination and staging of radiotherapy. The 90Y-labeled anti-CD20 monoclonal
antibody (Zevalin, IDEC Pharmaceuticals) has recently been approved by the
FDA for the treatment of non-Hodgkin’s lymphoma [18–20]. Several 90Y-la-
beled somatostatin analogs are still in clinical trials to study their therapeutic
efficacy in the treatment of somatostatin-positive cancers [35–40].

Rhenium has two isotopes (186Re and 188Re) useful for tumor radiotherapy.
186Re has a half-life of 3.68 days with a b-emission (Emax=1.07 MeV, 91% abun-
dance) and a g-photon (E=137 keV, 9% abundance). 186Re is produced by the ir-
radiation of 185Re with neutrons [185Re(n,g)186Re]. The yield of 186Re depends on
the amount of 185Re in the target, the energy of neutrons available, and the neu-
tron reflux. The specific activity is from low to medium. 188Re has a half-life of
16.98 h with a high-energy b-emission (Emax=2.12 MeV, 85% abundance) and
155-keV g-photons (15% abundance). 188Re can be prepared either from the
nuclear reaction 187Re(n,g)188Re or from the 188W–186Re generator. The gener-
ator-produced 188Re is carrier-free and has very high specific activity. The
188W–186Re generator also has a very long useful shelf-life, and is inexpensive
and readily available. The 15% 155-keV g-photons also allow imaging for
dosimetry determination.

212Bi is a generator-produced a-emitter with a half-life of 1 h. The average
a-particle energy is 7.8 MeV with a penetration range of 50–90 µm in tissue.
The daughter isotope of 212Bi is 208Tl, which emits a 2.6-MeV g-ray and along
with other medium-to high-energy g-emissions. This will result in a very high
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radiation dose to the patient. The half-life of 1 h for 212Bi is probably too short
for the receptor-based therapeutic radiopharmaceutical to reach maximum
concentration at the tumor sites and deposit sufficient radiation dose to tumor
cells.

3.2
Bifunctional Chelators

The use of metallic radionuclides offers many opportunities for designing 
new radiopharmaceuticals by modifying the coordination environment
around the metal with a variety of chelators. The coordination chemistry of the
metallic radionuclide will determine the geometry and solution stability of the
metal chelate. Different metallic radionuclides have different coordination
chemistries, and require BFCs with different donor atoms and ligand frame-
works. The metal chelate can significantly impact the tumor uptake and biodis-
tribution of radiolabeled small BMs owing to the fact that in many cases the
metal chelate contributes greatly to the overall size of the radiopharmaceuti-
cal. Therefore, selection of the BFC is very important for the development of a
clinically useful therapeutic radiopharmaceutical. In this chapter, we will focus
only on DTPA- and 1,4,7,10-tetraazacyclododecane-N,N¢,N≤,N¢¢¢-tetraacetic
acid (DOTA)-based BFCs useful for radiolabeling of BMs with yttrium and lan-
thanide isotopes.

Many acyclic and macrocyclic BFCs have been used for radiolabeling of an-
tibodies and small BMs with yttrium and lanthanide isotopes [72–80]. BFCs for
yttrium and lanthanide radiopharmaceuticals have recently been reviewed [8].
The structures of selected acyclic and macrocyclic BFCs, some of which are
commercially available from Macrocyclics, Richardson, TX, are shown in Fig. 2.
A major advantage of using DTPA analogs as BFCs is their extremely high ra-
diolabeling efficiency (fast and high-yield radiolabeling) under mild condi-
tions; but the kinetic lability of their metal chelates often results in dissociation
of the radiometal from the metal chelate, and leads to radiation toxicity to non-
target organs such as bone marrow. Radiolabeling kinetics of DOTA-based
BFCs is usually slow, and largely depends on the radiolabeling conditions [8],
including the DOTA-conjugate concentration, pH, reaction temperature and
heating time, buffer agent, and presence of other contaminant metal ions. In the
end, the choice of the BFC will be based on the BM to be labeled and the phar-
macokinetics of the radiolabeled BM. There is always a balance between the
high radiolabeling efficiency of DTPA derivatives and the high kinetic inertness
of DOTA analogs.

DOTA is of particular interest as a BFC for radiolabeling of small BMs with
yttrium and lanthanide isotopes. The macrocyclic framework is well organized
so that it forms yttrium and indium complexes with high thermodynamic sta-
bility and kinetic inertness. The pKa values of the carboxylic groups are in the
range 2–5. Lower pKa values result in less competition from protons, high sta-
bility of the metal complex, and minimum acid-assisted demetallation, even
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under acidic (pH£2) conditions. Conjugation of BMs can be easily achieved us-
ing one of the carboxylic groups. The acetate groups attached to the nitrogen
donor atoms have low molecular weight, and are very hydrophilic; therefore, the
contribution of the BFC to the overall molecular weight of the DOTA–BM con-
jugate can be minimized. The high hydrophilicity improves the pharmaco-
kinetics of the radiopharmaceutical. High radiolabeling efficiency can be
achieved at elevated temperatures without causing any significant effects on the
chemical and biological characteristics of the radiolabeled DOTA–BM conju-
gates.

3.3
Targeting Biomolecule

The targeting BMs can be small peptides or nonpeptide heterocycles. Many
peptide and nonpeptide integrin avb3 receptor antagonists have been studied
for their potential use as therapeutic drugs for the treatment of cancer [81–93],
some of which have demonstrated very high binding affinity and selectivity for
integrin avb3, and have been shown to inhibit neovascularization, tumor-in-
duced angiogenesis, and tumor growth.

Selected examples of peptide and nonpeptide leads that have high affinity
for integrin avb3 with IC50 values in the nanomolar or subnanomolar range, and
are potential candidates as targeting BMs to carry the radionuclide to tumors,
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Fig. 2 Structures of selected acyclic and macrocyclic BFCs useful for the radiometal label-
ing of biomolecules, including antibodies, antibody fragments, small peptides, and non-
peptide receptor ligands



are shown in Fig. 3. Arrows indicate possible sites for conjugation of the ra-
diometal chelate. Examples of DTPA- and DOTA-conjugated integrin avb3 re-
ceptor antagonists are shown in Figs. 4 and 5. In general, the selection of a 
specific targeting BM depends largely on the receptor-binding affinity and se-
lectivity for integrin avb3 over GPIIb/IIIa. The selected integrin avb3 receptor
antagonists should have high receptor binding affinity with an IC50 value in the
nanomolar range, and high selectivity for integrin avb3 with a high IC50 avb3-
to-GPIIb/IIIa ratio. Attachment of the DTPA or DOTA chelator should not 
interfere with the receptor binding of the selected BMs.

4
90Y- and 111In-Labeling of DTPA-Conjugated Integrin aavbb3 Receptor 
Antagonists

Recently, Liu et al. [94] reported the synthesis of DTPA–c(RGDfK) (Fig. 4:
SQ169) and DTPA[c(RGDfK)]2 (Fig. 4: SQ170), and their 90Y complexes (90Y-
SQ169 and 90Y-SQ170). 90Y-SQ169 and 90Y-SQ170 can be prepared in high yield
(more than 95%) by reacting 2 µg SQ169 and SQ170, respectively, with 20 mCi
90YCl3 (SQ169:Y ratio approximately 4:1) in a 0.5 M ammonium acetate buffer
(pH 6.5–8.0) at room temperature. In both cases, the 90Y chelation was instan-
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taneous. 90Y-SQ169 exists in solution as a mixture of two detectable isomers (cis
and trans isomers), which slowly interconvert at room temperature. The inter-
conversion of different isomers in 90Y-SQ169 involves exchange of “wrapping
isomers” via the “wagging” of the diethylenetriamine backbone,“shuffling” of
the two NO2 donor sets, and inversion at the terminal amine-nitrogen atom. For
90Y-SQ170, the interconversion of different isomers is much faster owing to the
weak bonding of two carbonyl-oxygen donors [94]; therefore, 90Y-SQ170 shows
only one broad radiometric peak in its high-performance liquid chromatog-
raphy (HPLC) chromatogram.
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Fig. 4 Structures of DTPA- and DOTA-conjugated integrin avb3 receptor antagonists (RGD-
containing cyclic peptides)



111In-SQ169 and 111In-SQ170 can be prepared in high yield by reacting
SQ169 and SQ170, respectively, with 111InCl3 in the 0.5 M ammonium acetate
buffer (pH 6.0–7.0) at room temperature [95]. The 111In chelation was almost
instantaneous for both SQ169 and SQ170. 111In-SQ169 and 111In-SQ170 are sta-
ble in solution for more than 24 h without significant decomposition. It is sur-
prising to find that 111In-SQ169 and 111In-SQ170 are more hydrophilic than
their corresponding 90Y analogs (Fig. 6), suggesting a different coordination
sphere in 111In and 90Y complexes of the same DTPA–BM conjugate. By a re-
versed-phase HPLC method, both 111In-SQ169 and 111In-SQ170 showed only
one radiometric peak in their respective HPLC chromatogram owing to the
rapid interconversion of different isomers [95].

5
90Y- and 111In-Labeling of DOTA-Conjugated Integrin aavbb3 Receptor 
Antagonists

SU015 (Fig. 4) is a DOTA-conjugated cyclic peptide dimer [96, 97]. 90Y-SU015
can be prepared by reacting SU015 with 90YCl3 in ammonium acetate buffer
(pH 5.0–7.5). There are many factors influencing the rate of 90Y chelation and
the radiolabeling efficiency of SU015. These include the pH, reaction temper-
ature and heating time, as well as the presence of trace metal contaminants,
such as Ca2+, Fe3+, and Zn2+. The chelation of 90Y by SU015 is slow, so heating
at elevated temperatures (50–100 °C) is needed to complete the 90Y-labeling.
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Under optimized radiolabeling conditions (pH 7.2–7.8 and heating at 80–
100 °C for 5–10 min), the minimum amount of SU015 required to achieve 95%
radiochemical purity for 90Y-SU015 is around 25 µg for 20 mCi 90YCl3 cor-
responding to a SU015-to-90Y ratio of around 30:1 [96].

Radiopharmaceuticals comprising b-emitting radionuclides may undergo
autoradiolysis during preparation and storage. Radiolysis is caused by the for-
mation of free radicals such as hydroxyl and superoxide radicals [98], and is de-
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Fig. 6 Typical radio-high-performance liquid chromatography (HPLC) chromatograms for
90Y-SQ169 (top) and 111In-SQ169 (bottom)



pendent on the concentration of the radionuclide and oxygen dissolved in the
reaction mixture. To prevent radiolysis, a radiolytic stabilizer is often used dur-
ing or/and after the radiolabeling [99–101]. However, the use of the stabilizer
cannot totally eliminate the oxygen dissolved in the reaction mixture. The com-
bination of oxygen and the high-energy b-particles may still result in forma-
tion of a large number of superoxide radicals, which are very reactive toward
organic molecules. In this situation, anaerobic conditions might be needed for
successful radiolabeling [102].

Different BMs have different sensitivity toward radiolysis. For example,
SU015 (Fig. 4) is a DOTA-conjugated cyclic peptide and its 90Y complex (90Y-
SU015) can be prepared in high yield in the presence of oxygen [96]. TA138
(Fig. 5) is a DOTA-conjugated nonpeptide integrin avb3 receptor antagonist,
and is very sensitive to radiolysis. 90Y-TA138 has to be prepared under anaer-
obic conditions. Addition of a stabilizer (e.g., sodium gentisate) in the HPLC 
autosampler vial is also needed to maintain the solution stability of 90Y-TA138
[102].

6
Differences Between 90Y- and 111In-Labeled DTPA and DOTA Bioconjugates

6.1
Structural Differences

Y3+ and In3+ are trivalent metal cations. The main difference is their size. As a
result, Y3+ and In3+ often have different coordination chemistry, particularly
with a polydentate chelator such as DTPA and DOTA derivatives. For example,
Y3+ has an ionic radius of 0.87 Å [103], and fits perfectly into the coordination
cavity of the DOTA-monoamide chelator. Most yttrium complexes of DOTA de-
rivatives are able to maintain their rigid eight-coordinated structure in solution
[104–106]. In3+ has an ionic radius of 0.75 Å, which is smaller than that of Y3+

[103]. The coordination number for In3+ is typically 6 or 7 [107–110]. Only a few
eight-coordinated In3+ complexes are known [111–114]. Owing to its smaller
size, In3+ does not fit into the coordination cavity of the DOTA-monoamide.Al-
though In3+ is shown to be eight-coordinated in the solid state of In(DOTA-
monoamide) [114, 115], the carbonyl oxygen may become dissociated in solu-
tion [116]. This is particularly true for 111In-labeled DOTA conjugates at the
tracer level (10–9–10–8 M).

6.2
Difference in Lipophilicity and Solution Properties

The difference in coordination chemistry is also reflected by the difference in
the lipophilicity and solution properties. For example, 90Y-SQ169 exists in so-
lution as a mixture of two detectable isomers (cis and trans isomers) as evi-
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denced by the presence of two radiometric peaks in its HPLC chromatograms
(Fig. 6), while 111In-SQ169 shows only one radiometric peaks owing to a much
faster interconversion between different isomers [95]. Both 111In-SQ169 and
111In-SQ170 are more hydrophilic than their corresponding 90Y analogs: 90Y-
SQ169 and 90Y-SQ170 [94, 95]. Similar results were also observed between 111In-
TA138 and 90Y-TA138 (Fig. 7).

7
Bioequivalence Between 111In-TA138 and 90Y-TA138

While 90Y-labeled DOTA bioconjugates are used for tumor radiotherapy, 111In-
labeled DOTA bioconjugates are often used as imaging surrogates for biodis-
tribution and dosimetry determination. This is largely due to the fact that 90Y
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Fig. 7 Typical radio-HPLC chromatograms of 90Y-TA138 (top) and 111In-TA138 (bottom)



is a pure b-emitter. As discussed previously, 90Y-labeled DTPA and DOTA bio-
conjugates often show a slight difference in their lipophilicity and solution
properties compared with their corresponding 111In analogs owing to different
coordination chemistry. The most critical question is whether 111In- and 90Y-la-
beled bioconjugate are biologically equivalent. This question has to be an-
swered in order to use the 111In-labeled bioconjugate for accurate dosimetry es-
timation of the corresponding 90Y analog.

Recently, Onthank et al. [117] reported the biodistribution data of 111In-
TA138 and 90Y-TA138 in the c-neu Oncomouse model. Despite their differences
in lipophilicity and solution structure, the biodistribution data clearly demon-
strated that 111In-TA138 and 90Y-TA138 are biologically equivalent with respect
to their uptake in tumors and other major organs [117]. Therefore, 111In-TA138
is useful as an imaging surrogate for 90Y-TA138, and should be able to predict
the radiation dosimetry of 90Y-TA138, a therapeutic radiopharmaceutical for
treatment of rapidly growing tumors.

It should be noted that the HPLC retention time largely depends on the chro-
matographic conditions, and does not represent the “absolute” value of the hy-
drophilicity for a specific radiolabeled compound. The hydrophilicity differ-
ence between 111In- and 90Y-labeled DOTA conjugates also depends on the
relative size of the BM. For large BMs such as antibodies, the slight difference
in the radiometal chelate may not cause any significant difference in physical
and biological properties of 90Y- and 111In-labeled DOTA conjugates. For small
BMs such as peptides, the slight difference in their coordination chemistry may
cause significant differences in biological properties of 90Y- and 111In-labeled
bioconjugates. Therefore, it is critical to prove that the 111In-labeled DOTA con-
jugate is biologically equivalent to the corresponding 90Y analog in the same 
animal model.

8
Radiolabeled Integrin aavbb3 Receptor Antagonists for Tumor Radiotherapy

8.1
Radiolabeled RGD-Containing Cyclic Peptides

Peptides are necessary elements in more fundamental biological processes than
any other class of molecule, and in many cases the affinities of small peptides
for their receptors are significantly greater than those of antibodies or their
fragments. They can also tolerate harsher chemical conditions for modification
or radiolabeling. Small peptides are easy to synthesize and modify, less likely
to be immunogenic, and can have rapid blood clearance. The faster blood clear-
ance often results in better tumor-to-background ratios. In most cases, the pri-
mary sites of interactions of the peptides are specific receptors on the surface
of the cell membrane (extracellular).All these factors make small peptides ex-
cellent candidates for the development of target-specific radiopharmaceuticals.
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A dual-isotope (125I and 111In) labeled cyclic peptide conjugate, DTPA–D-
[125I]Tyr4–c(RGDyK) (Fig. 4), was recently reported [118]. In autoradiolography
and immunohistochemistry studies, the 125I-labeled analog appeared to bind
specifically and with high affinity to integrin avb3 on neovascular blood vessel
sections of different major human cancers, particularly breast and prostate
cancers, which overexpress integrin avb3 receptors. The 125I-labeled analog was
found to undergo internalization in human carcinoid Bon cells and rat pan-
creatic CA20948 tumor cells [118]. The internalization is receptor-specific, and
time- and temperature-dependent. The tumor uptake is dependent on the in-
jected dose of unlabeled DTPA conjugate, suggesting that the uptake in the tu-
mor is indeed due to the integrin avb3 receptor binding. Although the authors
proposed that 90Y-DTPA–D-[125I]Tyr4–c(RGDyK) might be useful for tumor
therapy [118], the biodistribution data of 111In-DTPA–D-[125I]Tyr4–c(RGDyK)
showed very low tumor uptake (less than 0.5% ID/g at 24 h post injection).

Recently, Rajopadyhe and coworkers at Bristol-Myers Squibb Medical Imag-
ing reported the synthesis of 6-hydrazinonicotinamide conjugates of a series of
RGD-containing cyclic peptides [119–121], which are useful for the develop-
ment of diagnostic 99mTc radiopharmaceuticals. The same group also reported
the synthesis of a DOTA conjugate (Fig. 4: SU015) and its 90Y and 111In com-
plexes (90Y-SU015 and 111In-SU015) [96, 120]. In the enzyme-linked im-
munosorbent assay, the DOTA conjugate (SU015) and its indium and yttrium
complexes show very high binding affinity, with a IC50 value in the nanomolar
range, and good selectivity for integrin avb3. It was found that the attachment
of the metal chelate has no significant impact on the receptor binding [120]. In
the c-neu Oncomouse tumor model, 111In-SU015 shows a relatively high tumor
uptake and long tumor retention time (around 3.0% ID/g at 2 h and 1.5% ID/g
at 24 h post injection) [120]. Biodistribution data in the c-neu Oncomouse
model show that 90Y-SU015 and 111In-SU015 are biologically equivalent. 90Y-
SU015 has been evaluated as a therapeutic radiopharmaceutical in several ex-
perimental tumor models, including c-neu Oncomouse, HCT116, and HT460
xenografts [122]. In all cases, the tumor growth is significantly inhibited in mice
treated with 90Y-SU015 (2 mCi/kg) on days 7 and 11 after implantation of
tumor cells in mice (Fig. 8).

In spite of these promising results, the tumor uptake of 90Y-SU015 is still 
relatively low (around 1.5% ID/g at 24 h post injection). The biodistribution
data in the c-neu Oncomouse model also show that a small part of 90Y-SU015
is excreted via the hepatobiliary route. The radioactivity levels in blood, kidney,
and liver are relatively high, which makes 90Y-SU015 less than ideal as a new
therapeutic radiopharmaceutical for the treatment of solid tumors.

8.2
Radiolabeled Nonpeptide Antagonists

In order to increase the tumor uptake and improve the pharmacokinetics at the
same time, Harris and coworkers [123, 124] recently reported a series of DOTA
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conjugates of indazole- and quinolone-based integrin avb3 receptor antagonists
and potential application of their 90Y complexes for tumor radiotherapy. Two
examples (TA120 and TA138) of DOTA-nonpeptide conjugates are shown in
Fig. 5. TA120 is a DOTA conjugate derived from the indazole scaffold.Although
111In-TA120 demonstrated excellent tumor uptake (12.9% ID/g at 2 h post in-
jection, and 9.2% ID/g at 24 h post injection) in the c-neu Oncomouse model,
the kidney uptake was still considered too high (~around 7.5% ID/g at 24 h
post injection) for an ideal therapeutic radiopharmaceutical [123]. The uptake
in other major organs was lower than that of 111In-SU015 (cyclic peptide
dimer). Since TA120 has a limited selectivity for integrin avb3 over GPIIb/IIIa,
90Y-TA120 is not an ideal agent for radiotherapy.

TA138 (Fig. 5) is a quinolone-based nonpeptide integrin avb3 receptor an-
tagonist, and has very high binding affinity and specificity for the integrin avb3
receptor [124]. DOTA is chosen for 111In- and 90Y-chelation owing its ability to
form indium and yttrium complexes with high thermodynamic stability and
kinetic inertness. The dicysteic acid linker was selected as a pharmacokinetic
modifier to increase the hydrophilicity and to improve the renal clearance 
of the 111In- and 90Y-labeled DOTA-conjugates [124]. Selected images of
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Fig. 8 Tumor growth is significantly inhibited in mice bearing HCT116 xenograft tumors.
The mice were treated with 90Y-TA138 (2 mCi/kg) and Doxorubicin (8 mg/kg) on days 7 and
11 after implantation of tumor cells in the mice



111In-TA138 in the c-neu Oncomouse model are shown in Fig. 9. 111In-TA138
demonstrated very high tumor uptake (around 10% ID/g at 2 h post injection).
111In-TA138 exhibited rapid blood clearance via the renal system [117, 124]. The
uptake in the eye and bile were below the limit for quantification by 2 h post in-
jection. The tumor uptake was 3–4 % ID/g at 24 h post injection, and 2–3% at
48 h post injection. HPLC analysis of blood and urine samples at 2 h and 24 h
post injection showed that there was no significant metabolism for 111In-TA138.

The therapeutic efficacy of 90Y-TA138 was evaluated in the c-neu Onco-
mouse model (Fig. 10). Mice with a tumor volume of 318±70 mm3 were ad-
ministered with 90Y-TA138 by a single bolus intravenous injection on days 1, 8,
and 15. All animals treated with 90Y-TA138 showed positive therapeutic re-
sponses. At the lowest dose (15 mCi/m2), the fractional tumor volume (V/Vo)
on day 21 was 2.44 compared with 3.77 for the negative control, representing a
tumor growth inhibition of 36%. At the highest dose (90 mCi/m2), V/Vo was
0.16, corresponding to 96% tumor growth inhibition. There were no significant
changes (above 10%) in body weights when comparisons were made with the
control. 90Y-TA138 has been selected as a clinical candidate for radiotherapy of
rapidly growing tumors.

9
Conclusions

Radiolabeled integrin avb3 receptor antagonists represent a new class of target-
specific radiopharmaceuticals for the treatment of solid tumors. Since integrin
avb3 is highly expressed in rapidly growing tumors and during tumor invasion
and metastasis, radiopharmaceuticals targeting integrin avb3 are most likely to
be more specific for rapidly growing and metastatic tumors. There are many
factors influencing the tumor uptake and tumor retention of a specific radio-
tracer. These include the receptor population on endothelial and tumor cells,
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Fig. 9 Representative images of 111In-TA138 at 0.5, 1, and 2 h post injection in the c-neu On-
comouse model. Arrows indicate the presence of radioactivity in tumors or the bladder.
Theimages have not been filtered



receptor binding affinity, lipophilicity, protein binding, receptor binding and
dissociation kinetics, and excretion route. Preclinical studies have demon-
strated that radiolabeled integrin avb3 receptor antagonists (peptides and non-
peptides) can be used as radiopharmaceuticals for imaging and radiotherapy
of solid tumors in experimental animals known to express integrin avb3 re-
ceptors.

However, many questions remain unanswered. In the earlier literature, the
overwhelming emphasis was focused on the impact of integrin avb3 binding
affinity on the tumor uptake.Very little attention was paid to the improvement
of receptor binding kinetics (association and dissociation rate) and the impact
of receptor binding kinetics on the tumor uptake and retention time. There is
also very limited information available to link the lipophilicity and protein
binding characteristics of radiolabeled integrin avb3 receptor antagonists di-
rectly to their biodistribution and pharmacokinetic properties.While imaging
is focused on improvement of the tumor-to-background ratio, radiotherapy re-
lies largely on the tumor uptake and retention time of radiolabeled inte-
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Fig. 10 Dose escalation (15–90 mCi/m2) study to demonstrate the therapeutic efficacy. The
tumor growth is significantly inhibited in mice (c-neu Oncomouse model) treated with 90Y-
TA138 on days 1, 8, and 15



grin avb3 receptor antagonists. An ideal therapeutic radiopharmaceutical tar-
geting integrin avb3 should be able to selectively accumulate in tumors and
have a long tumor retention time in order to achieve the tumoricidal effect
without causing significant side effects to normal tissues.

Development of appropriate animal tumor models remains a significant
challenge for the preclinical evaluation of radiolabeled integrin avb3 receptor
antagonists. In the earlier literature, various animal models, including tumor-
bearing mice and rats, have been used to assess the localization and retention
of radiolabeled integrin avb3 receptor antagonists in tumors. There is often lim-
ited information available to demonstrate if integrin avb3 receptors are over-
expressed, what the integrin avb3 receptor population on endothelial cells
and/or tumor cells is, and how the conditions in animals are correlated to those
during tumor growth and invasion in humans. Without the proper validation
of animal tumor models, it would be very difficult to show if the localization
and retention of radiolabeled integrin avb3 receptor antagonists in tumors are
indeed based on specific receptor binding. More importantly, it will be ex-
tremely difficult to predict if the radiolabeled integrin avb3 receptor antagonist
will work in humans even though the selected radiopharmaceutical may show
significant tumoricidal effects in certain animal models.

Biological evaluation of radiolabeled integrin avb3 receptor antagonists as
therapeutic radiopharmaceuticals is a long and time-consuming process. It re-
quires close collaboration among chemists, biologists, pharmacologists, and
oncology clinicians. One of the most critical steps in the whole radiopharma-
ceutical development process is to screen several different classes of radiola-
beled integrin avb3 receptor antagonists for their tumor uptake, tumor reten-
tion time, and pharmacokinetics (excretion route and the rate of excretion
preferably via the renal system) in a systematic fashion. Special effort should
be made to avoid using the “mix-and-shoot” approach.Without a good under-
standing of the fundamentals of chemistry, radiochemistry, and biology, it
would be extremely difficult to select the most suitable agents for tumor ra-
diotherapy. Once the promising candidates have been identified, they should be
evaluated in several different tumor-bearing animal models. Since these agents
will be used in patients with rapidly growing and metastatic tumors, the ideal
tumor-bearing model would be that which is closest to conditions during tu-
mor growth and metastasis in humans.

Another challenge is the time at which the integrin avb3-targeted radio-
pharmaceutical will be used for cancer treatment. Since integrin avb3 is highly
expressed in rapidly growing tumors and during tumor invasion and metasta-
sis, radiopharmaceuticals targeting integrin avb3 are most likely to be more ef-
fective for rapidly growing and metastatic tumors. For slow-growing tumors or
tumors with large necrotic cores, these radiopharmaceuticals may not be ef-
fective. Therefore, there is an urgent need to develop the most appropriate clin-
ical protocols targeting patients with rapidly growing or metastatic tumors in
order to achieve therapeutic efficacy. One can always hope that one day inte-
grin avb3-targeted therapeutic radiopharmaceuticals will find wide use for the
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treatment of cancers even though they may not be the “magic bullet”. Even if
it may not be a single agent, a cocktail of compounds (radiotherapy and
chemotherapy) representing the Holy Grail of cancer research may be found in
the foreseeable future.
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