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Abstract: Due to its long half-life of 2.111x10° y, technetium, i.e. ®**Tc, offers the excellent opportunity of combin-
ing fundamental and ‘classical’ organometallic or coordination chemistry with all methodologies of radiochem-
istry. Technetium chemistry is inspired by the applications of its short-lived metastable isomer **™Tc in molecular
imaging and radiopharmacy. We present in this article examples about these contexts and the impact of purely
basic oriented research on practical applications. This review shows how the chemistry of this element in the
middle of the periodic system inspires the chemistry of neighboring elements such as rhenium. Reasons are
given for the frequent observation that the chemistries of **Tc and ®**™Tc are often not identical, i.e. compounds
accessible for ®™Tc, under certain conditions, are not accessible for *Tc. The article emphasizes the importance
of macroscopic technetium chemistry not only for research but also for advanced education in the general fields

of radiochemistry.
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1. Introduction

1.1 Historical Development of Technetium Chemistry
Technetium is a man-made element, discovered and character-
ized by C. Perrier and the Nobel laureate E. Segre in 1937.111 Since
it was only available in trace amounts from cyclotron-irradiated
molybdenum foils, some time passed before the exploration of
its chemistry on the macroscopic level could start. The first re-
ports on technetium chemistry on a weighable scale appeared in
the early fifties, when *Tc became available from the workup of
spent nuclear fuels.!2 Since about 6% of all fission products is *Tc,
chemistry on the gram scale was no problem at that time, especially
since the half-life of 2.111x10° y is rather long, making its specific
activity reasonably low. In addition, ®Tc is a weak B~-emitter, the
radiation of which is essentially absorbed by the walls of normal
glassware keeping exposition to ionizing radiation at a reasonable
level when following standard radiochemical radiation protection
measures as requested by the authorities. For a long time, tech-
netium was considered just an ‘exotic’ artificial element and not
too much attention was paid to it. This changed when Brookhaven
National Laboratory discovered the *Mo/*™Tc generator and the
very favorable properties of the metastable nuclide *™Tc for nu-
clear medicine purposes.3! Since *™Tc has a half-life of only 6 h,
macroscopic chemistry is impossible. To characterize the authen-
ticities of *™Tc complexes, it is essential to prepare the long-lived
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%Tc analogues and to compare, e.g. their retention times in ITLC or
HPLC. Recognizing the high importance and convenience of *"Tc
for nuclear medicine initiated a stormy development in technetium
chemistry with *Tc. The main purpose was to fully characterize
compounds of *™Tc by studying *Tc but even more to discover
and develop new complexes for functional imaging. Fundamental
coordination compounds and organometallic complexes were syn-
thesized and characterized in the seventies, the eighties and the
nineties. Numerous groups were active worldwide in technetium
chemistry and reviews appeared regularly about progresses and
advances. Technetium even had its own dedicated conference.!*l
Despite this thrust for new technetium compounds, many
fundamental fields remained essentially untouched, in particular
those with no immediate perspective of application in nuclear
medicine. This concerned especially organometallic compounds
but also fundamental structures such as the binary halides, which
are core in the chemistry of the neighboring transition elements.
Only recently, A. Sattelberger and coworkers filled one of these
gaps with a systematic study about technetium halide preparations
and structures.l®! *™Tc¢ is a nuclide for Single Photon Emission
Computed Tomography (SPECT). Since the new century, Positron
Emission Tomography (PET) set out to compete with or rather to
complement SPECT. This led to a decreasing relevance of *Tc
and *"Tc chemistry. Together with ever-growing radiation safety
considerations, fundamental technetium chemistry started to de-
cline as well. Despite the fact that still around 80% of all nuclear
medicine diagnoses are done with *™Tc,[¢! essentially no new
compounds entered the health care market since, among other
reasons, basic studies with *Tc became fewer and fewer. This
is somewhat surprising since, apart from application-driven re-
search, fundamentals are equally important. Following trends as
found in other fields, support for fundamental research is more
and more difficult to acquire. Nowadays, only a handful of groups
are still pursuing technetium chemistry with *Tc, in pure funda-
mentals!”l or fundamentals directed towards application as this au-
thor’s group and a few others, 8! in nuclear waste management,!
in the environmental sciences!!%l and many in labelling chemistry,
but with ®™Tc only. Fig. 1 shows a reduced excerpt with radioiso-
topes of technetium and the neighboring elements molybdenum
and ruthenium.[!1 Since all mass numbers are occupied by stable
isotopes of the latter two elements, no stable technetium exists.[!2]
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Fig. 1. Adapted excerpt from the Karlsruhe Nuclide Chart, showing the
radionuclides of ruthenium, technetium and molybdenum.'!

1.2 Opportunities in Technetium Chemistry

In the periodic table, technetium lies towards the middle of the
transition element series. This makes its chemistry very inter-
esting, since it possesses properties of the early and the later d-
elements. It represents a nice example for diagonal relationships
within the periodic table. In its chemistry in the higher oxidation
states, it is different from its heavier homologue rhenium but re-
sembles this element very well in the lower valences. Since low-
valent organometallic chemistry became more and more impor-
tant for the labelling of targeting biomolecules, many research
groups are doing rhenium chemistry as a substitute for *Tc and
as a surrogate for ®™Tc. This so-called matched-pair situation is

becoming more and more important since the pure imaging op-
portunities with *"Tc are complemented by strongly increasing
activities exploring the cyto- or phototoxic properties of rhenium
organometallic compounds as pointed out by Gasser et al.l'3! In
the matched-pair concept, *"Tc complexes would be used for im-
aging and its rhenium homologues for chemotherapy, thus open-
ing a unique pathway for theranostics hardly encountered for any
other set of elements.!'3.141 This concept requires, however, that the
compounds have to be prepared with ®™Tc in water together with
rhenium, which is not such an easy prerequisite as it might look at
first glance (vide infra). Alternatively, matching *"Tc chemistry
with rhenium could also be a combination with '®Re or '*Re, two
radioisotopes with excellent radiotherapeutic properties but dif-
ficult to obtain in appropriate qualities and quantities.!>]
Labelling with *™Tc is based on several strategies, each of them
requiring broad skills and interdisciplinary vistas. Originally, the
preparation of new radiopharmaceuticals for imaging purposes
focused on the synthesis of new complexes, so-called ‘de novo’
radiopharmaceuticals. Cardiolite®, an extremely successful myo-
cardial imaging agent, is such an example (Fig. 2A). Cardiolite®
is still in routine clinical application despite being more than
thirty years old.l'®! De novo radiopharmaceuticals are hardly a
topic nowadays since their development is costly and other diag-
nostic methods may well compete. A second generation of radio-
pharmaceuticals are targeting molecules such as peptides, pro-
teins or small molecules which are tagged with a ®™Tc complex.
Second-generation radiopharmaceuticals are still topological foci
although, over the years, only a small number of such imaging
agents were or are introduced into the market.[!7] The labelling of
targeting molecules demands skills in the design and synthesis of
tailor-made ligands. These have to be conjugated to the biovec-
tors without affecting their biological properties. Finally, the new
conjugates have to be labelled with a ®™Tc core and be subjected
to biological studies. These individual steps have to be combined,
thus, involved research covers many subfields ranging from in-
organic chemistry to radiochemistry and biological sciences.
The interdisciplinary character makes it highly demanding, but
also interesting since learning all the skills for the development
of second generation radiopharmaceuticals is advantageous for
academic progress. A good example for outlining this interdis-
ciplinary nature is the recently presented prostate imaging agent
MIP-1404 which is going to be commercialized soon (Fig. 2B).[18]
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Fig. 2 Cardiolite®, a de novo radiopharmaceutical in clinical use for many
years('® (A) and MIP-1404 (B) a targeting radiopharmaceutical based

on the fac-[*"Tc(CO),]* core. The black part in B is the receptor binding
portion, the red part represents the spacer and the chelator.[8c]
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Apart from these application-directed aspects, we empha-
size the educational aspect of technetium chemistry. Technetium
is probably the only radioelement lighter than bismuth, with
which chemistry with pure radioisotopes can be done on a mac-
roscopic level. Only some elements of the actinide series offer
the same opportunities. All radioisotopes of e.g. promethium are
too short-lived or not available in larger quantities for perform-
ing common synthetic and analytical chemistry. Thus, techne-
tium enables training in most radioanalytical techniques, in the
handling of radioactive materials while the same time utilizing
common chemical methods such as NMR spectroscopy or X-ray
structure analysis. According to the Swiss Radiation Protection
Regulations (StSV 814.501), the regulatory limit for *Tc is 2
MBq, which corresponds to about 3 mg of *Tc. Of course, all
PTc experiments must be performed in respectively equipped
laboratories with a Type C lab being sufficient for working with
this radioisotope.

2. Technetium and Rhenium Chemistry

2.1 Labelling with Building Blocks

The building block methodology consists of a *™Tc or, as a
model, a Re or Tc complex, which combines with appropriately
designed ligands in their free form or are attached to a targeting
molecule. The advantage of the building block model is that it al-
lows for screening with many biomolecules without changing the
nature of the tagged *™Tc part. One example is the [**"Tc=N]**
building block (Scheme 1A). It is prepared in situ and coordinated
in a second step to a variable PNP ligand and a dithiocarbamate
carrying the biologically active unit.['9 Many years ago, the com-
plex [**"Tc(OH,),(CO),]* was introduced which represents yet
another building block 20 In this complex, the three water ligands
are easily exchanged for essentially any ligand.[?!l The resulting
complexes are highly robust and do not decompose or exchange
any of the ligands. Those that have been subjected to biological
studies are generally excreted unchanged. The versatility of this
building block is mirrored by the numerous studies that have been
performed over the years. They all have in common that they ap-
plied the same building block but altered ligands according to
the respective purpose and biomolecule (Scheme 1B-F).[221 The

aforementioned MIP-1404 complex is a good example of how
alterations in the ligand design finally led to a useful product.'8c.d]
For full characterization, the corresponding *Tc or the Re homo-
logues have been prepared in all cases.

As a representative example, the labelling of an amino acid
with the [****Tc(OH,),(CO),]* building block shall be shown. To
combine small molecules with a metal complex of any kind un-
der retention of bioactivity or recognition by transporters presents
true challenges. The metal complex may be larger than the carrier
itself and the construct might rather end up as a complex with a
complicated ligand than in a labelled biomolecule. For instance,
there has been an intense research going on towards *™Tc-labelled
glucose. The corresponding radio-fluorinated glucose ['*F][FDG]
is one of the workhorses of PET. For various reasons, it would
be desirable to have a *Tc-labelled glucose, but any attempt in
this direction has been unsuccessful.[23l Comparable in their func-
tion with glucose, amino acids are useful proliferation tracers.
Amino acids are small and any conjugated complex may easily
exceed the molecular weight of the carriers. We chose lysine as
a starting point for targeting the L-type amino acid transporter
LAT-1, known to be overexpressed on many cancer cell lines.[?4]
Conjugating the small, but highly potent chelator 2,3-diaminopro-
pionic acid (dap) via the a-carbon to the terminus of the former
lysine gave a labelled compound that was actively transported by
LAT-1 (Scheme 2A). Its active uptake caused efflux since LAT-1
acts as an anti-port transporter.!?5! Shifting the conjugating posi-
tion to the 2-amino group (for synthetic reasons) kept the overall
composition and molecular weight intact but completely sup-
pressed any biological recognition (Scheme 2B). This example
corroborates how subtle changes in structures are decisive for the
retention of bioactivities, in particular in small molecules. It also
demonstrates nicely the challenges encountered when aiming at
the development of targeting small molecule radiopharmaceuti-
cals. Whereas the recognition by the transporter was excellent, in
vivo studies did not show accumulation at tumor sites since the
highly hydrophilic labelled amino acids were efficiently excreted
before reaching the target. The core structure requires re-design,
which yet again leads into basic, organic chemistry. Thus, design-
ing the tracer chemically is a challenge, but to have it retained at
the biological target even more so.
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Scheme 1. The building block principle: The [****™Tc=N]** core allowing the coordination of multiple dithiocarbamates, carrying a targeting functional-
ity (A)'*®l and the [***"Tc(CO),]* core (B) with three available coordination sites for a variety of ligands, shown here a histidine mimic from the click-
to-chelate approach.??@ Examples: a bis-carbene ligand (C),?*”! coordination to NOTA, a derivative of 1,4,7-triazacyclononane (D),?*? coordination

of a tris-pyrazolyl-methane ligand yielding a myocardial imaging agent (E)??® and a dithiocarbamate carrying a targeting pyrimidine base (F).224 The

variable ligands for the respective core are shown in green.
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Scheme 2. Artificial amino acids; position of conjugation is changed,
o-C in A and 2-NH, group in B respectively. Complex A is actively trans-
ported by LAT-1 whereas complex B is not recognized by this trans-
membrane transporter, (M = Tc, Re).

Extending the potential building blocks, the high-valent core
fac-[*Tc""O,]" was attractive since isolobal to the fac-[*Tc(CO),]*
moiety. The chemical behavior of the two cores is evidently very
different since Tc'" is strongly oxidizing but the coordination
chemistry at the metal center might be comparable. Before at-
tempting the synthesis with *"Tc, the corresponding chemistry
was explored with *Tc to assess corresponding properties such
as water stability on the macroscopic scale. A few model com-
plexes of the general composition [*Tc(L*)O,]* (L = tridentate
N or mixed N,O ligands) were synthesized and characterized but
they all turned out to be instable in water, but instead hydrolyzed
back to [*TcO,]". The only exception was the 1,4,7-triaza-cyclo-
nonane (tacn) ligand, which nicely stabilized the fac-[*Tc""O,]*
core towards hydrolysis.[2¢] Following the logic-sequence of *Tc
chemistry, i.e. transfer to *™Tc, the synthesis of the complex
[*™Tc(tacn)O,]* was successfully achieved directly from water
and [*"TcO,], as required for an eventual application. We em-
phasize here that while for ®Tc any synthetic conditions can be
applied, the application of the same conditions to *"Tc demands
generally a different mechanistic scheme. In fact, we found that
[*™TcO,] is activated in water with phosphonium salts, the reac-
tivity of which allows for complex formation with tacn in water
although [*"TcO,]" is the thermodynamically favored product.?’!
[*"Tc(tacn)O,]* represents a building block by itself since it re-
acts relatively rapid with alkenes by undergoing a cis-dihydrox-
ylation under formation of the corresponding glycolato complex
[**mTcYO(tacn)(gly-R)]*. Biomolecules can easily be derivatized
with alkenes, thus, essentially any correspondingly functionalized
vector can be labelled with *Tc along this pathway (Scheme
3).1281 As observed in many examples (vide infra), this reaction
pathway to macroscopic [*Tc(tacn)O,]* does not work in water
starting from [*TcO,]” or with [ReO,]” but the complex is only
accessible from organic solvents under different conditions.

It is somehow puzzling that the very same chemical reaction
does not work with the very same isotope of an element, the only
difference being the nuclear state. The reason for the difference
lies rather in the fact that the reaction with one nuclear isomer is
governed by kinetics (*™Tc), whereas the other is determined by
thermodynamics (**Tc¢), the deviation arising due to concentration
differences.!?%1 The achievement of a building block methodology

Scheme 3. High-valent °**mTc chemistry: A water stable *Tc"" complex
with 1,4,7-triazacyclononane (tacn) ligand, preparation with *°™Tc in

water and further reaction with an alkene conjugated to any function
‘R’ .[127.28]

is challenging but it allows to go beyond single-step results. Only
the building block methodology in technetium chemistry allows
for a screening exploration of new radiopharmaceuticals of what-
ever kind, in a systematic and rapid way.

2.2 Mimicking Pharmaceutical Lead Structures

One of the strategies in bioorganometallic chemistry is the
replacement of a substructure in a pharmaceutically active lead by
an organometallic moiety. This concept was most successfully fol-
lowed with ferrocene, which replaced a phenyl unit in, e. g. tamox-
ifen to yield ferrocifen but also in other organic compounds.30]
A transfer of this approach to technetium, in particular to *™Tc,
is not routine since the corresponding ‘classical’ organometallic
complexes have to be synthesized in one step and from [*"TcO,]-
in water. Since pure ‘technocene’ does not exist, the ferrocene
technology does not directly apply, but instead piano-stool com-
plexes are an alternative. When aiming at the preparation of [(n°-
C,H,)*"Tc(CO),], different hurdles have to be overcome, i.e. a
six-electron reduction as well as the coordination of three COs
and one typically water-insoluble HCp ligand, all of which has
to happen at the same time in the same vial. However, carbonyl
groups directly bound to the Cp ring reduce its acidity, which
eliminates the solubility problem. In combination with boranocar-
bonate as a reducing agent (Na[H,BCO,H]) and a CO source, the
goal complex was prepared in one step and in quantitative yields.
The carbonyl function may be conjugated to a targeting portion,
e.g. to a serotonergic receptor binding part or other biofunctions,
which enables target flexibility in this approach. Still, this does
not yield a lead structure mimic but rather a second-generation
targeting radiopharmaceutical.l3!l In extension, distinct organic
synthetic approaches opened an access to multiply functional-
ized cyclopentadiene systems. These can now be derivatized
with two different functionalities, whereby the central Cp-ring
may mimic a phenyl ring in a lead structure. The labelling of the
free ligand under the original conditions leads again to integrat-
ed radiopharmaceuticals, resembling inactive, organic drugs.[32]
Cyclopentadiene chemistry is not routine. To introduce multiple
functionalities in the HCp-ring is demanding organic chemistry
since many of the resulting ‘dienes’ are reactive as such. The prep-
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aration of the corresponding rhenium or *Tc complexes relies on
advanced organometallic and radiochemical methods. Together
with the labelling procedures and the biological evaluations, these
piano-stool complexes are another good example of the interdis-
ciplinary nature of radiochemistry with elements directed towards
imaging (Scheme 4).
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Scheme 4. Different approaches to mono- and multifunctional piano-
stool complexes of the general type [(Cp)*™Tc(CO),]. All complexes are
synthesized in a one-step procedure from [*"TcO, ] in water. In second
row, Diels-Alder dimer of cyclopentadiene carboxylic acid undergoes
metal mediated retro Diels-Alder reaction, along with Cp coordination.
In 39 and 4t rows, ester group is hydrolyzed to acid under alkaline la-
belling condition. The red parts assign the coupling groups to targeting
molecules.t?

Cyclopentadienyls and their complexes, however, are not
‘true’ phenyls. Ideally, the phenyl in a lead structure would act
directly as ligand, without the need to replace it in tedious and
lengthy chemistry with a cyclopentadiene unit. But phenyls are not
cyclopentadienyls and their complexes are typically much more
sensitive to water and/or air.[33 Their preparations are done under
Fischer-Hafner conditions (Al°/AlCl,), which are hardly compat-
ible with highly functionalized pharmaceuticals. All these aspects
speak against phenyl ligands playing an essential role in bioorgano-
metallic chemistry or in molecular imaging. Still, especially the
[Ru(arene)]** fragment is a central moiety in medicinal inorganic
chemistry, albeit less for mimicking pharmaceuticals but more as
being a cytotoxic compound as such.l*# Arene complexes of rhe-
nium and technetium were essentially unexplored in the past. Only
one study reported cationic bis-arene complexes of the [*™Tc(n°-
arene),|* type, prepared along lengthy, multistep procedures fol-
lowing Fischer-Hafner conditions.35 We developed recently a new
approach directly from [ReO,] or [*®TcO ]~ to obtain various re-
spective [M(n°-arene),]* complexes in reasonable yields (Scheme
5).1361 What came as a surprise was the extraordinary stability of
[*Tc(nP-arene),]* and their Re homologues. The complexes can be
heated up to 160 °C in air and at almost any pH without decompo-
sition. This contrasts with the bis-arene complexes of the neigh-
boring elements, which either lose the arenes quite easily and/or
are rapidly oxidized. For the preparation of *™Tc-based imaging
agents, the stabilities are a very strong advantage. Once formed,
they would not undergo any transformation/decomposition — how-
ever, the question remains how to form them in the first place. In
“Tc or Re chemistry, the once coordinated arenes can be post-
synthetically derivatized with a multitude of functionalities. With
the scope of new imaging agents with *"Tc, this is not an attractive
option as post-derivatization of arenes, of course, requires more

steps for synthesis and purification of the desired biomolecules.
The shorter half life of this radioisotope and its availability in wa-
ter limits derivatization of benzene/arene once coordinated.[36b-371
Compared to the cyclopentadiene complexes, the solubility of
arenes is a hurdle as well as the competition from other poten-
tially coordinating ions and molecules in a labelling solution.
That arenes would compete for water seemed unlikely and arene
coordination typically demands ‘naked’ or coordinatively unsatu-
rated metal fragments. Finally, an access to [*"Tc(n°‘arene),]*
complexes was found directly from saline solution (Scheme 5).
Since working in water, Fischer-Hafner conditions are obsolete.
The reaction with reducing agents, the nature of which depends
on the particular arene and on the presence of [*"TcO,]", led to
[*™Tc(narene),]* in moderate to very good yields. The bis-arene
complex is exclusively formed giving a high radiochemical purity.
Arenes may be functionalized such as in estradiole and solubil-
ity issues became the limiting factor in extending the approach to
an unlimited selection of arenes.!®2] The development of bis-arene
complexes from water would have been hardly feasible without
radioisotopes as radioanalytical methods allowed for detecting
the smallest ‘impurities’ in standard labelling methods for bio-
molecules, which later turned out to be the products, whose yield
had to be optimized. Whereas it is now possible to prepare *"Tc
bis-arene complexes, the current challenge is to synthesize the rhe-
nium homologues for the standard characterization of the *™Tc
bis-arene complexes. This situation differs from what is usually
encountered for classical and cyclopentadienyl complexes of Re.
The insights from preparing radiopharmaceuticals asks for the de-
velopment of new organometallic procedures for Re or *Tc bis-
arene complexes, indispensable for the characterization of *™Tc
complexes.

CH; -+

arene _I_I CH3

C

reductant

OH

juejonpal
duaie

OH]*

Scheme 5. Preparation of [*"Tc(arene),]* type complexes directly from
[*™TcO,]" in water and in variable yields. Mixed arene complexes are
available along this route as well. The challenge is the preparation of
the Re or *Tc homologues and analogues respectively. Details are men-
tioned in the text.l®

3. Conclusions

Synthetic chemistry with long-lived radionuclides such as *Tc
is not just ‘normal’ chemistry demanding ‘only’ the consideration
of additional risks of hazard. Although the related radioactivity
makes research slower, options such as immediate quantification
of product distributions, instant identification of minor amounts of
(by)products, determination of molecular weights without CHN
analysis and the prerequisite of a clean working approach are true
assets in this field of radiochemistry. Chemistry can be done at
high dilution at the tracer level such as with **Tc. This enables
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chemical reactions and permits reactivities that would probably
never be successful on the macroscopic level since kinetics of-
ten govern thermodynamics. None of the procedures mentioned
above, and many more, elaborated for *™Tc, can be transferred
straight away to Re or *Tc. Imaging and radionuclide therapy
with whichever radionuclide are probably applications for radio-
nuclides with the strongest perspectives and with clear benefits for
health care. Getting there requires unconventional approaches and
indepth synthetic skills in inorganic and organometallic chemis-
try, taking the particular conditions of working with radionuclides
into account. Technetium chemistry is not only of fundamental in-
terest but it is even more, in its essence, application oriented. This
brings along the need for interdisciplinary thinking and opens a
view into the related fields of the life sciences, considerably en-
riching the perspectives of those working within this branch of
radiochemistry.
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