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Abstract Over the past years our lab has established a research pro-
gram towards the late-stage introduction of deuterium into organic
molecules using Pd-catalyzed reversible C–H activation as a means to
affect hydrogen isotope exchange. Through catalyst design, including
the introduction of novel ligand scaffolds, as well as the use of strategi-
cally chosen optimization and screening approaches, e.g., exploiting
microscopic reversibility by first optimizing de-deuteration processes or
using a multi-substrate screening approach, our studies have resulted
in a number of synthetically useful labelling protocols and are described
herein from a personal perspective.
1 Introduction
2 -C(sp3)–H Deuteration of Free Carboxylic Acids
3 Nondirected C–H Deuteration of Arenes
4 Nondirected C–H Deuteration of Heteroarenes
5 Conclusion

Key words deuteration, hydrogen isotope exchange (HIE), catalysis,
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1 Introduction

Due to the importance of deuterium labelled com-

pounds in many research areas, hydrogen isotope exchange

(HIE) is a key technology that has received considerable at-

tention in both academic and industrial laboratories.1 Deu-

terated compounds display marked differences in their

physical and chemical properties when compared to their

non-deuterated analogs. The most important differences

result from the fact that deuterium has a two-fold larger

mass than hydrogen. As a consequence, the C–D bond is as-

sociated with a reduced vibrational stretching frequency in

comparison to the C–H bond, a lower ground-state energy,

and thus a greater activation energy for the bond cleavage

(1.2–1.5 kcal mol–1). This difference in reactivity is quanti-

fied as the so-called kinetic isotope effect (KIE),2 which cor-

responds to the ratio of the rate constants (kH/kD) when a

deuterated and non-deuterated compound are engaged in

an otherwise equal reaction (Figure 1A). Furthermore, deu-

terated compounds feature a reduced lipophilicity and

slightly altered pKa values. Deuterium labelled compounds

are for example used to elucidate reaction mechanisms,2d to

create unique isotope patterns in mass spectrometry,3 and

to study bioactive molecules in terms of their absorption,

distribution, metabolism, and excretion (ADME) proper-

ties,4 thereby gaining insights into their metabolic profile

and toxicity (Figure 1B).5 In addition to this, deuterium in-

corporation can help to improve the pharmacokinetic

and/or toxicity profile of bioactive molecules, potentially

translating into improvements in the efficacy and the safety

of these drugs.6 In 2017, deutetrabenazine, the first deuteri-

um-labeled drug, was approved by the FDA for the treat-

ment of chorea associated with Huntington’s disease (Fig-

ure 1B).7 Later, in 2022, the FDA approved the de novo deu-

terated drug deucravacitinib, an allosteric tyrosine kinase 2

inhibitor used for psoriasis (Figure 1B).8 While these ap-

proved drugs feature N/O-CD3 motifs, it should be noted

that molecules with other deuteration patterns, e.g., deu-

teration on (hetero)aromatic C(sp2) positions or on varied

aliphatic chains are currently at different stages of clinical

investigations.1e

For simple molecules with lower molecular complexity,

traditional approaches have been utilized to incorporate

deuterium in pre-functionalized starting materials.1a,c

However, these approaches have major limitations in appli-

cability due to substrate availability, often resulting in
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time-consuming and cost-intensive multistep synthetic

protocols. The increasing demand for deuterium labelled

complex organic molecules has raised interest in methods

that enable the direct late-stage incorporation of deuteri-

um, thereby bypassing the need for pre-functionalized

starting materials.9 Traditional methods for direct deutera-

tion via HIE include the use of Lewis/Brønsted acids/bas-

es,1a,9a which can enable efficient HIE but typically remain

limited to comparably simple substrates due to the harsh

conditions typically required that result in low functional

group tolerance (Scheme 1A). In this context, reversible C–

H activation has been recognized as an elegant tool to en-

able direct HIE.9 Heterogeneously catalyzed methods have

been used to deuterate various substrates and high catalytic

activities can be achieved with many transition metals.9c–

e,10 These methods offer advantages with respect to the high

levels of deuterium incorporation that can be reached and

simple purification protocols, but also typically require

harsh reaction conditions, leading to low functional group

tolerance and undesired side reactions (Scheme 1B). The

use of homogeneous transition-metal catalysis in conjunc-

tion with directing groups (DGs) on the substrate has prov-

en highly useful for the regioselective deuteration of com-

plex substrates under mild reaction conditions, enabling

broader functional group tolerance and applications in late-

stage functionalization (Scheme 1C).9 Notably, this ap-

proach is suitable for regioselective deuteration, but in turn

cannot be used for per-deuteration of the respective sub-

strates, since the reactivity remains limited to positions to

Figure 1  The kinetic isotope effect (A). The importance of deuterated 
organic compounds alongside the challenges and opportunities of deu-
teration methods (B).
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which the DG directs the catalyst. These directed method-

ologies are complemented by nondirected approaches that

offer the potential to access unbiased C–H bonds without

requiring a DG on the substrate.11 This can in principle be

used to affect the late-stage per-deuteration of structurally

diverse substrates, although many of the catalyst systems

reported to date are moisture- and air-sensitive and have

proven to be incompatible with a range of common organic

functional groups,9b raising the need for further catalyst de-

velopment (Scheme 1D). Besides C–H activation, recent re-

ports in the field of late-stage deuteration have also used

various complementary approaches.12

In this context, we initiated a research program aiming

to develop catalysts for late-stage HIE that would either rely

on a directed C–H activation with a widespread, native di-

recting group, or would enable a non-directed HIE with

broad applicability.

Scheme 1  Strategies towards hydrogen isotope exchange (HIE): Ac-
id/base catalysis (A), heterogeneous transition-metal catalysis (B), ho-
mogeneous directed C–H activation (C) and nondirected 
homogeneous C–H activation (D)

2 -C(sp3)–H Deuteration of Free Carboxylic 
Acids

Carboxylic acids are abundant in bioactive molecules

and are thus highly attractive substrates in catalysis.13 Vari-

ous research groups have developed catalysts for the regi-

oselective and/or enantioselective C–H activation of free

carboxylic acids, thereby enabling a wide range of useful

transformations.14 Carboxylic acids and their derivatives

have also been used as directing groups for HIE processes.15

In 2014, Yu and co-workers described a Pd-catalyzed or-

tho deuteration of phenylacetic acid using (d4)-acetic acid

as a source of deuterium (Scheme 2A).16 For example, 2-(m-

tolyl) acetic acid (1) was fully deuterated at the sterically

accessible ortho position, while the sterically more hin-

dered ortho position reached 66% deuteration. The authors

also observed deuteration of the benzylic position  to the

carboxylic acid, presumably occurring through a deproton-

ation/reprotonation mechanism. In 2016, building on previ-

ous related reports,17 Sawama and Sajiki developed a meth-

od for the deuteration of saturated fatty acids.18 For exam-

ple, caprylic acid (2) reached high levels of deuterium

incorporation at all positions in good yield using heteroge-

neous Pt/C in an iPrOH/D2O solvent mixture. The authors

also demonstrated that the degree of deuteration could be

increased by using a fully deuterated iPrOD/D2O solvent

mixture. In 2018, Zhang and Yu developed a Pd-catalyzed

regioselective HIE reaction using 8-aminoquinoline as a

DG.19 With this protocol the authors could access ortho-se-

lective deuterated aromatic acids and -deuterated aliphat-

ic acids using D2O as the main source of deuterium. For ex-

ample, 8-aminoquinolyl amide 3 was fully -deuterated

with an excellent yield.

Scheme 2  Selected precedents on the C–H deuteration of carboxylic 
acids and their derivatives (A). Concept of exploiting microscopic re-
versibility for reaction optimization (B).

In light of these advances and our own experience in the

direct C–H activation of free carboxylic acids, the develop-

ment of a regioselective deuteration of such free carboxylic

substrates, ideally suitable for late-stage HIE, seemed highly

attractive. We became aware of this potential during the

mechanistic investigation of our method for the -olefina-

tion of a free carboxylic acid, where we found that the C–H

activation step was in principle reversible.20 The key mech-

anistic experiment in this context was the de-deuteration
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of a deuterated starting material when exposed to the reac-

tion conditions. De-deuteration experiments are commonly

used to probe reversibility in C–H activation methods, and

we argued that it should be possible to exploit the principle

of microscopic reversibility to enable the deuteration of

free carboxylic acids (Scheme 2B).21 Such a method would

proceed via the same intermediate (Int-1) also involved in

the de-deuteration, but with two key changes: a native sub-

strate 4 would be exposed to the reaction conditions with a

deuterated solvent rather than placing the deuterated sub-

strate [D]4 in the protic solvent.

We realized that the development of such a method

would require an efficient reversible formation of Int-1

without decomposition of the starting material. Regarding

Int-1, the general ligand structure depicted in Scheme 2B

merits some attention. Building upon Yu’s original discov-

ery of N-acylamino acids as ligands for Pd-catalyzed C–H

activation processes, it has been shown more generally that

bidentate ligands bearing one donor site, which can be a

neutral L-type donor or an anionic X-type donor, and one

anionic internal base site with the ability to promote the

concerted metalation–deprotonation (CMD) step, are privi-

leged motifs for catalyst design in the field of Pd-catalyzed

C–H activation.22

We furthermore realized that a successful method de-

velopment would also require careful control of all possible

sources of protons, e.g., from the base used, the ligand, the

acidic protons of the substrate, etc. We questioned if there

could be a strategically better approach to the optimization

studies. At this stage, the van Gemmeren lab was closely as-

sociated with the Glorius group, who had developed a

mechanism-based screening strategy,23 where the feasibili-

ty of new transformations is probed by studying a single

key step in the alleged mechanism. By combining this line

of thought with the microscopic reversibility mentioned

above, we hypothesized that it might be possible to opti-

mize the de-deuteration of a deuterated substrate [D]4 and

later change the direction of the transformation. This would

offer the advantage that during method development no is-

sues with unknown sources of protons could arise and that

the optimization studies would require only a deuterated

starting material instead of a deuterated solvent. We also

realized that the later change of direction would actually

benefit from a kinetic isotope effect, since in the deutera-

tion protocol the kinetically more accessible C–H bond

would need to be activated while in the de-deuteration the

less reactive C–D bond would need to react. Thus, if a differ-

ence were to be expected at the end of the optimization

studies, the deuteration should in fact work better than the

previously optimized de-deuteration.

During our optimization studies we found that, as ex-

pected from previous experience, 1,1,1,3,3,3-hexafluoro-

propan-2-ol (HFIP) performed best as the reaction sol-

vent.24 Considering the high costs of deuterated HFIP from

commercial suppliers, we developed a reliable method for

the large-scale synthesis of d1-HFIP from cheap starting

materials in parallel to our further optimization work. We

also discovered that ethylenediamine-derived ligands, first

described by Yu,22b,c gave the most promising results. Fur-

ther optimization studies revealed that replacing the acet-

amide group in this class of ligands with a sterically de-

manding 2,4,6-tri-isopropyl (TRIP) benzamide as the CMD-

promoting group gave optimal results (see L1 in Scheme 3).

Notably, benzamides without ortho substituents gave vir-

tually no catalytic activity, presumably due to an intramo-

lecular C–H activation within the ligand.

Furthermore, by blocking both ortho positions of the

benzamide moiety, the arene is forced out of the amide

plane, which is expected to have a strong influence on the

ability of this motif to engage in the CMD step.25

Scheme 3  Selected examples from our studies on the deuteration of free carboxylic acids
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Having identified the optimal reaction conditions, we

started to investigate the substrate scope of this protocol.

The majority of substrates were reisolated in high to excel-

lent yields. Selected examples are shown in Scheme 3. Piv-

alic acid (5a) resulted in high D-incorporation (Dtot = 7.8).

Substrate 5b bearing a TBS-protected alcohol on the side

chain led to an interesting finding. Besides the expected

deuteration in the methyl group, we also observed signifi-

cant deuterium incorporation at the -methylene position.

This is remarkable, since this constituted the first report on

Pd-catalyzed -methylene C–H activation/functionalization

of a free carboxylic acid. With 3,5-trifluoromethylated sub-

strate 5c H/D exchange was observed exclusively in the ali-

phatic positions, while in substrate 5d, deuterium incorpo-

ration also occurred at the ortho positions of the arene (Dtot

= 8.5), presumably through a carboxylate-directed pathway.

The high activity of our catalyst system toward -methy-

lene positions was also observed in 2,2-dipropylpentanoic

acid (5e). Later, we applied our method to the late-stage

deuteration of various bioactive molecules. For example,

compounds [D]5f–[D]5i gave moderate to high deuterium

incorporation with excellent yields, highlighting the func-

tional group tolerance of our method.

3 Nondirected C–H Deuteration of Arenes

In the context of nondirected C–H activations on arenes,

our lab has introduced a catalyst system that, alongside a

contemporary report, enabled such reactions to occur with

the arene as the limiting reagent.26 The key to success in our

case was the use of two cooperatively acting ligands, an

electron-poor N-heterocycle and a bidentate ligand analo-

gous to those used in aliphatic C–H activation. These dual-

ligand-based catalysts are substantially more active than

the respective mono-ligand systems and mimic the ste-

ric/electronic environment of directed C–H activation pro-

cesses. This design has enabled us to, for example, develop

Scheme 4  Selected examples from our protocol for the nondirected C–H deuteration of arenes
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nondirected olefinations, cyanations, alkynylations, and io-

dinations of arenes.26 During extensive mechanistic studies

on our dual-ligand-based catalyst system for the nondirect-

ed C–H activation of arenes, we found that the C–H activa-

tion step is also reversible in this case.26g Aromatic motifs

are ubiquitous in bioactive molecules and it is widely recog-

nized that C–H bonds can be considered the Achilles heel of

drug candidates with respect to undesirably fast metabo-

lization.9 In the context of nondirected C–H deuterations,27

Chirik and co-workers developed an iron catalyst capable of

inducing HIE using D2 as the deuterium source.28 The same

group later developed a Ni-based catalyst that enabled the

deuteration and tritiation of drug molecules using D2 and

T2.29 Furthermore, de Ruiter et al. described an Fe-PCP-pin-

cer complex that catalyzes HIE using C6D6 as the deuterium

source.30 Despite these developments, challenges remained,

for example, due to the sensitivity of the catalysts employed

and limitations in the substrate scope. Thus, novel methods

for the incorporation of deuterium into aromatic scaffolds

remain highly attractive and we wondered if we could uti-

lize the reversibility of C–H activation with our catalysts to

obtain such a method.

After extensive optimization, two sets of conditions

were developed: one for electron-rich arenes and the other

for electron-poor arenes (Scheme 4).31 Based on our previ-

ous studies we knew that the sterically demanding TRIP-

benzamide group is useful to achieve high rates and de-

grees of deuteration. Glycine-derived L2 was found to be

best for electron-rich arenes (conditions A) while for elec-

tron-poor substrates, a novel N,N-bidentate ligand featuring

an N-acyl sulfonamide motif instead of a carboxylate as an

X-type donor site (L4) proved to be optimal (conditions B).

Notably, cheap and easy to handle D2O was used as a source

of deuterium alongside regular HFIP as a co-solvent.

With these reaction conditions, we explored the sub-

strate scope of our deuteration protocol. Yields were gener-

ally good to excellent. Excellent degrees of deuteration were

observed in anisole derivative 6a as well as the disubstitut-

ed arenes 6b and 6e under conditions A. Further, disubsti-

tuted arenes containing electron-withdrawing ester and

amide groups (6c and 6d) showed high degrees of deutera-

tion under conditions B. A free hydroxy group (6f) or amine

group (6g) were also well tolerated, and even challenging

positions in these substrates were deuterated when using

conditions B. We later proceeded to evaluate the suitability

of our method for the late-stage isotopic labelling of bioac-

tive molecules. Nateglinide methyl ester 6h, the Evans-type

reagent 6i, and naproxen methyl ester 6k all gave high lev-

els of deuterium incorporation under conditions A. Bezafi-

brate methyl ester 6j underwent efficient deuteration on

both arene moieties when it was subjected to conditions B.

Sonidegib precursor 6l, flurbiprofen methyl ester 6m, and

the camphor derivative 6n also underwent efficient deuter-

ation under conditions B. The decomposition of the above-

mentioned complex substrates generally remained low,

highlighting the broad functional group tolerance of our

protocol.

4 Nondirected C–H Deuteration of Het-
eroarenes

A drawback of our method for the deuteration of arenes

remained that it was not generally applicable to het-

eroarenes, giving low degrees of deuterium incorporation

or leading to substrate decomposition.31 Methods for nondi-

rected deuteration of heteroarenes have been reported us-

ing Fe,10c,28,30,32 Ni,29,33 Ag,34 Ru35 and other catalytically ac-

tive metals,9 and typically induce a site-specific deuteration

at inherently more reactive positions. Additionally, these

methods are specifically optimized for particular classes of

heteroarenes. Since heteroarenes are common motifs in

pharmaceuticals and agrochemicals,36 we were interested

to further develop our catalyst systems towards a Pd-cata-

lyzed nondirected late-stage deuteration of heteroarenes.37

However, we realized that due to the extremely broad spec-

trum of chemical reactivities encountered within the envis-

aged scope of substrates, several sets of reaction conditions

would most likely be required to obtain good results. In or-

der to avoid the tedious work associated with conducting

various extensive optimization campaigns, we turned our

attention to the efficient yet underutilized strategy of

multi-substrate screening.38 This approach was first intro-

duced in 1998 by Gao and Kagan39 and by Jackson et al.40 in

asymmetric catalysis as an efficient alternative to high

throughput experimentation. Despite its efficiency, this ap-

Figure 2  Workflow and strategic considerations for a multi-substrate screening towards a broadly applicable C–H deuteration of heteroarenes

1. Substrate Selection

Select a 
set of model substrates

instead of a 
single model substrate

• Substrates must be inert towards
  one another
• Substrates should represent the
  full breadth of the envisaged scope
• Handling of compounds - stock 
  solutions or simple dosing necessary

2. Model Reaction and Analytics

Conduct an initial
model/screening reaction

and  establish 
efficient analytical methods

• Model reaction must be suitable 
  for parallelization
• Fast analysis of reaction mixtures 
  required
• Yields/conversions and degrees of 
  deuteration must be available from 
  the crude reaction mixture

3. Optimization Campaign

Systematic screening 
of reaction conditions

to identify 
optimal reaction conditions 

for each substrate

• Reduced number of experiments vs. 
  single-substrate approach
• Initial information on substrate scope
  obtained 
• Information on possible alternative 
  conditions obtained

4. Validation

Employ substrates in single-
substrate experiments 

under optimized conditions

• Confirms the results from screening
• Exclude artifacts from multi-substrate
  screening 
• Delivers pure samples of the 
  deuterated model substrates
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proach has rarely been used outside the field of asymmetric

catalysis and had, to the best of our knowledge, not been

used in the context of C–H activation and/or HIE catalysis.

Our envisaged workflow is outlined in Figure 2 alongside

strategic considerations for each step.

First, multiple substrates were to be chosen that togeth-

er cover the whole range of chemical properties encoun-

tered in the envisaged substrate scope (Figure 2, step 1).

These substrates should then be employed together in a sin-

gle reaction vessel for the optimization campaign. Thus,

these substrates needed to be inert to one another, such

that their reactivity could be considered as independent

from the other substrates in the mixture. From a practical

point of view, the handling of the substrates needed to be

convenient, either as stock solutions or as solids, to guaran-

tee a reproducible experimentation, even with very small

compound quantities. Next, the reference conditions for a

model reaction and the respective analytical methods

needed to be established (step 2). The conditions had to be

suitable for parallel screening during the optimization cam-

paign and the analytical method(s) employed had to deliver

the yield and degree of deuteration of all substrates without

a tedious sample preparation/purification. Now, a system-

atic variation of all relevant reaction parameters would lead

to optimal conditions for each model substrate from a sin-

gle optimization campaign (step 3). Additionally, the multi-

substrate screening approach would provide information

regarding how each substrate would behave under the opti-

mal conditions developed for the other substrates, which

could prove valuable when adjusting reaction conditions to

challenging substrates in the application of the method. Fi-

nally, the optimized conditions needed to be validated in

single-substrate experiments (step 4). This validation

would confirm the absence of positive or negative interfer-

ence between the substrates, as well as the applicability of

each set of conditions at the intended reaction scale.

Scheme 5A shows our realization of this strategy.41 Us-

ing substrates 7a–e as a mixture during the optimization

campaign, we developed four sets of reaction conditions,

each ideal for one or two of the substrates respectively. The

reaction conditions differ in the choice of ligands, tempera-

ture, and Pd source. Notably, low catalyst loadings are used

and D2O serves as the source of deuterium under all four

sets of conditions. Based on our previous deuteration stud-

ies discussed above, we expected that bidentate ligands

bearing a bulky TRIP-benzamide group would be highly ef-

ficient. TRIP-protected 8-aminoquinoline L642 together

with acridine L9 proved to be optimal for substrates 7a–c.

Notably, these ligand combinations follow our dual ligand

design with the variation that an L-type donor is present in

the bidentate ligand instead of an X-type donor. For sub-

strate 7d, a single TRIP-protected thioether ligand L743 de-

livered the best deuteration result. Finally, for substrate 7e,

TRIP-protected 2-picolylamine L844 together with 2,5-luti-

dine L10 proved optimal. These results could all be validat-

ed in single substrate experiments. Notably, the results

from multi-substrate screening enable first predictions re-

garding the substrate scope. For example, the incompatibil-

ity of 7e with conditions B precludes the use of indole mo-

tifs under these conditions.

With the optimized conditions in hand, we started to

investigate the substrate scope of our protocol (Scheme 5B).

Using conditions A, an excellent deuterium incorporation

was achieved in the menthol-substituted furan 7f. Electron-

rich bergapten (7g) was deuterated to high degrees at all ar-

omatic C–H positions along with the reactive olefinic C–H

bond. Di-alkoxy substituted EDOT 7h was well-tolerated

and gave high deuterium incorporation. With suprofen (7i)

as the substrate, directed C–H activation led to a deutera-

tion in proximity to the carboxylate moiety in addition to

the expected heteroarene deuteration, at the same time

demonstrating that carboxylic acids are well-tolerated in

this protocol. Under conditions B, imidazole [D]7j and thi-

azole [D]7k showed high deuterium incorporation. Etomi-

date (7l) gave reduced deuteration at the less reactive 4-po-

sition. Notably, we observed that for such substrates deu-

teration at the 2-position occurs in a background reaction.

Ondansetron (7m) gave high deuteration at both the 4 and

5 positions of the heteroarene moiety. Both in [D]7l and

[D]7m the deuteration occurred selectively in the het-

eroarene unit, while the arene C–H bonds remained unaf-

fected. 1,2,3-Triazole derivative 7n underwent moderate

deuteration on the arene rings. Using conditions C, an un-

protected pyrrole was well tolerated, giving [D]7o with

slightly reduced deuteration at the 5-position. N-Tosylpyr-

role 7q delivered excellent results. Pyrrole-containing drug

molecules like tolmetin (7p) and ketorolac (7r) also gave

high deuterium incorporation. Since under these conditions

no additional monodentate ligand was employed, the aro-

matic C–H bonds of simple arenes remained untouched. Fi-

nally, under conditions D, 3-methylbenzothiophene (7t)

gave excellent deuterium incorporation. Melatonin (7s) and

tryptophan derivative 7u were also efficiently deuterated,

albeit with a slightly lower degree of deuteration at the 4-

position. Electron-poor tropisetron (7v) was efficiently

deuterated when the reaction conditions were slightly ad-

justed, heating to 120 °C and adding 1.0 equivalent of triflu-

oroacetic acid to prevent catalyst poisoning by the tertiary

amine scaffold.

5 Conclusion

Over recent years, our lab has established a research

program towards the palladium-catalyzed HIE in complex

organic molecules through reversible C–H activation. The

research towards these methods led us to discover new

structural variations that can be introduced into common

ligand scaffolds, such as the use of bulky benzamide units

to affect concerted metalation–deprotonation. Strategic
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considerations regarding the optimization of reaction con-

ditions, such as the exploitation of microscopic reversibility

and the implementation of multi-substrate screening en-

abled us to identify highly efficient catalyst systems and re-

action conditions. Overall, our research has led us to discov-

er methods suitable for the late-stage deuterium incorpora-

tion into free carboxylic acids, the nondirected deuteration

of arenes, and a broadly applicable nondirected deuteration

of heteroarenes. In all cases, the applicability to a wide

range of complex organic molecules such as pharmacologi-

cally active substances was demonstrated. Together with

the simple protocols and easily available deuterium sourc-

es, these protocols are expected to find widespread applica-

tion and inspire further research in our own group and

elsewhere. Future research in our lab will aim to comple-

ment our current methods for (per-)deuteration with regi-

oselective systems that exploit differing modes of selectivi-

ty, such as distance control for carboxylic acids or ste-

Scheme 5  Results of the multi-substrate screening approach for the deuteration of heteroarenes (A) and selected examples from the respective scope 
studies (B). [a] Reactions were performed in d1-HFIP/D2O = 3:7.
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ric/electronic control for (hetero)arenes. Another key area

of development will be directed towards the development

of highly active catalyst systems that deliver good results at

low catalyst loadings, as well as silver-free reaction condi-

tions, two essential prerequisites for applications on a large

scale.45
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