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Abstract

The growing significance of deuterium (D) and fluorine (F) incorporation within Csp2-carbon
scaffolds has propelled their importance in pharmaceutical research and industrial
applications.[*l Consequently, there has been a substantial surge in the demand for efficient
synthetic pathways to construct these intricate molecular frameworks. Traditionally,
deuterium atoms are incorporated into organic compounds through either multistep synthesis
from commercially available deuterated precursors or via direct hydrogen isotope exchange
(HIE) assisted by an acid/base or a transition metal catalyst.”) However, many available
methods suffer from drawbacks such as harsh reaction conditions, the use of toxic or metal-
containing reagents, limited functional group tolerance, or poor selectivity. This thesis is
aimed to establish new electrochemical methodologies characterized by their environmentally
friendly, atom economical, and mild reaction conditions, specifically focusing on the direct

Csp2—H deuteration of aromatic compounds and fluorocyclization of olefins.

In the first part of this thesis, we successfully established an innovative electrochemical two-
step bromination-deuteration cascade, allowing for para-selective HIE of aniline derivatives.
Notably, this strategy stands as the pioneering approach enabling the electrochemical HIE of
Csp2—H bonds of aromatic compounds. Mechanistically, nBusNBr was used as the electrolyte
and a bromine source for anodic oxidation reaction to form the para-brominated intermediate
(Ar—Br), followed by the reductive deuteration at cathode yields the desired product (Ar-D).
We further advanced our contributions by devising a versatile and straightforward
methodology for the HIE of aromatic compounds based on the hydrolysis of
hexafluorophosphate anion (PFs). It was found that 1,1,1,3,3,3-hexafluoroisopropanol (HFIP)
as solvent plays a crucial role as it initiates the hydrolysis of PFs~ and increases the acidity of
the system via hydrogen bonding, enabling HIE reaction with excellent yields (up to 99%)
and deuterium incorporation (up to 99%) as shown for more than 58 examples of various
phenol, aniline, anisole, and heterocyclic compounds as well as more complex compounds,
like, e.g., p-estradiol, chrysin, naproxen, DL-a-tocopherol or dihydrocholesterol derivative. In
the last part, | worked with Dr. Binbin Liu extended the realm of our electrochemical
concepts from deuterations to fluorinations by developing an electrochemical iodoarene-
catalyzed fluorocyclization of olefins that enables the synthesis of fluorinated 2-oxazolines,

as well as the corresponding complex compounds derived from natural products.
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Zusammenfassung

Die Bedeutung der Einbindung Substitution von Deuterium (D) und Fluor (F) in Cspe-
KohlenstoffgerUste ist in der pharmazeutischen Forschung und industriellen Anwendungen
deutlich gestiegen.! Folglich bestent eine erhebliche Nachfrage nach effizienten
synthetischen Wegen zur Konstruktion dieser komplexen molekularen Strukturen.
Traditionell werden Deuteriumatome in organische Verbindungen entweder durch
mehrstufige Synthese aus kommerziell verfUgbaren, deuterierten Vorl&fern oder durch
direkten Isotopenaustausch von Wasserstoff (HIE) unter Verwendung eines S&ure/Base- oder
Ubergangsmetallkatalysators eingefthrt.[l Viele der verfigbaren Methoden leiden jedoch
unter Nachteilen wie harschen Reaktionsbedingungen, der Verwendung von toxischen oder
metallhaltigen Reagenzien, begrenzter Toleranz gegeniber funktionellen Gruppen oder
schlechter Selektivit&. Diese Dissertation zielt darauf ab, neue elektrochemische Methoden
zu entwickeln, die sich durch ihre umweltfreundlichen, atomdkonomischen und milden
Reaktionsbedingungen auszeichnen, und sich dabei speziell auf die direkte Cspo—H-
Deuterierung von aromatischen Verbindungen und die Fluorcyclisierung von Olefinen

konzentrieren.

Im ersten Teil dieser Dissertation haben wir erfolgreich eine innovative elektrochemische
zweistufige Bromierung-Deuterierungskaskade etabliert, die einen para-selektivne HIE von
Anilinderivaten erm@ylicht. Mechanistisch wurde nBusNBr als Elektrolyt und Bromquelle fir
die anodische Oxidationsreaktion verwendet, um das para-bromierte Zwischenprodukt
(Ar—Br) zu bilden, gefolgt von der reduktiven Deuterierung an der Kathode, was das
gewinschte Produkt (Ar-D) ergibt. Auf®rdem haben wir den Stand der Forschung weiter
vorangetrieben, indem wir eine vielseitige und unkomplizierte Methodik fUr die HIE von
aromatischen Verbindungen auf Basis der Hydrolyse des Hexafluorophosphat-Anions (PFs)
entwickelt haben. Es wurde festgestellt, dass 1,1,1,3,3,3-Hexafluorisopropanol (HFIP) als
L&ungsmittel eine entscheidende Rolle spielt, da es die Hydrolyse von PFe~ initiiert und die
Acidit& des Systems durch Wasserstoffbrickenbindung erhént, was eine HIE-Reaktion mit
ausgezeichneten Ausbeuten (bis zu 99%) und Deuteriumeinbau (bis zu 99%) erm@&glicht, wie
fU mehr als 58 Beispiele verschiedener Phenole, Aniline, Anisole und heterocyclischer
Verbindungen sowie komplexerer Verbindungen wie z. B. f-Estradiol, Chrysin, Naproxen,
DL-a-Tocopherol oder Dihydrocholesterolderivaten gezeigt wurde. Im letzten Teil erweiterte

ich gemeinsam mit Dr. Binbin Liu den Bereich elektrochemischer Konzepte von
IX



Deuterierungen auf Fluorierungen, indem wir eine elektrochemische lodoaren-katalysierte
Fluorcyclisierung von Olefinen entwickelten, die die Synthese von fluorhaltigen 2-
Oxazolinen sowie der entsprechenden komplexen Verbindungen aus natUrlichen Produkten

ermcylicht.
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THEORETICAL BACKGROUND

|. Theoretical Background

1. Introduction

Deuterium is a naturally occurring, stable, nonradioactive isotope of hydrogen discovered by
Harold Urey in 1932.B Hydrogen consists of one electron and one proton and has a mass of
1.008 atomic mass units (AMU), whereas deuterium also contains a neutron, which results in
a mass of 2.014 AMU. Deuterium has a natural abundance in earth's oceans of about one
atom of deuterium among every 6,420 atoms of hydrogen. Thus, deuterium accounts for
approximately 0.0156% by number of all the naturally occurring hydrogen in the oceans. The
relatively low natural abundance of deuterium enables the isolation of large quantities of
deuterium with high isotopic purity. This is usually accomplished through the extraction and
purification of heavy water (D20) from natural sources.*! Several studies showed that
deuterium has very low systemic toxicity.[ Single-celled organisms can grow in conditions
of full deuteration. Lower organisms, including fish and tadpoles, can survive in about 30%
D20. Mice and dogs can tolerate long-term replacement of 10-15% of body fluid hydrogen
with deuterium; however, toxicity was reported upon chronic exposure above 25-32%.1 In
humans, while acute exposure to 15-23% deuterium replacement in the body plasma may not
result in immediate reported toxicity, there are potential long-term effects to consider.
Deuterium substitution can slow down metabolism, which can have significant implications
for various biological processes. Besides, excess deuterated water was administered to
healthy participants, including pregnant women and neonates without displaying side

effects.l]

Non-Deuterated Deuterated

J J
J

Deuterium

/" Substitution y @'
Hydrogen | | ® )Deuterium N

Figure 1. Schematic diagram of deuterium atom and deuteration.

J

For many vyears, the application for deuterium has been concentrated in mechanistic,
spectroscopic, and tracer studies.[l Deuterium and tritium have many properties of ideal

tracer nuclides, which can be detected with very high sensitivity, by conventional mass
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spectrometry for the former and by radioactivity measurements for the latter isotope. In
recent years, the rapid development of high-performance mass spectrometry has led to a
significant increase in deuterium labeling applications as deuterium continues to play a

central role in drug discovery.l!

Applications of deuterium can be distinguished based on four general concepts: 1) Kinetic
and equilibrium isotope effects: deuterium is used to study kinetic isotope effects (KIE) and
equilibrium isotope effects (EIE) in chemical reactions. By replacing hydrogen atoms with
deuterium, researchers can investigate how reaction rate and equilibrium constants are
affected, providing valuable insights into reaction mechanisms and the nature of chemical
bonds. 2) Generation of specific mass spectrometry (MS) patterns: deuterium labeling can
lead to specific mass spectrometry patterns, especially in 1:1 mixture of labeled and
unlabeled analytes. This technique aids in distinguishing and identifying labeled compounds
from their unlabeled counterparts in mass spectrometry experiments, enhancing the precision
and accuracy of analytical measurements. 3) Relative quantification: deuterium labeling can
be utilized for relative quantification by measuring changes in the ratio of labeled to
unlabeled analytes. This approach is particularly useful in comparing different samples or
conditions, enabling researchers to study variations in analyte levels or concentrations with
high sensitivity and specificity. 4) Absolute quantification through internal standardization:
deuterium can also be used for absolute quantification through internal standardization. By
introducing a known amount of deuterated analyte as an internal standard, the concentration
of the target analyte can be accurately determined, even in complex mixtures. The latter three
applications are quite similar, as the underlying principle is the generation of an MS-
detectable mass shift relative to the unlabeled analyte. Consequently, these applications are
not restricted to deuterium alone, as a similar mass shift could also be achieved by employing
other stable isotopes (e.g., 3C, N, or 80). The question of whether to use deuterium over
another stable isotope label often depends on commercial availability, costs, and the synthetic
efforts needed for label introduction. Thus, in many cases, deuterium is preferred owing to
the much cheaper precursors and the availability of highly efficient H/D exchange labeling

approaches.

The deuterium atom has twice the mass of the hydrogen atom. Since the bond energy is
proportional to the frequency of vibration, the energy of the C—D bond system is lower,

which translates to a stronger C—D compared to C—H bond. Thus, the slow rate of bond
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breakdown results into the kinetic isotope effect.’® The higher molecular weight of
deuterium in C-D bonds leads to lower vibrational frequencies and less zero-point energy
(ZPE) than in C—H bonds. As a consequence, more energy is required to cleave the C-D
bond, and it needs higher activation energy compared to C—H bond cleavage during a
chemical reaction (Figure 2).'Y1 Thus, this higher activation energy translates to lower
reaction rates for deuterated analogs when the rate-determining step involves the cleavage of
a covalent C—H/D bond.[*?! This effect is known as the primary (kinetic) hydrogen isotope
effect and is expressed as the ratio of the reaction rate constants for C—H versus C—D bond
cleavage, with values of kn/ko>1 (normal KIE) or kn/ko<l (inverse KIE).[**l When
substituting hydrogen with deuterium, the relative mass change is significant (100%), leading

to large KIE values.

Energy

r
Activation for C-H homolysis @— H
Activation for C-D homolysis I r

r g
D ™ Internuclear Distance

Figure 2. Origin of the deuterium KIE: The lower zero-point energy (ZPE) results in higher activation
energy for C—D bond homolysis.

KIEs are commonly determined by NMR spectroscopy™ to determine the isotope location
and/ or GC-MS and LC-MSI*® to detect mass changes. KIEs are highly sensitive to substrate
and transition-state structures, making them excellent tools for investigating electronic, steric,
and other related effects that influence reaction kinetics.[*®! By measuring KIEs, researchers
can better understand the mechanisms and factors that govern the rate-limiting and product-
determining steps in chemical reactions. KIE experiments are often designed to complement
computational studies by providing essential experimental data to support or validate
theoretical hypotheses. The change in reaction rate observed upon the replacement of an atom,
usually hydrogen, with its isotope (deuterium) can be compared to theoretical KIE values
derived from computational models. Such comparisons offer valuable information about the

proposed mechanistic pathway and help refine theoretical predictions.!*”]

3
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Typically, three different Kinetic Isotope Effect (KIE) experimental designs are employed
(Figure 3). 1) KIEs determined from the absolute rates of two parallel reactions; 2) KIEs
determined from an intermolecular competition between deuterium-labeled and unlabeled
substrate in the same reaction flask; and 3) KIEs determined from an intramolecular
competition, for example, by placing a directing group (DG) between the C-H and C-D
bonds. Apart from differences in feasibility and precision, these different kinds of

experiments may also differ in terms of the information they provide. [l
A
o 2P o, P
Ky O Py
I +
e iies
o
Ko Po

KIE = Ky/Kp KIE = [P]4/[P]p

c
H D O H D
E— +
\©/ KIE = [P]/[P]p

Q-rc P Po

w

Y
>

Figure 3. Complementary deuterium KIE experiments. A) KIE is determined from two parallel
reactions. B) KIE is determined from an intermolecular competition experiment. C) KIE is determined
from an intramolecular competition experiment.

On the other hand, Deuterium can be used as a valuable tool in studying metabolism,
particularly in metabolic research and biomedical sciences.*® Deuterium is utilized as an
isotopic tracer to investigate various metabolic processes in living organisms. For example,
Deuterium-labeled water (D20) is ingested by subjects in metabolic studies. The deuterium
atoms in the water can be tracked as they are incorporated into different molecules during
metabolic processes. This allows researchers to measure the rates of various metabolic

reactions, such as protein turnover, fat synthesis, and glucose metabolism.

Deuterium plays a significant role in drug discovery and development, leading to the creation
of deuterated drugs, also known as "deuterated compounds” or "deuterium-containing
drugs".?® These compounds are designed to contain one or more deuterium atoms
strategically placed within the drug molecule, leading to several advantages: 1) Extended
half-life: Deuterium substitution can slow down the rate of metabolism and elimination of a

4
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drug from the body. This results in an extended half-life, allowing less frequent dosing and
better patient compliance. 2) Improved bioavailability: Deuterium incorporation can enhance
a drug's stability, making it less susceptible to degradation by enzymes or acidic
environments in the body. This improved stability can lead to better bioavailability and
increased drug concentration at the target site. 3) Reduced metabolism: Deuterium isotope
effects can reduce the rate at which drugs are metabolized by liver enzymes, such as
cytochrome P450 enzymes?t. A slower metabolism can decrease the potential for drug-drug
interactions and reduce the likelihood of producing toxic metabolites. 4) Enhanced target
selectivity: Deuterium substitution can alter the way a drug interacts with its target, leading to
improved target selectivity and potentially reducing off-target effects and side effects. 5)
Improved formulation: Deuterium substitution can help overcome formulation challenges,
such as insolubility or poor stability, making it easier to produce drug formulations suitable

for administration.

O O Me
N
DSCJS(\/\N
DD | />
— o)\r,v N
L Austedo =2
W | Me
= | =Austedo
(deutetrabenazine)
SD-809 (1) 6mg, 9mg, and 12mg tablets CTP-499 (2)
Deutetrebenazine (Teva) Treatment of Diabetic
Treatment of chorea Nephropathy
Me
N

N__N

l OCD,
D;C=N il

N\fN 0 D3C\N Z o
H
v . .
AVP-786 (3) :
. Dextrfomzhﬁr?ha“,e-gﬁ VX-984 (Vertex) (4) Deucravacitinib (BMS-
reatment for Alzheimer's Disease DNA-PK inhibitor (Phase 1) 896165) (5)

Inhibitor of Tyk2 (Phase Ill)
Figure 4. Selected examples of deuterated compounds for clinical drug development.

Notably, some deuterated drugs have already been approved by regulatory agencies and are
used to treat various medical conditions. These drugs cover a range of therapeutic areas,
including antivirals, anticancer agents, antidepressants, and antipsychotics.[??l The first
examples of deuterium incorporation in bioactive compounds date back to the 1960s when
two independent groups reported a decreased metabolism for tyramine-d2?®l and morphine-

d3?4l compared to the parent compounds. In the following decade, deuterium substitution was

5
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exploited to lower oxidative clearance of halothanel®! and fludalaninel?®! with a consequent

decrease in liver and central nervous system toxicity, respectively.

Significant clinical progress has been made in recent years regarding the use of deuterated
drugs.? In 2017, the U.S. Food and Drug Administration (FDA) accepted the New Drug
Application (NDA) for SD-809 (1, now AustedoU)[?8! for the treatment of chorea associated
with Huntington disease, based on successful phase 3 clinical trials.*®) SD-809 (1) shows
similar efficacy to tetrabenazine at lower doses and with a longer duration of action; thus, the
dosing regimen was reduced from three times to only twice a day.*® Other deuterated drugs,
such as CTP-499 (2, deuterated pentoxifylline)®! and AVP-786 (3, deuterated
dextromethorphane)®®, are currently in advanced clinical testing or have demonstrated
improved in vivo pharmacokinetic (PK) properties.*®! Several other inhibitors known in
literature have a high degree of deuterium incorporation, such as VX-984 (4) and

Deucravacitinib (5) (Figure 4).

The group of Prof. Dr. Tanja Gulder is part of the DFG-funded research training group
123Hydrogen (RTG 2721) that explores i.a., new methods of hydrogen isotope labeling
methods. Within that collaborative network, Gulder group focuses on electrochemical
deuteration hydrogen-deuterium exchange reactions in hydrogen bonding networks. Within
that context, this Ph.D. thesis aims to establish a formal hydrogen isotope exchange (HIE)
reaction through an electrochemical two-step bromination-deuteration cascade. Beyond this,
this work involves the development of an HIE reaction based on H-bonding networks
stemming from deuterated water (D20) and hexafluoroisopropanol (HFIP) for C—H bonds of
aryl compounds. Furthermore, the scope of this research extends beyond deuterations, as it

endeavors to apply these electrochemical concepts to the fluorocyclization of amides.
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2. Electrochemical Reactions in Organic Synthesis — A General Overview

Organic electrochemistry, promoting chemical transformations with electricity, has been
recognized by the chemical community as a powerful yet underdeveloped synthetic approach
that can realize redox transformations via anodic oxidation and cathodic reduction under
exogenous-oxidant-free and reductant-free conditions.®4 In the typical two-electrode
electrosynthetic setup, an anode and cathode are immersed into the solution containing the
organic substrates and a supporting electrolyte, which is required to increase the conductivity
of the solution. Applying a potential difference between the electrodes allows oxidation or
reduction reactions using an external power source. The main advantage of electrosynthesis
over an ordinary redox reaction is the avoidance of the potential wasteful other half-reaction
and the ability to tune the required potential precisely. In addition, this environmentally
friendly strategy has the following advantages: 1) Electrochemical reactions are usually
carried out under milder and exhibiting good functional group tolerance; 2) Reaction times
for electrochemical reactions are usually short due to their high reaction efficiency; 3) By
varying the current or voltage, the oxidation or reduction capacity of the electrochemical
system can be optionally altered, thereby achieving the reactions that cannot occur with
chemical oxidants or reductants or prevent unwanted side reactions, such as overoxidation or
overreduction; 4) Compared to traditional reactions that frequently need to be quenched,
electrochemical reactions can be easily stopped at any time by turning off the power; 5) Most
electrochemical reactions are easily scaled up and have a great potential for industrial
applications.®®!  With the development of electrochemical methods and techniques,
electrochemical strategies are becoming increasingly comprehensive and reliable, and their
applicability to a wide range of organic reactions is expanding. Furthermore, electrochemistry

has significantly enhanced some of the traditional organic reactions.

In the past decade, there has been a remarkable surge in the literature on electrochemical
transformations. These transformations encompass a diverse range of direct conversions,
allowing for the efficient synthesis of various functional groups from simple and widely
available organic molecules.l3*92¢1 Currently, electrochemistry has found mature applications
in at least six main areas of reactions: C—H functionalization, difunctionalization of alkenes,
cross-coupling reactions, N-centered radical reactions, asymmetric synthesis, and total
synthesis of complex molecules (Figure 5). These areas represent significant advancements

where electrochemical methods have demonstrated their effectiveness and versatility.
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L Difunctionlization of alkenes
C-H functionlization .
R 3
R2 R R4
o+ 0—0Q0 e —
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Oxidation or reduction reactions

Asymmetric electrosynthesis o .
eg: oxidation of amines or alcohols

l l reduction of carbonyl compounds

R1
R2 1
e — OF
RS Complex molecule synthesis

eg: Complex cyclizations
Late-stage functionalization

Cross-coupling reaction N-centered radical reaction

O 0—00 O — |0 — O

Figure 5. Selected organic reactions that can be conducted under electrochemical conditions.
2.1 Electrochemical C—H Functionalization

Electrochemical C—H functionalization offers a broad spectrum of valuable conversions,
encompassing various bond formations such as C—C, C—X (halogen), C—O, C—P, and C—N,
among others.®] Transition metal catalysts are predominantly employed in facilitating these
reactions, demonstrating their effectiveness and versatility in enabling efficient C—H
functionalization processes.[74:37e37637137h.37k38 |n 3 transition metal-catalyzed reaction,
anodic oxidation can either regenerate the active transition metal catalyst or oxidize an
organometallic intermediate to a high-valent species 6B. Subsequent reductive elimination of
the high-valent species 6C leads to the formation of the final product while simultaneously
regenerating the catalyst.®’8 This utilization of anodic electrolysis to recycle the active
transition metal catalyst can be illustrated in Scheme 1, where the intermediate 6C undergoes
reductive elimination, resulting in the product formation and reduction of the metal's valency.
The low-valent metal species can then be oxidized at the anode, restoring it to its active

catalytic state and completing the catalytic cycle.
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Scheme 1. Regeneration of transition metal catalysts upon electrochemical C—H activation.

For example, in 2009, Kakiuchi and co-workers demonstrated a Pd-catalyzed C—H
halogenation of arylpyridine derivatives 8 with hydrogen halides (HX) using electrochemical
oxidation (Scheme 2a).1 This method provides an environmentally benign tool for
regioselective halogenations of aromatic rings efficiently and selectively. Dichlorination was
obtained for substrates containing two available ortho-C—H bonds. In addition, the

bromination of C—H bonds was also successful when hydrobromic acid and PdBr2 were used.

anode: cathode:
PdX, (10 mol %) 2 M HX (aq)
DMF _
1
Pt Pt
1
8 20 mA, 90°C °
(b) anode: cathode:
Pd(OAG), (10 mol %) 2 M H,S04 (aq) ArB(OH), Z
I, (2.0 equiv.), DMF K,CO X
2 (2.0 equiv.) - 2C0; XN
R—r P
1
Tk -
1
8 5 mA, 90°C 9 X=Cl,Br 10
(electric current ONJ [ > (electric current OFFJ

one pot

Scheme 2. Electrochemical palladium-catalyzed halogenation of phenylpyridines 8.4
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In 2012, they extended the strategy for ortho-selective electrochemical C—H iodination of
arylpyridines 8 using l2 (Scheme 2b).1* The reaction proceeded via dual activation of each
substrate by a palladium catalyst and an electrode. An investigation of substrate scope
showed that a substituent at the 3-position of the pyridine ring or the ortho-position of the
benzene ring played a crucial role in achieving a high yield of the monoiodination product.
Then they developed a one-pot arylation of arylpyridines, various aryl groups were
introduced at the ortho-positions of arylpyridines by ON/OFF switching of two different
catalytic cycles using the same palladium catalyst in a one-pot arylation process. With the
electricity on, ortho-selective C—H iodination was executed. When the electricity was
switched off, a Suzuki coupling delivered the corresponding arylation products 10. This
offers a convenient way to obtain arylation products.

anode: cathode:
oCI Cl PdCl, (10 mol %) 2 M HCI (aq) OCI Cl
DMF -
LT LY 1
G , T N
A H Ns Pt F:ﬁ Pt Z ¢ X
1
" 2.5 mA, 90°C 12

Selected examples:

cl cl cl
o oC! cl o
N N
O,N cl X MeO cl Nx MeO,S cl X

12a, 60% 12b, 56% Vismodegib (12c)
Scheme 3. Electrochemical palladium-catalyzed chlorination of phenylpyridines 11.14%

The breadth of electrochemical chlorination reactions was extended further in 2017. They
used 5,7-dichloro-8-quinoline as a directing group, and the reaction afforded high yields of
ortho-chlorination products 12 in the presence of various electron-donating and -withdrawing
substituents.*!] The authors applied their method as a step in an efficient synthesis of

vismodegib 12c, which was completed after two additional steps.
2.2 Electrochemical Difunctionlization of Alkenes

Popular and readily available alkenes are excellent substrates for synthesizing functionalized
molecules through radical and/or ionic addition reactions.[*? Difunctionalization, which
offers high efficiency, substrate versatility, and operational simplicity, has gained significant
attention in current research.” Difunctionalization can occur through 1,2-addition (vicinal)

or 1,n-addition (distal or remote) when H-atom or group-transfer is involved in the reaction
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mechanism. A wide range of functional groups, including alkyl (R), aryl (Ar), trifluoromethyl
(CF3), hydroxy (OH), alkoxy (OR), acetate (CO2R), halogen (X), amino (NR2), azido (N3),
cyano (CN), as well as sulfur- and phosphorus-containing groups, can be incorporated into
alkenes through difunctionalization reactions.[**44 The development of electrochemistry has
significantly advanced the field of the difunctionalization of alkenes by eliminating the need
for additional oxidizing or reducing agents.[*l However, due to the susceptibility of the
carbon-carbon double bond to oxidation, precise control of the magnitude of electric energy

or the reaction steps is crucial in this process.

POPh, NHAr  SAr
2
oH OCFsN RONR R R OCF,
Ar R Ar ’ CN OR OR Ar
NHAr
COR Difunctionliyation of alkenes
F Ar SO,Ar
4
Ar)\/ - T r)_tl R® s OR
RZ - — R
R3
N3 ; R OR
R1J\/N3 R R re
cl Cl CNCN

Ar)\/c' OCHO  Br OMe R

cl R
Ar)\ R1J\ R1J\ R1J\/CF3

F OR _No
Ar SOLAr

Figure 6. An overview of electrochemical difunctionlization of alkenes.

Lennox and co-workers investigated the formation of iodonium intermediates for the vicinal
difluorination of alkenes 13 in 2020 (Scheme 4).¢l The fluorine source was derived from a
mixture of commercially available EtsN 3HF and pyridine 9HF, resulting in a ratio of 5.6
equivalents of HF per amine. The proposed mechanism begins with the formation of
iodonium ion 15, followed by ring opening with fluoride and displacement of aryl iodide with
a second fluoride ion. In cases where the alkenes are more susceptible to oxidation than the
iodoarene, the authors initially generated a pool of hypervalent iodine reagents and
subsequently introduced the alkene. This approach showcased a broad functional group

compatibility, highlighting the methodology's versatility.
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Scheme 4. Electrochemical hypervalent iodine-mediated difluorination of alkenes 13.1®!

2.3 Electrochemical Cross-Coupling Reaction

Br
A RVC r’_lj RVC N N L
T SSe
= NiCl,+glyme (10 mol %) F F
- @ABFSK 17 di-tBubpy (15 mol %) 19
L .
F or K,COs (2.5 equiv.) -
N LiClO, (0.2 M) .
16 | R DMF, 3.0 mA

Y
=}

Selected examples:

19a, 86% 19b, 53% 19c, 72% 20a, 86%

Scheme 5. Nickel-catalyzed electrochemical cross-coupling reactions of benzy! trifluoroborate 16 and
organic halides 17 or 18.14

The selective formation of carbon—carbon bonds between two distinct substrates is a crucial
tool in organic chemistry. This fundamental transformation enables access to a broad variety
of complex molecular architectures, which is highly significant for preparing organic
materials, drugs, and natural products.*”! Besides well-known and well-established reductive-
and oxidative-reagent-mediated or transition-metal-catalyzed coupling reactions, novel
electrochemical cross-coupling protocols have arisen, which require fewer steps than
conventional synthetic approaches.[*® For example, in 2021, Liu and co-workers reported
using paired electrolysis to achieve a redox-neutral cross-coupling reaction via nickel
catalysis (Scheme 5).*1 The combination of anodic oxidation of potassium benzyl
trifluoroborate 16 and cathodic reduction of organonickel intermediates enables this
transformation to forge the Csp2—Csp3 bond with broad substrate scope, excellent selectivity,

and good yields. The present electrochemical approach is advantageous as all reactants and
12
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catalysts are bench stable, without using reactive oxidants/reductants and complex inert

atmosphere techniques as demonstrated in the flow-cell synthesis.

2.4 Electrochemical N-Centered Radical Reaction

Q i QL e -
o'o SadN’e |i+ﬁ| oo o0 &0 o
NH HO\N - N’ O:N+- . o
: I : I Na - J ~ I Na N=S

Figure 7. Electrochemical generation of various NCRs for synthesizing N-containing organic
compounds.

N-centered radicals serve as versatile reaction intermediates capable of constructing C—N
bonds by interacting with various m systems. While current methods for generating N-
centered radicals typically involve the cleavage of an N-heteroatom bond, the development of
strategies applicable to N—H bonds has proven to be more challenging, garnering increasing
attention.[®°! Electrochemically driven radical reactions offer the advantages of environmental

sustainability and tunable selectivity, making them an attractive avenue of exploration.
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N
|
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-Ph ¥
el ) N7 e OfN-TS
Ph | W B
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Scheme 6. Electrochemical formal Hoffman-L éoffler-Freytag-type reaction of 21.1%%

In recent years, numerous electrochemical methods have been innovated to generate diverse
organic N-centered radicals from readily available and stable precursors (such as N—H bonds)
for the creation of varied C-N, N-N, and N-S bonds (Figure 7).[36°51 The Rueping group has

made significant contributions in this area by establishing a sustainable and environmentally
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benign protocol for intramolecular direct Csps—H amination using bromide as a mediator.5?
Under basic electrolysis conditions, N-alkylsulfonamide 21 undergoes a Hoffman-L&offler-
Freytag-type reaction, resulting in the formation of pyrrolidines 22. This strategy has been
successfully employed for generating N-alkyl sulfonamidyl radicals. Notably, the developed
reaction conditions exhibit compatibility with a wide range of functional groups, and the
desired pyrrolidines are obtained with excellent regioselectivity, good yields, and reasonable

current efficiency.
2.5 Electrochemical Asymmetric Electrosynthesis

The origins of asymmetric electrochemical synthesis can be traced back to 1967 when
Grimshaw and colleagues reported the base-mediated electrochemical reduction of
coumarin.B3 Subsequently, in the 1970s, Miller and colleagues pioneered the development of
chemically modified chiral electrodes for enantioselective electrochemical reactions.5 Over
the years, several methodologies and approaches have been explored to conduct
enantioselective electrochemical reactions. These include the use of chiral mediators,®
chiral solvents,™® chiral supporting electrolytes,®”1 and electrochemical reactions employing
chiral catalysts. Each of these strategies aims to introduce chirality and control the
stereochemistry of the electrochemical transformations, allowing for the synthesis of
enantiomerically enriched products.

Supporting electrolytes play a crucial role in electrochemical processes, particularly in cases
where commonly used organic solvents exhibit poor conductivity. Electrolyte cations and
anions are attracted to the cathode and anode surfaces due to electrostatic interactions. The
concept of beneficial ion pair interactions with in situ electrochemically generated ions on the
electrode surface is easily conceivable. The application of ion pair interactions to chiral
catalysis was first demonstrated by Horner and Degner in 1968, utilizing ephedrine
hydrochloride salt 24a as the electrolyte (Scheme 7a).581 In the reduction of acetophenone to
1-phenylethanol, a chiral induction with 4.6% enantiomeric excess (ee) was observed.
Subsequently, the enantioselectivity was improved to 8.4% ee by employing a chiral
tetraalkylammonium salt 24b as the electrolyte.®] Mechanistically, chiral induction was
proposed to occur through an ion pair interaction 25 with the anionic intermediate, as
proposed by Kodama et al.’®% Later, Yadav and colleagues reported further enhanced
enantioselectivity by using chiral ammonium salts 24c and 24d (Scheme 7b,7c). The

mechanisms of chiral induction were similar, but adding extra tetrabutylammonium
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trifluoroborate as a supporting electrolyte improved results.[] These studies highlight the
importance of supporting electrolytes in achieving chiral induction in electrochemical
reactions and provide insights into the mechanisms underlying chiral induction through ion

pair interactions.

(a) Homer 1968

0
©)LMe 24a or 24b in MeOH @

i 1 24a, 4.6% ee
23 ! i

: OH
O---SE* 3 ©/\/Me

! : HCl
g : HN

24b, 8.4% ee

25 SE = supporting electrolyte |

(b) Yadav 2002

24c¢ (10 mM) i OH

0
Vo 0.1M nBu4NBF4 in DMF/HZO ' Me EF
| NMe; ~ 4
I : @
23 Pt ' !
o 24c
U =-1.48V vs Ag/AgClI up to 55% ee
(c) Yadav 2006 !
, 24d (10 mM) !
Fﬁ\)oj\ 0.1 M nBuyNBF, in DMF/iPrOH R OH 3 @_JOH
N - z |
R R" R,N\/\Rll : N\ @
! I Mme Me BF,
28 Ptll | [Hg 29 :
; 24d
j =10 mA/cm? up to 91% ee

Scheme 7. Electrochemical reactions employing chiral supporting electrolytes. 86
2.6 Electrochemical Complex Molecule Synthesis

As mentioned, electrochemistry has proven to be a successful method for conducting various
organic reactions. The synthesis of complex compounds often relies on the sequential
execution of multiple reactions. Electrochemical methods have gained significant attention in
total synthesis, offering unique opportunities for the synthesis of natural products,
pharmaceuticals, and functional materials. Researchers have successfully demonstrated the
power of electrochemical methods in enabling the synthesis of diverse molecular frameworks,
including alkaloids, terpenes, polyketides, and peptides.[%? These breakthroughs highlight the
transformative potential of electrochemical total synthesis in accessing biologically relevant

molecules and addressing the challenges posed by their intricate structures.
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However, despite its tremendous promise, electrochemical total synthesis still faces several
challenges and opportunities for further exploration. One significant challenge is when
dealing with complex molecules containing multiple functional groups. Ensuring the
selective conversion of a specific functional group can be difficult, and undesired by-products
may arise during the electrochemical reactions. Selectivity control in such cases requires
careful optimization of reaction conditions and electrode materials to achieve the desired
transformation. Moreover, the challenge lies in the lack of standardized electrosynthetic cells
and electrodes, which can contribute to poor reproducibility across different laboratories. !
The development of standardized protocols and equipment would significantly enhance the

reliability and comparability of electrochemical synthetic methods.
2.7 Challenges and Innovative Areas of Electrochemical Organic Synthesis

Despite significant advancements in the field of organic electrosynthesis and electrocatalysis,
there is still untapped potential. Currently, electrosynthesis primarily focuses on the
electrochemical event occurring at one electrode while neglecting the other half-cell reaction,
leading to reduced energy efficiency. Furthermore, achieving full selectivity control in
electroorganic synthesis and successfully transitioning from laboratory-scale to industrial
production remains challenging. To address these limitations, the development of new
electrode materials that enable precise control over potential will play a pivotal role in
revolutionizing electrosynthesis. The ability to selectively control the potential during
electrochemical reactions will significantly enhance the efficiency and selectivity of the

process, leading to improve overall performance.

Furthermore, two potential directions for future development are electrophotocatalysis and
asymmetric electrocatalysis. Electrophotocatalysis combines the use of light and
electrocatalysis to drive chemical transformations, offering the possibility of harnessing solar
energy for sustainable synthesis. Asymmetric electrocatalysis focuses on developing chiral
catalysts and processes, enabling the synthesis of enantiomerically enriched compounds using
electrochemical methods. Exploring these avenues of research holds great promise for
unlocking the full potential of organic electrosynthesis and electrocatalysis, leading to more

efficient and selective synthesis methods with applications in various fields.
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3. State of the Art for the Introduction of Deuteration in Csy-Carbon
Scaffolds

Incorporating deuterium (D) into Csp2-carbon scaffolds as these substituents proved beneficial
for pharmaceutical and material chemistry.*864 This process aims to create deuterated
analogs of compounds, which may enhance their chemical properties, prolong their half-lives,
and reduce the risk of metabolic degradation. Typically, deuterium can be introduced into
organic molecules by two principle routes, namely either by a conventional multistep

synthesis or by direct isotope hydrogen exchange (HIE) reaction. The HIE reaction offers a

straightforward method for deuterium labeling of the target molecule, potentially bypassing
the need for additional synthetic steps such as precursor synthesis or multistep routes
involving isotopically labeled building blocks. Applying HIE directly to the target molecule
or an advanced intermediate holds significant potential for saving time and cost, making it a
desirable strategy for introducing deuterium into organic compounds. Researchers worldwide
have utilized various methods for HIE in aromatic compounds, including acidic or basic
conditions, metal-catalyzed reactions, nanoparticles mediated approaches, and specialized

techniques like electrochemical strategies.!?!
3.1 Acid-Mediated Csp>—H Deuteration of Aromatic Compounds

The acid-mediated labeling methods have a long and illustrious history, and they remain
valuable tools for introducing deuterium into activated aromatic compounds,[?02d:2h-212j,2k.21,65]
The selectivity of these methods hinges on the target molecule's inherent electronic activation,
especially in electrophilic aromatic substitution. Simple Brensted acids, as well as Lewis
acids, have been extensively employed in these transformations. However, it is worth noting
that some acid-mediated labeling methods may require high reaction temperatures or

microwave conditions to achieve efficient deuteration.

Martins and Lautens devised a quick and effective method for the deuteration of anilines 30
under microwave conditions in 2008.° DCI was generated in situ from D20 and HCI,
mediated the HIE by electrophilic aromatic substitution. Hakala and W&&&used a similar
method to achieve HIE in polyphenolic compounds with DCI/D20 under microwave
irradiation.”" In 2020, The Heinrich group developed a shifted selectivity in protonation
with catalytic amounts of HCIO4 in deuterated methanol for the deuteration of electron-rich
arenes 31.%7T Hashimoto and coworkers reported an HIE of cross-linkable a-amino acid
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derivatives 32 with deuterated trifluoromethanesulfonic acid (TfOD).[%% Lewis acids have
also found application in deuterating electron-rich arenes and heteroaromatics. For example,
in 2017, Werner’s group developed the first B(CesFs)s catalyzed deuteration protocol for
aniline derivatives 33 using D20 as a deuterium source.[®* Goddard and Gunnoe developed
an HIE of arenes 34 in acidic media by transition metal, main-group-metal complexes, and

common inorganic salts.[?

H/CH;
©/NRR' ©/OR /@/\rCOZH NRy
NH ©/
R 2
30 31 32 33 34
Bronsted acids Lewis acids
DCI DCIO, TfOD B(CgFs)3 M(HOTf)n
D D i D
D CO,H D/CD;
NRR' OR NR,
NH X
R D 2 | /_HmDS—m
D D D D D
D
d-30 d-31 d-32 d-33 d-34

Figure 8. Overview of the acid-mediated HIE reaction of aromatic compounds. 2°2¢.2f:2n.65265¢]

However, acidic strategies for HIE are limited in their scope and applicability, when dealing
with electron-deficient aromatic compounds and substrates containing sensitive functional
groups. The strong acid and high-temperature conditions can lead to unwanted side reactions
or substrate decomposition, making it challenging to achieve selective deuteration.

3.2 Base-Mediated Csp>—H Deuteration of Aromatic Compounds

Similar to the acid-mediated method, the base-mediated method for HIE is also powerful and
practical, significantly when leveraging the inherent reactivity of electronically activated
aromatic and unsaturated molecules. This approach is highly effective for structurally simple
molecules, with minimal risk of degrading complex functionalities within the molecule. As a
result, base-mediated labeling remains an attractive option, mainly due to its cost efficiency

and ease of application.

The base-mediated method for HIE has demonstrated its versatility by successfully applying

it to both electron-rich and electron-deficient compounds. For instance, Xie and Chen's work
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in 2015 showcased a highly effective method for deuteration, utilizing NaOH as a catalyst
and D20 as the deuterium source under microwave irradiation at 180 <C.[%! It has also been
extended to electron-deficient compounds, such as nitrogen heterocycles. Wu's strategy in
2022 employed DMSO-ds, along with a Cs2COs catalyst, for the HIE reaction of mono-1-
substituted 1,2,3-triazoles(®®l. Beller'®l and Gaol®® also achieved regioselective deuteration at
the S- and y-positions of pyridines in 2022, utilizing tBuOK as a base. This demonstrates the
broad applicability of base-mediated HIE reactions for diverse compound types.
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1
1
H  PMDETA (10 mol % N i N N~y ~N-
(10 mol %) _ @—D i Me Me  Me” N Me
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1
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Selected examples: Proposed mechanism:
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D D [36] D[ ] L-NaTMP
D D F CeDe
D
[44]
D D D D
[96] [~10] _
44 TMP—D
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D D
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D D [97]
OO D
D D TMP—H
D D [97]

- D [97 d-35d Ar” CgDsH
(L = PMDETA)

Scheme 8. NaTMP-catalyzed HIE reaction of arenes 35.[5

Different from the traditional strong base reagents, Hevia reported the use of a simple sodium
amide, NaTMP (36, TMP = 2,2,6,6-tetramethylpiperidide), combined with tridentate Lewis
donor PMDETA (37, N,N,N’,N,”’N’-pentamethyldiethylenetriamine), which is able to
catalytically promote the HIE of a series arenes d-35 such as naphthalene, diphenylacetylene,
and stilbene under mild reaction conditions using CeDs as the deuterium source (Scheme
8).% Combining NMR studies with the isolation of critical organometallic intermediates,
they demonstrate that the ability of NaTMP/PMEDTA to partially metalate CeDs, with
concomitant generation of TMP(D), is essential to enable the catalytic deuteration. With an
excess of the deuterium source, the equilibrium of the reaction can be pushed toward the
obtention of compounds with a high degree of isotopic incorporation under mild reaction

conditions.
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3.3 Metal-Catalyzed Cspo—H Deuteration of Aromatic Compounds

The metal-catalyzed HIE reaction has been an extensively explored strategy that has gained
considerable attention in recent decades. Researchers worldwide have utilized various metals,
including Ir, Pd, Rh, Ru, Co, Fe, and Ni, as catalysts for conducting HIE reactions on
aromatic compounds.[’® Among these metals, Iridium stands out as one of the most widely
used for this purpose. Metal-catalyzed HIE reactions have demonstrated good regioselectivity
in deuterating different positions of arenes under mild conditions. Notably, ortho-C-H
deuteration has been extensively investigated and achieved remarkable progress. However, in
contrast, the deuteration of meta- and para-C—H bonds has received relatively less attention

and exploration.

3.3.1 Ir-Catalyzed Csp—H Deuteration of Aromatic Compounds
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Figure 9. Selected examples of iridium (Ir) complexes that have been developed for the hydrogen
isotope exchange of arenes over the past decade.

Iridium stands out as the most versatile metal catalyst for Hydrogen Isotope Exchange (HIE)
reactions, particularly when employing Crabtree's catalyst (Figure 9). Initially designed for
the hydrogenation of olefinic double bonds, Crabtree's catalyst has demonstrated widespread
applicability and effectiveness in various HIE reactions. " However, there are certain

limitations associated with its use: 1) Steric crowding: In some cases, steric hindrance around
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the target C—H bond can prevent effective hydrogen isotope exchange, reducing the
efficiency of the reaction; 2) Solvent requirement: The optimal solvent for Crabtree's catalyst
is often dichloromethane (DCM), which may not be ideal for specific reactions or in terms of
environmental concerns; 3) Formation of inactive species: In some instances, inactive iridium
dimers and trimers can form in solution when the complexation of the directing units is
hindered, leading to reduced catalytic activity; and 4) Limited functional group tolerance:
Crabtree's catalyst may not be suitable for all functional groups, and some substrates may not
undergo efficient hydrogen isotope exchange. These limitations have prompted researchers to
explore alternative metal catalysts and reaction conditions to address specific challenges and
improve the efficiency and scope of HIE reactions. Despite these limitations, iridium-based
catalysts remain valuable tools in the field of HIE and can be highly effective in specific

contexts.
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Scheme 9. ortho-HIE of arenes 38 with an NHC/phosphine-based Ir(l) complex.[’?

The study conducted by the Kerr group in 2014 demonstrated the development of an
alternative methodology for HIE reactions using NHC/phosphine-based Ir(l) complexes
(Scheme 9).I721 The researchers investigated various ligands and synthesized a series of
iridium complexes to explore their efficiency in deuterium incorporation in different
substrates. They found that the C—H activation step is the rate-determining step in the HIE

process. It also governs the regioselectivity when both five- and six-membered metallacycle
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intermediates are possible. The introduction of bulky groups on the iridium center provided
excellent catalytic activity. These bulky groups play a crucial role in preventing the formation
of iridium clusters and restricting the catalyst to the active monomeric iridium species. By
minimizing the appearance of inactive species, the catalytic activity of the Ir(I) complexes
was significantly enhanced, leading to improved efficiency in HIE reactions. Furthermore,
this alternative methodology allowed for lower catalyst loadings and shorter reaction times,
making the process more practical and economically viable.
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Figure 9. Overview of the commonly used iridium catalysts for the HIE reaction.

Over the past decade, the iridium-catalyzed HIE reaction has significantly developed and
applied to various aromatic compounds, depending on different directing groups. Different
iridium catalysts allow for the successful deuteration of various functional groups. Some
commonly used iridium catalysts cooperate with directing groups such as amino, hydroxyl,
sulfonyl, nitro, amide, carbonyl, N-heterocycle, etc.[’®l Although they can have a wide range
of substrates, their further utilization can be restricted by the limitations of directing groups,
especially those considered difficult to remove. Additionally, the deuterium yields may not
consistently be exceptional for all substrates, posing concerns for specific applications that
demand high levels of deuterium incorporation. As with any developing field, ongoing

research and advancements in catalyst design, ligands, and reaction conditions may help
22



THEORETICAL BACKGROUND

address these limitations. Finding new directing groups or improving the existing catalysts
could broaden the scope of the iridium-catalyzed HIE reaction and enhance its efficiency and
selectivity in various synthetic applications.

2.3.2 Pd-Catalyzed Cspo—H Deuteration of Aromatic Compounds
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Scheme 10. Pd-catalyzed HIE of different arenes.[’*"8]

Homogeneous palladium catalysis has also been explored thoroughly in its own right for HIE
processes. Yu and co-workers devised a method for Pd-catalyzed ortho-selective C-H
deuteration of phenylacetic acid derivatives 39, which are prevalent in many medicinal
molecules (Scheme 10a).["4 Using Pd(OAc)2 under basic conditions in the presence of
CD3CO2D, various weakly coordinating functional groups could afford ortho-HIE in
moderate to excellent yield. The reaction proceeds via forming an aryl-palladium(ll) complex,
which reacts with the electrophile, D*, generated from acetic acid-ds4, and forms the ortho-
deuterated product (d-39). In 2018, the Liu group developed a new Bronsted acid-controlled
strategy to achieve regioselectivity in the Pd-catalyzed C—H deuteration of molecules
containing two pyridyl groups 40 (Scheme 10b).[”® When conducted in acetic acid (AcOD),
these reactions occur via the five-membered palladacycle, whereas selectivity switch to the
six-membered palladacycle sites in trifluoroacetic acid (TFA). The same year, Yan’s group
published an efficient method for the site-selective HIE of sulfonamides 41 using amino acid
as a weakly coordination-directing auxiliary (Scheme 10c)."®! On the other hand, the Pd-

catalyzed approach can also selectively label the meta-position of arenes. Maiti and Werz
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demonstrated a selective meta-C—H deuteration of arenes 42 by a custom-designed
pyrimidine-based directing-group-assisted method using Pd (11) catalysis (Scheme 10d).[778l
Using a readily available deuterium source, such as deuterated acetic acid, has facilitated
selective access to various meta-deuterated products (d-42).

Unlike the iridium catalysis strategy, palladium catalysis typically requires a longer reaction
time and a higher reaction temperature, and most conditions are over 100 °C. In addition, in
palladium-catalyzed HIE reactions, the deuterium source is often concentrated in deuterated

acetic acid.

3.3.3 Ru-Catalyzed Cspo—H Deuteration of Aromatic Compounds
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Scheme 11. Ru-catalyzed directed HIE for N-heterocycles 43.["°!

Since 2007, ruthenium-derived HIE methods have been developed on several fronts. A
number of methods have been developed to affect the deuterium labeling of molecules that
lack strongly coordinating functional groups. In 2012, Schniirch and co-workers reported the
regioselective deuteration of N-heterocycles 43 using the Ru® cluster Ru3(CO)12 and tBuOD
as the deuterium source (Scheme 11)."® Electron-rich and electron-poor N-heteroarenes such
as pyridines d-43a, quinolines d-43b, isoquinolines d-43c, deazapurines d-43d,
benzimidazole, indoles, and azaindoles were efficiently deuterated at specific positions with
high selectivity. They also showed a plausible mechanism for the deuteration of the pyridines.
Initially, the pyridine nitrogen coordinates the catalyst, followed by metal insertion at the
closest C—H bond, located in the 2-position, since there is no possibility for forming a usually

favored 5-membered ruthenacycle. Then hydrogen is exchanged for deuterium originating
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from the solvent. Finally, reductive elimination leads to the deuterated target compound d-39.
All steps are reversible, and an equilibrium of deuterated and nondeuterated compounds is
established.
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Scheme 12. HIE reaction of benzoic acids 44 catalyzed by Ru(ll) biscarboxylate complex.!

In 2020, Ackermann and co-workers developed a protocol for HIE at the ortho-position of
benzoic acids, sulfonamides, and some related pharmaceuticals using a Ru(ll) biscarboxylate
complex as a catalyst and D20 as the most economic deuterium atom source (Scheme 12).18]
High-yielding and selective deuterations were observed at the ortho-position with respect to
the carboxyl group d-44. Heterocycles such as indoles, pyrazoles, and oxazepanes were
tolerated under standard reaction conditions. Kinetic isotope experiments revealed a ku/kp
value of about 2. Intermolecular competition experiments showed that substrates with more
electron-donating substituents reacted preferentially, suggesting that a base-assisted internal
electrophilic substitution (BIES) may be associated with the mechanism. Late-stage
modifications of drugs d-44c, d-44d were also performed to showcase the protocol’s

robustness.
3.3.4 Rh-Catalyzed Csp>—H Deuteration of Aromatic Compounds

The rich history of homogeneous Rh-catalyzed HIE has continued to evolve over the last
decades.[® In 1985, Lockley performed Rh(lIIl) chloride catalyzed deuterium labeling of
anilides.’®®l Following these initial results, Lockley, Jones, and co-workers developed an
ortho-tritiation of aromatic carboxylic acids, amides, and aralkylamines with moderate
regioselectivity in 1990.[81 In 2008, the Li group synthesized a series of rhodium hydride
complexes and explored their activity in H/D exchange reactions of various N-heterocycles

using acetone-ds as a deuterium source.®?l In 2020, Zou and co-workers established an
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efficient site-selective approach to deuterate diverse indoles 45 under slightly varied reaction
conditions (Scheme 13).18 Mono(C2)-, di(C2/C7)-, and tri(C2/C3/C7)-deuteration, as well as
deuterium incorporation at C4, was realized on indoles with N-methoxy amide as DG,
wherein an amido group on C2 assisted the C4 H/D exchange. Using inexpensive D20 and
readily available Cp*Co(CO)l2 or (and) [Cp*RhCl:]2, this catalytic system provides the
desired products with high deuterium labeling rates in good to excellent isolated yields.
Moreover, such high deuteration rates on C2 and C7 could be retained after DG removal,
making this protocol highly applicable. The successful harvest of 2,7-deuteromelatonin and

2-deuteromelatonin was an example of this approach’s application.
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Scheme 13. Versatile regioselective HIE of indoles 45.1%
3.3.5 Other Metal-Catalyzed Cspo—H Deuteration of Aromatic Compounds

In 2020, Hao and co-workers developed an efficient AgOTf-catalyzed regioselective
deuteration of (hetero)arenes and a-deuteration of 2-alkyl aza-arenes, utilizing D20 as the
deuterium source (Scheme 14a).”™ AgOTf delivered an excellent range of deuteration,
probably because of the slow release of TfOH in the reaction. Iron catalysts are always
popular due to their advantages like low cost, natural abundance, and relatively high stability.
In 2016, Chirik proposed an iron catalyst strategy for the deuteration and trituration of
pharmaceuticals and pharmaceutically relevant organic compounds in polar aprotic solvents
at low pressures of D2 gas (Scheme 14b).[®4 In 2018, he reported A nickel-catalyzed method
for the site-selective HIE of Csp—H bonds in nitrogen heteroarenes (Scheme 14c).[% This a-

diimine nickel hydride complex mediates efficient HIE when employed as a single
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component precatalyst or generated in situ from readily available and air-stable metal and
ligand precursors. After that, in 2020, Chirik and co-workers developed a
bis(silylene)pyridine cobalt(111) dihydride boryl, trans-[P°'SiNSi]Co(H)2BPin as an efficient
precatalyst for the HIE of arenes and heteroarenes using benzene-ds as the deuterium source
(Scheme 14d).[881 High levels of deuterium incorporations were observed with benzene-ds as

the isotope source, even with reduced catalyst loading of 0.5-5 mol % of the cobalt precursor.
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Scheme 14. Metal-catalyzed HIE of heteroarenes and arenes 46, 28485861

In addition, in 2021, Beller’s group described the use of a commercially available manganese
catalyst for the deuteration of (hetero)aromatic aldehydes using the most practical labeling
reagent (D20) (Scheme 15).B71 This convenient alternative to current iridium-catalyzed
directed hydrogen isotope exchange reactions shows the broad scope of (hetero)aromatic
aldehydes d-47 with versatile functional group compatibility. High ortho-selectivity is
achieved in the presence of catalytic amounts of butylamine, which in situ form a transient

directing group. However, the deuterium incorporation in this strategy is only moderate.
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Scheme 15. Mn-catalyzed ortho-HIE of benzaldehyde derivatives 47.1%")
3.4 Nano-Catalyzed Cspo—H Deuteration of Aromatic Compounds

As previously mentioned, homogeneous catalysis offers the advantage of precisely labeling
molecules under mild conditions. However, it often leads to moderate isotope incorporation
because specific positions can be selectively activated. On the contrary, heterogeneous
catalysis allows for high isotope incorporation, but this often comes at the expense of reduced
selectivity and typically requires harsher reaction conditions. To address the limitations and
leverage the advantages of both homogeneous and heterogeneous catalysts, researchers have
increasingly turned to the use of nanoparticles, which have emerged as an appealing solution.
Over the past 25 years, various types of organometallic nanoparticles (NPs) have been

developed.[®®
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Scheme 16. Nanostructured catalyzed HIE of anilines 48.[6%1

In 2020, Pieters, Chaudret, and Derdau demonstrated HIE reactions of anilines 48 using N-
heterocyclic carbene-stabilized iridium nanoparticles as catalysts (Scheme 16a).1% These air-
stable and easy-to-handle iridium nanoparticles showed a unique catalytic activity, allowing
selective and efficient hydrogen isotope incorporation on anilines using D2 or T2 as the
isotopic source. Building on the advancements in heterogeneous catalysis, Beller, Lei, and
Britkner developed a highly selective and scalable deuterium incorporation protocol for
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arenes and heteroarenes in 2022 (Scheme 16b).[°! They utilized a distinctive nanostructured
heterogeneous iron catalyst synthesized by combining cellulose with Fe(NOz3)39H:0. In the
same year, Beller and Junge reported the first example of a heterogeneous manganese catalyst,
Mn@Starch-1000, for the HIE of aniline derivatives 48 (Scheme 16c).°" Apart from iron,
manganese appeared as an ideal candidate due to its availability, affordable price, and rich

redox chemistry.

The use of nanoparticles as catalysts offers several advantages: 1) Enhanced selectivity:
Nanoparticles can be engineered to possess unique surface properties and tunable reactivity,
enabling them to exhibit enhanced selectivity in isotopic labeling reactions. This helps target
specific positions in the molecule for deuteration, leading to higher precision; 2) High isotope
incorporation: Nanoparticles often provide higher isotope incorporation rates, resembling the
benefits seen in heterogeneous catalysis. This results in increased deuteration efficiency,
making the process more effective; 3) Versatility: Nanoparticles can be synthesized with
various metals and ligands, offering a wide range of catalyst options to suit different types of
substrates and reactions. Combining the advantages of homogeneous and heterogeneous
catalysis, nanoparticle-based catalysts present a promising approach to address the challenges

associated with traditional labeling methods.

3.5 Electrochemical Deuteration Reaction

The selective deuteration of organic molecules through electrochemistry is proving to be an
effective alternative to conventional D (deuterium) labeling strategies, which traditionally
require high temperatures and high pressures of deuterium gas in hydrothermal autoclave
reactors or require reagents capable of generating highly reactive species which are then
quenched by a deuterium source. Such harsh conditions or reagents can lower chemo- or
regioselectivity in many deuteration processes. Electrochemistry with mild and exogenous-
oxidant-free or exogenous-reductant-free conditions, which is increasingly becoming a
mainstream synthetic tool, is primed to enter this space. However, the overwhelming majority
of recent electrochemical deuteration methods seen in this highlight involve reductive

processes, while the oxidative processes still need to be explored.

3.5.1 Electrochemical Reductive Deuteration of &-Bonds
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Scheme 17. Electrochemical reduction of «,f-unsaturated carbonyl compounds 49.
In the organic electrosynthesis transformations, cathodic hydrogen evolution is a highly
efficient strategy to build molecules without external oxidants, which provides many
possibilities for the reductive deuteration of compounds with n-bonds.®2 An electrochemical
process to selectively deuterate «,f-unsaturated carbonyl compounds 49 in this way was
reported by Cheng and co-workers in 2020 (Scheme 17).1°%¥ The reaction used D20 as the
deuterium source and does not require either a transition-metal catalyst or a stoichiometric
reductant. At the cathode, there is a selective reduction of the substrate rather than a hydrogen
evolution process. At the anode, oxygen evolution avoids needing a reactive reductant and
regulates the pH level. Good selectivity was observed for the reductive deuteration of o,/
unsaturated amides d-49a, carboxylic acids d-49b, and esters d-49c, d-49d whilst leaving the

resulting saturated functionality untouched.

Zn(+)IGF(-), 30 mA/cm?
(@] nBuyNPFg (5.0 equiv. D
X S ke
R” R DCI (10.0 equiv.) R” R
50 CHZCN/D,0, 5.06 F/mol 4-50

Selected examples:

D
D LI D, D P/ Me
H Ph
Me MeO g

d-50, 68% d-50, 56% d-50, 71% d-50, 60%

Scheme 18. Electrochemical deoxygenative deuteration of aldehydes and ketones 50.1°4

Very recently, Liu‘'s group reported a modified Clemmensen deuterated reduction (Scheme

18).*1  'When reacted with aqueous DCI in an undivided cell, aliphatic and aromatic
aldehydes, and ketones 50 undergo electrochemical deoxygenative deuteration to give

deuterocarbons with high deuterium incorporation. The general features of this
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transformation are: 1) the reaction conditions are mild: open to the air, conducted in water,
run in an undivided cell, easily scalable, and run at room temperature; 2) this method can
tolerate functional groups such as hydroxyl, halides, boron acid, amine, amide, ester, vinyl,
etc.; 3) the activity of aldehydic carbonyl group is higher than keto carbonyl group; 4)
deoxygenative reduction happens preferentially on the benzylic position. Mechanistic
evidence suggested a sacrificial anode could act as an electron conductor that converts
ketones/aldehydes into radical anions. The protonation of the radical anion followed by
dehydration would give a C-centered radical cation, which would consecutively get electrons
from the cathode and then quickly capture protons to afford the corresponding

deuterocarbons.

3.5.2 Electrochemical Deuterodehalogenation Reaction

The electrochemical reduction of aryl halides was first studied several decades ago, with
pioneering work by Murray™®, Renaud®, and Grimshaw!®! in the 1970s demonstrating the
use of D20 in conjunction with an electrochemical reduction to affect deutero-dehalogenation.
These and later works!®® examined the mechanistic distinction between either reduction to an
aryl radical followed by deuterium atom transfer or further reduction to an aryl carbanion
reacting with D" and the effect of the substrate structure on the preference for either of these
possible pathways.
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Scheme 19. Electrochemical deuterodehalogenation of halides 51 using D.O over a Cu NWAs
cathode.*!
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In light of these prior studies, current advancements in this field lie in using novel materials
and conditions to facilitate more efficient or selective deuteration processes. Zhang and co-
workers demonstrated that a copper nanowire array cathode material (Cu NWASs) could be
used to affect selective deuterodehalogenation of mostly aryl carbon-halogen bonds over
alkenes, alkynes, nitriles, imines, and carbonyl compounds (Scheme 19).[°*l This Cu NWAs
cathode material, having weak adsorption for D radical, is in contrast to many previously
discussed, which employ a palladium cathode. Generation of the corresponding aryl radical
alongside simultaneous reduction of D20 at the cathode facilitated an efficient coupling with
D radical (or potentially transiently generated D2) to produce the deuterated product d-51
with high yields and moderate to high deuterium purity. The existence of these radical
species was supported by electron paramagnetic resonance (EPR) measurements through the
use of a trapping agent. In addition, the authors demonstrate both a one-pot halogenation/
deutero-dehalogenation sequence to enact a formal regioselective aryl hydrogen—deuterium
exchange and compatibility with a separate paired anodic process in a divided cell. In the
same year, Lei also demonstrated a similar method for the deuteration of aromatic halides,

using a platinum anode and lead cathode in an undivided cell.[%]
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Scheme 20. Electrochemically driven dehalogenative deuteration of unactivated alkyl halides 52.5°

A facile and general electroreductive deuteration of unactivated alkyl halides 52 (X = Cl, Br,
I) or pseudo-halides (X = OMs) using D20 as the economical deuterium source was reported
by Qiu’s group in 2022 (Scheme 20).1°U A wide range of unactivated alkyl halides

containing diverse functionalities is well tolerated, as well as the extension to late-stage
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deuteration of natural products, pharmaceuticals, and their derivatives. In addition to primary
and secondary alkyl halides, sterically hindered tertiary alkyl chlorides also work very well,
affording the target deuterodehalogenated products with excellent efficiency and deuterium
incorporation. Furthermore, the method does not require external catalysts and tolerates high
currents, showing possible use in industrial applications. The mechanism revealed here is
different from previous works. The reaction was initiated by the anodic oxidation of DIPEA
and/or TBAI or DMF and the direct reduction of alkyl halides on the cathode to form the
halide anions and corresponding alkyl radical, which would be further reduced to an alkyl
anion at the cathode. Finally, the alkyl anion intermediate reacted with D20 to provide the

expected product d-52.

Undoubtedly, the electrochemical deuteration reaction has emerged as a promising and
innovative direction in isotope labeling chemistry. However, much of the research in this area
has primarily focused on reductive deuteration of unsaturated bonds or easily accessible
leaving groups. The direct Csp2—H deuteration of aromatic compounds, which would involve
the direct introduction of deuterium into the aromatic ring, remains relatively unexplored and

calls for a more comprehensive investigation.

Developing efficient and selective electrochemical deuteration protocols for Csp>—H bonds in
aromatic compounds presents significant challenges. These challenges may encompass
difficulties associated with achieving regioselectivity, the requirement for specialized
catalysts, and the identification of suitable reaction conditions that facilitate controlled and
direct deuteration without compromising the overall integrity of the molecule. Despite the
current limitations, the potential benefits of direct Csp2—H deuteration in aromatic compounds
are substantial. Successful development in this area would open up new opportunities for
accessing precious and deuterated aromatic compounds with enhanced properties for
pharmaceutical and material chemistry applications.
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3. Motivation and Goals

The incorporation of deuterium (D) and fluorine (F) in the Csp2-carbon scaffold has proved to
be beneficial for numerous medical agrochemical, and material applications. The
development of new methods thus serves the growing demands of the chemical industry and
material chemistry.l*®4 Therefore, the search for mild, selective, and broadly applicable
methods for the deuteration of aryl compounds and fluorination of alkenes is, in principle,
highly desirable. The current synthetic methodologies, however, are often harsh and/or lack a
broad substrate scope and high selectivity. [2%.26212212k2.20.2d1 Ope way to render these types
of transformations more sustainable is to apply them under electrochemical conditions
because electrochemistry is cheap, atom economical, environmentally friendly, and

significantly offers potential for industrial applications.
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Scheme 21. Concept of the electrochemical cascade deuteration of aryl compounds.

The selective deuteration of organic molecules through electrochemistry is proving to be an
effective alternative to conventional D (deuterium) labeling strategies,[*%?! which traditionally
require high temperatures and high pressures of deuterium gas in hydrothermal autoclave
reactors.[202d:2n212j.2k 21851 Alternatively, a vast majority of procedures rely on reagents capable
of generating highly reactive species and their subsequent quenching by a deuterium
source.[?a2k2.2n.20.201 gch harsh conditions or expensive reagents consequently lower chemo-
or regioselectivity in many deuteration processes. Overwhelmingly, the majority of
electrochemical deuteration methods seen in the recent literature focus on dehalogenative
deuteration processes.[*®*l Compared to carbon-halogen bonds, it will be more desirable and
commendable to achieve Csp2 deuteration starting from C—H bonds. Electrochemical C-H
selective halogenation (bromination) is also a well-established and reliable process.[*%]

Although both sequences are known, there is no unified approach available to our knowledge.
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Thus, in principle, selective bromination at the anode to form the para-brominated
intermediate 54 (Ar—Br), followed by the reductive deuteration at the cathode, should be
possible and opens a pathway to access the selectively para-deuterated product d-53 (Ar-D)

under an electrochemical cascade strategy (Scheme 21).
The main goals in this PhD project are therefore:

e Establishing a formal hydrogen isotope exchange reaction by employing an

electrochemical two-step bromination-deuteration cascade.
e Optimization of the reaction parameters and investigation of the substrate scope.

e Mechanistic studies focusing on confirming the cascade design in these

transformations.

To extend the concept established above, exploring direct electrochemical HIE is the aim of
the second part of this work. Our working group has contributed to the pioneering work on
understanding the ability of fluorinated alcohols to form supramolecular H-bonding networks
with Lewis bases and employ them as activating and directing elements to trigger novel
reactivities and selectivities in organic synthesis.[!%! Fluorinated alcohols, such as
1,1,1,3,3,3-hexafluoro isopropanol (HFIP), have been shown to be key for the successful
anodic oxidation of aryl moieties on multiple occasions.[*%! Within such supramolecular
assemblies, the chemical properties of each component are mutually altered, leading to i.a.
selective bond activations. These beneficial cooperative effects can be harnessed for
establishing HIE using D20 as a simple and cheap labeling reagent and thus offer a
challenging opportunity to extend the current synthetic D labeling repertoire (Scheme 22).
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Scheme 22. Concept of the HIE of arenes through the H-bonding network in HFIP.

The main goal for this approach is therefore, to develop a direct, mild, and versatile HIE

system for electron-rich compounds. In detail, the milestone are:
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e Development of an HIE of aryl C—H bond based on H-bonding networks stemming
from D20 and HFIP.

e Exploring the best reaction condition and investigating the substrate scope.
e Extension of the established HIE system towards complex and bioactive compounds.

The final target of this thesis is to transfer these electrochemical concepts from deuterations
to fluorinations. In this regard, iodanes have emerged as interesting mediators due to their
orthogonal and often unexpected reactivity and selectivity.’®”l The generation of the
hypervalent F-iodane species in situ via electrochemical methods has already been shown. It
has grown to become an advantageous tool in fluorination chemistry.['%®! The Gulder group
has extensive experience in hypervalent iodane-mediated transformations triggered by
fluorination.!%! Based on the results obtained on the electrochemical hypervalent iodane-
mediated 1,1-difluorination of alkenes by previous group members,[1%! we envisioned an
electrochemical iodoarene-catalyzed approach for fluorocyclization of olefins. The facile
oxidation of iodo-arene 55 at the anode and simultaneous fluoride transfer should generate
difluoro-A®-iodane 56, which will be explored for nucleophilic activation and
fluorocyclization for a variety of N-allylcarboxamides 57 (Scheme 23).
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Scheme 23. Proposal of electrochemical iodoarene-catalyzed fluorocyclization of olefins.

Once optimal reaction conditions are established, the substrate scope should be evaluated for

a broad range of diverse olefins. The main goals therefore are:

e FEvaluation of the electrochemical conditions for the iodoarene-catalyzed

fluorocyclization of amides.

e Investigation of the substrate scope and reaction mechanism.
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e Extension of this electrochemical iodoarene-catalyzed fluorocyclization approach to

synthesizing structurally complex compounds and natural products.
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I1. Results and Discussion

1. Electrochemical para-Selective Hydrogen Isotope Exchange of
Aniline Derivatives

As previously described (cf. chapter I) deuterium-containing molecules have lately witnessed
a dramatic upsurge in chemical research.®>!% |n the existing hydrogen isotope exchange
(HIE) reaction of electron-rich arene compounds, such as anilines or phenols, the reaction
often takes place at the ortho- and the para-positions (Scheme 24).[22.2¢.21.2165d.9091] Thjg
behavior is mainly attributed to the lower energy of the transition state for the exchange
reaction at these positions. Metal-catalyzed methods assisted by directing groups can
selectively achieve HIE reactions only at the ortho-position of the aniline, facilitated by
forming five- or six-membered metallacycle intermediates.?*®l The Derdau group has
recently developed an iridium-catalyzed meta-selective HIE reaction of aniline and phenol
derivatives using deuterium gas (D2) as the isotope source in aqueous media.l'*™ This
reaction harnesses a directing group positioned at the para-position to achieve meta-
selectivity. However, no feasible method has been reported to date regarding selective

deuteration at the para-position, which has sparked our keen interest.

cat. D-source
HCI D,O (Lautens, 2008)
rR (D] NaOH  D,0 (Xie, Chen, 2015)
ortho and para HIE /)'( HCIO,4 CD3;OD  (Heinrich, 2020)
P e——— O B(CeFs)s D,O  (Werner, 2017)
@ @ Ag-cat. D50 (Cong, Hao, 2020)
Fe-cat. D,O (Briickner, Lei, Beller, 2022)
Mn-cat. D,O (Junge, Beller 2022)
R O
ortho-selective HIE -~ R'/X Ir-cat. D, (zhao, Yan, 2020)
via five- or six-membered IrNP-cat. D, (Pieters, Chaudret, Derdau, 2020)
R H metallacycle intermediates @] H
X
H H 3
_ meta-selective HIE _X
X=OorN > R Ir-cat. D, (Waldvogel, Derdau, 2023)
in aqueous buffers
DG
R H
para-selective HIE />'(
R O No direct available methods
H )

Scheme 24. Previous methods for the HIE reaction of anilines and phenols.
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In recent decades, electrochemical transformations have emerged as powerful and
environmentally friendly tools in synthetic chemistry.[34¢%49:361 The high tunability by the
applied potential or current makes it very suitable for various redox reactions.[’®1*2 Among
these transformations, electrochemical reduction reactions are considered particularly
promising. A multitude of investigations have documented the cathodic reduction of aryl
halides, and are often followed by subsequent functionalization.[*°® Typically, these reactions
involve using a sacrificial anode (e.g., Mg, Zn, Fe, or Al) or sacrificial substances employed
at the anodic compartment in an undivided cell to provide the necessary electrons for this
desired electrochemical transformation to happen at the cathode. Similarly, in some
electrochemical oxidation reactions, it is common practice to leverage anodic oxidation as the
desired reaction, simultaneously facilitated by sacrificial substances at the cathode. This
approach upholds the electrochemical circuit, enabling the intended oxidation reaction to
proceed at the anode. An example lies in the electrochemical halogenation of arenes, where
halide products are formed at the anode while the cathode participates in a sacrificial reaction.
Notably, the electrochemical bromination of aniline has been well-established which has been
shown to overcome some of the challenges associated with traditional bromination methods,
such as over-bromination and poor regioselectivity.**®! Judiciously regulating the bromine
source quantity and electrochemical conditions, stable para-brominated aniline derivatives
can be consistently obtained at the anode. Consequently, a logical course is to merge anodic
selective bromination and cathodic debrominative deuteration in an undivided cell,
constituting a cascading strategy to achieve para-selective deuteration of anilines (Scheme
25). This innovative approach ensures that both the anode and cathode contribute fully to the
intended reaction, making it an undoubtedly more sustainable design. The success of this
cascading reaction design hinges on aligning or finetuning the reaction rates of the anodic and
cathodic reactions. Only through the meticulous optimization of these two rates can the
highest possible deuterium incorporation and optimal yield outcomes be achieved and

sustained.
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Scheme 25. Our design for the electrochemical cascade para-selective HIE reaction of anilines.

1.1 Optimization of the Reaction Conditions

To begin our investigation, the N-phenylpiperidine (53a) was chosen as the model substrate
to evaluate the reaction conditions for this para-selective HIE reaction of the aniline
derivatives (Table 1). We first examined the reaction in an undivided cell with a graphite

anode and cathode. To our delight, the para-HIE of N-phenylpiperidine (48% yield, 75%
D%) was promoted using nBusNBr as the electrolyte and bromine source, CD3CN as the

solvent, D20, and nBusN as additives under a 10 mA constant current for 4 h (Table 1, entry
1). At the same time, we also detected the presence of a small amount of brominated
intermediates 54a, which indicated in favour of our reaction design. Control experiments
without D20 or nBusN resulted in poor (48% and 37%) deuterium incorporation, respectively
(Table 1, entries 2 and 3). Almost no deuterated product was formed while substituting
normal CHsCN for CD3CN (Table 1, entry 4), indicating that CD3CN is likely the main
deuterium source. Subsequently, we studied the influence of the different amount of the
bromine source. After performing multiple experiments with varied amounts nBusNBr, we
concluded that 0.9 equivalent of nBusNBr was the most efficient to give the deuterated
product d-53a in 50% vyield and 96% D-incorporation (Table 1, entry 9). Shortening the
reaction time to 3 hours or reducing the reaction current to 7.5 mA resulted in higher yields,
but the D% decreased significantly (Table 1, entries 10 and 11). The decrease or increase of
potential deuterium source D20 led to decreased deuterium incorporation to 65% and 58%,

respectively (Table 1, entries 12 and 13).

Table 1. General condition optimization.
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C(+)IC(-), 10 mA 5
@\ nBuyNBr (1.5 equiv. ) \©\
N D,0 (10 equiv.) N
nBu3N (1.0 equiv.)
CD4CN, Ar, 4 h

53a d-53a
entry changes made to standard condition yield [%] D [%]
1 none 48 75
2 without D20 20 48
3 without nBusN 34 37
4 CHsCN was used as solvent 60 <5
5 30 mol% nBusNBr 70 35
6 50 mol% nBusNBr 65 62
7 1.0 equiv. nBusNBr 45 72
8 1.1 equiv. nBusNBr 50 86
9 0.9 equiv. nBusNBr 50 96
10 0.9 equiv. nBusNBr, 3 h 79 65
11 0.9 equiv. nBusaNBr, 7.5 mA 69 71
12 0.9 equiv. nBusNBr, 5.0 equiv. D20 77 65
13 0.9 equiv. nBusNBr, 20.0 equiv. D20 42 58

Next, different electrolytes were screened, including EtsNBr, BnMesNBr, nBusNPFes,
nBusNCI, and nBusNI (Table 2, entries 1-6). Notably, electrolytes that could not act as
bromine sources, such as nBusNPFs and nBusNCI, did not work (Table 2, entries 4 and 5).
While with nBusNI, a minor quantity of deuterated products d-53a was observed (Table 2,
entry 6). We hypothesize that this occurrence may be attributed to the oxidation of iodide ions
at the anode, leading to the generation of iodide intermediate, which subsequently undergo
deuteration. However, this effect is less pronounced compared to bromide-based reactions.
Recognizing the pivotal role of the bromine source, we conducted investigations into
alternative metal bromides, such as LiBr and CuBrz. The aim was to establish a catalytic
supply of bromine source, a strategic approach intended to mitigate the buildup of bromide
intermediates and consequently enhance the yield of deuterated products. Pleasingly, with the
addition of 30 mol% CuBr2, the deuterium incorporation is up to 92%, but the yield is only
28% (Table 2, entry 8). Accordingly, various amounts of CuBr2 as well as alternative bromine

sources, including FeBrs, ZnBr2, and CuBr, were evaluated with nBusNCI used as the
41



RESULTS AND DISCUSSION

electrolyte (Table 2, entries 9-14). Unfortunately, the yields obtained from these trials fell
below the desired benchmarks, rendering them inadequate for further progression. This
outcome could potentially be attributed to a substantial deposition of copper at the cathode.

This led to the formation of a copper layer adhering to the graphite electrode surface.

Table 2. Electrolyte screening.
C(+)IC(-), 10 mA D
@\ electrolyte (0.9 equiv.) \©\
N D,0 (10.0 equiv.) - N
nBuzN (1.0 equiv.)
CD4CN, Ar, 4 h

53a d-53a

entry electrolyte yield [%] D [%]
1 nBusNBr 50 96
2 EtsNBr 56 58
3 BnMesNBr trace 0
4 nBusNPFe 0 0
5 nBusNCl - 0
6 nBusNI 71 25
7 30 mol % LiBr and nBusNBr 50 60
8 30 mol % CuBrzand nBusNBr 28 92
9 30 mol % CuBr2 and nBusNClI 35 94
10 50 mol % CuBr2 and nBusNClI 24 56
11 15 mol % CuBrz and nBusNCI 35 80
12 30 mol % FeBrs and nBuaNCl 35 70
13 30 mol % ZnBrz2 and nBusNClI 15 32
14 30 mol % CuBr and nBusNClI 75 70

To further enhance the yield of the product d-53a, we undertook electrode screening efforts
(Table 3). RVC (reticulated vitreous carbon) electrodes with larger surface did not show
better results (Table 3, entries 2-4). In the presence of glassy carbon (GC) as electrodes, there
was no increase in product yield and deuterium incorporation (Table 3, entries 5 and 6).
Furthermore, metal electrodes such as platinum (Pt), copper (Cu), and nickel (Ni) were

screened. Unfortunately, these attempts did not yield satisfactory results in terms of both
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yield and deuterium incorporation (Table 3, entries 7-11). Our investigations have led us to
conclude that the graphite electrode stands out as the optimal choice for our purposes.
Table 3. Electrode screening.
electrode, 10 mA D
@\ nBuyNBr (0.9 equiv.) _ \©\
hO D,O (10.0 equiv.) ’\O
nBuzN (1.0 equiv.)

entry electrode yield [%] D [%]
1 C(H)IC(-) 50 96
2 C(+)|RVC(-) 48 32
3 RVC(+)|C(-) 40 82
4 RVC(+)|RVC(-) 55 90
5 C(+)|GC(-) 0 -
6 GC(+)|GC(-) 20 15
7 C(+)|Cu(-) 28 64
8 Cu(+)|Cu(-) 0 -
9 C(+)|Ni(-) 30 65
10 Pt(+)|Pt(-) 0 -
11 C(+)|Pt(-) trace -

Taking into account the generation and accumulation of acidic substances (HBr and HBrO)
during the bromination reaction, our efforts extended to encompass a wide range of additives,
including various organic and inorganic bases (Table 4). Regrettably, no noticeable
enhancement in the isolated yield was evident across these explorations. Nonetheless, a
noteworthy observation came to light when K2COs was introduced as the base. Despite
achieving deuterium incorporation exceeding 90%, a relatively modest yield of only 30% was
attained (Table 4, entries 8 and 9). The introduction of an inorganic acid led to a notable
improvement in deuterium incorporation (Table 4, entries 8-13). This observation
underscores that the acids generated during the bromination step exert an unfavorable impact
on the overall process. Hence, neutralizing these acids becomes imperative to enhance the

deuterium incorporation.
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Table 4. Additive screening.

C(+)IC(-), 10 mA D
@\ nBuyNBr (0.9 equiv.) \©\
N >
O D,0 (10.0 equiv.) ’\O
additive (1.0 equiv.)

53a CD3CN, Ar, 4 h d-53a
entry additive yield [%] D [%]
1 - 40 38
2 nBusN 50 96
3 DABCO 15 50
4 DBU 30 66
5 4-(Dimethylamino)pyridin 48 20
6 TMEDA 45 60
7 EtsN 35 45
8 NaHCOs 30 72
9 K2COs 30 94
10 K2COs (0.5 equiv.) 30 90
11 Li2COs 35 86
12 Na2COs 35 80
13 NaOAc 30 84

Experimentally, the choice of solvent holds paramount importance, particularly in the context
of this type of HIE reaction. It becomes imperative to minimize the presence of potential
hydrogen donors. In light of this, an array of solvents and solvent mixtures underwent
rigorous screening for the HIE reaction involving aniline derivatives, as detailed in Table 5.
When DMF, DCM, and D20 was used as solvents or co-solvents, they completely mess up
the reaction, causing the rapid decomposition of starting materials 53a (Table 5, entries 2-5).
Noteworthy progress was made when a mixture of CD3CN and THF was employed as the
solvent. This modification led to an elevation in the yield, reaching 70% (Table 5, entries 6-8).
However, it was observed that this adjustment resulted in a reduction in deuterium
incorporation (55-84%). Furthermore, our investigations unveiled an interesting correlation

between the degree of deuterium incorporation and the quantity of CD3CN used. Higher
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volumes of CD3CN led to an enhanced level of deuterium incorporation (Table 5, entries 6-8).

From this perspective, CD3CN plays an indispensable role in the reaction.

Table 5. Solvent screening.

C(+)IC(-), 10 mA
@\ nBuyNBr (0.9 equiv.) D
N D,0 (10.0 equiv.) \©\N
nBugN (1.0 equiv.) O
solvent, Ar, 4 h

53a d-53a
entry solvent yield [%] D [%]
1 CDsCN 50 96
2 DMF 0 0
3 CD3CN:DMF =50:50 0 0
4 CD3CN:D20 = 50:50 0 0
5 CDsCN:DCM = 50:50 trace 0
6 CD3sCN:THF =50:50 72 55
7 CDsCN:THF =75:25 70 80
8 CD3CN:THF = 85:15 70 84

In the process of further refinement, the optimization of substrate concentration yielded a
remarkable outcome. The utilization of 0.2 mmol of N-phenylpiperidine (53a) within a 2.5
mL solvent led to a pinnacle isolated yield of 74%, coupled with an impressive 95%
deuterium incorporation (Table 6, entry 2). It is crucial to acknowledge that variations in
reaction solvent quantities or experimental glassware can give rise to diverse contact areas
between the electrode and leading to varying current densities.2*¢1 This, in turn, influences
the reaction rates and eventual outcomes. In this cascade reaction, both the anode and the
cathode actively engage in the entire reaction process. Ensuring the harmonization of reaction
rates between these two electrodes is of utmost significance for the overall success of the
process. This necessitates more precise control over the concentration of the reaction
components. Finally, the optimal conditions were identified to perform the reaction with 1.0
equiv. nBusN and D20 in CD3sCN at room temperature under a 10 mA constant current for 4
hours (Table 6, entry 2).

Table 6. Substrate concentration screening.
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C(+)IC(-), 10 mA
@\ nBu,NBr (0.9 equiv.) D
'\O D,0 (10.0 equiv) \Q\I\O

nBuzN (1.0 equiv.)

53a CD3CN, Ar, 4 h 4-53a
entry substrate conc. yield [%] D [%]

1 0.1 M (2.0 mL), 5 mL glassware 68 89
(j = 12.5 mA/cm?)

2 0.08 M (2.5 mL), 5 mL glassware 74 95
(j = 9.1 mA/cm?)

3 0.067 M (3.0 mL), 5 mL glassware 64 95
(j = 6.9 mA/cm?)

4 0.067 M (3.0 mL), 10 mL glassware 50 78
(j = 42.7 mA/cm?)

5 0.05 M (4.0 mL), 5 mL glassware 57 86
(j = 4.8 mA/cm?)

62 0.05 M (2.0 mL,) 5 mL glassware 50 96

(j = 12.5 mA/cm?)

aThe reaction was performed with 0.1 mmol of N-phenylpiperidine (53a).

1.2 Substrate Scope of the Electrochemical HIE of Aniline Derivatives

With the established optimized conditions, we evaluated the scope and limitations of this
reaction for the conversion of N,N-disubstituted aniline derivatives (Scheme 26). We were
pleased to discover that highly hydrogen-deuterium exchange, with excellent deuterium
incorporation and isolated yields, was achieved for the cycloalkyl-substituted aniline
derivatives d-53a —d-53g. Among them, deuterated 4-phenylmorpholine (d-53c) showed
98% D-incorporation and 83% isolated yield. This protocol tolerated various substituents,
such as an amide group in d-53h, a furan substituent in d-53i, and a nitrile in d-53;j.
Pleasingly, the reaction proceeded as intended with different N-substituents, such as methyl,
isopropyl, and butyl, with 85% to 93% deuterium incorporation d-53k — d-53m, but the
yields were lower compared to cyclic substituents. Moreover, two different substituents on

the N-center also did not affect its selectivity, the deuteration taken place in the para-position
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while no exchange was observed in the ortho-position (d-53n, d-530), even with largely
different substitutes like methyl and octyl (d-530). To our delight, substituted anilines could
also undergo the para-selective HIE process very well through this protocol, with the
corresponding deuterated products d-53p — d-53u afforded in good isolated yields and D-
incorporation. The protocol demonstrated success in accommodating a range of electronically
and sterically diverse functional groups on the aniline framework, including methyl-,

phenoxy-, methoxy-, chloro-, and thiomethyl-substituted N-phenylpiperidine d-53q — d-53t.

C(+)IC(-), 10 mA D

| nBuyNBr (0.9 equiv.) Z |
/8 R > A .R
R../ N D,0 (10.0 equiv.) R../ N
R nBusN (1.0 equiv.) R’
53 CD4;CN, Ar, 4 h d-53
D D
N ,\D N N
L_o L_s
d-53a, 74% d-53b, 65% d-53c, 83% d-53d, 79%
Ty Wy %Q

o9 SIS

\n/OEt
d-53e, 60% d-53f, 67% d-53g, 0% d-53h, 71% ©
D
[93]
N/\ \’(Q [85] [93] [85] Me )N\)\
0 CN
d-53i, 58% d-53j, 67% d-53k, 55% d-531, 58%
D D
IQOIO s L NG\
T}l/\/\Me '}‘/\/\/\/\Me
nBu Me Me
d-53m, 76% d-53n, 58% d-530, 62%
OMe OPh Cl
D D D
[89] (93] [76] 189]
N N N
OMe
d-53p, 77% d-53q, 65% d-53r, 74% d-53s, 64%
D D D
[95] [92] [92] [96] O
o U "o
d-53t, 70% d-53u, 72% d-53v, 85% d-53w, 78%

Scheme 26. Scope of electrochemical para-selective HIE of aniline derivatives.
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Julolidine (53v), a compound with potential application in photoconductive and nonlinear
optical materials, was also deuterated to afford d-53v in 85% vyield with 92% deuterium
incorporation to the para-position with respect to the nitrogen.[***l Furthermore, it was
gratifying to ascertain that substituted naphthylamines derivative could be deuterated in high

selectivity with 96% deuterium incorporations and 78% isolated yield in d-53w.

Simultaneously, it is important to acknowledge instances where our approach encountered
challenges and did not yield the desired outcomes (Scheme 27). For instance, N-
monosubstituted anilines 53x — 53y exhibited instability under the specific electrochemical
conditions employed, resulting in either decomposition or reduced conversions. Furthermore,
no deuteration reaction was observed for the electron-deficient amides 53z and 53ab, and no
corresponding bromide was detected during the analysis of the reactions. Regrettably,
electron-rich compounds such as methoxynapthalene (53ab) and indole 53ac, which have
been anticipated to respond favorably, did not produce the corresponding deuterated products
under the established standard conditions. Interestingly, the absence of corresponding
brominated intermediates was noted in the experimental mixture of these compounds. This
underscores the necessity for the prior generation of bromides as a prerequisite for the

subsequent deuteration reaction.

D [0]
D H D [30] D o D o nBu
1
oL e (P T L, OO
.nBu D
N [30] N I\Il tBu /
H D 0
nBu OMe [0]
d-53x, decomposition d-53y, <15% d-53z, N.R. d-53aa, N.R. d-53ab, N.R. d-53ac, N.R.

Scheme 27. Selected failed examples of electrochemical para-selective HIE reaction.

In our strategy, the deuterium incorporation achieved through the cascade reaction design is
generally excellent, with a high percentage typically exceeding 90%. However, the yields
obtained in the overall process range from moderate to good (55-85%). As previously
discussed, the para-selective deuterium-hydrogen exchange of aniline currently lacks a direct
one-step way. By dividing the reaction into two steps involving bromination and subsequent
debromination, our method offers certain advantages in terms of yield, practicability, and

sustainability.
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C(+)IC(-), 10 mA

@\ Our work: nBuyNBr (0.9 equiv.) WH\@\
R' >
. R
N

T}l D,0 (10.0 equiv,)
R nBuzN (1.0 equiv.) 1
CDsCN, Ar, 4 h R
A
Bromination reaction Debromination reaction
2019, Xiang's work 2019, Chi's work
yields: 33 to 91% yields: 49 to 87%

C(+)IC(-), 5 mA Br C(+)IC(-), 15 mA
nBuyNBr (1.5 equiv.) _ R' nBuyNBF, (1.0 equiv.)
_— N/

DCM, 3-8 h 1 nBu3N (2.0 equiv.)
R CH3CN, N, 1.8-3 h
D/H\©\ D/H\©\ D/H
,\Il/\/\/\/\Me N o N
Me
d-530 d-53g 0\7 d-53v

Our yield: 62% 70% 85%
Bromination yield: 75% 81% 71%
Debromination yield: 7% 82% 83%
Total yield of two steps: 57% 66% 58%

Scheme 28. Comparison of the yields between one-pot cascade strategy with two-steps method for the
para-deuteration of anilines d-53g, d-530, and d-53v.

In this context, we opted for similar electrochemical techniques employing graphite
electrodes to conduct a yield comparison. In 2019, Xiang developed an electrochemical
regioselective bromination of electron-rich aromatic rings using stoichiometric nBusNBr
under an undivided cell regime.'**1 Concurrently, Pan and Chi reported a catalyst- and
metal-free electrochemical hydrodehalogenation of aryl halides in the same year, yielding
between 49% to 87%.129%d | everaging their optimal conditions, we executed a two-step
experiment on three of our examples (Scheme 28). Compound d-530 yielded 62% using our
approach, whereas the two-step strategy resulted in only 57%. While both bromination and
debromination surpassed 80% vyield, the cumulative output from the two steps constituted
66% of compound d-53g, in contrast to the 70% yield under our more streamlined one-pot
sequential methodology. Julolidine (d-53v) was our excellent example, with an 85% yield,
but only a 58% overall conversion was achieved under the two-step protocol. Based on this
comparative assessment, our strategy boasts distinct advantages in terms of conversion

efficiency and operational simplicity.

1.3 Mechanistic Studies of the Electrochemical HIE of Aniline Derivatives
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Table 7. Control experiments.

C(+)IC(-), 10 mA D
nBuNBr (0.9 equiv.) \©\
D,0 (10.0 equiv.)
nBuszN (1.0 equiv.)

53a oA AT d-53a 54a
entry changes made to standard condition yield [%] D [%] 54a [%]
1 none 50 96 6
2 CH3sCN was used instead of CDsCN 60 <5 8
3 H20 was used instead of D20 70 68 9
4 without D20 20 48 11
5 without nBusN 40 38 32

To comprehensively decipher the distinct contributions of each component within the
reaction and to formulate the most plausible reaction mechanism, several control experiments
were conducted (Table 7). When CH3CN was used instead of CDsCN (Table 7, entry 2), only
traces of deuterated product d-53a were observed. Similarly, the replacement of D20 with
H20 led to a substantial reduction in deuterium incorporation (Table 7, entry 3). These
outcomes suggest CDsCN as the primary deuterium source, with D20 playing a
complementary role. It's noteworthy that the relative concentration of CD3sCN far outweighs
that of D20 in the reaction solution, surpassing D20 by a factor of hundreds. Additionally,
during the solvent screening (Table 5), the critical role of CD3sCN was unveiled. Substituting
CDsCN with DMF impeded deuteration (Table 5, entry 3), while in cases where CD3CN was
combined with other solvents, a higher proportion of acetonitrile correlated with an elevated
deuterium incorporation (Table 5, entries 5-8). These observations indicate that CD3sCN
potentially serves not only as a deuterium source but also as a stabilizer for the intermediates
in the reaction. This might elucidate why CH3CN stands as a prevalent solvent choice for

electrochemical organic reactions.

Interestingly, an excess of D20 proved to be detrimental to the reaction, as indicated by the
results in Table 5 (entry 4). The potential reason could be that an excessive amount of D20
undergoes electrolysis at the anode, which in turn weakens the anodic bromination reaction to
a certain extent. The requirement for D20 in the reaction process might be attributed to its
role in the bromination step, where D20 facilitates the generation of DBrO and acts as a
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necessary deuterium donor during cathodic debromination (Table 7, entry 4). Amines (e.g.
triethylamine, tributylamine) are known to act as electron and hydrogen donors in specific
photochemical strategies, where they are oxidized to iminium species that, upon hydrolysis,
yield secondary amines and aldehydes.''®! In our reaction mixture, dibutylamine species
were detected by HRMS (ESI) after 2 hours (see Experimental Section 5). Furthermore, the
absence of nBusN resulted in diminished yield and deuterium incorporation (Table 7, entry 5).
These findings point to its dual role within the system: acting as a sacrificial substance at the

anode and concurrently neutralizing the H* ions generated during the bromination step.

C(+)IC(-), 10 mA D
j\ nBuyNBr (0.9 equiv.) \©\
N + o
O D;C” 'ND, nBu3N (1.0 equiv.) '\O
>85 CH3CN or CD;CN
53a 851 : Ar, 4 h ? d-53a

1.0 equiv.

in CD;CN: D% = 80%
in CH3CN: D% = 0%

Scheme 29. Using acetamide-ds instead of D,O or/and CDsCN.

Acknowledging the role of CDsCN as an indispensable deuterium source and the potential
improvement with the presence of D20, we ventured into an envisioned pathway. This
hypothetical route posited that, under electrochemical conditions, CD3CN undergoes
hydrolysis in the presence of D20, producing deuterated acetamide (CDsCOND2), which can
transfer the deuterium to the anilines easily. In light of this, we undertook the direct synthesis
of the deuterated acetamide and its subsequent utilization within the reaction (Scheme 29).
Regrettably, when employing CHsCN as the solvent, no deuterated product surfaced.
Conversely, with CD3sCN as the solvent, a commendable 80% deuterium incorporation was
attained. In addition, the GC-MS and HRMS (ESI) analyses of the model reaction mixture
did not show the formation of acetamide. These observations collectively indicate that the
presumed process does not indeed align with the true reaction pathway.

D
@\ standard condition \©\
N o N
TEMPO or BHT

53a d-53a
Yield D%
TEMPO (0.2 equiv.), 55% 40%
TEMPO (2.0 equiv.), 0% 0%
BHT (2.0 equiv.), 20% 72%

Scheme 30. Radical trapping experiment.
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Furthermore, adding radical scavengers such as TEMPO or BHT in the reaction mixture
decreased isolated yield and deuterium incorporation in d-53a (Scheme 30). GC-MS analysis
of the reaction solution also detected a small amount of biphenyl dimer formation as a by-
product from the radical homocoupling. In addition, prior electrochemical studies have
demonstrated the role of acetonitrile as a hydrogen radical donor.[**8] Taken together, these
observations strongly suggest the involvement of a radical mechanism within the current
system. This conclusion was further reinforced by the results obtained from using different
amounts of D20 in the reaction (Table 5 entry 4; Table 7, entry 4). As the potential
preference of D20 as a deuterium source would align more with an ionic mechanism, in

contrast to its supplementary role observed in this particular context.

[92]

Br- D
\©\ standard condition \©\

54a d-53a

Scheme 31. Isolation and testing of the brominated intermediate 54a under standard condition.

To gain a deeper understanding of the reaction mechanism, a pivotal step was taken through
the isolation and subsequent identification of bromide 54a, a potential intermediate formed
during the course of the reaction. Subsequently, this isolated bromide was subjected directly
to the deuteration reaction under standard condition. As anticipated, the process unfolded
seamlessly, culminating in a notable 92% deuterium incorporation and a respectable 74%
yield (Scheme 31). This experimental observation offers compelling evidence that the
isolated bromide derivative 54a likely functions as an active intermediate in the HIE reaction.
This finding provides valuable evidence supporting the necessity of bromide electrolytes in
condition screening. The presence of bromide intermediate 54a is crucial for the successful
progression of the HIE reaction, as indicated by the high deuterium incorporation and yield
obtained in the direct deuteration of the isolated bromide.

Table 8. Loading of bromine source.
C(+)IC(-), 10 mA D
@\ bromine source \©\
"O D,0 (10.0 equiv) N
nBu3N (1.0 equiv.)

53a CD3CN, Ar, 4 h

entry Bromine source yield [%] D [%]
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1 30 mol % nBusNBr 70 35
2 50 mol % nBusNBr 65 62
3 0.9 equiv. nBusNBr 50 96
4 1.0 equiv. nBusNBr 45 72
5 1.1 equiv. nBusNBr 50 86
6 30 mol % CuBrz2and nBusNBr (0.9 equiv.) 28 92
7 30 mol % CuBr2 and nBusNCI (0.9 equiv.) 35 94
8 30 mol % FeBrs and nBusNCI (0.9 equiv.) 35 70
9 30 mol % ZnBrz and nBusaNCI (0.9 equiv.) 15 32

Within our design framework, bromide ions theoretically have the potential for catalytic
recycling. Thus, we conducted experiments involving varying loading of bromide sources
(Table 8). Employing 30 mol% of nBusNBr led to only 35% deuterium incorporation and 50
mol% of nBusNBr got 62% deuterium incorporation, (Table 8, entries 1 and 2). While the
yields from these reactions are satisfactory, the deuterium incorporations remain below the
desired threshold for achieving catalytic-level conversion. Fortunately, when employing the
nBusNBr with 0.9 equivalents results in deuterium substitution exceeding 96% (Table 8,
entey 3). Whereas using more than 1.0 equivalents yields inferior outcomes (Table 8, entries
4 and 5). This phenomenon arises due to the accumulation of increased bromide
intermediates, leading to the occurrence of side reactions. Additionally, we broadened our
exploration to include various other metal bromides. Remarkably, these metal bromine
sources showcased remarkable deuteration efficiencies (Table 8, entries 6-9), with catalytic
amounts of CuBr2 (30 mol %) leading at an impressive 94% D-incorporation (Table 8, entry
7). However, the yields remained somewhat below expectations, ranging from 15% to 35%.
Considering that while CuBrz acts catalytically, it contains two available bromine atoms. This
aspect recognizes that the current utilization of a catalytic amount of CuBr2 does not precisely

correspond to this scenario.
Table 9. The effect of nBusNI used as an electrolyte.
@\ C(+)IC(-), 10 mA D
nBuyNI (X equiv.) _ \©\
'O D,0 (10.0 equiv) ’\O
nBuzN (1.0 equiv.)

53a CD3CN, Ar, 4 h d-53a
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entry X equiv. yield [%] D [%]
1 0.5 79 8
2 0.9 74 15
3 0.9 (8 h) 51 33
4 11 71 25
5 1.5 59 20
6 2.0 55 24

In addition, we also explored the potential of nBusNI, analogous to nBusNBr, to produce
deuterated products d-53a across electrolyte screenings (Table 9). Given the weaker nature of
the C—I1 bond compared to the C—Br bond, the deiodination reaction is theoretically expected
to be more facile than the debromination reaction. However, when utilizing 0.9 equivalent of
nBusNI, deuterium incorporation only reached 15% (Table 9, entry 2). Even upon extending
the reaction time to 8 hours, the incorporation increased to just 33% (Table 9, entry 3), which
falls short of our target. Increasing the amount of nBusNI did not lead to higher deuteration
incorporation (Table 9, entries 3-6), a pattern consistent with our observations concerning
different bromine sources (Table 8, entries 4 and 5). Upon examining the reaction mixture,
we discerned that the slow rate of the anode iodination reaction could be the primary
underlying cause of the low deuteration efficiency. This rate difference necessitates the

occurrence of side reactions at the cathode to sustain the balance of charge.

Furthermore, we evaluated the direct deuteration reaction involving iodide 54b (Scheme 32).
Employing standard conditions yielded an impressive 94% deuterium incorporation alongside
a 45% vyield. The rationale behind the moderate yield lies in a portion of the direct
halogenation converting to form bromide 54a, along with a minor quantity of dimer
formation. As a result, we investigated alternative electrolytes, finding that under nBusNBF4,
the yield improved to 63%. These observations collectively indicate that the cathodic
reductive deuteration process remains unhindered, with the crux of the issue residing in the
sluggish iodination progression at the anode. This realization underscores the importance of
harmonizing the reaction rates between the cathode and anode when designing this cascade

deuteration reaction.
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| C(+)IC(-), 10 mA D
\©\ electrolyte (0.9 equiv.) \©\
N D,O (10.0 equiv.) N
nBu3N (1.0 equiv.)

CD3CN, Ar4 h
d-53a

electrolyte yield D%
nBuyNBr: 45% 94%
nBuyNBF,: 63% 87%

Scheme 32. Direct deuteration reaction of iodide 54b.

The rates of the anodic bromination reaction and the cathodic deuteration reaction plays a
pivotal role in the overall yield and D-incorporation outcome. When the anodic bromination
reaction proceeds too rapidly, it can lead to excessive bromide accumulation, consequently
triggering certain side reactions at the anode. Likewise, an overly swift deuteration reaction
can induce side reactions at the cathode, culminating in reduced yield and deuterium
incorporation rates. This observation mirrors the scenario observed in the iodination-
deuteration reaction (Table 9). In such instances, the function of sacrificial substances in the
reaction system becomes crucial, as they contribute to maintaining charge equilibrium
between the anode and cathode, ensuring the smooth progression of the entire cascade
reaction. Introducing nBusN as a sacrificial substance aids in orchestrating both electrode
reactions toward the intended intermediates or products. This explains why the D-
incorporation and yield of the reaction suffer in the absence of nBusN (Table 7, entry 5), as
the anodic bromination reaction tends to outpace the cathodic deuteration reaction under our
standard conditions, thereby triggering side reactions.

Furthermore, other regulating factors like electrode material and the current’s magnitude also
play a significant role. Distinct electrode materials and their exposed areas exhibit varied
reaction rates, as demonstrated through our comprehensive screening of different electrodes
(Table 3). Moreover, adjusting the current strength has a considerable impact. Different
current strengths enable effective control over the sequence of oxidation or reduction
processes in the reaction solution, thereby favoring the desired direction for the desired
product formation. In line with this consideration, we maintained a current strength of 10 mA
in our reaction conditions. This choice is based on the understanding that higher current
power is more conducive to the debromination deuteration reactions,[*°3d aligning with our

reaction goals.
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H C(+)IC(-), 10 mA 5
\©\ nBugNBr (0.9 equiv.) \©\ Br\@\
N D,O (10 equiv.) N +
nBuN (1,0 equiv.)

CD;CN, Ar
53a different times d-53a 54a

Reaction time [min] 0 5 10 15 20 25 30 35 40 45 50 55 60 70 80 90
D% of d-53a [%] 0 0 0 1 2 3 4 5 6 6 8 10 15 20 24 30
Yield of —H/D [%] 100 100 98 97 9 92 89 8 80 78 73 70 67 66 64 62
Yield of 54a [%] 0 0 2 3 5 8 10 12 15 16 18 19 20 19 17 18

—s— D-incorporation of d-53a [%]
100 e, —e— Yield of 53a and d-53a [%]
| —a— Yield of 54a [%)]

80

60 +

40

Conversion [%]

20

0 20 40 60 80 100
Reaction time [min]

Figure 10. The conversion of starting material 53a, brominated intermediate 54a, and deuterated
product d-53a at different reaction times.

Building upon this, we conducted a more in-depth evaluation and comparison of the rates of
the anodic bromination and cathodic deuteration reactions. This involved monitoring the
yield and deuterium incorporation levels of the initial substrate 53a, the brominated
intermediate 54a, and the resulting deuterated product d-53a at regular intervals (every 5
minutes) during the initial 1.5 hours (Figure 10). Within the initial 10 minutes, the generation
of the brominated intermediate 54a was initially detected, soon followed by the appearance of
the deuterated product d-53a. This observation elegantly aligns with our earlier conjectures
about the reaction sequence, further validating the soundness of our proposed reaction design.
As the reaction progressed, the concentration of the brominated intermediate 54a steadily
increased until it plateaued at a stable level. This accumulation of brominated intermediates
underscores the faster rate of the anodic bromination reaction compared to the cathodic

reduction reaction. This reaffirms the crucial function of the sacrificial substance nBusN in
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stabilizing and harmonizing the balance of the anodic bromination and cathodic deuteration
reaction rates. Meanwhile, the deuterated product d-53a concentration continued to rise
throughout the reaction time. This suggests that the brominated intermediate was
continuously converted to the desired deuterated product.

Moreover, an irreversible oxidation peak of N-phenylpiperidine (53a) at 1.04 V and 1-(4-
bromophenyl)piperidine (54a) at 1.15 V (vs. Ag/AgCl in DCM) was observed (Figure 11).
In our model reaction, the initial voltage is typically around 2.1 V, and by the end of the 4-
hour reaction, it usually reaches 4 to 5 V. These suggest a potential oxidation process for N-
phenylpiperidine (53a) under our experimental conditions. Additionally, in the case of the
bromide intermediate 54a, its oxidation potential is higher than the substrate N-

phenylpiperidine (53a), making it plausible for it to undergo oxidation to form the bromide
intermediate 54a.
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Figure 11. Cyclic voltammograms (CV) of N-phenyl piperidine 53a (A) and 1-(4-
bromophenyl)piperidine 54a (B).

1.4 Plausible Mechanism of the Electrochemical HIE of Aniline Derivatives

Based on the observations made and considering relevant literature reports03d113c g
plausible cascade mechanism for the electrochemical HIE reaction can be suggested (Scheme
33). Initially, Br~ is oxidized at the anode, leading to the formation of Br2. Given the presence
of D20, it is conceivable that a portion of DBrO could also be generated. The reaction of Brz
or DBrO with the aryl compound 53 (Ar—H) results in the formation of the aryl bromide 54

(Ar—Br). Concurrently, the cathodic reduction of the aryl bromide intermediate (Ar—Br)
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culminates in the generation of the aryl radical 53A. This aryl radical subsequently engages
with CDsCN or D20, resulting in the production of the desired deuterated aniline derivative
product d-53 (Ar-D). The gradual in situ generation of Brz is crucial for achieving high
regioselectivity in this strategy, as it allows for the controlled and selective bromination of

the aryl compound.

Br

©\NRR‘
53 Br
Br, / DBrO T’ \©\
NRR'

anode

- 54 _
H+ Br —Br
D
\@\ CD4CN/D,O -©\
-
NRR' NRR'
d-53 53A

Scheme 33. The postulated mechanism for electrochemical para-selective HIE of aniline derivatives.

Overall, this proposed mechanism accounts for the observed experimental results and is
consistent with previous reports. The success of this cascading reaction design relies on
achieving a harmonious alignment or precise adjustment of the reaction rates for both the
anodic and cathodic processes. By carefully managing the current intensity and introducing
supplementary sacrificial substances at anode, it becomes possible to effectively synchronize
the anodic bromination and cathodic deuteration reactions, leading to the optimal condition

for the entire cascade reaction.

In conclusion, we have successfully developed the first electrochemical para-selective
hydrogen isotope exchange (HIE) reaction for aniline derivatives under mild reaction
conditions. To our knowledge, this represents a groundbreaking strategy for achieving
electrochemical Csp2—H deuteration of aromatic compounds. The reaction can be conducted
simply and safely using an undivided cell with inexpensive graphite electrodes. nBusN serves
as a sacrificial reductant, and deuterated acetonitrile acts as the deuterium isotope's primary
source. An essential aspect of our strategy is using nBusNBr as the electrolyte and a
concurrent bromine source. The bromination reaction controls the selectivity of the

deuteration process, as confirmed by control experiments. This innovative approach
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combines the advantages of selective HIE, environmentally friendly electrochemistry, mild
reaction conditions, and sequential oxidation and reduction strategies. Considering the
significant interest in both biological and synthetic applications of selectively labeled aniline
derivatives, and the favorable characteristics of the electrochemical selective HIE reaction,
we anticipate that the protocol described here will find broad utility in organic synthesis. In
addition, the successful development of this electrochemical cascade selective HIE reaction
opens up new avenues for the synthesis of isotopically labeled compounds. It offers a

sustainable and efficient alternative to traditional labeling methods.

We acknowledge the limitations of our current strategy regarding the substrate scope,
particularly for anilines with free hydrogen and other electron-rich compounds like phenols
and indoles. These substrates may not be suitable for the electrochemical HIE reaction under
the current conditions. Future studies are underway to explore alternative strategies, reaction
conditions, and optimization parameters to overcome the limitations and enable the
electrochemical HIE of electron-rich compounds such as phenols and indoles. By addressing
these challenges and expanding the substrate scope, we can unlock new possibilities for
selective hydrogen isotope labeling and advance the field of electrochemical HIE in organic

synthesis.
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2. Hydrogen Isotope Exchange of Aromatic Compounds in

Microstructured, Fluorinated Environments
Expanding the electrochemical deuteration concept established in the first part was our next
goal. Direct, late-stage HIE constitutes a versatile alternative to classical labeling strategies
the latter starting from commercially available, labeled precursors followed by a stepwise
build up of the target compound following multistep, time-consuming, and expensive
conventional pathways.["®*?l However, HIE requires activating of the strong Csp2—H bonds,
achieved mainly through strong acids, bases or noble-metal catalysts.[’]. Owing to the
typically harsh reaction conditions, the acidic or basic methods can usually only be employed
for the deuteration of simple arenes and often yield poor selectivity (Figure 12). The metal-
catalyzed strategy has been a closely watched method. The site selectivity is often predictable
and dependents on directing groups, which enable the selective functionalization of the ortho-
positions of aromatic and heteroaromatic substrates. But undesired deuteration at multiple
reactive sites and some side reactions are often difficult to prevent.[''7] Therefore, methods
that provide efficient, precise, and late-stage conversion of specific C—H into C-D bonds are

highly desirable and represent significant challenges in organic chemistry.

% R
*R' hydrogen isotope exchange X\R'
Hﬂ > Dy
X=0,N
cat., D-source
HCI D,0 (Lautens, 2008)
id or b diated CF3;COOD CF3;COOD (Jung, 2014) harsh reaction conditions
acld or base mediate NaOH D,0 (Xie, Chen, 2015) limited substrate scopes

HCIO, CD50D (Heinrich, 2020)

B(CeFs5)3 D,O (Werner, 2017)

Ir-cat. D, (Zhao, Yan, 2020) directing group required
Ag-cat. D,0 (Cong, Hao, 2020) low level of D-incorporation
Pd-cat. D,0O (van Gemmeren, 2021)

homogeneous catalysis

Ni-cat. D,0O (Macdonald, Shannon, 1964)

Pd-cat. D, O (Sajiki, 2005) ©ecitivit
heterogeneous catalysis '-cat D, (Pieters, Chaudret, Derdau, 2020) poor selecitivity

Fe-cat. expensive catalysts

D,0O (Briickner, Lei, Beller, 2022)

Mn-cat. D,0 (Junge, Beller 2022)

Figure 12. Overview of the previous approaches for the HIE of aniline or phenol substrates.

Our group has a broad and long-term experience in biomimetic catalysis with a particular
focus on halogenations and halofunctionalizations using fluorinated alcohol solvents.[X95118]

The pioneering work on fluorinated alcohols and their ability to form supramolecular
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hydrogen-bonding networks with Lewis bases has significant relevance to electrochemical
reactions.[*%52105¢ These unique interactions can play a critical role in activating and directing
organic transformations, offering a valuable approach for designing hydrogen isotope
exchange (HIE) reactions. Fluorinated alcohols, notably 1,1,1,3,3,3-hexafluoro isopropanol
(HFIP), have shown to be key for the successful anodic oxidation of aryl moieties due to their
ability to form distinct H-bonding networks together with Lewis basic molecules.[*% These
supramolecular assemblies alter the chemical properties of each component, leading to
selective bond activations and cooperative effects. Harnessing such cooperative effects in
electrochemical reactions opens exciting opportunities for establishing the HIE process using
deuterium oxide (D20) as a labeling reagent. Specifically, we aim to develop approaches that
exploit H-bonding for the selective capture of the D20 isotopologues by fluorinated alcohol
supramolecular assemblies. Simultaneously, aromatic substrates are incorporated into the
Lewis acid-water-H-bonding network. This cooperativity results in a locally enriched D20
content at the Lewis basic site of the reacting molecule, enabling regioselective deuterium
transfer to an aryl radical cation formed in situ by anodic oxidation.

Table 10. Initial tests of electrochemical HIE reaction of phenols.

Me C(+)IC(-), 3.0 mA
OH nBuyNPFg (1.0 equiv.) /@iOH
D,O (10 equiv) 5 5

HFIP-d; (0.2 M), r.t., 4 h

59a d-59a
entry  changes made to standard condition yield [%] C?/C* [D%]
1 None 31 60/60
2 without current, 4 h >08 0/0
3 without current, 24 h 97 83/83

The initial work was launched with 2-methylphenol (59a) as the model substrate, nBusNPFs
as the electrolyte, and D20 (10 equiv.) in hexafluoropropan-2-ol-di (HFIP-d1) using 3.0 mA
constant current for 4 hours at room temperature (Table 10, enrty 1). To our delight,
deuterium hydrogen exchange occurred at both the ortho- and para-positions of 2-
methylphenol (59a), resulting in the deuterated phenol d-59a with a 60% deuterium
incorporation and 31% vyield (Table 10, entry 1). Then, we did the blank reactions. No
reaction occurred in the absence of current (Table 10, entry 2). However, extending the

reaction time without current from 4 hours to 24 hours, we surprisingly obtained the
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deuterated phenol d-59a with a higher D% (83%) and yield (97%). This means that
electrochemical oxidation of 59a did not trigger the deuteration. This unexpected and
improved result raised interest to investigate the mechanism behind this phenomenon.

Table 11. Control reactions of HIE reaction of phenols.

Me Me

OH nBu4NPFg (1.0 equiv.) /@iOH
D,0 (10equiv) 5

HFIP-d; (0.2 M), r.t., 24 h

59a d-59a
entry changes made to standard condition yield [%] C?/C* [D%]
1 none 97 83/83
2 CDs0D used as a solvent - 0
3 HFIP used as a solvent 97 18/18
4 without D20 98 <5
5 without nBusNPFs - 0
6 nBusNPFs (0.5 equiv.) 98 87/87
7 nBusNPFs (0.1 equiv.) 98 44/44
8 nBusNBF4 (0.5 equiv.) >08 <5
9 nBusNBr (0.5 equiv.) - 0
10 nBusNOAC (0.5 equiv.) - 0
11 nBusNCIO4 (0.5 equiv.) - 0
12 nBusNHPO4 (0.5 equiv.) - 0
13 AgPFs (0.5 equiv.) 62 40/56
14 MesNPFs (0.5 equiv.) 97 86/86
15 PhsCPFs (0.5 equiv.) 97 80/80

Subsequently, we conducted a series of further control reactions aimed at gaining a deeper
understanding of the HIE process. When employing CD3OD as the solvent instead of HFIP-
di, no deuterated products d-59a were obtained (Table 11, entry 2). This aligns with our
hypothesis that HFIP is beneficial for the labeling process. When using HFIP instead of
HFIP-d1, the deuterium incorporation was considerably reduced (from 83% to 18%) (Table
11, entry 3). This is due to the rapid deuterium-hydrogen exchange between HFIP and D20,

which leads to dilution of deuterium labeling. Thus, deuterated HFIP (HFIP-d1) is essential to
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ensure effective deuteration. Interestingly, no reaction happened without the presence of D20
or nBusNPFs (Table 11, entries 4 and 5). This finding strongly suggests that both D20 and
nBusNPFs are indispensable components for the success of the HIE reaction. Collectively,
these outcomes illuminate the decisive nature of HFIP, D20, and nBusNPFs in realizing
effective and efficient HIE reactions. Each component contributes significantly to the overall
effectiveness of the deuteration process, and their proper combination is essential for
obtaining the desired deuterated products. Following this, we proceeded with experiments
involving different amounts of nBusNPFes. Interestingly, using 0.5 equivalents of nBusNPFs
yielded the most favorable results with a remarkable 87% deuterium incorporation (Table 11,
entry 6). On the other hand, when a catalytic amount of nBusNPFs was utilized, the achieved
deuteration was only mediocre with 44% (Table 11, entry 7). This was an encouraging
indication, strongly suggesting that nBusNPFs is indeed facilitating the HIE process and
holds the potential for achieving catalytic amounts. However, these findings still need to be
more comprehensive to fully elucidate the specific role of nBusNPFs in the process. To gain
further insights, we extended our exploration to other analogous electrolyte salts.
Unexpectedly, none of the salts without PFs anions led to the formation of deuterated phenol
d-59a (Table 11, entries 8-12). While salts containing PFs~ demonstrated the ability to yield
deuterated products d-59a successfully. For instance, AgPFs (40%/56%), MesNPFs (86%),
and PhsCPFs (80%) (Table 11, entries 13-15). These outcomes strongly suggest that the PFs~

is the pivotal factor contributing to the HIE process, irrespective of the accompanying cation.
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Figure 13. pH value of the reaction mixture and D% of the deuterated 2-methylphenol (d-59a) at
different reaction times.

So far, the current transformation deviates significantly from our initial design of
electrochemical HIE reaction. However, the achieved high yield, deuterium incorporation,
and selectivity results are consistent and promising. This outcome has sparked great curiosity,
motivating further investigations to understand the underlying mechanisms and address

emerging challenges.

As HFIP is recognized as an acidic solvent, it undergoes ionization in solution, liberating a
proton (H*) and generating the hexafluoroisopropoxide ion.[*%1%¢l This jonization plays a
pivotal role in enhancing the solvent's acidity. Subsequent measurement of the pH value of
the reaction mixture revealed a remarkably low value, approaching "0". The discovery of
such exceptional acidity within the reaction system is both surprising and intriguing.
Following this observation, we monitored the pH value and deuterium incorporation of the
reaction mixture at three-hour intervals (Figure 13). The continuous decrease in pH value
over time, eventually reaching close to “0” after approximately 24 hours, indicated a highly
acidic environment during the reaction process. Acidic conditions have long been recognized
as one of the traditional methods for achieving HIE in electron-rich aromatic
compounds. [22:24:21-21.21.2k.2165]1 Consequently, we suspected that the generation of this strong
acidic environment may also be the key to the success of our HIE reaction. Moreover,
detecting deuterium incorporation at different times provided valuable information about the
reaction progression. The absence of deuterated products d-59a in the initial 9 hours,
followed by the initiation of deuteration beyond the 9" hour, hinted at the requirement of
specific conditions that must be fulfilled before deuteration can occur. This could very well

be associated with the acidity of the reaction mixture.

POF, H'[POLF,| <L oy *|PosF] ? =0 oy " [HPO, *”
; ; HF HF

Scheme 34. The general hydrolysis process of PFs.

For the cause of the strong acid system, we first speculate that the hydrolysis of PFe~

generated hydrogen fluoride (HF) and other phosphides (Scheme 34). Although hydrolysis of

PFe~ has primarily been reported in materials battery and inorganic chemistry under harsh

conditions like high temperature, high pressure, or acidic conditions.[**®! It is essential to
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consider all possibilities in the context of the current reaction system, especially in the special
solvent of HFIP.

reaction mixtures

PO2F2" PO2F2~

nBusNPFg
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Figure 14. NMR experiments of the hydrolysis of PFs". (A) *!P-NMR spectra. (B) **F-NMRspectra.

Pleasantly, our conjecture was confirmed by NMR studies of the reaction mixture (Figure 14).
The verification of the comprehensive hydrolysis of PFs~ into PO2F2~ and HF in the reaction
is a significant finding that provides valuable insights into the reaction mechanism. This
observation explained the origin of the acidic conditions in the reaction system and sheds

light on the specific role of PFs~ in the deuteration process.
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Figure 15. 'H-NMR spectra of the nBusNPFs with HFIP.

The revelation that PFs~ can undergo hydrolysis under conditions of mild temperature, room
pressure, and conventional mechanical stirring represents an undeniably significant. Unlike
the typical high temperature, high pressure, or strongly acidic conditions required for PFe~
hydrolysis in other contexts,[***l the mild conditions employed in our reaction system offer a

unique and practical advantage for organic reactions. The utilization of PFe~ hydrolysis in
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organic reactions has not been widely explored in the literature,*?°! making the findings

particularly innovative and promising.

Nevertheless, the reason underlying the hydrolysis of PFs~ under these mild conditions
presents another issue that needs to be investigated. The investigation of the interaction
between nBusNPFs and HFIP is a crucial step toward understanding the role of HFIP in
promoting the hydrolysis of PFs~. The substantial chemical shift observed in the —OH signal
of HFIP in the 'H-NMR spectrum, from a doublet at 3.17 ppm to a singlet at 4.06 ppm,
indicates the formation of a strong hydrogen bond in the reaction system (Figure 15). The
extraordinary H-bonding capability of HFIP likely facilitates the hydrolysis of PFs,
promoting the release of PO2F2-, HF and contributing to the strong acidity observed in the

reaction system.

Table 12. Control experiments using hydrofluoric acid (HF).

Me Me

OH  3HF+Et;N (X equiv.) OH
D,0 (6.0 equiv.) D D

HFIP-d; (0.2 M), r.t., 48 h

59a d-59a
entry X equiv. pH (before/after) C2?/C* [D%]
1 1.0 3.5/3.5 0
2 5.0 2.5/2.5 0
3 10.0 1.0/1.0 50/50
4 10.0 (CDsOD used as solvent) 1.5/1.5 0

In order to elucidate the correlation between the pH value of the mixture and HF, along with
their impact on the HIE reaction, we directly replaced nBusNPFs by HF for the HIE reaction.
When 1.0 or 5.0 equivalent of triethylamine trishydrofluoride (3HF EtsN) were used instead
of nBusNPFs, deuterated product d-59a was not obtained (Table 12, entries 1,2). While 10.0
equivalents of 3HF EtsN (pH value is 1.0) afforded d-59a with 50% deuterium incorporation
(Table 12, entry 3), demonstrating that a sufficient amount of HF is crucial for promoting the
deuteration process. However, it is important to keep in mind that our protocol only yields
substoichiometric amounts of HF (around 1.2 equiv.) from the hydrolysis of PFs~ which

indicated that HF/DF does not seem to be the key to driving the reaction.
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Table 13. Control experiments using difluorophosphoric acid (HPOF,).

Me Me

OH HPO,F, (X equiv.) OH
D,0 (6.0 equiv.) D D

HFIP-d; (0.2 M), r.t., 48 h

59a d-59a
entry X equiv. pH (before/after) C?/C* [D%]
1 0.3 1.5/0.5 60/82
2 5.0 1.0/0.5 85/85
3 5.0 (CD3OD used as solvent) 1.5/1.0 0

However, an intriguing outcome surfaced during our investigation of difluorophosphoric acid
(HPO2F2). Employing 0.3 equivalents of HPO2F: resulted in a significant deuterium
incorporation of 82% (Table 13, entry 1). This finding is consistent with the observations
made in our model reaction. An interesting observation was made when CD3OD was used as
the solvent in place of HFIP-d1. In this case, no deuterated products d-59a were produced
(Table 13, entries 2 and 3). This observation underscored the essential roles of HPO2F2 and
HFIP in driving the HIE process. Additionally, the introduction of HPO2F2 into the reaction
system led to a notable reduction in pH, consistent with our prior observations. These
collective findings strongly support the pivotal role of HPO2F2 in driving the reaction.
Comprehensive testing with various difluorophosphoric salts had effectively ruled out the
possibility of the difluorophosphoric anion alone serving as the catalyst for the HIE reaction.
Whether in the form of an inorganic salt, such as LiPO2zF2, or an organic salt, like
nBusNPO2F2, these difluorophosphoric salts did not yield any deuterated products (Table 14).
It is noteworthy that the pH value of the reaction system consistently remained at “4”,

differing from the acidic conditions observed in the model reaction.

Table 14. Control experiments using difluorophosphoric salt.

Me Me

©/OH PO,F, salt (0.3 equiv.) /@iOH
D,0 (6.0 equiv.) D D

HFIP-dq (0.2 M), r.t., 48 h

59a d-59a
entry PO2F>~ salt pH (before/after) C2?/C* [D%)]
1 LiPO2F 4.0/4.0 0
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2 nBusNPO2F 4.0/4.0 0

On the other hand, the *'P-NMR spectrum of the reaction mixture, taken at various time
points, offerd further substantiation of our speculation (Figure 16). The decelerated
hydrolysis of PF¢~ and the concurrent generation of PO2F2~ became noticeable around the 9-
hour mark. Subsequent to its formation, the deuteration reaction takes place, emphasizing the
critical role of HPO:2F: in triggering deuteration. It is noteworthy that there was no observable

progression in hydrolysis for 48 hours subsequent to the initial generation of PO2F>".

48h
1

24h [jj

18h M.

12h D% =14% PO2F2~

il

o9h D% =0 PFe

6h AL

f1 (ppm)

Figure 16. 3'P-NMR spectra of the reaction mixture at different reaction times.

Based on our mechanism studies and observations, we propose a plausible reaction
mechanism (Scheme 35). Initially, nBuaNPFs is hydrolyzed in the presence of D20 and
HFIP-d1, forming DPO2F2 and DF. The HFIP-d: likely surrounds D" through H-bonding,
making it more electrophilic and capable of protonating the substrate phenol.[*%6®121 The
subsequent deprotonation step may be facilitated by PO2F2", resulting in the formation of the
deuterated product. Concurrently, HPO2F2 undergoes HIE with HFIP-d1, which allows it to

re-enter the cycle and participate in further reactions.
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Scheme 35. Postulated mechanism for HIE reaction of aromatic compounds in microstructured,
fluorinated environments.

This proposed mechanism highlights the crucial role of HFIP in enhancing the reactivity of
D* and facilitating the overall HIE reaction. To comprehensively understand how HFIP
influences the HIE reaction mixture and the hydrolysis of PFe¢~, ongoing experimental and
computational studies aim to validate and refine this proposed mechanism and gain deeper
insights into the reaction process. We have initiated collaborative efforts with Prof. Dr. Ralf
Tonner group (Universita Leipzig), who will provide valuable assistance with calculations,
and Prof. Dr. Knut Asmis group (Universit& Leipzig), who will investigitate the hydrogen
bonding in HFIP.

2.1 Optimization of the Reaction Conditions

The promising outcomes from our initial mechanistic investigations have motivated us to
delve into the optimal reaction conditions and potential applications of the HIE reaction for
aromatic compounds (Table 15). Building upon our prior insights, we began by screening
various PFe salts. When utilizing 2-methylphenol (59a) as substrate, with nBusNPFs (30
mol %) and 6.0 equivalents of D20 in HFIP-d1 for 48 hours, we were delighted to observe the
smooth formation of deuterated phenol d-59a with a remarkable high D% (93%, Table 15,
entry 1). Gratifyingly, most PFes~ salts provided excellent D% (60-90%) for the desired
deuterated product d-59a, Notably, the difference in cations did not significantly affect the

results, as observed with PhsCPFs, PhzIPFs, and AgPFs (Table 15, entries 5-7). However,
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KPFs and NH4PFs did not exhibit any HIE even after 48 hours, due to their poor solubility in
HFIP-d1 like tris(4-

bromophenyl)ammoniumyl hexachloroantimonate (60c) and nBusNBF4. Unfortunately, BF4~

(Table 13, entries 8 and 9). We also tested similar salts

failed to initiate the reaction (Table 15, entry 10), while SbCle~ yielded favorable results with
78% deuterium incorporation (Table 15, entry 11). This discrepancy may be attributed to the
hydrolysis of SbCles~, leading to the generation of HCIl. Amongst all the salts tested,
nBusNPFs emerged as the optimal choice, yielding the highest D-incorporation (Table 15,
entry 1).

Table 15. PFs salt screening.

60b

70

N
L
Br Br

60c

Me Me
OH salt (30 mol %) > OH
D,0 (6.0 equiv.)
HFIP-d; (0.2 M) D D
rt, 48 h
59a d-59a
entry salt C?/C* [D%]
1 nBusNPFe 93/93
2 MesNPFs 88/88
3 60a 60/60
4 60b 70/70
5 PhsCPFs 90/90
6 Ph2IPFe 90/90
7 AgPFs 88/88
8 KPFs 0
9 NH4PFs 0
10 60c 78/78
11 nBusNBF4 0
|;F6 Me> Br
+Np'13,:l ||/N ';FG © Cl< (|:|,(;‘I
N O RV g
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When we changed the solvent from HFIP-d1 to fluorine-free alcohols like e.g., D20, CD30D,
and isopropanol-di (iPrOD), the initiation of hydrolysis remained elusive even after one week,
with no deuterated products being discernible (Table 16, entries 2-4), highlighting the pivotal
significance of a fluorinated alcohol solvent in the hydrolysis of PFe. Although
representative fluorinated alcohol solvents like CF3CH20D and (CF3);COD provided the
desired product d-59a (Table 16, entries 5-6), HFIP-d1 still outperformed other ones hinting at
the fact that a strong H-bonding network is needed for the reaction to proceed. Interestingly,
no deuterated product d-59a was observed using a mixed solvent of HFIP-d1 and DCM at a
50:50 ratio (Table 16, entry 7). This outcome might be attributed to the potential alteration of
the hydrogen bond network's strength in HFIP induced by mixed solvents. Upon shifting to
HFIP as the solvent, a modest level of deuterium incorporation (22%) still manifested (Table
16, entry 8). Although HFIP indeed readily engages in deuterium-hydrogen exchange with
D20, the substantial discrepancy in quantities implies that D2O might serve as a deuterium

source.

Table 16. Solvent screening.

Me Me

OH nBusNPFg (30 mol %) /@io'*
D,O (6.0 equiv.) 5 5

solvent (0.2 M), r.t.,, 48 h

59a d-59a
entry solvent C%/C* [D%]
1 HFIP-d: 93/93
2 D20 0/0
3 CDsOD 0/0
4 iPrOD 0/0
5 CFsCH20D 21/21
6 (CF3)sCOD 87/87
7 HFIP-d1:DCM = 50:50 0/0
8 HFIP 22/22

Next, a concise optimization was conducted to assess the impact of varying nBusNPFs
loading on the efficacy of the HIE transformation. Decreasing the quantity of PF¢ salt

loading, transitioning from 30 mol% to 20 mol%, 10 mol%, or even complete omission,
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exhibited a consistent reduction in deuterium incorporation within the product d-59a,
employing standard reaction conditions (Table 17, entries 1-3). Evidently, the 'more is better'
principle does not apply, as an elevated salt concentration appeared to detrimentally influence
the extent of hydrolysis, thereby influencing the reaction's outcome unfavorably (Table 17,
entries 5-7). This observation underlines the critical significance of striking an optimal
equilibrium in salt concentration, with the aim of maximizing the efficiency and selectivity of
the HIE reaction. At this juncture, our investigations have ascertained the 30 mol% loading of
nBusNPFs as the most advantageous choice with 93% deuterium incorporation in d-59a

(Table 17, entry 4).

Table 17. Loading of nBusNPFe.

Me Me

©/OH nBuyNPFg (X mol %) /@io"'
D,0 (6.0 equiv.) D D

HFIP-d; (0.2 M), r.t., 48 h

59a d-59a

entry X euqiv. C?/C* [D%]
1 0 0

2 10 40/40

3 20 74/74

4 30 93/93

5 40 89/89

6 50 80/80

7 100 55/55

Furthermore, an investigation into the influence of varying quantities of D20 was conducted
(Table 18). D20 potentially serves a dual role here: participating in the PFs~ hydrolysis
process and serving as a deuterium source. Notably, we identified 6.0 equivalents of D20 as
the optimal selection, yielding a remarkable deuterium incorporation (93%) of the d-59a
(Table 18, entry 5). Utilizing excessive or insufficient amounts of D20 proved
counterproductive to the reaction. An effect potentially stemming from the intricate balance it

establishes with the formation of the hydrogen bond network within the mixture.

Table 18. Amount of D,0 screening.
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Me Me

@/OH nBuyNPFg (30 mol %) /@iOH
D,0O (X equiv.) D D

HFIP-d; (0.2 M), r.t., 48 h

59a d-59a
entry X quuiv. C?/C* [D%]

1 0 <5
2 1 86/86
3 3 89/90
4 5 89/89
5 6 93/93
6 7 90/90
7 9 88/88
8 15 67/67
9 30 0

Finally, we explored various concentrations of HFIP-di. It became evident that a scant
amount of solvent (0.1 M) was inadequate to foster the reaction, yielding a 66% deuterium
incorporation in d-59a (Table 19, entry 1). Interestingly, more concentration of HFIP-d: did
not guarantee heightened efficacy (Table 19, entry 4), despite its pivotal role in the reaction
and its dual capacity as a deuterium source. Significantly, the pinnacle of success emerged at
a concentration of 0.2 M resulting in an impressive deuterated rate of 93% within the product
d-59a (Table 17 entry 3). As of now, we have identified the optimal reaction condition, which
is 30 mol% of nBusNPFs with 6.0 equivalents of D20 in 0.2 M HFIP-d: solution at room

temperature for 48 hours, and the deuterium incorporation of the product d-59a is 93%.

Table 19. HFIP-d; concentration screening.

Me Me

©/OH nBu,NPF (30 mol %) /@OH
D,0 (6.0 equiv.) D D

HFIP-d; (X M), r.t., 48 h

59a d-59a
entry X mmol/mL (M) C?/C* [D%]
1 0.1 66/66
2 0.15 89/89
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3 0.2 93/93
4 0.4 88/88

2. 2 Substrate Scopes of HIE Reaction of Aromatic Compounds

OH OH
nBuyNPFg (30 mol %) D
B D,0 (6.0 equiv.) A
R > R
Z HFIP-d; (0.2 M), r.t., 48 h Z
59 d-59
OH D [96] OH Me OH
D D HO Me D MeO D
95
[50] [50] [91] Me [95]
D D D D [81]
D [74] [96] Me [96] D [90] [53] Me
d-59b, 95% d-59¢, 95% d-59d, 91% d-59e, 89%

OH
D [74] [85]

OH
D D
MeO OH D D 53] HO OH
[74] [85] (87] g-O\_Me O Me
MeO D Ph 1 D D
OMe [86] D 0\2;2"9 83]

[86] p Me [83]
Me
d-59f, 89% d-599g, 92% d-59h, 83% d-59i, 86%
OH
D [89] OH
D O, 91
DO W ok oot
HO 0
HO T e [89] D Me
D [92] D [89] D [88]
d-59j, 91% d-59k, 94% d-591, 92% d-59m, 94%

[83] D NS
> T
T .
D [90] D [93] [81] OH O
d-59n, 85% d-590, 95% d-B-Estradiol (d-59p), 88% d-Chrysin (d-59q), 80%

Scheme 36. Scope of phenols in HIE Reaction.

Having identified the optimal reaction conditions, we explored the generality of this HIE

reaction of aromatic compounds. Pleasingly, a wide range of phenols with different electronic

and steric substitution patterns could be employed (Scheme 36). The respective adducts d-

59b — d-591 exhibited excellent yields (83-95%) and high levels of deuterium incorporation at

ortho- and para-positions (50-96%). The efficiency of the HIE reaction remained high for

different naphthols, yielding 85% to 94% and 85% to 99% deuterium incorporation for
products d-59m, d-59n, and d-590. Additionally, deuterated f-Estradiol (d-59p) and Chrysin
(d-59q) were easily accessed (63% to 93% D-incorporation) using the same protocol. These
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results showcase the potential of the electrochemical HIE reaction as a valuable tool for

synthesizing deuterated compounds with various structural complexities.

NHR'  1BU,NPF4 (30 mol %) NHR'
N D,0 (6.0 equiv.) N D
R4 > R
Z  HFIP-d; (0.2 M), rt, 48 h Z
D
60 d-60
NH, [55] NH2 NH,
[94] D Me D D
[90] 100]
Me MeO OMe
D [80] D [88] D [83] OMe
d-60a, 90% d-60b, 92% d-60c, 83% d-60d, 92%
7
NH, [60]
5 910y D3 HN
[92] j D D
61] 61]
DD D
D [92]
[93] [93]93]  [93] D [94]
d-60e, 80% d-60f, 77% d-60g, 96% d-60h, 88%
Me
[88] D 7
D [55] (6110 [77] D
N
Ph NH, 16
o @L O (Do
(ol b 94 °
]
[ 1 [6 1 [26] D NH,
d-60i, 90% d-60j, 89% d-60k, 86% d-601, 80%

Scheme 37. Scope of anilines in HIE Reaction.

The excellent results obtained in the HIE of phenols 59 motivated us to explore the
applicability of anilines. The established template worked well with a variety of substituted
anilines (Scheme 37), methyl-, methoxy-, and tert-butyl- substituted anilines were compatible
in the HIE reaction, yielding the corresponding products d-60a — d-60f with ortho- and para-
C—H excellent deuterium incorporation of up to 95%. An array of N-substituent groups,
including phenyl, alkyl, and allyl groups, were all well tolerated under the standard reaction
conditions, consistently providing high yields and 55% to 96% deuterium incorporation of
deuterated anilines d-60g — d-60j. Furthermore, we tested 2-naphthylamine (60k) and
carbazole (60I), successfully obtaining the deuterated products d-60k and d-601 with 86% and
80% yields, respectively.
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OMe nBuyNPFg (10 mol %)

R+\ D,0 (6.0 equiv.) RN OMe
- |
Z HFIP-d4 (0.2 M), r.t., 48 h Z>p
61 d-61
D [91] OMe OMe D [94] 83 OMe [83]
MeO OMe MeO OMe MeO OMe  MeO OMe D D
D D D D D D D D MeO OMe
[91] OMe [91] [82] OMe [82] 95] Me [95] 94] g [94] CHO
d-61a, 95% d-61b, 94% d-61c, 87% d-61d, 90% d-61e, 90%
OMe D[94 O [99] D
MeO OMe  Meo oFt D [99] o OMe
S ee
[90] D D [90] e D4 [31] OO MeO”
CH,CN OMe D Me
d-61f, 99% d-61g, 96% d-61h, 79% d-Naproxen derivative

d-61i, 88%
Scheme 38. Scope of anisoles in HIE Reaction.

After investigating the scope of phenols 59 and anilines 60, a variety of anisoles 61 were
submitted to the reaction (Scheme 38). Different substituted anisoles were proven to be
compatible with this reaction system, smoothly producing the corresponding deuterated
products d-61a — d-61g bearing methyl, bromine, aldehyde, nitrile, and ester functionality in
excellent yields (79-99%) and deuterium incorporation (73-95%). Furthermore, the reaction
also proved effective for methoxynaphthalene derivatives, resulting in excellent degrees of
deuteration (up to 99%) for compounds such as deuterated 2-methoxynaphthalene (d-61h)

and naproxen derivative d-61i.

The success of the above-mentioned HIE reactions encouraged us to attempt the deuteration
of heterocyclic compounds, owing to their strong bioactivity profiles (Scheme 39). Indoles
with various substituents such as —Me, —OMe, —OBn, —Br, ester groups, as well as N-Me
protected indole, underwent smooth deuteration at the 3-position, providing the
corresponding deuterated products d-62a — d-62h with excellent selectivity and in high yields
(88-96%). Remarkably, when the 3-position of indole was occupied, the HIE reaction could
still proceed smoothly at the C2-position, affording direct deuterated products with good
yield (d-62i, 91% and d-62j, 80%). Further efforts were made to explore other electron-rich
heterocyclic compounds, benzofuran d-62k, furan d-62I, benzothiophene d-62m, thiophene
d-62n —d-62p), and indazole d-62q, which were all well tolerated and offered access to
deuterium derivatives in 60-98% yield. Moreover, the method was successfully applied to

more complex and chiral structures. Examples included DL-a-Tocopherol (d-62r, 87% yield

76



RESULTS AND DISCUSSION

and 98% D%), Fluorene (d-62s, 87% vyield and 95% D%), and Dihydrocholesterol (d-62t,
95% vyield and 93% D%). These results demonstrate the versatility and broad applicability of
the developed HIE transformation for the deuteration of a wide range of aromatic and
heterocyclic compounds, including structurally complex and chiral molecules. The high
yields and excellent deuterium incorporation levels achieved with these compounds further
highlight the potential of this method for accessing labeled organic molecules with important

bioactivity profiles and potential applications in various fields.

R Me,NPFg (10 mol %) R p
i 53 D,0 (12.0 equiv.) 0 R
L\\;’; X ’ o L: . >_D
HFIP-d4 (0.2 M), r.t., 40 h N Y
X=NR, O
62 d-62
831 D [81 D [83] D [70] D 611 D
MeO BnO Br
\ \ \ \ N
MeO N
N N N N
H H H H o H
d-62a, 92% d-62b, 92% d-62c, 94% d-62d, 95% d-62e, 90%
D D M COZMe
76 99 82 e
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> ®003 N—co, »Dp D (e
N N [91] N N 711 [92] D
\ \ [44] H
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D\<\J/\HO
[96]
[72] D © 0
H,N { L
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N
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d-Fluorene derivative d-Dihydrocholesterol derivative
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Scheme 39. Scope of heterocyclic compounds in HIE reaction.

In conclusion, we have successfully developed a direct, versatile, and highly efficient HIE

reaction of aromatic compounds under mild conditions. This innovative approach involves
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the hydrolysis of PFe~, leading to the in situ generation of PO2F2~ and HF. Mechanistic
studies have provided valuable insights into the reaction process, revealing the formation of a
unique fluorinated, microstructured, and acidic environment through hydrogen bonding
interactions among the fluorine species, substrates, and HFIP. This microstructured
environment played a crucial role in promoting the HIE process. By creating this specialized
microenvironment, the reaction proceeded efficiently, leading to high yields and excellent
deuterium incorporation for a broad range of aromatic compounds, including phenols 59,
anilines 60, anisoles 61, and various heterocyclic compounds 62. This approach enables
access to a diverse array of deuterated aromatic compounds that are synthetically and
biologically valuable. This work represents a substantial advancement in deuterium labeling
and offers new opportunities for the synthesis of labeled aromatic compounds with potential
applications in various scientific and industrial domains. In addition, our present strategy
provides an attractive route for accessing fluorine and hydrogen sources through the
hydrolysis of PFes~ under mild conditions. Ongoing investigations include detailed
mechanistic studies and attempts to apply this novel process to other organic transformations.
We are optimistic that our research will open new avenues in deuterium labeling and advance

the field of synthetic and medicinal chemistry.
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3. Electrochemical Iodoarene-Catalyzed Fluorocyclization of Olefins

Hypervalent iodine compounds have garnered significant attention in recent decades due to
their unique properties and their potential for selective reactions in organic synthesis.[*?? |t
can be classified as A3- and A°-iodanes, which have emerged as valuable reagents in various
synthetic applications. A>-lodanes are primarily oxidizing agents, providing efficient and mild
oxidation reactions in organic chemistry. On the other hand, A3-iodanes are not only used as

oxidants but also find widespread application in atom transfer reactions (Figure 17).

Cl—I—Cl F—l—oO F—I—F AcO—I—OAc o I— o PivO—I—OPiv
PhICI, (56a) PhIF, (56c)  PIDA (56d) PIFA (56e) PIDP (56f)

Figure 17. Selected representative examples of the hypervalent A3-iodanes.

Aryl-A3-iodanes, denoted as ArILL’ where L and L’ represent heteroatom ligands, have
proven to be powerful reagents in oxidative transformations of various functional groups.
These transformations include olefins, alkynes, carbonyl compounds, alcohols, phenols,
ethers, amines, amides, sulfides, sulfoxides, alkyl iodides and bromides, aromatic compounds,
etc., and are performed with high regio-, stereo-, and chemoselectivity under mild
conditions.®?® The electron-deficient hypervalent iodine center usually attacked by a
nucleophilic species to trigger the reactions. In general, the reaction patterns of hypervalent
iodine reagents could be described in terms of oxidative addition, ligand exchange, reductive
elimination, and ligand coupling, which are quite similar to those commonly used in
transition metal chemistry.[*>l However, they offer distinct advantages over heavy metal-
catalyzed reactions, such as milder reaction conditions and reduced environmental pollution.
The ease of ligand exchange on iodine(l1l) with a low-energy barrier allows for preparing a
wide range of hypervalent aryliodanes, facilitating the design of new hypervalent iodanes

with specific intended functions.

One limitation of these oxidative transformations is that they often necessitate stoichiometric
or excess amounts of aryl-A3-iodanes, leading to substantial amounts of aryl iodides as waste
products.l*?51 Moreover, these stoichiometric aryl-A*-iodane reagents can be costly, especially
for large-scale applications. Consequently, a catalytic approach offers a more efficient
utilization of reagents and opens up new avenues of research in hypervalent organoiodane

chemistry.
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3.1 A3-lodane Catalytized Fluorocyclizations of Alkenes

Fluorocyclization reactions have countless applications throughout organic chemistry.[26]
This area of research continues to attract attention, particularly concerning the validation of
asymmetric variants for constructing halogenated natural products.!*?”] Despite the significant
utility of fluorinated hetero- and carbocycles in pharmaceuticals and agrochemicals,*?®! the
development of fluorocyclization reactions has been relatively slow. Such reactions have only

been applied to a limited range of alkenes.*?]

mCPBA
R F—I—F Py*HF | R R
R" NHTs  Kita, Shibata (2014) F R"
—
56g 55g
¥
s
R Me Me
63 / 5-20 mol % 64
R’
R R Kitamura (2017) F
)\)\ — R

NHTs N

Ts

65 66

Selected examples:
E M’a F l\F/Ie Mlc\a/l F E Me
ot Y o O e o
N N N
'rl\'ls Ts "I\'ls Ts Ts "I\'ls

64a, 73% 64b, 55% 64c, 31% 66a, 74% 66b, 71% 66e, 66%

Scheme 40. Catalytic intramolecular aminofluorination of alkenes to synthesize fluorinated N-
heterocycles.!'3%-134

For example, Kita and Shibata developed a catalytic fluorination system consisting of Ar-
I(cat.)/HF/mCPBA in 2014 (Scheme 40).[*3 The key to this reaction is the in situ generation
of a hypervalent iodine compound ArlF2 56g, achieved though hydrogen fluoride, mCPBA,
and a catalytic amount of iodoarene. The catalytic system applies to two kinds of reactions,
including the fluorination of p-dicarbonyl compounds and the intramolecular
aminofuorination of v-amino-alkenes enabling the construction of cyclic amines 64 with a
tertiary or quaternary fluorinated stereogenic center. In 2017, Kitamura and co-workers
utilized the same strategy for the intramolecular aminofluorination of alkenes to synthesize 3-

fluoropyrolidine derivatives 66./*31
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55g (10 mol %)
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= >
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F
F F F F
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68a, 67% 68b, 59% 68c, 59% 68d, 42% 68e, 44%

Scheme 41. Catalytic fluorocyclization of N-allylcarboxamides 67.1:%%

In 2018, the Gilmour group described a catalytic fluorooxygenation of readily accessible N-
allylcarboxamides 67 via an I(1)/I(I11) manifold to generate 2-oxazolines containing a
fluoromethyl group (Scheme 41).12%2 This metal-free fluorocyclization employed p-
iodotoluene (10 mol %) as an inexpensive organocatalyst and Selectfluor® as an oxidant. The
optimal amine/HF ratio (1:4.5) was easily obtained by combining commercially available
triethylamine tris(hydrogenfluoride) (EtsN-3HF) and Olah’s reagent (Pyr-HF). Given the
importance of fluorine in drug discovery, its ability to modulate conformation, and the
prevalence of the 2-oxazoline scaffold in nature, this strategy provided a rapid entry into an

important bioisostere class.
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Scheme 42. Catalytic asymmetric aminofluorination of N-cinnamylbenzamides 69 and 70.1:3°]
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The use of iodine (111) catalysts bearing chiral ligands has proven to be a powerful tool in
asymmetric synthesis. The unique stereoscopic configuration of iodine (I11) and the well-
defined steric hindrance of the chiral ligands allow for high levels of control and selectivity in
asymmetric transformations. The Jiang group demonstrated that in an exemplary application
in 2021 (Scheme 42).1*3%1 They developed an efficient asymmetric fluorinations process that
has enabled the development of the first highly enantioselective fluorination reaction (up to
99% ee and > 95:5 dr) using BFs Et20 as the fluorine source and dual-activating reagent. The
substrate expanding experiments further demonstrated the broad applicability of the current
method. This process provided direct access to fluoro- oxazine/benzoxazepine skeletons 70,
72 and laid a foundation for further development of new types of asymmetric nucleophilic

fluorinations in future applications.
3.2 Electrochemically Generated A3-lodanes in Fluorocyclization Reactions

Organic electrosynthesis has experienced a notable renaissance due to its excellent redox
efficacy and the ability to tune reaction conditions. This resurgence has sparked considerable
interest among synthetic chemists, leading many to adopt the electrochemical preparation of
hypervalent iodine reagents through the anodic oxidation of iodine-(1) precursors. The in situ
electrogenerated hypervalent iodine reagents are then employed as crucial mediators for

various iodine (111)-mediated transformations.!*34

The work by the Waldvogel group represents a significant advancement in the field of
electrochemical fluorocyclization. They successfully established a sustainable synthesis of 5-
fluoromethyl-2-oxazolines 74 using hypervalent iodoarene-mediated fluorocyclization with
electric current as the sole oxidant (Scheme 43).1*31 This innovative electrochemical protocol
enabled the conversion of readily available N-allylcarboxamides 73 into fluorinated
oxazolines 74, providing access to a valuable building block for medicinal chemistry. One
interesting aspect of this electrochemical approach is the re-isolation of the mediator, such as
4-methyliodobenzene (559) and 4-tert-butyliodobenzene, which can be partially or even
quantitatively recovered after electrolysis. This feature adds to the sustainability of the
method and reduces waste generation. Moreover, this concept can be extended to the
synthesis of fluorinated oxazoles 76 by using N-propargylamides 75 as substrates.[*%!
However, it is noted that the isolation yields reported for this method are only moderate. This
limitation may restrict its broader applicability, especially for large-scale synthesis or in cases

where high yields are crucial.
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Scheme 43. Electrochemical fluorocyclization of N-allylcarboxamides 73 or N-propargylamides 75
by hypervalent iodane mediator.3>-136]

In 2021, Wirth applied the above fluorocyclization of N-allylcarboxamides 77 to flow
electrochemistry (Scheme 44).1**"1 Flow electrochemistry offers several advantages, including
precise control of reaction conditions, enhanced safety, and the ability to carry out reactions
on a larger scale than traditional batch chemistry. The strategy proceeds through a transient
(difluoroiodo)arene 569 generated by the anodic oxidation of an iodoarene mediator. Even
the isolation of iodine(lll) difluorides was facile since electrolysis was performed without
other reagents. A broad range of hypervalent iodine mediated reactions was achieved in high
yields by coupling the electrolysis step with downstream reactions in flow, surpassing the
limitations of batch chemistry. One notable improvement in this work is the greatly improved

yield compared to previous electrochemical methods.

F
i 2 o}
P Pt(+)[Pt(-), 3F, 50 mA/cm .
S NNF 559 (1.0 equiv.) X N

| |
R H Rv
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55¢g (0.1 M) __}_‘
7HFeamine, DCM @ product 78
(50% HF amine) =
I 100-834 mg/h
flow electrolysis 36-144s aq. waste
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Scheme 44. Fluorocyclization of N-allylcarboxamides 77 using flow electrolysis.™**”)

In 2021, Lennox reported an intramolecular fluoroarylation of phenolic ethers 79 for the
formation of 3-fluorochromanes 80 (Scheme 45).1**®l The key feature of this approach was
the use of electrochemistry to generate the hypervalent iodine mediator, eliminating the need
for an external oxidant and reducing waste and cost associated with the reaction. The
utilization of an ex-cell method was crucial to the success of the process. A substrate scope
was shown with excellent tolerance for electron-withdrawing groups on the aromatic ring and
gem substituents on the alkene. However, difluorination was observed for substrates with
extreme electron deficient aryl moieties, and direct oxidation occurred in electron-rich

substrates 79.
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> > T
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80a, 85% 80b, 72% 80c, 74% 80d, 61% 80e, 57%

Scheme 45. Electrochemical fluorocyclization of aryl allyl ethers 79 by hypervalent iodane mediator.!**!

Indeed, while electrochemically generated, hypervalent iodoarene-mediated fluorocyclization
reactions have shown promising results, there are still areas that could be improved and
expanded to make them even more versatile and practical. One of the limitations of current
methods is the requirement for stoichiometric iodoarene reagents, which can be costly and
generate significant waste. Developing catalytic processes for generating iodobenzene 55
could significantly enhance the efficiency and sustainability of the reaction. Additionally,
most existing methods are limited to alkenes, particularly terminal alkenes, as substrates.
Expanding the scope of possible substrates to include different types of alkenes and other
functional groups would significantly increase the utility and applications of these reactions.
Furthermore, exploring the possibility of using other hypervalent iodine reagents besides
iodoarenes could open up new reaction pathways and provide access to a wider variety of
fluorinated products. Different types of hypervalent iodine reagents may exhibit unique
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reactivity and selectivity, allowing for the development of complementary fluorocyclization
reactions.

3.3 Electrochemical lodoarene-Catalyzed Fluorocyclizations of Olefins: Entry to

Fluorinated 2-Oxazolines
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Figure 18. Selected examples of bioactive compounds containing the 2-oxazoline motif.

The 2-oxazoline fragment is a privileged structural motif found in numerous bioactive
molecules and pharmaceuticals.*3¥ Various natural products and synthetic molecules that
contain 2-oxazoline moieties possess promising biological activities (Figure 18), such as
natural product DDM-838 (81) obtained from Mycobacterium tuberculosis,[**% etoxazole (82),
which exhibited highly ovicidal activity against Tetranychus urticae,**! deflazacort (83)
used as an anti-inflammatory and immunomodulatory agent,*4?land vulnibactin (84) which
served as an iron chelator.'*¥l Moreover, 2-oxazolines have a wide range of synthetic
applications, including protecting groups for carboxylic acids and aldehydes, directing groups
in C—H functionalization, and valuable chiral Box and Pybox ligands.l**4 These important
applications have fueled the development of various approaches for the efficient construction
of 2-oxazolines over the last few decades. Although numerous methods have been reported
for the synthesis of 2-oxazolines from carboxylic acids,[**! esters,[*46] nitriles,[47]
aldehydes,[**8] amides,[*** and alkenes,** most of them suffer from disadvantages, such as
long reaction times, high reaction temperatures, the use of expensive reagents or toxic
solvents, and the requirement of a large amount of catalyst. Therefore, there is still a demand
for developing more efficient, versatile, and simple synthetic methods to address these

drawbacks.
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Scheme 46. Methods for the preparation of fluorinated 2-oxazolines 5811317

The introduction of a fluorine atom into the oxazoline motif is of significant interest for both
biology and organic synthesis research due to the potential biological activity and the diverse
reactivity of fluorinated compounds.*>) However, methods for accessing fluorinated
oxazolines through alkene cyclization are relatively scarce, making it an important area for
further development. Waldvogel*3! and Wirth*3"1 groups, respectively, have reported the
electrochemical method for synthesizing fluorinated 2-oxazolines 58 by employing a
hypervalent iodine mediator 55, but the need for stoichiometric amounts of the hypervalent
iodine mediator 55 and the moderate yields are limitations that need to be addressed (Scheme
46). To improve the atom economy and reduce waste, developing catalytic methods for
electrochemical fluorocyclization reactions would be highly desirable. Inspired by our
previous results and our long-standing interest in hypervalent iodane-mediated reactions,*%
1091 | together with Dr. Binbin Liu discovered the efficient electrochemical 1(1)/I(111)-
catalyzed fluorocyclization of N-allylcarboxamides 57 to assemble fluorinated 2-oxazolines

58 using a catalytic amount of iodobenzene with pyridine/HF.

Table 20. General condition optimization.

F
o Pt(+)IPt(-),12 mA o{ |
55 (20 mol %)
NH N - SN RS
Py*HF: Et;N*3HF=1:1 L
DCM, r.t., 4 h

57a 58a

entry cat. (R) solvent [F] source yield [%]
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1 4-Me (550) DCM Py-HF:EtsN-3HF = 50:50 49
2 4-OMe (55i) DCM Py-HF:EtsN-3HF = 50:50 18
3 2-CO2Me (55j) DCM Py-HF:Et:N-3HF = 50:50 49
4 4-tBu (55K) DCM Py-HF:EtsN-3HF = 50:50 77
5 4-Br-2,6-Me (55I) DCM Py-HF:EtsN-3HF = 50:50 72
6 2,4,6-Me (55m) DCM Py-HF:EtsN-3HF = 50:50 45
7 4-tBu (55Kk) DCE Py-HF:EtsN-3HF = 50:50 29
8 4-tBu (55K) MeCN Py-HF:EtsN-3HF = 50:50 20
9 4-tBu (55k) CHCls Py-HF:EtsN-3HF = 50:50 21
10 4-tBu (55K) DCM EtsN-3HF trace
11 4-tBu (55k) DCM Py-HF:EtsN-3HF = 25:75 36
12 4-tBu (55K) DCM Py-HF:EtsN-3HF = 75:25 95
13 4-tBu (55k) DCM Py-HF >95
142 4-tBu (55K) DCM Py-HF >05

aconstant current 8.0 mA, 2.4 F.

Readily available N-allylbenzamide (57a) was selected as the model substrate for our
investigations (Table 20). The reaction was performed in an undivided cell using a platinum
plate as an electrode, 4-iodotoluene (55g) as a catalyst, Py HF and EtsN 3HF (50:50) as
electrolyte and fluorine source, 12 mA constant current in DCM at room temperature for 4
hours. Pleasingly, the desired product 5-fluoromethyl-2-oxazolines (58a) was obtained with a
49% vyield (Table 20, entry 1). Then, various iodobenzenes were screened for the
electrochemical iodoarene-catalyzed fluorocyclization of olefins (Table 20, entries 2-6).
Electron-rich 4-iodoanisole (55i) (R = 4-OMe) and electron-deficient methyl 2-iodobenzoate
(55j) (R = 2-CO2Me) afforded 18% and 49% of isolated yield separately for the desired
cyclized product. Gratifyingly, when 4-tert-butyliodobenzene (55k) (R = 4-tBu) was used as
the mediator, the desired product obtained in 77% yield (Table 20, entry 4). Other mediators
like 4-bromo-2,6-dimethyl iodobenzene (55I) or 2,4,6-trimethyl iodobenzene (55m) offered
moderate yields of 72% and 45%, respectively (Table 20, entries 5 and 6). To further improve
the yield, we turned our attention toward the screening of solvents. Unfortunately, various
solvents like DCE, MeCN, and CHCls could not improve the reaction (Table 20, entries 7-9).
Next, extensive optimization was done to explore the efficacy of different fluorine sources for
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our desired transformation. The reaction failed when we used EtsN-3HF as the fluorine
source (Table 20, entry 10). To our delight, Py-HF could increase the efficiency of the
transformation, and the more, the better. The best yield was obtained for Py-HF as a fluorine
source with 95% (Table 20, entry 13). Notably, when we lowered the current to 8 mA, there

was no decrease in the reaction yield (Table 20, entry 14).
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O
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X N
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Scheme 47. The substrate scope of N-allylcarboxamides 57.

Achieving the optimized conditions, extensive screening of N-allylcarboxamides 57 was
performed to disclose the scope and limitations of the newly developed electrochemical
fluorocyclization protocol (Scheme 47). Initially, different electron-donating substituents at
the C4-position of the N-allylcarboxamides 57 were tested. Methyl, tert-butyl, or methoxy
groups present at the C4-position smoothly offered the desired products in good yields (58b
— 58d). Additionally, electron-withdrawing groups at the C4-position were compatible with
the transformation, providing the corresponding fluorinated oxazolines 58e —58m in
moderate to good yields (32-85%). Interestingly, even challenging functional groups such as
—X (halogen), —CFs, —SO2Me, —CO2Me, —Ac, —CN, and —OTs at the C4-position were well

tolerated, expanding the potential for future modifications 58e — 58l. The reaction also
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exhibited moderate tolerance to CHO-substituted N-allylcarboxamides, delivering the
expected product in moderate yield (58m), despite the well-known ease of oxidation for
—CHO groups. Substitution at other positions or multiple substituents on the substrates were
also accepted, providing the desired products 58n — 58s in 38% to 77% vyields. To challenge
the scope further, N-3-buten-1-ylbenzamide (57t) was tested as a substrate, and it worked
successfully. However, it yielded a cyclized 1,3-oxazine derivative product 58t with a
relatively lower yield of 26%. It is worth noting that hydrolysis during column
chromatography could result in reduced isolated yields, which might be a consideration

during the workup and purification processes.
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Scheme 48. Scope of complex biologically important substrates.

The developed electrochemical fluorocyclization method was further demonstrated for its
generality, efficiency, and applicability in the synthesis of various bioactive molecules,
natural products, pharmaceuticals, and their derivatives (Scheme 48). Several complex
products were successfully synthesized using our strategy, with yields ranging from 39% to
74%. Notable examples include the preparation of the derivatives of bisoxazoline (58u), 2-
adamantanol (58v), and probenecid (58w). Moreover, the method was applied to the

synthesis of derivatives of pharmaceutically potent molecules, such as L-menthol (58x),
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dihydrocholesterol (58y), camphor (58z), and glycoside (58aa) derivatives. These
transformations were performed under our standard conditions and provided the desired
products in moderate to good yields, ranging from 41% to 72%. The successful synthesis of
these diverse complex compounds from bioactive molecules, natural products, and
pharmaceuticals further demonstrates the versatility and potential of our electrochemical
fluorocyclization method. The method offers an efficient and practical approach to accessing
a wide range of fluorinated compounds with potential applications in various scientific and
medicinal domains. This research opens up new avenues for the synthesis of valuable
fluorinated molecules and highlights the utility of electrochemical methods in organic

synthesis.
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Scheme 49. Proposed mechanism of electrochemical iodoarene-catalyzed fluorocyclization of olefins.

Ph

Based on previous literature, 32135152 the proposed mechanism for the electrochemical
fluorocyclization of N-allylcarboxamides 57 to form 5-fluoromethyl-2-oxazolines 58 is
shown in Scheme 49. At the anode, 4-tert-butyliodobenzene (55k) undergoes anodic
oxidation, losing two electrons to generate (4-(tert-butyl)phenyl)difluoro-A®-iodane (56Kk).
This hypervalent iodine species can act as an electrophilic iodine source for the reaction.
Next, the N-allylcarboxamide substrate 57 attacks the electrophilic difluoroiodane 56Kk,

forming an iodonium intermediate 57A. This intermediate undergoes intramolecular ring
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opening through the carbonyl group, creating a three-membered heterocycle, 5-(A3-
iodanyl)methyloxazoline (57B). Finally, the 5-(A3-iodanyl)methyloxazoline (57B) is
converted into the desired product 58 and 4-tert-butyliodobenzene (55k) after an Sn2-type
substitution. This proposed mechanism is consistent with the observed experimental results
and provides a plausible explanation for forming the desired products in the electrochemical

fluorocyclization reaction.

In conclusion, this study’s electrochemical iodoarene-catalyzed fluorocyclization method
offers an efficient and sustainable approach to synthesizing fluorinated 2-oxazolines 58. The
use of catalytic amounts of 4-tert-butyliodobenzene (55k), previously employed in
stoichiometric amounts, represents a significant improvement in the reagent economy. The
reaction exhibits excellent tolerance to various functionalities in N-allyl carboxamides 57,
enabling the synthesis of diverse fluorinated N,O-heterocycles. Moreover, the method can be
successfully applied to the late-stage synthesis of natural products, pharmaceuticals, and their
derivatives, demonstrating its utility and versatility. Considering the biological and synthetic
importance of fluorinated N,O-heterocycles, the advantages of electrochemical conditions,
and the benign use of iodobenzene as a catalyst, we expect this protocol to find widespread

application in organic synthesis and inspire further research.
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4. Summary and Perspectives

With the rising relevance of deuterium (D) and fluorine (F) in Csp2-carbon scaffolds in
pharmaceutical research and industrial applications, the demand for synthetic routes toward
these scaffolds has increased drastically. 64 The current synthetic methodologies, are often
in harsh conditions, limited in substrate scope, and need more desired selectivity for practical
applications. Electrochemical methods offer a promising solution to make these
transformations more sustainable and efficient. Electrochemistry has several advantages such
as cost-effectiveness, atom economy, environmental friendliness, and industrial potential that

align with the principles of green chemistry and sustainable practices.

The selective deuteration of organic molecules through electrochemistry has emerged as an
effective alternative to conventional deuterium D labeling strategies. Traditionally, deuterium
labeling has been achieved using transition-metal catalysts or strong acids and bases.?! Such
harsh conditions or expensive reagents often reduce chemo- or regioselectivity in many
deuteration processes. Therefore, the first part aimed to establish an electrochemical selective
HIE reaction under mild conditions. While electrochemical dehalogenative deuteration and
C—H selective halogenation are well-established methods, no unified approach is currently
available. As a result, we developed the electrochemical two-step bromination-deuteration

cascade for the para-selective HIE of aniline derivatives.
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Scheme 50. The electrochemical para-selective HIE of aniline derivatives.
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Initial attempts with model substrate N-phenylpiperidine (53a), in the presence of nBusN and
D20 under a 10 mA constant current with nBusNBr as the electrolyte have demonstrated high
conversion and exclusive selectivity of the starting material. Under the optimal condition, we
obtained a yield of 74% and a deuteration rate of 95%. At the same time, we also isolated a
small amount of 1-(4-bromophenyl)piperidine (54a), which provides insight into the
mechanism of the reaction, which involves an anodic oxidation reaction to form the para-
brominated intermediate 54a (Ar—Br), followed by the cathodic deuterated reduction yields
the desired product d-53a (Ar-D). The selectivity of the bromination reaction, along with the
synchronized connection between the oxidation and reduction steps in the electrochemical
strategy, enables the successful application of this method to different aniline derivatives with
various functional groups. These functional groups include amide, furan, nitrile, ester,
chlorine, thiomethyl, etc., demonstrating the broad compatibility of the electrochemical
strategy. The detailed reaction mechanism has been extensively studied, revealing the roles of
various components. Specifically, nBusN acts as a sacrificial reductant, nBusNBr serves as an
electrolyte and a bromine source, and CD3sCN remains the primary deuterium source and acts
as the solvent. Notably, this one-pot cascading electrochemical strategy yields higher than a
two-step process where bromination and debromination reactions are performed separately.
This underscores the efficiency and advantages of the electrochemical cascade approach, in
which both the anodic oxidation (bromination) and cathodic reduction (deuteration) reactions
occur simultaneously and are well-coordinated within the same reaction vessel. This
synchronous connection between the oxidation and reduction steps in the electrochemical
cascade allows for better utilization of the bipolar reactions. This ensures that both reactions
proceed efficiently and contribute to the desired product formation. As a result, there is less

wastage of reagents and intermediates, and the overall efficiency of the process is enhanced.

Unfortunately, our electrochemical cascade HIE reaction conditions apply to anilines with
doubly substituted amino groups. Anilines with monosubstituted or electron-deficient
substituents may have different reactivity profiles, leading to decomposition or no deuterated
product formation under the current conditions. Additionally, the need for compatibility with
other electron-rich compounds such as phenol, anisole, indole, and heterocyclic compounds
further emphasizes the need to understand the factors that govern the selectivity and

reactivity of the electrochemical system.
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Then, we extended the abovementioned concept into direct electrochemical HIE based on H-
bonding networks stemming from D20 and HFIP for more wide substrate scopes. The initial
work used 2-methylphenol (59a) as the model substrate, nBusNPFs as the electrolyte, and
D20 in HFIP-d1 under a 3.0 mA constant current for 4 h. Encouragingly, this preliminary
investigation yielded promising outcomes. Deuterium incorporation occurred at the ortho-
and para-positions of 2-methylphenol, ultimately generating deuterated phenol d-59a with
60% deuterium incorporation and 31% yield (Table 21, entry 1). However, the unexpected
and improved results obtained in the absence of the current for 24 hours, leading to higher
deuterium incorporation (83%) and yield (97%) for d-59a (Table 21, entry 2), raised curiosity

and interest in understanding the underlying mechanism behind this phenomenon.

Table 21. Initial test of electrochemical HIE reaction of phenols.

Me Me

C(+)IC(-), 3.0 mA
OH nBusNPFg (1.0 equiv.) /@i‘)”
D,O (10 equiv) 5 5

HFIP-d; (0.2 M), r.t., 4 h

59a d-59a
entry changes made to standard condition yield (%) C2/C* [D%]
1 none 31 60/60
2 without current, 24 h 97 83/83

Through preliminary mechanistic studies, we have discovered that the HFIP’s strong
hydrogen bonding effect played a crucial role in the reaction system. This effect is
multifaceted as it not only facilitates the hydrolysis of PFe~ into PO2F2~ and HF but also
enhances the overall acidity of the system. The heightened acidity, characterized by a low pH
value (pH = 0), is likely responsible for promoting the deprotonation of the substrate.
Consequently, this deprotonation process facilitates the HIE of 2-methylphenol (59a) with
deuterium from D20 or HFIP-d:.

Although, the current transformation process deviates from our initial design. However, the
achieved high yield, deuterium incorporation, and selectivity results are consistent with our
goals and promising. In scientific research, unexpected discoveries often lead to
breakthroughs and open new avenues for exploration. The curiosity and interest sparked by
our current results are invaluable as they drive further investigations and the pursuit of

knowledge.
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Scheme 51. HIE of aromatic compounds in microstructured, fluorinated environments.

Then, we investigated the optimal reaction conditions and substrate scope for the HIE
reaction of aryl compounds based on the H-bonding networks stemming from D20 and HFIP.
After comprehensive condition optimization, the optimal conditions were identified to
perform the reaction with nBusNPFs (30 mol%), D20 (6.0 equiv.) in HFIP-di for 48 h.
Notably, a broad substrate scope was tolerated, allowing for the HIE of various electron-rich
compounds, including phenol, aniline, anisoles, and heterocyclic compounds. Some
pharmaceutical molecules and natural products, for example, g-Estradiol (d-59p), Chrysin (d-
59q), Naproxen derivative d-61i, DL-a-Tocopherol derivative d-62r, Fluorene derivative d-
62s, and dihydrocholesterol derivative d-62t were well compatible with our method, resulting
in high yields and up to 99% deuterium incorporation (Scheme 51). Note that the discovery
that PFe~ can be hydrolyzed mildly in HFIP with the assistance of an H-bonding network
represents a significant breakthrough in organic reactions. This method offers exciting
advantages compared to traditional approaches that typically require harsh conditions such as
high temperature, high pressure, or electrolytic or acidic conditions. The potential
applications of this method in organic synthesis are vast, as it enables the efficient utilization

of PFe~ as a source of fluorine and hydrogen atoms under mild and environmentally friendly
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conditions. Avoiding harsh reaction conditions is highly desirable for practical and

sustainable organic transformations.

F—I—F
o PH+IPL) o
4-tert-butyliodobenzene (20 mol %)
Lo NH™NF > XN via
R— _ pyridine/HF=1:1 R—L
57 DCM, rt, 4 h G 58 55k By

Selected examples: F
F F {
(e}
< < g
Me
\N (¢]] \N o
from L-menthol
MeO,C -, 0 58x, 72% (>95:5d.r.)
‘iPr
58i, 79% Cl s8s,65% F
NS
o N
N o
Me (0]
H
= 0
o NN o
\\O>_,\ Me)l\o“‘ "'O)LMe
N F

from Dihydrocholesterol O\n/ Me from Glycoside

58y, 71% (50:50 d.r.) 0o 58aa, 41% (>95:5d.r.)

Scheme 52. Electrochemical iodoarene-catalyzed fluorocyclization for the synthesis of fluorinated 2-
oxazolines 58.

Finally, I worked with Dr. Binbin Liu, who graduated in 2022, to transfer this
electrochemical concept from deuterations to fluorinations. The generation of hypervalent F-
iodane species in situ via electrochemical methods has already shown promising results and
is becoming an essential tool in fluorination chemistry. However, stoichiometric iodine
reagents are often required in many cases. Therefore, we developed an electrochemical
iodoarene-catalyzed fluorocyclization that addresses this limitation by enabling the synthesis
of fluorinated 2-oxazolines 58 using only catalytic amounts of 4-tert-butyliodobenzene 55i
(Scheme 52). The broad substrate tolerance demonstrated in the reaction, including a wide
range of N-allylcarboxamides with diverse functionalities, as well as its applicability in late-
stage synthesis of natural products, pharmaceuticals, and their derivatives, such as
bisoxazoline 58u, 2-adamantanol 58v, probenecid 58w, L-menthol 58x, dihydrocholesterol
58y, camphor 58z, and glycoside 58aa derivatives. The advantages of the electrochemical
iodoarene-catalyzed transformation, such as mild conditions, low-loading iodoarene reagents,
and the potential for late-stage diversification, make it a valuable and practical method for

synthesizing useful fluorinated heterocycles.
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Indeed, while our strategy shows great promise, some areas call for further development and
improvement. One limitation of our method is its applicability only to terminal alkenes, as
other alkenes or allenes are incompatible. This is attributed to these alkenes’s stability and
selectivity issues within our current reaction system. Additionally, using HF as a fluorine
source presents challenges due to its corrosive nature and safety concerns. As part of our
ongoing work, it is both necessary and promising to explore and develop alternative fluorine
sources, such as inorganic fluorine salts like PFs~, BF4~, that can effectively replace HF. This
would address safety concerns and offer more diverse and sustainable options for fluorination

chemistry.

In conclusion, our research has significantly improved the electrochemical deuteration of
aromatic compounds and fluorocyclization of olefins. Firstly, we successfully established the
first para-selective HIE of aniline derivatives 53 (22 examples) by employing an
electrochemical two-step bromination-deuteration cascade. This groundbreaking strategy is
also the first to enable the electrochemical HIE of Csp2—H bonds of aromatic compounds. The
simplicity and safety of its operation are notable, as the reaction takes place in an undivided
cell equipped with inexpensive graphite electrodes at room temperature. Additionally, nBusN
acts as a sacrificial reductant, and deuterated acetonitrile was used as the main source of
deuterium isotope. Crucially, using nBusNBr as the electrolyte and concurrent bromine
source is the bromination reaction that controls the selectivity of the deuteration process, as
confirmed by control experiment studies. Furthermore, we developed a versatile, user-
friendly, and mild method for the HIE reaction of electron-rich compounds based on H-
bonding networks stemming from D20 and HFIP-d1. This protocol proved highly compatible
with phenols 59, anilines 60, anisoles 61, and related heterocyclic compounds 62, delivering
exceptional yields (up to 99%) and deuterium incorporation. As a result, it provides access to
a wide range of synthetically and biologically valuable deuterated aromatic compounds (58
examples). Notably, our protocol represents the first mild method for the hydrolysis of PFs,
opening new possibilities for organic reactions and offering an attractive route for accessing
fluorine and hydrogen sources. Finally, our research has successfully extended the
electrochemical concepts from deuterations to fluorinations, developing an innovative
electrochemical iodoarene-catalyzed fluorination reaction of N-allylbenzamide compounds
57. Notably, the assembly of these functionalized fluorinated 2-oxazolines 58 is triggered by
a catalytic amount of 4-tert-butyliodobenzene (55k), which was typically used in

stoichiometric amounts in previous studies. A wide range of N-allyl carboxamides 57
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containing diverse functionalities is well tolerated, as well as the extension to the late-stage
synthesis of natural products, pharmaceuticals, and their derivatives. Given the biological and
synthetic interests of deuterium (D) and fluorine (F) in Csp2-carbon scaffold, the advantages
of electrochemical reaction (environmentally friendly, efficient, mild conditions), the
application potential of the hydrolysis of PFs~ in HFIP and benignities of electrochemical
cascade strategies, we believe the protocols described here will find broad application in

organic synthesis.
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II1. Experimental Section

1. General Information

Solvents used in reactions were p.A. grade. Solvents for chromatography were technical
grade and distilled prior to use. Anhydrous dichloromethane, diethylether, and THF were
obtained from a MBraun MB-SPS 800 solvent purification system. Other dry solvents were
obtained from Fluka and Acros in the highest purity available and used without further
purification. 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) was purchased from Fluorochem with
a purity >99%. Reagents were purchased at the highest commercial quality and used without
further purification. Yields refer to chromatographically and spectroscopically (*H-NMR)
homogeneous material unless otherwise stated. Reactions were monitored by thin-layer
chromatography (TLC) carried out on Merck silica gel aluminum plates with F-254 indicator
using UV light as the visualizing agent (UV), basic potassium permanganate solution
(KMnOa4), ceric ammonium molybdate (CAM), and heat as developing agents, or by GC-FID
or GC-MS where applicable. Silica gel Merck 60 (particle size 40 — 60 um) was used for
flash column chromatography. n-Hexane refers to HPLC grade solvent (Fischer), whereas
hexanes refer to distilled technical hexane fractions. Solvent mixtures are understood as
volume/volume. NMR spectra were recorded on Bruker AV300, Bruker AV400, Bruker
AV500, or Bruker AV500-cryo spectrometers. The spectra were calibrated using signals of
residual undeuterated solvent as an internal reference (CDCls @ 7.26 ppm, CDCls @ 77.16
ppm 3C-NMR). The following abbreviations (or combinations thereof) were used to explain
the multiplicities: s = singlet, d = doublet, dd = doublet of doublets, t = triplet, dt = doublet of
triplets, g = quartet, p = pentet, quint = quintet (with 1:2:3:2:1 intensity), hept = heptet, m =
multiplet, br = broad. Melting points were measured on a Bichi 510 and are not calibrated.
IR spectra were recorded on a JASCO FT-IR-4100 (ATR) and are reported in terms of
frequency of absorption (cm™). Mass spectra were conducted on a Finnigan MAT SSQ 7000
(MS-EI, 70 eV; CI, 100 eV), or a Thermo Scientific LTQ-FT ultra and ThermoFisher
Scientific LTQ Orbitrap XL spectrometer (ESI HRMS).
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2. Preparation of Different Aniline Derivatives

\H Kilccl%z(é 2 equiv.) N
o 0, S
air, 40 h R

A mixture of anilines (6.0 mmol, 1.2 equiv.), dibromoalkane (5.0 mmol, 1.0 equiv.), K2COs
(11 mmol, 1.52 g, 2.2 equiv.), and Nal (11 mmol, 1.65 g, 2.2 equiv.) in CH3CN (20 mL) was
stirred for 40 hours under reflux. After cooling to room temperature, Et2O (10 mL) was added,
and the precipitate was filtered off. All the volatiles in the filtrate were removed under
reduced pressure, and the residue was purified by flash silica gel column chromatography
(hexane) to give aniline derivative products.

B(OH), H Cu,0 (5.5 mol%) ©\
NJ >
©/ * RR NR

MeOH, r.t. )
R'

Cu20 (0.22 mmol, 31.5 mg, 5.5 mol %) was added to a mixture of amine (6.0 mmol, 1.5
equiv.) and phenylboronic acid (4.0 mmol, 487.6 mg, 1.0 equiv.) in MeOH (12 mL) at r.t.,
and the mixture was stirred for 3 h under an atmosphere of air. The progress of the reaction
was monitored by TLC and on completion of the reaction, the mixture was centrifuged and
the centrifugate was concentrated under reduced pressure to give the crude product. The
crude product was purified by column chromatography on silica gel to afford the aniline

derivative products.

The spectroscopic data are in accordance with those reported in the literature.[*l
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3. Preparation of Deuterated HFIP (HFIP-d,)

CFs oy NaH (1.2 equiv.) C}om D,S0,, -40°C CFs op
CF3 CF, Et,0, 0°C CF4 CF, then redistillation ~ CF3 CF,

1,1,1,3,3,3-hexafluoroisopropanol (HFIP) (250 mmol, 42.0 g, 26.3 mL, 1.0 equiv.) were
added dropwise to an oven-dried flask submerged in an ice bath containing a suspension of
sodium hydride (250 mmol, 10.0 g, 1.0 equiv.) in anhydrous Et2O (30 mL) while stirring. The
reaction was stirred at ambient temperature for 2 hours, filtered and the volatiles were
removed under high vacuum to obtain 59.1 g (230 mmol, 92%) of a white power of HFIP
sodium salt (HFIP-ONa).

12.5 g D2SO4 (125 mmol, 6.8 mL, 1.1 equiv.) was dropwise to an oven-dried flask
submerged in an -40 <C bath containing HFIP sodium salt (230 mmol, 59.1 g, 1.0 equiv.).
Then stirred the reaction mixture at -40 <C for 2 hours. Redistillation of the mixture afforded
22.5 mL HFIP-d1 (HFIP-OD) which was applied in the HIE reaction of electron-rich aromatic

compounds.

101



EXPERIMENTAL SECTION

4. General Procedures

GP1: General Procedures for Electrochemical para-Selective HIE of Aniline Derivatives

Ho~ C(+)IC(-), 10 mA D~
| nBu4NBr (0.9 equiv.) |
o' g FsNR
R" IIR' D,O (10 equiv.) R" Iy
nBusN (1.0 equiv.) R

CD4CN, Ar, 4 h

An IKA glassware was equipped with a proper magnetic stir bar and two graphite electrodes
(each 5.3 cm X 0.8 cm X 0.2 cm). The glassware was charged with nBusNBr (0.18 mmol,
58.0 mg, 0.9 equiv.) and then flushed with argon, followed by the sequential addition via
syringe of CD3CN (2.5 mL), aniline substrates (0.2 mmol, 1.0 equiv.), D20 (2.0 mmol, 40.0
mg, 10.0 equiv.), and tributylamine (nBusN, 0.2 mmol, 40.4 mg, 1.0 equiv.). After piercing
the septum with a nitrogen-filled balloon to sustain the argon atmosphere, electrolysis was
initiated to an IKA ElectraSyn 2.0 with constant current electrolysis (I = 10.0 mA) for 4 h at
room temperature (cell voltage for the system is 2.0 to 8.0 V). The electrical input was
removed after a specified time unless noted otherwise. The reaction mixture was concentrated
under reduced pressure. The residue was chromatographed through silica gel eluting with

ethyl acetate/hexanes to give the deuterated product.

GP2: General Procedures for the HIE of Anilines and Phenols in Microstructured,

Fluorinated Environments

NS nBusNPF (30 mol %) < (TX
= ¢
Dn

D,0 (6.0 equiv.)
HFIP-d; (0.2 M), r.t.,, 48 h

X=OH, NH,
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To an oven dried Schlenk tube equipped with a stir-bar, phenol or aniline (0.2 mmol, 1.0
equiv.), nBusNPFs (0.06 mmol, 23.2 mg, 30 mol %), D20 (1.2 mmol, 24.0 mg, 6.0 equiv.) in
1.0 mL HFIP-d1were added and stirred for 48 h. Then the mixture was quenched with 5.0 mL
NaHCOs (aqg), and extracted with ethyl acetate (3 > 5.0 mL). The organic mixture was
concentrated under vacuum, and the crude product was purified by flash chromatography on
silica gel with petroleum ether/ethyl acetate (99/1 to 95/5) as an eluent to afford the

deuterated product.
GP3: General Procedures for the HIE of Anisole Derivatives in Microstructured,
Fluorinated Environments

OMe

ot A nBuyNPFg (10 mol %) < (TOMG
, > i
Z D,0 (6.0 equiv.) K;\/

HFIP-d, (0.2 M), .t., 48 h D

n

To an oven dried Schlenk tube equipped with a stir-bar, anisole (0.2 mmol, 1.0 equiv.),
nBusNPFs (0.02 mmol, 7.7 mg, 10 mol %), D20 (1.2 mmol, 24.0 mg, 6.0 equiv.) in 1.0 mL
HFIP-d1 were added and stirred for 48 h. Then the mixture Quenched with 5.0 mL NaHCOs3
(ag) and extracted with ethyl acetate (3 > 5.0 mL). The organic mixture was concentrated
under a vacuum, and the crude product was purified by flash chromatography on silica gel

with petroleum ether/ethyl acetate (99/1 to 98/2) as an eluent to afford the deuterated product.

GP4: General Procedures for the HIE of Heterocyclic Compounds in Microstructured,

Fluorinated Environments

N Me4NPFg (10 mol %) Rﬁ’ N | \(D”
R L\ | > [N )
Y D,O (12.0 equiv.) STy
HFIP-d4 (0.2 M), rt., 40 h

Y=NR, O, S
To an oven dried Schlenk tube equipped with a stir-bar, heterocyclic compound (0.2 mmol,

1.0 equiv.), MesNPFs (0.02 mmol, 4.4 mg, 10 mol %), D20 (2.4 mmol, 48 mg, 12 equiv.) in
1.0 mL HFIP-d1 were added and stirred for 40 h. Then the mixture Quenched with 5.0 mL
NaHCOs (aqg), and extracted with ethyl acetate (3 > 5.0 mL). The organic mixture was
concentrated under a vacuum, and the crude product was purified by flash chromatography
on silica gel with petroleum ether/ethyl acetate (99/1 to 98/2) as an eluent to afford the

deuterated product.

GP5: General Procedure for the Fluorocyclization Reaction of N-Allylcarboxamides
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[
0 F
tBu/©/ (20 mol%) {
)

o
o
N NN Pt(+)[Pt(-), 8 mA, 2.4 F/mol -
i N .
R—r H n > 1 A N
Z Py- HF (0.4 mL) RE
n=1,2

DCM (3.6 mL), r.t., 4 h

A Teflon® undivided cell equipped with a platinum anode (1 x 1.2 cm?) and a platinum
cathode (1 x 1.2 cm?) was charged with DCM (3.6 mL) followed by addition of 4-tert-
butyliodobenzene (0.1 mol, 26.0 mg, 20 mol %) and the corresponding substrate (0.5 mmol,
1.0 equiv.) added followed by Py HF (0.4 mL). The electrolysis was carried out at room
temperature under constant current (8 mA) until 3.5 F/mol of electricity have passed. The
reaction mixture was poured into 10 mL NaHCOs (aq) and extracted with DCM (3 <15 mL).
The combined organic layer was washed with brine (15 mL), dried over Na2SOs4, and the
solvent was removed under reduced pressure. The products were purified via column

chromatography on silica gel.
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5. HRMS Analysis of Tributylamine Oxidation

Generic Display Report

Analysis Info Acquisition Date 12/13/2022 9:31:52 AM
Analysis Name Di\Data\Service_Q3_22\Gulder_NY5_202_direkt_4_131222.d
Method ESI_service_200.m Operator sb
Sample Name Yang Ni  NY5_202 Instrument micrOTOF
Comment
Intens, +M5, 1.8-1.9min #107-111
x108
4
2422858
3
H/Me
Me N<
~ N\ H
2 186.2215
calcd. for CgHpoN [M+H]" m/z 130.1590
found m/z 130.1588

90.9766 158.9638 226.9515

130.1588

101.0030 ‘ “ ‘ | 294,9404
- - .| 1 LJ,, " L

50 T ' 150 T T T T miz

Bruker Compass DataAnalysis 4.2 printed: 12/13/2022 11:44:03 AM Page 10f 1

HRMS (ESI) analysis was conducted on the reaction mixture following a two-hour model
reaction along the general procedure 1, revealing the detection of the oxidation product
dibutylamine (nBuzNH) derived from tributylamine (nBusN). HRMS (ESI) calcd. for CsH20N
[M+H]* m/z 130.1590, found m/z 130.1588.
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6. Cyclic Voltammograms

Cyclic voltammograms were measured on an ElectraSyn 2.0 from IKA. The working
electrode was a glassy carbon disc, the counter electrode a metal plate with platinum coating
(5.3 cm %x0.8 cm x0.2 cm); a silver wire in an aqueous 3 m KCI solution (Ag/AgCl) acted as
reference electrode. The N-phenylpiperidine 53a (25.0 pmol, 4.0 mg, 1.0 equiv.) and
nBusNPFs (194 mg, 500 pmol, 20 equiv.) were dissolved in DCM (5 mL, 5 mm) and the
cyclic voltammogram was measured with the following parameters: Segment: 3; Initial V:
0.0; Direction: Rising; Upper V: 3.3/4.5; Lower V: -1.0; Final V: 0.0; Sweep [mVs™]: 200.
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E
c
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5
o
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Cyclic voltammograms were measured on an ElectraSyn 2.0 from IKA. The working
electrode was a glassy carbon disc, the counter electrode a metal plate with platinum coating
(5.3 cm %x0.8 cm =0.2 cm); a silver wire in an aqueous 3 m KCI solution (Ag/AgCl) acted as
reference electrode. The 1-(4-bromophenyl)piperidine (54a) (25.0 pmol, 6.0 mg, 1.0 equiv.)
and nBusNPFs (194 mg, 500 pmol, 20 equiv.) were dissolved in DCM (5 mL, 5 mm) and the
cyclic voltammogram was measured with the following parameters: Segment: 3; Initial V:
0.0; Direction: Rising; Upper V: 3.3/4.5; Lower V: -1.0; Final V: 0.0; Sweep [mVs™]: 200.
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7.3'P NMR spectra of POF; and POF; with DO
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Figure 19. *'P-NMR of POF;in CDCls.
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Figure 20. **P-NMR of POF; with D;O in CDCl.
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8. Physical and Spectroscopic Data of the Prepared Compounds

[99]

D Deuterated N-phenylpiperidine (d-53a) was obtained from N-
\©\N phenylpiperidine (53a, 32.6 mg, 0.200 mmol, spectroscopic data in

d-53a accordance with literature®®l) following the general procedure GP1;
colorless liquid (24.0 mg, 0.148 mmol, 74% vyield). *H NMR (400 MHz, CDCls) & 7.29 —
7.22 (m, 2H), 6.98 — 6.92 (m, 2H), 6.85 — 6.79 (m, 0.05H, 95% D), 3.20 — 3.12 (m, 4H), 1.76
—1.67 (m, 4H), 1.62 — 1.54 (m, 2H) ppm; 3C NMR (101 MHz, CDCls) § 152.4, 129.0, 119.0
(t, J = 23.8 Hz), 116.6, 50.8, 25.9, 24.5 ppm; IR (film) ¥max = 2933, 1596, 1493, 1383, 1236,
1131, 594 cm; HRMS (ESI) calcd. for CiiHisDN [M+H]" m/z 163.1340, found m/z
163.1345.

D Deuterated N-phenylpiperidine (d-53b) was obtained from N-
[94]\©N phenylpyrrolidine (53b, 29.8 mg, 0.200 mmol, spectroscopic data in
d-53b accordance with literaturel®®) following the general procedure GP1;
colorless liquid (19.2 mg, 0.130 mmol, 65% yield). *H NMR (400 MHz, CDCls) & 7.31 —
7.25 (m, 2H), 6.73 — 6.69 (m, 0.06H, 94% D), 6.67 — 6.56 (m, 2H), 3.34 — 3.32 (m, 4H), 2.06
— 2.03 (m, 4H) ppm; 3C NMR (101 MHz, CDCls) & 148.1, 129.1, 115.1 (t, J = 24.6 Hz),
111.7, 47.7, 25.6 ppm; IR (KBr) ¥max = 2966, 1603, 1592, 1500, 1485, 1370, 1185, 982, 820,
590 cmt; HRMS (ESI) calcd. for C1o0H13DN [M+H]* m/z 149.1184, found m/z 149.1178.
D Deuterated 4-phenylmorpholine (d-53c) was obtained from 4-
ml@r«\ phenylmorpholine (53c, 33.0 mg, 0.200 mmol, spectroscopic data in
as3c " accordance with literature*>*1) following the general procedure GP1; white
solid (27.2 mg, 0.166 mmol, 83% yield). m.p. = 54 — 56<C (CDCls); *H NMR (300 MHz,
CDCls) 6 7.34 — 7.27 (m, 2H), 6.97 — 6.89 (m, 2.02H, 98% D), 3.92 — 3.81 (m, 4H), 3.22 —
3.12 (m, 4H) ppm; 3C NMR (75 MHz, CDCls) & 151.4, 129.2, 119.7 (t, J = 24.7 Hz), 115.8,
67.0, 49.5 ppm; IR (film) ¥max = 3416, 2855, 1594, 1495, 1448, 1259, 1230, 1120, 925, 845,
619 cm™; HRMS (ESI) calcd. for C10H13DNO [M+H]*" m/z 165.1133, found m/z 165.1126.
D Deuterated 4-phenylthiomorpholine (d-53d) was obtained from
WF@,«\ 4-phenylthiomorpholine (53d, 33.0 mg, 0.200 mmol, spectroscopic data in
@53 " aceordance with literaturet*>41) following the general procedure GP1; white

solid (28.4 mg, 0.158 mmol, 79% vyield). m.p. = 32 — 34<C (CDCIls3); *H NMR (400 MHz,
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CDCl3) 6 7.32 — 7.23 (m, 2H), 6.94 — 6.84 (m, 2.03H, 97% D), 3.59 — 3.52 (m, 4H), 2.80 —
2.72 (m, 4H) ppm; 3C NMR (101 MHz, CDCls) § 151.5, 129.3, 119.6 (t, J = 24.8 Hz), 117.3,
52.3, 27.0 ppm; IR (film) ¥max = 3433, 2814, 1593, 1494, 1381, 1195, 893, 600 cm™*; HRMS
(ESI) calcd. for C10H13DNS [M+H]" m/z 181.0904, found m/z 181.0904.

5 Deuterated 4-methyl-1-phenylpiperidine (d-53e) was obtained from 4-
[93]\©N methyl-1-phenylpiperidine (53e, 33.0 mg, 0.200 mmol, spectroscopic data
CLMB in accordance with literature*>*) following the general procedure GP1;
e colorless liquid (21.0 mg, 0.120 mmol, 60% yield). *H NMR (400 MHz,
CDCl3) 6 7.31 — 7.25 (m, 2H), 7.01 — 6.95 (m, 2H), 6.87 — 6.83 (m, 0.07H, 93% D), 3.73 —
3.63 (M, 2H), 2.76 — 2.69 (m, 2H), 1.82 — 1.72 (m, 2H), 1.65 — 1.48 (m, 1H), 1.46 — 1.32 (m,
2H), 1.02 (d, J = 6.5 Hz, 3H) ppm; 13C NMR (101 MHz, CDCls) § 152.0, 129.0, 118.9 (t, J =
24.6 Hz), 116.6, 50.1, 34.3, 30.9, 22.0 ppm; IR (film) ¥max = 2949, 2922, 1594, 1494, 1384,
1224, 1137, 912, 595 cml; HRMS (ESI) calcd. for C12HisDNNa [M+Na]* m/z 199.1316,
found m/z 199.1316.

D Deuterated 1,4-diphenylpiperidine (d-53f) was obtained from
[90]\©\N 1,4-diphenylpiperidine (53f, 47.8 mg, 0.200 mmol, spectroscopic data in
d-53f Phaccordance with literaturel*>!l) following the general procedure GP1;
white solid (31.9 mg, 0.134 mmol, 67% yield). m.p. = 82 — 84<C (CDCIls3); *H NMR (400
MHz, CDCls) 6 7.38 — 7.20 (m, 7H), 7.05 — 6.98 (m, 2H), 6.95 — 6.86 (m, 0.01H, 90% D),
3.87 —3.81 (m, 2H), 2.88 — 2.81 (m, 2H), 2.73 — 2.61 (m, 1H), 2.03 — 1.91 (m, 4H) ppm; *C
NMR (101 MHz, CDCls) 3 152.0, 146.3, 129.1, 128.6, 127.0, 126.4, 119.4 (t, J = 26.6 Hz),
116.8, 50.7, 42.7, 33.5 ppm; IR (film) ¥max = 3432, 2804, 1594, 1493, 1384, 1213, 1016, 918,
699, 605, 515 cm™; HRMS (ESI) calcd. for C17H1sDN [M+H]* m/z 239.1653, found m/z

239.1658.

5 Deuterated 8-phenyl-1,4-dioxa-8-azaspiro[4.5]decane (d-53g) was
l931\©N obtained from 8-phenyl-1,4-dioxa-8-azaspiro[4.5]decane (539, 44.2 mg,
le) 0.200 mmol, spectroscopic data in accordance with literaturel*>4)

d-53g o
following the general procedure GP1; colorless liquid (30.8 mg, 0.140
mmol, 70% yield). 'H NMR (400 MHz, CDClz) 6 = 7.29 — 7.23 (m, 2H), 6.99 — 6.93 (m, 2H),
6.87 — 6.81 (m, 0.07H, 93% D), 4.00 (s, 4H), 3.37 — 3.30 (m, 4H), 1.89 — 1.82 (m, 4H) ppm;
13C NMR (101 MHz, CDCls) 6 151.1, 129.1, 119.3 (t, J = 24.3 Hz), 116.7, 107.3, 64.4, 47.9,
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34.7 ppm; IR (film) ¥max = 3433, 2957, 1594, 1495, 1228, 1143, 1104, 1036, 598 cm™;
HRMS (ESI) calcd. for C13H17DNO2 [M+H]* m/z 221.1395, found m/z 221.1393.

Deuterated ethyl 4-phenylpiperazine-1-carboxylate (d-53h) was

D
[92]\©\N/\ obtained from ethyl 4-phenylpiperazine-1-carboxylate (53h, 47.2 mg,
K/N\n/oEt 0.200 mmol, spectroscopic data in accordance with literaturel*>®)
d-53h O

following the general procedure GP1; colorless liquid (33.4 mg, 0.142
mmol, 71% yield). *H NMR (300 MHz, CDCl3) & 7.29 — 7.20 (m, 2H), 6.97 — 6.79 (m, 2.08H,
92% D), 4.14 (q, J = 7.1 Hz, 2H), 3.67 — 3.53 (m, 4H), 3.15 — 3.07 (m, 4H), 1.25 (t, J = 7.1
Hz, 3H) ppm; 3C NMR (75 MHz, CDCls) & 155.6, 151.4, 129.3, 120.2 (t, J = 24.0 Hz),
116.8, 61.6, 49.6, 43.8, 14.8 ppm; IR (film) ¥max = 2981, 1700, 1596, 1496, 1432, 1248,
1231,1125, 600 cm™*; HRMS (ESI) calcd. for C13H18DN202 [M+H]* m/z 236.1504, found
m/z 236.1507.

b Deuterated ethyl furan-2-yl(4-phenylpiperazin-1-yl)methanone
”‘”ON/\ N (d-53i) was obtained from ethyl furan-2-yl(4-phenylpiperazin-1-
K/Nj(Q yl)methanone (53i, 51.6 mg, 0.200 mmol, spectroscopic data in
assi O accordance with literaturel**®l) following the general procedure GP1;
colorless liquid (29.8 mg, 0.116 mmol, 58% vyield). *H NMR (400 MHz, CDCls) & 7.52 —
7.49 (m, 1H), 7.32 — 7.26 (m, 2H), 7.06 — 7.03 (m, 1H), 6.97 — 6.87 (M, 2.26H, 74% D), 6.51
— 7.48 (M, 1H), 4.05 — 3.86 (M, 4H), 3.28 — 3.20 (m, 4H) ppm; *C NMR (101 MHz, CDCls)
6 159.2, 151.0, 148.0, 143.9, 129.3, 129.2, 120.4 (t, J = 26.6 Hz), 116.7, 116.7, 111.5, 49.8
ppm; IR (film) ¥mex = 2819, 1625, 1595, 1492, 1436, 1283, 1233, 1184, 1018, 754, 597 cm™?;
HRMS (ESI) calcd. for C1sH16DN202 [M+H]* m/z 258.1347, found m/z 258.1350.

Deuterated 1-phenylpiperidine-4-carbonitrile (d-53j) was obtained

D
[85@,&[93] from 1-phenylpiperidine-4-carbonitrile (53j, 37.8 mg, 0.200 mmol,

-y spectroscopic data in accordance with literaturel™®) following the

d-53j

general procedure GP1; colorless liquid (25.2 mg, 0.134 mmol, 67%
yield). *H NMR (400 MHz, CDClz) & 7.30 — 7.22 (m, 2H), 6.95 — 6.85 (m, 2.15H, 85% D),
3.45-3.35 (m, 2H), 3.11 - 3.01 (m, 2H), 2.78 — 2.72 (m, 0.07H, 93% D), 2.10 — 1.91 (m, 4H)
ppm; *C NMR (101 MHz, CDCls) § 151.2, 129.2, 121.5, 120.2 (t, J = 24.2 Hz), 117.0, 48.2,
28.5, 26.0 (t, J = 28.7 Hz) ppm; IR (film) ¥max = 2955, 2814, 2239, 1594, 1495, 1386, 1232,
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913, 601 cm™; HRMS (ESI) calcd. for Ci2H13D2N2 [M+H]* m/z 189.1355, found m/z
189.1350.

b Deuterated N,N-dimethylaniline (d-53k) was obtained from N,N-
[BS]QNIMe dimethylaniline (53k, 24.6 mg, 0.200 mmol, spectroscopic data in accordance
asae M with literaturel*>) following the general procedure GP1; colorless liquid
(13.4 mg, 0.110 mmol, 55% vyield). *H NMR (400 MHz, CDClzs) & 7.29 — 7.22 (m, 2H), 6.79
—6.70 (m, 2.15H, 85% D), 2.95 (s, 6H) ppm; *C NMR (101 MHz, CDCIs) & 150.8, 129.0,
116.6 (t, J = 26.3 Hz), 112.8, 40.8 ppm; IR (film) ¥max = 2883, 1680, 1599, 1501, 1347, 593

cmt; HRMS (ESI) calcd. for CsH1:DN [M+H]+ m/z 123.1027, found m/z 123.1026.

5 Deuterated N,N-dimethylaniline (d-53I) was obtained from N,N-
[93]\©N)M\e diisopropylaniline (53l, 35.8 mg, 0.200 mmol, spectroscopic data in
we  accordance with literaturel®>) following the general procedure GP1;

d-53l colorless liquid (20.6 mg, 0.116 mmol, 58% yield). *H NMR (400 MHz,
CDCl3) § 7.23 — 7.18 (m, 2H), 6.94 — 6.89 (m, 2H), 6.81 — 6.78 (m, 0.07H, 93% D), 3.85 —
3.71 (m, 2H), 1.22 (d, J = 6.8 Hz, 12H) ppm: 3C NMR (101 MHz, CDCls) & 148.2, 128.4,
119.6, 118.4 (t, J = 24.7 Hz), 47.7, 21.5 ppm; IR (film) ¥max = 2969, 1596, 1497, 1282, 595
cmt; HRMS (ESI) calcd. for C12H1sDN [M+H]" m/z 179.1653, found m/z 179.1653.
[QO]D\©\ Deuterated N,N-dimethylaniline (d-53m) was obtained from N,N-

v

\ e dibutylaniline (53m, 41.4 mg, 0.200 mmol, spectroscopic data in accordance

nBu

d-53m with literaturel®>) following the general procedure GP1; colorless liquid

(31.3 mg, 0.152 mmol, 76% yield). 'H NMR (400 MHz, CDCls) & 7.25 — 7.18 (m, 2H), 6.70
—6.61 (m, 2.10H, 90% D), 3.32 — 3.24 (m, 4H), 1.65 — 1.53 (m, 4H), 1.45 — 1.31 (m, 4H),
1.02 - 0.92 (m, 6H) ppm; **C NMR (101 MHz, CDClz) & 148.4, 129.2, 115.0 (t, J = 25.0 Hz),
111.9, 50.9, 29.6, 20.5, 14.2 ppm; IR (film) ¥ymax = 2957, 2932, 1597, 1499, 1368, 820, 589
cm; HRMS (ESI) calcd. for C1sH2sDN [M+H]* m/z 207.1966, found m/z 207.1968.

5 Deuterated N-butyl-N-methylaniline (d-53n) was obtained from N-
[861\©N/\/\Me butyl-N-methylaniline (53n, 33.0 mg, 0.2 mmol, spectroscopic data in

Me accordance with literaturel)) following the general procedure GP1;
colorless liquid (19.0 mg, 0.116 mmol, 58% yield). *H NMR (300 MHz,

d-53n
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CDCl3) 6 7.32 — 7.22 (m, 2H), 6.82 — 6.69 (m, 2.15H, 86% D), 3.42 — 3.31 (m, 2H), 2.97 (s,
3H), 1.68 — 1.54 (m, 2H), 1.48 — 1.32 (m, 2H), 1.00 (t, J = 7.3 Hz, 3H); 3C NMR (75 MHz,
CDCl3) 8 149.5, 129.2, 115.8 (t, J = 24.7 Hz), 112.2, 52.6, 38.4, 29.0, 20.5, 14.1 ppm; IR
(film) Vmax = 2957, 1598, 1500, 1371, 1206, 822, 590 cm™?; HRMS (ESI) calcd. for
C11H17DN [M+H]* m/z 165.1497, found m/z 165.1507.

D Deuterated N-methyl-N-octylaniline (d-530) was obtained
MP@\(\/\/\/\MQ from N-methyl-N-octylaniline (530, 44.2 mg, 0.200 mmol,
Me spectroscopic data in accordance with literature™®)) following

e the general procedure GP1; colorless liquid (27.3 mg, 0.124
mmol, 62% yield). *H NMR (400 MHz, CDClz) 6 7.29 — 7.21 (m, 2H), 6.75 — 6.66 (m, 2.09H,
91% D), 3.35 — 3.29 (m, 2H), 2.94 (s, 3H), 1.44 — 1.25 (m, 12H), 0.97 — 0.89 (m, 3H) ppm;
13C NMR (101 MHz, CDCls) 6 149.5, 129.1, 115.7 (t, J = 24.6 Hz), 112.2, 53.0, 38.4, 32.0,
29.7, 29.5, 27.4, 26.8, 22.8, 14.2 ppm; IR (film) ¥max = 2926, 2853, 1598, 1500, 1372, 821,

590 cm'L; HRMS (ESI) calcd. for CisH2sDN [M+H]* m/z 221.2123, found m/z 221.2119.

Deuterated 1-(2,5-dimethylphenyl)piperidine (d-53p) was obtained from

[BQ]D@ 1-(2,5-dimethylphenyl)piperidine (53p, 38.2 mg, 0.200 mmol, spectroscopic

N data in accordance with literature™8l) following the general procedure GP1;

colorless liquid (29.3 mg, 0.154 mmol, 77% yield). *"H NMR (400 MHz,

CDCls) 8 7.11 (d, J = 3.8 Hz, 1H), 6.88 (d, J = 3.8 Hz, 1H), 6.85 — 6.80 (m, 0.11H, 89%),

2.93 - 2.86 (m, 4H), 2.36 (s, 3H), 2.32 (s, 3H), 1.82 — 1.72 (m, 4H), 1.68 — 1.58 (m, 2H) ppm;

13C NMR (101 MHz, CDCls) § 152.9, 135.9, 130.7, 129.5, 123.1 (t, J = 23.8 Hz), 119.9, 53.5,

26.8, 24.6, 21.3, 17.6 ppm; IR (film) ¥ymax = 2933, 1603, 1492, 1382, 1238, 1112, 865, 683
cmt; HRMS (ESI) caled. for C1sH1sDN [M+H]* m/z 191.1653, found m/z 191.1656.

OMe Deuterated 1-(2,5-dimethylphenyl)piperidine (d-53q) was obtained from

D
(93] 1-(2,5-dimethoxyphenyl)piperidine (539, 44.6 mg, 0.200 mmol,
OMe L spectroscopic data in accordance with literaturel**®) following the general

d-53q procedure GP1; yellow liquid (28.9 mg, 0.130 mmol, 65% yield). 'H NMR
(400 MHz, CDCl3) § 6.74 (s, 1H), 6.56 (s, 1H), 6.47 (s, 0.08H, 93% D), 3.82 (s, 3H), 3.76 (s,
3H), 3.02 — 2.93 (m, 4H), 1.49 — 1.70 (m, 4H), 1.61 — 1.52 (m, 2H) ppm; 3C NMR (101
MHz, CDCls) 6 154.1, 146.9, 144.0, 111.8, 106.6, 104.8 (t, J = 28.0 Hz), 56.0, 55.6, 52.2,
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26.4, 24.5 ppm; IR (film) ¥max = 2933, 1605, 1497, 1224, 1203, 1055, 1029 cm™; HRMS
(ESI) calcd. for C13H19sDNO2 [M+H]" m/z 223.1551, found m/z 223.1556.

oPh Deuterated 1-(3-phenoxyphenyl)piperidine (d-53r) was obtained from 1-
6] (3-phenoxyphenyl)piperidine (53r, 51.0 mg, 0.200 mmol, spectroscopic data
in accordance with literature*®%) following the general procedure GP1;
colorless liquid (37.6 mg, 0.148 mmol, 74% vyield). 'H NMR (400 MHz,
CDCls) 6 7.36 — 7.30(m, 2H), 7.23 — 7.16 (m, 1H), 7.13 — 7.06 (m, 1H), 7.06 — 7.00 (m, 2H),
6.70 (dd, J = 8.9, 2.4 Hz, 1H), 6.65 — 6.63 (m, 1H), 6.48 — 6.43 (m, 0.24H, 76% D), 3.22 —
3.12 (m, 4H), 1.75 — 1.65 (m, 4H), 1.64 — 1.54 (m, 2H) ppm; 3C NMR (101 MHz, CDCls) &
158.0, 157.7, 153.8, 129.9, 129.7, 122.9, 118.7, 111.4, 109.4 (t, J = 24.8 Hz), 107.2, 50.4,
25.8, 24.4 ppm; IR (film) Vvmax = 2934, 1590, 1567, 1488, 1248, 1219, 1125, 970, 755,

691cm™; HRMS (ESI) calcd. for C17H1o0DN [M+H]" m/z 255.1602, found m/z 255.1604.

d-53r

o Deuterated 1-(3-chlorophenyl)piperidine (d-53s) was obtained from 1-(3-

i89] chlorophenyl)piperidine (53s, 39.4 mg, 0.2 mmol, spectroscopic data in

\ accordance with literaturet*®) following the general procedure GP1;

colorless liquid (25.1 mg, 0.128 mmol, 64% yield). ‘H NMR (400 MHz,
CDCls) 6 7.18 — 7.12 (m, 1H), 6.91 — 6.87 (m, 1H), 6.83 — 6.78 (m, 1.11H, 89% D), 3.21 —
3.13 (m, 4H), 1.75 — 1.65 (m, 4H), 1.65 — 1.55 (m, 2H) ppm; 2*C NMR (101 MHz, CDCls) &
153.2, 134.9, 130.0, 118.4 (t, J = 25.8 Hz), 116.4, 114.4, 50.2, 25.7, 24.4 ppm; IR (film) ¥max
= 2935, 1591, 1478, 1450, 1383, 1237, 937 cm*; HRMS (ESI) calcd. for C11H14DCIN
[M+H]" m/z 197.0950, found m/z 197.0961.

d-53s

Deuterated 1-(3-(methylthio)phenyl)piperidine (d-53t) was obtained from

SMe
5] 1-(3-(methylthio)phenyl)piperidine (53t, 41.8 mg, 0.2 mmol, spectroscopic
D data in accordance with literaturel*62) following the general procedure GP1;

" Colorless liquid (29.1 mg, 0.140 mmol, 70% yield). H NMR (400 MHz,
CDCls) § 7.20— 7.14 (m, 1H), 6.88 — 6.83 (m, 1H), 6.77 — 6.70 (m, 1.05H, 95% D), 3.19 —
3.14 (m, 4H), 2.48 (s, 3H), 1.74 — 1.68 (m, 4H), 1.62 — 1.55 (m, 2H) ppm: 3C NMR (101
MHz, CDCls) 6 152.6, 138.9, 129.3, 117.1 (t, J = 24.6 Hz), 114.9, 113.6, 50.6, 25.9, 24.4,
16.1 ppm; IR (film) ¥max = 2934, 1584, 1464, 1450, 1236, 938, 732 cm™t; HRMS (ESI) calcd.

for C12H17DNS [M+H]" m/z 209.1217, found m/z 209.1215.
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D Deuterated 1-(5,6,7,8-tetrahydronaphthalen-1-yl)piperidine (d-53u) was
[92]51,0 obtained from 1-(5,6,7,8-tetrahydronaphthalen-1-yl)piperidine (53u, 43.4

42530 mg, 0.2 mmol, spectroscopic data in accordance with literaturel>®)
following the general procedure GP1; yellow solid (31.1 mg, 0.144 mmol, 72% yield). m.p. =
39 — 41<C (CDCls); 'H NMR (400 MHz, CDClz) 6 7.15 (d, J = 7.9 Hz, 1H),6.93 (d, J = 7.8
Hz, 1H), 6.88 (d, J = 7.6 Hz, 0.08H, 92% D), 2.97 — 2.74 (m, 8H), 1.91 — 1.80 (m, 4H), 1.80
—1.72 (m, 4H), 1.69 — 1.60 (m, 2H) ppm; *C NMR (101 MHz, CDCls) § 152.9, 138.0, 132.7,
125.7, 123.8 (t, J = 24.1 Hz), 116.4, 53.7, 29.8, 26.9, 25.2, 24.7, 23.4, 23.3 ppm; IR (film)
Vmax = 2931, 1579, 1457, 1449, 1234, 828, 660 cm™; HRMS (ESI) calcd. for CisH21DN

[M+H]" m/z 217.1810, found m/z 217.1818.

D Deuterated Julolidine (d-53v) was obtained from Julolidine (53v, 35.0 mg,
[92]\%‘] 0.2 mmol, spectroscopic data in accordance with literaturel*4l) following the
o general procedure GP1; yellow liquid (29.6 mg, 0.170 mmol, 85% vyield). ‘H
NMR (400 MHz, CDCIs) 8 6.79 (s, 2H), 6.54 — 6.47 (m, 0.08H, 92% D), 3.18

—3.10 (m, 4H), 2.85 — 2. 65 (m, 4H), 2.05 — 1.84 (m, 4H) ppm; *C NMR (101 MHz, CDCls)
6 143.1, 127.0, 121.7, 115.8 (t, J = 26.5 Hz), 50.2, 27.8, 22.3 ppm; IR (film) ¥max = 2932,
1591, 1491, 1459, 1307, 1200, 728, 641 cm':; HRMS (ESI) calcd. for C12H1sDN [M+H]*

m/z 175.1340, found m/z 175.1343.

D O Deuterated 1-(naphthalen-1-yl)piperidine (d-53w) was obtained from 1-
[96]
NO (naphthalen-1-yl)piperidine (53w, 42.6 mg, 0.2 mmol, spectroscopic data in

53w accordance with literaturel®®l) following the general procedure GP1;
colorless liquid (30.1 mg, 0.156 mmol, 78% yield). *H NMR (400 MHz, CDCls) & 8.34 —
8.25 (m, 1H), 7.91 — 7.83 (m, 1H), 7.61 — 7.41 (m, 3.04H, 96% D), 7.13 — 7.10 (m, 1H), 3.12
(s, 4H), 1.98 — 1.87 (m, 4H), 1.73 (s, 2H) ppm: 3C NMR (101 MHz, CDCls) § 151.2, 134.8,
129.3, 128.4, 125.9, 125.8, 125.2, 124.0, 122.7 (t, J = 24.4 Hz), 114.6, 54.8, 26.8, 24.8 ppm;
IR (film) ¥max = 2933, 1582, 1388, 1224, 1112, 766 cm't; HRMS (ESI) calcd. for C1sHi7DN

[M+H]" m/z 213.1497, found m/z 213.1495.

Br 1-(4-Bromophenyl)piperidine (54a). *H NMR (400 MHz, CDCl3) & 7.34 —
\QNO 7.28 (m, 2H), 6.82 — 6.76 (m, 2H), 3.14 — 3.10 (m, 4H), 1.72 — 1.66 (m, 4H),
1.61 - 1.53 (m, 2H) ppm; 3C NMR (101 MHz, CDCls) & 151.3, 131.9, 118.1,

54a
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111.2, 50.6, 25.8, 24.3 ppm; IR (film) Ymax = 3423, 2940, 1589, 1494, 1244, 1222, 1128, 916,
808, 638, 515 cm™; HRMS (ESI) calcd. for C11H15°BrN [M+H]" m/z 240.0383, found m/z
240.0387; C11H1s®'BrN [M+H]* m/z 242.0362, found m/z 242.0372.

The spectroscopic data are in accordance with those reported in the literature.[*6l

OH Deuterated o-Cresol (d-59a) was obtained from o-Cresol (59a, 22.0 mg,

Me P13 9,200 mmol, spectroscopic data in accordance with literaturel??l) following the

> (o3] general procedure GP2; colorless liquid (21.1 mg, 0.192 mmol, 96% yield). *H

d-59 NMR (400 MHz, CDCls) & 7.15 — 7.12 (m, 1H), 7.09 (s, 1H), 6.88 — 6.83 (m,
0.07H, 93% D), 6.80 — 6.76 (m, 0.07H; 93% D), 4.13 (s, 1H), 2.26 (d, J = 0.7 Hz, 3H) ppm;
13C NMR (101 MHz, CDCIs) § 154.1, 131.4, 127.3, 124.4, 120.8 (t, J = 24.6 Hz), 115.0 (t, J
= 24.2 Hz), 16.1 ppm; IR (film) ¥max = 3397, 1592, 1464, 1242, 1108, 843, 752 cm™*; HRMS

(EI) calcd. for C7HsD20 [M]" m/z 110.0701, found m/z 110.0699.

OH Deuterated phenol (d-59b) was obtained from phenol (59b, 19.4 mg, 0.200
[50] D[so1 mmol, spectroscopic data in accordance with literature?®l) following the

D [74] general procedure GP2; colorless liquid (18.4 mg, 0.190 mmol, 95% vyield). 'H

d-59b NMR (400 MHz, CDClIs) 8 7.30 — 7.20 (m, 2H), 6.97 — 6.91 (m, 0.26H, 74%
D), 6.88 — 6.83 (m, 1.07H, 50% D), 4.80 (s, 1H) ppm; 3C NMR (101 MHz, CDCls) § 155.3
(t, J = 4.0 Hz), 129.3 (t, J = 10.8 Hz), 120.3 (t, J = 24.9 Hz), 115.05 (t, J = 24.1 Hz) ppm; IR
(film) ¥max = 3433, 1632, 1383, 1081, 1054, 601 cm™; HRMS (EI) calcd. for CeH3D30 [M]*
m/z 97.0607, found m/z 97.0612.

pDe; Deuterated 3,5-dimethylphenol (d-59¢) was obtained from 3,5-
" dimethylphenol (59c, 24.8 mg, 0.200 mmol, spectroscopic data in accordance
[96[1) Me [361 with literaturel??l) following the general procedure GP2; colorless liquid (35.8

@39 mg, 0.190 mmol, 95% yield). 'TH NMR (400 MHz, CDCls) § 6.60 — 6.56 (m,
0.04 H, 96% D), 6.46 (s, 0.08 H, 96% D), 4.58 (s, 1H), 2.27 (s, 6H) ppm; **C NMR (101
MHz, CDCls) & 155.8, 139.8, 122.7 (t, J = 24.7 Hz), 113.2 (t, J = 23.8 Hz), 21.6 ppm; IR
(film) ¥max = 3364, 3433, 2920, 1609, 1580, 1311, 1052 cm™*; HRMS (ESI) calcd. for
CsHeD3O [M-H] m/z 124.0847, found m/z 124.0844.
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oh Mo Deuterated 2-isopropylphenol (d-59d) was obtained from 2-isopropylphenol

[gﬁ’] vme (59d, 27.4 mg, 0.200 mmol, spectroscopic data in accordance with

| literature!?®1) following the general procedure GP2; colorless liquid (25.1 mg,

d-59d 0.182 mmol, 91% vyield). *H NMR (400 MHz, CDCl3) § 7.24 —7.19 (m, 1H),
7.07 (s, 1H), 6.95 — 6.91 (m, 0.10H, 90% D), 6.77 — 6.73 (m, 0.09H, 91% D), 4.22 (s, 1H),
3.22 (hept, J = 6.9 Hz, 1H), 1.27 (d, J = 6.9 Hz, 6H) ppm; *C NMR (101 MHz, CDClz) §
152.5, 134.2, 126.2, 126.1, 120.4 (t, J = 24.5 Hz), 114.6 (t, J = 23.4 Hz), 26.8, 22.4 ppm; IR
(film) Vmax = 3440, 2956, 2919, 2850, 1464, 1382, 602 cm™; HRMS (ESI) calcd. for

CoH9D20 [M-H] m/z 137.0941, found m/z 137.09309.

OH Deuterated 2-methoxy-4-methylphenol (d-59e) was obtained from 2-
Me© ® ros] methoxy-4-methylphenol (59e, 28.2 mg, 0.200 mmol, spectroscopic data in
[53]D Ve PBI accordance with literaturel®l) following the general procedure GP2;

d-59¢ colorless liquid (25.1 mg, 0.178 mmol, 89% yield). 'H NMR (400 MHz,
CDClIs) 6 6.82 (s, 0.47H, 53% D), 6.69 (s, 0.19H, 81% D), 6.70 — 6.64 (m, 0.05H, 95% D),
5.50 — 5.45 (m, 1H), 3.88 (s, 3H), 2.30f (s, 3H) ppm; *C NMR (101 MHz, CDCls) & 146.4,
143.4,129.6, 121.9 — 120.4 (m), 114.2 (t, J = 24.1 Hz), 111.6 (t, J = 23.8 Hz), 56.0, 21.1 ppm;
IR (film) ¥max = 3509, 3445, 2940, 1596, 1482, 1440, 1348, 1267, 1224, 1078, 1056, 742,
537 cm™t; HRMS (EI) calcd. for CsH7D302 [M]* m/z 141.0869, found m/z 141.0864.

o [74] Deuterated 3,4,5-trimethoxyphenol (d-59f) was obtained from 3,4,5-
trimethoxyphenol (59f, 28.2 mg, 0.200 mmol, spectroscopic data in
Sue 174 @accordance with literature>?) following the general procedure GP2; white

d-50f solid (33.1 mg, 0.178 mmol, 89% yield). m.p. = 144 — 146<C (CDCls); *H
NMR (400 MHz, CDCIs) § 6.11 (s, 0.52H, 74% D), 3.76 (s, 9H), 3.05 (s, 1H) ppm; 3C
NMR (101 MHz, CDClIs) 6 153.8, 152.8, 152.8, 152.7, 131.6, 92.8 (t, J = 24.0 Hz), 61.2,
56.1 ppm; IR (film) ¥max = 3357, 3271, 1611, 1596, 1417, 1195, 1132, 1011, 990 cm™;

HRMS (ESI) calcd. for CoH10D20sNa [M+Na]*™ m/z 209.0753, found m/z 209.0759.

OH Deuterated 3-phenylphenol (d-59g) was obtained from 3-phenylphenol
(85] D[87] (599, 34.6 mg, 0.200 mmol, spectroscopic data in accordance with

(86 " literature™®) following the general procedure GP2; white solid (31.8 mg,

d-59
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0.184 mmol, 92% vield). m.p. = 74 — 76 (CDCls); 'H NMR (400 MHz, CDCls) & 7.59 —
7.55 (m, 2H), 7.46 — 7.41 (m, 2H), 7.38 — 7.33 (m, 1H), 7.34 — 7.28 (m, 1H), 7.17 (d, J = 7.7
Hz, 0.14H, 86% D), 7.07 (s, 0.13H, 87% D), 6.82 (d, J = 8.1 Hz, 0.15H, 85% D), 4.77 (s, 1H)
ppm; 3C NMR (101 MHz, CDCls) § 155.9, ,143.0, 140.8, 130.0, 128.9, 127.6, 127.2, 119.5
(t, J = 24.5 Hz), 114.3 (t, J = 10.5 Hz), 113.8 (t, J = 12.2 Hz) ppm; IR (film) ¥max = 3335,
1561, 1438, 1400, 1206, 757, 696, 540 cm™; HRMS (EI) calcd. for Ci2H7D30 [M]* m/z
173.0920, found m/z 173.0922.

851 D oH b 1531 Deuterated  3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenol
O e (d-59h) was obtained from 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

B6] D O MZ"e yl)phenol (59h, 44.6 mg, 0.200 mmol, spectroscopic data in accordance
doon M with literaturel®l) following the general procedure GP2; white solid
(37.0 mg, 0.166 mmol, 83% vield). m.p. = 61 — 69T (CDCls): 'H NMR (400 MHz, CDCls)
6 7.38 (d, J =7.3 Hz, 0.15H, 85% D), 7.28 — 7.24 (m, 1.47H, 53% D), 6.95 (d, J = 8.1 Hz,
0.14H, 86% D H), 4.83 (s, 1H), 1.34 (s, 12H) ppm; 3C NMR (101 MHz, CDCls) § 155.0,
129.6, 129.3 (t, J = 11.6 Hz), 127.3, 121.1, 118.4, 84.0, 25.0 ppm; IR (film) Vmax = 3372,
1345, 1317, 1134, 969, 850 cm™*; HRMS (EI) calcd. for C12H14D3BOs [M]" m/z 223.1459,

found m/z 223.1466.

B3 Dy Deuterated 4,4'-(propane-2,2-diyl)diphenol (d-59i) was obtained from
"o O Me O 4,4'-(propane-2,2-diyl)diphenol  (59i, 46.0 mg, 0.200 mmol,
Ol e s3] spectroscopic data in accordance with literature™®l) following the
d-59i general procedure GP2; colorless solid (39.9 mg, 0.172 mmol, 86%
yield). m.p. = 151 — 153<C (CDsCOCDs); *H NMR (300 MHz, CD3COCD:3) § 8.06 (s, 2H),
7.05 (s, 4H), 6.75 — 6.70 (m, 0.70H, 83% D), 1.59 (s, 6H) ppm; 3C NMR (101 MHz,
CDsCOCDsg) 6 155.8, 141.8, 128.3, 115.0 (t, J = 24.0 Hz), 42.0, 31.8 ppm; IR (film) ¥max =
3347, 2973, 1588, 1492, 1473, 1410, 1357, 1241, 1200, 826, 759 cm™; HRMS (ESI) calcd.
for C1sHsD402% [M-2H]* m/z 230.1256, found m/z 230.1258.
Deuterated 5,6,7,8-tetrahydronaphthalen-2-ol (d-59j) was obtained from

D
[92;0 5,6,7,8-tetrahydronaphthalen-2-ol (59j, 29.8 mg, 0.200 mmol, spectroscopic
dD_Sngz] data in accordance with literature*%l) following the general procedure GP2;

colorless liquid (27.3 mg, 0.182 mmol, 91% yield). 'H NMR (400 MHz,
CDCls) 6 6.94 (s, 1H), 6.60 (d, J = 8.2 Hz, 0.08H, 92% D), 6.55 (s, 0.08H, 92% D), 4.36 (s,
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1H), 2.80 — 2.62 (m, 4H), 1.84 — 1.71 (m, 4H) ppm; 3C NMR (101 MHz, CDCl3) § 153.1,
138.6, 130.1, 129.5, 115.2 (t, J = 23.8 Hz), 112.7 (t, J = 24.2 Hz), 29.6, 28.7, 23.6, 23.2 ppm:;
IR (film) ¥max = 3267, 2928, 2836, 1603, 1464, 1437, 1422, 1349, 1219, 919, 860, 762 cm™;
HRMS (ESI) calcd. for CioHsD20~ [M-H] 2~ m/z 149.0941, found m/z 149.0939.

D o Deuterated Sesamol (d-59k) was obtained from Sesamol (59k, 27.8 mg,
[43:|OKIO> 0.200 mmol, spectroscopic data in accordance with literaturel!®l) following
:5[::] the general procedure GP2; white solid (26.3 mg, 0.188 mmol, 94% yield).

m.p. = 57 — 59<C (CDCls); *H NMR (400 MHz, CDClz3) & 6.68 — 6.63 (m, 1H), 6.44 — 6.39
(m, 0.13H, 87% D), 6.27 — 6.23 (m, 0.57H, 43% D), 5.91 (s, 2H), 4.63 (s, 1H) ppm; C
NMR (101 MHz, CDCls) 6 150.7, 148.4, 141.7, 108.2 (m), 106.7, 101.3, 98.1 (t, J = 25.1 Hz)
ppm; IR (film) ¥max = 3433, 3233, 1632, 1497, 1460, 1229, 1110, 1052, 928, 794, 734, 591

cmt; HRMS (EI) calcd. for C7H3D203 [M]* m/z 139.0369, found m/z 139,0359.

OH Deuterated 2,2-dimethyl-2,3-dihydrobenzofuran-7-ol (d-591) was
e % Me  obtained from 2,2-dimethyl-2,3-dihydrobenzofuran-7-ol (591, 33.6 mg,
[89) D e " 0.200 mmol, spectroscopic data in accordance with literaturelt6®)
d-59!1 following the general procedure GP2; colorless liquid (30.7 mg, 0.184

mmol, 92% vyield). *H NMR (400 MHz, CDClz) & 6.81 — 6.66 (m, 0.35H, 89% D), 4.87 (s,
1H), 3.05 (s, 2H), 1.50 (s, 6H) ppm; 13C NMR (75 MHz, CDCls)  145.9, 140.4, 127.8, 120.5
(t, J = 24.9 Hz), 116.9 (t, J = 24.6 Hz), 114.5 (t, J = 21.8 Hz), 88.2, 43.6, 28.4 ppm; IR (film)
Vmax = 3408, 2972, 1611, 1458, 1445, 1432, 1292, 877, 793, 586 cm™; HRMS (ESI) calcd.
for C10H10D302 [M+H]* m/z 168.1098, found m/z 168.1089.

OH Deuterated 1-naphthalenol (d-59m) was obtained from 1-naphthalenol
OO oo (59m, 29.0 mg, 0.200 mmol, spectroscopic data in accordance with
D [88] literature[*®l) following the general procedure GP2; yellow solid (27.4 mg,

d-o9m 0.188 mmol, 94% vyield). m.p. = 92 — 94<T (CDCls); 'H NMR (400 MHz,
CDCls) & 8.22 — 8.15 (m, 1H), 7.86 — 7.80 (m, 1H), 7.53 — 7.48 (m, 2H), 7.48 — 7.44 (m,
0.09H, 91% D), 7.35 - 7.29 (m, 1H), 6.82 (d, J = 7.5 Hz, 0.12H, 88% D), 5.26 (s, 1H) ppm;
13C NMR (101 MHz, CDCl3) & 151.4, 134.8, 127.8, 126.6, 125.7, 125.4, 124.4, 121.6, 121.6,
120.6 (t, J = 24.7 Hz), 108.4 (t, J = 24.4 Hz) ppm; IR (film) ¥max = 3319, 1382, 1357, 1054,
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765, 719, 534 cm; HRMS (ESI) calcd. for C10HsD20* [M-H]* m/z 145.0628, found m/z
145.0637.

(83] D Deuterated 2-naphthalenol (d-59n) was obtained from 2-naphthalenol (59n,
OO 290 mg, 0.200 mmol, spectroscopic data in accordance with literaturel*¢®)

4-59n following the general procedure GP2; white solid (24.8 mg, 0.170 mmol, 85%
yield). m.p. = 121 — 123<C (CDCls); 'H NMR (400 MHz, CDCls) 5 7.81 — 7.74 (m, 2H),
7.72 - 6.76 (m, 1H), 7.47 — 7.41 (m, 1H), 7.37 — 7.31 (m, 1H), 7.16 (d, J = 2.5 Hz, 0.17H,
83% D), 7.11 (d, J = 8.9 Hz, 1H), 5.07 (s, 1H) ppm; 3C NMR (101 MHz, CDCls) & 153.4,
134.6, 130.0, 129.1, 127.9, 126.7, 126.5, 123.8, 117.9, 109.5 (t, J = 23.7 Hz) ppm; IR (film)
Umax = 3397, 3389, 1628, 1598, 1466, 1280, 815, 746, 459 cm™; HRMS (ESI) calcd. for

C10HsDO™ [M-H] ~ m/z 144.0565, found m/z 144.0571.

169 OH Igss] Deuterated naphthalene-1,6-diol (d-590) was obtained from naphthalene-
O 1,6-diol (590, 29.0 mg, 0.200 mmol, spectroscopic data in accordance with

" D [90] literature[*®®l) following the general procedure GP2; colorless liquid (30.9
@590 mg, 0.190 mmol, 95% yield). 'H NMR (400 MHz, CD30OD) & 8.04 (d, J =

9.0 Hz, 1H), 7.17 — 7.13 (m, 1H), 7.12 — 7.08 (m, 0.11H, 89% D), 7.04 — 7.01 (m, 0.10H,
90% D), 6.99 (d, J = 9.0 Hz, 1H), 6.60 (d, J = 7.5 Hz, 0.12H, 88% D) ppm; **C NMR (101
MHz, CD3OD) ¢ 156.5, 154.5, 137.9, 127.5, 124.8, 121.1, 118.2 (t, J = 24.5 Hz), 117.6,
109.2 (t, J = 24.9 Hz), 106.2 (t, J = 24.4 Hz) ppm; IR (film) ¥max = 3397, 1632, 1583, 1373,
1201, 1163, 1046, 821 cm:; HRMS (ESI) calcd. for C1sHsD3Os% [M-2H]* m/z 161.0567,

found m/z 161.0568.

Deuterated p-Estradiol (d-59p) was obtained from g-Estradiol (59p,
54.8 mg, 0.200 mmol, spectroscopic data in accordance with
literaturel*67) following the general procedure GP2; yellow liquid (48.2
mg, 0.176 mmol, 88% yield). 'H NMR (400 MHz, CD3COCDs) § 7.92
(s, 1H), 7.08 (d, J = 1.2 Hz, 1H), 6.59 (d, J = 8.5 Hz, 0.07H, 93% D),
6.52 (s, 0.07H, 93% D), 3.67 (t, J = 8.5 Hz, 1H), 3.38 (s, 1H), 2.84 — 2.68 (m, 2H), 2.32 —
2.23 (m, 1H), 2.16 — 2.07 (m, 1H), 2.03 — 1.90 (m, 2H), 1.88 — 1.81 (m, 1H), 1.72 — 1.60 (m,
1H), 1.52 — 1.16 (m, 8H), 0.77 (s, 3H) ppm; 3C NMR (101 MHz, CDsCOCDs) & 155.8,
138.3,132.1, 126.9, 115.6 (t, J = 22.6 Hz), 113.3 (t, J = 23.3 Hz), 81.8, 50.9, 44.9, 44.0, 40.0,
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37.7, 31.0, 30.2, 28.1, 27.3, 23.8, 11.6 ppm; IR (film) ¥max = 3281, 2964, 1596, 1482, 1467,
1295, 1242, 1132, 835, 497 cm’; HRMS (EI) calcd. for CigH22D202 [M]* m/z 274.1902,
found m/z 274.1904.

861 b Deuterated Chrysin (d-59q) was obtained from Chrysin (59q, 51.4 mg,
HO 0 I Ph0.200 mmol, spectroscopic data in accordance with literaturel*®*) following
[8'131 ) the general procedure GP2; yellow solid (40.0 mg, 0.160 mmol, 80% yield).

d4:59g m.p. = 280 — 282<C (CDsCOCDs); *H NMR (400 MHz, CDsCOCDs) &
12.87 (s, 1H), 8.09 — 8.02 (m, 2H), 7.66 — 7.55 (m, 3H), 6.78z (s, 1H), 6.60 — 6.55 (m, 0.14H,
86% D), 6.30 — 6.27 (m, 0.19H, 81% D), 2.95 (s, 3H) ppm; 3¥C NMR (101 MHz,
CDsCOCDs) 6 183.2, 165.4, 164.7, 163.4, 159.0, 132.8, 132.4, 130.1, 127.3, 106.3, 105.6,
99.6 (t, J = 22.9 Hz), 94.8 (t, J = 23.2 Hz) ppm; IR (film) ¥max = 3465, 3418, 1649, 1608,
1367, 1355,1125, 1080 cm™?; HRMS (ESI) calcd. for CisHsD204 [M+H]" m/z 257.0777,

found m/z 257.0776.

NH, Deuterated 2,5-dimethylaniline (d-60a) was obtained from 2,5-

4D dimethylaniline (60a, 24.8 mg, 0.200 mmol, spectroscopic data in accordance

Me Doy With literaturel®) following the general procedure GP2; yellow liquid (22.1
4602 mg, 0.180 mmol, 90% vyield). *H NMR (300 MHz, CDCls) § 6.96 — 6.92 (m,
1H), 6.55 (s, 0.06H, 94% D), 6.52 (s, 0.20H, 80% D), 3.70 — 3.20 (m, 2H), 2.25 (s, 3H), 2.14
(s, 3H) ppm; 3C NMR (75 MHz, CDCls) 5 144.3, 136.6, 130.3, 130.3, 119.5 (t, J = 13.9 Hz),
115.8 (t, J = 6.5 Hz), 21.0, 17.0 ppm; IR (film) ¥max = 3366, 2920, 1625, 1516, 1461, 1296,

796, 446 cm*; HRMS (ESI) calcd. for CsH1oD2N [M+H]* m/z 124.1090, found m/z 124.1091.

NH, Deuterated 2-(tert-butylaniline (d-60b) was obtained from 2-(tert-
tB”\©/E3] butyl)aniline (60b, 24.8 mg, 0.200 mmol, spectroscopic data in accordance
ey With literature®®) following the general procedure GP2; colorless liquid (27.8
d-60b  mg, 0.184 mmol, 92% yield). *"H NMR (400 MHz, CDCls) & 7.26 — 7.23 (m,
1H), 7.07 — 7.01 (m, 1H), 6.78 — 6.72 (m, 0.12H, 88% D), 6.69 — 6.63 (m, 0.67H, 33% D),
3.89 (s, 2H), 1.43 (s, 9H) ppm; 3C NMR (101 MHz, CDCls) § 144.6, 134.0, 127.0 (t, J =
11.2 Hz), 126.6, 118.6 (t, J = 24.4 Hz), 118.0, 34.4, 29.8 ppm; IR (film) ¥max = 2966, 1619,
1497, 1260, 1216, 1100, 1016, 807, 757 cm™; HRMS (ESI) calcd. for C1oH14D2N [M+H]*

m/z 152.1403, found m/z 152.1394.
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NH, Deuterated 2,5-dimethoxyaniline (d-60c) was obtained from 2,5-

el dimethoxyaniline (60c, 24.8 mg, 0.200 mmol, spectroscopic data in

Meo D [83] accordance with literature®) following the general procedure GP2; yellow
d-60c solid (25.7 mg, 0.166 mmol, 83% yield). m.p. = 78 — 80<C (CDCls); 'H
NMR (400 MHz, CDClzs) 6 6.73 — 6.66 (m, 1H), 6.36 — 6.30 (m, 0.17H, 83% D), 6.27 — 6.22
(m, 0.17H, 55% D), 3.80 (s, 3H), 3.73 (s, 3H) ppm; *C NMR (101 MHz, CDCls) § 154.5,
142.0, 137.3,111.5,111.4, 102.1 (t, J = 4.3 Hz), 56.3, 55.7 ppm; IR (film) ¥max = 3460, 3369,
1602, 1496, 1255, 1222, 1050, 1039, 790, 700 cm™; HRMS (ESI) calcd. for CgH1oD2N

[M+H]* m/z 156.0988, found m/z 156.0994.

NH, Deuterated 3,4,5-trimethoxyaniline (d-60d) was obtained from 3,4,5-

(00 ° 9 trimethoxyaniline (60d, 37.2 mg, 0.200 mmol, spectroscopic data in

Meo 1. M accordance with literaturel®) following the general procedure GP2; white
d-60d solid (34.0 mg, 0.184 mmol, 92% yield). m.p. = 108 — 110<C (CDCls); *H
NMR (400 MHz, CDCls) & 5.92 (s, 0.20H, 90% D), 3.80 (s, 6H), 3.76 (s, 3H), 3.51 (5, 2H)
ppm: 13C NMR (101 MHz, CDClz) 5 154.0, 142.9 (t, J = 6.4 Hz), 130.9, 92.5 (t, J = 24.4 Hz),
61.2, 56.0 ppm; IR (film) ¥ma = 3423, 2939, 1588, 1467, 1415, 1233, 1135, 1009, 811, 532

cmt; HRMS (ESI) calcd. for CoH12D2N [M+H]" m/z 186.1094, found m/z 186.1089.

NH, Deuterated 5,6,7,8-tetrahydronaphthalen-1-amine (d-60e) was obtained

'[392] from 5,6,7,8-tetrahydronaphthalen-1-amine (60e, 37.2 mg, 0.200 mmol,

bz  Spectroscopic data in accordance with literature!®) following the general

o-60e procedure GP2; yellow liquid (23.8 mg, 0.160 mmol, 80% yield). 'H NMR

(400 MHz, CDCls) 6 6.95 (s, 1H), 6.58 — 6.52 (m, 0.16H, 92% D), 3.66 (s, 2H), 2.77 — 2.72

(m, 2H), 2.50 — 2.44 (m, 2H), 1.93 — 1.83 (m, 2H), 1.80 — 1.73 (m, 2H) ppm; 3C NMR (101

MHz, CDCls) 6 144.2, 138.1, 125.8, 122.0, 119.5 (t, J = 24.3 Hz), 112.0 (t, J = 23.7 Hz), 30.0,

24.2,23.3,22.9 ppm; IR (film) ¥max = 2924, 1619, 1587, 1463, 1384, 766 cm™*; HRMS (ESI)
calcd. for C1o0H12D2N [M+H]" m/z 150.1246, found m/z 150.1251.

[60] D o. Deuterated 1,4-Benzodioxan-6-amine (d-60f) was obtained from 1,4-

HN o~ benzodioxan-6-amine (60f, 30.8 mg, 0.200 mmol, spectroscopic data in
P 190l accordance with literature®) following the general procedure GP2; yellow
d-60f
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liquid (23.5 mg, 0.154 mmol, 77% vield). *H NMR (400 MHz, CDCls)  6.69 — 6.65 (m, 1H),
6.24 (s, 0.4H, 60% D), 6.20 — 6.18 (M, 0.1H, 90% D), 4.23 — 4.20 (m, 2H), 4.19 — 4.16 (m,
2H), 3.35 (s, 2H) ppm; 3C NMR (101 MHz, CDCls) 5 144.0, 140.8, 136.6, 117.6, 108.6 (t, J
= 24.0 Hz), 104.0 (t, J = 23.8 Hz), 64.8, 64.3 ppm; IR (film) ¥imax = 3356, 1632, 1509, 1492,
1478, 1383, 1310, 1207, 1067, 886, 756 cm™:; HRMS (ESI) calcd. for CsHsDaN [M+H]* m/z
154.0832, found m/z 154.0835.

31D 4 D [93] Deuterated diphenylamine (d-60g) was obtained from
N

diphenylamine (60g, 34.8 mg, 0.200 mol, spectroscopic data in

[:,)3] [53?[93] 0[93] accordance with literature®@) following the general procedure GP2;

d-60g white solid (33.6 mg, 0.192 mmol, 96% yield). m.p. = 52 — 54<C

(CDCl3); 'H NMR (400 MHz, CDCl3) & 7.29 (s, 4H), 7.12 — 7.08 (m, 0.3H, 93% D), 6.99 —
6.93 (m, 0.15H, 93% D), 5.72 (s, 1H) ppm; 3C NMR (101 MHz, CDCls) 5 143.1, 129.3,
120.8 (t, J = 24.4 Hz), 117.6 (t, J = 24.2 Hz) ppm: IR (film) ¥max = 3406, 3383, 1586, 1492,
1439, 1316, 1257, 926, 761, 551, 473 cm™:; HRMS (ESI) calcd. for C12HaDeN- [M-H]~ m/z
174.1195, found m/z 174.1186.

—~  Deuterated N-2-Propen-1-ylbenzenamine (d-60h) was obtained from N-2-

HNJ/ propen-1-ylbenzenamine (60h, 27.4 mg, 0.200 mmol, spectroscopic data in

[6?] ;1] accordance with literaturet*8l) following the general procedure GP2; yellow
D [94] liquid (23.9 mg, 0.176 mmol, 88% yield). *H NMR (400 MHz, CDCls3) & 7.22 —

d-60h 715 (m, 2H), 6.76 — 6 .70 (m, 0.06H, 94% D), 6.67 — 6 .62 (m, 0.78H, 61% D),
6.04 —5.91 (m, 1H), 5.34 — 5.25 (m, 1H), 5.22 — 5.13 (m, 1H), 3.82 — 3.76 (m, 2H) ppm; 3C
NMR (101 MHz, CDCls) & 148.0, 135.6, 129.1, 117.5 (t, J = 23.7 Hz), 116.4, 112.9 (t, J =
23.2 Hz), 46.8 ppm; IR (film) ¥max = 3406, 1592, 1496, 1453, 1250, 917, 748 cm™; HRMS

(ESI) calcd. for CoHeDsN [M+H]*m/z 137.1153, found m/z 137.1148.

DS Deuterated N-benzylaniline (d-60i) was obtained from N-benzylaniline

Ph N

~ (60i, 41.8 mg, 0.200 mmol, spectroscopic data in accordance with

1591 D PB4 iteraturel6?) following the general procedure GP2; brown solid (33.5 mg,
0.180 mmol, 90% yield). m.p. = 37 — 39<C (CDCla): 'H NMR (400 MHz,
CDCls) § 7.44 — 7.35 (m, 4H), 7.34 — 7.28 (m, 1H), 7.24 — 7.18 (m, 2H), 6.79 — 6.73 (m,

0.16H, 84% D), 6.70 — 6.66 (m, 0.89H, 55% D), 4.36 (s, 2H), 4.06 (s, 1H) ppm; 3C NMR

d-60i
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(101 MHz, CDCls) & 148.1 (t, J = 5.4 Hz), 139.6, 129.3 (t, J = 24.7 Hz), 128.8, 127.6, 127.4,
117.4 (t, J = 23.7 Hz), 112.7 (t, J = 23.2 Hz), 48.5 ppm; IR (film) ¥max = 3419, 3026, 1593,
1493, 1322, 1263, 830, 734, 696, 566 cm™; HRMS (ESI) calcd. for C13H10D3Na [M+Na]*
m/z 209.1129, found m/z 209.1137.

61D Deuterated 1,4-benzenediamine (d-60j) was obtained from 1,4-

N\Q benzenediamine (60j, 37.6 mg, 0.200 mmol, spectroscopic data in
04 e % accordance with literaturel™®) following the general procedure GP2;

o601 yellow liquid (33.3 mg, 0.178 mmol, 89% yield). *H NMR (400 MHz,
CDCls) 6 7.23 — 7.18 (m, 2H), 7.00 — 6.96 (m, 2H), 6.89 — 6.84 (m, 0.77H, 61% D), 6.84 —
6.78 (m, 0.06H, 94% D), 6.71 — 6.64 (m, 2H), 5.41 (s, 1H), 3.54 (s, 2H) ppm; 3C NMR (101
MHz, CDCls) & 145.9 (t, J = 6.7 Hz), 142.0, 134.0, 129.2 (t, J = 11.0 Hz), 123.4 (t, J = 3.2
Hz), 118.8 (t, J = 24.6 Hz), 116.3, 114.9 (t, J = 24.1 Hz) ppm; IR (film) Ymax = 3459, 3385,
1622, 1589, 1514, 1441, 1311, 1283, 827, 573, 509 cm?; HRMS (ESI) calcd. for

C12H10D3N2 [M+H]" m/z 188.1262, found m/z 188.1254.

(771 D Deuterated 2-naphthylamine (d-60k) was obtained from 2-naphthylamine
OO e (60k, 29.0 mg, 0.200 mmol, spectroscopic data in accordance with literature®®)
460K following the general procedure GP2; yellow solid (24.7 mg, 0.172 mmol,
86% yield). m.p. = 110 — 112<C (CDCls); 'H NMR (400 MHz, CDCls) & 7.74 — 7.65 (m, 2H),
7.63 — 7.59 (m, 1H), 7.41 — 7.35 (m, 1H), 7.28 — 7.20 (m, 1H), 7.01 — 6.98 (m, 0.23H, 77%
D), 6.98 — 6.94 (m,1H), 3.82 (s, 2H) ppm; *C NMR (101 MHz, CDCls) & 144.2, 135.0,
129.3, 128.1, 127.8, 126.5, 125.9, 122.6, 118.4, 108.4 (t, J = 23.8 Hz) ppm; IR (film) ¥max =
3444, 3398, 1627, 1511, 817, 744, 457 cm™; HRMS (ESI) calcd. for C1oHsDN [M+H]* m/z

145.0871, found m/z 145.0871.

Me Deuterated 3-amino-9-ethylcarbazole (d-60l) was obtained from 3-

[88] D
O h? amino-9-ethylcarbazole (601, 42.6 mg, 0.200 mmol, spectroscopic data in

Q ' accordance with literature*"*) following the general procedure GP2;

261D NH,  yellow liquid (34.1 mg, 0.160 mmol, 80% vyield). *H NMR (400 MHz,
o CDCls) 6 8.06 — 7.97 (m, 1H), 7.47 — 7.40 (m, 1.12H, 88% D), 7.37 — 7.33

(m, 1H), 7.25 — 7.21 (m, 1H), 7.20 — 7.13 (m, 0.84H, 16% D), 6.95 — 6.91 (m, 0.74H, 26% D),
4.31 (q, J = 7.2 Hz, 2H), 3.55 (s, 2H), 1.40 (t, J = 7.2 Hz, 3H) ppm; 3C NMR (101 MHz,
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CDCls) 6 140.5, 138.9, 134.7, 125.6, 123.7, 122.5, 120.5, 118.1, 115.7, 109.1, 108.5, 106.3 (t,
J = 24.1 Hz), 37.6, 13.9 ppm; IR (film) ¥max = 3417, 1617, 1484, 1470, 1458, 1328, 1151,
746 cm™; HRMS (EI) calcd. for C1aH11D3sN2 [M]* m/z 213.1349, found m/z 213.1349.

D [91] Deuterated 1,3,5-trimethoxybenzene (d-61a) was obtained from 1,3,5-
MeO. OMe
trimethoxybenzene (6la, 34.2 mg, 0.200 mmol, spectroscopic data in

[9D1] OMe [[s)m accordance with literature?7) following the general procedure GP3; white
812 solid (32.5 mg, 0.190 mmol, 95% yield). m.p. = 53 — 55<C (CDCls); *H NMR

(300 MHz, CDClz) 6 6.09 (s, 0.27H, 91% D), 3.77 (S, 9H) ppm; 1*C NMR (101 MHz, CDClzs)
8 161.6 (t, J = 4.3 Hz), 94.8 (t, J = 24.6 Hz) 55.5 ppm; IR (film) ¥max = 3450, 3004, 2838,
2292, 1588, 1462, 1393, 1206, 1155, 1132, 1107 cm™; HRMS (EI) calcd. for CoHgD303

[M]"m/z 171.0975, found m/z 171.0971.

OMe Deuterated 1,2,3,5-tetramethoxybenzene (d-61b) was obtained from
MeO

1,2,3,5-tetramethoxybenzene (61b, 40.0 mg, 0.200 mmol, spectroscopic data

[:;2] OMe '[;2] in accordance with literature!?l) following the general procedure GP3;

d-61b colorless liquid (37.6 mg, 0.188 mmol, 94% yield). ‘H NMR (400 MHz,
CDCls) 8 6.16 — 6.11 (m, 0.35H, 82%), 3.85 — 3.81 (m, 6H), 3.79 — 3.73 (m, 6H) ppm; 3C
NMR (101 MHz, CDCls) & 156.2, 153.7, 132.3, 92.5 (t, J = 24.2 Hz), 61.1, 56.1, 55.6 ppm;
IR (film) ¥max = 2939, 1592, 1490, 1416, 1392, 1203, 1130, 1098, 1005 cm™; HRMS (ESI)

calcd. for C1o0H12D204Na [M+Na]* m/z 223.0910, found m/z 223.0908.

OMe Deuterated 3,4,5-trimethoxytoluene (d-61c) was obtained from 3,4,5-

MeO trimethoxytoluene (61c, 37.0 mg, 0.200 mmol, spectroscopic data in

[92] Me [55] accordance with literaturel??) following the general procedure GP3; colorless

d-61c liquid (32.0 mg, 0.174 mmol, 87% vyield). *H NMR (400 MHz, CDClz) &
6.39 (s, 0.1H, 95% D), 3.84 (s, 6H), 3.81 (s, 3H), 2.31 (s, 3H) ppm; *C NMR (101 MHz,
CDCls) 6 153.1, 135.8, 133.6, 106.8 (t, J = 24.0 Hz), 61.0, 56.1, 21.8 ppm; IR (film) ¥max =
2936, 1585, 1382, 1329, 1128, 1007, 521 cm™; HRMS (ESI) calcd. for C10H13D203 [M+H]*
m/z 185.1141, found m/z 185.1145.

D [94] Deuterated 1-bromo-3,5-dimethoxybenzene (d-61d) was obtained from 1-
MeO.
° bromo-3,5-dimethoxybenzene (61d, 43.6 mg, 0.200 mmol, spectroscopic data
D D
(941 gy [94] 125
d-61d
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in accordance with literaturel®) following the general procedure GP3; yellow solid (39.2 mg,
0.180 mmol, 90% vyield). m.p. = 66 — 68<T (CDCls3); *H NMR (400 MHz, CDCls) & 6.67 (s,
0.12H, 94% D), 6.38 (s, 0.06H, 94% D), 3.77 (s, 6H) ppm; **C NMR (101 MHz, CDCls) §
161.3, 122.8, 109.7 (t, J = 25.5 Hz), 99.7 (t, J = 24.5 Hz), 55.7 ppm; IR (film) ¥max = 3455,
2295, 1563, 1379, 1291, 1205, 1099, 1039, 993, 769, 546 cm™; HRMS (EI) calcd. for
CsHsD3"°BrO2 [M]* m/z 218.9974, found m/z 218.9971; CsHsD38BrO, [M]* m/z 220.9954,
found m/z 220.9960.

8 OMe Deuterated 2,4,6-trimethoxybenzaldehyde (d-61e) was obtained from
D D [83]

2,4,6-trimethoxybenzaldehyde (61e, 39.9 mg, 0.200 mmol, spectroscopic

e CHO e data in accordance with literaturel®T) following the general procedure GP3;
ele yellow solid (35.6 mg, 0.180 mmol, 90% yield). m.p. = 114 — 116<C
(CDCls); *H NMR (400 MHz, CDCls) & 10.33 (s, 1H), 6.06 (s, 0.35H, 83% D), 3.87 (s, 6H),
3.86 (s, 3H) ppm; 3C NMR (101 MHz, CDCls) § 187.9, 166.4, 164.2, 108.8, 90.1 (t, J = 24.4
Hz), 56.1, 55.6 ppm; IR (film) ¥max = 3416, 1661, 1594, 1567, 1471, 1382, 1332, 1215, 1131,
1083, 570 cm; HRMS (ESI) calcd. for Ci0H10D20sNa [M+Na]* m/z 221.0753, found m/z

221.0753.

OMe Deuterated (3,4,5-Trimethoxyphenyl) acetonitrile (d-61f) was obtained
MeO OMe

from (3,4,5-trimethoxyphenyl) acetonitrile (61f, 42.0 mg, 0.200 mmol,

e CHZCﬂ . spectroscopic data in accordance with literature??) following the general
d-61f procedure GP3; white solid (41.3 mg, 0.198 mmol, 99% vyield). m.p. = 76 —

78<C (CDCl3); 'H NMR (400 MHz, CDCls) & 6.51 (s, 0.19H, 90% D), 3.86 (s, 6H), 3.83 (s,
3H), 3.72 (s, 2H) ppm; *C NMR (101 MHz, CDCls) § 153.8, 137.8, 125.3, 118.0, 104.8 (t, J
= 23.9 Hz), 61.0, 56.3, 23.8 ppm; IR (film) ¥max = 3420, 1585, 1484, 1390, 1213, 1127, 999

cm; HRMS (ESI) calcd. for C11H1:D2NO3s [M+H]* m/z 210.1094, found m/z 210.1095.

D94 O Deuterated ethyl 3,4,5-trimethoxybenzenepropanoate (d-61g) was

Me© OEt obtained from ethyl 3,4,5-trimethoxybenzenepropanoate (61g, 54.0 mg,

e 1, - Y 0.200 mmol, spectroscopic data in accordance with literaturel!’?l)

d-619 following the general procedure GP3; colorless liquid (51.8 mg, 0.192
mmol, 96% vield). 'H NMR (400 MHz, CDCls) & 6.41 (s, 0.12H, 94% D), 4.13 (q, J = 7.1

Hz, 2H), 3.83 (d, J = 0.9 Hz, 6H), 3.81 (d, J = 0.9 Hz, 3H), 2.93 — 2.84 (m, 2H), 2.65 — 2.56
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(m, 2H), 1.24 (t, J = 7.1 Hz, 3H) ppm; ¥*C NMR (101 MHz, CDCls) § 173.0, 153.2, 136.5,
136.3, 105.0 (t, J = 23.5 Hz), 60.9, 60.6, 56.1, 36.3, 31.5, 14.4 ppm; IR (film) ¥max = 2938,
1731, 1582, 1479, 1389, 1215, 1127, 1006 cm™; HRMS (ESI) calcd. for CisH1sD20sNa
[M+Na]* m/z 293.1328, found m/z 293.1325.

[99] D Deuterated ethyl 2-methoxynaphthalene (d-61h) was obtained from

OO ote ethyl 2-methoxynaphthalene (61h, 32.0 mg, 0.200 mmol,
e w61 spectroscopic data in accordance with literaturel®) following the general
procedure GP3; white solid (25.3 mg, 0.158 mmol, 79% vyield). m.p. = 68 — 70<C (CDCls);
IH NMR (400 MHz, CDCls) & 7.81 — 7.73 (m, 2.69H, 31% D), 7.48 — 7.42 (m, 1H), 7.37 —
7.32 (m, 1H), 7.16 (d, J = 9.0 Hz, 1.01H, 99% D), 3.93 (s, 3H) ppm; 3C NMR (101 MHz,
CDCls) 6 157.7, 134.7, 129.5, 129.1, 127.8, 126.8, 126.5, 126.4, 123.7, 118.9, 105.6 (t, J =
24.0 Hz), 55.4 ppm; IR (film) Vmax = 3452, 2961, 2934, 1727, 1625, 1593, 1463, 1252, 1246,
1056, 819, 752, 458 cm™; HRMS (EI) calcd. for C1:HsD20 [M]* m/z 160.0857, found m/z

160.0853.

991 D Deuterated  ethyl methyl  (S)-2-(6-methoxynaphthalen-2-
O""e ylpropanoate (d-61i) was obtained from ethyl methyl (S)-2-(6-
MeO : e methoxynaphthalen-2-yl)propanoate (61i, 49.2 mg, 0.200 mmol,
spectroscopic data in accordance with literaturel*”®l) following the

general procedure GP3; yellow solid (43.2 mg, 0.176 mmol, 88% yield). m.p. = 93 — 95<C
(CDCls); 'H NMR (300 MHz, CDCls) & 7.71 (d, J = 8.7 Hz, 2H), 7.68 — 7.65 (m, 1H), 7.41
(dd, J = 8.4, 1.9 Hz, 1H), 7.15 (d, J = 8.9 Hz, 1.01H, 99% D), 3.91 (s, 3H), 3.87 (4, J = 7.2
Hz, 1H), 3.67 (s, 3H), 1.59 (d, J = 7.2 Hz, 3H) ppm; 3C NMR (75 MHz, CDCls) § 175.3,
157.7, 135.8, 133.8, 129.4, 129.1, 127.3, 126.3, 126.1, 119.1, 105.4 (t, J = 24.9 Hz), 55.4,
52.2, 45.5, 18.7 ppm; IR (film) ¥max = 3525,1738, 1601, 1246, 1201, 1177, 1052, 823, 458

cmt; HRMS (ESI) calcd. for C1sH1sDO3 [M+H]* m/z 246.1235, found m/z 246.1238.

s3; 0 Deuterated indole (d-62a) was obtained from indole (62a, 23.8 mg, 0.200 mmol,

; spectroscopic data in accordance with literature®™) following the general

d_ﬁz: procedure GP4; yellow liquid (21.7 mg, 0.184 mmol, 92% yield).'"H NMR (400
MHz, CDCls) § 7.70 — 7.64 (m, 1H), 7.44 — 7.38 (m, 1H), 7.25 — 7.19 (m, 2H), 7.18 — 7.12
(m, 1H), 6.60 — 6.55 (m, 0.17H, 83% D) ppm; *C NMR (101 MHz, CDCIs) 6 135.8, 127.9,

127



EXPERIMENTAL SECTION

124.0, 122.1, 120.8, 119.9, 111.1, 102.5 (t, J = 26.3 Hz) ppm; IR (film) ¥max = 3406, 1455,
1336, 1092, 836, 767, 745 cm™; HRMS (ESI) calcd. for CsH7DN [M+H]* 119.0714, found
119.0716.

p 817 Deuterated 5-methoxy-1H-indole (d-62b) was obtained from 5-methoxy-
MeO.

N 1H-indole (62b, 29.8 mg, 0.200 mmol, spectroscopic data in accordance

d_GZE with literature®™) following the general procedure GP4; yellow solid (27.2

mg, 0.184 mmol, 92% vyield). m.p. = 50 — 52<C (CDCls); 'H NMR (400

MHz, CDCls) & 8.06 (s, 1H), 7.28 (d, J = 8.8 Hz, 1H), 7.18 (s, 1H), 7.14 — 7.11 (m, 1H), 6.90
— 6.86 (m, 1H), 6.49 (d, J = 3.0 Hz, 0.19H, 81% D), 3.87 (s, 3H) ppm; 3C NMR (101 MHz,
CDClIs) 6 154.3, 131.1, 128.3, 124.9, 124.7, 112.5, 111.8, 111.6, 102.3 (t, J = 26.2 Hz), 56.0
ppm; IR (film) ¥max = 3402, 2527, 1620, 1481, 1452, 1228, 1030, 846, 808 cm™; HRMS

(ESI) calcd. for CoaHsDNO [M+H]* m/z 149.0820, found m/z 149.0813.

83 p Deuterated 5-(benzyloxy)-1H-indole (d-62c) was obtained from 5-
BnO

Y (benzyloxy)-1H-indole (62c, 45.0 mg, 0.200 mmol, spectroscopic data in
N

H
d-62c

solid (42.1 mg, 0.188 mmol, 94% yield). m.p. = 98 — 100<C (CDClz); *H NMR (400 MHz,
CDCls) & 8.04 (s, 1H), 7.53 — 7.47 (m, 2H), 7.44 — 7.38 (m, 2H), 7.36 — 7.31 (m, 1H), 7.31 —
7.31 (m, 1H), 7.23 — 7.20 (m, 1H), 7.19 — 7.15 (m, 1H), 6.99 — 6.94 (m, 1H), 6.52 — 6.46 (m,
0.17H, 83% D), 5.13 (s, 2H) ppm; *C NMR (101 MHz, CDCls) & 153.5, 137.9, 131.2, 128.7,
128.3, 127.9, 127.7, 124.9 (t, J = 8.0 Hz), 113.2, 111.8, 104.2, 102.3 (t, J = 26.5 Hz), 71.1
ppm; IR (film) ¥max = 3433, 3319, 2472, 1621, 1456, 1222, 1147, 997, 844, 727, 698 cm™;
HRMS (ESI) calcd. for CisH13DNO [M+H]* m/z 225.1133, found m/z 225.1135.

accordance with literature®™) following the general procedure GP4; yellow

[701b Deuterated 5-methoxy-1H-indole (d-62d) was obtained from 5-methoxy-1H-
v indole (62d, 39.1 mg, 0.200 mmol, spectroscopic data in accordance with

4624 literaturet*™1) following the general procedure GP4; yellow solid (37.2 mg,
0.190 mmol, 95% vyield). m.p. = 84 — 86<C (CDCls); *H NMR (400 MHz, CDCls) & 8.17 (s,
1H), 7.80 — 7.74 (m, 1H), 7.30 — 7.25 (m, 2H), 7.23 — 7.20 (m, 1H), 6.53 — 6.48 (m, 0.3H,
70% D) ppm; 3C NMR (101 MHz, CDCls) & 134.4, 129.7, 125.3 (t, J = 7.8 Hz), 125.0,

123.4, 113.2, 112.5, 102.4 ppm; IR (film) ¥max = 3412, 1091, 883, 797, 762, 594, 585, 501
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cmt; HRMS (El) calcd. for CsHsD®BrN [M]* m/z 195.9746, found m/z 195.9743;
CsHsD®BrN [M]* m/z 197.9726, found m/z 197.9735.

e p Deuterated methyl 1H-indole-6-carboxylate (d-62e) was obtained from

Y methyl 1H-indole-6-carboxylate (62e, 35.2 mg, 0.200 mmol, spectroscopic

MeO. N

" data in accordance with literaturel*’®)) following the general procedure GP4;

white solid (31.7 mg, 0.180 mmol, 90% vyield). m.p. = 78 — 80<C (CDCls);
'H NMR (400 MHz, CDClz) 6 8.60 (s, 1H), 8.20 — 8.17 (m, 1H), 7.86 — 7.79 (m, 1H), 7.80 —
7.64 (m, 1H), 7.40 — 7.34 (m, 1H), 6.63 — 6.58 (m, 0.39H, 61% D), 3.94 (s, 3H) ppm; *C
NMR (101 MHz, CDClIs) 6 168.4, 135.1, 131.6, 127.5 (t, J = 7.6 Hz), 123.8, 121.0, 120.4,
113.6, 103.1, 52.0 ppm; IR (film) ¥max = 3343, 2491, 1688, 1617, 1438, 1294, 1271, 1222,
985, 778 cm; HRMS (ESI) calcd. for C1oHsDNO2 [M+Na]* m/z 199.0588, found m/z
199.0592.

d-62e

7e) o Deuterated 1-methyl-1H-indole (d-62f) was obtained from 1-methyl-1H-indole

Y (62f, 26.6 mg, 0.200 mmol, spectroscopic data in accordance with literature™)

hi/le following the general procedure GP4; colorless liquid (25.3 mg, 0.192 mmol, 96%

e yield). *H NMR (400 MHz, CDCls) & 7.68 — 7.62 (m, 1H), 7.37 — 7.32 (m, 1H),
7.28 — 7.21 (m, 1H), 7.16 — 7.10 (m, 1H), 7.07 (s, 1H), 6.52 — 6.49 (m, 0.24H, 76% D), 3.81
(s, 3H) ppm; *C NMR (101 MHz, CDClz) & 136.8, 128.8, 128.5, 121.6, 121.0, 119.4, 109.3,
100.8 (t, J = 26.5 Hz), 32.8 ppm; IR (film) ¥max = 3434, 2917, 1698, 1614, 1469, 1384, 745,
557 cm™; IR (film) ¥max = 1512, 1463, 1329, 1316, 1241, 762, 740 cm™!; HRMS (ESI) calcd.

for CoHoDN [M+H]" m/z 133.0871, found m/z 133.0868.

ppg  Deuterated 1,2-dimethyl-1H-indole (d-62g) was obtained from 1,2-dimethyl-
N—cp, 1H-indole (62g, 30.0 mg, 0.200 mmol, spectroscopic data in accordance with

e literature>™) following the general procedure GP4; yellow liquid (26.2 mg,

e 0.176 mmol, 88% yield). *H NMR (400 MHz, CDCls) & 7.57 — 7.52 (m, 1H),
7.31-7.25 (m, 1H), 7.20 — 7.14 (m, 1H), 7.12 — 7.06 (m, 1H), 6.35 (s, 0.01H, 99% D), 3.68
(s, 3H), 2.46 — 2.38 (m, 0.27H, 91% D) ppm; *C NMR (101 MHz, CDCls) & 137.4, 136.8,
128.0, 120.5, 119.7, 119.3, 108.8, 99.5, 29.5, 12.4 (m) ppm; IR (film) ¥max = 3434, 1698,
1614, 1487, 1469, 1384, 745, 557 cm™; HRMS (ESI) calcd. for CioHsDaN [M+H]* m/z

150.1215, found m/z 150.1216.
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182] b Deuterated 2-methyl-1H-indole (d-62h) was obtained from 2-methyl-1H-

N _cp, indole (62h, 27.0 mg, 0.200 mmol, spectroscopic data in accordance with

H B4 iteraturel™) following the general procedure GP4: brown solid (24.3 mg,
0.180 mmol, 90% vyield). m.p. = 58 — 60<C (CDCls); 1H NMR (400 MHz,
CDCls) § 7.81 (s, 1H), 7.57 — 7.51 (m, 1H), 7.31 — 7.27 (m, 1H), 7.16 — 7.06 (m, 2H), 6.23 (s,
0.18H, 82% D), 2.17 — 2.39 (m, 1.69H, 44% D) ppm; 1*C NMR (101 MHz, CDCls) & 136.1,
129.1, 121.1, 119.8, 110.3, 100.5, 13.5 (t, J = 17.5 Hz) ppm; IR (film) ¥max = 3386, 1681,
1615, 1487, 1460, 1325, 749, 557 cm™*; HRMS (EI) calcd. for CoHsDsN [M]* m/z 135.0986,

found m/z 135.0991.

d-62h

Me Deuterated 3-methyl-1H-indole (d-62i) was obtained from 3-methyl-1H-

N—p

g indole (62i, 26.4 mg, 0.200 mmol, spectroscopic data in accordance with

4.62i literature®™) following the general procedure GP4; yellow solid (24.0 mg,
0.182 mmol, 91% vyield). m.p. = 90 — 92<C (CDCls); *H NMR (400 MHz, CDCls) & 7.84 (s,
1H), 7.64 — 7.58 (m, 1H), 7.38 — 7.33 (m, 1H), 7.24 — 7.18 (m, 1H), 7.17 — 7.13 (m, 1H), 7.00
—7.96 (m, 0.29H, 71% D), 2.36 (s, 3H) ppm; *C NMR (101 MHz, CDCIs) § 136.2, 128.4,
122.0, 121.5, 119.2, 119.0, 111.7, 110.0, 9.8 ppm; IR (film) ¥max = 3409, 2535, 1454, 1332,
1238, 839, 741, 677, 420 cm™*; HRMS (EI) calcd. for CoH1oDN [M]* m/z 132.0798, found

m/z 132.0794.

come Deuterated methyl 4-(1H-indol-3-yl) butanoate (d-62j) was obtained

A D [40] o from methyl 4-(1H-indol-3-yl) butanoate (62j, 44.6 mg, 0.200 mmol,

[9|2)1 N\ D spectroscopic data in accordance with literaturel’) following the
H

[68] D501 d-62j general procedure GP4; yellow solid (35.5 mg, 0.160 mmol, 80%

yield). m.p. =69 — 71<C (CDCls); *H NMR (400 MHz, CDClIs) & 8.02 (s, 1H), 7.62 (s, 0.6H,
40% D), 7.38 — 7.34 (m, 0.5H, 50% D), 7.23 — 7.18 (m, 0.32H, 68% D), 7.15 — 7.11 (m,
0.08H, 92% D), 6.98 (s, 0.09H, 91% D), 3.67 (s, 3H), 2.82 (t, J=7.4 Hz, 1H),2.41 (t, J=7.4
Hz, 2H), 2.07 (p, J = 7.5 Hz, 2H) ppm; C NMR (101 MHz, CDCls) § 174.5, 136.3 (1C),
127.5, 122.0, 121.4, 118.9, 115.5, 111.1, 51.6, 33.8, 25.5, 24.6 ppm; IR (film) ¥max = 3337,
2482, 1716, 1432, 1193, 1174, 981, 591 cm™:; HRMS (ESI) calcd. for C1sH11DsNO2 [M+H]*
m/z 223.1489, found m/z 223.1479.
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D 06) Deuterated 2-butylbenzofuran (d-62k) was obtained from 2-
©f\g—\_\ butylbenzofuran (62k, 36.0 mg, 0.200 mmol, spectroscopic data in

d-C;Zk Me accordance with literaturel’’®l) following the general procedure GP4;
colorless liquid (21.0 mg, 0.120 mmol, 60% yield). *H NMR (400 MHz, CDCls) & 7.50 —
7.46 (m, 1H), 7.44 — 7.38 (m, 1H), 7.24 — 7.13 (m, 2H), 6.38 (s, 0.04H, 96% D), 2.80 — 2.74
(m, 2H), 1.74 (p, J = 7.5 Hz, 2H), 1.43 (h, J = 7.4 Hz, 2H), 0.96 (t, J = 7.4 Hz, 3H) ppm; 3C
NMR (101 MHz, CDCls) 4 159.8, 154.8, 129.1, 123.1, 122.5, 120.3, 110.8, 101.7 (t, J = 25.9
Hz), 29.9, 28.3, 22.4, 13.9 ppm; IR (film) ¥max = 2957, 2828, 2857, 1581, 1455, 1249, 745
cmt; HRMS (EI) calcd. for C12H13DN [M]* m/z 175.1107, found m/z 175.1109.

B w0 Deuterated 3-(p-tolyl)furan (d-621) was obtained from 3-(p-tolyl)furan
D
© (621, 31.8 mg, 0.200 mmol, spectroscopic data in accordance with

Me literature!*’8]) following the general procedure GP4; colorless liquid (24.8

d-62I
mg, 0.156 mmol, 78% yield). *H NMR (400 MHz, CDCls3) 6 7.60 — 7.53 (m, 2H), 7.47 — 7.42
(m, 0.4H, 60% D), 7.22 — 7.15 (m, 2H), 6.60 — 6.58 (m, 1H), 6.47 — 6.42 (m, 1H), 2.36 (s, 3H)
ppm; 3C NMR (101 MHz, CDCls) & 154.4, 141.8, 137.3, 129.5, 128.4, 123.9, 111.9, 104.3,
21.4 ppm; IR (film) Vmax = 3444, 2922, 1731, 1680, 1606, 1180, 813, 754, 406 cm™; HRMS

(El) calcd. for C11HsDS [M]" m/z 159.0794, found m/z 159.0788.

Me Deuterated 3-methylbenzo[b]thiophene (d-62m) was obtained from 3-
©f§[§6] methylbenzo[b]thiophene (62m, 29.8 mg, 0.200 mmol, spectroscopic data in
d-62m accordance with literaturel®l) following the general procedure GP4; colorless
liquid (29.2 mg, 0.196 mmol, 98% yield). *H NMR (400 MHz, CDCls) § 7.90 — 7.84 (m, 1H),
7.76 — 7.72 (m, 1H), 7.45 — 7.32 (m, 2H), 7.10 — 7.07 (m, 0.04H, 96% D), 2.46 (s, 3H) ppm;
13C NMR (101 MHz, CDCls) & 140.3, 139.8, 132.1, 124.2, 123.9, 122.9, 121.8, 121.4 (t, J =
27.7 Hz), 14.0 ppm; IR (film) ¥max = 1458, 1438, 1426, 1097, 754, 729, 627, 412 cm™;
HRMS (EI) calcd. for CoH7DS [M]" m/z 149.0409, found m/z 149.0413.

o531, Deuterated 2-phenylthiophene (d-62n) was obtained from 2-phenylthiophene
| )—Ph (62n, 32.4 mg, 0.200 mmol, spectroscopic data in accordance with literaturel*’6l)
D31 following the general procedure GP4; white solid (29.1 mg, 0.180 mmol, 90%
e yield). m.p. = 37 — 39T (CDCls); 'H NMR (400 MHz, CDCl3) & 7.67 — 7.61 (m,
2H), 7.44 — 7.35 (m, 2H), 7.34 — 7.31 (m, 0.07H, 93% D), 7.32 — 7.26 (m, 1.05H, 95% D),

131



EXPERIMENTAL SECTION

7.09 (s, 1H) ppm; BC NMR (101 MHz, CDCl3) & 144.4, 134.5, 129.1, 127.9, 127.6, 126.1,
124.7 (t, J = 28.8 Hz), 123.0 (t, J = 25.2 Hz) ppm; IR (film) ¥max = 3446, 1486, 1443, 1083,
762, 698, 563, 496 cm™; HRMS (EI) calcd. for CioHsD2S [M]" m/z 162.0472, found m/z
162.0475.

peq Deuterated 3,4-ethylenedioxythiophene (d-620) was obtained from 3,4-

[ s ethylenedioxythiophene (620, 28.8 mg, 0.200 mmol, spectroscopic data in

be4) accordance with literaturet*’®l) following the general procedure GP4; colorless

“* " liquid (25.3 mg, 0.170 mmol, 85% yield). 'H NMR (400 MHz, CDCl3)  6.32 (s,

0.32H, 84% D), 4.20 (s, 4H) ppm; 3C NMR (101 MHz, CDCls) & 141.8, 99.5 (t, J = 28.6

Hz), 64.8 ppm; IR (film) ¥max = 3114, 2917, 2322, 1649, 1476, 1362, 1098, 1076, 822, 609
cmt; HRMS (EI) calcd. for CeHaD202S [M]* m/z 144.0214, found m/z 144.0217.

D[91] Deuterated 2,2'-bithiophene (d-62p) was obtained from 2,2'-bithiophene

[gﬂ /s | I s/ . (62p, 34.0 mg, 0.200 mmol, spectroscopic data in accordance with
[91]D o1 literaturel"®) following the general procedure GP4; colorless liquid (29.9
o mg, 0.176 mmol, 88% yield). *H NMR (400 MHz, CDCls) & 7.22 (d, J =

5.2 Hz, 0.18H, 91% D), 7.19 (d, J = 3.6 Hz, 0.18H, 91% D), 7.02 (s, 2H) ppm; 3C NMR
(101 MHz, CDCls) & 137.4, 127.7, 124.3 (t, J = 28.7 Hz), 123.7 (t, J = 25.5 Hz) ppm; IR
(film) ¥max = 3455, 1635, 1403, 1117, 868, 744, 683, 668, 563, 502 cm™'; HRMS (EI) calcd.

for CsH2D4S2 [M]* m/z 170.0162, found m/z 170.0163.

721 o Deuterated 1H-Indazol-5-amine (d-62q) was obtained from 1H-indazol-5-

- ,:,N amine (62q, 27.0 mg, 0.200 mmol, spectroscopic data in accordance with
as2q literature™”) following the general procedure GP4: yellow solid (22.8 mg,
0.170 mmol, 85% yield). m.p. = 158 — 160<C (CDsOD); *H NMR (400 MHz, CDsOD) 5
7.82-7.78 (m, 1H), 7.36 — 7.31 (m, 1H), 7.04 — 7.02 (m, 0.28H, 72% D), 7.00 — 7.95 (m, 1H)
ppm; 13C NMR (101 MHz, CDs0D) § 141. 8, 137. 4, 133.2, 125.0, 121.0, 111.6, 104.6 (t, J =
24.1 Hz) ppm; IR (film) ¥max = 3221, 2397, 1632, 1508, 1318, 949, 848, 815 cm™; HRMS

(ESI) calcd. for C7H7DNs [M+H]* m/z 135.0776, found m/z 135.0780.

Me Deuterated 2,5,7,8-tetramethyl-2-(4,8,12-
0}
\\S o e e Ve trimethyltridecyl)chroman-6-yl 2-
D [99] e  Me Me
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(thiophen-2-yl)acetate (d-62r) was obtained from 2,5,7,8-tetramethyl-2-(4,8,12-
trimethyltridecyl)chroman-6-yl 2-(thiophen-2-yl)acetate (62r, 111.2 mg, 0.200 mmol)
following the general procedure GP4; yellow liquid (96.6 mg, 0.174 mmol, 87% vyield). 'H
NMR (400 MHz, CDCls) & 7.24 (d, J = 1.3 Hz, 0.01H, 99% D), 7.10 — 7.06 (m, 1H), 7.01 —
6 .98 (m, 1H), 4.12 — 4.08 (m, 2H), 2.57 (t, J = 6.8 Hz, 2H), 2.08 (s, 3H), 1.95 (s, 3H), 1.90 (s,
3H), 1.85 — 1.71 (m, 2H), 1.61 — 1.48 (m, 3H), 1.45 — 1.33 (m, 3H), 1.32 — 1.20 (m, 12H),
1.18 — 1.01 (m, 6H), 0.90 — 0.82 (m, 12H) ppm; 3C NMR (101 MHz, CDCls) 5 169.1, 149.7,
140.6, 134.8, 127.4, 126.9, 126.8, 125.1, 123.2, 117.6, 75.2, 39.5, 37.7, 37.6, 37.5, 37.4,
37.54, 37.49, 37.44, 35.5, 32.9, 32.8, 28.1, 25.0, 24.6, 22.9, 22.8, 21.2, 20.7, 19.9, 19.8, 19.8,
19.8,19.7,12.9, 12.1, 11.9 ppm; IR (film) ¥max = 2950, 2926, 1754, 1461, 1378, 1214, 1159,
1106, 757, 562 cm™; HRMS (ESI) calcd. for CssHssDO3S [M+H]* m/z 556.3929, found m/z
556.3922.

0 Deuterated (9H-fluoren-9-yl)methyl (S)-2-((thiophen-2-
D~<\SJ/\ NJL"'NO ylmethyl)carbamoyl) piperidine-1-carboxylate (d-62s) was obtained
S from (9H-fluoren-9-yl)methyl (S)-2-((thiophen-2-ylmethyl)carbamoyl)
| ‘ I piperidine-1-carboxylate (62s, 89.6 mg, 0.200 mmol) following the

Q O general procedure GP4; yellow liquid (79.5 mg, 0.178 mmol, 89%

oze yield). tH NMR (400 MHz, CDCls) & 7.79 — 7.72 (m, 2H), 7.54 (s, 2H),

7.44 —7.35 (m, 2H), 7.32 — 7.26 (m, 2H), 7.18 — 7.15 (m, 0.04H, 96% D), 6.91 (s, 2H), 6.42 —
6.22 (m, 1H), 4.75 — 4.65 (m, 1H), 4.52 — 4.46 (m, 3H), 4.25 — 4.18 (m, 1H), 4.12 — 3.91 (m,
1H), 2.85 (s, 1H), 2.35 — 2.26 (m, 1H), 1.68 — 1.28 (m, 6H) ppm; *C NMR (101 MHz,
CDCls) 6 170.6, 170.3, 143.8, 141.5, 127.9, 127.3, 127.2, 126.8, 125.8, 125.0, 120.1, 120.1,
67.7, 54.8, 47.5, 42.4, 38.4, 25.6, 24.9, 20.5 ppm; IR (film) ¥max = 3329, 2942, 1692, 1519,

1450, 1424. 1274, 1260, 1171, 756, 742 cm™; HRMS (ESI) calcd. for C2sH26DN203S
[M+H]" m/z 448.1800, found m/z 448.1797.

Deuterated  (3S,5S,8R,9R,10S,13R,14R,17R)-
8,10,13-trimethyl-17-((R)-6-methylheptan-2-
yl)hexadecahydro-1H-

cyclopenta[a]phenanthren-3-yl  3-(1H-indol-3-

yl)propanoate (62t) was obtained from
(3S,5S,8R,9R,10S,13R,14R,17R)-8,10,13-
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trimethyl-17-((R)-6-methylheptan-2-yl)hexadecahydro-1H-cyclopenta[a]phenanthren-3-
yl 3-(1H-indol-3-yl)propanoate (62t, 115.6 mg, 0.200 mmol, spectroscopic data in
accordance with literature™™”®l) following the general procedure GP4; yellow solid (109.0 mg,
0.190 mmol, 95% yield). m.p. = 123 — 125<C (CDCIls); *H NMR (300 MHz, CDCls) § 7.98
(s, 1H), 7.65 — 7.58 (m, 1H), 7.38 — 7.33 (m, 1H), 7.23 — 7.15 (m, 1H), 7.15 - 7.08 (m, 1H),
6.70 — 6.97 (m, 86% D), 4.78 — 4.65 (m, 1H), 2.81 (t, J = 7.4 Hz, 2H), 2.36 (t, J = 7.4 Hz, 2H),
2.10 - 2.03 (m, 2H), 2.02 — 1.92 (m, 1H), 1.86 — 1.42 (m, 10H), 1.43 — 0.94 (m, 20H), 0.92 (s,
3H), 0.92 — 0.84 (m, 6H), 0.82 (s, 3H), 0.65 (s, 3H) ppm; ¥C NMR (75 MHz, CDCls3) §
173.5, 136.5, 127.6, 122.0, 121.9, 119.3, 119.1, 115.7, 111.2, 73.7, 56.4, 56.4, 54.4, 44.8,
42.7, 40.1, 39.7, 36.9, 36.3, 35.9, 35.6, 35.6, 34.5, 34.2, 32.1, 28.8, 28.4, 28.2, 27.7, 25.7,
24.6, 24.4, 24.0, 23.0, 22.7, 21.4, 18.8, 12.4, 12.2 ppm; IR (film) ¥max = 3414, 2934, 2847,
1718, 1455, 1383, 1187, 1009, 737 cm; HRMS (ESI) calcd. for C3sHs9eDO2N [M+H]* m/z
575.4681, found m/z 575.4677.

F 5-(Fluoromethyl)-2-phenyl-oxazoline (58a), prepared from N-allylbenzamide

O:Né' (57a, 80.5 mg, 0.5 mmol) following the general procedure GP5; yellow oil
@ (61.8 mg, 0.345mmol, 69%). TLC: Rr= 0.28 (silica gel, 50:50 hexane:EtOAc)
[UV]; H NMR (400 MHz, CDCls) & 7.97 — 7.94 (m, 2H), 7.50 — 7.46 (m, 1H),
7.43 - 7.38 (m, 2H), 4.97 — 4.85 (m, 1H), 4.66 — 4.54 (m, 1H), 4.53 — 4.41 (m, 1H), 4.14 (ddd,
J = 14.9 Hz, 10.2 Hz, 1.5 Hz, 1H), 3.86 (dd, J = 14.9 Hz, 7.5 Hz, 1H) ppm; 3C NMR
(101 MHz, CDCls) & 164.0, 131.4, 128.3, 128.2, 127.3, 83.4 (d, J = 175.2 Hz), 77.5 (d, J =
19.5 Hz), 55.8 (d, J = 6.0 Hz) ppm; °F NMR (376 MHz, CDCls) & -228.97 (td, J = 47.1,
19.3 Hz) ppm.

58a

The analytical data are in accordance to those reported in the literature.[32]

F 5-(Fluoromethyl)-2-(p-tolyl)-oxazoline (58b), prepared from N-allyl-4-

/@/Ok\;( methylbenzamide (57b, 87.5 mg, 0.5 mmol) following the general
Me s8b procedure GP5; yellow oil (63.7 mg, 0,33 mmol, 66%). m.p. =42 <C; TLC:
Rf = 0.28 (silica gel, 50:50 hexane:EtOAc) [UV]; 'H NMR (400 MHz, CDClz) 6 7.83 (d, J =
8.3 Hz, 2H), 7.20 (d, J = 8.0 Hz, 2H), 4.94 — 4.82 (m, 1H), 4.63 — 4.52 (m, 1H), 4.51 — 4.39
(m, 1H), 4.11 (ddd, J = 14.8, 10.2, 1.5 Hz, 1H), 3.82 (dd, J = 14.8, 7.5 Hz, 1H), 2.37 (s, 3H)

ppm; ¥C NMR (101 MHz, CDCls) & 164.0, 141.8, 129.0, 128.1, 124.5, 83.3 (d, J = 175.0
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Hz), 77.4 (d, J = 16.4 Hz), 55.6 (d, J = 6.0 Hz), 21.4 ppm; *F NMR (376 MHz, CDCls)
§-228.71 (td, J = 47.5, 19.5 Hz) ppm.

The analytical data are in accordance to those reported in the literature. [

r  5-(Fluoromethyl)-2-(4-(1,1-dimethylethyl)phenyl)-oxazoline (58¢),

O\ prepared from N-allyl-4-(tert-butyl)benzamide (57c, 108.5 mg, 0.5 mmol)
tBu/©/;N following the general procedure GP5; beige solid (83.5 mg, 0.355 mmol,
71%). m.p. = 47<C; TLC: Rs = 0.28 (silica gel, 50:50 hexane:EtOAc) [UV];

'H NMR (400 MHz, CDClz) 6 7.88 (d, J = 8.5 Hz, 1H), 7.42 (d, J = 8.6 Hz, 1H), 4.94 — 4.83
(m, 1H), 4.63 — 4.51 (m, 1H), 4.50 — 4.38 (m, 1H), 4.12 (ddd, J = 14.9, 10.2, 1.5 Hz, 1H),
3.84 (dd, J = 14.8, 7.4 Hz, 1H), 1.32 (s, 9H) ppm; 3C NMR (101 MHz, CDClz) § 164.0,
154.9, 128.0, 125.2, 124.4, 83.4 (d, J = 175.1 Hz), 77.3 (d, J = 19.7 Hz), 55.7 (d, J = 5.8 Hz),

34.9, 31.1 ppm; 1°F NMR (376 MHz, CDCls) & -228.84 (td, J = 47.4, 19.5 Hz) ppm.

The analytical data are in accordance to those reported in the literature.*3]

F 5-(Fluoromethyl)-2-(4-methoxyphenyl)-oxazoline (58d), prepared from
/@/ok:,\‘( N-allyl-4-methoxybenzamide (57d, 95.5 mg, 0.5 mmol) following the
MeO s general procedure GP5; yellow oil (34.5 mg, 0.165 mmol, 33%). TLC: Rt
=0.25 (silica gel, 50:50 hexane:EtOAc) [UV]; *H NMR (400 MHz, CDCls) § 7.91 — 7.88 (m,
1H), 6.93 — 6.89 (m, 1H), 4.96 — 4.84 (m, 1H), 4.65 — 4.53 (m, 1H), 4.52 — 4.41 (m, 1H), 4.12
(ddd, J = 14.7, 10.2, 1.5 Hz, 1H), 3.86 — 3.80(m, 4H) ppm; *C NMR (101 MHz, CDClz) §
163.8, 162.2, 130.0, 119.9, 113.7, 83.5 (d, J = 175.1 Hz), 77.4 (d, J = 19.5 Hz), 55.7 (d, J =
5.8 Hz), 55.3 ppm; **F NMR (376 MHz, CDsCOCDs3) & -234.32 (td, J = 47.1, 19.4 Hz) ppm.

The analytical data are in accordance to those reported in the literature. [32]

F 5-(Fluoromethyl)-2-(4-fluorophenyl)-oxazoline (58e), prepared from N-

/@/&;{ allyl-4-fluorobenzamide (57e, 89.5 mg, 0.5 mmol) following the general

. procedure GP5; white solid (64.0 mg, 0.325 mmol, 65%). m.p. = 65 <T;

TLC: Rf = 0.28 (silica gel, 50:50 hexane:EtOAc) [UV]; 'H NMR (400

MHz, CDCls) & 7.96 — 7.92 (m, 2H), 7.10 — 7.05 (m, 2H), 4.96 — 4.84 (m, 1H), 4.65 — 4.53
135
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(m, 1H), 4.53 — 4.40 (m, 1H), 4.12 (ddd, J = 15.0, 10.2, 1.4Hz, 1H), 3.84 (dd, J = 14.8, 7.5
Hz, 1H) ppm; $3C NMR (101 MHz, CDCls) § 164.5 (J = 291.5 Hz), 130.5 (d, J = 8.9 Hz),
123.6 (d, J = 3.1 Hz), 115.4 (d, J = 22.0 Hz), 83.3 (d, J = 175.4 Hz), 77.7 (d, J = 19.5 Hz),
55.7 (d, J = 5.9 Hz) ppm; **F NMR (376 MHz, CDCls) & -107.93 (hept, J = 4.6 Hz), -229.21
(td, J =47.2,19.8 Hz) ppm.

The analytical data are in accordance to those reported in the literature.*3!

F 2-(4-Chlorophenyl)-5-(fluoromethyl)-oxazoline (58f), prepared from N-

/@/Ok:N( allyl-4-fluorobenzamide (57f, 89.5 mg, 0.5 mmol) following the general

ol procedure GP5; white solid (54.3 mg, 0.255 mmol, 51%). m.p. = 53 <C;

TLC: Rf = 0.29 (silica gel, 50:50 hexane:EtOAc) [UV]; *H NMR (400

MHz, CDCls) & 7.87 (d, J = 8.6 Hz, 1H), 7.37 (d, J = 8.6 Hz, 1H), 4.96 — 4.84 (m, 1 H), 4.65

—4.53 (m, 1 H), 453 - 4.39 (m, 1 H), 4.12 (ddd, J = 14.9, 10.2, 1.5 Hz, 1H), 3.85 (dd, J =

14.9, 7.6 Hz, 1H) ppm; *C NMR (101 MHz, CDCls) & 163.1, 137.6, 129.5, 128.6, 125.8,

83.2 (d, J = 175.4 Hz), 77.7 (d, J = 19.5 Hz), 55.7 (d, J = 6.0 Hz) ppm; °F NMR (376 MHz,

CDCls) 6 -229.28 (td, J = 47.3, 19.9 Hz) ppm; IR (neat) ¥max = 3429, 2966, 1655, 1265, 1092,
838, 668 cm™; HRMS (ESI) calcd. for C10H10CIFNOS* [M+H]" 214.0429, found 214.0429.

58f

{F 5-(Fluoromethyl)-2-(4-(trifluoromethyl)phenyl)-oxazoline (580),

O

/@/gN prepared from N-allyl-4-(trifluoromethyl)benzamide (579, 114.5 mg, 0.5
CF mmol) following the general procedure GP5; colourless oil (86.5 mg, 0.35

" mmol, 70%). TLC: Rs = 0.32 (silica gel, 50:50 hexane:EtOAc) [UV]; H
NMR (400 MHz, CDCIs) 6 8.09 (d, J = 8.2 Hz, 2H), 7.68 (d, J = 8.2 Hz, 2H), 5.03 — 4.92 (m,
1H), 4.71 — 4.58 (m, 1H), 4.57 — 4.44 (m, 1H), 4.20 (dd, J = 15.1 Hz, 10.2 Hz, 1H), 3.93 (dd,
J =15.1 Hz,7.6 Hz, 1H) ppm; 3C NMR (101 MHz, CDCls) § 162.9, 133.1 (q, J = 32.6 Hz),
130.7, 128.6, 125.4 (q, J = 3.8 Hz), 123.7(q, J = 272.5Hz), 83.2 (d, J = 175.6 Hz), 78.0 (d, J
=19.6 Hz), 55.9 (d, J = 6.0 Hz) ppm; **F NMR (376 MHz, CDCls) & 63.0(s), -228.97 (td, J =

47.0, 20.2 Hz) ppm.

The analytical data are in accordance to those reported in the literature.[*3?]
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0O

/@/&N prepared from N-allyl-4-(methylsulfonyl)benzamide (57h, 119.5 mg, 0.5
Me0,S mmol) following the general procedure GP5; white solid (70.7 mg,

{F 5-(Fluoromethyl)-2-(4-(methylsulfonyl)phenyl)-oxazoline (58h),

58h

0.275 mmol, 55%). m.p. = 98 <C; TLC: Rs = 0.29 (silica gel, 50:50 hexane:EtOAc) [UV];
'H NMR (400 MHz, CDClz) 6 8.13 (d, J = 8.3 Hz, 1H), 7.97 (d, J = 8.2 Hz, 1H), 5.01 — 4.90
(m, 1H), 4.72 — 4.56 (m, 1H), 4.53 — 4.38 (m, 1H), 4.18 (dd, J = 14.9, 10.6 Hz, 1H), 3.92 (dd,
J = 15.3, 7.6 Hz, 1H), 3.05 (s, 3H) ppm; ¥C NMR (75 MHz, CDCls) § 162.37, 142.80,
132.29, 129.10, 127.36, 83.09 (d, J = 175.6 Hz), 78.14 (d, J = 19.4 Hz), 55.80 (d, J = 6.1 Hz),
44.30 ppm; °F NMR (282 MHz, CDCls) § -230.37 (td, J = 47.2, 21.0 Hz) ppm; IR (neat)
Vmax = 3423, 2931, 1725, 1650, 1403, 1293, 1149, 782, 561, 529 cm’*; HRMS (ESI) calcd.
for C11H1sFNOsS* [M+H]* 258.0595, found 258.0616.

F Methyl 4-(5-(fluoromethyl)-4,5-dihydrooxazol-2-yl)benzoate (58i),

:( prepared from methyl 4-(allylcarbamoyl)benzoate (57i, 109.5 mg, 0.5

Meozc/©/5: mmol) following the general procedure GP5; white solid (93.6 mg,

0.395 mmol, 79%). m.p. = 86 <C; TLC: Rr = 0.29 (silica gel, 50:50

hexane:EtOAc) [UV]; *H NMR (400 MHz, CDClz) & 8.09 — 8.02 (m, 4H), 5.00 — 4.94 (m,

1H), 4.70 — 4.58 (m, 1H), 4.56 — 4.43 (m, 1H), 4.19 (dd, J = 14.7, 10.4 Hz, 1H), 3.95 — 3.89

(m, 4H) ppm; ¥C NMR (101 MHz, CDCl3) 6 166.3, 163.6, 132.8, 130.9, 129.6, 128.3, 83.1

(d, J = 175.6 Hz), 78.1 (d, J = 19.5 Hz), 55.5 (d, J = 5.9 Hz) ppm; IR (neat) ¥max = 3628,

2957, 1612, 1410, 1117, 708 cm™*; °F NMR (376 MHz, CDCls) § -229.81 (td, J = 47.1, 20.2
Hz) ppm; HRMS (ESI) calcd. for C12H13FNOs* [M+H]" 238.0874, found 238.0885.

1-(4-(5-(Fluoromethyl)-4,5-dihydrooxazol-2-yl)phenyl)ethenone  (58)),

F
°:§ prepared from methyl 4-acetyl-N-allylbenzamide (57j, 101.5 mg, 0.5 mmol)
Ac/©/5:N following the general procedure GP5; white solid (64.1 mg, 0.290 mmol,
58%). m.p. = 128 <C; TLC: Rs = 0.18 (silica gel, 50:50 hexane:EtOAC)

[UV]; 'H NMR (300 MHz, CDCls) § 8.04 — 7.94 (m, 4H), 5.02 — 4.86 (m, 1H), 4.70 — 4.56
(m, 1H), 4.55 — 4.38 (m, 1H), 4.16 (dd, J = 15.1, 10.3 Hz, 1H), 3.89 (dd, J = 15.2, 7.7 Hz,
1H), 2.60 (s, 3H) ppm; $3C NMR (101 MHz, CDCls) & 197.4, 163.2, 139.1, 131.2, 128.4,
128.2, 83.2 (d, J = 175.5 Hz), 77.93 (d, J = 19.5 Hz), 55.70 (d, J = 5.9 Hz), 26.7 ppm; 1°F
NMR (376 MHz, CDCls) 6 -229.73 (td, J = 47.2, 20.2 Hz) ppm; IR (neat) ¥max = 3586, 2876,
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1683, 1261, 990, 857 cm™; HRMS (ESI) calcd. for C12H1sFNO2* [M+H]* 222.0925, found
222.0934.

4-(5-(Fluoromethyl)-4,5-dihydrooxazol-2-yl)benzonitrile (58k), prepared

F
O:( from N-allyl-4-cyanobenzamide (57k, 93.0 mg, 0.5 mmol) following the
NC/©/5:(N general procedure GP5; white solid (56.1 mg, 0.225 mmol, 55%). m.p. =
95 <C; TLC: Rf = 0.20 (silica gel, 50:50 hexane:EtOAc) [UV]; 'H NMR

(300 MHz, CDCls) 6 8.06 (d, J =8.4 Hz, 1H), 7.71 (d, J = 8.4 Hz, 1H), 5.05 — 4.90 (m, 1H),
4.73 — 458 (m, 1H), 4.57 — 4.40 (m, 1H), 4.20 (dd, J = 14.8, 9.9 Hz, 1H), 3.93 (dd, J = 15.3,
7.7 Hz, 1H) ppm; 3C NMR (75 MHz, CDCls) & 162.6, 132.1, 131.2, 128.8, 118.1, 115.0,
83.0 (d, J =175.9 Hz), 78.3 (d, J = 19.5 Hz), 55.6 (d, J = 6.1 Hz) ppm; °F NMR (282 MHz,
CDCl3) 6 -230.39 (td, J = 47.2, 20.9 Hz) ppm; IR (neat) ¥max = 3408, 2955, 2229, 1652, 1265,
1072, 854, 669 cm™; HRMS (ESI) calcd. for CiiH10FN20* [M+H]" 205.0772, found

205.0781.

4-(5-(Fluoromethyl)-4,5-dihydrooxazol-2-yl)phenyl 4-

F

4 methylbenzenesulfonate (58l), prepared from 4-(allylcarbamoyl)phenyl 4-
Tso/©/5:N methylbenzenesulfonate (571, 165.5 mg, 0.5 mmol) following the general
procedure GP5; white solid (148.4 mg, 0.425 mmol, 85%). m.p. = 88 TC;

TLC: Rf=0.23 (silica gel, 50:50 hexane:EtOAc) [UV]; H NMR (400 MHz, CDCls) § 7.85
(d, J = 8.8 Hz, 2H), 7.65 (d, J = 8.3 Hz, 2H), 7.27 (d, J = 8.2 Hz, 2H), 7.00 (d, J = 8.8 Hz,
2H), 4.94 — 4.83 (m, 1H), 4.64 — 4.50 (m, 1H), 4.50 — 4.36 (m, 1H), 4.13 — 4.07 (m, 1H), 3.83
(dd, J = 15.0, 7.6 Hz, 1H), 2.40 (s, 3H) ppm; 3C NMR (101 MHz, CDCls) & 162.8, 151.7,
145.6, 131.9, 129.8, 129.7, 128.4, 126.1, 122.3, 83.1 (d, J = 175.3 Hz), 77.9 (d, J = 19.4 Hz),
55.5 (d, J = 6.0 Hz), 21.6 ppm; *°F NMR (376 MHz, CDCls) § -229.89 (td, J = 47.2, 20.6 Hz)
ppm; IR (neat) ¥max = 3433, 2959, 1653, 1501, 1379, 1167, 874, 568 cm™; HRMS (ESI)

calcd. for C17H17FNO4S™ [M+H]* 350.0857, found 350.0855.

F  4-(5-(Fluoromethyl)-4,5-dihydrooxazol-2-yl)benzaldehyde (58m),

O\N prepared from N-allyl-4-formylbenzamide (57m, 94.5 mg, 0.5 mmol)
OHC/(>/k following the general procedure GP5; white solid (33.1 mg, 0.160 mmol,

58m
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32%). m.p. = 66 <C; TLC: Rf=0.21 (silica gel, 50:50 hexane:EtOAc) [UV]; H NMR (300
MHz, CDCls) & 10.06 (s, 1H), 8.14 (d, J = 8.3 Hz, 2H), 7.92 (d, J = 8.4 Hz, 2H), 5.07 — 4.92
(m, 1H), 4.74 — 4.61 (m, 1H), 4.59 — 4.42 (m, 1H), 4.21 (dd, J = 14.8, 10.3 Hz, 1H), 3.94 (dd,
J=15.1, 7.6 Hz, 1H) ppm; ¥C NMR (75 MHz, CDCl3) 6 191.5, 163.4, 138.3, 132.1, 129.6,
129.0, 83.1 (d, J = 175.7 Hz), 78.3 (d, J = 19.4 Hz), 55.4 (d, J = 6.6 Hz) ppm; °F NMR (282
MHz, CDCls) & -230.19 (td, J = 47.1, 20.5 Hz) ppm.

The analytical data are in accordance to those reported in the literature.[32]

¢ 5-(Fluoromethyl)-2-(o-tolyl)-oxazoline (58n), prepared from N-allyl-2-

O:é’ methylbenzamide (57n, 87.5 mg, 0.5 mmol) following the general procedure
d GP5; colourless oil (42.5 mg, 0.22 mmol, 44%). TLC: R = 0.28 (silica gel,

56n 50:50 hexane:EtOAc) [UV]; *H NMR (400 MHz, CDCls) 6 7.73 (dd, J = 7.7,
1.5 Hz, 1H), 7.25 (td, J = 7.5, 1.5 Hz, 1H), 7.18 — 7.12 (m, 2H), 4.83 — 4.71 (m, 1H), 4.57 —
4.45 (m, 1H), 4.45 — 4.32 (m, 1H), 4.08 (ddd, J = 14.9, 10.3, 1.5 Hz, 1H), 3.82 (dd, J = 14.8,
7.3 Hz, 1H), 2.51 (s, 3H) ppm; 13C NMR (101 MHz, CDCls) & 164.4, 138.8, 131.2, 130.6,
129.8, 126.7, 125.5, 83.4 (d, J = 175.2 Hz), 76.6 (d, J = 19.5 Hz), 56.1 (d, J = 5.7 Hz), 21.6
ppm; F NMR (376 MHz, CDClz) 6 -229.58 (td, J = 47.1, 19.9 Hz) ppm; IR (neat) ¥max =
3437, 2974, 1646, 1216, 1042, 756 cm™; HRMS (ESI) calcd. for CiiH1isFNO* [M+H]*
194.0976, found 194.0989.

r 5-(Fluoromethyl)-2-(m-tolyl)-oxazoline (580), prepared from N-allyl-3-
Ve o:é/ methylbenzamide (570, 87.5 mg, 0.5 mmol) following the general

\ﬂj/k procedure GP5; colourless oil (74.3 mg, 0.385 mmol, 77%). TLC: R =
0.28 (silica gel, 50:50 hexane:EtOAc) [UV]; 'H NMR (400 MHz, CDCls)
8 7.78 (s, 1H), 7.75 — 7.73 (m, 1H), 7.31 — 7.26 (m, 2H), 4.95 — 4.84 (m, 1H), 4.64 — 4.52 (m,
1H), 4.52 — 4.40 (m, 1H), 4.12 (ddd, J = 14.9 Hz, 10.2 Hz, 1.5 Hz, 1H), 3.84 (dd, J = 14.9 Hz,
7.5 Hz, 1H) , 2.37 (s, 3H) ppm; 3C NMR (101 MHz, CDCls) § 164.1, 138.0, 132.2, 128.7,
128.2, 127.1, 125.3, 83.3 (d, J = 175.1 Hz), 77.5 (d, J = 19.6 Hz), 55.6 (d, J = 5.9 Hz), 21.1
ppm; °F NMR (376 MHz, CDCls) & -228.87 (td, J = 47.1, 19.3 Hz) ppm; IR (neat) ¥max =
3431, 2950, 1652, 1194, 1001, 712 cm*; HRMS (ESI) calcd. for CiiHisFNO* [M+H]*
194.0976, found 194.0985.
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¢ 5-(Fluoromethyl)-2-(2,4,6-trimethylphenyl)-oxazoline (58p), prepared

Me 0{ from N-allyl-2,4,6-trimethylbenzamide (57p, 101.5 mg, 0.5 mmol)

following the general procedure GP5; yellow oil (42.0 mg, 0.190 mmol,

s8p 38%). TLC: Rf = 0.25 (silica gel, 50:50 hexane:EtOAc) [UV]; *H NMR

(400 MHz, CDCls) 6 6.86 (s, 2H), 4.91 — 4.80 (m, 1H), 4.70 — 4.55 (m, 1H), 4.55 — 4.41 (m,

1H), 4.17 (ddd, J = 14.6 Hz, 10.4 Hz, 1.6 Hz, 1H), 3.96 (dd, J = 14.5 Hz, 7.3 Hz, 1H), 2.30 (s,

6H), 2.28 (s, 3H) ppm; 3C NMR (101 MHz, CDCls) 5 164.4, 139.3, 137.0, 128.2, 125.5,

83.2 (d, J =175.5 Hz), 77.1 (d, J = 19.4 Hz), 76.8, 55.7 (d, J = 6.0 Hz), 21.1, 19.6 ppm; 1°F
NMR (376 MHz, CDCls) 6 -231.25 (td, J = 47.3, 22.3 Hz) ppm.

The analytical data are in accordance to those reported in the literature.*3!

r2-(3-Bromophenyl)-5-(fluoromethyl)-oxazoline (58q), prepared from N-
B O\;é’ allyl-3-bromobenzamide (579, 120.0 mg, 0.5 mmol) following the general

[j procedure GP5; yellow oil (72.0 mg, 0.190 mmol, 56%). TLC: Rf = 0.29
(silica gel, 50:50 hexane:EtOAc) [UV]; *H NMR (400 MHz, CDCls) 6 8.12
—8.10 (m, 1H), 7.90 — 7.87 (m, 1H), 7.63 — 7.59 (m, 1H), 7.32 — 7.26 (m, 1H), 4.98 — 4.88 (m,
1H), 4.69 — 4.55 (m, 1H), 4.54 — 4.42 (m, 1H), 4.16 (ddd, J = 16.0, 10.7, 5.6 Hz, 1H), 3.88 (dt,
J =135, 6.6 Hz, 1H) ppm; 3C NMR (101 MHz, CDCls) 6 162.7, 134.4, 131.1, 129.9, 129.2,
126.7, 122.3, 83.2 (d, J = 175.4 Hz), 77.8 (d, J = 19.5 Hz), 55.7 (d, J = 6.0 Hz) ppm; 1°F
NMR (376 MHz, CDCls) & -229.59 (td, J = 47.2, 20.2 Hz) ppm; IR (neat) ¥max = 3437, 1651,
1567, 1254, 1060, 707 cm™?; HRMS (ESI) calcd. for CioH10BrFNO* [M+H]" 257.9924,
found 257.9928.

58q

F 2-(4-Chloro-3-nitrophenyl)-5-(fluoromethyl)-oxazoline (58r), prepared
/Né’ from N-allyl-4-chloro-3-nitrobenzamide (57r, 120.0 mg, 0.5 mmol)
o following the general procedure GP5; yellow solid (41.3 mg, 0.160 mmol,

NO: S8BT 3206). m.p. = 82 <T; TLC: Rr = 0.22 (silica gel, 50:50 hexane:EtOAC) [UV];
IH NMR (400 MHz, CDCls) & 8.42 (d, J = 2.0 Hz, 1H), 8.09 (dd, J = 8.4, 2.0 Hz, 1H), 7.60
(d, J =8.4 Hz, 1H), 5.03 — 4.91 (m, 1 H), 4.72 — 457 (m, 1 H), 457 — 4.42 (m, 1 H), 4.19
(ddd, J =15.2, 10.3, 1.5 Hz, 1H), 3.93 (dd, J = 15.3, 7.7 Hz, 1H) ppm; 3C NMR (101 MHz,

CDCls) 6 161.3, 147.9, 132.3, 132.1, 130.0, 127.4, 125.3, 83.0 (d, J = 175.9 Hz), 78.5 (d, J =
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19.5 Hz), 55.8 (d, J = 6.1 Hz) ppm; **F NMR (376 MHz, CDClIs) § -230.78 (td, J = 47.1, 21.2
Hz) ppm; IR (neat) ¥max = 3435, 1656, 1535, 1340, 1079, 836 cm™*; HRMS (ESI) calcd. for
C10HoCIFN203" [M+H]* 259.0280, found 259.0295.

¢ 2-(3,5-Dichlorophenyl)-5-(fluoromethyl)-oxazoline (58s), prepared from
o{ N-allyl-3,5-dichlorobenzamide (57s, 115.0 mg, 0.5 mmol) following the

Cl =N

general procedure GP5; white solid (80.3 mg, 0.325 mmol, 65%). m.p. =
cl 58 67 <C; TLC: Rf = 0.29 (silica gel, 50:50 hexane:EtOAc) [UV]; H NMR
(400 MHz, CDCls) & 7.81 (d, J = 2.0 Hz, 1H), 7.43 (t, J = 2.0 Hz, 1H), 4.97 — 4.85 (m, 1H),
4.67 —4.53 (m, 1H), 4.52 — 4.39 (m, 1H), 4.13 (ddd, J = 15.2, 10.3, 1.5 Hz, 1H), 3.87 (dd, J =
15.2, 7.6 Hz, 1H) ppm; 3C NMR (101 MHz, CDClz) & 161.7, 135.1, 131.2, 130.1, 126.6,
83.0 (d, J = 175.8 Hz), 78.1 (d, J = 19.5 Hz), 55.7 (d, J = 6.0 Hz) ppm; °F NMR (376 MHz,
CDCls) 6 -230.06 (td, J = 47.0, 20.5 Hz) ppm; IR (neat) ¥max = 3434, 1653, 1563, 1333, 1263,
1074, 805, 614 cm™; HRMS (ESI) calcd. for C10H10Cl2FNO* [M+H]* 248.0040, found
248.0046.

¢ 6-(Fluoromethyl)-2-phenyl-5,6-dihydro-4H-1,3-oxazine (58t), prepared from

Ojj N-(but-3-en-1-yl)benzamide (57t, 87.5 mg, 0.5 mmol) following the general

@N procedure GP5; white solid (25.1 mg, 0.13 mmol, 26%). m.p. =45 <C; TLC: R¢

58t = 0.27 (silica gel, 50:50 hexane:EtOAc) [UV]; *H NMR (400 MHz, CDCls) §

7.94 —7.91 (m, 2H), 7.44 — 7.34 (m, 3H), 4.68 — 4.59(m, 1H), 4.57 — 4.42(m, 2H), 3.73 (ddd,

J=16.7,5.4, 2.8 Hz, 1H), 3.61 (ddd, J = 16.5, 10.6, 5.2 Hz, 1H), 1.95 (ddt, J = 13.5, 5.6, 3.0

Hz, 1H), 1.85 (dtd, J = 13.5, 10.4, 5.4 Hz, 1H) ppm; **C NMR (101 MHz, CDClz) & 155.1,

133.5, 130.5, 128.0, 127.0, 84.3 (d, J = 174.0 Hz), 73.0 (d, J = 20.5 Hz), 42.2, 22.3 (d, J = 5.7
Hz) ppm; °F NMR (376 MHz, CDCl3) § -230.57 (td, J = 46.9, 19.6 Hz) ppm.

The analytical data are in accordance to those reported in the literature.[*3?]

1,3-Bis(5-(fluoromethyl)-4,5-dihydrooxazol-2-yl)benzene (58u),

F F
‘%j\@/tg prepared from N!,N3-diallylisophthalamide (57u, 122.1 mg, 0.5 mmol)
N N

following the general procedure GP5; white solid (54.6 mg, 0.195 mmol,
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39%). m.p. =92 <C; TLC: Rr=0.21 (silica gel, 20:80 hexane:EtOAc) [UV]; 'H NMR (400
MHz, CDCls) § 8.48 (d, J = 1.8 Hz, 1H), 8.07 (dd, J = 7.8, 1.7 Hz, 2H), 7.45 (t, J = 7.8 Hz,
1H), 4.97 — 4.85 (m, 1 H), 4.66 — 4.53 (m, 1 H), 4.52 — 4.40 (m, 1 H), 4.14 (ddd, J = 15.0,
10.3, 1.5 Hz, 2H), 3.87 (dd, J = 14.9, 7.6 Hz, 2H) ppm; 3C NMR (101 MHz, CDCls) 5 163.3,
131.0, 128.5, 127.9, 127.7, 83.2 (d, J = 175.4 Hz), 77.7 (d, J = 19.6 Hz), 55.8 (d, J = 5.8 Hz)
ppm; °F NMR (376 MHz, CDCl3)  -229.67 (td, J = 47.2, 20.1 Hz) ppm.

The analytical data are in accordance to those reported in the literature.[32]

r (1R,3R,5R,7R)-Adamantan-2-yl 4-(5-(fluoromethyl)-4,5-

O\N dihydrooxazol-2-yl)benzoate (58v), prepared from (1r,3r,5r,7r)-

o\'(<j/k adamantan-2-yl 4-(allylcarbamoyl)benzoate (57v, 169.5 mg, 0.5
@/ © o mmol) following the general procedure GP5; white solid (119.7 mg,
0.335 mmol, 67%). m.p. = 120 C; TLC: Rs = 0.23 (silica gel,

50:50 hexane:EtOAc) [UV]; *H NMR (300 MHz, CDCls) 5 8.10 (q, J = 8.4 Hz, 4H), 5.19 (s,
1H), 5.05 — 4.98 (m, 1H), 4.74 — 4.60 (m, 1H), 4.58 — 4.43 (m, 1H), 4.23 (dd, J = 14.2, 10.6
Hz, 1H), 3.95 (dd, J = 14.8, 7.5 Hz, 1H), 2.13 (s, 4H), 1.89 — 1.78 (m, 8H), 1.64 (d, J = 12.2
Hz, 1H) ppm; **C NMR (101 MHz, CDCls) & 165.0, 163.6, 133.8, 130.7, 129.5, 128.2, 83.1
(d, J = 175.6 Hz), 78.0 (d, J = 21.4 Hz), 77.9, 55.4 (d, J = 5.5 Hz), 37.3, 36.3, 32.0, 31.9, 27.2,
26.9 ppm; °F NMR (282 MHz, CDCls) & -230.12 (td, J = 47.0, 20.3 Hz) ppm; IR (neat) Vmax

= 3420, 2922, 1708, 1653, 1277, 1119, 706 cm™; HRMS (ESI) calcd. for CaiH2sFNOs*
[M+H]* 358.1813, found 358.1812.

¢ 4-(5-(Fluoromethyl)-oxazolin-2-yl)-N,N-
(6]

g dipropylbenzenesulfonamide (58w), prepared from N-allyl-4-
N
/<J/k (N,N-dipropylsulfamoyl)benzamide (57w, 162.2 mg, 0.5 mmol)

O,

Me\/\,\rS\b

following the general procedure GP5; yellow solid (126.6 mg,

Me STw 0.370 mmol, 74%). m.p. = 62 <C; TLC: Rf = 0.30 (silica gel, 50:50
hexane:EtOAc) [UV]; H NMR (400 MHz, CDCls) § 8.03 (d, J = 8.1 Hz, 2H), 7.80 (d, J =
8.1 Hz, 2H), 4.96 — 4.88( m, 1H), 4.67 — 4.54 (m, 1H), 4.52 — 4.38 (m, 1H), 4.14 (dd, J = 15.2,
10.3 Hz, 1H), 3.88 (dd, J = 15.2, 7.6 Hz, 1H), 3.04 (t, J = 7.6 Hz, 4H), 1.49 (q, J = 7.5 Hz,
4H), 0.82 (t, J = 7.4 Hz, 6H) ppm; 13C NMR (101 MHz, CDCls) § 162.6, 142.7, 130.8, 128.7,
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126.8, 83.1 (d, J = 175.5 Hz), 78.0 (d, J = 19.4 Hz), 76.8, 55.7 (d, J = 6.1 Hz), 49.8, 21.7,
11.0 ppm; *F NMR (376 MHz, CDCls) & -230.30 (td, J = 47.2, 20.9 Hz) ppm; IR (neat) ¥max
= 3676, 2967, 1653, 1336, 1160, 986, 600 cm™; HRMS (ESI) calcd. for CisH24FN203*
[M+H]" 343.1486, found 343.1490.

F (1R,2S,5R)-2-1sopropyl-5-methylcyclohexyl 4-(5-
e O:NC (fluoromethyl)-4,5-dihydrooxazol-2-yl)benzoate (58x),
\O'O)(Q/k prepared from (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 4-
Pr % sex (allylcarbamoyl)benzoate (57x, 171.5 mg, 0.5 mmol) following

the general procedure GP5; colourless oil (130.0 mg, 0.36 mmol, 72%). TLC: Rf = 0.23
(silica gel, 50:50 hexane:EtOAc) [UV]; *H NMR (400 MHz, CDCIs) & 8.02 (dd, J = 23.4, 8.3
Hz, 4H), 4.98 — 4.86 (m, 1H), 4.66 — 4.53 (m, 1H), 4.52 — 4.40 (m, 1H), 4.15 (dd, J = 15.0,
10.3 Hz, 1H), 3.88 (dd, J = 15.1, 7.6 Hz, 1H), 2.10 (d, J = 12.0 Hz, 1H), 1.96 — 1.88 (m, 1H),
1.70 (d, J = 12.0 Hz, 2H), 1.57 — 1.51 (m, 2H), 1.16 — 1.05 (m, 2H), 0.94 — 0.85 (m, 7H), 0.77
(d, J = 6.9 Hz, 3H) ppm; **C NMR (101 MHz, CDCls) & 165.3, 163.3, 133.3, 131.0, 129.4,
128.1, 83.1 (d, J = 175.5 Hz), 77.8 (d, J = 19.5 Hz), 75.18, 55.7 (d, J = 5.9 Hz), 47.13, 40.8,
34.2,31.4,26.4 (d, J = 2.0 Hz), 23.6 (d, J = 1.7 Hz), 21.9, 20.7, 16.4 (d, J = 1.8 Hz) ppm; °F
NMR (376 MHz, CDCls) 6 -229.60 (tdd, J = 47.2, 20.0, 11.6 Hz) ppm; IR (neat) Vmax = 3413,

2956, 1714, 1274, 1118, 757 cm™!; HRMS (ESI) calcd. for C21H20FNO3* [M+H]* 326.2126,
found 326.2128.

(3S,5S,8R,9S,10S,13R,14S,17R)-10,13-
Dimethyl-17-((R)-6-methylheptan-2-
yl)hexadecahydro-1H-

58y " ] cyclopenta[a]phenanthren-3-yl 4-(5-
(fluoromethyl)-4,5-dihydrooxazol-2-yl)benzoate (58y), prepared from
(3S,5S,8R,9S,10S,13R,14S,17R)-10,13-dimethyl-17-((R)-6-methylheptan-2-
yl)hexadecahydro-1H-cyclopenta[a]phenanthren-3-yl 4-(allylcarbamoyl)benzoate (57y, 287.9
mg, 0.5 mmol) following the general procedure GP5; white solid (287.9 mg, 71%). m.p. =
201 <C; TLC: Rs=0.57 (silica gel, 50:50 hexane:EtOAc) [UV]; H NMR (400 MHz, CDCIs)
5 8.08 — 8.03 (m, 4H), 5.03 — 4.90(m, 2H), 4.71 — 4.58 (m, 1H), 4.57 — 4.45 (m, 1H), 4.25 —
4.18 (m, 1H), 3.97 — 3.91 (m, 1H), 1.98 — 1.92 (m, 2H), 1.83 — 1.64 (m, 5H), 1.56 — 1.48 (m,
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4H), 1.38 — 1.18 (m, 10H), 1.16 — 0.97 (m, 10H), 0.90 (d, J = 6.5 Hz, 4H), 0.86 — 0.85 (m,
9H), 0.65 (s, 3H) ppm;*C NMR (101 MHz, CDCls) § 165.2, 164.0, 133.9, 130.26 (s), 129.5,
128.3, 83.0 (d, J = 176.7 Hz), 78.3 (d, J = 17.4 Hz), 74.9, 56.4, 56.3, 55.0 (d, J = 5.3 Hz),
54.2 44.7, 42.6, 40.0, 39.5, 36.8, 36.1, 35.8, 35.5, 35.5, 34.1, 32.0, 28.6, 28.2, 28.0, 27.5, 24.2,
23.8, 22.8, 22.5, 21.2, 18.7, 12.3, 12.1 ppm; *F NMR (376 MHz, CDCls) & -229.85 — -
230.03 (m) ppm; IR (neat) Vmax = 3419, 2935, 1715, 1653, 1278, 1118, 710 cm™*; HRMS
(ESI) calcd. for CsgHs7?FNO3s* [M+H]* 594.4317, found 594.4308.

r 4-(5-(Fluoromethyl)-4,5-dihydrooxazol-2-yl)phenyl  ((1S,4R)-
O\ 7,7-dimethyl-2-oxobicyclo[2.2.1]heptan-1-yl)methanesulfonate
Z;Mgg\o/d " (58z), prepared from 4-((allylamino)(hydroxy)methyl)phenyl
582 ((1S,4R)-7,7-dimethyl-2-oxobicyclo[2.2.1]heptan-1-

yl)methanesulfonate (57z, 196.7 mg, 0.5 mmol) following the general procedure GP5;
colourless oil (100.2 mg, 0.245 mmol, 49%). TLC: Rs = 0.27 (silica gel, 50:50 hexane:EtOAc)
[UV]; *H NMR (300 MHz, CDClz) & 8.04 (d, J = 8.7 Hz, 2H), 7.36 (d, J = 8.7 Hz, 2H), 5.00
— 4.94 (m, 1H), 4.71 — 4.55 (m, 1H), 4.52 — 4.39 (m, 1H), 4.21 — 4.11 (m, 1H), 3.90 (dd, J =
14.6, 7.4 Hz, 1H), 3.81 (d, J = 15.0 Hz, 1H), 3.20 (d, J = 15.0 Hz, 1H), 2.55 — 2.36 (m, 2H),
2.14 -2.01 (m, 2H), 1.96 (d, J = 18.5 Hz, 1H), 1.77 — 1.67 (m, 1H), 1.49 — 1.41 (m, 1H), 1.13
(s, 3H), 0.89 (s, 3H) ppm; 3C NMR (75 MHz, CDCls) § 213.8, 163.3, 151.6, 131.9, 130.3,
122.0, 83.1 (d, J = 175.8 Hz), 78.2 (d, J = 18.9 Hz), 58.1, 55.1 (d, J = 9.9 Hz), 48.0, 48.0,
42.8,42.4,26.8, 25.1, 19.8, 19.6 ppm; *F NMR (282 MHz, CDCls) § -230.15 (td, J = 46.7,
20.1 Hz) ppm; IR (neat) ¥max = 3405, 2961, 1747, 1654, 1504, 1374, 1151, 869, 754 cm™;
HRMS (ESI) calcd. for C20H24FKNOsS* [M+K]* 448.0991, found 448.0984.

¢ (2R,3R,4S,5R,6R)-2-(Acetoxymethyl)-6-((4-(5-
O\{ (fluoromethyl)-4,5-dihydrooxazol-2-
ﬁ/<j/k " yl)benzoyl)oxy)tetrahydro-2H-pyran-3,4,5-triyl  triacetate
(58aa), prepared from (2R,3R,4S,5R,6R)-2-(acetoxymethyl)-6-

(0]
Me)]\

(0]
Me)l\ ((4-(allylcarbamoyl)benzoyl)oxy)tetrahydro-2H-pyran-3,4,5-

o O,
o™ "’O)LMe
o} Me i i i
\Ior s8aa triyl triacetate (57aa, 267.5 mg, 0.5 mmol) following the
general procedure GP5; white solid (113.4 mg, 0.205 mmol, 41%). m.p. =120 <C; TLC: R¢

= 0.15 (silica gel, 50:50 hexane:EtOAc) [UV]; 'H NMR (400 MHz, CDClIs) § 8.08 (s, 4H),
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5.94 — 5.89 (m, 1H), 5.36 — 5.30 (m, 2H), 5.22—- 5.15 (m, 1H), 5.06 — 5.01 (m, 1H), 4.74 —
4.69 (m, 1H), 4.62 — 4.46 (m, 1H), 4.31 (dd, J = 12.5, 4.4 Hz, 1H), 4.23 (t, J = 12.0 Hz, 1H),
4.14 — 4.10 (m, 1H), 3.98 — 3.93 (m, 1H), 2.05 (s, 3H), 2.03 (s, 3H), 2.02 (s, 3H), 1.97 (s, 3H)
ppm; 13C NMR (101 MHz, CDCls) § 170.5, 170.0, 169.3, 169.2, 163.9, 163.7, 131.3, 130.2,
130.0, 128.7, 92,5, 82.9 (d, J = 175.8 Hz), 78.6 (d, J = 17.0 Hz), 72.8, 72.5, 70.1, 67.8, 61.4,
54.8 (d, J = 2.1 Hz), 20.6, 20.5, 20.5 ppm; *°F NMR (376 MHz, CDClIs) & -230.38 — -230.75
(m) ppm; IR (neat) ¥max = 3445, 2958, 1750, 1242, 1082, 731 cm™*; HRMS (ESI) calcd. for
CasH2sFKNO12" [M+K]* 592.1227, found 592.1220.
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IV. Abbreviations
°C
Ac

AcOH

aq

Bn
Bu
calcd.
CAM
CAN
Cbz
conc.

CvV

DBDMH
DCC
DCDMH
DCM
DDQ
DIPEA
DMAP
DMF

DMSO

ABBREVIATIONS

degree Celsius

acetyl

acetic acid

aqueous

Argon

benzyl

butyl

calculated

cerium ammonium molybdate
cerium ammonium nitrate
carboxybenzyl

concentrated

cyclic voltammograms

day(s)
1,3-dibromo-5,5-dimethylhydantoin
dicyclohexylcarbodiimide
1,3-dichloro-5,5-dimethylhydantoin
dichloromethane
2,3-dichloro-5,6-dicyano-1,4-benzoquinone
N-ethyldiisopropylamine
4-(dimethylamino)-pyridine
dimethylformamide
dimethylsulfoxide
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EI
equiv.
ESI
HFIP
HIE
IR

iPr

mol %
M.S.
NBS
OTf
ppm

r.t.

TCL
TEMPO

THF

ABBREVIATIONS

electron ionization

equivalents

electrospray ionization
1,1,1,3,3,3-hexafluoro-2-propanol
hydrogen isotope exchange
infrared spectroscopy

isopropyl

methyl

molar percent

molecular sieve
N-bromosucinimide

triflate

parts per million

room temperature

thin layer chromatography
2,2,6,6-tetramethylpiperidinooxy

tetrahydrofuran
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