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Positron emission tomography (PET) radioligands (radioactively labelled tracer
compounds) are extremely useful for in vivo characterization of central nervous

system drug candidates, neurodegenerative diseases and numerous oncology
targets'. Both tritium and carbon-11radioisotopologues are generally necessary for
invitro and in vivo characterization of radioligands?, yet there exist few radiolabelling
protocols for the synthesis of either, inhibiting the development of PET radioligands.
The synthesis of such radioligands also needs to be very rapid owing to the short
half-life of carbon-11. Here we report a versatile and rapid metallaphotoredox-
catalysed method for late-stage installation of both tritium and carbon-11into the
desired compounds via methylation of pharmaceutical precursors bearing aryl and
alkyl bromides. Methyl groups are among the most prevalent structural elements
found in bioactive molecules, and so this synthetic approach simplifies the discovery
ofradioligands. To demonstrate the breadth of applicability of this technique, we
perform rapid synthesis of 20 tritiated and 10 carbon-11-labelled complex
pharmaceuticals and PET radioligands, including a one-step radiosynthesis of the
clinically used compounds ['C]JUCB-J and ["C]PHNO. We further outline the direct
utility of this protocol for preclinical PET imaging and its translation to automated
radiosynthesis for routine radiotracer production in human clinical imaging. We also
demonstrate this protocol for the installation of other diverse and pharmaceutically
usefulisotopes, including carbon-14, carbon-13 and deuterium.

The incorporation of radioactive nuclides into bioactive molecules
has revolutionized the field of pharmaceutical research and develop-
ment*>. Among known radiolabelling applications, PET isaninvaluable
clinical tool that enables minimally invasive visualization of PET radio-
ligands, in vivo’. These isotope-enriched ligands serve as informative
biomarkers for oncology® and neurological disorders’, as well as critical
tools for studying brain target occupancy relationships for central
nervous system drug development® ™, At present, small-molecule PET
imaging primarily relies on the use of fluorine-18 (*°F, ¢;, = 110 min)
and carbon-11 (C, ¢,, = 20 min). However, the systematic incorpora-
tion of carbon-11 radionuclides into organic architectures remains a
long-standing synthetic problem owing to a series of chemical and
operational challenges. For example, the translation of non-radioactive
2C chemistry to"C radiolabelling is broadly hampered by: (1) the short
20-min half-life of carbon-11, rendering most synthetic protocols
outside the realm of operational utility with respect to experimental
timeframes, (2) the availability of "C-precursor starting materials, (3)
carbon-11generationinlow nanomole quantities while non-radioactive
reaction components are used in vast super-stoichiometric excess,
necessitating cleanreaction profiles and experimental miniaturization,
and (4) the requirement for operationally simple and robust protocols

that are insensitive to air and moisture*?%3, Indeed, although many
methods for *C-installation have been invented throughout the history
of organic chemistry, most are unfortunately unsuited to the challenges
of radioisotopic "C labelling.

Although theincorporation of carbon-11is anecessity forin vivo PET
imaging studies, the development of these PET radioligands gener-
ally requires additional in vitro characterization, such as tissue-based
radioligand binding assays and in vitro autoradiography (Fig. 1a). These
characterization methods are the touchstone for optimizing affinity
andselectivity for atarget, respectively? In this context, it has long been
established that tritium (*H or T) is the most attractive radioisotope for
suchinvitrostudies, givenits long half-life (¢,,,=12 years). However, a
major challenge of tritium labelling in these applications is the need
to incorporate 2-4 tritium atoms per molecule (molar activities of
50-100 Ci mmol™), arequirement that has been met with limited suc-
cessusingmodern hydrogenisotope exchange strategies and instead
is often achieved with tritiodehalogenation or alkene reduction via
substrate resynthesis***. Indeed, although both tritium and carbon-11
isotopologues of any pharmaceutical are critical for the discovery of
PET radioligands, the radiosynthesis of such ligands remains a funda-
mental challenge, limiting drug discovery. As such, aradiolabelling
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Fig.1|General approach toradioligand synthesis. a, Tritium and carbon-11
isotopologuesare critical for assessingin vitroandinvivoradioligand
properties and enable PET radioligand discovery. b, Carbon-bound methyls are
foundin more than 65% of top-selling drugs, such as Skelaxin. Strategies for

strategy that allows the incorporation of both tritium and carbon-11
would dramatically affect radioligand designin the context of the thera-
peutic targets of neurological disorders as well as enabling biomarker
discovery for cancer and neurodegenerative diseases.

Avaluableyet versatile architectural element within organic radiola-
belling, the -CH, or methyl group allows both hydrogen and carbon
isotopes to be readily installed into drug molecules. For example, the
installation of -~CT; enables three tritium atoms to be simultaneously
incorporated, allowing rapid access to radioligands with high molar
activities. At present, however, the state-of-the-art technology for
radiosynthesis remains the classical Sy2 mechanism between phenols
or related N-nucleophiles with methyl electrophiles (that is, 'C- or
*H-methyl halides)™*. This simple alkylation protocol has long been
exploited for radioligand development, but it has traditionally suffered
from the issue of selectivity in drug molecule functionalization. For
example, drugs that bear multiple nitrogen sites can often participate
in serial methylation or quaternization, achemoselectivity problem
that must be suppressed vialengthy protecting-group strategies (which
further diminish the likelihood of success in radioisotopic labelling).

As 0f 2018, more than 65% of top-selling small-molecule therapeutics
possess one or more —~CH, groups bound to another carbon position"”
(Fig. 1b). Moreover, as methyl groups are among the most prevalent
structural elements found in bioactive molecules, itis surprising that
no general technology exists that allows methyl radiolabels to be
installed onto aryl or alkyl groups within drug molecules. Given that
long-established C-C cross-coupling technologies (for example, Stille,
Suzukiand Negishi couplings) that allow methyl group installation have
become a mainstay technique within pharmaceutical discovery, it is
remarkable to consider that such approaches have been little used in
radioisotopic labelling. Although palladium-mediated methods have
been developed for aryl and alkyl 'C-methylation with ['Cliodometh-
ane, the challenging synthesis of organometallic precursors (for
example, aryl stannanes, boronic acids and alkyl-BBNs), and the high
reaction temperatures and strategic protecting-group manipulations
required hamper adaptation of these technologies. More critically,

tritiation and carbon-11labelling at methyl groups bound to carbon are limited
despite their prevalence in bioactive molecules. ¢, Proposed general approach
for Cand Hisotopiclabelling from aryl or alkyl bromides using
metallaphotoredox catalysis. Me, methyl; X, heteroatom.

these protocols are not broadly translatable to tritiation owing to the
volatility and facile radiolysis of [CT,Jiodomethane'®%°, To bridge this
gap, werecognized that the late-stage, functional-group-tolerant radio-
isotopic aryl and alkyl methylation of a stable and easily accessible
precursor would be particularly attractive. This methodology would
enabletherapid radiosynthesis and discovery of PET radioligands for
central nervous system therapeutic development. Furthermore, the
development of an alkyl "C-methylation strategy would enable the
study of previously inaccessible radioligands.

Metallaphotoredox catalysis has emerged as a powerful platform
for facilitating difficult C-C bond-forming reactions®. Recently, we
reported a metallaphotoredox cross-electrophile coupling strategy
mediated by silyl radical activation of alkyl halides**?, This transforma-
tionis enabled by the merger of nickel catalysis, photoredox catalysis
and a photocatalytically generated supersilyl radical intermediate.
As this transformation is performed under exceptionally mild condi-
tions and allows the use of a broad range of substrates, we sought to
develop a general approach to tritium and carbon-11 labelling via a
metallaphotoredox-catalysed cross-electrophile methylation of aryl
and alkyl bromides (Fig. 1c).

We first aimed to develop a tritium-labelling methodology using
the model substrate Celebrex-Br (2), which upon methylation would
furnish the tritiated pharmaceutical, [?H]Celebrex ([*H]3) (Fig. 2). To
support sub-nanomolar ligand-binding studies and in vitro autora-
diography for PET radioligand development programmes (requir-
ing molar activities greater than 50 Ci mmol™), we sought to obtaina
radiochemicalyield (RCY) greater than10% (ref. ). The tritritiomethyl
source was selected as the limiting reagent owing to safety and cost
considerations. We identified the commercially available methylating
reagent [CT,;]methyl1-naphthalenesulfonate (CT,ONp, 1) asasuitable
methylating reagent, which, owing to its stability and non-volatility
compared to [CT;liodomethane or tritium gas, allows for broader use
inresearch laboratories*. A lithium bromide additive was employed
togenerate CT,Brinsitu via a Finkelstein-like reaction from CT;ONp as
well as to promote silyl radical formation (Supplementary Fig.1) and
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*Withacetone (0.01 M), lithiumiodide (5equiv.), NiBr,»dtbbpy (40 mol%),
[Ir(dF(CF;)ppy),(dtbbpy)]PF, (4 mol%).°With alkyl bromide TFA salt (7 equiv.),
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materials for experimental details. *With 2.25 umol aryl bromide. "With DMA as

apolarsolvent system, dimethylacetamide (DMA)/toluene, was cho-
seninorder to solubilize complex pharmaceuticals (Supplementary
Fig. 2). Because the reaction needs to be performed on a micromole
scale, our protocol was developed to work under dilute conditions
(0.01 M) such that an appreciable volume of solvent (125 pl) could
be used for ease of handling. After 12 h of blue light irradiation in the
integrated photoreactor® under the optimized reaction conditions
(see Supplementary Information for details), [*H]Celebrex was iso-
lated at 62% RCY. As hypothesized, the molar activity of the starting
CT,0ONpreagent (78.6 Ci mmol™) was faithfully incorporated into the
target drug, affording [*H]Celebrex ([*H]3) with a high molar activity
0f78.9 Cimmol™. Additionally, control reactions conducted with unla-
belled CH;ONp showed that all reaction components were necessary
(Supplementary Figs. 3, 4).

Synthra automated module

35% RCY, 29 min synthesis (n = 1)
43.2 mCGi isolated, 2.237 Ci umol™’

solvent (300 pl), no TBAl additive. “With 9 pmol alkyl bromide TFA salt,
NiBr,+dtbbpy (1.5 umol), [Ir(dF(CF;)ppy),(dtbbpy)]PF, (0.15 pmol). b, Scale-up
of ['"C]JUCB-J through remote-controlled radiosynthesis for preclinical PET
imaging. Synthesis time starts at ['"C]Mel production and ends at product
isolation. ¢, Fully automated radiosynthesis of [''C]Celebrex using a Synthra
Melplus module combined with the integrated photoreactor. TBAI,
tetrabutylammoniumiodide.

With the optimized conditions established, we sought to evaluate
the generality of the silyl radical-mediated CT,-labelling protocol by
synthesizinga variety of tritiated pharmaceuticals from their aryl bro-
mide precursors (Fig.2). Abroad range of electronically differentiated
aryl bromides coupled efficiently in this protocol ([*H14, [*H15, [*H16
and [*H]7,50%-68% yield). Protic functionality such as amides ([*H]4,
[*H]11, [*H]13 and [*H]14), sulfonyl ureas ([*H]7, [*H18), phenols ([*H]9)
and free benzoic acids ([*H]13), as well as ortho substituents (*H14,
[3H]11, [*H]13 and [*H]14), are well tolerated. Perhaps most notably,
substrates possessing tertiary amines ([*H]9, [*H]10, [*H]12), whichare
traditionally challenging functional groups for photoredox catalysis
given their low oxidation potential (£, [Et;N/Et;N"]=+0.78 V versus
saturated calomel electrode (SCE) in CH3CN)26, delivered the tritiated
productsin good yields (33%-49% yield). In these cases, additional
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lithium bromide was necessary to reduce the formation of oxidized
byproducts, potentially through the preferential oxidation of bromide
over amines. Heteroaryl bromides such as bromopyrazines ([*H]14)
and 2- or 3-bromopyridines ([*H]12, [*H]13 and [*H]15) coupled insyn-
thetically useful yields (28-68%yield). For more activated aryl bromide
substrates where rapid consumption of the haloarene was observed
([*H]11, [*H]14 and [*H]15), using acetone as solvent and lithiumiodide
in lieu of lithium bromide was beneficial through generation of the
more reactive CT;l and consequent matching of the consumption
rates of the two coupling partners. Gratifyingly, we found that triti-
ated analogues of reported PET radioligands could be synthesized in
high molar activity using this coupling manifold ([*H]16, [*H]17 and
[2H118,in 42%-62% yield).

Given the recently demonstrated silyl radical-mediated Cyp3Cyp3
coupling of alkyl bromides?, we questioned whether -CT, groups could
be introduced at aliphatic positions of pharmaceuticals. Excitingly,
we found primary ([*H]20) and secondary alkyl bromides ([*H]19 and
[2H]21) to be competent coupling partners under these reaction con-
ditions (8%-28% yield), demonstrating, to the best of our knowledge,
the firstexample of tritium labelling via an alkyl-alkyl cross-coupling
strategy.

Fromthe outset, we recognized the different challenges associated
with carbon-11labelling compared to tritium chemistry. Namely, the
short half-life of carbon-11 (20 min) necessitates a rapid reaction with
asimple purification procedure for asynthesis time under 60 min. Fur-
thermore, the limited pool of radiolabelled starting materials required
theuse of simple reagents such as ["C]Mel or ["C]MeOTf. With the same
Celebrex-Br precursor (2), we evaluated the feasibility of carbon-11
labelling with ["'Cliodomethane (22) (Fig. 3a). Through optimization,
we found thatintroducing tetrabutylammoniumiodide increased the
reaction efficiency potentially by suppressing formation of the less
reactive ['C]bromomethane mediated by bromide anion generated
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during the course of the reaction (Supplementary Figs. 5, 6). The label-
ling was performed by bubbling ["Cliodomethane in astream of helium
gas through the reaction mixture containing all other reaction com-
ponents. Conducting the reaction with 130-165 mCi (4.81-6.11 GBq)
of ["Cliodomethane for 5 min under blue light irradiation followed by
high-performance liquid chromatography (HPLC) purification afforded
[I'C]Celebrex ([*C]3) after 22.7 min in 48 + 4% (n =3) decay-corrected
yield (dc) (22% non-decay-corrected, ndc) (see Supplementary Informa-
tion for experimental details). We attribute this shorter reaction time
to the super-stoichiometric excess of reagents relative to the nanomole
quantities of ["C]Mel, resulting in pseudo-first-order reaction kinetics.

Next, we examined the generality of the silyl radical-mediated
carbon-11 labelling using selected examples from tritiation (Fig. 3a).
Substrates for which the corresponding organostannanes would be
unstable or challenging to synthesize, such as the complex molecule
["C]11and the 2-methylpyridine-containing ["C]15, are methylated with
['Cliodomethane in sufficient yields to support in vivo PET imaging
or biodistribution studies (yields of 26% and 44 %, respectively). The
previous synthesis of [*C]16 relies on methylation of the correspond-
ingbis-protected arylstannanein19% yield (dc); however, no product
was observed with the unprotected purine ring”. Under our protocol,
however, methylation directly from the unprotected aryl bromide
affords ["C]16 in 21% yield, avoiding time-consuming protecting group
strategies. Additionally, ['C]17 and ["C]UCB-J (["*C]18) are generated
in excellent yields (44% and 58%, respectively)®%,

Carbon-11 methylation at alkyl positions through cross-coupling
has been a particularly underdeveloped field, only having been dem-
onstrated with primary 9-BBN reagents®. By using DMA as solvent and
without added tetrabutylammoniumiodide, a variety of alkyl bromides
were coupled efficiently (["C]19, ["'C]20 and ['C]21, 13%-36% yield).
Notably, free phenols were tolerated in our transformation by virtue
of the mild reaction conditions (["'C]20 and ["'C]21). To highlight the
utility of thisapproach, we aimed to develop animproved synthesis of
["CIPHNO (["C]20), a well studied PET tracer previously prepared in
three radiochemical steps employing protecting-group manipulations
and pyrophoric reagents®. In one step from a stable alkyl bromide
precursor, ["CJPHNO was conveniently prepared in sufficient yields
forinvivoimagingstudies (13 £ 2% yield). Lastly, SB-269970, a specific
5-HT,antagonist that previously required derivatization tointroduce
ahandle for fluorine-18 labelling®, was successfully carbon-11-labelled
(™Cl2y).

To demonstrate the utility of this carbon-11 labelling protocol for
invivo PETimaging applications, anon-human primate PET study was
conducted with ["C]JUCB-J (["C]18), an investigational PET radioligand
for measuring synaptic density in neurodegenerative disorders (Fig. 3b,
Supplementary Figs.12,13). To ensure reproducibility of this method,
our "C-labelling protocol was independently performed by Siemens
Molecular Imaging Biomarker Researchiin North Wales, Pennsylvania,
witharobotic, remote-controlled radiosynthetic setup for the prepara-
tion of ["CJUCB-J. The procedure was validated, yielding 72 +10% RCY
(dc)and 19 £ 2% RCY (ndc) (n=4) of theradioligand. Remarkably, up to
140 mCi (5.18 GBq) of isolated ["*C]18 could be synthesized using this
operationally simple reaction protocol with molar activities in the
range 1.03-3.00 Ci pmol™ (Fig. 3b), activities well above the thresh-
old required to perform human PET studies (10 mCi, 1 Ci umol™)2%,
Consistent with preclinical data in rhesus monkeys?, baseline PET
scans with 11.8 mCi (437 MBq) of ['C]JUCB-J showed rapid uptake into
the brain, peaking after 10-30 min and with moderate washout of the
radiotracer by the end of the 90-min scan (Supplementary Figs.12,13).
Importantly, these results demonstrate the robustness of the radiola-
belling procedure in the hands of multiple practitioners and its utility
in pre-clinical PET imaging.

Routine clinical production of carbon-11 PET-imaging agents is car-
ried out on automated radiosynthesis modules within a cGMP (cur-
rent good manufacturing practice) environment. To demonstrate



the feasibility of applying this method within a relevant context, we
adapted aSynthraMelplus module with the integrated photoreactor®
and conducted afully automated production of ['C]Celebrex ([*C]3).
Underidentical reaction conditions, the fully automated radiosynthesis
of ["C]Celebrex (['"C]3) from Celebrex-Br was complete in 29 minin
35%RCY (dc, n=1), yielding 43.2 mCi of [''C]3 with high molar activity
(2.237 Ci pmol™) (Fig. 3¢). Furthermore, inductively coupled plasma
mass spectrometry (ICP-MS) analysis of theisolated radioligand ["C]18
indicated a nickel and iridium content of 33 parts per billion (ppb)
and 1 ppb respectively, inline with international recommendations
of elemental impurities for samples injected into humans®*. Taken
together, this datastrongly supports the feasibility of using this label-
ling methodology for clinical imaging in humans.

Tofurther emphasize the utility and generality of this cross-coupling
manifold, we endeavoured to incorporate all medicinally relevant
carbon and hydrogen isotopes into a given pharmaceutical agent
(Fig. 4). Each of these isotopologues serves a unique purpose in the
drug development process. Carbon-14-labelled compounds are valu-
able for tracking the fate of a chemical compound through absorp-
tion-distribution-metabolism-excretion (ADME) studies®, benzylic
deuteration allows for slowed metabolism of pharmaceutical agents®®,
and incorporation of *CD, groups generates [M+4] mass compounds
thatare particularly useful as mass spectrometry standards®. As dem-
onstrated with the anti-diabetic medication Glipizide, these isotopo-
logues, including the tritiated and carbon-11 analogues, are accessed
in excellent yields using the same general coupling strategy ([*H]23,
[2H]23, ['*C*H]23, [*C]23 and ["'C]23).

Insummary, we have developed abroadly useful radioisotopic meth-
ylation protocol allowing access to novel radioligands from easily acces-
sible organobromide precursors. Furthermore, we have demonstrated
that this methodology isamenable to preclinical PET imaging and have
provided support for potential translation to human clinical imaging
through automated radiosynthesis. We anticipate that this powerful
platform will enable a more rapid discovery of PET radiotracers for
addressing unmet clinical needs.

Online content

Any methods, additional references, Nature Research reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41586-020-3015-0.

1. Ametamey, S. M., Honer, M. & Schubiger, P. A. Molecular imaging with PET. Chem. Rev.
108, 1501-1516 (2008).

2. Patel, S. & Gibson, R. In vivo site-directed radiotracers: a mini-review. Nucl. Med. Biol. 35,
805-815 (2008).

3. Atzrodt, J., Derdau, V., Kerr, W. J. & Reid, M. Deuterium- and tritium-labelled compounds:
applications in the life sciences. Angew. Chem. Int. Ed. 57,1758-1784 (2018).

4. Miller, P.W., Long, N. J., Vilar, R. & Gee, A. D. Synthesis of ""C, "®F, O, and "N radiolabels for
positron emission tomography. Angew. Chem. Int. Ed. 47, 8998-9033 (2008).

5. Elmore, C.S. & Bragg, R. A. Isotope chemistry; a useful tool in the drug discovery arsenal.
Bioorg. Med. Chem. Lett. 25, 167-171(2015).

6. Bar-Shalom, R., Valdivia, A. Y. & Blaufox, M. D. PET imaging in oncology. Semin. Nucl. Med.
30, 150-185 (2000).

7. Tiepolt, S. et al. Current radiotracers to image neurodegenerative diseases. EINMMI
Radiopharm. Chem. 4,17 (2019).

8.  Suridjan, I., Comley, R. A. & Rabiner, E. A. The application of positron emission tomography
(PET) imaging in CNS drug development. Brain Imaging Behav. 13, 354-365 (2019).

9.  Piel, M., Vernaleken, I. & Résch, F. Positron emission tomography in CNS drug discovery
and drug monitoring. J. Med. Chem. 57, 9232-9258 (2014).

10. Boscutti, G., Huiban, M. & Passchier, J. Use of carbon-11 labelled tool compounds in
support of drug development. Drug Discov. Today Technol. 25, 3-10 (2017).

1. Hargreaves, R. Imaging substance P receptors (NK,) in the living human brain using
positron emission tomography. J. Clin. Psychiat. 63, 18-24 (2002).

12.  Deng, X. et al. Chemistry for positron emission tomography: recent advances in ""C-, F-,
BN-, and ®O-labeling reactions. Angew. Chem. Int. Ed. 58, 2580-2605 (2019).

13.  Dahl, K., Halldin, C. & Schou, M. New methodologies for the preparation of carbon-11
labeled radiopharmaceuticals. Clin. Transl. Imaging 5, 275-289 (2017).

14. Zarate, C., Yang, H., Bezdek, M. J., Hesk, D. & Chirik, P. J. Ni(1)-X complexes bearing a bulky
a-diimine ligand: synthesis, structure, and superior catalytic performance in the
hydrogen isotope exchange in pharmaceuticals. J. Am. Chem. Soc. 141, 5034-5044
(2019).

15.  Voges, R., Heys, J. R. & Moenius, T. Preparation of tritium-labeled compounds by chemical
synthesis. In Preparation of Compounds Labeled with Tritium and Carbon-14109-209
(John Wiley & Sons, 2009).

16.  Wuest, ., Berndt, M. & Kniess, T. Carbon-11 labeling chemistry based upon ["C]methyl
iodide. In PET Chemistry (eds Schubiger, P. A., Lehmann, L. & Friebe, M.) 183-213
(Springer, 2007).

17. McGrath, N. A., Brichacek, M. & Njardarson, J. T. A graphical journey of innovative organic
architectures that have improved our lives. J. Chem. Educ. 87, 1348-1349 (2010).

18. Voges, R., Heys, J. R. & Moenius, T. Introduction. In Preparation of Compounds Labeled
with Tritium and Carbon-141-23 (John Wiley & Sons, 2009).

19. Sandell, J. et al. Synthesis, radiolabeling and preliminary biological evaluation of
radiolabeled 5-methyl-6-nitroquipazine, a potential radioligand for the serotonin
transporter. Bioorg. Med. Chem. Lett. 12, 3611-3613 (2002).

20. Halldin, C. et al. Development of a central nicotinic acetylcholine receptor radioligand,
5-methyl-A-85380, and postmortem autoradiography in human brain. J. Labelled Comp.
Radiopharm. 44, $251-S253 (2001).

21. Twilton, J. et al. The merger of transition metal and photocatalysis. Nat. Rev. Chem. 1,
0052 (2017).

22. Zhang, P.&Le, C. & MacMillan, D. W. C. Silyl radical activation of alkyl halides in
metallaphotoredox catalysis: a unique pathway for cross-electrophile coupling. J. Am.
Chem. Soc. 138, 8084-8087 (2016).

23.  Smith, R. T. et al. Metallaphotoredox-catalyzed cross-electrophile C,,*~C,,? coupling of
aliphatic bromides. J. Am. Chem. Soc. 140, 17433-17438 (2018).

24. Li, P. & Olszewski, J. D. Radiosynthesis of [*H]-ABP688 using [*H]-methyl nosylate: a
non-volatile alternative methylating agent. J. Labelled Comp. Radiopharm. 52, 512-513
(2009).

25. Le, C.etal. A general small-scale reactor to enable standardization and acceleration of
photocatalytic reactions. ACS Cent. Sci. 3, 647-653 (2017).

26. Smith, J. R. L. & Masheder, D. Amine oxidation. Part IX. The electrochemical oxidation of
some tertiary amines: the effect of structure on reactivity. J. Chem. Soc. Perkin Trans. 2,
47-51(1976).

27. Koyama, H. et al. Synthesis of PET probe O°-[(3-["C]methyl)benzyl]lguanine by
Pd°-mediated rapid C-["C]methylation toward imaging DNA repair protein
0°%-methylguanine-DNA methyltransferase in glioblastoma. Bioorg. Med. Chem. Lett. 27,
1892-1896 (2017).

28. Nabulsi, N. B. et al. Synthesis and preclinical evaluation of "C-UCB-J as a PET tracer for
imaging the synaptic vesicle glycoprotein 2A in the brain. J. Nucl. Med. 57, 777-784
(2016).

29. Shimoda, Y. et al. Synthesis and evaluation of novel radioligands based on 3-[5-(pyridin-
2-yl)-2H-tetrazol-2-yl]benzonitrile for positron emission tomography imaging of
metabotropic glutamate receptor subtype 5. J. Med. Chem. 59, 3980-3990 (2016).

30. Hostetler, E. D., Fallis, S., McCarthy, T. J., Welch, M. J. & Katzenellenbogen, J. A. Improved
methods for the synthesis of [w-"C]palmitic acid. J. Org. Chem. 63, 1348-1351(1998).

31.  Shoup, T. M. et al. Synthesis of the dopamine D,/D, receptor agonist (+)-PHNO via
supercritical fluid chromatography: preliminary PET imaging study with [3-"C]-(+)PHNO.
Tetrahedr. Lett. 55, 682-685 (2014).

32. Andries, J., Lemoine, L., Le Bars, D., Zimmer, L. & Billard, T. Synthesis and biological
evaluation of potential 5-HT, receptor PET radiotracers. Eur. J. Med. Chem. 46, 3455-3461
(201).

33. Mintun, M. A. etal. ["C]PIB in a nondemented population: potential antecedent marker of
Alzheimer disease. Neurology 67, 446-452 (2006).

34. International Council for Harmonisation of Technical Requirements for Pharmaceuticals
for Human Use (ICH). Quality Guidelines https://www.ich.org/page/quality-guidelines.

35. Isin, E. M., Elmore, C. S., Nilsson, G. N., Thompson, R. A. & Weidolf, L. Use of radiolabeled
compounds in drug metabolism and pharmacokinetic studies. Chem. Res. Toxicol. 25,
532-542 (2012).

36. Gant, T. G. Using deuterium in drug discovery: leaving the labelin the drug. J. Med. Chem.
57, 3595-3611(2014).

37. Atzrodt, J., Derdau, V., Fey, T. & Zimmermann, J. The renaissance of H/D exchange. Angew.
Chem. Int. Ed. 46, 7744-7765 (2007).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature Limited 2020

Nature | Vol 589 | 28 January 2021 | 547


https://doi.org/10.1038/s41586-020-3015-0
https://www.ich.org/page/quality-guidelines

Article

Methods

See the Supplementary Information for further methods.
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