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Efficient chloride/iodide exchange on chloro-NHC-metal com-
plexes was achieved under mild conditions using stable or radio-
active iodide. The protocol enables simultaneous synthesis of radio-
labeled compounds and their non-radioactive references, facilitating
the development of chemically matched theranostic pairs.

Introduction

Metallodrugs are an important class of therapeutic agents that
have been used by humankind for centuries.™* To date, several
of these drugs have been approved by the FDA, with the most
commonly prescribed ones being lithium carbonate for mood
disorder regulation, silver sulfadiazine as a topical antibiotic,
bismuth subsalicylate for stomach pain relief, and, of course,
cisplatin (Fig. 1). Since the approval of this anticancer che-
motherapeutic drug in 1978, tremendous efforts have been
made to discover better anticancer agents with improved
pharmacological properties. Dedicated research teams have
focused on the modification of ligands, leading to the develop-
ment of carboplatin and oxaliplatin, while also exploring the
use of other transition metals instead of platinum.® A remark-
able example of this latter approach is the discovery of
BOLD-100,* a ruthenium-based metallodrug currently in clini-
cal development as an anticancer therapeutic. The recent repo-
sitioning of Auranofin, an antirheumatic agent, in clinical
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trials for lung cancer or ovarian cancer is another noteworthy
example.’

However, to date, aside from cisplatin and its derivatives,
no anticancer metallodrug investigated in clinical trials has
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Fig. 1 Context and objectives.
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received regulatory approval. The main limitations hindering
the development of metal-based therapeutics in oncology are
their low target selectivity, high off-target toxicity, and a thera-
peutic window that is often too narrow for safe and effective
use.® The use of radiolabeled metallodrugs as theranostic
agents offers a distinct advantage by harnessing the emission
properties of radionuclides, thereby enabling therapeutic
applications at much lower doses. In this context, the thera-
peutic effect arises from the radioactive decay rather than the
intrinsic chemical reactivity of the metal complex. Due to their
outstanding anticancer potential, as well as their facile syn-
thesis and stability, metallodrugs containing an N-heterocyclic
carbene (NHC) ligands are now emerging as very promising
chemotherapeutic agents.” ' From a chemical point of view,
these ligands possess donor properties similar to phosphines,
along with strong c-donating and weak n-back bonding capa-
bilities, and they can be easily functionalized. In a drug design
context, NHCs are also known for their low toxicity and stabi-
lity under physiological conditions.’** These properties have
led to the discovery of potent NHC-metal complexes incorpor-
ating various d-block metals, such as Au, Rh, Ru, Pd, Ag, Cu,
Pt, and Ir. In many NHC-metal complexes, halogen atoms
such as chloride or bromide are frequently coordinated to the
metal center and can influence properties such as stability,
solubility, or reactivity. In some systems, these factors have
been associated with enhanced or modulated biological
activity.’> In our view, the presence of these halogen atoms in
many reported structures presents an opportunity to further
improve these compounds and access new properties through
substitution with an iodine radioisotope. Indeed, the introduc-
tion of radioactive isotopes would allow the conversion of
halo-NHC-metal complexes into either a diagnostic tool -using
iodine-123 for single photon emission computed tomography
(SPECT) or iodine-124 for positron emission tomography
(PET)- or a radiotherapeutic tool with iodine-131.

This approach was recently used by Berger, Llop, and
Salassa to produce a diiodo-Au(m) PET imaging agent by
synthesizing the diradioiodinated species from a (NHC),Au()
complex.'® However, this synthesis provides the compound
with a radiochemical yield (RCY) of 35% and requires the pre-
oxidation of radioiodide (the only available chemical source
for radioiodine) in the presence of KI, thus affording isotopic
dilution. In this work, we aim to explore the more convenient
conversion of chloro-NHC-metal complexes into their corres-
ponding (radio)iodo-NHC-metal complexes. To the best of our
knowledge, this type of halogen exchange on metallic center
has been poorly explored using radioiodine isotopes. In 2014,
Englert et al. described on a platinum complex a sequential
approach for the conversion of iodine-127 to the corres-
ponding hydroxy derivative, followed by hydroxyl-iodine-125
exchange.’ In 2008, Zalutsky’s group proposed the prepa-
ration of Ir[16aneS4-diol]-'>***'I by reacting IrCl; with sulfur
ligand and radioiodides.'® In 2007, Alberto et al. performed
the radioiodination of a cisplatin adduct of vitamin B12 via a
chloride/iodide exchange." In 2013, Gestin et al. described a
direct chloride/iodide exchange on a Rh—-NHC complex at high
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temperature.” Establishing mild reaction conditions to obtain
(radio)iodo-NHC-metal complexes from the corresponding
chloro-NHC-metal will enable the simultaneous production of
both HPLC standards and valuable theranostic tools.

Results and discussion

Firstly, the synthesis of the IPr metal chloride complexes (IPr =
1,3-bis(2,6-di-iso-propylphenyl)imidazol-2-ylidene) was achieved
by known procedures reported in the literature. For complexes
[CuCI(1Pr)]** (1) and [AgCI(IPr)]** (2), IPr-HCI was engaged as
precursor of the NHC in the presence of M,O (M = Cu and Ag)
to furnish [MCI(IPr)] complexes in 80 and 88% isolated yields,
respectively (Scheme 1).

Complexes [AuCI(IPr)]** (3), [PACI(IPr)(allyl)]** (4), [PtCI(IPr)
(Me-allyl)]** (5), [RhCI(IPr)(cod)]** (6), and [IrCI(IPr)(cod)]** (7)
were synthesized in 78 to 95% isolated yield starting from
IPr-HCl in basic conditions (K,CO; or ‘BuOK) in the presence
of the specific metal precursor (Scheme 1). Finally, complexes
[MnBr(IPr)(CO),] (8) and [ReCl(IPr)(CO)4] (9) were obtained
from the isolated free IPr in the presence of the metal precur-
sors [M(CO)sX]*® (M = Mn or Re) and gave 8 and 9 in 69 and
46% isolated yield, respectively (Scheme 1). Of note, starting
from IPr-HCI and the respective metal precursor to synthesize
8 and 9 led to the degradation of the starting material in our
hands.

Once all the chloride complexes were obtained, the optimi-
sation of the iodide/chloride exchange was explored with com-
plexes 1 and 2 inspired by the conditions reported by Gestin
using dichloromethane as solvent for the exchange of the
chloride atom by iodide onto a rhodium complex with KI (3.8
equiv.) as iodide source.*”

In these conditions, the complex [Cul(IPr)] (10) was
obtained in 67% isolated yield (Table 1, entry 1) but complex
[AgI(IPr)] (11) was obtained with the concomitant formation of
[Ag(1Pr)2][AgX2] (X = CI or I) with yields estimated by "H NMR
spectroscopy of 77 and 5% yield, respectively (Table 1, entry 6).
To avoid the formation of this by-product, a screening of
solvent was carried out for both complex 2 and 3. Using 2, the
Cl/I exchange was observed in acetone, THF, methanol and
acetonitrile furnishing 10 in 82, 85, 85, 77 and 86% isolated
yield (Table 1, entries 2-5) whereas the synthesis of pure 11
was more complicated. In details, methanol or acetone led to
no conversion or only formation of [Ag(IPr)2][AgX2] (X = Cl or
I), respectively (Table 1, entries 7 and 9). In acetonitrile, 11
was observed as minor compound compared to [Ag(IPr)
2][AgX2] (X = Cl or I) (Table 1, entry 10). Finally, THF appeared
to be the best solvent as the sole formation of 11 was observed
with 86% isolated yield (Table 1, entry 8). This last result was
encouraging as THF would be compatible for the iodine-125
exchange.

Having this optimization in hands, we next applied them to
complexes 3-9. Gratefully, [AuI(IPr)] (12), [PdI(IPr)(allyl)] (13),
[PtI(IPr)(Me-allyl)] (14), [RhI(IPr)(cod)] (15), [IrI(IPr)(cod)] (16),
[MnI(IPr)(CO),] (17) and [ReI(IPr)(CO),] (18) were obtained as

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Synthesis of NHC metal chloride complexes 1-9.
Table 1 Screening of solvent for the synthesis of [Cul(IPr)] 10 and [Agl \\ ,/ \\ ’/
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I I I
1 Dichloromethane Cu 10 67 10 1 12
2 Acetone Cu 10 82 85% 86% 88%
3 THF Cu 10 85
4 MeOH Cu 10 77 —_ ~— —
5 Acetonitrile Cu 10 86 NN Nl_\N N/—\N /
6 Dichloromethane Ag 11 777 (5) Y \‘r
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16 17 18

(Scheme 2). Of note, some complexes did not present signifi-
cant chemical shift in "H NMR spectroscopy to confirm the
Cl7/T" exchange and control of this exchange was confirmed by
mass spectroscopy by detection of iodide.

We then turned our attention to adapting this protocol for
radioiodination. For this purpose, iodine-125 was selected, as
it is both the more readily available and safer radiochemical
iodine isotope. Iodine-125 has a half-life of 60 days and emits
predominantly low-energy X-rays (~30 keV). The only available
chemical source of iodine-125 is [**’I|Nal, which we used
directly at activity levels ranging from 1.5 to 4 MBq. Due to its

This journal is © The Royal Society of Chemistry 2025

70%

Scheme 2 Scope of the iodine/chlorine exchange.

specific activity, 1 MBq of iodine-125 corresponds to approxi-
mately 12 picomoles. Reactions were therefore carried out
using a large excess of chlorinated precursors (3.2 mmol).
Reacting [CuCl(IPr)] (1) with [**°I]Nal in THF at room tempera-
ture for 15 minutes led to the formation of [**’I]10 with a
radiochemical conversion (RCC) of 76%, as determined by

Dalton Trans., 2025, 54, 1817-11821 | 11819
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Scheme 3 Scope of the chloride(bromide)/iodide-125 exchange.
? Results are expressed as radiochemical conversions (RCC), assessed by
radio-TLC analysis and reported as the mean of two experiments (n = 2).
b Reaction was performed at 40 °C (n = 1). © Reaction time was extended
to one hour (n = 1).

radio-TLC. Under the same conditions, starting from [AgCl
(1Pr)] (2) gave [***1]11 with an RCC of 49%, which increased to
60% upon heating to 40 °C. Applying the same protocol to
[AuCI(1Pr)] (3) yielded [**’I]12 with an RCC of 65% at room
temperature. Heating to 40 °C or extending the reaction time
to one hour increased the RCC to 86% and 90%, respectively.
High RCCs were also obtained from [PdCI(IPr)(allyl)] (4), [PtCl
(IPr)(Me-allyl)] (5), [RhCI(IPr)(cod)] (6), and [IrCl(IPr)(cod)] (7),
with the corresponding [***1]13-16 produced in RCCs ranging
from 84% to 91% at room temperature. Slightly lower RCCs
were observed with [MnBr(IPr)(CO),] (8) and [ReCl(IPr)(CO),]
(9), affording [***1]17 and [**°I]18 with RCCs of 75% and 77%,
respectively and proving the efficacy of the process from a bro-
minated derivative (Scheme 3).

Conclusions

In conclusion, we have demonstrated that chloride/iodide
exchange can be carried out quite efficiently on a variety of
chloro-NHC-metal complexes. This transformation proceeds
under mild conditions, typically at room temperature in THF,
and can be performed using either stable or radioactive iodide
sources. Notably, in the radiochemical version of the reaction,
radiochemical conversion (RCC) can be significantly improved
by mild heating or by extending the reaction time. In a thera-
nostic context, this protocol offers a distinct advantage: it
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enables the simultaneous production of both the radioiodin-
ated complex and its non-radioactive analytical reference from
the same precursor. Furthermore, the methodology is compati-
ble with different iodine radioisotopes, opening the door to
applications in PET, SPECT, and radiotherapeutics. The meth-
odology seems well-suited for the development of theranostic
pairs, in which diagnostic and therapeutic agents share an
identical chemical structure, ensuring consistent pharmacoki-
netics and facilitating regulatory and clinical translation.
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