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Abstract Isotopic labeling is an attractive modality that has been
widely used in many aspects of chemistry, the life sciences, and medical
research; especially deuterated drugs and radioactive molecules have
been used in the diagnosis and treatment of cancer and neurodegener-
ative diseases. The widespread application and rapid development of
isotopically labeled molecules has led to an increased demand for new
isotopic labeling chemical methods to synthesize highly specific mole-
cules bearing defined nuclides. Multicomponent reactions (MCRs) are
modular build-up approaches for the rapid generation of complex mol-
ecules often containing biologically relevant scaffold structures. There
is great potential to use MCRs to construct isotopically labeled mole-
cules because assembly speed and reaction diversity are key advantag-
es of MCR. In this review, we provide an overview of the recent litera-
ture on this topic that can provide insight into the application of MCRs
in the field of isotopic labeling.

Key words MCR, multicomponent reaction, Ugi, Passerini, isotope,
PET, deuterium, isocyanide

1 Introduction

Multi-component reactions (MCRs) stand out as power-

ful and efficient synthetic strategies in organic chemistry,

involving the simultaneous reaction of three or more reac-

tants to produce a single product, often in a one-pot fash-

ion.1 This approach offers several compelling advantages

that contribute to its widespread utilization.

Firstly, MCRs enhance efficiency by allowing the syn-

thesis of complex molecules in a single reaction vessel, min-

imizing the number of steps, and reducing waste, thereby

promoting sustainability. The diversity achieved through

MCRs is remarkable; they enable the incorporation of mul-

tiple functionalities in a single step, rapidly generating di-

verse chemical structures.

Additionally, MCRs exhibit high atom economy, are en-

vironmentally friendly and economically advantageous, as

a large percentage of reactants are incorporated into the fi-

nal product.2 The synthetic process is simplified by reduc-

ing reaction steps, purification procedures, and the need for

multiple reaction vessels, making MCRs attractive for both

academic and industrial applications.3 Many MCRs also

provide high yields, proving efficient and practical for

large-scale synthesis.4

Furthermore, the study and development of MCRs have

led to the discovery of new reaction mechanisms and novel

chemical transformations, contributing to the advancement

of synthetic chemistry. Their versatility allows application

to various types of reactions, including carbon–carbon and

carbon–heteroatom bond-forming reactions.5

In the context of isotopes, which are distinct nuclear

species of the same chemical element, MCRs offer an effi-

cient modular build-up approach to synthesize complex

drug molecules. Isotopically labeled compounds find wide-

spread use in science and technology, serving to track the

passage of isotopes through reactions, metabolic pathways,

or cells. Stable isotopes, crucial in mass spectrometry stud-

ies, protein folding, and exploring chemical reaction mech-

anisms, also play a vital role in medicine, particularly in the

development of deuterated drugs (Figure 1).

Deuterated drugs, which often exhibit comparable

physicochemical properties to their unlabeled counter-

parts, offer improved safety, enhanced tolerability, and in-

creased bioavailability. For example, deucravacitinib

(SOTYKTU™) (Figure 2) is a groundbreaking oral inhibitor

of tyrosine kinase 2 (TYK2), earning its first approval in the

USA on September 9, 2022, for adults with moderate-to-se-

vere plaque psoriasis. Unlike traditional tyrosine kinase in-

hibitors targeting the active kinase domain, deucravacitinib
© 2024. The Author(s). Synlett 2024, 35, 2174–2190
Georg Thieme Verlag KG, Rüdigerstraße 14, 70469 Stuttgart, Germany

https://www.thieme-connect.com/products/ejournals/issue/10.1055/s-014-60509


2175

S. Xiao et al. AccountSynlett
Biographical Sketches
Siyu Xiao obtained his Bache-
lor of Science degree and Mas-
ter of Science degree in
Southwest University. He is
presently studying for a PhD un-

der the guidance of Prof. Dr.
P.H. (Philip) Elsinga at the De-
partment of Nuclear Medicine
and Molecular Imaging at the
University Medical Center Gron-

ingen. His current research in-
terests include organic synthesis
and radiolabeling.

Antonio Conte was born in
Caserta, Italy. He graduated
from the University of Naples
Federico II with a thesis devel-
oped in collaboration with the
University of Groningen under

the supervision of Professor Al-
exander Dömling. Since June
2023, he has been working as a
researcher at Palacký University
in Olomouc, Czech Republic. His
PhD studies focus on Medicinal

Chemistry within the group led
by Professor Alexander Dömling
at the Czech Advanced Technol-
ogy and Research Institute
(CATRIN) in Olomouc.

Bart Cornelissen was born in
Turnhout, Belgium. He graduat-
ed from the Universities of Has-
selt and Ghent with a thesis in
radiochemistry and Radiophar-
macy. He is now Associate Pro-

fessor at the University Medical
Center in Groningen, with a visi-
tor appointment at University
of Oxford’s Department of On-
cology, and the Nuffield Depart-
ment of Surgical sciences. His

research focuses on the devel-
opment of novel radiopharma-
ceuticals for imaging and
radionuclide therapy, mainly for
oncology applications.

Prof. Dr. Alexander Dömling
has been ERA Chair at the
Palacky University, Olomouc
since 2023. Before, he held pro-
fessor positions at the Universi-
ty of Groningen, and University
of Pittsburgh and performed his
Habilitation at the Technische
Universität München (TUM). He

obtained his PhD with Ivar Ugi
at the TUM in 1992, and, there-
after, joined Barry Sharpless’ lab
at Scripps Research Institute as
a Feodor Lynen postdoctoral re-
searcher funded by the Alexan-
der von Humboldt society. He is
co-founder of several start-up
companies. Recently, he re-

ceived the prestigious ERC Ad-
vanced grant AMADEUS. His
interests include all aspects of
multicomponent reaction
chemistry in basic and applied
science and he is supported by
more than 400 publications and
70 patent applications.

Prof. Dr. Philip H. Elsinga is
an organic chemist by training
and obtained his PhD in 1995 at
the University of Groningen. In
2016 he was certified as a Clini-
cal Radiochemist. He is involved
in PET-related radiopharmaceu-
tical research and translation of
radiopharmaceuticals to the
clinic. His main focus was firstly
directed to PET-labeled amino
acids, receptor ligands for the
beta-adrenergic receptor and
substrates for P-glycoprotein.

Later on, his interest broadened
to other PET-radiopharmaceuti-
cals, such as 18F-labelled pep-
tides, receptor antagonists and
artificial amino acids for neuro-
endocrine tumors. In 2011 Phil-
ip Elsinga was appointed as full
professor in PET-radiochemistry.
He is the author of >200 peer-
reviewed articles. He supervised
>30 PhD-students including col-
laboration with Peking Universi-
ty. International activities are
(amongst others) Chairman of

the EANM Radiopharmacy
Committee, member of Board
of Directors of Society of Radio-
pharmaceutical Sciences, Edi-
tor-in-Chief of the European
Journal of Nuclear Medicine and
Molecular Imaging Radiophar-
macy and Chemistry and invited
expert for IAEA. Current scien-
tific projects involve (im-
mune)oncology, neurology and
bacterial infection imaging with
PET and in combination with
optical and MRI-imaging.
Synlett 2024, 35, 2174–2190



2176

S. Xiao et al. AccountSynlett
acts via allosteric inhibition, binding specifically to TYK2’s

catalytically inactive pseudo kinase regulatory domain

(JH2). This binding stabilizes an inhibitory interaction be-

tween the regulatory and catalytic domains of TYK2, effec-

tively preventing receptor-mediated TYK2 activation and

downstream signaling. Furthermore, deuteration of deu-

cravacitinib’s N-methyl group inhibits the formation of a

less selective primary amide metabolite in vivo by sup-

pressing the N-demethylation metabolic pathway via a deu-

terium kinetic isotope effect. This deuteration process un-

derscores the significance of pharmaceutical optimization

strategies, highlighting its pivotal role in enhancing drug

selectivity and efficacy.10

Figure 2  Deucravacitinib (SOTYKTU™) used for adults with moderate-
to-severe plaque psoriasis

The deuterated position or group of a drug is usually

specific. Introducing a defined number of deuterium atoms

at specific locations and ensuring optimal deuterium incor-

poration poses a formidable synthetic challenge. The ana-

lytical scrutiny of isotopic impurities within deuterated ac-

tive pharmaceutical ingredients presents a technical hurdle

of considerable magnitude. Furthermore, the elusive pre-

dictability of the effects stemming from deuterium modifi-

cation amplifies the intricacy of this synthetic endeavor.1

However, deuterating small molecules is relatively easy,

taking into account the availability of commercially deuter-

ated solvents. There is great potential to synthesize com-

plex drug molecules from deuterated small molecules with

modular approaches. Examples of approved drugs that can

be made by an MCR route but are not necessarily produced

by an MCR include atorvastatin,11 praziquantel,12 ivosid-

enib,13 lidocaine,14 telaprevir,14 olanzapine,15 clopidogrel,15

lacosamide,4 carfentanil,16 nirmatrelvir,17 amenamevir,18

and levetiracetam19 (Figure 3). Olanzapine is a particularly

intriguing example on the potential impact of MCR in iso-

tope labeling, since it has been shown to be producible by

several convergent MCR routes. It was proposed that 5–10%

of the marketed drugs contain substructures that can be

made advantageously by MCR.3 Examples of isotope labeled

building blocks useful in MCR chemistry to precisely label

specific positions in target molecules are shown in Table 1.

For instance, a series of imidazole-linked covalent organic

frameworks were robustly constructed through the Debus–

Radziszewski MCR from aldehydes, ketones, and ammonia.

Among them, [15N]NH3 was used to synthesize the frame-

works to study the reaction mechanism.20

With the development of positron emission tomogra-

phy (PET) technology, various radiolabeled drugs have been

developed and widely used in clinical diagnosis of various

diseases in recent years (Figure 4). As a powerful non-inva-

sive method, PET is able to monitor pathophysiological pro-

cesses and evaluate drug treatment.21 PET imaging shows

binding of radiolabeled tracers to biological targets of inter-

est, such as receptors, enzymes, and ion channels.22 More-

over, PET can be used to accelerate drug development by

providing key information of pharmacokinetic and phar-

macodynamics properties of novel drugs to the pharmaceu-

Figure 1  Different application of isotopes in: (A) PET scanning,6 (B) mass spectrometry,7 (C) isotopically labeled drugs displaying enhanced bioactiva-
tion,8 (D) SILAC.9
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tical industry.23 Innovations in chemistry to synthesize ra-

diotracers play a crucial role to the point where chemistry

may well be the rate-limiting step in the development of

PET-tracers.24 Successful drug development for PET depends

on short-cycle, low-cost, and efficient development meth-

ods to discover lead compounds.25 Thus, using PET for drug

discovery and patient diagnostics requires an efficient and

varied toolbox for PET-tracer synthesis.

The synthetic efficiency of PET-tracers depends not only

on synthesis methodology but also on the chemical proper-

ties and half-life of the radionuclide.26 18F and 11C are the

two most commonly used radionuclides for PET. For PET-

tracers with complex structures, there are two commonly

used synthesis strategies. The first method is to synthesize

precursors of PET-tracers step by step, after which the pre-

cursors are radiolabeled (Figure 5A). A second method en-

tails the radiolabeling of a small molecule synthon first,

Figure 3  Examples of drugs accessible by MCRs and synthesis of Clopidogrel by two orthogonal MCR approaches
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Table 1  Commercial Availability of Isotope Labeled Building Blocks of Potential use in MCRs

Name Structure Price ($) Potential MCR application

Deuterated water D2O 1,700 / 1 kg

Rich(18O) Water H2
18O 1,700 / 1 g U-3CR to label amide

Isopropanol-D8 168 / 1 g

Acetic acid-D CH3COOD 134 / 50 g Synthesize deuterated drugs and study reaction mechanisms

Acetone-D6 CD3COCD3 51 / 10 g

Acetaldehyde-D4 CD3CDO 139 / 1 g

Ammonium chloride (15N) 15NH4Cl 102 / 1 g Study reaction mechanisms

L-Lysine·2HCl (¹³C6) 4,272 / 1 g
Synlett 2024, 35, 2174–2190
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which is then used as a reactant to synthesize PET-tracers

(Figure 5B). However, for the former method, synthesizing

precursors step by step inevitably leads to low efficiency,

huge waste, and low overall yields. For example, it requires

four steps to synthesize the precursor of lacosamide with

an overall yield of 23% (Figure 11A) and it requires eight

steps to synthesize the ezetimibe with an overall yield of 5%

(Figure 14A). For the latter, PET-tracers with complex struc-

tures are generally difficult to obtain through one-step re-

actions. For example, a quaternary ammonium salt group

has been used to obtain the L-3,4-dihydroxy-6-[18F]-fluoro-

phenylalanine. It took four more steps to obtain the radio-

Figure 4  Some clinically available 18F-labeled radiotracers and their related applications.
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and then the precursors are radiolabeled. (B) A small molecule is radiolabeled and then used as a reactant to synthesize PET-tracers.
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active product after introducing the 18F.27 In addition, long

reaction times needed for some reactions will cause the ra-

dionuclide to significantly decay.

Although research into and application of radioisotopic

labeling of small molecule drugs have gradually increased

over the years and a significant range of radiolabeling

methods have been developed, most of these methods are

carried out using small molecules with one reaction site as

templates.28 These methods are not suitable for structurally

complex drug molecules that have multiple chiral centers

and contain multiple reaction sites.29 Here, we will explore

the applicability of multi-component reactions (MCRs) as a

synthetic tool to speed up discovery of radiolabeled com-

pounds containing multiple functional groups .

MCRs are considered an effective solution to the above

problems.25 The products of MCRs are formed in one step,

instead of multiple sequential steps, which means that

MCRs are efficient, economic, and have high overall yields.30

The structures of the compounds produced by MCRs in-

clude high exploratory chemical space and can be easily di-

versified through systematic changes in each reactant.31

Therefore, MCRs are well suited for generating complex

precursor libraries (Figure 6A).

Figure 6  Two different MCRs methods to develop PET-tracers. (A) Syn-
thesized precursors first, followed by radiolabeling. (B) A small molecule 
is radiolabeled as a synthon, and then MCRs is used to synthesize PET-
tracers.

As for the second method (Figure 6B), traditional MCRs

usually take hours to several days to complete depending

on the reaction type and substituents. Such characteristics

of MCRs do not allow the use of most of the radionuclides

as long reaction times will lead to a substantial decay of the

radionuclide. However, the radioactive reactant in MCRs is

always burdened by a severe sub-stoichiometric amount

compared to the non-radioactivity reactants. This may re-

sult in different reaction kinetics due to stoichiometric

amounts of reactants. MCRs could give high radiochemical

yields (RCY) with relatively short reaction times because of

favorable reaction kinetics combined with elevated tem-

peratures. For example, it takes 24 hours for the yield of

Groebke product to reach 73%, but it only takes 15 minutes

for the RCY of the same MCR yielding the corresponding
18F-labeled product to reach 85%.32

Thus, MCRs not only may allow for more efficient syn-

thesis of diverse precursors, but also for rapid synthesis of

structurally complex tracers. This could provide new PET-

tracers that are not available through linear synthesis. So

MCRs have the potential to greatly expand the range of ra-

diotracers available for PET research.

In this mini-review, we focus on the use of MCRs for the

synthesis of organic isotopically labeled compounds. We

describe and discuss the principles of MCR usage in isotopic

labeling and highlight specific examples, in a non-exhaus-

tive manner, while pointing out some challenges.

2 Labeling with Stable Isotopes Using MCRs

2.1 Deuterium Labeling in MCR

Deuteration, the substitution of deuterium (D) for hy-

drogen (H) in chemical bonds, offers a distinct opportunity

to enhance several critical aspects of drugs. When the

cleavage of the C–H/D bond is rate-limiting, this substitu-

tion induces a primary deuterium kinetic isotope effect

(DKIE), resulting in a slight increase in activation energy

(EA) for bond cleavage and a lower reaction rate.33 Despite

the seemingly negligible EA increase, deuterium substitu-

tion significantly impacts the metabolic profiles of com-

pounds dependent on C–H bond cleavage.34 Specifically,

drugs metabolized by enzymes such as cytochrome P450s

or aldehyde oxidases can benefit from deuteration, leading

to pharmaceutical compounds with improved pharmacoki-

netics, reduced toxicity,35 and equal potency to the parent

drug.36,37 The advantages of deuteration are evident in its

capacity to improve three major characteristics of drugs:

(1) Safety: Deuterium incorporation enables ‘metabolic

shunting’, generating fewer toxic metabolites and thereby

enhancing the overall safety of the drug. (2) Tolerability:

Deuterated drugs exhibit higher tolerability, allowing for

administration at higher dosages. The inclusion of deuteri-

um decreases the metabolic activity of specific drugs that

undergo breakdown processes involving the cleavage of hy-

drogen–carbon bonds; this results in maintaining a more

stable blood plasma concentration, resulting in increased

half-life. (3) Bioavailability: Deuteration contributes to im-

proved drug bioavailability, enhancing the drug’s effective-

ness and potential therapeutic impact. While maintaining

spatial and charge distribution similarities with non-deu-

terated analogues, deuterium labeling can have complex ef-

fects on intermolecular interactions and enzyme binding,

underscoring the nuanced advantages presented by deuter-

ated drugs.37
Synlett 2024, 35, 2174–2190



2180

S. Xiao et al. AccountSynlett
An example of the important role of deuterium substi-

tution is with the antiviral Mpro inhibitor used in COVID-19

treatment. Coronavirus disease 2019 (COVID-19) is a highly

contagious disease caused by the severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2). Although vaccina-

tion provides extra immunity toward SARS-CoV-2, there

has been an urgent need to develop treatments for COVID-

19 to alleviate symptoms for carriers of the disease. Mpro in-

hibitors are promising candidates for the treatment of

COVID-19 because Mpro is a protease that plays a crucial role

in viral replication. The majority of Mpro inhibitors belong to

a class of compounds known as peptidomimetics, and often

possess poor pharmacokinetic properties and oral bioavail-

ability. A promising deuterated orally available covalent

Mpro inhibitor with potent in vivo antiviral activity against

emerging variants of SARS-CoV-2, Y180,38 based on the

general structure of the inhibitor Y180 (Figure 7c) proved to

be the most effective among the tested inhibitors with the

lowest rate of epimerization and an IC50 of 8.1 nM against

SARS-CoV-2 Mpro (compared with ca. 13.3 M for its non-

deuterated analogue). This is a commendable example

where deuterium acts to prevent epimerization without af-

fecting the metabolism of the molecule, thus enabling the

preparation of a single, more efficient epimer. This ap-

proach is also known as deuterium-enabled chiral switch-

ing (DECS),39 which is defined as a strategy to enhance the

therapeutic potential of chemically unstable racemic drugs,

often resulting in pharmacological agents with improved

efficacy and stability and reduced toxicity.

2.2 [18O] Labeling in MCR

The bicyclic octahydro-2H-indol-2-one scaffold 4 was

produced by an enantioselective three-component reaction

between a ketone (1), a carboxylic acid (2), and a ni-

troalkene (3) (Figure 8).40 As a chiral organic catalyst,

densely substituted proline ester XL was employed, leading

to stereoselective formation of three stereocenters. To eluci-

date the reaction mechanism, double 18O-labeled carboxylic

acid was used. The two 18O-labels were found to be intro-

duced in the lactam and ester carbonyl oxygen. The doubly

labeled acid [18O]O22 was synthesized from [18O]OH2 and

(trichloromethyl)benzene. The new stereoselective 3-CR

was used for a concise synthesis of the alkaloid (+)-pancra-

cine.

3 Labeling with Radioactive Isotopes Using 
MCRs

The radioactive isotopes used in PET mainly include car-

bon-11, fluorine-18, nitrogen-13, oxygen-15 (Table 2), and

some radiometal elements, such as copper-64, zirconium-

89, gallium-68, etc.41 The half-life of oxygen-15 is so short

that it is rarely used in radiolabeling organic compounds.

Therefore, the isotopes we focus on are carbon-11, fluo-

rine-18, and nitrogen-13.

Table 2  Properties of PET Radionuclides

Radioisotope Half-life (min) Decay mode Nuclear reaction

11C 20.34 + (99%), EC (<1%) 14N + p → 11C + 4He

18F 109.73 + (97%), EC (3%) 18O + p → 18F + n

13N 9.96 + (100%) 16O + p → 13N + 4He

15O 2 + (100%) 14N + 2H → 15O + n

Figure 7  The synthesis of compound (c) can be obtained with a UGI 4-CR using a deuterated analogue of the nicotine aldehyde (2). This can be 
obtained from the non-deuterated nicotinaldehyde by a repeated reduction with NaBD4 (to the deuterated pyridin-3-ylmethanol) followed by Dess–
Martin oxidation to the aldehyde three times, sufficient to generate compound 2 with D incorporation >98%.
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3.1 Labeling with Carbon-11

There is a great advantage to using 11C to synthesize

PET-tracers: it offers the opportunity to prepare PET-tracers

with the native molecular structure unchanged. Currently,

there are some methods to obtain 11C-labeled compounds,

such as isotope exchange reactions and functional group

interconversion.42 However, the half-life of 11C is only 20.3

min, which is too short to be used in the multi-step synthe-

sis of complex products.40 Thus, 11C requires a highly effi-

Figure 8  18O-labeled carboxylic acid was used to elucidate the mechanism of the enantioselective three-component reaction
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Figure 9  (A) Using van Leusen 3CR to synthesize the precursor. (B) Radiolabeling of [11C]AGH-44.
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cient radiolabeling method, which should occur in the last

or penultimate step to avoid the radioactive product from

decaying completely.

An MCR was used to synthesize a precursor for

[11C]AGH-44, a selective serotonin 7 receptor (5-HT7R) ago-

nist. Carbon-11 was used to radiolabel AGH-44 in a two-

step procedure, and evaluate its biodistribution and metab-

olism.44 First, using the van Leusen imidazole synthesis, a

precursor was synthesized (Figure 9A). Then, [11C]methyl

trifluoromethanesulfonate was used as a methylation agent

to afford [11C]AGH-44 (Figure 9B). The total synthesis time

for radiolabeling and purification using HPLC was under 20

minutes, which is less than a half-life of 11C.

In addition to being used for precursor synthesis, MCRs

can also produce 11C-labeled products directly. K[11C]CN

was used to synthesize [11C]hydantoins using the Bucherer–

Bergs reaction (Figure 10A).45 Using this radiolabeling

method, about 9.02 mCi radioactive product can be ob-

tained within one half-life.46 This shows the great advan-

tage of using MCRs to radiolabel heterocyclic compounds.

Various 11C-labeled -amino acids can also be produced ac-

cording to this method (Figure 10B).47 First, [11C]hydantoins

can be obtained by MCRs. Those products can then be hy-

drolyzed to afford the expected -amino acids. Recently, the

new methodology has been used to obtain -amino acids

through isotopic carboxylate exchange with a good RCY.48

Lacosamide is a drug that is believed to act through volt-

age-gated sodium channels for treating focal epileptic sei-

zures.49 The radiolabeled version could be used for pharma-

cological research. The precursor is synthesized in four

steps and the overall yield is less than 25% (Figure 11A).50

This is then radiolabeled using [11C]CO (Figure 11B). In fact,

lacosamide has been synthesized by MCR (Ugi-4CR) in a

single step (Figure 11C).51 Although the product is racemic,

sufficient amounts of chiral products have been obtained

after purification by chiral HPLC due to the high yield of the

Ugi reaction, which exceeds 95%. The radioactive lacos-

amide could be synthesized in the same way by replacing

common blocks with radioactive blocks; for example,

[11C]acetic acid or [13N]NH3. Moreover, this hypothetical

Figure 12  (A) MCRs starting from 4-formylphenylboronic acid pinacol ester. (B) Radiolabeling the precursor with fluorine-18.
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method would be even more advantageous if suitable chiral

catalysts are used. This shows the great potential of MCRs

to improve radiolabeling efficiency.

3.2 Labeling with Fluorine-18 using MCRs

Fluorine-18 is the most widely used isotope for PET im-

aging because of its short positron range and favorable half-

life of 110 min, which means 18F-labeled compounds allow

for more complex multistep synthesis, and products can be

transported over longer distances to places outside the pro-

duction site, or used for PET imaging of slower physiological

processes, for up to a few hours. Currently, there are some

methods to obtain fluorine-18 labeled compounds, such as

using [18F]difluorocarbene reagent.52 Although 18F has a suf-

ficiently long half-life, it is still important to add 18F as late

as possible in the synthesis process to avoid unnecessary

losses due to decay.

Using 4-formylphenylboronic acid pinacol ester as start-

ing material, several types of MCRs have been used to ob-

tain a panel of PET-precursors (Figure 12A and following the

strategy in Figure 6A).53 The Ugi beta lactam, the Ugi tetra-

zole, the Passerini reaction, and the van Leusen reaction

provide a library of precursors with good yields. Precursors

are then radiolabeled with 18F using copper catalysis (Figure

12B). The value of radiochemical conversion (RCC) is the av-

erage conversion rate of radiolabeling of precursors using

DMA as solvent. With this radiolabeling strategy, not only

was the precursor library efficiently constructed, but also

the radioactive products were obtained with a high RCC.

Another strategy with MCRs to obtain 18F-labeled prod-

ucts is using 4-[18F]fluorobenzaldehyde as the starting ma-

terial following the strategy shown in Figure 6B. This af-

fords 18F-products directly through different types of

MCRs.32 Simple radioactive molecules such as 4-[18F]fluoro-

benzaldehyde can be easily obtained with a high RCY of

more than 80%. Using MCRs as the key step, various 18F-la-

beled 3,4-dihydropyrimidin-2-(1H)-ones, imidazo[1,2-a]-

pyridines, -acyloxyamides and peptide-type products

were produced from 4-[18F]fluorobenzaldehyde (Figure 13).

Using MCR to synthesize radioactive compounds, the target

compounds can be synthesized with higher RCY in a rela-

tively short time (Table 3). This strategy demonstrates that

MCRs can be effectively employed to synthesize PET tracers.

Ezetimibe is a drug used to treat high blood cholesterol

levels and certain other lipid abnormalities. Generally, this

compound is synthesized stepwise with the overall yield

about 5–22% (Figure 14A),54 after which 18F-radiolabeling is

performed (Figure 14B).55 Notably, the racemic acetylated

ezetimibe compound was reportedly synthesized in one

step using MCR (Staudinger 3CR). Then, chiral pure acetyl-

ated ezetimibe can be obtained by purification with a chiral

OD column (Figure 14C).5,56 In order to get the radioactive

ezetimibe, radioactive building blocks such as 4-[18F]fluoro-

Figure 13  Radiolabeling MCRs starting from 4-[18F]fluorobenzaldehyde
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aniline or 4-[18F]fluorobenzaldehyde could be used to re-

place the common building blocks. Then chiral purification

is performed to obtain the radioactive product. This hypo-

thetical approach has greater advantages compared to com-

plex precursor synthesis.

3.3 Labeling with Nitrogen-13 Using MCRs

The half-life of 13N is very short (9.96 min). This necessi-

tates its immediate use after production.57 It is challenging

to use 13N for radiolabeling of even simple compounds.

However, combined with MCRs, it becomes possible to syn-

thesize more structurally complex radioactive molecules

with 13N. NH3 is a commonly used reactant in a variety of

MCRs. [13N]NH3 was produced by proton irradiation of wa-

Figure 14  Ezetimibe synthesis: (A) Stepwise. (B) Radiolabeling the ezetimibe with 18F. (C) Production of acetylated ezetimibe by MCR.
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ter and ethanol (nuclear reaction: 16O(p,)13N) by cyclotron.

Therefore, [13N]NH3 is recovered directly from the cyclotron

target.

1,4-Dihydropyridines (1,4-DHPs) and its derivatives are

employed as vasodilators, anti-atherosclerotics, anti-dia-

betics, anti-inflammatories, anti-malarials, and anti-bacte-

rial drugs. The most widely used is nifedipine. Radioactive

1,4-DHPs could be used to monitor and evaluate cardiac ab-

normalities by PET imaging the function of calcium chan-

nels in vivo. Gee’s group established a radiosynthetic meth-

od using aqueous [13N]NH3 for rapid synthesis of 1,4-DHPs

and its derivatives with a Hantzsch MCR radiolabeling strat-

egy (Figure 15).58 The optimized radiolabeling conditions

are 100 °C, 5 min, 1 M NaOH in DMF and the radiochemical

yield is 85%. This is very meaningful for early clinical devel-

opment.

[13N]NH3 also can be used to radiolabel peptide-like

compounds through an Ugi-4CR reaction using a micro-

wave synthesis method (Figure 16).59 The RCY of a small li-

brary of 13N-labeled -aminoacyl amide derivatives and -

lactams was reported to be 11–23% after 10 min in a micro-

wave reactor. This is an efficient strategy to quickly obtain a

diverse 13N-labeled peptidomimetics library.

Figure 16  Reaction for the synthesis of 13N-labeled peptides with Ugi-
4CR

3.4 Synthesis of a Chelator Using MCRs

Dodecane tetra acetic acid (DOTA) also known as tetrax-

etan is a widely used metal chelator, especially for lantha-

nide ions with applications in medicine.60 DOTA-chelated

metals are used as a contrast agent and for cancer diagnosis

and treatment. DOTA derivatives were also used in positron

emission tomography.61

The complex of Gd3+ and DOTA is used as a gadolinium-

based MRI contrast agent under the name gadoteric acid.62

Recently, the DOTA tetrazole isosteric TEMDO was de-

Table 3  Comparison of Reaction Time and Yield for Synthesizing 18F 
and 19F Compounds Using the Same Method

Compound MCR Isotope Reaction 
time

Yield / RCY 
(%)

Biginelli 19F 5 h 80

18F 30 min 66 (n = 3)

Ugi 19F 48 h 78

18F 30 min 62 (n = 3)

Groebke 19F 24 h 73

18F 15 min 85 (n = 4)

Passerini 19F 8 h 98

18F 30 min 65 (n = 3)
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scribed.63 The synthesis involves a convergent MCR ap-

proach employing the Ugi tetrazole reaction. The ligand

was prepared in just two steps in very good yields under

mild conditions (Figure 17). The Gd3+ complex of TEMDO

was prepared and characterized and used in MRI experi-

ments in a left-coronary-artery occlusion murine animal

model to image the myocardial infarcted tissue. It is con-

ceivable that many more cyclic or acyclic chelating tetrazole

derivatives can be synthesized using Ugi’s MCR, tailored to

different metal isotopes and applications.

4 Final Remarks

The integration of convergent MCRs for the synthesis of

small molecules has garnered momentum over the past de-

cade, leveraging its inherent compatibility with automa-

tion64 and its efficacy in the streamlined synthesis and de-

tection of compounds. MCRs are an efficient synthesis

strategy for complex molecules with multiple functional

groups and have the potential to improve radiolabeling effi-

ciency and greatly expand the range of radiotracers. We

show some examples of the synthesis of PET-tracers using

MCRs in Table 4. Additionally, for any new radiolabeling

method, purification, automation, quality control, and most

importantly GMP feasibility need to be considered to en-

sure entry into the clinic. The by-products of MCRs are pre-

dictable, which enables robust quality control methods for

radioactive products. The products of MCRs are racemic

and this is not conducive to drug development. With im-

pending progress in asymmetric synthesis and the com-

mercialization of chiral phase-transfer catalysts, this prob-

lem will be solved in the future. Therefore, the combination

of MCR and radiochemistry will greatly advance the devel-

opment of PET chemistry and is expected to cause a para-

digm shift in radiolabeling.

Table 4  Examples of Using MCRs in PET-Tracers

Isotope Compound Synthesis method Application Ref.

11C van Leusen imidazole synthesis pharmacological research

43,44

Bucherer-Bergs reaction pharmacological research

45

Bucherer-Bergs reaction –

46

18F Passerini reaction –

53

van Leusen reaction –

53

Ugi tetrazole –

53
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Table 4 (continued)

The current use of MCRs in isotope labeling, while still

limited, holds significant potential due to their unique ad-

vantages: (1) Availability of labeled building blocks: MCRs

in isotope labeling rely on the accessibility of labeled build-

ing blocks or precursors, a factor facilitated by a growing

catalog of commercially available isotopically labeled com-

pounds. (2) MCR in PET labeling: The extensive range of

MCR-compatible boronic acids, both available and synthe-

sizable, along with the introduction of boronic acid isocya-

nides, underlines the efficiency of MCRs in 18F-PET labeling.

(3) Versatile labeling approaches: MCRs can incorporate a

variety of simple isotope-labeled building blocks, making

them versatile for applications in medical imaging and di-

agnostics. (4) Advancement in research: MCRs play a vital

Ugi beta lactam –

53

Biginelli reaction –

32

Groebke-Blackburn-Bienayme –

32

Ugi-4CR –

32

Passerini reaction –

32

13N Hantzsch reaction pharmacological research

58

Ugi-4CR –

59
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role in research, particularly in developing new drugs and

diagnostic agents, by efficiently labeling molecules with

isotopes. In fact, many marketed drugs or drugs in develop-

ment, can be synthesized more conveniently, faster, and

more economically by MCR. (5) Cost-effectiveness and scal-

ability: MCRs potentially offer a cost-effective and scalable

approach to isotope labeling, which is crucial for large-scale

production in clinical research and pharmaceutical devel-

opment. (6) Environmental sustainability: Aligning with

green chemistry principles, MCRs in isotope labeling show

high atom economy and reduced waste. Also waste streams

in the isotope labeling area are minor compared to drug

discovery or production, isotope labeled compounds often

comprise a considerable environmental hazard due to their

radioactivity. (7) Convergence for short-lived Isotopes: The

convergent nature of MCRs is a key to synthesizing com-

pounds with short-lived isotopes or those challenging to

handle due to radioactivity. This convergence is crucial for

handling isotopes with short half-lives, enhancing safety in

handling radioactive materials, streamlining synthesis pro-

cedures, and increasing reliability and reproducibility in the

synthesis of isotopically labeled compounds.

While isotopic labeling in MCRs presents certain limita-

tions, such as the decay of isotopes and availability of start-

ing materials, these challenges are not insurmountable. The

rapid execution of some MCRs mitigates the issue of iso-

tope decay, ensuring efficient labeling processes. Further-

more, ongoing advancements in synthetic methodologies

are expanding the repertoire of available starting materials

for MCR-based isotopic labeling. Additionally, although not

all MCR reactions may be amenable to isotopic labeling, the

growing body of evidence, including promising drug candi-

dates undergoing clinical trials, underscores the potential of

MCRs coupled with isotopic labeling in pharmaceutical re-

search and beyond. Therefore, despite the current con-

straints, the synergistic combination of MCRs and isotopic

labeling holds significant promise for advancing both

chemical synthesis and molecular research endeavors.

In summary, the ability of MCRs to quickly and conver-

gently assemble target compounds and to handle short-

lived isotopes safely and efficiently makes them interesting

in synthetic chemistry, particularly for medical diagnostics

and pharmacological research. This review aims to encour-

age scientists to consider MCRs as a future alternative for

isotope labeling.
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