Universitat
Rostock

Hydrogen / deuterium exchange reactions:

small variations for heavy changes

Cumulative Dissertation

to acquire the academic degree
doctor rerum naturalium (Dr. rer. nat.)
of the Faculty of Mathematics and Natural Sciences

at the University of Rostock

Submitted by Florian Bourriquen, born on 3™ June 1995 in Paris XII

Rostock, 12.12.2022

https://doi.org/10.18453/rosdok _id00004295






The present work was accomplished at the Leibniz-Institute for Catalysis e.V. at the University
of Rostock, at the chair for Applied Catalysis in the research group of Prof. Dr. Matthias Beller

during the period from January 2020 to December 2022.

Reviewer #1: Prof. Dr. Matthias Beller
Leibniz-Institut fur Katalyse e.V.
Angewandte Homogenkatalyse
Albert-Einstein-Strale 29a
18059 Rostock

Reviewer #2: Prof. Dr. Manuel van Gemmeren
Christian-Albrechts-Universitat zu Kiel
Room 322
Otto-Hahn-Platz 4
24118 Kiel

Year of the submission to the faculty: 2022

Year of the oral defence: 2023



Statement of Authorship

| hereby affirm that | have written the present work by myself without outside
assistance. No other resources were utilised than stated. All references as well as
verbatim extracts were quoted, and all sources of information were specifically

acknowledged.

Ich versichere hiermit an Eides statt, dass ich die vorliegende Arbeit selbststandig
angefertigt und ohne fremde Hilfe verfasst habe. Dazu habe ich keine aufler den von
mir angegebenen Hilfsmitteln und Quellen verwendet und die den benutzten Werken

inhaltlich und wortlich entnommenen Stellen habe ich als solche kenntlich gemacht.

Rostock,

Florian Bourriquen



Acknowledgments

First and foremost, | would like to thank my supervisor Prof. Matthias Beller for welcoming
me in his group. Thank you for the opportunity to thrive in remarkable working conditions, for
your guidance on the numerous and diverse topics you allowed me to work on. Your prompt

replies and your constant enthusiasm were always sources of motivation.

Thank you to Dr. Kathrin Junge for accepting me in the Redox Group and for providing me
with a place to work for the past three years. | am grateful for the pleasant atmosphere while

sharing your office and for your advice in and out of the lab.

The financial support from the European Union through the FLIX project which funded my PhD
has to be recognised, as | would not have been in Rostock and could not have done any of
this work without it. Similarly, thank you to everyone at LIKAT who made everything possible:

the analytical, purchasing, and technical teams, as well as the secretariat.

| also would like to acknowledge Dr. Wu Li for guiding me in the lab when | started. Thank you
so much for teaching me about heterogeneous catalysis and letting me join your challenging
projects starting from day one. Thank you as well for your contribution to the review! Speaking
of the writers of the review, it is impossible not to mention Dr. Sara Kopf. Our discussions on
isotopic labelling were always fruitful, and so was the renowned Deuteration Newsletter, thank

you for that!

My next thanks go to my other lab-mates Svenja, Helen, Niklas, Katja, Andrea, Peter, and
Jannik. Thank you for all the laughs, good mood and good times in the office and the lab. | am
going to miss our Friday-afternoon playlist. An extended recognition to all the members of the
Redox Group (and neighbouring labs), namely, Shuxin, Johannes, Caro, Sebastian, Dennis,
Veronica, Thomas, David, Leandro, Pavel, Ruiyang, Julien, Haifeng, Zupeng. Thank you for

the support, discussions, and pleasant lunches and cake breaks together.

A special appreciation to the readers of my thesis, Prof. Matthias Beller, Dr. Kathrin Junge, Dr.

Peter McNeice, Dr. Sara Kopf and (soon to be Dr.) Shuxin Mao.

Lastly, | wish to thank my family and all the friends | made along the way. En particulier, un
immense merci a mes parents, Sabrya et Pascal, ainsi qu’a mon frére Yanis. Merci d’avoir été
Ia pour moi, de m’avoir toujours soutenu et de m’avoir donné I'opportunité d’arriver ou je suis

aujourd’hui. Tout cela n'aurait pas été possible sans vous.



Summary

This dissertation reports the development of new catalytic methodologies for deuterium incor-
poration into organic molecules. In a first part, the use of a simple Lewis acid is reported for
the isotopic labelling of electron-rich (hetero)arenes. Next, two original heterogeneous cata-
lysts are presented for the labelling of comparable compounds: a first-generation iron-based
system and a follow-up work using manganese. Both materials are easily prepared and fully
characterised. Additionally, investigations were performed to gain insight on the mechanisms.
In particular, all of these systems rely on base metals, which are of key interest due to their
high abundances, low prices and minimal toxicity in comparison to noble metals. Furthermore,
for all these methodologies, deuterium oxide (D-0O), the most affordable and easy-to-handle

deuterium source was used.

Zusammenfassung

Diese Dissertation befasst sich mit der Entwicklung neuartiger katalytischer Methoden zur
Deuterierung organischer Molekule. Im ersten Teil wird der Gebrauch einer einfachen Lewis-
Saure zur Isotopenmarkierung elektronenreicher (Hetero)arene behandelt. Anschlielend wer-
den zwei heterogene Katalysatoren zur Isotopenmarkierung vergleichbarer Verbindungen vor-
gestellt: ein System der ersten Generation auf Eisenbasis sowie eine Folgearbeit unter der
Verwendung von Mangan. Beide Materialien sind einfach herzustellen und wurden vollstandig
charakterisiert. Weiterhin wurden Untersuchungen zu den jeweiligen Reaktionsmechanismen
durchgefuhrt. Alle vorgestellten Katalysatorsysteme basieren auf unedlen Metallen, welche
aufgrund ihrer hohen Verfligbarkeit, ihres niedrigen Preises sowie ihrer im Vergleich zu Edel-
metallen geringen Toxizitdt von besonderem Interesse sind. DarlUber hinaus wurde fur alle
diese Methoden Deuteriumoxid (D20), die gunstigste und am einfachsten zu handhabende

Deuteriumquelle, verwendet.
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Introduction

1. Introduction

Hydrogen is the lightest chemical element constituted simply of one proton and one electron.
It is the most abundant in the universe, estimated to represent 90% of all atoms.!"! Differing by
an additional neutron, a hydrogen isotope of mass number 2 was discovered in 1931 and
named “deuterium” by Harold C. Urey. Highlighting the importance of this discovery, Urey
was awarded the Nobel Prize in chemistry in 1934 “for his discovery of heavy hydrogen”.!
Clearly, the fundamental difference between protiumi and its rare isotope (0.015% abun-
dance) deuterium is the atomic mass.”! In fact, with almost a 100% increase from 1.008 u to
2.014 u, the mass difference between hydrogen isotopes is greater than those of any other
elements. This leads to vastly different properties in compounds containing deuterium rather
than protium. The change is particularly striking when the lowered vibrational frequencies of
carbon-deuterium bonds vs. carbon-protium bonds are observed.®®! Consequently, bonds in-
volving a deuterium atom exhibit lower zero-point energy (by 1.2-1.5 kcal/mol), thus, more
energy is necessary to cleave C-D bonds compared to C—H bonds.""8 This is referred to as
the primary kinetic isotope effect (KIE) and rationalises numerous applications of deuterium-

labelled compounds.

Research dealing with this isotope has been constantly increasing since Urey’s discovery, as
illustrated in Figure 1. One particular field, and the topic of this thesis, is the incorporation of

deuterium atoms into organic molecules in order to tune their properties.

4000 ~
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- - N [ %] (%]
o [4;] o (8)] o
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Figure 1. Number of publications referenced in the search engine SciFinder containing the
word “deuterium” per year between 1931 and 2021.
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1.1.Interests in, and uses of deuterated compounds

The main advantage of isotopically labelled organic molecules, is that small structural modifi-
cations can have a major impact upon the physical properties and biological activities.[®) For
example, assuming enough isotopes are incorporated (typically more than four), Stable Iso-
tope Labelled internal Standards (SILSs) can be prepared, which are of paramount importance
for LC-MS/MS applications.['>'" Indeed, the use of SILSs is a key technique for pharmacoki-
netics and metabolites investigations,!'>'"! as well as food and environment quantitative anal-
yses.['®24 Furthermore, hydrogen/deuterium exchange mass spectrometry allows the investi-
gations of more challenging biological systems. Here, examining the exchange rate of amide
hydrogens in protein backbones permits the determination of high-order structures and sys-

tems dynamics.?>2?8 As hydrogen bonding significantly slows the exchange rate of backbone

—— Mass spectrometry — Materials science

C,H, C,H,.

R= CHj: tetrabenazine R= CH3: sorafenib
R= CDj: deutetrabenazine R= CD3: donafenib
——NMR solvents ——Mechanistic investigations
D D...D
D D CI—|—CI
Cl 0 D
DO D “
S+D P kH
D D D D H KIE= —

Figure 2. lllustration of the uses of deuterated organic compounds.



Methodologies for the deuterium labelling of organic molecules

amide hydrogens, their analysis provides insight into the structure, hydrogen bonding strength,
and conformational mobility of proteins. Taking advantage of the KIE, deuterium-labelled com-
pounds are often applied to investigate reaction mechanisms: it is common to run chemical
reactions with substrates labelled at positions susceptible to be involved in Rate-Determining
Steps (RDSs), then monitor and compare the kinetic profiles of labelled vs. unlabelled com-
pounds.?*31 Similarly, isotope-labelled substrates or reagents are utilised to track the position
of deuterium incorporation in products (e.g. crossover experiments), thus providing further in-

sights on reaction pathways.[32-3!

Conversely to these analytical applications, deuterium-containing compounds are also end-
products. For instance, perdeuterated molecules are routinely used by chemists as solvents
for NMR spectroscopy. Besides, taking advantage of the KIE, deuterated compounds are a
field of research in materials science, leading to OLEDSE%43, fluorophores*+4¢!, or conducting
polymerst748l with tuned properties. Besides this, “the most fruitful basis for the discovery of a
new drug is to start with an old drug” claimed the 1988 Nobel Prize laureate in medicine James
Whyte Black."9 This approach is particularly true in the case of isotopic labelling, as replacing
hydrogen atoms with deuterium ones can generate more metabolically stable pharmaceuticals.
Indeed, due to the KIE, the absorption, distribution, metabolism, and excretion (ADME) prop-
erties of drugs and drug candidates can be adjusted.552 This is for example the case for
drugs approved for human use like deutetrabenazine!®® and donafenib®#%% (Figure 2). In fact,
in the case of (deu)tetrabenazine, one key metabolic step involves the cleavage of (trideu-
tero)methoxy groups leading to inactive metabolites.®® This “simple” change of protiums for
deuteriums allows for a less frequent daily dosing (two times a day instead of three) as well as

a more favourable side effects profile.[57-58

1.2. Methodologies for the deuterium labelling of organic

molecules

Due to the high demand for deuterated compounds, a broad “toolkit” of methodologies to in-
corporate deuterium atoms into organic molecules has been developed.®74 Such approaches
can be divided into three main categories. First, classic stoichiometric organic syntheses taking
advantage of deuterated analogues of common organic reagents is possible. Here, the main
advantage is the high deuterium content already present in the reagents (usually >99%)
(Scheme 1, top). Yet, not only can such compounds be expensive, but one main drawback of
this approach is the common loss of deuterium-labelled products during multi-step syntheses,
especially if the label is incorporated in the early stages of a synthesis. To circumvent these
limitations, Hydrogen Isotope Exchange (HIE) is the methodology of choice. In this late-stage

functionalisation technique, protium atoms are (selectively) exchanged with deuterium ones.

3
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— Deuterated building blocks

D
R RP v/ often quantitative D incorporation
d) \ é X tedious multi-step syntheses

——Hydrogen Isotope Exchange

H v highly desirable

v/ late-stage functionalisation

[D] i
%» é X variable D incorporation
[H]

—Reductive deuteration

X
o - &
X=1,Cl, Br, F, X]
N,SO,R v often quantitative D incorporation
OS-NR e,tc X requires pre-functionalisation
2NRy, etc.
Y 0] HY D
N
Y =0,NR

Scheme 1. Main approaches for isotopic labelling.

This strategy is usually preferable as HIE can theoretically be implemented at any stage of a
process, or even directly on a final compound, although it often requires specific optimisation
as chemo- and regioselectivities can be challenging. Furthermore, HIE reactions often rely on
reasonably priced isotope sources in comparison to deuterated building blocks. The deuterium
incorporation obtained by HIE methodologies is however highly variable. Plus, starting materi-
als and products are virtually impossible to separate, thus, the labelling is provided as the
percentage of exchange. The third principal method is reductive deuteration, typically resulting
in quantitative deuterium incorporations inherent to the mechanisms of such reactions. Alt-
hough reductive deuteration of functional groups such as carbonyls, alkenes, and alkynes
is observed, deuterodehalogenation is more frequently encountered. Substrate availability is
the primary restriction for such reactions: even though aryl and alkyl halides are widely acces-
sible as simple building blocks, pre-functionalisation steps (namely, the introduction of a halide)

may be necessary for some complex compounds (Scheme 1).

As an illustration, Table 18" presents a selection of deuterium sources and their corresponding
prices. It should be mentioned that deuterium oxide (D20), being the parent of all the other, is
the most affordable source of deuterium and hence the most desirable to use in HIE ap-

proaches to develop cost-efficient methodologies for the incorporation of this isotope.
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Table 1. Prices of common deuterium sources.

Deuterium source Price / mol (approximative) [€]
D.O 15
CH30D 53
AcOD 75
DMSO-ds 100
CDs0OD 115
Acetone-ds 120
DCI (35% in D20) 200
D2 230
AcOH-d, 310
KOD (40 mol% in D20) 770
CDsl 1020
NaBD4 1240
Ac20-ds 3000
LiAID4 6720

The majority of the HIE methodologies are in fact catalysed reactions. In this field, both homo-
geneous (reaction mixture present in one phase) and heterogeneous (at least two phases)
catalyses are equally important. A general comparison of these approaches is given in Table
2.1 From an industrial point of view, heterogeneous catalysis is usually preferred due to the
facile separation of catalysts from reaction mixtures and potential recycling, although homoge-
neous catalysis often allows for a better selectivity. However, one should be cautious with
these differentiations as for example some extremely selective heterogeneous catalysts are
reported in HIE and other fields of chemistry. The following sections will discuss state-of-the-
art methodologies for deuterium incorporation into organic molecules. As this thesis presents
results of both heterogeneous and homogeneous catalyses for HIE, important developments
of each will be shown. In the interest of completeness, some applications of deuterated building

blocks are briefly presented.
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Table 2. Comparison of homogeneous and heterogeneous transition metal catalysis.

Criteria

Heterogeneous catalysis

Homogeneous catalysis

Active centres

Only the surface atoms

All the metal atoms

Catalyst activity Variable High
Catalyst reproducibility Difficult Very high
Catalyst selectivity Poor High
Catalyst stoichiometry Undefined Defined
Catalyst structure Undefined Defined
Catalyst variability Little High
Conditions Harsh Mild
Deactivation through poisoning Common Rare
Diffusion problems Present Rare
Mechanism knowledge Very little Known
Separation and recycling Simple Difficult

1.2.1.Deuterated building blocks and common reagents

As mentioned above, the use of deuterated starting materials is scarce in comparison to HIE
reactions. Nevertheless, such reports exist when a specific target is necessary, often for SILSs
applications. As an illustration, the preparation of -ionone-ds is feasible starting from the NMR
solvent acetone-ds "® With an overall yield of 2% for 10 steps, it is clear that most of the initial
deuterium atoms are lost during the synthesis (Scheme 2, top). In a similar vein, CDsl,["7-8%
CDsLi,B" LIAID4828 NaBD,,8%-88 NaBD3;CN,® CD,0O" 8391 DCO,H,®2 Ac,0-ds,1*% etc. are
reported as labelled analogues of organic reagents (Scheme 2, bottom). Comparably, it is ev-
ident that using the Wilkinson catalyst for olefin hydrogenation in the presence of D> gas will
provide the corresponding deuterated alkane.l®¥ However, one should bear in mind that such
reagents are not only severely expensive (e.g., 6720 €/mol of LiAlD4, see Table 1), but it should
also be mentioned that deuterated analogues are not available for every chemical compound,
hence the necessity of supplementary methodologies for deuterium incorporation. A selection
of approaches is presented in the next chapters to provide an overview of the available tech-

niques, their uses, and limitations.
1.2.2.Homogeneous catalysis

This section focuses on the methodologies for deuterium incorporation relying on homogene-

ous catalytic systems. In practice, homogeneous methodologies occupy the vast majority of

6
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the available HIE techniques. Accordingly, for clarity it is easier to partition them into subcate-
gories, namely reductive deuteration, acid/base and Lewis acid catalyses, aromatic metal-cat-

alysed and aliphatic metal-catalysed HIE.

O O
0 5 steps o~ 4 steps 1 step
o
D,c” D,  23% co,  26% D T38%

CD;
B-ionone- d6
0]
0]
Ac,0-dg (2.5 eq.) X OH
/©/\)J\OH /©/\)J\
pyridine O
HO rt, 6 h
94% D;C” "0

LIAID, (2.5 eq.)

THF
reflux, 2 h
56%

Scheme 2. Synthesis of B-ionone-ds, acylation and reduction with deuterated reagents.

1.2.2.1. Reductive deuteration

As mentioned in the introduction, reductive deuteration reactions usually induce quantitative
deuterium incorporation. Reports of deuterodehalogenation, as well as reductive deuteration

of functional groups and multiple bonds will be presented here.

Popular approaches in this field are photocatalysis and electrocatalysis, allowing mild reaction
conditions and excellent selectivities (Scheme 3). For the former, in most cases the solvent
plays the role of isotope source. As an example, in Pd- or Ni-catalysed reactions, the reduction
of aryl bromides and subsequent dissociation of the bromide atom led to aryl radicals that
abstract deuterium atoms from the solvents.®%%! Similarly, in addition to haloaryls, vinyl bro-
mides are efficiently reduced with organic photocatalysts.®”! Other metal-free procedures deal
with the reductive deuteration of aryldiazonium tetrafluoroborates®®, arylazosulfones!® or ar-
ylboronic acids.!'! Regarding the photoredox deuteration of aliphatic halides, enantioselective
deuteration of azaarenes is reported via a carbanion intermediate which further reacts with a
chiral phosphoric acid.l'""" In addition, 1-bromo-2-acetoxy sugars lead to a deuterium incorpo-
ration at the C2 position via a spin-centre shift.l' In terms of electrocatalysis, pioneering
works from the 1970s, although using D-O as isotope source, relied on toxic mercury elec-
trodes, operated under harsh reaction conditions, and presented limited substrate scopes.!"%*
1%51'Yet, with the progress of materials science resulting in new electrodes, such reactions were

facilitated. In general, deuterium incorporation takes place with either the formation of a radical
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— Photocatalysis

Electrocatalysis

LN
Br Pd(PPh3), (3 mol%) R B COOH o r Jeu ng] COOH
A NaO'Bu (2 eq.) X F\Eﬁ/ Cu NWAs cathode \(ﬁ/
N7 ':‘._':-440 nm NG N 2.5 F/mol NG
81% e
B(OH), [9D5] 73%
o J@f KsPO, (1 eq.) or e
% iy O,
et W\
% @:204nm g Br D20 (50eq) b
iPr,0:D,0 (2:1) 0 oKs DIPEA (3 eq.) oAs
rt, 24 h TBAI (20 mol%)
82% 22.4 F/mol
DMF
PH rt, 10 h PH
96%

DIPEA: N,N-Diisopropylethylamine
TBAI: Tetra- n-butylammonium iodide

Scheme 3. Selected examples of photo- and electrocatalysis.

followed by deuterium atom transfer from the isotope source, or further reduction to a carban-
ion which reacts with D*.['%¢-197] Recent developments for instance make use of a palladium
catalyst to generate electrophilic deuterides for deuteriodebromination.'® In addition, a cop-
per nanowire array cathode permitted the labelling of brominated and iodinated aryls.'"® This
report was complemented by another catalyst-free methodology earlier this year, this time fo-
cused on deuterium incorporation at more challenging unactivated aliphatic positions.['"%Going
away from photo- or electrocatalysis, further reactions make use of palladium-borane for the
deuteriodechlorination of aryl substrates,!''! copper for the monodeuteration of allylic chlo-
rides,!""? palladium for deuteriodefluorination,[''® etc. Importantly, even though organic halides
are commonly used as substrates (Scheme 4), possibly due to their broad availability, other
reducible or leaving groups are reported to introduce deuterium atoms, for example the sulfa-
mate "' and the pinacolborane moieties.['' In addition to these aromatic examples, cobalt
catalysis allows the deuteriodeboronation of aryl and vinyl boronates.[''®! As an alternative for
catalytic reactions, organohalides can be converted to the corresponding organometallic com-
pounds (organozinc, organomagnesium) which can be further hydrolysed with deuterium ox-
ide.l'""! Also without the aid of a metal catalyst, electron-rich and neutral (hetero)aryl iodides
and bromides were dehalogenated in a practical and simple fashion using potassium methox-
ide and disilane in deuterated acetonitrile.[''® Similarly, excellent yields of deuterated com-

pounds are obtained from a phenalenyl potassium complex and DMSO-ds.l'"%!

Conversely, reductive deuteration can theoretically involve any reducible chemical function,
not just halogens. Several papers, for example, deal with the transformation of carbonyl com-
pounds into isotopically labelled groups. Bouveault—Blanc-type Single Electron Transfer re-

duction of esters in the presence of D,O yielded a-deuterated alcohols. In this context, super
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[>99]
F  RuPhosPdG, (10 mol%) D[91] Br | KOMe (2 eq.) D |
/©/ NaO'Amy! (3 eq.) /©/ N._ Me;SiSiMe; (2 eq.) N
C,\l IPrOH-d C’\l CD4CN (20 eq.)
80 °C, 48 h Cl rt, 12 h Cl

82%

Br Zn (2 eq.) D[95]
D,0O (3 eq.)
—_—
CH4CN
80°C,4h
88%

Scheme 4. Selected examples of deuterodehalogenation.

stoichiometric amounts of sodium dispersions or Kagan’s reagent (Sml;) afforded the desired
products.['?122 These reductants were further applied for the reductive deuteration of am-
ides,['? nitriles!'?+12%1 and oximes!'?®l. Evidently, carbonyl reductions are feasible using cata-
lytic methods, although reports are far less frequent. Notable results for deoxygenative deu-
teration of ketones take use of iridium catalysts with concomitant HIE at aromatic positions
(see below for more details on homogeneous Ir-catalysed HIE),'?”! or simple palladium diace-

tate.[128]

Instead of using D- as the isotope source, transfer deuteration from D»O is reported with cobalt,
although quantitative amounts of zinc were used as a reductant.['?® With water-soluble ruthe-
nium catalysts, ketones were reduced in aqueous media!'*® whereas imines required a bipha-
sic (D20-toluene) system.'*"! To prepare deuterated N-tosylamines enantioselectively, a
nickel-based system was used with the common Binapine ligand and isopropanol-ds as isotope
source.['¥ |n this case, the electron-withdrawing tosyl substituent was crucial to prevent imine

tautomerism and achieve a high selectivity.

The reductive deuteration of olefins easily takes place in the presence of the Wilkinson catalyst
and D; gas, as mentioned previously. Nevertheless, as avoiding the use of noble metals is a
key interest in chemistry nowadays, the majority of the new reports deal with base-metals:
copper,'*3 nickel,!"** and iron,[% or boron.['3¢-137] |n terms of biocatalysis, the judicious choice
of NADH-dependant reductases in the presence of adequate deuterated buffers is reported for
highly chemoselective reductive deuterations: for instance benzylideneacetone was selectively

deuterated either at the ketone or at the olefin position.!'38!
1.2.2.2. Acid/base + Lewis acid catalysis

Acid/base deuterium labelling requires either the substrate bearing acidic or basic positions or
the use of an acid/basic catalyst (Scheme 5). For instance, in the case of substrates with acidic
positions (typically aliphatic methylenes alpha to carbonyl groups) HIE takes place in refluxing

D20 even in the absence of catalysts. Multiple runs might however be necessary to attain high

9
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isotopic enrichment. Strong Brgnsted acids like HCI (or DCI),['3%-1401 D,SQ,,!"411 D3PO4"?! and
HCIO,!'*3 or strong bases such as NaOH, 4l or ‘BuOK!'*% can also catalyse H/D exchange in
arenes, although often high reaction temperatures, or microwave irradiation are required. On
the contrary, so called “superbasic” [ or “superelectrophilic’*"! species permit hydro-

gen/deuterium exchange at room temperature.

[96]

H NaTMP (10 mol%)
N HCI (1 eq.) O PMDETA (10 mol% 6]
D20 CgDg \|<D

180 °C, yW rt, 12 h
30 min [96 [95]

D [80]

B(CgF5)3 (5 mol%) \N\/ D>1\ D D
65)3 o)

| N\)<D

196]
Cl N\ Dzo (30 eq CGFS) (10 mol%) L
\@/ CDCly ?@i acetone-dg, toluene N X0
80 °C,24h [96]D D[96] 150 °C, 3 h
93% 99%

TMP: 2,2,6,6- tetramethylpiperidide
PMDETA: N,N,N',N",N"-pentamethyldiethylenetriamine

Scheme 5. Brgnsted acid, superbasic, and Lewis acid catalysis for deuterium labelling.

A broad variety of Lewis acids (LA) is also frequently used for HIE reactions. For nonpolar
arenes, EtAICI; is highly reactive, affording quantitative D incorporation from benzene-ds at
room temperature.['® In fact, in 1975, a parallel was made between arene halogenating agents
and potential HIE LA catalysts, leading to studies of elemental halides as catalysts.['*%151] Yet
the potential toxicity and instability of these reagents called for more accessible catalysts. For
instance, it is known that the coordination of water to a LA weakens the O—H bond,!'*? hence,
employing LAs in the presence of D>O could generate an acidic D*. This approach was applied
to the labelling of electron-rich arenes under B(CqF5)3!'*® or silver catalysis.['** In combination
with a Brgnsted basic N-alkylamines and acetone-ds, B(CsFs)3 has also been reported for

amine B-labelling via a deuterated ammonium intermediate.['%
1.2.2.3. Aromatic metal-catalysed HIE

First and foremost, it should be mentioned that aromatic HIE is arguably the more active re-
search field for deuterium labelling, hence the existence of a plethora of methodologies to
achieve diverse selectivities. In fact, approaches developed for C—H activation are often trans-
ferred to HIE, and the following examples represent only a small selection of the available

methodologies.

Ortho selectivity. Homogeneous transition-metal catalysed hydrogen-isotope exchange has

been a topic of interest since the early days of HIE.["5¢-'%9 |n particular, an efficient and easy

10
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approach to direct HIE (and more generally C—H activation) processes is to exploit the Lewis
basic ability of functional groups present on a substrate. These so-called directing groups (DG)
will coordinate to a metal centre, orienting reactivity to neighbouring positions. Ortho-selective
HIE reports are dominated by iridium catalysts, with the initial use of the Crabtree catalyst,'6*
1621 where often times (super-)stoichiometric amounts of the complex were required, as well as
long reaction times. Since then, two main classes of iridium catalysts were developed, afford-
ing systems operating in extremely mild conditions: room temperature, short reaction time, and
absence of additives (Scheme 6). On the one hand, a group of electron-rich catalysts featuring
sterically demanding N-heterocyclic carbene (NHC) ligands and either a phosphine in the case
of cationic catalysts,'®3-1%8 or a chloride for neutral ones,!'® was developed by Kerr. On the
other hand, the Tamm group designed P,N-ligands with electron-rich coordinating nitrogen
atoms.['"% In both cases, D; is the isotope source and a dihydrogen hydride is the key inter-
mediate. Similarly, these systems make use of a variety of directing groups — such as carbonyl,
pyridine, azoles, nitro, Boc protecting groups, sulfones, etc. — which validates the relevance of

those methodologies.

Crabtree ———— Kerr ——— 7Tamm—+
o~ 1" PFg Mes. _—1* pE.- 1 BArF
g ' =

S N \\IAN /NT/N\

~” PCy, ~ r‘pR3 Mes

\\Ir/N
N
P

\

By Bu
DG [Ig;%mb(::/;) 1 DG DG: _
T e o} 0 o}
© . 16h oposl 3N 2N 3R, Ny
D‘|r<—qe /4> H ), S
via }‘LN‘N %NO? }‘LNT( }‘LS\NHZ

(0]

Scheme 6. Crabtree, Kerr, and Tamm catalyst families for HIE. Typical reaction conditions
and directing groups are shown.
It should be mentioned that catalysts have to be selected depending on the substrates, as not
all directing groups can be of use with both catalyst families. The commercially available Bur-
gess catalyst for the labelling of aromatic sulfonamides and ketones,['"""72l or a mesoionic
carbene complex for aniline deuteration!'”®! are further examples of iridium-catalysed HIE.
When moving to other noble metals, alternate deuterium sources are reported for HIE, due to
the distinct mechanism of each metal. For instance, rhodium-olefin complexes allow H/D ex-
changes in CgDs,!'"¥ whilst Pd(OAc). is active for the labelling of benzoic acid derivatives with
AcOH-d; as solvent.'"” These substrates are also labelled under ruthenium catalysis in a di-

oxane-D>O mixture.[7®!
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On the contrary to the use of iridium, ruthenium or palladium, reports of non-noble metals for
ortho-directed HIE are scarce. A notable example is indole deuteration at the C2 position under
cobalt catalysis.'""”! Another remarkable report, relies on the use of a transient directing group,
where imines are generated in situ from aromatic aldehydes using catalytic amounts of
amines.l'"® With D,O acting as the isotope source for this manganese-based methodology,
the transient imines are hydrolysed during the course of the reaction and the corresponding

aldehydes are recovered.

Meta selectivity. Without being able to use coordinating groups to form the 5-membered metal-
lacycles usually responsible for high ortho-selectivity, it is apparent that the development of
methodologies for meta-HIE is more challenging. One approach is the use of large template
groups pre-installed on the substrates via an ester, amide, or sulfonyl ester for palladium-cat-
alysed HIE (Scheme 7). Pyrimidines!'”®-'8% or pyridine!'8" are thus auxiliaries for Pd-catalysed

deuterations, again using AcOH-d, as D-source.

Pd(OAc), (10 mol%)
N-Ac-Gly-OH (10 mol%) X< X<
( nX\Y or no ligand (o Y Y
R' via R'
0 A A X N
N SR CD3CO,D RI | RI |

R | 80°C-110°C.24h A AN N_Z A N, Z

N-Ac-Gly-OH: N-acetylglycine

Scheme 7. Template-directed meta-labelling.

Undirected labelling. Further HIE tactics do not depend on directing groups. While this is mostly
a domain of heterogeneous catalysis (see part 1.2.3.3), homogeneous examples also exist,
usually opening access to an orthogonal selectivity with regard to classical Ir catalysis. The
first breakthrough in this field is from the Chirik group with the use of an iron complex under D-
atmosphere. Labelling takes place at the more accessible, and preferentially (but not limited
to) electron-poor positions.!'8?1 Mechanistic investigations suggested iron hydrides as the cat-
alytically active species, which led to a second generation precatalyst, this time more stable
and easy-to-handle, and importantly relying on benzene-ds as the isotope source.['®3 However,
low Hz pressure was required to generate the active iron(ll) dideuteride species. Alternatively,
a static vacuum could be applied with the trade-off of drastically elongated reaction time being
required. In parallel, another iron dinitrogen complex, this time a PCnncP, was reported for a
similar reaction.['® Owing to the greater stability of the dideuteride intermediate, the reaction

is feasible without a hydrogen atmosphere (Scheme 8).

A series of nickel dimer complexes also plays a crucial role in undirected labelling. The first

system was limited to the labelling of strongly o-donating electron-deficient heteroarenes such

12
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as azines.['®! In fact, a Ni-N interaction was necessary to dissociate the robust dimeric precat-
alyst to generate the active species. Hence, a second generation of a more labile dimer wasde-
signed, affording a superior HIE performance for a broader scope of electron-deficient and

electron-rich substrates.!'8!

I
D N
N\ [Fe] ~
— [39]
[62] D
[98] p 28]
[62]
[98]
SiM63
1
NCN ,\f:\N Bu N Pr‘PJPr
) B 7 / \

— ~ /N N .\H
N}}/FG\NNz »/\F‘e\—Nz | )>—/Fe—N2
2 N

- \N}‘ i H /
N & SiMe; \ y Beiny
) ‘
Bu Pr
[Fe] (1 mol%) [Fe] (5 mol%) [Fe] (5 mol%)
D, (4 bar) H, (0.1 bar) CeDs
THF CeDs 50°C, 3 h
45°C, 24 h 80°C, 8 h

Scheme 8. Iron complexes for undirected labelling.

Additional fine-tuning of the abovementioned systems allowed two cobalt-based methodolo-
gies: on the one hand, an a-diimine ligand permits the enantioretentive HIE at benzylic posi-
tions in the presence of D.['®] Concomitant labelling of meta- and para-C(sp?)-H positions
suggests a mechanism similar to the iron-based methodologies might additionally take place.
On the other hand, earlier this year a bis(silylene)pyridine cobalt(lll) dihydride boryl complex
was reported, which could deuterate arenes using CsDs as the isotope source.['®® In contrast
to the iron dimers, the main advantage of this approach is that catalyst activation does not

require Ho.

Other undirected approaches rely, for example, on ruthenium pincer catalysts, either via a
ruthenium-deuteride,['®) or ruthenium-deuteroxo intermediate in basic medium.['*® Besides, a
palladium-based methodology using dual ligand catalysis is a technique for the undirected la-
belling of a tremendous number of substrates.["! Even though the mechanism was initially
unclear, extensive investigations revealed the (multiple) roles of the (required) pyridine and N-

acyl amino acid derived as ligands in a concerted metalation deprotonation step.!'®2
1.2.2.4. Aliphatic metal-catalysed HIE

Aliphatic HIE often takes place adjacent to heteroatoms, with the majority of the reports dealing

with a- and/or B-labelling of alcohols and amines (Scheme 9). In this case, progress in transfer
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hydrogenation chemistry were judiciously applied to the labelling of these substrates. For in-

stance, amines were initially labelled using the commercially available Shvo catalyst!'®® or

[78]
W Shvo catalyst (5 mol %) D P
N >3 D,0, toluene NW%
o D D
150 °C, yW, 2 h 78]
[Mn] (1 mol%) (94] Br Br
NaOH 19 .
a0 D(5Omo %) [96] A e S\ ey
2 DD N P N | P
S ip

120°C, 12 h ( Z | < r < - | & ipr
OH — VN — e
[Fe] (2 mol%) 5 b ,-Pr/f’ | ~CO ip T | TCO
. 1]

NaOH (10 mol%) [93] ipr co Pr H
100 °C, 24 h [Mn] [Fe]

Scheme 9 Aliphatic labelling via transfer hydrogenation.

[Ru(p-cymene)Cl.]..['% Advancements in pincer chemistry allowed further improvements in
the reactivity, namely, a reduced reaction temperature and the possibility to deuterate chiral
amines in a stereoretentive manner due to the high binding affinity of imine intermediates to
metal centres.['® Notably, even though these reports use D,O as the isotope source, all of
them rely on ruthenium, whereas from a green chemistry point of view the use of base metals
such as iron and manganese would be preferable. In comparison to amines, the dehydrogena-
tion of alcohols is simpler. Hence, not only is their labelling reported using ruthenium catalysis
(Rupnn pincer complex!'®®! or Ru-MACHO!®7)), but it is also feasible with Mn or Fe pincer com-

plexes.l'%8

CN |

MeO MeO
D,
lysis
OMe OMe

4CzIPN (2 mol%) 4CzIPN (5 mol%)
(Pr)3SiSH (30 mol%) Rh(PPh3)3Cl (20 mol%)
D,O (50 eq.) D, (1 atm)
blue LED blue LED
THF
rtNZI4Ph . 12h

4CzIPN: 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene

Scheme 10. Aliphatic labelling via photocatalysis.

A breakthrough for highly selective labelling a to amines was presented by MacMillan and co-
workers in 2017 by merging two radical reactivity modes: the photocatalysed oxidation of al-

kylamines and hydrogen atom transfer (HAT). Extremely mild reaction conditions and the
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tolerance of a broad range of functional groups are key justifications for its application to the
labelling of pharmaceutical compounds with D,O.!"% Adding a third type of catalysis, namely
D2 homolysis, a comparable reactivity is achieved in the presence of rhodium (Scheme 10).[2%
Although the interest might be limited for deuterium labelling, it is of tremendous importance in

terms of tritium labelling where T2 is the isotope source of choice.

Last but not least, despite being mainly applied for aromatic labelling, Kerr-class catalysts are
highly active for aliphatic labelling, especially in activated positions of tertiary amines with the

aid of N-heterocycles as directing groups.?°"l
1.2.3.Heterogeneous catalysis

As mentioned above, it is clear that heterogeneous catalysis possesses advantages in com-
parison with homogeneous catalysis, especially the separation of the active catalyst from re-
action mixture and its potential recycling, which are critical parameters for potential industrial
applications. Yet surprisingly, their reports are less frequent than those dealing with homoge-
neous catalysis, possibly due to the difficulty in generating active heterogeneous catalysts for
deuterium incorporation. Nevertheless, applications of such materials are presented in the fol-

lowing sections.
1.2.3.1. Acid/Base catalysis

In contrast to homogeneous acids, the variety of supported equivalents is rather limited. Nev-
ertheless, activated positions of phenols are labelled using Nafion?°2 or Amberlyst??*® as sup-
ported acid catalysts in D,O. Similarly, aromatic hydrocarbons were labelled in supercritical

D.0 in the presence of deloxan resin.?%4
1.2.3.2. Reductive deuteration

Arguably one of the most commonly applied processes to incorporate deuterium atoms into
organic molecules relies on commercially available Pd/C following well-known hydrodehalo-
genation chemistry, and replacing Hz gas with D2 gas. This is a practical and powerful method
to obtain quantitative D content at a specific position in numerous building blocks, given the
broad availability of simple halogenated compounds, or pre-functionalised molecules (Scheme
11).[205-2081 The chemoselectivity of such reactions can however be challenging, especially in
the presence of alkenes that are typically reduced under these conditions. Notably, the neces-
sary D, can be generated in situ from D,0,2%! and this approach can also be of use for tritium
labelling.%7- 2191 |n contrast, converting olefins to the corresponding deuterated alkanes is

smoothly achieved using the same catalyst.?'"!
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D, (1 atm)
Pd/C 10%
CD3;0D
rt
NEt, 30min-1h NEt,
Bro-DPA-714 > 95%

Scheme 11. Reductive deuteration of Bro-DPA-714.

To limit the use of Do, the trend in recent years is to use D»O or other practical and easy-to-
handle isotope sources. In terms of reductive deuteration, this could be a problem as electro-
philic deuterides are often necessary, and these are not broadly available. Solutions to address
this issue again rely on electrochemical?'? or photochemicall™ 2'3! catalysis, where D,O and
milder reaction conditions can be used. For instance, Loh and co-workers showed the effi-
ciency of easily synthesised porous CdSe nanosheets acting as selective photocatalysts for
the dehalogenation of a variety of substrates.’?'*! This methodology seemed however mostly
applicable to iodo substrates, which on the one hand can be a limitation, but on the other hand
can enable further functionalisation for substrates bearing multiple halogen atoms. Here, irra-
diation causes electron-hole pairs to form on the catalyst surface. Given the defective sites,
the electrons are trapped and transferred to the halogenated substrates and/or D,O. Thus, the
deuterated products are formed by the combination of the two radicals. A sacrificial agent,

Na,SOs, is used for the catalyst to return to its ground state (Scheme 12).

Ay
~

WS >420 nm
Porous CdSe
~ CH3CN, D,O ~
© rt, 8 h ©
>99%

Scheme 12. Porous CdSe for photocatalytic deuteration.

1.2.3.3. Noble Metals

Palladium and platinum. A considerable amount of literature has been published on supported
noble metals for HIE reactions, especially commercially available supported platinum and pal-
ladium. Numerous historical reports make advantage of the Adam’s catalyst (PtO>) for the la-
belling of aliphatic amines and amino acids,?" nucleosides and nucleotides,’?'® or polysty-
renel?'”l under hydrothermal conditions, or of Pd/C under D pressure.?'® In addition, Pt/C and
Pd/C were thoroughly investigated by Sajiki and co-workers for the labelling of a broad range
of substrates.?'%2?° Here, D; is generated in situ from D-O. In general, aromatic and benzylic
positions are exchanged with platinum, whereas for palladium aliphatic protons are favoured.
As highlighted in Scheme 13 for the deuteration of ibuprofen,? it is thus feasible to reach

global labelling using sequenced reactions (or a combination) of these two catalysts. 23"
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in situ generation of D,
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Scheme 13. Pt/C and Pd/C for deuterium labelling.

These reactions often require high temperatures (160 °C and above) when D0 is used as the
sole solvent. To operate under milder conditions, it is possible to add carefully selected sol-
vents. A cyclohexane-isopropanol mixture?®*? or isopropanol?®*¥ reduced the necessary reac-
tion temperature (to 100 °C and rt, respectively). Other reports present NaBD4 to activate these
supported catalysts under microwave irradiation.”** It should be mentioned here that even
though this Pt—-D,0O-H; system was reported almost 20 years ago, it attracts continuous inter-
est. For example, it has been reported earlier this year for the selective labelling of allylic alco-

hols in the presence of amylamine.?*!

In addition to commercially available heterogeneous catalysts, it is clear that more selective,
tailor-made ones are desirable to improve selectivities. Therefore, an emerging trend in heter-
ogeneous HIE reactions relies on metals supported on PVP (polyvinylpyrrolidone, vide infra
for additional examples) and stabilised by carbene ligands. Accordingly, an active PANp@PVP
material was synthesised by researchers from Boehringer Ingelheim and applied to the selec-
tive labelling of the benzylic positions of multiple model substrates, pharmaceutical candidates
in development, and commercial drugs.?3%! Here, D, was used as the isotope source, and this
methodology could be expanded to tritium labelling (Scheme 14). Counterintuitively, higher
reaction rates were observed when a lower amount of D2 gas was used. Assuming the active
species are metallic nanoparticles with adsorbed deuterides, the authors suggest the inverse
pressure dependence activity is directly linked with the higher mobility of fewer deuterides on
the palladium surface. Possibly, under a higher gas pressure more binding sites are occupied

by deuterides, and substrate coordination becomes more challenging.
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Scheme 14. Benzylic deuteration with PANp@PVP.

Ruthenium. In addition to Pd and Pt, another metal frequently studied for heterogeneous HIE
is ruthenium. Commercial Ru/C (Scheme 15) allows, for example, the a-labelling of alcohols
in D,0.2%71 Racemisation is observed when chiral alcohols are used as substrates, and traces
of ketones are detected during the course of this reaction, which suggests dehydrogenation
followed by reduction of the ketone is likely to take place here. However, a direct C—H activation
mechanism cannot entirely be ruled out. The same catalyst enables deuterium incorporation
at the a-position of sulphur atoms.?*8 A four-membered dimetallacycle is proposed as a key
intermediate that favours C—H activation at this specific position. Evidently, supported ruthe-
nium materials are prime catalysts for arene hydrogenation. As a consequence, it is challeng-
ing to use such catalysts for HIE in the presence of arenes, especially when using of H2 or D>
gas. The reactivity on arene rings can however be tuned by the addition of sterically demanding
N-heterocyclic ligands. Strong NHC coordination at the surface of the Ru catalyst prevents 11-
coordination of aromatic rings of the substrates, but not side-on approaches and coordination
of oxygen and nitrogen atoms, thereby orienting C—H activation (Scheme 16). More specifi-
cally, Ru/C bearing the bulky I1Ad ligand completely suppressed the hydrogenation process in

favour of HIE.[2%]

Ru/C (5 mol%)
g 0 /Ti/\/\/\/
_—
)\/\/\/\/ D,O D
rt,3h [97]
0 Ru/C (30 mol%) 0 H
D, (2 bar) R s H
S 451D~_-S s
~ OH — 48] g OH via s D
NHZ DZO D D D NH2

60°C,72h [19]

methionine

Scheme 15. Ru/C for deuterium labelling.
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hydrogenation hydrogen isotope exchange
[92] _ [6] Ru/C (5 mol%) I1Ad(1eq)@Ru/C (5 mol%) [20] [60]
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Scheme 16. Tuned reactivity of Ru/C for deuterium labelling.

Similarly, PVP-stabilized ruthenium particles were applied to label a variety of nitrogen-con-
taining compounds, including pyridines, quinolines, indoles, and primary, secondary, and ter-
tiary alkyl amines.?4%-242 The high selectivity for the exchange adjacent to the nitrogen atom
points towards nitrogen-ruthenium coordination followed by cleavage of the C—H bond and
deuteride addition (Scheme 17). Further research demonstrated the enantiospecificity of this
catalyst in the labelling of chiral amines, as well as its performance in the deuteration and

tritiation of nucleobases.
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Scheme 17. RuNp@PVP for isotopic labelling.

Iridium. As discussed previously, there is rich iridium chemistry for homogeneous HIE reac-
tions. Furthermore, heterogeneous iridium catalysts are less susceptible to hydrogenate
arenes than ruthenium ones. For these two reasons, Chaudret, Derdau, Pieters, and co-work-
ers designed metallic iridium nanoparticles using similar NHC ligands they reported for ruthe-
nium nanoparticles.?*3 In this work, IrNp@ICy proved to be a potent material for the deuter-
ation and tritiation of a broad range of anilines (Scheme 18, top). Intriguingly, the authors
showed that not only D, is the active isotope source, as reactivity is observed solely in its
presence, but also that D,O can act as a reservoir of deuterium and regenerate consumed D>
in the gas phase. In fact, exchange between D,O and the catalyst to generate D, is assumed

to be faster than between substrates and the deuterides at the catalyst surface. Furthermore,
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this material also allows HIE between Hz and D20, rendering this methodology feasible without
D, gas. During the course of these investigations, the authors discovered the iridium precata-
lyst [Ir(COD)(OMe)]. decomposed into 2 nm nanoparticles in THF under a D, atmosphere.
Even more interestingly, these nanoparticles were capable of HIE at C(sp?)—-H positions.?44
The authors suggest that this methodology is however not purely heterogeneous, and the deu-
teration of positions typically labelled with homogeneous HIE catalysis is detected. However,
its strength relies in the commercial availability and easy access to this precatalyst and broad

substrate scope (Scheme 18, bottom).

INP@ICy (4 mol%) D[93] ICy ligand
S o
N
By THF . O/ o \Q
55°C, 3 h Bu D

= [I(COD)(OMe)], (2.5 mol%) [81]1D
| D, (1 bar)
N [51]1D
THF

55°C,22h

homogeneous HIE

Scheme 18. Heterogeneous iridium for isotopic labelling.

Rhodium. Heterogeneous methodologies involving rhodium catalysis for HIE are scarce. Rh/C
was mentioned as a catalyst for HIE reactions at aliphatic positions, although the reaction out-
come proved to be highly dependent on the commercial source.?*® Plus, either substrate de-
composition and hydrogenation took place concomitantly.?*¢! Nonetheless, [Rh(COD)(OMe)].
has recently been reported for HIE in N-heterocycles, alkylamines, and benzylic positions, fol-
lowing the decomposition procedure aforementioned with iridium. Here, rhodium particles of
various aggregation states, but with a consistent diameter of 3 nm acted as catalysts under D,
or T, pressure (Scheme 19). To limit hydrogenation side reactions, the nanoparticles can again
be stabilised with NHC ligands.

N [Rh(COD)(OMe)], (2.5 mol%) (98]

N D, (1 bar) DN
X X
N THF N
>~ tt, 24 h 08107 N7

nicotine

100%

Scheme 19. Heterogeneous rhodium for isotopic labelling.

Mixed metals. While the previous sections focus on one metal at a time, the synergies between
ruthenium (high HIE activity yet possible arene hydrogenation side reactions), iridium (moder-

ate HIE activity yet limited arene hydrogenation tendency), PVP as support, and NHCs as
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stabilisers have recently been evaluated.**"! Critical to create active and selective catalysts
are the ruthenium:iridum 1:2 molar ratio and the increased electronic density on the nanopar-
ticles induced by NHC ligands (Scheme 20, top). In fact, with Rulr.@IMes being more active
than Rulr,@PVP, the improved catalytic activity seemed directly linked to the electron-enrich-
ing properties of the IMes ligand, as previously reported for ruthenium nanoparticles.?*® Water-
soluble particles bearing the IMesPrSO; ligand were similarly synthesised and applied for the
labelling of the amino acid L-Lysine, although here, no major difference was observed between
the different metal ratios (Scheme 20, bottom). Nevertheless, this impressive work is an addi-
tion to the toolbox for the labelling of biological compounds, as the nanoparticles operate at

milder pH conditions than reported before for such substrates (9.2 vs. 13).

D[70]
Z Rulr,@IMes (5 mol%) (811D Z D [85]
| D, (2 bar) |
NS NS
N [88]D” °N
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HO o HO
D
NH 22 NH.D DD D
2 55°C, 48 h %127] [>98]
IMes ligand——— IMesPrSO3 ligand

< NC\N > NC\N SO-K
XA AN ~"\_-S03

Scheme 20. Mixed ruthenium:iridium nanoparticles for isotopic labelling.

1.2.3.4. Non noble metals

Compared to homogeneous HIE reactions, where an increasing number of methodologies rely
on non-noble metals, their heterogeneous counterparts are less common. Raney Nickel was
reported in 1954 for aniline deuteration,?*°! which was applied a decade later to phenols and
pyridine derivatives,?>” and more recently reported for a broader range of substrates, including
carbohydrates.?5' After a period dominated by more active noble metals, the revival of nickel-
catalysed HIE took place with the NHC-ligand stabilisation strategy for the a-heteroatom deu-
teration of heterocycles.?®? The key point of this report is the tuneable concurrent labelling at
the ortho position of neighbouring rings, which can be turned on or off depending on the bulk-
iness of the ligand. In this regard, steric hindrance induced by the ICy ligand preferentially
allows substrates to approach the Ni surface end-on via the pyridine ring (Scheme 21, top).
When a greater space is available on the catalyst surface (Ni@IMes, Scheme 21, bottom),
side-on or even flat coordination of the aromatic rings is feasible, hence the supplementary

deuterium incorporation. It should also be mentioned that for this methodology a higher catalyst
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loading than for most of the noble metal-based methodologies is necessary (12 mol%). Apart
from nickel, cobalt catalysis is reported, for instance in an aluminium alloy for the enantiose-

lective labelling of benzylic positions.?*!

| AN
Ni@ICy (12 mol%) N H
D, (2 bar) [

2 N/ DI95] via '

(uX)
55°C,24 h D [12] 2\

00
[14] D
Ni@IMes (12 mol%) @\/\{IDW]
D5 (2 bar) _
THF N DD
55°C,24h D [99]

Scheme 21. Heterogeneous nickel for isotopic labelling.
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2. Objectives of this work

Primary reports dealing with deuterium incorporation into organic molecules were already pub-
lished decades ago. Nonetheless, these initial works either aimed towards academic purposes,
with industrial applications not the primary objective, or the outcomes were insufficient for “real
life” applications.[2%: 2542581 Nowadays, the situation has switched as the demand for labelled
compounds, especially in industry, is peaking. SILS are for instance applied in various fields
such as mass spectrometry, medicinal chemistry, material sciences and others, new methods

are needed for their preparation.

To access such compounds in an efficient and accessible manner, we were interested in the
development of new methodologies for the deuterium labelling of organic compounds using
catalytic systems (Scheme 22). Here, our main objectives were to:
— complement the current state-of-the art methodologies for the late-stage labelling of
aromatic as well as aliphatic positions,
— preferentially establish methodologies relying on deuterium oxide as the most available
and affordable source of this isotope, keeping in mind the disparate prices of the deu-
terium sources available,

— preferably develop catalytic systems based on non-noble metals.

——Heterogeneous iron Heterogeneous manganese—
Fe@Cellulose-1000 Mn@Starch-1000
H H
D,0 D,O
120 °C . 120 °C
Nat. Chem. 2022, 14, 334-341 \ Angew. Chem. Int. Ed. 2022, 61, 202202423
n? |
Synlett 2022, 10.1055/a-1992-6596 work in progress — not discussed here
Chem. Rev. 2022, Pd(acac)2
22, 6634-671
Fe(OTf); py'bpx
D,O AI(OTf
@ @ W% Trrom 0™
CH3CN ’PFOH D2
90 °C 80 °C
—VLewis Acid Homogeneous palladium—

Scheme 22. Summary of this work.
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3. Summary of publications

This section highlights the summary of new iron- and manganese-based heterogeneous cata-
lysts for deuterium labelling. Moreover, a methodology taking advantage of a simple Lewis acid

will be presented.

3.1.Recent developments for the deuterium and tritium la-

beling of organic molecules

The interest in deuterium- and tritium-labelled compounds was discussed in the introduction,
and representative methodologies for their synthesis were examined. Unequivocally, this field
is a “hot topic” in chemical research, with numerous novel methodologies published in recent
years. To our surprise, the most up-to-date general literature review dealing with deuterium
labelling was published in 2017, thus, we saw the need for an updated one to collect the —
numerous — most recent publications dealing not only with deuterium, but also tritium labelling
(Figure 3). Furthermore, applications of such compounds were also discussed, mainly in the
case of medicinal chemistry. Methodologies for isotopic enrichment were presented based on
the approaches used by the authors (i.e. HIE, reductive deuteration, and other miscellaneous

reactions).3"

Pieters
K,PtCl, RhCl; Chaudret Chaudret
Garnett Garnett Kerr Rousseau MacMillan Derdau Pfeifer Beller

e TS 24

1973 1995 2012 2016 2019 2021

———O——O——O0——0——0——0——0——0——0—0—0——0—
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Na,lrCly Crabtree catalyst Shvo catalyst
Ir0, Hesk Beller @
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— N
N\N\I Beller

Chirik <$/
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Figure 3. Timeline of methodologies for deuterium incorporation.
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3.2. Homogenous iron-catalysed deuteration of electron-rich

arenes and heteroarenes

As stated in the introduction, one trend in HIE reactions is the introduction of deuterium in
electron-rich arenes and heteroarenes employing Frustrated Lewis Pairs (FLP) and Lewis ac-
ids. To do so, reported methodologies often make use of CDCl; and D-O as a solvent combi-
nation and isotope source. We were interested in developing alternative Lewis-acid-based ap-

proaches for deuterium labelling and targeted a system relying on D20.

We initiated our investigations with the screening of various Lewis acids for the labelling of
1,2,3,4-tetrahydroquinoline as the model substrate. Under our reaction conditions, Fe(OTf)3
was identified as the most active catalyst (Figure 4). It should be mentioned that the reactivity
here is not only due to the formed triflic acid. If this was the case, for instance Fe(OTf), and

Mg(OTf), should induce comparable deuterium enrichments yet clear differences are ob-

served.
Lewis acid (2.5 mol%) D
E:(j D,0 (20 eq.)
N CH4CN o N
H H

90 °C, 18 h D

100 ~

o]
o
1

60

40

Deuterium incorporation [%]

N
o
|

Fe(OTf), Mg(OTf), Fe(OTf); Bi(OTf); Mn(OTf), Fe(NTf,),
Catalyst

Reaction conditions: 1,2,3,4-tetrahydroquinoline (0.5 mmol), Lewis acid (2.5 mol%), D,O (20 eq.),
CH,CN (1 mL), 90 °C, 18 h.

Figure 4. Evaluation of various Lewis acids for the deuterium labelling of 1,2,3,4-tetrahydro-
quinoline.
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We eventually studied the effects of reaction temperature and solvent for this methodology.
Acetonitrile provided the best results, and a temperature of 90 °C was necessary to induce
high deuterium content.?®8! Further investigations of catalyst loading and DO equivalents are
depicted in Table 3. Remarkably, using a catalyst loading higher than 0.5 mol% does not
greatly improve the deuterium enrichment. Furthermore, merely 20 eq. of D,O were sufficient
to induce a labelling >90%. In fact, an excess of D-O proved to be detrimental, and performing

the reaction in D-O as the sole solvent significantly reduced the deuterium incorporation

Table 3. Variation of the catalyst loading and DO amount.

Fe(OTf); (X mol%) D
N CH5CN N
H H

90°C, 18 h D
Entry Fe(OTfo)s DO czrtho-D F:)ara-D
[X mol%] [Y eq.] [%] [%]
1 25 10 83 84
2 25 20 90 90
3 25 50 95 96
4 1.25 10 81 81
5 1.25 20 90 90
6 1.25 50 95 96
7 0.5 10 83 84
8 0.5 20 92 93
9 0.5 50 65 90
10! 0.5 solvent 27 41
11 0.1 20 33 57
12 0.1 50 25 45
13 0.1 100 30 54
14[e] 0.1 solvent 5 16

Reaction conditions: 1,2,3,4-tetrahydroquinoline (0.5 mmol), Fe(OTf)3
(2.5 - 0.1 mol%), CHsCN (1 mL), 90 °C, 18 h.
e D,0O (1 mL) instead of CH3CN.

Conversely to lengthy although “mild” reactions, attention is also given to rapid ones. Fast
reactions are preferable for tritium labelling as operating with a limited exposure time of radio-
active isotopes is highly desirable to minimise hazards and ensure safety. In this regard, we
performed our model reaction at higher temperature (130 °C) for one hour with reduced D-O
amounts (Table 4). Gratifyingly, only 2 equivalents of D,O were sufficient to induce a labelling

superior to 50%, and 5 equivalents provided a D content above 70%.
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Table 4. Deuterium labelling at higher temperature.

Fe(OTf); (0.5 mol%) D
N N
N CHsCN N

130°C,1h D
1 20 80 89
2 10 75 85
3 5 71 74
4 2 53 54
5 1 33 36

Reaction conditions: 1,2,3,4-tetrahydroquinoline (0.5 mmol),
Fe(OTf)s; (0.5 mol%), CH:CN (1 mL), DO (X eq.), 130 °C, 1 h.

During these experiments, we also noticed that the deuterium content at the para-position was
often higher than at the ortho. Hence, we monitored a kinetic profile of our model reaction
(using conditions from Table 3, entry 8) which clearly indicated that para-labelling takes place
more rapidly (Figure 5). This behaviour could be explained by the greater stability of Wheland

intermediates at the para-position in aromatic amines in comparison with the ortho-position.1?%7!

100

80

60

40
—e— para-D
—e— ortho-D
20 -

Deuterium incorporation [%]

o+
o 2 4 6 8 10 12 14 16 18

Time [h]

Figure 5. Kinetic profile for the deuterium labelling of 1,2,3,4-tetrahydroquinoline.

Selected scope entries under our optimised reaction conditions are depicted in Scheme 23.
As can be seen, the methodology is efficient for the labelling of a variety of electron-rich com-
pounds, notably heteroarenes. For instance, indoles are deuterated preferentially at the more
reactive C3 position, but also on the aromatic ring. In fact, the labelling is highly dependent on

the nature of the substituents: an electron-donating one such as methoxy at the C4 position
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will permit labelling at other positions (C5 and C7) whereas electron-neutral or electron-with-
drawing ones will restrict the reactivity. Other heteroarenes such as imidazole, benzimidazole
and pyrrole were also efficiently labelled, with a deuterium content above 95%. Similarly, deu-
teration of a 1-naphtylamine representative took place with 92% D and 89% D at the ortho-
and para- positions, respectively. All the electron rich positions of 3-(dimethylamino)anisole
were deuterated. In terms of phenols, the deuterium incorporation is limited. This could be
explained by the reduced electron-donating ability of phenols in comparison with anilines. Nev-
ertheless, deuterium incorporation in the natural terpenoid thymol was 19% in the ortho posi-
tion and 41% in the para position with respect to the hydroxy group. As disclosed in the intro-
duction, the deuterium incorporation in biologically relevant compounds is of key interest. Thus,
melatonin, bearing an indole scaffold was a candidate of choice for this methodology, and
pleasingly, 99% melatonin-dz was obtained. In a similar fashion, we isolated resveratrol-ds
quantitatively. In the case of the alkaloid papaverine, aromatic labelling did not take place.
Instead, deuterium atoms were detected on the methylene group alpha to the nitrogen, which

was previously reported in Lewis acid-based deuteration methodologies.

Fe(OTf)3
H D,0 D
CH3CN
90 °C, 18 h
[46]
[93] [97 [82] D [9DS] 85 [78] 97]
b \
N \ \
H H [18]D ”
[82]
99% 99% 99% 99% 85% 98%
95]
7, Pl [91]D D [93] [19]D
A\
Ny @[ >—b [97] E?»D
. Cr
~_-NH [91 [41]
99% 74% 99% 99% 97% 82%
— Biologically relevant compounds
O
185) OH
[85] HNJQ
D AN
- N\ O
D[86] [84]1D D[85]
N
[34]D H OH
melatonin-d; resveratrol-ds papaverine-d,
99% 99% 99%

Reaction conditions: substrate (0.5 mmol), Fe(OTf); (0.5 mol%), D,O (20 eq.), CH3CN (1 mL), 90 °C, 18 h.

Scheme 23. Selected scope entries for the iron triflate-mediated labelling methodology.
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3.3.Scalable and selective deuteration of (hetero)arenes

Heterogeneous catalysis possesses advantages compared to homogeneous, notably catalyst
separation and potential recycling. Furthermore, due to their broader availabilities and lower
prices, non-noble metals should be used in preference to noble ones. However, despite being
a topic of research in both industry and academia, to the best of our knowledge all non-noble
metal based heterogeneous catalysts previous to our works relied on either nickel or cobalt. In
this regard, we were interested in the development of heterogeneous systems relying on other

environmentally benign metals, and iron appeared to us as the metal of choice.

Based on our group’s expertise in the development and application of nanoparticles for several
catalytic reactions, we synthesised a variety of heterogeneous catalysts via a simple impreg-
nation method: first, the iron precursor was heated in ethanol, then a support was added, and
stirring was continued overnight. The obtained mixtures were dried in vacuo and the remaining
solid was pyrolysed at high temperatures (800 — 1000 °C) under argon. In general, at such
high temperatures organic-based supports decompose to carbon matrixes, and in our specific
case this happens with the metals embedded. Here, cellulose, the most abundant biopolymer,
was utilised as support (Scheme 24, top), and the obtained materials were applied for hydro-
gen deuterium exchange reactions in D20 using 4-phenylmorpholine as substrate. The highest
deuterium incorporation was observed using Fe@Cellulose-1000,2%8 with 81% D at the ortho
and para positions, and this deuterium incorporation could be further increased by raising the

reaction temperature from 100 °C to 120 °C (Scheme 24, bottom).

Dissolution Complexation Drying Pyrolysis
Fe(NO3)3.9H,0 Fe@Cellulose-1000
EtOH Cellulose high vacuum 1000 °C
25 °C/min, 2 h
K\O Fe@Cellulose-1000 (20 mol%) D 0
N\) H, (20 bar) N\)
D,O
©/ 100 °C, 24 h D D[81]
(81] [96]el
[98][81

Scheme 24. Synthesis and HIE application of Fe@Cellulose-1000.

Fe@Cellulose-1000 was comprehensively characterised with XRD (X-Ray Diffraction), XPS
(X-Ray Photoelectron Spectroscopy), STEM (Scanning Transmission Electron Microscopy)
and XAS (X-Ray Absorption Spectroscopy) to understand its structure. These analyses re-
vealed that the fresh catalyst consists of 20 — 50 nm Fe/FesC particles surrounded by a 6 —
10 nm shell of up to 30 graphene layers embedded in a carbon matrix (Figure 6). Notably, the

iron content at the surface is rather low (around 0.1 atom%). Furthermore, no oxygen could be

29



Summary of publications

detected at the Fe surface by Electron Energy Loss Spectroscopy (EELS), and the XPS meas-
urement showed a sharp peak at around 707.0 eV, which is characteristic of zerovalent iron.
However, these features were different in the used catalyst. The catalyst shell largely disap-
peared, and instead, the particles — even though of comparable size and distribution in the
carbon matrix — were covered by iron oxide which is likely formed by exposure of the used
catalyst to ambient air. In addition, the relative intensity of the peaks corresponding to FesC
decreased in the XRD spectra of used materials. With these results, we postulate the following:
(i) the carbon matrix prevents the aggregation of the particles, (ii) during the course of the
reaction, the graphene layer is partly removed which permits the contact of the substrate and
the iron surface, and (iii) FesC is in part converted to Fe® which is considered the active site of

this reaction.

20 nm 20 nm

Figure 6. High resolution ABF-STEM (left) and HAADF-STEM (right) images of an Fe parti-
cle of Fe@Cellulose-1000.
Following the characterisation of this catalyst, Electron Paramagnetic Resonance (EPR) stud-
ies were performed to gain insight into the mechanism. After heating the catalyst in D2O and
quenching this mixture with 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as radical trap, the EPR
spectrum showed a characteristic signal corresponding to a DMPO-OD spin adduct which is
formed by trapping *OD radicals with DMPO. When adding our model substrate 4-phenylmor-
pholine, an additional organic radical signal was detected. However, this signal is not present
when the reaction is performed in the absence of D-O, which suggests that the *OD radical
abstracts a hydrogen from the substrate, leading to HDO and an organic radical. Thus, we
suggested the concerted mechanism represented in Scheme 25, in which Fe@Cellulose-1000
permits homolytic cleavage of D20, yet the resulting radicals are not liberated into the solution
but remain adsorbed on the catalyst surface as activated *D and *OD radicals. The *OD radical
abstracts a hydrogen atom from the phenyl ring, forming HDO and the corresponding phenyl
radical which is subsequently deuterated. The high deuterium enrichment at the ortho and para

positions follows the selectivity of classical electrophilic aromatic substitution reactions.
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Scheme 25. Proposed catalytic cycle for the Fe@Cellulose-1000 methodology.

A key parameter in terms of heterogeneous catalysis is the reproducibility of a process, and it
is well-known that heterogeneous materials, even though synthesised in the same fashion or
marketed under the same designation, can have different activities. Accordingly, we performed
quality control experiments, where the model reaction was performed multiple times. These
results showcased the high repeatability of this process, both using different batches of cata-

lysts (average total D=98.47%, standard deviation SD=1.37, Table 5 entries 1 — 6) or using

Table 5. Design of quality experiments for the labelling of 4-phenylmorpholine.

(\O Fe@Cellulose-1000 (20 mol%) D (\O
\) H, (20 bar)
N

N
©/ D,0
120 °C, 24 h b b

Entry Batch ortho-D [%] para-D[%] Total D [%]
1 1 98.83 99.85 99.17
2 2 93.95 99.14 95.68
3 3 99.08 99.79 99.32
4 4 99.16 99.42 99.25
5 5 97.87 97.76 97.83
6 6 99.35 99.98 99.56
7 7 99.11 99.60 99.27
8 7 97.87 97.76 97.83
9 7 98.93 99.54 99.13
10 7 98.74 99.67 99.05

Reaction conditions: 4-phenylmorpholine (41 mg, 0.25 mmol), Fe-Cellulose-1000
(61 mg, 20 mol% Fe), D2O (3.0 mL), H> (20 bar), 24 h.
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the same batch of catalyst (average total D=98.82%, SD=0.58, Table 5, entries 7 — 10). In

order to be as accurate as possible, the deuterium content was measured using quantitative
"H NMR.

Reaction atmosphere
I -,
N,

Deuterium incorporation [%]

1 2 3 4 5

Run

Reaction conditions: 4-phenylmorpholine (0.25 mmol, 40.8 mg), Fe@Cellulose-1000 (60 mg, 20 mol% Fe),
D,0O (1.5 mL), H, or N, (20 bar), 120 °C, 24 h.

Figure 7. Recycling experiments of Fe@Cellulose-1000 under hydrogen and nitrogen
atmospheres.

The used iron particles were covered by a layer of iron oxide (see above), which on the one
hand might be formed by exposure of the nanoparticles to air, but their generation could also
take place during the course of the reaction (in hydrogen or nitrogen). However, performing
the reaction under a hydrogen atmosphere could reduce the formed iron oxide to metallic iron,
thus improving the catalytic system. In fact, this effect is clearly observed during recycling ex-
periments. While Fe@Cellulse-1000 was highly reusable (4 runs under our standard reaction
conditions are possible without activity loss) under H, the reactivity was lowered when not
using a reductive atmosphere (by around 30% D incorporation), and the activity dropped after
the third run (Figure 7).

The applicability of this methodology was demonstrated by an extensive substrate scope of
more than 80 compounds, including natural products and commercial drugs (Scheme 26).
Moreover, taking advantage of the high recyclability of Fe@Cellulose-1000, the reaction could
be scaled-up to >1 kg of combined product with the same catalyst batch.
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Reaction conditions: substrate (0.25 mmol), Fe@Cellulose-1000 (60 mg, 20 mol% Fe), D,O (1.5 mL), H, (20 bar), 120 °C.
8l 72 h. 1 140 °C.

Scheme 26. Selected scope entries for the Fe@Cellulose-1000 methodology.
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3.4. Manganese-catalysed deuterium labelling of anilines

and electron-rich (hetero)arenes

To complement our investigations presented in part 3.3, we were interested in the development
of novel heterogeneous materials for HIE using different metals and heterogeneous supports.
An extensive library of new materials was synthesised in a similar fashion and applied to the
labelling of para-anisidine as model substrate. In addition to iron, manganese is a hon-noble
metal of choice owing to its broad availability, reasonable price, and rich redox chemistry. We
were pleased to identify that manganese-based systems permitted a similar reactivity to iron
(Table 6). Under our reaction conditions, we determined starch to be the source of carbon
which provided the best results. Of equal importance, a high pyrolysis temperature was nec-
essary for the production of highly active catalysts for HIE and increasing the reaction time

from 15 h to 24 h improved the deuterium content.

Table 6. Catalyst screening for the deuteration of para-anisidine as model substrate.

Supported catalyst (20 mol% metal) D

/@/NH2 H, (20 bar) NH,
o D,O (1.5 mL) -

100 -120°C, 15 h

c Catalyst Peuterium_ Peuterium_

ntry Metal@Support-Pyrolysis temperature mcorp?ratlon mcorp?ratlon
at 100 °C [%] at 120 °C [%]

1 Fe@Starch-800 35 76

2 Fe@Starch-1000 36 85 (97)&

3 Mn@Starch-800 <5 <5

4 Mn@Starch-1000 30 72 (94)8

5 Fe@Lignin-800 <5 8

6 Fe@Lignin-1000 <5 9

7 Mn@Lignin-800 <5 8

8 Mn@Lignin-1000 <5 9

9 Fe@Alginate-800 17 78

10 Fe@Alginate-1000 <5 27

11 Mn@Alginate-800 <5 8

12 Mn@Alginate-1000 21 67

Reaction conditions: para-anisidine (31 mg, 0.25 mmol), catalyst (20 mol% metal), D.O
(1.5 mL), Hz (20 bar), 15 h.
8l 24 h.
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Moreover, utilising starch as the source of carbon, we complemented our catalyst library with
multiple supported metals (Figure 8). Next to iron and manganese, high deuterium contents
(>90%) were induced by nickel and cobalt catalysts which outperformed noble metal-based
systems relying on ruthenium or palladium (35% and 36%, respectively). Silver, zinc and cop-
per systems were poorly active under these conditions. Amongst the most active metals and

having previously disclosed the potency of iron nanoparticles for HIE, manganese was pre-
ferred for toxicity reasons.

NH Supported catalyst (20 mol% metal) D
2 H, (20 bar) NH,
\o/©/ D,O (1.5 mL) - /@:
120 °C, 24 h (0] D

100 -

o]
o
|

60

40

Deuterium incorporation [%]

1\006 \QQQ »\QOQ »\OQQ \QQQ '\QQQ :\000 »\QQQ \QOQ

5\'3(0‘\ 5\3‘0‘\ %\9‘0‘\ 6\_@‘6(\ 6\9‘0‘\ 5’\_‘3‘0‘\ (5\'3‘60 %’\,3‘0‘\ 6\9‘0‘(\
PQ@ 1’(\@ O\)@ ?‘\)@ ?6@ ‘\\@ 00@ @\(\@ <@

Catalyst

Reaction conditions: p-anisidine (31 mg, 0.25 mmol), catalyst (20 mol% metal), D,O (1.5 mL), H, (20 bar), 24 h.

Figure 8. Screening of metals using starch as carbon source for the labelling of
para-anisidine.
Mn@Starch-1000 was characterised to investigate the structural variances in comparison with
Fe@Cellulose-1000. Here, Mn/MnOy core-shell particles are observed with a broad size dis-
tribution, the smallest being 10 nm, the majority between 40 and 70 nm and the largest ones
up to 1.8 ym (Figure 9a and b), which is overall larger than the iron particles. The manganese
concentration at the catalyst surface is also rather low, around 0.2 at.%, rendering XPS meas-
urements challenging. Nevertheless, a peak distance of 5.6 eV in the Mn 3s region suggests

Mn3* as main oxidation state in the fresh catalyst (Figure 9e). Different from the iron particles,

35



Summary of publications

the manganese-based material recycles poorly, with almost a 50% drop in the deuterium in-
corporation after one run under our recycling conditions. With only 0.013 ppm of manganese
leaching measured by ICP-MS (Inductively Coupled Plasma Mass Spectrometry), we further
investigated the used material to tentatively explain this drop in reactivity. A first observation is
that the number of the core-shell particles is drastically reduced, with instead mostly pure Mn
(Figure 9c¢) and MnOy (Figure 9d) particles, but rarely some containing both. From an electronic
point of view, two doublets with different peak separations (6.2 eV and 4.8 eV, Figure 9f) are

discerned, which indicates the presence of at least two oxidation states such as Mn?* and Mn*.

Intensity [a.u.]

Intensity [a.u.]

Binding Energy [eV]

Figure 9. Left: HAADF-STEM images of freshly prepared Mn@Starch-1000 (a, b) and used
Mn@Starch-1000 after one run of deuteration of para-anisidine (c, d). Right: XPS Mn 3s
spectra of the fresh (e) and recycled catalyst (f).

We thus performed further optimisation of our model system. While the use of co-solvents,
both protic and aprotic severely lowered the deuterium incorporation (Table 7, entry 2), the use
of Lewis or Brgnsted acids as additives had little to no effect on the reactivity (Table 7, entries
3—4). On the contrary, bases such as NEt; or NaOH proved to be detrimental to the reactivity
(Table 7, entries 5—6). Then, we examined the reaction atmosphere and found that a reductive
atmosphere was beneficial. Gratifyingly, the hydrogen pressure and the catalyst loading could
be lowered (to 10 bar and 10 mol%, respectively), while maintaining an excellent 94% D (Table
7, entries 7-10). Absence of catalyst, manganese acetate or metal-free pyrolysed starch in-

duced poor labelling (Table 7, entries 11-13).
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Table 7. Optimisation of reaction conditions for the labelling of para-anisidine with
Mn@Starch-1000

NH, Mn@Starch-1000 (20 mol%) D
H, (20 bar) NH,

\OO ?22 510.7522:;) \O/©:D

Entry Deviation from_ t_he Peuterium_
standard conditions incorporation [%]

1 - 94

2 'PrOH, THF or cyclohexane as co-solvents  5-8

3 Lewis acids as additives!?! 93-94

4 HCI as additivel® 93

5 NEt; as additive!® 80

6 NaOH as additive!® 34

7 N2 (20 bar) 94

8 N2 (5 bar) 81

9 10 mol% Mn, H. (5 bar) 83

10 10 mol% Mn, H2z (10 bar) 94

11 no catalyst <5

12 Mn(OAc)..4H.0 as catalyst!! 8

13 Starch-1000 as catalystl®! <5

Reaction conditions: para-anisidine (0.25 mmol), Mn@Starch-1000 (58
mg, 20 mol% Mn), Hz (20 bar), D2O (1.5 mL), 24 h, 120 °C.

&' 20 mol%.

bl 60 mg.

Given the similitudes between the Fe and the Mn catalysts structures and reactivities, we pre-
sumed the mechanisms would be analogous. To assess this, the model reaction was per-
formed in the presence of TEMPO (2,2,6,6-tetramethylpiperidinyloxyl) as a radical scavenger
(Scheme 27) and the deuterium incorporation dropped to 12%. Coupled with the absence of
labelling when the reaction is performed using D- in H2O, we proposed a comparable mecha-
nism involving D* radicals generated from D2O (see Scheme 25 for the Fe@Cellulose-1000
mechanism). Besides, switching from H; as a reductant to D» lowered the labelling of para-
anisidine from 94% to 85%, thus providing a secondary kinetic isotope effect of 1.1. Addition-
ally, KIEs were monitored on aniline isotopologues with the de-deuteration of 2,4,6-trideu-

teroaniline and the deuteration of 3,5-dideuteroaniline. The former is predictable, whereas the
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more surprising latter could result from a different coordination of the substrate on the catalyst

surface.

—Control experiments —Kinetic isotope effect
D[94 NH NH
NH,  [Mn] (o4l 2 2
Ha /©:NH2 H H o mn D D
—_— [73]
™~ D,0O
© : o D H Ho POy -
H D
[Mn] aniline-dy aniline-d;
NH Hy D[12]
2 TEMPO NH
— > 2 NH, NH,
~o D0 - D D [Mn] H H
O D - > [44] KIE=1.66
H H H20 H H
\H ['\Sn] D [0] D H
2 ’ i f NH, aniline-d; aniline-dj
~
O H,O
2 o D NH, NH,
" " [Min] ’ ’ [11] KIE= 6.64
[Mn] D[85] = 0.
D
NH; D, NH, D D 0 5 D
~ D,0 H D
O ~ . .
(0) D aniline-d, aniline-ds

Conditions for the control experiments: substrate (0.5 mmol), Mn@Starch-1000 (10 mol%), H,O or D,O (1.5 mL), H, or D,
(10 bar), 120 °C, 24 h. Conditions for the KIE experiments: aniline isotopologue (0.5 mmol), Mn@Starch-1000 (5 mol%
Mn), H, (10 bar), H,0 or D,O (1.5 mL), 120 °C, 5 h.

Scheme 27. Control experiments — Kinetic isotope effect.

Then, Mn@Starch-1000 was employed for the labelling of numerous anilines, heterocycles
and phenols with great functional group tolerance. Good to high deuterium incorporation was
obtained in most cases, although for substrates bearing electron-withdrawing substituents or
phenols an increase in temperature (from 120 °C to 140 °C) was necessary. Pleasingly, in
addition to model compounds, marketed drugs such as ketoconazole and fluconazole were

successfully labelled.
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Mn@Starch-1000

H H,
D,O

120 °C, 24 h

Ry = CHj, Ry = Cl 91% [67]

D

Risnp Rq=H, Ry = OCH3 91% [94] H, H,
o Ri=H.R;= OCH3*185% [82] [97p ppo7] [98]1D D [91]D 198D D[98]
Rq =H, Ry = SCH3 [82]
Ry = CHz, Ry = OCH3 91% [93]
97]

Rz Rq = CHs, R, = Br 89% [18] [99] [98]
94% 99% 83% 87%
NH, O NH
37 NH 5] i [<5] i
[ ] D yd [b]D D
H D D[37] [94]] o~ [14]
N\/\ 0 N
CF,
D O D O
[98]D D[98] [97]D D[97] 3D7 [79] [<5]
[37] (90! [14]!
99% 83% 76% 75% 85%
68%!! 79%!!
— [58]
N [99] [9%] ¢ P [?32]
N D
[N>_D [99] /k D [99] A\ D[17] N
N \N N 0
D H
[82] ©
61% 99% 97% 99% 99% 85%
[98] [57] Ha -
D DI35] D D[94] [94 0
[96]0" Ip D DI93]
N o [85] D DISE] ., o
98  [98] [49] D
[98] [97]®) [981 94
72% 92% 89% 91% 99% 93%
88%!®!
— Biologically relevant compounds
&
\
OH N)\ D[99]
45 [38]D
[33] D 48] o ,, °
811" [oof <]
ll\jﬁ\ o~ .0
N
D \( Cl Cl \©\
[16] [24] D[98] N
(57)"! [68]"! K/N\n/
o]
carvacrol-d, thymol-d, fluconazole-d3 ketoconazole-d4
76% 76% 99% 89%
95%[°! 91%°!

Reaction conditions: substrate (0.5 mmol), Mn@Starch-1000 (58 mg, 10 mol% Mn), H, (10 bar), D,O (1.5 mL), 120 °C, 24 h.

[al 1 g scale. [°! 140 °C.

Scheme 28. Selected scope entries of the Mn@Starch-1000 methodology.
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4. Conclusion and perspectives

The deuterium enrichment of organic molecules, initially purely an academic field of research,
is undergoing an escalating interest in terms of industrial applications, as such a small variation
can cause heavy changes in a final product. Whereas homogeneous iridium complexes with
the use of deuterium gas dominated this field for many years, contemporary research exploits
a diversity of techniques such as electro- and photochemistry. Clearly, molecularly defined
complexes and other homogeneous systems still represent the majority of the novel method-
ologies, but the inclination is now to rely on non-noble metals and to make use of deuterium
oxide as the most affordable isotope source. In this context, heterogeneous catalysts are much
frequently less applied. In view of their numerous advantages, such as the easy separation
from reaction mixtures and potential recycling, it is incontestable that heterogeneous catalysts
are prime components of the deuterium labelling “toolkit”. Palladium, platinum and ruthenium
catalysts unequivocally dominate this field of research, except for scarce examples of cobalt-
or nickel-based systems. Therefore, supplemental methodologies relying on base-metals are
highly desirable. This work presented two contributions to the field, with the preparation and
application of original iron and manganese supported catalysts for the deuterium labelling of a
broad range of electron-rich (hetero)arenes, using D-O as isotope source. Such catalysts were
prepared in a practical manner from broadly available biopolymers by a simple impregnation
method and were fully characterised. In addition, a simple iron salt (Fe(OTf)3) was showcased

as a potent catalyst for the labelling of comparable compounds under mild reaction conditions.

Today, sustainability is an essential consideration in our daily life, and chemistry is an excep-
tional instrument to work towards this goal. While it is clear that resources have to be used
with a more renewable attitude than in the previous decades, the development of innovative
processes and materials is critical to success. In this regard, catalysis plays a fundamental
role. Not only does it allow transformations in a more renewable manner than stoichiometric
reactions, but the tools themselves, the catalysts, are becoming greener, and are more and
more based on Earth-abundant metals. A lot has already been accomplished, but there is still

a long way to go!
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Abstract Deuterated organic molecules are of interest for many ap-
plications ranging from mechanistic investigations in basic organic and
physical chemistry to the development of new pharmaceuticals. Thus,
methodologies for isotope-labelling reactions continue to be import-
ant. Here, a convenient methodology for hydrogen/deuterium ex-
change reactions in electron-rich arenes is reported using simple iron
salts and deuterium oxide as isotope source.

Key words catalysis, deuterium, heavy water, isotopic labelling, Lewis
acid

Procedures for deuterium incorporation in organic mol-
ecules continue to attract the interest of many chemists. In-
deed, deuterium-labelled compounds are well-known as
standards in mass spectrometry' and are of interest in ma-
terials sciences to improve properties of polymers,? organic
light-emitting diodes (OLEDs),? and fluorophores.* Regard-
ing life science applications,”> in medicinal chemistry the
exchange of hydrogen atoms by its stable isotope deuteri-
um not only permits improved absorption, distribution,
metabolism, and excretion (ADME) properties of potential
drug candidates, but it is also a useful technique to follow
metabolic pathways during the drug discovery process.5 At-
testing the importance given to labelled compounds, three
of them were recently authorised as medications for human
use. Deutetrabenazine has first been approved in 2017 by
the American Food and Drug Administration (FDA) for the
treatment of chorea associated with Huntington’s disease,”
followed by donafenib in China for the treatment of unre-
sectable hepatocellular carcinoma (Figure 1).8 Earlier this
year, the third one was deucravacitinib, approved by the
FDA for the treatment of plaque psoriasis.®

o high deuterium incorporation
 available isotope source
 simple reaction conditions

"L °
0. . P

NH
O O
@é@ N
|y
deutetrabenazine N~n
\

deucravacitinib

0]
cl ()
F. N
N)]\N L
F H H
F

donafenib

poly-COE-d4

SD-P3HT

Figure 1 Selected applications of deuterated compounds: structures
of marketed deuterated pharmaceuticals; SD-P3HT and polycyclooc-
tene-d,, (poly-COE-d,,) as deuterated materials

In order to introduce deuterium atoms in organic mole-
cules, numerous approaches are feasible.!® Simple by con-
ception yet challenging by implementation, hydrogen-iso-
tope exchange (HIE) reactions are among the most desir-
able techniques for the labelling of organic molecules.
Prevalent for numerous years, iridium-catalysed HIE proce-
dures are now supplemented by base-metal catalysis,'! no-
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tably with the use of iron'? and nickel'* molecularly defined
complexes. Similarly, photocatalytic'* and electrocatalytic'®
labelling reactions are on the rise. In addition, the use of
supported catalysts becomes important in the field of HIE,
with reports utilising ruthenium,'® iridium,!” palladium,'®
rhodium,' iron,?° and manganese?! nanoparticles. Another
trend in HIE reactions is the use of frustrated Lewis pairs
(FLP) and Lewis acids (LA) for the incorporation of deuteri-
um atoms in electron-rich arenes and heteroarenes. In this
respect, Werner and co-workers showed the efficacy of
tris(pentafluorophenyl)borane (B(CgFs);) for the labelling of
electron-rich arenes and heteroarenes in 2017.2%2 More re-
cently, Cong and Hao described a similar reactivity of
Ag(OTf),.3 Interestingly, both systems use CDCl; and D,0 as
practical and - relatively - inexpensive solvent mixture and
isotope source. Interested in the development of new meth-
odologies for deuterium labelling, we envisioned the use of
other Lewis acids as practical and accessible catalysts to
complement the already reported investigations.?*

We initiated our investigations with the testing of sever-
al metal triflate salts for the labelling of 1,2,3,4-tetrahydro-
quinoline as model substrate. Surprisingly, except for
Mg(OTf),, all the tested catalysts showed activity and al-
lowed a deuterium content >70% at both the ortho and para
position relative to the nitrogen (Figure 2). In addition, in
the presence of D,0 the labile N-H is exchanged to a N-D
bond. However, by aqueous workup after the reaction the
N-H bond is regenerated. Under the applied reaction condi-
tions, Fe(OTf); was identified as the most active LA, which
was also applied in different solvents and at various tem-
peratures (see the Supporting Information for details). In
general, a reaction temperature of 90 °C was crucial for the
success of this methodology. Then, we examined the effect
of the variation the catalyst loading and quantity of D,0 for
our model reaction. Using 2.5 mol% catalyst, the deuterium
content is increased to >95% at both the ortho and para po-
sition with 50 equiv of deuterium oxide, highlighting the
possibility to reach high deuterium incorporation using this
methodology. On the opposite, using only 10 equiv of heavy
water lowered the deuterium incorporation (Table 1, en-
tries 1-3). Comparable results were obtained using half of
this catalyst loading (Table 1, entries 4-6). The limit of our
catalytic system was reached using 0.5 mol% Fe(OTf); (Table
1, entries 7-10). Applying this low catalyst loading, 92% and
93% deuterium incorporation are detected at the ortho and
para positions, respectively (Table 1, entry 8), which are not
increased by performing the reaction in CD;CN. Interesting-
ly, the labelling is not increased with 50 equiv of D,0. Using
0.1 mol% of Fe(OTf); or D,0 as solvent showed poor deuteri-
um incorporation, possibly due to solubility issues. Consid-
ering the higher deuterium enrichment at the para position
compared to the ortho in Table 1, we subsequently moni-
tored a kinetic profile for our model reaction. As can be
seen in Figure 3, the deuterium incorporation at the para
position takes place more rapidly than at the ortho position.
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Figure 2 Evaluation of various Lewis acids for the deuterium labelling
of 1,2,3,4-tetrahydroquinoline. Reagents and conditions: 1,2,3,4-tetra-
hydroquinoline (0.5 mmol), Lewis acid (2.5 mol%), D,O (20 equiv.,
180 pL), CH,CN (1 mL), 90 °C, 18 h.

Table 1 Variation of the Catalyst Loading and Amount of D,0?

H D
\(;(Nj O N
H

Fe(OTf)3 (X mol%)
D20 (Y equiv)

CH3CN N
H 90°C, 18 h D
1a 2a

Entry Fe(OTf); (X mol%) D,O (Y equiv) ortho-D (%)  para-D (%)
1 2.5 20 90 90
2 2.5 50 95 96
3 2.5 10 83 84
4 1.25 10 81 81
5 1.25 20 90 90
6 1.25 50 95 96
7 0.5 10 83 84
8 0.5 20 92 93
9 0.5 50 65 90
10° 0.5 Solvent 27 41
11 0.1 20 33 57
12 0.1 50 25 45
13 0.1 100 30 54
14> 0.1 Solvent 5 16

2 Reaction conditions: 1,2,3,4-tetrahydroquinoline (0.5 mmol), Fe(OTf);
(2.5-0.1 mol%), CH;CN (1 mL), 90 °C, 18 h.
bD,0 (1 mL) instead of CH5CN.

This phenomenon can be explained by the higher stabil-
ity of Wheland intermediates at the para position of amines
compared to the ortho position.?> Furthermore, a reaction
time of 18 h proved to be necessary to achieve high deuteri-
um contents. Besides deuterium incorporation, tritium en-
richment is a complementary subject of interest in isotopic
labelling.>12213.1426 Inherent to the radioactive nature of tri-
tium, high reaction rates, short reaction times, and the use
of small quantities of the isotope source are highly desir-

© 2022. Thieme. All rights reserved. Synlett 2023, 34, 332-336
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Figure 3 Kinetic profile for the deuterium labelling of 1,2,3,4-tetrahy-
droquinoline

able. Thus, we explored this methodology at higher tem-
perature (130 °C) for 1 h and observed a deuterium content
superior to 80% using 20 equiv of deuterium oxide (Table 2).
Pleasingly, only 2 equivalents of D,0 are sufficient to induce
a labelling >50%.

Table 2 Deuterium Labelling at High Temperature?
H Fe(OTf)3 (0.5 mol%) D
D,0 (X equiv) O
N CHACN

H 130°C, 1h D

1a 2a

N
H

Entry D,0 (X equiv) ortho-D (%) para-D (%)
1 20 80 89
2 10 75 85
3 5 71 74
4 2 53 54
5 1 33 36

2 Reaction conditions: 1,2,3,4-tetrahydroquinoline (0.5 mmol), Fe(OTf);
(0.5 mol%), CH3CN (1 mL), 130 °C, 1 h.

The scope of this methodology was investigated under
our optimal reaction conditions (Table 1, entry 8) and is
represented in Scheme 1. Gratifyingly, high deuterium in-
corporation is achievable in a number of indole substrates,
preferentially but not limited to the C3 position. Electron-
donating substituents such as methoxy (2c) or amine (2e)
increase the overall labelling by permitting isotope incor-
poration on the benzene ring, when withdrawing ones such
as the methyl ester in 2d allow high deuterium content spe-
cifically at C3. Under these conditions, other common N-
containing heterocycles imidazole (2g) and benzimidazole
(2h) provided a high deuterium content (97%) at the C2 po-
sition. Similarly, pyrrole 2i showed a D enrichment of 95%.
When anilines were subjected to our methodology, good to
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high deuterium incorporation was observed (2j-1). Deuteri-
um content in natural terpenoid 2m is lower (19% in ortho,
41% in para), possibly due to the reduced electron-donating
properties of phenols in comparison with anilines. Finally,
1,3,5-trimethoxybenzene 1n provided the corresponding
deuterated product with 92% D. Besides model substrates,
the applicability of this methodology is showcased with the
labelling of natural products and pharmaceuticals (Figure
4). Pleasingly, under our standard reaction conditions, high
deuterium incorporation was detected in resveratrol 2o.
Moreover, human hormone melatonin (2p) is efficiently la-

Fe(OTf)3 (0.5 mol%)
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1 2
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Scheme 1 Scope of arenes labelled by the iron triflate methodology.
Reagents and conditions: 1,2,3,4-tetrahydroquinoline (0.5 mmol),
Fe(OTf); (0.5 mol%), CH5CN (1 mL), 90 °C, 18 h.
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belled at the 2-, 4- and 6-positions. Other relevant sub-
strates labelled by this methodology are the dye coumarin 1
(2q), even though with a limited deuterium incorporation
for this electron-deficient compound, and alkaloid papaver-
ine (2r). In this latter case, the activated methylene group o
to the nitrogen is the sole deuterated position as already re-
ported in previous Lewis acid based methodologies.??

(o}

(85] HN/Z{
D
o
7
O N D) [86]
[34]D N

20 2p
resveratrol-ds melatonin-ds
99% 99%
O\
L [95]_ @ _
D O
N
N O o 0 oS
J e
=
[39] ~0
2q 2r
coumarin 1-do papaverine-ds

99% 99%

Figure 4 Application of this methodology for the labelling of natural
products and pharmaceuticals.

In conclusion, we demonstrate that relatively simple,
commercially available Lewis acids can be used for deuteri-
um incorporation in electron-rich positions of arenes and
heteroarenes.?’ In particular, Fe(OTf); shows good activity
and allows for the labelling of a variety of model substrates
as well as natural products, dyes, and commercial medica-
tions. All these labelling reactions are possible using D,0 as
the most available deuterium source.
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1 H), 3.81 (s, 1 H), 3.38-3.29 (m, 2 H), 2.82 (t, ] = 6.4 Hz, 2 H),
2.06-1.91 (m, 2 H). 3C NMR (75 MHz, CDCl;): 8 = 144.8, 129.4
(m), 126.5 (m), 121.5, 116.7 (m), 113.9 (m), 42.0, 27.0, 22.2. ESI-
MS: m/z calcd for CgHgD,N: 135; found: 135 (81), 134 (100), 133
(29),132(18),131(7),120(27),106 (11),93 (7), 79 (10), 66 (6).
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Scalable and selective deuteration of (hetero)
arenes

Wu Li®", Jabor Rabeah @', Florian Bourriquen®?, Dali Yang?, Carsten Kreyenschulte ®’,
Nils Rockstroh®1, Henrik Lund ®?, Stephan Bartling®?, Annette-Enrica Surkus ©@', Kathrin Junge ®?,
Angelika Briickner ®'%4, Aiwen Lei®22< and Matthias Beller ®<

Isotope labelling, particularly deuteration, is an important tool for the development of new drugs, specifically for identifica-
tion and quantification of metabolites. For this purpose, many efficient methodologies have been developed that allow for the
small-scale synthesis of selectively deuterated compounds. Due to the development of deuterated compounds as active drug
ingredients, there is a growing interest in scalable methods for deuteration. The development of methodologies for large-scale
deuterium labelling in industrial settings requires technologies that are reliable, robust and scalable. Here we show that a
nanostructured iron catalyst, prepared by combining cellulose with abundant iron salts, permits the selective deuteration of
(hetero)arenes including anilines, phenols, indoles and other heterocycles, using inexpensive D,O under hydrogen pressure.
This methodology represents an easily scalable deuteration (demonstrated by the synthesis of deuterium-containing products
on the kilogram scale) and the air- and water-stable catalyst enables efficient labelling in a straightforward manner with high

quality control.

sotope labelling methodologies play an essential part in the devel-

opment of new pharmaceuticals and agrochemicals’ (Fig. 1a). For

example, in the pharmaceutical industry, isotopes of active drugs
are commonly prepared to understand their metabolism and to
identify specific metabolites (Fig. 1b). The most common isotopic
labels are deuterium atoms, which are also well suited to determine
kinetic isotope effects (KIEs) in fundamental mechanistic investiga-
tions that result from differences in the rate of C-H versus C-D
bond cleavage*’ (Fig. 1c). Deuterium-labelled compounds show
virtually identical physical behaviour to that of their hydrogen ana-
logues, whilst differing in molecular mass, and thus are the primary
source for the preparation of internal standards for liquid chro-
matography-mass spectrometry (LC-MS) analysis in the investi-
gation of environmental, animal and human samples*® (Fig. 1d).
Accordingly, deuteration facilitates advancements in metabolomics
including metabolite identification and quantification, in toxicoge-
nomic studies for the related reactive metabolites and in proteomics
studies.

Due to the potentially improved pharmacokinetic and phar-
macological properties of deuterium-labelled compounds, while
retaining almost the same chemical structure and physical prop-
erties as the unlabelled counterparts, in recent years this class
of compounds has gained increasing interest as actual medica-
tions®’. Notably, in 2017 the Food and Drug Administration (FDA)
cleared the first deuterated drug, Austedo, for the treatment of
Huntingtons-disease-related disorders’. Meanwhile, several deuter-
ated compounds are in clinical trials for various applications. Based
on these developments, there is growing potential and interest in
accessing selectively deuterated building blocks on a larger scale.
In this context, specific and practical labelling methodologies for
arenes/heteroarenes as well as amines, which are found in most
small-molecule-based drugs, are of increasing importance. Critical
parameters for such applications are the availability and price of the

labelling reagent, catalysts and so on, and the feasibility of the pro-
cess in an industrial setting. Notably, precise control of impurities,
degree of deuteration and consistency are also prerequisites for any
real-life implementation’.

Acid-mediated hydrogen-deuterium exchange reactions (H/D
exchange) are among the oldest methods known for labelling of
arenes. Nevertheless, they allow selective incorporation of deute-
rium only for simple substrates following an electrophilic aromatic
substitution mechanism (Fig. 1e)'°. In most of the known protocols,
the necessity to use high temperatures and stoichiometric amounts
of concentrated strong acids leads to poor functional group toler-
ances and safety risks, especially on a larger scale'’.

Based on advances in homogeneous metal-catalysed C-H acti-
vation, a variety of organometallic complexes have evolved for
catalytic H/D exchange reactions of arenes, as well as aliphatic
amines in the o or p positions (Fig. 1f)'***. For example, homo-
geneous iridium-based Crabtree and Kerr catalysts have been
used for C(sp?)-H hydrogen isotope exchange reactions using D,
gas'®"”. Chirik and co-workers first reported the use of a molecu-
larly defined iron catalyst for the tritiation/deuteration of pharma-
ceutical drugs at aromatic C-H moieties using D, and T, gas'®. More
recently, the MacMillan group developed a photochemical-catalysed
hydrogen-isotope-exchange (HIE) method for the selective label-
ling of N-alkylamine-based drugs".

Apart from photocatalysts and defined organometallic com-
plexes, heterogeneous materials have also been studied in label-
ling reactions. So far, Pd/C and Pt/C are known to catalyse multi
H/D exchange of arenes and heterocyclic amines”. In addition,
ruthenium- and iridium-based catalysts in the presence of D,
have been developed with promising activity’>”. Unfortunately,
in all these cases the selectivity and the tolerance of easily reduc-
ible functional groups and halogens is challenging. Furthermore,
besides those based on nickel”, all heterogeneous catalysts known

'Leibniz-Institut fiir Katalyse e.V., Rostock, Germany. ?Institute for Advanced Studies (IAS), Wuhan University, Wuhan, P. R. China.
®e-mail: angelika.brueckner@catalysis.de; aiwenlei@whu.edu.cn; matthias.beller@catalysis.de
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Fig. 1| Applications of deuteration and methods for H/D exchange. a, Deuterated drug molecules: Austedo has been approved by the FDA and BMS-
986165 is under trial. b, Identification of specific metabolites using LC-MS: accurate analysis of metabolites based on stable isotope labelling coupled with
LC-MS analysis. ¢, KIE investigations based on C-H versus C-D bond cleavage. d, Preparation of internal standards for LC-MS analysis. The isotopically
labelled internal standards can be used for quantitative determination. e, Acid-mediated H/D exchange. f, Transition-metal-catalysed H/D exchange. DG,
directing group. g, This work: nanostructured iron catalyst for H/D exchange of (hetero)arenes using D,0.

for deuterations rely on expensive precious metals, which hamper
their use in the agrochemical, pharmaceutical or food industries as
those metals must be removed completely from the final products
according to regulations. Apart from the catalyst and the reaction
conditions, the source of deuterium is critical for the application of
such methodologies. This is especially true for the preparation of
labelled building blocks on the multi-gram or even kilogram scale.
In this respect, cheap, safe and operationally convenient D,0O is the
ideal source for such transformations because it is basically the par-
ent compound for all other deuteration reagents, including D,.

In this article we report a unique heterogeneous iron catalyst for
general and practical deuteration of arenes and heteroarenes. Using
D,0 in the presence of a biomass-derived iron catalyst under hydro-
gen pressure allows for the preparation of >90 selectively deuterated
building blocks, representative drugs and natural products with
high and reliable deuterium incorporation (Fig. 1g).

Results and discussion

Reaction development. Initially, we tested standard, commer-
cially available heterogeneous catalysts and tailor-made supported
nanoparticles (NPs) for selective deuteration of 4-phenylmorpholine
in D,0 (Supplementary Table 1). This benchmark substrate was
chosen because it permits labelling both at the nitrogen-containing
heterocycle and the phenyl ring. In all cases, the extent of isotopic
exchange was determined using "H NMR spectroscopy. In agree-
ment with previous works*, Pd/C led to deuterium incorporation
at the o position of the nitrogen atom on the morpholine ring
(Supplementary Table 1, entry 1). Recently, we introduced a vari-
ety of supported 3d-metal NPs for selective hydrogenation and
oxidation reactions*°. In this context, iron-based NPs are particu-
larly attractive to us due to the abundance, low cost and negligible
safety concerns of iron salts. Much to our surprise, pyrolysis of
Fe(NO,),-9H,0 with cellulose resulted in highly active and selec-
tive catalytic systems for deuteration of the phenyl ring in the
ortho and para positions, which even outperformed commercial
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catalysts such as Pt/C, Au/C and Ru/C (Supplementary Table 1,
entry 10 versus entries 2 and 4). The deuterium incorporation could
be further improved under hydrogen pressure (Supplementary
Table 1, entry 12). Furthermore, the stability and recyclability of the
catalyst under H, are better (Supplementary Information, section
5). Pseudo in situ X-ray photoelectron spectroscopy (XPS) studies
show that the iron oxides formed on the surface of the catalyst dur-
ing the catalysis could be partially reduced to Fe(0) when heating
the sample under H, (Supplementary Fig. 6). Finally, the bench-
mark reaction performed with D,O in the presence of hydrogen
at 120°C gave nearly quantitative deuteration (see Supplementary
Table 1 for more details).

Catalyst characterization. To understand the structure of the most
active material (Fe-Cellulose-1000), powder X-ray diffraction, XPS,
scanning transmission electron microscopy (STEM) and X-ray
absorption spectroscopy (XAS) investigations were performed.
These results show that the freshly pyrolysed catalyst consists of
Fe/Fe,C particles 20-50nm in size, covered by a shell of up to 30
graphene layers with a overall thickness of 6-10nm. Embedding
the particles in the carbon matrix prevents them from undesired
aggregation. During the early stages of the catalytic reaction, the
graphene cover is partly removed, thus enabling the contact of the
iron surface with reactants. Then, during the reaction, Fe,C is partly
converted to metallic iron which is considered as active phase in
the reaction (for details see Supplementary Information, section 6).

Mechanistic studies. Next, investigations of KIE and electron
paramagnetic resonance (EPR) studies were performed to obtain
a better mechanistic understanding (Supplementary Information,
section 7). According to comparison experiments of the model sub-
strate, the reaction is roughly four times faster in H,O than in D,0.
Apparently, the cleavage of the D-OD bond is the rate-limiting step
in this process (Fig. 2a and Supplementary Fig. 13). Interestingly, by
comparing the deuteration of aniline and 3,5-dideuterioaniline, a
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1a 30.0 ml ka 1b 1a 1.5ml ki 1b
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Fig. 2 | Mechanistic studies and proposed mechanism. a, Aniline in D,0 and aniline-2,4,6-d, in H,O were used for the KIE studies. The reaction in H,0 is
roughly four times faster than the reaction in D,0O. b, Deuteration of aniline and 3,5-dideuterioaniline in D,O were performed for KIE studies, and a minor
secondary KIE was observed. ¢, EPR studies: *OD radical trapping using DMPO and detection of the DMPO-R spin adduct. This indicates that formation of
radical intermediates is a consequence of homolytic D-OD scission initiated by the iron catalyst. d, Proposed mechanism: the multiple graphene layer is
removed during the early stages of the catalytic reaction, thus enabling contact of the iron surface with D,0 and reactants. The key step of the reaction is
D,0 splitting by the iron catalyst. The resulting radicals are not liberated into the solution but remain adsorbed on the catalyst surface.

minor secondary KIE is also observed (Fig. 2b and Supplementary  resulting radicals are not liberated into the solution but remain
Fig. 14). This kinetically relevant result may be explained by the adsorbed on the catalyst surface as activated D* and *OD species.
slightly different coordination of the deuterated and non-deuterated  *OD abstracts a hydrogen atom from the phenyl ring, forming HDO
substrate to active catalyst centres on the surface. To check whether  and the corresponding phenyl* species**, which subsequently pro-
radicals are formed upon cleavage of the D-OD bond, EPR mea-  duces D-R (Fig. 2c,d). The observed high ortho/para selectivity may
surements with the spin trap 5,5-dimethyl-1-pyrroline-N-oxide be a result of electron density transfer from the electron-rich metal-
(DMPO) have been performed (Supplementary Information, sec- lic iron particle to the adsorbed aromatic ring because this is well
tion 7.2). In a blind experiment, the catalyst was heated in D,0  known to promote electrophilic ortho/para substitutions.
before DMPO was added, and an EPR spectrum was recorded
immediately after quenching the reaction to room temperature. This ~ Synthetic scope. Building blocks. Having established the optimized
spectrum showed only a weak but characteristic hyperfine struc-  conditions, we then evaluated the substrate scope of the system and
ture quartet signal of DMPO-OD spin adducts®” which results from  its tolerance towards functional groups. Because anilines are used
trapping *OD radicals by DMPO (Fig. 2c black line). This shows for the synthesis of diverse building blocks for agrochemicals and
that the iron catalyst can promote to a small extent homolytic split-  pharmaceuticals, we started to explore the deuteration of func-
ting of D,0. However, in the presence of 4-phenylmorpholine, an  tionalized anilines. Indeed, Fe-Cellulose-1000 permitted smooth
additional hyperfine structure sextet characteristic of a DMPO-R  deuteration of 35 different anilines with excellent chemo- and regi-
spin adduct™ was detected (Fig. 2c, blue line), suggesting that *OD  oselectivity (Table 1, 3-37b).
subtract hydrogen atoms from the substrate, forming HOD, leaving In general, the transformations can be easily run on the
behind °R radicals. Interestingly, no °R radicals were detected when  gram-scale (4b and 23b). Diverse halogen-containing (for
the iron catalyst and the 4-phenylmorpholine substrate were heated =~ example, chlorine and iodine) anilines afforded the deuter-
in toluene, which indicates that formation of radical intermediates  ated products (7b, 8b, 11-14b and 16-19b) without notable
is a consequence of homolytic D-OD scission initiated by the iron  dehalogenation side-reactions, which is a common problem of
catalyst. Considering the well-known fact that *OD radicals are very ~ precious-metal-based catalysts. We demonstrated the isotopic
reactive and unselective, the observed high selectivity is surprising.  purity of chloro-, bromo- and iodo-containing compounds by
LC-MS (Supplementary Information, section 8.3). Furthermore,
Proposed mechanism. We propose a concerted mechanism in deuteration of some phenols in the presence of the iron catalyst
which D,O is split homogeneously by the iron catalyst, yet the showed deuterium incorporation after an extended time (Table 1,
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Table 1| Nanostructured iron catalyst for deuteration of anilines and phenols
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2
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(95% 68% (68% 93% EEF 7% (96%)  (96%) (97%
22b (97%) 23b (92%) (88%)7 24b (96%) 25b (97%) 26b (>99%) 27b (96%)
9
©6%) /° (98% 77% (96%) (98%)
Me D D
I H H
NH N ~"0H N~~~
9
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28b (as% 29b (84%) 30b (96%) 31b (>99%) 32b (96%)
(98% (96% (86%) 979% o]
o o o ( )D (59%) (1 3%) )]\
HO. D (’) (\ N
N N \/' N B \)
98°/
(98%) (96%) b (86% (22%
e RS D (97%) 5 (18%)
98% (98% (94%) (92%) ( D 6)
33b (82%) 3b (96%) 34b (96%) 35b (>99%) 36b (96%) (30%) 37b (96%)
) (89%) (72%)
(24%) D
p (60%) 4 Me (@0%) Me (62%) (87%)
on D OH
Me
OH
Me D (18 / Me
(68% (37%) D (30%) D (82%) Me D (72%)
38b (97%)° 39b (80%)° 40b (71%)° 41b (85%)° 42b (89%)° 43b (94%)°

Deuterium content determined by quantitative 'H NMR. ?The reaction was performed on the gram scale. *The reaction time was 72 h.

38-43b). Like the model system, negligible or no deuterium
incorporation is observed for several representative substrates
(3a, 4a, 38a, 44a, 52a and 67a) in the absence of the iron catalyst
(Supplementary Fig. 16).

Next, deuteration of different nitrogen-containing hetero-
arenes such as pyridines, tetrahydroquinolines, phenothiazines,
phenoxazines, indoles, indolines and quinolines, and even those

bearing two nitrogen atoms, were investigated. Such heterocycles
are representative structural components of modern pharmaceu-
ticals: 59% of FDA-approved drugs contain a nitrogen heterocy-
clic motif’'. As shown in Table 2, catalytic labelling provided the
corresponding products (44-66b). Notably, for anilines and phe-
nols the regioselectivity of the labelling reaction is in accordance
with an electrophilic aromatic substitution mechanism. However,
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Fig. 3 | Synthetic applications and large-scale synthesis. a, Preparation of deuterated N-acylated anilines. Deuterated drugs, herbicides and fungicide were
prepared from the corresponding deuterated anilines. b, Dedeuteration of perdeuterated aniline using H,O to 3,5-dideuterioaniline. ¢, Scale-up reactions:
reuse of the iron catalyst on the 2.0 mol scale. Overall, 1.005 kg 4-phenylmorpholine (6.17 mol) was deuterated using the same catalyst batch; >95%
deuterium-labelled 4-phenylmorpholine and 1,2,3,4-tetrahydroquinoline were produced.

using pyridines, indoles or indolines, different reactivity patterns
are observed, which hints towards a different process.

Natural products and pharmaceuticals. To further showcase the util-
ity of iron-catalysed H/D exchange reactions, late-stage deuteration
of representative drugs and natural products was investigated (Table
3). For example, melatonin is converted into the deuterated 67b with
high levels of deuterium incorporation. Similarly, N-acetylserotonin
is deuterated to give 68b. Purine-containing compounds, such as
nucleoside analogues kinetin, inosine, pentoxifylline and the
nucleobase adenine, are labelled to the products 69-71b and 73b.
Alkaloids, for example, brucine and strychnine, are deuterated at
both aromatic rings and in the heterocyclic ring in the « position to
the nitrogen (74b and 75b). In the case of nicotinic acid, labelling
occurred with relatively lower deuterium incorporation selectively
to give 76b. Furthermore, natural phenol derivatives, for example,
tyrosol, resveratrol, thymol, arbutin and piceid, were evaluated (77-
81b). Tetrahydroquinoline alkaloids, for example, augustureine and
galipinine, also proceeded with deuterium labelling (82b and 83b).
Aniline derivatives such as dropropizine, pL-aminoglutethimide
and nimodipine-NH, were deuterated with good selectivity
(84-86b). Notably, medications such as carvacrol, estradiol and
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O-desmethylvenlafaxine gave the deuterium analogues 87-89b. As
an example, for selective deuteration of an aromatic amino acid,
L-tryptophan was employed to directly give 90b. In all cases shown
above the standard catalytic protocol was used and no further
optimization was performed. However, it should be noted that the
deuterium incorporation can be substantially improved at higher
temperature (84b and 90b).

Following standard conditions, deuteration of N-acylated ani-
lines is more difficult; however, such labelled products can be con-
veniently prepared from the corresponding deuterated anilines
(Fig. 3a). For instance, 2,6-D-labelled paracetamol 92b was readily
synthesized with excellent deuterium incorporation. Deuterated
lidocaine 93b, herbicides fluometuron 94b and chlortoluron 95b as
well as fungicide boscalid 96b were obtained from the correspond-
ing deuterated anilines.

All these cases demonstrate that the presented methodol-
ogy works well with amino- and/or hydroxyl-substituted arenes
as well as heteroarenes; however, less electron-rich benzenes, for
example, 1-bromo-, 1-chloro- and 1-fluoro-4-methoxybenzene and
1-methyl-4-(trifluoromethyl)benzene, showed no notable deute-
rium incorporation under standard conditions. In case of success-
ful labelling as described above deuteration occurred at the most
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Table 2 | Nanostructured iron catalyst for deuteration of heteroarenes
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D H N 26% (26% %) °.
(49%) D (96%) (61 % (21%
44b (88%) 45b (96%) 46b (92%) 48D (84%)° 49b (89%)?
(96%) D (15%) 7% D (15%) 984, (65%) D D (65%)
D 97%
JCL s L
H
(@3%) D (96%) (23 %) D (97a/) (97% 98% (83% (ss%
50b (97%) 51b (96%) 52b (94%) 53b (92%) 54b (99%) 55b (96%)
26% o . .
( Do) - (37%) (70%) (94%) -~ (15%)
(95%) D D D D (82%) D Me
D (95%) D (15%)
D Me HO D
A \ N D \ D \ N D
| N (95%) (81%) (2528 (>99%
N H,N N D & 5 N (36%) D N C99%)
H D (63%) p (95%) H D
(95%) (32%) 4 (12%)
56b (90%) 57b (92%) 58b (84%) 59b (>99%) 60b (>99%)
(50% (92%)
, (86%) (87%) D NiJ> OH
D P
% 18% D
A\ (74%) § (18%) N (88%)
(50%) _ P
N (59%) D! H N N N
(927 (96%)
D (24%) ¥ Mak
61b (>99%) 62b (96%) 63b (>99%) 64b (93%)2 65b (96%)2 66b (92%)2

Deuterium content determined by quantitative 'H NMR. ?The reaction was performed at 140 °C for 24 h. The pink circles and numbers denote the positions of the C-H bonds that are labelled and the

percentage incorporation of the hydrogen isotope, respectively.

electron-rich positions. Obviously, this limits the possibilities to
obtain deuterated compounds at other positions. For example,
2,4,6-trideuterated anilines are conveniently available, while selec-
tive deuteration at the 3- and 5-positions are apparently not pos-
sible. However, we envisioned a convenient strategy to overcome
this limitation: non-selective deuteration of anilines is known in the
presence of Pt/C (ref. **). Subsequent selective D/H exchange using
our Fe-Cellulose-1000 catalyst in water makes it possible to selec-
tively obtain deuterium isomers at positions that are not prone to
electrophilic substitution reactions. Thus, 3,5-dideuterioaniline 2a
is obtained from aniline via the perdeuterated derivative (Fig. 3b).
Having established complementary approaches for selective
deuteration of a variety of substrates, we then evaluated some prac-
tical aspects of our catalyst system. It should be noted that most of
the reactions shown above have been performed on a scale typically
used in drug discovery. However, as shown in Fig. 3c it is possible to
conveniently run such labelling reactions on the 20 to >300 g scale
(Supplementary Information, section 9), with the only limitation
being the size of the commercial autoclave. In general, stability, reus-
ability and avoidance of metal contamination are intrinsic advantages
to the use of any heterogeneous catalyst. To demonstrate these ben-
efits, the iron catalyst was recycled up to five times for the bench-
mark reaction. As depicted in Supplementary Fig. 18, no substantial
loss of activity was observed. During deuteration reactions, an oxidic
structure composed of Fe** and Fe** was formed as proven by XPS
(Supplementary Fig. 5). With respect to metal contamination of the

product, inductively coupled plasma optical emission spectrometry
measurements of the D,O solution detected no iron leaching in any
of these runs (Supplementary Table 8). Notably, the recycled catalyst
system can also be used for different substrates, which is important
in the context of multipurpose batch reactors, which dominate in the
pharmaceutical industry. Thus, labelled products with high deuterium
incorporation were produced on >1 kg scale from the same catalyst
batch (Fig. 3¢ and Supplementary Information, section 9).

In summary, we have developed a general methodology for hetero-
geneous iron-catalysed deuteration reactions. We believe this proto-
col paves the way for practical labelling processes and the large-scale
synthesis of specific deuterated building blocks. Although the quality
of different deuteration reactions was performed as accurately as pos-
sible (Supplementary Tables 5 and 6), all presented developments took
place under conditions that did not conform to good manufacturing
practice. The optimal biomass-derived catalyst allows for an activa-
tion and utilization of low-cost D,O. The performance of this catalyst
system is improved in the presence of hydrogen, which leads to in situ
reduction of iron oxides on the surface as indicated by pseudo in situ
XPS measurements (Supplementary Fig. 6). The presented system is
effective for the selective deuteration of anilines, indoles, phenols and
other heterocyclic compounds, including late-stage labelling of natu-
ral products and bioactive molecules, and can be readily used for the
preparation of deuterated compounds on the kilogram scale. By using
complementary approaches, different positional deuterated products
can also be obtained in a practical manner.
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Table 3 | Nanostructured iron catalyst for deuteration of natural products and pharmaceuticals

Drugs [Fe] (20 mol%)

Drugs

H + D20 D HDO
natural products 20 bar Hy natural products
120°C, 24 h
67-90a 1.5 ml, 83.0 mmol 67-90b
0.25 mmol
o (0] —
A A oy :
(827c) N e R T (>99/°
D D" 23%
NH (250) )\ N (>99%
MeO HO. o g )\
N—p N—p . N XN (85%) e %
(72%) (96%) D « 7%
o NF Y 0N PP 0
(25%) (56%) N N Ho
67b (>99%) 68b (>99%) 69b (93%) 70b (92%) 71b (91%)
[D] Melatonin [D] N-Acetylserotonin [D] Kinetin [D] Inosine [D] Adenine
% o,
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(99%) Me O (05% (14%) o D o]
N NN )J\ )
o— [ | Xy ow
05 \N /& (93%) |
’ ’T‘ © D(17%)
Me
D 21%) J
72b (93%)2 73b (84%) 74b (90%) 75b (92%) 76b (96%)2
[D] Estrone [D] Pentoxifylline [D] Brucine [D] Strychnine [D] Niacin
OH (10%) (22%)
p @1%) 69"/ e1°/ T OH
o) o) o OH 89%
2 8 (13%) p (92%)
D HO
OH HO. SN 5 Ho
10% 22%
o 5 5 (10%) (
(21 %) D (92%)
(13%) (92%) OH (59% 68%
77b (>99%)2 78b (81%)2 79b (93%)2 80b (96%)2 81b (96%)
[D] Tyrosol [D] Thymol [D] Arbutin [D] Resveratrol [D] Piceid
9
OH G D
(99%) /\(\ o (62%) NH,
N oH
) (\ NH,
\ (94%) (74%)
Me (50%) 2 2
'il 4 /I\ O—
D Me )\ (52%) o o/\/
(99%) (¢] N [¢]
D
(38%) (78%)° (91%) N (91%)
82b (88%) 83b (99%) 84b (91%) 85b (91%)? 86b (84%)
[D] (+)Augustureine [D] Galipinine [D] Dropropizine [D] DL-Aminoglutethimide [D] Nimodipine-NH,
0.
Me Me oD
D D (55%) OH
(56%) (52%) e ND,
N N_ (30%)
OH HO Me”  “Me N (86%)P
Me D (11%) D H
° (55%)
87b (86%)? 88b (99%)? 89b (86%) 90b (>99%)2
[D] Carvacrol [D] Estradiol [D] O-Desmethylvenlafaxine [D] L-Tryptophan

Representative drugs, hormones, nucleobases, steroids, alkaloids, amino acids, upscale and applications. Deuterium content determined by quantitative 'H NMR. #The reaction time was 72 h. ®The reaction
was performed at 140 °C for 24 h. The pink circles and numbers denote the positions of the C-H bonds that are labelled and the percentage incorporation of the hydrogen isotope, respectively.
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Methods

Determination of deuterium incorporation. The positions and percentage of
deuterium incorporation were determined by '"H NMR. The equation below was
used to determine the degree of deuterium incorporation; peaks were calibrated
against a signal corresponding to a unlabelled position. The labelling position was
determined by 'H NMR according to the chemical shifts and peak multiplicity.

In addition, deuterium incorporations were confirmed using high-resolution

MS by comparison of all the labelled and unlabelled compounds (note that
high-resolution MS serves here to substantiate the results of quantitative NMR
analysis).

idual int 1
% deuteration = 100 — {( residualintegra Oﬂ

number of labelling sites

Procedure for the preparation of the catalyst. A 250 ml oven-dried single-necked
round-bottomed flask equipped with a reflux condenser and a Teflon-coated,
egg-shaped magnetic stir bar (40 mm x 18 mm) was charged with Fe(NO,);-9H,0
(404 mg, 1.0mmol) dissolved in ethanol (150 ml). Then, this solution was heated
to 80°C (r.t. to 80°C) in an oil bath and stirred for 1h. To the reaction solution,
6.0g cellulose was added via a glass funnel, and the resulting heterogeneous
mixture was stirred at 450 r.p.m. for 15h at 80°C. The flask was taken out from
the bath and cooled to ambient temperature. The solvent was removed in vacuum
and then dried under an oil pump vacuum for 4h to give a yellow solid. The
sample was transferred to a ceramic crucible and placed in an oven. The latter was
evacuated to ~5mbar and then flushed with argon three times. The furnace was
heated to 1,000 °C at a rate of 25°Cmin~" and held at 1,000 °C for 2h under argon
atmosphere. After the heating was switched off, the oven was allowed to reach r.t.,
giving the Fe-Cellulose-1000 catalyst as a black powder (note that throughout the
process, argon was constantly passed through the oven).

General procedure for the deuteration reactions. In a 4 ml vial fitted with a
magnetic stir bar and septum cap, iron catalyst (60 mg, 20 mol%) and substrate
(0.25mmol) were added. Then, a needle was inserted in the septum, allowing
gaseous reagents to enter. After adding the solvent deuterium oxide (1.5 ml), the
vials (up to eight) were set in an alloy plate and then placed into a 300 ml steel Parr
autoclave. The autoclave was flushed with hydrogen six times at 10 bar and finally
pressurized to the desired value (20 bar). Then, it was placed into an aluminium
block and heated to the desired temperature. At the end of the reaction, the
autoclave was quickly cooled down to r.t. with an ice bath and vented. Finally, the
samples were removed from the autoclave, and ethyl acetate was added to the crude
mixture. This mixture was centrifuged, and the organic layer was removed from
the vials (three times). After removal of all volatiles in vacuo, the desired products
were obtained. In case of anilines with deuterium labelling on the nitrogen, 1 ml
H,0 was added during work up and N-D was replaced by N-H.

General procedure for the >300 g scale reactions. To a 21 steel Parr autoclave
containing 28.0 g Fe-Cellulose-1000 catalyst (1 mol%), 340 g 4-phenylmorpholine

(2.09 mol) and deuterium oxide (1,500 ml, 83 mol) were added. The autoclave was
flushed with hydrogen six times at 10 bar and finally pressurized to the desired
value (20 bar). Then, it was placed into an equipment (see Supplementary Section 9
for more details) for the autoclave and heated to 120°C, and then held at 120°C for
120h. At the end of the reaction, the autoclave was quickly cooled down to r.t. with
an ice bath and vented. Finally, the crude reaction was added to ethyl acetate (1.51).
The reaction mixture was filtered with filter paper. The D,O layer was removed
from the mixture and washed with ethyl acetate (1.51, three times). After removal
of all volatiles in vacuo, 341 g of deuterium product was obtained. It is important
to note that during the cool down, trace amounts of gas can stay in the solid phase
(product and catalyst). Thus, the solid phase should be dissolved slowly in ethyl
acetate.
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Manganese-Catalysed Deuterium Labelling of Anilines and Electron-

Rich (Hetero)Arenes

Florian Bourriquen, Nils Rockstroh, Stephan Bartling, Kathrin Junge,* and Matthias Beller*

Abstract: There is a constant need for deuterium-
labelled products for multiple applications in life
sciences and beyond. Here, a new class of heterogeneous
catalysts is reported for practical deuterium incorpora-
tion in anilines, phenols, and heterocyclic substrates.
The optimal material can be conveniently synthesised
and allows for high deuterium incorporation using
deuterium oxide as isotope source. This new catalyst has
been fully characterised and successfully applied to the
labelling of natural products as well as marketed drugs.

Introduction

Constant growth in the use of deuterium-labelled com-
pounds is observed in various scientific fields. Such com-
pounds are of interest for instance as standards for mass
spectrometry,!'! to prove reaction mechanisms,” to tune the
properties of materials,”¥ or to elucidate protein
conformations.”! However, they are mainly applied for the
development of drugs in the pharmaceutical industry,/*®
where labelling compounds is a prime technique for the
investigation of metabolic pathways of a respective drug
candidate. Interestingly, deuterium incorporation allows fine
tuning of the pharmacokinetic properties of drug molecules,
as the deuteration of specific positions might modify a drug’s
absorption, distribution, metabolism, and excretion proper-
ties. Furthermore, as C—D bond cleavage requires additional
energy compared to C—H bonds, drugs containing labelled
moieties can be more resistant towards metabolic degrada-
tion. As a result, a similar therapeutic effect might be
achieved with a lower dosage. Consequently, in 2017,
Austedo, the first deuterated drug on the market, was
approved by the U.S. Food and Drug Administration for the
treatment of chorea associated with Huntington’s disease."’

[*] F.Bourriquen, Dr. N. Rockstroh, Dr. S. Bartling, Dr. K. Junge,
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Owing to the demand for labelled compounds, the
development of novel, diverse methodologies for deuterium
labelling has attracted considerable research interest.'*'
Amongst the available methods, the most elegant is Hydro-
gen Isotope Exchange (HIE), where catalysts allow deute-
rium incorporation at specific positions. Consequently, HIE
is of great importance for late-stage functionalisation of bio-
active compounds.*™ In this respect, anilines are key
building blocks in molecular chemistry, as reflected by their
occurrence in 3 of the top 10 selling medications of 2019.2”
Owing to the significance of such compounds, a number of
methodologies has been reported for the deuterium labelling
of anilines (Scheme 1). For instance, deuterium incorpora-
tion is achieved at elevated temperatures by the use of
strong bases® or acids, in particular hydrochloric and
trifluoroacetic acids.”*! Recent studies showed such reac-
tivity is equally feasible with perchloric acid at reduced
temperatures.”? Inherently, such approaches can be chal-
lenging in presence of acid-sensitive functional groups.
Exploiting the concept of frustrated Lewis pairs, Werner
and co-workers demonstrated the efficiency of the relatively

R. .R R‘N’R

NaOD-D,0 (Junk, 1997)

HCI-D,0 (Lautens, 2008)

CF3;COO0D (Jung, 2014)
HCI04-CD30D (Heinrich, 2020)

acid or base mediated

B(C¢F5)3-D,0 (Werner, 2017)
Ir-D; (Zhao, Yan, 2020)
Ag-D,0 (Cong, Hao, 2020)
Pd-D,0 (van Gemmeren, 2021)

homogeneous catalysis

Ni-D,0 (Macdonald, Shannon, 1964)
Pd-D,0 (Sajiki, 2005)
Pt-D,0 (Sajiki, 2005)
Ir-D,, (Pieters, Chaudret, Derdau, 2020)
Fe-D,0 (Brickner, Lei, Beller, 2022)

heterogeneous catalysis

core-shell
nanoparticles

This work

Scheme 1. Selected approaches for the deuteration of aniline substrates
(for respective references see text).
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expensive tris(pentafluorophenyl)-borane as catalyst for H/
D exchange at the ortho- and para-positions relative to the
nitrogen using D,0 as isotope source.”! Additionally,
molecularly defined complexes can efficiently promote H/D
exchange in anilines such as the mesoionic carbene-iridium
complex presented by Zhao, Yan and co-workers in 2020 for
selective ortho-labelling.”! However, despite the high
deuterium content achieved, this methodology suffers by
requiring a quantitative amount of base. The same year, a
silver-catalysed methodology for HIE in electron-rich arenes
was presented by Cong, Hao, and co-workers. Notably, this
methodology is not limited to anilines, as nitrogen-contain-
ing heterocycles such as indoles and imidazoles could
similarly undergo this transformation.”” Recently, the van
Gemmeren group introduced novel N,N-bidentate ligands
embodying an N-acylsulfonamide moiety for the nondir-
ected labelling of a broad scope of (hetero)arenes.” Here,
one aniline substrate is presented with high deuterium
incorporation at the ortho- and para-positions although
concomitant labelling of the meta-position takes place to a
lesser extent.

Due to the advantages regarding catalyst separation
from reaction mixtures as well as potentially uncomplicated
purification of the desired products, the use of heteroge-
neous catalysts became a topic of interest in HIE. In
particular, in the presence of D,O and hydrogen, commer-
cially available Pt/C and Pd/C are valuable tools for HIE at
the aromatic and aliphatic positions, respectively,” and
were successfully applied for the perdeuteration of
anilines.”**! Besides, in line with work based on ruthenium
nanoparticles,ml Pieters, Chaudret, Derdau and co-workers
presented air-stable NHC-stabilised iridium nanoparticles
for HIE in anilines.” Employing deuterium gas as isotope
source, ortho-deuteration is achieved with remarkable
selectivity. Examples of the use of supported non-noble
metals for aniline labelling are scarce. One of the rare
instances applies Raney Nickel as described by Macdonald
and Shannon already in 1964.5%

Considering the increasing importance of labelled com-
pounds, we envisioned the need for easy-to-operate and
affordable methodologies for deuterium incorporation on
multi-gram scale. In this respect, we recently disclosed the
use of a simple pyrolysed iron catalyst for HIE.” Based on
this work, we were interested in the development of new
base-metal catalysed hydrogen/deuterium exchange reac-
tions. Apart from iron, manganese appeared as an ideal
candidate due to its availability, affordable price, and rich
redox chemistry. While homogeneous manganese catalysts
have been considerably investigated in recent years,?**”
heterogeneous catalysts based solely on manganese were
rarely studied, apart from electrocatalysis,”**” and there
remain many opportunities in this area. In fact, to the best
of our knowledge, no heterogeneous catalytic system for
deuterium incorporation relying on manganese has been
reported before. Noteworthily, here we present a practical
methodology at comparably low catalyst loading and hydro-
gen pressure using D,O as the most affordable deuterium
source available.
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Results and Discussion

At the start of this work, several iron and manganese salts
were mixed with widely available biopolymers and subse-
quently pyrolysed at different temperatures. In this straight-
forward way it is possible to prepare a variety of the
corresponding nanoparticles supported on carbon. All the
materials were applied to the labelling of 4-methoxyaniline
1a with D,0 as model reaction. As depicted in Table S1, the
pyrolysis process and support are crucial for the formation
of active materials for isotopic labelling. More specifically, a
temperature of 1000 °C and starch as carbon source gave the
best results. Thus, nine starch-based materials consisting of
different metals were synthesised and tested (Table S2).
Remarkably, iron and manganese catalysts outperformed
even noble metals such as ruthenium and palladium under
our reaction conditions. Pleasingly, using Mn@Starch-1000
and employing deuterium oxide as isotope source, a
deuterium incorporation of 94 % at the ortho-positions of 2a
is obtained using 20mol% of metal under hydrogen
pressure (Table 1, entry 1)1 In the presence of organic co-
solvents the deuterium incorporation decreased (Table 1,
entries 2 and 3). On the contrary, water stable Lewis acids
such as zinc, indium, or lanthanum triflates had no effect on
the efficiency of this manganese-catalysed reaction. Surpris-
ingly, an acidic media did not impede the catalyst activity
while the labelling was lowered to 80 % in the presence of
triethylamine and dropped to 34 % in the presence of a
stronger base such as sodium hydroxide (Table 1, entries 5—
7). Investigations of the gaseous atmosphere showed a
similar deuterium incorporation under 20 bar of nitrogen
instead of hydrogen. Lowering the catalyst loading to

Table 1: Optimisation of reaction conditions.

Mn@Starch-1000 (20 mol%) D
/©/ NH, H, (20 bar) NH,
~ D
© 120 °é(,)24 h ~o D
1a
2a
Entry Deviation from the Deuterium
standard conditions incorporation [%)]
1 - 94
2 100°C instead of 120°C 30
3 'PrOH, THF or cyclohexane 5-8
as co-solvents
4 Lewis acids as additives™ 93-94
5 HCl as additive® 93
6 NEt, as additive® 80
7 NaOH as additive!” 34
8 N, (20 bar) 94
9 N, (5 bar) 81
10 10 mol % Mn, H, (5 bar) 83
11 10 mol % Mn, H, (10bar) 94
12 no catalyst <5
13 Mn (OAc),4 H,0 as catalyst® 8
14 Starch-1000 as catalyst! <5

[a] Reaction conditions: p-anisidine (0.25 mmol), Mn@ Starch-1000
(58 mg, 20 mol% Mn), H, (20 bar), D,O (1.5 mL), 24 h, 120°C.
[b] 20 mol %. [c] 60 mg.
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10 mol % still gave a deuteration yield of >80 % (Table 1,
entries 10 and 11). Finally, control reactions showed poor
labelling of the model substrate without the use of catalyst,
or when manganese acetate or pyrolysed starch were used as
catalysts (Table 1, entries 12-14).

Owing to the heterogeneous nature of the catalyst, its
simple removal from the reaction mixture is achieved either
by centrifugation or filtration, yielding deuterated p-anisi-
dine 2a without further purification. Recycling experiments
of the recovered material were performed (see Supporting
Information for details), revealing a reduced -catalytic
activity of the recycled material. To characterise the surface
of our novel catalyst material and to understand the partial
deactivation processes, initially X-ray Photoelectron Spec-
troscopy (XPS) measurements were applied.

Accordingly, the surface of the fresh catalyst consists
mainly of C (96.2 at.%), O, and Mn as well as small amounts
of Si, K, and P, probably residuals from the preparation
process and/or support material, see Table S5 for quantifica-
tion data and Figure S1 for survey spectra. The Mn
concentration at the surface is rather low with about 0.2
at.%. The Mn 2p region with the Mn 2p;, peak at 641.5 eV
is shown in Figure S2a. While the Mn 2p spectra of some
oxidation states of Mn are rather similar,>*! the Mn 3s
region has been mainly used to identify the present
oxidation states and is shown in Figure S2c. Here, a peak
distance of about 5.6 eV can be found, which indicates Mn>*
as main oxidation state!®! for the fresh catalyst. Comparing
the Mn 2p spectra of the fresh and recycled catalyst
(Figure S2a and b), small structural changes can be noted.
The satellite feature at 646 eV (an indication for MnO) is
more pronounced in the recycled catalyst. Furthermore, the
first fitting component at 639eV is less intense in the
recycled sample. Looking at the Mn 3 s region (Figure S2¢c
and d), the two peaks for the fresh catalyst change in the
recycled sample. Here, two broad features are observed
indicating the coexistence of at least two different oxidation
states like Mn** and Mn**. It is important to mention that
the surface concentration of Mn is very low, which makes
the characterization challenging (especially for Mn 3s) even
after long integration times. Next, Scanning Transmission
Electron Microscopy (STEM) was applied to study the
structural features of the fresh and recycled catalyst and to
elucidate potential changes in the two samples. As can be
seen in Figure 1, numerous Mn/MnO, core-shell particles
are observed in fresh Mn@Starch-1000. The number of these
particles is drastically reduced in the recycled Mn@Starch-
1000 material, which in turn exhibits either Mn or MnO,
particles, but in most cases no particles containing both Mn
and MnO, (see Supporting Information). Generally, the
Mn-containing particles are irregularly distributed over the
support. The particle sizes of the Mn-containing particles
cover a broad range in fresh Mn@Starch-1000, with the
smallest being around 10 nm, the majority having sizes
between 40 and 70 nm and the largest ones forming entities
of up to 1.8 pym. These sizes remain relatively constant even
after one reaction (see Supporting Information). In light of
these two results, we presume that the decreased activity of
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Figure 1. HAADF-STEM images of A), B) Freshly prepared Mn@Starch-
1000. C), D) Mn@Starch-1000 recovered after deuteration of p-
anisidine at 120°C, 10 bar H,, 24 h in D,0O. While the fresh catalyst
exhibits a considerable share of Mn/MnO, core—shell particles, there
are predominantly either pure Mn (C) or pure MnO, particles present
in the recycled catalyst.

the catalyst is related to these structural changes occurring
during the course of the reaction.

With the optimised reaction conditions in hand
(10 mol % Mn, 10 bar H,, 120°C, 24 h), we examined the
scope of this novel catalyst system. The ortho- and para-
positions of a variety of anilines were readily labelled with
deuterium contents up to 98% and high selectivity
(Scheme 2). In particular, our model substrate para-anisi-
dine 1a can easily be converted in two steps to the common
medication paracetamol.™! Pleasingly, this catalyst material
tolerates halogens (2d, 2e, 2j, 2k) and the thioether
functionality, as illustrated by the 82 % deuterium incorpo-
ration in 4-(methylthio)aniline 2b. In addition, our proce-
dure is not limited to primary amines, as secondary and
tertiary amines such as 4-phenylmorpholine 1h were
smoothly deuterated. Moreover, the 4-position of 3,5-di-tert-
butylaniline 2i was successfully deuterated, highlighting the
possibility of labelling sterically demanding substrates. The
high specificity of this process towards labelling electron-
rich aromatic rings is emphasised when N-benzylaniline 1m
was tested as substrate. Indeed, the benzyl ring was
unaffected, and exclusively the aniline ring of 2m was
labelled with excellent deuterium incorporation (98 %). A
comparable result is observed with 9H-fluoren-2-amine 11.
Interestingly, in this case labelling of the activated C9
position concomitantly takes place. Anilines containing allyl
as well as hydroethyl moieties are also efficiently converted
to their deuterated counterparts (2n, 20). Finally, anilines
containing electron-withdrawing substituents were subjected

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



R. .R Mn@Starch-1000 (10 mol%) R. .R
N H, (10 bar) N
D,0
.7H 2 ( :)—D
120 °C, 24 h C
1 2
Ry = H, Ry = OCHj,, 2a 91% [94 He
R1\NH 1= 2 = 3, 4@ o [94] [97]D D[97]
5 Ry =H, R, = OCH;, 2a 85% [82]
Ry = H, Ry = SCHj, 2b 99% [82] o
Ry = CHa, Ry = OCHj, 2¢ 91% [93] b
R4y =CHs, R, = Cl, 2d 91% [67] [971
R2 R, =CHj, R, =Br, 2e 89% [18] 2f
94%
NH; 154 Ha
(98] D (\o [98]D D
D [99]D” i
[98] [99]
2g 2i
73% 95% 99%
NH> D[98]
[91]1D [98] D D[98]
O
: Cry
5 D[97]
[98] 56]D
2j
83% 87% 93%
J/ OH
H
[98]D D 97]D\©/ 96]D\©/
[98]D [97]D [98]D
2m 2n 20
99% 83% 98%
45] D P (<3l 5
14 oD
[79 [<5
o7 [90]" [141°
2p 2q 2r
0,
76% 75% 85%
68%" 79%”

Scheme 2. Scope of anilines. Substrate (0.5 mmol), Mn@Starch-1000
(58 mg, 10 mol% Mn), H, (10 bar), D,O (1.5 mL), 120°C, 24 h.
Isolated yields. The blue numbers between brackets represent the
deuterium incorporation. [a] 1 g scale. [b] 140°C.

to our labelling procedure. Unsurprisingly, the deuterium
content is reduced, as it was already observed in chloro- and
bromo-containing substituents (2d, 2e). Nevertheless, even
in the presence of a trifluoromethyl group (2p) deuterium
incorporation of 37% is detected. Moderate to high
deuterium contents (45 % and 79 % at the ortho- and para-
positions, relative to the amine, respectively) are obtained
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with methyl 2-aminobenzoate (2q). In this case, an increased
reaction temperature provides a 90 % deuterium incorpo-
ration at both positions. However, for electron-poor arenes
such as 1r, bearing two methyl ester substituents, a 140°C
reaction temperature does not lead to an elevated deuterium
incorporation.

Next, we were interested in the applicability of this
catalytic system for the labelling of nitrogen-containing
heterocycles (Scheme 3). Under standard reaction condi-
tions, complete deuterium incorporation occurred at the 2-
position of imidazole (2s, 2t) and benzimidazole (2u)
moieties, while the other hydrogen atoms were left un-
touched. On the other hand, the labelling of indoles was
significantly conditioned by ring substituents. For example,
when 1-methyl-2-phenyl-1H-indole 1v was subjected to our
procedure, deuterium incorporation was exclusively de-

Mn@Starch-1000 (10 mol%)

H, (10 bar)
H D
@ C;
1 120°C,24 h 2
N [99]
D[99 N
[N>_ [99] B @ S—D199]
N N N
)T </ \
2s 2t 2u
61% 99% 97%
[96] / [58]
98] [20] D [86] D
N
H
16] [82]
2v 2w 2x
99% 74% 99%
[92] [98
b D[35]
A\
N
[98] 98]
2y 2z 2aa
85% 72% 92%
[} I
Dol [38]D
e
", F Nf\
o~ 0O N\/(N
e T ¢
N N
2ab 2ac
ketoconazole-d; O  fluconazole-d;

89% 99%

Scheme 3. Scope of N-containing heterocycles. Substrate (0.5 mmol),
Mn@Starch-1000 (58 mg, 10 mol % Mn), H, (10 bar), D,O (1.5 mL),
120°C, 24 h. Isolated yields. The blue numbers between brackets
represent the deuterium incorporation.
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tected at the 3-position. However, 1-methyl-1H-indole 1w
also showed deuterium incorporation on the benzene ring.
Naturally, an electron-donating substituent such as the
methoxy group increases the deuterium incorporation (2x),
whereas the methyl ester moiety present in 2y limited the
deuterium content. Indoline 1z reacted smoothly and
provided the deuterated analogue 2z with 98 % deuterium
incorporation. The protons from the activated methyl group
in 2,6-dimethylquinoline (1aa) smoothly underwent H/D
exchange, however, the exchange took place to a limited
extent with the aromatic protons, with merely 35%
deuterium detected at the 3-position of the quinoline
scaffold.

The introduction of deuterium atoms in drug candidates
and marketed drugs is highly desirable, see above. To
demonstrate the potential of the presented methodology,
the S5-position of the triazole ring of fluconazole, a
commercial antifungal medication, was efficiently labelled.
Moreover, the 3-position of the phenyl ring neighbouring
both fluorine atoms was concomitantly labelled, providing
fluconazole-d; (2ac) in quantitative yield. Likewise, the
imidazole ring of ketoconazole showed a comparable
reactivity to more simple model substrates and afforded
ketoconazole-d, (2ab) with a quantitative deuterium
incorporation.*!

Furthermore, a variety of phenol substrates were
labelled using our Mn@Starch-1000 catalyst (Scheme 4). In
general, these substrates exhibit a poorer reactivity com-
pared to anilines. Nevertheless, for most applied substrates
good deuterium incorporation was observed, albeit at higher
temperature. Electron-rich aminophenols (2ad, 2ae) and a
catechol derivative 2af provided high D content at 120°C.
Mixed outcomes were obtained with dimethylphenols: while
2,5-dimethylphenol (1ag) is smoothly labelled under our
standard reaction conditions, higher temperature was neces-
sary to achieve a similar isotope incorporation in 2,3-
dimethylphenol (1ah). Phenol 1lai yielded a medium
deuterium content. Deuterated analogues of monoterpe-
noids carvacrol and thymol (2aj, 2ak) are produced using
our manganese-catalysed methodology, underlining its ap-
plicability to natural products. Finally, electron-rich 1,3,5-
trimethoxybenzene reacted efficiently and provided 2al with
93% D.

To gain information on the reaction mechanism, we
performed our model reaction in the presence of TEMPO as
a radical scavenger (Scheme 5). In this case, the deuterium
incorporation was drastically lowered to only 12 %, strongly
suggesting a radical mechanism. Additionally, performing
the reaction using D, gas in water showed no deuterium
incorporation, highlighting the importance of the D,0O/H,
combination for efficient labelling. Besides, using D, as
reductant instead of H, lowered the labelling of p-anisidine
from 94 % to 85 %, providing a secondary kinetic isotope
effect of 1.1. Due to the similarity in the catalysts’ structures
and reactivity, we propose a mechanism similar to the one
discussed in our previous iron-mediated labelling method-
ology is likely to be taking place: homolytic D,O cleavage by
Mn@Starch-1000 generates D* and DO¥* radicals. A hydro-
gen atom from the substrate is abstracted by DO* providing
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Mn@Starch-1000 (10 mol%)

H, (10 bar)
H D
© ©
1 120 °C, 24 h 2
NH; NH; OH
HO D [94] OH [94]D OH
v
[85]D (©) [90] D D[93] D[56]
D D D
[98] [86] [94]
2ad 2ae 2af
91% 85% 99%
oH OH
571 p o} o
[85]1D [96]7 - ~
D D[6)?
it D
49 11
[91] [ ]a [ ]a
[97] [80]
2ag 2ah 2ai
0,
55% 89% 93%
88%° 94%2
OH OH
33D [;‘glao o
[811° 150] D D[93]
D D ~ -
[16] [24] o 5 o
[571° [68)°
2aj 2ak 2al
76% 76% 93%
95%3 91%?

Scheme 4. Scope of phenols and electron-rich arenes. Substrate

(0.5 mmol), Mn@Starch-1000 (58 mg, 10 mol % Mn), H, (10 bar), D,O
(1.5 mL), 120°C, 24 h. Isolated yields. The blue numbers between
brackets represent the deuterium incorporation. [a] 140°C.

HDO and a phenyl radical which subsequently reacts with
D* vyielding the deuterated product.’ Interestingly, both
de-deuteration of 2,4,6-trideuteroaniline and deuteration of
3,5-dideuteroaniline showed a positive kinetic isotope effect,
the latter suggesting a different coordination of the aniline
substrate on the catalyst’s surface.

Conclusion

In conclusion, we report here the first example of a
heterogeneous manganese catalyst, Mn@Starch-1000, for
hydrogen isotope exchange reactions. The key to success for
the deuterium incorporation is the formation of Mn/MnO,
core—shell particles supported on pyrolysed carbon. Notably,
the concentration of manganese on the surface is rather low,
demonstrating the high activity of these active centres. The
presented practical methodology tolerates a range of func-
tional groups and was successfully implemented for the
labelling of electron-rich arenes and heteroarenes. Impor-
tantly, this strategy profits from the use of deuterium oxide
as an easy-to-handle isotope source and is a competitive
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— A. Control experiments

Mn@Starch-1000 (10 mol%)
H, (10 bar) D[12]

TEMPO (10 mol%) NH,

~ D,O
120°C, 24 h (6] D
2a

Mn@Starch-1000 (10 mol%) D [0]

(@)
1a
D, (10 bar)
D pe— s
o H,0
1a
O
1a

120°C, 24 h ~o D
2a
Mn@Starch-1000 (10 mol%) D[85]
D, (10 bar) NH,
~ D,O
120°C, 24 h o D
2a
— B. Kinetic isotope effect
NH, NH,
H H [Mn] D D
—_— [73]
H Ho POy H
H D
aniline-dy aniline-d
NH, NH,
Dji;[D Mo H H
—_— [44] KIE= 1.66
H,O
H H H H
D H
aniline-d; aniline-dy
NH, NH,
H H [Mn] D D
— [11]  KIE=6.64
D p P9 p D
H D
aniline-d, aniline-ds

Scheme 5. Control experiments — Kinetic isotope effect. Aniline sub-
strate (0.5 mmol), Mn@Starch-1000 (30 mg, 5 mol% Mn), H, (10 bar),
H,0 or D,0 (1.5 mL), 120°C, 5 h.

alternative to more classical procedures relying on noble
metals.
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