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Copper-mediated radiochemistry:
historical impact, current trends, and
future possibilities

Check for updates

GregoryD.Bowden1,2,3, MariusMüller1,4,MatthiasM.Herth4,5,Melanie S. Sanford6 &Peter J.H. Scott1

Modern approaches to copper-mediated radiolabeling have proven an important addition to the
radiochemical toolbox. Radiopharmaceuticals prepared using thismethodology have been translated
from preclinical PET studies into clinical trials, and it has been adapted for radionuclides beyond
fluorine-18, enabling theranostic applications. The methodology is also beginning to benefit from AI-
assisted radiochemistry development. This perspective discusses the history, state-of-the-art, and
potential future impact of copper-mediated radiochemistry on radiopharmaceutical development.

The significant potential of targeted radiopharmaceuticals to enhance
patient diagnosis and treatment has played an essential role in advancing
nuclearmedicine intomainstream clinical practice1. As such, there has been
a rapid rise in demand for new and established radiopharmaceuticals for the
clinical diagnosis, stratification, and treatment of cancer, neurodegenerative
diseases, and numerous other conditions. Furthermore, nuclear molecular
imaging techniques such aspositron emission tomography (PET) and single
photon emission computed tomography (SPECT) are increasingly
acknowledged as powerful tools for preclinical research and drug discovery
in both academic and industrial settings2–5. The Food and Drug Adminis-
tration’s (FDA) approvals of blockbuster theranostic products like Pluvicto6

(Novartis, [177Lu]Lu-PSMA-617; formetastatic castration-resistant prostate
cancer), Lutathera7 (Novartis, [177Lu]Lu-DOTATATE, for somatostatin-
positive gastroenteropancreatic neuroendocrine tumors), and Xofigo8

(Bayer, [223Ra]RaCl2, for bone metastases) have also sparked significant
commercial interest and investment in radiopharmaceutical development,
transforming what was once a niche academic subfield into a powerful
standard of care and a multibillion-dollar industry1,9. All evidence suggests
that nuclear medicine and the application of targeted theranostic radio-
pharmaceutical pairs will continue to grow as a central component of an
increasingly personalized approach to patient diagnosis and treatment.
However, developing and producing novel radiopharmaceuticals is a non-
trivial task. All of the usual challenges of drug development are further
complicated by the use of short-lived, highly radioactive materials that
require specialized infrastructure, equipment, and expertise for their safe
manufacture, handling, and distribution1. The rapidly expanding demand
for novel and established radiopharmaceuticals is already exerting pressure

on the global radiopharmaceutical production infrastructure and skilled
workforce10, and this has put radiochemistry front and center as a field ripe
for innovation9. One of themost significant radiochemical advancements of
the last decade has been the introduction of a new class of copper-mediated
radiolabeling reaction, and this work has gone a long way to improving the
chemical space that can be radiolabeled. However, there remains a need for
more efficient and reliable radiopharmaceutical production technologies
capable of reducing the time it takes to optimize and translate a copper-
mediated (or any other) radiolabelingmethod for routine production. Both
aspects of the radiopharmaceutical manufacturing paradigm will be dis-
cussed in the context of copper-mediated radiolabeling throughout this
perspective.

Thenew family of copper-mediated radiolabeling reactions introduced
in the mid-2010s were originally pioneered for [18F]fluoride ([18F]F-) but,
given their widespread utility, has also subsequently been adapted for
numerous other radionuclides (vide infra). Cu-mediated radiofluorination
(CMRF) represents an efficient and general method for the direct late-stage
oxidative radiofluorination of aromatic rings, with a mechanism analogous
to that of the classical Chan-Lam cross-coupling11–13. Before the develop-
ment of this chemistry, accessible radiofluorinations of aromatic systems
using nucleophilic cyclotron-produced [18F]fluoride were largely achieved
using nucleophilic aromatic substitution reactions (SNAr) on highly
electron-deficient aromatic or heteroaromatic ring systems. Electron-rich
aromatic rings were typically labeled using electrophilic [18F]F2 gas; how-
ever, this approach was far from desirable as it used F2 gas and produced
products of low molar activity14,15. In most laboratories, these constraints
significantly limited the types of molecular scaffolds that could be labeled
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with 18F. Radiochemists were forced to adopt complex multistep radio-
synthesis procedures incompatible with standard cGMP-compliant auto-
mation equipment used for routine production or to compromise on
molecular design by either choosing alternative (often non-optimal) radi-
olabeling sites or using auxiliary prosthetic group strategies12.

To address these limitations, several groups began exploring the
development of new radiofluorination methodologies compatible with
diverse heteroaromatic precursors, including electron-rich rings. Twomain
approaches have been investigated: (i) generating new precursors to expand
the substrate scope compatible with SNAr and (ii) transition-metal-
mediated processes. A significant development in SNAr chemistry was the
report by Pike’s group that enabled arenes to be labeled in a single step via
SNAr via radiofluorination of diaryliodonium salts16. Reactions utilized no-
carrier-added 18F- and were heated at 85–110 oC for 35–40 min. Although
yields were somewhat low and regioselectivity modest, particularly in the
case of electron-rich aromatics (e.g., anisole), this was an important devel-
opment for radiochemists. Subsequent improvements (for recent reviews,
see refs. 17,18) have expanded the scope of this transformation (e.g., treat-
ment of (2-thienyl)(aryl)iodoniumsaltswith [18F]KF selectively affords [18F]
fluoroarenes because the highly electron-rich 2-thienyl group directs
radiofluorination to the other aryl group on iodine with reasonable selec-
tivity), but the starting materials can be challenging to access and can also
suffer from low stability. Related to this approach, the radiofluorination of
iodonium ylides was also first published in 2014 by Vasdev and Liang. This
was another significant advancement towards a broadly applicable method
for the radiofluorination of electron-rich aromatic rings19, however, issues
around the accessibility and shelf-stability of the iodonium ylide precursors
significantly constrain its application. Besides iodonium precursors, there
have also been several reports of sulfonium-type precursors for 18F-labeling
of arenes. Pike and colleagues reported the production of [18F]fluoroarenes
via the radiofluorination of diaryl sulfoxides, while the Årstad, Ametamey
and Ritter groups independently described 18F-labeling of aryl sulfonium
salts20–22. These various operationally simple, robust, and metal-free SNAr
protocols mean there is no need to check clinical GMP products for trace
metal contaminants (cf. transition-metal-mediated protocols).

The second approach to radiofluorination methodology development
involves the use of transition-metal mediators to label diverse precursor
molecules. There are historical examples of transition-metal-mediated
radiofluorination protocols, such as Buchwald’s PdII-mediated radio-
fluorination of aryl triflates23, adapted for radiochemistry by Ermert and
Coenen24, that demonstrated proof-of-concept but which suffered from low
yields and the need to add carrier fluoride. A paradigm shift came with the
discovery that high oxidation state transition metals (e.g., PdIV, CuIII) can
promote radiofluorination reactions, and seminalworkbyRitter andHooker
showed both Pd- and Ni-mediated radiofluorinations of diverse
heteroaromatics25–27. Although these transition-metal-mediatedmethods for
the radiofluorination of electron-rich and neutral aromatic rings have not
beenwidely adopted, likely because of the toxicity of palladium and that they
require the synthesis of air-sensitive transition-metal precursor complexes
that are difficult to implement into routine productions, they ushered in a
new hunt for metal-mediated reactions for 18F-labeling that ultimately
resulted in the introduction of CMRF. In contrast to the complex organo-
metallic chemistry of the early methods, the robustness, operational simpli-
city, and exceptional functional group toleranceofCMRF, aswell as the lower
toxicity of copper, make this transformation broadly applicable to numerous
previously “difficult-to-access” pharmaceutically relevant scaffolds. This has
enabled the exploration of both novel and established in vivo imaging targets.

The basis for the development of CMRF was the Cu-mediated “cold”
fluorination of iodonium salts and organoboron reagents reported in 2013
by the Sanford lab28,29. Building on this precedent, the first example of a
CMRF reaction was disclosed in 2014 by the Scott and Sanford groups
involving the copper-catalyzed radiofluorination of electrophilic (mesityl)
(aryl)iodonium salts (Fig. 1A)30. This work demonstrated that copper-
mediators in combination with stable and synthetically accessible mesityl
iodonium salts directed oxidative addition (and thus radiofluorination) to

the smaller aryl groupon iodine, regardless of its electronicproperties, under
mild conditions (85 oC, 20min). The approach overcomes both: (i) the need
for high temperatures when using SNAr to radiofluorinate iodonium salt
precursors, which likely exacerbates the limited stability and shelf-life of
precursors like (2-thienyl)(aryl)iodonium salts (resulting in more variable
yields from SNAr compared to CMRF), and (ii) the modest regioselectivity
of the original SNAr process.

This initial CMRF of iodonium salts was followed shortly thereafter by
the Gouverneur group's publication of the copper-mediated radio-
fluorination of nucleophilic aryl boronic acid pinacol ester substrates (Fig.
1B)31. These two reactionsprovided robustmethods to synthesize previously
inaccessible 18F-labeled electron-rich and -neutral aromatic rings from
readily accessible precursors using nucleophilic [18F]fluoride. The CMRF
reaction of organoboron reagents is believed to proceed via a mechanism
akin to the Chan-Lam cross-coupling, whereby an aryl nucleophile
undergoes transmetalation with a solvated copper(II)-ligand-[18F]fluoride)
complex. Oxidation to form an organoCu(III) is followed by C(sp2)–18F
bond-forming reductive elimination to release the radiolabeled product
(Fig. 1E). The Scott and Sanford groups quickly expanded thismethodology
to include aryl boronic acid and aryl stannane substrates, making CMRF a
versatile synthetic platform for the 18F-fluorination of a diverse array of
aromatic precursors (Fig. 1C, D)12,32,33. The CMRF reaction was revolu-
tionary in providing an operationally simple and automatable method
utilizing relatively accessible, shelf-stable, and non-toxic reagents and pre-
cursors. In certain instances, CMRF has enabled access to imaging agents
where numerous other labelingmethods, including SNAr, failed to yield any
product34. In this perspective, we highlight recent developments in: (i)
CMRF; (ii) Cu-mediated introduction of other radionuclides, (iii) cutting-
edge preclinical and clinical applications of Cu-mediated radiolabeling; and
(iv) applications of these reactions in theranostics. We also discuss how
CMRF is being used to evaluate emerging technologies such as high-
throughput radiochemistry, statistical design-of-experiments (DoE), artifi-
cial intelligence (AI), and machine learning (ML) to reimagine the radio-
chemistry workflow and accelerate radiopharmaceutical discovery.

Highlights of new Cu-mediated radiofluorination developments
In the decade since its introduction, considerable work has been undertaken
to improve the original Cu-mediated labeling protocols. For example, the
Neumaier and Zlatopolskiy groups have reported alcohol-enhanced CMRF
conditions and next-generation copper-mediators for the efficient produc-
tion of 18F-labeled aromatics (Fig. 2A). These include Cu(4-PhPy)4(ClO4)2,
Cu(3,4-Me2Py)4(OTf)2 andCu(3,4-Me2Py)4(ClO4)2, all ofwhich,whenused
in conjunctionwithDMIornBuOH/DMI as reactionmedia, enable efficient
18F-labeling of BPin and stannane precursors35,36. Alternative sources of [18F]
fluoride have also been investigated. For instance, Haveman andVugts have
explored [18F]triflyl fluoride as a [18F]fluoride source for several base-
sensitive reactions, including CMRF, while the Zhou lab utilized [18F]TsF in
combination with an amide directing group for the preparation of [18F]
olaparib37,38. Meanwhile, the Schirrmacher and Hall groups have addressed
the long-standing challenge of competing protodeborylation in CMRF
reactions (i.e., concurrent formulationofArH that canbedifficult to separate
from Ar18F). By utilizing a new Cu-mediator (Cu(ONf)2) and replacing
pyridine/DMAwith 18-crown-6/tBuOH, theywere able tomaintainRCYof
the desired 18F-labeled product while reducing the formation of protonated
side-products by 10-20-fold (Fig. 2C)39. Lastly, variations of the original
reactions have also been described by Scott and Sanford that allow for the
directed radiofluorination (and radiocyanation) of both arylC-Hbonds (Fig.
2D–F)40–44 and aryl halides (Fig. 2B)45,46 These stable, readily accessible
precursors are particularly advantageouswhen the requisite iodoniumsalt or
organoboron precursor is challenging to synthesize or isolate.

Cu-mediated radiochemistry in preclinical research
and clinical production
Some of the first applications of CMRF were to improve the syntheses of
established yet “difficult-to-access” radiotracers, with [18F]FDOPA as an
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obvious example. [18F]FDOPA is a well-established amino acid radiotracer
of presynaptic dopamine synthesis and is thus used to study the presynaptic
dopaminergic system in a variety of neurophysiological disorders, including
schizophrenia and Parkinson’s disease, for which it received FDA approval
in 201947,48. [18F]FDOPA has also shown great promise for the imaging of
glioma and other primary brain malignancies as well as neuroendocrine
tumors and disorders including, phaeochromocytoma, insulinoma, and
congenital hyperinsulinism49–51. Despite its immense promise as a diag-
nostic and research tool, the routineuse of [18F]FDOPAwashamperedby its
relative inaccessibility through traditional radiosynthetic approaches. These
required harsh radiolabeling conditions using low molar activity electro-
philic [18F]F2 or long multistep synthetic sequences that were complex and
difficult to automate reliably due to the need to radiofluorinate a highly
electron-rich catechol ring14,52. The synthesis of [18F]FDOPA was so chal-
lenging that it was commonly used as the primary performance benchmark

for emerging aromatic radiofluorination methodologies. CMRF chemistry
involving aryl iodonium, boronate, and stannane precursors has afforded
the radiochemical community relatively simple and automatable one-pot
procedures to access [18F]FDOPA using standard radiochemistry equip-
ment validated for cGMP clinical production53–56. Using CMRF enabled
direct fluorination of FDOPA precursors protected with acid labile (e.g.
MOM, Boc) groups, allowing a straightforward 1 pot, 2 step radio-
fluorination/HCl-mediated deprotection using a standard fluorine-18
radiochemistry module45,46. While work continues to further improve the
CMRF synthesis yields and overall production reliability (Fig. 3A)14, this
work highlights two important aspects of CMRF that have led to its wide-
spread adoption by the radiochemistry community. First, it enables the
facile radiofluorination of complex, electronically diverse aromatic rings
from common precursors. Second, the workflow has been designed for ease
of use by non-experts and compatibility with existing radiochemistry

Fig. 1 | Copper-mediated radiofluorination reactions. A–D Early examples of the copper-mediated radiofluorination reactions with various aryl precursors. E The
proposed general mechanism of the copper-mediated radiofluorination of organoboron and tin reagents is analogous to the Chan-Lam coupling reaction.

Fig. 2 |Newdevelopments in copper-mediated radiolabeling.A Improved copper-
mediators and solvents for CMRF35. B The directed (DG: Directing Group) radio-
fluorination of aryl halides with a Cu-N-Heterocycle-carbene (Cu-NHC)45.
C Improved CMRF conditions for the suppression of protodeborylated byproduct

formation39. D Aminoquinoline-directed CMRF of aromatic C-H bonds43. E The
CMRF of aryl C-H bonds via the in-situ formation of aryl iodonium salts42.
F Selective Sequential Ir/Cu-mediated radiofluorination of Ar C-H bonds41.
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infrastructure (e.g., synthesis modules, HPLC purification, sep-pak refor-
mulation). As such, the barrier to entry is low for sites wanting to useCMRF
themselves. Reflecting this, the radiosyntheses of other clinically and pre-
clinically important radiotracers, such as [18F]flumazenil (Fig. 3B), have also
received CMRF overhauls to their cGMP production procedures from
different groups, increasing synthesis reliability and yield, and hence, the
number of patient doses that can be administered for imaging from a single
production57,58.

In addition to its use as a synthetic tool to simplify routine GMP
radiotracer productions, CMRF chemistry has been widely adopted by
radiopharmaceutical research groups worldwide to access a chemically
diverse and rapidly expanding list of novel radiotracers for preclinical and
clinical evaluation. In 2020, Scott and Sanford extensively reviewed the

many examples where CMRF chemistry has been applied to synthesize
novel radiopharmaceuticals for use in (pre)clinical imaging studies11. Since
then, the labeling methodology has provided many more novel radio-
pharmaceuticals of preclinical interest, while several older examples have
continued to be further evaluated in human subjects. The uptake and
dosimetry profile of [18F]TRACK (Fig. 3C), a radiotracer for the tropo-
myosin receptor kinase (TrkA/B/C) family prepared by CMRF of the BPin
precursor and discussed in our previous review, has since been evaluated in
humans by the Schirrmacher group. Initial human studies established brain
uptake and favorable dosimetry, and the tracer is now being evaluated to
assess Trk expression in various CNS pathologies, including Alzheimer’s
disease and certain cancers59–63. CMRF chemistry also played a pivotal role
in thedevelopmentof validatedGMP-certified syntheses for [18F]-SynVesT-

Fig. 3 | Several compounds that rely on copper-mediated radiochemistry for their
production are currently under clinical evaluation. A Clinically Validated CMRF
synthesis of [18F]FDOPA54. B Clinically Validated CMRF synthesis of [18F]
Flumazinil57. C Initial human imaging experience with [18F]TRACK – brain PET
(left, reproduced from ref. 61 with permission©. American Chemical Society) and
whole-body dosimetry (right, reproduced from ref. 55 under a CC BY 4.0 license).
D Human imaging with [18F]-SynVesT-1 (Left, coregistered parametric VT images
of representative baseline scan, 120-min PET data) and [18F]-SynVesT-2 (Right,
summed SUV PET images of representative baseline scan, 40 to 60 min post-
injection). Reproduced from refs. 69,70 with permission©. SNMMI. E Clinical

imaging with [11C]LY2795050 prepared via Cu-mediated radiocyanation (repre-
sentative bolus+ infusion equilibrium ratio (EQR) images on two planes in a nor-
mal control (peak EQR = 2.8; EQR = distribution volume ratio, under equilibrium
conditions). Parametric EQR images are calculated from the average of frames from
40 to 80 min post-injection, normalized by the value in cerebellar gray matter).
Images reproduced from ref. 63 with permission©. American Chemical Society.
FNonhuman primate imaging with [11C]CN-Nociceptin prepared via Cu-mediated
radiocyanation (summed SUV PET images 20–60 min post-injection). Images
reproduced from ref. 46 with permission©. American Chemical Society.
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1 and [18F]-SynVesT-218,F-labeled derivatives of the synaptic vesicle gly-
coprotein (SV2A) radiotracer, [11C]UCB-J, being explored by the pioneers
of SV2A imaging at the Yale PET Center (Cai, Huang, Carson) and else-
where (Fig. 3D)64–67. Both [18F]-SynVesT-1 and [18F]-SynVesT-2, prepared
via CMRF of the corresponding stannane precursors, show promising
imaging characteristics in healthy controls and are under clinical evaluation
as radiotracers to monitor changes in synaptic density and function in a
variety of neuropsychiatric disorders, including addiction, schizophrenia,
depression, multiple sclerosis, autism, epilepsy, and post-traumatic stress
disorder as well as neurodegenerative diseases such as Alzheimer’s disease,
Parkinson’s disease, and Huntington’s disease68–70.

Cu-mediated radiochemistry has become an essential synthetic tool for
incorporating [18F]fluoride into small aromatic molecules but, as noted
above, the CMRF mechanistic manifold has also been expanded to other
medically important radiosynthons and radionuclides beyond 18F. In par-
ticular, there is considerable interest in the complementary reaction with
[11C]cyanide. Building on the historical precedent of reactions with [11C]
cyanidepromotedbymetals like copper71, theBuchwald andHooker groups
reported a Pd-mediated radiocyanation72, while we and others have
undertaken significant work developing Cu-mediated radiocyanation
reactions. In 2017, the Vasdev lab reported the copper-mediated radio-
cyanation of boronic acids73 while, in 2018, we demonstrated the copper-
mediated radiocyanation ([11C]CN-) of aryl boronate esters and aryl stan-
nane precursors, subsequently demonstrating how 11C-aryl nitriles could be
readily diversified into a variety of versatile radiolabeled products. In one
example, we have used Cu-mediated radiocyanation for routine production
of [11C]LY2795050 (Fig. 3E)74,75, a kappa opioid receptor radioligand based
upon an Eli Lilly asset and developed by the Yale PET Center76,77, that is
currently under clinical evaluation at our site.

Wehave also reportedmethods for theCu-mediated radiocyanation of
aryl iodides with [11C]KCN. The N,N’-dimethylethylene diamine
(DMEDA) ligand accelerates oxidative addition, enabling the radio-
cyanation of diverse substrates, including unprotected amino acids46. In the
event precursors are difficult to access for a given substrate and/or require a
complex synthesis of the requisite iodide precursor (since natural amino
acids do not contain aryl iodides), a telescoped C–H iodination/CMRF
sequence has also been developed and applied to the 11CN-radiolabeling of
tyrosine and tryptophan residues in native peptides44. This methodology is
suitable for the radiolabeling of unprotected amino acids and peptides, and
as a proof-of-concept, we applied it to the labeling of nociceptin (11C-CN-
NOP, Fig. 3F), a 17-amino acid neuropeptide. Nonhuman primate imaging
demonstrated unexpected CNS penetration of the peptide, which, until this
result, we had assumed did not cross the blood-brain barrier.

Copper-mediated radiochemistry for theranostics
In addition to radiotracers for in vivo diagnostic imaging, copper-mediated
radiochemistry is also poised to play an important role in the rapidly
developing area of radio-halogenated theranostics. Theranostics are the
same (or very similar)molecules labeledwithbothdiagnostic (e.g., PET)and
therapeutic (e.g. α, β–) radionuclides that are the state-of-the-art when it
comes to precision cancer care78. Many radiotheranostic agents currently
under evaluation are large bioconjugates (e.g., peptides, antibodies) labeled
with chelated radioactive metal ions (e.g., 68Ga or 89Zr for imaging177, Lu or
225Ac for therapy). However, there is also interest in labeling the imaging
agents with fluorine-18. In some instances (e.g., commercialization)18,F-
labeled peptide-based theranostics offer certain advantages over their 68Ga
counterparts in terms of costs, yield, transport/distribution (due to the
longer half-life of 18F (110 min) compared to 68Ga (68 min)), and image
resolution79. Radiolabeling can be accomplished by direct radiofluorination
or by preparation of an 18F-labeled building block or prosthetic group.
CMRF, for example, has been used to prepare [18F]fluorobenzyl alcohols
and activated esters for downstream labeling80,81.

Due to the long circulation time of antibodies (hours to days), these are
frequently labeled using 89Zr (half-life = 78 h) so that imaging can occur
days after administration. However, there is also interest in labeling them

with fluorine-18 due to its ready availability compared to 89Zr, and its more
favorable dosimetry profile82. A key challenge is that the long circulation
time of antibodies is not readily compatible with the 110-min half-life of
fluorine-18, meaning direct or prosthetic group late-stage labeling is not
possible. To circumvent this issue, considerable work has been undertaken
to develop the concept of pretargeting (Fig. 4A)83. Antibodies taggedwith an
appropriate labeling handle are injected and allowed to accumulate at the
target site over several days. Subsequently, an 18F-labeled small molecule
with fast kinetics and bearing the reaction partner to the labeling handle is
administered and undergoes a bioorthogonal click reaction with the anti-
body. Any unreacted radioactivity rapidly clears, allowing imaging of any
sites where the antibody has accumulated.

A powerful way to achieve pretargeting involves the tetrazene (Tz)
ligation, an inverse-electron-demand Diels–Alder cycloaddition between a
radiolabeled electron-deficient Tz and an antibody functionalized with a
strained trans-cyclooctene (TCO) (Fig. 4B). The Herth lab has been at the
forefront of developing this technology for routine use, synthesizing and
screening libraries of 18F-labeled tetrazines to determine optimal parameters
for use in pretargeting84–86. Notably, while the high reactivity of tetrazines is
ideal for bioorthogonal click chemistry, it makes their preparation and
radiolabeling somewhat challenging. In a recent example,Herth’s groupwas
investigatingdirect radiofluorinationof aryl-tetrazines on the aromatic ring,
but their efforts to label via SNAr were unsuccessful because nucleophilic
basic conditions and high temperatures proved incompatible with the Tz
moieties.Gratifyingly, CMRF requires less base and lower temperatures and
could be used to prepare libraries of 18F-labeled tetrazines in >30% RCC.
Stannanes were found to be the optimal precursors, although, in the case of
some less reactive tetrazines, BPin esters were also suitable (Fig. 4C). The
Herth lab has used similar stannane precursors to also prepare 211At-labeled
tetrazines via electrophilic astatination to click with TCO-functionalized
antibodies for the preparation of the corresponding alpha-emitting
therapeutics87.

While radiometal chelated bioconjugates are often relatively easy to
produce and arehighly selective for their targets, they are alsooften sterically
large and have long in vivo half-lives, slow pharmacokinetics, and, in most
cases, are unable to cross the blood-brain barrier (BBB). On the other hand,
small-lipophilic molecules generally have faster in vivo pharmacokinetics
and significantworkhas beenundertaken tooptimizeBBBpenetration (and
cell membrane permeability) of radiopharmaceuticals to obtain accurate
imaging anddeliver radiotherapeutic payloads to radiosensitive intracellular
targets88–90. Indeed, one of the earliest theranostics, metaiodobenzylguani-
dine (MIBG), is a smallmolecule developed at theUniversity ofMichigan in
the 1970s, that has been widely used for the diagnosis (123I-MIBG) and
treatment (131I-MIBG) of neural crest tumors such as pheochromocytomas
and neuroblastomas91. Given the enormous current interest in the devel-
opment of new theranostics92, lipophilic small-molecule radio-
pharmaceuticals labeled with theranostic radionuclide pairs are important
targets. With ready access, the diversity of radionuclides available (PET,
SPECT, therapy), and the ease of incorporation into small molecules,
radiohalogens such as 76Br (β+) and 77Br (auger e-), the various diagnostic
and therapeutic isotopes of radioiodine (123/124/125/131I), and the promising
combination of 18F (β+) and 211At (α), offer particularly attractive oppor-
tunities for the development of small-molecule theranostics. Reflecting this,
there is growing interest inmethods that allow for themild incorporation of
a variety of radiohalogens into diverse theranostic constructs and, given the
low toxicity and ready accessibility of the precursors, mild labeling condi-
tions, and high substrate tolerance, Cu-mediated radiolabeling holds pro-
mise in this regard.

Radioiodine has longbeen established as an important radionuclide for
diagnosis and therapy. [125/131I]NaI was the first theranostic agent used to
image and treat thyroid cancer and thyrotoxicosis, and radio-iodinated
radiopharmaceuticals are routinely used in nuclear medicine departments
worldwide93. Building on historical copper-mediated radioiodination
chemistry94,95, Several groups employing different radioiodine isotopes have
studied the copper-mediated radioiodination of aryl boronate and stannane
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substrates, demonstrating improvedproductionof several clinically relevant
radiopharmaceuticals, including [125I]iodouracil, [123/125I]MIBG, [123I]DPA-
713, [123I]KX-1, [123I]IMPY, [123I]IPEB and others96–102. [123/131I]MIBG is a
well-established theranostic radiotherapeutic pair for the localization and
treatment of neuroblastoma103. To improve the therapeutic outcomes,
[211At]MABG is being considered as a possible alternative alpha-emitting
theranostic partner to [125I]MIBG and is currently in clinical trials104,105. To
date, most site-specific heavy radiohalogen radiochemistry still relies on the
use of electrophilic halodestannylation to incorporate the respective
radionuclides into aromatic compounds. However, the low toxicity of the
organoboron reagents used for copper-mediated radiohalogenation ismore
conducive to clinical production and translation, and several efforts have
been made to adapt CMRF chemistry for use with these radionuclides.

In 2018, the Mach lab demonstrated this approach by introducing the
copper-mediated [211At]astatination and [125I]iodination of boronic acid
esters106. The reaction proceeded at room temperature in methanol/acet-
onitrilewithin 10min, resulting inhigh radiochemical conversion for awide
array of radio-astatinated and -iodinated aromatic products, including
several difficult-to-label heteroaromatic scaffolds. The mild conditions and
high radionuclide incorporations of the Cu-mediated radioiodination and
astatination of aryl boronic acid esters compared to the original CMRF
reactions may be rationalized by the comparably greater relative nucleo-
philicity of both [125I]I- and [211A]At- relative to [18F]F-. The authors used the
methodology for the single-step radioastatination and iodination of several
(pre-)clinically interesting scaffolds, noting the method to be generally
higher yielding than the standard electrophilic astatatodestannylation
approach. Theranostic pairing with the CMRF reaction manifold was
demonstrated by synthesizing radioiodinated and astatinated derivatives of

two well-established 18F-labeled PARP expression imaging agents [18F]
PARPi (based on olaparib) and [18F]fluorthanatrace ([18F]FTT, based on
rucaparib) (Fig. 5A). In contrast to many of the large radiotheranostic
bioconjugates, small-molecule radiotheranostics like these PARP inhibitors
possess the cellmembrane permeability to deliver their therapeutic payloads
to the radiosensitive PARP DNA repair complexes within the nuclei of
tumor cells with upregulated PARP expression.

In 2018, the Katzenellenbogen group demonstrated the use of copper-
mediated radiobromination chemistry label N-succinimidyl-4-[77Br]bro-
mobenzoate ([77Br]SBB), which was then used to synthesize [77Br]PARPi107.
More recently, the Ellison lab has reported a variation on these conditions
that efficiently radio-brominates various aromatic and heteroaromatic rings
under mild conditions and at room temperature108. This approach was
applied to the synthesis of 77Br-labeled analogs of the PSMA targeting
radiopharmaceutical [18F]DCFPyL (Pylarify) as well as [77Br]PARPi (Fig.
5B). TheseCu-mediated labeling conditionswere also effective for labeling a
rucaparib derivative with bromine-76 and -77 to produce a true theranostic
pair from the same radiopharmaceutical precursor. With demand for new
theranostics steadily increasing, copper-mediated radiochemistry is expec-
ted to become an important and versatile synthetic tool for developing
small-molecule radiohalogen-based theranostic agents against intracellular
targets.

Disruptive technologies with the potential to enhance
copper-mediated radiolabeling
CMRF chemistry has profoundly impacted the radiopharmaceutical sci-
ences, enabling access to new regions of small-molecule radio-
pharmaceutical space for research and development.However, as the power

Fig. 4 | The role of copper-mediated radiolabeling in pretargeting. A Schematic
for in vivo pretargeting. Recreated from ref. 83 (using https://BioRender.com) with
permission©, SNMMI. B The rapid biorthogonal inverse-electron-demand
Diels–Alder (click) reaction between trans-cyclooctene and an aryl tetrazine serves

as the chemical basis for some in vivo pretargeting approaches. C Copper-mediated
Radiofluorination was successfully employed to radiolabel methyl-phenyl-tetrazine.
Adapted from ref. 85 under a Creative Commons Attribution 3.0 Unported Licence.
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of CMRF chemistry as a radiosynthetic tool became apparent to the com-
munity, its adoption into routine use faced some significant hurdles. For
example, preliminary attempts to automate CMRF radiosyntheses at pro-
duction scales often showed significantly reduced reactionperformance and
were prone to unexpected failures.Work by the Neumeier and Gouverneur
groups, Scott and Sanford labs, and numerous other labs has further studied
the reaction’s critical parameters35,109–112, identified the methodology’s
limitations110,113, and offered practical and reliable production strategies that
have since been applied to multiple real-world examples36,114–117. While we
nowhave amuch better understanding of the factors affecting the reaction’s
probability for success, its multicomponent nature often makes optimizing
the conditions for new untested precursors a time and labor-intensive
endeavor. The reaction’s performance is affected by a complex interplay
between multiple discrete and continuous reaction variables. Furthermore,
the optimal conditions are highly sensitive to the nature and structure of the
substrate118. Unfortunately,many radiopharmaceutical development efforts
that use CMRF chemistry still fail to find conditions capable of reliably
affording the desired product with sufficient yield or molar activity.
Therefore, the radiolabeling of eachnewscaffold still presents a unique set of
optimization challenges that must be overcome before a reliable and high-
yielding CMRF protocol can enter routine (pre)clinical production.

In their 2017 commentary, “Bridging the Gaps in 18F Tracer Devel-
opment," Campbell and colleagues, including Gouverneur, Hooker, and
Ritter, called for a reevaluation of traditional radiopharmaceutical devel-
opment pipelines, emphasizing the need for improved process development

and optimization workflows to accelerate the adoption of new radio-
chemical methodologies for routine radiopharmaceutical production119.
One of the most significant impacts of CMRF chemistry is that it has
prompted the radiochemical community to reassess its conventional
approaches to radiopharmaceutical development.The challenges associated
with implementingCMRFandother emergingmethodologies have sparked
a wave of innovation that aims to integrate advanced automation
technologies120,121, internet-connected laboratories122, high-throughput
radiochemistry workflows120,123, statistically optimal experimental design
strategies118, and advanced data analysis techniques based on computational
and machine learning methods88,124,125.

Preliminary application of these methods to the CMRF labeling of
challenging substrates has shown enormous promise. For example, the
Maurer group applied a statistical design-of-experiments (DoE) approach
for reaction optimization to establish reliable and robust one-pot radio-
syntheses of several novel radiotracers, including the CLIP-Tag reporter
probe [18F]pFBC126 and [18F]talazoparib127, (Fig. 6), a PARP1-targeted
imaging probe that was previously synthesized by a complex 4-step, multi-
pot manual procedure. This work laid the foundation for a DoE-based
radiotracer development pipeline using CMRF chemistry118. Using DoE to
systematically study these process optimizations allowed reliable synthesis
conditions to be found within weeks, a significant improvement over the
multiple months such optimizations can take using traditional “one-vari-
able-at-a-time” approaches. Extending the concept further, Scott and San-
ford collaborated with Merck to develop high-throughput radiochemistry

Fig. 5 | Copper-mediated radiolabeling with other radionuclides. A The copper-mediated radioiodination and radioastination of radiotheranostic PARP inhibitors106.
B The coppermediated radiobromination of a variety of small-molecule radiotheranostic agents108.

Fig. 6 | High-throughput approaches for radiochemistry. Systematic approaches to radiosynthesis optimization that combine designed data collection, high-throughput
experimentation, and data science techniques will drastically accelerate radiopharmaceutical development timelines.
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that allows radiochemistry reactions to be run in 24- and 96-well plate
format123. Combining this high-throughput workflow with the systematic
and statistical advantages of DoE facilitated the identification of CMRF
conditions for the labeling [18F]crizotinib within two 3-h experimental
sessions using just 27.8 µmol of the precursor (Fig. 6)128. We expect these
advancements in radiochemical technologies and techniques will continue
to expedite the discovery and delivery of innovative radiopharmaceuticals
for preclinical evaluation and clinical application, maximizing their future
impact.With the rising demand for new radiopharmaceuticals and ongoing
challenges with limited production infrastructure capacity and skilled labor
availability, embracing new, more efficient radiochemical technologies will
aid in advancing nuclear medicine's development and growth in the future.

Challenges and Limitations
Copper-mediated radiochemistry has benefited frommore than a decade
of research investment from many radiochemistry groups following its
introduction in 2014. The result is a powerful synthetic technique that, as
described in this perspective, has had a pronounced impact on the
synthesis of radiopharmaceuticals for diagnostic imaging and theranostic
applications. With that said, there remain several challenges and limita-
tions that users should be aware ofwhenworkingwith themethodology in
their own radiochemistry facilities. The most significant is perhaps the
issue of competing protodeborylation, giving rise to the protonated
byproduct (ArH) that can be difficult to separate from the desired
radiopharmaceutical product (e.g. Ar18F, Ar11CN). While there are pre-
liminary solutions aimed at reducing the formation of the protonated
byproduct as noted above (Schirrmacher and Hall reduced the formation
of ArH by 10-20-fold using Cu(ONf)2 in conjunction with 18-crown-6/
tBuOH39), or separating it from the desired radiopharmaceutical product
if formed (we have separated ArH from Ar18F using a perfluorophenyl-
capped HPLC columns115), currently how much ArH is formed varies
between syntheses and needs to be accounted for on a case-by-case basis
until a general solution is developed.

A second challenge is that certain substrates are incompatible with
copper-mediated radiolabeling, and despite efforts at derisking the process
from theGouverneur lab113, it is still not straightforward to predictwhen this
will be the case or not. For substrates that can be labeledwith thesemethods,
optimizing the conditions for new untested precursors remains time,
equipment and labor-intensive. This is becoming ever more challenging,
given the rapid growth in nuclear medicine and burgeoning demand for
radiopharmaceuticals worldwide. To predict whether a given substrate can
be labeled using a copper-mediated method and, if so, what the optimal
precursor and/or labeling conditions might be is not straightforward, but
preliminary results with machine learning techniques are encouraging and
worthy of further investigation. However, several challenges need to be
overcome to capitalize on this technology.Thefirst is adataaccess challenge,
involving both how to generate big data for copper-mediated radiolabeling
and how to store and curate it into a format appropriate for machine
learning, while the second challenge stems from ongoing issues with
shortages in the workforce pipeline.

High-throughput experimentation andDoE are the first approaches to
generating the large datasets needed to effectively apply machine learning
techniques to radiochemistry, although there is still work to be done on
automationandeaseofusebefore radiochemistry facilities around theworld
can readily deploy these techniques. There is also a need to expand the
infrastructure for conducting this type of work. Much is standard and
commercially available (HTE/DoE equipment and software) or available on
college campuses (supercomputers for machine learning), but is not stan-
dard fare in most radiochemistry labs today. Meanwhile, initiatives to
organize data collection are underway, but will also take time. Efforts to
standardize radiochemistry nomenclature a couple of years ago were a
critical first step in this process129,130, defining how data should be reported,
and we recommend that similar guideline paper(s) are conceptualized for
the type and format that data should be collected in to enable, for example,
machine learning.

Workforce pipeline issues also need to be urgently addressed. Recent
papers have drawn attention to a critical shortage of radiochemists, and we
strongly support the recommendations by the authors of these articles on
how to trainmore10,131.However, it is important to alsonote that thenumber
of radiochemists with the necessary lab skills to conduct both copper-
mediated radiolabeling and computer science savvy to deploy the sophis-
ticated data processing andmachine learning techniques being developed is
even smaller. To address this shortage, we encourage groups with interest in
this type of work to be intentional in their efforts to train students both in
radiochemistry and advanced data analysis techniques. This will ensure that
the field can truly capitalize on the benefits that data science and machine
learning offer when it comes to accelerating radiopharmaceutical R&D.

Conclusions and future outlook
Copper-mediated radiolabeling, introduced over a decade ago, has proven a
transformative methodology for radiochemists. Immediately following its
introduction for radiofluorination, the approach was adopted by numerous
labs around the world to both improve the synthesis of underutilized, his-
torically difficult-to-access radiopharmaceuticals as well as to synthesize
new ones that were previously inaccessible. These early successes spurred
the refinement of the first-generation methods to include more precursor
options, newcopper-mediators, reductionof side-products, and inclusionof
additives such as n-BuOH to enhance radiochemical yields. Furthermore,
the platform technology has been adapted for use with other diagnostic and
therapeutic radionuclides, including 11C123/125, I211, At, and 76/77Br. This shows
an important future role for copper-mediated radiolabeling in the emerging
field of theranostics. Indeed, copper-mediated radiofluorination and asta-
tination have already been used to label tetrazines for pretargeted ther-
anostics. The result of these successes means that copper-mediated
radiolabeling is being applied to radiolabel increasingly diverse chemical
space. As such, over the next decade, we anticipate that new optimization
paradigms will be needed because of the growth that nuclear medicine and
theranostics are experiencing. Research groups are beginning to pioneer
such approaches, showing the early promise that high-throughput radio-
chemistry workflows, statistically optimal experimental design strategies,
and advanced data analysis techniques based on computational and
machine learningmethodshave for accelerating the optimization of copper-
mediated radiolabeling for any given substrate. As these methods mature,
they are expected to dramatically improve the efficiency of the radio-
chemistry workplace, ultimately accelerating the design, evaluation, and
clinical translation of new theranostic radiopharmaceuticals.
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