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Abstract 

 

This thesis entails the development of practical and cost-efficient hydrogen isotope exchange 

methodologies for the deuteration of aromatic and heteroaromatic substrates. At the outset, 

the first C–H activation and deuteration of aromatic substrates using a catalyst based on earth-

abundant manganese was reported. Transient directing groups allowed for the unprecedented 

use of weakly coordinating aldehyde directing groups in manganese-catalyzed C–H activation 

and enabled high ortho selectivity. Secondly, the transient directing group strategy was trans-

ferred to an application-oriented ruthenium-catalyzed hydrogen isotope exchange reaction on 

aromatic aldehydes and ketones. For the latter substrates, three different labeling patterns, 

namely combined ortho and α-deuteration, ortho-deuteration, and α-deuteration, were acces-

sible by judicious choice of reaction conditions. Both methodologies employ abundant and 

cost-efficient heavy water as isotope source. Lastly, the electronic characteristics of pyridine 

derivatives were harnessed for a transition metal-free, base-mediated deuteration protocol. 

Selectivity for the aromatic sites remote from the nitrogen atom was obtained and complements 

pre-existing strategies for the hydrogen isotope exchange on heteroarenes. All projects are 

accompanied by mechanistic investigations and are expected to inspire future developments 

in the realms of sustainable hydrogen isotope exchange. 

 

  



 
VI 

Kurzzusammenfassung 

 

Diese Dissertation befasst sich mit der Entwicklung praktischer und kostengünstiger Wasser-

stoffisotopenaustauschmethoden zur Deuterierung aromatischer und heteroaromatischer 

Substrate. Zunächst wurde über die erste C–H-Aktivierung und Deuterierung aromatischer 

Verbindungen mittels eines mangankatalysierten Katalysators berichtet. Transiente dirigie-

rende Gruppen ermöglichten hierbei erstmals die Verwendung schwach koordinierender alde-

hydbasierter dirigierender Gruppen für die mangankatalysierte C–H-Aktivierung und erbrach-

ten hohe ortho-Selektivität. Weiterhin wurde die Strategie der transienten dirigierenden Grup-

pen auf eine anwendungsbezogene rutheniumkatalysierte Wasserstoffisotopenaustauschre-

aktion an aromatischen Aldehyden und Ketonen übertragen. Durch gezielte Auswahl der Re-

aktionsbedingungen und -abfolge wurden für letztere Substrate drei verschiedene Markie-

rungsmuster zugänglich: kombinierte ortho- und α-Deuterierung, ortho-Deuterierung und α-

Deuterierung. Sowohl die mangankatalysierte als auch die rutheniumkatalysierte Methodik 

verwendeten vielfach vorkommendes und günstiges schweres Wasser als Isotopenquelle. Zu-

letzt wurde ein übergangsmetallfreies, basenvermitteltes Deuterierungsprotokoll entwickelt, 

das sich die elektronischen Eigenschaften von Pyridinderivaten zunutze macht. Die Reaktion 

zeigte sich selektiv für die aromatischen Positionen, die entfernt vom Stickstoffatom stehen, 

und eröffnete somit eine komplementäre Selektivität zu literaturbekannten Strategien für den 

Wasserstoffisotopenaustausch von Heteroaromaten. Alle Projekte wurden von mechanisti-

schen Studien begleitet und sind Inspiration für zukünftige Entwicklungen auf dem Gebiet des 

nachhaltigen Wasserstoffisotopenaustauschs. 
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1 Significance of Deuterated Compounds 

The smallest and simplest element, hydrogen, possesses the most remarkable isotope chem-

istry: While the most abundant and familiar hydrogen isotope is protium and contains one pro-

ton and one electron, the heavier isotopes deuterium and tritium additionally comprise one or 

two neutrons. The fact that protium has a small atomic mass of only 1.008 u dictates that this 

change in nuclear composition leads to a doubled or tripled atomic mass, respectively, and 

consequently goes along with significantly altered quantum chemical properties. In this sense, 

C–D bonds exhibit lower vibrational frequencies compared to C–H bonds, giving rise to lower 

zero-point energies and consequently higher activation barriers for the respective bond break-

ing step. This important phenomenon is known as the primary kinetic isotope effect (KIE).1  

Besides the implied changed reactivity, a hydrogen isotope in an organic molecule can – like 

isotopes of other elements – simply function as a label: Protium, deuterium and tritium are all 

NMR-active nuclei that are brought in resonance under distinct conditions, leading to specific 

coupling patterns in interaction with other nuclei such as 13C.2 Moreover, the changed molec-

ular mass can be detected in mass spectrometric analyses.3 Tritium further opens up the pos-

sibilities of radioactive imaging.4 

At the same time, bearing isotopes of the same element, protium and deuterium-containing 

molecules have identical physical properties, structure, and biological function.3a Unlike tritium, 

deuterium is not radioactive, allowing chemists and scientists of other disciplines to safely 

probe the differences brought upon by the replacement of protium by deuterium without the 

need for laborious precautions. 

One such application that most organic chemists are familiar with is the use of deuterated 

compounds for the elucidation of reaction mechanisms. On the one hand, deuterium can func-

tion as a label in scrambling experiments with detection by NMR and MS to understand which 

parts of a molecule participate in a specific reaction.5 On the other hand, the KIE is the basis 

for analyses of the C–H cleavage step as the turnover-limiting or rate-determining step (RDS) 

of specific reactions. In these frequently performed experiments, initial rates of the unmodified 

substrate of a reaction and its deuterated counterpart are compared.6 For both types of mech-

anistic experiments, deuterium-labeled organic molecules are needed in which the deuterium 

atom is precisely installed in a specific position imposed by the studied reaction. Conversely, 

solvents for NMR spectroscopy, the other popular organic chemistry laboratory application of 

deuterated compounds, require complete deuteration.7  

Hydrogen isotopes are further used as labels at various stages of the drug discovery process. 

The radioactive tritium plays a bigger role here, for instance in the context of binding site char-

acterization or metabolism studies.8 However, deuterium gains increasing importance for the 

preparation of stable isotope labeled internal standards (SILS) for LC-MS/MS applications.3a If 

a sufficient number of deuterium atoms is incorporated into the reference molecule, 
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quantitative analysis for various applications such as pharmacokinetic studies of drug mole-

cules in early development or environmental contamination tests becomes possible.3a,9 For this 

application, the deuteration site matters less than the efficiency of the deuteration reaction. 

Typically, an incorporation of at least four deuterium atoms and the absence of residual non-

labeled material are required to preclude overlap of internal standard and sample.3a 

With the US Federal Drug Agency’s (FDA) approval of the first deuterated drug, deutetrabena-

zine, in 2017,10 the replacement of protium by deuterium in metabolically labile sites of existing 

drugs has gained increasing attention. Medicinal chemists make use of this strategy to improve 

absorption, distribution, metabolism, and excretion (ADME) properties thanks to the increased 

drug stability induced by the KIE. This way, lower and less frequent doses compared to the 

non-deuterated congeners provide undoubted benefits for patients. A second deuterated drug 

was recently approved for the Chinese market11 and further candidates are currently in clinic 

trials, indicating further continuation of this trend.12  In a similar fashion, KIE-driven increased 

stability and improved properties of deuterated organic light-emitting diodes (OLEDs) and pol-

ymers have lately been explored in the field of material science.13 Accordingly, a demand for 

techniques for the preparation of various compounds that are deuterated in specific positions 

is growing alongside these developments. 

As can be seen from the paragraphs above, the variety of applications of deuterated com-

pounds is mirrored by the requirement for manifold deuteration procedures that match the dis-

tinct needs of each type of use. For this reason, several chemists around the globe are working 

towards expanding the toolbox of deuteration methodologies. This thesis takes part in this 

endeavor. On the following pages, the state of the art of deuteration techniques will be sum-

marized to situate the work of this thesis within its broader context. 

 

2 Methodologies for the Preparation of Deuterated Organic Compounds 

When reading reports from industry on the synthesis of deuterated compounds for some of the 

applications cited in Chapter 1, it appears striking that the de novo preparation of these targets 

in multi-step synthetic sequences often represents the method of choice.14 For this purpose, 

commercially available deuterated building blocks14a,d such as deuterated fatty acids15 or deu-

terated reagents,14b,c like sodium borodeuteride,16 are employed as isotope sources (Scheme 

1, left). This way, the regiospecific installation of the label with high isotopic purity (>99% deu-

terium incorporation in the desired position) can be ensured. Depending on the application, 

these requirements are crucial, justifying the higher cost associated with the often lengthy syn-

theses.17,18 

However, this approach is neither in line with green chemistry principles nor with the rushed 

timelines inherent to the pharmaceutical industry. Moreover, for some applications such as the 

use as SILS, regioselectivity is secondary (cf. Chapter 1) and a rapid and cost-efficient 
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technology appears more attractive. Consequently, the development of late-stage labeling 

methodologies that employ abundant deuterium sources can be considered the main goal of 

the field of hydrogen isotope chemistry of our time. 

Approaches such as reductive deuteration,19 deuterodehalogenation20 or trideuteromethyla-

tion21 present an important advance compared to multi-step procedures (Scheme 1, center). 

Here, the label is installed on a precursor to the target molecule in the final step of the synthetic 

sequence. However, true late-stage deuteration is achieved with hydrogen isotope exchange 

(HIE) where protium atoms on the target molecule itself are directly replaced by deuterium 

atoms (Scheme 1, right).22 Therefore, HIE is often a C–H activation reaction and can serve as 

a basic study for this broader field in parallel to delivering labeled molecules.Error! Bookmark not 

defined.c High deuterium incorporations usually rely on an excess of the deuterium source which 

can drive the equilibrium to the deuterated compound. In some cases, the KIE and slowed-

down reverse protonation reactions contribute to an efficient build-up of high deuteration de-

grees. 

 
Scheme 1 Overview of methodologies for the preparation of deuterated compounds. DG = Directing 
Group. 

Given the variety of potential HIE substrates and the number of protons in each of them, two 

fundamental challenges of HIE are (i) finding methodologies for the activation of a plethora of 
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organic molecules and (ii) achieving selective deuterium incorporation in one or more specific 

positions thereof. Only if global labeling of the entire molecule is desired, selectivity becomes 

less relevant.23 Moreover, almost quantitative deuterium incorporation is desirable to meet the 

demands of many applications and to render HIE competitive with alternative methods.  

Early deuteration methods were considered model experiments for tritiation and this remains 

one of the functions of HIE experiments with deuterium. Due to tritium gas being the safest 

source of this radioactive isotope, deuteration reactions were often conducted under an atmos-

phere of deuterium gas to guarantee transferable reaction conditions. However, as the under-

standing of the importance of deuterated compounds for their own specific applications grew, 

this development went along with a surge for using safer and easier-to-handle liquid isotope 

sources. Among them, especially heavy water is of significance as it is the cheapest and most 

abundant deuterium source from which all other deuterated reagents are made. 

To address the issues mentioned above, several approaches have been presented in recent 

years. Different types of aliphatic substrates have undergone isotopic exchange with various 

deuteration patterns depending on the applied methodology.24 Acid/base catalysis,25 biocatal-

ysis,26 hydrogen autotransfer,27 catalysis with transition metal nanoparticles,28 and homogene-

ous transition metal-catalyzed directed C(sp3)–H29 activation have all advanced this field while 

recently photoredox catalysis seems to open up new avenues.30 Further HIE reactions have 

been presented for olefinic substrates,31 alkynes32 and aldehydes.33 However, a focus of HIE 

research remains on aromatic substrates which are desirable substrates for deuteration reac-

tions due to their ubiquity in pharmaceuticals and organic materials. As this substrate class 

builds the essence of this thesis, underlying strategies for C–H activation and selectivity control 

in the realm of aromatic HIE will be discussed in the following two chapters. 

 

3 HIE of Aromatic Substrates 

3.1 Directed Aromatic HIE  

3.1.1 Iridium-Catalyzed Directed Aromatic HIE 

Decades of intense research have rendered iridium-catalyzed C–H activation the standard 

method for HIE of aromatic substrates.34 Currently, iridium-catalyzed HIE reactions are typi-

cally carried out under ambient conditions (room temperature, 1 bar deuterium gas atmos-

phere) without any additives and are finished after short reaction times (often 1–2 h; Scheme 

2a). For this mild protocol, it is necessary that the starting materials exhibit Lewis basic groups 

(so-called directing groups) which can coordinate to the metal center of the catalyst and bring 

it in proximity to the ortho C–H bonds for establishment of an agostic interaction (Scheme 2b; 

I). Following this step, cationic iridium complexes will undergo oxidative addition or σ bond 

metathesis with the activated C–H bond (RDS of the reaction), furnishing a 5-membered 
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cyclometalated dideuterium hydride complex in the presence of deuterium gas (II). Thanks to 

hydride fluxionality, protium and deuterium atoms can exchange (III) prior to the elimina-

tion/bond-forming step (IV) which will deliver the selectively ortho-deuterated product.35 As 

products and starting materials are virtually indistinguishable, these elementary steps will be 

repeated on ortho-unsubstituted substrates, affording dideuterated compounds with deuterium 

incorporation in both ortho positions. 

 
Scheme 2 Features of iridium-catalyzed ortho-directed aromatic HIE. a) Typical 
reaction conditions and catalyst structure. b) General mechanism. DCM = 
dichloromethane; cod = cyclooctadiene. 
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To stay in line with its late-stage nature, a vital aspect of the field is the use of native directing 

groups rather than complex scaffolds. The obtained deuterated compounds can then directly 

be employed as starting materials for mechanistic experiments, especially in the context of KIE 

measurements. Furthermore, if at least two directing groups are present in a more complex 

molecule, four or more deuterium atoms can be incorporated, allowing the application as SILS 

(see Chapter 1). Of course, these are only two of many possible examples for the application 

of ortho-deuterated arenes. 

 
Scheme 3 Scope of iridium-catalyzed HIE: catalysts and directing groups. a) The originally used 
Crabtree catalyst and the more versatile Kerr catalyst for HIE. b) Tethered ligand enabled HIE of 
sterically demanding tertiary sulfonamides. c) Tethered ligand enabled HIE of sterically demanding 
sulfones. Mes = Mesityl; DiPP = 2,-6-Diisopropylphenyl; BArF- = tetrakis-(3,5-bistrifluoromethylphenyl)-
borate; Boc = tert-butyloxycarbonyl; Bz = Benzoyl; Ac = Acyl. 
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Building on the first breakthrough in the field achieved with the Crabtree hydrogenation cata-

lyst,36 the Kerr group has successively improved related cationic iridium complexes until arriv-

ing at the current N-heterocyclic carbene (NHC)- and phosphine-ligated workhorses of HIE 

(Scheme 3a).35a,37 Compared to their historic congeners, these efficient catalysts enable higher 

deuterium incorporations (typically >90%) for a broader scope of substrates.  

Besides the more traditional N-heteroarene35a,37,38 and ketone35a,37,38b,c,f,h,i-l,39 directing groups, 

a plethora of coordinating groups such as esters,35b,38h,k,l,39,40 amides,35a,b,37,38c,d,f,i,j,l,39,40 carbox-

ylic acids38a,i,41 and nitro groups35a,37,38c,h,k,39 can render deuterated compounds under un-

changed conditions (Scheme 3). For especially challenging, sterically hindered substrates, fur-

ther catalyst tuning is possible. For instance, it has been shown that tethered phosphine-NHC 

ligands provide more room at the iridium center and can consequently more easily accommo-

date sterically hindered tertiary sulfonamide or sulfone directing groups (Scheme 3b and 

c).38h,42 

 
Scheme 4 Competing directing groups in iridium-catalyzed aromatic HIE. a) Example of how various 
directing groups can lead to unselective deuteration in complex pharmaceuticals. b) Design of 
competition experiments. c) DFT calculations on the C–H insertion step comparing five different directing 
groups. 

While the broad applicability of this methodology is of course highly useful, it can pose prob-

lems if selective deuteration at a single site in a complex substrate with various coordinating 

groups is desired (Scheme 4a). However, as iridium-catalyzed HIE is an established and well-

understood field, tools are available to predict the main deuteration site for competing directing 
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groups. In this sense, intermolecular competition experiments along with density functional 

theory (DFT) studies have established that directing group strengths correlate well with the 

relative free energy of the iridium-substrate coordination complex (Scheme 4b and c).43 It was 

demonstrated that the activation barrier for the C–H insertion step governs selectivity only if 

the two directing groups form similarly stable complexes with the catalyst. DFT analysis of the 

binding energies of directing groups competing intramolecularly within one molecule can pro-

vide accurate predictions of selectivity and go beyond the more rudimentary guidelines dis-

cussed previously.44 Nevertheless, complete selectivity will probably not be achieved and more 

specific methodologies, potentially relying on alternative catalysts and mechanisms, would be 

valuable.  

 

3.1.2 Alternative Transition Metals and Deuterium Sources  

Aside from the above-mentioned goal of finding complementary deuteration selectivity, more 

benefits can be drawn from the use of alternative transition metals. Being the scarcest noble 

metal, iridium is a very expensive catalyst component whose replacement by more cost-effi-

cient transition metals is highly desirable.45 Consequently, recent HIE methodologies build 

upon the rich precedence of C–H functionalization chemistry with other metals such as rho-

dium,46 palladium,47 and ruthenium.48 The fact that the C–H bond cleavage step with these 

catalysts usually differs mechanistically from iridium-catalyzed C–H activation (vide infra) has 

implications for the corresponding HIE reaction conditions.49  On the one hand, base additives 

are frequently needed, potentially limiting the substrate scope to more robust examples. On 

the other hand, the metallacyclic intermediates resulting from C–H activation with rhodium, 

palladium, and ruthenium are easily hydrolyzed by protic deuterium sources, allowing for a 

replacement of deuterium gas by easier-to-handle liquid deuterium sources such as deuterated 

methanol, water, or acetic acid. Especially the use of heavy water is particularly desirable in 

the context of deuteration as it represents the most available and cost-effective isotope source 

(cf. Chapter 2). 

Although rhodium catalysts have been used from the early days of HIE,50 they were outcom-

peted for the use as general HIE catalysts by the above-described iridium complexes in the 

last two decades. However, more recent research using pentamethylcyclopentadienyl (Cp*) 

rhodium complexes has not only shown that they can enable the ortho-deuteration of benzoic 

acids with D2O instead of D2 (Scheme 8d),51 but has also revealed how combinations of rho-

dium and cobalt catalysts or their individual use can afford diverging selectivies in the deuter-

ation of indoles equipped with directing groups (Scheme 5).52  

New selectivity aspects are also brought upon by a palladium-catalyzed methodology that pref-

erentially undergoes deuteration via less stable and therefore more reactive 6-membered 

metallacycles,53 thus affording among others ortho-deuterated phenylacetic acids. Conversely, 
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iridium-catalyzed HIE usually proceeds via 5-membered intermediates given that substrate 

coordination or C–H activation determine selectivity rather than C–D bond formation (Figure 

1; Scheme 8c).35a 

 
Scheme 5 Reaction condition-dependent diverging selectivity in the deuteration of protected 
indoles by Cp* complexes of rhodium and cobalt. DCE = 1,2-dichloroethane; THF = 
tetrahydrofuran. 

Recent ruthenium-catalyzed HIE methodologies have shown to 

be broadly applicable to a range of directing groups in the pres-

ence of heavy water.54 After a dihydridosilyl ruthenium com-

plex54b or [RuCl2(PPh3)3]54c were reported to afford good deu-

terium incorporation in the ortho positions of native N-heterocy-

clic and carbonyl directing groups, the ortho-deuteration of car-

boxylic acids, sulfonamides and N-heterocycles with a p-cy-

mene ruthenium carboxylate catalyst was achieved more recently (Scheme 6 and Scheme 

8e).54d Concluding from these versatile results, ruthenium catalysts can be considered cost-

efficient substitutes to iridium. 

 
Scheme 6 Ruthenium-catalyzed ortho-directed HIE. a) Dihydridosilyl ruthenium-catalyzed ortho-di-
rected HIE of heteroarenes. b) In situ ruthenium hydride-catalyzed ortho-directed HIE of heteroarenes 

Figure 1 Different preferred 
ring sizes in metallacyclic 
intermediates in Ir- and Pd-
catalyzed HIE. 
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with superstoichiometric zinc and small excess of heavy water. c) Ruthenium carboxylate-catalyzed 
ortho-directed HIE of pharmaceuticals. Ad = Adamantyl; cym = cymene. 

Drawing further inspiration from the field of C–H functionalization, template directing groups 

for palladium catalysts as well as ruthenium-initiated electrophilic aromatic substitution have 

recently enabled meta-deuteration, going beyond what has been known for iridium-catalyzed 

HIE (Scheme 7).55 

In this context, it should be 

noted that tremendous pro-

gress has been made with 

nanocatalysts.28,56 Compared 

to conventional heterogeneous 

catalysts such as Pd/C or Pt/C, 

supported metal nanoparticles 

are more selective and facilitate labeling under milder conditions (Figure 2).Error! Bookmark not de-

fined.c Usually, exchange takes place in all positions in the proximity of coordinating heteroa-

toms. This type of selectivity differs from and complements homogeneous ortho-directed HIE. 

Despite the narrated valuable advances in terms of complementing iridium-catalyzed HIE, 

some shortcomings persist. To date, all alternative homogeneous methodologies require rela-

tively high temperatures (usually around 100 °C) and long reaction times. Moreover, progress 

to abundant and non-toxic 3d metal catalysts remains to be seen and access to more directing 

groups would be desirable. 

 
Figure 2 Schematic and simplified comparison of the selectivity of heterogeneous, 
homogeneous and nanocatalytic HIE methodologies. 

 

3.1.3 A Focus on Carbonyl Directing Groups 

Carbonyl groups are useful handles for the installation of chelating57 or template directing 

groups.55b-d While the latter find application for the emerging field of meta-directed HIE (cf. 

Chapter 3.1.2), the use of the former has been largely abandoned in favor of native directing 

groups. However, due to their prevalence in bioactive compounds and pharmaceuticals, 

Scheme 7 Template-directed remote HIE with palladium catalysts. 
Gly = glycine. 
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unmodified carbonyl groups such as amides, esters, carboxylic acids and ketones remain im-

portant in the field and are routinely tested directing groups for general ortho-directed HIE 

methodologies, albeit with mixed sucess.35a,37,38a-d,f,h,i-l,39,41 As a result of their weaker coordi-

nating abilities compared to N-heterocycles, the activation of carbonyl groups can be challeng-

ing.58 This can be noted in the absence of carboxylic acids and esters in the scope of seminal 

iridium-catalyzed HIE methodologies despite their importance.35a,37,38c,h Moreover, a broadly 

applicable ruthenium-catalyzed HIE reaction failed to deuterate acetophenone derivatives.54b 

To close this gap, these challenges have recently been taken up by studies dedicated to spe-

cific carbonyl groups. In this context, it was found that iridium catalysts with a BArF- coun-

teranion instead of PF6
- are more active for the deuteration of aromatic esters (Scheme 8a).40 

Further, the Tamm catalyst appeared to be advantageous compared to the Kerr catalyst for 

the deuteration of benzylic esters and amides via 6-membered metallacycles (Scheme 8b).35b 

The challenging deuteration of carboxylic acids has been solved by the use of alternative tran-

sition metal catalysts (see chapter 3.1.2), but high temperatures were still required (Scheme 

8c-e).51,53a,54d Knowledge from previously reported carboxylate-directed C–H functionalization 

reactions with palladium,58,59 rhodium,60 and ruthenium61 was instrumental for these achieve-

ments.  

 

Scheme 8 HIE with weakly coordinating carbonyl directing groups. a) Change of the counterion of an 
iridium catalyst can enable ester-directed HIE. b) A tethered ligand shows good reactivity for benzylic 
ester-directed HIE via 6-membered metallacyclic intermediates. c)-e) Experience from carboxylic acid-
directed C–H functionalization with palladium, rhodium, and ruthenium catalysts can be transferred to 
corresponding HIE reactions. 

Conversely, attempts to use palladium catalysis for the ortho-deuteration of aromatic ketones 

were met with limited success.62 In spite of high temperatures and highly acidic reaction media 

(trifluoroacetic acid (TFA)-d as deuterium source and solvent), only low deuteration levels were 
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obtained. Interestingly, high deuteration efficiency was observed in the aliphatic α-carbonyl 

position instead, stemming from acid-catalyzed enolization (Scheme 9). Isotopic exchange at 

these metabolically labile sites in drug molecules can be valuable for their stabilization through 

the KIE12 which is why corresponding deuteration reactions are studied in their own right.25b,63 

As aldehydes are rarely present in pharmaceuticals because they are prone to oxidation, they 

have hardly been investigated as directing groups for ortho-directed HIE.38i However, their sta-

tus as versatile synthetic intermediates 

has recently sparked interest in formyl 

isotopic exchange33 and it can be ex-

pected that this surge in aldehyde deu-

teration methodologies spills over to 

other areas of HIE. 

 

3.2 Selectivity in Non-directed Approaches for HIE of Aromatic Substrates 

While directed labeling approaches afford precise selectivity and have provided many viable 

deuteration methodologies for applications, they are inherently limited. The existence of a di-

recting group, albeit native functionality can be exploited, remains a necessary requirement, 

implying that substrates without coordinating moieties are not amenable to these procedures. 

Moreover, at the current state of art, directed HIE at remote sites cannot be considered a late-

stage methodology as it requires expensive acidic deuterium sources and complex template 

directing groups (cf. Chapter 3.1.2).55 Consequently, to supplement directed HIE, alternative, 

non-directed methodologies have been devised from the early days of the field and often give 

rise to complementary labeling patterns. Traditional approaches rely on acid and base cataly-

sis and often use deuterium oxide as isotope source. To enable these reactions, harsh condi-

tions as well as some activating functionality in the substrate are usually required. In this sense, 

anilines and similar electron-rich arenes can be deuterated in the most electron-rich positions 

(ortho and para) in the presence of Brønsted or Lewis acids and at elevated temperature via 

electrophilic aromatic substitution (Scheme 10a, top).64 Due to the facile protonation of the 

amine functionality, primary amines require especially harsh conditions.64a,b Conversely, 

slightly acidic protons, for example in the ortho positions of fluoro substituents, can be ex-

changed in a base-mediated fashion and at elevated temperature (Scheme 10b, top).65 

To enable non-directed HIE under milder conditions and with a broader selection of deuterium 

sources, transition metal-catalyzed methodologies have been developed in the past years. 

Seminal contributions have been made especially using earth-abundant 3d metal catalysts that 

often discriminate between different C–H bonds in the substrate based on electronic differ-

ences. A preferential exchange in ortho and para positions of electron-donating substituents 

reminiscent of acid-mediated HIE has been described with nanoparticles based on iron and 

Scheme 9 Palladium- and AgTFA-catalyzed HIE on 
acetophenone derivatives with concomitant α-carbonyl 
deuteration. 
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manganese for the labeling of anilines, phenols and electron-rich N-heteroarenes (Scheme 

10a, center).66 Interestingly, though, the mechanism of this exchange seems to be rather dif-

ferent from acid-catalyzed methodologies: Here, a radical pathway via D2O splitting at the 

metal surface is proposed. 

 
Scheme 10 Examples for electronically controlled non-directed HIE. a) Examples for Lewis-acid- and 
iron nanoparticle-catalyzed HIE in electron-rich positions of aniline derivatives. b) Examples of base-
catalyzed HIE in acidic positions of polyfluoroarenes, silver-catalyzed HIE in acidic positions in 
haloarenes and nickel-catalyzed HIE in electron-deficient positions of azines. DMSO = 
dimethylsulfoxide; Np = nanoparticle; SPhos = dicyclohexyl(2′,6′-dimethoxy[1,1′-biphenyl]-2-
yl)phosphine; JohnPhos = (2-biphenylyl)-di-tert-butylphosphine. 

Further advances for the labeling of electron-rich heteroarenes have been made with homo-

geneous silver catalysis. A complex formed in situ from silver carbonate and bulky monoden-

tate phosphine ligands was shown to undergo non-directed concerted metalation-deprotona-

tion (CMD)-type C–H activation (vide infra) in the most acidic positions of thiophenes and other 

5-membered heteroarenes, thus enabling selective labeling based on electronic control 

(Scheme 10a, bottom).67 This system can additionally be applied to the labeling of haloarenes 

where the more acidic ortho (and meta) hydrogen atoms are preferentially exchanged 

(Scheme 10b, center).68 On the contrary, the most electron-deficient positions in azines can 

be labeled with ruthenium carbonyl and a protic deuterium source69 as well as more mildly with 

a diimine-ligated nickel complex under a deuterium gas atmosphere (Scheme 10b, bottom).70 

Although electronically controlled non-directed HIE broadens the toolbox of labeling strategies, 

specifically activated substrates are nonetheless required.  
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This is not the case for sterically guided HIE where any substituent can induce selective label-

ing. In this context, molecularly defined iron pincer complexes were reported to catalyze HIE 

in the most sterically accessible positions of non-activated aromatic substrates in the presence 

of deuterium gas or deuterated benzene (Scheme 11).71 Usually, several deuterium atoms are 

incorporated into each molecule, rendering this methodology useful for the preparation of 

LC/MS internal standards. However, this also means that precise selectivity cannot be 

achieved this way. Although a 

considerable number of sub-

strates and types of selectivity 

has been covered in recent 

years through non-directed 

labeling approaches, further 

methodologies leading to di-

verging labeling patterns or 

precise installation of deuter-

ium atoms stay in high demand. 

 

4 Deuteration of Heteroaromatic Substrates 

Heteroaromatic compounds are a substrate class that receives special attention in the field of 

deuteration not only due to their importance as ubiquitous moieties in bioactive compounds or 

pharmaceuticals but also because of their distinct chemical characteristics that open up addi-

tional opportunities for functionalization reactions.72 Originally seen as prime substrates for 

ortho-lithiation followed by deuterolysis (Scheme 12a),73 heteroarenes are now labeled under 

milder reaction conditions and with higher functional group tolerance. Firstly, heteroarenes are 

of prime importance for directed HIE: Nitrogen-containing heterocycles do not only serve as 

directing groups in aromatic35a,37,38 and aliphatic29a isotope exchange, affording deuteration in 

the adjacent aromatic ring or aliphatic chain (cf. Chapter 3.1; Scheme 12b), but they can also 

be equipped with orthogonal directing groups themselves for deuteration on the heterocyclic 

core (Scheme 12c). In this context, common nitrogen protecting groups such as benzoyl or 

acetyl groups can direct HIE in position 2 of indole derivatives under iridium catalysis.74 The 

fact that these groups can be removed easily and without affecting the deuterium incorporation 

in the aromatic ring is an additional advantageous aspect of this methodology. In a different 

study, further positions in the indole moiety could be accessed depending on the specific re-

action conditions and catalysts used, leading to divergent labeling patterns (Chapter 3.1.2; 

Scheme 5).52 The intrinsic reactivity of the electronically activated, nucleophilic position 3 plays 

an important role here. 

Scheme 11 Iron-catalyzed HIE in sterically accessible positions of 
unactivated arenes. 
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Scheme 12 Methodologies for the deuteration of heteroarenes. a) via ortho-Lithiation and subse-
quent deuterolysis. b) In adjacent moieties via directed HIE. c) By directed HIE with N-protecting 
groups as coordinating functionalities. d) By deuterodehalogenation of prefunctionalized sub-
strates. e) Utilization of electronic bias in heterocyclic structures. f) Deuteration proximal to het-
eroatoms by heterogeneous or nanoparticle catalysis. g) Deuteration in acidified benzylic positions 
by acid catalysis. NWAs = nanowire arrays; Tf = triflate; PVP = polyvinylpyrrolidone. 

Moreover, just like other aryl halides, adequately substituted heteroarenes can be subjected 

to deuterodehalogenation reactions and similar transformations if the need for high deuterium 

incorporations in specific positions with high reliability justifies the use of prefunctionalized 

substrates (Scheme 12d).20b-e,75 However, in some cases, heteroarenes can act as catalyst 

poisons owing to their strong coordination to some transition metal catalysts and are then not 

amenable to directed HIE and reductive deuteration systems.51,53d 

This limitation can be easily compensated though as different and sometimes transition metal-

free activation methods are possible for heteroarenes thanks to the electronic bias exerted on 

the aromatic ring by the heteroatom. Based on this effect, selective deuteration of position 4 

of pyridines by a two-step protocol involving the formation of pyridine phosphonium ions was 

recently reported (Scheme 12e).76 These intermediates can react with carbonate salts and, 

after extrusion of triphenylphosphine oxide and CO2, act as pyridine C4 anion equivalents that 

are quenched in the presence of a mixture of heavy water and deuterated methanol. The 
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various possibilities for non-directed HIE on especially electron-rich or electron-poor positions 

in heteroarenes have been discussed in the previous chapter (Chapter 3.2).64d,e,66,67,69,70 Some-

times the role of the heteroatom in non-directed HIE can go beyond electronic activation of the 

substrate: For the nickel-catalyzed HIE of electron-deficient arenes, the diimine-ligated nickel 

dimer needs to dissociate to produce the catalytically active monomeric species (Chapter 3.2; 

Scheme 10b, bottom).70a This dissociation is facilitated by coordinating azines, rendering this 

methodology specific for such substrates. Similarly, substrate specificity can be observed in 

metal nanoparticle catalysis where coordinating elements in the substrate are needed to bring 

it in proximity to the catalyst (Scheme 12f).28,56,77 

Lastly, it should be mentioned that the stabilizing effect that heteroarenes have on benzylic 

anions can be exploited in the facile base-mediated deuteration of alkylated pyridines and re-

lated substrates (Scheme 12g).25a,64e,78  

 

5 Transition Metal-Catalyzed C(sp2)–H Activation 

It should have become evident from the previous chapters that research on HIE reactions 

stands in symbiosis with the field of C–H activation, where the former borrows expertise from 

the latter but also fuels new development. In the following, a brief introduction into the aspects 

of C–H activation that are relevant to this thesis will be given while a broader discussion of the 

general field of C–H activation cannot be provided within the space limitations of this work. As 

the thesis is exclusively concerned with the directed activation of aromatic C–H bonds via or-

ganometallic intermediates, the introduction will also be restricted to this subfield.  

 

5.1 Ruthenium-Catalyzed C(sp2)–H Activation 

Building on the pioneering studies on C–H activation reactions using palladium47 and rhodium46 

catalysts, the search for less expensive transition metal catalysts led to the development of 

ruthenium-catalyzed C–H activations.48 In this context, early work was based on the discovery 

that ruthenium(0) complexes can undergo oxidative addition into C–H bonds in the ortho posi-

tions of directing groups such as ketones or heteroarenes. Olefinic reaction partners were 

shown to insert into the ruthenium–hydrogen bond of the resulting aryl ruthenium(II) hydrides, 

affording hydroarylation products after reductive elimination (Murai reaction; Scheme 13a).79 

When it was found that the more air- and water-stable ruthenium(II) complexes can be cata-

lytically active for C–H arylation reactions in the presence of phosphine or phosphine oxide 

ligands,80 the field gained momentum and developments were accelerated with the discovery 

of carbonate or carboxylate additives as promoters for ruthenium-catalyzed C–H activation 

reactions (Scheme 13b, left).54a,81 Under ruthenium(II) catalysis, arylations80,81 and alkylations82 

with the corresponding halides were possible via oxidative addition and intermediary formation 
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of ruthenium(IV) species. Acylation reactions could proceed by electrophilic substitution of the 

ruthenacycles with acyl chlorides without the need for Lewis acidic activators.83 Further, in the 

presence of oxidants, dehydrogenative cross coupling reactions, for instance olefinations with 

Michael acceptors, became possible.61b,c,84  

The role of the carboxylate additives is ascribed to a C–H activation mechanism that is funda-

mentally different from the ruthenium(0)-catalyzed reactions.85 Following coordination to the 

ruthenium(II) center, the carboxylate ligands facilitate the activation step through formation of 

a six-membered transition state in which deprotonation of the aryl C–H bond by the carboxylate 

and C–Ru bond formation take place simultaneously (Scheme 13b, right). In contrast to the 

oxidative addition mechanism, the oxidation state of the ruthenium center does not change in 

this so-called CMD mechanism.81b For reactions in which electron-rich arenes react faster than 

electron-poor substrates, a slightly different mechanism is discussed: Here, the C–H bond is 

mainly activated by interaction of the arene with the ruthenium center in an electrophilic sub-

stitution type regime, generating a partial positive charge on the hydrogen atom which will 

again be deprotonated by the carboxylate ligand (base-assisted internal electrophilic-type sub-

stitution, BIES, Scheme 13b, right).86 In some cases, σ-complex-assisted metathesis (σ-CAM) 

is considered as an alternative pathway in which simultaneous C–H bond cleavage and C–Ru 

bond formation take place in a four-membered transition state involving the O–Ru σ bond be-

tween base and metal center (Scheme 13b).81a In all cases, the directing group plays a pivotal 

role by lowering the entropy cost of the metalation step through pre-association of the ruthe-

nium complex.85b 

 
Scheme 13 Examples and mechanistic details of ruthenium-catalyzed C–H activation. a) Murai reaction: 
Ru(0)-catalyzed hydroarylation of olefins by olefin insertion into the intermediary ruthenium(II) hydride. 
b) Carboxylate-assisted, ruthenium(II)-catalyzed C–H arylation and transition states of CMD, BIES and 
σ-CAM-type C–H cleavage mechanisms. 

In the past years, new developments have expanded the scope of ruthenium-catalyzed C–H 

functionalization reactions. In this context, meta-selective transformations have been achieved 
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via radical electrophilic substitution reactions on ortho-cyclometalated ruthenium com-

plexes87,88 and the selective activation of various specific positions in indole substrates remains 

a complex field of research.89 Moreover, photocatalytic90 and electrochemical91 methodologies 

have enabled ruthenium-catalyzed C–H functionalization under milder conditions while further 

efforts have been devoted to protocols that proceed in water92 or that rely on weakly coordi-

nating directing groups.61d,86,91b,92b,93 Lastly, the established technique of ruthenium-catalyzed 

C–H functionalization is increasingly used in an application-driven manner to build complex 

molecular architectures via annulation and cascade reactions61d,91c,94 or to functionalize biolog-

ically relevant substrates.95 

 

5.2 Manganese-Catalyzed C(sp2)–H Activation 

Striving to reduce the economic barriers and sustainability concerns in the way of broad ap-

plicability of C–H functionalization, a fortified interest in abundant 3d metal catalysts has man-

ifested itself within the field.45,96 Besides iron,97 cobalt,98 nickel,96 and copper,99 manganese is 

an important exponent in this class,100 given its abundance as the third most commonly found 

transition metal in the earth crust, its low toxicity, as well as its relevance in biological sys-

tems.96,100a While stoichiometric reactions101 and aliphatic C–H oxidation with homolytic bond 

cleavage102 have been reported before, it was not until 2007 that the first manganese-catalyzed 

C–H functionalization of arenes with organometallic intermediates was reported.103 In this 

study, arenes equipped with imidazole directing groups formed 5-membered manganacycles 

which could perform a nucleophilic attack on aldehydes, thus enabling a transformation similar 

to the Grignard reaction (Scheme 14a). In the presence of superstoichiometric silane additives, 

the product could be released from the 7-membered manganacyclic intermediate and catalyst 

turnover was obtained.103 This initial report inspired consecutive studies that lead to significant 

expansion and improvements of this type of reactions so that now, depending on the reaction 

partner, stoichiometric additives are often not needed anymore as protodemetalation steps 

release the products.104 Aside from the trapping of aldehydes,105 the reaction with isocyanates 

could afford amide products104c and nucleophilic addition to nitriles furnished ketones.105,106 

Moreover, transformations such as the hydroarylation of alkynes (Scheme 14b),104f,107 Michael 

acceptors,108 and allenes104e or various annulation reactions with unsaturated104e,109 or 

strained110 reaction partners are possible nowadays. Lastly, substitutive transformations on 

allylic,111 allenic,112 and other reagents with leaving groups113 or alkylations with Grignard rea-

gents114 form an important part of manganese-catalyzed C–H functionalization reactions. On 

the application side, transformations of biologically relevant structures gained momentum.115 

When compared to noble metal-catalyzed C–H activation reactions, manganese catalysis no-

tably offers a partially complementary scope, focusing more on redox-neutral insertion116 
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reactions with electrophiles terminated by protodemetalation in an isohypsic fashion rather 

than oxidative transformations or arylations involving reductive elimination steps.100a,c  

Another noteworthy difference between manganese- and ruthenium-catalyzed C–H activation 

lies in the mechanism for the C–H cleavage step. Manganese-catalyzed reactions are often 

carried out in the presence of mild organic bases such as dicyclohexylamine107a,115b or without 

basic additives,104c,109a,b,f implying that knowledge from carboxylate-assisted cyclometalation 

cannot be simply applied to manganese catalysis. Instead, in the presence of sufficiently reac-

tive reaction partners such as terminal alkynes, initial catalyst activation is likely to take place 

by π-coordination of the alkyne followed by deprotonation of the acidified acetylenic proton 

(Scheme 14b, center).104b Coordination of the directing group of the C–H activation substrates 

only follows after formation of the manganese acetylide. However, in the absence of suitable 

reaction partners, initial C(sp2)–H activation by base-assisted deprotonation and manga-

nacycle formation is possible (Scheme 14b, bottom).104b Considering how manganese-cata-

lyzed C–H cleavage depends on the specific reaction under study, a broad understanding of 

this step remains to be attained. 

 
Scheme 14 Examples of manganese-catalyzed C–H functionalization. a) First catalytic manganese-
mediated C–H activation. b) Example of manganese-catalyzed C–H hydroarylation and possible catalyst 
activation steps. Cy = Cyclohexyl; Solv = solvent. 

Compared to ruthenium catalysis, manganese-catalyzed C–H functionalization continues to 

be underdeveloped and significant limitations persist. Most protocols developed to date use 

the rather expensive manganese(I) precursor Mn(CO)5Br or carbonyl complex Mn2(CO)10 while 

the naturally occurring Mn(II) salts are rarely employed and often involve radical intermedi-

ates.100c Manganese carbonyl complexes suffer from significant catalyst deactivation forming 

manganese carbonyl clusters which is why high catalyst loadings between 10 and 20 mol% 

are often spent.104b While initial success with bipyridine-type ligands has been seen for reac-

tions catalyzed by Mn(II) precursors,114c,d,117 the right ligand type for Mn(I) catalysts still needs 
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to be found. Currently, the addition of ligands to the latter complexes frequently results in a 

loss of activity. Although other 3d metals and especially cobalt have been explored for reac-

tions using weakly coordinating directing groups,118 manganese-catalyzed C–H activation is 

largely limited to nitrogen-containing strongly coordinating moieties. This limitation translates 

to the need for additional directing group installation and deinstallation steps depending on the 

substrate of interest.111a Initial examples with native amide114b,c and ketone109d,119 directing 

groups should encourage further studies although π-bonding reaction partners are often re-

quired to provide additional stabilization of the metallacycle.118 

 

5.3 Transient Directing Groups in Transition Metal-Catalyzed C(sp2)–H Activation 

A strategy to circumvent the above-mentioned problem of the inefficient and waste-generating 

preformation of strongly coordinating directing groups for more weakly coordinating carbonyl 

compounds is the use of so-called transient directing groups.120 Here, amine additives are 

present in solution which can react with the weakly coordinating aromatic ketone or aldehyde 

C–H activation substrates under acid catalysis, affording intermediary imines with enhanced 

coordinating properties. Being excellent directing groups, the imines can then enable meta-

lation. Subsequently, functionalization and demetalation followed by acid-catalyzed hydrolysis 

of the imine moiety takes place, ensuring the release of the aldehyde or ketone products as 

well as catalytic turnover of the transient amine (Scheme 15). The reversibility of the imine 

formation is key in this context as not only the preformation but also the removal of the directing 

groups in additional 

steps can be avoided. 

The latter often re-

quires forcing condi-

tions, thus being un-

suitable for the trans-

formation of sensitive 

substrates and for the 

use within late-stage 

functionalization pro-

jects in general.120b 

Such transient direct-

ing groups have ena-

bled massive ad-

vances in both C(sp2)–

H121 and C(sp3)–H122 

functionalization and Scheme 15 General mechanism of transient directing group-mediated C–H 
functionalization reactions. FG = functional group; TM = transition metal. 
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judicious choice and tuning of the respective catalytic amines can even give rise to divergent 

regioselectivities123 as well as enantioselective transformations.124 Especially for palladium ca-

talysis, bidentate ligands have been generated through the use of catalytic amino acid addi-

tives121a,d,122a,c,123d,e, 124e whereas monodentate imines derived from aniline derivatives are more 

commonly employed in rhodium-,125 iridium-,121a,126 and ruthenium127-catalyzed C–H function-

alization of aldehydes. Importantly, it should be highlighted that transient directing groups have 

been applied to various transformations and to C–H functionalization with different metals. 

However, at the outset of the studies leading to this thesis, transient directing groups had never 

been used to enable the deuteration of weakly coordinating substrates or to facilitate manga-

nese-catalyzed transformations.128 

 

6 Objectives of this Work 

While the development of new methodologies for the preparation of deuterated molecules is 

undoubtedly important due to the crucial role these compounds play in life sciences and be-

yond, several aspects of deuteration chemistry require special attention. First and foremost, 

late-stage technologies and especially HIE should be in the focus of future research. Within 

this field, current shortcomings concern particularly the requirement for expensive iridium cat-

alysts and strongly coordinating directing groups. 

This thesis aims to address both mentioned issues. First, deuteration methodologies relying 

on catalysts based on more abundant transition metals were to be explored along with an 

investigation of metal-free options. Second, these endeavors were intended to be combined 

with strategies to avoid strongly coordinating directing groups, either by enhancing the coordi-

nating abilities of substrates in situ or through activation of C–H bonds based on inherent elec-

tronic activation. 

 

7 Summary of Published Results 

7.1 Manganese-Catalyzed Selective C–H Activation and Deuteration by Means of a Cat-

alytic Transient Directing Group Strategy 

The selectivity and precision of noble metal-catalyzed ortho-directed HIE of aromatic sub-

strates is unparalleled by alternative labeling methodologies (cf. Chapter 3.1). However, the 

sustainability of this late-stage catalytic approach is diminished by the necessity to employ rare 

and expensive transition metals.17 Indeed, most reports rely on iridium complexes with catalyst 

loadings of 5 to 10 mol%.35,36,37,38b-c,e-i,k,39,40,42 On the other hand, homogeneous and nanocata-

lysts based on abundant and less toxic 3d metals have gained popularity in the context of non-

directed labeling in recent years but have only scarcely been employed for selective HIE (cf. 



 
22 

Chapter 3.2).56c,66,70,71 Aside from our own work, only one cobalt-catalyzed directed HIE on 

indole derivatives has been reported.52 We therefore reasoned that the precedence on C–H 

functionalization with the even more abundant manganese could be harnessed to develop a 

sustainable HIE procedure (cf. Chapter 5.2).100 At the same time, we were interested in solving 

challenges associated with manganese-catalyzed C–H activation and therefore decided to 

combine 3d metal catalysis with the transient directing group strategy in order to provide ac-

cess to weakly coordinating benzaldehyde substrates (cf. Chapter 5.3).120 

At the outset of our studies, we chose commercially available para-anisaldehyde as starting 

material for the benchmark reaction (Scheme 16a). We further employed Mn(CO)5Br as cata-

lyst due to its precedence in manganese-catalyzed C–H activation (cf. Chapter 5.2).103,104d-

f,105,107,108,109a,c-g,110b,111,112,113,115b-e However, with our aim of developing a sustainable procedure 

in mind, we decided to restrict the catalyst loading to 5 mol%, a comparably small amount in 

the field of manganese-catalyzed C–H activation (cf. Chapter 5.2). In the same line of thought, 

deuterium oxide was chosen as practical and cost-efficient deuterium source and the excess 

was restricted to 10 eq. to additionally provide tritiation-friendly conditions (cf. Chapter 2).17 

Lastly, sodium acetate was added to allow for base-assisted C–H bond cleavage104b and the 

reactions were set up in 1,2-dichloroethane (DCE) at 100 °C and run overnight (16 h), reflect-

ing typical reaction conditions in the field.105,109b,d,110a,112  

Before diving into the screening of transient directing groups, we confirmed that the model 

substrate can indeed not be activated by manganese in the absence of amine additives. We 

then tested frequently used amines for the formation of transient directing groups such as ani-

line derivatives121a,b,125,126,127 and glycine as an amino acid121a,d (Scheme 16b). However, no 

deuterium incorporation in the substrate was observed. Gratifyingly, in the presence of 

20 mol% benzylamine, previously used for rhodium-catalyzed C–H functionalization with tran-

sient directing groups,129 66% deuterium was incorporated selectively in the ortho positions of 

para-anisaldehyde as determined by 1H NMR spectroscopy through the decrease of the cor-

responding peaks (Scheme 16c). No exchange was observed in any of the other positions in 

the molecule. To confirm that deuteration takes place through an imine intermediate, we sub-

mitted a pre-synthesized imine to the reaction conditions and obtained a similar result in which 

deuteration took place in the ortho positions of the aldehyde-derived aromatic ring only (no 

deuteration in the benzylamine moiety; Scheme 16d).130 As the stability of imines derived from 

electron-rich aldehydes is low, para-nitrobenzaldehyde was used as starting material for this 

experiment.131  Electronic variation of the aromatic core of benzylamine did not affect the deu-

teration efficiency but sterically hindered amines such as 1-phenylethylamine reduced the level 

of deuteration, indicating a sterically sensitive C–H cleavage transition state (Scheme 16b). 

Replacing benzylamine by simple aliphatic amines such as n-butylamine or n-octylamine 

slightly improved the deuterium incorporation. Motivated by aspects of cost-effectiveness, we 
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decided to use n-butylamine for further experiments despite considering benzylamine as a 

viable alternative. 

 
Scheme 16 Optimization of the manganese-catalyzed ortho-directed HIE of benzaldehyde deriva-
tives with transient directing groups. a) Model reaction. b) Investigated catalytic amines for in situ 
imine formation and graphic representation of the deuterium incorporation obtained in the ortho po-
sitions of para-anisaldehyde for each of them. c) Comparison of the aromatic regions of the 1H NMR 
spectra of non-deuterated and deuterated model substrate. d) Deuteration of preformed imine. e) 
Reverse reaction. Table: further optimization data. 

Investigation of further parameters showed comparable reactivity in 1,2-dimethoxyethane 

(DME) as solvent and increased deuteration in the absence of cosolvents (Scheme 16, Table 
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entry 1). However, as the latter went along with an increased excess of deuterium oxide 

(55 eq.), the use of co-solvents was considered more applicable. Sodium acetate was superior 

to all other inorganic and organic bases or acids investigated and the optimal base loading 

was found to be 1.0 eq. Importantly, deuteration efficiency was not impacted when lowering 

the temperature to 80 °C and no beneficial effects went along with increased temperatures 

(Scheme 16, Table entries 2-4). Finally, no reaction took place in the absence of a manganese 

catalyst or with Mn(II) salts as confirmed by control experiments. At the end of our optimization 

studies, ortho-deuterated para-anisaldehyde could be afforded with 73% deuterium incorpora-

tion. Although this is a good value, for some applications higher deuteration levels are needed. 

Accordingly, means to increase the deuterium incorporation further were explored. It was thus 

found that a resubmission of the isolated deuterated product to the reaction conditions could 

increase the deuteration level to 88% (Scheme 16, Table entry 5). Further, with a catalyst 

loading of 20 mol%, 94% deuteration could be achieved in the first run (Scheme 16, Table 

entry 6). Lastly, it could be shown that the deuteration is reversible: Submitting deuterated 

para-anisaldehyde to the general reaction conditions but exchanging D2O for H2O, the deuter-

ium content was reduced from 94% to 45%, indicative of a back-exchange of deuterium for 

protium (Scheme 16e). In line with this observation, kinetic experiments revealed a KIE of 1.0 

for this reaction.130 

In the interest of balancing cost-effectiveness and a broad applicability to a range of benzal-

dehyde derivatives, the originally found conditions with 5 mol% catalyst loading were utilized 

for the ensuing exploration for the substrate scope. Although good or even superior results had 

been achieved with Mn2(CO)10 and at 80 °C for the model substrate, both parameters failed to 

afford deuteration for other compounds which is why Mn(CO)5Br and 100 °C were favored as 

general conditions (Scheme 17, top). 

A variety of benzaldehyde derivatives proved to be reactive under these conditions and selec-

tive deuterium incorporation in the ortho positions was observed in all cases (Scheme 17a). 

Notably, the reaction exhibited high chemoselectivity so that even halogen substituents were 

tolerated and did not afford deuterodehalogenated side products.20 Consequently, the recovery 

of the deuterated compounds was only affected by residues of non-hydrolyzed imine interme-

diate or by losses during purification due to the volatility and oxidation-sensitivity of some al-

dehydes. The reaction proved to be insensitive to sterically hindered substituents such as tert-

butyl and tolerated substitution in ortho, meta and para positions well. Lewis-basic substituents 

such as methoxy or nitrile presumably coordinate to manganese during the reaction, affording 

higher deuterium incorporation in their proximity and overriding potentially competing steric 

effects.111a,113b Interestingly, the coordinating effect of a proximal ketone moiety furnished deu-

teration of the formyl hydrogen in a chromone-derived substrate (Scheme 17b). 
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Scheme 17 Substrate scope of the manganese-catalyzed ortho-selective HIE of aldehydes with 
transient directing groups. a) Scope of benzaldehyde derivatives. b) Scope of heteroaromatic alde-
hydes. c) Adapted reaction conditions for electron-deficient benzaldehyde derivatives. Bn = Benzyl. 

Electron-rich heterocyclic aldehydes derived from indole or thiophene were suitable substrates 

for the reaction (Scheme 17b). For the 3-unsubstituted indole derivative, presumably base-

mediated concomitant deuteration in this position was observed additionally (cf. Chapter 4). 

Only the chelating effects of substrates with heteroatoms ortho to the formyl moiety as well as 
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the strong coordination of pyridines resulted in catalyst poisoning. Accordingly, substrates con-

taining these structural elements were not deuterated under our conditions. Further limitations 

of this methodology include terminal alkynes and free hydroxy groups. Moreover, homologous 

benzaldehyde underwent significant side reactions and decomposition, probably based on al-

dol reactivity. 

Initially, only poor results were observed for strongly electron-deficient substrates such as or-

tho-nitrobenzaldehyde or meta-cyanobenzaldehyde (Scheme 17c). We reasoned that the lack 

of reactivity in these cases can be attributed to the increased stability of the corresponding 

intermediary imines and insufficient amine turnover as a consequence.131 As imine formation 

and hydrolysis can be accelerated in the presence of acid catalysts, the replacement of sodium 

acetate by para-chlo-

robenzoic acid af-

forded excellent deu-

terium incorporations 

for this class of sub-

strates even at cata-

lyst loadings as low 

as 2.5 mol%. 

Further assessments 

of functional group 

compatibility were 

carried out by con-

ducting the deuter-

ation of piperonal in 

the presence of 

equimolar additives 

of compounds exhib-

iting various func-

tional groups 

(Scheme 18a).132 In 

these experiments, 

the deuteration of pip-

eronal was unaf-

fected by a terminal 

olefin, phenylboronic 

acid, phenol, aceto-

phenone, N-methyl 

Scheme 18 Compatibility experiments. a) Functional group tolerance tests 
with equimolar additives. b) Competition experiments with various native 
directing groups. 
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benzamide, propyl benzoate, phenylsulfonamide and acetic acid. In contrast, the presence of 

phenylacetate, pyridine and especially a terminal alkyne diminished the reactivity of the man-

ganese catalyst. 

To evaluate the preference of the newly developed catalytic system for specific directing 

groups, intermolecular one-pot competition experiments were conducted with benzaldehyde 

and other monosubstituted arenes exhibiting native directing groups (cf. Chapter 3.1.1; 

Scheme 18b).43 Unsurprisingly, the strongly coordinating pyridine directing group outcompeted 

the transient system. Similarly, imidazole afforded more deuterium incorporation compared to 

imines formed in situ. Pyrazole appeared to be equally reactive whereas a clear preference of 

the manganese-catalytic system for transient imine over other weakly coordinating carbonyl 

directing groups was observed: Amides, esters and ketones were not deuterated under the 

conditions investigated. Especially the latter fact is interesting given the possible formation of 

ketimines from ke-

tones and amines. 

To demonstrate gen-

erality for the re-

ported protocol, we 

attempted the deuter-

ation of benzyla-

mines in the pres-

ence of catalytic 

amounts of alde-

hydes.130 However, 

no deuterium incor-

poration was ob-

served under a range 

of tested conditions. 

Further, C–H func-

tionalizations beyond 

deuteration were in-

vestigated, too.130 

Experiments for al-

kylations via single 

electron transfer 

(SET) mechanism 

with Katritzky salts as 

radical precursors 

Scheme 19 Other attempted manganese-catalyzed C–H functionalization 
reactions. a) Alkylation with Katritzky salts and alkyl halides. b) Coupling with 
1,3-dienes and an allylic fluorinated compound. 
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only led to trace products as observed by GC-MS with a preformed directing group and not 

under the transient directing group regime, whereas alkyl halide reagents afforded dimerization 

or protodehalogenation instead of the desired alkylation (Scheme 19a).117 In the presence of 

2 eq. 5-phenyl-1,3-pentadiene, dehydrogenative coupling was observed by GC-MS instead of 

the attempted hydroarylation or annulation (Scheme 19b).104e,f,107,109,133 Defluorinative allylation 

afforded 8% isolated yield of the desired product, indicating that the transient directing group 

and/or the manganese catalyst are not catalytic in this reaction.113b However, further optimiza-

tion of the reaction conditions might lead to a catalytic protocol. 

In conclusion, transient directing groups were reported to enable manganese-catalyzed ortho-

selective C–H activation of weakly coordinating aldehydes for the first time. It is expected that 

this report will inspire the development of further transformations using this catalytic system. 

Further, we introduced the transient directing group strategy to the field of HIE and thus 

achieved a cost-efficient alternative to iridium-catalyzed ortho-directed HIE using an abundant 

3d metal catalyst as well as a convenient and cost-effective deuterium source. Our concept 

has already inspired a similar palladium-catalyzed HIE reaction via transient imines and it can 

be assumed that more reports along these lines will follow. The reported protocol allows for 

the selective preparation of ortho-deuterated compounds with useful deuterium incorporation 

and recovery of deuterated compounds as well as good functional group tolerance. The thus 

prepared compounds can be applied as starting materials for KIE studies or as intermediates 

for the preparation of deuterated drugs or metabolism probes. Given the low amount of heavy 

water used, the development of a tritiation technology based on our protocol is also possible. 

 

7.2 Ruthenium-Catalyzed Deuteration of Aromatic Carbonyl Compounds with a Catalytic 

Transient Directing Group 

Transition metal-catalyzed HIE guided by native carbonyl directing groups is a particularly fruit-

ful technology given the significance and broad applicability of these types of compounds in 

the life sciences. Accordingly, a versatile toolkit for labeling methodologies that includes vari-

ous catalysts and deuterium sources to choose from is desirable. As detailed in Chapter 3.1.3 

of the introduction, efforts towards this goal have not been scarce and resulted in a number of 

carboxylic acid-directed HIE reactions catalyzed by several different transition metal cata-

lysts.51,53a,54d In contrast, enabling the deuteration of aromatic ketones with more cost-efficient 

catalysts and deuterium sources compared to the iridium-catalyzed standard methodology has 

been more difficult.35a,37,38b,c,f,h,i-k,39 Although much better deuterium incorporation compared to 

previous palladium-62 and ruthenium-catalyzed54b reactions has been achieved with a recent 

ruthenium-catalyzed methodology, the superstoichiometric amounts of zinc metal used ren-

ders this approach less economic (Scheme 20).54c  
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Scheme 20 Precedence of transition metal-catalyzed, ketone-directed HIE of aromatic substrates. a) 
Iridium-catalyzed HIE on acetophenone. b) Pd/acid-cocatalyzed HIE on acetophenone derivatives. c) 
Ruthenium-catalyzed HIE on aromatic ketones. d) Ruthenium-catalyzed HIE on acetophenone. 

Aiming to improve existing protocols and aware of the difficulties associated with the activation 

of the weakly coordinating carbonyl groups, we decided to apply knowledge from previously 

reported ruthenium-catalyzed transformations with transient directing groups124c,d,127,134 as well 

as our own experience with the manganese-catalyzed HIE of benzaldehyde derivatives de-

scribed above (Chapter 7.1)135 to the development of a general ruthenium-catalyzed carbonyl 

HIE strategy via the formation of transient directing groups. 

Looking for further applications of NHC-ruthenium catalysts136 as well as cyclometalated ru-

thenium complexes137 previously developed by our group, we investigated the ortho-directed 

deuteration of ortho-nitrobenzaldehyde as model substrate mediated by transient directing 

group-forming catalytic amines (Scheme 21a).  

To increase the success chances of this project, reaction conditions were taken from a previ-

ously published ruthenium-catalyzed C–H alkylation with electron-deficient anilines as transi-

ent directing groups.127 Accordingly, catalytic amounts of para-chlorobenzoic acid were em-

ployed to ensure efficient imine formation and cleavage by acid catalysis and to assist with the 

C–H bond cleavage step (cf. Chapter 5.1).85 Silver hexafluoroantimonate was used to enable 

catalyst activation by chloride abstraction and precipitation of insoluble silver chloride and the 

reaction was run at 120 °C in DCE overnight (16 h). For a practical deuteration protocol with 

potential application to tritiation, a small excess (10 eq.) of heavy water was chosen as deu-

terium source and an initial screening of ruthenium catalysts was conducted in the presence 

of 20 mol% of ortho-aminobenzotrifluoride as catalytic amine additive. While the metathesis 

catalyst and the cyclometalated ruthenium complex afforded moderate to very good deuterium 

incorporation, the recovery of deuterated compound was too low for application purposes, in-

dicating detrimental side reactions (Scheme 21b). The yield of the deuterated compound could 

be improved when moving to the commercially available para-cymene ruthenium(II) chloride 

dimer and an excellent deuterium incorporation of 91% could be measured by 1H NMR spec-

troscopy.  
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Scheme 21 Optimization of the ruthenium-catalyzed ortho-HIE of aromatic aldehydes with 
transient directing groups. a) Model reaction. b) Screening of ruthenium catalyst precursors. c) 
Screening of phosphine ligands. d) Screening of catalytic amines. Table: additional optimization 
data. 

The necessity for a ruthenium(II) precursor was confirmed by the low reactivity of Ru(0) and 

Ru(III) catalysts (<10%) and no reaction took place in the absence of a ruthenium source. 

Interestingly, the addition of various phosphine ligands only resulted in decreased deuteration 

efficiencies (Scheme 21c). The high reactivity of the encountered system encouraged us to 

lower the temperature to 100 °C (Scheme 21, Table entries 1 and 2). Gratifyingly, the 
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deuterium incorporation remained high under these conditions and the stability of the substrate 

improved, reflected by an improved isolated yield. Lowering the temperature further slowed 

down the reaction more drastically (Scheme 21, Table entry 3). Investigation of a series of 

aniline cocatalysts revealed that specific substitution patterns are important to allow for a suit-

able balance between transient directing group turnover and imine stability (Scheme 21d). 

Besides ortho-aminobenzotrifluoride, para-aminobenzotrifluoride and 2-methyl-3-trifluoroan-

iline afforded high deuterium incorporation. On the other hand, meta-aminobenzotrifluoride, 

ortho-nitroaniline, and benzylamine yielded lower deuterium incorporations while glycine did 

not form catalytically active transient directing groups. In the absence of amine additives, no 

deuteration takes place, confirming the requirement for transient imine formation. 

A decreased amount of amine improved the recovery of deuterated compound by reducing the 

percentage of aldehyde that remains as residual imine after the reaction (Scheme 21, Table 

entry 4). Changing the other parameters such as acid cocatalyst, silver salt and solvent only 

resulted in deteriorated deuteration levels, indicating that the conditions thus found were opti-

mal. It appears worth noting that 52% deuterium incorporation can still be obtained with a 

catalyst loading as low as 0.5 mol% for the dimeric structure (that is, 1 mol% per ruthenium 

atom) and that the reaction can be scaled up 10-fold without affecting deuterium incorporation 

or yield (Scheme 21, Table entries 5 and 6). Lastly, differences in the C–H activation mecha-

nism compared to the manganese-catalyzed methodology (cf. Chapters 5.1 and 5.2) could be 

seen in a positive KIE of 2.2 for the ruthenium-catalyzed reaction, indicating that the C–H bond 

cleavage represents the turnover-limiting step of this reaction.135 When exploring the substrate 

scope of the optimized conditions for aldehyde deuteration, a special focus was given to un-

derstanding further differences between the two methodologies (Scheme 22). In this context, 

it was found that free hydroxy groups such as in vanillin were tolerated by the ruthenium cata-

lyst and that reaction conditions did not have to be modified when moving from electron-rich 

to electron-deficient substrates.  

 
Scheme 22 Scope of the ruthenium-catalyzed ortho-directed HIE of benzaldehyde derivatives with tran-
sient directing groups. 

Further, the complementarity of the two methodologies was demonstrated by diverging reac-

tivity on bicyclic substrates: Whereas the manganese catalyst was selective for the ortho 
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positions of 1-naphthaldehyde and 3-formylbenzothiophene, deuteration of both ortho and peri 

positions was possible using the ruthenium catalyst.  

In an initial experiment, it was found that – in contrast to the manganese-catalyzed methodol-

ogy135 – acetophenone could be labeled with 74% deuterium incorporation in the ortho posi-

tions (Scheme 23a, Table entry 1). To gain insight into the mode of action for this reaction, a 

control reaction in the absence of aniline additive was performed and resulted in only 12% 

deuterium incorporation in the aromatic core, indicating that transient imine directing groups 

are again required for efficient C–H activation. Given the diminished electrophilicity of ketones 

compared to aldehydes, less electron-deficient and consequently more nucleophilic anilines 

such as meta-aminobenzotrifluoride  showed the best results here, while A7 proved to be the 

most general amine catalyst with good activity on both aldehyde and ketone substrates 

(Scheme 23b). Further compensation of lower substrate reactivity was obtained by raising the 

temperature to 120 °C and increasing the amount of deuterium oxide to 20 eq., culminating in 

a deuterium incorporation in the ortho positions acetophenone of 90% (Scheme 23, Table en-

tries 2 and 3).  

 
Scheme 23 Optimization of the ruthenium-catalyzed HIE of aromatic ketones. a) Model reaction. 
b) Screening of catalytic amines. Table: additional optimization data. 

Interestingly, concomitant deuteration in the α-carbonyl methyl group was observed, stemming 

from Lewis- or Brønsted acid-catalyzed enamine formation and deuteration as confirmed by 

control experiments in the absence of the ruthenium catalyst. Similarly, additional acid medi-

ated HIE was observed in the aromatic core of highly electron-rich substrates and presumably 

proceeds by electrophilic aromatic substitution (Scheme 24). This additional deuteration is not 
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only beneficial due to the potential for stabilization of metabolically labile α-carbonyl positions 

in drug molecules, but it also facilitates the introduction of a higher number of deuterium atoms 

into the substrate, paving the way for applications as SILS in various analytical studies (cf. 

Chapters 1 and 3.1.3). In this context, it is worth noting that in almost all cases mass-spectro-

metric analysis of the products confirmed the absence of non-deuterated compounds in the 

mixture of isotopomers, a vital requirement for such applications.  

 
Scheme 24 Scope of the ruthenium-catalyzed HIE of aromatic ketones with a transient directing group. 

During the investigation of the substrate scope, electron-rich acetophenones were found to be 

more reactive than electron-deficient derivatives (Scheme 24). As the latter effect could be 

compensated by increasing the amine loading to 20 mol%, it can be assumed that the de-

creased reactivity stems from the fleeting nature of the imine intermediates derived from these 

substrates. The functional group tolerance of this methodology can be considered good de-

spite the observation of side reactions for substrates exhibiting terminal alkynes, boronic acids 
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or carbamates (not shown). Longer or branched aliphatic chains appeared to hamper either 

imine formation of ruthenium coordination, resulting in decreased deuteration efficiencies 

(Scheme 24). 

Overall, the presented methodology enables the preparation of compounds with three different 

deuteration patterns: a) The optimized conditions afford deuteration in ortho and α position, b) 

the metal-free variant selectively delivers α-deuterated compounds and c) conditions a) fol-

lowed by metal-free dedeuteration with H2O furnish ortho-deuterated acetophenone deriva-

tives (Scheme 25). Lastly, applicability to the preparation of deuterated pharmaceuticals was 

demonstrated in the successful HIE of marketed drugs ketoprofen and fenofibrate (Scheme 

24). 

 
Scheme 25 Access to various deuteration pattern with the ruthenium/amine/silver catalytic system. a) 
Selective deuteration of the α-carbonyl position in the absence of the ruthenium catalyst. b) 
Dedeuteration of the ortho- and α-deuterated ketone to provide the ortho-deuterated derivative. 

In conclusion, HIE in the ortho- and α-carbonyl positions of aromatic aldehydes and ketones 

under ruthenium catalysis with in situ formation of transient imines in the presence of catalytic 

aniline additives was reported. This novel methodology shows a broad substrate scope and 

provides access to compounds with varying deuteration patterns. The reaction is thus deemed 

suitable for the preparation of deuterated compounds for applications in drug discovery and 

analytic LC-MS quantification problems while serving as a sustainable alternative to standard 

HIE methodologies relying on iridium catalysts and deuterium gas. 

 

7.3 Base-Mediated Remote Deuteration of N-Heteroarenes – Scope and Mechanism 

Thanks to their unique electronic characteristics, heteroarenes are prime substrates for direct-

ing group-free HIE reactions (cf. Chapters 3.2 and 4). In this context, many reports concerning 

the deuteration of the ubiquitous pyridine moiety have been published since the early days of 

HIE (Scheme 26).72b,75a,b,138,139 Aside from a plethora of heterogeneous140 and nanoparticle-

catalyzed HIE56c,77a,141 reactions targeting positions in the proximity of the nitrogen atom, the 

global deuteration of pyridines by transition metal catalysis142 or base-mediated HIE in a su-

percritical medium143 is worth mentioning. However, as depicted in the introduction, the diverse 

applications for deuterated compounds demand a toolkit of synthetic methodologies that pro-

vides access to a broad range of deuteration patterns (cf. Chapters 1 and 2). Especially HIE 

in positions remote from functional groups or activating atoms are still needed to complement 
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existing technologies. In 

line with this goal, a two-

steps approach for the se-

lective preparation of 4-

deuterated pyridines has 

been published recently 

(cf. Chapter 4).76 Building 

on these developments 

and aiming to provide a 

practical one-step entry to 

the distal deuteration of 

pyridine derivatives, we de-

veloped a novel base-mediated methodology which will be introduced on the following 

pages.144 

During exploratory studies on manganese-catalyzed HIE of quinolines, we discovered that 

such hetarenes can be labeled in the remote positions under metal-free conditions using a 

combination of the super base system potassium tert-butoxide and deuterated dimethylsulfox-

ide (DMSO).145,146 Consequently, we decided to investigate this reactivity further and chose 2-

phenylpyridine as model substrate due to the several possibilities this compound offers for 

diverging deuteration patterns (Scheme 26). In sharp contrast to previously reported pyridine 

HIE reactions,56c,76,77a,139,140,141,142,143 high deuterium incorporation (>80%) was observed in po-

sitions 3, 4 and 5 with only 23% deuterium incorporation in position 6 and no deuteration in the 

phenyl ring in the presence of 1 eq. potassium tert-butoxide and 3 eq. DMSO-d6 at 120 °C 

under argon atmosphere (Table 1, entry 1). When using the deuterium source as solvent 

(16 eq.), the deuterium incorporation could be increased above 90% (Table 1, entry 2). More-

over, by decreasing the basicity of the reaction system, the addition of a stoichiometric amount 

of water resulted in decreased deuteration in position 6 and thus in an improved selectivity 

(Table 1, entry 3). Reactivity was maintained at a milder temperature (90 °C) while the recovery 

of the substrate improved under these conditions (Table 1, entry 4). Generally, the reaction 

only afforded small amounts of one byproduct which was presumably formed through a Minisci-

type radical trideuteromethylation pathway. Notably, highly specific reagents were required as 

no other deuterium source or tert-butoxide bases with other alkali metal counter cations fur-

nished any deuterium incorporation at all (Table 1, entries 7-11). The importance of potassium 

ions for the reaction was further proven by a slowed down reaction in the presence of potas-

sium-sequestering crown ether and by the fact that potassium hydroxide was the only other 

investigated base besides potassium tert-butoxide that lead to measurable deuteration levels 

(Table 1, entries 12 and 13). Lastly, the deuterium incorporation could be raised to 98% in a 

Scheme 26 Divergent HIE of 2-phenylpyridine with various methods. 
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sequential deuteration of the isolated deuterated product although this went along with a de-

creased selectivity due to concomitant deuteration in the ortho positions of the phenyl ring 

(Table 1, entry 6). 

 
Table 1 Optimization of the base-mediated remote deuteration of 2-phenylpyridine. 

 
 

The selectivity for HIE on remote positions was maintained for a broad scope of pyridine de-

rivatives including important ligands as well as pharmaceuticals (Scheme 27 and Scheme 28). 

Additional exchange was observed for slightly acidic protons in benzylic and α-carbonyl posi-

tions as well as in arenes exhibiting electron-withdrawing trifluoromethyl or chloro substituents. 

Moreover, electron-rich substituents afforded increased deuterium incorporation in their prox-

imity although the overall deuteration efficiency on these types of substrates was lower which 

could be due to a shift towards an electrophilic substitution-type mechanism in these cases. 

Lower deuteration levels were found for sterically hindered substrates such as those containing 

larger aliphatic residues (Scheme 27). For halogenated compounds, a decreased chemose-

lectivity was manifested in lower yields due to the formation of several side products (Scheme 

27). It can be assumed that competing halogen transfer plays a role under the reaction condi-

tions.147 Further, cyano, formyl, vinyl and alkinyl substituents present in the substrates afforded 

decomposition. 
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Scheme 27 Scope of pyridine derivatives and fused N-heteroarenes. 

Intrigued by the persistent and unusual selectivity pattern of this reaction, we commenced more 

detailed mechanistic studies. Provided that hints towards a radical mechanism were seen in 

the impaired deuteration efficiency in the presence of radical scavengers, we suspected a for-

mation of dimeric organic super electron donors through deprotonation of the azine substrates 
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by potassium tert-butoxide under the reaction conditions (Scheme 29a).148,149 According to our 

hypothesis, a subsequent single electron transfer step could initiate a radical chain reaction. 

The fact that an intense red color was observed when adding the substrate to a previously 

colorless solution of potassium tert-butoxide in DMSO-d6 seemed to support a fast formation 

of conjugated dianionic species. At the same time, other methodologies that rely on organic 

super electron donors exhibited a remarkable dependence on the presence of potassium ion, 

just like our system. 

 
Scheme 28 Scope of bioactive compounds. 

However, in contrast to the assumptions listed above, a study of linear free energy relation-

ships with Hammett parameters offered an excellent correlation and a positive slope for polar 

Hammett σ and σ- values whereas no fit was found with radical σ· parameters (Scheme 29b). 

These experiments suggested a polar pathway with a build-up of negative charge in the tran-

sition state rather than a radical reaction. 

To shed more light on the deuteration mechanism, DFT calculations (M062X/6-

311+G(d,p)/SMD(DMSO))150 were carried out, comparing the thermodynamic stabilities of 

pyridyl anions and pyridyl radicals in seven different positions (Scheme 29c). In agreement 

with the Hammett experiments, the three most thermodynamically stable anions result from 

deprotonation in positions 3, 4 and 5 whereas the most stable radical would form after hydro-

gen atom abstraction in position 6. Accordingly, the main deuteration sites of further heteroar-

omatic compounds could be successfully predicted by determining the most stable anion by 

DFT calculations. Moreover, comparison of the DFT data with a kinetic profile of the reaction 

showed that the rate of deuteration is fastest at the site of the most stable pyridyl anion. Con-

sequently, the experimental results agree with a deprotonation-deuteration pathway.  
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Scheme 29 Mechanistic studies on the base-mediated deuteration of pyridine derivatives. 
a) Initial hypothesis: formation of organic super electron donors based on experimental 
observations such as a color change upon addition of substrate. b) Hammett plot. c) DFT-
calculated Gibbs free energies of 2-phenylpyridyl anions. d) KIE studies. 
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Given that only a small KIE of 1.2 was measured for positions 3 and 4 and of 1.3 for position 

5, it is likely that the deprotonation is not the RDS of the reaction (Scheme 29d). Instead, the 

generation of the dimsyl anion or the final deuteration step might correspond to the highest 

barriers. 

In conclusion, a base-mediated methodology for the remote HIE of pyridine derivatives has 

been reported and gives access to deuterated ligands as well as bioactive compounds. Exper-

imental and computational mechanistic studies have elucidated that the reaction likely pro-

ceeds via regioselective deprotonation of the pyridine substrate, affording the most thermody-

namically stable pyridyl anion. These insight may inspire future transformations based on ani-

onic pyridyl intermediates besides providing labeled compounds for drug discovery programs. 

 

8 Outlook 

This thesis comprises the development of three novel HIE methodologies which enable deu-

teration of arenes in the absence of iridium catalysts, strongly coordinating directing groups or 

deuterium gas. The presented works therefore embody a small contribution towards the goal 

of more applicable, sustainable, and efficient deuteration reactions. 

Further contributions to the development of new labeling methods have been made in terms 

of selectivity. While precise installation of deuterium atoms in ortho positions of weakly coordi-

nating carbonyl groups was achieved under manganese- and ruthenium catalysis, a new se-

lectivity concept was discovered in the base-mediated protocol for the remote and non-directed 

labeling of heteroarenes. Although this achievement constitutes a new addition to the cata-

logue of labeling reactions with divergent selectivity, more directing group-free HIE methodol-

ogies will continue to be in high demand. In this context, reports like ours are expected to 

inspire new methodologies that allow for a more precise incorporation of deuterium at only one 

of the described sites. 

Building on our proof-of-concept studies, the introduction of transient directing groups to HIE 

bears the potential of replacing the tedious installment of template directing groups by atom- 

and step-economic in situ formation. This way, precise installation of deuterium atoms at re-

mote meta and para sites could finally enter the realm of truly applicable HIE reactions. Be-

sides, utilizing dynamic covalent bonds beyond the imine linkage, a broader scope of sub-

strates could become amenable to HIE with 3d metal catalysts. It can be expected that further 

manganese-catalyzed C–H activation catalysts will be adopted for deuteration, ideally culmi-

nating in the direct use of the most abundant manganese(II) salts as HIE catalysts. 

While the works within this thesis are focused on the labeling of arenes, transition metal-cata-

lyzed C(sp3)–H activation with transient directing groups could provide access to less explored 

aliphatic labeling reactions in a similar fashion. 
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However, more fundamental challenges also remain to be tackled. Iridium-free homogeneous 

HIE reactions often require temperatures above 50 °C and the methodologies reported herein 

are no exception. It can be hoped that future studies focus on the development of more active 

catalysts, for instance through ligand design, that would enable aromatic HIE at lower temper-

atures and with shorter reaction times. Further, as both heavy water and deuterium gas are 

desirable isotope sources in their own right, methodologies that allow to switch between these 

reagents without major changes to the reaction conditions would represent valuable additions 

to the HIE toolbox. 
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