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We show the synthesis of an in vivo stable mercury compound
with functionality suitable for radiopharmaceuticals. The de-
signed cyclic bisarylmercury was based on the water tolerance
of organomercurials, higher bond dissociation energy of Hg� Ph
to Hg� S, and the experimental evidence that acyclic structures
suffer significant cleavage of one of the Hg� R bonds. The
bispidine motif was chosen for its in vivo stability, chemical
accessibility, and functionalization properties. Radionuclide
production results in 197(m)HgCl2(aq), so the desired mercury
compound was formed via a water-tolerant organotin trans-
metallation. The Hg-bispidine compound showed high chemical
stability in tests with an excess of sulfur-containing competitors
and high in vivo stability, without any observable protein
interaction by human serum assay, and good organ clearance
demonstrated by biodistribution and SPECT studies in rats. In
particular, no retention in the kidneys was observed, typical of
unstable mercury compounds. The natHg analogue allowed full
characterization by NMR and HRMS.

Conventional radiopharmaceutical drugs used in oncology fulfil
one of two roles: diagnostic (tumour imaging) or therapeutic
(cancer treatment). Due to the biochemical heterogeneity
between the diagnostic drug and the therapeutic drug, the
in vivo interactions observed for the diagnostic drug are not
directly interchangeable with the actual behaviour of the
therapeutic drug. Theranostics, the designed combination of
therapeutic and diagnostic radiopharmaceuticals with biochem-

ical homogeneity, aims to bridge this information gap, thus
allowing continual treatment evaluation.[1] A current example of
a theranostic matched pair is 68Ga and 177Lu labelled DOTA-TATE
for the treatment of neuroendocrine tumours.[2] Although no
single radionuclide is suitable for every type of treatment (due
to tumour size, receptor expression, etc.), ideally the radio-
pharmaceutical would use the same element for both imaging
and therapy as the in vivo interactions would then be
identical.[1]

Therefore, our interest in radiomercury was motivated by
the theranostically suitable decay emissions of 197Hg and its
metastable nuclear isomer 197mHg (collectively referred to as
197(m)Hg). A broader selection of radionuclides in developed
pharmaceuticals would allow for more personalized care,[3] and
compared with currently used radionuclides the mercury
isotope possesses many apt qualities. The emitted conversion
electrons have energies closely corresponding with the beta
emissions of 177Lu used for therapy,[4] whilst a gamma emission
is suitably near the energy of the 99mTc gamma emission
diagnostically used in single-photon emission computed to-
mography (SPECT) medical imaging.[5] The high number of
Auger electron (AE) emissions per decay (197mHg: 19, 197Hg: 23)
also have great therapeutic potential, with similar energies to
125I, which has already shown that even extracellular AE radio-
therapy can effectively cause cell death.[6–8] Combined with the
practical half-lives of 23.82 h and 64.81 h (for the metastable
and ground state nuclear isomers respectively)[9] and the stable
197Au decay product, the innately theranostic nuclide 197(m)Hg is
a promising candidate for radiopharmacy.[10,11]

There is historical precedence for the medicinal use of
radiomercury, as during the 1960s and early 1970s reactor
produced 197Hg with low specific activity did see clinical use in
diagnostics, for kidney and brain imaging, in the radiolabelled
chlormerodrin,[12] a mercurial diuretic commercially traded from
1952[13] till 1974.[14] 197Hg-chlormerodrin, whilst once popular
amongst some physicians,[15] was discontinued by the FDA in
1989.[16] The lack of viable mercury compounds, coupled with
the rapid progress of the 99mTc alternative, led to radiomercury’s
discontinuation and current obscure status in the long list of
radionuclides in modern radiopharmaceutical research.[17–20]

Modern cyclotron production, using natAu as the target material,
yields 197(m)Hg with such high specific activity that the medically
relevant amount falls well below the lower limits of concern for
mercury’s chemical toxicity.[10]

In contrast to historical popularity, mercury has attracted far
less interest in modern chemistry, mainly due to concerns over
toxicity.[21] Today, a lot of mercury research is focused on its
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detection and removal from the environment and, although
being phased out, organomercury’s present-day main use is still
in disinfectants (e. g. thiomersal). None of these uses require
long term in vivo stability.[22,23] Chelation therapy for mercury
poisoning often uses thiols, such as dimercaptosuccinic acid
(DMSA), due to low side-effects and cost, but as the priority is
fast clearance, long term stability of the mercury compound
formed is not essential.[24] Beyond radiopharmaceuticals, the
formation of a mercury compound that is highly stable in
nanomolar concentrations could also transfer to trace mercury
analysis in environmental science and toxicology.

As with other radiometals, the bifunctional chelator (BFC)
model was deemed the most appropriate route for securing the
radiomercury and providing a link to a tumour-targeting
vector.[19] Organomercurials inherently have the necessary high
water tolerance and the Hg� Ph bond is preferred due to having
the highest bond dissociation energy for any Hg bond.[25]

Research has shown that acyclic organomercury compounds
suffer significant cleavage[26,27] therefore a cyclic structure was
chosen for increased stability. Functionalization of the bridge
would allow for improved solubility and attachment of a
tumour specific carrier. Therefore a bispidine backbone was
chosen as a suitable candidate due to its known in vivo stability,
ease of synthesis, and functionalization capabilities, along with
its already thoroughly investigated potential for
radiopharmaceuticals.[28–32] Protonation of the tertiary amine
moieties under physiological conditions would also improve the
compound’s water solubility due to the known bispidine
‘proton sponge’ effect.[33] In order to form the desired highly
stable bispidine carbon-metal bond, a different route from
previous studies, which focussed on catalysis chemistry, was
necessary.[34–39] Trimethylstannyl was chosen as a viable leaving
group for the transmetallation with mercury due to its tolerance
for the unavoidable aqueous conditions used for the radio-
metal’s production and handling.[40]

The objective of this work was the synthesis of a mercury
compound, stable in vivo, which has solubility and functionality
such that it could be attached to a cancer-targeting carrier for
drug development in radiopharmacy.

The natHg-bispidine reference compound 3a was synthe-
sized under nonaqueous conditions in three main steps
(Scheme 1): a 4-fold Mannich reaction, a lithiation followed by
stannylation and finally a mercury transmetallation. Formation
of 1 in high purity was possible with simple recrystallisation in a
yield of 75% but the formation of 2a proved more troublesome
due to many difficult to separate side-products, affording the
stannylated compound with a ~90% purity and 9% yield.
However, the mercuration step proved high yielding with
simple purification.

The reduced bispidine analogue was also prepared as the
bispidol 1H in high yield of 96%. Because its less sterically
hindered or more reactive OH group it is better suited as the
starting material for further conjugation and then afterward
stannylation reactions. But the stannylated compound 2b itself,
before functionalization was carried out on the hydroxyl group,
was lower yielding, with lower purity and much more prone to
degradation than the butylated analogue 2a. In apolar solvents
the OH···N hydrogen bond causes the chair-boat conformer to
be visible in NMR, overlapping with the chair-chair conformer
useful in the mercuration reaction.[41] The shorter reaction path
along with the butyl moiety serving as a pseudo-conjugate,
with regards to sterics, meant the focus of this study centred on
3a for the proof of principle. The product 3a was characterized
by HPLC, MS (Figures 1 and 2), and NMR (see SI). Radiolabelling
experiments of the stannylated precursor 2a with 197(m)HgCl2(aq)
were carried out in 1 :1 (v/v) water/EtOH with a buffer to ensure
a constant pH 6. After initial radio-TLC analyses of the reaction
mixture showed a single peak not corresponding to Hg salts,
the reaction was checked against a test developed by our lab in
which the TLC plate is presoaked with a trithiol – tris(2-

Scheme 1. Cyclic bisarylmercury bispidine synthesis.
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mercaptoethyl)ammonium oxalate[42] – which readily binds to
reactive Hg species (i. e. Hg2+ or RHg+), fixing them to the
baseline.

The results (Figure 3) showed the reaction product to be
stable to this test, indicating complete binding of the Hg. The
reaction solution was then measured by HPLC, with the gamma
ray detector showing a single main peak. Confirmation for the
formation of the 197(m)Hg- radiolabelled bispidine 3a* was done
by co-injection with the non-radioactive analogue 3a, which
showed the same retention time for the UV trace as the gamma

trace of the HPLC (Figure 1). Chemical stability tests were
performed on three aliquots of 3a*, each left for two days in a
vial with an excess of sulfur-containing competitor and then
analysed by radio-TLC, as shown in Figure 4.

The results show high chemical stability, as only the sulfide
caused any measurable degradation (~4%), as seen at the
baseline. The lipophilicity of 3a* was determined, indicating
how the compound would interact in vivo,[43] by measuring the
distribution coefficient under the physiological pH of blood
(pH 7.4) using the “shake flask” method.[44] The value logD7.4=

2.27 shows an acceptable level of lipophilicity for in vivo testing,
being below the recommended upper limit of 3, over which the
poor solubility can cause adverse effects, but above the lower
limit of 1, below which would cause too fast a renal clearance.[45]

For the low amounts of 3a* needed for in vivo testing, the
water solubility is high enough for the aqueous conditions.

As a preliminary assessment for in vivo stability, 3a* was
incubated with human serum as per the procedure of Zarschler
et al.[46] The results (Figure 5) show that, unlike with 197(m)Hg-
radiolabelled EDTA used as reference, neither 197(m)Hg release
(demetallation) nor binding to serum proteins is detectable for
3a*. The only radioactive species detected matches with the
mass of 3a* highlighting its remarkable stability under these
conditions. In contrast, a range of protein bands of different
sizes are visible when 197(m)Hg-radiolabelled EDTA was incubated
with human serum due to substantial decomplexation and
transchelation. For example, a prominent protein band in the
size range of approximately 65 kDa is detectable in the auto-
radiographic scans, which corresponds most likely to radio-
alabelled serum albumin.

To test the actual in vivo stability of 3a*, a biodistribution
was performed in healthy rats. The results (Figure 6) show rapid
renal clearance by normal micturition, during a 24 h period, and
no indication of demetallation\retention in the kidneys as
observed with mercury salts.

These results were confirmed by the SPECT/CT study (Fig-
ure 7). No substantial retention or accumulation of activity in
the kidneys was observed 24 hours after injection. In contrast to

Figure 1. Overlay of radiochromatogram (γ, red) and UV absorption
chromatogram (220 nm, black), for co-injection of 3a* (retention time
10.2 min) and 3a (retention time 10.1 min).

Figure 2. Relative abundance of the calculated and measured [M+H]+

isotopic distribution pattern of substance 3a as analysed by mass
spectrometry.

Figure 3. Species analysis of 197(m)Hg. Overlay of four radio-TLCs: RP� C18
(dotted lines) and trithiol impregnated RP� C18 (solid lines) of 197(m)HgCl2
reference and 3a*. NS3= tris(2-mercaptoethyl)ammonium oxalate.

Figure 4. Degradation analysis of 197(m)Hg-species. Overlay of five radio-TLCs
(iTLC-SG) of 197(m)HgCl2 reference, 3a* reference, and 3a* with competitor
trials after 2 d at room temperature. aIntensity normalized with respect to
3a*. GSH= l-glutathione. NS3= tris(2-mercaptoethyl)ammonium oxalate.
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unbound mercury, however, there is fractional uptake by the
liver with subsequent hepatobiliary clearance. 3a also showed
high bench stability, being left in solution for over eight months
without degradation (measured by HPLC).

Limitations: Stannylation of the bispidine precursors 1 in
order to form precursor 2a, under milder conditions with Pd-
based catalysts were unsuccessful after many attempts. Instead,
the harsher conditions for the lithiation/stannylation low-yield
route were required. The stannylated compounds 2a/b are
unstable under acidic conditions so purification with silica gel
was not possible (even with wetting of a basic solvent system),
therefore basic alumina was required. They are also prone to
hydrolysis and as such have a poor shelf-life.

The radiolabelling conditions are pH-sensitive as a very low
pH would risk hydrolysing the stannyl moieties, whilst too high
a pH would form a mixture of different Hg species affecting the
uniformity of the reaction conditions.

Future work: The next steps for this work would be testing
of carrier attachment at the bispidine backbone, using methods
already well established, e.g. amide, carbamate, thiourea, thiol
and ‘click’ coupling.[47–49] Followed by optimization of reaction
conditions (with continued searching for suitable alternative
leaving groups to remove the current bottle-neck in the

synthesis), testing of structural derivatives in search of improved
characteristics (e.g. solubility) and investigations into the
potential for mercury analytics.

Overall, these results show good promise for the develop-
ment of a new class of thermodynamically stable organo-
mercury compounds suitable for theranostic applications in
radiopharmacy.
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Figure 5. Analysis of 197(m)Hg-incorporation into human serum proteins by
SDS-PAGE. 20% SDS-polyacrylamide gel Coomassie blue staining (A),
showing bands of human serum proteins, and autoradiograph (B), showing
197(m)Hg-labelled bands. Lane 1: 197(m)Hg-radiolabelled bispidine 3a*. Lane 2:
197(m)Hg-radiolabelled EDTA. M: molecular-weight size marker.

Figure 6. Biodistribution of 3a* in healthy male Wistar rats (197(m)HgCl2: n=4,
3a*: n=8). ~300 kBq per animal. All other organs measured well below 1%
ID/g.

Figure 7. Standardized Uptake Value coloured SPECT/CT images of rats 24 h
after injection of 197(m)HgCl2 (left, retention in kidneys) and 3a* (right, rapid
renal excretion with minor liver uptake followed by hepatobiliary clearance);
maximum intensity projections (top) and coronal slice images (bottom);
intestine (int), kidneys (ki), liver (li), rectum (re), stomach (st).
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