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Abstract

Abstract

The first chapter of this thesis introduces the interplay of light and matter as well as a short
overview of the different modi operandi in photoredox catalysis. A protocol for the
deoxygenation of various pyrimidopteridine N-oxide derivatives and the photochemical and
electrochemical characterization corresponding plain heterocycles is discussed. In addition,
the employment of the deoxygenated pyrimidopteridine-N-oxides as organic photoredox

catalysts is exemplified.

The second chapter describes the mechanistic study of the light-mediated hydroamination
of stilbenes with primary amines catalyzed by the previously introduced pyrimidopteridine-
based photoredox catalysts. Classical and competitive fluorescence quenching, NMR and
EPR experiments are investigated, leading to the postulate of a plausible reaction mechanism,

which is further supported by quantum chemical calculations.

The third chapter outlines the investigation towards synthetically valuable photo-mediated
oxygen atom transfer reaction from simple pyridine N-oxide derivatives. For this purpose, the
photophysical and electrochemical properties of a variety of heteroaromatic N-oxides were
determined and suitable candidates were selected for test reactions. Furthermore, the
synthesis of (methylsulfonyloxy)pyridinium methanesulfonate and its use in photocatalytic

reactions is described which let to a photo-mediated dehydrogenation of alkyl arenes.

In the fourth chapter of this thesis, the synthesis of N,N-dimethylaniline derivatives from
dimethylamine and aryl triflates is discussed. The palladium-catalyzed C—-N bond formation
proceeds in excellent yields using a simple catalytic system, a mild base, and triflates as
electrophiles which are readily available from inexpensive and abundant phenols. N,N-
dimethylanilines are multifunctional reactants and represent useful but underutilized building

blocks in organic synthesis.
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Introduction

1 Pyrimidopteridines as organic photoredox catalysts

1.1 Introduction

A fundamental property of nature is the interaction of matter with electromagnetic radiation.
This property is used, among other things, to elucidate the structure of chemical compounds
and to characterize their properties.!"! Depending on the wavelength and the type of particle to
interact with, different processes are initiated. Figure 1.1 schematically shows an
electromagnetic wave with increasing wavelength. The energy of the photons is inversely
proportional to the wavelength. In the case of low-energy microwaves (107'-10"® m), the
molecules are excited to rotate or twist. Infrared rays (1073-107% m) excite characteristic atomic
vibrations. Shorter wavelength (107-10-8 m) fall into the regions of visible light and ultraviolet
radiation. This is the zone in which molecules can enter excited states. The absorption of this
radiation enhances an electron from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO). Energetically higher radiation (<1078 m), such as
gamma radiation, promotes electrons from lower molecular into antibonding orbitals, which
often results in bond cleavage. The ground state is regained by emitting radiation known as

fluorescence.

1
10" 103 10"

wavelength [m] 0 09 164

108 108 10* 102 10° 1072 104
energy [kJ/mol] | ImI
C?:SISIC | y-rays X-rays ultraviolet '3 infrared microwave radiowave
| =
T T T
bond cleavage excitation | vibration rotation

0y

(

cece

I
I I I

uv-C I UV-BI UV-A I
4

200 nm 300 nm

00 nm 600 nm 800 nm
Figure 1.1: Interaction of electromagnetic radiation with chemical compounds.

The emitted radiation has a lower energy than the absorbed photon. According to quantum
mechanics, the energy of a molecule can only attain certain states with discrete energy levels

which are described as wave functions.!? In the electronic ground state and in the excited state,
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different vibrational states can be entered. The photo-chemists Franck and Condon postulated
that electronic excitations occurs via a vertical transition. The probability of a vibronic transition
is proportional to the overlap integral of the wavefunctions of the two states that are involved

in the transition (Figure 1.2).F!

energy
A excited state
—
\t\\/\ e
. _
e 2=
vibronic )\ vy =2
relaxation vy =1
. v, =0
absorption E emission
' ! ground state
\ ; /_

nuclear coordinates

Figure 1.2: Schematic illustration of the Franck—Condon principle.

By absorbing light, different vibrational states of the excited state (v. =2 0) can be reached.
However, the excited electrons quickly relax to the lowest excited state (v2=0). The
spontaneous emission of a photon or a chemical reaction always occurs from the lowest
electronically excited state. Thus, the emission wavelength of a photon is independent of the
excitation wavelength. This relationship was postulated by Michael Kasha in 1950 and is
referred to as the Kasha's rule.¥ However, vertical emission may again enter different

vibrational states of the electronic ground state according to the Franck-Condon principle.

The excitation of the electron occurs from the HOMO to the LUMO, resulting in two half-
occupied molecular orbitals (SOMO) (Figure 1.3). Sufficient persistence of the excited state
allows the molecule to engage in a chemical reaction with another molecule.® On the one
hand, the excited electron is more facile to remove as compared to the ground state molecule.
On the other hand, the electron whole in the low-lying former HOMO is a thermodynamically
attractive electron acceptor, resulting in an electronic state equaling the reduced ground state.

Thus, both oxidation and reduction are facilitated in the excited state.
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1ps*
excited-state
. excited-state ~—— SOMO excited-state
PS reduction oxidation
reduced-state ——— SOMO
o+
—— LUMO PS
oxidized-state
—— HOMO LUMO
ground-state ps ground-state |
reduction oxidation HOMO

ground-state

LUMO

——— HOMO

Figure 1.3: Access of redox states from ground state and excited state molecules.

Depending on the electronic nature of the reactants, the excited molecule can either accept
or donate an electron, resulting in its reduced or oxidized state, respectively. The prerequisite
of a molecule qualifying as photoredox catalyst is the ability to reenter its ground state after

reductive or oxidative quenching (Figure 1.4).

[red]** or sub®* [red] or sub or [ox] sub®” or [ox]*~

Ered on
PS*~ PS* PS*t

Int** or reductive oxidative Int*” or
[ox] or sub quenching hv | 4% quenching [red] or sub
cycle cycle
PS
d ox
product or E1rf2 Eii2 product or
[ox]*~ or sub®~ [red]** or sub**

Figure 1.4: Reductive and oxidative quenching cycles of photoredoxcatalysts.

Depending on the properties of the photocatalysts, a reductive or oxidative quenching cycle
can occur. If the excited-state catalyst is an oxidizing agent, a reductive quenching cycle can
occur (Figure 1.4, left side). A suitable substrate is oxidized by the excited state photoredox
catalyst and may engage in subsequent radical reactions (Figure 1.4, sub — sub**). The
catalytic cycle is closed by the oxidation of the reduced catalyst by a suitable reaction
intermediate or sacrificial oxidant (Figure 1.4, int"" or [ox] — product or [0x]*"). However,
chemical reaction can also be provoked by the reduced state of the photocatalyst which was
entered through oxidation of a sacrificial reductant ([red] — [red]**). Analogously, an oxidative
quenching cycle occurs when the catalyst is a good reducing agent in the excited state (Figure
1.4, right side; PS* — PS**). The catalyst turn-over is achieved by a suitable substrate,

intermediate or sacrificial reductant.



Introduction

To initiate a photochemical reaction, the ground state redox potentials of the substrate and
the excited state redox potentials of the photoredox catalyst must match to ensure a
thermodynamically favorable single electron transfer (SET). The excited state redox potentials

are determined according to a relation between the excited state energy E, , and the ground

state redox potentials E{ 75 and E;7, .1
Ereqa= Eopo + Ei‘;g (eq. 1)
Eox = ETj2 — Eop (eq. 2)

Organic molecules have oxidation potentials between+0.5 and +2.5 V vs SCE and reduction
potentials in a range of —-0.5 to (-2.5) V vs SCE (Figure 1.5).) To achieve an oxidative
quenching of an excited state reductant, its excited state oxidation potential has to be more
negative than the ground state reduction potential of the elected substrate. For a reductive
qguenching of an excited state oxidant, the excited state reduction potential must exceed the

ground state oxidation potential of the substrate.

ction potentials oxidatio
of
nic molecules organic

-3.0V -2.0V -1.0V oV +1.0V +2.0V +3.0V
[vs SCE]

Figure 1.5: lllustration of redox potentials of organic molecules and excited state photoredox

catalysts.

The constant advancement and studies of photocatalytic systems renders photochemistry a
rapidly growing area of interest.”! In addition to a multitude of transition metal-based
photocatalysts with excellent photophysical-chemical properties, metal-free, organic photo
redox catalysts have also been developed and enjoy a widespread applicability (Figure 1.6).%!
Transition metal-based catalysts are particularly appealing due to their tunable absorption and
redox properties controlled by the ligands.® Metal-ligand complexes provide long excited state
lifetimes, which enhances the probability of chemical reactions.l'® Ruthenium and Iridium

polypyridyl complexes are the most widespread representatives of this class of catalysts.
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N i
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I COOEt
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g S Me/\” 0 SN
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E (PDI**/PDI) ~ 2.2V E,.q(Rh-6G**/Rh-6G) ~ 2.4 V
Amax = 450 /700 nm Amax = 530 /450 nm

Figure 1.6: Examples for transition metal and organic photoredox catalysts including selected

photo-physical properties. All potentials are reported vs SCE.["

Organic photoredox catalysts are diverse in structure and thus exhibit a broad span of
excited state redox potentials, exceeding those of transition metal-based photocatalysts.®
However, organic photocatalysts generally possess lower productivity as compared to
ruthenium and iridium catalysts, often due to catalyst degradation or deactivation pathways.
These scenarios are compensated by higher catalyst loadings. Nevertheless, organic

photoredox catalysts remain attractive due to their low costs and low toxicity.®!

In 1986, the group of Maki reported a first account on the photochemical behavior of a
tetraalkylated pyrimidopteridine N-oxide (PPTNO) and its application in photo-mediated
oxygen atom transfer (POAT) reactions.!""! Their seminal finding exposed the potential for
photochemical oxygen atom transfer in a wide variety of reactions such as N-demethylation('"],

C-H-oxygenation!'? and C-C bond cleavage!™ (Scheme 1.1).
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Scheme 1.1: Oxidative photo-mediated transformations utilizing PPTNO.

Previous work of the Pospech group focused on the development of photo-mediated
oxygenation reactions using N-oxides as oxygen source.'"¥ At the outset of our studies, an
improved approach to access pyrimidopteridine N-oxides was described.'® Pyrimidopteridine
N-oxides can be synthesized in four steps from N,N'-disubstituted ureas or in two steps from
commercially available 6-amino-1,3-dialkyluracils. The key advance is the replacement of
stochiometric lead tetraacetate with the less toxic (diacetoxyiodo)benzene, a hypervalent
iodine species allowing for a routine synthesis on gram scale (Scheme 1.2). The major goal of
the revised synthesis and derivatization of pyrimidopteridine N-oxides aimed to gain a better

understanding of the electrochemical and photophysical behavior of these rare OAT reagents.

AcO—I—OA
cO—I1—OAc PPTNO

Eeq = +2.32V

O i
O<_N__NH, O<_N__N__N__O
Y | Y7 | hd E,oy=-0.93V
RN N AcOH, 60°C, 2 h N \r}r N.o
O O O O O

R = Me, Pr, Bu, Ph Amax = 366-371 nm

Scheme 1.2: Synthesis of pyrimidopteridine-N-oxides derivatives. Potentials are
reported vs SCE.

The thorough investigation unraveled the quality of PPTNOs to act as potent organic
photocatalyst. The photo-mediated decarboxylative Giese-type reaction for radical alkylation
of electron-deficient alkenes demonstrated its potential.l'®! Detailed studies revealed that the

deoxygenated pyrimidopteridine can also be employed in this reaction (Scheme 1.3).
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" EWG ‘ (5.0 mol%) R TWe
CoH * Red, T base@omoln) —=  Fanhgy
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Scheme 1.3: Photo-mediated decarboxylative C—-C coupling of electron-deficient alkenes.

The photocatalytic properties of pyrimidopteridine N-oxides were further exemplified in the
photo-mediated hydroamination of stilbenes with primary amines (see also chapter 2). Also in
this case, both the oxygenated PPTNO and deoxygenated pyrimidopteridine (PPT) was
capable of providing the desired product (Scheme 1.4).

PrPPTNO

or
PrPPT

O (5.0 mol%)
BnNH, + A — hv (396 nm)— O
O MeCN (0.5 M)

30°C,24h

Scheme 1.4: Photo-mediated hydroamination of stilbenes with primary amines.

NHBn
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1.2 Objectives

In previous work of our group, the photophysical properties of pyrimidopteridine N-oxides
(PPTNO) were characterized!" and their utilization as photoredox catalyst was exemplified.['®!
However due to their tendency to deoxygenate upon irradiation, the identity of the actual

catalytically active species became a focal point or interest.

The aim of this project was to grant reliable access to the deoxygenated pyrimidopteridine
(PPT) followed by thorough characterization. The compounds are characterized
electrochemically by cyclo-voltammetric and differential pulse voltammetric measurements.
The photophysical properties are investigated, aiming to determine the excited state potential
energy. Finally, catalytic properties of the deoxygenated heteroarenes will be compared with

the parent pyrimidopteridine N-oxides (Figure 1.7).

PPT*

hv
i \
stochiometric .
Precatalyst reaction / Ered
>—N N R Acc. NO_ N ,R organic
R”“;JT, >—N >—0 Acc—"0" + R—N)J/ > =0 photoredox PPT*-
o” *O'N N R Oxygen Atom o” N catalysis
o) Transfer pPT O
PPTNO OAT

red

Figure 1.7: Photo-mediated deoxygenation of PPTNO and the photocatalytic properties of PPT.

1.3 Results and discussion

1.3.1 Photo-mediated synthesis of pyrimidopteridines

Initially, access to the deoxygenated pyrimidopteridines must be established by the
utilization of a suitable acceptor molecule.!"¥ From our studies concerning the photo-mediated
hydroamination of stilbenes with primary amines, (E)-stilbene was chosen as the oxygen atom
acceptor.l'®®! To ensure complete conversion, the oxygen acceptor was used in slight excess.
After irradiation at 396 nm for 16 h, a series of pyrimidopteridine N-oxides were successfully

deoxygenated (Table 1.1).
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Table 1.1: Photochemical deoxygenation of pyrimidopteridines.
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Footnote: substrate (0.5 mmol), 1.9 (1.2 eq.), MeCN (0.1 M), 396 nm, 16 h.

Four different pyrimidopteridine-N-oxides were subjected to photochemical deoxygenation.
The pyrimidopteridine bearing methyl moieties 1.5 was isolated in a good yield of 90% (Table
1.1, entry 1). Pyrimidopteridine-N-oxides with larger alkyl substituents such as propyl or butyl
1.2 and 1.3 furnished the corresponding products 1.6 and 1.7 in quantitative yield (Table 1.1,
entries 2-3). The pyrimidopteridine bearing phenyl substituents 1.8 was obtained in 99%
isolated yield (Table 1.1, entry 4). Besides routine structural analysis, the identity of the

products (1.5-1.8) was further confirmed by X-ray crystallography (Figure 1.8).
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Hydrogen

' Carbon
' Nitrogen
o Oxygen

Figure 1.8: X-ray structures of PPTs 1.5-1.8. Displacement ellipsoids correspond to 30%

probability.

Crystal structure analysis confirmed the planar pyrazine core structure of the heterocycle.
The nitrogen atoms of the amine groups show a trigonal planar geometry corresponding to a
sp?-hybridization. Furthermore, the aromatic core structure is partially shielded by the
substituents. Two of the N-substituents point in the same direction while the other two protrude

at an angle of 120°.

After the successful structural elucidation of the pyrimidopteridines (1.5-1.8), the reactions
were also evaluated with respect to the reaction products of (E)-stilbene (Figure 1.9). Initiated
by energy transfer from the excited state of the photocatalyst, isomerization of (E) and (2)-
stilbenes (1.9 and 1.10) occurs under photochemical conditions.!'”! Both isomers can act as
oxygen acceptors leading to the formation of the oxidation products. Trace amounts of
deoxybenzoin (1.13) and benzaldehyde (1.14) were observed as by-products. The main
products were identified as frans- and cis-stilbene oxides (1.11 and 1.12) and were separated

and isolated by column chromatography (Table 1.2).
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O PPTNO or PPT O = minor side products
A MeCN =——=
hv (396 nm), 16 h

)
(E)-stilbene (1.9) (Z)-stilbene (1.10) O
l l C

PPTNO (1.1-1.4) PPTNO (1.1-1.4)

MeCN, hv (396 nm), 16 h MeCN, hv (396 nm), 16 h deoxybenzoin (1.13)
0] O
0]
(rac.)-trans-stilbene oxide cis-stilbene oxide (1.12) benzaldehyde (1.14)
(1.11)

Figure 1.9: Photo-mediated contra-thermodynamic isomerization and oxygenation of stilbenes
catalyzed by PPTNO.

Table 1.2: Photochemical synthesis of cis- and trans-stilbene oxide (1-11 and 1.12).

PPTNO 0 0

O (1.0 equiv.)
A +
O MeCN

hv (396 nm), 16 h

(E)-stilbene (1.9) (rac.)-trans- cis-stilbene
stilbene oxide (1.11) oxide (1.12)

) yield of
entry PPTNO rsm 1.9 E/Z ratio 111 and 1.12

(%2 [1.9/1.10]2

trans/cis ratio
1.11/1.12°

[%]1°
1 MePPTNO (1.1) 41 58:42 61 64:36
2 PrPPTNO (1.2) 26 45:55 64 66:33
3 BuPPTNO (1.3) 38 45:55 62 68:32
4 PhPPTNO (1.4) 32 52:48 56 52:48

Footnote: PPTNO (0.5 mmol), 1.9 (1.2 eq.), MeCN (0.1 M), 396 nm, 16 h. [a] Isolated yield based on (E)-stilbene (1.9).
[b] Isolated yield based on PPTNO.

After the reaction, 26-41% of the starting material was recovered as mixture of E/Z-isomers
in an even product distribution. The reaction of the methyl-substituted pyrimidopteridine N-
oxides afforded a slightly higher amount of (E)-stilbene (1.9) compared to (Z)-stilbene (1.10)
(Table 1.2, entry 1). Pyrimidopteridine N-oxides bearing propyl, butyl, phenyl groups exhibited
tendentially more (Z)-stilbenes (Table 1.2, entries 2-4). The photo-mediated oxygen atom
transfer from the pyrimidopteridine N-oxides (1.1-1.4) afforded the desired stilbene oxides 1.11

and 1.12 in 56-64% isolated yield. Alkyl-substituted pyrimidopteridine N-oxides resulted in

11
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slightly higher yet comparable product yields (Table 1.2, entries 1-3). The alkyl-substituted
pyrimidopteridine N-oxides showed a product distribution of frans- and cis-stilbene oxide (1.11
and 1.12) of 2:1. In contrast, the reaction with the pyrimidopteridine N-oxide bearing
tetraphenyl substituents exhibited a more even distribution of the diastereomeric stilbene
oxides (Table 1.2, entry 4). The occurrence of the product mixture can be explained by the
fluctuation of the benzylic radicals that can reside on either side of the prochiral intermediate.
From the product distribution one can conclude that the radical recombination is faster in the
case of alkyl-substituted PPTNOs 1.1-1.3 as compared to the phenyl-substituted derivative
1.4.

The proposed mechanism for the photo-mediated oxygen atom transfer from

pyrimidopteridine-N-oxides to stilbene is depicted in Figure 1.10 below.

O

RoR RoR
Ox N _N._N__O (E)stibene (1.9) Ox, N _N._N.__O
Y - | \|// Y - | \|// +
RSV NR aveseam) RN S MR O
O O O o] o)
PPT 1.11-1.12
L

PPTNO

-|C

— R -
-sti 0) ’ .
(E)-stilbene (1.9) S>—N N N’R
R’N>___€/ V% >—0
O/ <N N
/.
o Io) R
5

(@] N’R » R
> N\
R‘N)__z// =0
O/ /N N, *
o S

PPT~ 1.9

Figure 1.10: Proposed mechanism for the photo-mediated oxygen atom transfer of
pyrimidopteridine-N-oxide (1.1-1.4) to stilbene (1.9).

The oxidation of (E)- and (2)-stilbene (1.9 and 1.10) results in a common radical cationic
intermediate (1.9). The cis/trans-distribution of the stilbene oxides is likely associated with a
stepwise oxygen atom transfer mechanism. The reduced pyrimidopteridine-N-oxide (PPS™)
undergoes a nucleophilic attack by the N-oxide. Free rotation around the C—C single bond in
the pyrimidopteridine-N-oxide-stilbene-adduct and fluctuation of the benzylic radical may lead
to the stilbene oxide diastereomers 1.11 and 1.12. Homolytic N-O bond cleavage and radical

recombination results in the formation of stilbene oxide and the deoxygenated

pyrimidopteridine (PPT).
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1.3.2 Electrochemical and photophysical characterization of
pyrimidopteridines
To determine the absorption maxima, ground state and excited state redox potentials of the

pyrimidopteridines (PPTs, 1.5-1.8), UV-vis absorption, luminescence and cyclicvoltammetry

measurements were performed.

UV-vis absorption measurements

UV-vis absorption measurements were conducted to characterize the photophysical
absorption properties of the pyrimidopteridine derivatives (1.5-1.8). This technique allows the
determination of the suitable wavelength to enter the excited state. In this process, binding and
non-binding electrons absorb the energy of the radiation and undergo excitation into the
LUMO. Depending on the type of participating orbitals, different transitions such as ¢ - ¢* or
n-n* can be observed.'® The pyrimidopteridine derivatives (1.5-1.8) were dissolved in
acetonitrile (¢ =50 uM) and measured in a cuvette (d =1 cm) using a UV-vis absorption

spectrometer (Figure 1.11).

—— MePPT (1.5)
PrPPT (1.6)
BuPPT (1.7)
} —— PhPPT (1.8)

Intensity [a. u.]

Wavelength (nm)

Figure 1.11: UV-vis absorption spectra of pyrimidopteridine derivatives 1.5-1.8 in MeCN.

The methyl substituted pyrimidopteridines shows three local absorption maxima in the UVA
region (355 nm, 361 nm and 369 nm). In addition, an absorption maximum at 232 nm was
observed in the UVC range (Figure 1.11, green). The pyrimidopteridines carrying propyl and
butyl substituents 1.6. and 1.7 show almost congruent absorption spectra with a slight
bathochromic shift to 362 nm as compared to the methyl-substituted PPT 1.5. In the UVC
region, an absorption maximum of 235 nm was observed (Figure 1.11, yellow and orange).

The pyrimidopteridine carrying phenyl rings shows a slight hypsochromic shift. The UVA
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absorption maximum was detected at 359 nm and the UVC absorption maximum at 228 nm
(Figure 1.11, red). The absorption maxima of the pyrimidopteridines in the UVA range (350 nm-
370 nm) correspond to the smallest energy gap between the HOMO and the LUMO. This
transition can be attributed to the n—n* transition from the lone-pairs of the carbonyl groups.!":
'8 The absorption bands of the UVB and UVC region correspond to a larger energy gap and

can be assigned to n—n* transition of the heteroaromatic core structure.!" '@

Luminescence of pyrimidopteridines

Another measure to characterize the photophysical properties of the pyrimidopteridine
derivatives (1.4-1.8) is to determine the luminescence characteristics. This involves
determining the spontaneous emission of electromagnetic radiation triggered by the relaxation
of the excited state to the photophysical ground state. This technique aids to determine the
energy of the excited state.® The molecule is excited by the absorption of light in the region of
the absorption maximum (e.g., A = 350 nm). The pyrimidopteridine derivatives (1.4-1.8) were
dissolved in acetonitrile (¢ = 20 yM) and measured in a cuvette (d = 1 cm) using a fluorescence

spectrometer (Figure 1.12).

—— MePPT (1.5)

—— PrPPT (1.6)

{1 BuPPT (1.7)

\ PhPPT (1.8)
5
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n)
k7
c
2
£

T T T 1 T T T T T 1
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Figure 1.12: Emission spectra of pyrimidopteridine derivatives 1.5-1.8.

The alkylated pyrimidopteridines exhibit very similar emission spectra. The pyrimidopteridine
bearing methyl groups 1.5 shows an emission maximum at 383 nm (Figure 1.12, green). Th
propyl- and butyl-substituted pyrimidopteridines 1.6 and 1.7 show emission maxima at 385 nm
(Figure 1.12, yellow and orange). The emission spectra of all alkyl-substituted
pyrimidopteridines exhibit mirror image symmetry with respect to their absorption spectra. In

contrast, for the pyrimidopteridine containing the phenyl moieties 1.8 revealed an emission
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maximum at 427 nm (Figure 1.12, red). The increased Stokes shift can be attributed electron-
vibrational coupling and no-radiative vibrational decay associated with the phenyl-

substituents.['?

Excited state energy of pyrimidopteridines

The potential energy of the excited state (Eoo) refers to the transition between the lowest
vibrational state of the S (v =0) to the lowest vibrational ground state Sy (v =0). The excited
state energy cannot be measured directly and must be estimated. If the Stokes shift is
sufficiently small, the intersection of the normalized absorption and emission spectra is
preferably chosen for this purpose. Alternatively, the onset of the emission-spectrum can be
chosen which represents an overestimation of the excited state energy or the maximum of the

emission spectrum which represents an underestimation of the excited state energy. 2%

The normalized absorption and emission spectra of the alkyl-substituted pyrimidopteridine
derivatives (1.5-1.7) reveals a close to mirror image symmetry with a small Stokes shift of
22 nm (Figure 1.13). Thus, one half of the Stokes shift is an appropriate measure to determine

the excited state energy.

Intensity [a. u.]

| — —r = —— =1
350 400 450
Wavelength (nm)

Figure 1.13: Normalized absorption- and emission spectra of pyrimidopteridines 1.5-1.8.

The intercept of the methyl-substituted pyrimidopteridine (1.5) is at 372 nm, which
corresponds to an energy of 3.33 eV (Figure 1.13, green). Propyl and butyl substituted
pyrimidopteridines (1.6-1.7) show an intercept at 375 nm corresponding to an energy of
3.31 eV (Figure 1.13, yellow and orange). In contrast, the pyrimidopteridine bearing phenyl

substituents (1.8) shows no mirror symmetry of the normalized absorption and emission
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spectra. The intercept is at 376 nm and corresponds to an energy of 3.30 eV (Figure 1.13,
red).

Cyclic voltammetry and differential pulse voltammetry

Cyclovoltammetry and differential pulse voltammetry were applied to determine the ground
state redox potential of the pyrimidopteridines 1.5-1.8. The potentials were determined in
acetonitrile (c=1mM) with tetrabutylammonium hexafluorophosphate as electrolyte
(c = 0.1 M) against the silver-silver chloride reference electrode. To minimize an error of the
reference system and thus ensure comparability with the literature, the oxidation potential of
the Fc*/Fc redox couple was used as reference standard. The voltammograms were
referenced to E{7,(Fc*/Fc) = 0 V.l Most commonly, redox potentials in the literature are
discussed against the reference system of the standard calomel electrode (SCE), which is
readily convertible by adding 0.38 V to the values referenced to Fc*/Fc. Consequently, all
measured voltammograms are depicted and discussed against the ferrocene reference system
(Figure 1.14) and the final potentials are listed against SCE (Table 1.3).

501 —— MePPT (1.5)
PrPPT (1.6)
401 BuPPT (1.7)
—— PhPPT (1.8)
301
<
= /
Z 201
o
3
101
0
-_
-10- S
2 a4 2 3

Potential [V vs Fc'/Fc]

Figure 1.14: Cyclic voltammograms of pyrimidopteridine derivatives 1.5-1.8.

All deoxygenated pyrimidopteridines show an irreversible oxidation response. The anodic
peak potential of the alkyl substituted pyrimidopteridines (1.5, 1.6 and 1.7) was observed
between +1.83 and +1.86 V vs Fc*/Fc (Table 1.3, entries 1-3). The pyrimidopteridine bearing
phenyl rings (1.8) exhibited a slightly elevated peak potential at +1.95 V vs Fc*/Fc (Table 1.3,
entry 4). In contrast, a reversible reduction signal was observed for all pyrimidopteridines,
allowing the determination of the reduction potential as the average of the minimum of the

reduction and the maximum of the oxidation half-wave. The alkyl substituted
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pyrimidopteridines (1.5, 1.6 and 1.7) show a ground state reduction potential at —1.58-
(-1.59) V vs Fc'/Fc (Table 1.3, entries 1-3). The pyrimidopteridine bearing phenyl rings shows
a ground state reduction potential at —1.51 V vs Fc*/Fc (Table 1.3, entry 4).

Subsequently, the deoxygenated pyrimidopteridine-N-oxides were analyzed by differential
pulse voltammetry.?? This voltammetry method uses a series of voltage pulses superimposed
on the linear sweep potential and the current change is plotted against the potential. The
resulting signal maximum is a good approximation of the half-wave Ei; potential and can be
determined without the requirement of having defined peaks for the anodic and cathodic
currents. The pyrimidopteridines were dissolved in a 0.1 M solution of TBAPFs in MeCN and
measured against the silver-silver chloride reference electrode. The Fc*/Fc peak was used as

internal reference (Figure 1.15).

—— MePPT (1.5)
10+ PrPPT (1.6)
BuPPT (1.7)
—— PhPPT (1.8)
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Figure 1.15: Differential pulse voltammogram of pyrimidopteridine derivatives 1.5-1.8.

A summary of the collected data is shown in Table 1.3, below. The alkyl substituted
pyrimidopteridines (1.5, 1.6 and 1.7) showed a peak potential between +1.80 V and +1.82 V
vs Fc*/Fc in the anodic region (Table 1.3, entries 1-3). Again, the pyrimidopteridine with phenyl
rings 1.8 showed a slightly increased anodic peak signal with +1.87 V vs Fc*/Fc (Table 1.3,
entry 4). In the cathodic region, the alkyl-substituted pyrimidopteridines show a peak potential
of -1.58 V to —1.59 V vs Fc*/Fc which is in perfect agreement with the results of the CV-
measurements (Table 1.3, entries 1-3). The pyrimidopteridine bearing phenyl rings 1.8 shows
a cathodic peak at -1.54 V vs Fc*/Fc (Table 1.3, entry 4).
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Table 1.3: Data collection of CV and DPV measurements.

enry  substrate Eipc Etpa Eipc Eipa  Ein  Eis  Epev Eppy

[V vs Fc*/Fc]? [V vs Fc*/Fc]? [V vs SCE]?® [V vs SCE]>?
1 MePPTNO (1.5)  -1.64 -1.52 - #187 120 - -120 +2.20
2 PrPPTNO (1.6)  -1.65 -1.53 - 4184 121 - 121 +2.18
3 BuPPTNO (1.7)  -1.66 -1.52 - #1184 121 - —121 4220
4 PhPPTNO (1.8) -159 -1.43 - +195 113 - -1.16 +2.25

Footnote: [a] Potentials were measured using cyclic voltammetry referenced to Fc*/Fc redox couple. [b] Referenced to
SCE by adding 0.38 V to the value relative to Fc*/Fc.2" [c] Average of anodic and cathodic peak potential. [d] Potentials

were measured using differential pulse voltammetry referenced to Fc*/Fc redox couple.

Excited state redox potentials of pyrimidopteridines

After determining the energy of the excited state, the excited state redox potentials were

calculated. The combination of the voltammetrically determined redox potentials (Elr;"zd and

Ef/xz) and the potential energy of the excited state (E, ) allows to determine an approximation

of the excited state redox potentials.?!

The excited state reduction potential E;,; is calculated by

E . q(cat™/cat*") = Egg + E;ﬁ‘zi(cat/cat“) equation 1
The excited state oxidation potential E;, is calculated by

Eox(cat™™ [cat™) = Efj;(cat™* [cat) — Egq equation 2
A tabular overview is shown below (Table 1.4).

Summary

A tabular overview of the absorption and emission maxima, the excited state potential and

redox potentials of the ground state and the excited state are listed below (Table 1.4).
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Table 1.4: Photophysical and electrochemical properties of pyrimidopteridines.

compound  mex ‘mex Eoo Ein  Elz  El  Eli  Eea  Eox  Era Eox

[nm] [nm] [eV]® [V vsFc*/Fc? [V vsSCE]P [VvsFc*/Fcl® [VvsSCE]
MePPT (1.5) 361 383 +3.33 -158 +1.82 -1.20 +2.20 +1.75 -151 +2.13 -1.13
PrPPT (1.6) 363 385 +3.31 -159 +1.80 -1.21 +2.18 +1.72 -1.51 +2.10 -1.13
BuPPT (1.7) 363 385 +3.31 -1.59 +1.82 -1.21 +2.20 +1.72 -149 +210 -1.11
PhPPT (1.8) 359 427 +3.30 -154 +1.87 -1.16 +2.25 +1.76 -1.43 +2.14 -1.05

Footnote: [a] Potentials were measured using cyclic voltammetry (CV) and differential pulse voltammetry (DPV) relative
to Fc*/Fc. [b] Referenced to SCE by adding 0.38 V to the value relative to Fc*/Fc. [c] E values corresponding to the
energy at the intersection of the excitation and emission spectra. [d] Calculated by E;,; = Egp + E§7§ and E;, = E); —

Egp.

All pyrimidopteridine derivatives (1.5-1.8) described herein show excellent excited state
characteristics. In photo-mediated systems, it must be ensured that the correct wavelength is
used for the excitation of the molecule. The pyrimidopteridines derivatives (1.5-1.8) show
absorption maxima around 360 nm. Despite the hyposochromic shift of the absorption maxima
as compared to the pyrimidopteridine-N-oxides (1.1-1.4), a sufficient overlap with the emission

spectra of the utilized UV-A lamps is evident (Figure 1.16).
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Figure 1.16: Emission spectrum of the utilized LED-lamp ONFURO IP66 (30 W) (left). Absorption
spectra of PrPPTNO and PrPPT and emission spectra of ONFURO IP66 LED.

Based on the emission maximum of the utilized black-light LED at 396 nm and the
absorption maxima of PPT and PPTNO at 363 nm and 370 nm, respectively.'"¥ A comparison
of the offset of the absorption spectra of the heterocycles at 393 nm and 417 nm, respectively,
compared to the onset of the emission spectrum of the light source (373 nm) shows that both

compounds can be excited with this light source.
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The excited state reduction potential of the pyrimidopteridines (1.5-1.8) ranges from +2.10
to +2.14 V vs. SCE. These values indicate that the pyrimidopteridines should be suitable for
the oxidation of a broad range of organic compounds.!® The ground state reduction potential
is superior to other organic photoredox catalysts and ensures facile catalyst turn-over. The
excited state oxidation potential of the pyrimidopteridines ranges from —1.05 V to —-1.13 V vs.
SCE. Their utilization as an excited state reducing agents is accordingly feasible for readily to
moderately reducible compounds. However, the irreversibility of the anodic oxidation raises

doubts about the catalyst turn-over in this scenario.
1.3.3 Application of pyrimidopteridines as photoredox catalysts

Oxidative cyclization of 2-phenylbenzoic acid

To test the applicability of the heterocycles (1.5-1.8) in photoredox catalysis, the
pyrimidopteridines were applied in an oxidative cyclization reaction.?® Due to the high
oxidation potential of carboxylates (~1.5 V vs SCE),!® the cyclization of 2-phenylbenzoic acid
(1.15) was chosen as the model reaction. The pyrimidopteridines were used at a catalyst
loading of 5 mol%. The reaction was irradiated at 396 nm under an oxygen atmosphere for
24 h. The isolated yields of the desired product 1.16 are given in Table 1.5. The reaction was

not further optimized.
Table 1.5: Oxidative cyclization of 2-phenyl benzoic acid (1.15).

RPPT

O (5.0 mol%)
O CO,H O,, hv (396 nm)

MeCN:MeOH (1:1)

1.15 30°C,24h
entry catalyst isolated yield
1 MePPT (1.5) 80%
2 PrPPT (1.6) 66%
3 BuPPT (1.7) 66%
4 PhPPT (1.8) 85%

Footnote: The reaction was carried out on a 0.5 mmol mass scale (0.1 M) with 5 mol% RPPT.

All pyrimidopteridine derivatives (1.5-1.8) showed a good performance as photo-redox
catalysts. The product 1.16 was isolated in moderate to very good yields. The methyl-
substituted pyrimidopteridine (1.5) delivered the product in an isolated yield of 80% (Table 1.5,
entry 1). The pyrimidopteridines bearing propyl or butyl groups (1.6 and 1.7) furnished the
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product in a vyield of 66% each (Table 1.5, entries 2-3). The phenyl substituted
pyrimidopteridine showed the best catalytic activity yielding the desired product 1.16 in 86%
isolated yield (Table 1.5, entry 4). The isolated yields follow the trend of the previously

calculated excited state reduction potential (Table 1.4).
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PPT* O
O CO,H
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Scheme 1.5: Proposed mechanism for the photo-mediated oxidative cyclization of 2-phenyl

benzoic acid (1.15) to 6H-benzo[c]chromen-6-one (1.16).

The generated active PPT catalyst is excited by irradiation at 396 nm. 2-Phenyl benzoic acid
(1.15) reacts with the excited state of PPT via a proton-coupled electron transfer. The oxidized
cationic carbonate undergoes intramolecular cyclization at the ortho-position in the sense of
electrophilic aromatic substitution resulting in the C-centered radical. The catalyst is restored
by reaction with elemental oxygen, vyielding a hydrogen peroxo radical. The radical
recombination results in the formation of a hydrogen peroxo intermediate, which leads to the

desired product (1.16) through the cleavage of hydrogen peroxide.

Comparison of tetrapropylpyrimidopteridine-N-oxide and
tetrapropylpyrimidopteridine in the photo-mediated hydroamination of
E-stilbene

The previously investigated pyrimidopteridine N-oxides!'® have already been successfully
employed as a pre-catalyst in the photo-mediated hydroamination of (E)-stilbenes.!"®! Due to
the predominant deoxygenation of the pre-catalyst, the stilbene substrate is consumed
according to the mechanism discussed in chapter 1.3.1. This trend was investigated in the

hydroamination between (E)-stilbenes (1.9) and benzylamine (1.17) at different catalyst
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loadings. The propyl-substituted pyrimidopteridine (1.6) and the corresponding N-oxide (1.2)

were used as catalyst (Table 1.6).

Table 1.6: Photo-mediated hydroamination of (E)-stilbene (1.9) with benzylamine (1.17) with
PrPPTNO (1.2) and PrPPT (1.6) at different catalyst loadings.?

PrPPTNO (1.2) NHBn
O or
X +  BnNH, — PrPPT (1.6)—» O
O hv (396 nm)
MeCN (0.5 M)

1.9 117 30°C, 24 h 115
entry catalyst Cata'{ﬁ;:;&;ding y[i;JI](i
1 PrPPT (1.6) 5 79
2 PrPPTNO (1.2) 5 79
3 PrPPT (1.6) 10 77
4 PrPPTNO (1.2) 10 77
5 PrPPT (1.6) 25 86
6 PrPPTNO (1.2) 25 71

Footnote: [a] Reactions were performed on a 0.5 mol% scale. [b] Average yield of two experiments.

At a catalyst loading of 5.0 mol% of the PPTNO and PPT catalysts 1.2 and 1.6, the
hydroamination product N-benzyl-1,2-diphenylethan-1-amine (1.18) was obtained in 72%
isolated yield (Table 1.6, entries 1 and 2). Similarly, at a catalyst loading of 10 mol%, no
deterioration in the yields of the product was observed (Table 1.6, entries 3-4). At a catalyst
loading of 25 mol%, a good yield of 86% was obtained with the deoxygenated photocatalyst
(Table 1.6, entry 5). In contrast, the pyrimidopteridine N-oxide catalyst gave the product with a
yield of 71% (Table 1.6, entry 6).

Based on these results, a good performance of both PPTNO 1.2 and PPT 1.6 in the photo-
mediated hydroamination is evident. The yields, recorded after 24 h, reflect the yields at high
turnover. Following the reaction trajectory using calibrated GC, revealed the full deoxygenation
of the PPTNO within the initial 60 min of the reaction.['®*- 24 Stilbenoxides (1.11 and 1.12) were
formed besides by several by-products under the applied reaction conditions. However, the
overall yield of the reaction was not significantly impaired. Thus, the in-situ generation of the
active photoredox catalyst is a viable approach. In more delicate reaction in which product

purification becomes an issue, the utilization of unoxygenated pyrimidopteridines is advisable.

22



Results and discussion

~NHz + 19
PPT* Bn

hv R

N>—/N N\ NIR Acc. O>/N/ N /R organic
R~ /N+__ —0 R—N; ,2/ >N »>=0 photoredox PPTH'
o” S N'R Oxygen Atom o? N N"R catalysis NHBn
T
(o) ransfer ppT O

PPTNO OAT O

1.18
Scheme 1.6: Catalytic cycle for the photo-mediated hydroamination via stilbene activation.

A detailed mechanistic analysis is presented and discussed vide infra (see Chapter 2.3.6).

1.4 Conclusion

In summary, a protocol for the photochemical deoxygenation of pyrimidopteridine N-oxides
(1.1-1.4) utilizing (E)-stilbene (1.9) as an oxygen atom acceptor has been successfully
established. The pyrimidopteridine derivatives (1.5-1.8) have been synthesized in very good
to excellent yields and were fully characterized, including X-ray crystallographic analysis. The
oxidation products (E)- and (Z)-stilbene oxide has been identified and were fully characterized

and were isolated in yields of 56%-64%.

The ground state redox potential of the pyrimidopteridines was determined by
cyclovoltametric and differential pulse voltametric measurements. The photophysical
properties of all pyrimidopteridine derivatives was analyzed by UV-vis absorption and
fluorescence spectroscopy. In addition, the combination of absorption and emission
spectroscopy aided to determine the energy of the excited state. The resulting excited state
redox potentials of the pyrimidopteridines suggest a high potency as excited state oxidant.
With an excited state reduction potential of over +2.10 V vs SCE in MeCN, these heteroarene-
based photosensitizers are capable of oxidizing a wide variety of compounds, such as amines,
alcohols, and carboxylic acids.®® The applicability of pyrimidopteridines as photocatalysts has
been demonstrated in the oxidative cyclization of 2-phenyl benzoic acid. Furthermore, it was
shown that PPTNO serves as precatalyst to pyrimidopteridine heterocyle. The utilization of
unoxygenated PPTs is advantageous under anaerobic conditions, resulting in a cleaner

reaction mixture.
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2 Mechanistic investigations concerning the
hydroamination of stilbenes with primary amines

catalyzed by a pyrimidopteridine photoredox catalyst

2.1 Introduction

In nature, alkylamines represent a ubiquitous class of compounds which are importance in
many biological processes.?® Neurotransmitters such as adrenaline, dopamine and serotonin
possess crucial functions in the mammalian nervous system (Figure 2.1).12! Ingestion of such
endogenous or xenobiotic substances can induce pharmacological processes, which are used
for therapy or treatment of diseases like Alzheimer or the restless legs syndrome.?”] Motivated
by the possibility of initiating directed therapeutic effects, the demand for the derivatization and

synthesis possibilities of such compounds is increasing.

OH

HO NH
HO m HO N 2
NH
HN. HO 2 N
HO Me H
Adrenaline Dopamine Serotonin

Figure 2.1: Nitrogen containing neurotransmitters.

Photo-mediated hydroamination reactions have become a valuable tool for the construction
of omnipresent C—-N bonds.?8! Photo mediated reactions were also successfully applied in total
synthesis. In 2002, Trost and Trang described an enantioselective strategy for the preparation
of (-)-codeine and (-)-morphine.?®! The key step was an intramolecular hydroamination of the
secondary amine to the styrene moiety. The authors described the irradiation as necessary

and only decomposition products were observed in the dark (Scheme 2.1).

MeO MeO

LDA
(0]
H 150 W tungsten lamp
H H
N-pe THF, 6 h N-Me

57%

Scheme 2.1: Photo-mediated intramolecular hydroamination in the synthesis of (-)-codeine.

A profound understanding of the fundamental reaction mechanism is essential for the
development of viable protocols. Different activation of the photo-mediated formal addition of

an amine to an alkene may involve (i) formation of N-centered radicals, (ii) the formation of C-
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centered radicals through the oxidation of the alkene, or (iii) an interconversion from N- to C-

centered radicals through a hydrogen atom transfer (Scheme 2.2).52%

(i) N-centered radicals

aminium radicals amidyl radicals aminyl radicals
Rlre H
N EWG\. 1e
E NH R\H

(i) alkene oxidation

(i) N- to C-centered radical

0] 0]
’/,"\\ N/tBu 1,5-HAT ’,x-x\ N/I‘Bu
! H T LT

R R
N-centered radical C-centered radical

Scheme 2.2: Plausible reaction trajectories and corresponding radical intermediates.[309

Aliphatic amines can be oxidized to their corresponding radical cations. The oxidation
potential E,, decreases with an increased degree of substitution due to stabilization of the
positive charge by additional alkyl substituents. Thus, tertiary amines (E,, = 0.82V vs SCE in
MeCN for tributylamine) possess lower oxidation potentials as compared to secondary amines
(Eox = 1.13V vs SCE in MeCN for dibutylamine).B" Primary amines (E,, = 1.51V vs SCE in
MeCN for butylamine)®?! and ammonia (E,, = 1.90 V vs SCE in MeCN)®¥! have the highest
oxidation potentials. Thus, secondary amines most readily engage in phot-mediated oxidation
reactions. In contrast, the number of examples that utilize primary amines is limited. The
resulting ammonium radical is an electrophilic species that preferentially reacts with electron-
rich alkenes. Thus, the photo-mediated oxidation of amines results in an umpolung of the

intrinsic reactivity.

The group of Knowles has extensively studied the intermolecular anti-Markovnikov
hydroamination of aliphatic, olefins with alkylamines through the intermediacy of ammonium
radicals.l" 34 Their methodology utilized a iridium metal complexes in conjunction with a thiol-
based hydrogen atom transfer (HAT) co-catalyst (Scheme 2.3). In a seminal account published
in 2017, Knowles and co-workers developed a phot-mediated hydroamination of aliphatic
alkenes with secondary amines, wusing a mild excited state oxidant
([Ir(dF(Me)ppy)2(dtbbpy)]PFs (A) (E;.q (Ir"/Ir') = +0.97 V vs SCE in MeCN). In 2019, the
application of a stronger excited state oxidant [Ir(dF(CF3)ppy)2(4,4'-d(CF3)-bpy)IPFe (B) (Eyeq
(Ir"/1r'"y = +1.65 V vs SCE in MeCN) enabled the utilization of primary amines.
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Scheme 2.3: Intermolecular hydroamination of inactivated internal olefins with alkylamines.34]

A general mechanism is depicted in Figure 2.2, below.%" 34

G H
N.
H

hv
—
[Ir]lll

[Ir]* ArS™

photo-mediated | HAT-catalyst ArSH

SET Iridium-cycle Thiol-cycle

[Ir]”

Figure 2.2: Proposed mechanism for the hydroamination of alkenes via an amine oxidation.

The proposed mechanism commences with the excitation of the Ir photoredox catalyst,
followed by single electron oxidation of electron-rich amine. The N-centered, electrophilic
radical is adding to the electron-rich olefin upon formation of a C-centered radical. The
reduction potentials of the resulting radical intermediate exceeds the reduction potential of the
reduced form of the catalyst, prohibiting a direct catalyst turn-over.® Thus, an additional thiol

or disulfide co-catalyst is required.*® The co-catalyst operates as HAT catalyst. The resulting
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thiyl radical oxidizes the Ir(ll) species to generate the active photoredox catalyst. Eventually,

the thiolate anion deprotonates the ammonium adduct, yielding the desired product.

Noteworthy contributions in the field of photo-mediated intermolecular hydroamination
through alkene oxidation has been reported by the group of Nicewicz among others. 30 362 37]
Their accounts focused on the single electron oxidation of electron-rich olefins. The organic 9-
mesityl-10-methylacridinium salt (E;.; (Mes-Acr-Me™/ Mes-Acr-Me) = +2.18 V vs SCE in
MeCN). served as a photocatalyst in cooperation with a disulfide cocatalyst and catalytic

amounts of 2,6-lutidine (Scheme 2.4).

Mes-Acr-Me-catalyst Disulfid-cocatalyst

2 1 2
. R (1 mol%) (10 mol%) RYRY,
! + 3 HN%
Z R 3
NH; (k 2,6-lutidine (25 mol%) . R
R DCM, LED (450 nm) R
R'=EWG 12 examples

50-83% yield
Scheme 2.4: Intermolecular hydroamination of internal olefins with deactivated amines.[*%

The reaction trajectory proceeds via a C-centered radical cation that is scavenged by a
nucleophile (Scheme 2.5). This methodology is limited to electron-rich alkene derivatives with
relatively low oxidation potentials (E,, < 1.50 V vs SCE in MeCN).24d The scope of amines
include carbamates,®® sulfonamides,®’@ and N-heterocycles®? that do not competitively
inhibit oxidation between the alkene and the photo redox catalyst. The one-electron oxidation
of olefins benefits from the conversion of the alkene to a more electrophilic species.*62:38 The
resulting cationic C-centered radical is captured by a nucleophilic amine yielding the olefin-
amine adduct. Since the reduction potential of the intermediates (E,., (Ethylbenzol®/

Ethylbenzol) = -1.60 V vs SCE in MeCN)®! also exceeds the capability of the organic
photocatalyst (E,.; (Mes-Acr-Me*/Mes-Acr-Me) =-0.49V vs SCE in MeCN), a HAT co-

catalyst is required.B% 3641 The thiyl radical, readily formed from disulfides, is engaged in the
re-oxidation of the acridinium catalyst and HAT to the neutral C-centered radical to form the

desired hydroamidation product.
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Scheme 2.5: Proposed mechanism for the hydroamination of alkenes via alkene oxidation.

In summary, both approach require an HAT-reagent to ensure the conversion of the amine-
alkene adduct and the turn-over of the photoredox catalyst.*®! In previous work, a variety of

thiol-based compounds have been successfully employed (Figure 2.3).5%9

P

sl vl e
FsC MeO

3 © iPr iPr

©/S\S/© HOOC._SH Me” > sH

Figure 2.3: A variety of different thiol-based HAT co-catalysts.[

Already in 1986, the photoamination of phenanthrene and other polycyclic aromatic
hydrocarbons mediated by dicyanobenzenes (DCNBs) was described by the research group
of Yasuda.®! The introduction of catalytic amounts m-dicyanobenzene enabled the
hydroamination with ammonia and a series of primary amines ( Scheme 2.6). Due to the

unfavorable photophysical properties of classical cyanobenzenes, high energy mercury lamps

NC\©/CN
HN-R'  R'=H

(25 mol%)
Alkyl

OQ o ()
2 MeCN/H,O (9:1; 0.1 M); 12-24 h; O O Benzyl

hv (high pressure Hg-lamp)
10-25 equiv. 74-88%

are required in this process.

Scheme 2.6: Photo-mediated hydroamination of anthracene catalyzed by m-dicyanobenzene.
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In the following years, Yasuda and co-workers reported several examples of the photo-
mediated hydroamination of (E)-stilbenes using stochiometric amounts of p-dicyanobenzene
as photoinduced electron transfer (PET) reagent (Scheme 2.7)." Detailed mechanistic
analysis, applying Stern-Vollmer quenching experiments and Taft-Hammett correlations that
the excitation of the alkene (Amax((E)-stilbene =295 nm) initiates the photo-mediated

hydroamination reaction, followed by fluorescence quenching by the DCNB.?

ion
NC NH,

(1 eq.)
X + NH; - R

S
S
| MeCN/benzen/H,0, high pressure Hg-lamp

728\

21-91%

Scheme 2.7: Photo mediated hydroamination of (E)-stilbenes with NH3 using high energy light.!*!]

29



Objectives

2.2 Objectives

In our research group, the organic photoredox catalyst PrPPT (1.6) was identified as optimal
catalyst for the photo-mediated hydroamination of stilbenes. Dr. Firas El-Hage and Dr. Richy
Hauptmann extensively optimized this photosynthesis and synthesized a large scope of
different derivatives hydroamination products. This extensive investigation left the question of
the predominant reaction mechanism. Since alkene and amine activation are described in the

literature, no unequivocal pre-assumption about the reaction trajectory could be made.

In the context of this work, the aim is to elucidate the reaction mechanism, leading to a
plausible postulate. The starting materials will be studied electrochemically and compared to
the excited redox states of the photocatalyst. The photo-mediated hydroamination will be
examined regarding competent radical reaction intermediate by electron spin resonance
experiments. The resulting radical intermediates will be characterized as far as the persistence
allows. Fluorescence quenching experiments can give an insight into the initial reaction step.
Density functional theory calculations shall aid to understand and undermine the resulting

postulate (Figure 2.4).

R. * or R..

NH —l
R.
R—N
0 — G
) J
O hv (396 nm), MeCN 05M)

rt., 16-24 h ]
. +
R/\-/R or R/\-/R

Figure 2.4: Photo mediated hydroamination of (E)-stilbene (2.5) utilizing PPTNO as pre-catalyst.

2.3 Results and discussion

Our group recently reported the optimized synthesis and characterization of
pyrimidopteridine N-oxide (PPTNO) heterocycles.[' Photo- and electrochemical analyses
demonstrated that these compounds exhibit high excited state reduction potentials
(E'[PrPPTNO*/PrPPTNO™] = +2.29 V vs SCE and +1.91 V vs Fc*/Fc in MeCN). In Chapter 1
of this thesis, it was discussed and demonstrated that PPTNOs 1.1-1.4 serve as pre-catalyst
to the unoxygenated PPTs 1.5-1.8. With a similarly high excited state reduction potential
((E'[PrPPT*/PrPPT"]=+2.10 V vs SCE and +1.72 V vs Fc*/Fc in MeCN), PrPPTs (1.6)
provides a strong thermodynamic driving force for the oxidation of a wide range of organic
substrates. In the following, the reaction trajectory of the pyrimidopteridine-catalyzed photo-

mediated hydroamination of stilbenes with primary amines is discussed.
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2.3.1 Electrochemical characterization of stilbenes and benzylamine

By comparing the excited state reduction potential of the catalyst with the oxidation
potentials of the respective starting materials, it is possible to estimate whether a redox
reaction can take place and which starting material is easier to oxidize. The electrochemical
potentials were listed referenced to the Fc*/Fc redox couple.?! All measured voltammograms
are depicted and discussed against the ferrocene reference system (Fc*/Fc) and the final
potentials are additionally listed against SCE by adding 0.38 V to the values referenced to
Fc*/Fc (Table 2.1). First, the ground-state oxidation potentials of the stilbene starting materials

were determined by differential pulse voltammetry (Figure 2.5).

08
\ 06
04 7
02
[ 0.0
HICF, -Stilbene (2.1)
H/COOE-Stilbene (2.2)
HICN-Stilbene (2.3)

Phenanthrene (2.4)

normalized current

(E)-Stilbene (2.5)
(2)-Stilbene (2.6)
H/Me-Stilbene (2.7)
H/Me-Stilbene (2.8)
H/F-Stilbene (2.9)
F/Me-Stilbene (2.10)
HiMe-Stilbene (2.11)
Hlestron-Stilbene (2.12)
CF,/OMe-Stilbene (2.14)
H/OMe-Stilbene (2.15)
H/NMe, -Stilbene (2.16)
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potential [V vs Fc*/Fc]

Figure 2.5: Overview of oxidation potential of various stilbenes 2.1-2.16 obtained by DPV

measurements.

The DPV results of the different stilbene derivatives 2.1-2.16 are shown in Figure 2.5. It is
evident that an estimation of the different oxidation potentials is clearly possible and that all
single electron oxidation events are sufficiently separated to unambiguously assign the
respective potentials. The different oxidation potentials of the investigated stilbenes are

summarized in Table 2.1 below.
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Table 2.1: Redox potentials of various stilbene derivatives and benzylamine (2.13).

R2
e

R1

2.1-2.16
entry R! R? note E1r72d Eirz E1r72d Eilz
[V vs Fc*/Fc]? [V vs SCE]P
1 CF3 H (2.1) 295  +1.31 -2.57 +1.69
2 COOEt H (2.2) 224 +1.27 -1.86  +1.65
3 CN H (2.3) -221  +1.25 -1.83  +1.63
4 phenanthrene (2.4) 292 +1.20 -2.54  +1.58
5 H H (E)-stilbene (2.5) -2.68 +1.18 -2.30 +1.56
6 H H (2)-stilbene (2.6) -266 +1.15 -2.28  +1.53
7 Br Br (2.7) 234 +1.11 -1.96 +1.49
8 OAc H (2.8) 262 +1.06 224 +1.44
9 F H (2.9) 267 +1.06 -2.29  +1.44
10 Me F (2.10) 234 +0.96 -235 +1.34
1" Me H (2.11) 2.71 +0.95 -2.33  +1.33
12 (2.12) 272 +0.94 -2.34  +1.32
13 benzylamine (2.13) - +0.91 - +1.29
14 OMe CF3 (2.14) 248  +0.85 -2.10  +1.23
15 OMe H (2.15) 276 +0.76 -2.38 +1.14
16 NMe, H (2.16) 281 +0.14 -2.43  +0.52

Footnote: [a] Potentials were measured in MeCN with TBAPF¢ as electrolyte using cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) relative to Fc*/Fc. [b] Referenced to SCE by adding 0.38 V to the value relative
to Fc*/Fc.

The voltammograms of the different stilbene starting materials showed that all stilbene
derivatives can be oxidized by the excited state of pyrimidopteridine(-N-oxide) catalyst system.
Unsubstituted cis and trans stilbenes as well as phenanthrenes show an oxidation potential of
+1.15 V-+1.20 V in MeCN vs Fc*/Fc (Table 2.1, entries 4-6). Electron-withdrawing substituents
such as esters, cyano or trifluoromethyl groups increase the oxidation potential of the
molecules 2.1, 2.2 and 2.3 to +1.25V-+1.31V (Table 2.1, entries 1-3). Simple electron-
donating substituents such as methyl, methoxy, acetoxy and fluoro groups lower the oxidation
potential to +0.76 V-+1.06 V (Table 2.1, entries 8, 9, 11, 15). Stilbenes with substituents on
both phenyl rings such as dibromostilbene, 4-fluoro-4’-methylstilbene and triflurmethyl-
methoxystilbene (2.7, 2.10 and 2.14) also show lower oxidation potentials of +0.85 V-+1.11 V
(Table 2.1, entries 7, 10, 14). In the estrogen derivative 2.12, an one oxidation potential was
recorded at +0.94 V and a subsequent oxidation at +1.06 V was determined (Table 2.1, entry
12, Figure 2.5). It was noticeable that the derivative bearing a dimethylamine group 2.16 had
a significantly lower oxidation potential of 0.14 V compared to all other the stilbenes (Table 2.1,

entry 16).
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Subsequently, the benzylamine (2.13) was investigated with respect to its electrochemical
properties. The electrochemical measurement proved to be more challenging, which made it
difficult to unambiguously assign the oxidation potential. The DP voltammogram of

benzylamine (2.13) is depicted below (Figure 2.6).

1.95
1.56

1.17

current [uA]
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0.39 +
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Figure 2.6: Differential pulse voltammetry of benzylamine (2.13).

The electrochemical analysis of benzylamine showed a voltammogram with broad peaks.
The second oxidation potential at +1.70 V vs Fc*/Fc can be clearly assigned. The first oxidation
potential can only be estimated and was assigned at +0.91 V or less due to the overlay of the
second potential. Furthermore, the first oxidation peak is broad with an onset point of +0.42 V.

A similar response in the electrochemical measurement was also observed for other amines
(See appendix: 5.3.2.1.2).

On the basis of the performed measurements, it can be concluded that both the oxidation of
(E)-stilbene ((E)-2.5) (Ef/"z[(E)-2.5'+/(E)-2.5] =+1.53V vs SCE in MeCN) and benzylamine
(2.13) (Eff2[2.13'+/2.13] =+1.29 V vs SCE in MeCN) may induce a reductive quenching of the
excited state photoredox catalyst PrPPT* (E*[PrPPT*/PrPPT] = +2.10 V vs SCE in MeCN).
The oxidation of (E)-stilbene ((E)-2.5) is exergonic by -12.9 kcal'mol™" and the oxidation of
benzylamine (2.13) exergonic by -18.5 kcal-mol".
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2.3.2 Photoluminescence quenching experiments

The fluorescence spectrum of the optimal catalyst PrPPT (1.5) is necessary to estimate the
energy in the excited state in many ways. Determining the reduction in fluorescence caused
by the successive addition of a chemical compound indicates how much energy is transferred
from the excited state of the catalyst to the substrate.*®! Fluorescence quenching constants of
(E)- and (2)-stilbene (2.5 and 2.6), (E)-4-methoxystilbene (2.15) and (E)-4-
trifluoromethylstilbenes (2.1) were investigated in this respect. In addition, the fluorescence
quenching properties of the primary benzylamine (2.13) and the secondary dibutylamine (2.17)
were determined. All fluorescence spectra and tables with measured values are available in
the appendix 5.3.2.4. The corresponding calculated quenching constants are summarized in
Table 2.2.

Table 2.2: Stern-Volmer quenching constants of selected stilbene and amine derivatives.

entry quencher Kgy M)
1 (E)-CF5-stilbene (2.1) 52.4
2 (E)-stilbene (2.5) 61.3
3 (Z)-stilbene (2.6) 64.5
4 (E)-MeO-stilbene (2.15) 100.8
5 benzylamine (2.13) 33.0
6 dibutylamine (2.17) 52.8

Footnote: A solution containing PrPPT (0.02 mM) and was successive titurated with 100 pL of solution containing the

quencher (60 mM).

Based on the fluorescence quenching experiments, all investigated stilbenes were
competent quenchers of the excited state of the PrPPT catalyst. Notably, electron-deficient
substituents such as the trifluoromethyl group in 2.1 caused weaker quenching of the excited
state of the catalyst (Table 2.2, entry 1). (E)- and (Z)-stilbenes (2.5 and 2.6) show similar
quenching properties with a quenching constant of 61.3 M and 64.5 M, respectively (Table
2.2, entries 2-3). The more electron-rich (E)-4-methoxystilbene (2.15) exhibited the strongest
fluorescence quenching performance with a quenching constant of 100.8 M (Table 2.2, entry
4). Benzylamine (2.13) exhibited a significantly weaker quenching constant of 33.0 M
compared to all stilbenes (Table 2.2, entry 5). The more electron-rich dibutylamine (2.17),
which did not provide isolable yields in the hydroamination reaction, showed comparatively

higher quenching constant (Table 2.2, entry 5).

The Stern Volmer results reveal that both stilbenes and amines can quench the excited state
of the PrPPT catalyst 1.6. Based on the quenching constants of the investigated compounds,
the stilbenes are twice as potent quenchers. To investigate this correlation in detail, competitive

fluorescence quenching experiments were performed with benzylamine (2.13), (E)- and (2)-
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stilbene (2.5 and 2.6). The fluorescence quenching properties were investigated in the

presence of the other quencher, as illustrated in Figure 2.7
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Figure 2.7: Competitive quenching of the luminescence of the excited state PrPPT*:
Luminescence quenching by benzylamine (2.13) in the presence of stilbene ((E)-2.5) (left) and

luminescence quenching by E-stilbene ((E)-2.5) in the presence of benzylamine (2.13) (right).

The competitive fluorescence quenching experiments of benzylamine and stilbenes differ
clearly from the classical Stern-Volmer quenching experiment. The successive addition of
benzylamine (2.13) to a solution containing a constant concentration of the photocatalyst
PrPPT (1.6) and (E)-stilbene ((E)-2.5) only had a marginal effect on the luminescence
quenching (Figure 2.7, top left). In contrast, adding stilbene to a solution of the photocatalyst
PrPPT (1.6) and benzylamine (2.13) showed a distinct first-order dependence on the
concentration of stilbene (Figure 2.7, top right). (Z)-Stilbene showed similar fluorescence
quenching properties with a quenching constant of Ksy = 41.3 M" (Table 2.3, entry 2). The
results from the competitive fluorescence quenching experiments are summarized in Table
2.3, below.

Table 2.3: Stern-Volmer quenching constants determined by competitive fluorescence

quenching experiments.

entry first quencher Ksy M second quencher Ksy M
1 benzylamine (2.13) 33.0 (E)-stilbene (2.5) 43.0
2 benzylamine (2.13) 35.7 (Z)-stilbene (2.6) 41.3
3 (E)-stilbene (2.5) 64.5 benzylamine (2.13) 5.1

Footnote: A solution containing PrPPT (0.02 mM) was successively titrated to a concentration of 10 mM with a solution containing

quencher Q4 and subsequently titrated with 50 pL of a solution containing quencher Q; (60 mM).
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A plot of the results of the fluorescence quenching experiments against the respective
quencher concentration graphically illustrates the competitive Stern-Volmer quenching

experiments (Figure 2.8).

I/l ~1

0.8

0.6

0.4

s :
6 4
2

. 0o 0o 2
(E)-Stilbene (2.5) [mM] BnNH, (2.13) [mM]

Figure 2.8: Graphic summary of classical and competitive Stern-Volmer experiments with
stilbene (2.5) and benzylamine (2.13).

The results of the competitive fluorescence quenching experiment show that (E)-stilbene
effectively quenched the excited state of the catalyst in the presence of benzylamine with a
quenching constant of KSV = 43.0 M" (Table 2.3, entry 1). These experiments demonstrate
that the electron transfer (ET) from stilbene to the excited state photocatalyst PrPPT* is

kinetically favored over the ET from benzylamine.

2.3.3 Electron paramagnetic resonance spectroscopy

The results of the electrochemical analysis and photoluminescence quenching experiments
revealed that the photochemical oxidation of both stilbenes and benzylamine (2.13) by the
pyrimidopteridine photoredox catalyst 1.6 is thermodynamically and kinetically feasible. In the
following section, both substrates are investigated concerning the formation of radical
intermediates by one-electron oxidation under irradiation in the presence of the photoredox
catalyst. The analysis is performed by means of electron paramagnetic resonance (EPR)

spectroscopy.

The photo-mediated hydroamination can be achieved by using the pyrimidopteridine-N-
oxide precursor as a pre-catalyst without diminishing the yield (See chapter 1.3.3). However,
the following experiments were conducted exclusively with the plain pyrimidopteridine
heterocycle 1.6 to avoid the number of possible radical species resulting from undesired side
reactions. (E)-stilbene (2.5) was irradiated at 396 nm in the presence of PrPPT and results

were examined.
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Figure 2.9: EPR spectrum of (E)-stilbene (2.5) and PrPPT (1.6) and a simulated spectrum
considering a hyperfine splitting from two nonequivalent nitrogene nuclei and one hydrogen
(blue line, An1=7.84 G and An2=3.72 G Au =7.45 G) (left) and radical accumulation through

irradiation via operando EPR spectroscopy (right).

Electron paramagnetic resonance spectroscopy of a solution containing a 5:1 ratio of (E)-
stilbene (2.5) and the photoactive heterocycle PrPPT (1.6) showed a nine-line signal at g =
2.005 upon irradiation (Figure 2.9, left, black). A simulation of the spectrum with a spin half-
center (S = 1/2) interacting with two nonequivalent nitrogen nuclei (I =1; Avi =7.84 G and
Anz = 3.72 G) and a hydrogen nucleus (I = 1/2; Ant1 = 7.45 G) can assigned the radical to the
PrPPT-catalyst (Figure 2.9, left, blue). An EPR experiment with d>-deuterated (E)-stilbene
revealed the same signal pattern as illustrated in Figure 2.9 (See Appendix). This excluded the
incorporation of the alkene proton from the starting material in this hydrogen resonance. The
aromatic protons of the (E)-stilbene or more likely the amine side chain of the catalyst and the
solvent acetonitrile remains as possible hydrogen sources. The accumulation of the radical
can be observed by integrating the EPR signal (Figure 2.9, right, blue). The signal of the

protonated radical disappeared immediately in the absence of light.

Next, the amine starting materials were investigated. A solution containing the PrPPT
catalyst and benzylamine (2.13) was irradiated at 396 nm and analyzed by means of EPR

spectroscopy (Figure 2.10)
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Figure 2.10: EPR spectrum of benzylamine (2.13) and PrPPT (black) and a simulated spectrum
considering a hyperfine splitting from two nonequivalent N (red line, Ax1=8.25G and
Anz = 3.25 G) (left) and radical accumulation through irradiation via operando EPR spectroscopy
(right).

The analysis of the sample containing benzylamine (2.13) and the heteroarene 1.6 in a
5:1 ratio showed a seven-line signal at g = 2.005 upon irradiation (Figure 2.10, left, black). The
simulation of the spectrum reveals a spin half-center (S = 1/2) interacting with two inequivalent
nitrogen nuclei (I = 1; An1 = 7.84 G and An2 = 3.72 G), which was assigned to the radical anion
of the heterocycle PrPPT™~ (1.6™) (Figure 2.10, left, red). Integration of the EPR spectra,
revealed that the accumulated radical species possesses a long lifetime after irradiation,
lasting several hours (Figure 2.10, right, red). In contrast to the measurement in an aprotic
environment, no coupling with a hydrogen nucleus was observed. Based on the previous
results, an initial electron transfer from benzylamine (2.13) to the excited state catalyst PrPPT*
is undisputable. Moreover, it was shown that the radical anion of the catalyst PrPPT~ may act
as base. However, considering the amphoteric nature of amines, a proton transfer to excess
amine is also conceivable. The thermodynamics of the proton-transfer from the protonated

catalyst PPTH' to benzylamine (2.13) was calculated applying DFT calculations. (Table 2.4).
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Table 2.4: Calculated Gibbs free energies of selected compounds concerning the proton transfer

from PPTH"™ to benzylamine.

G Gy oy oy
HaC” N “CH; HaC” N “CH;

(@] O (6] (0]

PPTH" BnNH, (2.13) PPT BnNH,*
Entry Compound G [Hartree] G [kcal'mol™]

1 PPTH® 1094.413940 686755.262513

2 BnNH, 326.821509 205083.63701

3 PPT- 1093.963957 686472.893857

4 BnNH,* 327.280673 205371.76683

Footnote: All calculations were carried out using Gaussian 16 program. 4 Geometry optimization was carried out in
gas phase at the B3PW91“! level with the all-electron TZVPX8l under the consideration of solvation effect of acetonitrile

as solvent based on solute electron density (SMD®"') and van der Waals dispersion (GD3BJ"®)).

The calculation confirmed that the deprotonation of the protonated catalyst PPTH" by
benzylamine (2.13) is exergonic by —5.76 kcal/mol. As a consequent, a competitive proton
abstraction by excess amine is feasible. The separation of the radical and the accompanying
charge impairs the back-electron-transfer (BET) which may serve as explanation for the

longevity of the recorded radical.

Next, the EPR behavior of a solution containing both substrates was investigated. The
solution contained equimolar amounts of (E)-stilbene (2.5), benzylamine (2.13) and the PrPPT

photocatalyst and was irradiated at 396 nm.
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Figure 2.11: EPR spectrum of benzylamine (2.13), stilbene (2.5) and PrPPT (black) and a
simulated spectrum considering a hyperfine splitting from two nonequivalent N (red line,
ANt = 8.25 G and Anz = 3.25 G) (left) and radical accumulation through irradiation via operando

EPR spectroscopy (right).

Due to the overall lower concentration of the starting materials, a weaker EPR signal was
observed. Nevertheless, the accumulation of a nine-line signal at g = 2.005 was evident. The
simulation of the spectrum revealed a spin half-center (S = 1/2) interacting with two unequal
nitrogen nuclei (I = 1; An1 = 7.84 G and A2 = 3.72 G), which was assigned to the radical anion
of the PrPPT catalyst (Figure 2.6, left, red). Based on the slower accumulation of the radical
due to the low concentration, this experiment was irradiated for a longer time of 2 hours. The

radical persists after irradiation and a slow degradation was observed.
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2.3.4 Photo-mediated amine oxidation by pyrimidopteridines

The persistent radical intermediate formed upon irradiation of the organic photoredox
catalyst 1.6 in the presence of an amine was further investigated by means of UV-vis
spectroscopy. Differential UV-vis absorption spectra of a solution containing benzylamine
(2.13) and PrPPT (1.6) in acetonitrile were recorded after irradiation at 396 nm in a cuvette.

The absorption spectra were recorded in 5 minute intervals.
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Figure 2.12: Differential UV-vis absorption spectra of a solution containing benzylamine (31 mM)
and PrPPT (15 mM). Irradiated at 396 nm for the indicated time.

An alteration of the absorption spectra was quickly evident after irradiation at 396 nm. The
accumulation reached saturation after approximately 20 min of irradiation, after which only
minor changes in the absorption spectra were observed. A strong transient absorption at
439 nm and broad absorption in the 540 nm region was observed.

Next, the photochemically generated, stable radical resulting from the irradiation of a solution
containing benzylamine (2.13) and the tetrapropylpyrimidopteridine photoredox catalyst 1.6
was investigated in an NMR experiment. In the following experiment, a solution containing

PrPPT (1.6) and benzylamine (2.13) in a 1:2 ratio was irradiated at 396 nm. After the indicated
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time, the irradiation was interrupted and a '"H NMR spectrum was recorded. Subsequently, the

irradiation was continued.
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Figure 2.13: '"H NMR spectra of PrPPT (1.6) and benzylamine (2.13) under irradiation at 396 nm.

Irradiation time as indicated and after quenching with oxygen.

During the NMR experiment, the changes in the chemical shift and peak shapes of a 1:2
mixture of the activated catalyst PrPPT (1.6) and benzylamine (2.13) were tracked (Figure
2.13). It was evident that the protons of the amine underwent a shift from a sharp signal at
1.40 ppm to a broad signal at 1.46 ppm. Simultaneously, the peaks of the methylene groups
adjacent to the nitrogen atoms in positions 3 and 7 of the heteroarene core broadened. After
quenching with oxygen, the original peak shapes were reinstated. The protic protons of
benzylamine experienced a slight shift up-field.

The spectroscopic analysis of the amine oxidation by the photo-excited pyrimidopteridine

PrPPT (1.6) indicates the presence of an aminyl radical species. With an expected absorbance
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in the region between 400 and 600 nm.“® However, descriptions of aminyl radicals are

relatively scarce in literature.%

Two experiments performed by Dr. Richy Hauptmann showed that under similar conditions
the stereogenic center of a-chiral amines is completely preserved and no ring-opening
reactions were detected with cyclopropylamine upon irradiation in the presence of PrPPT
(1.6).°Y The difficulty in sustaining the stereo information of a-chiral amines is associated with
the drastic acidification of the a-amino C-H bond (ApKa(a-C-H)=-30) and a resulting
decreased a-C—H bond dissociation energy (ABDFE(a-C-H) = —45 kcalmol™) upon single
electron oxidation of an amine to the aminium radical leading to a-deprotonation and
racemization of the stereogenic center.l3% 33 52 Fyrthermore, resonance delocalization of the
unpaired spin of the N-centered radical cation would lead to C-C bond scission in

cyclopropylamine.

In contrast, according to an account published by Zipse and co-workers, the stabilization of
alkyl aminyl radicals occurs through hyperconjugantion between the unpaired spin and
adjacent C—H or C—C bonds, respectively. This type of hyperconjugation leads to a stabilization
of the N-centered radical of approximately -30 kJ'mol™" for primary amines.®¥ Interestingly,
this stabilizing effect is most pronounced in N-centered cyclopropylamine and

dicyclopropylamine radicals accounting for -44.4 kJ'mol™" and -78.9 kJ'mol™", respectively.
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2.3.5 Light on-light off experiment

On the basis of the conducted measurements of redox potentials, luminescence quenching
studies and the investigation of transient radical species by EPR, NMR and UV-vis absorption
spectroscopy, a simple light-on-off experiment aided to deduce a mechanistic postulate. In this
experiment, carried out by Dr. Firas El-Hage, the product formation of the hydroamination of
(E)-stilbene (2.5) with benzylamine (2.13) was followed by calibrated GC.?* Over the course
of 12 hours, the irradiation was interrupted at two-hour intervals. Samples were collected
before and after each cycle and the conversion to the desired hydroamination product 2.18
was determined.
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Figure 2.14: Reaction monitoring by calibrated GC using biphenyl as internal standard

(experiment performed by Dr. Firas El-Hage).

The results reveal that the product was formed only during irradiation. No product formation
was detected in the dark. Thus, a radical propagation mechanism could be excluded.
Furthermore, the involvement of the accumulated persistent catalyst radical, which was
observed in the EPR experiments by irradiating benzylamine (2.13) with the photocatalyst 1.6,
is unlikely to serve as catalytically active intermediate. Regarding the longevity of the radical
species formed from benzylamine and the photoredox catalyst, product formation in the
absence of light would be conceivable.

2.3.6 Density functional theory calculations

Density functional theory (DFT) calculations at a B3PW91 level of theory were employed to
evaluate the assumption of stilbene activation. Due to the analogous properties of the different

alkyl substituents of the pyrimidopteridines, the methyl-substituted MePPT was used as model
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catalyst. The results of the calculations of the different intermediates are summarized in Figure
2.15.

relative free energy [kcal/mol]

PPT PPT
213 BnNH,

Figure 2.15: Calculation of free energy values in the proposed energy profile.

The overall reaction was calculated to be slightly endergonic by -0.46 kcal/mol (Figure
2.15).. However, a high activation barrier and orbital miss-match prohibits the direct addition
of an amine to alkenes. The mechanism indisputably commences with the excitation of the
photocatalyst. The potential energy of the excited state has been estimated to be 3.30 eV
(76 kcal/mol) (see Chapter 1.3.2). The intermolecular back electron transfer (BET) between
(E)-stilbene and the MePPT catalyst was calculated to account for 55 kcal/mol. Utilizing the
excited state reduction potential of MePPT (E*[MePPT*/MePPT"]=+1.75V vs Fc'/Fc in
MeCN) and the oxidation potential of (E)-stilbene (Ey), =+1.15V vs Fc*/Fc in MeCN)., an

energy difference of —13.8 kcal/mol was determined (equation 2.1).

AG = (1.15 — 1.75) * 23. 06@ = —13.8 kcal /mol (equation 2.1)

Accordingly, the required 69 kcal/mol serves as the estimated energy of MePPT in the
excited state. The nucleophilic attack of benzylamine on the radical cation of stilbene was
calculated to have an energy difference of —11.6 kcal/mol. The subsequent deprotonation of
the adduct by the catalyst was calculated to be endothermic by 3.52 kcal/mol. The hydrogen
atom transfer (HAT) reaction from the protonated radical catalyst PPTH" was calculated from
the Gibbs free energies of the products and substrates accounting for an energy gain of
-47.4 kcal/mol.

Alternatively, benzylamine may act as a base and deprotonate the initial amine-stilbene

radical cation adduct. However, this reaction trajectory would necessitate a subsequent direct
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reduction of the C-centered radical which is thermodynamically unfavorable (Elr/e§= -1.60V vs

SCE in MeCN for ethylenebenzene).B!

2.3.7 Proposed reaction mechanism

The results from the EPR, Stern-Volmer, and the light-on light-off experiments suggested
that the mechanism proceeds via activation of the alkene function. A postulated mechanism
for the photo-mediated pyrimido-pteridine (PPT)-catalyzed hydroamination of stilbenes is

shown in Figure 2.16.
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Figure 2.16: Plausible catalytic cycle of the photo-mediated hydroamination via stilbene

oxidation.

The reaction sequence commences with the activation of the catalyst precursor PrPPTNO
(£39¢ = 1066 M~"-cm™) through oxygen atom transfer to stilbene to form stilbene oxide and the
photoredox active hydroamination catalyst PrPPT (also see Chapter 1.3.1). The catalytic cycle
starts with the excitation of the PrPPT (g59¢ =40 M™"-cm™) to PrPPT* bearing a high excited
state reduction potential of E*[PrPPT*/PrPPT"]=+2.13V. Predominantly, stilbene
(E7/3[2.57/2.5] = +1.53 V vs SCE in MeCN) reacts with the excited state of PrPPT via a single

electron transfer. However, benzylamine (Ef/"z[2.13 */2.13] = +1.29 V vs SCE in MeCN) also
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reacts with the catalyst to form a resting state. The oxidized cationic stilbene reacts with the
primary amine to form the C-centered radical intermediate. Based on the computer simulation
and the EPR results, a proton transfer onto the catalyst is suggested. Subsequently, hydrogen
atom transfer from the protonated catalyst PrPPTH™ to the benzyl radical form the desired
product. This assumption is further supported by the absence of an HAT cocatalyst. To
substantiate the theory of the HAT reaction, the mechanism was investigated using density

functional theory calculations.

2.3.8 Proof of concept

Optimization of the ratios between (E)-stilbene and benzylamine exhibited the highest yield
at a ratio of 1:5 (yield: 73%), followed by the inverse 2:1 ratio (65%) (see dissertation: Richy
Hauptmann).5 The preceding mechanistic investigation suggests that an excess of amines
favors the formation of an off-cycle intermediate. The imbalance should be especially
pronounced for examples of electron-deficient stilbenes that possess higher oxidation
potentials. Therefore, it should be investigated whether an increase in the overall yield can be
observed with excess stilbenes. Electron-deficient stilbenes are converted with benzylamine
in a 2:1 ratio. The pre-catalyst PrPPTNO was used to ensure comparability with the previously

obtained scope (Table 2.5).
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Table 2.5: Selected examples of the hydroamination of electron-deficient stilbenes with varying

R o
OsxN._N.__N__O
X R
Y | \l// NH
N NS
Pr N Pr
N + BNy — 0 0 0 —

substrate ratios.

S
Rl = NH, R
Pz PrPPTNO (1.2)
MeCN (0.1 M)
213 hv (396 nm)
30°C,24h
isol. yield isol. yield
entry substrate product [1:5-Ratio] [2:1-Ratio]
NHBnN

1 O N g 2.1 O 2.19 32% 42%

NHBn

2 N g 2.2 O 2.20 40% 49%
EtO,C
EtO,C

NHBnN

3 X O 2.3 O 221 37% 45%
<24

Footnote: The reaction was carried out with 0.5 mmol benzylamine (0.1 M), 2 equiv. stilbene and a catalyst loading of

5 mol% PrPPTNO. Isolated yields correspond to the average of two reactions.

Indeed, an inversion of the substrate ratios had a positive effect on the yield of the
hydroamination product from electron-deficient stilbene derivatives. The trifluoromethyl
derivative 2.1 was successfully converted and the corresponding product 2.19 was obtained
in an isolated yield of 42% (Table 2.5, entry 1). Similarly, the ethyl ester-bearing stilbene 2.2
yielded an isolated yield of 49% (Table 2.5, entry 1). Similarly, the cyano-derivative (2.21) was
isolated in 45% yield (Table 2.5, entry 2).
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2.4 Conclusion

In conclusion, comprehensive mechanistic experiments concerning the reaction trajectory
of the photochemical pyrimidopteridine-catalyzed hydroamination of (E)-stilbenes and primary

amines allowed to provide a detailed proposal on the reaction mechanism.

The oxidation potentials of various (E)-stilbene derivatives and amines were successfully
determined by cyclo-voltametric and differential-pulse-voltametric measurements. In electron
paramagnetic resonance experiments, different radical species were observed with both
reactants. The protonation of the radical anionic intermediated of the photoredox catalyst in an
aprotic reaction environment was evident. In a protic environment, a long-lived radical species
was formed presumably associated with a charge-separated radical pair. The persistent
catalyst radical formed by irradiation of the catalyst in the presence of benzylamine was
additionally analyzed by NMR and UV-vis spectroscopy. Involvement of this persistent radical
in the reaction was ruled out based on the results of an on-off experiment. Moreover, a radical
propagation mechanism was excluded. In classical and competitive fluorescence quenching
experiments, it was shown that the stilbenes quench the excited state of the catalyst more
efficiently than the benzylamine. Finally, a conceivable mechanism was postulated, which was
further supported by quantum chemical calculations. Based on the findings of the reaction

mechanism, the reaction conditions were adjusted, leading to an increase in yield.
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3 Oxyfunctionalization through photoinduced oxygen atom

transfer of pyridine N-oxide

3.1 Introduction

The hydroxyl functionality is of paramount importance in natural products, agrochemicals,
and pharmaceuticals.* In nature, the implementation of C—~OH bonds is routinely achieved by
the direct oxygenation of C—H bonds by monooxygenase enzymes. This strategy converts
hydrophobic into hydrophilic compounds which facilitates renal excretion or installs a reactive

handle for further transformations in living organisms.[%°

monoxygenases

Figure 3.1: Hydroxylation of aliphatic as well as aromatic C-H bonds by monooxygenase

enzymes.[5¢

In nature, the oxidation of C—H bonds is routinely performed by highly selective enzymes
and their tailored reaction sites.®] These enzymatic methods provide a powerful means for the
oxidation of small molecules under mild reaction conditions. Nevertheless, universal
application of these methods in synthetic organic laboratories is hindered by the need for highly
specialized equipment and generally low space-time yields.®® Therefore, the development of
a chemical equivalent of mammalian monooxygenase enzymes is of particular relevance to
address the challenging highly selective late-stage functionalization of advanced intermediates

for the synthesis of pharmaceutical and xenobiotic metabolites.

Currently, most catalytic methods for the oxidation of C—H bonds rely on transition metal
catalysts.® Alternatively, recent research indicates that the design and use of non-metallic
variants is a valuable extension to the existing methodological repertoire. This involves the
application of oxidants such as peracids/®®, dioxiranes®" and perfluorinated oxaziridines.?
However, the high reactivity and selectivity of these oxygen atom transfer (OAT) reagents is

also associated with elaborate syntheses and increased hazardous potential.[®c!

Upon ultraviolet irradiation of pyridinium ylides and N-oxides, fragmentation of exocyclic
polar bonds occurs, releasing highly reactive intermediates (Figure 3.2).°% Whereas it is

generally assumed that reactions of pyridinium methylides and iminopyridinium ylides proceed
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via carbene and nitrene intermediates, respectively,® the mechanism of photomediated
oxygen atom transfer is still ambiguous. Mechanistic proposals for the oxygen atom transfer
mechanism range from the involvement of atomic oxygen (oxene), oxygen as a radical anion;

and transfer via oxazaridine intermediates to a nitroxyl radical species.®®
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Figure 3.2: Photoinduced generation of reactive intermediates from N-substituted pyridines.[6l

Photo-mediated oxygen atom transfer (POAT) has been achieved by pyrimidopteridine-N-
oxides (PPT) as mentioned in Chapter 1. Moreover, intramolecular POAT to electron-rich
arenes tethered to 1-benzylisoquinoline 2-oxides was reported by Perez-Inestrosa.’”! The
regioselectivity of the phenol synthesis is mostly governed by the rules of electrophilic aromatic

substitution and is suggested to proceed via a Wieland intermediate.[®®!

hv (150 W, Hg-lamp,
pyrex filter)

TFA/CH,CI,
(1.0 mM)
6 or 10 min

Me e OMe
57% 41% 75%, 73:2

Figure 3.3: Photochemical transfer-hydroxylation in electron donor—acceptor systems.['4
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Another interesting class of compounds, which is becoming increasingly prominent, is the
class of pyridinium salts.® Recently, the N-functionalized pyridinium core emerged as a
promising new scaffold for redox-active reagents, allowing the generation of a wide range of

synthetically important radicals (Figure 3.4).
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Figure 3.4: N-Functionalized pyridinium derivatives as radical precursors.[®]

The radical is generated by single electron reduction of the pyridinium cation. The electron
occupies the energetically low-lying ™ LUMO. In order to enable the N-X bond cleavage, the
electron must enter the orthogonal o*-orbital.l’® The mixing of the m*- and o*-states in the
planar radical is symmetrically forbidden and occurs when the N-X bond is bent out of the ring
plane. The resulting three electron bond situation N..X leads to N-X bond cleavage resulting

in the corresponding X- or N-centered radical (Figure 3.5).

homolytic cleavage

— _ N .
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7*-reduction internal electron transfer 7" to o* | _ X
elongation and bending (N-X)

heterolytic cleavage

Figure 3.5: Simplified mechanistic approximation for the reductive cleavage of N-functionalized

pyridinium compounds.[©3 70

Depending on the electronic property of the N-X bond, various radical intermediates can be
formed.®¥ Strong electron-withdrawing substituents favor heterolytic fragmentation and
generate pyridyl radical cations. In contrast, a variety of substituents preferentially lead to the
formation of X-centered radicals. Remarkably, the single-electron reduction of alkyl and aryl

pyridinium leads to stable intermediates and does not result in fragmentation (Figure 3.6).
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Figure 3.6: Fragmentation of representative N-substituted pyridinium compounds.[©3!

The pyridinium moiety offers multifaceted possibilities of electronic and steric modifications,
allowing fine-tuning of the reactivity for specific applications.[®® Electron donating and
withdrawing substituents can change the reduction potential of the pyridinium structure which
affects the initial single electron transfer. The of stabilizing the respective radical intermediate
affects the N-X bond cleavage. Furthermore, substitution of the electrophilic position prevents

undesired side reactions (Figure 3.7).
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Figure 3.7: Substituent-effects of N-functionalized pyridinium salts.

In 2019, Tongi and Carreira published the photo mediated generation of the a cationic pyridyl
radical.”"! The reaction occurs through the single-electron reduction of (trifluoromethyl-
sulfonyloxy)pyridinium trifluoromethanesulfonate with the transition metal catalyst tris(2,2'-
bipyridine) ruthenium hexafluorophosphate. The electrophilic pyridyl intermediates was

successfully used for aromatic amination ( Scheme 3.1)

active species

X
| | =
N
AN “OTf +
(2 mol%) R !
— / + \
O oTf — . N
acetonitrile (0.1 M), 90 min | _ ' pyridyl-radical

Blue LED 18 examples '

yield: 20-76% '

Scheme 3.1: Photo mediated C—H amination through a pyridyl radical cation.[’"!
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The group of Stephenson described the utilization of pyridine N-oxide derivatives in

association with trifluoroacetic anhydride results in the in-situ formation of a pyridinium salt.[?

Single electron reduction of the transition metal catalyst leads to the formation of the

trifluoroacetate radical, which rapidly undergoes decarboxylation. The resulting trifluoromethyl

radical was used in electrophilic aromatic substitution (Scheme 3.2).
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E trifluoromethyl-radical

Scheme 3.2: Photochemical trifluoromethylation with pyridine N-oxide.l”?

Notable research on photochemical oxidation has been described by the group of Ritter.

Bis(methanesulfonyl) peroxides was used as oxidant.[”®! The irradiation in the presence of the

transition metal catalyst converts the arene into the corresponding aryl sulfonate. The

formation of the desired products by the photochemical reaction suggests the formation of an

O-centered mesyloxyl radical.

(2.5 mol%)

acetonitrile (0.1 M), 35°C, 16-24 h
Blue LED

' _OMs
MSQ

Me—@

charge-transfer-

complex
N OMs
R | .
= ' MsO
20 examples . O-centered-
yield: 36-77% ' radical

Scheme 3.3: Photo-mediated aromatic C—H-oxygenation using bis(methanesulfonyl) peroxide.["?!

The formation of O-centered-mesyloxyl radicals has already been described in non-photo-

mediated reactions./ Triggered by the radical initiator copper(l) acetate, bis(methanesulfonyl)

peroxide was converted into the corresponding mesyloxyl radical intermediate and engaged in

benzylic oxidation. The reaction proceeds via chain propagation.
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Scheme 3.4: Benzylic monooxygenation using bis(methanesulfonyl) peroxide.[!

3.2 Objectives

The following chapter delineates to the development of a strategy of a photo-mediated
anaerobic oxygenation using arene-N-oxides as a chemical mimicry of oxygenase enzymes.
Detailed knowledge of the photochemical properties of representative subset of aromatic N-

oxides are a prerequisite for a successful photo-mediated oxygen atom transfer.

The initial goal is the evaluation of a unified approach for the synthesis of a training set of
25 heteroarene-N-oxides, encompassing pyridines, bipyridines, pyrazines, pyrimidines,

pyridazines, acridines, phenanzines and phthalazines.

Each compound will be characterized by UV-vis spectroscopy, cyclic voltammetry, and

chemiluminescence measurements.

The electrochemical and photophysical properties of the synthesized heteroarene-N-oxides
will be compared with the previously described pyrimidopteridine-N-oxides (also see
chapter 1.3). Suitable representatives will be selected and their performance in photo-

mediated oxygen atom transfer reaction will be evaluated.

HXH R_K\ | 5)\H
N N*
R"” "R? a- R' O R2
or ———  Photoredox T or
catalysis & OH
R1—'\ Electrochemistry R N
| |
= =

Figure 3.8: Oxygen atom transfer through pyridine N-oxides
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3.3 Results and discussion

3.3.1 Scope of heterocyclic aromatic N-oxides

In order to study the photochemical oxygen atom transfer from heteroarene-N-oxides, a
number of different candidates have to be synthesized and evaluated. This class of
compounds is accessed by N-oxidation of the heteroarene with oxidants such as peroxides.["
The utilization of meta-chloroperbenzoic acid (m-CPBA) has gained prominence due to its
favorable price, stability, and reliable results. The disadvantage of this methodology is the
superstoichiometric use of meta-chloroperbenzoic acid and the resulting meta-chlorobenzoic
acid as side-product. The catalytic N-oxygenation can be accomplished using
methyltrioxorhenium as a catalyst. '® The low cost, high yields and very low catalyst loadings
render methyltrioxorhenium an ideal practical oxidation catalyst. The application of these N-
oxygenation methodology resulted in the synthesis of a set of 19 different N-oxides in
collaboration with M.Sc. Jack Felix Christen (Table 3.1).1'"]

Table 3.1-1/2: Synthesis of various heteroarene-N-oxides.

m-CPBA
or
A H,0,/MeReO5 (\._ .
- P
N )R \N"
N CH20|2 I7
0°Ctort, 16 h 0
3.1 3.2
entry substrate product isol. yield
H H
A
1 | o 3.1a I 3.2a 99%32
+
N~ ‘O'N %
CN CN
A
2 | o 3.1b I 3.2b 78%32
+
N~ _O,N %
- COOMe - COOMe
3 | 3.1¢c . 3.2¢ 92%"
N~ *O'N =
. COOEt - COOEt
4 | 3.1d l, 3.2d 98%"
N~ ‘O'N Pz
CF,4 ~CF3
5 | 3.1e I 3.2e 92%P
+
N~ *O'N =
tBu tBu
A
6 | 3.1f | 3.2f 95%P
+
N~ ‘O'N =
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Table 3.1-2/2: Synthesis of various pyridine N-oxides.

entry

10

11

12

13

14

15

Z—

N
|

substrate

Z
AN

7\
>

N
|

3.1g

3.1i

3.1k

3.1k

3.1m

3.1n

3.10

3.1p

3.1q

product
ZZ\
A ~
_O,N*/
“4 N+'O_
N ~
,O.N*/
7
_O"N+\ N
! Pz
7
- +
O~N|+\ A ~O_
Pz

3.2g

3.2h

3.2i

3.2

3.2k

3.21

3.2m

3.2n

3.20

3.2p

3.2q

3.2r

isol. yield

34%®

53%P

51%"P

42%"b

72%2

25%P

70%"

90%"°

92%P

92%°

64%"

329%P

Footnote: [a] m-CPBA (2.0 eq.) was used as oxidant. [b] Using methyltrioxorhenium (0.5 mol%) and hydrogen peroxide

as oxidant.
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The N-oxygenation using m-CPBA was the method of choice for two examples. Pyridine-N-
oxide (3.2a) was furnished in an excellent isolated yield of 99% (Table 3.1, entry 1). The more
electron-deficient 4-cyanopyridine-N-oxide (3.2b) was obtained in a good isolated yield of 78%
(Table 3.1, entry 2). The catalytic N-oxygenation catalyzed by methyltrioxorhenium
represented the most general approach for the N-oxide synthesis. More electron-deficient
pyridines bearing ester or trifluoromethyl substituents were obtained in 92-98% isolated yield
(Table 3.1, entries 3-5). The electron-rich 4-tert-butylpyridine-N-oxide (3.2f) was obtained in
95% isolated yield (Table 3.1, entry 6). To extend the structural scaffold of the heteroarene-N-
oxide scope, different bipyridines were converted to the corresponding N-oxides. The
conversion of 4,4’-bipyridine (3.1g) with the methyltrioxorhenium provided a mixture of mono-
and di-N-oxygenated compounds in 34% and 53% isolated yield, respectively (Table 3.1, entry
7). Similarly, 3,3-bipyridine (3.1i) afforded the corresponding mono- and di-N-oxygenated
products in a 51% and 42% isolated yield, respectively (Table 3.1, entry 8). Oxidation of 2,2’-
bipyridine (3.1k) with m-CPBA furnished the mono-N-oxygenated heteroarene (Table 3.1,
entry 9). In contrast, the employment of the transition metal catalyst resulted in the di-N-
oxygenated 2,2’-bipyridine-N-oxide (3.2l) in a modest yield of 25% (Table 3.1, entry 10).
Presumably, complexation of the rhenium catalyst by 2,2’-bipyridine results in a deactivation
of the catalyst. Next, heterocycles containing more than one nitrogen atom in the aromatic ring
were investigated with respect to N-oxidation. Pyrazine (3.1m) was converted to the mono-N-
oxygenated species in a synthetically useful yield of 70% (Table 3.1, entry 11). Pyridazin (3.1n)
and pyrimidine (3.10) achieved the mono-N-oxygenated products in 90% and 92% isolated
yield, respectively (Table 3.1, entries 12-13). Similarly, mono- N-oxygenated phthalazine-N-
oxide was obtained in a good yield of 92% (Table 3.1, entry 14). The reaction of phenazine
(3.1q) provided a mixture of mono- and di-N-oxygenated compounds, that were isolated in
64% and 32% vyields, respectively (Table 3.1, entry 15).

NO, Cl
= | AcCl = |
—_—

SNt AcOH SN
| ° 1 h |
o 50 °C, o

26%
3.2s 3.2t

Scheme 3.5: Synthesis of 4-chloropyridine-N-oxide (3.2t).

4-Chloropyridine-N-oxide (3.2t) was synthesized from the commercially available 4-
nitropyridine-N-oxide (3.2s) via nucleophilic aromatic substitution using acetyl chloride as

chlorination reagent (Scheme 3.5).[78
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OMe
OMe
H,O =
_ 2U2 |
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(@]
55%
3.1u 3.2u

Scheme 3.6: Synthesis of 4-methoxypyridine-N-oxide (3.2u).

Pyridine-N-oxide 3.2u bearing a methoxy-substituent at the para-position was synthesized

in a thermal reaction utilizing hydrogenperoxide.!”!

3.3.2 Electrochemical and photophysical characterization of

heterocyclic aromatic N-oxides

Cyclic voltammetry and differential pulse voltammetry

To determine the electrochemical properties of the prepared N-oxides, cyclic voltametric
measurements were conducted. In addition, commercially available 4-nitropyridine-N-oxide
(3.2s) and 4-phenylpyridine-N-oxide (3.2v) were investigated. 9-Chloroacridine-N-oxide
(3.2w), synthesized in our group by M.Sc. Mario Frahm, completed the set of heterocyclic
aromatic N-oxides.[% Cyclovoltammetric measurements were performed in acetonitrile with
tetrabutylammonium hexafluorophosphate (TBAPFg) as electrolyte (¢ = 0.1 M) against the
silver-silver chloride reference electrode. All signals were individually referenced to the Fc*/Fc
redox couple.”?! The trend of the electrochemical behavior is exemplified by the CV-
measurements of methoxy-, phenyl-, cyanide-, and nitro-substituted N-oxides (3.2u, 3.2v, 3.2b
and 3.2s) (Figure 3.9).
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Figure 3.9: Cyclic voltammograms of selected pyridine N-oxide derivatives in MeCN.

The reduction potentials of the pyridine N-oxides ranged from -2.9 V to -1.2 'V vs Fc*/Fc.
Electron-withdrawing substituents such as nitro- or cyano- radicals exhibit a relatively low
reduction potential of the pyridine N-oxides (Figure 3.9, orange & red). The symmetrical signals
show a reversible process, permitting determination of the reduction potentials at -1.2 V for
3.2s and -1.9 V for 3.2b vs Fc'/Fc, respectively. Neutral and electron-donating substituents
showed relatively high, irreversible reduction peaks below —2.0 V. The irreversible response

prevented the accurate determination of these reduction potentials (Figure 3.9, 3.2u & 3.2v).

Consequently, differential pulse voltammetric experiments were conducted.?? This method
allows the determination of the redox potentials of irreversible processes. The heteroarene-N-
oxides were dissolved in MeCN (0.01 M) and the voltammograms were recorded against the

silver-silver chloride reference electrode and referenced to the Fc*/Fc couple (Figure 3.10).12"

0.8
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o
~
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o
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L00
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Figure 3.10: Differential pulsevoltammograms of various heteroarene N-oxide derivatives.

A comprehensive analysis of the heteroarene-N-oxides confirms the range of reduction
potentials between —1.2 V and —2.9 V. Electron-deficient N-oxides such as 4-nitropyridine-N-
oxide (3.2s), mono- and di-N-oxidized phenazine (3.2q and 3.2r) and 9-chloroacridine N-oxide
(3.2w) were reducible at low potentials between —1.2 V and -1.6 V (Figure 3.10, green area).
The majority of the N-oxides showed reduction potentials between —1.9 V and -2.4 V (Figure
3.10, orange to yellow area). This range includes all the bipyridines (3.2g-3.2l), pyrazines
(3.2m), pyridazines (3.2n) and pyrimidines (3.20) studied, as well as pyridine N-oxides bearing
CN-, Cl-, CFs- or a phenyl-substituent in 4-position (3.2b, 3.2t, 3.2e, 3.2v).

Neutral and electron-rich pyridine N-oxides were reduced by applying high cathodic

potentials. Pyridine-N-oxide has a reduction potential of -2.76V. tert-Butyl- and
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methoxypyridine-N-oxide (3.2f and 3.2u) possessed reduction potentials of —2.80 V and

-2.94 V, respectively (Figure 3.10, red area). A tabular overview is shown below (Table 3.2).

UV-vis-absorption measurements

The synthesized N-oxides were analyzed for their light absorption properties. The
compounds were dissolved in acetonitrile (c ~ 50 yM) and measured in a cuvette (d = 1 cm)
using an UV-vis absorption spectrometer. The obtained absorption spectra were depicted in
ascending order with respect to their absorption offsets (Figure 3.11). The absorption maxima

are discussed.

Rhéné;ine-N ..
PR
4 OEOING, (3

T T T T T T
250 300 350 400 450 500

Wavelength [nm]

Figure 3.11: UV-vis absorption spectra of various heterocyclic aromatic N-oxides.

The comparison of the absorption spectra show that few N-oxides interact with visible light.
The absorption maximum of the unsubstituted pyridine-N-oxide (3.2a) was determined in the
UVC region at 277 nm (Figure 3.11, red area). Any kind of substitution at the 4-position causes
a bathochromic shift of the absorption maximum. Aliphatic substituents without n-extending
character, such as ftert-butyl- and trifluoromethyl-groups (3.2f & 3.2e) cause a maximum
absorbance at 278 nm and 283 nm, respectively (Figure 3.11, red area). The extension of the
aromatic n—orbital system causes a stronger red shift. Esters, cyanide, and phenyl-substituted
pyridine N-oxides (3.2b-3.2d and 3.2v) showed an absorption maximum in the higher-energy
UVB region at 297-308 nm (Figure 3.11, orange area). The strongest bathochromic shift was
caused by the nitro-substituent (3.2s) with an absorption maximum of 345 nm (Figure 3.11,
red area). The absorption maximum of 1,4-diazine-N-oxide (3.2m) was determined at 278 nm
(Figure 3.11, red area). In contrast, the absorption maxima of 1,3- and 1,2-diazine-N-oxide
(3.2n and 3.20) were observed around 320 nm (Figure 3.11, orange area). The spectra of

bipyridine-N-oxides collectively (3.2g, 3.2h, 3.2k, 3.2l) show absorption maxima of above
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300 nm. Noteworthy, the offset of the bipyridine N-oxide absorption spectra from about 350-
370 nm demonstrates that lower-energy radiation can also utilized (Figure 3.11, yellow area).
An exception is 3,3’-bipyridine-N-oxide (3.2i, 3.2j). Mono- and di-N-oxidized phenazines as
well as 9-chloro-acridine-N-oxides (3.2q, 3.2r and 3.2w) show an interaction with lower energy
light from the visible light region with maxima at 418 nm, 487 nm and 457 nm (Figure 3.11,

green area). A tabular overview is shown below (Table 3.2).

Photoluminescence of heterocyclic aromatic N-oxides

With the light absorption results in hand, the fluorescence properties of the N-oxides were
then determined to obtain inferences about the potential energy of the excited state Eoo. The
compounds were dissolved in acetonitrile (¢ = 20 yM) and measured in a cuvette (d =1 cm)
using a fluorescence spectrometer. The wavelength used for excitation corresponds to a
wavelength from the absorption spectrum that yields a suitable emission response (Figure
3.11). The resulting fluorescence spectra were displayed in Figure 3.12 in ascending order

with respect to their fluorescence maxima.

normalized emission

phenazine-DiNO (3.2r
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phenazme-NO (3 2q)

2, 2 bl él'! 29
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4-CN-Py-NO (3.2b)
4- COOMe Py-NO (3.2¢)
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potential applied [V vs Fc'/Fc]

Figure 3.12: Emission spectra of various heterocyclic aromatic N-oxides.

The unsubstituted pyridine N-oxide (3.2a) shows an emission maximum at 321 nm (Figure
3.12, red area). Any kind of substitution results in a red-shift of the emission band. The majority
of the analyzed pyridine N-oxides exhibited a fluorescence maximum between 361 nm and
413 nm. The tert-butyl-group in 4-position caused the least bathochromic effect (Figure 3.12,
3.2f). Ester- and nitrile-substituents in 4-position caused a more pronounces red shift up to
412 nm (Figure 3.12, 3.2b-3.2d). The fluorescence maxima of the 2,2’-bipyridine- and 4,4’-
bipyridine-N-oxide (3.2l and 3.2g) were determined at a higher wavelength of 431 nm and
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451 nm, respectively (Figure 3.12, green area). The corresponding N,N’-dioxides 3.2l and 3.2h
at 389 nm and 427 nm respectively. In contrast, a lower emission maximum for 3,3’-bipyridine
was observed for the N-oxide 3.2i at 392 nm than for the corresponding N,N’-dioxides 3.2j at
404 nm (Figure 3.12, orange area). The emission maximum of 1,3-diazine-N-oxide (3.2n) was
determined at 375 nm (Figure 3.12, orange area). The absorption maxima of 1,2- and 1,4-
diazine-N-oxide (3.20 and 3.2m) were observed at 412 and 419 nm, respectively (Figure 3.12,
orange area). Mono- and di-N-oxidized phenazines as well as 9-chloro-acridine-N-oxides
(3.2, 3.2r and 3.2w) show an maximum emission at 459 nm, 510 nm and 478 nm,

respectively (Figure 3.11, green area). A tabular overview is shown below (Table 3.2).

Excited state properties of heterocyclic aromatic N-oxides

Next, the excited state potential energy of the heterocyclic aromatic N-oxides needs to be
determined. To estimate this energy, an energy between onset, an overestimate of the energy,
and the emission maximum, corresponding to an underestimate of the energy, is usually used.
For this purpose, the intersection point of the normalized absorption and emission spectra is
used when possible. This method could be applied to the example of 4-nitropyridine-N-oxides
(3.2s, Figure 3.13, bottom, red). However, compounds, such as 4-cyano-pyridine-N-oxides
(3.2b), exhibited a large Stoke shift, therefore no intersection point could be obtained. The
usage of half the stoke-shift as an energy estimate is also not suitable, since the resulting
energy is above the overestimated energy (onset point emission) (Figure 3.13, middle,
orange). Furthermore, in several emission spectra, as in the case of 4-phenyl-pyridine-N-oxide
(3.2v), no onset point could be obtained (Figure 3.13, top, green). To ensure comparability
among the heteroarene N-oxides, the maximum of the emission spectrum was chosen for
estimating the excited state energy, in the awareness that this represents an underestimation.

A tabular overview is shown below (Table 3.2).
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Figure 3.13: Normalized absorption- and emission spectra of 4-nitro (3.2v), 4-cyano und 4-

phenyl-pyridine-N-oxide (3.2b and 3.2s).

Subsequently, the excited state reduction potential was calculated from the excited state

energy. The combination of the voltametric determined potentials and the potential energy of

the excited state enables the approximation of the excited state redox potentials using equation

3.1 and 3.2.59 A tabular overview is shown below (Table 3.2).
Ejeq = Eoo + E7%3

Eox = E), — Egp
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Table 3.2: Photophysical and electrochemical properties of heterocyclic aromatic N-oxides.

entry compound Ama Amax E:,; Eip Ei Erea Ered
[nm] [nm] [eV]° [V vs Fc*/Fc]? [V vs SCEJP [V vs Fc*/Fc]? [V vs SCE]?
1 4-NO,-Py-NO (3.2s) 345 378 +3.28  -1.20 -0.82 +2.08 +2.46
2 4-CN-Py-NO  (3.2b) 297 412 +3.01  -1.99 -1.61 +1.02 +1.40
3 4-CF4Py-NO  (3.2e) 283 391 +3.17  -2.32 -1.94 +0.85 +1.23
4  4-COOMe-Py-NO(3.2¢c) 301 413 +3.00  -2.02 -1.64 +0.98 +1.36
5  4-COOEt-Py-NO (3.2d) 301 406 +3.05  -2.05 -1.67 +1.01 +1.39
6  4-CI-Py-NO (3.2t) 282 375 +3.31 237 -1.99 +0.94 +1.32
7 4-H-Py-NO (3.2a) 276 321 +3.87  -2.76 -2.38 +1.10 +1.48
8  4-Ph-Py-NO  (3.2v) 308 369 +3.36  -2.42 -2.04 +0.94 +1.32
9  4-Bu-Py-NO  (3.2f) 278 361 +3.43  -2.80 -2.42 +0.63 +1.01
10  4-OMe-Py-NO  (3.2u) 283 383 +3.24  -294 -2.56 +0.30 +0.68
11 4,4-bipy-NO  (3.2g) 314 451 +275  -2.10 -1.72 +0.65 +1.03
12 4,4'bipy-DINO  (3.2h) 345 427 +290  -1.95 -1.57 +0.95 +1.33
13 3,3-bipy-NO  (3.2i) 278 392 +3.16 242 -2.04 +0.75 +1.13
14 3,3-bipy-DINO  (3.2j) 327 404 +3.07 -2.20 -1.82 +0.87 +1.25
15 2,2-bipy-NO  (3.2k) 329 431 +2.88 -236 -1.98 +0.51 +0.89
16 2,2-bipy-DINO  (3.21) 278 389 +3.19  —2.24 -1.86 +0.94 +1.32
17 1,4-diazine-NO (3.2m)273 412 +3.01  -2.10 -1.72 +0.91 +1.29
18 1,3-diazine-NO (3.2n) 323 375 +3.31 228 -1.90 +1.03 +1.41
19 1,2-diazine-NO (3.20) 322 419 +2.96  -235 -1.97 +0.60 +0.98
20  phthalazine-NO (3.2p) 372 430 +2.89  —2.42 -2.04 +0.47 +0.85
21 phenazine-NO  (3.2q) 418 459 +2.70  -1.36 -0.98 +1.34 +1.72
22  phenazine-DINO (3.2r) 487 510 +2.43 -1.23 -0.85 +1.21 +1.59
23 9-Cl-acridine-NO (3.2w) 457 478 +2.59  -1.63 -1.25 +0.97 +1.35

Footnote: [a] Potentials were measured using cyclic voltammetry (CV) and differential pulse voltammetry (DPV) relative

to Fc*/Fc. [b] Referenced to SCE by adding 0.38 V to the value relative to Fc*/Fc. [c] E values corresponding to the

energy at the emission maximum. [d] Calculated by E;,; = Egp + Exd and E;, = ES%y, — Egp.

The calculation of the excited state reduction potentials of the pyridine N-oxides revealed a
range from 0.68 to 2.46 V vs SCE (Table 3.2, entries 1-10). 4-Nitro-pyridine N-oxides (3.2s)
exhibited the significantly highest excited state reduction potential of 2.46 V (Table 3.2,
entry 1). Pyridine-N-oxides with cyanide, chloride, trifluoromethyl and ester groups (3.2b, 3.2t,
3.2e, 3.2c and 3.2d) resulted in an excited state reduction potential of 1.23 V to 1.48 V (Table
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3.2, entries 2-6). For the unsubstituted and phenyl-bearing pyridine N-oxide (3.2a and 3.2v),
an excited state reduction potential of 1.48 V and 1.32 V was determined (Table 3.2, entries
7-8). Electron-rich pyridine-N-oxides with methoxy and tert-butyl groups (3.2u and 3.2f)
exhibited a reduced excited state reduction potential of 0.68 V and 1.01 V, respectively (Table
3.2, entries 9-10).

For bipyridine systems, a range of excited state reduction potentials from 0.89 V to 1.33 V
was determined (Table 3.2, entries 11-16). The mono-N-oxidized bipyridines (3.2g, 3.2i and
3.2k) exhibited decreased excited state reduction potentials of 0.89 V to 1.13 V (Table 3.2,
entries 11; 13; 15). Bipyridines bearing two N-oxide-functionality (3.2h, 3.2j and 3.2I) revealed
higher excited state reduction potentials of 1.25 V to 1.33 V (Table 3.2, entries 12; 14; 16). The
excited state reduction potentials of pyrazines and pyrimidine N-oxide (3.2m and 3.2n) were
calculated to be 1.29 V and 1.41V (Table 3.2, entries 17-18), respectively. In contrast, the
calculation for pyridazine and phthalazine N-oxide (3.20 and 3.2p) resulted in a reduced
potential of 0.85 V to 0.98 V (Table 3.2, entries 19-20). Mono- and di-N-oxidized phenazine as
well as 9-chloroacridine N-oxide (3.2q, 3.2r and 3.2w) showed improved excited state
reduction potentials from 1.35 V to 1.72 V (Table 3.2, entries 21-23).

3.3.3 Application of heterocyclic aromatic N-oxides as oxygen atom
transfer reagent

The results from the previous section were analyzed to identify suitable heteroarene N-
oxides with respect to their application as oxygen atom transfer agents. In particular, the
utilization of the lowest possible energy light (hv = 396 nm) in order to achieve an excitation of
the substrates was desirable. Consequently, 4-nitro-pyridine-N-oxide (3.2s) and mono- and di-

N-oxidized (3.2q and 3.2r) phenazine were identified as suitable candidates (Figure 3.14).

NO, o
AN N NS
LI (- I
& & >
3.2q 3.2s 3.2r
Amax = 418 nm A = 345 nm Maps, = 487 nm
Ereq=+172V Eyoq = +2.46 V Eoq=+1.59V
[vs SCE] [vs SCE] [vs SCE]

Figure 3.14: Potential POAT reagents.

The absorption maxima of 418 nm and 487 nm of phenazine mono- and di-N-oxide (3.2q
and 3.2r) show that blue to green light would be sufficient for excitation to the excited state.

The absorption spectrum of 4-nitropyridine N-oxide (3.2s) shows a maximum at 345 nm, which
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is clearly in the UVA range. Nevertheless, this compound can be excited by a blue LED
(hv = 396 nm). The calculation of the excited state reduction potentials of 4-nitropyridine-N-
oxide showed impressive values of 2.46 V vs SCE. Mono and di-N-oxidized phenanzine (3.2q
and 3.2r) also show good excited state reduction potentials of 1.72 V and 1.59 V, respectively.

The derivatives were studied in terms of photochemical oxygen atom transfer (Figure 3.15).

© SET -
N N
R hv (396 nm) R_:/j [Ac] R@
oy N I
o o} o
[Ac]o+

N
N cleavage *[Ac]=0

X homolytic R{O)
[Acl]0 + R—:K P <~— N-O bond — <

Figure 3.15: Schematic sequence of the photo-mediated oxygen atom transfer reaction.

The reaction proceeds via the excited state, which is accessed upon irradiation. The oxygen
acceptor molecule is oxidized and the N-oxide species is reduced via a single electron transfer
mechanism. Nucleophilic attack result in the formation of an adduct. Homolytic N-O bond

cleavage yields the oxidation product and the heteroaromatic compound.

The photo-mediated anaerobic oxidation of xanthene (3.3) was chosen as test substrate to
evaluate the N-oxides in the photochemical oxygen atom transfer. The oxidation potential of
xanthene is +1.51 V vs SCE in MeCN.B"! Thus oxidation of xanthene should be feasible by
means of the selected reagents (E;,; > +1.59 V vs SCE in MeCN). Since 4-nitropyridine-N-
oxide (3.2s) possesses the highest excited state reduction potential, the POAT has been

investigated. The reaction mixture was irradiated at 396 nm for 16 h.
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Scheme 3.7: Photo-mediated oxygen atom transfer utilizing 4-nitropyridin-N-oxide (3.2s).

The photo-mediated oxygen atom transfer reaction of 4-nitropyridine-N-oxide (3.2s) was
successfully achieved. The corresponding oxygenation product xanthenol (3.4) was obtained
in an isolated yield of 36% under unoptimized reaction conditions. Analysis of the crude

reaction mixture showed that the substrate was completely consumed.

In the following, the scope of application of 4-nitro-pyridine-N-oxide (3.2s) as POAT reagent
should be defined in a short study. The C-N bond cleavage, oxidation of thioethers,
decarboxylative oxygenation and epoxidation of alkenes was attempted. In contrast to
pyrimidopteridine-N-oxides, no stilbene oxide was observed under similar reaction conditions.
Similarly, no successful oxygen atom transfer was observed with thioanisole (3.7),
dimethylaniline (3.5), adamatanecarboxylic acid (3.10) or stilbene (3.12) as starting materials
(Scheme 3.8).
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acid (3.10)

NMe2 X O
9 AN C o
NHMe N,N-DMA (3.5) ; (E)-stilbene (3.12)

o v <A

3.6 3.2s 3.13

Scheme 3.8: Different approaches for the photo-mediated oxygen atom transfer from 4-

nitropyridin-N-oxide (3.2s).
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Since the formation of O-centered radicals by sulfonyloxy pyridinium sulfonates and the
benzylic C—O bond formation by electrochemically generated bis(methanesulfonyl) peroxides
was demonstrated in several instances a joint venture of these methodologies was

envisioned.[3-74

Synthesis of (methylsulfonyloxy)pyridinium methanesulfonate

The application of pyridinium salts as reagents in photochemical redox processes has
already been realized in several examples.% 82 The reaction mechanism corresponds to an
oxidative quenching cycle of the photocatalyst, which reduces the pyridinium cation. The
subsequent N—X bond cleavage results in an N- or X-centered radical species, depending on
which of the two decomposition products has the stronger electron-withdrawing properties. !
Three different types of N—oxygen pyridinium species have been applied in photo-mediated
reactions, namely N-alkoxy, N-trifluoromethoxy and trifluorosulfonoxy pyridinium salts (Figure
3.16).5%1 The synthesis of bis(methanesulfonyl) peroxides was performed by electrochemical

means from methanesulfonic acid.™

OR OCF3 OTf
N? N N?
» » »
= = =
N-alkoxy- N-trifluromethoxy- N-trifluoromethylsulfonyloxy-
pyridinium cation pyridinium cation pyridinium cation

Figure 3.16: Utilized N-oxygen pyridinium species in photo-mediated reactions.

In a procedure adapted from the synthesis of 1-(((trifluoromethyl)sulfonyl)oxy)pyridin-1-ium
trifluoromethanesulfonate,l’"! sulfonation of pyridine-N-oxide (3.2a) with methanesulfonic
anhydride results in the conversion to the corresponding (methylsulfonyloxy)pyridinium

methanesulfonate.

= =
« +| Ms,0 ~ +| MsO~
N DCM, -30°C, 2 h N
o OMs
75%
3.2a 3.14

Scheme 3.9: Synthesis of (methylsulfonyloxy)pyridinium methanesulfonate (3.14).

The reaction was carried out by dropwise addition of a methanesulfonic anhydride in
dichloromethane to a stirring solution of pyridine-N-oxide (3.2a) at —30°C. The desired product
precipitated from the reaction mixture and was collected by filtration. The structure of the
(methylsulfonyloxy)pyridinium  methanesulfonate (3.14) was confiirmed by X-ray

crystallography (Figure 3.17).
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Figure 3.17: X-ray crystal structure of (methylsulfonyloxy)pyridinium methanesulfonate (3.14).

Displacement ellipsoids correspond to 30% probability.

Photo-mediated dehydrogenation of alkylarenes

With the (methylsulfonyloxy)pyridinium methanesulfonate in hand, a oxysulfonation of
benzylic C-H was attempted. The transition metal photocatalyst tris(2,2"-bipyridine)ruthenium
hexafluorophosphate (E*[Ru*/Ru*]=-0.81V vs SCE)®! was employed in order to

photochemically reduce the pyridinium compound (E{/eg[Py(OTf)zl Py(OTf),"] = +0.08 V vs
SCE)""l. 1-Bromo-4-ethylbenzene (3.15) was chosen as the model substrate. In seminal

reactions, the reaction medium was optimized (Table 3.3).
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Table 3.3: Solvent screening of the photo-mediated benzylic oxidation.

=
N +| MsO~
\
OMs
3.14 (2 equiv.)
Ru(bpy)s(PFe)2 OMs
Me (5 mol%) A
Me +
Br Solvent, hv (396 nm), 16 h Br
Br
not detected major product
3.15 3.16 3.17
entry solvent GC-yield 3.17 [%]?

1 DCM 44
2 acetone 34
3 MeCN 31
4 DCE 30
5 nitromethane 27
6 CHCI3 18
7 DMF 0
8 ethylacetate 0
9 diethylether 0
10 THF 0
11 pyridine 0
12 PhMe 0

Footnote: The reaction was carried out on a 0.5 mmol scale (0.1 M in the respective solvent) with 2 equiv.

(methylsulfonyloxy)pyridinium methanesulfonate and 5 mol % Ru(bpy)s(PFs)..  biphenyl was used as internal
standard.

The desired C—O bond formation was not achieved at an isolatable scale, but synthetically
useful dehydrogenation was obtained in a variety of different aprotic solvent systems. The
utilization of dichloromethane afforded the product in the highest yield of 44% (Table 3.3,
entry 1). Acetone, acetonitrile and 1.2-dichloroethane provided product yields of 30-34%
(Table 3.3, entries 2-4). In nitromethane and chloroform, formation of the product was observed
in yields of 27% and 18%, respectively (Table 3.3, entries 5-6). In contrast, no formation of the
desired product was observed in DMF (Table 3.3, entry 7). Esters and ether-based solvents
such as ethyl acetate, THF and diethyl ether were also not suitable for photochemical oxidation
(Table 3.3, entries 8-10). Aromatic solvents such as pyridines or toluene also resulted in no
observable product (Table 3.3, entries 11-12).

After dichloromethane was determined as the solvent providing the highest yield, the
influence of the photocatalyst was investigated. Both transition metal and organic
photocatalysts were used in the reaction (Table 3.4).
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Table 3.4: Catalyst screening of the photo-mediated benzylic oxidation.

2
~ | MsO~
"
I
OMs
3.14 (2 equiv.)
Photocatalyst
/©/\ (5 mol%) /@/\
Br DCM, hv (396 nm), 16 h Br
3.15 3.17
entry catalyst GC-yield [%]?
1 Ru(bpy)s(PFs)2 44
2 [I{dFCF3ppy}2(bpy)IPFg 12
3 Ru(bpz);(PFe)2 <5
4 Rhodamine 6G <5
5 Eosin Y <5
6 Rose Bengal <5
7 BuPPT <5
8 - <5

Footnote: The reaction was carried out on a 0.5 mmol scale (0.1 M in DCM) with 2 equiv. (methylsulfonyloxy)pyridinium

methanesulfonate and 5 mol % catalyst loading. @ biphenyl was used as internal standard.

The investigation of the catalyst system revealed that only the transition metal catalysts
provided the desired product. Utilizing tris(2,2'-bipyridine)ruthenium hexafluorophosphate
yielded the product in a 44% (Table 3.4, entry 1). The iridium photocatalyst exhibited a 12%
yield of the product (Table 3.4, entry 2). By varying the ligands of the ruthenium photocatalyst,
no product formation was observed (Table 3.4, entry 3). Similarly, no product was detected by
using organic photocatalysts (Table 3.4, entries 4-7). In the blank experiment without

photocatalyst, no conversion to the desired product was observed (Table 3.4, entry 8).

Subsequently, the benzylic oxidation was examined in terms of the ratios of the reactants.
Furthermore, the reaction in lower molarities was investigated. The mixture was irradiated in
the presence of tris(2,2'-bipyridine)ruthenium hexafluorophosphate for 16 h in DCM (Table
3.5).
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Table 3.5: Substrate ratios and molarity screening.

]
\N+ MsO™
I
OMs
3.14 (XX equiv.)
Ru(bpy)s(PFe)2
/@/\ (6 mol%) /@/\
Br DCM, hv (396 nm), 16 h Br
3.15 3.17
entry ratio reactant molarity GC-yield [%]?
1 1:4 0.10 M 39
2 1:2 0.10 M 44
3 1:1 0.10 M 28
4 2:1 0.10 M 43
5 5:1 0.10 M 50
6 1:2 0.05M 40
7 1:2 0.03 M 40

Footnote: The reaction was carried out on a 0.5 mmol scale (0.1 M in DCM) with 2 equiv. (methylsulfonyloxy)pyridinium

methanesulfonate and 5 mol % catalyst loading. 2 biphenyl was used as internal standard.

The experiments revealed that an excess of (methylsulfonyloxy)pyridinium
methanesulfonate (3.14) with 4.0 equivalents furnished the product in 39% yield (Table 3.5,
entry 1). Reduced amounts of 2.0 equivalents of pyridinium sulfonate produced a slightly better
yield of 44% (Table 3.5, entry 2). An equal distribution of the reactants yielded the product in
28% (Table 3.5, entry 3). An excess of ethylbenzene 3.15 of 2.0 equivalents led to an improved
yield of 43% (Table 3.5, entry 4). Further increase of the ethylbenzene amount led to an
improvement of the product yield of up to 50% (Table 3.5, entry 5). However, large excess of
either substrates ought to be avoided to provide an economic methodology. Thus, the
conditions from entry 2 with a slight excess of (methylsulfonyloxy)pyridinium methanesulfonate
(3.14) of 2.0 eq. was chosen as the optimum ratio for further experiments. Decreasing the

molarity to 0.5 M and 0.3 M showed no improvement in yield (Table 3.5, entries 6-7).

To ensure optimal use of resources, the reaction was investigated with respect to catalyst
loading. The reaction was irradiated with 2 equivalent (methylsulfonyloxy)pyridinium
methanesulfonate (3.14) for 16 h in DCM. Tris(2,2"-bipyridine)ruthenium hexafluorophosphate
was employed as the catalyst (Table 3.6).
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Table 3.6: Screening of the catalyst-loading.

|

OMs

(2 equiv.)
Ru(bpy)z(PFe)2

/@/\ (XX mol%,) /@/\
Br DCM, hv (396 nm), 16 h Br

3.15 3.17

entry catalyst-loading GC-yield [%]?

1 5.0 mol% 44
2 2.5 mol% 42
1.0 mol% 42

Footnote: The reaction was carried out on a 0.5 mmol mass scale (0.1 M) with 2 equiv. (methylsulfonyloxy)pyridinium

methanesulfonate and 5 mol % catalyst loading. @ biphenyl was used as internal standard.

The experiments demonstrated that the loading of the tris(2,2'-bipyridine)-
rutheniumhexafluorophosphate catalyst can be reduced without a major decline in yield. The
employment of the transition metal catalyst with 5.0 mol% loading furnished the productin 44%
yield (Table 3.6, entry 1). Reducing the catalyst loading to 2.5 mol% provided the product in
42% yield (Table 3.6, entry 2). Similarly, a loading of 1.0 mol% afforded the desired product in
42% vyield (Table 3.6, entry 3).

Next, the turnover after varying reaction times was examined.

Table 3.7: Variation of the reaction time.

]
\N+ MsO~
(I)Ms
(2 equiv.)
Ru(bpy)s(PFe)2
/@/\ (5 mol%) /@/\
Br DCM, hv (396 nm), XX h Br
3.15 3.17
entry reaction time GC-yield [%]?
1 30 min <5
2 1h 6
3 16 h 42
4 24 h 38
5 48 h 46

Footnote: The reaction was carried out on a 0.5 mmol mass scale (0.1 M) with 2 equiv. (methylsulfonyloxy)pyridinium

methanesulfonate and 5 mol % catalyst loading. # biphenyl was used as internal standard.
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The results show that a short reaction time of 30 min does not lead to observable product
formation (Table 3.7, entry 1). Even after one hour a yield of 6% was observed (Table 3.7,
entry 2). After 16 h, a yield of 42% was identified (Table 3.7, entry 3). The extension of the
reaction time to 24 h showed a similarly high yield of 38% (Table 3.7, entry 4). Furthermore, a
prolonged reaction time of 48 h did not lead to increased product formation (Table 3.7, entry
5).

3.3.4 Proposed Mechanism

The proposed reaction mechanism for the photo-mediated dehydrogenation of ethyl

benzenes utilizing (methylsulfonyloxy)pyridinium methanesulfonate is depicted in Scheme

3.10 below.
o

3.15

Br
®
° MsOH MsOH
N/ OMs HAT X
MsO~
Br
_ OMs . 3.17
MsO N /@/\Me
@ Br MsO™

[Ru'] OMs

Me
SET oxidative SET Br/©)\

quenching cycle

m MsO- . 3.16
& Me
N Ru'T* [Ru] /@/\

OMs Br MsO™

—
3.14

Scheme 3.10: Proposed mechanism for the photo-catalytic benzylic oxidation utilizing (methyl-
sulfonyloxy)pyridinium methanesulfonate (3.14).

In a mechanistic proposal, the mechanism proceeds through the light-induced excitation of
the transition metal photocatalyst (1225, = 450 nm)®4. The excited state of the photocatalyst
(E*[Ru"/Ru™] = -0.81 V vs SCE)® reacts with the (methylsulfonyloxy)pyridinium cation 3.14
(Elr/eg[Py(OMs)zle(OMs)z"] ~-0.1V VS SCE)I" to deliver the neutral
(methylsulfonyloxy)pyridinium radical. Subsequent N-O bond cleavage leads to the formation
of pyridine and the mesyl radical. Hydrogen atom transfer from the benzylic position to the
mesyl radical yields a benzylic radical and methanesulfonic acid. The low oxidation potential
of the benzylic radical (E7),[PhC*HCHs/PhC'HCH3] = +0.37 V vs SCE)® is suitable to reduce
the Ru" complex (Efj;[Ru"/Ru'"l =+1.29 V vs SCE)"% which regenerates the photoredox

catalyst. Subsequently, the electrophilic benzylic cation reacts with a methanesulfonate anion,
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forming the intermediate benzylsulfonate species 3.16. Finally, the desired product 3.17 is

formed by elimination of methanesulfonic acid molecule.

3.4 Conclusion

In summary, the synthesis of heteroarene-N-oxide derivatives from the corresponding N-
heterocycles was reported. N-oxygenation was conveniently achieved using meta-
chloroperbenzoic acid or hydrogen peroxide with methyltrioxorhenium as catalyst. All
heteroaromatic N-oxides were structurally fully elucidated. UV-vis absorption measurements
have been conducted to determine the wavelength required for excitation. It was shown that
most of the pyridine N-oxide derivatives require excitation with higher energy light in the UVB
to UVC region. In addition, the energies of the excited states were estimated by means of
absorption and fluorescence measurements. By applying cyclo-voltametric and differential
pulse voltametric measurements, the ground state reduction potentials of the heteroarene-N-
oxides were determined. The respective excited state reduction potentials were calculated.
Considering the utilization of a low-energy excitation wavelength, 4-nitro-pyridine-N-oxide
(3.2s) and mono- and di-N-oxidized (3.2q and 3.2r) phenazine were identified as suitable
candidates for direct photochemical oxygen atom transfer. The potential as oxygen atom
transfer reagent was exemplified by the photochemical oxidation of xanthene using 4-
nitropyridine-N-oxides (3.2s). Further optimization of this oxygen atom transfer reaction is the

topic of continuing research work, which due to time constraints is not part of this thesis.

In addition, the synthesis of (methylsulfonyloxy)pyridinium methanesulfonate (3.14) from
pyridines was described. The structure of the pyridinium salt was successfully determined by
X-ray crystallalography. The salt was successfully used in photochemical benzylic oxidation,
yielding styrenes from alkylbenzenes. Extensive optimization of the reaction conditions
identified the transition metal catalyst tris(2,2'-bipyridine)ruthenium hexafluorophosphate in

dichloromethane. The generality of the reaction conditions will be investigated in due course.
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4 Palladium-catalyzed synthesis of N,N-dimethylanilines

via Buchwald-Hartwig amination of (hetero)aryl triflates

4.1 Introduction

The synthesis and structural elucidation of N,N-dimethylaniline was first reported in 1850.[8°!
Despite the fact that the compound class has been reported for a long time, its application was
mainly limited to specific areas, such as the use as an promotor in the curing of polymers®® or
the synthesis of triarylmethane dyes.®”! The strong electron-donating inductive and mesomeric
effect (+/ and +M), renders the dimethylamine functionality an ideal substituent of push-pull

systems (Figure 4.1).

Me,NZ NM
O™ :
ClI- ~
Y LI o LT
X N
MezN SJr NMe2 /©/
O cr NaO3S

malachite green methylene blue methyl orange

Figure 4.1: Selected dimethylaniline-based dyes.

In recent decades, modification and utilization of N,N-dimethylaniline derivatives has been
reported in increasing frequency, unraveling an extended synthetic value of these compounds.
The activating property of the N,N-dimethylamine group facilitates a number of diverse
functionalization reactions on the arene moiety.®® In 2014, an elegant method for the ortho-
functionalization of dimethylanilines-N-oxide was described.®®! By an aza-Claisen-type
rearrangement of the trifluoroacetic anhydride adduct of the N-oxide intermediate, an
oxygenation in 2-position can be achieved(Scheme 4.1).

TFAA, CH,Cl,
m-CPBA Me, Me -78-0°C, 1h NMe,

NMez X
Y T A e e ]
= CH,Cl, Ru P NEt; CH,Cl, ZNoH
0°C—ort. -78—0 °C, 15 min
16 h

Scheme 4.1: Ortho-functionalization through an aza-Claisen-type rearrangement via an N-oxide

intermediate.

The special redox activity of N,N-dimethylaniline can be utilized for C(sp®-C and
C(sp’)-heteroatom bond formation reaction.®¥ In this context, an efficient [4+2] cyclization of
N,N-dimethylaniline with maleimides to tetrahydroquinolines could be carried out, using N-

hydroxyphthalimide as a metal-free organic photoredox catalyst (Scheme 4.2).[6%!
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Scheme 4.2: [4+2] Cyclization of N-methylanilines with maleimides to tetrahydroquinolines using

an organophotoredox catalyst.

Reports on the employment of N,N-dimethylanilines as electrophiles in cross-coupling
reactions expand the repertoire of applications. As an application, a C(sp?)-C(sp?) bond
formation reaction of dimethylaniline derivatives with phenylboronic acid esters can be

achieved by an in-situ reduced nickel-carbene catalyst complex (Scheme 4.3).[°0

Me
NiBr, (10 mol%) ;. Me y
N IMesMe (35 mol%) P Me Ny V€
. = ! .
- Me; o | /_Rz Mg (3 equiv.) IR, | >
> X ' N
R1—: * Llj’ 7 + Me Me
= Me o THF, 135°C,36h Ry e
Me )
Me
IMesMe

Scheme 4.3: Nickel-catalyzed cross-coupling of N,N-dimethylanilines with phenylboronic acid

esters.

The possibility for the global derivatization around the core-structure turns N,N-
dimethylaniline into versatile building blocks in organic synthesis. However, considering the
high number of applications of N,N-dimethylaniline, synthetic access of these compounds has

made little progress.

I I
| |
Mel - NH, a ~ NMe, b N E
or + R ——] | e— + Me,NH
H,CO -7 | S~ -7 | S~ -7 S~
| |

E =1 Br, Cl or OTf, OMs, OTs
Figure 4.2: Different pathways to access N,N-dimethylanilines.

The main access to N,N-dimethylanilines is via N-alkylation!®-*! or reductive elimination with
formaldehyde.[88 21 Both synthetic routes require aniline derivatives as starting materials,
which are of limited availability and sometimes difficult to access (Figure 4.2a). The formation

of a C—N bond plays a crucial role in organic chemistry and many research groups are working
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on the development and optimization of this reaction (Figure 4.2b).[®3 The Buchwald-Hartwig
amination, developed in 1983, is one of the most important transition metal-catalyzed reactions
and offers the possibility of C(sp?)—-N bond formation via the palladium-catalyzed coupling of
amines with (hetero)aryl halides.!*-%! The reaction mechanism proceeds through steps similar
to those known for palladium-catalyzed C-C cross-coupling reactions (Figure 4.3).°4! The
identified active catalyst species is the mono-ligand complex L1[Pd] which is formed from an
equilibrium reaction of the diphosphine complex. Subsequently, oxidative addition of the
palladium center into the (pseudo)halogen-aryl bond occurs. The aryl-palladium complex is
coordinated by the amine in a ligand exchange reaction, resulting in a formal extrusion of an
acid compound HX. The catalytic cycle is completed by reductive elimination, leading to the

re-formation of the active palladium(0) species L1[Pd] and the formation of the product.

R1
|
2NN~ | reductive oxidative XQF |
S 7R elimination L4[Pd] addition “ R
Lo[Pd]
resting state
WAT
L4[Pd]x R! WAr
N LyPI
R2 X
AT R
/
L4[Pd]=:N—R? R! R2
_HX QO N7
2 H H

Figure 4.3: Mechanism of the Buchwald Hartwig amination.

Notably, this reaction is most reliable for the arylation of cyclic amines.®® In contrast, free
rotation of the C—-N bond in acylic amines can initiate B-hydride elimination, leading to a
palladium-hydride species that causes an undesired proto-(pseudo)dehalogenation of the

electrophile (Figure 4.4).
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\\A
Ar L4[Pd]< 1 2 R" H
~,-R BHE L4[Pd 1 -
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locked H

Figure 4.4: Comparison of cyclic and acyclic amines with in respect to -hydride elimination and

subsequent proto-(pseudo)dehalogenation.

The synthetic success and widespread use of the Buchwald-Hartwig and palladium-cross
coupling reactions in general since the first appearance in 1994 was not insignificantly

advanced by the concomitant development of biphenylphosphine ligands.!! The use of the
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biphenyl backbone introduced new possibilities for electronic and steric fine-tuning of
phosphine ligands. The group of Buchwald optimized the synthesis and derivatization of these
types of ligands and determined the influence of the different substituents on the elementary

steps of the catalytic cycle (Figure 4.5).1°"]

Functional groups fix the Alkyl substitution promote the oxidative
conformation of the R,P moiety, R2 addition due to increased electron density
wr:jlcht. |ncr|§a.sest. the rate of O /R3 /@ /,\I/:
reductive elimination Po3
R

- R! R! E b e=a Me®
The substitution prevents
cyclometallation and increases Increased size improves the formation of
the formation of the the mono-ligand-metal complex and
monoligated-metal complex accelerates reductive elemination

The size of the biphenyl moiety stabilizes against O, oxidation and promotes reductive elimination

Figure 4.5: The individual influence of substituents on biphenyl phosphine ligands.

The bulky and electron-donating character of biphenylphosphine ligands is important for the
stabilization of the mono ligated palladium species L1[Pd], which are considered as a key
intermediate in the catalytic cycle.®® The oxidative addition of aryl halides with monophosphine
palladium complexes has been shown to proceed much faster compared to more highly
coordinated complexes.® Studies have shown that the introduction of ortho-substituents to
the phenyl ring of the biarylphosphine (e.g., SPhos and XPhos) leads to a significant increase
in activity and stability by preventing the formation of palladacycles.'"® Moreover, this ortho-,
ortho*-substitution increases the size of the ligand as compared to those without ortho-

substituents, and thus enhances the concentration of the mono-ligated L4[Pd] species.

The application of N,N-dimethylamine (boiling point, 7 °C; 10 atm at 80 °C) and other
gaseous amines is not desirable under harsh conditions and could be problematic without
proper equipment.l'® Also the tendency of aliphatic amines to cause undesired
protodehalogenation reactions in Buchwald-Hartwig aminations resulted in the development

of only few such examples.

The group of Buchwald published a method for the N,N-dimethylation of aryl chlorides back
in 2009.1'%2 |n this protocol, a pre-synthesized activated palladium catalyst and LIHMDS at
room temperature or tribasic potassium phosphate at 110 °C was used. Aryl chlorides, if
commercially available, serve as inexpensive electrophiles. However, more advanced
substrates difficult to synthetically access under mild-conditions which renders this reaction

less suitable for late-stage functionalization (Scheme 4.4).
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Scheme 4.4: N,N-Dimethyl-amination of aryl chlorides with an activated palladium catalyst.
Other related examples for the dimethylamination were conducted under even harsher
conditions at 160 °C or more specialized catalytic systems.['% In addition, the focus was again
placed on the activation of aryl chlorides (Scheme 4.5).
PRIR"
NMez
[Pd(cinnamyl)Cl],
(0.05 - 4 mol%)

Cl

X R2 RS NaOtBu o NRR?
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= H Toluene, 110 °C, 16 h =

Scheme 4.5: Buchwald-Hartwig amination with arylchlorides.

Arylhalides in general qualify as electrophiles in palladium-catalyzed reactions. Besides
chlorine, bromine and iodine compounds are also suitable for the oxidative addition of the
palladium complex.[' During the development of metal-catalyzed reactions, pseudehalogen
compounds such as arylsulfonates also turned out to be suitable reaction partners.['%! In
particular, the strongly electron-withdrawing trifluoromethylsulfon substituent readily undergo
oxidative addition to a metal center.'% Moreover, all sulfonates are easily accessible from

abundant and structurally divers phenols.[%"]

R =CF

X | N Br x Cl N O\S/R 3

R _I R _I R _I R _I Z/\\ CH3
1 U P> 1 U > 17U _— 1 U > OO0 p-TOl

Figure 4.6: Different electrophiles in transition metal cross coupling reactions.
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4.2 Objectives

For an ongoing project, our group required a selection of facetiously substituted
dimethylanilines for the study of biomimetic C-N bond cleavage. Due to the lack of suitable
examples in literature, requiring harsh reaction conditions and demonstrating limited functional
group tolerance, we strived to find a more general approach for the synthesis of these

compounds.

Basic requirements for this endeavor were (i) facile and safe reaction set-up, (ii) a wide
functional group tolerance and (iii) the implementation of easily accessible starting materials.
Considering that dimethylamine poses a challenge due to its gaseous aggregate state and
toxicity, an application of the commercially available 2 M THF solution will be investigated.
Inspired by the possibility of the utilization of pseudohalides as versatile electrophiles in C-C
and C—X cross-coupling reaction drew our attention to trifluoromethylsulfonates that are easily
accessible from abundant phenols. In addition, the potential side reactions such as S-hydride

elimination should be circumvented under the developed reaction conditions.

A OH Me. _Me
N
H

' volatile
1
accessible commercially
j available as
via phenols )
solution

Palladium-catalyzed

AN OTf Me. _Me Buchwald-Hartwig- N NMe,
+ ” amination — >

! (2.0 M in THF) !

Figure 4.7: Palladium-catalyzed Buchwald-Hartwig amination of triflates using dimethylamine.
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4.3 Results and Discussion

4.3.1 Optimization of the reaction conditions

The optimization commenced with the screening of various solvents. In this optimization,
tert-butylbenzene triflate (4.1a) and commercially available 2.0 M solution of dimethylamine in
THF (4.2a) was utilized as a model system. Furthermore, the catalyst system Pd;(bda)s
(10 mol%) with XPhos (1.5 equiv. per palladium core) was chosen in combination with cesium

carbonate as a base (Table 4.1).

Table 4.1: Solvent screening.

Pd,(dba);
10 mol%
/©/0Tf . Moo e ( o ) o /ONMGZ
{Bu H Cs,COg3, solvent Bu
(2.0 M in THF) 80 °C, 16 h
41a 4.2a 4.3a
entry solvent GC-yield [%]? isol. yield [%]
1 n-hexanes >99 99
2 PhMe 91 90
3 THF >99 97
4 1,4-dioxane 97 97
5 DMA 92 92
6 MeCN 96 92
7 DMF 86 68
8 DMSO 28 n.d.
9 EtOH 4 n.d.
10 i-PrOH 5 n.d.
1" acetone 11 n.d.
12 ethylene carbonate 4 n.d.
13 CHCl3 3 n.d.

Footnote: The reaction was carried out on a 0.5 mmol mass scale (0.25 M) with 1.2 equiv. cesium carbonate, 4 equiv.
N,N-dimethylamine and a catalyst loading of 10 mol% Pd.dba; and 30 mol% XPhos. @ biphenyl was used as internal

standard.

To our delight, the desired product 4.3a was obtained in excellent yields in a variety of
different aprotic solvent systems. THF and 1,4-dioxane, as well as nonpolar aliphatic and
aromatic solvents such as n-hexane and toluene, are suitable for the synthesis of the desired
compound (Table 4.1, entries 1-4). Furthermore, the nitrogen-containing polar aprotic solvents
DMA, MeCN and DMF also led to product formation in good to very good yields of up to 92%

(Table 4.1, entries 5-7). The isolation of the product from the reaction in DMF was more difficult
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due to the formation of by-products (Table 4.1, entry 7). In contrast, no satisfactory yield was
obtained in the polar aprotic solvent DMSO (Table 4.1, entry 8). The protic solvents EtOH and
i-PrOH as well as solvents with carbonyl functionalities or chlorinated solvents also proved to
be unsuitable (Table 4.1, entries 9-13). Due to the toxicity of n-hexane and the enhanced

solubility of polar starting materials in THF, THF was selected for further investigation.

Following the optimization of the solvent, the reaction conditions were evaluated with respect

to the base.

Table 4.2: Screening of different bases.

Pd,(dba);
10 mol%
/©/0Tf + Me\N’Me . ( XPhos ) - > /@NMez
Bu H base, THF Bu
(2.0 M in THF) 80°C,16 h
4.1a 4.2a 4.3a
entry base GC-yield [%]? isol. yield [%]

1 none 0 n.d.
2 Cs,CO;3 >99 97
3 K,CO3 68 66
4 K3zPOy4 >99 99
5 KoHPO, 1 n.d.
6 MeOK 0 n.d.
7 NEt; 3 n.d.
8 pyridine 5 n.d.
9 N-methylmorpholine 3 n.d.
10 Hunig's base 0 n.d.
1" Na,CO; 4 n.d.
12 NaHCO3; 3 n.d.
13 KHCO3 3 n.d.
14 NaOH 18 n.d.
15 KOH 29 n.d.
16 NaOt-Bu 10 n.d.
17 NaOAc 4 n.d.
18 KOAc 3 n.d.
19 NaOTFA 4 n.d.

Footnote: The reaction was carried out on a 0.5 mmol mass scale (0.25 M) with 1.2 equiv. base, 4 equiv. N,N-
dimethylamine and a catalyst loading of 10 mol% Pd.dbas; and 30 mol% XPhos. ? biphenyl was used as internal

standard.

A comprehensive screening of different bases revealed that only a limited number of bases
are suitable in the palladium-catalyzed amination reaction (Table 4.2). In the absence of base,
no conversion of the starting materials was observed (Table 4.2, entry 1). Caesium carbonate
resulted in a complete conversion to the desired product which was isolated in 97% yield (Table
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4.2, entry 2). The variation of the cation from cesium to potassium led to a moderate yield of
66% (Table 4.2, entry 3). Furthermore, the use of sodium carbonate leads to almost no
conversion of the starting material (Table 4.2, entry 11). To our delight, tribasic potassium
phosphate yielded the product in 99% isolated yield (Table 4.2, entry 4). Hydrogen carbonates
and hydrogen phosphates proved unsuitable for the reaction (Table 4.2, entries 5, 12 & 13).
Sodium and potassium hydroxide yielded the desired product in 18% and 29% GC yields,
respectively. (Table 4.2, entries 14, 15). Organic bases such as triethylamine, Hinig’s base,
pyridine, N-methyl morpholine or acetate bases were unsuitable (Table 4.2, entries 7-10,
entries 17-19). Most surprisingly, the alcoholate bases, frequently used in the literature
furnished the product also in very low yields (Table 4.2, entries 6, 16). Tribasic potassium

phosphate was chosen as the optimal base due to its higher abundance and low cost.

The next crucial step in the optimization concerned the variation of the ligand in the catalytic
system. The reactions were carried out in dry THF, which is also the solvent of the N,N-
dimethylamine solution. Due to the continuous development of biphenylphosphine ligand
systems, the number of possible metal-ligand combinations is increasing. The focus of this
ligand screening was limited to bidentate ligands and established commercially available
ligands, aiming to provide reaction conditions that are readily reproducible in other laboratories
(Table 4.3). As before, Pd2.dbas with a catalyst loading of 10 mol% was used as the palladium
source. The ligands were used in slight access of 30 mol% equaling of metal to ligand ratio to
1:1.5.
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Table 4.3: Screening of different ligands.

Pd,(dba),
0
Jo s s
Bu H K3POy, THF Bu
(2.0 M in THF) 80 °C,16 h
4.1a 4.2a 4.3a
entry ligand GC-yield [%]? isol. yield [%]

1 MePhos 90 75
2 BrettPhos 37 n.d.
3 XPhos 99 99
4 tBuXPhos 89 83
5 IndPhAd, 94 89
6 SPhos 99 94
7 JohnPhos 85 80
8 RuPhos 99 94
9 CataxiumA 16 n.d.
10 Xanthphos 10 n.d.
1" dppe 3 n.d.
12 dppp 3 n.d.
13 dppb 3 n.d.
14 dppf 12 n.d.
15 dppox 7 n.d.

Footnote: The reaction was carried out on a 0.5 mmol scale (0.25 M) with 1.2 equiv. K3sPOy4, 4 equiv. N,N-dimethylamine

and a catalyst loading of 10 mol% Pd.dbas; and 30 mol% ligand. # biphenyl was used as internal standard.

First, a number of biphenyl phosphine ligands developed by the group of Buchwald were
tested in the palladium-catalyzed N,N-dimethylamination.!'%! The strong influence of the ligand
design on the productivity of the catalytic system was evident. The ligand MePhos proved to
be suitable for obtaining the desired product in a good yield (Table 4.3, entry 1). The methoxy
substituents at position 3 and 6 of the aryl backbone present in BrettPhos show a diminished
GC-yield of 37% (Table 4.3, entry 2). In contrast, an increased steric demand at position 2' and
6' resulted in enhanced product formation (Table 4.3, entry 3). The product 4.3a was obtained
in excellent yield of 99% isolated yield using XPhos as ligand. Employing the more basic
variant tBuXPhos bearing di-tert-butyl phosphine groups, thus result in a shorter ligand-metal
distance which facilitates oxidative addition, did not benefit the product formation (Table 4.3,
entry 4). The biphenyl phosphine ligand SPhos and RuPhos also furnished the product in
excellent yields (Table 4.3 entries 6, 8). JohnPhos, with a biphenyl backbone without
substituents, yielded the product in 80% isolated yield (Table 4.3, entry 7). The none-biphenyl
ligand CataxiumA delivered the product in only 16% (Table 4.3, entry 7). Utilization of bidentate
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ligands did not increase the yield of the desired product. The best of 10-12% was obtained
with dppf and Xantphos as ligand according to calibrated GC (Table 4.3, entries 10, 14). Based

on this assay, XPhos was and remained the ligand of choice of further investigations.

Next, the catalyst loading was examined to ensure that the developed process is as gentle
on resources as possible. THF and tribasic potassium phosphate were used in this

optimization. Table 4.4 below shows the screening of catalyst loading of 10 mol% to 0.5 mol%.

Table 4.4: Screening of different catalyst loading.

sz(dba)3
(XX mol%)
/©/0Tf Me\ ,Me XPh /@NMGZ
+ N oS —»
Bu H K3POy4, THF Bu
(2.0 M in THF) 80°C,16 h
4.1a 4.2a 4.3a
entry catalyst loading (XX mol%)? GC-yield [%]° isol. yield [%]
1 10 100 929
2 7.5 100 99
3 5.0 100 99
4 25 99 97
5 1.0 94 92
6 0.75 49 n.d.
7 0.5 6 n.d.

Footnote: @ The reaction was carried out on a 0.5 mmol scale (0.25 M) with 1.2 equiv. KsPO4, 4 equiv. N,N-

dimethylamine, Pd,dba; and XPhos (ligand to metal ratio L/M = 1.5). ® biphenyl was used as internal standard.

A catalyst loading of 5.0 mol% - 10 mol% shows that the desired product is formed without
any losses in yield (Table 4.4, entries 1-3). Only a slightly diminished yield was observed with
a catalyst loading of 2.5 mol% and 1.0 mol% (Table 4.4, entries 4, 5). Lower catalyst loadings
to 0.75 mol% and 0.5 mol%, resulted in a significant decline in yield as handling issues
increase (Table 4.4, entries 6, 7). To ensure a reliable methodology, a catalyst loading of

2.5 mol% was chosen for further transformations.
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4.3.2 Scope of the Buchwald-Hartwig amination

With the optimal reaction conditions in hand, the limits of the scope were investigated. The

corresponding triflates were synthesized following literature procedures.'®® A vast variety of

dimethylanilines 4.3 were prepared, demonstrating a broad functional group tolerance (Table

4.5)

Table 4.5-1/2: Palladium-catalyzed N,N-dimethylamination of various aryl triflates.

sz(dba)3
(2.5 mol%)

I

I
~ OTf

MeoNH XPhos
+ _ —_—

- ~. (2.0 M in THF) K3PO4, THF

I

I

80°C, 16 h
4.1 4.2a
entry substrate product
tBu tBu
: ST e iy
TfO MeoN
iPr iPr
2 /©/ 4.1b ©/
TfO Me,N
Me Me
3 /©/ 41c /@
TfO Me,N
CJD e D
TfO Me,N
OMe OMe
TfO Me,N
SMe SMe
. S e 1y
TfO Me,N
0] 0]
r D we IOTD
TfO ¢ Me,N 0
N02 N02
TS ST
TfO Me,N

3

9 4.1i
TfO Me,N

4.3a

4.3b

4.3c

4.3d

4.3e

4.3f

4.39

4.3h

4.3i

isol. yield

99%?

90%

90%

99%

92%

99%

95%

71%

95%
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Table 4.5-2/2: Palladium-catalyzed N,N-dimethylamination of various aryl triflates.

entry substrate product isol. yield

Ph Ph
10 /©/ 4.1j /©/ 4.3 99%
TfO Me,N
11 /@\ 4.1k @\ 4.3k 77%
TfO Ph Me,N Ph
A\ A\
12 411 4.31 67%
TfO N Me,N N

13 /@/ 41m Q/
TfO Me,N
O/> CHO
14 0 4.1n Q/ 4.3n 99%P
MezN

4.3m 99%

15 4.30 99%
16 4.3p 88%
17 4.3q 87%
18 4.3r 18%

Footnote: The reaction was carried out on a 0.5 mmol scale (0.25 M) with 1.2 equiv. KsPOy, 4 equiv. N,N-dimethylamine

and a catalyst loading of 2.5 mol% Pd.dbas and 7.5 mol% Ligand. [b] Acetal cleavage during aqueous workup

To our delight, a wide range of this aryltriflates 4.1 were suitable substrates in the palladium-
catalyzed N,N-dimethylamination reaction. In addition to the tert-butyl group bearing
compound 4.1a, other branched and linear alkyl substituents proved also suitable for this
reaction and the corresponding products 4.3b and 4.3c were obtained excellent yields (Table
4.5, entries 1-3). Likewise, plain phenyltriflate (4.3d) was isolated in 99% yield (Table 4.5,
entry 4). Compounds bearing electron donating ether and thioether functions 4.1e and 4.1f
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were converted into the desired products 4.3e and 4.3f in excellent yields of 92% and 99%,
respectively (Table 4.5, entries 5, 6). Also, the protected catechol derivative 4.1g bearing a
methylendioxo moiety was successfully converted (Table 4.5, entry 7). Transformation of
compound bearing an electron-withdrawing nitro substituent (4.1h) was successfully
converted, resulting in a moderate yield of 71% (Table 4.5, entry 8). Naphthyl and biphenyl
substrates 4.1i and 4.1j were also converted to the desired products (Table 4.5, entries 9-10).
Notably, [1,1'-biphenyl]-3-yl triflate (4.1k) resulted in a slightly decreased yield of 77% (Table
4.5, entry 11). Heterocyclic compounds such as indole and pyrrole derivatives 4.1l and 4.1m
were readily converted into the corresponding products (Table 4.5, entries 12, 13). The
carbonyl functionalities in substrates derived from acetophenone 4.1n and benzaldehyde 4.10
had to be acetal-protected to avoid undesired side reactions (Table 4.5, entries 14, 15). To our
delight, in addition to the acetal-protected estrogen derivative 4.1p, the unprotected estrogen
derivative 4.1q was also converted in similar isolated yield (Table 4.5, entries 16, 17). The

structure of the estrogen derivative (4.3q) was confirmed by X-ray crystallography (Figure 4.8).

Hydrogen

. Carbon
. Nitrogen
o Oxygen

Figure 4.8: X-ray crystal structure of estrogen derivative 4.3q. Displacement ellipsoids

correspond to 30% probability.

After investigating the scope of different para- and meta-substituted aryl triflates, ortho-
substituted aryl triflates were further examined. Table 3.6 presents the results of the reaction

under optimized reaction condition with compounds bearing ortho-substituents.
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Table 4.6: Palladium-catalyzed N,N-dimethylamination of challenging aryl triflates.

| sz(dba)s .
! 2.5 mol% !
“~ oTf ( 2 - NMe,
+ Me,NH XPhos
- ~ (2.0 M in THF) K3PO4, THF - -
! 80°C, 16 h !
4.1 4.2a 43
entry substrate product isol. yield

1

OTf NMe,
/\/@ 4.1s /\/@E 4.3s 29%
=z OMe = OMe
OTf NMe,
2 /\/@[ 4.1t /\/@[ 4.3t 34%
Me OMe Me OMe
OTf NMe,
3 /@[ 4.1u /@ 4.3u 15%
OHC OMe OHC OMe

4.1w 4.3w 77%

OTf NMe,
©[ 4.1v ©E 4.3v 0%
Ph Ph

Me

OTf NMe,
6 @ 4.1x ©E 4.3x 24%
iPr iPr

Footnote: The reaction was carried out on a 0.5 mmol scale (0.25 M) with 1.2 equiv. KsPOy, 4 equiv. N,N-dimethylamine
and a catalyst loading of 2.5 mol% Pd.dbas; and 7.5 mol% XPhos.

The palladium-catalyzed amination of aryl triflates bearing an ortho-substituent proved to be
more challenging. For eugenol or vanillin derived triflates 4.1s, 4.1t and 4.1u bearing a
coordinating ortho-methoxy group, the reaction proceeded only in poor yields of 15%-34%
(Table 4.6, entries 1-3). Similarly, no product formation was observed in the presence of a
phenyl substituent in the ortho-position (Table 4.6, entry 4). In contrast, the reaction of aryl
triflates with a methyl group 4.1w proceeded in moderate yield of 77% (Table 4.6, entry 5).
Substrate bearing a more sterically demanding ortho-isopropyl substituent 4.1x significantly
reduces the yield to 24% (Table 4.6, entry 6). These results suggest that a coordinative
character of the substrate may inhibit the reaction by complexation by palladium or unfavorable
steric repulsion. A potential mode for the deactivation by ortho-coordinating groups is shown

in Scheme 4.6 below.
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iPr Me Mep P/h
><Z><j© ><Z><j© VS. / J@ / j@

[Pd] [Pd] [Pd] [Pd]

blocking of oxidative addition stabilizing aryl-Pd complex
Scheme 4.6: Plausible deactivation pathways.

Next, the scope of the amine component was investigated by selecting various symmetrical
and unsymmetrical amines. The focus of this investigation lies on open-chain, aliphatic amines
4.2a-4.2n (Table 4.7).

Table 4.7-1/2: Palladium-catalyzed arylation of acyclic, alkyl amines.

Pdy(dba)s

(2.5 mol%) R
.0 MOl
ot XPhos A N g2
+  RIRINH  — —
+Bu K3POy4, THF - .-
80°C, 16 h :
4.1a 4.2 4.4
entry substrate product isol. yield

NM92
1 Me,NH 4.2a /Ej 4.4a 99%
tBu
NEt,
2 Et,NH 4.2b /@ 4.4b 95%
tBu

NnPr,

3 nProNH 4.2c 4.4c 95%

4 nBu,NH 4.2d 4.4d 97%

NiPr,
5 iProNH 4.2¢ /@’ 4.4e 0%
B

tBu :
/@NHBUZ
tBu

tBu
IYIe I\I/Ie
6 HN\O 4.2f /@/N\O 4.4f 96%
tBu
I\I/Ie l\llle
7 HN\© 4.2g /@/N\Q 4.49 93%
tBu
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Table 4.7-2/2: Palladium-catalyzed arylation of acyclic alkyl amines.

entry substrate product isol. yield

I\I/Ie OTBDMS

Me OTBDMS
8 ! 4.2h N 44h  94%
HN
tBu
T oMe

o . N .
9 4.2i ~"0OMe 4.4i 66%
AN ~oMe /©/
tBu
I\I/Ie I\I/Ie
HN N
N tBu Nivl
e

Me
Me ,ll\/©
11 | 4.2k 4.4k 99%
HN
tBu

NHBn
12 BnNH, 4.21 /@ 4.4 87%
tBu
NHnBu
13 nBuNH, 4.2m /@’ 4.4m .
tBu
NH?Bu
14 tBuNH, 4.2n /@ 4.4n -
tBu

Footnote: The reaction was carried out with 0.5 mmol tert-butylbenzene triflate (0.25 M) 1.2 equiv. KsPOy4, 4 equiv.

amine and a catalyst loading of 2.5 mol% Pd.dbas; and 7.5 mol% XPhos.

To our delight, the electron-rich, linear secondary alkylamines formed the corresponding
products in excellent isolated yields of up to 99% (Table 4.7, entries 1-4). Branched diisopropyl
amine (4.2e), which exhibit an increased propensity for B-hydride elimination, showed no
formation of product 4.4e under the applied conditions (Table 4.7, entry 5). In contrast, a similar
branched substituent bearing a cyclohexane ring 4.2f reacted readily to obtain the product 4.4f
in 96% vyield (Table 4.7, entry 6). In addition, N-methyl aniline (4.2g) was successfully
converted with a yield of 93% (Table 4.7, entry 7). In addition, amines with methyl and silyl
ether moieties (4.2h and 4.2i) were also tolerated under the reaction conditions (Table 4.7,
entries 8-9). Likewise, the tryptamine-based substrate 4.2 provided the desired product 4.4j
in a good yield of 85% (Table 4.7, entry 10). Primary and secondary benzylamine 4.2k and
4.2l proved to be a suitable substrate with good to excellent yields of 87% and 99% (Table 4.7,
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entries 11-12). The primary linear and branched butylamines 4.2m and 4.2n were unsuitable

in this reaction.

To assess the possible extension of the reaction spectrum to other electrophiles, various

aryl (pseudo)halides were tested under the optimized conditions (Table 4.8).

Table 4.8: Comparison of different electrophiles in the Palladium-catalyzed N,N-

dimethylamination.

. Pd,(dba); .
] 0, I
. X (2.5 mol%) . NMe,
Me,NH XPhos
+ —_— R
. ~ (2.0 M in THF) K3POy4, THF - “~
! 80°C,16 h !
4.1 4.2a 4.3
entry substrate product isol. yield
OTf NMe,
1 /©/ 4.1a /@ 4.3a 99%
tBu tBu
Br NMe,
2 /@I 4.1aa /@I 4.3a 99%
tBu tBu
Cl NMe,
3 /@’ 4.1ab /O 4.3a 57%
tBu tBu
OMs NM62
4 /©/ 4.1ac /@ 4.3a -
tBu tBu
OTs NMe,
5 /©/ 4.1ad /@I 4.3a -
tBu tBu

Footnote: The reaction was carried out with 0.5 mmol ftert-butylbenzene ftriflate (0.25 M) 1.2 equiv. KsPOs, 4 equiv.

amine and a catalyst loading of 2.5 mol% Pd.dbas and 7.5 mol% XPhos.

Aryl triflate and aryl bromide (4.1a and 4.1aa) proved to be suitable substrates with excellent
yields of 99%. (Table 4.8, entries 1-2). Aryl chloride (4.1ab) provided the desired product in
moderate yields of 57% (Table 4.8, entry 3). In contrast, methyl and tosyl sulfonate (4.1ac and
4.1ad) were not converted under these reaction condition (Table 4.8, entries 4-5).

The system was thereafter examined concerning the reactivity of the respective
electrophiles. In an intramolecular competition reaction, para-bromo aryl triflate (4.1y) was

subjected to the optimized reaction conditions (Scheme 4.7).
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sz(dba)3
2.5 mol%
Br (2.5 mol%) NMe,
/©/ . Me,NH __ XPhos ___
(2.0 M in THF) KsPO, THF
Tfo 80 °C, 16 h o
4.1y 4.2a 4.3y, 72%

Scheme 4.7: Intramolecular competition experiments of two different electrophiles.

In this intramolecular competition reaction, the aryl bromine bond was shown to be more
activated towards oxidative addition as compared to the sulfonate bond. The isolated yield of
72% of the corresponding product 4.3y was comparable to the yield obtained for the electron-
deficient nitro derivative 4.3h. Remarkably, the triflate functionality remained intact and can be

transformed in a subsequent coupling reaction.

4.3.3 Derivatization of N,N-dimethylanilines

Subsequently, the synthetic utility of N,N-dimethylanilines 4.3 class was investigated.
Various synthetic modifications were carried out around the core structure of the aniline
products. In 2014, the group of Chain reported a useful protocol for the facile ortho-
functionalization of N,N-dialkyl anilines.®8 Following the protocol of Chain and co-workers, an
ortho-hydroxylation of 4-tert-butyl-N, N-dimethylaniline (4.3a) was achieved in two steps via the

N-oxide intermediate 4.5.

Me Me TFAA, CHyCl,

NMe, m-CPBA \N/ -78-50°C,1h NMe;
/©/ _— +>0 —— then —
{Bu (EH2C|2 NEt; CH,Cl, Bu OH
0°C —>rt. tBu -78—0 °C, 15 min
16 h
4.3a 4.5, 82% 4.6,91%

Scheme 4.8: Ortho-functionalization via aniline-N-oxide intermediate using trifluoroacetic acid

anhydride.

4-tert-butyl-N,N-dimethylaniline (4.3a) was readily oxidized with m-CPBA to give the
corresponding N-oxide (4.5) in good yield of 82% (Scheme 4.8). This intermediate can be
converted to the ortho-substituted phenol 4.6 in 91% yield using trifluoroacetic acid anhydride.

The structure of the aniline-N-oxide was confirmed by X-ray crystallography.
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Hydrogen

o Oxygen >

Figure 4.9: X-ray crystal structure of derivative 4.6. Displacement ellipsoids correspond to 30%

probability.

N,N-dimethylanilines 4.3 are electron-rich compounds, activated for electrophilic aromatic
substitution. Therefore, para-iodination represents a preparative useful functionalization to

convert the aniline derivative into an electrophile.®®!

I

NMe, pyridine QNM%
@ dioxane, 0 °C, 16 h |

4.3d 4.7, 89%

Scheme 4.9: Electrophilic aromatic para-iodination of N,N-dimethylanilines.

Utilizing N,N-dimethylaniline (4.3d), the para-iodination was accomplished in the presents

of iodine and pyridine at 0 °C. 4-lodo-N, N-dimethylaniline (4.7) was isolated in 89% vyield.

The special redox activity of the amine functionality enables the possibility of a substitution
at the N-methyl group. The group of Li described a C(sp®)—C(sp) bond formation by a copper-

catalyzed oxidation of N,N-dimethylaniline and subsequent coupling with a terminal alkyne.[8%!

CuBr (7 mol%) Ph
tBuOOH
Me
@NMGZ phenylacetylene N/
neat, 100 °C, 16 h ©/

4.3d 4.8, 56%

Scheme 4.10: Copper-catalyzed oxidation to form a C(sp®)-C(sp) bond.

The methyl functionalization was conducted starting from N,N-dimethylaniline (4.3d) in the
presents of phenylacetylene, tert-butyl hydroperoxide and catalytic amounts of copper bromide
at 100 °C. The desired product (4.8) was isolated in 56% yield.
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4.4 Conclusion

In summary, the convenient synthesis of N,N-dimethylaniline derivatives from
dimethylamine (4.2a) and aryl triflates (4.1) was reported. In a comprehensive optimization of
the reaction conditions with respect to the solvent, the base and phosphine ligands, a suitable
protocol for the conversion of aryl triflates could be elaborated. The resulting protocol offers
the convenient synthesis of N, N-dimethylaniline derivatives using an unsophisticated catalytic
system, a mild base and triflates as electrophiles which are readily available from inexpensive
phenols. The presented method shows a broad reaction spectrum with good vyields for
substrates bearing electron-rich as well as electron-poor substituents under mild reaction
conditions on small and gram-scale. Other sulfonates were not converted by the catalyst
system. However, the reaction conditions can be readily adapted to convert for bromo and
chloroarenes to N,N-dimethylanilines. Noteworthy, a competition experiment showed that the
oxidative addition proceeds preferentially into the C-Br in the presence of a
trifluoromethylsulfonate group. Furthermore, the broad applicability of N, N-dimethylanilines as
starting material was demonstrated by facile functionalization of the methyl groups, as well as

ortho- and para-substitution of the aromatic ring.
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5 Experimental section

5.1 General remarks

All reactions involving moisture- or air-sensitive reagents or products were performed under
an atmosphere of dry argon using standard Schlenk techniques and pre-dried glassware.
Syringes for handling of dry solvents or liquid reagents were flushed with dry argon prior to
use. Analytical data of substances that are known in literature (marked by corresponding

references) were compared with those described in the literature.
Solvents

All solvents for reactions containing moisture-sensitive reagents were dried, distilled and

stored under inert atmosphere (argon or nitrogen) according to following standard procedures.
N,N-Dimethylacetamide was dried over KH and distilled under ambient pressure.

N,N-Dimethylformamide was dried over CaHz2 for 8 h, degassed and distilled under reduced

pressure.
Methanol was dried over Mg and refluxed prior to distillation.

N-Methyl-2-pyrrolidone was stirred at 150 °C for 4 h and subsequently distilled under reduced

pressure.
Tetrahydrofuran using a SPS solvent purification system by MBRAUN.
Toluene was pre-dried over KH and distilled over sodium/benzophenone.
Water was degassed for 2 h and ultrasonicated.

1,2-Dichloroethane was pre-dried over molecular sieves 4A, distilled and stored over

molecular sieves.

Commercially available dry solvents were purchased from SIGMA-ALDRICH and ACROS
ORGANICS.

Chromatography

Analytical thin layer chromatography (TLC) was performed on 0.25 mm silica gel 60F plates
(MACHEREY-NAGEL) with 254 nm fluorescent indicator from MERCK. Plates were visualized
under ultraviolet light (254 nm) and developed by treatment with the KMnO4 solution or
Chromatographic purification of products was accomplished by flash column chromatography
on MERCK silica gel, grade 60 (0.063-0.200 mm, 70-230 mesh ASTM).
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Vacuum

Following pressures were measured on the used vaccuum pump and are not corrected:

membrane pump vacuum (MPV): 3.1 mbar, oil pump vacuum (OPV): 0.05 mbar.
Analytical Data

Analytical data of substances that are known in literature (marked by corresponding

references) were compared with those described in the literature.
Infrared Spectroscopy

Infrared spectra were recorded using a BRUKER ALPHA-P spectrometer. Liquid probes were
measured as film, solid probes were measured neat. Absorption is given in wave numbers (cm-
1). Spectra were recorded in the range of 4000—400 cm-1. Following abbreviations were used

for characterization: s (strong), m (medium), w (weak).
Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectra were recorded at 300 or 600 MHz (1H-NMR)
and 75 or 125 MHz (13C-NMR, APT (Attached Proton Test) on BRUCKER AM 250, VARIAN
Unity-300 and Inova 500 instruments. Chemical shifts are reported as 6-values in ppm relative

to the residual proton peak of the deuterated solvent or its carbon atom, respectively.

"H-NMR BC-NMR
di-Chloroform 7.26 ppm, 77.0 ppm
ds-DMSO 249 ppm7 7.0 ppm

For characterization of the observed signal multiplicities the following abbreviations were
applied: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet). Coupling constants J are
reported in Hertz (Hz).

Mass spectroscopy

Mass spectra were measured on FINNIGAN MAT 95 (200 eV, EI-MS) or LCQ (70 eV, ESI-
MS). The ratio of mass to charge are indicated, intensities relative to the base peak (I = 100)
are written in parentheses. High resolution mass spectras (HRMS) were recorded on BRUKER

APEX IV (7 T, Transform lon Cyclotron Resonance (FTICR) mass spectrometer).
Melting Points

Melting points were measured using a BUCHI melting point apparatus. Reported values are

uncorrected.
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Crystallographic data

Crystallographic data were collected on a BRUKER KAPPA APEX Il Duo diffractometer. The
structure was solved by direct methods and refined by full-matrix least-squares procedures on
F? with the SHELXTL software package (Sheldrick, G. M. Acta Crystallogr. 2008, A64, 112.).
XP (BRUKER AXS) was used for graphical representation. Displacement ellipsoids are drawn
at the 30% probability level.

High-pressure reactions

High-pressure reactions were carried out in WEATHON screw capped glass vials (5 mL) with
silicone/PTFE septum, equipped with a magnetic stirring bar and a needle. The reaction
mixtures were placed in a PARR 300 mL stainless steel autoclave and pressurized with carbon
monoxide (LINDE).
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5.2 General procedures

5.2.1 General procedures of chapter 1

5.2.1.1 General procedure 1.A: Deoxygenation of pyrimidopteridine N-oxides

A vow
Oy NN N0 (E)-stilbene (1.9) 0 _N_ N_ _N__O
Yo7 | ¥ YN | ¥
RN \NI+ N.p MeCN, 396 nm, 16 h AN A N
0O o 0 I I

1.11.4 1.5-1.8

The following procedure was carried out under argon. The selected pyrimidopteridine N-
oxide (0.25 mmol) and (E)-stilbene 1.9 (1.2 equiv.) was transferred into a pre-heated 8 mL
tube and dissolved in acetonitrile (5.0 mL, 50 mM). The flask was sealed with a septum and
irradiated for 16 h (398 nm). Afterwards, the reaction and quenched with water. The mixture
was extracted 3 times with CH2Cl; and dried over anhydrous Na>SO4. The crude product was
then purified by column chromatography to furnish the desired deoxygenated

pyrimidopteridine.
5.2.2 General procedures of chapter 2

5.2.2.1 General procedure 2.A: Photo-mediated hydroamination of stilbenes

Reactions were performed under Schlenk conditions using a 5 ml microwave vial equipped
with a NS 14.5 rubber septum. The vial containing the corresponding stilbene (0.50 mmol,
1.0 equiv.) and photoredox catalyst (5.0 mol%) was evacuated for 5 min and purged with
argon. Acetonitrile (2.5 mL) and the corresponding amine (1.50 mmol, 3.0 equiv.) was added
to the stirring solution. The flask was rinsed with acetonitrile (2.5 mL). The reaction mixture
was irradiated at 396 nm for 16-24 h. The reaction temperature was monitored in an adjacent
microwave vial filled with oil and equipped with a thermal sensor. A constant temperature of
30 °C was measured due to heat emission of the LED. No extra heating or cooling was applied.
After the indicated time, the reaction was quenched upon exposure to air and bubbling air
through the solution using a pipette. The reaction was concentrated under reduced pressure

and the crude product was purified by column chromatography.
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5.2.1 General procedures of chapter 3

5.2.1.1 General procedure 3.A: Synthesis of heteroarene-N-oxides using
m-CPBA

Following a modified literature procedure!''%, m-CPBA (70%, 12.0 mmol, 1.2 eq.) was added
portion-wise to a solution of N-heteroarene (10.0 mmol, 1.0 eq.) in CH2CIl> (20 mL) at 0 °C
whilst stirring. Following completion of the addition, the reaction mixture was stirred overnight
for 16 h at 20 °C and conversion checked by TLC. Subsequently, the reaction was quenched
with sodium thiosulfate (24.0 mmol, 2.4 eq.) and stirred for 10 min to eliminate any unreacted
m-CPBA. Silica was added to the solution and the solvent was evaporated under reduced
pressure. The mixture was then purified by column chromatography (dry loading) affording the
N-oxide as a solid. When needed the crude product was then recrystallized to yield analytically

pure product.

5.2.1.2 General procedure 3.B: Synthesis of heteroarene-N-oxides using
MeReOs

Following a modified literature procedurel™®, a mixture of N-heteroarene (8.0 mmol, 1.0 eq.)
and MeReOs3 (40.0 ymol, 0.5 mol%) in CH2Cl2 (20 mL) was treated with 30% aqueous H20>
(16.0 mmol, 2.0 eq.) after which the solution turned light yellow/green. After complete addition,
the reaction mixture was stirred overnight for 16 h at 20 °C and conversion was checked by
TLC. Silica was added to the solution and the solvent was evaporated under reduced pressure.
The mixture was then purified by column chromatography (dry loading) affording the N-oxide
as a solid. When needed the crude product was then recrystallized to yield analytically pure

product.
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5.2.2 General procedures of chapter 4

5.2.2.1 General procedure 4.A: Synthesis of aryl sulfonates

. T,0 .
e OH Base So OTf
e S CH,Cl,, -78 °C, 16 h - ~.

The following procedure was carried out under air. The selected phenol (1-5 mmol) and the

base (2.0 eq) was transferred into a 25 ml flask and dissolved in CH2Cl. (1.0 M). The flask was
sealed with a septum and cooled to —78 °C. Afterwards, trifluoromethanesulfonic anhydride
(1.2 eq) was added via syringe dropwise over a period of 5 min. Overnight (approximately
16 h), the reaction was allowed to warm to ambient temperature and quenched with water. The
mixture was extracted 3 times with CH»Cl, and dried over Na,SO4. The crude product was the

purified with column chromatography to furnish the desired aryl sulfonate.

5.2.2.2 General procedure 4.B: Synthesis of N,N-dimethylanilines

. Pdg(dba)3 .
i o (2.5 mol%) . NMe
) Me,NH XPhos > 2
+ _— —
P - (2.0 M in THF) K3PO4 THF P -
! 80 °C, 16 h !
1 2a 3

All reactions were carried out in septum sealed 4 ml Vials. Subsequently, Pd.(dba)s
(2.5 mol%), XPhos (1.5eq of the metal)) KsPO:. (1.2eq) and appropriate
trifluoromethanesulfonate (0.5 mmol) were added and the vial was sealed. The mixture was 3
times securated under vacuo and flushed with argon. Afterwards 1 ml THF was added and the
suspension was stirred at 80 °C in a block of aluminum. After 5 min a dimethylamine solution
(2 M THF, 1 ml) was added through the septum in one portion. After 16 h the reaction was
quenched water and extracted 3 times with CH>Cl,. The organic layer was analyzed via GCMS.
After a positive result the solvent was removed in vacuo (500 mbar) and the desired
dimethylaniline was purified with column chromatography. In order to avoid a loss of yields due
to volatility of the desired amines, the fraction was treated with an HCI solution (2.0 M in diethyl

ether) to form the corresponding hydrochloride salts.
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5.2.2.3 General procedure 4.C: Arylation of none-volatile alkyl amines.

sz(dba)3

2.5 mol® R
oTf (2.5 mol%) = N._,
. R'RZNH _ X-Phos . R
KsPO, THF . .
t-Bu , . .
80 °C, 16 h !
1d 2 4

All reactions were carried out in septum sealed 4 ml Vials. Subsequently, Pd.(dba)s
(2.5 mol%), XPhos (1.5 eq of the metal), KsPOa4 (1.2 eq), 4-(tert-butyl)phenyl trifluoromethane-
sulfonate (0.5 mmol) and the appropriate amine (2-4 eq) were added and the vial was sealed.
The mixture was securated under vacuo and flushed with argon for 3 times. Afterwards 1 ml
THF was added and the suspension was stirred at 80 °C. After 16 h, the reaction was
quenched with water and extracted with CH,Cl, 3 times. The organic layer was analyzed via
GCMS and TLC. After a positive result the solvent was removed in vacuo (500 mbar) and the
desired dimethylaniline was purified with column chromatography. In order to avoid a loss of
yields due to volatility of the desired amines, the fraction was treated with an HCI solution

(2.0 M in diethyl ether) to form the corresponding hydrochloride salts.
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5.3 Analytical data

5.3.1 Analytical data of chapter 1
5.3.1.1 Characterization of pyrimidopteridines

5.3.1.1.1 Synthesis of 1,3,7,9-tetramethyl-9,10a-dihydropyrimido[5,4-g]pteridine-
2,4,6,8(1H,3H,4aH,7H)-tetraone (1.5):

Me Nle
(e N N N O
YWI Ij
_N NS N
Me N Me
(e} (e}
1.5

Following general procedure A, using 0.25 mmol of MePPTNO (1.1) afforded the title
compound 1 (68.4 mg, 0.22 mmol, 90%) as a white solid after purification via column

chromatography (n-pentane:EtOAc = 1:4).
Rf=0.32 (EtOAc, UV).
m.p. = > 300 °C.
"H NMR (300 MHz, DMSO-ds): & = 3.36 (s, 6H), 3.60 (s, 6H).
3C NMR (101 MHz, DMSO-d6) & 159.0, 150.9, 149.7, 123.8, 29.9, 28.9.

MS (El): m/z (relative intensity): 304 (100) [M*], 275 (20), 246 (12), 233 (16), 221 (27), 207
(15), 192 (53), 176 (11), 134 (18), 107 (56), 96 (31), 80 (43), 67 (71), 56 (47), 52 (44), 42 (32).

HRMS (ESI-TOF, m/z): calcd. for C12H12NsO4 304.0915; found 304.0920.

IR (ATR, neat, cm™): 3373 (w), 2956 (w), 1665 (s), 1563 (s), 1255 (s), 1112 (m), 1053 (s),
811 (m), 745 (s), 486 (s), 414 (s).

UV-Vis (max. abs., [nm], MeCN): 232, 262, 269, 354, 361, 368.
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Crystallographic data of MePPT (1.5):

Figure 5.1: Crystallographic data of MePPT (1.5). Displacement ellipsoids correspond to 50%

probability
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5.3.1.1.2 Synthesis of 1,3,7,9-tetrapropyl-9,10a-dihydropyrimido[5,4-g]pteridine-
2,4,6,8(1H,3H,4aH,7H)-tetraone (1.6):

R R
OxN._N__N_O
Yg ];(Y
_N X, N.
Pr N Pr
(@) @)

1.6

Following general procedure A, using 0.25 mmol of PrPPTNO (1.2) afforded the title
compound 2 (106.9 mg, 0.25 mmol, quant.) as a white solid after purification via column

chromatography (n-pentane:EtOAc = 1:2).
R¢ = 0.16 (n-pentane:EtOAc — 1:2, UV)
m.p. = 106-108 °C

H NMR (300 MHz, Chloroform-d) & 4.29 — 4.12 (m, 4H), 4.09 — 3.88 (m, 3H), 1.83 — 1.56
(m, 8H), 0.98 (t, J = 7.4 Hz, 6H), 0.91 (t, J = 7.4 Hz, 6H).

3C NMR (75 MHz, Chloroform-d) d 157.8, 149.9, 149.2, 123.6, 45.0, 43.9, 21.1, 20.9, 11.3,
11.2.

MS (El): miz (relative intensity) 416 (73) [M*], 302 (23), 290 (11), 232 (11), 147 (15), 93 (12),
68 (12), 56 (21), 43 (100), 29 (24).

HRMS (EI): calcd. for CooH2sNeOs 416.2167; found 416.2169.

IR (ATR, neat, cm-1): 3506 (w), 2962 (w), 2935 (w), 2875 (w), 1713 (s), 1662 (s), 1555 (s),
1432 (s), 1410 (s), 1377 (s), 1341 (m), 1321 (m), 1280 (s), 1230 (m), 1205 (m), 1124 (m), 1093
(m), 1037 (w), 893 (w), 813 (m), 783 (w), 751 (m), 707 (w), 662 (w), 605 (m), 555 (M), 508 (s),
485 (s).

107



Experimental section

Crystallographic data of PrPPT (1.6):

Figure 5.2: Crystallographic data of PrPPT (1.6). Displacement ellipsoids correspond to 50%
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Experimental section

5.3.1.1.3 Synthesis of 1,3,7,9-tetrabutyl-9,10a-dihydropyrimido[5,4-g]pteridine-
2,4,6,8(1H,3H,4aH,7H)-tetraone (1.7):

I|3u I|3u
(0) N N N (0]
YY\[/ L(Y
_N X, N.
Bu N Bu
(0] (0]
1.7

Following general procedure A, using 0.25 mmol of BUPPTNO (1.3) afforded the title
compound 3 (118.4 mg, 0.25 mmol, 99%) as a white solid after purification via column

chromatography (n-pentane:EtOAc = 1:4).
Rt = 0.44 (n-pentane:EtOAc — 1:2, UV)
m.p. = 112-114 °C

H NMR (300 MHz, Chloroform-d) & 4.30 — 4.13 (m, 4H), 4.11 — 3.93 (m, 4H), 1.76 — 1.51
(m, 8H), 1.36 (dh, J = 22.1, 7.3 Hz, 8H), 0.99 — 0.82 (m, 12H).

3C NMR (75 MHz, Chloroform-d) & 157.7, 149.9, 149.1, 123.6, 43.3, 42.2, 29.8, 29.7, 20.2,
20.1,13.8, 13.7.

MS (El): m/z (relative intensity): 472 (100) [M*], 430 (24), 417 (21), 361 (10), 249 (9), 207
(8), 147 (4), 56 (7), 41 (14).

HRMS (ESI-TOF, m/z): calcd. for C24H36NsO4472.2793; found 472.2784.

IR (ATR, neat, cm™"): 2957 (m), 2932 (m), 2872 (s), 1671 (w), 1550 (w), 1408 (w), 1372 (m),
1273 (w), 1114 (m), 812 (s), 755 (m), 505 (m).

UV-Vis (max. abs., [nm], MeCN): 236, 265, 272, 357, 363, 371.
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Crystallographic data of BuPPT (1.7):

Figure 5.3: Crystallographic data of BuPPT (1.7). Displacement ellipsoids correspond to 50%

probability.
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Experimental section

5.3.1.1.4 Synthesis of 1,3,7,9-tetraphenyl-9,10a-dihydropyrimido[5,4-g]pteridine-
2,4,6,8(1H,3H,4aH,7H)-tetraone (1.8):

Ph Ph
Os_N__N__N_O
YT(\[/ ]/\f\f
NN N.
Ph N Ph
o} o)
1.8

Following general procedure A, using 0.25 mmol of PhPPTNO (1.4) afforded the title
compound 4 (140.0 mg, 0.25 mmol, quant.) as a white solid after purification via column
chromatography (n-pentane:EtOAc = 1:4).

Rf = 0.45 (n-pentane/EtOAc/MeOH = 1:1:0.1, UV)
m.p. > 300 °C

H NMR (400 MHz, DMSO-ds) 8 12.27-12.32 (m, 4H), 12.18-12.24 (m, 6H), 11.99-12.06
(m, 6H), 11.90-11.93 (m, 4H).

3C NMR (100 MHz, DMSO-ds) d 158.7, 149.9, 149.8, 135.5, 134.6, 129.0, 128.7, 128.5,
128.4, 128.8, 124.2.

MS (El): m/z (relative intensity) 552 (100) [M*], 433 (81), 286 (26), 258 (14), 216 (9), 169
(42), 141 (12), 119 (7), 77 (29).

HRMS (El): calcd. for C32H20NeO4 552.1541; found 552.1536.

IR (ATR, neat, cm™): 2920 (w), 1725 (m), 1681 (s), 1555 (s), 1492 (m), 1366 (s), 1265 (s),
1196 (m), 1024 (s), 810 (m), 745 (s), 529 (s).
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Crystallographic data of PhPPT (1.8)

Figure 5.4: Crystallographic data of PhPPT (1.8). Displacement ellipsoids correspond to 50%

probability

Chemical formula
M

Crystal system, space group
Temperature (K)
a, b, c (A)

B ()

V (A3)

Z

Radiation type

M (mm™)

Crystal size (mm)

No. of measured, independent and
observed [/ > 20(/)] reflections

Rint

(sin 8/A)max (A1)

R[F? > 26(F?)], wR(F?), S
No. of parameters
Apmax, Apmin (€ A-3)

112

CssH26Ns0O4
634.65

Monoclinic, P24/c
150

11.1735 (3), 15.5859 (4), 18.3286 (5)
99.5737 (9)
3147.45 (15)

4

Mo Ka

0.09

0.43 x 0.33 x 0.31
80900, 7597, 6367

0.028

0.661

0.043, 0.120, 1.02
452

0.49, -0.33


file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_chemical_formula_sum
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_chemical_formula_sum
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_chemical_formula_sum
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_chemical_formula_sum
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_chemical_formula_sum
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_chemical_formula_sum
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_chemical_formula_sum
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_chemical_formula_sum
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_chemical_formula_weight
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_space_group_crystal_system
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_space_group_name_H-M_alt
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_space_group_name_H-M_alt
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_space_group_name_H-M_alt
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_space_group_name_H-M_alt
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_space_group_name_H-M_alt
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_cell_measurement_temperature
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_cell_length_a
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_cell_length_b
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_cell_length_c
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_cell_angle_beta
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_cell_volume
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_cell_formula_units_Z
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_diffrn_radiation_type
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_diffrn_radiation_type
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_diffrn_radiation_type
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_exptl_absorpt_coefficient_mu
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_exptl_crystal_size_max
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_exptl_crystal_size_mid
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_exptl_crystal_size_min
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_diffrn_reflns_number
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_reflns_number_total
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_reflns_number_gt
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_diffrn_reflns_av_R_equivalents
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_refine_ls_R_factor_gt
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_refine_ls_wR_factor_ref
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_refine_ls_goodness_of_fit_ref
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_refine_ls_number_parameters
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_refine_diff_density_max
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_refine_diff_density_min
file:///C:/Users/hp/Desktop/Jola%2018.06.2020/Nützlich/AX1459%20_refine_diff_density_min

Experimental section

5.3.1.2 Characterization of oxidation products

5.3.1.2.1 Synthesis of ftrans-2,3-diphenyloxirane (1.11) and cis-2,3-
diphenyloxirane (1.12):

O O

>l ©

1.1 1.12

Following general procedure A, using 0.25 mmol of PrPPTNO (2) afforded the title
compounds cis-6 (10.3 mg, 0.10 mmol, 21%) and trans-6 (20.3 mg, 0.05 mmol, 43%) as white

solids after purification through column chromatography (n-pentane:EtOAc = 100:1 — 20:1).
1.11:
Rt = 0.53 (n-pentane:EtOAc = 50:1, UV)
"H NMR (300 MHz, Chloroform-d) & 7.49 — 7.30 (m, 10H), 3.90 (s, 2H).
3C NMR (75 MHz, Chloroform-d) & 137.3, 128.7, 128.5, 125.6, 63.0.

MS (El): m/z (relative intensity) 196 (28), 195 (32), 178 (18), 168 (18), 167 (100), 166 (14),
165 (36), 152 (21), 105 (18), 90 (26), 89 (32), 77 (16).

IR (ATR, neat, cm-1): 3035 (w), 2988 (w), 1602 (w), 1492 (w), 1452 (m), 1412 (w), 1347 (w),
1310 (w), 1284 (w), 1244 (w), 1220 (w), 1176 (w), 1157 (w), 1094 (w), 1072 (w), 1025 (w), 847
(m), 835 (m), 795 (w), 745 (s), 689 (s), 610 (s), 507 (s), 421 (w).

The analytical data is in accordance with those reported in the literature.['""]
1.12:

R¢ = 0.44 (n-pentane:EtOAc = 50:1, UV)

H NMR (300 MHz, Chloroform-d) & 7.24 — 7.12 (m, 10H), 4.38 (s, 2H).

3C NMR (75 MHz, Chloroform-d) & 134.5, 127.9, 127.6, 127.0, 59.9.

MS (El): m/z (relative intensity) 196 (28), 195 (33), 168 (18), 167 (100), 166 (15), 165 (39),
152 (21), 105 (27), 90 (25), 89 (33), 77 (18), 63 (10), 51 (10).

HRMS (ESY-TOF, m/z): calcd. for C14H:,0 [M+H]* 197.0966, found 197.0968.

IR (ATR, neat, cm-1): 3032 (w), 2968 (w), 1604 (w), 1494 (w), 1452 (m), 1407 (w), 1372 (w),

1316 (w), 1257 (w), 1177 (w), 1157 (w), 1077 (w), 1053 (w), 1026 (w), 921 (w), 885 (m), 864
(m), 834 (w), 757 (W), 746 (s), 732 (s), 691 (s), 641 (m), 585 (s), 526 (s), 499 (m), 412 (w).

The analytical data is in accordance with those reported in the literature.[''?
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5.3.1.3 Electrochemical properties

Cyclic voltammetry and differential pulse voltammetry

All electrochemical investigations were performed at room temperature in dried acetonitrile
p.A. (VWR) under an Argon atmosphere with 0.1 M tetrabutylammonium hexafluorophosphate
(Fluka) as conducting salt using an Autolab (PGSTAT 204, Metrohm). A glassy carbon disk
electrode (d = 2 mm) was used as working electrode, a Pt-electrode as the counter electrode
and an Ag/AgCl/LiClsat. in EtOH-system as the reference electrode (all electrodes: Metrohm).
All potentials mentioned in this paper were measured with respect to this reference system
and were checked by using the ferrocenium/ferrocene-internal reference system (potential of
Fc*/Fc: CV =0.54 V & DPV = 0.53 V [vs. Ag/AgCI/LiClsat. In EtOH]. The CV scans were done
three times at a scan rate of 40 mV s™'. The measurements were performed with 1 mM

compound dissolved in the electrolyte.

5.3.1.3.1 1,3,7,9-tetramethyl-9,10a-dihydropyrimido[5,4-g]pteridine-
2,4,6,8(1H,3H,4aH,7H)-tetraone

-CV: DPV:
50 10 4
40 H 8
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< 30 2 64
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5.3.1.3.2 1,3,7,9-tetrapropyl-9,10a-dihydropyrimido[5,4-g]pteridine-
2,4,6,8(1H,3H,4aH,7H)-tetraone
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5.3.1.3.3 1,3,7,9-tetrabutyl-9,10a-dihydropyrimido[5,4-g]pteridine-
2,4,6,8(1H,3H,4aH,7H)-tetraone
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1,3,7,9-tetraphenyl-9,10a-dihydropyrimido[5,4-g]pteridine-
2,4,6,8(1H,3H,4aH,7H)-tetraone

-CV: DPV:
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4.0
30 3.5
< 30
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5.3.1.4 Photo-mediated oxidative cyclization

5.3.1.4.1 Synthesis of 6H-benzo[c]chromen-6-one (1.16):

PPT (5 mol%)
O O,, hv (396 nm), ‘
30°C,24dh ——
’ CO,H MeCN:MeOH (1:1)

1.15 1.16

o "o

The following procedure was carried out under an oxygen atmosphere. 2-Phenylbenzoic
acid (1.15) (0.5 mmol, 1.0 eq.) and the pyrimidopteridine photosensitizer (5.0 mol%) were
dissolved in a 1:1 mixture of dry acetonitrile and dry methanol (5.0 mL) and stirred for the
specified time under UV-light irradiation (396 nm) for 24 h. The reaction mixture was
concentrated in vacuo and purified by flash chromatography (SiO2, n-pentane:EtOAc = 20:1),

yielding the title compound 1.16 as a colorless solid.

entry catalyst isolated yield [%]
1 MePPT (1.5) 80
2 PrPPT (1.6) 66
3 BUPPT (1.7) 66
4 PhPPT (1.8) 85

Rr= 0.40 (n-hexane/EtOAc = 10:1, UV)

H NMR (300 MHz, Chloroform-d) & 8.40 (ddd, J = 7.9, 1.4, 0.5 Hz, 1H), 8.13 — 8.09 (m, 1H),
8.05 (dd, J = 7.9, 1.6 Hz, 1H), 7.82 (ddd, J = 8.1, 7.3, 1.4 Hz, 1H), 7.58 (ddd, J = 8.3, 7.3, 1.1
Hz, 1H), 7.48 (ddd, J = 8.5, 7.1, 1.6 Hz, 1H), 7.39 — 7.29 (m, 2H).
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3C NMR (75 MHz, Chloroform-d) 8 161.2, 151.3, 134.9, 134.8, 130.6, 130.5, 128.9, 124.6,
122.8,121.7,121.2, 118.0, 117.8.

MS (El): m/z (relative intensity) 196 (100) [M*], 168 (44), 139 (44), 113 (5), 70 (8).

The analytical data is in accordance with those reported in the literature.[s 113!
5.3.1.5 Photo-mediated hydroamination of stilbene

5.3.1.5.1 Synthesis of N-benzyl-1,2-diphenylethan-1-amine (1.18):

PrPPTNO NHBn
O or
N +  BnNH, — PrPPT(2) —» O
O hv (396 nm)
MeCN (0.5 M)
30°C, 24 h
1.9 117 1.18
The following procedure was carried out under argon. (E)-stilbene (1.9) (90.6 mg, 0.5 mmol)
and the corresponding pyrimidopteridine(-N-oxide) photosensitizer (XX mol%) was transferred
into a 10 mL Schlenk finger and evacuated 3 times. Anhydrous benzylamine (1.17) (267 mg,
2.5 mmol) and acetonitrile (5.0 mL, 0.1 M) was added. The flask was sealed with a septum
and irradiated for 16 h (398 nm). Afterwards, the reaction and quenched with water. The
mixture was extracted 3 times with CH2Cl, and dried over anhydrous Na>SOs. The crude
product was then purified by column chromatography (n-pentane:EtOAc = 100:1) to furnish

the title compound 1.18.

entry catalyst Catal[Sr’:;';?ding y[i;oll(i
1 PrPPT (1.6) 5 79
2 PrPPTNO (1.2) 5 79
3 PrPPT (1.6) 10 77
4 PrPPTNO (1.2) 10 77
5 PrPPT (1.6) 25 86
6 PrPPTNO (1.2) 25 71

Rr= 0.3 (n-pentane:EtOAc = 9:1, KMnQ,).
m.p. = 52-54 °C.

H NMR (400 MHz, CDCl3) 8 7.29 — 7.19 (m, 4H), 7.19 — 7.06 (m, 7H), 7.00 (dt, J = 7.9, 1.4
Hz, 4H), 3.79 (dd, J = 8.5, 5.5 Hz, 1H), 3.56 (d, J = 13.5 Hz, 1H), 3.36 (d, J = 13.5 Hz, 1H),
2.97 —2.70 (m, 2H), 1.64 (s, 1H).
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3C NMR (101 MHz, CDCls) d 143.8, 140.6, 138.9, 129.4, 128.5, 128.5, 128.4, 128.0, 127.5,
127.2,126.8, 126.5, 63.7, 51.5, 45.4.

MS (El): m/z (relative intensity) 286 (1), 197 (15), 196 (100), 91 (87).
HRMS (El, m/z): calcd. for C21H21N [M*] 288.1752; found 288.1759.

IR (ATR, neat, cm™): 2704(w), 1952(w), 1871(w), 1813(w), 1601(w), 1582(w), 1491(m),
1452(m), 1398(w), 1357(w), 1315(w), 1288(w), 1269(w), 1227(w), 1195(w), 1179(w), 1162(w),
1153(w), 1120(m), 1068(m), 1028(m), 1000(w), 988(w), 946(w), 911(w), 832(w), 820(w),
793(w), 758(m), 741(m), 728(s), 695(s), 635(m), 619(w), 579(w), 547(s), 506(m), 460(m).

The analytical data is in accordance with those reported in the literature.['6> 114]
5.3.2 Analytical data of chapter 2

5.3.2.1 Electrochemical Properties

Cyclic Voltammetry and Differential Pulse Voltammetry

All electrochemical investigations were performed at room temperature in dried acetonitrile
p.A. (VWR) under an Argon atmosphere with 0.1 M tetrabutylammonium hexafluorophosphate
(Fluka) as conducting salt using an Autolab (PGSTAT 204, Metrohm). A glassy carbon disk
electrode (d = 2 mm) was used as working electrode, a glassy carbon electrode as the counter
electrode and an Ag/AgCI/LiCl sat. in EtOH-system as the reference electrode (all electrodes:
Metrohm). All potentials mentioned in this paper were measured with respect to this reference
system and were checked by using the ferrocenium/ferrocene-internal reference system
(potential of Fc*/Fc: 0.54 V [vs. Ag/AgCI/LIiCI sat. in EtOH]. The potentials reported relative to
the Fc*/Fc redox couple was converted to SCE by adding 0.38 V.21 The CV scans were done
three times at a scan rate of 40 mV s™'. The measurements were performed with 5 uM

compound dissolved in the electrolyte.

Differential pulse voltammetry was measured using a step potential of 5 mV, modulation

amplitude of 25 mV, modulation time 0.05 s, interval time 0.05 s.

118



Experimental section

Redox potentials from DPV-peak:

entry

0 NG hA WN =

= a2,
o s WN = O

R2
O

2.1-2.16
R! R?
CF; H
COOEt H
CN H
H H
H H
Br Br
OAc H
F H
Me F
Me H
OMe CF3
OMe H
NMe, H

note

(2.1)
(2.2)

(2.3)
phenanthrene (2.4)
(E)-stilbene (2.5)
(Z2)-stilbene (2.6)
(2.7)

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)
benzylamine (2.13)
(2.14)
(2.15)

(2.16)

red

Eij2

ox
[ 277)

[V vs Fc*/Fc]?

-2.95
-2.24
-2.21
-2.92
-2.68
-2.66
-2.34
-2.62
-2.67
-2.34
-2.71
-2.72
-2.48
-2.76
-2.81

+1.31
+1.27
+1.25
+1.20
+1.18
+1.15
+1.11
+1.06
+1.06
+0.96
+0.95
+0.94
+0.91
+0.85
+0.76
+0.14

Ely  En
[V vs SCE]°
257  +1.69
-1.86 +1.65
-1.83  11.63
-2.54 +1.58
230  +1.56
228  11.53
196  +1.49
224 1144
229  +1.44
235  +1.34
233 +1.33
234 11.32

- +1.29
210  +1.23
238 +1.14
243 10.52

04 060810121416 18 20

-
.

L &

&

.

oxidation potential £, [V]

04 060810121416 18 20
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Redox potentials of stilbenes

5.3.2.1.1.1 (E)-N,N-Dimethyl-4-styrylaniline:

NMe2
JC

Cyclovoltammogram Differential pulse voltammetry
120
1004 45] Oxidative Direction 1ss
80 404
60 - 35 30
— 404 425
3 20 < 7
< = 254 20
g 0 £
5 S 204
o -20 4 5 4115
40 ] S 15
-60 + 10 4 -1 10
-80 -| 5] ds
-100 4 0 1o
120 T T T T -5 T T T T T T
3 -2 1 0 3 2 -1 0 1 2

5.3.2.1.1.2 (E)-1-Methoxy-4-styrylbenzene:

Cyclovoltammogram Differential pulse voltammetry
160
140 4 60 Reductive Direction 7
120 ]
100 4 50 1
80
T 0] _ ]
= 404 3 i
S 20] < 307 4
3 04 £
20 3 20 1
40 ]
-60 - 104 4
-804 B
100 %9
'3 -‘2 -'1 6 -3‘.0 »2‘.5 -2‘.0 -1‘.5 -1‘.0 -0‘.5 0?0 0?5 1?0 1?5

120

potential [V vs Fc*/Fc]

OMe
JC

potential [V vs Fc*/Fc]

potential [V vs Fc*/Fc]

current [uA]

potential [V vs Fc*/Fc]

current [pA]
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5.3.2.1.1.3 (E)-1-Methoxy-4-(4-(trifluoromethyl)styryl)benzene:
l OMe
O A
F3C
Cyclovoltammogram Differential pulse voltammetry
804
Reductive Direction 18
60 -
404 20
46
204
T o z -
z 1
é 20 g 10 1 %
3 04 % E
-60 2
-80
o
100 o 0
-120 T T T T T T 1 T T T T
-4 -3 -2 -1 0 1 2 3 -2 -1 0 1
potential [V vs Fc*/Fc] potential [V vs Fc*/Fc]

5.3.2.1.1.4 (8R,9S,13S,14S)-13-Methyl-3-((E)-styryl)-6,7,8,9,11,12,13,14,15,16-decahydro-

17H-cyclopenta[a]phenanthren-17-one:

Me @

Differential pulse voltammetry

Oxidative Direction

current [pA]
5
>
IS

5
current [pA]
o
~

current [pA]

T T T T T T 1 T T T T T T
-4 -3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2
potential [V vs Fc*/Fc] potential [V vs Fc*/Fc]
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5.3.2.1.1.5 (E)-1-Methyl-4-styrylbenzene

Me
c

Cyclovoltammogram

T T T T T T 1

5.3.2.1.1.6 (E)-1-Fluoro-4-(4-methylstyryl)benzene

current [pA]

120 4
100

-3 -2 -1 0
potential [V vs Fc*/Fc]

lMe
F

Cyclovoltammogram

122

current [pA]

-100 4

-150

100 +

1

2

T T T T
-3 2 1 0

potential [V vs Fc*/Fc]

~ o

3

current [uA]

Differential pulse voltammetry

704

60

50

40

30

current [uA]

20

Reductive Direction

potential [V vs Fc*/Fc]

Differential pulse voltammetry

Oxidative Direction

T T
-1 0

potential [V vs Fc'/Fc]

current [uA]

current [uA]
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5.3.2.1.1.7 (E)-1-Fluoro-4-styrylbenzene

S

Cyclovoltammogram Differential pulse voltammetry
100 4 50 Oxidative Direction
50 130
454
60 -
40 40 425
20 354
- - 420 _,
T o g = z
5 %1 g %7 {15 £
£ 40 E 0] g
g 3 3
-60 4 15] 410 ©
-80
104
-100 1s
120 51
-140 0+ 4o
160 +———————————————————————— 5 T T T T
-35-30 -25-20-15-1.0 -05 00 05 1.0 1.5 20 25 -3 -2 -1 0 1
potential [V vs Fc*/Fc] potential [V vs Fc*/Fc]

5.3.2.1.1.8 (E)-4-Styrylphenyl acetate

OAc
O

Cyclovoltammogram Differential pulse voltammetry
804
60 - Reductive Direction
w0l 30 112
20 25 110
<
% 04 T 204 18 =
g z
5 .l 5 o] N E
60| © 10 14 3
-80 5 “12
1004
04 Jo
120 : T T " T r
3 2 - 0 1 2 3 2 K 0 1
potential [V vs Fc*/Fc] Potential applied [V]
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5.3.2.1.1.9 (E)-1,2-Bis(4-bromophenyl)ethene:

Br
O
Br

Cyclovoltammogram Differential pulse voltammetry
404 " " "
ol .
g . -
§ o z :f
201
-40 T T T T T T T T T T T T
-3 2 -1 0 1 2 3 N 2 - 0 !

potential [V vs Fc'lFc]
potential [V vs Fc'/Fc]

(E)-1,2-
Diphenylethene ((E)-2b):

Sl

(E)-2b
Cyclovoltammogram
1004 557 Oxidative Direction 1%
80 50 4
45
60 w0 415
407 35
< = —
3 204 < a0 10
€ z =
g 04 @ 25 g
5 S 201 5
o -20 4 o 8
15 s
40
10
-60 5]
80 o] Ho
-100 T T T T T T 54— T T T T T T T T T
3 2 -1 0 1 2 30 25 -20 -15 -1.0 -05 00 05 10 15 20
potential [V vs Fc*/Fc] potential [V vs Fc*/Fc]
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5.3.21.1.11 (2)-1,2-Diphenylethene ((Z)-2b):
99

(Z)-2b

Cyclovoltammogram Differential pulse voltammetry
150
604 Oxidative Direction J1ss
100 55 1s0
50 - 45
50 451 +40
z 40
= = 35
= od e Je %
8 Z 3] =
3 2 2 1% 2
© .50 3 2] 20 3
15 1%
-100 104 410
5] 1s
-150 0l Jo
T T T T T T Y -5 . . . . . . 5
3 2 1 0 1 2 3 4 3 2 1 0 1 2 3
potential [V vs Fc*/Fc] potential [V vs Fc*/Fc]

5.3.2.1.1.12 Phenanthrene:

Cyclovoltammogram Differential pulse voltammetry
250 4 557 Oxidative Direction 1%
50 450
200 45 445
1504 40+ 40
< . 35+ 435
<z ] —
= 100 < a0 130 g
g 50 é 25 425 ‘S
© 0l 3 204 420 g
154 +415
.50 104 410
54 45
-100 o
04 40
-150 T T T T T T -5 T T T T T T 5
-3 2 1 0 1 2 3 2 1 0 1 2
potential [V vs Fc*/Fc] potential [V vs Fc*/Fc]
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5.3.2.1.1.13

(E)-4-Styrylbenzonitrile
CN
Sh |

Cyclovoltammogram

404

current [puA]

potential [V vs Fc*/Fc]

5.3.2.1.1.14 Ethyl (E)-4-styrylbenzoate

COOEt

%
W,

Cyclovoltammogram

80 -
60
404

204

204

current [uA]

-40 4

-60

-804

-100

-120 T T T T T T 1

potential [V vs Fc*/Fc]

(E)-1-Styryl-4-(trifluoromethyl)benzene

CF3
S8

Cyclovoltammogram

126

current [uA]

Differential pulse voltammetry

304

25+

204

Reductive Direction

T T T
-1 0 1

potential [V vs Fc*/Fc]

current [uA]

Differential pulse voltammetry

current [uA]

40

204

Reductive Direction

L
IS

current [uA]

L
N

25

T

T

-2.0

T T T T T
-15 -10 -05 00 0.5
potential [V vs Fc*/Fc]

Differential pulse voltammetry
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current [uA]

5.3.2.1.2 Oxidation potentials of amines

-100
-120
-140 4
-160
-180
-200
-220 4
-240 4
-260
-280

80
60
40
20

204
-40 4
604
-804

potential [V vs Fc*/Fc]

Phenylmethanamine 1a:

o™

1a

Cyclovoltammogram

current [uA]

204

T T T
-1 0 1

potential [V vs Fc*/Fc]

current [uA]

current [uA]

509 Reductive Direction 1
40 ]
30
20 1
10
04
T T T T T T T T T T
35 -30 25 -20 -15 -1.0 05 00 05 1.0 15
potential [V vs Fc*/Fc]
Differential pulse voltammetry
159 Oxidative Direction
420
10 415
z
410 €
e
59 5
o
05
04
+0.0
T T T T
1 0 1 2 3

potential [V vs Fc*/Fc]

current [uA]
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5.3.2.1.2.1 N-(1,2-diphenylethyl)adamantan-1-amine:

HN@
G
g

8
Cyclovoltammogram Differential pulse voltammetry
40 31
il T 7
E 20 E
3 3 N
o
o
-‘3 -‘2 -‘1 (‘) 4 é —3‘.0 —2‘.5 —2‘,0 —1‘,5 —1‘.0 —(;.5 0?0 015 110 1?5 270 2?5 3‘.0
potential [V vs Fc*/Fc] potential [V vs Fc*/Fc]
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5.3.2.2 EPR-results

EPR spectra were recorded on an X-band Bruker EMX CW-micro EPR spectrometer
equipped with an ER4119HS high-sensitivity resonator using a microwave power of Ca 6.9
mW, modulation frequency of 100 kHz and modulation amplitude up to 5 G. For low
temperature measurements, the EPR spectrometer was equipped with a temperature
controller and liquid N2 cryostat. The hv =gBBo equation was used to calculate g values with
Bov and Bov being the frequency and resonance field, respectively. 2,2-Diphenyl-1-
picrylhydrazyl g values calibration was performed using 2,2-Diphenyl-1-picrylhydrazyl as a
standard (g = 2.0036 £ 0.0004). EPR spectrum simulation was done by Bruker SimFonia

software.
—— simulated —— simulated
—— measured —— measured
T T T T I T T
3475 3500 3500 3525
B, (G) B, (G)
simulated Pr
I
0]
N
i Q/’\fo
N—
N Pr
’
—— measured I|Dr o Pr 70(
o N
IIN PrPPT™-
Pr” ( )
H’Nv/\fo
N—
N Pr
Pre 7(
(0]
: . : PrPPTH’
3475 3500

B, (G)

Figure 5.5: EPR spectrum of benzylamine and PrPPT (upper black line; Left: operando
spectroscopy in a EPR-Flatcell; Right: accumulated radical in an EPR-tube) and stilbene 2.5 and
PrPPT (bottom black line; operando spectroscopy in a EPR-Flatcell); blue and red lines are

simulated spectra considering a hyperfine splitting from two nonequivalent N (red line,

129



Experimental section

An1 = 8.25 G and Anz = 3.25 G) and two nonequivalent N and one hydrogen (blue line, An1 =7.84 G
and An2 =3.72 G A4 =7.45 G).

5.3.2.2.1 EPR-experiment Nr.1: 2.5 & PrPPT

Pr
0]

|
N
0
O 0 Zr N Er 0 T\E;IN
hv -

ST s O s
pr- N o Ns MeCN H N
r N Pr ’NT ~Pr
(o) 0 Pr o

PrPPTH'

The reaction was performed under Schlenk conditions using a septum sealed EPR-flatcell.
The photocatalyst PrPPT (1.6, 50 mg, 0.120 mmol) and stilbene (2.5, 76 mg, 0.42 mmol, 3.5
equiv.) were solved in dry acetonitrile (1.0 ml). The mixture was irradiated at 396 nm (1x30 W,

ONFURO LED) without stirring while operando EPR-spectroscopy.

2.5x107 4
2x10° 4

2.0x107 4
1x10° 4

1.5x107

EPR signal intensity [a.u.]
o
Integrated EPR signal [a.u.]

1.0x107 o

-1x10° o
5.0x10° 4

-2x10°

T T T ; . . T : ;
3460 3480 3500 3520 0 500 1000 1500 2000 2500
B, [G] Time [s]

Figure 5.6: EPR spectrum of stilbene (2.5) and PrPPT (left) and radical accumulation (right).
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5.3.2.2.2 EPR-experiment Nr.2: 2.13 & PrPPT

Fl’r
Pr Pr N

I I (0]
Os_N.__N.__N__O hy g
(™« TIX T s ey
Pr/N NG N\Pr MeCN 7/'\(
o] o]

N—
Pr'NY T

o)
PrPPT"-

0]

The reaction was performed under Schlenk conditions using a septum sealed EPR-flatcell.
The photocatalyst PrPPT (50 mg, 0.120 mmol) and benzylamine (2.13, 68 mg, 0.634 mmol,
5.3 equiv.) were solved in dry acetonitrile (1.0 ml). The mixture was irradiated at 396 nm
(1x30 W, ONFURO LED) without stirring while operando EPR-spectroscopy.

2.5x107 4

7.50x10° o 2.0x107
5.00x10° o

1.5x107 4
2.50x10° -

0.00 4 .
1.0x107 4

Integrated EPR signal [a.u.]

-2.50x10° 4

EPR signal intensity [a.u.]

6
-5.00x10° - 5.0x10

T T T T 1
0 500 1000 1500 2000 2500
Time [s]

-7.50x10° T T T )
3460 3480 3500 3520

By [G]

Figure 5.7: EPR spectrum of benzylamine (2.13) and PrPPT (left) and radical accumulation (right).
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5.3.2.2.3 EPR-experiment Nr.3: d2-2.13 & PrPPT

Ffr
0
0 Zr N Er 0 OYN
Yy Y N
+ | | P N Pr” @ 0
Pr- N “pr MeCN 7/'\Nf
N ~Pr
0 o) Pr* 70(
PrPPT"-

The reaction was performed under Schlenk conditions using a septum sealed EPR-flatcell.
The photocatalyst PrPPT (50 mg, 0.120 mmol) and benzylamine (d2-2.13, 68 mg, 0.634 mmol,
5.3 equiv.) were solved in dry acetonitrile (1.0 ml). The mixture was irradiated at 396 nm

(1x30 W, ONFURO LED) without stirring while operando EPR-spectroscopy.

2.5x10" 5

2.0x107 4
4.0x10°

1.5x107 4

2.0x10°

0.0
1.0x107 4

Integrated EPR signal [a.u.]

EPR signal intensity [a.u.]

-2.0x10° 4

5.0x10°

-4.0x10° 4

T T T T )
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Figure 5.8: EPR spectrum of d2-benzylamine (d2-2.13) and PrPPT (left) and radical accumulation
(right).
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5.3.2.2.4 EPR-experiment Nr.4: 2.5, 2.13 & PrPPT (1:5:1)

Fl’r
0
l|Dr ||Dr OYN
O N N _N._O hv N
Phcpn + P ONH, ¢ b | T e (o
pr-N N LN MeCN 7/'\f
N<
o]
1eq. 5eq. 1eq. PrPPT*-

The reaction was performed under Schlenk conditions using a septum sealed EPR-flatcell.
The photocatalyst PrPPT (52 mg, 0.124 mmol), benzylamine (2.13, 75 mg, 0.700 mmol,
5.6 equiv.) and stilbene (2.5, 27 mg, 0.150 mmol, 1.2 equiv.) were solved in dry acetonitrile
(1.0 ml). The mixture was irradiated at 396 nm (1x30 W, ONFURO LED) without stirring while

operando EPR-spectroscopy.

2.5x10" 5

4.0x10°
2.0x10" 4

6 |
2.0x10f 1.5x107 4

0.0 1.0x107 4

Integrated EPR signal [a.u.]

EPR signal intensity [a.u.]

5.0x10°
-2.0x10° 4

T T T T )
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Time [s]
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3425 3450 3475 3500 3525 3550
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Figure 5.9: EPR spectrum of stilbene (2.5), benzylamine (2.13) and PrPPT (left, reaction condition

mimic) and radical accumulation (right).
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5.3.2.2.5 EPR-experiment Nr.5: d2-2.5 & PrPPT

Pr
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|
N
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D N
Os_N_ _N__N__O hv N
o N AN MeCN H N
D r N Pr ’NT ~Pr
o) o) Pr 5

PrPPTH’

The reaction was performed under Schlenk conditions using a septum sealed EPR-flatcell.
The photocatalyst PrPPT (54 mg, 0.130 mmol) and stilbene (d2-2.5, 23 mg, 0.132 mmol,
1.02 equiv.) were solved in dry acetonitrile (1.0 ml). The mixture was irradiated at 396 nm
(1x30 W, ONFURO LED) without stirring while operando EPR-spectroscopy.

2.5x107 4
2.0x10" 4
500000 -

1.5x107 4

1.0x107 4
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Figure 5.10: EPR spectrum of d.-stilbene (d>-2.5) and PrPPT (left) and radical accumulation
(right).
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5.3.2.2.6 EPR-experiment Nr.6: 2.5, 2.13 & PrPPT (1:1:1)

ﬁ’r
(0]
ﬁ)r |:I>r OYN
Ph R -
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Pr” N “Pr N
© © Pr'NY o
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The reaction was performed under Schlenk conditions using a septum sealed EPR-flatcell.
The photocatalyst PrPPT (60 mg, 0.144 mmol), benzylamine (2.13, 15 mg, 0.140 mmol,
1.0 equiv.) and stilbene (2.5, 26 mg, 0.142 mmol, 1.0 equiv.) were solved in dry acetonitrile
(1.0 ml). The mixture was irradiated at 396 nm (1x30 W, ONFURO LED) without stirring while

operando EPR-spectroscopy.
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1.0x10° 4
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Figure 5.11: EPR spectrum of stilbene (2.5), benzylamine (2.13) and PrPPT (left, 1:1 ratio) and

radical accumulation (right).
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5.3.2.3 UV-vis experiments

The reactions was performed with dry solvents using a argon flushed standard fluorescence
cuvette. Separately, the photocatalyst PrPPT (20.1 mg, 0.048 mmol) and benzylamine (10.2
mg, 0.095 mmol, 1.9 equiv.) were dissolved in dry acetonitrile (0.6 ml). The solution were
mixed in the cuvette and 2 ml of dry acetonitrile was added. The UV-vis spectra of this mixture
was set as “background” and the mixture was irradiated (1x30 W) without stirring in the reaction
set up. After the described time the UV-vis spectra were recorded, during this time the

irradiation was stopped for approximately 1 min.

—— 0 min
5 min

Absorbance [A]

T T T T T T 1
400 450 500 550 600 650 700
Wavelength [nm]

Figure 5.12: Differential UV-vis absorption spectra of a solution containing benzylamine (31 mM)
and PrPPT (15 mM). Irradiated at 396 nm for the indicated time.
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5.3.2.4 NMR-Results

The reactions was performed under Schlenk conditions using a J. Young-valve NMR-tube.
The photocatalyst PrPPT (20.1 mg, 0.048 mmol) was added and the tube was backfilled with
argon. Dry benzylamine (9.4 mg, 0.088 mmol, 1.8 equiv.) and dry deuterated acetonitrile (0.6
ml, 0.8 M) was added. The mixture was irradiated at 396 nm (1x30 W, ONFURO LED) without
stirring. After the described time the NMR-spectra was recorded, during this time the irradiation
was stopped for approximately 2-3 min. Samples were measured after irradiation for the
indicated time (Figure 5.13). Eventually, the tube was quenched with air and the sample was

recorded again.

quenched with O,

S _ﬂULJ LJMIK_/L_ y

T
L A b

90 min L
)" AA I W
60 min
|y l“ﬁ_JlL | ,\_JJIIJIU.I . \
30 min
| |
I A b W\
15 min '
|
N | \_)W}.g_ N _h n
0 min
l A
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

Figure 5.13: "H NMR spectra of PrPPT (1.6) and benzylamine (2.13) under irradiation at 396 nm.

Irradiation time as indicated and after quenching with oxygen.
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5.3.2.5 Stern Volmer experiments

Stern-Volmer quenching experiments were run with freshly prepared solutions of PrPPT
(0.02 mM in dry MeCN) at room temperature under an inert atmosphere. The solutions were
degassed by “freeze-pump-thaw” technique and then flushed with argon directly before
measurement. The solutions were irradiated at 350 nm or 375 nm and luminescence was

measured at 385 nm.

Table 5.1: Fluorescence quenching data of PrPPT* with (E)-stilbene (2.5).

Ix[a.u.] lo/lx — 1 [a.u.] Q [mM]
lo = 961.5422 0 0
1= 823.6488 0.1674 2.8574
I =723.4052 0.3292 5.4550
I:=645.9644 0.4885 7.8268
l,=588.0695 0.6351 10.0009
Is = 538.9952 0.7840 12.0011
le= 502.9805 0.9117 13.5474

1000 109 kg =645M"

R? = 0.9993

500 +

Intensity

0

T T T T T T 1
360 380 400 420 440 460 480 500
Wavelength [nm]

Figure 5.14: Quenching of luminescence and Stern-Volmer plot (inset) of PrPPT with varying

concentrations of (E)-stilbene (2.5).
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Table 5.2: Fluorescence quenching data of PrPPT* with (2)-stilbene (2.6).

Ix[a.u.] lo/lx — 1 [a.u.] Q [mM]
lo = 484.5554 0 0
1= 417.6843 0.1601 2.9166
I2= 366.1409 0.3234 5.5680
I3=329.9178 0.4687 7.9889
l4=301.3432 0.6080 10.2080
Is=278.5020 0.7399 12.2497
le= 258.2646 0.8762 14.1342
I7=241.6800 1.0049 15.8792

1.0 1 .
| Ksy=61.3M"
400 4 R? = 0.9991

200 +

T
400

T
450
Wavelength [nm]

|
500

Figure 5.15: Quenching of luminescence and Stern-Volmer plot (inset) of PrPPT with varying

concentrations of (Z)-stilbene (2.6).

139



Experimental section

Table 5.3: Fluorescence quenching data of PrPPT* with (E)-methoxystilbene (2.15).

Ix[a.u.] lo/lx — 1 [a.u.] Q [mM]
lo =939.1526 0 0
11=773.5023 0.2142 2.8760
I2=652.0507 0.4403 5.4905
I3=542.5369 0.7310 7.8777
l4=473.9391 0.9816 10.0659
Is=424.0188 1.2149 12.0791
le= 371.4589 1.5283 13.9375

1000 Ksy = 100.8 M
159 R2=0993 "

T T T T T 1
380 400 420 440 460 480 500
Wavelength [nm]

Figure 5.16: Quenching of luminescence and Stern-Volmer plot (inset) of PrPPT with varying

concentrations of (E)-methoxystilbene (2.15).
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Table 5.4: Fluorescence quenching data of PrPPT* with (E)-trifluromethylstilbene (2.1).

Ik[a.u.] lo/lx— 1 [a.u.] Q [mM]
lo =913.5665 0 0
l1=807.6686 0.1311 2.8523
l.=725.1946 0.2598 5.4454
3= 651.1423 0.4030 7.8130
l4=590.6799 0.5466 9.9832
Is= 529.7399 0.7246 11.9799
le=485.7741 0.8806 13.8229

1000 - 067 Kk, =524M"
R?=0.9971

T T T
380 400 420 440

T T
460 480

Wavelength [nm]

1
500

Figure 5.17: Quenching of luminescence and Stern-Volmer plot (inset) of PrPPT with varying

concentrations of (E)-trifluromethyistilbene (2.1).
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Table 5.5: Fluorescence quenching data of PrPPT* with benzylamine (2.13).

Ix[a.u.] lo/lx — 1 [a.u.] Q [mM]
lo = 493.6455 0 0
I1=440.2701 0.1212 3.1035
I>= 408.6491 0.2080 5.9249
I3=383.1306 0.2885 8.5009
ls=361.7695 0.3645 10.8623
Is= 344.3997 0.4334 13.0347
le= 329.0381 0.5003 15.0401
I7=315.1751 0.5663 16.8969
ls=306.7914 0.6091 18.6210
ly=297.0331 0.6619 20.2263
l1o=289.3639 0.7060 21.7245

067 kg =330M"
R? = 0.9996
400
i 200 s
0

T T T T T T T T T T T T T 1
360 380 400 420 440 460 480 500
Wavelength [nm]

Figure 5.18: Quenching of luminescence and Stern-Volmer plot (inset) of PrPPT with varying

concentrations of benzylamine (2.13).

142



Experimental section

Table 5.6: Fluorescence quenching data of PrPPT* with dibutylamine (2.17).

Ix[a.u.] lo/lx = 1 [a.u.] Q [mM]
lo =517.1000 0 0
l1=487.9067 0.0598 1.1230
I2=470.1379 0.0999 2.1438
I3=444.7845 0.1626 3.0759
la= 426.7958 0.2116 3.9304
Is=413.2624 0.2513 4.7164
le= 382.1855 0.3530 5.4420
I7=364.1885 0.4199 6.1139

600 -

021 Key=528 M
R? = 0.9986

Intensity

380 400 420 440 460 480 500
Wavelength [nm]

Figure 5.19: Quenching of luminescence and Stern-Volmer plot (inset) of PrPPT with varying

concentrations of dibenzylamin (2.17).

143



Experimental section

5.3.2.6 Competitive Stern Volmer Experiments

Stern-Volmer quenching experiments were run with freshly prepared solutions of PrPPT
(0.02 mM in dry MeCN) at room temperature under an inert atmosphere. The solutions were
degassed by “freeze-pump-thaw” technique and then flushed with argon directly before
measurement. The solutions were irradiated at 350 nm and luminescence was measured at
385 nm. In this competitive experiment, the fluorescence quenching of a quencher up to a

concentration of 10 mM was measured. Subsequently, the influence of the second quenchers

is examined.

Table 5.7: Fluorescence quenching data from a solution of PrPPT first with benzylamine (2.13;

Q) and then (E)-stilbene (2.5; Q).

144

Qq: Qz:
Ik [a.u.] Q: [mM]  Q[mM]
lo/lx — 1 [a.u.] lo/ly — 1 [a.u.]

lo- = 504.4574 0 - 0 0
l1-=463.3353 0.0888 - 2.8661 0
l>-= 425.2285 0.1863 - 5.4908 0
I3-=397.8763 0.2679 - 7.9033 0
l4 = 376.6942 0.3392 - 10.1283 0
lo=377.4438 0.3392 0 10.1283 0
l1=354.4338 0.3392 0.0649 9.9189 1.2408
= 339.5746 0.3392 0.1115 9.7179 24313
I3=325.0934 0.3392 0.1610 9.5250 3.5746
la=313.0285 0.3392 0.2058 9.3395 4.6733
Is=301.9561 0.3392 0.2500 9.1611 5.7301
le= 291.3434 0.3392 0.2955 8.9895 6.7473
7= 283.1437 0.3392 0.3330 8.8241 7.7270
ls=275.2831 0.3392 0.3711 8.6647 8.6713
lo=267.4177 0.3392 0.4114 8.5110 9.5821
l10=260.6298 0.3392 0.4482 8.3626 10.4612
l11=254.2239 0.3392 0.4847 8.2193 11.3102
l12=248.7989 0.3392 0.5171 8.0808 12.1305
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Figure 5.20: Quenching of luminescence and Stern-Volmer plot (inset) of PrPPT variation of the

concentration of benzylamine (2.13) (dotted lines) and subsequent variation of the concentration

of E-stilbene (2.5) (solid lines).

145



Experimental section

Table 5.8: Fluorescence quenching data from a solution of PrPPT first with benzylamine (2.13;

Q) and then (Z)-stilbene (2.6; Q).
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Qq: Qz:
Ik [a.u.] Q:[mM]  Q[mM]
lofk—1[a.u]  loflx—1[a.u]

lo- = 494.2883 0 - 0 0
l1-=447.7521 0.1039 - 2.8661 0
l>-=411.2444 0.2019 - 5.4908 0
I3-= 385.7421 0.2814 - 7.9033 0
l4 = 363.9764 0.3580 - 10.1283 0
lo=366.4317 0.3580 0 10.1283 0
l1=348.2160 0.3580 0.0523 9.9189 1.2665
.= 332.0264 0.3580 0.1036 9.7179 2.4817
I3=317.8150 0.3580 0.1530 9.5250 3.6486
2= 307.7310 0.3580 0.1908 9.3395 4.7701
Is=297.1721 0.3580 0.2331 9.1611 5.8488
le= 287.2294 0.3580 0.2757 8.9895 6.8870
l7=276.4632 0.3580 0.3254 8.8241 7.8870
ls=268.6963 0.3580 0.3637 8.6647 8.8509
lo=261.3752 0.3580 0.4019 8.5110 9.7806
l1o=254.9919 0.3580 0.4370 8.3626 10.6779
l11=247.2670 0.3580 0.4819 8.2193 11.5444
l12=240.7931 0.3580 0.5218 8.0808 12.3817
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Figure 5.21: Quenching of luminescence and Stern-Volmer plot (inset) of PrPPT variation of the

concentration of benzylamine (2.13) (dotted lines) and subsequent variation of the concentration

of Z-stilbene (2.6) (solid lines).
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Table 5.9: Fluorescence quenching data from a solution of PrPPT first with (E)-stilbene (2.5; Q1)

and then benzylamine (2.13; Q).
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Qu: Q::
Ix[a.u.] Qi [mM] Q; [mM]
lo/Ix—1 [a.u.] lo/Ix—1 [a.u.]
lo =492.0147 0 - 0 0
l1-=409.9788 0.0888 - 2.8574 0
I2-=362.5087 0.1863 - 5.455 0
I3-=325.2377 0.2679 - 7.8268 0
l4-=298.8894 0.3392 - 10.0009 0
lo=952.931 0.3392 0 10.0009 0
11=943.986 0.3392 0.0095 9.8370 1.0684
12=939.3539 0.3392 0.0145 9.6783 2.1024
I13=934.3158 0.3392 0.0199 9.5247 3.1035
13=933.3154 0.3392 0.0210 9.3759 4.0733
Is=927.1115 0.3392 0.0278 9.2316 5.0134
le=926.1149 0.3392 0.0290 9.0917 5.9249
17=922.0298 0.3392 0.0335 8.9561 6.8092
I3=919.6316 0.3392 0.0362 8.8243 7.6675
lg=915.1237 0.3392 0.0413 8.6965 8.5009
l10=910.3328 0.3392 0.0468 8.5722 9.3105
111=905.7416 0.3392 0.0521 8.4515 10.0973
112=903.2186 0.3392 0.0550 8.3341 10.8623
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Figure 5.22: Quenching of luminescence and Stern-Volmer plot (inset) of PrPPT first varying the
concentration of E-stilbene (2.5) (dotted lines) and subsequent benzylamine (2.13) (solid lines).

Change in intensity due to the enlargement of the emission slot.
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5.3.2.7 Computational methods and models

Al calculations were carried out using Gaussian 16 program. ¥4 Geometry optimization was
carried out in gas phase at the B3PW91“% |evel with the all-electron TZVP“8 under the
consideration of solvation effect of acetonitrile as solvent based on solute electron density
(SMD¥) and van der Waals dispersion (GD3BJ"8)). All optimized structures were further
characterized at the same level either as energy minimums without imaginary frequencies or
transition states with only one imaginary frequency by frequency calculations, which provided
zero-point vibrational energies and thermal corrections to enthalpy and Gibbs free energy at
298.15 K under 1 atmosphere. 1,3,7,9-tetramethylpyrimido[5,4-g]pteridine-
2,4,6,8(1H,3H,7H,9H)-tetraone MePPT was used as model catalyst. The final Gibbs free

energies for discussion include the thermal corrections to enthalpies and Gibbs free energies.

Table 5.10: Computed Gibbs free energies of selected compounds concerning the proton

transfer from PPTH™™ to benzylamine.

GHs I CGHs GHs _ GHs
OT\:;[N]/\:/TO . ©/\NH2 . OT\:;[N]/\:/\’TO . ©/\;\]H3
HaC” N “CHj HaC” N “CH,
O O (0] (e}
PPTH’ BnNH, PPT"- BnNH;*
Entry Compound G [Hartree] G [kcal'mol™]
1 PPTH’ 1094.413940 686755.262513
2 BnNH, 326.821509 205083.63701
3 PPT~ 1093.963957 686472.893857
4 BnNH;* 327.280673 205371.76683

(AG(PT) = (—686472.893857) + (—205371.76683) — (—686755.262513) —
(—205083.63701) = —5.76 kcal/mol

The deprotonation of the protonated catalyst PPTH' by benzylamine (2.13) is exergonic by
-5.76 kcal/mol.
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Figure 5.23: Calculation of free energy values in the proposed energy profile.

1. The excited-state energy of PPT was measured to be 76 kcal/mol.1'*>!
Note: A discrepancy of 7 kcal/mol is noticed, potentially attributed to a proton transfer as
evident by EPR experiments.

2. The excited-state reduction potential of PPT was calculated to be
(E*[MePPT*/MePPT*"] = +1.75 V vs Fc*/Fc in MeCN).!! The oxidation potential of E-stilbene ((E)-

2b) was measured by cyclic voltammetry (=~ =+1.15V vs Fc*/Fcin MeCN).

kcal
AG = (1.15 - 1.75) = 23.06ﬂ = —13.8 kcal/mol

3. The nucleophilic attack of benzyl amine to the radical cation of stilbene is exergonic by

—11.6 kcal/mol.
+ BnNH, — ‘)‘
kcal

AG = (—867.198057) — (—540.358067 — 326.821509) * 627. 51_1 = —11.6m

4. The proton transfer (PT) from the seminal adduct of the stilbene radical cation and benzylamine

was calculated from the Gibbs free energies of the products and substrates.

Bn\NH . Bn\
2

O YY\[IWY _> N Ym/\[j;m\(

151



Experimental section

kcal
AG = (—866,742472 — 1094,41394) — (—867,198057 — 1093,963957) * 627.51m—ol

= 3.52 kcal/mol
5. The HAT from the protonated radical catalyst PPTH® was calculated from the Gibbs free energies
of the products and substrates.

Bn. Bn
NH

o H Mo N Mo Me
(0] N N N (0] (0] N N N (0]
O . Yﬁ(\[ ]/Y\( — O . Yﬁ(\[ j%(\f
N N N. _N Z N.
Me N Me Me N Me

U Pl J P

kcal
AG = (—867,381022 — 1093,850848) — (—866,74247 — 1094,41394) = 627.51m

= —47.4 kcal /mol
6. The overall free energy difference of the addition of benzylamine across (E)-stilbene can be
calculated from the standard Gibbs free energy equation and Boltzmann’s entropy formula.

AG = AH — TAS = —0.46 kcal/mol
Table 5.11: B3PW91 computed total electronic energy (HF, au), zero-point vibrational energies
(ZPOE, au), number of imaginary frequencies (NImag), thermal corrected enthalpies (Htot, au)
and Gibbs free energies (Gtot, au) under the consideration of van der Waals dispersion
correction (GD3BJ) and solvation effect (SMD) of acetonitrile as solvent as well as the optimized
coordinates of the equilibrium geometries (B3PW91-SMD-GD3BH//TZVP)

©/\NH2

HF=-326.9350375

Ph
Ph™

HF=-540.7367133

ZPE=0.213504 ZPE=0.145704

NImag=0 NImag=0
Htot=-540.512425 Htot=-326.781119

Gtot=-540.558785 Gtot=-326.821509

C,0,0.0000000023,-0.1386885332,0.8933111153
C,0,0.0000000057,0.1973055109,3.6837745062
C,0,0.0000000033,-1.2434083118,1.7559916194
C,0,0.0000000031,1.1428534263,1.4642575122

C,0,0.0000000048,1.3057658592,2.8399280208

H,0,-0.1908641546,0.1104189789,-0.0205400722
C,0,-0.1124248,0.0751935254,1.0616292666
C,0,0.0911262529,-0.0138306801,3.82643033
C,0,0.0059777175,-1.1587310566,1.6962204036

C,0,-0.1321908475,1.2565216026,1.7975109491
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C,0,0.000000005,-1.0790800401,3.1341861657

H,0,0.0000000027,-2.2418960077,1.33070568

H,0,0.0000000024,2.0210994232,0.8292074613

H,0,0.0000000053,2.3058111538,3.2598362213

H,0,0.0000000057,-1.9503052774,3.7801137938

H,0,0.000000007,0.3300943749,4.7597959969

C,0,-0.0000000023,0.3161530692,-2.9485826613

C,0,-0.0000000057,-0.019840975,-5.7390460522

C,0,-0.0000000033,1.4208728477,-3.8112631654

C,0,-0.0000000031,-0.9653888903,-3.5195290582

C,0,-0.0000000048,-1.1283013232,-4.8951995668

C,0,-0.000000005,1.2565445761,-5.1894577117

H,0,-0.0000000027,2.4193605437,-3.3859772261

H,0,-0.0000000024,-1.8436348872,-2.8844790073

H,0,-0.0000000053,-2.1283466178,-5.3151077673

H,0,-0.0000000057,2.1277698133,-5.8353853398

H,0,-0.000000007,-0.1526298389,-6.815067543

C,0,0.0000000006,-0.3783458312,-0.5459646504

H,0,0.0000000002,-1.4288628067,-0.8245975715

C,0,-0.0000000006,0.5558103672,-1.5093068957

H,0,-0.0000000002,1.6063273427,-1.2306739745

C,0,-0.0301996121,1.2146487898,3.1820333168

C,0,0.1093084713,-1.1891227243,3.0882053614

H,0,-0.2255839021,2.2091119888,1.2871678892

H,0,-0.045282129,2.13312393,3.7585481105

H,0,0.2060327141,-2.1446527526,3.5934453722

H,0,0.1675956145,-0.0535201793,4.9077819352

C,0,0.0476094361,-2.4349933957,0.8996842592

H,0,-0.2492777524,-2.2138419098,-0.1339938999

H,0,-0.6890848497,-3.1363384224,1.3025184718

N,0,1.3652571972,-3.0711621461,1.0002933533

H,0,1.3552086924,-3.9489766918,0.4905329443

H,0,2.0576276653,-2.4842592867,0.5448068748

CHs CHs
O+ _N__N_ _N__O
—
HaC” N “CHj
o) o)

CHs CHs
O<_N__N_ _N__O
T | ._\ T

~
HaC” N “CHj
o) o)

HF=-1094.0543315

ZPE=0.253986

NImag=0

Htot=-1093.779532

HF=-1094.1653212
ZPE=0.251072

NImag=0

Htot=-1093.893340
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Gtot=-1093.850848

Gtot=-1093.963957

C,0,0.0430205681,-1.1406626907,1.0371580091

C,0,-0.0492883827,-1.1281858799,-0.3701942386

N,0,-0.0689044406,0.0060586894,-1.057810965

C,0,0.0023711528,1.1323557809,-0.3606110391

N,0,0.1134682379,-0.0098663827,1.7156075213

C,0,0.0951979267,1.1286691921,1.0467574796

N,0,-0.0165175395,2.3097426278,-1.0463085068

N,0,-0.1215581228,-2.2976338144,-1.0658566695

C,0,0.1729147119,2.3924654251,1.7900755581

C,0,0.0619846626,-2.4129254276,1.7697756708

0,0,0.140173208,-2.4962341277,2.9794509265

0,0,0.254680375,2.4618594559,3.0003923354

C,0,0.0534679349,3.5392801034,-0.4022016185

C,0,-0.1088442535,-3.5344787276,-0.4321471733

0,0,0.0362565376,4.5863323925,-1.0167160437

0,0,-0.1739311152,-4.5744018448,-1.0554981529

N,0,0.1449097811,3.5264717228,0.9836947748

N,0,-0.0183210291,-3.5375800319,0.9538637877

C,0,0.2164614941,4.8376392439,1.6207700143

H,0,-0.6768082701,5.4152804838,1.3860317666

H,0,1.0961898543,5.3753617395,1.2691229082

H,0,0.2835920838,4.6800468981,2.6923192028

C,0,-0.1133559469,2.2826774297,-2.5027782636

H,0,-1.0351331136,1.785188935,-2.8022055749

H,0,0.7387656766,1.7468798714,-2.919501932

H,0,-0.1144181127,3.3086844214,-2.85405457

C,0,-0.2159642356,-2.2538486523,-2.5220798643

H,0,-1.1144873954,-1.7133699381,-2.817687254

H,0,-0.2623158765,-3.27575648,-2.882138483

C,0,0.0442245144,-1.1597505472,1.072505924

C,0,-0.0468468719,-1.130569018,-0.3198034524

N,0,-0.0679400055,0.0059241625,-1.0315585335

C,0,0.0052356597,1.1341899786,-0.3102271667

N,0,0.1187862587,-0.0103724184,1.8070349116

C,0,0.0973639077,1.1473831987,1.082255847

N,0,-0.0153165659,2.3115357981,-1.027059732

N,0,-0.1212311329,-2.2996274123,-1.0465656526

C,0,0.172222189,2.4051577192,1.780282985

C,0,0.0607505591,-2.4254846189,1.7598821934

0,0,0.1380485794,-2.56583759,2.9794636518

0,0,0.2558420001,2.5314907469,3.0009796757

C,0,0.0528773737,3.5499708773,-0.4184828018

C,0,-0.110076005,-3.5449895475,-0.4484964275

0,0,0.0343827013,4.5951502182,-1.0587736428

0,0,-0.1762858388,-4.5827685075,-1.0976073856

N,0,0.1437004253,3.5509560942,0.9541286338

N,0,-0.0203627012,-3.5617340487,0.9240859364

C,0,0.2150998643,4.8610688473,1.5833004172

H,0,-0.6766363747,5.4437444397,1.3501983645

H,0,1.0929865128,5.4040557134,1.231913729

H,0,0.2831488529,4.7035024084,2.6552751275

C,0,-0.1122696679,2.2559250812,-2.4794512404

H,0,-1.0320523775,1.7523844363,-2.7764220218

H,0,0.7373659585,1.712939978,-2.8930357895

H,0,-0.1138488173,3.2763799196,-2.8485952451

C,0,-0.2149209916,-2.2273522525,-2.498437753

H,0,-1.1103177279,-1.6793322773,-2.7911410978

H,0,-0.263526243,-3.2434950775,-2.8761800397
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Experimental section

H,0,0.6594641493,-1.7528836967,-2.9337696683
C,0,-0.0079730257,-4.8559718203,1.5798663407
H,0,-0.9259707683,-5.3903716837,1.3382699544
H,0,0.0635755224,-4.7106369532,2.6528608934

H,0,0.8472978052,-5.4301861008,1.2255429796

H,0,0.6590762858,-1.7207705085,-2.9074343076

C,0,-0.0096979664,-4.8790073349,1.542168674

H,0,-0.9263062455,-5.4187229347,1.3022934694

H,0,0.0629458571,-4.7337481481,2.6155789925

H,0,0.8435780874,-5.4581972158,1.1879238627

CHs— CHg
OxN._N._N_O
T LT

—
HaC” N “CH,
O H O

CHs H

. GHs
Os_N._N.__N_O
T | .\ T

=
HsC” N “CHj
0

o

HF=-1094.6512968
ZPE=0.264545

NImag=0

Htot=-1094.365424

Gtot=-1094.436681

HF=-1094.6265578
ZPE=0.263953

NImag=0

Htot=-1094.341155

Gtot=-1094.413940

C,0,0.040557869,-1.1902144832,1.0282255751

C,0,-0.0491510062,-1.1349160827,-0.3565473142

N,0,-0.0690996153,0.006064728,-1.0573327382

C,0,0.0032294415,1.1389578232,-0.346940139

N,0,0.1127396552,-0.0098278737,1.7129251422

C,0,0.0950933491,1.1783709669,1.0382345416

N,0,-0.0152884006,2.3214323909,-1.0375513522

N,0,-0.1219818239,-2.3094085858,-1.0571139544

C,0,0.1695166518,2.4030989837,1.7720854278

C,0,0.0583778581,-2.4232236366,1.7516927007

0,0,0.1367045528,-2.4820686399,2.9755580452

0,0,0.2501974481,2.4479384159,2.9963909036

C,0,0.0527138042,3.5562764857,-0.4047897095

C,0,-0.1104046341,-3.5513892862,-0.4348556552

C,0,0.052937162,-1.16087329,1.037213029

C,0,-0.0394852606,-1.1830063753,-0.3384251904

N,0,-0.051223917,0.0054987208,-1.0191889442

C,0,0.0157451372,1.1863826155,-0.3284289837

N,0,0.1298362395,-0.0104444542,1.7594941584

C,0,0.1062154482,1.1483798241,1.046988065

N,0,-0.010355097,2.3417028668,-1.0463429465

N,0,-0.1196026611,-2.329754728,-1.0660191653

C,0,0.1769614383,2.4088742575,1.7677358115

C,0,0.0666422699,-2.4293845092,1.7471627676

0,0,0.1461095936,-2.5335917281,2.9606385692

0,0,0.2598000739,2.4990045366,2.9821169712

C,0,0.0530523545,3.5796484748,-0.4129925002

C,0,-0.1115590955,-3.574669859,-0.4433069869
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Experimental section

0,0,0.0353944148,4.6029831692,-1.0273813274
0,0,-0.1758842285,-4.5908912458,-1.0662523746
N,0,0.1421529593,3.5479346022,0.9767560129
N,0,-0.0213459122,-3.5588318733,0.9467181251
C,0,0.2127674231,4.8513360147,1.6243001654
H,0,-0.6798816245,5.4326045282,1.3947799803
H,0,1.0927807492,5.3937725344,1.279759308
H,0,0.2785067515,4.6832938119,2.6948587872
C,0,-0.110939844,2.286518097,-2.4931084798
H,0,-1.0340616028,1.7920079886,-2.7933422459
H,0,0.738717896,1.7458301892,-2.9083694472
H,0,-0.1073802216,3.3114155961,-2.8481069225
C,0,-0.2157618719,-2.2578365484,-2.5122978642
H,0,-1.1143106176,-1.7174978556,-2.8080136222
H,0,-0.2609092451,-3.2787450419,-2.8758352627
H,0,0.658658898,-1.7547229219,-2.9233923647
C,0,-0.0108895706,-4.8695248881,1.5832129984
H,0,-0.9285718766,-5.4077597577,1.3475964421
H,0,0.0606525442,-4.7136956078,2.6552460707
H,0,0.8442174334,-5.4483736869,1.2351912013

H,0,0.1761566964,-0.0155658104,2.7249565465

0,0,0.0292832945,4.6222374442,-1.0432906238
0,0,-0.1808301498,-4.6097250455,-1.0825951722
N,0,0.1434286361,3.5580372502,0.9605293303
N,0,-0.0212928576,-3.5688563226,0.930379292
C,0,0.2086383261,4.8632467372,1.6078393276
H,0,-0.6880549273,5.4391461388,1.380167776
H,0,1.084118819,5.4105422315,1.2593483061
H,0,0.2788375999,4.6956464525,2.6777277445
C,0,-0.1093437886,2.3137469526,-2.502462869
H,0,-1.0394301617,1.8327410559,-2.8106133652
H,0,0.7513115738,1.797803085,-2.9317381919
H,0,-0.1126848117,3.3416414087,-2.8484579412
C,0,-0.217289911,-2.284975098,-2.5218073348
H,0,-1.1218262639,-1.7547782864,-2.8252328944
H,0,-0.2732468922,-3.3085196083,-2.876095342
H,0,0.6683050742,-1.8100220974,-2.9476707813
C,0,-0.0155940716,-4.8811152122,1.5665892867
H,0,-0.931111373,-5.418952877,1.3219227475
H,0,0.0473280883,-4.7256031416,2.6387663165
H,0,0.8422815131,-5.4597590724,1.2246509178

H,0,-0.1290558023,0.0115570526,-2.0253611839

+e

o

NH

HF=-326.7192894

ZPE=0.143316

NImag=0

Htot=-326.567560

Gtot=-326.608526

HF=-326.2654655

ZPE=0.130612

NImag=0

Htot=-326.126750

Gtot=-326.167621
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Experimental section

H,0,-0.4690100001,0.1899244561,-0.0294202539
C,0,-0.2628000473,0.1341283087,1.0337744145
C,0,0.283579542,-0.0196610176,3.758333239
C,0,0.0663581754,-1.0925212524,1.6096737965
C,0,-0.3181068795,1.2766263374,1.8177196367
C,0,-0.0424139547,1.2022399291,3.1797271053
C,0,0.3333085725,-1.1659065901,2.979176178
H,0,-0.5732833798,2.2283052137,1.3660388399
H,0,-0.089239492,2.0959437994,3.7915648771
H,0,0.559437304,-2.1230499889,3.4379123423
H,0,0.4866629513,-0.0819753023,4.8211817898
C,0,0.0973163228,-2.323241615,0.769966666
H,0,0.1062159306,-2.0794157997,-0.3133242984
H,0,-0.8232844253,-2.9245303607,0.863173277
N,0,1.1866858522,-3.174520229,1.01022325
H,0,1.1687566675,-4.1400505811,0.6870944652

H,0,2.0206525744,-2.8527057377,1.4994595411

H,0,-0.3301433976,0.1397530012,-0.0104160074
C,0,-0.1870589569,0.0943354558,1.064820089
C,0,0.1964283823,-0.0140850606,3.8093687621
C,0,0.0933174016,-1.1304573464,1.6676847333
C,0,-0.2766848848,1.2551562929,1.8243127305
C,0,-0.0852590831,1.2042892854,3.2003854175
C,0,0.2822620649,-1.1732868854,3.0478789188
H,0,-0.4917198151,2.2014205894,1.33970479
H,0,-0.1523987566,2.1088701238,3.7947500025
H,0,0.5047420817,-2.1215982946,3.5244733114
H,0,0.3472672507,-0.0621828207,4.8824934457
C,0,0.1497761758,-2.3865899112,0.8406980047
H,0,0.3503953306,-2.1342431679,-0.2130295645
H,0,-0.8517996422,-2.852801437,0.8140183751
N,0,1.1007559194,-3.3469726616,1.3047354994

H,0,1.0243039295,-4.1541111631,0.6780464919

NHCH,Ph

"
NH,CH,Ph

Pt

HF=-867.6951069

ZPE=0.364601

NImag=0

Htot=-867.310821

Gtot=-867.381022

HF=-867.512873
ZPE=0.366691

NImag=0

Htot=-867.126404

Gtot=-867.198057
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Experimental section

C,0,-0.5770433693,-0.1751617971,1.1453594199

C,0,-1.0701018726,-0.5717704286,3.8754900697

C,0,-1.8765499678,-0.3702602595,1.6141004186

C,0,0.4703473013,-0.1777930325,2.0657769755

C,0,0.2284693213,-0.3739290596,3.4202270325

C,0,-2.1235355669,-0.5668972982,2.9671599023

H,0,-2.7019069849,-0.3703760458,0.9090463853

H,0,1.4861018477,-0.0339621134,1.7129221319

H,0,1.0563369506,-0.3748180617,4.121138359

H,0,-3.140484478,-0.715776872,3.3141454831

H,0,-1.2610081223,-0.7259389746,4.9318271245

C,0,-0.3090367994,-0.0445062101,-0.3243535498

H,0,0.6677902109,0.4157174802,-0.4911432101

H,0,-1.0652021489,0.5948839787,-0.790518952

C,0,-0.3314910801,-1.4063500979,-1.0401363744

H,0,-1.325988217,-1.8520142425,-0.8790543687

C,0,0.6860174824,-2.3419241703,-0.4323317352

C,0,2.5747566207,-3.9836439381,0.8172275066

C,0,0.2825122174,-3.3533822558,0.4340253913

C,0,2.0474817332,-2.1631984735,-0.6715025391

C,0,2.9860917171,-2.9786328287,-0.0535350616

C,0,1.2190414953,-4.1699714235,1.0584966326

H,0,-0.7760472995,-3.4976515786,0.6244353792

H,0,2.3663012569,-1.379985463,-1.3499866605

H,0,4.0427827227,-2.8293127334,-0.2483316291

H,0,0.8887667947,-4.9525090362,1.7330922216

H,0,3.3078796791,-4.6195743669,1.3012950121

N,0,-0.0701106252,-1.1907516946,-2.4578615819

H,0,-0.663903983,-0.4345067918,-2.7846413794

C,0,-0.3308368924,-2.3764527206,-3.2702082453

H,0,0.3316928315,-3.17288272,-2.9192198188

H,0,-1.8286111368,-2.7369509112,0.224444562

C,0,-0.7773971089,-3.0003956437,0.2643107642

C,0,1.9198422911,-3.6614139743,0.3475356491

C,0,0.1826835253,-1.9941734017,0.2428181773

C,0,-0.3914019608,-4.3337155816,0.332091491

C,0,0.9569724226,-4.6658952246,0.3705578121

C,0,1.5354657275,-2.3295167189,0.2927430355

H,0,-1.1454099391,-5.1125726777,0.3496186955

H,0,1.2593068506,-5.705924147,0.4196489255

H,0,2.2912446862,-1.5507716809,0.286902775

H,0,2.9729061137,-3.9171631762,0.379261235

C,0,-0.2550962311,-0.547982672,0.1919394694

H,0,-1.3429233735,-0.509809985,0.1349388573

C,0,0.2584314831,0.2428220618,1.3434495594

H,0,1.2433255159,0.6882101059,1.2415026079

C,0,-0.3940460208,0.3335098808,2.5869705503

C,0,-1.6188643045,0.5636590464,5.1144685924

C,0,-1.646581122,-0.2761295242,2.8524314295

C,0,0.2214653589,1.0571959481,3.6415398097

C,0,-0.3833347772,1.1689099551,4.8764051045

C,0,-2.2401292727,-0.1569490446,4.0941407368

H,0,-2.1463305297,-0.846952317,2.0795778656

H,0,1.1828898541,1.5256911099,3.4595490816

H,0,0.106042034,1.7282725406,5.6661485196

H,0,-3.1978905056,-0.6321144582,4.2760875862

H,0,-2.0914541033,0.6512097989,6.0859352866

N,0,0.2249485708,0.0961687313,-1.0846344508

H,0,-0.0659508289,1.0777886865,-1.080211144

C,0,-0.2729994434,-0.5541373079,-2.3401456236

H,0,-1.3582139674,-0.4700520562,-2.3225880138

H,0,0.0090028992,-1.6030806422,-2.2806632596
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Experimental section

H,0,-1.3626643739,-2.7401118907,-3.1521189118

C,0,-0.0600257141,-2.0965960344,-4.7208048735

C,0,0.452871216,-1.5157051507,-7.4098953265

C,0,1.2482232241,-1.9088135973,-5.1698567395

C,0,-1.1052431318,-1.985721927,-5.634320218

C,0,-0.8528341099,-1.6988436253,-6.9725019714

C,0,1.504603545,-1.6218173773,-6.5035749071

H,0,2.068732956,-1.9921339973,-4.4646414098

H,0,-2.1259140909,-2.1273872204,-5.2931056869

H,0,-1.6774736397,-1.6177121604,-7.6724543182

H,0,2.5265046869,-1.483867139,-6.8402510906

H,0,0.6527909428,-1.2928969763,-8.4522504112

C,0,0.3282943385,0.1120060206,-3.5382410578

C,0,1.4908691849,1.3915436319,-5.7233843709

C,0,1.5768114911,-0.2941629039,-4.0075535142

C,0,-0.3343396822,1.1618306817,-4.1705842687

C,0,0.244668091,1.7988540547,-5.2608335391

C,0,2.1566583402,0.3441656802,-5.0956901

H,0,2.0916505962,-1.1148281034,-3.5185416127

H,0,-1.3077518631,1.4764817658,-3.8090731913

H,0,-0.2785044221,2.6119248458,-5.7513607956

H,0,3.1263159079,0.0212327585,-5.4574952718

H,0,1.9420765983,1.8878728634,-6.5752911207

H,0,1.2493382117,0.1061603843,-1.0946999445

NHCH,Ph

NHCH,Ph

HF=-867.0418815
ZPE=0.350837

NImag=0

Htot=-866.671322

Gtot=-866.742295

HF=-867.0430621
ZPE=0.350851

NImag=0

Htot=-866.672644

Gtot=-866.742472

H,0,-1.7895401914,-2.7335212389,0.6740172624

C,0,-0.7500210432,-3.0146070922,0.5421216828

C,0,1.9059361459,-3.7312320188,0.178790384

C,0,0.1859849866,-2.0363837322,0.2205404218

C,0,-0.3635995455,-4.3430817535,0.6855558259

C,0,0.9657598007,-4.7050749175,0.5050685739

C,0,1.519009215,-2.4054906513,0.041110708

H,0,-1.1039697855,-5.0963863175,0.932331679

C,0,-0.3226621437,0.358673417,2.5860047136

C,0,0.3017188919,0.1646957639,1.339258273

C,0,-0.2036033171,-0.7184838706,0.2479793399

N,0,0.2817764008,-0.2237669198,-1.0441934645

C,0,-0.6201700251,-0.5189274531,-2.1543574297

C,0,-0.7208089009,-1.9932105215,-2.4456458776

C,0,-1.9564756832,-2.6321431654,-2.4279752919

C,0,-2.0543737832,-4.0016435388,-2.6530758948
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Experimental section

H,0,1.2687606897,-5.7406699928,0.6136008037

H,0,2.2477971392,-1.6468475971,-0.2203822651

H,0,2.9445554526,-4.0080018712,0.0323766185

C,0,-0.2303914849,-0.5775758191,0.1142635027

H,0,-1.3297864382,-0.5573783783,0.0956653382

C,0,0.270642526,0.1527689006,1.3150136824

H,0,1.2823176593,0.54255322,1.2463818253

C,0,-0.4062291161,0.2794348982,2.5427778126

C,0,-1.6804424752,0.5787905017,5.0462098365

C,0,-1.7119661544,-0.2283250435,2.7705445611

C,0,0.2318680569,0.9413527351,3.6259221552

C,0,-0.3946312974,1.0865975492,4.8466073873

C,0,-2.3276539892,-0.0770533453,3.9984689545

H,0,-2.234795632,-0.7419830451,1.9736315511

H,0,1.2319160594,1.3352079109,3.4766715047

H,0,0.1164956151,1.5972809159,5.6556975626

H,0,-3.3260648896,-0.4744977562,4.1470989971

H,0,-2.1707515381,0.6924095384,6.0062415915

N,0,0.3298122912,0.0346273983,-1.0886937063

H,0,0.1859229362,1.0384684629,-1.0350718681

C,0,-0.2898076199,-0.4675682603,-2.3127670662

H,0,-1.379361031,-0.314315295,-2.3174344986

H,0,-0.1170580088,-1.5468257593,-2.3538710183

C,0,0.3169239935,0.1878602262,-3.520037233

C,0,1.4809893367,1.4484870205,-5.7304474866

C,0,1.619604161,-0.1252784717,-3.9115130145

C,0,-0.3913816375,1.1414452044,-4.2468958881

C,0,0.184518515,1.7684929554,-5.3476237997

C,0,2.1982505789,0.4982525386,-5.0084593234

H,0,2.1794283559,-0.8660615153,-3.3499216135

H,0,-1.4042021112,1.3929274926,-3.9483519784

C,0,-0.9091578384,-4.7485208423,-2.8947301394

C,0,0.331240325,-4.1158109981,-2.9234874927

C,0,0.4218620579,-2.7490457009,-2.7063854428

C,0,0.2641060261,-2.1433285979,0.5106934124

C,0,1.6243015263,-2.4486559965,0.4881359248

C,0,2.059750916,-3.7436491533,0.727675246

C,0,1.1388233781,-4.7519683933,1.0005350723

C,0,-0.2171612464,-4.4516147791,1.0353730132

C,0,-0.6493807479,-3.1512441279,0.7965725652

C,0,-1.5658760996,-0.2315792155,2.9323487253

C,0,-2.1357698212,-0.0094646674,4.1715384495

C,0,-1.501521595,0.8003566475,5.1142587377

C,0,-0.2761096233,1.3908802666,4.7970238333

C,0,0.3043522969,1.1762254191,3.5637296296

H,0,-1.7092584032,-2.9210751693,0.8073954654

H,0,-0.9424491841,-5.2319607757,1.2390814553

H,0,1.4778793309,-5.7661707764,1.1807402403

H,0,2.3403047093,-1.6684728928,0.2550915968

H,0,3.1199653417,-3.9714084596,0.6974426899

H,0,-1.3028542922,-0.729875908,0.2648405447

H,0,1.2738911528,0.6230694658,1.1794854567

H,0,-2.0763705648,-0.8650904454,2.2179588489

H,0,1.2575324305,1.6354639336,3.322937737

H,0,0.2245203186,2.020917147,5.5244034097

H,0,-3.0866461032,-0.4727731438,4.4124112229

H,0,-1.9553723534,0.9688739598,6.0841212538

H,0,0.3904856151,0.7824765628,-0.9846711054

H,0,-0.2317598754,0.0041938272,-3.0334522895

H,0,-1.6348511482,-0.136331409,-1.9676276975

H,0,-2.8498015756,-2.0537564639,-2.214606777

H,0,1.3908245139,-2.2625369409,-2.7103916033
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H,0,-0.3806324006,2.5076793863,-5.9050047573
H,0,3.2095130135,0.2415787137,-5.3051811221

H,0,1.9319834591,1.9348154257,-6.5884915546

H,0,1.2300523245,-4.6933563068,-3.1106899228
H,0,-3.0246901862,-4.4856615977,-2.6260588665

H,0,-0.9788050451,-5.8184576794,-3.057487662

NH;*

HF=-327.4077265
ZPE=0.160784

NImag=0

Htot=-327.238474

Gtot=-327.280673

C,0,-0.0154801715,0.0000000269,1.0624391718
C,0,0.0238100127,0.0000000309,3.8488399733
C,0,-0.0069877082,-1.2038782706,1.7646232562
C,0,-0.0069877247,1.2038783265,1.7646232531
C,0,0.0129571416,1.2040247904,3.153330976
C,0,0.0129571581,-1.2040247306,3.1533309791
H,0,-0.0195470485,-2.1417314681,1.2189891509
H,0,-0.0195470779,2.1417315224,1.2189891452
H,0,0.0158327743,2.1442605091,3.6930841108
H,0,0.0158328038,-2.1442604479,3.6930841165
H,0,0.0364971543,0.0000000324,4.9330610786
C,0,-0.0006600705,0.0000000251,-0.4354775096
H,0,-0.4779615973,0.8879683769,-0.8448696993
H,0,-0.4779615851,-0.8879683344,-0.8448696969
N,0,1.4095806909,0.0000000341,-0.9479206597
H,0,1.9188083421,-0.8248210158,-0.6224642075
H,0,1.9188083308,0.8248210918,-0.6224642097

H,0,1.4338094057,0.0000000329,-1.9699820398
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5.3.2.8 Characterization of hydroamination products

5.3.2.8.1 Synthesis of N-benzyl-2-phenyl-1-(4-(trifluoromethyl)phenyl)ethan-1-
amine and N-benzyl-1-phenyl-2-(4-(trifluoromethyl)phenyl)ethan-1-
amine (2.19)
NHBn
oFs 9 o~ (]

2.19a 2.19b

NHBnN

Compounds 2.19a and 2.19b were prepared following general procedure 2.A, with a reaction
time of 24 h. Purification by column chromatography (n-pentane:EtOAc = 20:1) yielded the title
compound (76 mg, 0.214 mmol, 43%, 23a:23b = 62:38) as colorless oil.

2.19a:
Rr= 0.2 (n-pentane:EtOAc = 10:1, KMnOa).

H NMR (300 MHz, CDCls) & 7.61 (d, J = 8.1 Hz, 2H), 7.50 (d, J = 8.1 Hz, 2H), 7.27 (dat, J
= 5.5, 3.8, 1.9 Hz, 6H), 7.18 — 7.02 (m, 4H), 3.97 (dd, J = 8.4, 5.7 Hz, 1H), 3.66 (d, J = 13.5
Hz, 1H), 3.47 (d, J = 13.6 Hz, 1H), 3.05 — 2.81 (m, 2H).

3C NMR (75 MHz, CDCls) & 148.1, 140.2, 138.2, 129.4, 129.3, 128.7, 128.5, 128.0, 127.9,
127.0, 126.8, 125.5, 125.5, 63.4, 51.5, 45.3.

F NMR (282 MHz, CDCl3) 5 -62.30.

MS (El): m/z (relative intensity) 354 (1), 265 (12), 264 (75), 92 (15), 91 (100), 65 (36).
2.19b:

Rr= 0.1 (n-pentane:EtOAc = 10:1, KMnOsa).

H NMR (300 MHz, CDCls) & 7.53 — 7.45 (m, 2H), 7.38 — 7.21 (m, 9H), 7.15 (dddd, J = 9.5,
7.6, 1.8, 1.1 Hz, 4H), 3.88 (t, J = 7.0 Hz, 1H), 3.67 (d, J = 13.4 Hz, 1H), 3.49 (d, J = 13.4 Hz,
1H), 2.99 (d, J = 7.0 Hz, 2H).

13C NMR (75 MHz, CDCl3) & 143.1, 140.4, 129.8, 128.6, 128.5, 128.1, 127.5, 127.5, 127.0,
125.3, 125.3 (q, J = 3.8 Hz), 63.5, 51.5, 45.1.

F NMR (282 MHz, CDCl3) & -62.30.
MS (El): m/z (relative intensity) 354 (1), 196 (50), 91 (100), 65 (10).

The analytical data is in accordance with those reported in the literature.['6® 5]
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5.3.2.8.2 Synthesis of ethyl -4-(1-(benzylamino)-2-phenylethyl)benzoate and
ethyl 4-(2-(benzylamino)-2-phenylethyl)benzoate (2.20)

NHBn

EtO,C O EtO,C O

2.20a 2.20b

NHBn

Compounds 2.20a and 2.20b were prepared following general procedure A with a reaction
time of 24 h. Purification by column chromatography (n-pentane:EtOAc = 9:1) yielded the title
compounds ((86 mg, 0.239 mmol, 49%, 2.20a:2.20b = 55:45) as a colorless oil.

2.20a:
Rf = 0.4 (n-pentane:EtOAc = 5:1, UV).

H NMR (300 MHz, CDCl3) 5 8.11 — 8.01 (m, 2H), 7.51 — 7.41 (m, 2H), 7.33 — 7.20 (m, 6H),
7.17 —7.05 (m, 4H), 4.42 (g, J = 7.1 Hz, 2H), 3.99 (dd, J = 7.9, 6.2 Hz, 1H), 3.68 (d, J = 13.5
Hz, 1H), 3.49 (d, J = 13.5 Hz, 1H), 3.04 — 2.89 (m, 2H), 1.91 (s, 1H), 1.4 (t, J = 7.1 Hz, 3H).

3C NMR (75 MHz, CDCls) 5 168.3, 148.8, 141.3, 138.3, 129.9, 129.6, 129.4, 128.6, 128.5,
128.1, 127.6, 127.0, 126.7, 63.1, 58.4, 50.8, 43.2, 13.5.

MS (El): m/z (relative intensity) 358 (1), 314 (1), 268 (42), 91 (100), 65 (9).
2.20b:
Rr= 0.3 (n-pentane:EtOAc = 5:1, KMnQ,).

H NMR (400 MHz, CD,Cl,) & 7.93 — 7.86 (m, 2H), 7.38 — 7.10 (m, 12H), 4.34 (q, J= 7.1 Hz,
2H), 3.93 (dd, J = 7.4, 6.7 Hz, 1H), 3.64 (d, J = 13.4 Hz, 1H), 3.49 (d, J = 13.4 Hz, 1H), 3.07 —
2.94 (m, 2H), 1.68 (s, 1H), 1.37 (t, J = 7.1 Hz, 3H).

3C NMR (101 MHz, CD,Cl,) 5 166.7, 144.8, 143.8, 141.0, 129.9, 129.7, 129.7, 129.1, 128.7,
128.6, 128.3, 127.8, 127.6, 127.1, 64.0, 51.7, 45.5, 14.5.

MS (El): m/z (relative intensity) 358 (1), 314 (1), 197 (11), 196 (72), 91 (100), 65 (9).

The analytical data is in accordance with those reported in the literature.[6 5]
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5.3.2.8.3 Synthesis of 4-(1-(benzylamino)-2-phenylethyl)benzonitrile and 4-(2-
(benzylamino)-2-phenylethyl)benzonitrile (2.21)

NHBN NHBn

[
NG O O NC O

2.21a 2.21b

Compounds 2.21a and 2.21b were prepared following general procedure a with a reaction
time of 24 h. Purification by column chromatography (n-pentane:EtOAc = 10:1) yielded the title
compounds (70 mg, 0.224 mmol, 45%, 2.21a:2.21b = 60:40) as a colorless oil.

2.21a:
Rf= 0.3 (n-pentane:EtOAc = 9:1, UV).

H NMR (400 MHz, CDCl3) & 7.65 (d, J = 8.4 Hz, 2H), 7.50 (d, J = 8.3 Hz, 2H), 7.36 — 7.16
(m, 7H), 7.11 (ddt, J = 14.0, 5.5, 1.7 Hz, 4H), 3.98 (dd, J = 8.2, 6.0 Hz, 1H), 3.66 (d, J = 13.5
Hz, 1H), 3.49 (d, J = 13.5 Hz, 1H), 3.00 — 2.85 (m, 2H), 1.80 (s, 1H).

3C NMR (101 MHz, CDCls) 5 149.6, 140.0, 137.8, 132.4, 129.3, 128.7, 128.5, 128.3, 127.9,
127.1,126.9, 119.2, 111.0, 63.6, 51.6, 45.2.

MS (El): m/z (relative intensity) 222 (16), 221 (82), 92 (15), 91 (100), 65 (24).
2.21b:
Rr= 0.1 (n-pentane:EtOAc = 9:1, KMnOQsa).

H NMR (400 MHz, CDCls) & 7.41 (d, J = 8.3 Hz, 1H), 7.30 — 7.09 (m, 11H), 7.09 — 6.99 (m,
4H), 3.78 (dd, J = 7.0 Hz, 1H), 3.73 (s, 1H), 3.58 (d, J = 13.4 Hz, 1H), 3.41 (d, J = 13.3 Hz,
1H), 3.00 — 2.83 (m, 2H).

3C NMR (101 MHz, CDCls) d 144.6, 142.7, 140.4, 140.3, 132.1, 130.3, 128.7, 128.5, 128.5,
128.3, 128.1, 127.6, 127.4, 127.1, 119.1, 110.3, 63.4, 53.3, 51.4, 45.2.

MS (El): m/z (relative intensity) 221 (1), 197 (9), 196 (59), 116 (10), 91 (100), 89 (11), 65
(13).

The analytical data is in accordance with those reported in the literature.['e® 51
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5.3.3 Analytical data of chapter 3
5.3.3.1 Characterization of heterocyclic aromatic N-oxides

5.3.3.1.1 Synthesis of 4-cyanopyridine 1-oxide (3.2b):

CN
X

|

'\F

O
Following modified general procedure A, m-CPBA (70%, 2.47 g, 10.0 mmol, 1.0 eq.) was
added portion-wise to a stirred solution of 4-cyanopyridine (1.33 g, 10.0 mmol, 1.0 eq.) in
CHCI, (20 mL) at 0 °C. After complete addition, the reaction mixture was stirred overnight for
16 h at 20°C. Subsequently, the reaction was quenched with sodium thiosulfate (3.16 g, 20.0
mmol, 2.0 eq.) and stirred for 10 min to eliminate any unreacted m-CPBA. Silica was added to
the solution and the solvent was evaporated under reduced pressure. The mixture was purified
by column chromatography (dry loading, CH2Cl.:EtOAc:NEt; = 4:1:1, isocratic) affording the
crude colorless to yellowish/brown product. Recrystallization from a mixture of DCM/hexane
yielded analytically pure product 3.2b (0.94 g, 7.78 mmol, 78%.) as colorless crystals. Further

product can be isolated from the mother liquor.

R = 0.22 (CH:Cl2:EtOAC:NEts = 4:1:1, UV).

m.p. =226 — 227 °C.

"H NMR (300 MHz, Chloroform-d) & = 8.28 —8.17 (m, 2H), 7.57 — 7.47 (m, 2H).
3C NMR (75 MHz, Chloroform-d) & = 140.4, 129.0, 115.9, 107.7.

GCMS (EI): m/z (relative intensity) 120 (100) [M], 104 (20), 103 (14), 93 (20), 77 (23), 76 (31),
75 (13), 65 (62), 54 (86), 63 (41), 62 (22), 61 (12), 60 (10), 5 (22), 51 (31), 50 (43), 49 (12), 42
(14), 41 (27), 39 (39), 38 (69), 37 (54), 30 (41).

HRMS (EI-TOF, m/z): calcd. for CeHasN201 [M] 120.0318; found 120.0320.

IR (ATR, neat, cm™): 3098(w), 3080(w), 3035(w), 3008(w), 2227(w), 1608(w), 1477(m),
1444(w), 1275(m), 1208(w), 1170(m), 1125(w), 1030(m), 950(w), 849(s), 744(m), 708(s),
672(m), 666(m), 544(s), 461(s), 419(s).

UV-Vis (max. abs., [nm], MeCN): 297.
Luminescence (max. abs., [nm], MeCN): 412.

The analytical data is in accordance with those reported in the literature.['"®
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5.3.3.1.2 Synthesis of 4-(trifluoromethyl)pyridine 1-oxide (3.2e):

CF3
X

-
'\Il+
o
Following general procedure 4.B, using 4-(trifluoromethyl)pyridine afforded the title compound
3.2e (1.20g, 7.36 mmol, 92%) as an analytically pure white solid after purification by column

chromatography (dry loading, n-pentane EtOAc 5:1, isocratic).

Rf= 0.06 (n-pentane EtOAc 5:1, UV).

m.p. =173 -177 °C.

"H NMR (300 MHz, Chloroform-d) & = 8.32 — 8.21 (m, 2H), 7.55 — 7.44 (m, 2H).

3C NMR (75 MHz, Chloroform-d) & = 140.0, 127.9, 127.0, 124.3, 123.1 (q, J = 3.7 Hz), 120.7.
F NMR (282 MHz, Chloroform-d) & = -63.7.

GCMS (El): m/z (relative intensity) 163 (100) [M], 144 (28), 127 (10), 107 (11), 88 (16), 69 (11),
63 (14). 57 (14), 51 (11), 50 (10), 39 (15).

HRMS (EI-TOF, m/z): calcd. for CeHsNOF3 [M] 163.0240; found 163.0239.

IR (ATR, neat, cm™): 3096(w), 3068(w), 3025(m), 1628(w), 1503(w), 1453(w), 1324(m),
1250(m), 1220(m), 1172(s), 1111(s), 1080(s), 1036(m), 978(w), 873(s), 846(m), 757(w),
616(s), 601(s), 518(w), 484(s).

UV-Vis (max. abs., [nm], MeCN): 283.

Luminescence (max. abs., [nm], MeCN): 391, 476.

The analytical data is in accordance with those reported in the literature.['°0!

5.3.3.1.3 Synthesis of 4-(methoxycarbonyl)pyridine 1-oxide (3.2c):

COOMe
N

|

'}l+

o
Following modified general procedure B, a mixture of 4-(methoxycarbonyl)pyridine (1.00 g,
8.0 mmol, 1.0 eq.) and MeReOs (10.0 mg, 40.0 ymol, 0.5 mol%) in CH2Cl> (20 mL) was treated
with 30% aqueous H202 (1.90 g, 16.8 mmol, 2.1 eq.) after which the solution turned light
yellow/green. After complete addition, the reaction mixture was stirred overnight for 16.5 h at

20 °C. Silica was added to the solution and the solvent was evaporated under reduced
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pressure. The mixture was then purified by column chromatography (dry loading, EtOAc,

isocratic) affording product 3.2¢ (1.13g, 7.38 mmol, 92%) as analytically pure white solid.
Rs=0.23 (EtOAc, UV).

m.p. = 119 -120 °C.

"H NMR (300 MHz, Chloroform-d) & = 8.26 — 8.16 (m, 2H), 7.92 — 7.82 (m, 2H), 3.94 (s, 3H).
13C NMR (75 MHz, Chloroform-d) & = 164.0, 139.6, 126.6, 126.5, 53.0.

GCMS (El): miz (relative intensity) 153 (72) [M*], 137 (11), 122 (100), 106 (13), 94 (19),
78 (13), 63 (14). 51 (15), 50 (10), 39 (21).

HRMS (EI-TOF, m/z): calcd. for C7H7NO3 [M] 153.0420; found 153.0419.

IR (ATR, neat, cm"): 3119(w), 3050(w), 2952(w), 2924(w), 1713(s), 1673(w), 1608(m),
1482(w), 1431(m), 1296(m), 1259(s), 1189(m), 1161(m), 1117(m), 1091(m), 1023(m),
975(w), 954(m), 912(w), 856(s), 826(w), 810(m), 767(s), 680(s), 655(w), 632(s), 516(m),
445(m).

UV-Vis (max. abs., [nm], MeCN): 301.
Luminescence (max. abs., [nm], MeCN): 413.

The analytical data is in accordance with those reported in the literature.['”]

5.3.3.1.4 Synthesis of 4-(ethoxycarbonyl)pyridine 1-oxide (3.2d):

COOEt

Following general procedure B, using 4-(ethoxycarbonyl)pyridine afforded the title
compound 3.2d (1.31g, 7.81 mmol, 98%) as an analytically pure white solid after purification

by column chromatography (dry loading, EtOAc, isocratic).
Rs= 0.38 (EtOAc, UV).
m.p. = 63 - 66 °C.

H NMR (300 MHz, Chloroform-d) & = 8.26 — 8.16 (m, 2H), 7.93 — 7.83 (m, 2H), 4.40 (q,
J =7.1Hz, 2H), 1.40 (t, J = 7.1 Hz, 3H).

13C NMR (75 MHz, Chloroform-d) & = 163.5, 139.6, 127.0, 126.5, 62.1, 14.4.

GCMS (El): miz (relative intensity) 167 (41) [M], 139 (40), 123 (30), 122 (100), 106 (34),
95 (17), 94 (24). 78 (38), 64 (14), 63 (41), 62 (12), 53 (14), 52 (10), 51 (67), 50 (40), 45 (14).
40 (10), 39 (89), 38 (22), 29 (57).
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HRMS (EI-TOF, m/z): calcd. for CsHsNO3 [M] 167.0577; found 167.0575.

IR (ATR, neat, cm™): 3080(w), 3052(w), 2982(w), 1717(s), 1610(m), 1473(m), 1443(m),
1393(w), 1368(w), 1308(w), 1280(m), 1250(s), 1161(s), 1127(m), 1106(s), 1092(s), 1015(s),
911(w), 869(s), 861(s), 832(m), 823(m), 768(s), 683(s), 632(s), 513(m), 456(s).

UV-Vis (max. abs., [nm], MeCN): 301.

Luminescence (max. abs., [nm], MeCN): 406.

The analytical data is in accordance with those reported in the literature.['"®]

5.3.3.1.5 Synthesis of 4-chloropyridine 1-oxide (3.2t):

Cl
X

|
N
Y
Following a modified literature procedurel’®, a stirred mixture of 4-nitropyridine 1-oxide
(3.2s, 2.10 g, 15.0 mmol, 1.0 eq.) in acetic acid (2.5 mL) was treated dropwise with acetyl
chloride (16.5 g, 210.0 mmol, 14.0 eq.). After complete addition the reaction mixture was stirred
for 1 h at 50 °C under reflux. The reaction was allowed to cool to room temperature and a
saturated solution of aq. NaHCO3; was added to liberate the acetylated N-oxide. The mixture
was extracted with CH2Cl, several times (10 x 60 mL), the organic phase dried over Na>SO4,
filtered and solvents removed under reduced pressure to afford crude white to pale yellow
product. Recrystallization from acetone, removal of leftover water by addition of toluene and
removal of solvents using reduced pressure afforded product 9b (0.50 g, 3.86 mmol, 26%) as

analytically pure white solid. Further product can be isolated from the mother liquor.
R = 0.54 (CH2Cl>:MeOH = 10:1, UV).

m.p. = 150 — 154 °C (decomposition).

"H NMR (300 MHz, Chloroform-d) & = 8.18 — 8.07 (m, 2H), 7.31 — 7.20 (m, 2H).

3C NMR (75 MHz, Chloroform-d) & = 140.2, 132.0, 126.5.

GCMS (El): m/z (relative intensity) 131 (22), 129 (66) [M], 113 (18), 102 (10), 78 (28), 76 (19),
75 (19), 74 (12). 73 (44), 67 (15), 66 (18), 64 (11), 63 (42), 62 (28), 61 (16), 51 (47), 50 (54),
49 (22), 39 (100), 38 (45), 37 (24), 30 (20).

HRMS (EI-TOF, m/z): calcd. for CsHsONCI [M*] 128.9976; found 128.9979.

IR (ATR, neat, cm™): 3080(w), 3024(w), 3000(w), 1473(w), 1445(m), 1242(m), 1188(m),
1114(w), 1039(w), 864(s), 828(m), 668(m), 516(s), 481(s).

UV-Vis (max. abs., [nm], MeCN): 282.
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Luminescence (max. abs., [nm], MeCN): 375.

The analytical data is in accordance with those reported in the literature.['®]

5.3.3.1.6 Synthesis of 4-methoxypyridine 1-oxide (3.2u):

Following a modified literature procedurel™, a stirred mixture of 4-methoxypyridine (1.15 g,
10.5 mmol, 1.0 eq.) and aqueous hydrogen peroxide (3.0 ml, 29.4 mmol (c = 30 wt), 2.8 eq.)
was refluxed in acetic acid (10.0 mL) for 24 h. The reaction was cooled to room temperature
and concentrated in vacuo. The tile product 9b (0.72 g, 5.75 mmol, 55%) was isolated as white

solid after purification by column chromatography (dry loading, EtOAc, isocratic).
H NMR (400 MHz, Chloroform-d) & 8.01 (s, 2H), 6.72 (s, 2H), 3.75 (s, 3H).
3C NMR (101 MHz, Chloroform-d) & 157. 9, 140.0, 111.7 (2 C-nuclei), 56.1.

IR (ATR, neat, cm-1): 1600 (w), 1573 (w), 1478 (s), 1455 (s), 1301 (w), 1254 (s), 1215 (m),
1201 (m), 1185 (m), 1157 (w), 1118 (m), 1096 (M), 1034 (w), 975 (w), 948 (w), 904 (w), 883
(), 867 (w), 835 (w), 815 (w), 779 (w), 752 (s), 676 (m), 635 (w), 586 (m), 541 (w), 528 (W),
512 (m), 477 (w), 418 (w).

UV-Vis (max. abs., [nm], MeCN): 283.

Luminescence (max. abs., [nm], MeCN): 383.

5.3.3.1.7 Synthesis of pyridine 1-oxide (3.2a).

H
X

|
N
o
Following modified general procedure A, m-CPBA (70%, 3.95 g, 16.0 mmol, 1.0 eq.) was
added portion-wise to a stirring solution of pyridine (1.27 g, 16.0 mmol, 1.0 eq.) in CH2Cl.
(20 mL) at 0 °C. After complete addition, the reaction mixture was stirred overnight for 16 h at
20°C. Subsequently, the reaction was quenched with sodium thiosulfate (5.06 g, 32.0 mol,
2.0 eq.) and stirred for 10 min to eliminate any unreacted m-CPBA. Silica was added to the
solution and the solvent was evaporated under reduced pressure. The mixture was purified by
column chromatography (dry loading, CH>Cl2:MeOH = 10:1, isocratic) affording the product
3.2a (1.51 g, 15.8 mmol, 99%) as a colorless to brownish solid. Pyridine N-oxide is highly
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hygroscopic and should be stored under inert atmosphere immediately after isolation.

Recrystallization from MeOH, distillation or sublimation before use is highly recommended.
Rr= 0.24 (n-pentane:EtOAc:MeOH = 2:1:0.1, UV).

m.p. =65 - 66 °C.

"H NMR (400 MHz, Chloroform-d) & = 8.28 — 8.18 (m, 2H), 7.31 — 7.27 (m, 3H).

3C NMR (101 MHz, Chloroform-d) & = 139.6, 126.3, 126.2.

GCMS (El): m/z (relative intensity) 95 (100) [M*], 79 (12), 78 (11), 68 (12), 52 (13), 51 (16).
50 (12), 40 (12), 39 (44), 38 (10).

HRMS (ESI-TOF, m/z): calcd. for CsHsNO [M+H] 96.0449; found 96.0453.
UV-Vis (max. abs., [nm], MeCN): 276.
Luminescence (max. abs., [nm], MeCN): 321.

The analytical data is in accordance with those reported in the literature.['"®

5.3.3.1.8 Synthesis of 4-(tert-butyl)pyridine 1-oxide (3.2f).

t-Bu

Following modified general procedure B, a mixture of 4-(tert-butyl)pyridine (1.08 g, 8.0 mmol,
1.0 eq.) and MeReO3 (10.0 mg, 40.0 ymol, 0.5 mol%) in CH2Cl. (10 mL) was treated with 30%
aqueous H>02 (1.81 g, 16.0 mmol, 2.0 eq.) after which the solution turned light yellow/green.
After complete addition, the reaction mixture was stirred overnight for 16 h at 20 °C. Silica was
added to the solution and the solvent was evaporated under reduced pressure. The mixture
was then purified by column chromatography (dry loading, EtOAc:MeOH = 4:1, isocratic)
affording the crude product. Toluene (5 ml) was added and evaporated under reduced
pressure to remove any leftover H,O and the mixture then dried on the Schilenk-line to

crystallize product 3.2f (1.15g, 7.62 mmol, 95%) as analytically pure white solid.
Rs=0.35 (EtOAc:MeOH = 4:1, UV).

m.p. = 86 — 90 °C.

"H NMR (300 MHz, Chloroform-d) & = 8.20 — 8.10 (m, 2H), 7.31 — 7.22 (m, 2H), 1.33 (s, 9H).
3C NMR (75 MHz, Chloroform-d) & = 150.9, 138.7, 123.2, 34.7, 30.6.

GCMS (El): miz (relative intensity) 151 (10) [M*], 136 (34), 135 (41), 121 (11), 120 (100),
118 (10), 108 (11). 92 (43), 65 (10), 51 (12), 39 (10).
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HRMS (ESI-TOF, m/z): calcd. for CeH1sNO [M] 152.1075; found 152.1077.

IR (ATR, neat, cm™"): 3045(w), 2954(m), 2909(w), 2867(w), 1489(s), 1474(m), 1449(w),
1437(m), 1395(w), 1363(w), 1278(w), 1243(s), 1180(s), 1120(w), 1106(m), 1040(w), 1029(w),
976(w), 937(w), 908(w), 860(m), 843(s), 826(s), 816(s), 732(w), 679(m), 661(m), 555(s),
511(m), 493(m), 438(s).

UV-Vis (max. abs., [nm], MeCN): 278.
Luminescence (max. abs., [nm], MeCN): 361.
The analytical data is in accordance with those reported in the literature.!'°0!

5.3.3.1.9 Synthesis of [4,4'-bipyridine] 1-oxide (3.2g) and [4,4'-bipyridine] 1,1'-
dioxide (3.2h):

Following general procedure B, using 4,4'-bipyridine afforded the title compound 3.2g
(36.6 mg, 213 umol, 34%) as analytically pure white to slightly brown solid and title compounds
3.2h (62.0 mg, 329 pmol, 53%) as analytically pure light yellow solid after purification by
column chromatography (dry loading, EtOAc:MeOH 1:1, isocratic).

Compound 3.2g:
Rs=0.43 (EtOAc:MeOH 1:1, UV).
m.p. = 165 — 170 °C (decomposition).

H NMR (300 MHz, DMSO-ds) 5 = 8.74 — 8.63 (m, 2H), 8.38 — 8.25 (m, 2H), 7.97 — 7.86 (m,
2H), 7.90 — 7.75 (m, 2H).

3C NMR (75 MHz, DMSO-ds) 5 = 150.6, 142.6, 139.3, 133.1, 124.1, 120.5.

GCMS (El): miz (relative intensity) 172 (79) [M], 157 (11), 156 (100), 155 (50), 129 (13),
128 (17), 116 (24). 103 (16), 102 (18), 101 (12), 90 (25), 89 (36), 86 (10), 78 (18), 77 (13),
76 (31). 75 (29), 74 (21), 64 (12), 63 (47), 62 (22), 52 (21), 51 (73), 50 (55), 39 (21), 38 (11).

HRMS (EI-TOF, m/z): calcd. for C1oHsN2O [M] 172.0631; found 172.0630.

IR (ATR, neat, cm™): 3188(w), 3119(w), 3085(w), 3049(w), 3030(w), 1603(w), 1514(w),
1481(w), 1464(w), 1409(w), 1251(w), 1227(m), 1190(m), 1126(w), 1098(w), 1075(w), 1029(w),
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1002(w), 865(w), 850(w), 820(m), 682(m), 645(m), 578(s), 549(m), 520(m), 488(s), 422(w),
403(w).

UV-Vis (max. abs., [nm], MeCN): 314.

Luminescence (max. abs., [nm], MeCN): 451.

The analytical data is in accordance with those reported in the literature.!'?"!
Compound 3.2h:

Rs= 0.14 (EtOAc:MeOH 1:1, UV).

m.p. = 299 — 301 °C (decomposition).

"H NMR (300 MHz, DMSO-ds) & = 8.34 — 8.24 (m, 4H), 7.93 — 7.84 (m, 4H).
3C NMR (75 MHz, DMSO-ds) & = 139.2, 131.7, 123.4.

MS (EI): miz (relative intensity) 188 (53) [M], 173 (16), 172 (100), 171 (10), 157 (13), 156 (99),
155 (63), 129 (13), 128 (15), 117 (11), 116 (24), 103 (10), 102 (11), 90 (20). 89 (20), 78 (10),
77 (10), 76 (11), 63 (14), 57 (12), 51 (18), 50 (12). 44 (35), 43 (14), 41 (10).

HRMS (ESI-TOF, m/z): calcd. for C10HsN202 [M+H] 189.0664; found 189.0659.

IR (ATR, neat, cm™): 3184(w), 3104(w), 3071(w), 3027(w), 1474(w), 1463(w), 1427(w),
1235(m), 1177(m), 1124(w), 1098(w), 1020(m), 961(w), 835(s), 743(w), 701(m), 680(m),
619(m), 545(s), 507(s), 466(s).

UV-Vis (max. abs., [nm], MeCN): 345.
Luminescence (max. abs., [nm], MeCN): 427.

The analytical data is in accordance with those reported in the literature.['?"]

5.3.3.1.10 Synthesis of [3,3'-bipyridine] 1-oxide (3.2i) and [3,3"'-bipyridine] 1,1'-
doxide (3.2j).
A N

~UNT + -
/| © o "N 2 o

Sy \I

Following modified general procedure B, a mixture of 3,3'-bipyridine (171 mg, 1.10 mmol,
1.0 eq.) and MeReO3 (1.37 mg, 5.49 pmol, 0.5 mol%) in CH2Cl2 (15 mL) was treated with 30%
aqueous H20- (249 mg, 2.19 mmol, 2.0 eq.). After complete addition, the reaction mixture was
stirred overnight for 16 h at 20 °C after which a white precipitate had formed. MeOH was added
until the solid was fully dissolved, then silica was added to the solution and the solvent was
evaporated under reduced pressure. The mixture was then purified by column chromatography
(dry loading, EtOAc:MeOH 1:1, isocratic) affording a main fraction of title compound 3.2i (96.0
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mg, 558 ymol, 51%) as analytically pure white solid. The mixed fractions of compound 3.2i
and compound 3.2j were again purified by column chromatography twice (dry loading,
EtOAc:MeOH 2:1, isocratic; dry loading, EtOAc:MeOH 1:1 — acetone 100%) affording title
compound 3.2j (86.5 mg, 460 umol, 42%) as analytically pure off-white solid.

Compound 3.2i:
Rf=0.32 (EtOAc:MeOH 1:1, UV).
m.p. = 150 - 151 °C.

H NMR (400 MHz, DMSO-ds) 8 = 8.96 (dd, J = 2.5 Hz, 0.9 Hz, 1H), 8.69 (td, J = 1.8 Hz,
0.6 Hz, 1H), 8.65 (dd, J = 4.8 Hz, 1.6 Hz, 1H), 8.27 (ddd, J = 6.4, 1.8 Hz, 1.0 Hz, 1H), 8.17
(ddd, J = 8.0 Hz, 2.5 Hz, 1.6 Hz, 1H), 7.72 (ddd, J = 8.0 Hz, 1.7 Hz, 1.0 Hz, 1H), 7.57 — 7.49
(m, 2H).

3C NMR 101 MHz, DMSO-ds) d = 150.0, 147.8, 138.0, 136.7, 136.3, 134.6, 130.6, 126.7,
124.0, 123.6.

GCMS (El): miz (relative intensity) 173 (12), 172 (100) [M], 156 (14), 155 (11), 145 (18),
117 (25), 116 (38). 90 (40), 89 (44), 78 (12), 76 (16), 75 (17), 74 (13), 64 (11), 63 (35). 62 (14),
51 (19), 50 (20), 39 (17).

HRMS (ESI-TOF, m/z): calcd. for C10HsN20 [M+H] 173.0715; found 173.0711.

IR (ATR, neat, cm™): 3077(w), 3023(w), 1601(w), 1573(w), 1557(w), 1471(w), 1433(m),
1398(m), 1315(m), 1215(s), 1188(m), 1163(m), 1128(w), 1105(w), 1091(w), 1071(w), 1025(w),
1011(s), 918(w), 899(s), 815(w), 788(s), 740(w), 726(w), 707(s), 680(s), 648(m), 624(w),
611(m), 553(s), 530(m), 481(m), 436(s), 401(s).

UV-Vis (max. abs., [nm], MeCN): 278.

Luminescence (max. abs., [nm], MeCN): 392.

The analytical data is in accordance with those reported in the literature.['??
Compound 3.2j:

Rf= 0.11 (EtOAc:MeOH 1:1, UV).

m.p. = 305 — 306 °C (decomposition).

H NMR (400 MHz, DMSO-ds) & = 8.69 (t, J = 1.7 Hz, 2H), 8.29 (ddd, J = 6.5 Hz, 1.8 Hz,
0.9 Hz, 2H), 7.72 (ddd, J = 8.1 Hz, 1.7 Hz, 0.9 Hz, 2H), 7.53 (dd, J = 8.1 Hz, 6.4 Hz, 2H). "H
NMR (400 MHz, Chloroform-d) & = 8.43 (td, J = 1.6 Hz, 0.7 Hz, 2H), 8.29 (dt, J = 6.0 Hz,
1.6 Hz, 2H), 7.44 — 7.37 (m, 4H).

3C NMR (101 MHz, DMSO-ds) & = 138.8, 137.0, 134.3, 126.7, 123.7.
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3C NMR (101 MHz, Chloroform-d) & = 139.6, 137.7, 135.0, 126.7, 124.0

MS (El): m/z (relative intensity) 189 (12), 188 (100) [M], 173 (10), 172 (88), 171 (13), 156 (73),
155 (31). 145 (10), 128 (10), 117 (14), 116 (29), 90 (15), 89 (18), 78 (12), 77 (11). 76 (11),
63 (13), 57 (13), 51 (13), 50 (11), 44 (15), 43 (10), 39 (11).

HRMS (ESI-TOF, m/z): calcd. for C1oHsN2O2 [M+H] 189.0664; found 189.0665.

IR (ATR, neat, cm™): 3069(w), 3044(w), 1596(w), 1555(w), 1469(w), 1442(w), 1415(w),
1392(m), 1321(w), 1233(m), 1189(m), 1176(m), 1156(w), 1091(w), 1070(w), 1017(w),
1005(m), 956(m), 926(w), 882(m), 846(s), 791(s), 723(m), 677(s), 640(m), 582(w), 556(s),
543(m), 512(m), 495(m), 479(m), 461(m), 428(s).

UV-Vis (max. abs., [nm], MeCN): 282, 327.
Luminescence (max. abs., [nm], MeCN): 404.

The analytical data is in accordance with those reported in the literature.['??]

5.3.3.1.11 Synthesis of [2,2'-bipyridine] 1-oxide (3.2k):

Following a modified general procedure A, to a stirred solution of m-CPBA (70%, 4.62 mmol,
1.2 eq.) in CHxCl> (20 mL) was added portion-wise a solution of 2,2'-bipyridine (625 mg, 4.0
mmol, 1.0 eq.) in CHxCl> (10 mL). Following completion of the addition, the reaction mixture
was stirred 2 h at 20 °C and then filled to 50 mL with CH2Cl>. The mixture was then washed
with saturated ag. NaxSO4 (2 x 15 mL) and 15% aqg. NaOH (2 x 10 mL). The combined agq.
phases were extracted with CH>Cl, (3 x 10 mL) and the combined organic phases again
washed with 20% ag. NaOH (10 mL) to remove the majority of formed dioxide before being
filtered over dry Na,SO,. Silica was added to the solution and the solvent was evaporated
under reduced pressure. The mixture was then purified by column chromatography (dry
loading, EtOAc:MeOH:NEt3 2:1:0.04, isocratic) affording the crude product as a brown oil. After
drying on the Schlenk for several hours title compound 3.2k (496 mg, 2.88 mmol, 72%) was

obtained as an analytically pure brown solid.
Rs= 0.56 (EtOAc:MeOH:NEt3 2:1:0.04, UV, KMnOy).
m.p. =53 - 56 °C.

H NMR (300 MHz, Chloroform-d) & = 8.89 (dt, J = 8.1 Hz, 1.1 Hz, 1H), 8.72 (ddd, J = 4.8 Hz,
1.9 Hz, 1.0 Hz, 1H), 8.31 (ddd, J = 6.4 Hz, 1.3 Hz, 0.6 Hz, 1H), 8.17 (ddd, J = 8.0 Hz, 2.3 Hz,
0.6 Hz, 1H), 7.82 (ddd, J = 8.1 Hz, 7.6 Hz, 1.8 Hz, 1H), 7.42 — 7.30 (m, 2H), 7.30 — 7.20 (m,
1H).
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3C NMR (75 MHz, DMSO-ds) & = 149.5, 149.4, 146.1, 140.5, 136.3, 127.5, 126.2, 125.4,
124.9, 124 4.

GCMS (El): m/z (relative intensity) 172 (49) [M], 171 (40), 156 (23), 155 (16), 129 (10),
128 (20), 118 (56). 117 (42), 116 (18), 105 (26), 104 (24), 91 (13), 90 (21), 89 (25), 79 (25).
78 (100), 77 (14), 76 (20), 75 (20), 74 (16), 68 (11), 66 (10), 64 (18), 63 (35), 62 (18), 52 (41),
51 (86), 50 (44), 40 (13), 39 (69), 38 (17).

HRMS (ESI-TOF, m/z): calcd. for C10HsN20 [M+H] 173.0715; found 173.0716.

IR (ATR, neat, cm™): 3068(w), 3043(w), 1579(w), 1566(w), 1461(w), 1442(m), 1416(m),
1315(w), 1250(m), 1233(m), 1154(w), 1118(w), 1097(w), 1060(w), 1031(m), 990(w), 953(w),
875(w), 848(m), 793(w), 760(s), 746(m), 737(s), 720(s), 667(w), 643(w), 618(m), 574(m),
544(m), 513(w), 458(m), 447(w), 403(m).

UV-Vis (max. abs., [nm], MeCN): 279, 329.
Luminescence (max. abs., [nm], MeCN): 431.

The analytical data is in accordance with those reported in the literature.['?4

5.3.3.1.12 Synthesis of [2,2"-bipyridine] 1,1°-dioxide (3.2l):

Following modified general procedure B, a mixture of 2,2'-bipyridine (1.25 g, 8.0 mmol,
1.0 eq.) and MeReO3 (10.0 mg, 40.0 ymol, 0.5 mol%) in CH2Cl2 (20 mL) was treated with 30%
aqueous H>O2 (1.81 g, 16.0 mmol, 2.0 eq.) after which the solution turned bright yellow. After
complete addition, the reaction mixture was stirred overnight for 19 h at 20 °C after which a
white precipitate suddenly crashed out. Silica was added to the solution and the solvent was
evaporated under reduced pressure. The mixture was then purified by column chromatography
(dry loading, EtOAc:MeOH:NEt; 2:1:0.04, isocratic) affording product 3.21 (382 mg, 2.03 mmol,

25%) as analytically pure white solid.

Rr= 0.24 (EtOAc:MeOH:NEt; 2:1:0.04, UV, KMnOy).

m.p. = 309 — 310 °C (decomposition).

'H NMR (400 MHz, DMSO-ds) d = 8.34 (d, J = 6.4 Hz, 2H), 7.63 (dd, J = 7.7 Hz, 2.1 Hz, 2H),
7.52 (ddd, J =7.7 Hz, 6.5 Hz, 2.2 Hz, 2H), 7.41 (td, J = 7.7 Hz, 1.2 Hz, 2H).

13C NMR (*C NMR (101 MHz, DMSO-ds) & = 139.2, 132.2, 128.4, 127.0, 124.5.

GCMS (El): m/z (relative intensity) 188 (37) [M], 172 (27), 171 (58), 156 (21), 155 (16),

144 (24), 143 (31), 142 (13), 129 (10), 128 (16), 118 (21), 117 (24), 116 (30). 105 (21),
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104 (20), 91 (14), 90 (14), 89 (16), 79 (39), 78 (100), 77 (17). 76 (16), 75 (11), 74 (14), 64 (17),
63 (29), 62 (15), 52 (38), 51 (80), 50 (31), 40 (11), 39 (76), 38 (14), 30 (14).

HRMS (ESI-TOF, m/z): calcd. for C1oHsN202 [M+H] 189.0664; found 189.0664.

IR (ATR, neat, cm™): 3037(w), 3005(w), 2975(w), 1472(w), 1425(m), 1297(w), 1247(s),
1145(m), 1116(w), 1096(w), 1061(w), 1032(w), 1019(m), 982(w), 958(m), 892(w), 849(m),
836(m), 762(s), 722(m), 667(w), 631(w), 579(s), 540(m), 525(s), 515(s), 464(s).

UV-Vis (max. abs., [nm], MeCN): 278.
Luminescence (max. abs., [nm], MeCN): 389.

The analytical data is in accordance with those reported in the literature.['?°]

5.3.3.1.13 Synthesis of 1,4-diazine 1-oxide (3.2m):
N
N
[
’}l+
o

Following general procedure B, using pyrazine afforded the title compound 3.2m (1.00 g,
10.5 mmol, 70%) as an analytically pure white solid after purification by column
chromatography (dry loading, EtOAc, isocratic) and recrystallization from acetone. Further

product can be isolated from mother liquor.

Rs=0.18 (EtOAc = 10:1, UV).

m.p. = 110 — 112 °C (decomposition).

"H NMR (400 MHz, Chloroform-d) & = 8.46 (d, J = 4.9 Hz, 2H), 8.10 (d, J = 4.9 Hz, 2H).
3C NMR (101 MHz, Chloroform-d) & = 148.0, 134.3.

GCMS (El): m/z (relative intensity) 96 (100) [M], 80 (11), 53 (31), 52 (35), 51 (18), 41 (59),
40 (52). 39 (42), 38 (17), 30 (34).

HRMS (EI-TOF, m/z): calcd. for C4HaN20 [M] 96.0318; found 96.0319.

IR (ATR, neat, cm™): 3120(w), 3078(m), 3025(w), 3005(w), 2890(w), 1649(w), 1591(s),
1546(w), 1467(s), 1429(s), 1307(s), 1210(s), 1168(m), 1074(m), 1001(s), 846(s), 835(s),
714(m), 679(w), 538(s), 473(s).

UV-Vis (max. abs., [nm], MeCN): 273.
Luminescence (max. abs., [nm], MeCN): 412.

The analytical data is in accordance with those reported in the literature.['28]
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5.3.3.1.14 Synthesis of 1,3-diazine 1-oxide (3.2n):

o
Following general procedure B, using pyrimidine afforded the title compound 3.2n (1.30 g,
13.53 mmol, 90%) as an analytically pure white solid after purification by column

chromatography (dry loading, EtOAc:MeOH 10:1 — MeOH 100%) and recrystallization from
MeOH.

Rr= 0.17 (EtOAc = 10:1, UV).
m.p. = 90 — 92 °C.

H NMR (400 MHz, Chloroform-d) & = 9.00 — 8.95 (m, 1H), 8.37 (dt, J = 6.6 Hz, 1.8 Hz, 1H),
8.23 (dd, J = 4.7 Hz, 1.5 Hz, 1H), 7.34 — 7.27 (m, 1H).

3C NMR (101 MHz, Chloroform-d) & = 150.1, 144.4, 143.7, 121.3.

GCMS (El): m/z (relative intensity) 96 (63) [M], 80 (100), 69 (11), 66 (24), 53 (41), 52 (25),
51 (17). 40 (10), 39 (45), 38 (17).

HRMS (EI-TOF, m/z): calcd. for C4HsN20 [M] 96.0318; found 96.0318.

IR (ATR, neat, cm™): 3032(w), 2985(w), 2949(w), 1535(m), 1467(m), 1412(s), 1252(s),
1222(s), 1209(m), 1121(m), 1095(m), 1050(m), 1028(s), 982(w), 957(w), 918(w), 843(m),
817(s), 690(s), 635(m), 562(s), 520(m), 461(s), 411(s).

UV-Vis (max. abs., [nm], MeCN): 277, 323.
Luminescence (max. abs., [nm], MeCN): ,375.

The analytical data is in accordance with those reported in the literature.['?”]

5.3.3.1.15 Synthesis of 1,2-diazine 1-oxide (3.20):

Following general procedure B, using pyridazine afforded the title compound 3.20 (1.32 g,
13.7 mmol, 92%) as an analytically pure brown oil after purification by column chromatography
twice (dry loading, EtOAc — MeOH 100%; dry loading, EtOAc 100%, isocratic).

R = 0.08 (EtOAC 100%, UV).

"H NMR (300 MHz, DMSO-ds) d = 8.62 — 8.53 (m, 1H), 8.32 (dt, J = 6.4 Hz, 1.0 Hz, 1H), 7.88
(ddd, J =7.8 Hz, 6.4 Hz, 2.5 Hz, 1H), 7.25 (ddd, J =7.8 Hz, 5.4 Hz, 0.9 Hz, 1H).
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3C NMR (75 MHz, DMSO-ds) 6 = 151.0, 135.3, 134.4, 116.6.

GCMS (El): miz (relative intensity) 96 (53) [M], 66 (18), 52 (10), 51 (21), 50 (14), 40 (19),
39 (100). 38 (26), 37 (15), 30 (16).

HRMS (EI-TOF, m/z): calcd. for C4HsN20 [M] 96.0318; found 96.0317.

IR (ATR, neat, cm™): 3437(w), 3106(w), 3065(w), 3013(w), 1709(w), 1642(w), 1581(m),
1544(m), 1495(w), 1455(w), 1400(s), 1309(s), 1143(m), 1084(w), 1043(w), 978(s), 909(w),
845(s), 779(s), 713(m), 650(m), 576(s), 524(m), 500(s), 409(s).

UV-Vis (max. abs., [nm], MeCN): 322.

Luminescence (max. abs., [nm], MeCN): 419.

5.3.3.1.16 Synthesis of phthalazine 2-oxide (3.2p):

ey
I

Following modified general procedure B, a mixture of phthalazine (1.01 g, 7.74 mmol,
1.0 eq.) and MeReO3 (12.2 mg, 50.0 ymol, 0.6 mol%) in CH2Cl. (25 mL) was treated with 30%
aqueous H20, (1.83 g, 16.1 mmol, 2.1 eq.) after which the solution turned bright yellow. After
complete addition, the reaction mixture was stirred overnight for 16 h at 20 °C after which a
white precipitate had formed. Silica was added to the solution and the solvent was evaporated
under reduced pressure. The mixture was then purified by column chromatography (dry
loading, EtOAc:MeOH: 10:1, isocratic) affording crude product. Toluene (3 x 10 ml) and
pentane (3 x 15 mL) were added and removed under reduced pressure to remove leftover H,O
and H20; and the mixture was dried on Schlenk for 5 h (< 0.1 mbar) and then for 2 h at 80 °C.
The crude pre-dried mixture was then purified by column chromatography twice (dry loading,
EtOAc:MeOH 5:1, isocratic; dry loading, EtOAc:MeOH 2:1 — MeOH 100%) to afford title
compound 3.2p (1.08 g, 7.39 mmol, 96%) as analytically pure white to pale yellow solid.

Rf=0.21 (EtOAc:MeOH 10:1, UV), 0.3 (EtOAc:MeOH 5:1, UV), 0.6 (EtOAc:MeOH 2:1, UV).
m.p. = 135 - 140 °C.

H NMR (300 MHz, DMSO-ds) & = 9.37 (s, 1H), 8.91 — 8.85 (m, 1H), 8.11 (dq, J = 8.2 Hz,
1.0 Hz, 1H), 7.96 — 7.82 (m, 2H), 7.73 (ddd, J = 8.2 Hz, 6.0 Hz, 2.1 Hz, 1H).

'H NMR (400 MHz, Chloroform-d) & = 9.07 (s, 1H), 8.57 (t, J=1.0 Hz, 1H), 7.92 (dq,
J=8.2Hz, 1.0 Hz, 1H), 7.82 (ddd, J =8.2 Hz, 7.0 Hz, 1.2 Hz, 1H), 7.73 — 7.63 (m, 2H).

3C NMR (75 MHz, DMSO-ds) & = 153.4, 134.0, 132.6, 129.3, 127.4, 126.9, 123.5, 120.3.

3C NMR (101 MHz, Chloroform-d) & = 152.8, 134.2, 133.0, 132.6, 129.8, 127.6, 127.3, 123.5,
121.1.
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GCMS (El): miz (relative intensity) 146 (37) [M], 116 (23), 90 (32), 89 (100), 76 (21), 75 (14),
74 (13), 64 (16), 63 (58), 62 (29), 61 (10), 51 (14), 50 (31). 39 (27), 38 (13), 30 (14).

HRMS (ESI-TOF, m/z): calcd. for CsHsN20O [M+H] 147.0558; found 147.0562.

IR (ATR, neat, cm™): 3366(w), 3052(w), 2987(w), 1618(w), 1565(m), 1438(m), 1333(s),
1273(m), 1243(w), 1179(s), 1118(m), 1052(w), 1014(m), 975(w), 932(m), 883(m), 785(w),
751(s), 669(m), 630(s), 562(m), 527(m), 499(m), 461(s), 446(s), 412(s).

UV-Vis (max. abs., [nm], MeCN): 298, 310, 371.
Luminescence (max. abs., [nm], MeCN): 430.

The analytical data is in accordance with those reported in the literature.!'?®!

5.3.3.1.17 Synthesis of phenazine 5-oxide (3.2q) and synthesis of phenazine

5,10-dioxide (3.2r):

o

N N

ssellone

(o} o
Following modified general procedure B + modified literature procedure for phenazine 5,10-
dioxide!'??, a mixture of phenazine (100 mg, 555 umol, 1.0 eq.) and MeReO; (1.45 mg, 5.82
pmol, 1.0 mol%) in CH.Cl, (20 mL) was treated with 30% aqueous H>0> (126 mg, 1.11 mmol,
2.0 eq.) after which the solution turned yellow. After complete addition, the reaction mixture
was stirred overnight for 16 h at 20 °C after which an orange/red crystalline solid had
precipitated. Excess CH,Cl, was added to solve the solid, then silica was added to the solution
and the solvent was evaporated under reduced pressure. The mixture was then purified by
column chromatography (dry loading, n-pentane:EtOAc 2:1, isocratic) affording a main fraction
of pure compound 3.2q. The mixed fractions of compound 3.2q and compound 3.2r were again
purified by column chromatography (dry loading, n-pentane:EtOAc 1:1, isocratic). The
combined respective fractions afforded title compound 3.2q (70.0 mg, 357 umol, 64%) as
analytically pure bright yellow solid and title compound 3.2r (32.2 mg, 175 ymol, 32%) as
analytically pure bright red solid. This reaction was also performed on 0.85 g (4.72 mmol) scale
using 0.3 mol% MeReOs yielding comparable results (3.2q: 524 mg, 2.67 mmol 57%, 3.2r:
243 mg, 1.15 mmol, 24%). Furthermore, unreacted starting material was easily re-isolated (120
mg, 0.67 mmol, 14%). Isolation of the main fraction of pure title compound 3.2r can more easily

be achieved by column chromatography (dry loading) using toluene:EtOAc 7:3 — EtOAc 100%
as eluent.['?”

Compound 3.2q:
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Rf= 0.33 (n-pentane:EtOAc 2:1, UV), 0.5 (toluene:EtOAc 7:3, UV).
m.p. = 214 — 217 °C (decomposition).

"H NMR (300 MHz, Chloroform-d) & = 8.66 (ddd, J = 8.8 Hz, 1.6 Hz, 0.7 Hz, 2H), 8.17 (ddd,
J=8.7Hz, 1.4 Hz, 0.7 Hz, 2H), 7.76 (dddd, J = 23.9 Hz, 8.8 Hz, 6.7 Hz, 1.4 Hz, 4H).

3C NMR (75 MHz, Chloroform-d) & = 145.6, 134.9, 131.3, 130.5, 130.2, 119.2.

GCMS (El): miz (relative intensity) 197 (14), 196 (100) [M], 195 (15), 180 (22), 179 (24),
170 (31), 168 (10). 152 (12), 140 (12), 102 (20), 77 (18), 76 (27), 75 (24), 74 (14), 64 (16),
63 (26). 52 (11), 51 (23), 50 (36), 39 (18).

HRMS (EI-TOF, m/z): calcd. for C12HsN20 [M] 196.0631; found 196.0627.

IR (ATR, neat, cm"): 3114(w), 3076(w), 3027(w), 1602(w), 1588(w), 1505(w), 1462(w),
1344(m), 1297(w), 1282(m), 1269(m), 1256(m), 1197(w), 1171(w), 1151(w), 1116(m),
1097(m), 1018(w), 1003(w), 960(w), 935(w), 866(m), 854(m), 748(s), 680(m), 644(m), 632(s),
609(s), 569(w), 544(w), 518(w), 466(m), 443(w), 420(w), 403(w).

UV-Vis (max. abs., [nm], MeCN): 361, 380, 395, 418.

Luminescence (max. abs., [nm], MeCN): 459.

The analytical data is in accordance with those reported in the literature!'%.
Compound 3.2r:

Rr= 0.09 (n-pentane:EtOAc, 2:1, UV), 0.22 (toluene:EtOAc 7:3, UV).

m.p. = 183 — 189 °C (decomposition).

"H NMR (300 MHz, Chloroform-d) & = 8.79 — 8.67 (m, 4H), 7.89 — 7.75 (m, 4H).
3C NMR (75 MHz, Chloroform-d) & = 136.2, 131.4, 120.4.

MS (EI): miz (relative intensity) 212 (17) [M], 197 (12), 196 (91), 195 (12), 181 (11), 180 (100),
179 (37), 170 (20), 152 (11), 144 (14), 90 (10), 76 (11), 59 (10).

HRMS (ESI-TOF, m/z): calcd. for C12HgN202 [M+H] 213.0664; found 213.0666.

IR (ATR, neat, cm™): 3110(w), 3077(w), 3028(w), 2920(w), 2850(w), 1604(w), 1589(w),
1461(w), 1429(w), 1341(s), 1283(w), 1266(m), 1208(w), 1171(w), 1124(w), 1086(s), 1020(m),
1009(m), 961(m), 918(w), 856(m), 804(w), 763(s), 749(s), 707(w), 681(w), 646(w), 616(s),
605(s), 519(m), 465(m).

UV-Vis (max. abs., [nm], MeCN): 458, 487.
Luminescence (max. abs., [nm], MeCN): 510.

The analytical data is in accordance with those reported in the literature.['3"]
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5.3.3.2 Characterization of oxygen atom transfer products

5.3.3.2.1 Synthesis of 9H-xanthen-9-ol (3.4):

The following procedure was carried out under argon. Xanthen (91.1 mg, 0.5 mmol, 1.0 eq.)
and 4-nitropyridine-N-oxide (140.1 mg, 1.0 mmol, 2.0 eq.) were transferred into a pre-heated
8 mL tube and dissolved in acetonitrile (5.0 mL, 50 mM). The flask was sealed with a septum
and irradiated for 16 h (398 nm). Afterwards, the reaction and quenched with water. The
mixture was extracted 3 times with CH2Cl, and dried over anhydrous Na>SOs. The crude
product was then purified by column chromatography to furnish the tile product 3.4 (36 mg,
0.18 mmol, 36%).

Rr= 0.65 (n-pentan:EtOAc = 10:1, UV).

"H NMR (400 MHz, Chloroform-d) & 7.22 (t, J = 7.7 Hz, 2H), 6.94 (t, J = 7.4 Hz, 2H), 6.89 (d,
J =8.1Hz, 2H), 6.67 (d, J = 7.5 Hz, 2H), 4.21 (s, 1H).

3C NMR (101 MHz, Chloroform-d) & 153.2, 129.3, 128.2, 122.8, 122.0, 116.0, 49.7.

IR (ATR, neat, cm-1): 3351 (w), 3105 (w), 3079 (w), 3023 (w), 1618 (w), 1559 (w), 1490 (s),
1438 (m), 1293 (m), 1209 (s), 1180 (m), 1109 (w), 1016 (s), 855 (s), 834 (m), 809 (w), 752 (s),
658 (w), 542 (m), 525 (s), 458 (s), 421 (m), 405 (m).

The analytical data is in accordance with those reported in the literature.['3?

5.3.3.2.2 Synthesis of 1-((methylsulfonyl)oxy)pyridin-1-ium methanesulfonate

(3.14):
=
N | MsO~
’\Il+
OMs

Following a modified literature procedurel, a stirred mixture of pyridine 1-oxide (3.00 g,
31.55 mmol, 1.0eq.) in DCM (100 mL) was treated dropwise with solution containing
methanesulfonic anhydride (7.13 g, 37.9 mmol, 1.3 eq.) at —30 °C. After complete addition the
reaction mixture was stirred for 2 h and allowed to warm to room temperature. The white
precipitate was filtered and washed with fresh DCM. Additional drying in vacuo yields the tile
product (6.40 g, 23.8 mmol, 75%).

"H NMR (400 MHz, Acetonitrile-ds) 8 8.72 (s, 2H), 8.09 (s, 1H), 7.85 (s, 2H), 3.46 (s, 2H), 2.61
(s, 3H).
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13C NMR (101 MHz, Acetonitrile-ds) 5 140.62, 129.10, 41.78, 39.65.

IR (ATR, neat, cm-1): 3108 (w), 3013 (w), 2986 (w), 2943 (w), 1606 (w), 1479 (w), 1428 (w),
1381 (m), 1330 (w), 1315 (w), 1289 (w), 1182 (s), 1163 (s), 1144 (m), 1040 (s), 1002 (m), 984
(s), 818 (m), 789 (s), 762 (s), 672 (m), 655 (s), 602 (W), 554 (s), 520 (s), 507 (s), 489 (m), 456
(m), 421 (m).

5.3.3.3 Electrochemical Properties

Cyclic Voltammetry and Differential Pulse Voltammetry

All electrochemical investigations were performed at room temperature in dried acetonitrile
p.A. (VWR) under an Argon atmosphere with 0.1 M tetrabutylammonium hexafluorophosphate
(Fluka) as conducting salt using an Autolab (PGSTAT 204, Metrohm). A glassy carbon disk
electrode (d = 2 mm) was used as working electrode, a glassy carbon electrode as the counter
electrode and an Ag/AgCI/LiCl sat. in EtOH-system as the reference electrode (all electrodes:
Metrohm). All potentials mentioned in this paper were measured with respect to this reference
system and were checked by using the ferrocenium/ferrocene-internal reference system
(potential of Fc*/Fc: 0.54 V [vs. Ag/AgCI/LICI sat. in EtOH]. The potentials reported relative to
the Fc*/Fc redox couple was converted to SCE by adding 0.38 V.21 The CV scans were done
three times at a scan rate of 40 mV s™'. The measurements were performed with 5 uM

compound dissolved in the electrolyte.

Differential pulse voltammetry was measured using a step potential of 5 mV, modulation

amplitude of 25 mV, modulation time 0.05 s, interval time 0.05 s.
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Redox potentials from DPV-peak:

entry

0 N O WN -

= 2o oo a g
o O~ WN = O

R1

R!

NMe,
OMe
OMe

Me

OAc
Br

CN
CO,Et
CF,

R2
O

2

I I T I

I

T

note Er*(v vs SCE)  ESX(V vs SCE)
-2.43 0.52
-2.38 1.14
-2.10 1.22
benzylamine (1a) -- 1.29
S29 -2.34 1.32
-2.33 1.33
-2.35 1.34
-2.29 1.44
-2.24 1.44
-1.96 1.49
trans-stilbene -2.28 1.53
cis-stilbene -2.30 1.56
phenanthrene -2.54 1.58
-1.83 1.63
-1.86 1.65
-2.57 1.69
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5.3.3.3.1 Redox potentials of heteroarene N-oxide

5.3.3.3.1.1 4-nitropyridine 1-oxide:

NO,

4

\N+
|
o

Cyclovoltammogram

i 0.00000 +
-0.00005 4

E7j,(Fc™/Fc) = +0.52V vs Ag/AgCl

5.3.3.3.1.2 4-cyanopyridine 1-oxide:

CN

4

\N+
|

o

potential [vs Ag/AgCI]

Cyclovoltammogram

E7)y(Fc* [Fc) = +0.53V vs Ag/AgCl
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current [A]

0.00004 4

0.00002 4

0.00000 4

-0.00002

-0.00004 4

-0.00006 +

-0.00008 +

— 4-CN-PQ—NO 3.XX

-1‘.0 -0‘.5
potential [vs Ag/AgCI]

current [A]

current [A]

Differential pulse voltammetry

0.00006

0.00004

0.00002

0.00000

—— 4-NO,-Py-NO (3.XX)

10 05 00
potential [vs Ag/AgCI]

Differential pulse voltammetry

0.00006 4

0.00004

0.00002

0.00000

— 4-CN-PQ-NO 3.XX]

T T T
-20 -15 -1.0

potential [vs Ag/AgCl]
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5.3.3.3.1.3 4-(trifluoromethyl)pyridine 1-oxide:

CFy

Cyclovoltammogram Differential pulse voltammetry

209 —— 4-CF,-Py-NO (3.XX) B
0 [— 4-CF,-Py-NO (3.XX)
201
a0
60
80
-1004
-1204

current [uA]
current [puA]
~

140
-160-] 14
180
200
220 04
240

T
3 2 -1 0 1 2 2.5 -2.0 -1.5
potential [V vs Fc*/Fc] potential [V vs Fc*/Fc]

5.3.3.3.1.4 4-(methoxycarbonyl)pyridine 1-oxide:

COOMe
/ |
\N "
|
o
Cyclovoltammogram Differential pulse voltammetry
0.00000 - 0.00004
— -0.00002 4 — 0.00003 4
< <
5 -0.00004 o 5 0.000024
3 3
-0.00006 4 0.00001 4
-0.00008 4 0.00000 +
-18 -16 -4 -12 -0 -08 -06 -04 02 00 02 -18 -16 -14 -12 -10 08 -06 -04 -02 00 02
potential [V vs Ag/AgCI] potential [V vs Ag/AgCI]

EY)5(Fc*/Fc) = +0.55V vs Ag/AgCl
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5.3.3.3.1.5 4-(ethoxycarbonyl)pyridine 1-oxide:
COOEt
=

S\
|
o

Cyclovoltammogram Differential pulse voltammetry

2 — 4-COOEt-Py-NO (3.XX) % [—— 4-COOE-Py-NO (3.XX)

40

20
304

40
204

60

80

current [uA]
o
I
current [uA]
3
h

-100

T T
-20 -15 -1.0 -05

2 -1 0
potential [V vs Fc'/Fc] potential [V vs Fc*/Fc]
5.3.3.3.1.6 4-chloropyridine 1-oxide:
Cl
~ ]
\N+
I —
0]
Cyclovoltammogram Differential pulse voltammetry
—— 4-CIPY-NO (3XX)
0.00000 - 0.000004 4
-0.000024 0.000003
z g
€ -0.00004 - ]
g g 0.000002 4
3 3
-0.00006 -
0.000001 4
-0.00008 -
3 0.000000 -
3
-0.00010 T T T T LU S S B S S B S S ]
25 -2.0 -1.5 -1.0 0.5 0.0 -24 -22 -20 -18 16 -14 -12 10 08 06 04 02 00
potential [V vs Ag/AgCI] potential [V vs Ag/AgCI]

Ejy(Fc*/Fc) = +0.55V vs Ag/AgCl
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5.3.3.3.1.7 pyridine 1-oxide:

4
S
|

o

Cyclovoltammogram Differential pulse voltammetry
000002 [——4HPy-NO XX
0.000016 -
-0.00002 4
0.000014 4
z -0.00004 - —_ 0.000012 4
= <
£ -0.00006 - — 0.000010 4
2 g
5 -0.00008 - £ 0.000008
° 3
-0.000104 0.000006 -
0.000004 -
-0.00012 4
0.000002
-0.00014 4 0.000000 +
-0.00016 T T T T T T 1 -0.000002 T T T T T
-25 -2.0 -1.5 -1.0 -0.5 0.0 05 25 -2.0 -1.5 -1.0 -0.5
potential [V vs Ag/AgCl] potential [V vs Ag/AgCl]

EY)5(Fc*/Fc) = +0.54V vs Ag/AgCl

5.3.3.3.1.8 4-phenylpyridine 1-oxide:

Ph
4

.
|

o

Cyclovoltammogram Differential pulse voltammetry
0.00000
0.00004 -
% -0.00005 g
£ 8
3 3 0.00002
-0.00010
0.00000
-0.00015 T . T T T ;
2 | 0 3 2 4 0
Potential applied (V) potential [V vs Ag/AgCI]

EY)y(Fc*/Fc) = +0.53V vs Ag/AgCl
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5.3.3.3.1.9 4-(tert-butyl)pyridine 1-oxide:

tBu

Cyclovoltammogram

—— 4-tBu-Py-NO (3.XX
0.00000 4

-0.00002 -

-0.00004 -

current [A]

-0.00006 -

-0.00008

-0.00010 4

T T T T T T 1
-3.0 -25 -2.0 -1.5 -1.0 -0.5 0.0 0.5

potential [V vs Ag/AgCl]

E?jy(Fc*™/Fc) = +0.54V vs Ag/AgCl

5.3.3.3.1.10 4-methoxypyridine 1-oxide:

OMe
=

S

|

o
Cyclovoltammogram

—— 4-OMe-Py-NO (3.XX

0.00000 4

-0.00005 -

current [A]

-0.00010 4

3 2 3 0
potential [V vs Ag/AgCI]

2% (Fc*/Fc) = +0.53V vs Ag/AgCl
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current [A]

current [A]

Differential pulse voltammetry

0.00007 -
0.00006 -
0.00005 -
0.00004 4
0.00003 4
0.00002 4
0.00001 -
0.00000 -
-0.00001 T T T T T T T T T
-32 -30 -28 -26 24 22 20 -18 -16 -14
potential [V vs Ag/AgCI]
Differential pulse voltammetry
0.00002 4
0.00001
0.00000 4

3.0 25 20 15
potential [V vs Ag/AgCI]



Experimental section

5.3.3.3.1.11 [4,4'-bipyridine] 1-oxide:

N N-O
O

Cyclovoltammogram Differential pulse voltammetry
000002 [ 2450 X
0.00000 4 0.00004 4
-0.00002 4
-0.00004 4 0.00003 4
< <
2 -0.00006 z
g -0.00008 4 g 000002
0000107 ) 0.00001
-0.00012 4
-0.00014 4 0.00000 4
-0.00016 T T T T T T T T T 1 T T T T T T T T T 1
-18 -16 -14 -12 -10 -08 -06 -04 -02 00 02 -18 -16 -14 12 -10 -08 -06 -04 -02 00 02
potential [V vs Ag/AgCI] potential [V vs Ag/AgCI]
EY)5(Fc*/Fc) = +0.53V vs Ag/AgCl
5.3.3.3.1.12 [4,4'-bipyridine] 1,1'-dioxide:
_ \
“O-N? / N*-O~
C/>_<;/\
Cyclovoltammogram Differential pulse voltammetry

——4,4"-bipy-DiNO (3.XX|

0.00000 -
0.000020 +

-0.00001 -
0.000015 4

-0.00002 4
-0.00003 o 0.000010 4

-0.00004 4
0.000005 -

-0.00005 4

-0.00006 0.000000 +

—— 4,4"-bipy-DiNO (3.XX’

current [A]
current [A]

T T T T T T T T T 1 T T T T T T T T T 1
-16 -14 -12 10 -08 -06 -04 02 00 02 -16 -14 -12 -10 -08 -06 -04 -02 00 02

potential [V vs Ag/AgCI] potential [V vs Ag/AgCI]

EY)5(Fc*/Fc) = +0.54V vs Ag/AgCl
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5.3.3.3.1.13 [3,3"-bipyridine] 1-oxide:

Cyclovoltammogram Differential pulse voltammetry
07 [——3,3"bipy-NO (3.XX)
60 —— 3,3-bipy-NO (3.XX)
404
204 30
o
T ol g
2 & Z 2049
g 50 E
3 -00] 3
-1204 10
-140
-160 4
-180 0
-200 4
-220 T T T 1 T T
-3 2 -1 0 1 -25 -2.0 -15
potential [V vs Fc'/Fc] potential [V vs Fc'/Fc]
5.3.3.3.1.14 [3,3-bipyridine] 1,1"-dioxide:
Cyclovoltammogram Differential pulse voltammetry
2
[—— 3,3-bipy-DiNO (3.XX) = 3:3"bipy-DINO (3.XX)
154
o
g g
£ 2 101
0.5+
o
T T T 0.0 T T T
-2 -1 0 -2.0 -15 -1.0
potential [V vs Fc'/Fc] potential [V vs Fc*/Fc]
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5.3.3.3.1.15 [2,2'-bipyridine] 1-oxide:

Cyclovoltammogram Differential pulse voltammetry
09 30
- <
é -50 4 2‘120’
8 : 104
-100 4
o]
-150 T T 1 T T T
-2 -1 0 -2.0 -1.5 -1.0
potential [V vs Fc*/Fc] potential [V vs F¢'/Fc]
5.3.3.3.1.16 [2,2'-bipyridine] 1,1'-dioxide:

Cyclovoltammogram Differential pulse voltammetry
* —— 2,2"bipy-DiNO (3.XX) 0.000006 7 —— 2,2bipy-DINO (3.XX)
04
—_ 0.000004 4
2
8 5 H
E 3 00000024
2104
0.000000
-15 T T 1
2 K 0 20 s 10
potential [V vs Fc*/Fc] potential [V vs Fc'/Fc]
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5.3.3.3.1.17 1,4-diazine-NO (pyrazine 1-oxide):

Cyclovoltammogram Differential pulse voltammetry
o] 1,4-diazine-NO (3.XX o)

current [A]
current [A]

-0.00002 4
-0.00004 0.00004
-0.00006 -

0.00003
-0.00008 +
-0.00010 4

0.00002
-0.00012
-0.00014 - 0.00001
-0.00016 4
-0.00018 4 0.00000

-0.00020 . : : . ——————
20 A5 10 05 00 20 18 -16 -14 -12 -10 08 06 04 02 00 02
potential [V vs Ag/AgCI] potential [V vs Ag/AgCI]

E7j,(Fc™/Fc) = +0.53V vs Ag/AgCl

5.3.3.3.1.18 1,3-diazine-NO (pyrimidine 1-oxide):

N
L J
N +
|
o-
Cyclovoltammogram Differential pulse voltammetry
00000291
0.00000
0.000020 4
-0.00002 -
. 0.000015
<-0.00004 <
€ 5
o £ 0.000010
5 0000061 3
0.00008 0.000005 +
-0.00010 0.000000 -
22 —2‘ 0 71‘8 4‘.6 4‘.4 4‘.2 —1‘ 0 ro‘ﬂ 2.5 2‘ 0 -1‘,5 -1‘.0 0‘ 5 0.‘0
potential [V vs Ag/AgCI] potential [V vs Ag/AgClI]

Ejy(Fc*/Fc) = +0.53V vs Ag/AgCl

192



Experimental section

5.3.3.3.1.19 1,2-diazine-NO (pyridazine 1-oxide):

]
N Nt
|
o-
Cyclovoltammogram Differential pulse voltammetry
2"’ — 1,2-diazine-NO (3.) 4
od
0.034
% -404 % 0.024
04
0.01
804
2 A 0 25 20 s
potential [V vs Fc*/Fc] potential [V vs Fc'/Fc]
5.3.3.3.1.20 phthalazine 2-oxide:
@ ’}l
+
N
o
Cyclovoltammogram Differential pulse voltammetry
|—— phthalazine-NO (3.X) 00000209 [— phthalazine-NO (3.XX]
od
0.000015 4
— 204
El z
= + 0.000010 -
0.000005 4
04
0.000000
50 : : : : : ‘
-2.0 -15 -1.0 -2.5 -2.0 -15 -1.0
potential [V vs Fc'/Fc] potential [V vs Fc*/Fc]
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5.3.3.3.1.21 phenazine 5-oxide:

o
Cyclovoltammogram Differential pulse voltammetry
e ooy
0.00004 - 0.00007
0.00002 0.00006 -
0.00000 4 —_ 0.00005
< <
£ 0.000024 £ 0.00004 -
% -0.00004 % 0.00003 4
-0.00006 0.00002 4
-0.00008 0.00001 4
-0.00010 4 0.00000
-0.00012 T T T T T T \ -0.00001 T T T T T T
-1.0 -0.8 -0.6 04 -0.2 0.0 02 -1.0 08 -0.6 -0.4 -0.2 0.0
potential [V vs Ag/AgCI] potential [V vs Ag/AgCI]
E7j,(Fc™/Fc) = +0.53V vs Ag/AgCl
5.3.3.3.1.22 phenazine 5,10-dioxide:
o-
N
~
\N .
|
o
Cyclovoltammogram Differential pulse voltammetry
ooooots |
oooo0ts |
0.000014
0.000000 4 — 0.000012 4
g % 0.000010 4
g -0.000005-] g 0.000008
8 © 0.0000086 -
-0.000010 + 0.000004
0.000002
-0.000015 4 0.000000 4
T | -0.000002 .

T
-0.8

06 04 02 00 02
potential [V vs Ag/AgCl]

E?jy(Fc*™/Fc) = +0.54V vs Ag/AgCl

194

08 06 04 02 00
potential [V vs Ag/AgCI]



Experimental section

5.3.3.3.1.23 9-chloroacridine 10-oxide:
Cl
=
\N+
|
o
Cyclovoltammogram
57 —— 9-Cl-acridine-NO (3.XX]
o [—— SCracidine:NO .
e
i -20
= 259
é -30
3 354
ol
ol
-15 -1‘.0 -0{5 0‘,0

potential [V vs Ag/AgCI]

E7)5(Fc*/Fc) = +0.53V vs Ag/AgCl

current [A]

Differential pulse voltammetry

0.00003 4

0.00002

0.00001 4

0.00000 +

—— 9-Cl-acridine-NO (3.XX

T
-15 -1.0 -05

potential [V vs Ag/AgCI]
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5.3.4 Analytical data of chapter 4
5.3.4.1 Characterization of N,N-dimethylaniline scope

5.3.4.1.1 Synthesis of 4-(tert-butyl)phenyl trifluoromethanesulfonate (4.1a):

t-Bu

4.1a

Following general procedure A, using 20 mmol 4-(tert-butyl)phenol at 0 °C instead of -78 °C
with pyridine as the base afforded the title compound 4.1a (5.65 g, 19.24 mmol, 96%) as a

clear colorless oil after purification via column chromatography (pure n-pentane).
R¢ = 0.40 (n-pentane)
"H NMR (300 MHz, Chloroform-d) & 7.49 — 7.41 (m, 2H), 7.22 — 7.16 (m, 2H), 1.33 (s, 9H).

13C NMR (75 MHz, Chloroform-d) 8 151.8, 147.6, 127.3, 120.8, 118.9 (q, J = 320.7 Hz),
34.9, 31.4.

19F NMR (282 MHz, Chloroform-d) & -72.97.

MS (EI): m/z (relative intensity) 282 (11), 269 (10), 268 (15), 267 (100), 175 (17), 134 (12),
109 (11), 106 (10), 79 (10), 78 (10), 77 (13), 41 (13).

HR-MS (El) m/z calcd for C11H1s0sF3S1* [M]* 282.0532, found 282.0530.

IR (ATR, neat, cm-1): 2966 (w), 2909 (w), 2873 (w), 1648 (w), 1596 (w), 1504 (m), 1466 (w),
1422 (s), 1366 (w), 1310 (w), 1268 (w), 1249 (m), 1205 (s), 1138 (s), 1111 (m), 1015 (m), 942

(w), 886 (s), 837 (s), 780 (m), 756 (m), 730 (m), 664 (m), 637 (m), 609 (s), 582 (M), 552 (M),
531 (m), 509 (s), 414 (m).

The analytical data is in accordance with those reported in the literature.['%]

5.3.4.1.2 Synthesis of 4-(tert-butyl)-N,N-dimethylaniline hydrochloride
(4.3a-HCI):

ONMGQ
t-Bu HCI
4.3a-HCI
Following general procedure B, using 4-(tert-butyl)phenyl trifluoromethanesulfonate (4.1a)
afforded the title compound 4.3a (106 mg, 0.497 mmol, 99%) as a white crystalline solid after
purification via column chromatography (pure n-pentane) and treatment with HCI (2.0 M in

Et.0).
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Rt = 0.21 (n-pentane, UV) free base

H NMR (300 MHz, Chloroform-d) 8 14.14 (s, 1H), 7.69 — 7.62 (m, 2H), 7.46 — 7.39 (m, 2H),
3.13 (s, 6H), 1.24 (s, 9H).

13C NMR (75 MHz, Chloroform-d) & 153.4, 140.3, 127.3, 120.2, 46.4, 34.8, 31.1.
MS (El): m/z (relative intensity) 177 (24), 163 (13), 162 (100), 147 (15).
HRMS (ESI-TOF, m/z): calcd. for C12H1eN [M+H]* 178.1595, found 178.1598.

IR (ATR, neat, cm-1): 3020 (w), 2957 (m), 2901 (w), 2865 (w), 2488 (w), 2351 (m), 1599 (w),
1513 (m), 1484 (m), 1451 (m), 1417 (w), 1396 (w), 1362 (w), 1269 (w), 1205 (w), 1188 (w),
1143 (m), 1120 (w), 1018 (w), 991 (m), 898 (m), 837 (m), 741 (w), 656 (W), 573 (s), 544 (W),
461 (w).

The analytical data is in accordance with those reported in the literature.[*

5.3.4.1.3 Synthesis of 4-isopropylphenyl trifluoromethanesulfonate (4.1b):

/@,OTf
i-Pr

4.1b

Following general procedure 3.A, using 2 mmol 4-isopropylphenol at 0 °C instead of =78 °C
and pyridine as the base afforded the title compound 4.1b (389 mg, 1.45 mmol 72%) as a clear

colorless oil after purification via column chromatography (pure n-pentane).
Rf = 0.50 (n-pentane, UV)

H NMR (300 MHz, Chloroform-d) & 7.32 — 7.26 (m, 2H), 7.22 — 7.16 (m, 2H), 2.95 (sept, J
= 6.9 Hz, 1H), 1.26 (d, J = 6.9 Hz, 6H).

3C NMR (75 MHz, Chloroform-d) & 149.5, 147.8, 128.3, 121.2, 118.9 (q, J = 320.7 Hz),
33.8, 24.0.

®F NMR (282 MHz, Chloroform-d) & -72.95.

MS (El): m/z (relative intensity) 268 (48), 254 (11), 253 (100), 135 (42), 107 (29), 103 (32),
92 (14), 91 (60), 79 (13), 77 (16), 69 (23), 65 (16).

HRMS (El, m/z): calcd. for C1oH11O3F3S+ [M]* 268.0376, found 268.0375.

IR (ATR, neat, cm-1): 2966 (s), 2933 (s), 2876 (s), 1597 (s), 1502 (s), 1465 (s), 1419 (s),
1367 (s), 1339 (s), 1302 (s), 1281 (s), 1249 (s), 1204 (s), 1181 (s), 1134 (s), 1057 (s), 1017
(s), 942 (s), 883 (s), 837 (s), 787 (s), 763 (s), 730 (s), 684 (s), 637 (s), 608 (s), 588 (s), 564 (s),
537 (s), 511 (s), 472 (w).
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5.3.4.1.4 Synthesis of 4-isopropyl-N,N-dimethylaniline hydrochloride (4.3b-HCI):
NMe;
i-Pr/© HCI
4.3b-HCI

Following general procedure 3.B, wusing 0.524 mmol 4-isopropylphenyl
trifluoromethanesulfonate (4.1b) afforded the title compound 4.3b (91 mg, 0.456 mmol, 90%)
as a white crystalline solid after purification via column chromatography (pure n-pentane) and
treatment with HCI (2.0 M in Et20).

Rf = 0.17 (n-pentane, UV) free base

H NMR (300 MHz, Chloroform-d) & 14.22 (s, 1H), 7.66 (d, J = 8.2 Hz, 2H), 7.30 (d, J = 8.0
Hz, 2H), 3.14 (s, 6H), 2.91 (sept, J = 7.1 Hz, 1H), 1.20 (d, J = 6.8 Hz, 6H).

13C NMR (75 MHz, Chloroform-d) & 151.4, 140.5, 128.5, 120.6, 46.7, 33.9, 23.8.
MS (El): m/z (relative intensity) 163 (29), 149 (11), 148 (100).
HRMS (El, m/z): calcd. for C11Hi7N [M+H]* 164.1439, found 164.1442.

IR (ATR, neat, cm-1): 3408 (w), 3006 (w), 2957 (m), 2932 (w), 2869 (w), 2492 (w), 2296 (s),
1940 (w), 1810 (w), 1662 (w), 1600 (W), 1511 (s), 1482 (s), 1461 (m), 1413 (m), 1384 (w), 1363
(w), 1311 (w), 1287 (w), 1251 (w), 1190 (m), 1133 (m), 1057 (m), 1019 (m), 1000 (m), 963 (w),
900 (m), 848 (s), 834 (s), 740 (w), 677 (w), 638 (W), 582 (s), 557 (m), 456 (w), 410 ().

The analytical data is in accordance with those reported in the literature.['3]

5.3.4.1.5 Synthesis of p-tolyl trifluoromethanesulfonate (4.1c):

Me

41c

Following general procedure 3.A, using p-cresol (9.25 mmol) at 0 °C instead of =78 °C with
NEts as the base afforded the title compound 4.1¢ (2.18 g, 9.07 mmol, 98%) as a clear

colorless oil after purification via column chromatography (pure n-pentane).
Rf = 0.36 (n-pentane, UV)
"H NMR (300 MHz, Chloroform-d) & 7.27 — 7.20 (m, 2H), 7.18 — 7.12 (m, 2H), 2.38 (s, 3H).

13C NMR (75 MHz, Chloroform-d) & 147.6, 138.5, 130.7, 121.0, 118.8 (q, J = 320.7 Hz),
20.9.

F NMR (282 MHz, Chloroform-d) & -72.91.
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MS (El): m/z (relative intensity) 240 (65), 175 (11), 107 (100), 91 (12), 79 (24), 78 (14), 77
(60), 69 (18), 51 (11).

HRMS (El, m/z): calcd. for CgH11N [M]* 240.0063, found 240.0061.

IR (ATR, neat, cm-1): 1600 (w), 1501 (m), 1420 (s), 1249 (m), 1203 (s), 1178 (m), 1132 (s),
1044 (w), 1018 (w), 938 (w), 881 (s), 821 (s), 770 (w), 714 (w), 691 (m), 639 (m), 606 (s), 583
(m), 561 (w), 542 (w), 502 (s), 485 (m), 417 (w).

The analytical data is in accordance with those reported in the literature.['*!

5.3.4.1.6 Synthesis of N,N,4-trimethylaniline hydrochloride (4.3c-HCI):
NMe,
Me/© HCl
4.3c-HCI

Following general procedure 3.B, using p-tolyl trifluoromethanesulfonate (4.1c) afforded the
titte compound 4.3c (78 mg, 0.454 mmol, 90%) as a white crystalline solid after purification via

column chromatography (pure n-pentane) and treatment with HCI (2.0 M in Et20).
Rf = 0.20 (n-pentane, UV) free base

H NMR (300 MHz, Chloroform-d) & 13.86 (s, 1H), 7.60 (d, J = 6.1 Hz, 2H), 7.21 — 7.09 (m,
2H), 3.09 (s, 6H), 2.24 (s, 3H).

13C NMR (75 MHz, Chloroform-d) & 140.2, 130.7, 120.4, 46.5, 20.9.
MS (EI): m/z (relative intensity) 135 (66), 134 (100), 119 (14), 118 (14), 91 (18).
HRMS (EI, m/z): calcd. for CoH1sN [M]* 135.1046, found 135.1046.

IR (ATR, neat, cm-1): 3031 (w), 2922 (w), 2627 (w), 2536 (w), 2498 (w), 2422 (m), 2405 (m),
1611 (w), 1501 (s), 1485 (s), 1462 (M), 1440 (m), 1423 (m), 1362 (W), 1267 (w), 1249 (s), 1231
(m), 1173 (m), 1128 (m), 1094 (w), 1027 (s), 987 (m), 944 (w), 919 (s), 878 (w), 854 (m), 815
(M), 724 (w), 697 (w), 634 (s), 554 (w), 448 (m), 423 (m).

The analytical data is in accordance with those reported in the literature.['*
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5.3.4.1.7 Synthesis of phenyl trifluoromethanesulfonate (4.1d):

©/0Tf

4.1d

Following general procedure 3.A, using 2.13 mmol phenol at 0 °C instead of =78 °C with
triethylamine as the base afforded the title compound 4.1d (365 mg, 1.61 mmol, 76%) as a

clear colorless oil after purification via column chromatography (pure n-pentane).
R¢ = 0.45 (n-pentane, UV)
"H NMR (300 MHz, Chloroform-d) & 7.43 — 7.27 (m, 3H), 7.24 — 7.15 (m, 2H).
13C NMR (75 MHz, Chloroform-d) & 149.8, 130.4, 128.5, 121.5, 118.9 (q, J = 320.7 Hz).
F NMR (282 MHz, Chloroform-d) & -72.96.

MS (EI): m/z (relative intensity) 226 (19), 96 (12), 93 (28), 69 (100), 65 (95), 64 (16), 63 (18),
50 (10), 48 (12), 39 (58), 38 (11).

HRMS (El, m/z): calcd. for C7Hs03F3S [M]* 225.9906, found 225.9905.

IR (ATR, neat, cm-1): 1603 (w), 1587 (w), 1487 (m), 1459 (w), 1420 (s), 1287 (w), 1249 (m),
1203 (s), 1175 (m), 1129 (s), 1073 (w), 1024 (w), 912 (m), 879 (s), 826 (w), 779 (m), 764 (s),
735 (m), 685 (m), 621 (m), 600 (s), 567 (M), 515 (s), 475 (M), 405 (w).

The analytical data is in accordance with those reported in the literature.['%]
5.3.4.1.8 Synthesis of N,N-dimethylaniline hydrochloride (4.3d-HCI):
NM62
@ HCI
4.3d-HCI

Following general procedure 3.B, using phenyl trifluoromethanesulfonate (4.1d) afforded the
title compound 4.3d (78 mg, 0.496 mmol, 99%) as a colorless waxy solid after purification via

column chromatography (pure n-pentane) and treatment with HCI (2.0 M in Et;0).
R = 0.15 (n-pentane, UV) free-base

H NMR (300 MHz, Chloroform-d) & 14.05 (s, 1H), 7.81 — 7.62 (m, 2H), 7.46 — 7.28 (m, 2H),
3.10 (s, 6H).

13C NMR (75 MHz, Chloroform-d) & 142.7, 130.3, 130.1, 120.7, 46.4.
MS (El): m/z (relative intensity) 121 (71), 120 (100), 105 (12), 104 (13), 77 (22), 51 (11).

HRMS (ESI-TOF, m/z): calcd. for CgH11N [M+H]* 122.0969, found 122.0969.
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IR (ATR, neat, cm-1): 3045 (w), 3012 (w), 2952 (w), 2929 (w), 2853 (w), 2629 (w), 2529 (w),
2495 (m), 2381 (s), 2127 (w), 1598 (m), 1494 (s), 1468 (m), 1421 (m), 1403 (w), 1345 (w),
1326 (w), 1196 (m), 1185 (w), 1158 (w), 1136 (m), 1127 (m), 1079 (w), 1063 (w), 1026 (w),
995 (m), 928 (w), 899 (m), 853 (w), 764 (s), 696 (s), 616 (W), 575 (m), 542 (s), 480 (w).

The analytical data is in accordance with those reported in the literature.['3"]

5.3.4.1.9 Synthesis of 4-methoxyphenyl trifluoromethanesulfonate (4.1e):

MeO

4.1e

Following general procedure 3.A, using 4-methoxyphenol (2.00 mmol) at 0 °C instead of -78
°C and triethylamine as the base afforded the title compound 4.1e (456 mg, 1.78 mmol, 89%)

as a clear colorless oil after purification via column chromatography (pure n-pentane).
Rf = 0.13 (n-pentane, UV)
'"H NMR (400 MHz, Chloroform-d) & 7.24 — 7.16 (m, 2H), 6.96 — 6.88 (m, 2H), 3.81 (s, 3H).
3C NMR (101 MHz, CDCI3) & 159.2, 143.2, 122.5, 118.9 (q, J = 320.9 Hz), 115.2, 55.8.
F NMR (282 MHz, Chloroform-d) & -72.87.
MS (El): m/z (relative intensity) 256 (13), 123 (100), 95 (37), 69 (27).
HRMS (El, m/z): calcd. for C2H2603 [M+H]* 256.0012, found 256.0005.

IR (ATR, neat, cm-1): 2953 (w), 2843 (w), 1597 (w), 1501 (s), 1465 (w), 1417 (s), 1300 (w),
1248 (m), 1203 (s), 1168 (s), 1133 (s), 1105 (m), 1032 (m), 1008 (m), 928 (w), 881 (s), 832
(s), 808 (s), 769 (w), 721 (w), 694 (m), 636 (M), 606 (s), 561 (M), 518 (s), 503 (M), 469 (M).

The analytical data is in accordance with those reported in the literature.['*?

5.3.4.1.10 Synthesis of 4-methoxy-N,N-dimethylaniline hydrochloride
(4.3e-HCI):

/@NMGZ
MeO HCI
4.3e-HCI

Following general procedure 3.B, using 4-methoxyphenyl trifluoromethanesulfonate (4.1e,
0.332 mmol) afforded the title compound 4.3e (57 mg, 0.304 mmol, 92%) as a white crystalline
solid after purification via column chromatography (n-pentane:EtOAc = 10:1) and treatment
with HCI (2.0 M in Et,0).
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Rf = 0.27 (n-pentane:EtOAc = 10:1) free base

H NMR (300 MHz, Chloroform-d) 8 14.07 (s, 1H), 7.72 — 7.63 (m, 2H), 6.92 — 6.84 (m, 2H),
3.74 (s, 3H), 3.10 (s, 6H).

13C NMR (75 MHz, Chloroform-d) & 160.3, 135.6, 122.1, 115.4, 55.7, 46.9.
MS (El): m/z (relative intensity) 151 (56), 136 (100), 108 (11).
HRMS (El, m/z): calcd. for C14H16N [M+H]" 152.1075, found 152.1078.

IR (ATR, neat, cm-1): 3126 (w), 3074 (w), 3056 (w), 3006 (w), 2974 (w), 2943 (w), 2913 (w),
2844 (w), 2621 (w), 2531 (w), 2498 (m), 2427 (m), 2407 (m), 2150 (w), 2120 (w), 2036 (w),
1954 (w), 1921 (w), 1885 (w), 1700 (w), 1616 (w), 1605 (m), 1519 (s), 1492 (m), 1458 (s), 1447
(m), 1425 (w), 1404 (w), 1314 (m), 1266 (s), 1242 (m), 1181 (s), 1158 (m), 1141 (m), 1119 (m),
1023 (s), 995 (m), 979 (m), 900 (m), 849 (s), 823 (m), 813 (m), 724 (w), 700 (m), 636 (w), 565
(s), 552 (s), 486 (W), 438 (w), 418 (w).

The analytical data is in accordance with those reported in the literature.['3!

5.3.4.1.11 Synthesis of 4-methoxyphenyl trifluoromethanesulfonate (4.1f)

MeS

4.1f

Following general procedure 3.A, using 4-(methylthio)phenol (4.00 mmol) and NEt/Pr; as
the base afforded the title compound 4.1f (0.981 g, 3.60 mmol, 90%) as a clear colorless oil

after purification via column chromatography (n-pentane:EtOAc = 50:1, UV).
Rf = 0.35 (n-pentane:EtOAc = 50:1, UV)
"H NMR (300 MHz, Chloroform-d) 8 7.32 — 7.26 (m, 1H), 7.24 — 7.17 (m, 1H), 2.50 (s, 1H).

3C NMR (75 MHz, Chloroform-d) & 147.0, 139.9, 127.6, 121.8, 118.8 (d, J = 320.9 Hz),
15.7.

19F NMR (282 MHz, Chloroform-d) & -72.89.
MS (El): m/z (relative intensity) 272 (33), 139 (100), 111 (14), 69 (18).
HRMS (El, m/z): calcd. for CsH7OsFsS2 [M]* 271.9783, found 271.9790.

IR (ATR, neat, cm-1): 2178 (w), 2152 (w), 1983 (w), 1486 (m), 1418 (m), 1399 (m), 1248
(w), 1201 (s), 1183 (m), 1131 (s), 1090 (m), 1011 (m), 970 (w), 944 (w), 885 (s), 828 (s), 782
(m), 756 (m), 720 (w), 648 (w), 632 (m), 604 (s), 575 (m), 556 (w), 525 (m), 490 (m), 472 (w),
456 (m), 437 (w), 427 (w), 420 (m), 401 (m).
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The analytical data is in accordance with those reported in the literature.['38]

5.3.4.1.12 Synthesis of N,N-dimethyl-4-(methylthio)aniline hydrochloride
(4.3f):

/@NMGZ
MeS HCI
4.3f-HCI

Following general procedure 3.B, using 4-(methylthio)phenyl trifluoromethanesulfonate
(4.1f) afforded the title compound 4.3f (100 mg, 0.492 mmol, 99%) as a white crystalline solid
after purification via column chromatography (n-pentane:EtOAc = 50:1) and treatment with 2
M HCI in Et20.

Rf = 0.29 (n-pentane:EtOAc = 50:1, UV) free base

H NMR (300 MHz, Chloroform-d) & 7.70 — 7.63 (m, 2H), 7.25 — 7.18 (m, 2H), 3.11 (s, 6H),
2.40 (s, 3H).

3C NMR (75 MHz, Chloroform-d) d 142.0, 139.5, 127.2, 121.2, 46.6, 15.3.

MS (El): m/z (relative intensity) 167 (68), 153 (12), 152 (100), 136 (19), 119 (13), 108 (16),
77 (11),69 (17), 63 (12), 51 (12), 47 (23), 45 (37), 42 (22).

HRMS (El, m/z): calcd. for CsH;O3F3S2 [M]* 167.0763, found 167.0757.

IR (ATR, neat, cm-1): 3482 (w), 3042 (w), 3008 (w), 2974 (w), 2914(w), 2535 (w), 2497 (m),
2394 (s), 1925 (w), 1656 (w), 1590 (w), 1486 (s), 1464 (m), 1426 (m), 1395 (m), 1321 (w),
1286 (w), 1187 (m), 1157 (w), 1138 (m), 1096 (m), 1016 (w), 992 (m), 981 (w), 956 (m), 897
(m), 825 (s), 776 (w), 715 (w), 635 (w), 539 (s), 520 (M), 413 ().

The analytical data is in accordance with those reported in the literature.['3

5.3.4.1.13 Synthesis of benzo[d][1,3]dioxol-5-yl trifluoromethanesulfonate
(4.19):

e} OoTf
g
(0]
419

Following general procedure 3.A, using benzo[d][1,3]dioxol-5-0l (4.00 mmol) and pyridine
as the base afforded the title compound 4.1g (1.01 g, 3.74 mmol, 93%) as a clear colorless oil

after purification via column chromatography (n-pentane:EtOAc = 50:1).

Rf = 0.34 (n-pentane:EtOAc = 50:1, UV)
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H NMR (300 MHz, Chloroform-d) & 6.83 — 6.71 (m, 3H), 6.03 (s, 2H).

13C NMR (75 MHz, Chloroform-d) 5 148.7, 147.6, 143.6, 118.9 (q, J = 320.8 Hz), 114.5,
108.3, 103.5, 102.6.

F NMR (282 MHz, Chloroform-d) 5 -72.84.

MS (El): m/z (relative intensity) 270 (19), 137 (100), 107 (43), 79 (44), 69 (64), 53 (35), 51
(20), 50 (14).

HRMS (El, m/z): calcd. for CgHs0sF3S1 [M]* 269.9804, found 269.9806.

IR (ATR, neat, cm-1): 2908 (w), 1638 (w), 1610 (w), 1505 (m), 1481 (s), 1418 (s), 1366 (w),
1245 (s), 1202 (s), 1163 (m), 1136 (s), 1108 (s), 1087 (s), 1036 (s), 940 (s), 928 (s), 859 (s),
843 (s), 804 (s), 772 (w), 733 (m), 713 (m), 652 (m), 606 (s), 589 (s), 559 (M), 534 (w), 504
(s), 452 (m), 426 (m).

The analytical data is in accordance with those reported in the literature.['%!

5.3.4.1.14 Synthesis of N,N-dimethylbenzo[d][1,3]dioxol-5-amine
hydrochloride (4.3g-HCI):

oj@,NMez
0 HCI
4.3g-HCI

Following general procedure 3.B, using benzo[d][1,3]dioxol-5-yI trifluoromethanesulfonate
4.1g (0.529 mmol) afforded the title compound 4.3g (103 mg, 0.501 mmol, 95%) as a white
crystalline solid after purification via column chromatography (n-pentane:EtOAc = 10:1) and
treatment with 2 M HCl in Et,0.

Rf = 0.4 (n-pentane:EtOAc = 10:1, UV) free base

H NMR (300 MHz, Chloroform-d) & 14.48 (s, 1H), 7.31 (dd, J = 8.4, 2.4 Hz, 1H), 7.24 (d, J
= 2.3 Hz, 1H), 6.84 (d, J = 8.3 Hz, 1H), 6.05 (s, 2H), 3.12 (s, 6H).

3C NMR (75 MHz, Chloroform-d) & 149.1, 148.9, 136.9, 114.6, 109.1, 102.6, 102.0, 47.0.

MS (El): m/z (relative intensity) 166 (10), 165 (100), 164 (61), 149 (14), 136 (12), 107 (13),
92 (37), 82 (13), 65 (11).

HRMS (El, m/z): calcd. for CoH11O2N [M]* 165.0784, found 165.0782.

IR (ATR, neat, cm-1): 3031 (w), 2923 (w), 2536 (w), 2498 (w), 2422 (m), 2405 (m), 1651 (w),
1612 (w), 1501 (s), 1462 (m), 1440 (m), 1423 (m), 1362 (w), 1267 (w), 1249 (s), 1231 (m),
1173 (m), 1129 (m), 1094 (m), 1028 (s), 987 (m), 944 (w), 919 (s), 878 (w), 854 (m), 815 (m),
762 (w), 723 (W), 696 (W), 634 (s), 554 (w), 528 (W), 479 (W), 447 (m), 422 (m).
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The analytical data is in accordance with those reported in the literature.[4")

5.3.4.1.15 Synthesis of 4-nitrophenyl trifluoromethanesulfonate (4.1h):

/@,OTf
O5N

4.1h

Following general procedure 3.A, using 4-nitrophenol (3.59 mmol) and pyridine as the base
afforded the title compound 4.1h (940 mg, 3.47 mmol, 96%) as a clear white solid after

purification via column chromatography (Pure n-pentane).
Rf = 0.24 (n-pentane, UV)
"H NMR (300 MHz, Chloroform-d) & 8.42 — 8.29 (m, 2H), 7.56 — 7.41 (m, 2H).
3C NMR (75 MHz, Chloroform-d) & 153.1, 147.1, 126.0, 122.5, 118.6 (q, J = 320.9 Hz).
F NMR (282 MHz, Chloroform-d) & -72.73.

MS (El): m/z (relative intensity) 271 (62), 177 (41), 161 (16), 149 (18), 95 (59), 92 (21), 75
(11), 69 (100), 64 (37), 63 (43), 62 (11), 38 (11), 30 (25).

HRMS (El, m/z): calcd. for C7H4OsNF3S [M]* 270.9757, found 270.9752.

IR (ATR, neat, cm-1): 3124 (w), 1622 (w), 1589 (w), 1534 (s), 1485 (m), 1420 (s), 1381 (w),
1347 (s), 1318 (w), 1291 (w), 1250 (m), 1210 (s), 1174 (m), 1129 (s), 1011 (m), 892 (s), 859
(s), 779 (m), 757 (m), 740 (s), 689 (M), 629 (M), 608 (s), 572 (s), 524 (s), 472 (M), 444 (s).

The analytical data is in accordance with those reported in the literature.[4"

5.3.4.1.16 Synthesis of N,N-dimethyl-4-nitroaniline hydrochloride (4.3h-HCI):
NMe,
OZNQ HCI
4.3h-HCI

Following general procedure 3.B, using 4-nitrophenyl trifluoromethanesulfonate (4.1h)
afforded the title compound 4.3h (65 mg, 0.391 mmol, 71%, freebase) as a yellow crystalline

solid after purification via column chromatography (n-pentane: EtOAc = 10:1).
Rf = 0.20 (n-pentane: EtOAc = 10:1, UV) free base
"H NMR (300 MHz, Chloroform-d) & 8.14 — 8.03 (m, 2H), 6.63 — 6.53 (m, 2H), 3.09 (s, 6H).

3C NMR (75 MHz, Chloroform-d) & 154.2, 136.8, 126.1, 110.2, 40.3.
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MS (El): m/z (relative intensity) 166 (63), 165 (15), 136 (57), 120 (15), 119 (26), 118 (20),
108 (15), 105 (19), 104 (21), 92 (11), 91 (11), 79 (15), 78 (18), 77 (39), 76 (17), 65 (18), 64
(12), 63 (17), 51 (19), 50 (22), 46 (47), 42 (52), 39 (14), 30 (100).

HRMS (El, m/z): calcd. for CoH1102N [M]* 166.0737, found 166.0736.

IR (ATR, neat, cm-1): 2918(w), 1915(w), 1580(s), 1526(m), 1481(s), 1449(m), 1382(w),
1284(s), 1231(s), 1196(s), 1112(s), 1066(s), 938(m), 819(s), 748(s), 695(s), 629(m), 604(m),
539(s), 505(s), 491(s).

The analytical data is in accordance with those reported in the literature.['3]

5.3.4.1.17 Synthesis of naphthalen-2-yl trifluoromethanesulfonate (4.1i):

4.1i

Following general procedure 3.A, using naphthalen-2-ol (4.00 mmol) and pyridine as the
base afforded the title compound 4.1i (1.00 g, 3.62 mmol, 91%) as a clear colorless oil after

purification via column chromatography (n-pentane).
Rf = 0.50 (n-pentane, UV)

H NMR (300 MHz, Chloroform-d) & 7.96 — 7.83 (m, 3H), 7.78 (d, J = 2.5 Hz, 1H), 7.65 —
7.53 (m, 2H), 7.39 (dd, J = 9.0, 2.5 Hz, 1H).

13C NMR (75 MHz, Chloroform-d) & 147.2, 133.4, 132.5, 130.7, 128.1, 128.0, 127.7, 127.3,
119.6, 119.3, 119.0 (q, J = 320.8 Hz).

19F NMR (282 MHz, Chloroform-d) & -72.82.
MS (El): m/z (relative intensity) 276 (41), 143 (42), 115 (100).
HRMS (EI, m/z): calcd. for C11H;03F3S [M]* 276.0063, found 276.0061.

IR (ATR, neat, cm-1): 3063 (w), 1633 (w), 1600 (w), 1582 (w), 1511 (w), 1461 (w), 1419 (s),
1356 (w), 1250 (m), 1233 (m), 1201 (s), 1135 (s), 1104 (s), 955 (s), 911 (s), 884 (m), 859 (s),
831 (s), 807 (s), 766 (m), 748 (s), 697 (m), 643 (s), 620 (M), 603 (s), 577 (M), 542 (w), 522 (),
495 (s), 471 (s), 430 (m).

The analytical data is in accordance with those reported in the literature.'4?
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5.3.4.1.18 Synthesis of N,N-dimethylnaphthalen-2-amine hydrochloride
(4.3i-HCI):

cXre
HCI
4.3i-HCI

Following general procedure 3.B, using naphthalen-2-yl trifluoromethanesulfonate (4.1i)
afforded the title compound 4.3i (102 mg, 0.491 mmol, 95%) as a white crystaline solid after

purification via column chromatography (pure n-pentane) and treatment with 2 M HCI in Et;0.
Rf = 0.13 (n-pentane, UV) free base

"H NMR (300 MHz, Chloroform-d) & 14.49 (s, 1H), 8.34 (d, J = 2.4 Hz, 1H), 7.94 (d, J = 8.9
Hz, 1H), 7.90 — 7.79 (m, 2H), 7.76 (dd, J = 8.9, 2.4 Hz, 1H), 7.59 — 7.44 (m, 2H), 3.25 (s, 6H).

3C NMR (75 MHz, Chloroform-d) & 139.9, 133.2, 132.8, 131.2, 128.4, 128.0, 127.9, 120.2,
117.4, 46.7.

MS (EI): m/z (relative intensity) 172 (12), 171 (100), 170 (87), 155 (19), 128 (27), 127 (24),
77 (11).

HRMS (ESY-TOF, m/z): calcd. for C12H13N [M+H]" 172.1126, found 172.1126.

IR (ATR, neat, cm-1): 3465 (w), 3405 (w), 3011 (w), 2506 (w), 2305 (m), 1634 (w), 1603 (W),
1515 (m), 1486 (m), 1470 (m), 1422 (w), 1361 (w), 1271 (w), 1181 (m), 1135 (m), 1109 (m),
990 (w), 954 (m), 922 (w), 909 (w), 870 (m), 843 (m), 816 (s), 755 (s), 693 (W), 655 (m), 616
(w), 566 (m), 545 (m), 483 (s), 474 (s).

The analytical data is in accordance with those reported in the literature.[4?]

5.3.4.1.19 Synthesis of [1,1'-biphenyl]-4-yl trifluoromethanesulfonate (4.1j):

/@,OTf
Ph

4.1

Following general procedure 3.A, using [1,1'-biphenyl]-4-ol (2.10 mmol) at 0 °C instead of
-78 °C and triethylamine as the base afforded the title compound 4.1j (0.510 g, 1.69 mmol,

80%) as a clear colorless oil after purification via column chromatography (pure n-pentane).
Rf = 0.36 (n-pentane, UV)

H NMR (400 MHz, Chloroform-d) & 7.70 — 7.62 (m, 2H), 7.61 — 7.54 (m, 2H), 7.52 — 7.40
(m, 3H), 7.40 — 7.32 (m, 2H).
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13C NMR (75 MHz, Chloroform-d) 5 149.1, 141.8, 139.4, 129.1, 129.0, 128.2, 127.3, 121.8,
118.9 (q, J = 320.8 Hz).

19F NMR (282 MHz, Chloroform-d) & -72.79.
MS (El): m/z (relative intensity) 302 (46), 170 (13), 169 (100), 141 (51), 139 (13), 115 (36).
HRMS (El, m/z): calcd. for C1sHeF305S [M+H]* 302.0219, found 302.0225.

IR (ATR, neat, cm-1): 3061 (w), 1595 (w), 1483 (m), 1454 (w), 1425 (s), 1342 (s), 1250 (m),
1213 (s), 1179 (m), 1226 (s), 1016 (m), 1006 (M), 945 (w), 876 (M), 844 (s), 787 (m), 758 (s),
720 (m), 687 (s), 640 (m), 599 (m), 569 (s), 541 (m), 513 (s), 475 (m), 419 (m).

The analytical data is in accordance with those reported in the literature.['4?

5.3.4.1.20 Synthesis of N,N-dimethyl-[1,1'-biphenyl]-4-amine hydrochloride
(4.3j-HCI):

/@,NMBZ
Ph HCI
4.3j-HCI

Following general procedure 3.B, using [1,1'-biphenyl]-4-yl trifluoromethanesulfonate (4.1j)
afforded the title compound 4.3j (122 mg, 0.522 mmol, 99%) as a white crystalline solid after
purification via column chromatography (n-pentane:EtOAc = 50:1) and treatment with 2 M HCI
in Etzo.

Rf = 0.38 (n-pentane:EtOAc = 20:1, UV) free base
m.p. =160 °C

"H NMR (300 MHz, Chloroform-d) & 14.49 (s, 1H), 7.85 (ddd, J = 8.8, 2.5, 2.1 Hz, 2H), 7.66
(dt, J= 9.0, 2.1 Hz, 2H), 7.53 — 7.47 (m, 2H), 7.47 — 7.32 (m, 3H), 3.21 (s, 6H).

3C NMR (75 MHz, CDCI3) 5 143.3, 141.9, 139.0, 129.1, 129.1, 128.4, 127.2, 121.2, 46.6.

MS (EI): m/z (relative intensity) 198 (16), 197 (100), 196 (78), 181 (14), 180 (10), 153 (12),
152 (21), 98 (13).

HRMS (ESY-TOF, m/z): calcd. for C14H1sN [M+H]" 198.1283, found 198.1283.

IR (ATR, neat, cm-1): 3505 (w), 3367 (w), 3014 (w), 2957 (w), 2548 (w), 2498 (w), 2453 (w),
1631 (w), 1599 (w), 1577 (w), 1522 (w), 1484 (m), 1441 (w), 1418 (w), 1396 (w), 1337 (w),
1273 (w), 1246 (w), 1211 (w), 1186 (w), 1154 (w), 1137 (m), 1077 (w), 1062 (w), 1041 (w),
1019 (w), 1005 (w), 994 (w), 899 (w), 837 (m), 765 (s), 720 (m), 691 (s), 638 (w), 583 (m), 557
(m), 503 (s).

The analytical data is in accordance with those reported in the literature.[
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5.3.4.1.21 Synthesis of [1,1'-biphenyl]-3-yl trifluoromethanesulfonate (4.1k):

Ph \©0Tf

4.1k

Following general procedure 3.A, using [1,1'-biphenyl]-3-ol (2.94 mmol) and pyridine as the
base afforded the title compound 4.1k (0.886 g, 2.93 mmol, 80%) as a clear colorless oil after

purification via column chromatography (pure n-pentane).
Rf = 0.29 (n-pentane, UV)

H NMR (300 MHz, Chloroform-d) & 7.67 — 7.57 (m, 3H), 7.57 — 7.41 (m, 6H), 7.29 (dd, J =
8.3, 2.5 Hz, 1H).

13C NMR (75 MHz, Chloroform-d) & 150.2, 144.1, 139.1, 130.6, 128.5, 127.3, 127.2, 120.1,
119.9, 118.9 (q, J = 320.6 Hz).

19F NMR (282 MHz, Chloroform-d) & -72.83.
MS (El): m/z (relative intensity) 303 (11), 302 (74), 238 (12), 141 (100), 115 (37), 66 (14).
HRMS (El, m/z): calcd. for C13HeOsF3S2 [M]* 302.0224, found 302.0219.

IR (ATR, neat, cm-1): 3067 (w), 3037 (w), 1608 (w), 1571 (w), 1477 (m), 1418 (s), 1244 (m),
1204 (s), 1126 (s), 1087 (w), 1048 (w), 1025 (w), 1000 (w), 897 (s), 806 (s), 755 (s), 690 (s),
613 (m), 599 (s), 574 (s), 511 (s), 452 (w), 420 (w).

The analytical data is in accordance with those reported in the literature.[4")

5.3.4.1.22 Synthesis of N,N-dimethyl-[1,1'-biphenyl]-3-amine hydrochloride
(4.3k-HCI):

Ph\©NMe2
HCI
4.3k-HCI
Following general procedure 3.B, using [1,1'-biphenyl]-3-yI trifluoromethanesulfonate (4.1k)

afforded the title compound 4.3k (70 mg, 0.408 mmol, 77%) as a white crystalline solid after

purification via column chromatography (n-pentane:EtOAc = 10:1).
Rf = 0.22 (n-pentane:EtOAc = 10:1, UV) free base

H NMR (300 MHz, Chloroform-d) & 14.42 (s, 1H), 7.99 (s, 1H), 7.74 (d, J = 8.3 Hz, 1H),
7.64 (d, J = 7.7 Hz, 1H), 7.59 — 7.47 (m, 3H), 7.45 — 7.30 (m, 3H), 3.20 (s, 6H).

3C NMR (75 MHz, Chloroform-d) & 143.9, 143.5, 138.8, 130.9, 129.1, 128.8, 128.5, 127.2,
119.4, 119.3, 46.6.
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MS (El): m/z (relative intensity) 197 (94), 196 (100), 153 (12), 152 (22), 98 (12).
HRMS (ESY-TOF, m/z): calcd. for C14H:sN [M+H]* 198.1283, found 198.1283.

IR (ATR, neat, cm-1): 3017 (w), 2925 (w), 2852 (w), 2496 (w), 2380 (m), 1609 (w), 1594 (w),
1573 (w), 1514 (w), 1480 (m), 1462 (m), 1442 (m), 1419 (w), 1403 (w), 1321 (w), 1294 (w),
1270 (w), 1192 (m), 1156 (w), 1135 (m), 1096 (w), 1073 (w), 1052 (w), 1025 (w), 995 (m), 913
(m), 803 (m), 757 (s), 696 (s), 634 (m), 614 (w), 585 (m), 527 (W), 489 (W), 464 (w).

The analytical data is in accordance with those reported in the literature.['4°]

5.3.4.1.23 Synthesis of 4-(1,3-dioxolan-2-yl)-N,N-dimethylaniline (4.3n):

OHC

4.3n

Following general procedure B, using 4-(1,3-dioxolan-2-yl)phenyl trifluoromethane-sulfonate
(11 ,523 mmol) afforded the title compound 4.3n (77 mg, 0.516 mmol, 99%, free base) as a

white solid after purification via column chromatography (n-pentane:EtOAc = 10:1).
Rf = 0.16 (n-pentane:EtOAc = 10:1, UV)

H NMR (300 MHz, Chloroform-d)  9.72 (s, 1H), 7.79 — 7.65 (m, 2H), 6.77 — 6.60 (m, 2H),
3.13 — 2.99 (m, 6H).

13C NMR (75 MHz, Chloroform-d) & 190.3, 154.3, 132.0, 125.1, 111.0, 40.1.
MS (El): m/z (relative intensity) 149 (80), 148 (100), 132 (11), 77 (52).
HRMS (ESI-TOF, m/z): calcd. for CeH1sNO [M+H]* 150.0919, found 150.0921.

IR (ATR, neat, cm-1): 2918 (w), 2795 (w), 2713 (w), 1656 (w), 1589 (m), 1546 (m), 1529
(m), 1459 (w), 1431 (w), 1367 (m), 1311 (w), 1230 (s), 1161 (m), 1065 (m), 999 (w), 937 (w),
824 (m), 811 (s), 726 (m), 632 (w), 594 (m), 508 (M), 472 ().

The analytical data is in accordance with those reported in the literature.['4”]
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5.3.4.1.24 Synthesis of tert-butyl 6-(((trifluoromethyl)sulfonyl)oxy)-1H-indole-
1-carboxylate (4.1):

o0
TfO N

\
Boc

4.11

Following general procedure A, using tert-butyl 6-hydroxy-1H-indole-1-carboxylate (2.23
mmol) and pyridine as the base afforded the title compound 4.11 (675 mg, 1.85 mmol, 82%) as

a clear colorless oil after purification via column chromatography (n-pentane:EtOAc = 50:1).
Rf = 0.50 (n-pentane:EtOAc = 10:1, UV)

"H NMR (300 MHz, Chloroform-d) & 8.15 (s, 1H), 7.69 (d, J = 3.8 Hz, 1H), 7.57 (d, J = 8.6
Hz, 1H), 7.15 (dd, J = 8.6, 2.4 Hz, 1H), 6.59 (dd, J = 3.7, 0.8 Hz, 1H), 1.69 (s, 9H).

3C NMR (75 MHz, Chloroform-d) 5 149.1, 146.6, 134.8, 130.2, 128.0, 121.8, 118.9 (d, J =
320.9 Hz), 116.0, 108.9, 106.9, 84.8, 28.0.

F NMR (282 MHz, Chloroform-d) 5 -72.82.

MS (El): m/z (relative intensity) 365 (7), 309 (22), 292 (13), 265 (17), 200 (7), 176 (18), 132
(80), 104 (12), 103 (13), 69 (15), 57 (100), 41 (20).

HRMS (El, m/z): calcd. for C14H140sNF3S [M]* 187.1235, found 187.1236.

IR (ATR, neat, cm-1): 2982 (w), 1738 (s), 1616 (w), 1534 (w), 1470 (w), 1445 (m), 1420 (s),
1372 (m), 1334 (s), 1291 (w), 1244 (s), 1202 (s), 1139 (s), 1121 (s), 1074 (m), 1040 (w), 1024
(m), 932 (s), 880 (s), 836 (s), 814 (s), 789 (m), 762 (M), 739 (w), 723 (m), 661 (w), 622 (m),
598 (s), 576 (m), 500 (s), 432 (m).

The analytical data is in accordance with those reported in the literature.['4®]

5.3.4.1.25 Synthesis of tert-butyl 6-(dimethylamino)-1H-indole-1-carboxylate
(4.31):

431

Following general procedure B, using tert-butyl 6-(((trifluoromethyl)sulfonyl)oxy)-1H-indole-
1-carboxylate (4.11) afforded the title compound 4.3l (89 mg, 0.342 mmol, 67%, free base) as

a white solid after purification via column chromatography (n-pentane:EtOAc =10:1).

Rf = 0.36 (n-pentane:EtOAc = 10:1, UV) free base
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H NMR (300 MHz, Chloroform-d) & 7.60 (s, 1H), 7.46 = 7.32 (m, 2H), 6.80 (dd, J = 8.6, 2.3
Hz, 1H), 6.50 = 6.38 (m, 1H), 3.02 (s, 6H), 1.68 (s, 9H).

13C NMR (75 MHz, Chloroform-d) & 150.2, 149.1, 137.0, 123.6, 121.8, 121.1, 110.7, 107.3,
99.7, 83.1, 41.7, 28.4.

MS (El): m/z (relative intensity) 260 (20), 205 (13), 204 (100), 160 (46), 159 (61), 176 (18),
132 (80), 104 (12), 103 (13), 69 (15), 57 (100), 41 (20).

HRMS (ESY-TOF, m/z): calcd. for C1sH20N202 [M+H]* 261.1603, found 261.1598.

IR (ATR, neat, cm-1): 2977 (w), 2930 (w), 2799 (w), 1724 (s), 1619 (m), 1575 (w), 1531 (m),
1500 (m), 1461 (w), 1440 (m), 1380 (s), 1368 (m), 1333 (s), 1288 (m), 1248 (s), 1222 (m),
1184 (m), 1161 (s), 1144 (s), 1132 (s), 1075 (m), 1038 (m), 1018 (s), 962 (s), 895 (m), 846 (s),
795 (m), 768 (s), 755 (m), 705 (m), 634 (m), 614 (M), 575 (M), 469 (w), 442 (w).

5.3.41.26 Synthesis of N,N-dimethyl-4-(2-methyl-1,3-dioxolan-2-yl)aniline
(4.30):

[\
0_ 0O

o
MezN

4.30

Following  general procedure B, using  4-(2-methyl-1,3-dioxolan-2-yl)phenyl
trifluoromethanesulfonate (0.447 mmol) afforded the title compound 4.30 (93 mg, 0.446 mmol,
99%, freebase) as a white solid after purification via column chromatography (n-
pentane:EtOAc = 20:1).

Rf = 0.18 (n-pentane:EtOAc = 20:1, UV) free base
MS (El): m/z (relative intensity) 207 (20), 193 (12), 192 (100), 148 (52).

H NMR (400 MHz, Chloroform-d) & 7.28 — 7.22 (m, 2H), 6.63 — 6.58 (m, 2H), 3.99 — 3.84
(m, 2H), 3.77 — 3.63 (m, 2H), 2.85 (s, 6H), 1.56 (s, 3H).

13C NMR (101 MHz, Chloroform-d) & 149.1, 129.9, 125.1, 111.1, 108.0, 63.3, 39.5, 26.6.
MS (El): m/z (relative intensity) 207 (20), 193 (12), 192 (100), 148 (52).
HRMS (ESY-TOF, m/z): calcd. for CeH13N [M+H]* 208.1337, found 208.1339.

IR (ATR, neat, cm-1): 2995 (w), 2943 (w), 2890 (w), 2801 (w), 1611 (m), 1519 (m), 1445 (w),
1426 (w), 1373 (w), 1344 (m), 1257 (w), 1221 (m), 1198 (m), 1182 (s), 1137 (m), 1100 (m),
1078 (m), 1028 (s), 947 (m), 888 (m), 861 (s), 817 (s), 761 (w), 694 (w), 621 (w), 604 (W), 568
(m), 523 (m), 505 (m).
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5.3.4.1.27 Synthesis of 4-(1H-pyrrol-1-yl)phenyl trifluoromethanesulfonate (4.1m):

4.1m

c

Following general procedure A, using benzo[d][1,3]dioxol-5-0l (3.14 mmol) and pyridine as
the base afforded the title compound 4.1m (350 mg, 1.20 mmol, 38%) as a clear colorless oil

after purification via column chromatography (n-pentane:EtOAc 50:1).
Rf = 0.08 (n-pentane, UV)

H NMR (300 MHz, Chloroform-d) 5 7.51 — 7.40 (m, 2H), 7.41 — 7.30 (m, 2H), 7.11 — 7.03
(m, 2H), 6.43 — 6.35 (m, 2H).

13C NMR (75 MHz, Chloroform-d) & 146.7, 140.6, 122.7, 121.7, 119.3, 118.8 (g, J = 320.9
Hz), 111.4.

®F NMR (282 MHz, Chloroform-d) & -72.69.

MS (El): m/z (relative intensity) 291 (46), 159 (12), 158 (100), 130 (38), 103 (15), 77 (20),
69 (12) 69(18).

HRMS (ESY-TOF, m/z): calcd. for C14H1sN [M+H]" 292.0255, found 292.0251.

IR (ATR, neat, cm-1): 3137 (w), 3094 (w), 1603 (w), 1514 (s), 1425 (s), 1412 (s), 1329 (m),
1250 (m), 1207 (s), 1191 (s), 1133 (s), 1070 (s), 1012 (m), 938 (w), 921 (w), 881 (s), 832 (s),
781 (m), 753 (m), 723 (s), 645 (m), 632 (M), 604 (s), 571 (s), 527 (s), 503 (s), 441 (m).

The analytical data is in accordance with those reported in the literature.[4®!

5.3.4.1.28 Synthesis of N,N-dimethyl-4-(1H-pyrrol-1-yl)aniline hydrochloride
(4.3m-HCI):

~ Y,
Me,N HCl

4.3m-HCI

Following general procedure B, using 4-(1H-pyrrol-1-yl)phenyl trifluoromethanesulfonate
(4.1m) afforded the title compound 4.3m (111 mg, 0.498 mmol, 99%) as a white crystalline
solid after purification via column chromatography (n-pentane:EtOAc - 20:1) and treatment
with 2 M HCI in Et,0.

Rf = 0.44 (n-pentane:EtOAc - 10:1, UV) free base
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H NMR (300 MHz, Chloroform-d) & 14.34 (br. s, 1H), 7.87 (d, J = 8.9 Hz, 2H), 7.54 — 7.41
(m, 2H), 7.12 — 7.00 (m, 2H), 6.40 — 6.29 (m, 2H), 3.20 (s, 6H), 2.02 (br. s, 1H).

13C NMR (75 MHz, Chloroform-d) d 141.8, 139.7, 122.4, 121.5, 119.1, 111.7, 46.7.

MS (EI): m/z (relative intensity) 187 (13), 186 (100), 185 (44), 171 (32), 170 (26), 143 (12),
115 (16).

HRMS (El, m/z): calcd. for C12H14N2 [M]* 187.1235, found 187.1236.

IR (ATR, neat, cm-1): 3479 (w), 3410 (w), 3054 (w), 3011 (w), 2498 (w), 2347 (w), 1612 (w),
1523 (m), 1489 (w), 1473 (w), 1413 (w), 1329 (m), 1253 (w), 1203 (w), 1188 (w), 1159 (w),
1141 (m), 1123 (w), 1074 (w), 1060 (w), 1013 (w), 996 (w), 919 (w), 899 (w), 869 (w), 851 (w),
830 (m), 770 (w), 733 (s), 638 (w), 608 (w), 548 (m), 510 (m), 484 (m).

The analytical data is in accordance with those reported in the literature.['*"

5.3.4.1.29 Synthesis of (8R,95,13S)-13-methyl-6,7,8,9,11,12,13,14,15,16-
decahydrospiro [cyclopenta [a]phenanthrene- 17,2'-[1,3]dioxolan]-3-yl

trifluoromethane-sulfonate (4.1p):
Meo/\lo

TfO I i

4.1p

Following general procedure A, using carbonyl protected estrogen (3.28 mmol) and NEt; as
the base afforded the title compound 4.1p (1.44 g, 3.23 mmol, 99%) as a clear colorless oil

after purification via column chromatography (n-pentan:EtOAc = 50:1).
Rf = 0.70 (n-pentan:EtOAc = 10:1, UV)

H NMR (300 MHz, Chloroform-d) & 7.33 (d, J = 8.6 Hz, 1H), 7.01 (dd, J = 8.6, 2.8 Hz, 1H),
6.96 (d, J = 2.7 Hz, 1H), 4.01 — 3.83 (m, 4H), 2.92 — 2.84 (m, 2H), 2.38 — 2.18 (m, 2H), 2.09 —
1.71 (m, 5H), 1.70 — 1.22 (m, 6H), 0.88 (s, 3H).

13C NMR (75 MHz, Chloroform-d) & 147.6, 141.1, 139.7, 127.3, 121.2, 119.4, 118.9 (q, J =
320.7 Hz), 118.2, 65.4, 64.7, 49.4, 46.1, 43.9, 38.6, 34.3, 30.7, 29.6, 26.7, 26.0, 22.5, 14.4.

19F NMR (282 MHz, Chloroform-d) & -72.97.
MS (El): m/z (relative intensity) 446 (6), 384 (15), 99 (100), 86 (12), 84 (10), 28 (35).

HRMS (El, m/z): calcd. for C21H2505F3S1[M]* 446.1369, found 446.1370.
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IR (ATR, neat, cm-1): 2973 (w), 2938 (w), 2872 (w), 1739 (w), 1606 (w), 1583 (w), 1489 (m),
1456 (w), 1418 (s), 1381 (w), 1339 (w), 1308 (w), 1274 (w), 1248 (m), 1204 (s), 1182 (m), 1163
(m), 1139 (s), 1118 (s), 1105 (m), 1075 (w), 1060 (m), 1044 (m), 1032 (m), 1013 (m), 984 (w),
963 (m), 948 (m), 915 (s), 882 (m), 849 (m), 836 (m), 818 (m), 780 (m), 765 (w), 751 (w), 718
(W), 704 (w), 657 (w), 603 (s), 565 (m), 548 (w), 535 (w), 511 (m), 491 (w), 477 (w), 453 (w),
422 (w), 404 (w).

The analytical data is in accordance with those reported in the literature.'®"

5.3.4.1.30 Synthesis of (8R,9S5,13S,14S)- N,N,13-trimethyl-
6,7,8,9,11,12,13,14,15,16-decahydrospiro [cyclopenta[a] phenanthrene-
17,2'-[1,3]dioxolan]-3-amine (4.3p):

Meo/\,O

MezN

4.3p

Following general procedure B, using (8R,9S,13S,14S)-13-methyl-6,7,8,9,11,12,13,14,-
15,16-decahydrospiro [cyclopenta[a]phenanthrene-17,2'-[1,3]dioxolan]-3-yl trifluoromethane-
sulfonate (4.1p, 0.365 mmol) afforded the title compound 4.3p (110 mg, 0.322 mmol, 88%,
Freebase) as a white solid after purification via column chromatography (n-pentane:EtOAc =
4:1).

Rf = 0.08 (n-pentane:EtOAc = 8:1, UV) free base

m.p. =90.3 °C

"H NMR (400 MHz, Chloroform-d) & 7.19 (d, J = 8.6 Hz, 1H), 6.64 (d, J = 7.4 Hz, 1H), 6.53
(s, 1H), 4.02 — 3.84 (m, 4H), 2.91 (s, 6H), 2.89 — 2.77 (m, 2H), 2.37 — 2.17 (m, 2H), 2.09 — 1.98
(m, 1H), 1.94 - 1.71 (m, 4H), 1.69 — 1.59 (m, 1H), 1.57 — 1.26 (m, 5H), 0.88 (s, 3H).

3C NMR (101 MHz, CDCI3) 8 137.5, 126.2, 119.6, 113.7, 111.4, 77.4,65.4,64.7, 49.5, 46 4,
43.7,41.3,39.4, 34.4, 30.9, 30.2, 27.3, 26.3, 22.5, 14.5.

MS (EI): m/z (relative intensity) 341 (49), 240 (17), 186 (12), 172 (19), 158 (17), 129 (12),
99 (100), 86 (14), 55 (15), 43 (16).

HRMS (El, m/z): calcd. for C20H2603[M]* 341.2349, found 341.2368.

IR (ATR, neat, cm-1): 2972 (w), 2921 (m), 2870 (m), 2808 (m), 1610 (m), 1561 (w), 1509
(s), 1469 (m), 1458 (m), 1436 (m), 1409 (w), 1376 (m), 1354 (m), 1337 (m), 1299 (m), 1275
(m), 1224 (s), 1195 (m), 1180 (m), 1157 (s), 1120 (s), 1103 (s), 1074 (m), 1059 (s), 1045 (s),
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1031 (s), 1010 (m), 1001 (m), 985 (m), 955 (s), 934 (m), 918 (m), 884 (m), 856 (m), 836 (m),
803 (m), 773 (s), 747 (m), 713 (m), 696 (m), 650 (m), 629 (m), 587 (M), 572 (M), 525 (m), 511
(m), 483 (m), 443 (m), 420 (M), 406 (m).

5.3.4.1.31 Synthesis of (8R,9S,13S)-13-methyl-17-oxo0-
7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta[a]phenanthren-3-

yl trifluoromethanesulfonate (4.1q):

Meo

TfO I i

41q

Following general procedure A, using estrogen (3.70 mmol) and NEts as the base afforded
the title compound 4.1q (1.46 g, 19.24 mmol, 98%) as a white solid after purification via column

chromatography (n-pentane:EtOAc = 5:1).
R¢= 0.30 (n-pentane:EtOAc = 5:1, UV)
m.p.=91.3°C

H NMR (300 MHz, Chloroform-d) & 7.34 (d, J = 8.5 Hz, 1H), 7.03 (dd, J = 8.6, 2.8 Hz, 1H),
6.99 (d, J = 2.6 Hz, 1H), 2.94 (dd, J = 8.7, 4.3 Hz, 2H), 2.59 — 2.46 (m, 1H), 2.45 — 2.36 (m,
1H), 2.30 (td, J = 10.4, 9.9, 4.1 Hz, 1H), 2.23 — 1.91 (m, 4H), 1.73 — 1.38 (m, 6H), 0.92 (s, 3H).

13C NMR (75 MHz, Chloroform-d) & 220.5, 147.7, 140.4, 139.4, 127.3, 121.4,118.9 (q, J =
320.8 Hz), 118.4, 50.5, 48.0, 44.2, 37.9, 35.9, 31.6, 29.5, 26.2, 25.8, 21.7, 13.9.

F NMR (282 MHz, Chloroform-d) 5 -72.97.

MS (El): m/z (relative intensity) 402 (60), 358 (35), 345 (22), 292 (11), 251 (17), 225 (22),
213 (35), 185 (14), 157 (17), 129 (24), 128 (23), 115 (39), 91 (22), 69 (100), 55 (24), 41 (24).

HRMS (El, m/z): calcd. for C21H2505F3S1[M]* 402.1107, found 402.1105.

IR (ATR, neat, cm-1): 2966 (w), 2931 (w), 2869 (w), 1736 (s), 1604 (w), 1488 (w), 1455 (w),
1418 (s), 1405 (m), 1373 (w), 1338 (w), 1275 (w), 1249 (m), 1207 (s), 1137 (s), 1085 (m), 1054
(m), 1007 (m), 983 (w), 951 (w), 916 (s), 901 (m), 879 (m), 848 (m), 836 (s), 820 (M), 785 (M),
766 (w), 723 (w), 714 (w), 702 (m), 654 (w), 639 (w), 620 (m), 605 (s), 578 (m), 548 (m), 506
(m), 487 (w), 475 (w), 443 (m).

The analytical data is in accordance with those reported in the literature.['*?
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5.3.4.1.32 Synthesis of (8R,95,13S,14S)-3-(dimethylamino)-13-methyl-
6,7,8,9,11,12,13,14,15,16-decahydro-17 H-cyclopenta[a]phenanthren-17-
one (4.3q):

Meo

MesN
4.3q
Following general procedure B, using (8R,9S,13S,14S)-13-methyl-17-oxo-
7,8,9,11,12,13,14,15,16,17-decahydro-6 H-cyclopenta[a]phenanthren-3-yl
trifluoromethanesulfonate (4.1q, 0.532 mmol) afforded the title compound 4.3q (87%, 138 mg,
0.463 mmol, freebase) as a white solid after purification via column chromatography (n-
pentane:EtOAc = 20:1).

Rf = 0.44 (n-pentane:EtOAc = 10:1, UV) free base

H NMR (300 MHz, Chloroform-d) & 7.19 (d, J = 8.7 Hz, 1H), 6.63 (dd, J = 8.6, 2.8 Hz, 1H),
6.52 (d, J = 2.8 Hz, 1H), 2.98 — 2.88 (m, 7H), 2.59 — 1.89 (m, 7H), 1.74 — 1.37 (m, 6H), 1.28
(s, 1H), 0.92 (s, 3H).

3C NMR (75 MHz, Chloroform-d) & 221.2, 149.0, 137.0, 128.3, 126.0, 113.2, 111.1, 50.4,
48.1, 44.0, 40.9, 38.6, 35.9, 31.7, 30.0, 26.8, 26.0, 21.6, 13.9.

MS (EIl): m/z (relative intensity) 298 (22), 297 (100), 296 (12), 212 (20), 173 (38), 172 (12).
HRMS (EI, m/z): calcd. for CaoHzzNO [M]* 298.2171, found 298.2167.

IR (ATR, neat, cm-1): 2972 (w), 2921 (m), 2870 (m), 2808 (m), 1610 (m), 1561 (w), 1509
(s), 1469 (m), 1458 (m), 1436 (m), 1409 (w), 1376 (m), 1354 (m), 1337 (m), 1299 (m), 1275
(m), 1224 (s), 1195 (m), 1180 (m), 1157 (s), 1120 (s), 1103 (s), 1074 (m), 1059 (s), 1045 (s),
1031 (s), 1010 (m), 1001 (m), 985 (m), 955 (s), 934 (m), 918 (m), 884 (m), 856 (m), 836 (m),
803 (m), 773 (s), 747 (m), 713 (m), 696 (m), 650 (m), 629 (m), 587 (m), 572 (m), 525 (m), 511
(m), 483 (m), 443 (m), 420 (m), 406 (m).

Crystal data of CCDC1981523: CxH2/NO, M = 297.42, orthorhombic, space group P212424,
1a=8.2340(2), b = 12.4121(4), c = 16.2533(5) A, V=1661.11(8) A3, T=150(2) K, Z =4, 9416
reflections measured, 2923 independent reflections (Ri»: = 0.0317), final R values (/ > 20(/)):
Ri= 0.0442, wR,=0.1217, final R values (all data): Ry = 0.0453, wR,=0.1234, 202

parameters.
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Figure 5.24. Molecular structure of CCDC1981523. Displacement ellipsoids correspond to 30%
probability.

5.3.4.1.33 Synthesis of 4-allyl-2-methoxyphenyl trifluoromethanesulfonate
(4.1s):

= OMe
41s

Following general procedure A, using 4-allyl-2-methoxyphenol (3.50 mmol) and 2,6-
dimethylpyridine as the base afforded the title compound 4.1s (830 mg, 2.67 mmol; 76%) as a

colorless oil after purification via column chromatography (n-pentane:EtOAc = 20:1).
Rf = 0.45 (n-pentane:EtOAc = 20:1, UV)

H NMR (300 MHz, Chloroform-d) 7.14 (d, J = 8.3 Hz, 1H), 6.87 (d, J = 2.0 Hz, 1H), 6.80
(dd, J = 8.3, 2.0 Hz, 1H), 6.07 — 5.80 (m, 1H), 5.21 — 5.04 (m, 2H), 3.90 (s, 3H), 3.40 (d, J =
6.8 Hz, 1H).

13C NMR (75 MHz, Chloroform-d) 151.3, 142.0, 137.2, 136.4, 122.2, 120.9, 118.9 (q, J =
320.5 Hz), 116.9, 113.5, 56.2, 40.1.

F NMR (282 MHz, Chloroform-d) & -74.00.

MS (EI): m/z (relative intensity) 296 (34), 164 (11), 163 (100), 107 (19), 105 (12), 103 (40),
91 (38), 79 (16), 77 (19), 69 (19), 65 (13), 41 (18), 39 (10).

HRMS (ESffl-TOF, m/z): calcd. for C11H1104FsS [M]* 296.0325, found 296.0318.
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IR (ATR, neat, cm-1): 3082 (w), 3012 (w), 2980 (w), 2944 (w), 2916 (w), 2847 (w), 1640 (w),
1606 (m), 1503 (m), 1465 (w), 1417 (s), 1291 (w), 1270 (m), 1248 (m), 1201 (s), 1175 (m),
1137 (s), 1105 (s), 1032 (m), 995 (w), 903 (m), 873 (s), 815 (M), 774 (w), 751 (m), 708 (m),
616 (s), 571 (m), 546 (w), 500 (s), 456 (w).

The analytical data is in accordance with those reported in the literature.['”]

5.3.4.1.34 Synthesis of 4-allyl-2-methoxy-N,N-dimethylaniline hydrochloride
(4.3s-HCI):

= OMe
4.3s-HCI

Following general procedure B, using 4-allyl-2-methoxyphenyl trifluoromethanesulfonate
(4.1s, 0.526 mmol) afforded the title compound 4.3s (35 mg, 0.154 mmol, 29%) as a white
solid after purification via column chromatography (n-pentane:EtOAc = 20:1) and treatment
with 2 M HCI in Et,0.

Rf = 0.36 (n-pentane:EtOAc = 20:1, UV) free base

H NMR (300 MHz, Chloroform-d) & 13.76 (s, 1H), 7.95 (d, J = 8.0 Hz, 1H), 6.81 (d, J = 1.6
Hz, 1H), 6.77 (dd, J= 8.2, 1.6 Hz, 1H), 5.94 — 5.75 (m, 1H), 5.03 (dd, J = 8.3, 1.5 Hz, 1H), 3.92
(s, 3H), 3.33 (d, J = 6.8 Hz, 1H).

3C NMR (75 MHz, Chloroform-d) & 152.3, 144.1, 135.9, 128.4, 123.7, 121.7, 117.1, 113.3,
56.0, 44.8, 40.00.

MS (El): m/z (relative intensity) 192 (13), 191 (100), 177 (10), 176 (81), 174 (11), 160 (13),
91 (10), 42 (24).

HRMS (ESI-TOF, m/z): calcd. for C12H:17NO [M]* 192.1388, found 192.1393.

5.3.4.1.35 Synthesis of 2-methoxy-4-propylphenyl trifluoromethanesulfonate
(4.1¢):

/\/<j[OTf
Me OMe
4.1t

Following general procedure A, using 2-methoxy-4-propylphenol (3.17 mmol) and pyridine
as the base afforded the title compound 4.1t (830 mg, 2.78 mmol, 88%) as a colorless oil after

purification via column chromatography (n-pentane:EtOAc = 20:1).
Rf = 0.45 (n-pentane:EtOAc = 20:1, UV)
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1H NMR (300 MHz, Chloroform-d) 5 7.12 (d, J = 8.3 Hz, 1H), 6.86 (d, J = 2.0 Hz, 1H), 6.78
(dd, J = 8.3, 1.9 Hz, 1H), 3.89 (s, 3H), 2.67 — 2.54 (m, 2H), 1.87 —1.51 (m, 2H), 0.97 (t, J=7.3
Hz, 3H).

13C NMR (75 MHz, Chloroform-d) 151.0, 144.5, 136.8, 121.9, 120.6, 118.8 (q, J = 320.4 Hz),
113.2, 56.0, 37.9, 24.4, 13.7.

F NMR (282 MHz, Chloroform-d) & -74.13.

MS (EI): m/z (relative intensity) 298 (25), 166 (11), 165 (100), 109 (11), 107 (10), 105 (11),
95 (27), 79 (10), 77 (19), 69 (15), 65 (10), 43 (20).

HRMS (El, m/z): calcd. for C11H1304F3S [M]* 298.0481, found 298.0484.

IR (ATR, neat, cm-1): 2964 (w), 2937 (w), 2874 (w), 1605 (m), 1504 (m), 1465 (w), 1417 (s),
1291 (m), 1268 (m), 1248 (m), 1202 (s), 1179 (s), 1138 (s), 1107 (s), 1032 (m), 936 (w), 876
(s), 815 (m), 788 (w), 740 (m), 704 (w), 612 (s), 546 (w), 504 (s), 458 (s).

The analytical data is in accordance with those reported in the literature.['®]

5.3.4.1.36 Synthesis of 2-methoxy-N,N-dimethyl-4-propylaniline
hydrochloride (4.3t-HCI):

HC/I\/@NMeZ
Me OMe
4.3t-HCI

Following general procedure 3.B, using 2-methoxy-4-propylphenyl
trifluoromethanesulfonate (4.1t) afforded the title compound 4.3t (40 mg, 0.170 mmol, 34%)
as a white solid after purification via column chromatography (n-pentane:EtOAc = 20:1) and
treatment with 2 M HCl in Et.0.

Rf = 0.40 (n-pentane:EtOAc = 20:1, UV) free base

H NMR (300 MHz, Chloroform-d) & 7.92 (d, J = 8.1 Hz, 1H), 6.78 (d, J = 1.6 Hz, 1H), 6.74
(dd, J = 8.1, 1.6 Hz, 1H), 3.91 (s, 3H), 2.58 — 2.44 (m, 2H), 3.17 (s, 7H), 2.56 — 2.48 (m, 2H),
1.65 — 1.48 (m, 2H), 0.87 (t, J = 7.3 Hz, 3H).

3C NMR (75 MHz, Chloroform-d) & 152.1, 146.7, 127.9, 123.5, 121.4, 113.2, 55.9, 44.7,
37.9, 24.3, 13.7.

MS (El): m/z (relative intensity) 193 (49), 178 (23), 165 (11), 164 (100), 149 (16), 134 (15).

HRMS (ESI-TOF, m/z): calcd. for C12H1sNO [M]* 194.1545, found 194.1548.
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5.3.4.1.37 Synthesis of 4-formyl-2-methoxyphenyl trifluoromethanesulfonate
(4.1u):

OHC OMe

4.1u

Following general procedure 3.A, using 2-methoxy-4-propylphenol (3.17 mmol) and pyridine
as the base afforded the title compound 4.1u (1.080 g, 3.80 mmol, 76%) as a colorless oil after

purification via column chromatography (n-pentane:EtOAc = 20:1).
Rf = 0.33 (n-pentane:EtOAc = 5:1)

H NMR (300 MHz, Chloroform-d)  9.97 (s, 1H), 7.58 — 7.54 (m, 1H), 7.53 — 7.45 (m, 1H),
7.40 (dd, J = 8.2, 0.9 Hz, 1H), 3.99 (s, 3H).

13C NMR (75 MHz, Chloroform-d) & 190.4, 152.2, 142.7, 136.8, 124.1, 123.2, 118.7 (q, J =
320.5 Hz), 111.8, 56.5.

F NMR (282 MHz, Chloroform-d) & -73.79.

MS (El): m/z (relative intensity) 284 (77), 151 (100), 95 (71), 80 (14), 79 (29), 77 (36), 69
(32), 67 (15), 65 (22), 52 (17), 51 (28), 50 (11).

HRMS (El, m/z): calcd. for CoH7OsF3s [M]* 283.9961, found 283.9964.

IR (ATR, neat, cm-1): 2857 (w), 2842 (w), 2736 (w), 1704 (m), 1605 (m), 1499 (m), 1466
(w), 1420 (s), 1388 (m), 1318 (w), 1278 (m), 1248 (m), 1203 (s), 1134 (s), 1101 (s), 1027 (m),
957 (w), 931 (w), 868 (s), 820 (m), 778 (m), 733 (m), 711 (m), 611 (s), 590 (s), 569 (m), 539
(m), 509 (m), 467 (m), 451 (m).

The analytical data is in accordance with those reported in the literature.['%

5.3.4.1.38 Synthesis of 4-(dimethylamino)-3-methoxybenzaldehyde
hydrochloride (4.3u-HCI):
HCI /@ENMez
OHC OMe
4.3u-HCI

Following general procedure B, using 4-formyl-2-methoxyphenyl trifluoromethanesulfonate
(4.1u) afforded the title compound 4.3u (16 mg, 0.074 mmol, 15%) as a white solid after
purification via column chromatography (n-pentane:EtOAc = 5:1) and treatment with 2 M HCI
in Etzo.

Rf = 0.26 (n-pentane:EtOAc = 5:1) free base
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H NMR (300 MHz, Chloroform-d) 5 9.81 (s, 1H), 7.40 (dd, J = 8.0, 1.8 Hz, 1H), 7.36 (d, J =
1.8 Hz, 1H), 6.94 (d, J = 8.4 Hz, 1H), 3.93 (s, 3H), 2.95 (s, 6H).

13C NMR (75 MHz, Chloroform-d) & 191.0, 151.8, 126.9, 116.7, 109.3, 77.4, 55.8, 42.8, 29.8.

MS (EI): m/z (relative intensity) 180 (11), 179 (100), 178 (14), 164 (67), 162 (20), 148 (20),
108 (10), 92 (14), 65 (13), 42 (19).

HRMS (ESI-TOF, m/z): calcd. for C12H13NO2 [M]* 180.1024, found 180.1026.

The analytical data is in accordance with those reported in the literature.['%]

5.3.4.1.39 Synthesis of [1,1'-biphenyl]-2-yl trifluoromethanesulfonate (4.1v):
Ph
4.1v

Following general procedure A, using [1,1'-biphenyl]-2-ol (2.94 mmol) and pyridine as the
base afforded the title compound 4.1v (875 mg, 2.89 mmol, 95%) as a clear colorless oil after

purification via column chromatography (n-pentane:EtOAc = 50:1).
Rf = 0.55 (n-Pentan:EtOAc = 20:1, UV)
'"H NMR (300 MHz, Chloroform-d) & 7.54 — 7.41 (m, 9H).

13C NMR (75 MHz, Chloroform-d) 5 146.9, 135.6, 132.0, 129.4, 129.0, 128.6, 128.5, 128.4,
122.1,118.4 (g, J = 320.5 Hz).

19F NMR (282 MHz, Chloroform-d) & -74.09.
MS (El): m/z (relative intensity) 302 (47), 170 (13), 169 (100), 141 (33), 139 (14), 115 (29).
HRMS (El, m/z): calcd. for C1sHeOsF3S [M]* 302.0219, found 302.0221.

IR (ATR, neat, cm-1): 3066 (w), 3035 (w), 1504 (w), 1476 (m), 1419 (s), 1360 (w), 1246 (m),
1202 (m), 1135 (s), 1099 (s), 1076 (w), 1046 (m), 1011 (w), 948 (w), 881 (s), 783 (s), 763 (s),
751 (s), 731 (s), 697 (s), 646 (m), 624 (s), 593 (s), 570 (s) , 462 (m) , 436 (m).

The analytical data is in accordance with those reported in the literature.['4°)
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5.3.4.1.40 Synthesis of 4-acetylphenyl trifluoromethanesulfonate (4.1r):

OTf
Me\m/©/

(0]
41r

Following general procedure 3.A, using 1-(4-hydroxyphenyl)ethan-1-one (11.02 mmol) at 0
°C instead of =78 °C and triethylamine as the base afforded the title compound 4.1r (2.82 g,
10.51 mmol, 95%) as a clear colorless oil after purification via column chromatography (n-
pentane:EtOAc = 5:1).

Rf = 0.27 (n-Pentan:EtOAc = 5:1, UV)

"H NMR (300 MHz, Chloroform-d) & 8.04 (d, J = 8.9 Hz, 2H), 7.36 (d, J = 8.8 Hz, 2H), 2.61
(s, 3H).

13C NMR (75 MHz, Chloroform-d) & 196.1, 152.5, 136.9, 130.6, 121.7, 118.7 (q, J = 320.8
Hz), 26.7.

9F NMR (282 MHz, Chloroform-d) & -73.03 (dd, J = 10.0, 4.8 Hz).
MS (El): m/z (relative intensity) 268 (17), 253 (100), 95 (12).
HRMS (El, m/z): calcd. for CoH7O4F3S [M]" 268.0012, found 268.0005.

IR (ATR, neat, cm-1): 1690 (m), 1594 (w), 1497 (w), 1423 (m), 1409 (m), 1360 (w), 1301
(w), 1263 (m), 1250 (m), 1205 (s), 1132 (s), 1077 (w), 1014 (w), 960 (w), 879 (s), 842 (s), 787
(m), 762 (w), 672 (m), 632 (m), 607 (s), 585 (s), 571 (m), 524 (m), 471 (w), 422 ().

The analytical data is in accordance with those reported in the literature.['%®

5.3.4.1.41 Synthesis of 1-(4-(dimethylamino)phenyl)ethan-1-one
hydrochloride (4.3r-HCI):

HCI NMe,
Meer:::r

O

4.3r-HCI

Following general procedure 3.B, using 4-formyl-2-methoxyphenyl
trifluoromethanesulfonate (4.1r) afforded the title compound 4.3r (15 mg, 0.092 mmol, 18%)
as a white solid after purification via column chromatography (n-pentane:EtOAc = 10:1) and
treatment with 2 M HCl in Et,0.

Rf = 0.20 (n-pentane:EtOAc = 5:1, UV) free base
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H NMR (300 MHz, Chloroform-d) 5 7.94 — 7.84 (m, 1H), 6.73 — 6.59 (m, 1H), 3.07 (s, 3H),
2.52 (s, 2H).

13C NMR (75 MHz, Chloroform-d) d 196.4, 153.4, 130.5, 125.4, 110.7, 40.1, 26.0.

MS (El): m/z (relative intensity) 163 (30), 148 (100), 118 (10), 104 (12), 91 (11), 78 (10), 77
(23), 74 (13), 63 (13), 51 (13), 50 (11), 43 (29), 42 (39).

HRMS (ESI-TOF, m/z): calcd. for C1oH13sNO [M+H]* 164.1075, found 164.1075.

IR (ATR, neat, cm-1): 2901 (w), 2822 (w), 2651 (w), 1649 (m), 1586 (m), 1547 (w), 1522 (w),
1429 (m), 1413 (m), 1356 (m), 1313 (m), 1282 (m), 1229 (m), 1187 (m), 1130 (m), 1067 (m),
1018 (m), 943 (m), 814 (s), 654 (m), 592 (m), 560 (m), 498 (m).

The analytical data is in accordance with those reported in the literature.['*"]

5.3.4.1.42 2-isopropylphenyl trifluoromethanesulfonate (4.1x):

OTf
@Q/Me
Me
4.1x

Following general procedure A, using 2-isopropylphenol (7.34 mmol) with pyridine as the
base afforded the title compound 4.1x (1.96 g, 7.34 mmol, 99%) as a clear colorless oil after

purification via column chromatography (n-pentane:EtOAc = 50:1).
Rf = 0.35 (n-Pentan:EtOAc = 50:1, UV);

H NMR (300 MHz, Chloroform-d) & 7.45 — 7.39 (m, 1H), 7.38 — 7.30 (m, 1H), 7.29 — 7.22
(m, 2H), 3.33 (hept, J = 6.9 Hz, 1H), 1.28 (d, J = 6.9 Hz, 6H).

13C NMR (75 MHz, CDCI3) & 147.15, 141.23, 128.60, 127.83, 127.42, 121.18, 118.67 (q,
J=319.9 Hz), 27.12, 23.04;

F NMR (282 MHz, CDCI3)  -74.07;

MS (El): m/z (relative intensity) 268 (81), 254 (10), 253 (100), 135 (27), 134 (14), 120 (48),
119 (21), 118 (15), 107 (43), 103 (36), 95 (23), 92 (11), 91 (74), 77 (20), 69 (23), 65 (15), 39
(11);

HRMS (El, m/z): calcd. for C1oH1103F3S [M]+ 268.0376, found 268.0370.
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5.3.4.1.43 2-isopropyl-N,N-dimethylaniline hydrochloride (4.3x-HCI):

NM62
CC
Me
4.3x

Following general procedure B, using 2-isopropylphenyl trifluoromethanesulfonate (4.1x)
afforded the title compound 4.3x (24 mg, 0.120 mmol, 24%) as a white solid after purification

via column chromatography (n-pentane:EtOAc = 10:1) and treatment with 2 M HCl in Et.O.
Rt = 0.54 (n-pentane:EtOAc = 10:1, UV) free base.

'"H NMR (400 MHz, Chloroform-d) & 7.29 (m, 1H), 7.21 — 7.13 (m, 2H), 7.10 (m, 1H), 3.58
(hept, J = 6.9 Hz, 1H), 2.71 (s, 6H), 1.26 (d, J = 6.9 Hz, 6H).

*C NMR (75 MHz, CDCI3) 6 152.0, 144.3, 126.6, 126.3, 124.1, 119.7, 46.0, 26.8, 24.3.

MS (EI): m/z (relative intensity) 163 (71), 162 (11), 149 (13), 148 (100), 134 (18), 133 (45),
132 (34), 118 (38), 117 (20), 91 (11), 77 (12).

HRMS (ESI-TOF, m/z): calcd. for C.H,N [M+H]* 164.1439, found 164.1440.

The analytical data is in accordance with those reported in the literature.©8

5.3.4.1.44 Synthesis of o-tolyl trifluoromethanesulfonate (4.1w):
Me
4.1w

Following general procedure 3A, using o-cresol (9.25 mmol) at 0 °C instead of -78 °C with
triethylamine as the base afforded the title compound 4.1w (1.97 g, 8.18 mmol, 88%) as a clear

colorless oil after purification via column chromatography (pure n-pentane).
Rf = 0.52 (n-pentane:EtOAc = 20:1, UV)

H NMR (300 MHz, Chloroform-d) & 8.00 (dd, J = 8.8, 1.9 Hz, 2H), 7.33 (dd, J = 8.7, 1.8 Hz,
2H), 2.57 (s, 3H).

13C NMR (75 MHz, Chloroform-d) & 196.1, 152.5, 136.9, 130.6, 121.6, 118.7 (q, J = 320.7
Hz), 26.5.

F NMR (282 MHz, Chloroform-d) 5 -73.03.

MS (El): m/z (relative intensity) 240 (58), 107 (100), 91 (12), 79 (24), 78 (14), 77 (60), 69
(18), 51 (11).

HRMS (ESI-TOF, m/z): calcd. for C12H13NO2 [M]* 240.006, found 240.006.
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IR (ATR, neat, cm-1): 1582 (w), 1491 (w), 1462 (w), 1417 (s), 1293 (w), 1249 (m), 1203 (s),
1136 (s), 1086 (s), 1043 (w), 990 (w), 942 (w), 887 (s), 800 (s), 760 (s), 726 (w), 702 (m), 646
(m), 626 (m), 602 (s), 572 (M), 546 (w), 520 (s), 493 (m), 442 (m).

The analytical data is in accordance with those reported in the literature.['%!

5.3.4.1.45 Synthesis of N,N,2-trimethylaniline hydrochloride (4.3w-HCI):

HCI @NMeZ
Me

4.3w-HCI

Following general procedure 3.B, using o-tolyl trifluoromethanesulfonate (4.1w) afforded the
title compound 4.3x (70 mg, 0.408 mmol, 77%) as a white crystalline solid after purification via

column chromatography (n-pentane:EtOAc = 20:1) and treatment with 2 M HCl in Et;0.
R¢ = 0.24 (n-pentane:EtOAc = 20:1, UV) free base

H NMR (300 MHz, Chloroform-d) & 13.00 (s, 1H), 7.62 — 7.45 (m, 1H), 7.36 — 7.23 (m, 3H),
3.23 (s, 6H), 2.84 — 2.63 (m, 3H).

3C NMR (75 MHz, Chloroform-d) & 141.0, 133.3, 133., 130.1, 128.1, 120.0, 46.6, 19.3.

MS (EI): m/z (relative intensity) 135 (100), 134 (87), 120 (73), 119 (13), 118 (34), 104 (20),
91 (37), 77 (12), 67 (10), 65 (20).

HRMS (ESI-TOF, m/z): calcd. for CoH13N [M+H]* 136.1126, found 136.1126.

IR (ATR, neat, cm-1): 3378 (w), 3038 (w), 2954 (w), 2495 (m), 2442 (m), 1995 (w), 1813 (w),
1495 (m), 1461 (s), 1381 (s), 1210 (w), 1180 (m), 1140 (m), 1116 (m), 1098 (m), 1051 (m), 983
(m), 895 (m), 804 (w), 770 (s), 715 (s), 597 (s), 556 (M), 499 (m), 455 (s).

The analytical data is in accordance with those reported in the literature.['%®]
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5.3.4.2 Characterization of N-N-Dialkylaniline scope

5.3.4.2.1 Experimental Procedures and Characterization for Products
Synthesis of 4-(tert-butyl)-N,N-diethylaniline hydrochloride (4.4b-HCI):
/@rNEtz
t-Bu HCI
4.4b-HCI
Following general procedure B, using 4-(tert-butyl)phenyl trifluoromethanesulfonate (4.1a)
and diethylamine solution (2 M THF, 1 ml) afforded the title compound 4.4b (116 mg,

0.480 mmol, 95%) as a white crystalline solid after purification via column chromatography

(pure n-pentane) and treatment with 2 M HCl in Et.O.
Rt = 0.67 (n-pentane:EtOAc = 10:1, UV) free base

H NMR (300 MHz, Chloroform-d) & 13.35 (s, 1H), 7.60 (d, J = 8.4 Hz, 2H), 7.42 (d, J = 8.4
Hz, 2H), 3.68 — 3.20 (m, 4H), 1.24 (s, 9H), 1.17 (t, J = 7.0 Hz, 6H).

13C NMR (101 MHz, DMSO-ds) & 153.4, 134.4, 127.1, 122.4, 53.5, 34.8, 31.1, 10.3.
MS (El): m/z (relative intensity) 205 (22), 191 (15), 190 (100).
HRMS (EI, m/z): calcd. for C1sHasN [M]* 205.1825, found 205.1831.

IR (ATR, neat, cm-1): 2950 (m), 2863 (w), 2330 (m), 1736 (w), 1596 (w), 1509 (m), 1462
(m), 1381 (m), 1373 (m), 1327 (w), 1307 (w), 1264 (m), 1191 (w), 1157 (m), 1122 (m), 1107
(w), 1066 (w), 1026 (m), 1011 (m), 926 (w), 875 (w), 853 (s), 838 (m), 799 (W), 767 (w), 740
(), 650 (W), 593 (s), 542 (m), 516 (w), 480 (W), 455 ().

The analytical data is in accordance with those reported in the literature.['%®

5.3.4.2.2 Synthesis of 4-(tert-butyl)-N,N-dipropylaniline hydrochloride (4.4c-HCI):
/©/NnPr2
t-Bu HCI
4.4c-HCI
Following general procedure B, using 4-(tert-butyl)phenyl trifluoromethanesulfonate (4.1a)
and dipropylamine solution (2 M THF, 1 ml) afforded the title compound 4.4c (132 mg,

0.489 mmol, 95%) as a white crystalline solid after purification via column chromatography

(pure n-pentane) and treatment with 2 M HCI in Et20.

Rs = 0.76 (n-pentane:EtOAc = 10:1, UV) free base
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H NMR (300 MHz, Chloroform-d) & 13.46 (s, 1H), 7.52 (d, J = 8.7 Hz, 2H), 7.34 (d, J = 8.8
Hz, 2H), 3.40 — 3.20 (m, 2H), 3.16 — 2.96 (m, 2H), 1.99 — 1.77 (m, 2H), 1.18 (s, 9H), 1.27 —
1.09 (m, 2H), 0.74 (t, J = 7.4 Hz, 6H).

13C NMR (101 MHz, DMSO-ds) 5 153.4, 135.6, 127.2, 122.2, 60.4, 34.9, 31.3, 18.3, 11.0.
MS (El): m/z (relative intensity) 233 (20), 218 (14), 205 (16), 204 (100), 162 (18), 146 (10).
HRMS (EI, m/z): calcd. for C1sHzN [M]* 233.2168, found 233.2136.

IR (ATR, neat, cm-1): 3042 (w), 2960 (s), 2933 (s), 2874 (m), 2848 (m), 2542 (w), 2421 (m),
1607 (w), 1570 (w), 1516 (m), 1461 (m), 1446 (m), 1398 (w), 1380 (w), 1361 (w), 1338 (w),
1315 (w), 1268 (m), 1193 (w), 1159 (w), 1110 (w), 1070 (w), 1054 (w), 1025 (w), 997 (s), 969
(W), 875 (w), 847 (s), 783 (w), 761 (m), 740 (m), 700 (w), 652 (w), 603 (s), 589 (w), 544 (w),
516 (w), 506 (w), 480 (w), 462 (W), 425 (w), 411 (w).

5.3.4.2.3 Synthesis of 4-(tert-butyl)-N,N-dibutylaniline hydrochloride (4.4d-HCI):
/@NFIBUz
t-Bu HCI
4.4d-HCI

Following general procedure B, using 4-(tert-butyl)phenyl trifluoromethanesulfonate (4.1a)
and dibutylamine solution (2 M THF, 1 ml) afforded the title compound 4.4d (150 mg,
0.504 mmol, 97%) as a white crystalline solid after purification via column chromatography

(pure n-pentane) and treatment with 2 M HCI in Et,0.
Rf = 0.79 (n-pentane:EtOAc = 10:1, UV) free base

H NMR (300 MHz, Chloroform-d) 5 13.53 (d, J = 8.7 Hz, 1H), 7.60 (d, J = 8.3 Hz, 2H), 7.42
(d, J = 8.3 Hz, 2H), 3.52 — 3.30 (m, 2H), 3.27 — 3.07 (m, 2H), 2.05 — 1.82 (m, 2H), 1.26 (d, J =
0.6 Hz, 6H), 1.24 — 1.09 (m, 1H), 0.79 (t, J = 6.9 Hz, 6H).

3C NMR (101 MHz, DMSO-ds) & 148.5, 130.8, 122.4, 117.3, 53.9, 30.1, 26.4, 21.7, 15.1,
8.7.

MS (EI): m/z (relative intensity) 261 (25), 246 (15), 219 (16), 218 (100), 176 (43), 162 (12),
146 (10).

HRMS (El, m/z): calcd. for C1H27N [M]* 261.2451, found 261.2452.

IR (ATR, neat, cm-1): 3040 (w), 2961 (s), 2935 (m), 2871 (m), 2656 (w), 2402 (m), 1599 (w),
1515 (m), 1463 (m), 1430 (m), 1402 (w), 1379 (w), 1364 (w), 1339 (w), 1316 (w), 1267 (m),
1236 (w), 1202 (w), 1183 (w), 1160 (w), 1127 (w), 1108 (w), 1018 (w), 987 (w), 966 (w), 949
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(W), 936 (w), 876 (w), 848 (s), 793 (w), 767 (w), 742 (w), 652 (W), 636 (w), 602 (s), 551 (W),
461 (w).

The analytical data is in accordance with those reported in the literature.['¢"

5.3.4.2.4 Synthesis of tert-butyl 3-(2-((tert-butoxycarbonyl)amino)ethyl)-1H-
indole-1-carboxylate hydrochloride (4.4i-HCI):

OMe

N
o
t-Bu HCI

4.4i-HCI

Following general procedure C, using bis(2-methoxyethyl)amine (1.05 mmol) afforded the
titte compound 4.4i (100 mg, 0.331 mmol, 65%) as a red oil after purification via column
chromatography (n-pentane:EtOAc = 10:1 and treatment with HCI (2.0 M in Et20).

Rt = 0.34 (n-pentane:EtOAc = 10:1, UV) free base

"H NMR (400 MHz, Chloroform-d) & 7.40 — 7.11 (m, 2H), 6.86 — 6.49 (m, 2H), 3.56 (s, 8H),
3.36 (s, 6H), 1.30 (s, 9H). Free base

13C NMR (101 MHz, Chloroform-d)  126.1, 126.1, 113.6, 111.8, 70.1, 59.0, 51.3, 33.8, 31.6.

Free base
MS (El): m/z (relative intensity) 265 (11), 221 (16), 220 (100), 59 (20).
HRMS (El, m/z): calcd. for C16H27zNO2 [M+H]* 266.2120, found 266.2121.

IR (ATR, neat, cm-1): 3405 (w), 2958 (m), 2873 (w), 2373 (w), 1614 (w), 1519 (s), 1460 (m),
1393 (w), 1363 (m), 1269 (m), 1196 (m), 1113 (s), 1016 (m), 959 (w), 925 (w), 813 (m), 548
(m), 463 ().

5.3.4.2.5 Synthesis of N-benzyl-4-(tert-butyl)aniline hydrochloride (4.41-HCI):

H
i,
t-Bu HCI

4.41-HCI

Following general procedure C, using benzylamine (0.999 mmol) afforded the title
compound 4.41 (123 mg, 0.446 mmol, 87%) as a white crystalline solid after purification via

column chromatography (n-pentane:EtOAc = 20:1) and treatment with HCI (2.0 M in Et.0).
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R¢ = 0.45 (n-pentane:EtOAc = 10:1, UV) free base

H NMR (400 MHz, Chloroform-d) & 11.73 (s, 2H), 7.43 — 7.36 (m, 2H), 7.33 — 7.26 (m,
3H), 7.25 — 7.19 (m, 2H), 4.29 (s, 2H), 1.25 (s, 4H).

13C NMR (101 MHz, Chloroform-d) & 152.5, 131.7, 131.1, 129.6, 129.3, 128.6, 126.6,
123.4, 56.0, 34.7, 31.2.

MS (El): m/z (relative intensity) 239 (31), 225 (18), 224 (100), 91 (47).
HRMS (El, m/z): calcd. for Ci7Ha1N [M]* 240.1752, found 240.1753.

IR (ATR, neat, cm-1): 3061 (w), 3005 (w), 2960 (w), 2855 (w), 2658 (w), 2604 (w), 2520 (m),
2384 (w), 1509 (m), 1476 (w), 1447 (w), 1416 (m), 1388 (w), 1362 (w), 1321 (w), 1269 (w),
1229 (w), 1205 (w), 1188 (w), 1127 (w), 1108 (w), 1032 (w), 1018 (w), 976 (m), 956 (w), 926
(W), 876 (w), 833 (m), 750 (s), 703 (s), 678 (w), 639 (w), 590 (w), 558 (s), 496 (m), 470 (w),
435 (w), 406 (s).

The analytical data is in accordance with those reported in the literature.['6"]

5.3.4.2.6 Synthesis of 4-(tert-butyl)-N-methyl-N-phenylaniline hydrochloride
(4.4g-HCI):

HCI I\I/Ie
JORS
t-Bu
4.4g-HCI

Following general procedure C, using N-methylaniline (0.784 mmol) afforded the title
compound 4.4g (131 mg, 0.475 mmol, 93%) as a white crystalline solid after purification via

column chromatography (pure n-pentane) and treatment with HCI (2.0 M in Et;0).
Rf = 0.70 (n-pentane:EtOAc = 10:1, UV) free base

H NMR (300 MHz, Chloroform-d) & 7.43 — 7.27 (m, 4H), 7.13 — 7.02 (m, 4H), 7.00 — 6.92
(m, 1H), 3.37 (d, J = 0.6 Hz, 3H), 1.40 (s, 9H).

13C NMR (75 MHz, Chloroform-d) d 149.3, 146.5, 144.9, 129.1, 126.2, 121.3, 120.3, 119.1,
40.3, 34.3, 31.6.

MS (EI): m/z (relative intensity) 239 (33), 225 (17), 224 (100).

HRMS (ESI-TOF, m/z): calcd. for C17H2N [M]* 240.1752, found 240.1755.

IR (ATR, neat, cm-1): 3035 (w), 2959 (m), 2902 (w), 2866 (w), 2809 (w), 1594 (s), 1511 (s),
1494 (s), 1393 (w), 1362 (m), 1340 (m), 1267 (m), 1254 (m), 1200 (w), 1132 (m), 1087 (w),
1067 (w), 1026 (w), 991 (w), 870 (w), 823 (m), 746 (s), 693 (s), 593 (M), 542 (m), 483 (w), 408

(w).
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The analytical data is in accordance with those reported in the literature.['¢?

5.3.4.2.7 Synthesis of 4-(tert-butyl)-N,N-dibutylaniline hydrochloride (4.4f-HCI):

HCI I\I/Ie

L0

4.4f-HCI

Following general procedure C, using N-methylcyclohexanamine (0.765 mmol) afforded the
titte compound 4.4f (138 mg, 0.504 mmol, 96%) as a white crystalline solid after purification

via column chromatography (n-pentane:EtOAc = 50:1) and treatment with HCI (2.0 M in Et0).
Rt = 0.58 (n-pentane:EtOAc = 10:1, UV) free base

H NMR (300 MHz, Chloroform-d) & 13.59 (s, 1H), 7.68 — 7.54 (m, 2H), 7.43 (d, J = 8.3 Hz,
2H), 3.37 — 3.19 (m, 1H), 3.10 (d, J = 4.9 Hz, 3H), 2.36 — 2.22 (m, 1H), 1.94 — 1.46 (m, 6H),
1.30 — 1.25 (m, 9H), 1.33 — 1.00 (m, 3H).

3C NMR (75 MHz, Chloroform-d) d 153.2, 137.5, 126.9, 122.2, 68.4, 41.2, 34.8, 31.1, 27.9,
27.7,25.0, 24.5.

MS (EI): m/z (relative intensity) 245 (41), 230 (29), 203 (15), 202 (100), 174 (13), 148 (13),
146 (29), 144 (11), 132 (13), 91 (10), 55 (17), 42 (10), 41 (17).

HRMS (El, m/z): calcd. for C17H27N [M]* 246.2222, found 246.2225.

IR (ATR, neat, cm-1): 3036 (w), 2942 (w), 2859 (w), 2304 (m), 1513 (m), 1466 (m), 1452
(m), 1414 (w), 1364 (w), 1311 (w), 1272 (w), 1204 (w), 1165 (w), 1140 (w), 1111 (m), 1093 (w),
1058 (w), 1011 (m), 927 (w), 903 (m), 857 (s), 795 (w), 679 (w), 637 (w), 594 (s), 556 (m), 434
(w).

The analytical data is in accordance with those reported in the literature.['¢"
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5.3.4.2.8 Synthesis of N-benzyl-4-(tert-butyl)-N-methylaniline hydrochloride
(4.4k-HCI):

Me

N
/£::I’HCI

t-Bu

4.4k-HCI

Following general procedure C, using N-methylbenzylamine (0.770 mmol) afforded the title
compound 4.4k (126 mg, 0.504 mmol, 87%) as a white crystalline solid after purification via

column chromatography (pure n-pentane) and treatment with HCI (2.0 M in Et;0).
R¢ = 0.61 (n-pentane:EtOAc = 10:1, UV) free base

NMR (300 MHz, Chloroform-d) & 7.46 — 7.38 (m, 2H), 7.37 — 7.30 (m, 4H), 7.31 — 7.17 (m,
4H), 4.53 (s, 2H), 3.16 (s, 3H), 1.24 (s, 9H).

3C NMR (75 MHz, Chloroform-d) & 131.5, 129.8, 128.7, 127.0, 126.8, 122.3, 121.5, 63.8,
43.0, 34.8, 31.1.

MS (El): m/z (relative intensity) 253 (31), 239 (18), 238 (90), 146 (19), 91 (100), 65 (15).
HRMS (ESI-TOF, m/z): calcd. for C1sHasN [M+H]* 254.1908, found 254.1913.

IR (ATR, neat, cm-1): 2957 (w), 2400 (w), 1511 (w), 1455 (w), 1403 (m), 1363 (w), 1268
(W), 1242 (w), 1215 (w), 1152 (w), 1132 (w), 1117 (w), 1012 (w), 936 (w), 909 (w), 845 (m),
830 (w), 779 (w), 749 (s), 700 (s), 653 (w), 633 (w), 608 (m), 573 (s), 543 (w), 512 (w).

The analytical data is in accordance with those reported in the literature.[®]

5.3.4.2.9 Synthesis of 4-(tert-butyl)-N-(2-((tert-butyldimethylsilyl)oxy)ethyl)-N-
methylaniline (4.4h):

I\I/Ie
r
t-Bu OTBDMS
h

4.4

Following general procedure C, with N-methylbenzylamine (0.908 mmol) afforded the title
compound 4.4h (160 mg, 0.504 mmol, 94%, freebase) as a yellow oil after purification via

column chromatography (n-pentane:EtOAc = 50:1).
Rs = 0.70 (n-pentane:EtOAc = 10:1, UV) free base

H NMR (300 MHz, Chloroform-d) 8 7.32 — 7.20 (m, 2H), 6.67 (d, J = 8.3 Hz, 2H), 3.78 (t, J
= 6.5 Hz, 2H), 3.44 (t, J = 6.5 Hz, 2H), 2.97 (s, 3H), 1.30 (s, 9H), 0.90 (s, 9H), 0.05 (s, 6H).

232



Experimental section

3C NMR (75 MHz, Chloroform-d) & 125.9, 111.6, 60.6, 55.1, 39.1, 33.7, 31.6, 25.9,
18.3, -5.3.

MS (El): m/z (relative intensity) 321 (16), 177 (18), 176 (100).
HRMS (El, m/z): calcd. for C1gH3sNOSi [M]* 321.2482, found 321.2481.

IR (ATR, neat, cm-1): 2953 (w), 2857 (w), 1614 (w), 1519 (s), 1462 (w), 1362 (m), 1250 (m),
1205 (m), 1097 (s), 1006 (w), 987 (w), 927 (w), 834 (s), 810 (s), 774 (s), 731 (w), 664 (w), 551
(w).

5.3.4.210 Synthesis of N-methyl-2-(1-methyl-1H-indol-3-yl)ethan-1-amine (2I):

Boc, Boc Boc, Me,
NH NH "NH NH NH
—_— + —_— e
N \ A\ \ \
N
H N N N N
Boc H Me Me
4.2j-S1 4.2j-S2 4.2j-S3 4.2j

5.3.4.211 Synthesis of tert-butyl 3-(2-((tert-butoxycarbonyl)amino)ethyl)-1H-
indole-1-carboxylate (4.2j-S1):

Boc

N

NH

A\
N

\BOC
4.2j-S1

A solution of tryptamine hydrochloride (993 mg, 6.20 mmol, 1.0 equiv.), 4-
dimethylaminopyridine (1.55 g, 12.69 mmol, 2.0 equiv.) and di-tert-butyl dicarbonate (2.90 g,
13.29 mmol, 2.1 equiv.) in acetonitrile (20 mL) was stirred at rt under argon. After 16 h, water
was added, and the aqueous phase was extracted with CH.Cl,. The combined organic layers
were dried over Na;SO., filtered and the solvent was removed under reduced pressure. The
crude product was purified by column chromatography (n-pentane:EtOAc = 10:1) yielding the
titte compound 4.2j-S1 (1.11 g, 3.08 mmol, 50%).

Rs = 0.24 (n-pentane:EtOAc = 10:1, UV)

H NMR (300 MHz, Chloroform-d) & 8.13 (d, J = 8.0 Hz, 1H), 7.58 — 7.50 (m, 1H), 7.42 (s,
1H), 7.32 (ddd, J = 8.4, 7.2, 1.4 Hz, 1H), 7.30 — 7.18 (m, 1H), 4.66 (s, 1H), 3.46 (q, J = 6.7 Hz,
2H), 2.89 (t, J = 7.0 Hz, 2H), 1.67 (s, 9H), 1.44 (s, 9H).
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13C NMR (75 MHz, Chloroform-d) & 155.9, 149.7, 135.6, 130.5, 124.5, 123.2, 122.5, 119.0,
117.8, 115.3, 83.5, 79.3, 40.2, 28.4, 28.2, 25.6.

HRMS (ESI-TOF, m/z): calcd. for C20H2sN204 [M+Na]* 383.1941, found 383.1952.
HRMS (El, m/z): calcd. for C20H2sN204 [M]* 360.2044, found 360.2041.

IR (ATR, neat, cm-1): 3410 (w), 2979 (w), 2934 (w), 1808 (w), 1713 (m), 1510 (w), 1477 (w),
1453 (m), 1369 (s), 1308 (m), 1251 (s), 1211 (m), 1157 (s), 1114 (s), 1061 (s), 1017 (m), 956
(W), 844 (m), 768 (m), 745 (s), 663 (W), 592 (W), 521 (W), 462 (W), 424 (w).

The analytical data is in accordance with those reported in the literature.[®*]

5.3.4.212 Synthesis of tert-butyl (2-(1H-indol-3-yl)ethyl)carbamate (4.2j-S2):

Boc

A

NH

A\

N
4.2j-S2

A solution of di-tert-butyl dicarbonate (6.13 g, 28.09 mmol, 3.0 equiv.) in 1,4-dioxane (5 mL)
was added to a mixture of tryptamine (1.52 g, 9.47 mmol, 1.0 equiv.) and triethylamine (2.84
g, 28.09 mmol, 3.0 equiv.) in 1,4-Dioxane (10 mL) and the reaction was stirred at rt. After 16
h, water was added and the aqueous phase was extracted with CH,Cl,. The combined organic
layers were dried over Na>SOQy, filtered and the solvent was removed under reduced pressure.
The crude product was purified by column chromatography (n-pentane:EtOAc =5:1) yielding
to title compound $21-2 (1.55 g, 5.94 mmol, 63%). Additionally, S2I-1 was re-isolated in 37%
yield.

R¢ = 0.10 (n-pentane:EtOAc = 10:1, UV)

H NMR (400 MHz, Chloroform-d) & 8.36 (s, 1H), 7.62 (d, J = 7.7 Hz, 1H), 7.37 (d, J = 8.1
Hz, 1H), 7.22 (t, J = 7.5 Hz, 1H), 7.14 (t, J = 7.6 Hz, 1H), 6.99 (s, 1H), 4.67 (s, 1H), 3.47 (s,
2H), 2.96 (t, J = 6.8 Hz, 2H), 1.48 (s, 9H).

3C NMR (101 MHz, Chloroform-d) & 156.2, 136.5, 127.4, 122.1, 119.4, 118.9, 113.0, 111.3,
79.3,41.1, 28.5, 25.9.

MS (El): m/z (relative intensity) 260 (6), 143 (32), 131 (14), 130 (100), 103 (10), 77 (14), 59
(12), 57 (43), 41 (28), 39 (11), 29 (13).
HRMS (EI, m/z): calcd. for C1sH20N202 [M]* 260.1519, found 260.1516.

IR (ATR, neat, cm-1): 3434 (w), 3313 (m), 3062 (w), 3002 (w), 2974 (w), 2936 (w), 1686 (s),

1619 (w), 1521 (s), 1452 (m), 1436 (w), 1390 (m), 1366 (s), 1351 (m), 1284 (m), 1270 (m),
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1248 (m), 1229 (m), 1163 (s), 1131 (m), 1107 (m), 1079 (m), 1038 (m), 1008 (w), 954 (m), 867
(m), 809 (m), 773 (m), 736 (s), 684 (m), 623 (m), 588 (M), 562 (M), 492 (s), 465 (M), 419 (s).

The analytical data is in accordance with those reported in the literature.['®®

5.3.4.2.13 Synthesis of tert-butyl (2-(1-methyl-1H-indol-3-yl)ethyl)carbamate
(4.2j-S3):

Boc

N

NH

N
N

Me
4.2j-S3
A solution of tert-butyl (2-(1H-indol-3-yl)ethyl)carbamate (1.00 g, 3.85 mmol, 1.0 equiv.) in
DMF (5 ml) was added dropwise to a stirred mixture of mineral oil suspended NaH (169 mg,
4.04 mmol, 60 %wt, 1.05 equiv.) in DMF (5 mL) at -30 °C. The reaction was allowed to warm
to room temperature over the period of one hour. Afterwards the reaction was cooled again to
-30°C and Mel (598mg, 4.21 mmol, 1.09 equiv.) was added dropwise. After 16 h, water was
added, and the aqueous phase was extracted with CH2Cl,. The combined organic layers were
dried over Na>SOQ., filtered and the solvent was removed under reduced pressure. The crude

product was purified by column chromatography yielding the title compound 4.2j-S3 (1.03 g,
3.76 mmol, 98%).

Rs = 0.25 (n-pentane:EtOAc = 20:1, UV)

H NMR (300 MHz, Chloroform-d) & 7.61 (d, J = 7.9 Hz, 1H), 7.36 — 7.19 (m, 2H), 7.19 —
7.07 (m, 1H), 6.89 (s, 1H), 4.67 (s, 1H), 3.75 (s, 3H), 3.60 — 3.33 (m, 2H), 3.07 — 2.79 (m, 2H),
1.46 (s, 9H).

3C NMR (101 MHz, Chloroform-d) 5 156.1, 137.2, 127.9, 126.9, 121.7, 119.0, 118.9, 111.6,
109.3, 79.2, 41.2, 32.7, 28.5, 25.8.

MS (EI): m/z (relative intensity) 274 (16), 157 (26), 145 (13), 144 (100).
HRMS (EI, m/z): calcd. for C1sH22N202 [M]* 274.1676, found 274.1676.

IR (ATR, neat, cm-1): 3351 (w), 2974 (w), 2930 (w), 1691 (s), 1615 (w), 1505 (m), 1473 (m),
1390 (m), 1364 (m), 1326 (M), 1246 (s), 1158 (s), 1071 (w), 1048 (w), 1012 (w), 958 (w), 869
(w), 780 (w), 736 (s), 602 (w), 541 (w), 462 (w), 427 (m).

The analytical data is in accordance with those reported in the literature.!6¢]
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5.3.4.2.14 Synthesis of N-methyl-2-(1-methyl-1H-indol-3-yl)ethan-1-amine
(4.2j):

Me
NH

4.2j

A solution of tert-butyl (2-(1-methyl-1H-indol-3-yl)ethyl)carbamate (4.2j-S3, 750 mg, 2.73
mmol) in THF (5.0 ml) was added dropwise to a stirred suspension of LiAlH: (1.08 g,
28.4 mmol, 10 equiv.) in THF (10 mL) at -78 °C. The reaction was then heated to 50 °C. After
16 h, water was added, and the mixture was filtered through a small pad of ceolite. The
aqueous phase was extracted with CH2Cl,. The combined organic layers were dried over
NaSO., filtered and the solvent was removed under reduced pressure. The crude product was
purified by column chromatography (n-pentane:EtOAc = 10:1) yielding the title compound 4.2j
(366 mg, 1.94 mmol, 71%).

R: = 0.31 (n-pentane:EtOAc = 10:1, UV)

H NMR (400 MHz, Chloroform-d) & 7.64 (d, J = 8.0 Hz, 1H), 7.31 (d, J = 8.2 Hz, 1H), 7.28
—7.20 (m, 1H), 7.17 = 7.08 (m, 1H), 6.91 (s, 1H), 3.75 (s, 3H), 3.04 — 2.97 (m, 2H), 2.97 — 2.89
(m, 2H), 2.46 (s, 3H), 2.12 (s, 1H).

13C NMR (101 MHz, Chloroform-d) & 137.2, 127.9, 126.9, 121.7, 119.1, 118.8, 112.4, 109.3,
52.2, 36.3, 32.7, 25.5.

MS (El): m/z (relative intensity) 188 (4), 146 (12), 145 (88), 144 (100), 129 (10), 128 (13),
115 (17), 102 (15), 77 (17), 44 (67).

HRMS (El, m/z): calcd. for C12H26N2 [M]* 188.1308, found 188.1308.

IR (ATR, neat, cm-1): 3052 (w), 2927 (w), 2842 (w), 2787 (w), 1614 (w), 1552 (w), 1470 (m),
1442 (w), 1424 (w), 1376 (m), 1325 (m), 1248 (w), 1154 (w), 1129 (m), 1064 (w), 1011 (w),
922 (w), 734 (s), 663 (w), 601 (w), 564 (w), 426 (m).

The analytical data is in accordance with those reported in the literature.
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5.3.4.2.15 Synthesis of 4-(tert-butyl)-N-methyl-N-(2-(1-methyl-1H-indol-3-
yl)ethyl)aniline (4.4j):

Me_ t-Bu
N

Me
4.4j

Following general procedure C, using 0.781 mmol N-methyl-2-(1-methyl-1H-indol-3-
yhethan-1-amine (2l) afforded the title compound 4.4j (141 mg, 0.440 mmol, 85%, freebase)

as a clear colorless oil after purification via column chromatography (n-pentane:EtOAc = 20:1).

Rt = 0.24 (n-pentane:EtOAc = 20:1, UV)

"H NMR (300 MHz, Chloroform-d) & 7.67 (d, J = 7.8 Hz, 1H), 7.34 (d, J = 8.9 Hz, 3H), 7.28
(ddd, J=8.2, 6.8, 1.2 Hz, 1H), 7.17 (ddd, J = 8.0, 6.8, 1.3 Hz, 1H), 6.91 (s, 1H), 6.81 (d, J =
8.0 Hz, 2H), 3.78 (s, 3H), 3.71 — 3.59 (m, 2H), 3.06 (dd, J = 9.8, 6.0 Hz, 2H), 3.00 (s, 3H), 1.36
(s, 9H).

3C NMR (75 MHz, Chloroform-d) & 137.2, 128.0, 126.7, 126.2, 121.7, 119.0, 118.9, 112.5,
112.1, 109.4, 54.1, 38.6, 33.9, 32.7, 31.7, 22.4.
HRMS (ESI-TOF, m/z): calcd. for C22H2sN2 [M+H]" 321.2331, found 321.2333.

IR (ATR, neat, cm-1): 3050 (w), 2951 (m), 2864 (w), 1613 (m), 1518 (s), 1472 (m), 1424 (w),
1361 (m), 1325 (m), 1298 (w), 1270 (m), 1247 (m), 1225 (w), 1203 (m), 1184 (m), 1156 (w),
1128 (w), 1100 (w), 1063 (w), 1012 (w), 956 (w), 812 (s), 734 (s), 630 (w), 607 (w), 550 (m),
498 (w).
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5.3.4.3 Comparison of different Electrophiles and intramolecular competition

experiments

Pd,(dba)s .
! (2.5 mol%) !

~< X ~. NMe,
+ Me,NH X-Phos
- ~ (2.0 M in THF) K3PO4, THF - -

' 80°C, 16 h '

M electrophiles scope

OOT]’ OBI’ OOMS OOTS
tBu tBu tBu tBu

99% 99% no conversion no conversion

All reactions were carried out in septum sealed 4 ml Vials. Subsequently, Pdx(dba)s (2.5
mol%), XPhos (1.5 eq of the metal), KsPO4 (1.2 eq) and 4-(tert-butyl)phenyl (pseudo)halide
(0.5 mmol) were added and the vial was sealed. The mixture was 3 times securated under
vacuo and flushed with argon. Afterwards 1 ml THF was added and the suspension was stirred
at 80 °C in a block of aluminum. After 5 min an appropriate dimethylamine solution (2 M THF,
1 ml) was added through the septum in one portion. After 16h the reaction was quenched with
water and extracted 3 times with DCM. Subsequently, the solvent was removed in vacuo (500
mbar) and the desired dimethylaniline was purified with column chromatography. In order to
avoid a loss of yields due to volatility of the desired amines, the fraction was treated with an

HCI solution (Diethyl ether) to form the corresponding hydrochloride salts.

5.3.4.3.1 Synthesis of 4-bromophenyl trifluoromethanesulfonate (4.1y):

/@,OTf
Br

4.1y

Following general procedure A, using 4-bromophenol (3.03 mmol) at 0 °C instead of -78 °C
and triethylamine as the base afforded the title compound 4.1y (0.635 g, 2.08 mmol, 69%) as

a clear colorless oil after purification via column chromatography (pure n-pentane).
Rf = 0.78 (n-pentane, UV)
"H NMR (300 MHz, Chloroform-d) & 7.64 — 7.52 (m, 2H), 7.20 — 7.13 (m, 2H).
13C NMR (75 MHz, Chloroform-d) & 148.6, 133.5, 123.2, 122.2, 118.8 (q, J = 320.9 Hz).

F NMR (282 MHz, Chloroform-d) & -72.71.
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MS (El): m/z (relative intensity) 306 (82), 304 (79), 242 (29), 242 (30), 173 (98), 171 (100),
145 (92), 143 (17), 119 (16), 117 (17), 92 (22), 69 (59), 64 (36), 63 (59), 62 (14), 38 (14).

HRMS (El, m/z): calcd. for C7H4sO3BrFsS [M]* 303.9011, found 303.9011.

IR (ATR, neat, cm-1): 1480 (m), 1423 (s), 1400 (m), 1296 (w), 1250 (m), 1205 (s),
1173 (m), 1134 (s), 1099 (m), 1069 (s), 1012 (s), 939 (w), 877 (s), 829 (s), 779 (m),
748 (s), 700 (w), 639 (m), 627 (m), 602 (s), 572 (M), 522 (s), 483 (s), 422 (M).

The analytical data is in accordance with those reported in the literature.[4"]

5.3.4.3.2 Synthesis of 4-bromophenyl trifluoromethanesulfonate hydrochloride
(4.4y-HCI):

TfO HCl
4.4y-HCI

Following general procedure B, using 4-bromophenyl trifluoromethanesulfonate (4.1y, 0.515
mmol) afforded the title compound 4.4y (100 mg, 0.497 mmol, 99%) as a white crystalline solid
after purification via column chromatography (n-pentane:EtOAc = 50:1) and treatment with HCI
(2.0 M in Et20).

R¢ = 0.16 (n-pentane:EtOAc = 50:1, UV) free base

H NMR (300 MHz, Chloroform-d) & 13.16 (s, 1H), 8.04 — 7.94 (m, 2H), 7.48 — 7.37 (m, 2H),
3.20 (s, 6H).

3C NMR (75 MHz, Chloroform-d) & 149.6, 142.7, 123.7, 123.4, 118.6 (q, J = 320.9 Hz),
46.5.

F NMR (282 MHz, Chloroform-d) 5 -72.60.

MS (El): m/z (relative intensity) 269 (5), 136 (100), 108 (16), 69 (33), 67 (12), 66 (12), 65
(19), 42 (10).

HRMS (ESI-TOF, m/z): calcd. for CgH10 FsNO3S [M]* 270.041, found 270.041.

IR (ATR, neat, cm-1): 3019 (w), 2489 (w), 2355 (m), 1619 (w), 1504 (m), 1451 (w),
1415 (s), 1326 (w), 1237 (m), 1202 (s), 1130 (s), 1017 (m), 990 (m), 881 (s), 850 (s),
794 (m), 767 (m), 734 (w), 691 (w), 624 (s), 581 (s), 556 (m), 536 (s), 515 (m), 488
(m), 415 (w).
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5.3.4.3.3 Synthesis of 4-(tert-butyl)phenyl 4-methylbenzenesulfonate (4.1ad)

t-Bu

4.1ad

Following general procedure A, using 4-(tert-butyl)phenol (20 mmol) at 0 °C instead of
—-78 °C and NEt; as the base and 4-methylbenzenesulfonyl chloride as the sulfonating agent
afforded the title compound 4.1ad (5.63 g, 18.49 mmol, 92%) as a white solid after purification

via column chromatography (pure n-pentane).
Rs = 0.51 (n-pentane:EtOAc = 18:1, UV)

H NMR (300 MHz, Chloroform-d) & 7.75 — 7.69 (m, 2H), 7.32 (t, J = 0.7 Hz, 1H), 7.31 — 7.28
(m, 2H), 7.26 (s, 1H), 6.92 — 6.86 (m, 2H), 2.45 (d, J = 0.8 Hz, 3H), 1.27 (s, 9H).

13C NMR (75 MHz, Chloroform-d) & 150.2, 147.4, 145.3, 132.9, 129.8, 128.6, 126.6, 121.8,
34.7,31.4, 21.8.

MS (El): m/z (relative intensity) 304 (25), 290 (18), 289 (100), 155 (26), 109 (10), 91 (54),
65 (12).
HRMS (El, m/z): calcd. for C17H2003S [M]* 304.1128, found 304.1131.

IR (ATR, neat, cm-1): 3062 (w), 2962 (w), 2868 (w), 1596 (w), 1504 (m), 1475 (w), 1457 (w),
1395 (w), 1363 (s), 1307 (w), 1297 (w), 1266 (w), 1202 (m), 1178 (s), 1156 (s), 1112 (w), 1092
(s), 1040 (w), 1017 (m), 963 (w), 948 (w), 924 (w), 866 (s), 846 (s), 835 (s), 817 (s), 759 (s),
734 (m), 705 (w), 682 (s), 649 (M), 584 (s), 552 (s), 543 (s), 531 (s), 430 (w).

5.3.4.3.4 Synthesis of 4-(tert-butyl)phenyl methanesulfonate (4.1ac):

OOMS
t-Bu

4.1ac

Following general procedure A, using 4-(tert-butyl)phenol (20 mmol) at 0 °C instead of
-78 °C with NEt3 as the base and 4-methylbenzenesulfonyl chloride as the sulfonating agent
afforded the title compound 4.1ac (5.63 g, 18.49 mmol, 92%) as a white solid after purification
via column chromatography (n-pentane:EtOAc = 18:1, UV).

R = 0.26 (n-pentane:EtOAc = 18:1, UV)

H NMR (300 MHz, Chloroform-d) & 7.45 — 7.39 (m, 2H), 7.23 — 7.17 (m, 2H), 3.11 (s, 3H),
1.32 (s, 9H).
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13C NMR (75 MHz, Chloroform-d) 8 150.5, 147.0, 126.9, 121.4, 37.2, 34.6, 31.3.
MS (EI): m/z (relative intensity) 228 (19), 214 (10), 213 (100), 135 (44).
HRMS (El, m/z): calcd. for C11H160sS [M]* 228.0815, found 228.0813.

IR (ATR, neat, cm-1): 3030 (w), 3014 (w), 2962 (w), 2952 (w), 2936 (w), 2906 (w), 2870 (w),
1591 (w), 1501 (m), 1478 (w), 1466 (w), 1411 (w), 1396 (w), 1352 (s), 1337 (s), 1267 (w), 1204
(m), 1174 (m), 1153 (s), 1108 (m), 1015 (w), 969 (s), 947 (w), 924 (w), 870 (s), 851 (s), 836
(s), 822 (m), 790 (s), 741 (w), 726 (m), 656 (w), 639 (W), 573 (s), 530 (s), 509 (s), 471 (w), 431
(w), 404 (m).

5.3.4.4 Derivatization of N,N-dimethylanilines

5.3.4.4.1 Synthesis of 4-(tert-butyl)-N,N-dimethylaniline oxide (4.5):

Me Me
\ /

o'
t-Bu

4.5

4-(tert-butyl)-N,N-dimethylaniline (4.3a) (539 mg, 2.52 mmol) was dissolved in CH-Cl, (0.5
M) and cooled to 0 °C Afterwards, meta-chloroperoxybenzoic acid (70%, 1.0 eq) was added in
one portion and the mixture was allowed to warm to room temperature. After 16 h the reaction
was quenched with saturated K,COs-solution and extracted 3 times with CH2Cl,. Removal of
the solvent afforded the title compound 4.5 (82%, 400 mg, 2.07 mmol) as a white crystalline

solid.
R¢ = 0.00 (EtOAc, UV)

H NMR (300 MHz, Chloroform-d) 8 7.78 — 7.71 (m, 2H), 7.38 — 7.32 (m, 2H), 3.47 (s, 6H),
1.22 (s, 9H).

3C NMR (75 MHz, Chloroform-d) & 152.0, 151.6, 126.0, 119.4, 63.1, 34.6, 31.2.

MS (El): m/z (relative intensity) 193 (44), 179 (13), 178 (100), 148 (23), 147 (44), 146 (29),
132 (17), 118 (10).

HRMS (ESI-TOF, m/z): calcd. for C12H1gNO [M+H]" 194.1545, found 194.1541.

IR (ATR, neat, cm-1): 3391 (w), 3129 (w), 3058 (w), 3021 (w), 2952 (m), 2902 (w), 2865 (W),
1654 (w), 1560 (w), 1503 (w), 1463 (w), 1401 (w), 1362 (w), 1267 (w), 1249 (w), 1186 (w),
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1138 (w), 1101 (w), 1012 (w), 971 (m), 875 (m), 838 (s), 760 (w), 749 (w), 709 (m), 636 (m),
584 (s), 546 (w), 508 (M), 461 (w), 422 (w).

5.3.4.4.2 Synthesis of 5-(tert-butyl)-2-(dimethylamino)phenol (4.6)

/@N M62
t-Bu OH

4.6

4-(tert-butyl)-N,N-dimethylaniline oxide (4.5, 96mg, 0.5 mmol) was dissolved in CH2Cl» (5 ml,
0.1 M) and cooled to -78 °C. Afterwards, trifluroacertic anhydride was added dropwise via a
syringe over a period of 15 min. The resultant solution was stirred for 1 h whereupon
triethylamine (150mg, 3.00 equiv) was added. Subsequently, the mixture was allowed to warm
to room temperature and quenched with saturated NaHCO3 solution. Afterwards the aqueous
phase was extracted with DCM. The combined organic layers were dried with Na,SO4 and the
solvent was evaporated in vacuum. The crude product was further purified with column
chromatography (n-pentane:EtOAc = 20:1) yielding the title compound 4.6 (88 mg, 0.455

mmol, 91%).
R¢ = 0.38 (n-pentane:EtOAc = 20:1, UV)

H NMR (300 MHz, Chloroform-d) & 7.10 (d, J = 8.3 Hz, 1H), 7.00 (d, J = 2.2 Hz, 1H), 6.89
(dd, J = 8.3, 2.2 Hz, 1H), 2.65 (s, 6H), 1.31 (s, 9H).

3C NMR (75 MHz, Chloroform-d) & 151.0, 149.5, 137.9, 120.1, 116.8, 111.4, 45.4, 34.6,
31.5.

MS (El): m/z (relative intensity) 193 (34), 179 (12), 178 (100).
HRMS (ESI-TOF, m/z): calcd. for C12H1+sNO [M+H]* 194.1545, found 194.1550.

IR (ATR, neat, cm-1): 3053 (w), 2957 (s), 2867 (m), 2834 (m), 2791 (m), 1746 (w), 1568 (m),
1503 (s), 1478 (m), 1454 (m), 1441 (m), 1430 (m), 1393 (w), 1363 (w), 1308 (m), 1288 (s),
1271 (s), 1236 (m), 1202 (s), 1168 (s), 1125 (s), 1087 (m), 1035 (m), 1024 (m), 947 (s), 917
(s), 873 (m), 809 (s), 724 (s), 648 (s), 543 (w), 510 (m), 497 (m), 459 (M), 439 (m), 416 (s).

242



Experimental section

Synthesis of 5-(tert-butyl)-2-(dimethylamino)phenol (4.8)

Me //Ph

o

A mixture of CuBr (40.0 mg, 0.28 mmol, 7.0 mol%), N,N-dimethylaniline (974 mg, 8.0 mmol,
2.0 equiv.), phenylacetylene (412 mg, 4.0 mmol, 1.0 equiv.) and tert-butyl hydroperoxide

4.8

(0.8 mL, 5-6M in decane) was heated to 100 °C under argon. After 16 h water was added, and
the aqueous phase was extracted with DCM. The combined organic layers were dryed with
Na>SO4 and the solvent was evaporated in vacuum. The crude product was further purified

with column chromatography yielding the title compound 4.8 (469 mg, 2.26 mmol, 56%).
Rs = 0.57 (n-pentane:EtOAc = 10:1, UV)

"H NMR (400 MHz, Chloroform-d)  7.45 — 7.39 (m, 2H), 7.38 — 7.28 (m, 5H), 7.02 — 6.92
(m, 2H), 6.87 (td, J = 7.3, 1.3 Hz, 1H), 4.30 (d, J = 1.2 Hz, 2H), 3.15 - 3.03 (m, 3H).

13C NMR (101 MHz, Chloroform-d) & 149.4, 131.8, 129.1, 128.2, 128.1, 123.1, 118.2, 114.4,
85.1, 84.2, 43.4, 38.8.

MS (El): m/z (relative intensity) 222 (15), 221 (93), 220 (91), 144 (18), 116 (11), 115 (100),
104 (14), 89 (13), 77 (25).

HRMS (El, m/z): calcd. for C16H14N [M]* 221.1199, found 221.1192.

IR (ATR, neat, cm-1): 3057 (w), 1597 (s), 1503 (m), 1489 (m), 1442 (w), 1423 (w), 1365 (w),
1333 (m), 1241 (w), 1200 (w), 1110 (w), 1029 (w), 995 (m), 920 (m), 867 (w), 750 (s), 687 (s),
597 (m), 526 (M), 489 (), 446 (m).

5.3.4.4.3 Synthesis of 5-(tert-butyl)-2-(dimethylamino)phenol (4.7)

[

4.7

N,N-Dimethylaniline (4.3d, 122 mg, 1.00 mmol) was dissolved in 1,4-dioxane (5 ml) and
pyridine (5 ml) and the mixture was cooled to 0 °C. lodine (761 mg, 3 mmol, 3.0 equiv.) was
add in one portion. After 2 h water was added, and the aqueous phase was extracted with
DCM. The combined organic layers were dryed with Na>SO,4 and the solvent was evaporated
in vacuum. The crude product was further purified with column chromatography (n-
pentane:EtOAc = 20:1) yielding the title compound 4.7 (220 mg, 0.89 mmol, 89%).
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R¢ = 0.29 (n-pentane:EtOAc = 20:1, UV)

H NMR (300 MHz, Chloroform-d) & 7.53 — 7.42 (m, 1H), 6.55 — 6.44 (m, 1H), 2.92 (s, 3H).

13C NMR (75 MHz, Chloroform-d) d 150.0, 137.6, 114.7, 77.5, 40.4.

MS (El): m/z (relative intensity) 247 (100), 246 (54), 119 (15), 77 (11).

HRMS (El, m/z): calcd. for CgHoNI [M]* 245.9774, found 245.9773.

IR (ATR, neat, cm-1): 2881 (w), 2800 (w), 1868 (w), 1733 (w), 1582 (w), 1443 (m), 1346 (m),
1312 (m), 1227 (m), 1191 (m), 1164 (m), 1125 (m), 1062 (m), 983 (w), 943 (w), 799 (s), 743
(m), 691 (m), 566 (w), 505 (s), 476 (m).

The analytical data is in accordance with those reported in the literature.['3!
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