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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 a-deuteration, ortho-deuteration, and a-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.



Kurzzusammenfassung

Diese Dissertation befasst sich mit der Entwicklung praktischer und kostengtinstiger Wasser-
stoffisotopenaustauschmethoden zur Deuterierung aromatischer und heteroaromatischer
Substrate. Zunachst wurde Uber die erste C—H-Aktivierung und Deuterierung aromatischer
Verbindungen mittels eines mangankatalysierten Katalysators berichtet. Transiente dirigie-
rende Gruppen ermoglichten hierbei erstmals die Verwendung schwach koordinierender alde-
hydbasierter dirigierender Gruppen fir die mangankatalysierte C—H-Aktivierung und erbrach-
ten hohe ortho-Selektivitat. Weiterhin wurde die Strategie der transienten dirigierenden Grup-
pen auf eine anwendungsbezogene rutheniumkatalysierte Wasserstoffisotopenaustauschre-
aktion an aromatischen Aldehyden und Ketonen Ubertragen. Durch gezielte Auswahl der Re-
aktionsbedingungen und -abfolge wurden fir letztere Substrate drei verschiedene Markie-
rungsmuster zuganglich: kombinierte ortho- und a-Deuterierung, ortho-Deuterierung und ao-
Deuterierung. Sowohl die mangankatalysierte als auch die rutheniumkatalysierte Methodik
verwendeten vielfach vorkommendes und ginstiges schweres Wasser als Isotopenquelle. Zu-
letzt wurde ein Ubergangsmetallfreies, basenvermitteltes Deuterierungsprotokoll entwickelt,
das sich die elektronischen Eigenschaften von Pyridinderivaten zunutze macht. Die Reaktion
zeigte sich selektiv fur die aromatischen Positionen, die entfernt vom Stickstoffatom stehen,
und eroffnete somit eine komplementare Selektivitat zu literaturbekannten Strategien fur den
Wasserstoffisotopenaustausch von Heteroaromaten. Alle Projekte wurden von mechanisti-
schen Studien begleitet und sind Inspiration flr zuklnftige 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)."
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 '*C.? Moreover, the changed molec-
ular mass can be detected in mass spectrometric analyses.? Tritium further opens up the pos-
sibilities of radioactive imaging.*

At the same time, bearing isotopes of the same element, protium and deuterium-containing
molecules have identical physical properties, structure, and biological function.®* 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.® 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.® 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.’

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.® However, deuterium gains increasing importance for the
preparation of stable isotope labeled internal standards (SILS) for LC-MS/MS applications.?? If

a sufficient number of deuterium atoms is incorporated into the reference molecule,



quantitative analysis for various applications such as pharmacokinetic studies of drug mole-
cules in early development or environmental contamination tests becomes possible.32° 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.*

With the US Federal Drug Agency’s (FDA) approval of the first deuterated drug, deutetrabena-
zine, in 2017, 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 market'" and further candidates are currently in clinic
trials, indicating further continuation of this trend.' 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.”™ 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.' For this purpose,
commercially available deuterated building blocks'#2¢ such as deuterated fatty acids' or deu-
terated reagents, ' like sodium borodeuteride,® 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.'”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



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,' deuterodehalogenation?® or trideuteromethyla-
tion?! 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).?? 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.Errort 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.

Methodologies for the Preparation of Deuterated Compounds
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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



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.?®> 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.?* Acid/base catalysis,?® biocatal-
ysis,? hydrogen autotransfer,?’ catalysis with transition metal nanoparticles,?® and homogene-
ous transition metal-catalyzed directed C(sp®)-H?° activation have all advanced this field while
recently photoredox catalysis seems to open up new avenues.*® Further HIE reactions have
been presented for olefinic substrates,®' alkynes®? and aldehydes.** 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.®* 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 protocaol, 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 o bond

metathesis with the activated C-H bond (RDS of the reaction), furnishing a 5-membered



cyclometalated dideuterium hydride complex in the presence of deuterium gas (Il). Thanks to
hydride fluxionality, protium and deuterium atoms can exchange (lll) prior to the elimina-
tion/bond-forming step (IV) which will deliver the selectively ortho-deuterated product.®® 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.

Iridium-Catalyzed Directed Aromatic HIE
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Scheme 2 Features of iridium-catalyzed ortho-directed aromatic HIE. a) Typical
reaction conditions and catalyst structure. b) General mechanism. DCM =
dichloromethane; cod = cyclooctadiene.




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.

Directing Groups in Iridium-Catalyzed Aromatic HIE
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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.



Building on the first breakthrough in the field achieved with the Crabtree hydrogenation cata-
lyst,®¢ 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).3%*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-heteroarene3®@37:38 and ketone3%237:38b.cthi-39 dirgcting groups,
a plethora of coordinating groups such as esters,3%:38nk1.39.40 gmjides,352.0.37.38c.41ijl1.39.40 carhox-
ylic acids®#4' and nitro groups3%®37:38chk39 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

Competing Directing Groups and Selectivity in Iridium-Catalyzed Aromatic HIE
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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. ¢) 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



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).*® 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.** 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.*® Consequently, recent HIE methodologies build
upon the rich precedence of C—H functionalization chemistry with other metals such as rho-
dium,*¢ palladium,*” and ruthenium.*® 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.*® 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,*° 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 DO instead of D, (Scheme 8d),* 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).%2

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,>® thus affording among others ortho-deuterated phenylacetic acids. Conversely,



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¢).%%@

Diverging selectivity in rhodium- and cobalt-catalyzed HIE of protected indoles

D[98]
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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 5-Membered vs. 6-
be broadly applicable to a range of directing groups in the pres- | membered metallacycles
ence of heavy water.%* After a dihydridosilyl ruthenium com- A m()l\la
R 5°0 Ryr &
plex®® or [RuCly(PPhs)s]** were reported to afford good deu- Z~ir] Z [pd]'o

terium incorporation in the ortho positions of native N-heterocy- Figure 1 Different preferred
ring sizes in metallacyclic
intermediates in Ir- and Pd-
boxylic acids, sulfonamides and N-heterocycles with a p-cy- catalyzed HIE.

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

mene ruthenium carboxylate catalyst was achieved more recently (Scheme 6 and Scheme
8e).54 Concluding from these versatile results, ruthenium catalysts can be considered cost-

efficient substitutes to iridium.

Ruthenium-Catalyzed Directed Aromatic HIE
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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



10

with superstoichiometric zinc and small excess of heavy water. ¢) 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).

In this context, it should be
0] Pd(OAC)s (10 mol%) [=90]D (0]
noted that tremendous pro- | . N-Ac-Gly-OH (10 mol%) R
0O or no ligand O

gress has been made with -
SN AcOH-dy D
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NT R

, N7 R
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Pd-catalyzed template-directed HIE in meta position

R'=H,F; X=C\N
catalysts such as Pd/C or PUC,  gcpeme 7 Template-directed remote HIE with palladium catalysts.
supported metal nanoparticles Gly = glycine.

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

Comparison of Heterogeneous, Homogeneous and Nanocatalysts for HIE

Heterogeneous Catalysts Nanoparticles Homogeneous Catalysts

-
o |
N7 D
Global Deuteration a-Heteroatom Deuteration ortho Deuteration

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 chelating® or template directing
groups.®*>4 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,



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.3%237.38a-dfni13941 Ag g result of their weaker coordi-
nating abilities compared to N-heterocycles, the activation of carbonyl groups can be challeng-
ing.®® This can be noted in the absence of carboxylic acids and esters in the scope of seminal
iridium-catalyzed HIE methodologies despite their importance.3%237:3¢h Moreover, a broadly
applicable ruthenium-catalyzed HIE reaction failed to deuterate acetophenone derivatives.5*
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 PFs” are more active for the deuteration of aromatic esters (Scheme 8a).*°
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).%
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).51:5%a54d Knowledge from previously reported carboxylate-directed C—H functionalization

reactions with palladium,®°° rhodium,®® and ruthenium®' was instrumental for these achieve-

ments.
Strategies towards Access to Carbonyl Directing Groups
a) Change of counteranion in iridium catalysts b) Change ofligand in iridium catalysts
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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.®? 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 a-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 KIE'? which is why corresponding deuteration reactions are studied in their own right.?%>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.*® However, their sta-
tus as versatile synthetic intermediates | Pd- and TFA-catalyzed ketone HIE |

has recently sparked interest in formyl o  [Pd(10mol%) D o QN 0

c’ Ny

AgTFA (10 mol%) o
isotopic exchange® and it can be ex- Q)K g cbs
) D[25]
(Pd) /

pected that this surge in aldehyde deu- 110°C,16h

50%

teration methodologies spills over to
9 P Scheme 9 Palladium- and AgTFA-catalyzed HIE on

other areas of HIE. acetophenone derivatives with concomitant a-carbonyl
deuteration.

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).%° 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 Brgnsted or Lewis acids and at elevated temperature via
electrophilic aromatic substitution (Scheme 10a, top).®* Due to the facile protonation of the
amine functionality, primary amines require especially harsh conditions.®*2® 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).%®

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



manganese for the labeling of anilines, phenols and electron-rich N-heteroarenes (Scheme
10a, center).®® Interestingly, though, the mechanism of this exchange seems to be rather dif-
ferent from acid-catalyzed methodologies: Here, a radical pathway via D.O splitting at the

metal surface is proposed.

Electronically Controlled Selectivity in Non-Directed HIE

a) HIE in electron-rich positions b) HIE in electron-poor/acidic positions
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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).®” 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).®® On the contrary, the most electron-deficient positions in azines can
be labeled with ruthenium carbonyl and a protic deuterium source® as well as more mildly with
a diimine-ligated nickel complex under a deuterium gas atmosphere (Scheme 10b, bottom).”
Although electronically controlled non-directed HIE broadens the toolbox of labeling strategies,

specifically activated substrates are nonetheless required.



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).”" 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- Fe-catalyzed sterically guided HIE in remote positions
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verging labeling patterns or Scheme 11 Iron-catalyzed HIE in sterically accessible positions of
precise installation of deuter- unactivated arenes.

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.”? Originally seen as prime substrates for
ortho-lithiation followed by deuterolysis (Scheme 12a),” 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 aromatic®®®37-3 and aliphatic®® 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.”* 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).%2 The intrinsic reactivity of the electronically activated, nucleophilic position 3 plays

an important role here.



Deuteration of Heteroarenes
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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).2%¢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.5'-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).”® These intermediates can react with carbonate salts and,
after extrusion of triphenylphosphine oxide and CO., 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).644.6.66.67.69.70 5ome-
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).”% 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).2%a64e.78

5 Transition Metal-Catalyzed C(sp?)-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(sp?)—H Activation

Building on the pioneering studies on C—H activation reactions using palladium*’ and rhodium*®
catalysts, the search for less expensive transition metal catalysts led to the development of
ruthenium-catalyzed C—H activations.*® 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(ll) hydrides,
affording hydroarylation products after reductive elimination (Murai reaction; Scheme 13a).”®
When it was found that the more air- and water-stable ruthenium(Il) complexes can be cata-
lytically active for C—H arylation reactions in the presence of phosphine or phosphine oxide
ligands,?° 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).%428! Under ruthenium(ll) catalysis, arylations®8' and alkylations®

with the corresponding halides were possible via oxidative addition and intermediary formation



of ruthenium(lV) species. Acylation reactions could proceed by electrophilic substitution of the
ruthenacycles with acyl chlorides without the need for Lewis acidic activators.® Further, in the
presence of oxidants, dehydrogenative cross coupling reactions, for instance olefinations with
Michael acceptors, became possible.80c84

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.®® Following coordination to the
ruthenium(ll) 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.®'" 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).® In some cases, g-complex-assisted metathesis (g-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 ¢ bond be-
tween base and metal center (Scheme 13b).8'2 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.8%

Ruthenium-Catalyzed C(sp?)-H Activation
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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(ll) hydride.
b) Carboxylate-assisted, ruthenium(ll)-catalyzed C—H arylation and transition states of CMD, BIES and
0-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-
plexes®”:88 and the selective activation of various specific positions in indole substrates remains
a complex field of research. Moreover, photocatalytic®® and electrochemical®’ methodologies
have enabled ruthenium-catalyzed C—H functionalization under milder conditions while further
efforts have been devoted to protocols that proceed in water®? or that rely on weakly coordi-
nating directing groups.5'9:86.910.925.93 | astly, 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 reactions®'491%* or to functionalize biolog-

ically relevant substrates.%

5.2 Manganese-Catalyzed C(sp?)-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.*>% Besides iron,®” cobalt,®® nickel,’® and copper,®® manganese is
an important exponent in this class,'® 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. %1902 \While stoichiometric reactions'' and aliphatic C—H oxidation with homolytic bond
cleavage'®? have been reported before, it was not until 2007 that the first manganese-catalyzed
C—H functionalization of arenes with organometallic intermediates was reported.'® 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.'®® 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.'® Aside from the trapping of aldehydes,'® the reaction with isocyanates
could afford amide products'®c and nucleophilic addition to nitriles furnished ketones.'051%
Moreover, transformations such as the hydroarylation of alkynes (Scheme 14b),'%41%7 Michael
acceptors,'® and allenes'®® or various annulation reactions with unsaturated'®% or
strained''® reaction partners are possible nowadays. Lastly, substitutive transformations on
allylic,”" allenic,'? and other reagents with leaving groups''® or alkylations with Grignard rea-
gents'™ form an important part of manganese-catalyzed C—H functionalization reactions. On
the application side, transformations of biologically relevant structures gained momentum.'®
When compared to noble metal-catalyzed C—H activation reactions, manganese catalysis no-

tably offers a partially complementary scope, focusing more on redox-neutral insertion'®



reactions with electrophiles terminated by protodemetalation in an isohypsic fashion rather
than oxidative transformations or arylations involving reductive elimination steps.'0%.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 dicyclohexylamine'°72115® or without
basic additives,%¢19%bf 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 n-coordination of the alkyne followed by deprotonation of the acidified acetylenic proton
(Scheme 14b, center).'%* 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(sp?)—-H activation by base-assisted deprotonation and manga-
nacycle formation is possible (Scheme 14b, bottom).'*** 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.

Manganese-Catalyzed C(sp?)-H Activation

a) First Mn-catalyzed C-H functionalization b) Mn-catalyzed C-H hydroarylation
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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(l) precursor Mn(CO)sBr or carbonyl complex Mn2(CO)1o while
the naturally occurring Mn(ll) salts are rarely employed and often involve radical intermedi-
ates.' 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.’%® While initial success with bipyridine-type ligands has been seen for reac-

tions catalyzed by Mn(ll) precursors, 44117 the right ligand type for Mn(l) 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,’'® 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.”' Initial examples with native amide''**¢ and ketone'%°®'"® directing
groups should encourage further studies although n-bonding reaction partners are often re-

quired to provide additional stabilization of the metallacycle.'"®

5.3 Transient Directing Groups in Transition Metal-Catalyzed C(sp?)—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.'?® 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
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judicious choice and tuning of the respective catalytic amines can even give rise to divergent
regioselectivities'?® as well as enantioselective transformations.'?* Especially for palladium ca-
talysis, bidentate ligands have been generated through the use of catalytic amino acid addi-
tives'?1ad122ac123de, 124e \whereas monodentate imines derived from aniline derivatives are more
commonly employed in rhodium-,"?® iridium-,'2'2.126 and ruthenium'?’-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.?8

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.'” Indeed, most reports rely on iridium complexes with catalyst
loadings of 5 to 10 mol%.3%:36:37:38b-c.e-ik.39.4042 Qn 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.



Chapter 3.2).56¢66.70.71 Aside from our own work, only one cobalt-catalyzed directed HIE on
indole derivatives has been reported.5? 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).% 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).%°

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)sBr as cata-
lyst due to its precedence in manganese-catalyzed C—H activation (cf. Chapter 5.2).103.104d-
f105,107,108,109a,c-9,110b,111,112,113,115b- 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).""
Lastly, sodium acetate was added to allow for base-assisted C—H bond cleavage'®** 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.105:109.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 derivatives'12:0.125126.127 gnd glycine as an amino acid'?'#¢ (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,'?® 66% deuterium was incorporated selectively in the ortho positions of
para-anisaldehyde as determined by 'H NMR spectroscopy through the decrease of the cor-
responding peaks (Scheme 16¢). 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)."3° As the stability of imines derived from
electron-rich aldehydes is low, para-nitrobenzaldehyde was used as starting material for this
experiment.”™" 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



decided to use n-butylamine for further experiments despite considering benzylamine as a

viable alternative.
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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 '"H 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



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(ll) 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 D,O for H.O, 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.°

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 Mn,(CO)10 and at 80 °C for the model substrate, both parameters failed to
afford deuteration for other compounds which is why Mn(CO)sBr 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.?’ 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.’"'211% |nterestingly, 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.’' As imine formation
and hydrolysis can be accelerated in the presence of acid catalysts, the replacement of sodium
acetate by para-chlo-
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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).*3 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. Other Transformations
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Scheme 19 Other attempted manganese-catalyzed C—H functionalization
reactions. a) Alkylation with Katritzky salts and alkyl halides. b) Coupling with
radical precursors 1,3-dienes and an allylic fluorinated compound.

with Katritzky salts as
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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).""” 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).104¢.107.109.133 Deflyorinative 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.''3* 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.51932%4d |n 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.352:37:380.cfh*k39 Although much better deuterium incorporation compared to
previous palladium-%2 and ruthenium-catalyzed®* 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).54¢



HIE of Aromatic Ketones: Precedence

a) Ir-catalyzed HIE c) Ruthenium -catalyzed HIE | |
Kerr (5 mol%) D O [60]D @] D | 0]
D, (1 bar) [Ru] (5 mol%) |
- ! CD;
©)J\ DCM, rt, 16 h D[o8] D,0,110°C, 16 h O i (0]
D D
b) Pd/acid- cocatalyzed HIE d) Ruthenium-catalyzed HIE Il

%) RuClz(PPh3); (2.5 mol%)
AgPTdF ;1(2 gnﬂol% (3] o Cul (10 mol%) D O
: CD, Zn(2eq.), D0 (8 eq.)
IFA-d,110°C, 16 h D[86] dioxane, 80 °C, 16 h -
D[89

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 groups'24¢:4.127.134 gg well
as our own experience with the manganese-catalyzed HIE of benzaldehyde derivatives de-
scribed above (Chapter 7.1)'* 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 catalysts'* as well as cyclometalated ru-
thenium complexes'’ 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.'” 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).8° 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(ll) chloride
dimer and an excellent deuterium incorporation of 91% could be measured by '"H NMR spec-

troscopy.
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Optimization of the HIE of aldehydes

a) Model reaction | Entrv | Variation | D[%] ]| Yield [%
[Ru] (5 mol%) 120°C 91 65
p-CHPhCO,H (50 mol%) 100°C 92 75
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@\/“}0 0(10eq) So | MM 05mol%[Rul, | 52 n.d.
NO,  DCE, 100 °C, 16 h no, | HICHE 5 mmol 90 85
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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(ll) precursor was confirmed by the low reactivity of Ru(0) and
Ru(lll) 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



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.’*> 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.

Scope of Aldehydes

[RUClz(p-cym)lz (2.5 mol%) D

p-CI-PhCO,H (50 mol%), A7 (10 mol%)
@AO AgSbFg (20 mol%), D,0 (10 eq.) ~E:I§O
R = R
DCE, 100°C, 16 h D

[93]1D (0] D [89] D [93]D /O [42]D _0
MeO Br ! .
= <0 <p <0 D[85]
OO, O, O, oo
MeO D HO D[89] tBu D[91] D[87] S
96% 82% T71% T2% 90% 91%

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-
ogy'3® — 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).

Optimization of the HIE of Ketones

a) Model reaction _Entry | Variation | D (0) [%] | D (a) [%] |
74 86
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Scheme 23 Optimization of the ruthenium-catalyzed HIE of aromatic ketones. a) Model reaction.
b) Screening of catalytic amines. Table: additional optimization data.

none Al AZ A3 A4 A5 AG AT AB A9 A0 A11 Al2

Amine

Interestingly, concomitant deuteration in the a-carbonyl methyl group was observed, stemming
from Lewis- or Brgnsted 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



only beneficial due to the potential for stabilization of metabolically labile a-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.

Scope of Aromatic Ketones
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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 a position, b)
the metal-free variant selectively delivers a-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).

a-Carbonyl Deuteration

a) Ag-catalyzed a-carbonyl deuteration
AT (20 mol%) CD.[93]

|
|
|

_ | 781D  CD,[90] AT (20 mol%) 7710 126]
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’ g ’ ’O - e
D,0 (20 eq.) | H,0 (20 e

! D[84] 20 (20 eq.) D[83]
|

DCE, 120°C, 16 h DCE, 120°C, 16 h

b) Ag-catalyzed a-carbonyl dedeuteration

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

In conclusion, HIE in the ortho- and a-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).7207%2b.138.13% Agide from a plethora of heterogeneous™? and nanoparticle-
catalyzed HIES®772141 regctions targeting positions in the proximity of the nitrogen atom, the
global deuteration of pyridines by transition metal catalysis'? or base-mediated HIE in a su-
percritical medium'# 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



existing technologies. In
line with this goal, a two-
steps approach for the se-
lective preparation of 4-
deuterated pyridines has
been published
(cf. Chapter 4).7® Building

on

recently

these developments
and aiming to provide a

practical one-step entry to

Labeling Patterns in Pyridine HIE
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the distal deuteration of

pyridine derivatives, we de- Scheme 26 Divergent HIE of 2-phenylpyridine with various methods.
veloped a novel base-mediated methodology which will be introduced on the following
pages.'#

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 (DMS0).'45146 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,®6c: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-ds 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
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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.

Optimization

D
F)
> KOBu(1eq) D oD
| DMSO-dg (3 eq.) 5 o
\N = 6 \N m
1,4-dioxane (1 M)
120°C, 16 h P

Eniryo D (415Dl | D 6] | D (omip) LAl Viela
86 23 83

| Entrylal

m none <10

EZI DVSO-dg as solvent (17 eq.) 96 20 13 (0) 82
EE DVSO-dg as solvent, 1.1 eq. H,O 95 14 <10 84
EZEI DVSO-d; as solvent, 1.1 eq. H;,0, 90 °C | 94 18 <10 89
- ggﬂ%?édn% c;a{:lesol\rent, 11 eq. H0, | gg 12 15 nd.
3 o0 <10 <10 <10 n.d.
Acetone-ds <10 <10 <10 n.d.
E THF-d; <10 15 <10 n.d.
EI \a01Bu, DMSO-dj as solvent, 90 °C <10 <10 <10 n.d.
EC Loy <10 <10 <10 n.d.
EE KOH, DMSO-d; as solvent, 90 °C 4311, 700! 16 <10 nd.
EZ 18C6(1eq) 48 <10 <10 n.d.

[a] Scale: 0.5 mmol, work-up: extraction, then NMR in CDCl;, deuterium incorporation was determined by 'H NMR using the
resonances of the non-deuterated metfa and para positions in the phenyl substituent as a reference; [b] average; [c] isolated
yield: [d] average of 2 runs; [e] average of 5 runs; [f] average of positions 3 and 5; [g] position 45

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 a-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."” Further, cyano, formyl, vinyl and alkinyl substituents present in the substrates afforded

decomposition.



Scope of Pyridine Derivatives
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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).'#814® 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-ds 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.

Scope of Bioactive Compounds
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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 o and o~ values whereas no fit was found with radical o 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 (MO062X/6-
311+G(d,p)/SMD(DMS0))"° 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. ¢) 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(ll) salts as HIE catalysts.

While the works within this thesis are focused on the labeling of arenes, transition metal-cata-
lyzed C(sp®)-H activation with transient directing groups could provide access to less explored

aliphatic labeling reactions in a similar fashion.



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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A novel manganaese-catalyzed C-H activation methodology for
selactive hydrogen isotope exchange of benzaldehydes is presented.
Using D;Q as a cheap and convenient source of deuterium, the
reaction proceeds with excellent functional group tolerance. High
artho-selectivity is achieved in the presence of catalytic amounts of
spacific amines, which fn situ form & transient directing group.

Not only since the first deuterated drug was accepted by the U.S.
Food and Drug Administration (FDA) in 2017, an increasing
interest in the development of methodologies for the selective
late-stage incorporaton of deuteriun into organic molecules has
manifested itself within the field of organic synthesis.' As a
result, the current toolbox for labeling reactions comprises a
numiber of established techniques for diverse substrates. As an
example, deuteration of arenes predominantly relies on iridium-
catalyzed hydrogen isotope exchange [HIE) [Scheme 1a). Here,
the most imponant representative, the NHC-ligated Kerr
catalyst, affects deuteration under deuterium gas atmosphere
oitho to @ number of pre-installed directing groups, including
Mheterocyeles, carbony] groups and sulfurcontaining functional
groups.” Most recently, base metal-catalyzed methodologies have
expanded the field by presenting new selectivily concepts based
on steric and/or electronic control. [n this context, the deuteration
of the least sterically hindered positions in arenes and hetarenes
has been achieved under catalysis with iron pincer complexes
[Scheme 1b),” whereas a diamine nicke! complex preferentially
enabled HIE on electron-deficient positions of pyridine
derivatives.* However, the precision of a directed approach has
so far been unmet by alternative strategies. In this respect, the
development of metal catalyzed directed HIE methodologies,”
combining inexpensive and available mietals with predictable
selectivity, is desirable.
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Manganese-catalyzed selective C—H activation
and deuteration by means of a catalytic transient
directing group strategyt

* and Matthias Bellerio*

Among the different earth-abundant 3d metals, manganese
iz a most promising candidate, haven proven its efficacy for
catalytic directed C(sp®)-H functionalization reactions by
enabling a plethora of transformations.® Moreover, although
manganese-catalyzed deuteration of arenes has only been scar-
cely investigated yet,” some mechanistic investigations already
hint at the potential success of such an endeavor.® However,
despite these advances, manganese-catalyzed C-H activation is
still limited to substrates comprising nitrogen-containing
directing groups® and thus often demands additional synthetic
steps. For instance, a recently disclosed allylation reaction of
arenes required the pre-formation of an imine as a directing
group, which subsequently needed to be hydrolyzed in a
separate step.’” A methodology that allows this imine formation
to occur fn situ with a catalytic amount of amine and thus reduces
time and waste would certainly be more appealing. Interestingly,
such a transient directing group strategy has been utilized in
noble metal catalysis,'’ but has thus far not been applied to either
manganese-catalyzed C-H activation or directed HIE. We believed
that both fields could be merged thus report herein on the first

a) Ir-catalyzed ortho-directed HIE
D

DG rcatin e
— =
]

b} Fe-catalyzed HIE under steric control

FG [cat Fe] D, FG
—
D4/C 4Dy
(o}
D

©) This work: Mn-catalyzed ortho-directed HIE with catalytic DG

[eat Mn],
cat DG FG
——
0,0

D

FG

o]

Scheme 1 Selectivity control of deuteration methodologies,
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amine (20 mol%), D
Mn{CO)sBr (5 mold%),
<o NaOAc (1 eq.) =g
DCE:D,0 4:1,
MeQ 100°C, 16 hrs ~ MeQ o
1 1-dy
. i : L
none || HOLC™ NH, | PR NHE AL
— I I PR TNHy
0% A1, 0% A2, 0% I A3, 66% A4, 32%
S C(\ 5 :
! "BuNHy | "OctNHy
Zer, = ! :
A5, 67% AB, 65% | AT, 73% ! A8, T2%

Scheme 2 Mn-catalyzed o-deoteration of p-anisaldehyde in the
presence of catalytic amine additives for the in situ formation of transient
directing groups. Scale: 0.5 mmol 1. Deuterium incorporation was deter-
mined by IH WMR through the decrease of the doublet &t 7.81 ppm while
referencing on the protons in sreta position,

manganese-catalyzed srthoselective C-H deuteration of aromatic
aldehydes through transient formation of a catalytic directing
group (Scheme 1c). We started our investigations by studying the
deuteration of parg-anisaldehyde under typical conditions for
base-assisted manganese-catalyzed C-H activation. More specifically,
we used 5 mol%’® manganese pentacarbonyl bromide along with
D0 as the cheapest source of deuterium in the presence of catalytic
amounts of different amines (Scheme 2).

Firstly, in the absence of amine additives, no deuteration
was observed, confirming that the aldehyde moiety is not a
feasible directing group for such ©-H activation. Furthermore,
established transient directing groups such as anilines and
glyeine’! could not afford any deuteration either. Surprisingly,
the addition of 20 mol% of benzylamine to the reaction mixture
enabled selective deuteration in the artfc positions of the
aldehyde with a deuterium incorporation of 66% [A3). The
use of sterically more hindered 1-phenylethylamine led to a
drop in deuterfum incorporation whereas substituents on the
aromatic ring did not have a major influence on the reactivity
[A5 and A6). A slightly increased deuteration was observed
with aliphatic amines such as n-butylamine [A7] so that both
benzylic and aliphatic amines can be considered efficient
catalytic additives for transient directing group formation.

Motably, the deuterium incorporation can be simply increased
by re-submiitting the isolated, pantially deuterated compound to
the reaction conditions [Table 1, entiy 1). Interestingly, the
reaction does not benefit from elevated temperature [120 °C)
but works equally well at 80 °C (Table 1, entries 2-4). Finally, in
the absence of a manganese catalyst, no deuteration took place
[Table 1, entry 5).

Having gained insights into the influence of various para-
meters on the deuteration efficiency, we moved on to explore
the substrate scope of this novel deuteration methodology. For
this purpose, we conducted reactions at a temperature of 100°C
to ensure that less reactive substrates are also deuterated
efficiently. To our delight, & variety of benzaldehyde derivatives

N38 | chem. Commun, 2021, 57, 1I37-1140

Yiew Article Online
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Table 1 Mnp-catalyzed o-deuteration of p-anisaldehyde  under
various conditions
"BuNH; (20 mol%),
Mn(CO)5Br {5 mol%), b
NaOAc (1 eq.)
~0 —— ~o
DCE:D,0 4:1,
MeQ 100 °C, 16 hrs MeO D[73]
1 i-dy
Entry Variation D [2a]
1 1-d, (73% D] instead of 1 B8
z 120 °C 78
3 30°C 76
4 B0 °C 48
5 Mo [Mn] i]

Scale: 0.5 mmol 1. Deuterium incorporation. was determined by
'H NMR through the decrease of the doublet at 7.81 ppm while
referencing on the protons in metq position.

proved to be amenable substrates, being selectively deuterated
in orthe position without any side product formation
[Scheme 3). In this context, halogenated benzaldehydes proved
to be particularly viable substrates and did not undergo com-
peting deuterodehalogenation (2-7 and 17)."* Only remaining
amounts of the intermediary imine or the volatility of the
substrates somietimes slightly impacted the recovery of the
aldehyde, Further, substituents in ortho, meta and para posi-
tions as well as multi-substituted benzaldehydes are all well
tolerated while guidance by Lewis-basic substituents is
observed in the presence of two non-identical artfio positions,
overriding potential steric effects (14, 16, 20).™

Strongly electron-deficient benzaldehydes comprising nitro or
cyano substituents [19-23) required slightly miodified reaction
conditions: due to the increased stability of the intermediary
imine,’” a switch from base to acid catalysis facilitated tumover
of the catalytic amine, thus yielding the corresponding aldehydes
with high deuterium incorporation even at a low catalyst loading
of 2.5 mol%. Similarly, good results were achieved with hetero-
cyclic aldehydes [24-28), demonstrating the broad applicability of
this methodology. Only substrates containing heteroatoms in
w-position to the aldehyde moiety as well as pyridine derivatives
appeared to form unreactive manganese complexes instead.
Notably, chromone derivative 28 undergoes formyl deuteration
additionally, presumably aided ty coordination of the proximal
keto group.

To test the functional group compatibility of this reaction
beyond the groups already mentioned in the text and high-
lighted in Scheme 3, further deuteration experiments were
conducted in the presence of equimolar amounts of a terminal
olefin, a boronic acid, a sulfonamide, and phencl. All these
additives were well-tolerated and did not affect the deuterium
incorporation in the aldehyde substrate. On the other hand,
hydrosy-substituted aldehydes as well as substrates comprising
terminal alkynes were not deuterated.

From a synthetic point of view it iz interesting that the
reaction is selective for aldehydes, leaving aromatic ketones
untouched despite their ability to form ketimines. Moreover,
other carbony] groups which had previously been employed as

This jourmal is @ The Royal Society of Chermistry 2021
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"BuNH; (20 mol%),
Mn(CO);Br (5 mol%), o
MNaDAc (1 eq.)
R g — I S
R DCE:D,0 4:1, Lo
100 °C, 16 hrs D
D D (] F 900
- = = =~ ¢l -
0 (] (6] o 0
F D3 c D[] DIB7] Br DI98] F
2-d,, B9% 3-d, 48% 4 *PF, 32%, 6-d, T8% 7-d
D 0 D D D
=g i8] ) o o o
CF; DI76] OO EL) D[61] PR D[#4]  'Bu DI18]
8-dlz, 30% 9-d, 85% 10-dy, 79% 11-d %, 61% 12-d,9, 83% 13-d,9, 77%
851D [9s510
(o] Xp <o 0
2 D[39] o Br
14" T7% 15-d ¢, 100% 165, 78% 17-d °0<, 85%
[88]D D [50]0
NG N
o o o ~o
DITE]  O,N D[o1] D[a0]
19-dy b, 100% 20-d; “B50, 90% 21-dy ™5, 81% 22-d, "B, 100% 23-d 558 TT%
1510 —0 PRy —0 —o o ofes
(101D,
N [39]0
N pe3 2 | S—ppg Ny—pes) r°
N H s §
H Ol b9z [+] D[7Z]
24-d 88 g2, 25-d,, 89% 26-d, 20, 66% 27-d, 100% 28-d,", 48%

Scheme 3 Mn-catalvzed o-deuteration of various benzaldehyde derivatives, Scale: 0.5 mmaol. Deuterium incorporation was determined by H NivR by
referencing on the formyl proton and/or protons in a7 or p positions and is indicated in square brackets [red), Percentage valu es below the structures refar to
isolated yields. *BniNH; instead of "BuNH;. ®50 mal% p-chlorobenzoic acid instead of 1 e, Naldc, © 2.5 molk MACCIEr. “72 b 78 h, "0 mols MlC o

directing groups for manganese catalyzed C-H functionalization’®
did not induce erthe-deuteration under our conditions, whereas
heterocyclic directing groups could potentially enable additional
deuteration patterns in more complex substrates.

while a variety of methods exists for the labeling of arenes

w-selective deuteration of ofunsaturated aldehydes and
ketones was published.’”® Accordingly, substrates 20-31 can

TBUNH; (20 mol%),

[vide supra), the deuteration of olefinic substrates is much less ""ﬁf&f&g;ﬁmi' N
cleve]cq::ecl.]7 Notably, current miethodologies for the labeling of RM{J —_— R/Y\o

o, frunsaturated carbonyl compounds either exchange all olefinic ?ocoiuglfs";:; =

protons alike or are slightly selective for the § l:;osition.m"e"r T

Likewise, a previously reported manganese-catalyzed olefinic el CDa(87]
C-H activation also led to exclusive functionalization in = o = 0 2 =g
B position.” In this context, we explored the deuteration of D{s0] D[s4] (651D D  psg)
o,fFunsaturated aldehydes and ketones. Indeed, as shown in 20-d 30-d 31-d

Scheme 4, labelling proceeded smoothly with high selectivity for
the s-position. While thiswork was in progress, an amine-mediated

This journal is @ The Royal Society of Chermistry 2021

Scheme 4 w-Deuteration of wf-unsaturated aldehydes and ketones
Scale: 0.5 mmol Deuterium incorporation was determined by H NMR.

Chern. Cormroun., 2021, 57, 1371140 | 1139

47



&
ol
]
=1
il
m
&
g
=1
=
g
=1
a
=
=
iy
g
&
=
[
=1
g
L
v}
=
=
=
L]
=
v
=L
..\
bl
i
o
a
ks
=t
&

L
o
=
I
-]
=
E
o
g
]
=
o
=
a
E
=
]
F=
[
=
8
5
]
<
n
e
£
E
5
kd
U
=
£
[}
w
=
o]
E
i §
=
o
b
=
I
fet
=2
o
5
B
A

Communication

be also deuterated in the absence of the manganese catalyst,
whereby the amine acts as a nucleophilic catalyst rather than a
transient directing group.

In conclusion, we describe a new base metal-catalyzed ortho-

selective deuteration methodology using the most practical
labelling reagent (D,0). This convenient alternative to current
ridium-catalyzed directed hydrogen isotope eschange reac-
tions shows broad scope of [heterojaromatic aldehydes and
versatile functional group compatibility. Moreover, we have
introduced the transient directing group concept to the field
of manganesecatalyzed €[sp’)-H activation which will
undoubtedly improve the step economy of future transforma-
tons by alleviating the need for pre-installed directing groups.
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Org. Lett, 2019, 21, 2482; [c] M. Kuriyama, G. Yano, H. Kiba,
T. Morimoto, K. Yamamoto, Y. Demizu and O. Onomuara,
xg. Frocess Res. Dew., 2010, 23, 1552,

This effect has previously been observed in manganese catalyzed
C-H activation: (f ref. 0 and D. Zell, U. Dhawa, v. Miller, 8. Bursch,
5. Grimme and L. Ackermann, 4C5 Caeal, 2017, 7, 4209,

R.W. Layer, Chemt. Rew, 1963, 63, 480,

T. 5. Amide, T. Yoshida, H. H. A, dMamari, L. Ilies and E. Makamura,
org. Lett, 2017, 19, 5458; ester: ref. Sa.

Examples for olefinic deuteration: (2] S. K. 5. Tse, F. Xue, Z. Lin and
G. Jia, Acv. Synth. Cgtal, 2010, 352, 1512; (4] A. Di Giuseppe,
E. Castarlenas, J. J. Pérez-Torrente, F. L. Lahoz, ¥. Folo and
L A, Oro, dngew: Chem, Int Ed., 2011, 50, 3038; (c] W. J. Kerr,
R ]« Mudd, L. C. Faterson and J. A, Brown, Chert. — Bur. f., 2014,
20, 14604; (d] M. Hatano, T. Nishimura and H. Yorimitsu; Org. Lett.,
2016, 18, 3674; (€] A. L. Garreau, H. Zhou and M. C.Young, Org. Lett.,
2010, 21, 7044; [ f] A. Bechtold and L. Ackermann, ChemCatChem,
2019, 11, 435,

B.Zhou, ¥, Hu and C. Wang, angew. Chem, fae. Ed., 2015, 54, 136859,
V.. Landge, K. K. Shrestha, A, [. Grant and M. C. Young, Org. Lett.,
2020, 22, 9745,
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® Ruthenium-Catalyzed Deuteration of Aromatic Carbonyl
Bl Compounds with a Catalytic Transient Directing Group
y :'_5(}}

% Sara Kopf™ Fel Ye,»™ Helfried Neumann,*® and Matthias Beller*™

Abstract: A novel ruthenjium-catalyzed C—H activation meth-
odology for hydrogen isotope exchange of aromatic carbonyl
compounds is presented. In the presence of catalytic amounts
of specific amine additives, a transient directing group is
formed in sitw, which directs selective deuteration. A high
degree of deuteration is achieved for a-carbonyl and aromatic
ortho-positions. In addition, appropriate choice of conditions
adllows for exclusive labeling of the a-carbonyl position while
a procedure for the preparation of merely ortho-deuterated

compounds is also reported. This methodology proceeds with
good functional group tolerance and can be also applied for
deuteration of pharmaceutical drugs. WMechanistic studies
reveal a kinetic isotope effect of 2.2, showing that the C-H
activation is likely the rate-determining step of the catalytic
cyele. Using deuterium oxide as a cheap and convenient
source of deuterium, the methodology presents a cost-
efficient alternative to state-of-the-art iridium-catalyzed pro-
cedures.

A

Introduction

Being an degant approach to kBbkel a compound without
altering its physical properties, structure, or biological function,
the selective exchange of hydrogen for its heavier isotope
deuteriurm cortinues to be of interest for many scientists.!!
Especially in the context of medicinal chemistry, the introduc-
tion of deuterium as a bioisosteric replacement of protium in
specific, metabolically labile or racemization prone positions of
drug eandidates such as o carbonyl positions can mitigate
deleterious pathways thanks to the kinetic isotope effect (KIE).
The formation of potentially toxic metabolites is thereby
prevented while a more general improvement of the absorp-
tion, distribution, metabolism and excretion (ADME] properties
of the drug candidate is possible at the same time The
development of selective hydrogen isotope exchange (HIE
methodologies can further be important for the preparation of
starting materials for KIE studies relevant for the investigation
of reaction mechanisms”' Here, substrates with deuteration
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ortho to a functional group can be interesting ™ In contrast, the
preparation of M5 standards for metabolism studies requires
the incorporation of several deuterium atoms at once rather
than selective deuteration to avoid overlap of unlabeled and
|abeled compounds in the mass spectrum."™ For this purpose,
acetophenone derivatives are particularly attractive substrates,
given their prevalence in biologically relevant compounds on
the one hand, aswell as the presence of two potential lakeling
sites in their structure on the other hand: While the slightly
acidic a-carbonyl hydrogen atoms are sukject to acid- or base-
catalyzed hydrogen isotope exchange (HIEL" the ketone moiety
has also been explored as a directing group in iidium-catalyzed
ortho-slective deuteration® Having focused largely on unsul-
stituted acetophenone and benzophenone as substrates, ex-
cellent deuterium incorporation has been observed among
others with the so-called Kerr catalyst under deuterium gas
atrmosphers and mild conditions (Scheme 1a).™"

Although it would be worth investigating scope and func-
tional group tolerance of these methodologies further, the use
of gternative wansition metal catalysts as well as cheaper
deuterium sources is also appealing. However, attempts to
replace iridium by ruthenium®™ or palladium® for ketone-
directed HIE have bean met with orly limited success so far’® In
spite of delivering moderate deuterium incorporations for
benzophenones (Scheme Th), these methodologies showed
reduced or no reactivity for acetophenone derivatives!*®
Moreover, using deuterated trifluoroacetic acid as deuterium
source, concomitant dectrophilic aromatic substitution ham-
pers the oriho-selectivity of the directed palladium-catalyzed
approach Schemea 1c) P!

Interestingly, Plietker and co-workers achieved moderate to
good deuteration levels in acetophenone derivatives under
ruthenium catalysis in the presence of {over)stoichiometric
amounts of zinc additives (Scheme 1d)."™™ An dternative
concept for homogeneous ruthenium-catalyzed aromatic HIE
makes use of nitrogen containing directing groups.™" Circum-
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a) Iridium-catalyzed HIE {2014)
o Kerr cat. {5 mol%) D o
i Dy (1 bar)

o
1 DCM, i, 16

Z ofes]
1 1-d;
b) Ruthenium-catalyzed HIE (2014)
) BD O O
A< Rucat (8 molh) Lo

D0, 110 'C, 18 K

Do
2-dg
¢} Palladium-catalyzed HIE (2015)
a Pd cat: (10 moi%), W11
AGTFA (10 mol%) }\Tl,' L, I, . -high m_m;-g loading
- | 3 - pxpensi BOUFCE
TFA-d, 110 "G, 16h g - limited scope

- poor ortho sekectivity

d) Ruthenium-catalyzed HIE (2019)

RUCT{PPhy, (2.5 mol3),

o] Cul (18 mol%) oD o
el 20(2eq).0,0 (B eq) /,\/J-k
I dioxane, 80°C, 166 |__JL.

L ~#plag

= i

&) This work

[RuClaip-cymenel]s (2.5 mai%),
AGSBF (20 mol%h),
p-CHPRCO,H {50 me

5 (20 1o B0 {

DCE. 1206°C, 16 h

Scheme 1, Homogeneous transition metal-catalyzed HIE of aromatic ke-
tones.

venting the need to pre-synthesize such directing groups, we
recently reported 2 manganese-catalyzed deuteration of benzal-
dehydes in the presence of catalytic amine additives that form
a transient directing group (TDG) in situ™ This concept had
previously been shown to be effective under nuthenium
catalysis amorg others™! for the alkylation,"” 4
radical difluoroalkylation"™!

amination,"* and

of aromatic aldehydes, but can also

be used for the C-H functionalization of ketones when using
palladium"! 71 catalysts. Building on this knowl-
edge and aming towards a cost-efficent procedure for the
deuteration of ketones, we wish to report herein a novel useful
ruthenium-catalyzed deuteration of aromatic aldehydes and
ketones {Scheme Te).

and rhodium

Results and Discussion

Inspired by the work on ruthenium-catalyzed functionalization
of aromatic aldehydes in the presence of anilines ™ we
investigated the deuteration of o-nitrobenzaldehyde as model
substrate with 10 eq. of deuterium oxide as deuterjum source
in the presence of common ruthenium catalysts. While ovelo-
metalated ruthenium complexes as developed in our group™
as well as NHC ligated metathesis catalysts performed well, the
best results were achieved with the simple and commercially
available ruthenium chloride pcymene dimer (Table 1, entry 1).
Motzbly, the addition of p-chlorobenzoic acid and silver
hexaflusroantimonate are necessary to activate the ruthenium
complex. Alternative ruthenium precursors such as ruthenium
chloride or dodecacarbonyl ruthenium(Dl were not effective
and the addition of various phosphine ligands slowed down the
reaction. In the absence of the ruthenium catalyst no reaction
took place although high deuteration was still obtained with a
catalyst loading as low as 1.25 mol% (Table 1, entries 2—4).
Motably, the exact substitution pattern of the transient directing
group plays a minorrole. A good balance between a sufficiently
stable jmine ‘intermediate and good catalytic turnover is
achieved with electron-deficient anilines such zs o- and p-
aminckenzotrifluoride as well as 2-methyl-3-trifluoromethyl
aniline 5. Further, the isolation of deuterated aldehyde could be
improved without impacting the deuterium incorporation by
decreasing the aniline loading to 10 mol % which lowered the
amount of remaining imine after the reaction (Table 1, entry 5).
Mo deuteration takes place in the absence of the aniline,
confirming that the TDG is reeded for this transformation
(Takle 1, entry &), |In this context, it is worth mentioning that

Table 1, Rutheniuny catalyzed and TDG-mediated o selective HIE of o nitrobenzaldehiyde M

[RuClz(p-cymene|]; (2.5 m D
p-CI-PhCOLH (S0 maith), 5 ] .
AGSDHFg (20 mol%) ) -l/*\
DCE, 100 °C, 16 h ZNO, :
a-d .
Entry Variation D [%]" Yield [#]*!
1 nane b2 i3
2 na [Rul™ 0 nd.
3 1.25 mol% [Ful B4 nd.
4 0.5 ral % [Rul, 52 nd.
5 1o0mol% 5 o1 B5
& no s 0 nd.
il BO°C 35 n.d.
B 120°C o £5
5 10 mol% 5, 5 mmol scale =1} B4

resonances as reference. [c] Isolated yields, [d1120°C, 24 h.

[a] 0.5 mmeol scale. Further optimization details can be found in the Supporting Information. [B] Determined by 'H MME using the aldehyde or mip-
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previous atternpts to deuterate aldehydes under ruthenium
catalysis but without a transient directing group strategy had
failed.”™ Lowering the temperature to 80°C diminished the
deuterium incorporation significantly whereas the recovery of
deuterated aldehyde was reduced at devated temperature
(Table 1, entries 7 and 8). Lastly, the scale of the reaction can be
increased 10-fold wathout affecting deuterium incorporation
and yield (Takle 1, entry 9).

Having established optimal reaction conditions for the
ruthenium- and aniline-catalyzed deuteration of aldehydes, we
explored the scope of this transformation, particularly seeking
to address some of the limitations of our previously published
manganese-catalyzed HIE reaction which showed diminished
reactivity for sterically hindered substrates and did not tolerate
free hydroxy groups!'! Besides, slightly modified reaction
conditions were needed for electron-deficient substrates. This
new methodology on the other hand appears to be remarkably
robust, delivering excellent deuterium incorporations and yields
for both electron-defident and dectron-rich thetero)arenes
under unchanged conditions (Scheme2). Moreover, free
hydroxy groups as in vanillin are tolerated and even the
sterically  hindered  ferf-butylbenzaldehyde s
smoothly.

Interestingly, in the case of naphthaldehyde and kenzothio-
phene-3-carboxaldehyde, both ortho- and peri-positions are

deuterated

[RuCl{p-cymana]]
p-CI-PhCOH (50 m
AQSbF (20 mal’),

N DCE. 100

:I g N‘ED\’/L “Sey
L’ @lX A

e
g a1 B~ ~pis1]
6-tf, 96% T-dz, B2% B-dy, T7%
{8910 -0
=% 1] P =0
Br-. JQ\ o }A !
T Ly D80 3
Ig! = [ S—oisn
~""pEn R P
9-dy, 72% 10-dp, B0% 11-dy, 81%

Scheme 2. Scope of aldehydes (0.5 mmal scalé). Deuteriur incarparatians
were determined by 'H NMPR using the aldehyde or m/p-resonances as
reference and are indicated in square brackets. Yields are given under the
structures.

deuterated, whereas our previously reported methodology
furnished exclusive labeling in the ortho-position.

Encouraged by these results, we attempted the TDG-
enabled deuteration of aromatic ketones. Under the optimized
conditions see abowe but in the absence of catalytic amines,
only 12% deuterium incorporation in the ortho-positions of
acetophenone was oeserved, confirming the challenging nature
of HIE on this type of substrates (Table 2, entry 1). However,
adding 20 mol% of aniline 5 as TDG, the deuteration efficiency
was raised significantly (Table 2, ertry 2). In contrast to the
reaction on aldehydes, other anilines including o- and p-
aminobenzotrifluoride afforded moderate to low deuterium
incorporation whereas m-aminobenzotrifluoride delivered very
good results comparable to 5. We explain this different
behavior by the |lower reactivity of ketones compared to
aldehydes towards imine formation, requiring more nucleo-
philic amines. Finally, a deuteration degree of 30% could be
obtained after raising the temperature and increasing the
amount of deuterium oxide (Table 2, entry3). Under these
conditions, high deuteration levels are additionally achieved in
the a-carbonyl| position, furnishing an overall incorporation of
five deuterium stoms per molecule.

As shown by control experiments (Takle3), this latter
reaction likely proceeds via an amine-mediated enamine
formation and requires the Lewis acidic slver salt or the benzoic
acid derivative as a catalyst. Indeed, in the absence of the
ruthenium catalyst, ketones are solely deuterated in a-position.
Finally, a broad range of acetophenone derivatives could be
successfully converted to the ortho- and a-deuterated ana-
logues using this newly developed methodology (Scheme 3).
Substituents in ortho-, meta-, and parg-positions were all
tolerated and deuteration levels appeared to be only slightly
affected by steric effects. Espedally dectron-rich and neutral
arenes afforded very good deuterium incorporation, whereas
dectron-deficient acetophenone derivatives were somewhat
less feasible substrates.

However; using 50 mol% rather than 20 mol% of the TDG,
the deuterium incorporation of trifluoromethyl-substituted
ketone 20 increased markedly. It can thus be deduced that the
lower deuterium incorporation okserved under standard con-
ditions can be explained by the short-lived nature of the
corresponding imine intermediate rather than factors involving
the C—H activation step.

Table 2. Futhenium- and TOG-catalyzed o selective HIE of acetophenone®!
|RuClz{p-cymena|]z (2.5 mol D €D
| p-GI-PhCOH (50 moi ]
uf *-:] g AgSeFg (20 molt), [/ \L-’““G
S DCE, 100 °C, 16 h ey
1 1-dy

Entry Variation O i) el O for) [3]™
1 na TG 12 46
2 nane 74 86
3 120°C, 20 equiv. 00 50 59
[a] 0.5 mmal scale. Further optimization details can be found in the Supporting Infarmation. [B] Determined by 'H MME using the resonance for the p-
pasition as reference.
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Table 3. Amine- and silver-catalyzed a-carbonyl deuteration ¥

AgShF, (20 moi%

DCE, 120°C, 16 h

Entry Variation O o (26l
1 none 93
2 na AgSbF, &2
3 no s Elsl
[a]0.5 mmal scale, [B] Determined by 'H NMR wsing the resonance for the p-pasition as reference.
RuClzp-Cymens]]s (2.5 rolt)
(-GI-PRCO,H {50 melsd, 5 (20 1
AGSLE F20 ol D0 G0 ey, )
DCE, 120°C, 16h
8
Qe G0 B8]0 ©oLE0 N ngas b <L-J BT
E ]l, i '|"J§'~‘"'J\'°D Me(., . i e i
L - e 3, =, i 7
wF oy T g “Ape Moo ey el o147 Dlmm 1
12-ds, BT ¥ 13-dy, 52% Ad-dy, T 15ds, 100 16l 4 1% ATy, 5T
ro;-lf COalU8] o CosfRAl O oD, 8E fEp o [r?]cln Ll) o EE o
Bra obo b ok cone — . _— PO S AR S N
g T| »._] o o “*.O o TRy vl - ‘.T ]\. | \._\l [
B ) R ) U B ey e et
18-dy, B1% 18-y, AN 20y, 5 24y 220ty EGY%

P [R9I0

: . _Ph 3
o B FD O g D

Lo R N hs] _251(.-0. 3_{/.O

= - S T 1
) 1 b U e Y Dol e
e T i slE] Rl
B, TAK Zadh 44%, 25 9% 260 ATH, 0T E B
o
o
s . E i BED
By, g . s
A P Ll
bS] e
LT v v e
30y, G0 H-dty, 474 2edly B A4l
ketoprofen lenolibrals 1

Scheme 3, Futhenium-catalyzed HIE in the presence of 3 TDG! Scope of ketones.

Deuteriurm incorparations were determined by 'H NMR using the resonances

for the p-position as referenceand is indicated in square brackets. vields are given under the structures. [a] 50 mol % TDG used. [B] 4 days reaction time. [c] 4

cansecutive deuteration cycles

Furtherrmore, the reaction is compatible with reactive func-
tional groups such as free alcohols {16), tertiary as well as free
amino groups {31 and 17}, unprotected heterocycles 127), and
thioethers (31)." Highly electron-rich substrates such as
compounds 17 and 28 engage in concomitant deuteration by
decrophilic aromatic substitution, affording perdeutersted
products. Increasing the chain length of acetophenone (23) and
including branched structures (24) led to decreased deuterium
incorporation. It thus appears that increased steric hindrance on
this sde of the ketone substrate interferes with either imine
formation or coordination to the ruthenium catalyst.

If exclusive labeling in the ortho-position is desired, the
deuterated compounds can simply be reacted with water under
silver and amine catalysis, thus reversing the deuteration of the
methyl group (27-dJ).

Chem fur. L 2021, 27, 9788 -9773 www.chemeurjorg
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Nass spectrometric analysis of the isolated deuterated
products showed that in almost all cases no non-deuterated
compounds were present, rendering the herein presented
procedure relevant for the preparation of isotopically labeled
LC-MS standards. Besides, the preparation of deuterated
pharmaceuticals is also feasible as demonstrated in the
successful deuteration of marketed drugs ketoprofen (32) and
fenofilbrate (33).

In agreerment with previous reports,"

it can be proposed
that the ruthenium catalyst s activated by silver-mediated
halide abstraction and coordination of the p-chlorobenzoic acid
additive. At the same time, acid-catalyzed condensation of
aniline and aldehyde or ketone to the imine intermediate takes
dace, preparing for subsequent coordination to ruthenium
followed by C—H activation. For o-nitrobenzaldehyde, we
measured a kinetic isotope effect (KIE) of 2.2, indicating that the

© 2021 The Authors. Chemistry - & Eurcpean Joumal published by WikyVCH GmbH,



(o e ™

Full Paper Europe
Chemistry-A European Joumnal doi.org/10.1002/chem 202100468 S Pt

C—H activation is likely the rate-determining step of the
reaction. Its reverse finally leads to the deuterated product
while the excess of deuterium axide along with the KIE enable
high conversions.

Conclusion

In conclusion, we have reported a novel ruthenium-catalyzed
hydrogen isotope exchange reaction of aromatic aldehydes and
ketones using the cheapest deuterium source as a wiahle
dternative to the more expensive state-of-the-art iridium-
catalyzed methodologies. Using a catalytic transient directing
group strategy, the difficulties in the C—H activation of such
substrates could be mitigated. Furthermore, appropriate choice
of reaction conditions alows for sslective deuteration in either
ortho- or c-positions or at both sites at the same time. The
importance of this methodology in the context of drug design
and metabolism studies is showcased by the successful
preparation of deuterated analogues of marketed drugs.

Experimental Section

Representative procedure for the deuteration of aldehydes: The
aldehyde (05 mmol), pchlorobenzoic acid (39 mg, B.25 mmol,
0.5 equiv), 2-methyl-3-trifluoromethylaniline (8.8 mg, 50pmol,
10 mol ¥, dichloroip-cymenerutheniumil) dimer (7.7 mg,
125 pmol, 2.5 mol %), and silver hexafluoroantimonate (34 mg,
2.1 mmol, 20 mol %) were weighed into a 25 mL pressure-resistant
Schlenk tube equipped with a magnetic stirring bar. The Schlenk
tulre was evacuated and backfilled with argon three times, DCE
(900 pL) and D0 (100 pl) were added. Liquid aldehydes were also
added at this stage. The reaction mixture was absequently heated
to 100°C and stirred at this temperature for 16 hours. The resulting
suspension was diluted with DCM, washed with an agueous
saturated solution of sodium bicarbonate (20mL), and extracted
with DCM (2220 L), The combined organic layers were washed
with distilled water (20mL), dried ower sodium sulfate and
wncentrated. The deuterated products were then purified by silica
column chromatography with eluent systems of pentane and ethyl
acetate,

Representative procedure for the deuteration of ketones: The

ketone (0.5 mmiol), p-chlorobenzoic acd (39 mg, 0.25 mmol,
0.5 eguiv), 2-methyl-34riflucromethyl-aniline (18 mg, 0.1 mmol,
20 mol%),  dichloroip-cymeneruthenium(l)  dimer 7.7 mg,

125 pmol, 2.5 mol %), and silver hexafluoroartimonate (34 mg,
0.1 mimol, 20 mol %) were weighed into a 25 miL pressure-resistant
Schlenk tube equipped with a magnetic stirting bar, The Schlenk
tube was evacuated and backfilled with argon three times, BCE
(300 pL) and 0,0 (200 pL) were added. Liguid ketones were also
added at this stage, The reaction mixture was subsequently heated
to 120°C and stirred at this temperature for 15 hours. The resulting
suspension was diluted with DCM, washed with an agueous
saturated solution of sodium bicarbonate (20mL), and extracted
with DM (2#20 mL). The combined organic lavers were washed
with water (20 mL), dried over sodium sulfate and concentrated.
The deuterated products were then purified by silica column
dromatography with eluent systems of gentane and ethyl acetate,
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B Base-Mediated Remote Deuteration of N-Heteroarenes -
ur Broad Scope and Mechanism

Sara Kopf Jiali Liu,” > Robert Franke, ™ Haijun Jiao,* Helfried Neumann,** and

Matthias Beller*

Deuterated orgaric molecules provide the basis for many
applications in life sciences and material research. Thus,
methodologies to access labeled compounds with defined
selectivity continue to be important. Using KOEBu as base and
DMSO-d, as deuterium source, we present @ general and
applicable method for the selective deuteration of a set of

Introduction

Kinetic isotope effects stemming from the replacement of the
lightest isotope of hydrogen, protium, by its heavier congeners,
deuterium and tritium, is a common concept in physical organic
chemistry for mechanistic studies of many organic
transformations."! The profound mass difference of the isotopes
of hydrogen results in @ measurably lower zero-point energy for
(D bonds wmpared to —H bkonds, leading to higher
activation barriers"™ and the comparative measurement of
reaction rates for substrates containing C—H and C-D bonds is
an important tool to probe the participation of the C—H bond
deavage step in mechanisms of organic reactions)' The
significant difference in stability and activity between C—H and
(-D bonds provides the kasis for applications in life sciences
where the selective replacement of protium by deuterium at
specific, metabolically lebile, sites in a drug molecule can
enhance the pharmacokinetic properties such as metabolic
stability! Successfully employing this approach, the first
deuterated drug, Austedo {deutetrabenazine), was launched in
2017 and currently more deuterated drug candidates are in

dinic trials.?' While this application requires chemical reactions
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ritrogen-containing heterocycles (pyridines, azines and bioac-
tive molecules). Experimental and DFT mechanistic studies
indicate that this reaction proceeds wia deprotonation of the
substrates by the dimsyl anion. The relative thermodynamic
stability of the heterocycle anions determines the distribution
and degree of deuteration.

that enable selective installation of deuteriurm atoms in drug
scaffolds, methodologies that drive the incorporation of several
deuterium atoms at once are highly sought after for the
preparation of stable isotopically labeled internal standards for
mass spectrometric bioanalytics.=2a3!

In this contest, reactions targeting structural moieties
common in bioactive compounds are especially useful. Being
the second most common nitrogen heterocycle and the most
common  nitrogen-comtaining aromatic heterocycle in drugs
goproved by the federal drug administration in the US {(FDA) as
of 2014, pyridines appear to be particularly attractive substrates
for deuteration reactions® Their further use as ligands in
material sdence® and homogeneous catalysis® may open up
more possible applications for deuterated compounds.™ It is
therefore not surprising that methodologies for the deuteration
of pyridines have been developed as early as in the 19605

For the selective deuterium installation in specific positions
of pyridines, prefunctionalized substrates, such as pyridine
carboxylic acids or halogenated pyridines, have been used in
deutsrodshalogenation®™" and other reductive deuteration
reactions.® Similarly, directed lithiation with subseguent
hydrolysis can afford good selectivity!" However, the former
reaction may suffer from less accessible substrates and
selectivity problems in the prefunctionalization step, while the
latter requires harsh reaction conditions, impeding the use for
late stage deuteration of sensitive substrates. Therefore,
methodologies allowing for the direct exchange of a hydrogen
gtom for a deuterium atom in one step thydrogen isctope
exchange, HE) at a |ate stage are more desirable.**' While the
moiety of pyridine has been famously used as & directing group
for the iridium-catalyzed HIE in the orifo positions of adjacent
aromatic rings (Scheme 1)" and the increased reactivity of
benzylic positions at pyridine rings can be exploited for acid-
catalyzed HIE,"" more drastic conditions such as heating the
substrate in a solution of NaOD in supercritical D;O can enakle
complete deuteration of all positions in a pyridine ring
tScheme 1)."! Heterogeneous™ and homogeneous™ noble
metal catalysts facilitate this transformation under milder
conditions. However, the selective deuteration of positions
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Scheme 1, Selectivity patterns accessed with various HIE methodolagies for
the labeling of 2-phenylpyridine,

proximal to the heteroatom has been ohserved more often
when using heterogeneous catalysts"”! and especially good
results under rmilder conditions have been achieved with
ruthenium nanoparticles  (Scheme 1) In  this case, the
observed selectivity results from the directing effect of the
nitrogen atom when coordinated to the metal surface™ On
the other hand, when homogeneous catalysts are sufficiently
tuned to preferentially undergo C—H activation in electron-rich
positions, similar results have been achieved."™

To alow for @ broad range of lakeling possikilities, it is
desirable to have a toolkit that can access various selectivity
patterns in the deuteration of pyridines. To this end, interesting
approaches have been the combkination of homogeneous and
heterogeneous catalysts  to their respective
selectivities,”™ the use of catalysts that exhibit a purely sterically
driven selectivity™'! as wel| as the implementation of a two-step
protocol that enables selective deuteration in position 4 of
pyridines t5cheme 1).%%' On the other hand, a preference for the
distal positions of pyridine derivatives was observed in kinetic
experiments with osmium complexes™ as well as with NaQD P
These reports arose our interest in remote labeling strategies,
leading to the development of a methodology for the HIE of
distal positions in pyridine derivatives with the aim to comple-
ment the existing lakeling strategies for this substrate class. It
should be noted that during the preparation of this manuscript,
a related study on pyridines was
published #' Herein, we report our work including @ comple-
mentary scope and additional mechanistic insights based on
experiments and DFT analysis.

combine

the deuteration of

Results and Discussion

Inspired by @ manganese-catalyzed methodology for the
reduction of quinolines reportad by our group® and aming to
extend our recent efforts i using manganese catalysts for
HIE " we tested the reaction of various deuterilim sources with
quinoline with and without base in the presence of 10 mol%
manganese pentacarbonyl bromide. Using DMS0-d,; and KOBu,
we were pleased to see that a significant amount of deuterium

Eur. J Grg. Chem. 2022, 202200204 (2 of 10}

had been introduced into the substrate. Surprisingly, assign-
ment. of the NMR resonances using 20 MMR spectroscopy
revealed that deuterium had been incorporated in positions 3
and 4, remote from the potentially coordinating nitrogen atom
{5cheme 20 Intrigued by this selectivity, we perormed control
reactions in the aksence of the manganese complex and found
that the same result can be achieved with only base and
deuterium source. A quick survey of the literature showed that
the combination of KOiBu and DMSO-d; had previously been
used for the base-rmediated deuteration of benzylic positions,
although the pyridine and quinoline aromatic positions them-
selves remained largely unreactive towards isotopic exchange
in the corresponding reports® Other base-mediated HIE
methodologies have targeted w-carbonyl positions or alkynes
among others but have not been used on pyridines.
Encouraged by the complementarity of this reaction to other
reports using the same deuteration system and to the existing
strategies for the deuteration of azines, we decided to develop
a general methodology for the remote deuteration of pyridine
derivatives as well as bioactive molecules based on our
findings.

To ensure @ more general reaction and to allow for better
comparison with a variety of previously reported method-
dogies, we used 2Zphenylpyridine as model substrate for
optimization. Under ourinitial reaction conditions and under an
inert atmosphere, high deuterium incorporation was observed
in distal positions 3, 4 and 5 (> 80 %), whereas only 23% of the
hydrogen atom in o-nitrogen position & was exchanged and
the phenyl ring remained untouched (Table 1, entry 1), This
observed selectivity is remarkably different from previous HIE
methodologies on pyridine substrates {vide supro). Deuterium
incorporation for the targeted positions could be reised above
90% by using DMSOd, as solvent (Takle 1, entry2) and
selectivity was further improved by adding small amounts of
water to the reaction mixture (Table 1, entry 3). This is probably
due to the diminished overall basicity of the reaction mixture
and the resulting slightly decreased reactivity. Lastly, it was
found that reactivity was not impaired by increasing the scale
of the reaction or by lowering the temperature to 90°C (Takle 1,
entries4 and 5). At the same time, the recowvery of the
deuterated product was slightly improved to 8%% (Table 1,
entry 4), hinting at a better chemoselectivity at |ower temper-
ature. Sequential deuteration of the jsolated product could
increase the deuterium content to 98% in the remote positions
tentry 6], but a third run falled to mise the deuterium
incorporation further {entry 7). Interestingly, the second and
third deuteration cycle additionally resulted in an increased
deuterium incorporation in the ortho positions of the phenyl

M 1,4-dioxane {1 M) M
2 120°C.16h 2.d,

Scheme 2. Initial experiment: Remote deuteration of quinaline with KOtBu
and DM50-d,
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Table 1. Optimization of the deuteration of 2-phenylpyridine

(\ KOmBu {1eq.) D,
i - (Beg) 2
= _— -
N
1,d-dioxane (1 M)
120 °C, 18 h
1 1-dy
Entry®  Variation D345 DIiE Dlamip) yield
[ Bl Bl [2e1%
i nane B6 23 <10 &3
2k DMS0-d, as salvent =13 20 130 a2
(1729
i Dis0-d, as salvent, o5 14 <140 B4
1.1eq. HO
4k DM30-d, as salvent, 54 18 <10 B9
11 . H 0, 50°C
5 DmM50-d, as salvent, o5 11 <14 53
1.1 29, H0, 50°C,
5 mrmal
& DM50-d, as solvent, SE 12 15 nd.
11 0. H0, 50°C,
29 yele
7 DMs0-4, as salvent, 58 13 20 nd.
11 eq. H0,50°C,
3 ycle
B DMS0-4, a3 salvent, 83 11 =140 nd,
1.1 eq. H,0,
0.5 eq. KOtBU
) 0,0 =10 <10 <10 nd.
10 Acetone-d, <10 <1 <140 nd.
11 THF-, =140 15 <14 nd.
12 MadtBy, DM30-d, 25 =10 =140 <10 nd.
salvent, 50°C
13 Lit¢Bu <140 <10 <10 nd.
14 KOH, DMSO-d, as 43% 708 g <14 nd.,
salvent, B0°C
15 18-0-6 (1 2q.) 48 <10 <10 rnd.
16 nBuli (1 eq)and oz geH 30 0 nd.

KOBU (1 eq.), dry
DMs0-d, as solvent, rt

[a] scale: 0.5 mmal, work-up: extraction, then NMR in OO, deuteriurm
incorporation was determiined by 'H MMR using the resonances of the
non-deuterated meta and porg pasitions in the phenyl substituent as a
reference; [b] average; [c] isolated yield; [d] average of 2 rung; [e] average
of § runs; [f] average of positians 3 and 5; [g] position 4; {h] average of

positions 3 and 4; [i] position 5

substituent. Overall, the reaction was very dean with small
amounts (4% wield) of 2phenyl-&-trideuteromethylpyridine
being the only observed byproduct. Its formation likely stems
from a competing Minisci-type radical tideuteromethylation as
reported previously with DNMSO-ds.” Appreciable results could
still be achieved with base |oadings as low as 0.5 eq. (Table 1,
entry 8. Interestingly, the reaction proved to be remarkably
specific to both the deuterium source and the base: Other
deuterium sources did not afford any isotopic exchange at all
(Table 1, entries 8-11) and even simple replacement of KOIBy
by MaO#Bu or Lid¥Bu completely shut down reactivity (Table 1,
entries 12 and 13), whereas some reactivity was retained with
KOH (Table 1, entry 14). Moreover, sequestration of potassium
kv addition of 18-C-6 significantly lowered the efficiency of the
reaction (Takle 1, entry 15, indicating that the cation plays a
significant role in this transformation. When moving to
Schlosser's base, the reaction could be carried out at room
temperature, abeit with a different selectivity (Table 1, en-

Eur. J Grg. Chem. 2022, 202200204 (3 of 10}

try 16). Presurnably, the reaction partially proceeds via dianions
resulting from deprotonation of the ortho-metalated intermedi-
ate under these strongly basic conditions. This hypothesis
would explain the higher amount of deuterium incorporation
obyserved in position & compared to the reaction with KOiBu as
wel| as the reduced deuteration ih position 5. The lstter can be
tentatively explained by the |ovw stability of the vicinal dianion.

The reaction conditions explored above where applicable to
a range of substituted pyridines and the selectivity pattern was
maintained irrespective of the substitution sites {Scheme 3).
High deuterium incorporation is usually obtained for the distal
positions while deuteration in pyridine c4zositions remained
|ow. Concomitant deuteration was observed at more acidic sites
such as in benzylic®™ {Scheme 3, compounds 5-d, and 8-d,) and
o carbonyl (Scheme 3, compound 13-d,) positions as well as in
a trifluorom ethyl-substituted phenyl ring (Scheme 3, compound
3-d). The reaction appeared to be somewhat sensitive to sterics
and lower deuterium contents were measured in the proximity
of larger aliphatic residues (Scheme 3, position 3 in compound
5-d,; positions 3 and 5 in compound 7-d). While the reactivity
gopears to be higher for electron-deficient substrates, for more
dectron-rich substrates a bias of the deuteration towards the
ortho positions of electron-donating substituerts could be
observed, hinting at a change in mechanism in these cases
{Scheme 3, compounds 8-d; and 10-d). High recoveres of the
deuterated products were observed for pyridines exhibiting
aromatic, aliphatic, trifluoromethyl, amide, as well as tertiary
and free amine substituents; indicative of a good tolerance for
these functional groups. However, halogenated substrates
afforded a range of side products and therefore lower vields,
presumably resulting from competing halogen transfer reac-
tions under the basic reaction conditions.”"! Pyridines exhibiting
cyano substituents, aldehyde moieties or terminal olefins and
alkynes decomposed under the reaction conditions,

When moving beyond simple substituted pyridine deriva-
tives;, we were especially delighted to see that widely used
ligands such as 26-hipyridine (Scheme 3, compound 17-d;);
1,10-phenanthroline (Scheme 3, compound 25-d,) and oxazoli-
dinone 18-d; afforded high deuterium contents along with
useful wields. Further, some hicactive molecules could be
successfully labeled applying our methodology (Scheme 3,
compounds 29-37). For these molecules, deuterium was not
only incorporated in heterocycles (Scheme 3, compounds 2%-d,
30-d, 33-d;, 34-ds, 36-ds, 37-d) but also in chloro-substituted
arenes (Scheme 3, 32-d, 34~d\,, 35-d,) as previously reported for
HIE reactions using KOBu and DMSO-d,.%*

Hawing confirmed that the unusual remote deuteration
pattern is consistently observed in the labeling reactions of
several substrates, we became interested in understanding its
arigins. Initially, the fact that the reaction was significantly
impaired when carried out at air (Takle 2, entry 2] or in the
presence of known radical scavengers such as (2,2,6,6-
tetramethyvipiperidin-1-yljoxyl (TEMPO; Takle 2, entry 3 and 4),
phenzoquinone (Takle 2, entry 5) or butylated hydroxytoluene
{BHT; Takle 2, entry 6 led us to assume that free radicals could
be involved in the reaction mechanism.”*! Besides, as no drastic
differences were observed for the control reaction in the dark
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Scheme 3. Scope of the remote deuteration of pyridine derivatives.
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1 4-tioxane (1 M)
120 °C, 16 h
1

Entr®! Variatian D (s
[3:]

A nane o4 o5 o4

2 at air 2 1 &

3 TEMPO (T2 24 &6 38

4 TEMPO [3eq.) 154 15H 16

5 p-benzoquinone (1 eq.) 1 1 1

& BHT (1 &g.) ] ) a

7 inthe dark £6 o B4

[a] caler 05 mmol, crude NMREs were taken directly taken in the reaction
salvent (DMS0-d.), deuterium incorparation was determined by 'H NMR
using the resonances of the non-deuterated mete and pare positions in
the phenyl substituent as a reference. [b] Average of 5 runs. [c] Pasitions 3
and 4 are average values,

(Table 2, entry 7, we reasoned that the reaction most |ikely
proceeds by a ground-state pathway.

Gven the rich [terature precedence for this type of
chemistry and its concordance with our results, we hypothe-
sized that dimeric organic super dectron donors might form
from deprotonation of the substrate by KOiBu (Scheme 4a).
They could then participate in single electron transfer {SET)
pathweays, thus kick-starting a radical chain reaction. In line with
this hypothesis, we had observed intense color change when
adding substrate to a solution of KOiBu in DMSO-d, (Sche-
me 4b], indicative of the formation of conjugated dianionic
species. Further, a similarly remarkable specificity for certain
potassium-containing bases has been ohserved for previously
reported reactions that proceed wig the formation of organic
super electron donors,

To further evaluate the possibility of a radical mechanism,
we performed density functional theory (DFT) calculations and

92
g H
2 S
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Figure 1. Relative Gibbs free energies of radical species of 2-phenylpyridine

Eur. L Org. Cher 2022, 202200204 [5 of 10

crganic super
elactron denor

afler addition of
phenanthioline.

Scheme 4. a] Initially assumed farmation of organic super electran donars
from pyridine derivatives with KOtBu. b) Color change observed afterthe
addition of heteroarenes [in this case: 1,1%phenanthraling) to a solution of
KOtBU in DMS0-d,.

started by comparing the relative thermal stakilities of hypothe-
szed intermediates to the observed selectivity. Based on
previous  theoretical studies®™ we chose the MDB2X
functional™! with the 63114+ Gldp] basis set for optimization
in OIS0, solvent based on solute dectron density (SKD)™
Corrected Gibbs free energies at 298 K and 1 atm with solvation
effect are used for our following discussions.

We computed the relative stability of all possible positional
somers of the radical species for 2-phenylpyridine (Figure 1). It
was shown that the most stable radical somer is at the D&
position (—21.0 kl/mol), followed by the ortho position { =57 kJ/
mol) of the phenyl ring and the D3 position (—1.6 ki/mol] of
the pyridine ring. The radical at the D4 position (0.0 k¥mol) as
well as those at the meia and para positions (0.9 and 1.8k
mol] are close in energy. The |east stable radical is at the D5
position (8.2 klfmol). Considering that the deuteration degree
will follow the stability order of the radical speces, the

1.8
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|
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Figure 2. Relative Gibbs free energy of K* coordinated radical species of 2-phenylpyridine.

corresponding relative stakility of these radical species does not
agree with the deuteration distributions found experimentally.

In searching an alternative explanation for our experimen-
tally observed selectivity, we explored the effect of potassium
coordination on the stability of hypothesized radical intermedi-
ates. It was found that K' prefers coordinating with the
nitrogen center instead of the radical center and the aromatic
face site. As shown in Figure 2, the presence of K'Y changes the
relative stability to some extent, however, it does not change
the relative order; and the D6 radical is still the most abundant
intermediate.

MNext, we briefly investigated steric effects from KOIBu
coordination to the pyridine nitrogen atom that could override
thermodynamic preferences. However, we quickly discarded
this hypothesis after observing a clear indication for a polar
mechanism from additional experimental work for the analysis
of linear free energy relationships with Hammett parameters. As
shown in Figure 3, we found a very good correlation and a
positive slope for Hammett o and o~ values with the relative
initial reaction rates of substrates with various substituents at
the p-position in the phenyl ring of 2phenylpyridine, indicative
of a transition state with a build-up of negative charge
{Figure 3a and k), while only poor correlation was observed for
radical o parameters (Figure 3¢).

In general, the combination of DMSO and KOBu is
considered as a super-base system®! and the corresponding
anionic mechanism has been proposed.”™ Thus, we calculated
the relative Gikbbs free energies of the anionic species of 2-
phenylpyridine (Figure 4). Apparently, the stability of these
anions can be divided into two groups, the more stable one
including the D3 (1.2 kW/mol), D4 (0.0 kl/mol) and D5 (2.8 kt/
mol] anions in very close energy; and the much less stable one
including the D6 anion {18.2 ki/mol) as wel| as the oriho-, meia-
and parg-anions of the phenyl ring (13.1, 18.8 and 19.0 klfmol,
respectivelyl. This shows that deuteration at the 3, 4 and 5-
positions of the pyridine ring should be most favored
thermodynamically and deuteration at other positions is less
[kely. This agrees perfectly with our experimental observation,

Eur J Grg. Chem. 2022, 202200204 (& of 10}

te, 3-, 4 and 5-positions of the pyridine ring are nearly equally
populated 194, 95 and 94%, respectively). In addition, long time
and sequential experimental results also show the possible
deuteration at the D& position as well as at the ortho position
of the phenyl ring (3cheme 5). Remarkably, kinetic analysis
revealed that the most stable anion is deuterated first
tscherme 5, position 4). Therefore, the anionic mechanism can
explain the generation of the main product thermodynamically.

Considering the existence of potassium in the reaction
systern, we contemplated the effect of this cation on the
stability of anions and the corresponding data is shown in
Figure 5. The optimized structures show that the pyridine
nitrogen atom interacts with K* for D& and Ph-srtho anions
which increases the thermal stability. However, those more
stable D6 {—5.3 k)ymol) and Ph-grthe (—6.8 kl/mol) anions pose
|ower vield than less stable D4 (0.0 kl/mol) and D5 (0.8 kl/mol),
so this mechanism s not consistent with "thermal selectivity”. In
surmmary, the coordination of K' can affect the relative stability

100
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604 o KOmu (1ea,) 0
~ - H0 (1.1 eq.)
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i
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Scheme 5. Kinetic prafile for the deuteration of 2phenylpyridine
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Figure 3. Hammett plots for the relative rates of deuteration in positions 3
and 4 for variously substituted 2-phenylpyridines a) with standard o
parameters, B =10.57; biwith o- parameters, B? =0.58; ) with o parameters,
RI=0.03.

of anions and there is no correlation between relative Gibbs
free energy and deuteration vield. Therefore, this reaction
mechanism is not possikle thermodynamical ly.

From the sbove experimental and computational results,
we know that the free anionic mechanism can account well for
the deuteration preference in experiment for 2phenylpyridine.
The more thermally stable the pyridine ring anion, the higher

Eur. L Org. Cher 2022, 202200204 [7 of 10

the experimental deuterated yield. In addition, we computed
the effect of pre-deuteration on the phenyl substituent
{Table 513) and found that starting with 1-d,, 1-d; and 1-d,, the
stability of the corresponding anions at the phenyl substituent
does not change and the obhserved increase in the deuteration
degree at the ortho position of the phenyl fing should ke due
to the excess of the deuterium source.

Furthermore, we found the relative deuterated yield for
other pyridine derivatives, MN-dimethylpyridin-4-amine, 4-{tert-
butylipyridine, 2-d-ttrifluoromethyl)pherylipyridine, 2,2 -bipyri-
dine, 4chlora-7-ttrifluoromethyliquinoline, quinoline and phe-
nanthroline, can also be consistent with an anionic mechanism
(Figure 511.1-511.7). Besides, excellent correlation bketween
relative thermal stability of anionic species and deuteration
vield are also found for other experimental results®#® of the
remote deuteration of pyridine derivatives, such as pyridine,
34-dimethylpyridine, 2,3-dimethylpyridine, Zkbromopyridine, 2-
bromo-5-methylpyridine,  &-bromonicotinonitrile  and  1-
tdifluoromethyl-4-fluorokenzene (Figure 511.8-511.14), as well
gs the deuteration of hicactive molecules in our own scope
{caffeine, Figure 511.15). Wsing the anion stabilities, we have
been dble to successfully predict the order of deuterium
incorporation in the different positions of new substrates
tScheme &, Figure $11.16-511.19). Although we have tried to
explain and predict the deuteration vield on the basis of the
ghility of neutral substrates to generate anionic species, this has
failed due to the different kinetic properties of different
substrates.

Lastly, a measured KIE of 1.2 for positions 3 and 4 and 1.3
for position 5 hint at a reversible reaction. Since the KIE is small,
the rate-determining step might not involve C—H cleavage at
the substrate (Scheme 7). Rather, deuteration of the pyridyl
anions ot the generation of the dimsyl anion in the first place
may represent the steps with the highest barriers.

Conclusion

In tonclusion, we report a general and applicable base-
mediated methodology for the remote deuteration of pyridine
derivatives and other aromatic heterocycles with DM30-d, as

M

\>;r\|ul-\|
]
, D496

|
[94]D.
T N—
N

‘ o X
) ola) \_8 (1)
B Gme
40-d, 21-dy 42-d;

Scheme 6, Results of the deuteration reaction on substrates previously
studied camputationally
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deuterium source. Experimental and mechanistic studies includ-
ing DFT calculations indicate that the reaction tekes place vig
an anionic pathway and that thermodynamic stability of the
respective anions corresponds well with the regioselectivity of
deuteration. We have shown how these insights can be applied
to predict the main deuteration sites of new substrates and we
kelieve that these results will prove useful for the preparation
of |labeled M5 standards and deuterated drugs. In a broader
context, new transformations based on the generation of
pyridyl anions by deprotonation with the dimsyl anion might
be inspired by this report.

Experimental Section

General Deuteration Procedure: Potassium tert-butoxide (58 mg,
o5 mmol, 1.0eq) and the wbstrate (if solid; 05 mmoll were
weighed into a 25 mL pressure-resistant Schlenk tube eqguipped
with a magnetic stirring bar. The Schlenk tube was capped with 2
rubber septum and evacuated and backfilled with argon three
times, GMSO-d; (800 pl, 8.5 mmol, 17.0 eq)) was added followed by
the abstrate (f liguid;, 0.5 mmol) and distilled water (10 pl,
5.6 mmol, L1 eqg) The Schlenk tube was closed, and the reaction
mixture was absequently heated to 90°C and stirred at this
temperature for 18 h, The resulting mixture was diluted with DCW,
washed with brine (20 mL), and extracted with DCM (220 mlL),

Eur. J Grg. Chem. 2022, 202200204 (8 of 10}

The combined organic |ayers were dried over sodium sulfate and
mneentrated, Some compounds were sufficiently  pure  after
extraction. The other deuterated products were purified by silica
column diramatography,
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ABSTRACT: Organic compounds labeled with hydeogen isotopes play a ceucial role in
mumerons ireas, from materiale science to medicinal chemistey. Indeed, while the
teplacement of hydrogen by deuterium gives rise to improved absorption, disteibution,
metabolism, and excretion {ADME) properties in dmgs and enables the prepatation of
internal standards for analytical mass spectrometry, the use of titium-labeled compounds is
1 key technique 2l dlong dmg discovery and development in the pharmacentical industey.
For these reagong, the interest in new methodologies for the isotopic endichment of organic
molecules and the extent of their applications are equally rising. In this tegard, this Review
intends to comprehensively disenss the new developments in this area over the lagt years
{2017—2021). Notably, besides the fundamental hydrogen isotope exchange {HIE)
reactions and the use of isotopically labeled analogues of common organic reagents, 2 plethora of reductive and dehalogenative
denteration techniques and other teansformations with isotope incorporation are emerging and are now part of the labeling toolkit.
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1. INTRODUCTION

Discovered in 1531 by Harold Clayton Ure}r,l and soon after
aleeady awarded by the Nobel Prize in Chemistry in 1534,
denterinm is a stable and nontadivactive isotope of hydrogen
differing only by an additional neutron. Denteriom mainly
occuts in the form of HDO o D, with a natural abundance of
00115% of the hydrogen atoms present in the oceans®™* and is
consequently a relatively rare isotope. Compared with the
isotopes of other elements, dentetinm exhibits 2 unigue isotope
weight ratio. When 2 hydeogen atom possesses an atomic mass
of 1008 v, the mass exhibited by a deuterium atom is 2.014
This 2-fold increase induces a lower vibrational frequency in C—
D bonds compared with C—H bonds. Theeefore, there iz a lowet
zeto-point enetgy of the bonds involving a deuterium atom {of
1.2—1.5 keal/mol) and thus a higher activation energy for C—D
bond deavage compared with the corresponding C—H bond.®
‘This effect is called the primary kinetic isotope effect {KIE). In
general, exchange of hydeogen by deuterum modifies the
physicochemical properties of {organic) molecvles. For
example, decreaged lipophilicity and acidity of carboaplic acids
and phenols are reported for the denterated species compared
with the nondeuterated counterparts, as well as an increased
hasicity of amines®

The distinctive properties of denterium compared with
protium generate a vast demand in numerous ields. In medicinal
chemistey, introduction of 3 deuterium atom iz utilized to
modify drug’s abserption, distribution, metabolism, and
excretion {ADME) propetties. Taking advantage of the KIF,
the pharmacokinetic and pharmacodynamic properties are
modifed, erhancing the metabolic stability and therefore
lowing for lower doges? Notably, denterinm-labeled
compounds are used for the ehacidation of the metabolism of
most small molecule drugs.lz Moteover, precisely labeled
compounds hnd wide applications in guantitative mass
spectrometry as well as internal standards.”™ " The use of
deuterinm also allows the deteemination of protein conforma-
tionz. In the presence of D, the hydrogen of an amide linkage
undetgoes HYD exchange. Depending on protein folding and
involvement of this labile hydrogen in hydrogen bonding, this
exchange will take place with different rates. Careful labeling
experiments followed by mass spectrometry analyses peemit
investigation of these noncovalent interactions and thereof
provide information on 3D structures.'™” Furthermore, the
investigation of chemical reaction pathways highly relies on
deuterated compounds.®'® In addition, the number of
applications of hydeogen-labeled molecules in materials seience
is tising, For instance, taking advantage of kinetic isotope effects,
the properties of organic light-emitting diodes {OLEDs)¥ >
and ﬁll.‘lorc'»pl'mres24 cordd be improved. Last tmt not least,
denterated solvents are routinely used for NMR spectroscopy, @
prime methodology for stroctaral characterization of organic
componnds.

By comparison, containing two neutrons, with a halflife of
12:32 (+0.02) }J‘e:u‘s25 1nd an abundance of 1.107'%, tritium is 2
rare and radioactive isotope of hydrogen.”® This radioisotope,

Farticulaely, becanse of ite high specific activity, tritinm
distribution can be efficiently monitored with high sensitivity
by scintillation measurements. Therefore, tritinm-labeled
organic molecules are valuable eadioteacers in biological studies
o investigate interactions with the corresponding receptors,
ligands, o enzymes.3 122 Except for tritiated oeganic compounds,
other uses of tritium, mainky in the form of T, gas, include for
enmple its uge 2z a Mmel for radicluminescent objects in the
presence of 2 phosphoe, as well ag 1 couece for maclear fugion”

Owerall, hydrogen isotope labeled organic molecules are
needed on the grounds that {i) they provide new compounds
with improved properties in comparison with their protio-
containing connterparts, {ii) they allow chemical and metabolic
investigatio ns which are not achievable by other techniques, and
{iii) their use permits quantitative and reliable studies using
either mass spectrometey or radicactivity medsurement.
Notably, in 2017, deutetrabenazine—the frst deuterated
deug—wasz approved by the American Food and Deung
Administeation {FDA) for the treatment of chorea associated
with Huntington's disease, paving the way for denterium-
containing medicines.****

Becanse of all these applications, development of method-
clogies for the synthesis of deuterated and tritiated compounds
continued to receive an impressive attention over the years.
General reviews,”*—*% a5 well as more specific ones dedicated
to subareas in the field of denteration such ag hydeogen isotope
exchange {HIE)},"” visible-light photocatalytic deuteration
reactions,™ manocatalyzed HIE,"' tridenteromethyl incorpo-
ration,‘zﬁz reductive deuteration, ™ base metal-catalyzed HIE.,‘rs
HIE catalysis in alkanes,*® iridium-catalyzed HIE,* specific
labeling of the a position c:»fhetema.tc:»ms,"S of the C(spz)-Hfg asg
well as of the C{sp*)—H positions have been published in recent
vears.™ Similarly, the number of scientific publications dealing
with hydeogen isotopes is constantly increasing, Ower the Jast §
years only, more than 18,000 scientific publications inclading
the word "deuterium” were iseued according to the SciFinder
database {Figuee 1), In comparison, the number of publications
with “tritiom” peaked around 1571-1575, which is possibly due
to its use in military applications,” and is now stable with
around 5,000 publications for 5-year periods.

Followring the eady works in metal-catalyzed HIE reactions
wsing platinam,™ iridinm,* and rhodium salts by Garnett with
denterated solvents az izotope sources,54 1 hreaktheough was the
vse of moleculaely defined iridium complexes. Here, the
amimercialy available Crabteee catalyst was reported in 1535
for the deuteration of dcetanilides and derivatives wsing
deutetium gas {Figuee 2).°% After a shoet period of disuse, the
tesearch in HY D exchange reactions regained interest at the end
of the 2000s decade. As an example, in 2008, the Keer group
described a new family of iridiom complexes bearing N-
heterocydic carbene {NWHC) ligands, once agzin highlighting
the importance of this metal for HIE reactions® Four years
later, our geoup showed the efficiency of the mtheninm-haged
Shvo catalyst tor H/D exchange at the @ and F positions of
amines.”" In 2014, Chaudret, Rousseau, and co-workers
presented mitheninm nanoparticles for the efficient denteration
of nitrogen-containing compounds.®® lron-mediated deutera-
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Figure 1, SciFinder search results for "deuterium” and "tritium” over 5-year periods,

tion and tritiation of arenes and heteroarenes were reported by
the group of Chirik, revealing that H/D exchange is not limited
to noble metals.”® Tn 2017, MacMillan and co-workers described
the nse of photocatalysts for the selective insertion of deuterium
at the « position of N-alkyl amines in dmg molecules.® Latet,
the Chirik group developed nickel dihydride systems, frst
limited to azine substrates but ultimately improved to a broader
scope of electron-tich heteroarenes.” More tecently, Fieters,
Chaudret, Derdan, and co-workers demonstrated the utility of
NHC-stabilized iridium nanoparticles for the mote challenging
HIE in anilines™

Here, we aim to summarize all the recent developments
regarding denterinm and teitinm incoeporation chemistey and
present 2 comprehensive Review on this topic. Supplementary
to previons works, several types of deuteration reactions,
mamely, HIE eeactions, denterodehalogenation, and reductive
denterations, will be covered and critically compared.

2. HYDROGEN ISOTOPE EXCHANGE

For several applications, such as the synthesis of deuterated
dmgs or the preparation of stable-isotope-labeled internal
standaeds {SILS) for LC-MS quantification studies, the
inteoduction of isotopic labels into organic molecules is best
conducted at alate stage, rendering ditect exchange of hydrogen
for its isotopes vin 2 C—H activation mechanism the most uzeful
and most investigated method. However, the elimination of
additional synthetic steps comes at the cost of 2 difficult-to-
control regioselectivity and chemoselectivity. Furthermore, the
remaining nnlabeled componnds can be problematic becanse in
1 HIE domain, starting matedials and products are vietmally
ingepatable. Despite these problems, the past decades have seen
teermendous success in driving HIE reactions to completion so
that nowadays many protocols have been established which
afford specific componnds with 2 denterium incorporation of
mote than 50%. Interestingly, an important inspitation for these
developments have been new achievements in the topical field of
C—H activation procesges, giving rise to highly selective HIE
protocols. In the following paragraphs, the recent developments
in this atea will be summarized.

2.1. HIE an Aromatic Compounds

2.1.1. ortho-Directed HIE. 21.1.1. The Importance of
fidium Catalysis for ortho-Directed HIE. In principle any

otganic compound is amenable to HIE; however, most of the
published methodologies concern HIE on arenes, often enabled
by late transition-metal catalysts and directing groups with
denterinm of teitium gas as the sotope source. Specifically,
numerous new phosphine-coordinated iridinm{1) catalysts have
been developed since the eardy efforts using the Crabtree
mta]y'st,ﬂ_m leading to the highly effident contemp otary HIE
reactions which exhibit exceptionally mild conditions {ambient
temperature, short eaction times, no additives). Especially,
ortho-ditected aromatic HIE continues to be dominated by
iridium catalysis. In recent years, most examples employed an
iridium catalyst family developed by the Kere group {Figure
31* Whereas bulky NHC ligands are mandatory for these
catalysts, neutral chloride-containing iridinm complexes have
been nsed 25 well as cationic phosphine-ligated catalysts with the
patticnlar choice of catalyst often depending on the type of
mbstrate.

Another effective iridium-based HIE catalyst system
developed by the Tamm group became popular more recently.™
The authors of this study presented a new family of icidiom{1}
complexes with PN liginds exhibiting strongly donating
nitcogen atoms {Figure 3). One representative of this series
ot only served as an effective HIE catalyst in the presence of a
broad range of previously established ditecting groups such as
heterocycles, the niteo fnctionality, and a range of carbonyl
groups but also realized for the fest time Boc protecting group-
directed HIE ortho to correspondingly protected anilines and
indoles which is unattainable using the Kerr catalyst {Scheme
1a). The Tamm catalyst was later also applied to the ortho-
denteration of phenylacetic acid esters and amides via 6-
membered iridacydes (Scheme 1bY* as well as to the
denteration of arenes with sulfonamide {(vide i fra), N-oxide,
and phosphonamide directing groups {Scheme 1c).™

The general mechanism of iidiom-catalyzed aromatic HIE
under deuterium gas atmosphere has been ehucidated in detail
both expetimentally and computationally in recent years.”7 "™
It has been found that the precatalysts ate activated by reduction
and dissociation of the cycooctadiene {COD) ligand in the
presence of the gaceous isotope source, farnishing a
coordinatively unsaturated iridium species, which is subse-
quently stabilized by binding of the substeate’s directing group
dlong with an agostic interaction of the orthe C—H bond
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Figure 3. Selected iridium{T) catalysts for srtho-directed aromatic HIE,

{Scheme 2). Depending on the nature of the catalyst, either the
NHC ligind (in the Kerr catalyst family) or the agostic C—H
bond {in the case of the Tamm catalysts) can be found frans to
the phosphine {ot chlodide) ligand in this intermediate. C—H
activation via oxidative addition (Kere) or o-bond metathesis
{Tamm) follows as the rate-determining step {RDS), leading to
1 dihydrogen hydride complex. Hydride fhaxionality preceding
the elimination step fAnally allows the formation of the
isotopically labeled product.

Although the exceptionally mild conditions achieved with
iridinm catalysts are mostly still out of reach, more and more
directed HIE reactions catalyzed by alternative teansition metals
are being developed, sometimes allowing access to new
substrates or selectivities, Cten this goes long with the uge of
denterinm sonrces other than deuterium gag such ag heavy water
ot, if 2 more acidic reaction medium is beneficial, deuterated
acetic acid or trifluoroacetic acid {TEA) {Table 1, Figare 4),
Deuterated benzene, on the other hand, is 2 common deuterium

soutce for nondirected aromatic HIE. Further denterium
sources such as the deuterated versions of sopropanol,
potassium formate, diphenylmethanol, sodimm borohydride,
and tetramethyldisiloxane or deuterated amines and boranes as
even more specialized examples hardly play 2 role in the context
of HIE but are rather eelevant for denterodehalogenation or
reductive deuteration processes. Whereas the nse of denterium
oide for deuteration is desirable because ofits low price {Figure
5), high availlability, and convenient use, tritiztion wvsually
tequires the uge of gageons tritinm becanse of the high risk of
tadioactive contamination that even small amounts of tritium
axide bear. Besides easier handling at small scales, tritinm gas
is—othet than tritisted water—available at near theoretical
specific activity. Consequently, the elaboration of deuteration
processes under a denterinm atmosphere can cerve 18 2 model
for 2 tritiation platform and should be continued to be
investigated degpite their higher cost and less convenient
handling. Fot denteration purposes where the use of deuterinm
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Scheme 2. General Mechanisms for Aromatic HIE under Iridinm Catalysis and Deuterium Gas Atmosphere
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gas g unavoidable becange ofthe reaction mechanism, the ex situ
preparation of deuterium gas from heavy water and a diboron
compound in a two-chamber reactor can be congidered as a
convenient alternative.”

Az HIE reactions are equilibrium processes, high isotopic
entichments can haedly be achieved with just stoichiomettic
quantities of the isotope source. Consequently, they are usnally
carried ont with an excess of the labeling reagent, while a
commendable trend tor lowering the necessary equivalents over
the past vears can be identified. In this context, it should be
stated that in some cases, the maximum possible isotope
incotporation is limited by the presence of labile protons in the

substeate or theough residual ameounts of nonlabeled substance
in the isotope source. In this instance, authors tend to compare
the achieved isotopic yield with the maximum theoretical yield.

Apart from iridinm, the reaction conditions for other HIE
reactions are far less broad, and a generalized mechanism can
theretore not be provided. Instead, interesting mechanistic
aspects will be discngsed vide infra whete applicable.

In the following sections, recent developments in transition-
metal-catalyzed HIE on arenes are discngsed categorized by
sbsteate class, directing groups and selectivity, compating
achievements nging various catalysts.
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Table 1. Price and Use of Common Deuterium Sources. The Columns “Stoichiometry” and "Application™ Refer to Published

Examples Since 2017

deuterium source pricefmol {approx.) stoichiometry

application

broadly applied in all areas
imidazoliwm-catalyzed HIE on aliphatic substrates and terminal alkynes

Mn-catalyzed smethylation-deuteration of ketanes
metal-free HIE on Michael acceptars

reductive deuteration with Wa

base-catalyzed HIE, trideuteromethylation

HIE on arenes; NHC-catalyzed aldebyde HIE, trideuteromethylation

metal-free HIE on aliphatic substrates

deuterodehalngenation of arenes

nondirected HIE on drenes

preparation of deuterium source for reductive deuteration of olefins

broadly spplied in metal-catalyzed HIE and reductive deuteration

homogeneous TM-catalyzed directed HIE on arenes, acid-catalyzed HIE of benzplic

trideuteromethylation

homogeneous Ti-catalyzed directed and 3¢ HIE on arenes
Cu-catalyzed reductive deuteration of alynes

Tr-catalyzed reductive deuteration of carbony] compounds
deuterodefunctionalization of arenes, reductive deuteration of carbory] compounds

base in Ru-catalyzed HIE on drenes
palladium-catalyzed- flight-mediited deuterodehalogenation of diphatic substrates
preparation of deuterium source for light-mediated deuterodebromination ofarenes

reductive deuteration, preparation of DBpin, preparation of deuterium source for light-

mediated deuterodebromination of arenes

homogeneous Pt-catayzed nondirected deuteration of arenes (together with D,0)
trideuteromethylation

preparation of PCOOK and DCOONa

trideuteromethylation

preparation of deuterium soure For the light-mediated deuterodebromination of arenes

D.0 15 € { Deutern, excess (10 equiv to solvent
100 mL) quantities)

CDCL; 13 € (Deutern, excess (solvent)
100 mL)

MeOD 53 € (Deutern, 25 mL)  excess (solvent]

AcOD 75 € (Sigma-Aldrich,  excess (solvent]
250 )

EtOD 92 € (Sigma-Aldrich, 45 equiv
180 mL)

DMS0-d, 100 € {Deutero, excess (solvent)
100 mL)

MeDH-d, 115 € {Deutero, excess (solvent)
100 mL)

Acetone-dg 120 € {Deutero, excess (around 10 eguiv)
100 mL)

CDCN 160 € (Deutero, excess (solvent)
100 mL)

C.Dy 200 € (Deutero, excess (solvent)
100 mL)

DCI35% in D,0 200 € {Deutern,
10 mL)

D, 230 € (Eurisotop, excess | I stmosphere,
251) usually 1 bar)

TFA-d 290 € {Eurisotop, extess (solvent)
10 mL) positions

CD;0H 305 € [ Deutern, 5ml)  excess {solvent)

AcOH-d, 310 € (Deutern, excess (solvent)
10 ml)

‘PrOD 615 € (Sigma-Aldrich, 5 equiv
23 gl

DCO,D 650 € [Deutern, 5ml) & equiv

‘PiOH-dy 735 € {Deutern, 5ml)  excess {solvent)

KODA mol %in 770 € (Sigma-aldrich, 025 equiv

D,0 s0gl

THF-4, 940 € (Deuters, excess (solvent)
23 mL)

CD 1020 € (Sigma-
Aldrich, 50 g)

NaBD, 1240 € (Deutern, 5 5] 5.5 eguiv

EtOH-d; 1390 € (Deutern,
5ml

TFE-d 1480 € (Sigma- excess (solvent)
Aldirch, 25 mlL)

DMF.-d, 1970 € (5 ml, excess (solvent)
Deutero]

DCODH 1970 € (Sigma-
Aldrich, 5 g)

Ae,0-d, 3000 € (Sigma- 3egui
Aldrich, 5 )

aniline-ds 5240 € (Sigma.
Aldrich, § g]

LiAlD, £720 € (Deutero, 1 g)

preparation of Ph,CDOH

2.1, 1.2 Palfadium, Rhodivm, Ruthenium, ond Manganese:
Alternatives to Iridivm-Catalyzed ortho-Directed HIE of
Carbony! Compounds. Compared with other carbonyl
componnds, carboxyplic acids are less explored ag directing
groups for HIE. However, building on the At selective
denteration of weakly coordinated palladacyeles with henzoic
and phenylacetic acids as substrates {Scheme 3a),” tecent
teports showed the potential of other transition-metal catalysts
for this methodology, enabling transtormations at mildee
conditions. In this context, ortho-deutetation of benzoic acids
catalyzed by a Cp* thodinm mmplexfh5 wag achieved using
cheaper denterinm oxide as a solvent, whereas the previously

published method only works in deuterated acetic acid {Scheme
3b). Meanwhile, the temperature could also be lowered from
120 to 90 °C, and the scope was extended to cinnamic acids. The
economy of the demterium sonrce was further improved in a
tecently published ruthenium biscatboxylate-catalyzed ortho-
ditected henzoic acid denteration, which only requires 10 equiv
of deutetium oxide, while achieving high levels of deuteration
{Scheme 3¢).”” Harnessing this deuterium source under
palladivm-catalyzed conditions is moee challenging as seen in
arecent report in which a more strongly coordinating bidentate
pyridone directing group iz needed to access ortho-denterated
phenylacetic amides.™
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Scheme 3. HIE with Carboxylic Acids as Directing Groups
3) PaBadium-catalyzed deutsration of benzolc ackd derivatives

E ﬁ Pa{dAc)s (10 mol%)

N-.cn. f1.50q)
b} Rhodiy

'12Il

of aokd

) {CH*NMeCN I (BEF; (2moP)  CF;
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287G, 2N [84]
5%
o) Ruthenkan-catalyzed of ackd
TR0 CAd){p-cymuna)] {8 mal)
dioxans, DO (108q)
100 C 18 h D[ea]
%

When moving to more abundant transition metals such as
manganese, it can be difficalt to activate substeates with legs-
coordinating oxygen-containing mnctional groups as diecting
gromnps. However, a transient divecting geoup appeoach in which
catalytic amounts of specific amines condense with aldehyde
substrates i situ and form transient imine directing groups has
tecently been utilized for the ortho-gelective deuteration of
benzaldehyde derivatives catalyzed bg simple manganese
pentacicbonyl bromide {Scheme 4).77 Similady, aromatic

Scheme 4. HIE with Transient Directing Groups
&) Mi-catatyzad orgho-dirested HEE of srsnatic sidehytias

Mn{CO),Er {5 mal}
CJ&?’

“BuNH, (0.2 80)
(2.5 moit)

NeAc {1 0q.}
MHGN-]
m,% 1n|'c.1|||
PuCly{p-cymonsls
102w, muﬁmmm
0,0 (20 8a)

b} R

Al

ketones can be denterated under mtheninm catalysic using
atalytic amounts of anilines as transient directing groups.
Notably, both aromatic ortho and a-carbonyl positions are
denterated under the reaction conditions with the latter being a
result of acid- and amine-catalyzed deuteration.®

2113 Sulfur-Containing Directing Groups. Previously
considered as highly challenging substrates, arenes with sulfue-
containing directing groups could be successfully ortho-
denterated in the presence of iridium catalysts in the last
years. Following 2 seminal study by the Kerr group on the ortho-
deuteration of primary sulfonamides undee mild conditions
{Scheme 51),73 HIE of secondary sulfonamides and sulforyhue-
eas wis made accessible later by emploving haesher reaction
conditions {Scheme Sbh).** Furthermore, tertiary sulfonamides
which delivered only poor results under these conditions could
be labeled efficiently using the Burgess catalyst {Scheme Be)nd
In zddition, the Tamm catalyst proved to be effective for the
artho-deutetation undet mild conditions ofprimax%, secondary,
and tertizry sulfonamides alike {Scheme Sa—c)."® Secondary
salfonamides derived from g-amine acids have frthermore
been uged as bidentate dicecting groupe for 1 palladium-
catalyzed HIE of arenes {Scheme 5d).5

Because of the sterically crowded nature of the substrate-
bound iddiom complex, aeyl sulfones are even more challenging
mbstrates. Nevertheless, 1 general protocol for their iridium-
catalyzed ortho-denteeation was recently reported by Kerr and
co-workees {Schieme 6).%* Bor this puepose, an i silico catalyst
screening aimed at increasing the binding energy of the sulfone
to the iridinm complex was performed and resulted in the
finding of tethered NHC-phosphine iridiom complexes as
workable catalysts for this transformation. Subsequent opti-
mization of the solvent of the teaction led to good denterinm
incorporation on a range of aryl sulfones under mild conditions.

2 1. 1.4 Deuteration of Anifines. An umsual directing group
for HIE in arenes ate amine mnctionalities in anilines. Whereas

TR R

1III"G.1.II DIeD]
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Scheme 3. ortho-Deuteration of Aryl Sulfonamides
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Scheme 6. Iridium-Catalyzed Deuteration of Aryl Sulfones
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in the past this type of substrates had rather been used for
teangition-metal-free electrophilic substitution |:l'1emistr},r,a4’SS

recentlyalse two transition-metal-catalyzed HIE methodologies
for the ortho-ditected deuterition of anilines have been
puoblished. The first one uses air-stable NHC-stabilized iridinm
r1:Lr10p:Lrtiu:]es:62 Having ohserved shiggish eeactivity of
mthenium nanoparticles for this class of substrates along with
reduction of the aromatic ring, Fieters, Chaudeet, Derdan, and
co-workers hypothesized that iridiom nanoparticles would
perform better given the feasibility of C—H activation with
homogeneouns iridinm complexes 28 well ag the generally poor
teduction reactivity of those catalysts, Indeed, unsing iridinm
nanoparticles, selective labeling of the ortho positions of anilines
at 55 or B0 °C in high denteration levels without reduction side
reactions was ohserved {Scheme 7a). While the method was also
developed for the tritiztion of pharmacenticals and hence uses
gaseous isotope sonrces, mechanistic studies discovered that
heavy water as 3 cosolvent can act ag 3 vegervoir for denterinm
atoms. Accordingly, in the presence of deuterium oxide,
hydrogen gas can be nsed instead of deuterinm gas without
lowering the deuterium incorporation level {Scheme 7b).
Conversely, nondeuterated water with denterium gas cannot
promote deuteration of anilines under iridinm nanoparticle
catalysis.

Further, mesoionic NHC-ligated iridiam complexes have
been applied for homogeneons catalysis of the ortho-denteration
of anilines in the presence of other directing groups {Scheme
’3"c).3‘5 I this cage, addition of potassium carbonate wag cmcial
for the success of the reaction, and the reactivity decreased
deastically in the presence of ceown ethers. On the hagis of thege
findings, the authors of this study proposed a combination of
noncovalent interactions inchuding cation-w interactions be-
tween the potassium cation and the phenyl substituent of the
NWHC ligand to account for the observed selectivity. However,
experimental results to support this hypothesiz could not be
obtained. Perhaps in concordance with thiz hypothesis,
secondary anilines exhibit significantly lower denterinm
incorporation, whereas teetiary anilines do not react at all.

21.1.5 Directing-Group-fnobled Deuteration of Hetero-
aromatic Compounds. Whereas many HIE strategies in the
past focnsed on differently substituted aromatic substeates,
tecent years have aleo brought mote attention toward the

Scheme 7. Deuteration of Anilines Catalyzed by Iridium Nanoparticles and Homogeneous Mesionic Iridium NHC Complezes
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Scheme 8. Selective HIE in the C2-Position of N-Protected Indoles with Directing Group Removal under Mild Conditions
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denteration of heterocyeles. In this context, common nitrogen
protecting gronps such ag benzoyl or acyl have beennsed by Keer
and co-wotkers as directing groups for the iridium-catalyzed
selective deuteration of 5-membered nitrogen-containing
heterocyeles such ag pyreoles and indoles with eubsequent
removal of the directing grovp under mild conditions {Scheme
8).37 Wotably, the reaction exhibits excellent C2 selectivity,
leaving other potentially accessible positions in the indole ting
and even the benzoyl protecting gronp viemally untouched. A
density fanctional theory {DFT )-based comparison of the
binding energies of different conformers suggests that the
abstrate-iridinm complexleading to the C2-deuterated product
is less thermodynamically stable {by ca. 4 keal/mol) than the
competing complexes. However, its energy bartier for C-H
activation is far Jower {by ca. 12 keal/mol), thus rendering it
more teactive and explaining the experdmentally observed
selectivity {Scheme 5).

Scheme 9. Energy Profile for the Selective Labeling of
Benzoyl-Protected Indole

404

2
;
48, !f
00 g”

In addition to iridiom-based catalysts, a range of recently
published methodologies for the directed denteration of indole
derivatives make uee of Cp* complexes of thodinm and cobalt.
Here, different labeling patterns depending on the catalyst
combination and the reaction conditions can ke accomplished
{Scheme 1 O).SS_W For example, nsing Cp*Cof COJT, as catalyst
at 50 °C and with acetonitrile as cosolvent, selective C2-
deuteration comparable to the selectivity of Kerr's iridium
atalyst {vide supra) is achieved.®® However, by switching to
thodium catalysis {[Cp*RhCL],), adding DCE to the solvent
mixture and increasing the temperatare to 130 °C, tridenterated
indoles in C2, C3, and C7 position can be obtained.” Whereas
the C2 and C7 positions are activated theough metallacycle
intermediates, HIE in C3 position probably proceeds vix
theemal pathways. Consequently, lowering the temperature to
25 °C, only the C2 and C7 positions are deunterated nnder
gyneegistic Rh/Co catalymis and in DCE ag 4 cosolvent
Further, blocking the C2 and C3 positions by alkyl substituents
enables labeling merely in the C7 position. ? Additionally, the
C2 and C3 positions can selectively be deuterated under
thodium catalysis and at slightdy elevited temperature
{100 =)™ Lastly, the thodinm catalyst was nsed to selectively
deuterate all other positions on the indole ring by installing the
methoxyamide ditecting group on varying C-positions.” Tn this
case, HIE of the two adjacent positions and, if applicable,
additionally on the C3 position, is affected at 50 °C. Ditecting
group removal was demonsteated for N-methoxyramide-
substituted indoles.”® However, under the slightly harsh
hydeolysis conditions {100 °C, 12 h), deuteration in C3
position is reversed.

Whereas homogeneouns catalysis leads to functionalization in
the aromatic tings adjacent to 2 heterocyelic directing group,
catalysis with nanopartides can enable selective labeling of
heterocycles in the positions vicinal to the heteroatom. Making
use of this charactetistic and aiming toward the incorporation of
three deuterium atoms per molecule, Poteaw, Fieters, and co-
wotkers recently prezented 2 methodology for the denteration
and tritiation of a range of S-membered heteroarenes catalyzed
by rthenium nanoparticles on polyvinylpyteolidone {FVF)
mpport {Scheme 11).7" According to DET calculations, HIE in
a position within the 5-membered heterocycles proceeds via 4-

Scheme 10, Regioselective Deuteration of Indoles under Rhodium and Cobalt Catalysis
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Scheme 11. Ruthenium-Nanoparticle-Catalyzed Deuteration of Heteroarenes in o and f Positions via Dimetallacyclic

Intermediates
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Scheme 12. Mickel-Nanoparticle-Catalyzed Denteration of Heteroarenes
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membeted dimetallacycles, explaining the inability of homoge-
neons catalysts to afford such transformations. Further labeling
of 7 and y positions can have 5-membered dimetallacyclic or
monometallacyclic intermediates, respectively.

Deuterium labeling of similar heterocyclic substrates is also
possible nsing commercially available heterogeneons: Ru/C
catalysts. However, as recently demonstrated by Pieters and co-
workees, the zddition of NHC ligands is essential to avert
concomitant reduction of the aromatic rings {Scheme 1.7 1t i
assumed that the presence of ligands on the metal surface
impedes flat w-coordination of the substeates which wounld lead
te reduction of the arene tings. In addition, side-on coordination
it heteroatoms should be still possible, thus enabling selective
C—H activation and subsequent H/D exchange.

WHC-supported nickel nanoparticles have been shown tobe
gimilady active, affording a-heteroatom-labeled heteroaromatic
products.” Depending on the steric requirements of the NHC
ligands and the consequently varying substrate coordination
modes, additional labeling in the ortho positions of the adjacent
aromatic ring can be switched on oe off {Scheme 12).

2.1.1.6. Regioselectivity and Chemosefectivity in ortho-
Directed Aromatic HIE. Thanks to catalyst optimization efforts
of the past decade, HIE on arenes nowadays wotks with a bread
variety of directing groups, many of which are frequently
encountered functional groups rather than complex and
difficult-to-synthesize templates {Figure 6).%32 Thetent,
catbonyl groups such as ketones, esters and amides 25 well as
N-heteroarenes {especially pyridine and pyrazole) are arpuably
the mast established directing geoups for this trpe of C-H
activation. Acetophenone is such a reliable substeate for iridinm-
catalyzed HIE that it often serves 15 a test substeate for new
developments. However, less conventional ditecting groups
such ag free and protected amines or sulfur-containing
fanctionalities have also been explored intensively in recent
years and can now be viewed as established orthe HIE directing
groups, too, Apaet feom this progeess, improved methodologies
ate still needed for carboxylic acids which, by now, can only be

denterated in the ortho position with known catalysts at elevated
temperatures. Furthermore, directed HIE on phenol detivatives
is 2 desitable transformation whose applicability to 2 broader
absteate scope iz yet to be demonsteated. Finally, it chould be
mentioned that most directing groups which are regarded as
“establiched” herein, are merely established for iridium-
catalyzed HIE under denterium gas atmosphere. While these
conditions are highly smitable in 2 tritiation setting, the
development of alternative methodologies for these substeates
using cheaper catalysts {especially base metzls) and isotope
sources shonld be enconraged to broaden possibilities for stable
isotope labeling.

Given the steadily increasing number of available divecting
groups for itidinm-catalyzed ortho-directed HIE, tegioselectivity
in the presence of more than one potential directing group can
be an fssue, especially when attempting late-stage denteration
and tritiztion on pharmacenticals, In order to facilitate planning
of such transformations, researchers at Sanofl recenty
developed a predictive model based on both experimental and
theoretical studies that allows to estimate the main denterium
incorporation gites in 2 molecule ke fore ranning the reaction””
For this purpose, the results of extensive intermolecular
competition experiments nsing the Kere catalyst in the presence
of two substrates containing different ditecting groups were
compared to thermodynamic and kinetic data obtained through
DFT calculations { Figure 7). Whereas the experimentally found
order of ditecting group strength could not be correlated to the
barrier heights for the iridimm C—H insertion step, it
cortesponded well with the eelative free eneegies of the iridinm
abstrate coordination complexes. Consequently, it appears that
the population of these complexes is the main Ffactoe
determining teactivity under standard conditions. In case two
directing groups form similardy stable coordination complexes,
the activation eneegy for the C—H insection step will govern
selectivity.

These findings were applied to predict zelectivities in
inteamolecular competition experiments of a set of substrates
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containing new ditecting groups which had notbeen included in
the empirical data set as well 25 on complex molecules. Although
1 quantitative prediction of denterivm incorporation eatios was
not possible, the method serves well to determine the main
denteration gite a priori for most directing groups except niteo
for which the model fails. 1t has to be noted here that only
limited transferability of the results from intermolecular
competition experiments to intramolecular competition exists,
s bwo directing geoups on the same aromatic ring can mutnally
affect each other.

A mote extensive set of inteemolecular competition experi-
ments of directing groups with a neutral and a cationic iridium
catalyst wag tecently contributed by Kerr, Nelson and co-
wotkees. """ Here, performing reactions using substoichiometric
amounts of denterinm gaz and thue avoiding fmll conversion of
either substrate allows for a precize distinction of directing group
abilities. However, the same order of directing group strength
and little difference in reactivity between the bwo catalysts was
obgerved. Despite having a larger empirical data set compared to
the stmdy by Derdan and co-wockers, this method lacks

teansterability to nontested directing geoups due to the absence
of an underlying theoretical model. A flly gquantitative
prediction of denteration levels in inteamolecular competition
experiments s again not given. Interestingly, though, it was
obszerved that qualitative preference for 2 given substrate in
intermolecular competition experiments cin be reversed by
changing the solvent. This effect was however not thoroughly
studied for a larger set of substrates,

In an impottant cige sody, Keer, Reid, and co-workers
elaborated on the predictability of #tramolecular competition
between directing grc:»ups.ma Performing computational and
experimental studies on para-substituted aromatic compounds
containing both a primary sulfonamide and a pyeazole moiety
with various substitution patterns, the authods found that, in
agreement with the previons stadies cited above, the difference
in binding energy of the directing groups is again correlated with
bheling selectivity. However, the hypothesiz stated by Derdan
and co-wotkers that ditecting groups on the same molecule
mutually affect each other, leading to 1 lack of transfeeabilicy
from intermolecular binding energies to intramolecular
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Figure 7. Experimentally found relative directing group strengths
compared to thermodymamic data obtained by DFT calmulations.

selectivity prediction, was confirmed. Consequently, for
acenrate predictions, DFT calenlations of the binding energy
aof each directing group need to be carried out on the gpecific
disubstituted molecule of interest rather than on monosub-
stituted model compounds. Regarding the specific compounds
investigated in Kert's study, unfavorable distorting contributio ns
stemming from secondary interactions of the noncoordinating
directing geonp with the catalyst play an impoetant role and can
override favorable attractive interactions, thus changing the
overall selectivity, Finally, it should be noted that, depending on
the substeate, more expensive calculations which include
solvation models as well as thermal corrections to the electronic
energies can be needed to acoueately reproduce experimental
tesults, Building on these computational results, Kerr, Reid, and
co-workets were able to successflly peedict catalysts with higher
or inverse selectivity by changing the steric properties of the
NWHC ligand.

Anothet steategy to achieve selectivity apart from distinguish-
ing two different directing groups can exploit the preferential C—
H insettion vig 5- ot G-membered metallacycles depending on
the specific reaction conditions. Tn this context, Kerr and co-
workers previously demonsteated that such discrimination
bebween positions can be goided by the amount of catalyst
used™ Mote tecently, ¥in and Liu found that the choice of the
acidic denterium source in the palladivm-catalyzed pyridyl-
directed C—Hactivation of arenes either promotes HIE vio a 5-
membered palladacycle with a 2-pyridyl dicecting group

{deuterated acetic acid), or via-a 6-membered transition state
wing an ethet-bound pyridyl directing group { deuterated TFA)
{Scheme 13)." The authors explain this effect by protonation
ofthe pyeidyl geonp by TEA, rendeting it uncapable ofacting as 2
directing group.

In this context, it is worth mentioning that most directed HIE
methodologies rely on 5-membered metalacyclic intermediates
whereas more remote directing groups that would require the
more challenging farmation of laeger cyelic intermediates, have
only been tacked scarcely

Another aspect of selectivity in the context of HIE concerns
the chemoselective distinction of exchange and reductive
labeling pathways. While homogeneous methods usually aim
for selective HIE transformations thatleave reducible anctional
groups untouched, a recent study shows that by choosing
appropriate cocatalysts, mthenium-catabyzed ortho-directe d HIE
with or without concomitant reductive labeling of alkynes or
ketones can be chosen delibeeately.''® Thos, in the presence of
citalytic denterated potassiom hydeoxide and a slight excess of
deuteriurm oxide, the catalyst [RuCL({FFh,},] forms a hydroxo
species {4) which selectively labels the ortho positions of a
rombet of nittogen-containing directing groups while leaving
internal alkynes untouched {Scheme 14a). On the other hand,
adding catalytic copper iodide along with an excess ofzinc to the
precatalyst furnishes 2 ruthenium hydride species {5). Now,
reductive labeling of the alkynes to deuterated {E)-alkenes
proceeds along with ortho-divected HIE, albeit with only
moderate deuterium incorporation {Scheme 14b), Under the
same conditions, ketones merely act as directing groups.
However, 2 combination of zine and deuterated potassiom
hydeoxide enables reductive deuteration of ketones to alcohols
dlong with aromatic HIE, catalyzed by the & st formed
ruthenium hydride complex 6 {Scheme 14c). Although the
possibilities for tuning chemoselectivity as presented in this
smdy are impressive, its synthetic applicability is probably
limited by the rather mixed deuterium incorpotation levels and
the long teaction times tequired.

2117 Incregsing Robustness of HIE Methodologies.
Besides the quest to find new directing groups and to control
selectivity, one goal of recent research on iridinm-catalyzed HIE
is incteasing the robustness of this transformation. In this
context, researchers at Sanof identified temperamre windows in
which six common iridinm-based-catalysts show high HIE
activity.'* While the range of temperatures at which at least 25%
deuteeation can be achieved iz quite large, especially tor the
Crabtree catalyst which is active between —80 and 130 °C,
conducting the teactions at highet temperatnres comes at the
price of losing selectivity.

Concerning the solvent scope of iridinm-catalyzed HIE, most
methodologies have go far been limited to dichloromethane
{DCM]. In this respect, especially the work of Tamm and co-
workers is notewoethy; they recently smeceeded in conducting
HIE reactions with vatious directing groups in highly nonpolar

Scheme 13. Palladium-Catalyzed Selective Labeling of Arenes via 5- or 6-Membered Metallacyclic Intermediates Depending on

the Deuterium Source
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Scheme 14. Chemoselective ortho-Directed HIE vs ortho-Directed HIE with Concomitant Reductive Labeling Depending on the

Additives in a Ruthenium-Catalyzed Denteration Protocol
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sodvents such as cyclohexane by employinga prevmus]y tepotted
hydeogenation catalyst and modified versions thereof."* Tnstead
of consisting of 2 cationic iridium complex with a counterion, in
thiz cage the borate counterion is embedded in the WHC ligand,
thus summing up to an overall neuteal charge (Scheme 15).
However, compared with the PIN-chelated Tamm catalyst, these
catalysts are slightly less active.

Scheme 15, Neutral Iridium NHC Complex for the Labeling
of Arenes in Highly Unpolar Solvents

J-{?W&
gt e

2.1.1.8. ortho-Selective Tritiation of Arenes. In medicinal
chemistey, tritiation is an impotant and broadly vsed tool at
various stages of the drug discovery process. Consequently,
theee isa need for 2 range ofreliable and versatile methodologies
for the introduction of radicactive tritiom atoms into organic
molecules. However, given the high requirements for perform-
ing chemical research with radivactive isotopes, preliminary
“rold” experiments are often used to gain insight into reactivities
befote the dctual tritiation eeactions are carried out. In order to
ensure transferability of denteration tesults to teitiation,
appropriate conditions inchiding the nse of gaseous isotope
sources need to be vged. In this light, deuteration methodologies
that employ deuterium gas can often be considered as exemplary
studies for tritiation reactions.® %% Same of the HIE reports

tecounted in the previous paragraphs should therefore be kept in
mind when reading the following sentences. Moteover, it chould
be noted that two publicztions dealing with both deuteration
and rritiation®*" have heen teviewed in previons subchapters
{Section 2.1.1.4 and Section 2.1.1.5}.

A pdladivm-mediated tritiation wusing coordinating ortho-
directing groups such as amides, aleohols, amines, carbamates,
and N-hetetocycles was presented by scientists at MSD.'" Tn
this two-step, one-pot steategy, HIE of the palladacycle
intermediate with tritiom gas is preceded by an electrophilic
C—H activation step which requires excess amounts of
palladium {4 equiv) {Scheme 16). This preactivation was
necessary 48 no reaction oceurted when teitium gas was present
from the heginning, possibly due to the reduction of
palladium{11) to palladium{0) species under these conditions.
Although such z high amount of transition metal would not be
competitive for 3 deuteration methodology, stoichiometric
conditions are unproblematic in 2 tritiation setting since
teactions are usuwally conducted on a very small scale
Noteworthy, the use of hexafluoroisopropancl {HFIF) as
solvent was critical to the success of the reaction. Moderate to
good specific activities could be achieved applying this method
{17—36 Ci/mmol; Scheme 17). These values could be fuether
increased by extracting the intermediary palladacycles on a
bipyridine-containing resin, thus hltering off unreacted starting
material before the tritiation step. Purthermore, the C-T
activation step of this methodology does not require moee than
40 °C to proceed while the tritiation occurs at toom
temperature. These remarkably mild conditions are unmet by
any other recently published palladium -catalyzed HIE.

2.1.2. metg-Directed HIE. While ortho-directed HIE
nowadays is an established method, an npeoming direction in

Scheme 16. Tritiation of Pharmaceuticals with Stoichiometric Palladium

PA{OAC); {4 g}

_g/\m TFA (l o)
’ HFIP

MO

HH4G

(4-3 Il-)

Moﬂﬂlﬂ-}
i h

@‘m

hitpssedalo 0] 021 facs chemey, | cO0F95
harr fav. 2022120 EEZ-ET1A



Chemical Reviews

pubs.acs.arg/CR

Scheme 17. Late-Stage Tritiation of Complex Pharmacenticals
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isotopic exchange is mefa-dicected HIE. Clearly, remote
denteeation is mote challenging than ortho deuteration since
strategies uzed for the mote general remote C—H functionaliza-
tion are not necessarily applicable to isotopic exchange. Indeed,
accompanying labeling experiments for some rathenium-
catalyzed meta-selective C—H functionalizations showed
exchasive sceambling in ortho position via the corresponding
mthenacycles {Scherme 18) =T Additionally, such reactions

Scheme 18, Mechanistic Experiment for a Rutheninm-
Catalyzed meta-Directed Nitration”™

RU3{COHz (7-3 mol%)

g, (1.8 o) oo Gl
W -OMe Phi(TFAR: (1 8q.) O y-OMe
DCE:D;0 501
100°C, 24 h D[72]

“Deuterium is only incorporated in the positions orthe to the
directing group.

ofters proceed via radical pathwaye which are diffiaalt to eealize
for HIE experiments. However, by using deuterated acetic acid
a5 an electrophilic denterium source and by increasing the
dectron density on the mtheninm center through addition of 2
phosphine ligand, Yan and co-workers succeeded in driving meta
deuteration of aromatics wia an electrophilic aromatic
substitution pathway {Scheme 15).""" Although concomitant
ortho deunteration as a result of denterodemetalation of the
intermediary mthenacycles could not be avoided, the para
position remained untouched in all cases. N-Heteroarenes
served ag directing groups in this study.

As demonsteated independently by Weez and Maiti' ' as well
a8 by Yo and Dai,** palladium catalysis can enable exclusive
meta labeling without affecting the ortho protons and in the
presence of competing directing groups {Scheme 20). For this,
large template dicecting groups have to be preinstalled on the
substeate which allow for a selective, geometry-directed C-H

Scheme 19. Ruthenium-Catalyzed ortho-and meta-
Deuteration of Arenes in Acidic Media with N-Heteroarenes
as Directing Groups

[RuCla{p-cymene)]z (2.5 mol%) el
AgDaz (15 mol%)
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o =
180 °C, 24 h @3]
By
8%

insertion of the palladiom center at the seta position only. In
both studies, phenylacetic acids serve as substrates and the
directing groups are bound via an ester linkage or, in 2 more
tecent study by Kapdi and Maiti, 2l g an amide linkage.
Fyridine directing groups appear to be too strengly coordinating
and impede reactivity which iz why Werz and Maiti employed
prrimidine instead, whereas ¥Yu and Dai modified the pyridyl
modety with fluotine substituents, Both types of directing groups
can eagily be removed by basic hydeolysis at eoom temperatuee.
Remarkably, the conditions of Yu and Dai allow to run the
teaction at only 80 °C whereas for the other stady 110 °C are
needed. Additionally, sefa-directed HIE can be conducted on
sulfonic and phosphinic acids as well a5 on aleohols. In the
presence of gilver acetate, benzylic protons are exchanged, too.
Werz and Maiti forther demonsteated that thanks to a KIE of 1,
reverse mefa-selective exchange of deuterium for protium is aso
possible.

A drawback of curcently existing mefaselective deuteration
methods iz that all of them tely on the nse of deuterated acetic
acid. It is desitable that tare research endeavors make these
methodologies accessible for labeling with cheaper denterium
sources ot with gaceons isotope sources to enable selective
tritiation. In addition, as this new direction of remote aromatic
HIE is still in its infancy, para-selective denteration has not heen
achieved so fae. Lastly, the development of transient template
groups could be a worthwhile approach.

2.1.3. HIE under Steric Control. With directed HIE being a
well-explored method, HIE on ditecting group-free substrates or
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Scheme 20. Template-Directed meta-Selective Deuteration of Arenes
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with orthogonal undirected selectivity is an emerging trend in
thizs field, too. A remarkable example from Chirik and co-workers
iz the iron-catalyzed denteration and teitistion of both
fanctionalized and vnfunctionalized arenes where gelectivity is
dominated by steric control and thus complementary to the
methodologies recounted so far {Scheme 21a) 5 1n their work,

Scheme 21. Tron-Catalyzed Sterically Conteolled HIE on
Arenes
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Chitik and co-workees elaborated the advantages of using an
iron catalyst for tritinm labeling such as the possibility to use low
pressore of tritium gas under mild reaction conditions. The
homogeneons iron catalyst has shown promise in labeling
structures that may pose challenges to the existing method-
ologies and therefore gives medicinal chemists another option to
select feom in the "toolkit”. However, the highly air and moisture
sensitive iron precatalyst requires skilled handling in 2 glovebox
where reactions must be performed with strictly dey equipment
and solvents.

Ag elucidated in @ more recent study by the game gml.‘lp,m2
iton({I1} dihydeides stemming from catalyst activation with
hydeogen gas are the catalytically active species involved in the
C—H activation step. Besides, using more easily synthesized
dialkyl iron complexes as precatalysts and deuterated benzene
instead of deuterium gag as the isotope source, this sudy aeo
presented a more convenient and cheaper method for the
preparation of deuterated arenes with excellent denteration
levels {Scheme 21b). Electron-poot arenes weee observed to
react more readily whereas electron-tich substrates required
dightly longer reaction times and higher temperatures.
However, the reaction conditions were still sufficiently mild
foe all substrates and conld be even further improved by nging a
3,5-dimethyl-substituted pyridine ligand in an optimized version
of the iron catalyst.

The same sterically conteolled selectivity and even very similar
denterium incorporation levels can alternatively be achieved
with an iron POy instead of PNE pincer complexas tecently
demonstrated by de Ruiter and co-workers {Scheme 21c).123
Thanks to the good stability of the derived frans-dikordride
amplex, it can be employed ditectly rather than being formed in
siti and therefore the reaction does not need to be conducted
under an atmosphere of hydrogen. Under otherwise similar
conditions, teactions are completed within 3 h. Longer teaction
times enable deuteration of less reactive positions, too, thus
generating globally labeled arenes, Based on computational and
NME mechanistic smdies, the C—H activation step is proposed
twproceed vina o-complex assisted metathesis mechanism with
the H-D exchange being facilitated by 2 subsequent almost
barrietless rotation of the iron H-D bond.

2.1.4. HIE under Electronic Control. 2 1.4.1. Labeling of
Electron-Rich Fositions. Electronically rather than sterically
guided regioselectivity plays 2 bigger role for the directing
group-free denteration of electron-rich heteroarenes inchading
thiophenes under silver catalysis and with only 20 eciuiv of
deuterium oxide as the denterium source {Scheme 224).1%7 128
Under mild and open-flask conditions, denterinm is incorpo-
tated exclusively in the positions o to the heteroatom. The scope
of this eeaction was later expanded under hase-free conditions
and with deuterated methanol as deuterium source.'™ The
presence of carbonate salts was found to be essentidl nnder both
conditions as carbonate coordination to silver probably assists
the deprotonation of the C{sp®}—H bond in 2 concerted
metalation deprotonation regime. Interestingly, the barriee for
this step is much lower for catbonate compared o acetate
according to DET caleulations and indeed, acetate led to a
decreased deuterium incorporation experimentally. ™ Further
mechanistic smdies led to the identification of 1 phosphine-
ligated silver complex with bidentate carbonate cootdination as
catalyst resting state. ™"

Further electron-dich compounds such g aniline and phenol
derivatives are traditionally deuterated under acid or base
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Scheme 22. Electronically Controlled Selective Deuteration
of Electron-Rich Arenes
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catalysis 2nd harsh conditions.”"*" Howevet, alse method-
ologies that enable such reactions under milder conditions
appeared in recent years. In this context, veey high deuterium
incotporation can be achieved for N-alkylated aniline detivatives
s well as anisoles below 100 °C using Lewis acids such as
trls(pentaﬂuorophen}r]) ‘borane {Scheme 22b)" or silver
triflate {Scheme 22¢) ™" dlong with deuterium oxide. Moreover,
1 combination of peechloric acid and deuterated methanol wag
additionally applied to the denteration of free aniline and phenol
derivatives at similachy low temperatures bt reg[uired prolonged
reaction times of several days {Scheme ol Bk

2.1.4.2, labeling of Electron-Poor Positions. While the
above-described silver and acid/bage-catalyzed deuteration
methodologies label electron-rich positions preferentially, a
sitver/phosphine ligand-catalyzed system similar to the one
described above was recently applied to the ortho-selective
deuteration of monofluoroatenes by the same group {Scheme
232). 1% Here, the selectivity for the ortho position
presumably stems from its higher acidity, thus being in line
with electronically controlled activation. Remarkably, the
presence of pyridine directing groups does not affect the
outcome of the silver-catalyzed reaction, rendering this
methodology complementary to directed HIE. Palpfinorinated
arenes can be deuterated undet similar conditions theough a

(5 mol%)

‘I'I'G Bd

base-catalyzed pathway even in the absence of a transition metal
{Scheme 23b)."*" However, solvent quantitiez of the more
expensive denterated DMSOD aee requited as denterium source.

Scheme 23. Deuteration of Fluoroarenes and Bromoarenes
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The slightly increased acidity of the positions adjacent to
halogen substitents was farther harnessed for silyer/phos-
phine-catalyzed HIE of bromoarenes {Scheme 23-:)‘135
Intetestingly, the positions ortho and sefa to the bromo
substituent react preferentially, furnishing polydeuterated
arenes with nondeuterated para positions. The anthoes explain
this selectivity with the differences in acidity for C-H bonds
depending on the distance to the electronegative substituent on
the aromatic ring.

A ditmine-ligated nickel hydride dimer catalyzes HIE on the
least electron-tich positions in electron-deficient nitrogen-
contzining heteroarenes such as pyridine at 45 °C and under
low pressure of deuterium gas {4 bar) while also farnishing
ortho-directed exchange in adjacent arenes {Scheme Ja

Instead of directly using the nickel hydride dimet, the catalyst
can aleo be generated i situ from 2 nickel precursor, the diamine
ligand, and a silane as the source of hydride. Therchy
deuteration and tritiation of sterically less accessible positions
can be increased, Either way, the catalytically active species is
foemed by dissociation of the dimetic stracture induced by the
W-heteroarenes thanks to their o-donating qualities. Compared
with previons methods nging homogeneons iridinm catalysts or
dso thodium black and Raney nickel, a different selectivity can
be obtained, and denterium incorporations are generally higher.
While homogeneons itidium catalysis shows a directing group-
controlled selectivity, deuterium incorporation for this nickel-
catalyzed reaction iz likely conteolled by the acidity of the
corresponding C—H bonds as well as proximity to the
catalytically active monomeric nickel species that results from
substrate-deiven catalyst activation.

Chirik and co-workers later improved the just-discussed
methodology to enable labeling of 3 much broader selection of
atomatic substrates®' Using a specially designed bulky,
dlectron-denating diimine ligand, the nickel hydeide dimer was
now sufficiently destabilized to dissociate even in the absence of
nitrogen-containing heteroarenes. Thus, and thanks to their
higher activity, electeon-rich heteroarenes auch as fueans and
thiophenes as well as polyfluoroarenes became feasible
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Scheme 24. Nickel-Catalyzed Deuteration of Electron-
Deficient N-Heteroarenes
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substrates for denteration and tritiztion even in nonactivated
positions, although the highest isotope incotporation levels were
still achieved in @ positions {Scheme 25). Importandy, the

Scheme 25. Nickel-Catalyzed Deuteration of Electron-Rich
and Electron-Poor Heteroarenes
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reaction works under mild conditions {45 °C, 4 bar deutetium
gas) and tolerates a switch to more polar solvent mixtures which
can be necessary for late-stage labeling of pharmaceuticals. The
methodology showed good functional group telerance and 2
series of complex pharmacenticals containing diverse fanctional
groups inchading aryl chlorides, aleohols, amines, sulfones, and
unhindered pyridyl groups were tritiated {Scheme 26).

Particulacly, the preparation of strocturally complex tritiated
molecules with a high molae activity (+50 Cifmmol) is required
for sorme applications. In this respect, the combination of
[{**ADI)NiBt;] as a precatalyst with NaHBEt, allowed
achieving high specific activities of »50 Ci/mmol and radio-
chemical yields ranging from 67 to 562 mCiin the presence of
low pressures of teitium gas {~0.15 bar).

A combination of steric and electronic conteol might play 2
tole in a two-step procedure tor the labeling of pyridine
derivatives™" that exhibits an orthogenal selectivity to both
directing group-enabled methodologies and the just mentioned
nickel-catalyzed HIE of heterocycles. The method relies on the

Scheme 26. Nickel-Catalyzed Tritiation
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tegioselective formation of phosphonium salts in 4-position
which, fllowing reaction with a carhonate salt, fanction ag
pyeidine C4 anion equivalents {Scheme 27). Upon extevsion of
carbon dioxide and triphenyl phosphine oxide, the anionic
intermediate can absteact 2 denterium atom from the mixture of
deuterated methanol and denterinm oxide that serves as both
solvent and deuterium source. Because ofits bwo-step natire, the
methodology does not represent a teve HIE reaction and suffers
from poor atom economy compared to direct HIE alternatives.
Hewever, it is nevertheless applicable to late stage denteration
and even tritiation'™® of bioactive molecules, thus being a
valuable addition to the aromatic HIE toolbox.

2.1.5. Perdeuteration of Arenes by HIE. Depending on
the application, comprehensive labeling with a high namber of
incorporated deuterium atoms can be more desirable than
selective labeling of specific positions. For such purposes, most
methedologies make use of heterogeneous catalysts. Compared
with homogeneous catalysis, one practical beneht of heteroge-
neous catalysis is the simple isolation of the products by
filteation. In addition, the inherent advantages of most of the
hitter systems are their stability against air and moistare, as well
as their convenient recovery and recycling, Purthermore, the
reactivity of supported catabysts can be fine-tuned by activation
of the catalyst surface. In general, platinam-group metals on
catbon {eg, PA/C, Pt/C, Ru/C, and Rh/C) are known to
atalyze multiple H/D exchange reactions of arenes and
heteracyclic amines.”™ Currently, most established heteroge-
neons catalysts based on earth abundant metals for HIE are
based on nickel and cobalt. In all these examples, either gaseous
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Scheme 27. C4-Selective Two-Step Deuteration of Pyridine Derivatives via Fhosphonium Salts
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demterinm or denterated protic solvents have been used as
labeling reagents. In bwo review articles, T.—le}rs“'D and Hesk™!
presented examples of using nickel catalysts for labeling of
otganic componnds. Surprisingly, to the best of otr knowledge,
e additional teports on heterogeneous 3d meta] catalyzed HIE
were published since 2010; thus, this Review will not cover
articles in this area.

In contrast to earth-abundant metals, platinom-group metals
have proven to be very efficient for H/D exchange, 1 probably
because of the oxidative addition of the Ar—H bonds to those
metals being more favorable. For example, Sajiki and co-workers
teported a series of platimmm-group-metal-catalyzed H/D
exchanges of various compounds using hydrogen gas in
combination with denterium oxide. There are several reasons
for using this womswal combination of hydrogen gas and
denterium  oxide in platinum-group metal catalyzed H/D
exchange. First, hydrogen acts ag a stabilizing ligand or activates
the noble metal catalyst for the oxidative insertion step. Second,
denterinm gas can conveniently be generated in sim in 2
H,—D,( gysterm. Thied, the metal catalyst sueface iz activated
using hydrogen gas for the H/D exchange reactions.

As an eady example, Sajiki and co-workers reported an i sty
denterinm gas generation method nsing a Pd/C-catalyzed Ho—
D, exchange reaction in a H,— D, O system {Scheme 28). In the

Scheme 28. Proposed Mechanism for the Palladinm-
Catalyzed Generation of D, from D, O and H,
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Hy—D, exchange reaction, they proposed that the key step is the
axidative insertion of Pd? in the H,— D, system. Tn addition,
H, or the i sits produced HD {ot D, ) gas might play 2 tole as 2
ligand to activate the catalyst. The FA*HD {C) or D, {E}
complexis peoduced via ligand exchange reaction of Bor D and
following reductive elimination. Finally, D, gas is generated from

cotresponding BE. The produced Dy was used for the one-pot
reductive deuteration of unsaturated bonds {alkene and alkyne),
aromatic halides, epoxides, and nitrile derivatives."* Excellent
to quantitative deuterium efficiencies could be achieved in
catalytic reduction reactions.

Later on, the same group reported Pd/C as 3 material for /D
exchange reactions of secondary alcohols and ketones using the
H,—D,0 system.”™ Since then, this principle has been
demonsteated smccesshully on several other occasions, for
eample H/D exchange on the benzylic positions and alkyl
side chaing.'*® Ag another example, electron-rich arenes, such as
anilines and phenols but aleo benzoic acid, were denterated
wsing deuterium oxide as a deuterium source under hydrogen
atmosphere. Consequently, high deuterium incorporation was
observed at high temperature (Scheme 25).%

Later, again Sajiki and co-workers demonsteated that similar
H/D exchange reactions of arenes can be catalyzed efficiently in
the presence of Pt/C {Scheme 30).*" These investigations
showed that the H/D exchange teaction on an aromatic ring is
more efficiently catalyzed by Tt/C, whereas palladium catalysts
need higher teaction temperamee, This might be due to the
formation of the Pt—m—aryl complex being mote favorable in the
axidative insection of Pt{0) into the substrate.

The authoes proposed 2 mechanism based vpon oxidative
addition of the aromatic C—H bond to Tt centers on the surfice
{Scheme 31). At the beginning, hydrogen gas mostlikely acts as
aligand to activate the Ft{0) catalyst. The otiginal step involves
the activation of Pt{ 0) {A) by the coordination of H, and DO to
give complex B. Wext, oxidative addition of the Ar—H bond to
the Pt—smaeyl complex {€) generates PH{I1) species D.
Intramolecalar H/D exchinge of D and B following reductive
dimination gives the denterium-labeled product Ar—D. The
authors proposed that the coordination of the aromatic ring to
the platimim generating the Pt—x—aryl complex could be 1 key
step in this reaction. Control experiments showed that no
denterated product is obtained using an aliphatic substrate
{octancic acid) under identical conditions. However, an
electrophilic aromatic substitution mechanism could not be
excluded in this transformation.

Deuteration of different nitrogen-containing heteroarenes
anch ag pyridines, indoles ag well a5 micleoside analogues and
even diazines could also be dicectly performed with P4/C in
D, in moderate to excellent isolated yields (Scheme 32).'%
Such compounds and related heteracyeles are representative
stactural components of today’s pharmacenticals. Indeed, an
analysis showed that 55% of FDA-approved dmgs contain such
niteogen heterocyclic motifs.'*"

As an interesting example, the deuteration of nucleoside
analogues which contain 2 macleic acid analogne and 2 sugar
have been investigated for the development of potential antiviral
and antitumor agents and as spnthetic oligomecleotide probes. In
this tespect, it is intecesting to note that the P4/C-D,0-H,
systern can be employed for the deuteration of adenine,
guanosine, inogine, thoxanthine, uracil, cytosine ag well ag
thymine detivatives, "
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Scheme 29. H/D Exchange of Selected Arenes
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Scheme 31. Proposed Mechanism for the H/D Exchange of
Arenes with Pt/C
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More recently, Sajiki and co-workees eeported anothee Pt/C-
catalyzed H/D exchange of arenes using 2 mixed solvent system
of 2-propanol and deuterium oxide under argon at toom
temperature { Scheme 33).'%! The formation of dehalogenation
products nnder harsh conditions is often observed utilizing such
heterogeneons catalysts. While under these conditions, fluore
substituents are well tolerated, other halogen-containing {e.g.,
chlotine, bromine, and iodine) derivatives could not be applied,
3z they mainly produced dehalogenated products.

Interestingly, ntilizing mixtures of PA/C and Ie/C catalysts
improved denteration eficiencies in several cases, for example,
salicylic acid, acetanilide derivatives, and 1-naphthel. Unforta-
nately, no rational explanation is available for this observation so
far.

In other eardy examples, the concurrentuse of Pt/ C and Pd/C
also enhanced denteration efficiencies, and aliphatic ag well as
aromatic positions wete deuterated with high deuterium
incorporation.** Notably, in a practical manner, multigram-
scale deuteration based on the Pt/C and PA/C eystem of bis-
aniline derivatives was achieved {Scheme 34), The details of the

gpneegic effect nsing Pt/C and Pt/C are, however, still
unexplained.

A new elegant steategy for maximizing the number of
incorpotated isotopes was recently presented by Pleters and
co-workers: '** By combining monometallic iridium complexes
with iridium nanoparticles foemed & sitw from the same
ammercially available and aic-stable iridiom precatalyst, both
directed and unditected deuteration and tritiation of diverse
aromatic substrates can be achieved, leading to high numbers of
incorporated deuterinm atems and high specific activities for
tritinm labeling {up to 122 Ci/mmol), respectively { Scheme 35
and Scheme 36). More specifically, the presented catalyst system
dlowed the labeling of azines, indoles, carbazoles, owa- and
thizzoles, thiophenes as well as nuclecbases. Moreover,
eubsteates with gengitive fanctional groups such ag niteiles or
halogens {Cl, Br, F) could be readily employed. However,
compated with the labeling methods discugsed above, isotope
incotporation is not a3 comprehensive, leaving some positions
completely untonched and affording mixed results for othes.

With respect to a mote biochemical context, it is interesting to
rote that all aromatic C—H bonds in purines can be denterated
and tritiated in the presence of mthenium nanoparticles utilizing
gaseons isotope sources {Scheme 37)."*" Remarkably, this
method works not only on free putine bages but alse on
unprotected nucleosides, macleotides, and even oligonucleotides
{up to 12-mer). As required for such diverse substeates, the HIE
reaction worksunder comparably mild conditions {55 °C, 2 bar
D, over a broad pH range {3—12) and can tolerate different
solvents including deuterium oxide. Moteover, depending on
the substeate, various NHC- instead of PYP-stabilized nano-
particles led to higher activity by inceeasing the catalyst
solubility. In this sense, oligonucleotides were best labeled
with @ water-zoluble NHC eupport.

Similaely, mtheniom catalysis afforded complete HIE of
niteogen-containing heteroarenes g well ag completely non-
activated aromatic substrates such as toluene and naphthalene
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Scheme 32. H/D Exchange of Hetercaromatic Compounds
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Scheme 35. HIE on Aromatic Substrates by a Combination of
Homogeneous Catalysts and Nanoparticles Derived from the
Same Iridium Precatalyst
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under mild conditions with low catalyst Ioading (0.1 mol %)
{Scheme 382).'"% Very high deuterinm incotporation of

unfunctionalized arenes can simply be achieved by prolenged
heating in the presence of catalytic amounts of strong acid in
deuterated benzene {Scheme 38b)."% The deuteration of
dimilar substeates with a platinnm CNN pincer complex and a
mixture of menedeuterated trifluoroethanol and dewterium
oxide resulted in moderate to low deuterium incorporation
levels for noncoordinating of weakly coordinating substiates,
whereas only catalyst decomposition was observed in the
presence of coordinating groups {Scheme 38¢).157

A very general approach for the comprehensive labeling of
both plain and complex aromatic substeates was most recently
made possible thanks to new achievements in ligand design. In
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Scheme 36. Ir-Catalyzed Tritiation of Pharmaceuticals
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thiz context, a dual ligand system composged of bulky amides
detived from amino acids in combination with 2 pyridine
derivative was shown to assist the concerted metalation
deprotonation {CMD) step of palladivm-catalyzed C—H
activation, thus facilitating this teaction. " Further modification
of the amino-acid-derived ligands by substititing the carhosrylic
acid anctionality by a sulfonamide lead to highly active catalyst
systems that prove its value in the HIE of a broad range of
aromatic substeates nsing deutecinm oxide a: deuterium
source.'™ While the exchange proceeds dower at more sterically
hindered positions, high deuterium incorporations could
generally be achieved {Scheme 38d).

Remartkably, 2 barium amide complex was recently shown to
be capable of catalyzing HIE of aromatic and, preferentially,
benzylic C—H bonds in sir%:]e arenes under denterium gas
atmosphere {Scheme 38¢).'™ 1t is hypothesized that hydride
{deuteride)] complexes are the active catalytic species whose
aggregation is regulated by the steric requirements of the amide
ligands. Bulkier amides inhibited cluster formation and thus led
to mote active catalysts. Following activation of the aromatic
ting by a cation—x interaction with the metal, the reaction
probably proceeds via a nucleophilic substitution mechanism for
aromatic C—H bonds, whereas 2 sequentizl deprotonation-
protonation mechanism iz more likely for benzylic positions.
Although the denterinm incoeporation levels on the substrates
tested so far were rather low, it can be expected that further
improvement of alkaline earth metal catalyste for HIE after this
inzpiring first example can lead to mote competitive catalysts,

Deuteration of plain arenes and even alkanes with an iridinm
PCFP pincer complex wag very recently demonstrated by Piees
and co-workees {Scheme 39).'%! Depending on the deuterium
source {deuterinm oxide or denterated benzene) and varying
amounts of added denterium gas, the speciation of the iridium
complex changes and selectivity can slightly be modulated, albeit
at the cost of 2 lower denterium incorporation: Ag anexample, in
deuterated benzene and with 1.4 mol % denterium gas, very high
denterinm incorporation levels on arenes and reasonable
deuteration of alkenes iz achieved, wheteas with 9 mol %
deuterium gas or in denteriom oxide, the overall deuterium
incotporation decreages while some gelectivity for sterically less
hindeted positions is observed.

2.1.6. Conclusions. Having been the prevalent technique
for deuterinm labeling of arenes for decades, nowadays ortho-
directed HIE undet homogeneons catalysiz iz being inceeasingly
avmplemented by new methods. On the one hand, nanoparticle
catalysis gaing mote and more attention due to the nzefol a
heteroatom selectivity it offers. On the other hand, selective
labeling concepts based on steric ot electronic conteol exected by
the substrates enable access to deuteration patterns that are
vnattainable under a directed regime. Nevertheless, directed
HIE remaing an impottant technique, also thanks to recent
efforts that tarned ubiquitous and medicinally important
functional groups into directing geoups.

All in all, the development of selective HIE methodologies
continnes to atteact attention. However, more comprehensively
labeled compounds are needed for many applications. Although
some progress has been made in this area, future efforts along
these lines are especially needed.

In the broader context of green chemistey, the surge for
methodologies catalyzed by abundant available 3d metals has
dlso affected the field of deuteration. Consequently, in the last
years, the use of iron, nickel, and even earth alkali metal catalysts
became much more popular. It iz predicted that thege
developments will be contimued and that robust, easy-to-use
methodologies bagsed on Fe, Mn, and other catalysts will be
developed in the foture.

2.2. HIE on Clefins

Although less common than arenes, olefing are enitable
substrates for HIE, too. Their activation in the context of
transition-metal catalysis either relies ditectly on 2 mhonding
interiction between the olefin and the transition metal *~ "% o¢
it is assisted by directing groups.” %57 One example for the
htter methodologies has already brietly been mentioned above
in the context of carboxylic acid-directed deuterations:’
Whereas a rthodinm-catalyzed method for arene HIE could be
extended for the deuteration of cinnamic zcids in F-position,
aceylic acid derivatives only exhibited low reactivities to this end
and partially gave cligometrization side products {Scheme 40a).
In this context, it should be noted that cinnamic ketores had
previoughy been reported to undergo selective HIE at the §
position under iridinm catalysis and deuterium gas atmosphere
{Scheme 40h) ¥ Given the denterium source uged, a significant
challenge was posed by competing reduction side teactions,
Eventnally, chemoselectivity and good denterinm incorporation
wete achieved by loweting the catalyst loading and increasing
the concentration of the reaction medium,

Aiming for a diflerent selectivity, olehnic esters were
mecessfully tackled by a rathe nivm-catalyzed HIE methodology
that allows the exchange of all clefinic protons with denterium
oxide as solvent and deuterium source {Scheme 40c).'%°
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Scheme 38. Recent Examples of Deuteration of Nonactivated
Arenes
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Howevet, undet the described reaction conditions, unactivated
terminal olefinic as well az aromatic protons remained
untouched, while internal olefins as substrates were not
explored.

In 2018, a platinum on carbon catalyzed deuteration of aceylic
and methaceylic acid decivatives in denterium oxide was
developed by Sajiki {Scheme 40d)."*" The obtained deute-
fium-labeled products could be applied a5 intermediates to
prepare the cotresponding desired products including a polymer
without loss of the dentetium contents.

Scheme 39. Iridium-Catalyzed Comprehensive Labeling of
Unactivated Aromatic and Aliphatic Compounds
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Additionally, a,funsatarated aromatic aldehydes and ketones
cin be selectively denterated in the agposition unsing a transition-
metal-free method {Scheme 40¢).'%" Here, an aliphatic amine
attacks the Michael acceptor in a conjugate addition fashion,
giving rise to a Morita—Baylis—Hillman-type intermediate,
which iz subsequently deuterated through acid-mediated

tautemetization. For this purpose, monodenterated acetic acid
is needed 25 a deuterium source and cosolvent dong with
dentetivm oxide. While the reaction affords high denterium
incorporations for & range of aromatic and heteroaromatic
substeates, it could not be extended to other @ f-unsaturated
catbonyl compounds such as cinnamic acids and aliphatic
Michael zcceptors engaged in isomerization side reactions or
decomposed nnder the reaction conditions.

Olehins lacking activation by proximal carbonyl fanctionalities
are arguably more difficult to deuterate selectively. Nevertheless,
a bage-catalyzed reversible anti-Marckownikov addition—elimi-
rztion of methanol to styrenes could recently be exploited for -
selective deuteration {Scheme 4]1].170 Denterated DMSO ag
solvent and deutetium reservoir enables in sifu formation of
deuterated methanol and allows for equilibration of the reaction
to denterinm incotporations of 95% or more. Crucial for the
aceess of this metho dology is the amount of akoxide present in
solution. The teactive henzylic anion generated by the anti-
Markovnikov ad dition of methoxide to styrene is capidly teapped
by MeOD. In the presence of too much bage, anionic styrene
polymerization takes place to a significant extent. Therefore, the
reaction conditions were empirically adjusted depending on the
absteate. Remarkahly, no competing aromatic or §-denteration
was observed. For a S Ar-reactive substrate nse of a bulkier
dleohol along with 18-crown-6 sufficiently suppressed the side
reaction and afforded neady complete a-denteration. However,
the fact that reaction conditions had to be optimized for each
mhsteate individually eepresents 3 significant limitation of this
methodology. Moreover, the reaction could not be extended to
electron-rich styrens derivatives,

Complete denteration of all olefinic protons in styrenes
becomes possible in the presence of palladium hydride catalysts,
making use of sequential hydropalladation and F-hydride
dlimination steps, while HIE takes place on the metal center
by conducting the reaction in the presence of deuterium oxide
{Scheme 41b).""" This reaction appeats to be slightly sensitive
to steric effects, affording relatively low deuterium incorporation
in the o position for 2 mamber of more congested substrates,

The allylic positions of poly unsaturated fatty acid derivatives
comptising nonconjugated double bonds could selectively be
deuterated under mthenium catalysis {Scheme 42)."%% Tnrerest-
ingly, competing Z-to-E isomerization as well as the isomee-
fzation of skipped to conjugated alkenes under thermoedynamic
control conld be sufficiently suppressed under the reaction
conditions.
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Scheme 40. HIE on ¢ f-Unsaturated Carbonyl Compounds
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Scheme 41. Deuteration of Styrene Derivatives 2.3. HIE on Alkynes

#) Base-catalyzed a-selective deuteration of styrens derivatives While basic conditions™® or rathenium cata]}rsis”a had
KOBu (16 mal%) previously been used for the deuteration of terminal alkynes,
MeOH (1 89 ‘;’G’L in a recent report it was found that ellver salts can aleo activate
"o‘m alkyne substrates for labeling processes at the terminal position
!II *C.12h {Scheme 43).17* High denterinm incogporations are thus
obtained under mild conditivns and in the absence of other

&) Paladlum hydride-catalyzed tric fan of sty Jorivath additives.
Pa{PRhy), {5 mol%) Besides, another base-catalyzed methodology using catalytic
PGy {10 mol'G) =5 amounts of potassinm hydroxide along with deuterated DMSCO
mmdu::oﬁﬂ)nnﬂ) D[a5] as deuterivm source was published mote recently and can be
m T 061 consideted for the fast intrm%}flé:tion of deutetinm labels in

120°C, 18 h poen alkynes nnder mild conditions.

2.4. HIE on Aliphatic Substrates
2.4.1. Deuteration of Aliphatic Alcohols and Amines
by HIE. Whereas the past decade has seen a plethora of
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Scheme 42. Ruthenium-Catalyzed Allylic Deuteration of Poly-Unsaturated Fatty Acid Derivatives
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Scheme 43. Ag-Catalyzed Deuteration of Terminal Alkynes
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predominanty mthe nium-catalyzed HIE methoedologies for the
denteration of amines™ 77 2nd alcohols' ™ ¥ in @- and/or
F-position through 2 hydrogen autotransfer mechanism with
imine or carhonyl intermediates, only one new report on this
topic appeared in the last 4 years. Consequently, it seems that
scope and selectivity of this transformation are suffidenty
explored and conteollable. A remaining tack, however, is to
improve the sustainability of such reactions. In this context, the
mitzbility of base metals such a5 iron 2nd manganese to catalyze
HIE of primaray' and secondary alcohols has recently been
demonstrated.'®! Interestingly, whereas a manganese pincer
coumplex catalyzes deunteration in a and § positions to an even
extent, the iton catalyst selectively affords a-deuterated products
{Scheme 44). This is probably due to a higher hydrogenation
tate undee iton catalysis which tenders tautomerization too slow
to be competitive.

Harnessing the coordinating ability of the aleohol moiety
tathet than applying the hydrogen autotransfer concept, Fieters
and co-workees recentdy presented alternative directed labeling of
aliphatic alcohols in @ position {Scheme 45172 In conteast to
established methodologies for this class of substrates, heteroge-
neoms catalysis under denterinm atmosphere in unpolar solvents
affords the labeled products here. As discussed in the context of
aromatic FIE, the addition of NHC ligands to the Ru/ C catalyst
efficiently suppeesses reductive side reactions while aleo
improving regioselectivity.

As gaid above, homogensous mthenium catalysts have been
widely used in selective HIE reactions. In contrast, suppoeted
heterogeneons mthenium catalysts and nanoparticles have been
mainly developed in the past decade. In some specificeases, such
supported mtheninm catabysts showed higher activity than
Pt/C, FA/C, and Bh/C. Criginally, the regioselective deutera-
tion of carbinol carbon atoms was observed in the Fresence of
Ru/C utilizing hydrogen gas and deuterium oxide.'™

In 2018, again PFieters and co-workers teported the Arst
ruthenium-catalyzed HIE of C{sp*)—H bonds next to a sulfar
atom."™ Deuterated and tritiated phatmacenticals such as
methionine, pergolide az well ag benzthizzide were obtained
{Scheme 46,

In addition, iridium catalysts were used to deuterate tectiary
cpelic aliphatic amines in a-position éguided by N-heteroar-
omatic directing groups {Scheme 47)."% For this reaction, the
conditions for aromatic iridinm-catalyzed HIE with denterium
gie ag isotope source could divectly be applied to the aliphatic
substrates. Whereas secondary amines are less teactive, one
example hints at the suitability of ethers ag substeates for this
transformation.

Combining two well-established teactivity modes of photo-
redox catalyeis, namely, the oxidation of alkylamines by a
photocatalystin its excited state, affording a-amino radicals, and
hydrogen atom teansfer {HAT) catalysis, MacMillan and co-
wotkers successfully demonstrated the a-denteration and
tritiation of complex pharmaceuticals {Scheme 48a) PRI Ty
their studies, bulky thicls exchange with deuterium oxide {or
teitium oxide) as the isotope source priot to being subjected to
denterium {trittum) atom ‘abstraction by the intermedizey a-
amino radical of the substeate.™ The resulting thiol eadical is
mbsequently reduced, regenerating both HAT and photoredox
cutalysts. This way, several deuterium {or tritinm ) atoms can be
incorporated in each substrate, affording high specific activities
in the cage of tritiztion. Compared to the iridium-catabyzed
methodology described above, the same selectivity is achieved,
but 2 ditecting geoup is not required. Further, when adding a
dlight excese of lithinm carbonate, eubsteates cin be dicectly
employed as hydeochlodide salts. A slight drawback of this
methodology iz alack of general conditions, so that two different
photocatalysts, HAT catalysts, and light sources need to be
evahuated for each substeate, Switching from mild catbonate salts
to 2 steonger organic bage, this methodology could recently be
extended to primary amines, rendering the a-deuteration and
tritiation of lyeine side chaing in peptides and peptidic dmgs
feasible {Scheme 48b). """ Moreovet, unprotected N-tetmini of
peptides can be denterated. However, this labeling reaction is
accompanied by eacemization, leading to diastercomeric
products.

In contrast, a racemization-free a-deuteration of L-amino
esters can be achieved in 2 biocatalytic setting:'™® A pyridoxal
phosphate {FLE}-dependent enzyme { SxtA AONS) was nsed to
deprotonate the condensation products of amino acids with
pyridoxal, giving rise to a quinonoid intermediate { Scheme 40a).
Conducting the reaction in denterinm oxide leads to proton—
deuterium exchange at lysine residues, which can subsequently
deuterate the guinonoid inteemediate, affording a-denterated
amino esters. The teaction chowed a broad scope for amino
esters but was somewhat less applicable to unprotected amino

Scheme 44. Manganese- and Iron Pincer Complex-Catalyzed a,f-Deuteration of Aliphatic Alcohols
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Scheme 435. Directed o-Deuteration of Aliphatic Alcohols by Heterogeneous Ruthenium Catalysis with NHC Ligands
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Scheme 46. HIE on Thioethers Using Ru/C
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Scheme 48. Photoredox-Catalyzed a-Denteration of Aliphatic Amines

pce  HN._k-Die9]
b
&) Photnedox-catalyzed dulrsrsiion of fertlery amines In phampceisicals

mah

4CHPH {2 mol%)

tromiamory (AN P g
LLGO, (1.2 94
_ Do)
L o
rt. :4 h 15 ~CDL182)

4 then HCI Dié
Te%

b) Fholorsdox-catatyzed deutsrtion of lysine side chains in peptides
IfdF(Me}ppy)l{dtbbpy)FFy {2 malk%)

il o et il

-\Luu. blus LED Da‘un.

3h
13D, W%

acids. Whereas both L and o enantiomers are amenable Going one step further, enantioconvergent rather than
aubstrates for this teansfoemation, only the natural c-aming enantioretentive deuteration of amino icids cin be achieved
esters are denterated in an enantioretentive fashion. by 2 chiral nickel complex-mediated dynamic kinetic resolution
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Scheme 49. Enantioretentive and Enantioconvergent Deuteration of a-Amino Esters and Acids
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ptocess {Scheme 45h).'* Both L and o isomers of a-denterated
aming acids can be prepared by choosing the configuration of
the ligand appropriately. However, 2 significant deawhack of this
methodology i the need for stoichiometric amounts of the
chiral nickel complex from which the denterated products are
teleased by teeatment with hydrochloric acid.

Coopetative Bronsted base and Lewis acid catalysis was
exploited for the Fselective denteration of tertiary aliphatic
amines nging deuterated acetone ag 1 sowrce of deuterium
{Scheme 50)."" The latter can be activated for nucleophilic

Scheme 50. Borane-Catalyzed #-Selective Deuteration of

Aliphatic Amines

B{CaFgla [10 molt)

lnmrlo-d. (6.8 aq.} o4

15'0.3!!

s

attack by the Lewis-acidic borane priot to deuterium abstraction
by the amine substrate, hereby generating a deuterated
ammoninm salt ag the acmal denteeation reagent. Thus, the

amine substrate additionally plays the eoles of deuteration
teagent and base catalyst. Mechanistically, the borane abstracts a
hydride from the amine substrate, affording an iminium ion
which iz deprotonated by another amine mnctioning as a base.
The resulting enamine attacks the demterated ammonium ion,
furnishing a f-deuterated iminium ion which is finally reduced
by the borohydride, generating the deuterated product and
tegenerating the boron catalyst. This concept wag successiully
applied to 2 latge set of complex tertizry amines with
congistently high deuterium incorpoeation. However, compared
with the a-selective amine denteration methodologies described
above, a higher reaction temperature is needed here {150 °C).

2.4.2. Deuteration of Aliphatic Carbonyl Compouncds
by HIE. Compared with HIE on aliphatic amines, the a-
deuteration of aliphatic ketones iz more facile because of
increased C—H acidity of a-protons. Thus, activation of the
catbonyl group by a Lewis acid catalyst such as teis-
{pentafluorophenyl)-borane for exchange of the protons in a
position with denterium oxide at 100 °C affords multidenterated
compounds with high deuterium incorporation {Scheme
5]3.).191 Alternatively, a-carbonyl positions can undergo
imidazolium salt-mediated H/D exchange where NHC-
acetone-d, adducts represent the active species {Scheme

Scheme 51. Organocatalyzed o-Denteration of Aliphatic Ketones
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Scheme 52. Monodeuteration of Amides via Electrophilic Amide Activation
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Scheme §3. Transition-Metal-Catalyzed HIE of Aliphatic Substrates Directed by Carboxylic Acid Derivatives
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Scheme 54. Ruthenium Pincer Complexz-Catalyzed a-Deuteration of Aliphatic Nitriles
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515).'%% 1n 2 previons related study, devterzted chloroform was
used as the demterium soutce; however, only low deuterium
incoporations were achieved.'™

Aliphatic amides are somewhat more challenging substeates
and have thecefore been tacked by different steategies: In this
context, selective monodenteration can be achieved by electro-
philic activation of amides with triflic anhydride and a pyridine
derivative, followed by nucleophilic attack of deuterated DMSCH
at the intermediary keteniminium ion {Scheme 52).%* The
resalting enamine subsequenty decomposes to an a-deuterated
amide in a reteo-ene type reaction. The methodology chows
good functional group tolerance and high deuterium incotpo-
tation on a mamber of substeates. Moreover, althongh the second
hydeogen atom can be exchanged for denterium by conducting
the procedure twice, deuteration levels for bis-deuterated
products are somewhat lower.

Following the principles of ditected C—H activation and
demonsteating in another example that iridiom-catalyzed
ditected HIE is not limited to aromatic substeates, Atzrodt,
Derdan, and co-wotkets from Sanofi described an amide-
directed HIE on peptides as well as antibody deug conjugate

) 195

linkers and payloads {Scheme 532).""® With the exception of
ghycine derivatives, which furnish a-deuterated products,
slective labeling in F-position with respect to the amide was
achieved under iridinm catalysis.

Building on precedence in ditected palladiom-catalyzed
C{sp*)—H fanctionalization chemistry, a first methodology for
the challenging 7 deuteration of unactivated aliphatic carboxylic
acide wag achieved most recently using newly developed
sterically hindeted ethylenediamine ligands {Scheme 53b).178
Bemarkably, under the reaction conditions, both methyl and
methylene positions were deuterated to gimilar extents.
However, no reaction tock place on tertiary catbon atoms,
and the selectivity of this HIE reaction with regpect to aliphatic.a
positions and aromatic C—H beonds is improvable. A fether
deawback of this methodology lies in the use of expensive
deuterated HFIP as deuterium source and solvent. Nevertheless,
the labeling of several bioactive compounds using this
methodology demonsteates its potential for the feld.

Krishnakumar and Gunanathan managed to deuterate
dliphatic nitelles in a-position catalyzed by 2 enthenium PNP
pincer complex {Scheme 547,77 Mechanistically, it is peoposed
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Scheme 535. Versatility of Benzylic Deuteration
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that the niteile functional group is activated by cycloaddition to
the ruthenium center from where an imine fenamine tantomer-
ism along with isotopic exchange on the nitrogen atom leads to
the g-deuterated products.

2.4.3. HIE in Benzylic Positions. Using a heterogeneous
Pd/C catalyst adlong with the above-described Fd/C-H,—-D, 0
gysterm, benzylic aromatic positions were demterated wery
effectively {Scheme 55).178

A new and alternative methodology for the selective labeling
of benzylic positions employs PV -stabilized palladium nano-
particles as catalyst along with gaseous isotope sources.'™ As
high isotopic entichments could still be observed under
subatmospheric pressure, the reaction is ideally suited for
teitinm labeling which was demonsteated on 2 mumber of
complex substrates { Scheme S6).

Scheme 56. Palladium Nanoparticle-Catalyzed Deuteration
and Tritiation of Benzylic Positions

RAND@PVP (3 mai%) i
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N
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Being a2 domain of heterogeneous catalysis, homogeneous
teanzition-metal-catalyzed selective HIE at C(sps) —H bonds in
the absence of ditecting groups is stil very limited until now:
Indeed, only one example of a cobalt-catalyzed HIE protocol
under denterivm gas atmosphere was published in recent years,
Here, an nnusual preference for benzylic positions is observed,
leaving aromatic C—H bonds almost untouched*** Although
the substeate scope of this methodology shows varying
denterinm incorporation levels, the fict that primary, secondary,
and tertiary benzylic positions are all denterated equally well is
remarkable. Moreover, complete enantioretention of chiral
tertiary centers {Scheme 57a) as well a5 a diastercoselective
denteration of racemic substrates {Scheme 57h) was obseeved.

0661

HIE of benzylic C—H bonds is furthee possible onder
photocatalysis. Using the tetpabutplimmoninm decatungstate
{TBADT) HAT photocatalyst and, crucially, tetrabutylammeo-
nium bromide {TBAB) as an additive, benzylic radicals can be
generated and subsequently deuterated with thiol HAT catalysts
in the presence of deuterinm oxide { cf the photoredox-catalyzed
deuteeation of aliphatic amines, wWde supra).”"' This way, high
dentetinm incorporations can be achieved in benzylic positions,
while other aliphatic hydrogen atoms such as those in q-position
to hetercatoms and at tertiary catbon ztoms are exchanged
concomitintly {Scheme 58).

In a number of cases, acid-mediated HIE of polarized C-H
bonds iz relatively Ffacile: Thuos, methyl substiments at
pytidine™ and Hantzsch ester™ derivatives can be trans-
formed into tridentecomethyl groups under Bronsted or Lewis
acid™ catalysis using deuterium oxide as sonrce of deuterium
{Scheme 55).

In contrast, unactivated benzylic methyl groups are efficiently
deuterated in the presence of strong base {sodium hydroxide)
with deuterated DMSO as the deuterium source {Scheme
60a) 2 Using catalytic amounts of potassium feré-butoxide
instead of sodium hydroxide, the reaction even works at
temperatures ag low ag 30 "C. Similady, the inceeaced acidity of
benzylic and vinylic difuoromethyl 2z well 25 monofluoronethyl
groups was explored in 2 base-catalyzed HIE reaction {Scheme
EUh).ms Interestingly, depending on the substrate, 2 emall excess
of deutetium oxide is needed additionally; however, the teason
for thiz hag not been ehucidated. Although peoviding high levels
of deuteration in the desited position, the methodology is
onfortunately not selective, and concomitant HIE on the
aromatic ring and in olefinic positions is observed for many
substeates, too.

2.4.4. Conclusions. Having been laegely limited to the
mtheninm-catalyzed a and f denteration of aleohols and amines
in the past, the toolbox for HIE on aliphatic substeates has been
signihcantly expanded in the past few years. Initial examples
have shown that iridium-catalyzed HIE is applicable not only to
arenes but also to aliphatic substeates provided that euitable
directing groups are present. Moreover, significant advances
have been made following the introduction of photoredox and
HAT catalysis to diphatic denteration, while foethee valuable
conteibutions under Lewis acid catalysis were made.

Although the nondirected cobalt-catalyzed deuteration of
benzylic positions holds promise for further nondirected
applications, aliphatic labeling is sl restricted to denteration
in proximity of activating groups such as amines, alechols, and
cathonyl groups. A general protocol for remote aliphatic HIE
temains to be seen.
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Scheme 57. Cobalt-Catalyzed Nondirected HIE at Beneylic Positions
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Scheme 58. Photocatalyzed Deuteration of Hydridic C—H
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Scheme 59. Acid-Catalyzed Deuteration of Pyridine and
Hantzsch Ester Derivatives

1) Acid-catalyzad dautertion of mathyipyridines

Cl =~ Clm

u-a,u.

b} Acld-catalyzed deuterstion of Hantzech ssters

TrAJ(1.8eq)
Wgﬁl n!Q(m.q_] OpEL
NMP

M°C. 240 “ DyEé]

%

25. Deuteration of Aldehydes by HIE

Aromatic aldehydes exhibit several potential deuteration sites:
the aromatic protons as well ag the toermyl hydrogen. Whereas
teliable systems for aromatic HIE exist {although less so for
benzaldehydes), selective formyl HIE has only been tackled
eelatively recently in two independent reports {Scheme 61),
More specifically, Kerr, Tuttle, and co-workers developed a
catalyst foe this transformation baged on the hypothesiz that
equatodial coordination of the aldehyde will favor aromiatic HIE,
while axial coordination may render the formyl hydrogen more
accessible*"® Consequently, a small barriee fot cfs/trans
somerization is required in order to permit facile axial
cootdination. Indeed, formyl selectivity for the NHC ligated
itidium chloride complex was very good and deuterium

Scheme 60. Base-Catalyzed HIE of Benzylic Methyl and
Difluoromethyl Groups

a) Bass-catalyzed HIE of barzyllc methyl groups

b2

110'G,lll

b} Base-catalyred HIE of banzylic dflucromeathyl groups

F  KoWBu {20 mal%) DIsT]
D40 {15 a.} -
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100°C, 1zh iy
5%

Scheme 61. HIE on the Formyl-H of Aromatic Aldehydes
under Tridinm and Rutheninm Catalysis

[ir] {1 mak%)

incorporation levels above 5% could be achieved for many
substrates,

Interestingly, combining heterogeneons mtheninm catalysts
with WHC ligands improved the selectivity of this trans-
formation farther {other than under homogeneous iridinm
citalysis, no trace deuterinm incorporation in the aromatic ting
was observed). However, this improved selectivity comes at the
price of only affording moderate deuterium incorporation
levels.™
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Scheme 62, NHC-Catalyzed Deuteration of Aromatic, Olefinic, and Aliphatic Aldehydes
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An alternative but somewhat less potent method was
presented in the same year by the Newman geoup.”” Tnstead
of inserting into the formyl C—H bond like the iridinm catalyst,
in this case 2 ruthenium deuteride adds onto the aldehyde,
leading to an alcohol intermediate. Dehydrogenation then
affords the labeled zldehyde. Unfortunately, this method was
steongly affected by the presence of trace amonnts of carhosylic
acids, which inhibit the reaction, thus requiring a high purity of
the aldehyde stacting materials. Unformonately, neither the
iidiom for the rthenium catalysis could be extended to
labeling of aliphatic aldehydes.

However, such teansformations were realized thanks to the
independent discovery of two organocatalytic methodologies
exploiting the reversible Breglow intermediate formation
between aldehydes and WHC catalysts for formyl denteration
{Scheme 62ab). %% The main challenge in hoth cases was
sufficient suppression of the competing and kinetically favored
benzoin condensation pathway, Whereas one strategy uses a
bully NHC catalyst to impede gelf-condensation,”'? the other
one relies on solvent-regulated reversible Breslow intermediate
formation in deuterated methanol as both solvent and
deuterium source.™™ Importanty, no concomitint aromatic
HIE takes place, and the substeate scope is significanthy enlarged
compated with the above-mentioned transition-metal catalyzed
methodologies, now inchiding olefinic and aliphatic aldehydes.
However, a-unsubstitated cinnamaldehydes and aliphatic
aldehydes engage in side-reactions under the conditions
teported by Bouffaed, Bertrand, Yan, and co-workees, and
electron-deficient benzaldehydes are not deuterated effi-
cienl:]}.r.mS Chen, Zhang, Wang, and co-workers managed to
denterate even those more challenging substrates efficiently but
needed to choose appropriate WHC catalysts substeate-depend-
ently while reoptimizing reaction conditions.™

Another approach to suppress the benzoin condensation side
teaction in NHC-catalyzed foemyl deuteration lies in the
addition of boronic acids to stabilize the Breslow intermediate,
which was shown to be particulady usefol for the more
problematic electron-deficient benzaldehyde derivatives
(Scheme 62c).2“ Moreover, in this teporet, Milo and co-workers
provided a computationally developed guideline to simplify and

accelerate the process of Anding ideal reaction conditions for
individual substrates.

Besides trangition-metal and NHC catalysis, photocatalysis
has tecently been shown to effect efficient HIE at the C1 atom of
aldehydes {Scheme 63).%’212_214 For this purpose, said

Scheme 63. Photocatalyzed Formyl Deuteration
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compeounds are activated by hydrogen atom absteaction with
either the photocatalyst decatungstate in ite excited state or a
bernzoate radical, generated in situw by oxidation of sodimm
benzoate by the excited oeganic photoredox catalyst 4CzIPN.
The resulting acyl eadicals can, in en, absteact 2 deuterinm
atom from # situ deuterated thiol HAT catalysts {cf the
photoredox-catalyzed denteration of aliphatic amines, vide
supra), thus affording deuterated products. Remarkably, both
aromatic and aliphatic aldehydes are susceptible to this
transformation and decarbonylation side reactions did not
pose 2 problem under any of the reported conditions.
Farthermote, aromatic C—H bonds remained untouched as
their bond dissociation energies are too high for decatungstate-
ot benzoate-mediated HAT.
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Scheme 64. Photocatalytic Deuteration
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3. REDUCTIVE DEUTERATION

3.1. Deuterodehalogenation

Although HIE is the most common and, considering its high
utility for late-stage pharmacentical applications, arguably alse
the most desirable method for the prepacation of deuterium- and
tritinmJabeled compounds, alternative transformations such as
dehalogenative labeling are important components of the pool
of isotopic labeling methods. Especially denterodehalogenation
his some intrinsic advantages: By wieme of ite mechanism,
complete selectivity for the preselected positions as well as
teliable denterium incorporations of usually mote than 55% are
guaranteed. Whereas directed HIE usually affords dideuterated
products unless one of the two accessible ortho {or meta)
positions are blocked, deuterodehalogenation allows the
incotporation of a predictable mumber of deuterium atoms
depending on the substrate {that is, if potential HIE side
reactions are sufficienty suppressed under the reaction

conditions). Moteover, aryl {and alkyl) halides are widely
wed and therefore commonly available substrates. Indeed,
following the concept of classic halogen chemistry, deuteration
can be easily achieved with controlled regioselectivity. In
analogy to hydrogenation chemistry, dehalogenative deutera-
tion ot tritiation is frequently carred ot nzing a heterogeneons
palladium catalyst {Fd/C) along with deuterium o tritium

2571 However, protic hydrogen atoms in the substeate ot
solvent quickly exchange with the isotope source under these
conditions, leading to drastically reduced degrees of labeling.
Congequenty, exchange of all labile protons prior to teduction
as well as the use of dry and potentially deuterated solvents are
tequired. Further, chemoselectivity issves can arise in the
presence of olefinic moieties in the substrate. Harsh reaction
conditions {e.g., #-Buliat —78 °C] are often required in farther
available strategies to cleave C—X bonds fust. Alternative and
more modeen ceosg-coupling mechanisme geneeally eequire
rcleophilic denterides, thus calling for deuterium sources such
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as deutercformates or a-deuterated alcohols. In this context, one
aof the major improvements in dehalogenative deuteration over
the past 5 years has been the application of photocatalytic and
dectrocatalytic methodologies nsing D0 under mild con-
ditions where pretreatment of the substrates for the exchange of
Iabile protons is no longer needed **

3.1.1. Deuteration of Prefunctionalized Arenes.
Recently, Loh and co-workers reported the use of porous
CdSe az a photocatalyst for the selective denteration of halides
vin @ tadical process. Interestingly, this process proceeds using
Dy ag the denterium somrce” Among varions zelected
semiconductors, which were tested for this transformation, the
designed and synthesized CdSe catalyst outperformed in thege
C—X bond deuteration studies {Scheme 64a). The proposed
mechanism begins with the absorption of substrates on the
photocatalyste. Denterium eadicals or the arpl eadical anion
{AeX ™) are generated upon irradiation. Next, the coupling of
denterium radical and AeX leads to the formation of deuterinm
incotporated products. D,O-splitting is involved for generating
active D radicals under photoinduced electron transfer to
achieve the deuteration reaction {Scheme 64b). Compaeable
yields are obtained for C—1 to C—D transformation under
irradiation {>420 nm). Both electron-rich {e.g., anilines and
phenols) and -deficient {aldehydes, ketones, and heterocyclic
compounds) iodinated substrates can be deuterated {Scheme
f4c). Notably, sensitive groups such s cyano, ester, amino,
hydeoayl, aldehyde, and ketone are tolerated. Regarding aryl
bromides and chlorides as substrates, steonger light sources were
required {>280 nm).

The denterodebromination of aryl bromides undet photo-
tedox catabysis with deuterated isopropinol as solvent and
deuterium source was repotted recently {Scheme 5a) P The
herein used palladium catalyst exhibited 2 dual role as both
photocatalyst and cross-coupling mediatoe: It is peopoged that
the palladium catalyst in the excited state reduces the aryl

Scheme 63. Light-Mediated Deuteration of Arenes

a) Vislble lIight-mediated, palladhem-catalyzed deuterodebromination
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bromide, which vpon dissociation of the bromide releases an
aryl eadical. The aeyl radical can subsequently abstract a
deuterium atem from deuterated izsopropanol, and the so-
formed isopropyl radical reduces F {1}, thus closing the catalytic
cyele. A similar concept was used for a light-mediated nickel-
catalyzed protodehalogenation reaction in which THE served as
the proton source {Scheme 65]3).227’ Switching to denterated
THE, the applicability of this methodology for deuteration was
demonstrated on three substrates, showing hich denterium
incorporation and moderate yields,

Alternatively, aryldizzonium salts ot arylazo sulfone
d}resn‘* can serve a5 precursors to aryl radicals under ireadiation
with blue LEDs {Scheme 65c). Theie deuteration with
deuterated THE or isopropano] as isotope source proceeds in
the absence of 3 photocatalyst. Similaedy, UV-ireadiation of
arylboronic acids in the presence of 2 denterium source afforded
denterated arenes in a catalyst-free regime {Scheme 654y
However, free radicals do not seem to be invelved in this
raction and deuterium oxide can be used s isotope source.
Using a different WHC/cobalt-catalyzed methodology for the
denterodeboronation ofaryl and vinyl boronates, only moderate
deuterinm incotporation was achieved {Scheme 56).226 In this

223

Scheme 66. Cobalt/ NHC-Catalyzed Protodeboronation of

Aryl and Vinyl Boronates
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htter case, only 1 equiv of deuterium oxide was used because of
the reaction’s sensitivity to water. Wevertheless, competing
protodeboronation with teace amounts of water was significant.
For a denteration project in which acidic reaction conditions and
elevated temperatoee are tolerable, high deuterivm incorpo-
tations can be achieved by just heating arylbotonates in
deuterated acetic 2cid?*’

Anovel metal-free alteenative for the deunteradehalogenation
of aryl bromides makes use of potassium methoxide and a
disilane a2z reagents along with deuterated acetoniteile as
deuterinm source {Scheme 67a).*% While the mechanism for
this transformation is not flly elucidated yet, its exceptionally
mild conditions give rise to 2 good fnctional gronp tolerance,
leaving even terminal alkynes and epoxides untouched.
Petforming well -on electron-tich and neutral {hetero)aryl
bromides and iodides, the reactivity was not extendable to aryl
chlorides and appears to be less snitable for electron-deficient
substrates.

Another metal-free methodology for the dehalogenative
denteration of aryl iodides and bromides uges 3 phenalenyl
potassinm complex as an organic reductant along with DMSO-
d; as deunterium source {Scheme 67]3).229 On the basis of
experimental radical-trapping experiments and DFT caleula-
tions, the anthoes propose that the phenalenyl compound needs

Soe
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Scheme 67. Metal-Free Deuterodehalogenation of {Hetero ) Aryl Bromides
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two steps to be activated as a reductant: First, single-electron
reduction with poticginm feri-butoxide affords 2 radical
intermediate which is then further reduced by elementary
potassinm. Being a sufficiently steong reductant, the phenalenyl
anion can now reduce the aryl halogenide substrate, affording an
aryl eadical that can abstract 2 denterium atom From DMSC-d,
The resulting dimsyl radical can react with another molecule of
potassium fer-butoxide, furnishing a radical anion which can
teduce the phenalenyl radical, thus regeneeating the organic
catalyst. Using this methodology en 2 number of aromatic
aubstrates, good vields and high denterium incorporations
{above 90%) could be achieved at room temperature, and the

raction was shown to be selective for the reduction of aryl
indides in the presence of chloride and bromide substituents.
However, given that both superstoichiometric amounts of a
strong base a5 well as metallic potassinm {albeit in catalytic
amounts) need to be present in the reaction mixture, it can be
assumed that mote sensitive substrates do not suevive the
teaction conditions.

On the basis of the tenewed interest of electrochemical
trangformations for organic chemistey due to their energy
efficiency and aveidance of external redox reagents, recently
many teports about reductive dehalogenations at the cathode
appeared ®® In this respect, electrochemical reductive dentera-
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Scheme 69. Electrocatalytic Dehalogenative Deuteration
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tion of aryl halides dlso attracted attention.™' As an example,
Zhang and co-workers nsed a2 Cu nanowire arrays cathode to
achieve the deuteration of aryl halides in deuterium oxide, ™
Easily reducible functional groups, such as niteile, alkyne, akene,
catbonyl, and imine, were well-tolerated, and also less active aryl
bromides could be effectively denterated. Purthermore,
denterated phatmacenticals such as dapsone and nicotinic acid

were prepared vsing this method {Scheme 68).

Another electrocatalytic dehalogenative denteration of
{hetero)arylhalides without metal catalysts was reported by
Lei and co-wortkers in 20207 Ayl iodides and hromides gave
the desited deuterated products with relatively high denterium
incorporation. Intecestingly, here deuteration was also obtained
using aryl chlorides, albeit at moderate levels due to the higher
reduction potentials {Scheme 65].

The activation of C—Cl bonds and deuterodechlotination of
aryl chlorides with denterated potassium formate as denterium
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Scheme 72, Nickel-Catalyzed Deozygenative Deuteration of Aryl Sulfamates
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sonrce was recently realized by palladiom-borane complex
catalysis. ™ In this transformation, the transition metal—Lewis
acid interaction evokes an unmsual mechanism in which the
mcleophilic denteride first ingerts in the Pd—Bhond, giving rize
to an anionic PA{0) species which subsequentdy undergoes
axidative addition with the aryl chloride {Scheme 70). Because
of the electron-rich nature of the Fd—H-B complex, this
reaction works best on electron-deficient substrates and can
even enable selective monodeuteration of dichlorinated quino-
lines and isoquinolines.

Among the variong aryl halides, arpl fluorides are still most
challenging substeates for deuterodehalogenation. Because of
significant competing HIE side reactions, only few substrates
conld be selectively transformed to monodenterated products so
far. However, 2 pyrrolidine-substitated fluoroarens was
mccessholly denterated in the presence of 2 heterogeneous
palladium catalyst,™® and a bimetallic thodium—indium
complex was reported to catalyze the denterndefluorination of

12-difflucecbenzens and p-Anorohenzotrifiuodide with only
minoe HIE side teactions {Scheme 71),%°

Treating sulfamates as peendohalides, a nickel-catalyzed
deoxygenative deuteration could be realized {Scheme 72).2%7
The nsze of a-deuteriodiphenylmethanol as dentetinm source
dllowed reliably high deuterium incorporation and good yields
ot 4 broad scope of aromatic substrates while tolerating other
teducible functional groups.

3.1.2. Deuterodehalogenation of Vinyl and Allyl
Halides. Making use of imidazolines as strong hydrogen atom
donors upon single electron oxidation, deuterated products were
prepared for a photoredes-catalyzed denterodebeomination of
phenylvinyl bromides {Scheme 73a2).*"" The substrates
themeelves torm vinyl radicals vpon reduction by an organic
photocatalyst in its excited state and subsequently abstract a
denterinm atem from the imidazolinium eadical cation, Forming
denterated styrene detivatives. Because of 2 background reaction
inwhich the intermediaey vinyl radicals abstract hydrogen atoms
from the solvent molecules, conducting the reaction in
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deunterated solvents ensares higher deuterium incorporation.
Electron-deficient phenyl vinyl bromides are denterated less
efficiently, giving rise to significant E/Z-isomerization and
decomposition side reactions. Furtheemore, vinyl chlorides
showed low reactivity under the reported conditions. Lastly, it
should be noted that the multistep synthesis of the deuterated
imidazolines requires the nse of several expensive deuterium
soutces, limiting the practical applicability of this approach.

However, using a-deateriodiphenylmethanol as the deute-
i gonrce in the presence of an NHC-ligated palladium
complex, vinyl chlorides could be denterodechlorinated more
efficiently to afford deuterated olefins ({Scheme 73h) 3
Moreover, this reaction is not limited to phenyl vinyl chlorides
and performed equally well on electron-deficient substrates.

Recently, allylic deuterides were prepared by a copper-
catalyzed allylic substitution reaction with deuteride nucleo-
philes generated throngh heterolytic cleavage of deuterinm gas
by a reactive Cu—0O species {Scheme 74).%" Remarkably, the
pdicions choice of the ligand allowed selective allyvlic
mibstitotion without concomitant eeduction of the resulting
terrninal alkene. Futthermore, an excellent selectivity of the
branched over the linear product was obseeved. However,
alkkynes were not tolerated under the reaction conditions
because of semihydrogenation side reactions. The high pressure
{90 bar) required for this transformation represents another
drawback of this methodology.

3.1.3. Deutercdehalogenaticn of Alkyl Halides. Almost
all procedures reported for the deuterodehalogenation of alkyl
halides since 2017 are based on radical mechanisms. Compared
with previons steategies that uged organolithinm and Grignard
re:agents,z"1 ot stannanes,”  much mildet conditions and less
toxic reaction profiles have been achieved. In this context, one
teport for the dehalogenative deuteeation of alkyl iodides is
based on a radical chain process that is both initiated and
activated by triethylborane in conjunction with dey ait {Scheme
752 The tesulting ethyl radical abstracts the iodine atom,

Scheme 75. Radical Deuteration of Alkyl Iodides
&) Thiol-oatalyzed radical deutsrstion of alkyl lodides
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transforming the substrate into an akyl radical. Then,
denteration proceeds ag geen above for light-mediated method-
ologies by deuterium atom transfer from 2 catalytic thiol while
denterinm oxide supplies the izotope. The method was applied
to teetiary, secondary, and even a peimary alkyl iodide, although
the latter afforded 2 moderate yield for the denterated product
only, probably due to the instability ofthe corresponding radical.
Deutetinm incorporations can be diminished due to competing

hydrogen atom abstraction at the ethyl borane; however, most
substrates exhibited denteration levels above 30%.

An alternative radical deuteration of alkyl {and aryl) iodides
makes uge of readily prepared deuterated hypophosphites as
deuterium source {Scheme ’?Sb).?'” On the one hand, these
redgents are stable with respect to HIE and consequenty render
deuterations with water as solvent possib]e;%s on the other
hand, they are amenable to deuterinm atom absteaction by alkyl
radicals. Following initiation with 2,2"-azobis{2-methylpropio-
mamide) {AIBA) as eadical starter, 2 tange of aliphatic and
aromatic iodides incuding unprotected sugars could be
deuterated with excellent yielde and deutednm incorporations.

While the sbove-described methodologies are limited to alkyl
indides ag starting materials, superstoichiometeic amounts of
dementary zine were shown to activate alkyl bromides for
denteration vig i sty formation of organozine intermediates
and hydrolysis thereof by deuterium oxide {Scheme 7€) * An
especially vauable addition to the toolbox of aiphatic
denterodehalogenations is comprised in the high-yielding
transformation of a range of primary alkyl halides.

Scheme 76, Deuteration of Allkyl Bromides via Organozine
Intermediates
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Enantioselective deuterodechlorination of racemic starting
materials has so far only been teported for 2-quinoline-
substituted benzyl chlorides as a rather specihc activated
substrate class mnder photoredox catalysis {Scheme 77).3*
The enantioselectivity is achieved by denteration of the
intermediary dechlorinated carbanions with a chiral phosphoric
acid using deuterinm oxide as isotope source.

Scheme 77. Enantioselective Deuterodechlorination
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Becently, the concept of frustrated Lewis pairs has been
shown to enable the deuteration znd tritiation of C{sp*)—F
bonds using deunterium or tritium gas activated by the
combination of B{C,F,), and TMP {Scheme 781.%** Under
avmpatably mild and metal-tree teaction conditions, aliphatic
C—Fbonds led to very high deuterium incorporation {>55%) in
the presence of aromatic oneg while facilitating tritiation nnder
very low pressures of tritinm gas.
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Scheme 78, Defluorinative Deuteration and Tritiation Using
Frustrated Lewis Pairs
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In 2 more biochemically relevant context, the excited state
reactivity of a palladiom catabyst wae haenesced for the
prepatation of C2-deuterated 2-deoxy sugats {Scheme 79).%7
Interestingly, the reaction nges 1-halo-2-acetoxy-sugars ag
substrates and, following tadical oxidative addition of the C—
X bond, a spin-center shift transfers the radical to the C2
position. Finally, the desired denterated products are obtained
after reductive elimination. Although THE-d; is needed as
denterinm source and deuterinm incorporations should he
improved in subsequent smadies, the obtention of those difficult-
to-access compounds from readily available starting materials is
remarkable.

An alternative to the above-described denterodehalogenation
techniques is the bage-mediated deborylative denteration using
denterated methanol.**" The methodology wis demonsteated
on aliphatic vicinal diboronates and furnished the corresponding
dideuterated products with high deuterium incorpoeations
{Scheme 80z). Purther, teteadeuterated products could be
prepared in two steps by fiest performing a borylation of inteenal
alkynes in the presence of denterated methanol followed by the
just described deborylative deuteration { Scherme 80b).

3.2. Reductive Deuteration of Carbonyl Groups

Rather than introducing isotopic labels vin late-stage diversin-
cation of complex molecules, sotopes can alteenatively also be
incorporated during the synthetic sequence. Reduction stepe are
hereby particnlarly inviting as labeling can often be achieved by
simply replacing hydeogen gac by denterium gas. Furthee, the nse
of deuterated versions of common reducing agents such as
sodium borohydride is 4 frequently encountered approach for
the reduction of carbonyl functionalities.

As an example for 2 more modern approach, using denterated
silanes in combination with deuterated tolnene as solvent under
nickel /INHC catalysis, Newman and co-workees transformed
aromatic esters into tridenteromethyl groups {Scheme 81).%!
Mechanistically, it iz hypothesized that an initial uncatalyzed
denteride addition to the ester is followed by nickel-catalyzed
teduction of the intermediary silylated benzyl alcohol. Notably,
the teaction is specific for C{sp*)—0 bonds and leaves aromatic
C{sp®)—0 bonds untouched even though anisoles are reduced
by nickel catalyeis under similar conditions,***

On the other hand, Bouveault—FBlanc-type single electron
teansfer {SET ) reductions of esters stop at the alcohol oxidation
state and are thus complementary to the nickel-catabyzed
methodology desceibed above. In this context, sodiom
dispersions along with deuterated ethanol are comparably
cost-efficient reagents for the reductive denteration of aliphatic
esters {Scheme 821),253 whereas the aromatic congeners were
best teduced using 2 combination of samarinm iodide and
deuteriom oxide {Scheme 82b).%*%*% For applications
demanding extremely high denteriom incorporation, the
prepatation of activated pentafluorophenyl esters can be worthy
{Scheme 82¢)7** Being highly active towaed reductive
denteration, these compounds afforded deunterated aleohels
with deuterium incorporations of 98% and more and can be
reduced chemoselectively in the presence of amides, carborylic
acids and even ethyl esters and lactones. Compared with the
older but still widely applied reduction with NaBDfss_zsg {a
tecent example for an application of this reagent is shown in
Scheme 82d),°*" these more recent methodologies offer better
cost efficiency due to the muoch cheaper denterium sources that
are nsed.

Similar reductions on amides can either afford a-dideuterated
dleohols or amines, a5 both C—N and C—0 cleavage are
possible. Interestingly, in this context, sodium dispersion
teductants can selectively produce either product depending
on the exact teaction conditions {Scheme 83a) %" In this sense,
denterated ethanol led to C—N cleavage and thus didenterated
aleohols ag products, whereas sodinm hydroxide and denterinm
axide furnished deuterated amines. The latter products can
aternatively be prepared by a similar reduction peocess with
aliphatic and benzylic nitelles as starting materials {Scheme
83b).* Extending the substrate scope of nitrile reduction to
aromatic nitelles and precluding the concomitant J#-deuteration
by enolization observed in the sodiom dispersion-mediated
teductions, samarinm iodide represents an attractive alternative
as an efficient SET reducing agent, affording high denterium
incorporations and yields on 2 broad scope of aromatic and
aliphatic substeates {Scheme B3c). *3 The samarium iodide-
mediated reductive deuteration of oximes afforded the same
products {Scheme 83d). e

A continuous-flow reductive deuteration of nitriles to access
o ga-dideutero amines was described by Fillop and co-wokers
{Scheme B4). They established an individual Aow-chemistey-
based method for deuteration reactions nsing denterated water
in an H-Cube sy'stem.u’s In this method, deuteriom gas is
genereated it situ by electeolyeiz, and Raney nickel is employed ag
heterogeneous catalyst for reductive denteration of nitriles.
Notably, quantitative converzsions and deuterium incorporation

Scheme 79, Visible Light-Mediated and Palladinm-Catalyzed C2-Denteration of 1-Halosugars by a Spin-Center Shift Mechanism
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Scheme 80, Base-Mediated Deborylative Deunteration
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values of »99% were obtained for aromatic niteiles, and no
dehalogenation is observed in 4-bromebenzonitiile. The
continions-flow method is also feagible to produce deuterated
teypramine on gram scale.

An interesting method for the preparation dideutero-
methylene groups ie the deoxygenative deuteration of ketones.
In this respect, biary]l ketones containing 2 disubstituted amine

rn-c.un

gtonp in para position were deuterated under iridinm hydride
atalysis {Scheme 85).%¢ Both deuterium atoms stem from
denterated formic acid which reacts with the bidentate iridium
complex to form iridinm hydeide species as key catalytic
intermediates. The electron-donating paraamine substituent
further leads to concomitant HIE by electrophilic aromatic
sbstitution. Because of 2 competing and faster reaction of
regidnal amounts of unlabeled deuteration reagent, denterinm
incotporations remained between 72 and 30%.

A larger set of aromatic ketones were transformed into the
cortesponding labeled compounds under mild conditions
applying 2 palladivm-catalyzed deoxygenative deuteration
methodology (Scheme 86).2'67 Ag the reaction required
denterium gas, the authors came up with 2 special reactor for
the ex sifu genecation of denterinm gae from dentetinm oxide by
electrocatalytic water splitting, enabling & cheaper and safer
procedure. Remarkably, the reaction conditions were also
applied for the arguably mote challenging and far less exploted
deoxygenative monodeuteration {and, substrate-dependenty,
occasionally dideuteration) of primary, secondary, and tertiary
benzylic alecohols,

At this point, it is worth mentioning that complete veductive
deuteration of aromatic ketones is much easier than similar
teansformations of aliphatic ketones becange of the stabilization
of the corresponding benzylic intermediates. Hence, the future
development of a general selective dideuteration of aliphatic
ketones remaing an interesting goal in this ared.

Alternatively, incomplete reductive denteration transforms
ketones into o -deuterated alcohols. In this context, anumpolung
teactivity enables the deuteration of biaryl ketones with
magnesium as reductant and 1.5 equiv of denterium oxide,
affording very high deuterium incorporations in moderate to
good yields (Scheme 872).°%° The addition of 1,2:dibromo-
ethane to the reaction mixture wis found to be cmcial to
mppress competing pinacol coupling reactions. Furthermore,
the reducing agent Sml, {vide supra) cin mediate the same
transformation™™ and the light-mediated enantioselective
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Scheme 83. Reductive Deunteration of Amides, Nitriles, and Ozimes Leading to a-Deuterated Amines
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Scheme 85. Iridium-Catalyzed Deoxygenative Deuteration of Biaryl Ketones
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reductive denteration of biaryl ketones contiining one N-
heteroaromatic component was reported to proceed under
catalysis by 4 chiral phosphoric acid {Scheme 87h). 2™

The preparation of a-denterated a-hydeoryketones is made
possible by means of 2 cobalt-catalyzed transfer hydrogenation
of aketoesters { Scheme 88a) ** Utging deuterium oxide as the
denterinm source along with zinc as the reductant, the reaction
operates under mild conditions {80 °C) and is also applicable to
the tacemic reductive deuteration of cyclic sulfonylimides to the
ag-deuterated reduced form under similar conditions {Scheme
88h .

The latter substrate class hag been subject of further
studies, 7 tesulting in the development of 2 photoredor-
catalyzed reductionusing phenyl disulhide as HAT catalyst along
with deutetium oxide (Scheme 8&:)2‘?4 as well as a nickel-
catalyzed methodology for the enantioselective preparation of a-

denterated chiral N-tosyl-protected amines {Scheme &R}
For the latter case, using deuterated isopropanol as denterium
source and z chira ligand, an intermediary nickel deuteride
complex gelectively delivers the deuterium atom to the polarized
salfonylimine carbon atom in 2 stepwise manner, affording
excellent yield, denterium incorporation, and enantioselectivity,
An external reductant is not needed as isopropanol additionally
actg as 1 sacrificial reductant, affording acetone az the byproduct
of the reduction. The electron-withdrawing natuee of the tosyl
substituent could efficienty suppress the imine/enamine
tautometism, thus impeding concomitant deuteeation of the §
position. Consequenty, the reaction could not be extended to
other casses of imines.

a-Deuterated amines are typically prepared by metal
catalyzed hydeogenation or teansfer hydrogenation protocols
from imines or more conveniently vin reductive aminations from

hitpssedalo 0] 021 facs chemey, | cO0F95
harr fav. 2022120 EEZ-ET1A



Chemical Reviews

pubs.acs.arg/CR

Scheme 86. Palladium-Catalyzed Deoxygenative Deuteration
of Aryl Ketones and Benzyl Alcohols

PR —
Pd(OA}; (10 mol%)
KOEU (20 mol%)

? LT E"“‘
n,1z||

b} Cacxypgenstive monodauiorstion of benzylic sicohola

Prl{Qda]; (10 mol')
o) —20 o (]
P PhCID,0
"t 12n %
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the corresponding amines and aldehydes. Asa recent example in
this atea, Espino, Jalon, and co-wotkets employed deuterium
oxide ag the deuterium source along with formic acid and
sodium formate in the presence of mthenium catalysts for
hydrogenation of imines.*” However, in heavy water the
hydrogenation reaction seemed to outcompete the H-D
exchange, consequenty affording only low deuterium incorpo-
tation levels in the amine prc:»dl:lcts.m5 By awitching to a biphasic
toduens/ dente rivm oxide system where the starting materials are
sodoble exclusively in the toluene phase but the catalyst is
dissolved in the aqueons phase, the authors managed to
sufficienty slow down the transfer hydrogenation, fumishing a
significantly increased denterium incorporation {Scheme 83).

3.3. Reductive Deuteration of Olefins

Apart from being eeducible moieties themselves, carboryl
groups can activate conjugated olefins for polar transition-
metal-catalyzed reductions by bringing them in proximity to the
metal center. Avoiding both the use of expensive noble metal
catalysts and of pressurized dentetinm gas, 2 nickel-catalyzed
asymmetric denteration of @ funsameated esters represents a
recent advance in the field of reductive deunteration of olefins
{Scheme 90a).%77 Mechanistically, acetic acid protonates the
nickel complex, forming a nickel hydeide species which can
insert inte the olefin. The resulting nickel complex is
subsequently hydeolyzed, and indium powder serves as the
final reductant, regenerating the active Ni{0) species. Conduct-
ing the reaction in the presence of deuterium oxide afforded
deniterated aliphatic esters with excellent deuterium incorpo-
tation levels in § position. Presmmably owing to the two-step

mechanism allowing for bond rotation following the addition of
the nicke]l hydeide to the double bond, the reaction does not
seem to be fully spr-selective as only between 60 and 70%
deuterinm can be found in the spw-a-position, whereas the
emaining amount of denterium was incorporated in the andi-a-
position. In conteast, foll spn selectivity was achieved in the
thoedium-catalyzed asymmeteic :px-deuteration of F-substituted,
aFunsatueated esters under denterivm gas atmosphere a5 both
deuterium atoms might be transferred in a concerted faghion
{Scheme 50b)5™

Whereas the two methods above require either 1 stoichio-
mettic reductant or the use of the mote expensive denterium gas,
electrachemical reduction of a,f-unsatorated carhonyl com-
pounds proceeded in the absence of reductants with deutetinm
oxide as lsomge sonrce thanks to anodic oxygen evolution
{Scheme 30¢c).*7" This metal-free methodology was enabled by
an almost concerted reduction of the substrate and deuteration
of the Heeting carbanion so that dimerizations are precluded.
High deuterium incorporations and yields are obtained on
olefinic esters, amides, acids, nitriles; and even ester-substituted
alkynes are completely reduced to tetradenterated aliphatic
esters. Good results were alternatively obitained with sedium
dispetsions and deuterated ethanel, reminiscent of reductive
deuteration reactions described in the previous chaptee®”
Hewever, the hnctional geoup tolerance of this method is
limited compared to the options depicted in Scheme 300

In analogy to what wag mentioned above in the context of
dehalogenative deuteration, the older technique wusing a
heterogeneous palladiom catalyst such ag palladivm on chaecoal
dlong with deuterium gas remains in use for the reductive
deuteration of olefins (and alkynes) as well.>®' 7% & recent
eample is shown in Scheme 504 However, as the modern
techniques can enable enantioselective or stereoselective
reduction and are not ag sengitive to the presence of labile
protons {please note that the conditions in Scheme 502 even
allow for the use of nondenterated acetic acid), they represent a
clear advantage,

Reductive denteration of unactivated olefins iz significantly
mote challenging than the deunteration of afunsaturated
catbonyl compounds but has recentdy been achieved under
iron ca.ta]);‘sls uging an ammonia/borane transtee hydrogenation
systern.” ' More specifically, reaction of HBpin as the hydride
donor with the iron complex afforded an iron hydride epecies,
which can insett into the olefin. #-Butylamine or aniline as the
proton source then hydeolyze the iron complex, releasing the
teduced product and regenerating the iron catalyst. Thanks to
these individual ceactivities of boronic ester and amine rather
than i sifu formation of hydrogen oe denterium gas, selective
monodenteration of terminal alkenes can be achieved. Depend-
ing on whether {i) DBpin is used along with nondeuterated
amine o {ii) HBpin together with deuterated aniline, devterium
is incorporated either at the internal {i, Scheme 51a) or the
teerninal {ii, Scheme 91b) position. Although the selectivity is
not petfect for all substrates, especially for styrenes whose
electronics can bias the reaction outcome, this methodology
opens new oppoctanities for deuteration, and most reactions ate
completed in remarkably shott times {often as litde as 10 min).
Moteover, under the reaction conditions, the ammonia/borane
gystern forme an oligomeric gel, thug keeping the concentration
of free amine and borane at a low level and avoiding side
teactions such 18 hydeoboeation or amine-borane dehydrocou-
pling.
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Scheme 88. Reductive Transfer Deuteration of ¢-Ketoesters and Cyclic Sulfonylimides under Cobalt Catalysis®
#) Cobalt-catalvaed preparstion of a-deuterstad o-hydnxyhatonss

C
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Scheme 89, Ruthenium-Catalyzed Transfer Denteration of Imines in a Biphasic Solvent System“
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Inteeestingly, a tecently developed similar palladiom nano-
particle-catalyzed transfer hydrogenation using HBpin with
protic demterium sources cshowed an improved zelectivity for
terrminal styeenes, especially in the presence of electron-
withdrawing substituents*** Another reliable deuterchydroge-
nation and hydrodenteration of terminal styeene derivatives was
offered by 2 metal-free methodology that exploits 1 4-cyclo-
hexadienes with specific deuterinm substitution as HD
sureogates {Scheme 22). 257570 1y the cage of hydrodenteration,
the borane Tewis acid catalyst absteacts a denterinm {or
hydrogen) atom from the cyclohexadiene, forming 2 borodeu-
teride and a sp-called Wheland cation which, being a steong acid,
can protenate the stytene substeate on the teeminal position,
forming the stabilized benzylic carbocation. This intermediate
can now absteact 1 deuterium atom from the borodeuteride ot
ditectly from the cyclohexadiene, forming a selectively

monodenterated product. While showing improved results for
eectron-tich styrenes compared to the iron-catalyzed proce-
dure, this methodology suffers from 1 somewhat limited scope,
petforming less well on electron-deficient substrates and failing
for unactivated olefins. This teactivity problem was recentdy
mecesstully tackled by moving to indium{1I1) bromide as a
Lewis acidic catalyst along with increasing the temperature,
While an explanation for the inceeaged reactivity undee thege
conditions was not provided by the anthors, electron-deficient as
well as trisubstitated olefing are feasible substeates nsing the
improved methodology.

Most recentdy, the toolbox for transfer hydeodeuteration
teactions was expanded by a copper hydride-catalyzed
procedure that uses dimethoxymethylsilane and monodeuter-
ated ethanol as more accessible h}fdrogen/deutermm sources
compared with the examples tecounted above.*” The method-
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Scheme 90. Reductive Deuteration of ¢,f-Unsaturated Carbonyl Compounds
2) Nickel-catalyzed snartiosalective deuteration of a,p-unsaturated esters
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Scheme 91. Selective Terminal {a) or Internal (b)
Monodeuteration of Unactivated Olefins with a Borane/

Ammonia System under Iron Catalysis
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ology telies on the tegioselective hydeocupeation of styrene
derivatives, leading to the thermodynamically favored benzylic
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Coly
organocuprate intermediate while the hydride stemming from

o) vl chssiaration wih DEpin
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hi0h
nondenterated silane is deliveted to the nonbenzylic position

{Scheme 93). This intermediate is subsequently cleaved by
denterated ethanol, affording highly celective deunteration in the
benzylic position only. The opposite selectivity could be
achieved nging a denterated gilane along with nondenterated
ethanol. The reaction shows a broad scope of stytenes with
various substitation patteens ag well ag excellent chemo-
selectivity of benzylic over nonbenzylic olefins. Moteover, an
initial result demonstrates the likely extension of this method-
dlegy to vnactivated teeminal olefing. Only 1,1-disubstituted
styrene derivatives suffer decreased regioselectivity, probably
imposed by the steric impediments on the benzylic site which
hamper copration. Lastly, it is worth mentioning that the ligand
for the copper complex plays 2 major role for the reactivity as,
among the bidentate phosphines investigated by the authors,
only the stericdly crowded DTB-DPFBz enabled the desired
teansformation. However, a rational to explain thiz obseevation
was not provided.

A biocatalytic enantioselective reductive deuteration of both
cathonyl groups and olefins has been reported using tednctaze
enzymes m%ether with a catalytic amount of the WAD
cofactor ¥ Under the reaction conditions, the enantiose-
lectively deuterated cofactor is formed and regenerated with
denterinm oxide as denterium source and hydrogen gas as
teductant. Interestingly, the deuterium incorporation is not
diminished nging hydrogen gas since the pxidation of Hy and the
transfer of 2 denteron to NADY take place at different enzymatic
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Scheme 92. Borane-Catalyzed Hydrodeuteration and Deuterohydrogenation of Styrenes
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Scheme 93, Copper-Catalyzed Transfer Hydrodeuteration of Styrene Derivatives
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sites while electrons can be transferred from one to the other.
Choosing the specific enzyme appropriately depending on the
substrate dass allows for 2 highly chemoselective reduction in
the presence of other reducible functional groups {Scheme 547,

Very recently, 2 nanostructured Ni-core-shell catalyzed
reductive deuteration of alkenes was achieved at ambient
conditions {room temperature, vsing 1 bar deuterium ). Here, 2
highly active supported nickel catalyst was conveniently
prepared by impregnation and subsequent pyrolysis of nickel
niteate on carbon at 450 *C under argon. The resulting materials
wete tested in the reductive deuteration of a series of alkenes to
dentetium-labeled alkanes.””® Notably, functional geoups, such
a8 ketone, ester, and epoxide groups, were well tolerated during

the denteration process { Scheme 950,

3.4. Reductive Deuteration of Alkynes

Although the iron-catalyzed ammonia/borane system {vide
supra) could exhaustively hpdrogenate alkynes to alkanes, the
euteration of alkynes was not attempted. However, 2 palladium-
catalyzed method for the reductive semidenteration of alkynes
weing deuterium oxide was repotted previously, which afforded
cis- and trans-didenterated olefins selectively depending on the
reaction conditions.”***” Whereas at room temperature and in
acetonitrile as golvent cis-dideuterated alkenes wete obtained
predomimanty {Scheme 96a), elevated tempetature {80 °C)
and a solvent switch to DMA alowed for complete isomer-
ization to frawns-didenterated alkenes under the reaction
conditions {Scheme 96b). It was corrobotated that in the
presence of manganese as teductant, palladiom nanoparticles
were formed and seem to be the catalytically active species.
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Scheme 93, Alkenes to Deuterium-Labeled Alkanes
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Scheme 96. Palladium-Catalyzed Selective Semideuteration
of Alkynes to cis- or trans-Didenterated Olefing
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Interestingly, if terminal alkynes are reduced to olefing by
sodium dispersions in the presence of deuterated ethanol, a third
denterinm atom is incorporated theongh base-catalyzed HIE at
the terminal position {Scheme 97). 5% Under these reaction

Scheme 97, Semireductive Deuteration of Terminal Alkynes
with Sodium Dispersions and Deuterated Ethanol

Na (10 sq} e
O/\% GO0 (10 o} DE1]
—_—
haxang
0°C, 20min %

conditions, terminal alkyl alkynes are selectively deuterated in
the presence of unactivated internal alkynes, whereas phenyl-
acetylenes are completely teduced to tetradeuterated alkanes
due to the inteemediary foemation of stabilized henzylic radicals.

Aselective semihydrogenation {deuteration) of terminal and
internal alkynes using H,0 (D, as the H{D) soucce was also
accomplished msing a2 FA-F a.]]oy'cathode.z‘}q This electro-
chemical denteration of alkynes permitted the selective synthesis
of stawa-, di-, and tri-denterated alkenes with high D-
incorporation {Scheme 58).

Although many effective methods to form C{sp?)—D bonds
are known, processes for producing C{sp*)—D bonds often
mffer from low site selectivity or require more expensive
denterinm reagents. Tn this respect, the work by Berlinguette and
co-workers iz noteworthy: Using 2 tandem electrochenical
palladium membrane reactor, teductive deuterations of alkynes,
alkenes, aldehydes, and imines proceeded with good cite
selectivity msing D,0 at room temperature”®® They also
gynthesized a deuteration analogue of cinacaleet, to demongtrate
that this methodelogy can be applied for preparing pharma-
centicals {Scheme 93),

The double reduction of teeminal and inteenal aeyl alkynes
leading to tetradenterated alkanes was further demonstrated
utilizing copper hydeide catalysic with 1 deuterated sillane in
deuterated isopropanol {Scheme 100370

Heteroatoms adjzcent to the akyne molety can serve to
activate the substeate for metal-feee reduction by polar
mechanisms. ™ Tn this context, ynamides have recently heen
explored as stacting materials for the peeparation of /8-

Scheme 98. Electrochemical Semideuteration
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Scheme 99. Electrolytic Deuteration of Unsaturated Bonds

Paledium membrane
Rj\ CHyCl, o MeOH (38 mL)
H

1M D50y, 100 mA
D40, rt, 24 h

x.mm

@ Gusrunt flows belween the Pd cuthods smd Pt encde
Dautwrons | ) In sohuticn are reduced ut the
® cathods ko form sdeorbed

doulerium slome (¥}
wre abeorbed Into the Pd foll and

Deuterium aiome-
diffuss to the other sids
stoms add in bonds

Scheme 100. Copper-Hydride-Catalyzed Reductive
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denterated protected amines viaan iminium-enamine sequence:
In the presence of teiflic acid, the substrate is peotonated,
forming an eniminium ion which can subsequently be teduced
by addition of 2 hydride feom triethylsilane, vielding an enamine.
Under the reaction conditions, this process is tepeated to firally

form the fally reduced amine {Scheme 101). Judicious choice of
denterated o nondeuterated acid and hydride sonrce allows for
the highly selective deuteration in o position, 5 position, or both
with high denterium incorporations. To fuenish the denterated
ftee amine, a deprotection step s needed after the teaction. In
addition, the authots have demonsteated that this methodology
could be extended to the reductive deuteration of ethynyl ethers,
yielding deunterated ethers a1z products. However, due to
hydeolysis side reactions, only low vields were obtained for
this class of substrates, and thus, farther efforts should be
devoted to this reaction.

3.5. Reductive Deuteration of Arenes

An extremely precize and controlled way of preparing deaterated
cyclohexene isotopomers was recently described by Harman and

Scheme 101. Reductive Deuteration of Ynamides for the Selective Preparation of «-, §-, and o,f-Deuterated Protected Amines
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co-workers”™ Starting from a trispyrazolylborate-ligated
bernzene tungsten complex, which was prepared in enanticen-
tiched foern, addition of either a proton {e.g, from Py NH,*) ot
a deuteron {e.g, from Fh,ND,*) leads to a cyclohexadienium
mngsten complex, and in both cases the proton/deuteron is
selectively added :pn to the tngsten center. Upon treatment
with 2 hydride (BH, ) or 2 deuteride {BD, ) soutce, the
hydride/denterate adds anéi to the metal center, leading to a
defined tungsten-bound cyclohexadiene. This process can be
continmed vntil mngsten-bound cyclohexene is obtained, and
after oxidation with DDG and by judiciously choosing the
proton/deuteron and hydride/ denteride soueces, 52 different
sterecisotopomers of cyclohexene could be prepated following
this methodology. Purthermore, by employing substituted
benzenes ag starting materials and micleophiles or electrophiles
other than H*, D*, H~, and D7, the method served to prepare
mote functionalized deuterated componnds as exemplified for
benzotrifluoride as substeate and cyanide as macleophile in this
study {Scheme 102). Currenty, this transformation is

Scheme 102, Tungsten-Mediated Preparation of
Stereoisotopomers of Substitited Cycdohezenes

1. MaOD;"
2. NaBD,’
N .0
4.MaEN e [0, 83
] - D
cN

stoichiometric in tangsten, but it can be expected that farthee
developments will lead to 2 catabytic methodology that could
ultimately enable the stereoselective synthegizs of chieal
compounds with highly specific denteration patterns to be
tested in 2 medicinal chemistry context.

4 MISCELLANEOUS TRANSFORMATIONS WITH
DEUTERIUM INCORPORATION

The discussion of the main deuterium incorporation method-
alogies is pregented in the previous chapters, and their respective
advantages and limitations ace addressed. However, in addition
to hydeagen—denterium exchange reactions, denterodehaloge-
nationg, and teductive denterations, several other app roaches foe
deuterium labeling are known. These more special procedures
will be dezcribed in the following lines.

4.1. Trideuteromethylation

Present in 67% of the top-zelling dmgs from 2011, the methyl
group iz one of the most common fragments encountered in
biclogically relevant molecules ™ % The introduction of this
small, electronically neutral alkyl fragment can induce
tremendous changes in the potency of dmg candidates. As an
Musteation ofthis “magic methyl effect”, the simple introduction
ota methyl geoup in the structure of 2 phospholipase D inhibitoe
induces a 590-fold increase in potency {Figure 8)7"°
Accordingly, the demand of new methodologies for incorpo-
tation of methyl groups is in constant growth,

A g i O
2

KCxo 11,500 nM ICzg 20 M
Figure 8, Wagic methyl effect,

In this respect, the introduction of a tridenteromethyl
fragrment in small molecunles is of significant interest in medicinal
chemistry as it combines the benefits of a labeled compound
alongeide the "magic methyl effect”. While traditionally
deuterated alkylating reagents such as denterated iodomethane
have heen employed, corrently methodologies are of interest
which tey to avoid the nse of such highly texic and carcinogenic
reagents.’ """ Besides, achieving high selectivity is a
challenging aspect of modern approaches peegented in this
chapter.

An interesting catalytic tridenteromethylation of ketones was
developed by the Rueping gmup.j 2 Uking an ait- and moisture-
stable manganese complex, a-methylation of both aromatic and
dliphatic ketones was possible under mild conditions. This
method proceeds via initidd methanol dehydrogenation,
subsequent alde]l condensation, and final hydrogenation
teaction. As expected, the catalytic system operated also in the
presence of deuterated methanol, providing the d,-products in
high yields, including substrates containing halogens and
heterocycles. Indolinones also underwent trideuteromethylation
at the expense of a lower yield despite 2 higher reaction
temperature. H/D exchange wag also observed tor substeates
with benzylic positions, revealing that this catalyst is not limited
tr C1 denteeomethylation. Double deuteromethylation was
achieved when acetophenone and derivatives are used as
substrates. This transformation is highly regioselective and
allows precise labeling when methanol variants CH,0D,
CD,OH and “CH,0H are employed {Scheme 103).

Later, the same group developed a catalytic N-methylation
and tridenteromethylation of protected amines using a
magnesinm-pinacolborane S}Tstem.“?' Here, BuMgH or
BubdgD are in sifi generated ag the active species allowing
both the teduction of carbamates to the corresponding
formamides followed by the eeduction of these latter via two
hydride or deuteride additions {Scheme 104). Quantitative
denterinm incorporations were achieved, yielding N-CD,
amines in good yields. Even though the labeling part of this
methodology was only presented with the N-methylating
systern, these results suggest that amines protected with a Boc
moiety can eaglly be converted to their tridenteromethyl
equivalents.

Uging a simple iron solfate salt, Ti, i, and co-workers
developed 2 new olefin difunctionalization methodology.” ™
Tridenteromethy] radicals are generated from DMSO-d, after
H, (3, activation, and thege methyl radicals were added to olefing
{Scheme 105). Moderate to very good yields ace obtained, with
functionalized olefing inchuding halogen, nitro, or cyano geoups.
This approach tolerates N-alkylaceylamides and styrenes, with
the need of NH,OSOuH as additive for the latter. To
demonstrate the preparative feasibility, gram-gcale experiments
wete petformed. Obviounsly, the resulting products can easily be
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Scheme 103. C1 Methylation of Ketones
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Scheme 104. Manganese-Catalyzed Hydroboration of Carbamates
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Scheme 105, Azidotridenteromethylation
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faether fanctionalized, for example, via azide—alkyne Huisgen
cycloadditions.

The first NHC-catalyzed denteeation at the allylic Eosition of
enals was presented by Tian, Chi, and co-workers” '™ Under
oxidative conditions, this amineindaneol-derived precursor
allowed high deuterium incorporation not only at the a position
but also at the more challenging ¥ one {Scheme 106). The key
intermediate in this metal-free transformation & 1 vinyl-
dienolate that allowed iterative H/D exchanges at both thege
positions. It is worth noting that the reactivity of {E}-enals is
mote favored than the {Z) counterpatt and that the § alkyl-
substituted enals exhibited a lower yield than the § aryl ones,
although the deatedium incorporation is similar.

Employing a palladium photocatalystactivated by visible light,
%u and co-workers presented 2 general method for the synthesis

of N-alkyl amines.** The catalyst supported on polymeric
catbon nitride allowed the e sifu generation of hydrogen via
water splitting, 15 well a5 aleohol oxidation to the corresponding
dldehyde. After condensation with an amine, the in s
generated imine i subsequently reduced. The main advantage
of this methodology is its tunability {Scheme 107). By varying
the isotope soneces between denterinm oxide and the denterated
deohols, dy, d,, dy ot dy N-methylation of amines is achieved.
Moteover, the nse of carbon labeled alcohols peemits the
inseetion of *C in the alkylating moiety.
Tridenteromethylation was additionally applied to indoles
and to phenols. The key point of this methodology deve]oged by
Lin's gronp was the vge of a tosyl protecting grm:q’.\.31 This
tesearch can be appreciated as the formal replacement of the
tohienesulfonyl group by 2 CD, moiety { Scheme 108). Tnitially,
the addition of trideuteromethoxide on the sulfone takes place,
followed by desulfonylation of the hetercatom. The latter
undergoes a Sy2 reaction with the sulfonic ester affording the
labeled compound with quantitative denterium incorporation.
Remarkably, even though the C3 position of indoles is mote
mucleophilic than the N1 pogition, ne C3-methylated products
were detected, underlining the high selectivity of this trans-
formation for the fnso-position of the togyl geoup. Moreover, the
dkylating agent can be generated i sitw by mixing potassium
fert-butoxide with the corresponding aleohel providing com-

Scheme 106. %D euteration of Enals
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Scheme 107, Supported Photocatalyst for Deuteration of Amines
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Scheme 109. C7 Trideuteromethylation of Indoles
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Using a chelation-assisted C—H activation process, Shi and
co-workers prepared tridenteromethyl-substituted indoles.
Here, an indole containing 2 N-P'Bu, group was used in the
peresence of 2 thodium catalyst to insect the desired fragment
selectively at the C7 position.”" In this case, it is suggested that
denterated acetic anhydeide coordinates to a fwe-membered
thedacycle. Posterior decarbosxylation and reductive amination
generate the labeled product in medium to good yields with high
denterinm incosporation. Eagy removal of the directing group is
possible nsing TBAF, delivering the free indole with virtually no
isotope loss {Scheme 109).

The nge of iron salts in combination with hydrogen peroxide
for tridenteromethylation was introduced by Antonchick
{Scheme 110, a— c],312 and turther works were realized by Li
and i {Scheme 110, d—e).*'* In either case, tridenteromethyl
tadicals were obtained from deuterated DMSO and added to the
most electron-deficient position of the eubsteate. When possible,
cascade cyclization took place providing interesting heterocycles
such as oxindoles, phenanthridines, or isoquinolines. Besides,

acrylamides could be converted to labeled a-haloamides by
incorporation of the halide anions from the metal salt.

Furthermore, quinolines and isoquinolines were labeled vsing
iridium photocatalysis as eleganty ilustrated by Gloriug and co-
workers. " Here, the reaction of DMSO-d, with the chlotinated
electrophile leads to 2 chloro{ditrideuteromethyl Jsulfonium
species. Subsequent reduction and homolytic C-5 bond
ceavage form the tridenteromethyl radicals for the labeling of
hetercarenes at the most electron deficient position {Scheme
111). This mild methodology tolerates various functional
groups such as esters, amides, methoxy as well as halogen
abstituents, allowing forther fonctionalization.

Making use of another sophisticated catalytic reaction,
denterated benzofurans and dihydeobenzofirans were genee-
ated from phenols and af-unsanirated cathorylic acids by
Szabo, Maiti, and co-workers via a palladium- catalyzed oxidative
' The key intermediate in this methodology iz 2 Pd-
iyl complex labeled simply by deuterium oxide. In general, two
different F-elimination pathways can follow, leading to the

5 B3,
annulation.
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Scheme 110. Radical Trideuteromethylation Using Iron Salts
and Hydrogen Peroxide
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formation of either 3-{methylene-d,)-2,3-dihydrobenzofurans
ot 3-{methyl-d, )benzofueans {Scheme 112).

FRutheninm catalysis for the methylation at the o position of
alfones wag very recently pregented by Ling, Zhong, and co-
workers.** Addition of 2 sulfone carbanion on formaldehyde
generated by in situ dehydrogenation of methanol leads to
alkene tormation. Subsequent reduction of this olefin affords the
methylated product. Switching from methanol to deuterated
methanol provided a tridenteromethylated product with high
deuterium content {Scheme 113).

Precise denteration of arylacetonitriles is achieved with
different  amine-borane /N N-dimethylformamide syﬂstems.zu
With one hydrogen {or denterium) atom teansferred from the
DME formyl moiety and two hydrides {or deuterides) from the
amine-borane, CH, CH,D, CHD,, and CD, unitz can
selectively be inserted {Scheme 114). The interest of this
methodology eelies in its vahuable tneability. Az 2 deawback,
only one deutetium atom out of the seven from DME-d, is
recovered in the find product, even though this cedgent is one of
the most expensive denterinm sources discussed in this Review,
So far, the reducing agent Me,NH-BD, is not commercially
available and has to be synthesized.

In 2020, the Machillan group reported a versatile method for
late-stage installation of both tritiom and carbon-11 into
pharmaceutical precursors bearing aryl and adkyl bromides.
The key step is 2 metallaphotoredox-catalyzed methylation
{Scheme 115)." As mentioned before, methyl geoups aee
avmmon steactueal elements found in many bicactive molecules,
which play a crucial role in 2 wide range of biological processes,
including DNA replication, protein modihcation, lipid biosyn-
thesis, and various other metabolic pathways. In this stody,
tritiated and carbon-11-labeled complex pharmacenticals and
positron emission tomography {PET) radioligands wete
achieved. The authors also used this protecol for preclinical
PET imaging and itz teanslation to antomated radiosynthesis,
which might be applied for eegular cadiotracer production in
hurman clinical imaging.

4.2. Insertion of the Trideuteromethoxy Group,
Deuteration of Thiols, 5elenides, and Carboxylic Acids

An approach for the introduction of deuterated moieties on the
C3 pogition of quinoxalinones was developed by Shen. ™ Viaa
SET mechanism, alkoxylation using deuterated methanol or
ethanol was achieved using p-methoxybenzene and peroxyacetic
acid. It is postulated that a Ad{OAc), hypervalent iodine(TIT)
species i generated @ sify, which leads to the active alkowy
tadical. Mediom to good yields of the corresponding labeled
products were obtained with this method {Scheme 116).

A new interesting labeling reagent was intreduced by Chen,
Wang, and co-workers: they applied trideuteromethyl sulfoninm
indide {TDMSOT) for the labeling of phenols, thiols, and
nitrogen-containing substrates as well as activated methylene
positions.”® TDMSOT was synthesized via sulfoxoninm meta-
thesis between trimethyl sulfonium iodide {TMSOL) and readily
available DMSO-d, and was nsed in 2 “one pot” manner to insert
the CD, group {Scheme 117). The generality of this reagent was
demonsteated by the labeling of more than 60 substeates,
incloding devge and natural products such as melatonin
derivatives.

Vigible-light photochemistey proved to be another efficient
approach for thiotrideuteromethylation, as depicted in the work
of Wang and co-workers™ Under 4 nitrogen atmosphere, an
eogin Y-mediated croge-coupling reaction bebween teteafluoe-
oborate dizzonium salts and a S-methyl-d; sulfonothicate leads
to tridenteromethyl sulfides. Interestingly, by pecforming this
teaction under air, the same conditions lead to the synthesis of
tridenteromethylated sulfoxides. The photocatalyst, eosin Y, is
mpposedly excited under visible-light ireadiation and enables
the cleavage vithe carbon-diazo bond via SET, providing an aryl
tadical. Thig eadical eventually reacts with PhS0,5CD,, vielding
the sulide products. In addition to the sulfur chemistey, this
methodology can be applied to generate tridenteromethyl
selenide products, with FPhS0,5eCDy as coupling partner
{Scheme 118).

Scheme 111. Tridinm Photocatalysis for Tridenteromethylation
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Scheme 112. Deuterated Benzofurans
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Scheme 113, a-Trideuteromethylation of Sulfones
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Very cecently, Shi and co-workers developed DMTT {5-
{methyl-d )- SH-dibenzo[ b,d] thiophen-5-ium trlﬂuoromethme
sulfonate) as an alternative effective methylating agent.”™" Based
on a dibenzothiophene motif, the DMTT allows the
teidenteromethylation of mmerons mcleophilic substrates,
such as aliphatic and aromatic carboxylic acids, phenols,
aulfonamides, and thiols {Scheme 115). Moreover, in the
presence of a catalytic ameount of nickel salts, this dy,-methylating
reagent allowed the synthesis of tertizry amines from the
corvesponding primary amine without the generation of
ammonivm salts, Also, when a pyridyl group is used as directing
group, in the pregence of palladiom and copper, DMTT allows
the ortho C—H bond d,-methylation in medium yields with high
denterium incorporation.

4.3. Deuterodifluoromethylation

Based on previons wodks of Zafrani, Segall, and co-workers, ="
Zou, Wuo, Wi, and co-workers applied the commeecially
available diethyl bromoediflueromethylphosphonate in the

presence of deuterium oxide for the insertion of 2 CF,D moiety
on phenols, naphthols, benzothiophenol, hydrexyindoline,
pyeidinol as well as an esteone detivative” ™" P—C bond cleavage
vig hydrolysis of the phosphonate leads to the unstable
bromodifluoromethyl anion that spontaneously eliminates
bromide, leading to 1 difluorocarbene eventually captured by
the phenolate ion. D,O hydeolysis leads to the desired product.
This steaightforward methodology was easily scaled-up to 230 g
scale without yield or deuterivm content erosions {Scheme
120).

In recent years, the topic of fAow chemistey attracted
significant interest in the pharmaceutical industey as it offers
possibilities for easier scale up, improved heat and mase
transfers, as well as more facile implementation of multistep
processes compared to teaditional batch teactions ™! Moreover,
this approach suggests advantages when gaseous reagents are
vged s 2 precise control of the gas equivalents iz possible and
high pressure conditions might be avoided. Similady, safety
concerns inherent to toxic gages can be reduced compared with
batch processes. These benefits of flow chemistry were used by
Jamizon and co-workee for the deuteriodiflnotomethylation of
aldehydes™ Specifically, they deprotonated chloredifluoro-
methane vsing a lithiated hase, and subgequent a-elimination
leads to a singlet diflaotocarbene {:CF, ), which is teapped in the
presence of triphenylphosphine. The diffuoromethyl teiphenyl-
phosphonium ylide reacts with the aldehyde substeate leading to

Scheme 114, Labeling of Arylacetonitriles
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Scheme 115. Selected Examples of High-Molar-Activity Tritiation
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Scheme 116, Tridenteromethylation of Quinozalines

2 key oxaphosphetane intermediate. Alkaline deunterolysis
provides the final libeled compounds. Aldehydes including
halide, methoxy, thiomethyl, ind hetersarene substituents
vielded the corresponding deuterated products with high
denterinm incotporation, althongh enolizable aldehydes peoved
to be not applicable to the standard reaction conditions. The
methodology was aso scaled-up from 0.832 mmol h™! to 1.51
mmol h™!, while keeping the same short residence time of 14.5
min {Scheme 1210

A gpecial method for the prepatation of denteriodifluoe-
amethyl-substituted ketones and related derivatives has been
discloged by Colbyand co-wotkers > Here, au -perfluorinated
geet-diols release trifluoroacetate in basic media leading to
difluoroenclates. Thege intermediates easily take part in aldel
teactions with various electrophiles. In particolar, in the
presence of demtedium oxide, a-dentero-a.a-diflvoromethyl
ketones are obtained in high vields undet very mild conditions.
The main disadvantage of thiz methedology is the availability of
the highly fluotinated starting materials: the most general
prepacation of thege latter compounds nses trifluoroacetylation
of methyl ketones followed by difluotination. Deutero difluo-
omethyl sulfones were obtained via a similat manner {Scheme
122).

Very recently, CE,DSO,N2 was introduced by Li and co-
workeres a5 a versatile labeling agent, allowing the ingection ofthe
denteriodiflucromethythio and deuteriodifluoromethyl moi-
eties on indole backbones, at the C3 and C2 positions,
tespectively.™* Notably, this reagent allows the first direct

Scheme 117, TDMSOT as Trideuteromethylating Reagent
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Scheme 118, Eosin-Mediated Photocatalysis for Tridenteromethylation

Phoa- 5™ (1.90q) Pros- 0 (1.5 eq)
Ecsin Y {5 mol%) Ecaln Y {5 mol%) Lo}
'(l' 0 {1 89.) MaBF, Kul'ﬂqﬂﬂl-]
Eﬂﬁ’ En purpls LED m’@’ n-'nl- LED
e 206, 7 %02k f
Pho,a‘mnlﬂ Seq) | Puple LED
Eosin Y (Smol%) | 307G, 22h
KR, (100, L
o]
%
Scheme 119. DMTT as Tridenteromethylating Agent
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Scheme 120. Difluorodenteromethylation of Phenols
BroF;PO{ELO); (2 0q.)
NaH (10 eq)
" — e T
THF -
12h
0 Ciort, B0%
Scheme 121. Flow Chemistry for Deutetiodiflioromethylation
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Scheme 122. Synthesis of a-Deutero-ge’-difluoromethyl
Fetones and ¢-Deutero-a,a’-difluoromethyl Sulfones

phatmacentical compounds notable in the late-skage Mnction-
dlization of thymol, melatonin, fibronil, and auxin.

4.4. Deuterated Aldehyd
2 NEL, (489 o bl eUterate ENYdes
2 Dy, THF Lue, Sheng, and co-wotkers took advantage of the broad
00 i % availability of arylmethyl halides to synthesize deuterated
aldehydes in a one-pot fashion {Scheme 12417 1n order to
NEX, t4 0q) avoid the formation of undesited alechols, pytidininm salts were
= o [o7] L 3 . 3
Fa vged ag reaction inteemediates. In thic appeoach, bage-mediated
E?.,T.".F. H/D exchange takes place at the benzylic position, subsequent
Ta%

dentericdifluoromethylation methodelogy reported.
CF, D80, Na is easily synthesized in hve eeliable steps, with an
overdll yield of 72% and an overall deuterium incorporation of
57% {Scheme 123). High deuterium incorporations are
achieved in both model substrates, as well as in natueal and

aidation by p-nitrosodimethy] aniline fllowed by acidification
provides the denterated aldehyde. Arplmethyl bromide ag well ag
chlorides comld undergo this teansformation, although their
diphatic counterparts failled to generate pyridinium salts.
Moteover, this method i aleo efficient on cinnamyl halides
since it allowed a high deuterium incorp oration in the labeling of
troms-cinnamaldehyde.
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Scheme 123. Deuteriodifluoromethylation and Deuteriodifluoromethylthiolation
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Scheme 124. Denterated Aldehydes from Arylmethyl Halide Compounds
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Denterated aldehydes were also attiined by a cooperative
palladivm—rhodinm  catalysis from the corresponding aryl
iodides. In this case, the well-known palladiom-catalyzed
catbonylation of aryl halides ie combined with a water—gas
shift reaction for the generation of an active thodium-deuteride
species™® Highly hindered aldehydes are efficiently labeled by
this methoed, nsing solely 2 equivalents of deuterium oxide as the
isotope source {Scheme 125). However, it should be noted that

Scheme 125, Denterated Aryl Aldehyde via Water—Gas Shift
Reaction

PelCl,; (0.3 moki)
[Rh(CODICI; {1 mol%)
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1 D0 (2 ag} o881

DNE
Ha B5°C, 24 h H

vndesived palladinm-catalyzed C—H insertion took place when
the substeate enabled such reaction {eg, 2-biphenylcarbox-
yaldehyde, 1-naphtaldehyde]. An increased amount of deunte-
tium oxide is thus required to achieve high deuterium
incorporation at the formyl position.

A protocol using synergetic photoredox- and organocatalysis
wig pregented by Xie and co-workees for the deoxygenative
deuteration of carboxylic acids™ Light-induced single-electeon
axidation of teiphenylphosphine leads to a radical cation which
teacts with the deprotonated carboxylic acid. Subsequent J-
scigsion results in a formyl eadical which undergoes hydeogen
atom teansfer {HAT) with 2 deuterated thiol, leading to the
desired labeled aldehyde {Scheme 126). The two catalytic cycles
are ltimately closed by reduction of the thiol radical by Te(11)
and successive dentetium absteaction from denterium oxide.

4.5. Deuterated Chloroform
Among the applications of deuterated compounds, their nse as

solvents for NMR specteascopy is one of the most important
ones as part of chemists daily routine. Deuterated chloroform,

hitpssedalo 0] 021 facs chemey, | cO0F95
harr fav. 2022120 EEZ-ET1A



Chemical Reviews

pubs.acs.arg/CR

Re:

Scheme 126, Deozygenative Deuteration of Carboxylic Acids
1] (1 mol)

one of the most nged NMER colvents, is mainly produced by
either haloform teaction ot by treatment of chloral hydrate with
sodium denteroxide *** ! Becently, some catalytic method-
ologies wete presented for the generation of CDCl, For
example, pyridine-based catalysts were investigated by Scho-
makeenging hexachloro-2-propanone and denterinm oxide agan
isatope source”” Specifically, sodium 3-pytidine sulfonate
(SPS) and poly{4-vinylpyridine) {FVEy) proved to be useful
catalysts on 1 laboratory scale. Both base catalysts are easily
recycled as they are nonsoluble in CDCl,. Especially, the latter
being heterogeneons, ite renge permitted clean reactions with 2
79% average yield over 11 runs. Other new developments took
advantage of two euthenium complexes hearing a 14-bis-
{ diphenylphosphine)butane {dppb) ]ig;md.“3 Similarly, dente-
tium oxide was nsed, although in this case a base is required for
the generation of the deuteroxide species that coordinates the
rutheninm centers. H/D exchange takes place via 2 fast
synchronic reaction with the hydrogen atom from chloroform.

The active deuteroxide catalyst is fnally regenerated by
sceambling with deuterium oxide {Scheme 127).

4.6. Further Approaches

In general, trizzoles can be efficiently synthesized using azide—
akyne click chemistey. Notably, the coppee-catalyzed azide—
akyne cycloaddition {CusAC) allows the regioselective
formation of 1,4-disubstituted 1,2 3-triazoles. Taking advantage
of this methodology, Lakshman and co-workers proposed a
valoable method for the selective incorporation of @ deuterinm
atom at the C§ position of the trizzole rir1g.3"'r Uking a biphacic
action medium with D,0 as isotope source, dry copper sulfate,
and sodinm ascorbate, a variety of denterated triazoles were
generated under mild conditions in good to excellent yields with
deuterium incorpotation above 92% {Scheme 128). Deuterated
versions of bivactive compounds {e.g., resveratro] analogues)
and nucleoside-containing substeates were obtained with this
method, as well az fully deuterated compounds when phenyl
azide-d; and ethynylbenzene-d; were used.

The utility of 2 low valent palladiom complex in the presence
ofbenzoic acid for labeling processes was highlighted by Maestri
and co-workers for the generation of polydenterated 1,3-dienes
from proparg},']a.mines.j'rs In this process, denterium incorpo-
ration is however not homogeneons, with high deuteration levels
at the § and y positions, but generally low at the @ one {Scheme
129). Mixed outcomes ate observed at the J position.
Intetestingly, ynamides do not undergo this teansformation
while it is the case for allenamides, suggesting the latter are
intermediates in the catalytic cycle. When tryptamine
propargylic derivatives are msed, deunterated teteahydrocarbo-
lines are generated in good yields via C—H activation of the
indole ring. Terminal olefing can also undergo this trans-
formation, as 2 small number of styrene derivatives were
denterated. It is suggested that H/D exchange takes place
tapidly between D,0 and a palladiom—benzoic acid—hydride
complex, followed by up to five sequential insections and §-
hydride eliminations for the generation of dienamides, or theee
for the carboline derivatives.

Recently, Li and co-workers developed a new transition-
metal-free methodology for the direct hydroxylation of
heterohenzyl derivatives.™® Using ambient air as oxidant and
DMSO as eeductant, this simple system allows the rapid and
selective hydroxylation without the overoxidation to the ketone,
commonly aveided by the @ sifu protection of the hydroxyl
groups.”***® When switching the reaction solvent to denterated
DMSO, a-denterated alcohols weee generated in medinm to
good yields with high deuterium incoepotation {Scheme 130).
This approach tolerates electron-withdrawing groups as well as

Scheme 127. Catalysis for the Synthesis of Deuterated Chloroform
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Scheme 128. Deaterium Incorporation in Triazoles
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Scheme 129. Synthesis of Deuterated Dienamides and Tetrahydrocarbolines
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Scheme 130. Hydroxylation-Deuteration of Heterobenzyl
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electron-donating ones but is substrate limited, since no
reactivity is detected when diphenylmethane was tested as
eubsteate. Tt is euggested that this one-pot hydeowylation
denteration reaction is based on z radical mechanism: The
teaction of 3 DMSC eadical with a haze-promoted enamine
generates @ heterobenzylic radical intermediate and subsequent
reaction with molecular oxygen leads to the generation of the
coreesponding hydroperoxide. The latter oxidizes DMSO to
dimethyl sulfone forming the desired product.

Uking 2 combination of 2 phosphoric reagent and di-ger-butyl
peroxide, Sun and co-wotkees established a specihc denterinm
labeling methedology based on a desulfurization-denteration
a.ppmacl'L349 Comparably high deuterinm incotporations are
obizerved following a radical process mediated by visible light.
Applying a combination of denterdum oxide and DCM allowed
the deuteration not only of primary, secondary, and tertiary
thicls but also of diswAdes {Scheme 131). Ethyl acetate/
denterinm oxide can also be nzed as 2 solvent mixtoee, providing
compatable results in term of yields and deuterivm incorpo-
ration while being a greener alternative to DCM. Notably, the
witer-coluble sultonated phosphine ligind TPPTS allowed to
petform this reaction in water and was saccessfully applied for
the deuteration of bwo cysteine moieties present in a medinm
size peptide in >95% yield with »37% D incorporation.

While developing a general approach for desulfonylative
functionalization of alkyl allyl sulfones, the efficiency of the well-
known radical starter AIBN as catalyst for deuterium
incotporition wis demonsteated by Smder and co-workers "
The allyl sultonyl moiety acts as a C radical precuesor and reacts
with methyl thivglycolate that underwent H/D exchange on the
thiol function. Thiz procedure was mecessflly applied to
secondary and tertiary alky allyl sulfones and is compatible with

Scheme 131, Desulfurization Deuteration Protocol
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numerous fnctional geonps, albeit the releaze of 2 quantitative
amonnt of sulfur dioxide and allyl sulfide are deawbacks {Scheme
132). The same group subsequently implemented this approach

Scheme 132. Synthesis of Labeled Compounds by
Desulfonylative Deuteration

'\(:ru AN {M) moi%)
‘[g" ) g cHL, 5,0 e
1562 346,240
"%
Bz, A ABN (mol] g
HE" "COMy ————————
% GHCl, D0 “N\ﬁm
14, MG b %

for the labeling of amide containing substrates. When applied to
this methodology, N-allvlsulfonamides were readily deuterated
vig 1,5 or 1A6-HAT. Notably, thiz uncommon HIE strategy is
effective tor primary, secondary, and tertiaey C—H bonds.” :
Anpther unconventional methodology for the facile synthesis
of deuterated 14-dihydeopyridines wae recently presented by
Jizo and co-workers v an inverse hydroboration protocol
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{Scheme 133).7°% In this reaction, a N-boryl pyridyl

Meizenheimer anion acte ag 2 key inteemediate and absteacts 1

Scheme 133. Synthesis of 4-Deutero-1,4-dihydropyridines
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dentetinm atorn from deuterated methanol. In general, the
yields of the degired products were mediom to good, and the
deuterium incorporation was high. Advantageously, this
approach utilizes a cheap deuteriim source compared with
sttong teductants such as LiAlD,. However, halogenated
pyridines as well 25 quinolines and acridine are not tolerated
by this methodology.

1t is well-established to use 14-DHF derivatives in hydride
teansfer eeactions. Indeed, deuterated derivatives were also
exemplarily shown allowing the deuteride transfer to an &,5-
vnsaturated aldehyde. The resulting chiral aldehyde was
abtained with medium enantiomeric excess and high deuterium
incorporation.

Using WaBD, as denterium source, Lin and co-workers
prepared deutetium-labeled quinones with a free radical
alkylation reaction.™ From a mechanistic point of view, it
wig proposed that gingle-electron oxidation of the denteride by
iton{I11) leads to a eadical that adds on the less-hindered
position of the olefin. The target product iz achieved by
alkylation of the guinone, second oxidation, and fnal
deprotonation {Scheme 134a). This system tolerates several

Scheme 134. Combination of Sodium Borodeuteride and
Tron Witrate for Tsotopic Labeling
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functional geonps inclading silanes, halogens, free carboaylic
acid, and alcohols. Moteover, the convenient reaction
conditions of thiz laheling technique should he mentioned, as
the praducts are obtained at room temperatare in shoet time
{30 min}. A related deuteration of guinoxalinones with NaBDy
and olefing wag recently egtablished by Li and co-workers via a

three-component reaction following a radical pathway™**

Sodivm borodeuteride was used as isotope source, allowing
the functionalization of diverse quinoxalinones. However, the
substrate scope iz limited to this type of backbone as
theophyllines and guinazolines did not undergo similar
reactions. From a mechanistic point of view, this transtormation
is permitted by the addition of 2 deuterium radical generated by
the iron{IIL) salt on the alkene, forming an alkyl radical that
reacts with the quinoxalinone. After a 1,2-H shift, the more
stable teetizey radical iz oxidized, and the final product is
obtained after deprotonation {Scheme 134b). A very similar
approach was later developed by Lin, Sun and co-workers, who
labeled phena.nthrldmes from N-aceylamides again wia a eadical
pathway.”** Likewise, 2 denterium radical is generated by the
aridation of NaBD, with an iron{T11) salt {Scheme 134¢). This
tadical adds on the terminal olefinic bond of the aceylamide.
Subsequent insertion generates an iminyl radical that 2dds to the
adjacent benzene ring. After 2 second iron{II1)-mediated
axidation followed by deprotonation, the newly msed hetero-
cycle iz obtained in medinm to good yields.

Selective denterium incotporation at the 4-position of a
quinazolinone scaffold, which is of interest in medicinal
chemistey, wag achieved by Odell and co-workees vig 2
Leuckart-Wallach type reaction™ In their metal-free proce-
dure, demterated foemic acid plays the role of solvent, reductant,
and isotope source {Scheme 135]. Amine condensation on the
more reactive aldehyde function forms an imine that
mbsequently cyclizes on the carbamate moiety leading to an
acyl iminivm ion. Subsequent reduction generates 2 denterium
atorm at the benzylic position.

An otganophotoredox-mediated asymmetric a-deunteration a-
amino acid synthesis was presented by Wang and co-workers.™®"
Here, catboxylic acids were coupled with an owazolidinone
bearing a bulky substituent as amino acid sureogate {Scheme
136). The chiral anion intermediate was trapped with deuterinm
oxide providing a highly stereoselective deuteration method-
ology. Noteworthy, bulky carboxylic acids could undergo this
transformation, too. Cleavage of the oxazolidinone fragment was
easily performed in acidic conditions to generate the desired a-
denterated amine acid. Such products ate of interest for example
for the determination of the secondary and tertiary structure of
peptides and proteins.

The first highly enantioselective catalytic eystem for the
synthesis of a-deuterated a-fAuore-ketones was reported by Yu,
Zhou, and co-workers”" Herte, 1 bifunctional cinchonidine-
derived otganocatalyst allowed preferential deutedum addition
an the 5i face of cyclic silyl enol ethers: Tt is suggested that the
sillicon interacts with the tectizey amine part, while the fluotine
interacts with D, O bonded to the squaramide part of the catalyst
{Scheme 137).

Congested labeled arenes were efficiently synthesized by
Zhang, Lin, and co-wotkets em};]oymg 1 palladinm-catalyzed
dlkylation-denteration cagcade” ™ Owidative addition of the
palladium center on the carbon-iodine bond is followed by
cathopalladation of nothoenene. Subzequent base-mediated
palladacyele foemation, oxidative addition of the halogenated
coupling pattner, C—C bond formation vig reductive elimi-
nation, and f-carbon elimination of the norbornene provided
the final palladiom{I1) species in a Catellani-type approach.
Sodinm formate-d was proven to be the most eficient base for
the selective teapping of this final palladium{II) intermediate as
its Jow reactivity toward the other palladium species from the
aatalytic cycle peemits medium to high product yields and high
deunterium incorporation {Scheme 138).
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Scheme 135. Quinazolinones Labeling
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Scheme 136. Synthesis of a-Deuterated a-Amino Acids

Voo,

Hson + S lom

{18 0q) {1eq)

D;0, CH,CN
madh

Mea-tcrdiia*ClOy (3 mol%) Bu H
(30 mal%) HGl
T — ||":|=
bp  TG30mn G

&% o
dr> 201

Scheme 137. Enantioselective Synthesis of a-Deuterated -

Fluoroketones
c M

GF, Wi
. P §
F D40, CDyOD

2n°c, 18d iy
0% 5o

Scheme 138. Palladium-Catalyzed Alkylation-Deuteration
Cascade of Aryl Indides

A v

DI»Ef]

g
o
2

Ta%

F-Denterated S-nitroarenes were synthesized in 2 two-step
procedure. Fiest, labeling of nittomethane is dchieved with the
aid of the basic resin WA30. Successive addition of electrophiles
bearing a carbonyl moiety completed the desired nitroaldol
reaction.”®™ Aromatic, heteroaromatic as well as aliphatic
aldehydes underwent this transformation. Purthermore, niteo-
ethane and niteopropane were applied to these reaction
conditions and provided the corresponding monodeuterated
products. Similady, 2 quinine-baged organocatalyst dlowed an
asymmetric version of this Henry reaction on a-keto esters

{Scheme 139). Performing the procedure stepwise is not
eegential for thiz labeling methodology, a5 1 one-pot version also
led to the desired product at the expense of 2 slighdy lower
denterivm content.

Wiyl ethers and their sulfur and nitrogen counterpats are
often need as building blocks for organic and polymer chemistey.
A facile method for the synthesis of such trideutero-labeled
eubsteates staeting from the coreesponding aleohol, thiol, or
amine was disclosed by Ananikov and co-workers.™' The key
inteemediate in thege reactions is the dideutercacetylene
generated in situ with calcium carbide and denterinm oxide
{Scheme 140a). Interestingly, when applied to indole
derivatives, this methodology alse alows H/D exchange on
the activated positions of the substeates. Similaely, H/D
exchange takes place at the mote redctive protons at benzylic
positions. This approach was later modified by switching the
solvent to 1 4-dioxane and using a smaller amount of DMSO-d,,
Daoing g0, not only the undesired side eeaction at the benzylic
position was aveided, but the procedure also became more
atteactive from an economical point of view. Reaction of
hydrazonoyl chlotides with these denterated vinyl ethersleads to
interesting 4,5-dideuteropyrazole building blocks {Scheme
140h).%%% Besides, taking advantage of a two-chamber teactor,
the came gronp developed a practical methodology for the direct
synthesis of similar compounds via the in situ generation of the
two key reagents of 1 1,3-dipolar cycloaddition. In one chamber,
niteile amines are obtained via deprotonation of hydrazoneyl
chloeides. Deutecated acetylene, on the other hand, is generated
from CaCy and denterium oxide {Scheme 140¢).7% Notably,
this approach is analogous to the one nsed for the synthesis of
labeled isoxazoles. ™™ Durthermore, aldoximes were converted
into the corresponding chlorcaldexines. Subsequent deproto-
nation in basic media generates a nitrile oxide involved ina 1,3-
dipolat cycloaddition with denterated acetylene { Scheme 1404d).

Intecestingly, efficient nucleophilic deutericaddition of
indaleg, thiols, phenols, and aliphatic alcohols on alkynes is
feasible in basic media under meta- and ligand-free
conditions, % Predictably, deuteration takes place at all the
acidic and activated positions of the bwo reagents. Nonetheless,
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Scheme 139. Synthesis of §-Deuterated f-Nitroarenes
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the interest in this methodology relies in the achieved
quantitative deuterinm content {Scheme 141).

Very tecently, Xie, Li, Zhn, and co-workers modified their
previously described photocatalytic system and developed an
improved one for the decarboaylative denteration of carboaylic
acids.”™ According to the proposed mechanism, an alkyl radical
formed by photocatalytic decarboxylation accepts a deuterium
atom feom the denterated thiol via HAT. Aliphatic ag well ac
benzylic acids were efficienty converted; however, this method-
clogy wag not snitable for aromatic carboxylic acids. Note-
worthy, activated hydrogen atoms at benzylic positions
remained untouched, providing the desired deuterated com-
pounds in high selectivity {Scheme 142), The importance of this
methodology relies on the commercial availability of many
catborrylic acids, enabling the precise synthesiz of mumerous
denterated compounds.

Anothee recently developed metal-free denteration method-
ology for the synthesis of f-deuterated methyl-thivether
detivatives from unactivated alkenes was reported by Xie and
co-workers”™ In their work, the methylsulfenylating agent
dimethyl{ methylthio)sulfonium  triflucromethanesulfonate
{DMTSM) was used to convert olefins to the cotresponding
episulfoninm  derivatives. This three-membered ring was
eventually opened by deuteride addition {Scheme 143). This
approach is efficient for aromatic alkenes and allylic arenes. In
the case of aliphatic terminal alkenes, the anti-Madkovnikov
products are isolated with good regioselectivity. Another
interesting feature of this reaction is the simple cleavage of the
thicether ncticnality with Eaney nickel.

F-Deuterated tectiary amines can be easily obtained from
aldehydes and secondary amines via boron catalysis.”®® Ag
shown above, nucleophilic attack of an i situ generated enamine
intermediate followed by deprotonations allowed selective
deuterinm incorporation. Final iminium eeduction by HBpin
released the desiced products {Scheme 144). Remarkably, this
approach iz highly regiogelective toward the deuteeation of
adliphatic C—H bonds despite using the same B{C.F:)s
derivative utilized by Werner and co-workers™ for the labeling
af aromatic tings.

Because of the important role of a-hydroxy amides in organic
gynthesis, 18 well ag their biological activities, new method-
ologies for their syntheses are of general interest. In this respect,

a,fF-denterated a-hydroxyamide derivatives weee produced trom
the corresponding a-alkyl 1,3-dicarbonyls via an interesting
deavage of three C—C bonds.®™” In this umusual reaction
sequence, cycloalkyl moieties are utilized as leaving groups in a
decarboxylative alkylation process {Scheme 145).

The synthesic of deuterated amides was recently reported lg{y
Maulide and co-workers starting from ynamide compounds.” ™
After activation of the substrate by a strong acid to generate a
keteniminium ion and subsequent deuterinm oxide addition, the
deunterated encl nnderwent tautomerization to afford the desired
product. Besides, the hydrolysis of such bis-a-deuterated
catboxylic amides provides an easy entey into the corresponding
cathoxylic acids. The anthoes ilsteated the potential of their
methodology by prepating 4 denterated analogue of 2 synthetic
intermediate of the marketed dmg gnanfacine along with several
other drug candidates {Scheme 146).

4.7. Multistep Syntheses with Deuterium Incorporation

In parallel to the methodologies mentioned above, classical
synthetic approaches taking advantage of commercially available
denterated reagents or building blocks contimie to be valuable
tor the preparation of specihally laibeled compounds. In the
tollowing part, we will summarize recent examples of such
roltistep syntheges.

4.7.1. Deuterated Reagents. Hydrogenation of alkenes is a
well-established tesearch field and many methodologies using
both heterogeneons ag well 2z homogeneons reagents or
catalysts have been proven to be efficient throughout the
years. A straightforward way to add denterivm atoms onto
olefins relies simply on switching from gaseous hydrogen to
giseous deuterium {Scheme 147). For instance, supported
palladium on catbon was utilized in the synthecis of a bicyelic
chital derivatization agent”"" Similady, an «f-unsaturated
ketone was deuteeate d with nickel boride during the synthesiz of
ds-pethydroazulene-d,”" From 2 homogeneous catalysis point
of view, the Wilkinson catalyst has been applied in the srnthesis
of d;-amlexanox for the purpose of metabolic studies*™

Several studies presented above allow the incorporation of a
trideuteromethyl molety into diverse substrates. Foe this
purpose, new and otiginal transtormations based on denterated
methanol were developed in recent years. In addition, the nge of
denterated analognes of indomethane was explored for amine
alkylations, while synthesizing the fest hapten for 2 hetoin
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Scheme 140. Deuterium Labeling Reactions Using In Situ
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vaccine { Scheme 1482) %7 Az another example, 2 simple mnable
labeling methodology was recently presented by Sun, L, and co-
workers {Scheme 148b).7° By careful choice of unlabeled or
labeled methylation and ceductive amination eeagents, the
synthesis of acylcarnitines bearing 2 mass shift comprised
between 3 and 12 compared with the undenterated connterparts
was feasible.

Nucleophilic CD, fragments have also been nsed in multistep
organic epntheces. Ag an example, the high-oeder denterocupate

{CD,};Cu,Li obtained from commercially available methyl
lithivm was applied in the s%mthesm of 28,28,28-trideutero-25-
hydrosoyrdihyd eotachysterol,.” ™ Tn 1ddltlon, deuterated acetic
anhydride was applied in the generation of a library of
denterated lignin model compounds as inteenal standards for
GC—MS quantification.”” Likewise, the multistep synthesis of 2
geosmin-d, wis desctibed employing lithium aluminam
deutetide for ketone and epoxide reductions®™® The use of
deuterated analogues of such commoen reagents is Dustrated in
Scheme 149,

SCH 430765 is a potential drg for the treatment of obesity.
Az another example, the synthesis for the labeled variant of this
medication containing both deuteriuvm and carbon-13 atoms
was successfully accomplished by Hesk and co-workers, taking
advantage of the commercial availability of [ *C]-formaldehyde-
d for a Mannich-type ceaction {Scheme ISU).379

4.7.2. Deuterated Starting Materials. Also, other
aommercially available deuterated or peedenterated compounds
are prime starting materials in multistep syntheses owing to their
high denterinm content. A shoet selection of syntheses where the
authots took advantage of such marketed denterated substrates
ispresented in Scheme 151 For example, denterated acetone, in
addition to being an WMR solvent, is an atteactive building block
for the introduction of a gem-ditridente romethyl fragment. This
moiety iz recovered in the labeled aroma fragment ﬁ-iononezao
as well as in a levkottiene C4 synthase inhibitor®' MK 3814
wias investigated as 2 potential treatment for Farkinson's disease.
Hegk and co-workers modifed the ethyl bridge in the strmctare
of this A;, receptor antagonist by starting its synthesis with
denterated ethylene g]},nm]éa2 In 2017, two isotope internal
standards of serine dipeptide lipids were synthesized in 10 steps
by Smith.™ For these, denterated butanol was uvsed as labeled
starting material. Wastadexing are an nnmal class of natueal
products found in plants because of their rare dithiocarhamate
functionality. Deuterated representatives of this family were
synthesized from deuteeated benza.lcfleh}rcfle.354 Oreiginal den-
terated compounds are commercially available, such as
{bromomethyl}cyclopropane-dy, 2-cyanopyridine-dy. The for-
raer leads to labeled CHES001 and a potent phosphodiesterase
4 inhibitor in 10 steps with an oveeall yield of 9%; the latter
initiztes the synthesis of a potent lymphocyte fanction-
associated antigen-1 inhibitor. It should be highlighted that
this synthesis took advantage of another commercially available
labeled building block, BOC L -alanine-d,.

5. APPLICATIONS FOR DEUTERATED AND TRITIATED
COMPOUNDS

As mentioned in the introduction, isotope labeling, including
denteration and tritiation, is widely applied in the pharmacent-
ical industey because of its ability to alter metabolism, to exploit
KIEs, and most commonly to petform ADME studies requited
for registeation. While deuteration iz an impoetant tool for

Scheme 141. Nucleophilic Deuterioadditions on Alkynes
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Scheme 142. Decarboxylative Deuteration
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identification and gquantification of dmg metabolites, tritiated
drug molecules are crncial to support studies containing ligand

Scheme 1435, Amide Deuteration vie Decarbonylative
Alkylation
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binding interactions, autoradiographic imaging, and deng
ADME.

5.1. Mechanistic Investigation

In the last bwo decades, the development of metal-catalyzed C—
H activation teactions continues to be one of the most
prominent areas in organic and inoeganic chemistey. Tn thoze
transformations, the cleavage of the respective C—H bond is the
crucial step and detailed mechanistic understanding of these
processes can be revealed through KIE investigations.
Compared with C—H bonds, C—D bonds have intrinsically
smaller molar volume, shorter bond length, and a reduced
vibrational steetching frequency. Theretore, the activation
energy required for C—D bond cleavage is increased compared
with C—H bonds. Consequently, the reaction rate {represented
by the rate constant k) is slower {ky » kg ).
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Scheme 146. Synthesis of o,c-Dideuterated Carboxylic Acid Derivatives vin Ynamide Activation
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Comprehensive information on the importance of KIEs in breaking/forming a bond to the isotope at the rate-limiting step,
mechanistic stadies of, for example, C—H activation processes, or subsequent product-determining step{s), but no clear proof.
have been published by Westaway in 2006™ as well as Simmons 5.1.2. Secondary Kinetic Isotopic Effect. A secondary

and Hartwig in 2012." Thug, in the following section only the
main principles will be briefly explained and most recent
examples will be shown {Table 2). positions of the reactant that are not directly involved or formed

5.1.1. Primary Kinetic Isotopic Effect. A primary KIE is in the reaction. A secondary KIE is generally much smaller thana
ohserved when the cleavage or formation of an zotopically
labeled bond is the slow step of the overall reaction. Tn general,

KIE could result from reactions that bear D or H atoms in

primary KIE. Typically, values up to 1.4 or 0.7 {inverse] per

deuteti t b d {Table 2, entry 13). Not th
the KIE values can be calolated by parallel measarements of e A e ahtstme (EableR. 2 i s 7

rates in intermolecular competition vs intramolecular competi-
tion. Notably, the observation of 2 primary KIE is indicative of understand the teaction mechanisms,

secondary kinetic izotope effects offer valuable information to
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Scheme 148. Applications of Deuterated Analogues of Methyl Todide
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Scheme 149. Selected Synthetic Applications of Deuterated Analogues of Common Reagents
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5.2. Drug Development

The introduction of radiclabels to dmg molecules enables the
direct tracing of these without substantially altering theie
chemical structure and physical properties compared with the
unlabeled counterparts. Thus, both tritium and carbon-14
radivisotopologues are widely deployed diagnostics in clinical

studies. Generally, *Hlabeled drugs can be prepared more easily
and quickly than theic "*C counterparts. In addition, the
extremely high specific activity of 288 Ci/mmol of trithum
makes it uwnique for labeling of phatmaceuticals, proteins,
oligonucleotides, and antibodies as well as for eady labeling
steategies to support discovery purposes. Compeehensive
literature reviews summarizing tritium incorporation in drg
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Scheme 150. Double Labeled Piperidine Backbone Using a Mannich-Type Reaction
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Scheme 151. Multistep Syntheses from Denterated Building Blocks
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‘Table 2. Specific Examples of KIEs in Mechanistic Studies {Refs 386—399)

entry  authors reaction KIE value

e He and co-
an 0 [Rh(codiCll; O s
SiHPh Ligand ~
—_— =1
H. H H Ph
X = W)
i ™ toluene, 50°C i i
H K

Parallel reactions

H
lfkn=1.08
g [Rn(cod)Cl}; @ By
SiHzPh Ligand if-"'/
D. D _ = o, Ph
) =~ J
b o toluene, 60°C o D
D ¥ =
417 He and co-
workers H H [CpirClg)y
H. H 0 H H AGNTI;
" Y H Mn(OAc); 2H;0
" " TFE, air, 90 °C
k Parallel reactions
H
kifkn = 48
[+ D [CpirCl,
D Do o AgNTT,
—_
§ s o Mn(OAC); 2,0
s 5 TFE, air, 90 °C
kp
i
I o
e :‘k:;nm:ﬁdu tedctions
@\,o\/o HyD, — S Pad o
DyHy— !
Mg L8 TP noAch 2H0 Dy ="HyiD,
TFE, air, 80 °C
P Baudoin,

Cramer and co-
worlers
H
Ma\N & O'Pt
| H—ph i
Parallel kinetics

Ny Pd(dbalyLigand
K GsOPiv, C5,C0,
CHyCN or CD,CN e . iukeo = 1.8
2] a0, h
MnN 0°C, 0-3 W“H P
' N—ph N=N
N2
LY
FE Mei and co- X
workers HN B
NHCO-2-py  Copper catalyst NHCO-2-Py
—
X e L
anodlc Sxidation Parallel kinetics

S @
HO kfko=1.0
D

1]
D. NHCO-2-Py  copper catalyst D NHCO-2-Py
e
anodic oxidation
D D N’\ll)
ko k./
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Table 2. continued

entry authors KIE value
530 You and co-
waorkers
[SCpRh] Farallel kinatics
s Ligand
+ @_Ph —_— b/ kn= 1.0
AgF, DMF, 60 °C
a-Dyora
. &
N N
= [SCpRh]
O D. Ligand Parallel kinetics
B ——
oL pPn o
AgF, DMF, 60 °C hulko=1.0
OO b-Dy orb O@
a c
[SCpRA]
D__s Ligand
Uph ”—""MF' e Paraliel kinetics
kufln= 1.1
o bDjorb
aDyora
& Nakao,
Hartwig, and @ /\%Cal'lﬂ
co-workers [L{gﬂnd-ﬂi[qs-csl-l‘]] Parallel kinetics
OF + CgHyy Kk = 1.30.1
X\ Na(acac)
Dy Neat, 120 °C Ces oy
¢ Carreira and Pd{OAE); cl Intermelecular reactions
co-workers PhI(QPIv), i kifko=3.3
_ [BuNgr .
AP... & MeCN, 70 °c AP\H o
XX same flask X 2a
s miatire 10% yleld
fa:X=H 21% D-incorporation
1a-Dy: X=D
Parallel reactions
Pd{OAe), ci
Phi{OPiv), 7 Jnflep= 34
N' -
AP.,
AP MeCN, m°c ﬂ cl
N separate flask X
2a
1a: X=H
1a-D:X=D

g van Farallel kinetics

Gemmeren and

o
Pd(0AC), -Bu A
co-workers 5 Ligand o kifko=3.5
=04 ndu TIRS—=—8r d =~1Ps

n-By S
)(LOH or  DyC TOy - Intermolecular reactions
0, LIHFIP

Ag, ¥ or o
HEIR. 60 °C Hum Bifkow 60
Dyt =
b ——TiPs
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Table 2. continued
entry authoms reaction WIE value
9 Rovisand co- [CoirChl;
warkérs W o
gNTH, HID!
HH . 940 LiOAe () - Intermolecolar teactions
NS DCE 35°C,20h HN kiilko=19
== A Me \“/
o
|5}
[CpiiClz)y
j AT, Ok} Intramolecular reactions
o —LoAs 7 Tu/lo=16
NoT M= DCE, 35°C, 20 h HN
: Y
10" Duan and co- [Cu{Xantphos){dmpl]BF, Paraile] kinetics
wiorkers Phon DABCO COsMe )
phth o * Ph., “GoiMe o PR OH bufkn=160
N ? DMA, i, Ny Hum Ph
24 W blue LEDs
1% Zhiasd co- S - Intramolecalar reactions
warkers JBu
N 2,2-blpyridine, NaO'By bi/bo= 338
ot N izl
lau 30 min Bu
i By BN
(:i;ﬁ $1oHN Sutcricooncochy, Itéroolécalir sesctions
R e
i, Ny bfko= 133
B Zmin 'BUHNOG o
‘s
=
12 Youngsnd co- Ak
workers N H
pﬂ%’:‘f: Intermolecular teactions
v ——
€Oz H:0 o2 M knfku=3.2
Sﬁ, ot AcOH, 110°C ﬁigﬁn
13 Cheong, Pd{PPh3); H H Parallel kinetics
Altman and co-
workers BN 8 OH k=10
1 A-dioxane P Pr
100°C, 70 min F
HID DiH O Pdi{PPhaly HIR o .
Secondary KIE
Et,n H econdary
,Pr Tiadiomane B hykos s
100°°C, 70 min
14 Zhuand co- (20% D)
hicee Fe(A iHaPh
1, il
[FefA] cat H(22% D) [Pe{A)icat
_ EtMgBr CeHyy
Gth—= THF, 30 0r 0 °C D {0% D) kufho=40
* 0%
PhSiHy (1.0 eq) ——
¥ (24% D) [Pe(B)]eat
PhSID, (1.0 8q.) (FelB)] cat. SiHPh
Hi{23% ) kufkp=3.8
EtMgBr oty s
THE. 30 0r0°C e

1%

development have been puoblished, and therefore, only the
recent restlts will be briefly explained in the following ™

As shown in Scheme 152, a tritiated radioligand was prepared

by Artelemair and co-workers,
precursor a was iodinated vsing N-iodosuccinimide {NIS) and

Fiest, the indole moiety of
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Scheme 152. Synthesis of a Tritiated Radioligand

~ %4 o 38
H:N HH™ "N
AIDGZ-T
e
PRy
H,N’E
Lompound & Compound a-T
0%
Scheme 153. Synthesis of Tritiated FLAP Inhibitors
Z-odoxybanzale scld (IBX)
@ 5 siops @ _ snhydrousDiF @
J-decxynalorp hone

merphine

3luorcpropanal
mathenes uifonic ackd

Ry .[Pd].ummu \)\,
DEA0B °C, 44%, 1 N HOVELD, 100%

BCL-338

TEA in DCM, yielding compound b. Subsequent hydrogenation
utilizing tritium gae at low pressure {approximately 50 mbar)
provided in short times {15 min and 1 h) the tritiom-labeled
product ¢ without affecting the olefinic double bond. The
product was employed for # vitro autoradiography {ARG)
studies on fresh frozen human brain slices to establish whether
specific binding takes place in Parkinson’s disease (PD) tissue.

Leukotrienes ate mediators of cellalar inflammation, and their
overproduction is 2 major cause of inflammation in asthma and

9700

allergic chinitis. In this regard, 5-lipoxygenase-activating protein
{BLAP) ig involved in the conversion of arachidonic acid {AA)
to S-hydropetoxyeicosatetraenoic acid and subsequently to
Thus, inhibitors of FLAT should block the
production of leukotrienes. As 1 recent example, AZDGES2
and a related derivative show good properties as 5-lipoxygenase-
activating protein {FLAF) inhibitors. Consequently, the
tritiated analogues were prepared using a specific iridiom
phosphine catbene catabyst in the presence of tritium to mether

levkotriene.
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Scheme 154, Prepa.ration of [3H:|MCL-536
NN\
F) ke mold (I
P .." -bdwbmln n {IEX)
m
B H
A-deoxynaion hons

morphine

A-fuoropropanal
muthanssutfonle ackd

oy 7., [Pd], 60 Climmol P R
B5-105°C, m,l"Hm1m«$ r@

MCL-536

Scheme 155. ["H]Compound a and [*H]Compound ¢

A

gerdy

NBS
DWF
noC,3h |
a b
oH o
{205 mBar, 17508q) "J\V%:[b:
W
_—l-
'Fr.NEI. DMF ,\Fp
%, 1h
]
aT
H
%Fncf = n
2 DMF Fa
28°C,3h r
[ d
{208 mBas, 17508q) Q,I:
raee el
‘ProNEL DMF Fa
23°C,1h

W

eT

understand dmg metabolism and pharmacokinetic properties
{Scheme 153).%%

Dopamine recepitors, especially thoge in the D2 family, play a
significant role in 2 variety of disorders involving the central
nervous system inchading Parkinson’s disease {PD), restless leg
syndrome {RLS), Huntington’s chorea, multiple system atrophy
{MSA), and so on. As an example, for small molecules which
bind with high affinity to these receptors, Subburaju and co-
workees developed tritiom incorporated MCL-536 which helps
to quantify D2 high sites in schizopheeniz and PD patients #t vive
{Scheme 154),%

As 2 leukotriene, lenkotriene C4 {LTC4) has been widely
sudied in the context of alleegy and asthma. Tt is expected that
an enhanced efficacy profile can be gained by hindeting the
production of LTC4. In this context, a radioactive labeled
LTC4S inhibitor is required for developing a leukotriene C4
synthase inhibitor. Later, two tritium labeled {[*H]Compound a
and [3H]Compound ¢) LTC4 inhibitots were prepared from
vrlabeled analogues a and ¢ by Elmore and co-wotkets for in
wtro studies,”™ Fitst, unlabeled substeates were brominated with
N-bromosuccinimide (NBS) in DME to give b and d,
respectively {Scheme 155). Subsequent Pd-mediated reduction
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Scheme 156. 5-(4-Nitrobenzyl)-6-thivinosine T
0y

ox

nur.uE:,
70°C,18h

=

Scheme 157, Synthesis of Compound e-T and AZDE248 T

S

Po-118 (8 mo), KaCO (27 eq) é“}s

NH;

’

e

CHACN, He, TE°C, B h

[
i BO% - Eg
Po-118=1,1"binfdI-tert e L]
H yl H
1. MoG,CNSONEH, N\_/ﬁj i {m "\./9"
DCH ) BN H
2 HGOOH GHyGN, 1t, 8 h

A

9\}_

TS

T

[CODHPMeF h{Ie)PTy (WIMHG]

DCM, r, 19 h

Hy

e T

B0, CHS0NE,

0-‘»

Hy

%

{stoichiometeic in PA) of the aryl bromides with T; afforded the
T-labeled compoundé [*H]-a and [*H]-c.

MNuocleosides continue to be imporctant biological targets.
Recent smdies discovered that their function conld be disropted
by xenobiotics like colchicine and cytochalasin B as well ag
rucleoside analognes. As an example of the latter compounds,
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putine S-{4-nitrobenzyl)-6-thicinosine was identified as a
potent transport blocker of mucleosides. More specifcally,
Filer and Byon reported that [benzyl methylene-*H]S-{4-
nitrobenzyl)-6-thioinosine {Scheme 156) has been tritiated to

identify the mucleside teanspoet sites. "
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Scheme 158. *H]PF-622a, [*H]PF-622b and [*H]PF-622c
(CR'IClz)y (0.5 moi%)
m/\m KGO, (5 mal) C@/\
i ptoe —— T
ulurn
110 %G, 24 h

™ A

Q.m"m

R.15II

TO

IN(CODYPCya) (Py)IPFs (10 oq)

F2 —

DCN
25h

PR-aZECrabtros Cat. = 121

g CODIPCy XY 24 50 w J\ﬁ

(:O;%um

DCN
i 18h

PF-i22:Crabiroe Cal. = 1:2.24

0

{30.4%)
PHIPF-E220

PO{PPH,), (0.9 0q)
—_—

DMF
110°C, 18R

e sl

0.

PHIPE-822¢c

Cathepsin C {CatC), also known as dipeptidyl peptidase 1
{DPF 1), is a lysosomal exocysteine protease that is important
for intracellalar protein degradation. It Mmnctions in the
activation of many serine protedses in immune/inflammatory
cells. CatC plays a cemcial role in the activation of these serine
proteases and supp ot the theeapeutic steategy of targeting CatC
inhibition in inflammatory diseases, In order to develop 2 highly
potent and selective CatC C inhibitor, Brage and co-workers
prepared teitinm labeled materials [3H]c0mpound e and
[FH]AZD5248 (Scheme 157) for preclinical drug metabolism
and disposition studies. **®

Batty acid amide hydeolase {FAAH) is 2 member of the serine
hydrolase family of enzymes, which degrades the endocannabi-
noid anandamide. Studies in cells and animals and genetic
studies in humans have shown that inhibiting FAAH may be 2
ngefal steategy to treat pain, inflammation, and other central
nervous system disoeders. I this context, N-phenyl-4-{ quinolin-
2-yImethyl) piperazine-1-cafhoxamide {FE-622) was developed
as an example of FAAH inhibitors. In order to make a
comprehensive characterization of the mechanism of inhibition
and gelectivity of PE-622, three tritiom-labeled PR-622
analogues were prepared from PE-622 nsing the Ie-based

0703

Crabtree catalyst o ﬂmw Fd(PFhy), under tritiom gas
atmosphere {Scheme 158).

Bivanalytical tools that allow the identification of dmug
metabolites hold a great potential to discover new drngs and
guide the selection of clinical candidates. In this aspect, isotopes
of active dmgs are commonly prepared to understand their
metabolism and to identify and quantify specific metabolites.
Specifially, cytochromes P450 are important enzymes for the
metabolism and clearance of many chemical compounds by
atalytic oxidations including C—H bond cleavage reactions. In
addition, C—X cleavage (e.g, C, N, 0, S-dealkylation) processes
are also well-known to be catalyzed by this class of proteins.
Thus, CYP450-mediated transformations offer many oppot-
tunities for the application of KIE strategies. Pioneering work in
this area on N-demethylation reactions zppeared already in
1961.°" Since then, in many cages, it hag been possible to
modulate the i vive metabolism or toxicity of chemicals by
using deuterated analognes.

Following the statement of the Nobel Laureate James Black:
“The most feuitfol basis for the discovery of 2 new drug is to start
with an old drl.‘lg","":'9 geveral pharmacentical companies are
currently interested to improve the properties of approved dmgs
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Table 3. Selected Deuterated Drugs and Compounds in Clinical Development

entry

compound name
Austedo
(Deutetrabenazine)

AVP.TEE

Donafenih

RT001

CTP-343

BMS-D86165

CTP-656

ALE-001

HC-1119

VX984

DRX-065

structure
D,CO.
N
D:C,
N

N
N op
i H D
N
N BN D
=y =N D 0
/
7N
N N
-~
0 HN
DsC.
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indication

Chorea associated
with Huntington
diseise

Major depressive
disorder

Differentiated thyroid can-
cer

Infantile nevroaxonal dys-
wophy

Hair loss (alopecia
aerate)

Psorasis

Cystic fibrosis

Stargardt disease

Metastatic castration-
resistarit prostate
cancer

Solid umors

Nen-alcoholic

steatohepatitis/
adrenoleukodystrophy

status
Approved

Phase 3

Phase 3

Phase 3

Phase 2

Phise 3

Phase 2

Phase 2

Phase 2

Phase 1

Phase 1
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Table 3. continued

entry  compound name struchure
12 SD-254
-CD,
HO '7'
CDy
CDy
13 CTP-347 F
J @83
S g D
N
H
14 CTP-499

OH o
H f
7 N
DiC m’:{t{)

indication staus
Major depressive Phase 1
disorder

Menapause, hot flashes, Phase 1

and vasomotor symptoms

MNon-dialysis patients asso- Phase 1
ciated with moderite
chronic kidney disease

Scheme 159. Classical Syntheses of TBZ
Hofimann-La Roghe, 1858

MT"

—_—
* 2y
f
TRZ

™RZ
%

by producing “new” labeled drugs with more desirable
properties. In fict, specifically denterated drugs may have the
following advantages compared with the original protonated
ones: (1) reduced metabolism rates and extended halflife of
active compounds; {2) reduced drug dosing; {3) minimization
of the formation of potentizlly toxic metabolites. Notably in
2017, the FDA approved the fiest denterated deng, Angtedo, foe
the treatment of Huntingtons disease-related disorders and
tardive dyskinesia.”* As a result of the success of Anstedo { Table
3, entiy 1), several other deuterated drugs are now in clinical
phases for various indications {Table 3). Most deuterated
detivatives are prepared with D-substitions on methyl oe
methylene groups. C—D bonds on those positions are much
mote resistant toward oxidative degradation processes. For
emmple, tetrabenazine {TBZ) was fist approved in 2008, to
treat chorea associated with Huntington's disease {Scheme
158).7 O-Demethylation iz 2 key step of tetrabenazine
metabolization catalyzed by cytochrome 2D6 {CYP2D6). In
deuntetrabenazine {Scheme 160), the stronger C— D bond, which
attermates the rate-determining O-demethylation reaction,
increases the terminal elimination halflife {Table 3, entry 1).

Scheme 160. Synthesis of Deutetrabenazine®

>4

H
Hm 100, PrOH
H
H MaOH, HO
65T °C
%
€040, PPhy, IMAD
_——
DG
2530 °C
2%

“DIAD: ditsopropyl azodicarboxylate,

A similar steategy led to the development AVF-786 {dextro-
methorphan-d; + quinidine) for the treatment of agitation in
patient: with dementia or Alzheimet’s disease.'? Dextro-

methotphan was initially developed by F. Hoffman-La Roche
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in 1554 as an antitussive agent. Nowadays, it is 2 common
ingredient of more than 125 commercial cough and cold
remedies. Both - and N-demethylation are key pathways to
generate active metabolites. The denterium analogue AVEP-786
showed significant potential for registration trials sufficient for
regulatory submission/approval {Scheme 161 and Table 3,

entey 2).

Scheme 161. Metabolism of Destromethorphan

H&
cYPaDe N
—_—
C-damethiyation
Hy
Dextromathorphan Duxtrorphan
CYPAAL CYP3A4
N-dumuthiyistion N-demath ylation
HN
CYFID8
—_—
@Qq O-damathlyation @qu
3-Methoxymorphinan HHyoxymorphingn

As shown in Table 3, at present four deuterated compounds
AYP-786, RT001, Danafenib, and BMS-986165 are considered
for tegulatory submission/ approval. Tn addition, ALI-001 and
HC-1119 have teached phase 3 clinical trials. The increasing
mmber of clinical trials using deuterated drug analogues { Table
3, entries 10—14) cleady indicates the strong interest of the
pharmacentical industey in this area.*'

Denterinm labeling in vaccine development has been used for
other applications, too. In 2020, Janda and co-workers teported
1 potential vaccine against heroin addiction. To prepare the
vaccine, they nsed a heroin-mimicking molecule in which they
replaced several hydrogen atoms with deuterium and found that
the new vaccine was significantly improved 1 shown from titer,
affinity, specificity, and behavioral models incduding antinoci-

ception 2nd drg bindistdbution {Figure gl

6. CONCLUSIONS AND OUTLOOK

In the past decade, the strong interest on varions aspects
tegarding the synthesis of isotopically labeled organic molecules
hag continned. In this tespect, both denteration and tritiation
reactions constitute key tools for many basic academic stadies as

well as applications, particulacy in the life sciences. Thus, in the
past 5 years, which iz the focus of this Review, many new
deuterated and tritiated {complex) molecules have been
prepared by well-defined molecular catalysts ag well asz
traditional stoichiomettic reactions. While advancements in
homogeneous catalysis and organometallic chemistry signif-
cantly entiched the repettoire of labeling methodelogies in the
past, more recentdy photocatalysis and electrocatalysis are
becoming mote and more popular for specific applications.

Apart from photocatalysis, electrocatalysis, and otgano-
metallic catalysis, so-called nanomaterials are becoming
atteactive for labeling eeactions. In fact, the use of nano-
stractured materials based on noble and non-noble metals is an
exciting area of regearch for isotope exchange reactions.
Compared with their bulk counterpacts, supported metal
ranoparticles display 2 large surface-to-volume ratio and can
be more active. Interestingly, selective incorporation of
deuterium / tritium atoms has been observed for many substrates
inclading pharmacenticals, although the teazons for thege effects
are often not fally understood. Nevertheless, the number of
publications in this area increases each year, and many recent
discoveries have been incorporated into the chemists” toolkit for
isotope labeling.

While in the past, the clear focug in this field wag on the
selective and efficient labeling of pharmaceutically relevant
rolecules on small scale, eecentdy there is also a growing interest
in scalable methods ftor deuteration. Indeed, a handful of
deuterated compounds have already entered the clinic, and in
2017, the FDA approved the first deuterated demg, Austedo, for
the treatment of Huntington's disease-related disorders. Due to
thislannch of denterated componnds as active deng ingredients,
there is an increasing interest in reliable and robust method-
ologies, which permit large-scale denterinm labeling in industrial
settings. In this regpect, dso the sonrce of denterium becomes
more significant, and the use of D0 should be preferred.

Although denteration and tritiation have hecome well-
established methodologies in chemistey, still this held offers
interesting potential for innovations {eg, with respect to
citalysts). Most of the homogeneous catalytic systems described
above suffer from the high metal price 2nd sophisticated ligands,
and in some cases, they are envieonmentally less acceptable. For
emmple, Te-based Crabteee and Keer catalysts along with Rn
ctalysts are mainly used for C{sp?) —H HLE reactions using D,
and T, gas. Similacly in heterogeneons catalysis, supported Pd,
Pt, Bu, and Ir materials are commonly used to catalyze
multi H/D exchange of arenes and heterocyclic amines.
Unfortunately, the tolerance of these catalysts toward easily
teducible functional groups and halogens as well as the
selectivity i still challenging. While most academic work
concentrates on selectivity aspects, for many applications, the

KLH = kayhole limpat hemocysnin

Hueoln Vasokns

Figure 9, Comparison of heroin and heroin-d; vacanes,
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efficiency of the process can be more important. To be clear, for
1 given application often »>35% deuteration at the desired
position of the compound are mandatory. However, for some
dmyg applications, the synthesiz of complex tritiated molecules
with 2 high specific activity {beyond 50 Cimmel/1) is requited.
Thus, there is 2 growing trend that "design for quality” needs to
be congidered in the development of new labeling methods.

So far, isotope exchange reactions of C{sp*)—H positions
have been primarily developed. In contrast, catalytic systems for
the direct and selective HIE of C(spB)—H sites under mild
conditions are still limited. As most of the top-selling
commercial dmgs contain at least one alkyl moiety, the
development of effective HIE reactions targeting C{sp*)—H
bonds offers alternative approaches for the isotopic labeling of
bioactive molecules. Here, strategies of directed remote
functionalization or the use of transient directing groups might
help to establish moee general protocols.

Last but not keast, the importance of labeling methodologies
te enable innovations in other areas of chemistry should not be
undetestimated. For example, HIE reactions of C—H bonds
constitute a great source of inspitation for "designing” all kinds
of novel C—H functionalization reactions. In addition, the use of
labeled ligands and catalysts offees possibilities to better
understand catalytic phenomena and stady catalysts from ceadle
to geave. While surface metal hydeides play a ceacial role in
heterogeneons catalysis including many industrial processes, the
behavior of the corresponding isotopes is far less investigated.
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Int. Ed. 2010, 49, 6629-6632, doi:10.1002/anie.201002870; e) L. Ackermann, R. Vicente, H. K.
Potukuchi, V. Pirovano. Mechanistic Insight into Direct Arylations with Ruthenium(ll) Carboxylate
Catalysts. Org. Lett. 2010, 12, 50325035, do0i:10.1021/01102187e; f) L. Ackermann, A. V. Lygin.
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Production of Sterically Hindered Amines: Ru(ll)-Catalyzed C—H Bond Activation and Hydrosilylation
of Imines. ACS Catal. 2011, 1, 1221-1224, doi:10.1021/cs200331m; h) W. Li, P. B. Arockiam, C.



82

83

84

85

Fischmeister, C. Bruneau, P. H. Dixneuf. C—H Bond Functionalisation with [RuH(codyl)2BF4 Catalyst
Precursor. Green Chem. 2011, 13, 2315-2319, doi:10.1039/C1GC15642J; i) L. Ackermann, E. Di-
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Khan, S. K. Sinha, G. K. Lahiri, D. Maiti. Ruthenium-Mediated Distal C—H Activation. Chem. Asian J.
2018, 13, 2243-2256, doi:10.1002/asia.201800545; c) K. Korvorapun, R. C. Samanta, T. Rogge, L.
Ackermann. Remote C—H Functionalizations by Ruthenium Catalysis. Synthesis 2021, 53, 2911-
2946, doi:10.1055/a-1485-5156.

Selected examples: a) N. Hofmann, L. Ackermann. meta-Selective C—H Bond Alkylation with Sec-
ondary Alkyl Halides. J. Am. Chem. Soc. 2013, 135, 5877-5884, doi:10.1021/ja401466y; b) J. Li, K.
Korvorapun, S. De Sarkar, T. Rogge, D. J. Burns, S. Warratz, L. Ackermann. Nat. Commun. 2017,
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L. Massignan, X. Tan, T. H. Meyer, R. Kuniyil, A. M. Messinis, L. Ackermann. C—H Oxygenation
Reactions Enabled by Dual Catalysis with Electrogenerated Hypervalent lodine Species and Ruthe-
nium Complexes. Angew. Chem. Int. Ed. 2020, 59, 3184-3189, doi:10.1002/anie.201914226; c) L.
Yang, R. Steinbock, A. Scheremetjew, R. Kuniyil, L. H. Finger, A. M. Messinis, L. Ackermann. Aza-
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