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Resumo

“SINTESE DE N-HETEROCICLOS E BLOCOS DE CONSTRUCAO USANDO
ABORDAGENS MULTICOMPONENTE, FOTOQUIMICA E ELETROQUIMICA.”
Reacbes multicomponentes e protocolos mediados por luz e eletroquimica sdo ferramentas
poderosas para a sintese organica moderna. Além disso, elas obedecem a varios principios da
quimica verde, tais como: economia atdmica, catalise, reducdo de residuos, eficiéncia
energética, condicdes brandas de reacdo, etc. Portanto, o desenvolvimento de novas
metodologias sintéticas, empregando essas ferramentas poderosas, € altamente desejavel e
desafiador. O capitulo 1 descreve a eficiéncia do NbCls para a promocdo de RMCs entre
4-formilftalonitrilo, anilinas e fenilacetilenos através de um processo periciclico de hetero-
Diels-Alder. Essa abordagem multicomponente exibiu um amplo escopo de substrato e, para
demonstrar a versatilidade da biblioteca de ftalonitrilos, trés novos derivados ftalocianinicos
foram sintetizados e caracterizados. O capitulo 2 aborda uma metodologia livre de metais para
a fotoarilacdo de piridinas e outros heterociclos (tais como quinolina e quinoxalina) com sais
de arenodiazénio, em &gua, usando um fotorreator construido de forma artesanal. Essa
abordagem fotoquimica demonstrou um amplo escopo de substrato em relacdo ao componente
sal de diazbnio e investigacbes adicionais do mecanismo reacional suportam um mecanismo
através de um complexo EDA. Finalmente, o capitulo 3 apresenta a sintese de fluoretos de
sulfonila através do acoplamento oxidativo eletroquimico de tidis e fluoreto de potassio. Essa
abordagem também mostrou um amplo escopo de substrato, incluindo uma variedade de alquil,
benzil, aril e heteroaril tidis ou dissulfetos. Além disso, estudos cinéticos e outros estudos

adicionais foram realizados na tentativa de esclarecer o mecanismo dessa reacao eletroquimica.

Palavras-chave: reacbes multicomponentes, ftalonitrilo, fotocatalise, eletrossintese, sal de

arenodiazonio, complexo EDA, fluoreto de sulfonila.
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Abstract

“SYNTHESIS OF N-HETEROCYCLES AND BUILDING BLOCKS USING
MULTICOMPONENT, PHOTOCHEMICAL AND ELECTROCHEMICAL
APPROACHES.” Multicomponent reactions and protocols mediated by light and
electrochemistry are powerful tools for modern organic synthesis. Moreover, they obey several
principles of green chemistry such as atom economy, catalysis, waste reduction, energy
efficiency, mild reaction conditions, etc. Therefore, the development of new synthetic
methodologies employing these powerful tools is highly desirable and challenging. Chapter 1
describes the efficiency of NbCls for the promotion of MCRs between 4-formylphthalonitrile,
anilines, and phenylacetylenes through a pericyclic hetero-Diels-Alder process. This
multicomponent approach exhibited a wide substrate scope and, to demonstrate the versatility
of the phthalonitrile library, we synthesized and characterized three new phthalocyanine
derivatives. Chapter 2 covers a metal-free methodology for the photoarylation of pyridines and
other heterocycles (such as quinoline and quinoxaline) with aryldiazonium salts in water using
a homemade photoreactor. This photochemical approach displayed a broad scope regarding the
diazonium salt component and further mechanistic investigations support a mechanism through
an EDA complex. Finally, chapter 3 outlines the synthesis of sulfonyl fluorides through
electrochemical oxidative coupling of thiols and potassium fluoride. This approach also showed
a wide substrate scope, including a variety of alkyl, benzyl, aryl, and heteroaryl thiols or
disulfides. Furthermore, kinetic and other additional studies were performed in an attempt to

clarify the mechanism of this electrochemical reaction.

Keywords: multicomponent reactions, phthalonitrile, photocatalysis, electrosynthesis,

aryldiazonium salt, EDA complex, sulfonyl fluoride.
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1 Chapter1l

Chapter 1 is based on our paper published in Dyes and Pigments in 2018, and it
presents the results obtained on the development of an MCR approach for the one-pot synthesis
of a library of phthalonitrile-quinoline dyads. Examples of phthalocyanine syntheses were

performed to demonstrate the versatility of the new functionalized building blocks.
1.1 Introduction
1.1.1 Phthalocyanines

The name phthalocyanine was coined by Patrick Linstead and is a combination
of the prefix phthal, originally from the Greek naphtha (rock oil), and the word cyanine, from
the Greek kyanos (blue).

Phthalocyanines (tetrabenzotetraazaporphyrins or tetrabenzoporphyrazines) are
planar aromatic macrocycles consisting of four isoindole units linked together through nitrogen
atoms. They possess an 18 m-electron aromatic cloud delocalized over an arrangement of

alternated carbon and nitrogen atoms (Figure 1.1).2

26 N 28
22 4
p=N - HN /

20 30
N 31 32 / —
19 NH
18
N\ 14 N 12 \ \

Figure 1.1 — Chemical structure and nomenclature of the phthalocyanine core.
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The preparation of phthalocyanines has traditionally been carried out by
cyclotetramerization of phthalonitriles (a), but also of various other precursors, such as phthalic

anhydrides (b), phthalimides (c), 1,3-diiminoisoindolines (d), and phthalamides (e) (Figure

1.2).3
0
o)
R o)
HN R
o) R
A A o
MX, MX,
/ \
N
CN |
R«@[ ) N---l\l/I---N
CN
(a) N
CONH2
R@ HN R
CONH,

Figure 1.2 — Phthalocyanine precursors: (a) phthalonitrile, (b) phthalic anhydrides, (c)
phthalimides, (d) 1,3-diiminoisoindolines, and (e) phthalamides.

An intense Q-band at 650-700 nm is present in the UV-Vis spectrum of
metallated phthalocyanines (Figure 1.3a — red curve), which is associated with n-n" doubly
degenerated transition lai,—1eq (Figure 1.3b).2* For metal-free phthalocyanines, the Q-band
is split into two components (see Figure 1.3a — blue curve) due to possessing lower symmetry

(D2n) than planar MPCs (Dan).2* The UV-vis spectrum also presents a broadband near 350 nm



(the so-called Soret or B-band) due to two n-n” transitions (1az.—1eg and 1ba—1eg) (see Figure

1.3a and 1.3b). Moreover, a series of vibrational components is observed near the Q-band.*
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Figure 1.3 — (a) UV-Vis spectra of HoPC(t-butyl)s (blue line) and ZnPC(t-butyl)s (red line) in
EtOAc.® (b) Schematic representation of the energy levels and transitions (Q- and B-bands) in

a metallated phthalocyanine.?*

Obviously, it is noteworthy that the electronic characteristics can be influenced
by parameters such as the nature and position of the peripheral substituents, the nature and
oxidation state of the central atom, the extent of the conjugation in the macrocycle system, and
deviations from planarity.*® For example, Furuyama et al. (2014) synthesized a series of PCs
that absorb and emit in the near-infrared region using chalcogen elements (S, Se, and Te) and
pnictogen elements (P, As, and Sb) as peripheral and central (core) substituents, respectively.’

Due to their remarkable properties, PCs have applications in many different
fields. Initially, these compounds were used as dyes and pigments in the textile, printing, and
paint industries due to their high thermal stability and low reactivity and solubility.®° PCs and

MPCs have been used more recently in high-tech applications such as semiconductor



materials,%12 solar cells,® liquid crystals,***° catalysis,'®” and others.’®22 Moreover, these
compounds have also been studied and employed as photosensitizers in photodynamic
therapy.2-23-25

Unsubstituted PCs in the a- and B-positions of the macrocycle (see Figure 1.1)
have negligible solubility in the most common organic solvents (DMSO, THF, DMF, etc.) and
in water. In fact, even highly aromatic organic solvents such as 1-chloronaphthalene and
quinoline do not yield solutions with concentrations greater than 10> M. Sulfuric acid (> 8 M)
is the only effective solvent to solubilize these compounds. However, protonation of the
aza-nitrogens alters the properties of the macrocycle and limits the usefulness of these solutions.
For example, a strong bathochromic shift in the Q-band (ca. 80-120 nm) can be observed when
the aza-nitrogens are protonated.®

The low solubility of unsubstituted PCs can be mainly attributed to the extreme
hydrophobicity of the aromatic core and planarity of the PC,® which favors the occurrence of
non-covalent attractive interactions (especially n-n stacking interactions, but also van de Waals
forces and, in particular cases more specific interactions, such as hydrogen bonds) between the
electronic clouds of the aromatic system, leading to the formation of dimers, trimers and
higher-order structures in solution, a phenomenon well-known as aggregation.?® This
phenomenon depends on concentration, temperature, nature of the substituents and solvents,
and complexed metal ions.?

The structure of PCs can be modified by the replacement of the central atom,
introduction of substituents into the peripheral and non-peripheral positions of the macrocycle,
replacement of the meso-atoms, and substitution of the core isoindole nitrogen(s) by other
elements (Figure 1.4).8°2" Obviously, the modification of the PC core allows the tuning of their

properties, e.g., chemical, optical, electrochemical, coordination, etc.*?8



( - (mono-, di- or tri-) azatetrabenzoporphyrin synthesis J
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- hydrophobic groups
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Figure 1.4 — Phthalocyanine core functionalizations.

Among the above-mentioned strategies, the introduction of substituents at the
peripheral () and/or non-peripheral (o) positions of the macrocycle, and the use of transition
metal cations of octahedral coordination geometry are the most effective manners of not only
reducing aggregation but also increasing the solubility of PC compounds.?®

Peripheral substituents can be introduced into the PC core by using two
approaches: direct modification of the macrocycle (e.g., electrophilic aromatic substitution
reactions) or cyclotetramerization of an already substituted precursor.®

The first approach usually results in the formation of complex regioisomeric
mixtures from which the desired product can be isolated only with considerable difficulty and
also in low yield, which is due to the drastic reaction conditions employed.® However, such
problems have been circumvented through the use of cross-coupling chemistry.30-33

The second approach permits the introduction of a controlled number of
substituents into the phthalocyanine core. Thus, through this approach, it is possible to obtain
functionalized PCs in the peripheral (B) and/or non-peripheral (a) positions of the macrocycle
and these analogs have improved photophysical, photochemical, and biological properties.® In

this context, multicomponent reactions should be very useful for the synthesis of these PC



precursors (building blocks), providing extended conjugation and, at the same time,

functionalities that can help to decrease or suppress aggregation.

1.1.2 Proposed mechanism for the formation of PC macrocycle

Although it is difficult to gain a detailed understanding of the reaction
mechanism due to the different conditions employed in the synthesis of these compounds, in
some synthetic routes the intermediates were isolated and their structures characterized by
spectroscopic and spectrometric analyses including IR, X-ray diffraction, *H and *C-NMR,
and MS 3438

A proposed mechanism to explain the formation of PC macrocycle from
phthalonitriles in a reaction medium containing an alcohol and its alkoxide is presented in
Scheme 1.1.353639

In this stepwise mechanism, alcohol is first deprotonated by a non-nucleophilic
base, such as DBU or DBN, to give alkoxide ions (nucleophile), which carries out a nucleophilic
attack at the cyano group of the phthalonitrile 1.1, thus giving the isoindole derivative 1.2
(monomeric intermediate),*® which is in equilibrium with intermediate 1.3. Then, intermediate
1.2 (nucleophile) reacts with another molecule of phthalonitrile 1.1 to form the dimeric
intermediate 1.4, which can coordinate with metal cations and self-condense or react
sequentially with two other molecules of phthalonitrile 1.1 to produce intermediate 1.5. Finally,
intermediate 1.5 is subsequently aromatized with the loss of alkoxy groups giving aldehydes or

alcohol forms (identified by mass spectrometry),*! to produce phthalocyanine 1.6.



R OH

DBU or DBN

Scheme 1.1 — Formation of PC macrocycle by a stepwise mechanism.

It is noteworthy that the monomeric intermediate 1.7, the dimeric lithium salt
1.8, and the nickel complexes 1.9-1.11 were also isolated and identified in methodologies in
which the solvent used was an alcohol (Figure 1.5),343%4142 gsypporting the proposed

mechanism.



1.10: R = Me
1.11: R = Et

Figure 1.5 — Some isolated intermediates in PC synthesis.

A concerted mechanism has also been proposed to explain the formation of PC

macrocycle in solid-state reactions (without solvent or other additives) (Scheme 1.2).%® In this

mechanism, initially, four units of phthalonitrile (1.12) coordinate with the metal ion forming

a complex (1.13), which leads to the formation of the macrocycle (1.14).

R R
Ny R
C ~C
’(jl
-.C N=c
CN A NZ \ / A
R + MX, ——= M2 —— N
CN / \ '/,N
1.12 C=N N C A
1
O, 0
N
R
R 1.13 R

Scheme 1.2 — Formation of PC macrocycle by metal-induced coordination of the four
phthalonitrile units (a concerted mechanism).

1.1.3 Phthalonitriles

Phthalonitriles (1,2-dicyanobenzenes) are mainly known to be phthalocyanine

precursors,® but also have several desirable physical and chemical properties for technological
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applications. Phthalonitrile-based resins have applications such as adhesives, thin films,
composite matrices, high-performance polymers, and electrical conductors.*4*° Recently, it has
also been reported that a series of C4-substituted phthalonitriles are potent reversible inhibitors
of recombinant human monoamine oxidase B (MAO-B).>%! Also, two other phthalonitrile
derivatives containing pharmacophore groups like morpholine and triazole in the same
molecule or an aminopyrazole group showed interesting inhibition profiles against enzymes (or
iIsozymes) such as xanthine oxidase (XO) and the human carbonic anhydrases | and 1l (hCA-I
and hCA-11), respectively.>?>3

Phthalonitriles can be synthesized from the other ortho-phthalic acid derivatives.
A stepwise progression from the dicarboxylic acid is as follows: dicarboxylic acid — anhydride
— imide — diamide — phthalonitrile (the so-called acidic route to substituted phthalonitriles).>
The reaction pathway involves the ammonolysis of dicarboxylic acid followed by dehydration
of the resulting diamide to give the phthalonitrile.>* Examples of the application of this synthetic
approach are shown in Schemes 1.3 and 1.4 for the synthesis of 4,5-dichlorophthalonitrile

(1.19) and 4-trimethylsilyl-phthalonitrile (1.26), respectively.*

0 0 0
Cl
cl OH Ac,0 HCONH, cl
oH 0 NH
cl A,5h g A.3h g
115§ 93% 116 O 98% 1.17
0

NH,O0H/H,0 NH,  SOCI/DMF C'jC[CN
—_—

rt., 48 h Cl NH2 0.5°C,5h;rt,24h Cl CN

2% L8 g 75% 1.19

Scheme 1.3 — Synthesis of 4,5-dichlorophthalonitrile.



pyridine, 5 °C
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Me;Si CN

1.26

86% \ POCl;

NH,),CO
NH, NH,OH " (NH,), /(D:‘éo
NH r.t. 170 ° .
Me;Si 2 Me;Si 70°C Megsi

CHs (cy),siciNa Hs kmmo, OH
" pyridine OH
ol CHs benzene/EtOAc Me,Si CH, Py o Me;Si
1.20 75% 1.21 77% 1229
ACzo
99%,
reflux
0 o ?

Scheme 1.4 — Synthesis of 4-trimethylsilyl-phthalonitrile.

The Rosenmund-von Braun reaction is a very popular method for preparing
nitriles such as phthalonitriles.® In these reactions, phthalonitriles are obtained by refluxing
aromatic vicinal dihalides (usually 1,2-dibromobenzenes) in the presence of an excess of CUCN
in a polar high-boiling point solvent such as N,N-dimethylformamide, pyridine or nitrobenzene.
However, the reaction conditions employed to obtain these compounds favor the formation of
the corresponding CuPCs as a by-product, as well as other by-products that can be formed with

the other functionalities present in the dihalides, which explains the low yields observed in the

synthesis of many phthalonitriles by this method.>>*

As shown in Scheme 1.5 below, the Rosenmund-von Braun reaction was used

in the last step of the synthetic route to convert 1-alkyl-5,6-dibromobenzoimidazoles (1.32) to

1-alkyl-5,6-dicyanobenzoimidazoles (1.33).%
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@[NHZ TsCl/pyridine @[NHTS Bry/NaOAc Br: NHTs H,SO, Br NH»
_—
0,
NH, 0% NHTs 5% Br NHTs 0% g NH,
1.27 1.28 1.29 1.30

1) KOH/TBAB

HCO,H  B" N 2)RX (CuCN/DMF NC N
—— > > >
80% g N 68-98% NG N

131 ' 57— 59% 133 &

Scheme 1.5 — Synthesis of 1-alkyl-5,6-dicyanobenzoimidazoles.

Phthalonitriles, naphthalonitriles or other aromatic ortho-dinitriles can also be
synthesized by the Diels-Alder reaction or other cycloaddition reactions.® Although not widely
used for this purpose, the Diels-Alder reaction is suitable for the synthesis of polysubstituted
six-membered rings, such as phthalonitriles. For example, tetrasubstituted phthalonitriles 1.37
were obtained by the reaction between tetrasubstituted cyclopentadienones (1.34) (dienes) and
2-chloromaleonitrile (1.35) (dienophile). This Diels-Alder reaction affords the intermediate

1.36 which aromatizes after CO extrusion and HCI elimination (Scheme 1.6).%

S, .
o~

C, 45N
O 134 1 .

R =Me, Et, Pr, Ph L - 16-73%

Scheme 1.6 — Synthesis of tetrasubstituted phthalonitriles via Diels-Alder chemistry.

A Diels-Alder reaction has also been used in the preparation of acetylenic
phthalonitriles (1.41a and 1.41b), as shown in Scheme 1.7 below. This cycloaddition reaction
between dicyanoacetylene (1.39) (dienophile) and conjugated dimethylenehexadiynes (1.38a
and 1.38b) (dienes) leads to the intermediates 1.40a and 1.40b which are oxidized in the

presence of DDQ to give the phthalonitriles 1.41a and 1.41b, respectively.3°8>°
11



R i R i R
CN
A AN CN A CN
THF DDQ
= "
r.t.
F CN F CN F CN
R 1.39 R 1.40a and 1.40b R
1.38a: R = Si(i-Pr); 1.41a: R = Si(i-Pr); (34%)
1.38b: R = 3,5-(t-Bu),-Ph 1.41b: R = 3,5-(t-Bu),-Ph (10%)

Scheme 1.7 — Synthesis of acetylenic phthalonitriles via Diels-Alder chemistry.

A recent approach for the synthesis of phthalonitriles involves the transition
metal-catalyzed cyanation of aryl triflates/nonaflates.® In these reactions, the reagent system is
comprised of a cyanide source (usually KCN or Zn(CN)2) and a palladium(0) or nickel(0)
catalyst in the presence of a ligand.®

In a study by Drechsler et al. (1999), the synthesis of phthalonitrile 1.49 was
performed from the protected catechol 1.42 (Scheme 1.8).30 Initially, 1.42 was converted to
protected alkyl catechol 1.44 using n-BuLi and the alkyl bromide 1.43 (directed ortho
metalation). Then the ortho ester group in the resulting alkyl catechol 1.44 was converted into
the methyl ester 1.46 in two steps, the first being an acid-catalyzed ring-opening of the bicyclic
system to the dihydroxy ester 1.45, and the second being a re-esterification in methanol to give
1.46. Next, the ketal group of 1.46 was cleaved at r.t. using a TFA/H20 mixture (95: 5), leading
to the formation of the catechol 1.47. Finally, the hydroxyl groups of 1.47 were first converted
to triflates and subsequently replaced by cyanide using Zn(CN). and a Pdz(dba)s/dppf catalyst

to give the phthalonitrile 1.49.
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-
<:>< 1) n-BuLi <:>< 1) PTSA/H,0
60% /3/ 2) MeOH/NaOCH,

2) Br
1. 43
OMe
NC o
<:>< 1) TFA/HZO Zn(CN)2
81% 1.49
1.45: R, = CH,C(CH,OH),CHj, (80%) 1.47: R, = H (57%)
1.46: R, = CH; (91%) 1.48: R, = SO,CF; (89%)

Scheme 1.8 — Synthesis of 3-(4-methyloxycarbonyl)butylphthalonitrile.

Functionalized phthalonitriles can also be prepared by modification of
preexisting phthalonitrile molecules.® This approach is relevant because a considerable number
of substituted phthalonitriles and naphthalonitriles bearing chemically versatile groups are
commercially available.® In addition, simpler phthalonitriles can be easily synthesized from
inexpensive commercially available starting materials using one of the aforementioned
methods.

The most widely used reactions employed in the modification of substituted
phthalonitriles and naphthalonitriles are nucleophilic aromatic substitution reactions.®

An example of an efficient SNAr reaction was reported by Ng et al. (1999)
(Scheme 1.9).5! Treatment of phenols 1.51 with 4-nitrophthalonitrile (1.50) in dry DMF in the
presence of anhydrous K>COg resulted in the formation of desired dendritic phthalonitriles
(1.52a-c) in 76-88% yields. These phthalonitriles were later cyclotetramerized to PCs that are

essentially non-aggregated in organic solvents.5!

13



CN K,CO4/DMF CN
+  [G,]—OH
o,N CN 151 S0-60°C [G,]O CN
1.52a: n =0 (88%)

1.52b: n = 1 (77%)
1.52¢: n =2 (76%)

R R

< < @ Q

R @] O R 0 0
R O\/é\ /é\/o R
O O

R R [G4]

Q R R
[Gol (G2l

R= COZCH3, C02C5H11, COzNa

Scheme 1.9 — Preparation of dendritic phthalonitriles.

Gok et al. (2016) also reported the functionalization of nitrophthalonitriles with
a hydroxycoumarin employing SnAr reactions (Scheme 1.10).52 The authors first synthesized
7-hydroxy-3-biphenylcoumarin (1.55) via Perkin-Oglialoro condensation of 4-biphenylacetic
acid (1.54) with 2,4-dihydroxybenzaldehyde (1.53) in the presence of NaOAc/Ac20. Treatment
of coumarin 1.55 with nitrophthalonitriles 1.50 and 1.56 in dry DMF in the presence of
anhydrous K>COg resulted in the formation of functionalized phthalonitriles 1.57 and 1.58 in
75 and 80% vyields, respectively. These phthalonitriles were later cyclotetramerized to H.PCs

and MPCs (Zn, Co, and InCl).®2
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1) NaOAc, Ac,0, Ny, 160-170 °C, 8 h
2) HCI (10%)/MeOH, N,, 60 °C, 4 h

NO,

NC NO,
K,COy/DMF, 60 °C K,CO4/DME, 60 °C D/

NC 156 75% 80% N k0

CN

NC

Scheme 1.10 — Preparation of functionalized phthalonitriles 1.57 and 1.58.

An alternative approach for functionalizing phthalonitriles is through palladium-
catalyzed cross-coupling reactions such as Sonogashira, Suzuki, Stille, and Heck—Cassar (also
known as the Heck alkynylation or Cu-free Sonogashira reaction).® These coupling reactions
are advantageous because they often proceed with high yield and are tolerant to a variety of
functional groups present in the starting phthalonitriles. Examples of such reactions are

illustrated in Schemes 1.11-1.14.63-66
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X 4
NC:@C' \\E> PACL,(PPhy),, Cul, Et;N NC
+ | A\ -
S 90°C, 48 h NC S
1.59 L.60 159 L6l N B
S

Scheme 1.11 — Pd-Catalyzed Sonogashira coupling reaction of 3-ethynylthiophene with
4,5-dichlorophthalonitrile.

R2
R 1.63a: R,, R, = H (89%)
B(OH), CI CN CN 1.63b: R, = Me, R, = H (54%
/©/ (OH), :@i K;PO,. Pd(PPhy), . Rll ThR ™ (g 1%;)
+

1,4-dioxane, 90 °C 1.63d: R; = CF3, R, =H (28%)

Rs 1.62 cl 159 CN CN | 63¢: R, = H, R, = CF, (44%)
: Ry 1.63f: R, = H, R, = t-Bu (67%)

Scheme 1.12 — Pd-Catalyzed Suzuki coupling reaction of phenylboronic acids with
4,5-dichlorophthalonitrile.

O
L4 SnBus
) 1.68 (72%) CN
OMe MeO
/@iCN Pd,(dba),
+ — CN
e {04
SnMe3 | CN
OMe 1.67 OMe CN
1.65 1.69 (75%)
7\
| X . CN
N7 SsnMe; 1.70 (66%) CN
1.66

Scheme 1.13 — Pd-catalyzed Stille coupling reaction of organostannanes with
4-iodophthalonitrile.
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R
N
' CN " paci,(PPhy), N CN
R=—" = DMF, Et;N, 110 °C
1.71a: R=n-C¢H; ! 1.72 CN ’ é CN
1.71b: R = n-CsHy, R
1.71c: R = n-Bu 1.73a: R = n-C4H5 (68%)
1.71d: R = n-Pr 1.73b: R = n-C5Hy; (80%)
1.73¢c: R = n-Bu (76%)
1.73d: R = n-Pr (82%)

Scheme 1.14 — Pd-Catalyzed Heck—Cassar coupling reaction of terminal alkynes with
4,5-diiodophthalonitrile.

It is clear from the above examples that cross-coupling reactions are a powerful
tool for functionalizing phthalonitriles. However, these methodologies are not always
cost-competitive and not easily scalable.

Functionalized phthalonitriles can also be prepared by halogenation of a
commercially available substrate followed by SnAr reactions or transition metal-catalyzed
cross-coupling reactions. In addition, functionalized phthalonitriles can be prepared by
modifying sulfonated phthalonitriles or 2,3-dicyanohydroquinone derivatives.®

Finally, there are a variety of methods that can be used to synthesize or
functionalize phthalonitriles. However, the functionalization of these compounds through
MCRs, as described in this thesis, was not previously reported in the literature. The synthetic
route established here for the preparation of functionalized phthalonitriles should be useful for

the synthesis of these important building blocks.
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1.2 Results and discussion

1.2.1 Synthesis of 4-formylphthlonitrile (1.77)

Initially, the synthesis of 4-formylphthlonitrile (1.77) was planned as described
in Scheme 1.15,%7% starting from 4-bromobenzaldehyde (1.74) which was nitrated at the
3-position with sodium nitrate in a mixture of concentrated sulfuric acid at 70 °C to give
4-bromo-3-nitrobenzaldehyde (1.75). In the next step, reduction of the nitro group of 1.75 with
an SnBr; solution (generated in situ from Sn® and HBr) followed by diazotization and reaction
with CuBr (Sandmeyer reaction) gave 1.76. Finally, compound 1.76 was transformed into the

4-formylphthalonitrile (1.77) by the Rosenmund-von Braun reaction.

1. Sn”HBr
CHO 2- NaNOy/HBr

CHO CHO CHO
/©/ H,S04/NaNO; 3. CuBr/HBr CuCN, DMF
e I -~
Br 70°C,1h Br One-pot reactions  Br 150°C,4h NC

1.74

90-92% NO, 79-83% Br 43-60% CN
1.75 1.76 1.77

Scheme 1.15 — Synthetic route of 4-formylphthalonitrile.

The results obtained in our study together with those reported previously are
summarized in Table 1.1.579

Analyzing the results shown in Table 1.1, it is evident that compounds 1.75-1.77
were synthesized with similar and optimized yields over those previously reported in the

literature. Moreover, the synthetic route used herein could be scaled-up without loss of yield.
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Table 1.1 — Results obtained and reported for the synthesis of compounds 1.75-1.77.

Starting material Product Yield

Entry Compound ) @) (%)) Reference
1 10 11.5 93 Swoboda et al.®
2 1.75 4 4.5 90 This study
3 10.1 11.6 92 This study
4 10.5 8.1 68 Swoboda et al.®
5 1.76 2.1 1.9 79 This study
6 10.6 10.1 83 This study
7 4.3 1.15 46 Schweikart et al.®’
8 177 4.3 1.3 53 An et al.®
9 1 0.26 43 This study
10 4.4 1.57 60 This study

[1solated yields.

1.2.2 Synthesis of phthalonitrile derivatives (1.80a-q)

After the synthesis and characterization of phthalonitrile 1.77, it was used

together with substituted anilines (1.78a-g) and phenylacetylenes (1.79a,b) in MCRs promoted

by NbCls to obtain the phthalonitriles 1.80a-i (Table 1.2).
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Table 1.2 — Synthesis of phthalonitriles 1.80a-i.[

A=

1.79a: R, =H
1.79b: R, = n-pentyl

E——

R1 +
\©\ OHC CN
o "X

1.78a: R, = H CN
1.78b: R, =F 1.77
1.78c: R, = Cl

1.78d: R; = OMe

1.78e: R =NO,

1.78f: R| = Et

1.78g: R| = O-n-Dec

=

1.79a and 1.79b

CN

L,

1.80a: R, R, =H

1.80b: Ry =F;R,=H

1.80c: R, =Cl; R, =H

1.80d: R, =OMe; R, =H

1.80e: R; =NO,; R, =H

1.80f: R, =Et; R, =H

1.80g: R = O-n-Dec; R, =H
1.80h: R; = OMe; R, = n-pentyl
1.80i: R| = O-n-Dec; R, = n-pentyl

Entry Aniline Product R1 R2 Yield (90)(7
110] 1.78a 1.80a H H 0
2lc] 1.78a 1.80a H H 26
3 1.78a 1.80a H H 29

4 1.78a 1.80a H H 40
5ldl 1.78b 1.80b F H 42
6 1.78b 1.80b F H 76
71€] 1.78¢c 1.80c Cl H 6
gldl 1.78¢c 1.80c Cl H 49
9 1.78¢c 1.80c Cl H 80
0[] 1.78d 1.80d OMe H 52
11 1.78d 1.80d OMe H 75
120 1.78e 1.80e NO- H 41
13 1.78e 1.80e NO; H 55
14 1.78f 1.80f Et H 75
15 1.78g 1.80g O-n-Dec H 76
16 1.78d 1.80h OMe n-pentyl 70
17 1.78g 1.80i O-n-Dec n-pentyl 81

BlConditions: 4-formylphthalonitrile (1.77) (0.5 mmol), aniline derivatives (1.78a-g) (0.5 mmol),
phenylacetylenes (1.79a,b) (0.55 mmol), NbCls (50 mol%), p-chloranil (0.55 mmol) in CH3CN (5

mL) were heated in a glass pressure tube at 100 °C for 24 h.

[bIThe reaction was carried out in the absence of NbCls and p-chloranil at room temperature.

[IThe reaction was carried out in the absence of p-chloranil at r.t. for 96 h.

[ The reaction was carried out in the absence of p-chloranil.

[IThe reaction was carried out in the absence of NbCls.

Misolated yields.
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We initially tested 4-formylphthalonitrile (1.77) and phenylacetylene (1.79a) as
model substrates to explore the aniline scope. When the MCR was carried out with aniline
(1.78a) in the absence of NbCls and p-chloranil at r.t. for 24 h, the desired phthalonitrile (1.80a)
was not obtained (Table 1.2, entry 1). The formation of an imine (an intermediate isolable in
this MCR) was detected. When the same MCR was carried out in the presence of NbCls at r.t.
for 96 h, the phthalonitrile 1.80a was obtained in 26% vyield (entry 2). A similar result (29%)
was observed when the MCR was performed at 100 °C for 24 h (entry 3). However, when
NbCls and p-chloranil were used together also at 100 °C for 24 h, the compound 1.80a was
obtained in 40% yield (entry 4). Interestingly, when the MCR was carried out with aniline 1.78c
and p-chloranil (without NbCls), the phthalonitrile 1.80c was obtained in 6% yield (entry 7).
Similar results had already been reported by Nanni and co-workers (1992, 1993) for the
synthesis of 2,4-diphenylquinolines from imines and phenylacetylene under oxidizing
conditions.”®"

Itis also clear from Table 1.2 that anilines which contain either electron-donating
or electron-withdrawing groups can be tolerated in this MCR (entries 5, 6, and 8-17) with no
evident changes in yield. For example, the MCRs carried out with the substituted anilines
1.78b-e in the presence of the NbCls/p-chloranil system at 100 °C for 24 h provided the
phthalonitriles 1.80b-e in yields ranging from 55 to 80% (entries 6, 9, 11, and 13). These results
are better than those obtained using only NbCls under the same conditions (41-52%, Table 1.2,
entries 5, 8, 10, and 12). In addition, the MCRs carried out with the anilines 1.78f,g and
phenylacetylene (1.79a) or 1.78d,g and 1-ethynyl-4-pentylbenzene (1.79b) in the presence of
the NDbCls/p-chloranil system at 100 °C for 24 h afforded the compounds 1.80f-i in 70-81%
yields (entries 14-17).

Subsequently, we used 4-formylphthalonitrile (1.77) and 4-chloroaniline (1.78c)

as model substrates to explore the phenylacetylene scope (Table 1.3).
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Table 1.3 — Synthesis of phthalonitriles 1.80j-p.[!

0=

1.79b: R, = n-pentyl  1.79f: R, = Me

1.79¢: R, = n-butyl 1.79g: R, =F

1.79d: R, = tert-butyl 1.79h: R, = CO,Me

1.79: R, = OMe NbCls/p-chloranil

+ CH;CN, 100 °C,

cl 24h
NH OHC CN 1.80j: R, = n-pentyl
2
1.78¢ \@[ 1.80k: R, = n-butyl
CN 1.801: R, = tert-butyl

1.77 1.80m: R, = OMe

1.80n: R, = Me

1.800: R, =F

1.80p: R, = CO,Me

Entry Acetylene Product R2 Yield (%)®]

1 1.79b 1.80j n-pentyl 80
2 1.79¢ 1.80k n-butyl 73
3 1.79d 1.801 tert-butyl 79
4 1.79% 1.80m OMe 78
5 1.79f 1.80n Me 80
6 1.799 1.800 F 79
7 1.79h 1.80p CO:2Me 57

BlConditions: NbCls (50 mol%), p-chloranil (0.55 mmol), 4-formylphthalonitrile (1.77) (0.5 mmol),
4-chloroaniline (1.78c) (0.50 mmol) and phenylacetylene derivatives (1.79b-h) (0.55 mmol) in
CHsCN (5 mL) at 100 °C for 24 h.

blisolated yields.

Aniline 1.78c was selected due to its efficiency in the MCR, as previously
demonstrated (80%, Table 1.2, entry 9). It was found that substituted phenylacetylenes
(1.79b-g) were suitable substrates for this MCR (Table 1.3), and the expected phthalonitriles
(1.80j-0) were obtained in 73-80% vyields (entries 1-6) using the NbCls/p-chloranil system at
100 °C for 24 h. Notably, when phenylacetylene 1.79h (R> = CO.Me) was used in the MCR
under the same conditions, the phthalonitrile 1.80p was obtained in only 57% vyield (entry 7),
possibly due to the strong electron-withdrawing and mesomeric effect of the ester group.

Furthermore, we have successfully performed a scaled-up experiment of 1.77 (2.5 mmol) with
22



1.78c and 1.79a using the same conditions established in Table 1.2 (entry 9), and obtained 640.2
mg of 1.80c in 70% yield (see Section 1.4.6).

Intriguingly, the literature suggests that these reactions proceed through a
stepwise pathway involving the propargylamine A as a key intermediate (Scheme 1.16a),’%"
or by a concerted pathway (not proven).”%&

To obtain our own insight into the mechanism of this MCR, a deuterium labeling
experiment using phenylacetylene-d (99% atom D) (1.79i) with 4-formylphthalonitrile (1.77)
and 4-chloroaniline (1.78c) was carried out under the same reaction conditions, as described in
Table 1.3. To our delight, the deuterated phthalonitrile 1.80g was obtained as a single product
in 74% yield, showing that C—D bond rupture does not occur during the MCR. Unsurprisingly,
the same reaction with anhydrous FeClz (50 mol%) also provided the deuterated phthalonitrile
1.80q as single product (66% vyield), thus supporting a concerted pericyclic mechanism and
refuting a stepwise mechanism as shown in Scheme 1.16a. Thereby, we propose the initial
formation of an imine between formylphthalonitrile 1.77 and the substituted anilines 1.78
promoted by NbCls. This is followed by a hetero-Diels-Alder reaction with the
phenylacetylenes 1.79 also promoted by NbCls. Finally, the dihydroquinoline intermediate is
oxidized by p-chloranil to the phthalonitrile-quinoline dyads 1.80 (Scheme 1.16Db).

As illustrated in the *H NMR spectrum of phthalonitrile 1.80c (Figure 1.6a), the
H-3 signal of the quinoline nucleus appearing at 6 7.86 ppm (singlet, 1H) is absent in the
spectrum of the deuterium-labeled phthalonitrile 1.80q (Figure 1.6b). The structure of 1.80q
was confirmed by HRMS with a molecular ion peak at m/z 367.0865 [M (deuterated) + H]"
(Figure 1.7Db).

After optimizing the methodology, testing the scope, and elucidating the
mechanism of this NbCls mediated MCR, we demonstrated the versatility of selected
phthalonitrile-quinoline dyads as precursors to synthesize novel phthalocyanines (see Section

1.2.3 below).
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Cao's mechanistic proposal
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Scheme 1.16 — (a) Mechanism proposed by Cao et al.”? (b) Our mechanistic proposal based

on experimentation.
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Figure 1.6 — *H NMR (400 MHz) spectra in CDCl3 of 1.80c (a) and 1.80q (b).
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Figure 1.7 — Comparison of HRMS spectra of 1.80c (a) and 1.80q (b).
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1.2.3 Synthesis of zinc phthalocyanine-quinoline dyads (1.81a-c)

ZnPCs 1.81la-c were prepared by cyclotetramerization of phthalonitriles
1.80g-i, respectively, in the presence of Zn(OTf). and HMDS, in DMF at 130 °C for 24 h
(Scheme 1.17).8! The compounds 1.81a-c were obtained in 54-64% yields as non-separable
regioisomeric mixtures. Phthalonitriles 1.80g-i do not yield PCs using standard methodologies
such as heating with Zn(OAc), in DMAE.®2

The 'H NMR spectra of ZnPCs 1.81a-c (see Section 4.1.20-22, Figures
4.54-56) show that the peaks are broadened due to the presence of regioisomers and the slight
aggregation in solution at the concentrations used for the NMR. The structures of ZnPCs
1.81a-c were confirmed by MALDI-TOF mass spectrometry (see Figures S82—-S84 of Sl in the
article).® In order to measure the preliminary photophysical properties of these new dyads,

aggregation, fluorescence, and photodegradation studies were performed as described below.

Zn(0Tf), (0.25 equiv.)
CN HMDS (4 equiv.)

0.09 mmol DMF (0.45 mol.L'"), 130°C, 24 h

CN
1.80g: R = O-n-Dec; R, =H
1.80h: R| = OMe; R, = n-pentyl
1.80i: R; = O-n-Dec; R, = n-pentyl

1.81a: Ry = O-n-Dec; R, = H (54%)
1.81b: R; = OMe; R, = n-pentyl (64%)
1.81c: R| = O-n-Dec; R, = n-pentyl (58%)

Scheme 1.17 — Synthesis of zinc phthalocyanine-quinoline dyads (1.81a-c).
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1.2.4 Aggregation, photobleaching and photophysical properties of zinc

phthalocyanine-quinoline dyads (1.81a-c)

The UV-Vis spectra of dyads 1.81a-c show intense Q band absorption in THF at
695 nm. Compared with the unsubstituted zinc phthalocyanine (666 nm), the Q bands of ZnPCs
1.81a-c are red-shifted by 29 nm, showing the effect of the extended z-system (quinoline
moieties).

The aggregation behavior of the ZnPCs 1.81a-c was studied by concentration-
dependent UV-Vis spectral measurements in THF at room temperature. As observed for
compound 1.81a (Figure 1.8), the intensity of the Q-band absorption increased with the
concentration without producing new bands (normally blue-shifted). The bands perfectly
followed Lambert-Beer’s law (Figure 1.8 inset plot), suggesting no aggregation in this solvent
at the concentrations tested. Similar behavior was found for ZnPCs 1.81b and 1.81c (see Section

1.4.8, Figures 1.11 and 1.12).
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18 R’ =0.99845
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Figure 1.8 — Aggregation behavior of ZnPc 1.81a in THF at different concentrations. The

inset plots the Q band absorption at 695 nm vs. the concentration of 1.81a.
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Fluorescence measurements were studied under identical conditions in degassed
THF at r.t. (Figure 1.9). Upon excitation at 630 nm, fluorescence emissions at 705 nm were
found for all compounds, with the quantum yields of 0.16 (ZnPC 1.81a) and 0.15 (ZnPCs 1.81b
and 1.81c) relative to ZnPC standard (@ = 0.25 in THF),8* and Stokes shifts of 10 nm (Table

1.4).

674 705

—— Std-ZnPc
—— ZnPc 1.81a
ZnPc 1.81b
—— ZnPc 1.81c

Normalized Intensity

650 675 700 725 750 775 800 825 850
Wavelength (nm)

Figure 1.9 — Normalized emission spectra for Std-ZnPc (black line), 1.81a (red line), 1.81b
(blue line) and 1.81c (green line).

Table 1.4 — Photophysical parameters of ZnPCs 1.81a-c in THF.

ZnPc 2. (nm) (log &) Jeml® (nm) Stokes (nm)  @FlP]
1.8la 357 (5.14), 626 (4.89), 695 (5.59) 705 10 0.16
1.81b 355 (5.05), 626 (4.77), 695 (5.50) 705 10 0.15
1.81c 355 (5.19), 626 (4.92), 695 (5.63) 705 10 0.15

[BExcited at 630 nm. All the emission analyses were carried out in degassed THF at r.t.
bIRelative to Std-ZnPc in THF as the reference (®¢ = 0.25).%
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The photobleaching studies (example in Figure 1.10 for ZnPC 1.81a) were also
performed in THF, and the ZnPCs 1.81a-c showed no significant degradation after irradiation

for 2 h with a white LED lamp (30 W) (see Section 1.4.11, Figures 1.15 and 1.16).

1.0 1
0.8 1

0.6

Absorbance

0.4 H

0.2 1

0.0

T T T T T T T T T T T T T T T T T T T 1
300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 1.10 — Photobleaching study of ZnPc 1.81a in THF.
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1.3 Conclusion

We have developed a multicomponent approach for the synthesis of
phthalonitrile-quinoline dyads by the reaction of 4-formylphthalonitrile, anilines, and
phenylacetylenes in acetonitrile at 100 °C for 24 h in the presence of NbCls and p-chloranil.
The methodology describes the scope (17 examples, 40-81% yield) and scalability for the
preparation of the phthalonitrile-quinoline dyad 1.80c on a 600 mg-scale. Experimental
mechanistic insights on the key MCR process are described, using a deuterated reagent, clearly
showing the pericyclic nature of a hetero-Diels-Alder reaction between imines (generated in
situ from anilines and 4-formylphthalonitrile) and phenylacetylenes.

To show the versatility of our phthalonitrile library, we have also synthesized
three new zinc phthalocyanine derivatives and measured their photophysical properties
including UV-Vis absorption spectra, fluorescence emissions, molar absorption coefficients,
Stokes shifts and the relative fluorescence quantum yields in THF solution. The aggregation
behavior of the ZnPCs in THF was investigated by concentration-dependent UV-Vis
measurements (from 5.4 x 10° M to 0.6 x 10® M) and no aggregation was observed in this
concentration range. Finally, photobleaching studies were also performed in THF and no
significant degradation of ZnPCs occurred after continuous irradiation with a white LED lamp

(30 W) for 2 h, which showed high resistance to photobleaching.
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1.4 Experimental

1.4.1 Chemicals and materials

The niobium pentachloride was supplied by Companhia Brasileira de Metalurgia
e Mineracdo (CBMM, Brazil) and used as received. All the other reagents were purchased from
Sigma-Aldrich or Synth (Brazil) and used as supplied. Anhydrous potassium carbonate was
dried at 110 °C for 12 h before use. Tetrahydrofuran was distilled over sodium/benzophenone
before use, degassed by bubbling argon through it and stored over molecular sieves (4 A).
Aniline, acetonitrile, and N,N-dimethylformamide were dried with calcium hydride, distilled
following standard protocols® and stored over molecular sieves (4 A) under an argon
atmosphere. Bis(trimethylsilyl)amine was distilled and stored over molecular sieves (4 A)
under an argon atmosphere. Analytical thin-layer chromatography (TLC) was performed on
Merck aluminum sheets coated with silica gel 60 F2s4 and visualized with ultraviolet light (254
or 366 nm) or heating with TLC stains. Gravity column chromatography was performed on
silica gel (70-230 mesh, 63-200 puM, pore size 60 A, Merck), and flash column chromatography

was performed on silica gel (230-400 mesh, 40-63 UM, pore size 60 A, Merck).

1.4.2 Equipment

'H NMR, BC NMR, and DEPT-135 spectra were recorded on a Bruker Avance
111 400 (operating at 400.15 and 100.62 MHz for *H and *3C, respectively) or 600 (operating at
600.23 and 150.93 MHz for *H and *3C, respectively) spectrometers with tetramethylsilane as
the internal reference and CDCIs or CDCIs/DMSO-de as solvents. All coupling constants
(J values) are reported in hertz. The following abbreviations were used to describe NMR peak

multiplicities: s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet, etc. All NMR data
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were processed using the MestReNova 9.0.1 software package. FT-IR spectra were recorded
on a Shimadzu IR Prestige-21 spectrophotometer using KBr pellets in the range of 4000-400
cm. UV-Vis absorption spectra were recorded on a Perkin Elmer Lambda 25
spectrophotometer using 1 cm optical length quartz cuvettes at 25 °C and tetrahydrofuran
(HPLC grade) as the solvent. The fluorescence spectra were recorded on a Shimadzu
RF-5301PC spectrofluorophotometer using 1 cm optical length cuvettes at 25 °C and degassed
tetrahydrofuran (HPLC grade) as the solvent. EI-MS spectra were acquired at 70 eV on a
Shimadzu GCMS-QP5000 mass spectrometer coupled with a Shimadzu GC-17A gas
chromatograph. HRMS (ESI-TOF) spectra were registered in a positive ion mode on a Bruker
Daltonics (Impact HD) UHR-QQTOF (Ultra-High Resolution Qg-Time-Of-Flight) mass
spectrometer. HRMS (MALDI-TOF) spectra were obtained on a Bruker Daltonics
Ultraflextreme MALDI-TOF/TOF mass spectrometer in positive reflector mode using
a-cyano-4-hydroxycinnamic acid as the matrix. All melting points were determined on a
Microquimica™ MQRPF-301 apparatus. The organic solvents were evaporated using a Biichi

Rotavapor R-215 at 40 °C.

1.4.3 Procedure for synthesis of 4-Formylphthalonitrile (1.77)

Phthalonitrile 1.77 was prepared in three steps by previously reported
procedures.®®%® Nitration of commercially available 4-bromobenzaldehyde (1.74) with a
mixture of H2SO4 and NaNOs yielded 4-bromo-3-nitrobenzaldehyde (1.75) in 92% yield (11.58
g, 50.34 mmol). 3,4-Dibromobenzaldehyde (1.76) was then obtained in 83% vyield (10.09 g,
38.23 mmol) by the reduction with tin(Il) bromide (generated in situ from Sn® and HBr),
followed by diazotization and reaction with CuBr (Sandmeyer reaction). Finally,
dibromobenzaldehyde 1.76 was converted into 1.77 by the Rosenmund-von Braun reaction

(CuCN) in 60% yield (1.57 g, 10.05 mmol).
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CHO Mp: 138-140 °C (Lit.# 138 °C). 'H NMR (CDCls, 400.15 MHz, ppm): &

NC/Q/ 10.13 (s, 1H, CHO), 8.34 — 8.29 (m, 1H), 8.24 (dd, J = 8.0, 1.6 Hz, 1H),
N 8.04 (d, J = 8.0 Hz, 1H). *C NMR (CDCls, 100.62 MHz, ppm): § 188.3

(CHO), 138.8, 134.5, 133.8, 133.3, 120.3, 117.2, 114.6 (CN), 114.4 (CN). 3C NMR (DEPT-
135) (CDCls, 100.63 MHz, ppm): 6 134.5, 133.8, 133.3. FT-IR (KBr, cm'Y): v = 3105, 3071,
2878 (CHO), 2234 (C=N), 1709 (C=0), 1597, 1381, 1194, 1096, 945, 851, 752, 530. EI-MS
(M/z (%)): 156 (54) [M*], 155 (100) [M* — H], 127 (38) [M* — CHOJ, 100 (21), 75 (20), 50 (25).

1.4.4 Procedure for synthesis of 4-(Decyloxy)aniline (1.78g)

Aniline 1.78g was prepared in two steps following reported procedures with

some slight modifications.8"8

I. Alkylation of the phenol: A mixture of 4-nitrophenol (3.48 g, 0.025 mol), K.CO3 (13.8 g,
0.1 mol) and 1-bromodecane (7.8 mL, 0.0375 mol) in cyclohexanone (50 mL) was stirred under
reflux for 3 h. The resultant reaction mixture was filtered to separate the K.CO3 and then the
cyclohexanone was distilled off under reduced pressure. The residue obtained was purified by
silica gel column chromatography (hexane/EtOAc, 9:1 v/v) to afford a yellow oil that was
crystallized from ethanol to give 1-(decyloxy)-4-nitrobenzene in 93% vyield (6.48 g, 23.2

mmol).

I1. Hydrogenation of the aromatic nitro group: 1-(decyloxy)-4-nitrobenzene (1 g, 3.58
mmol) was dissolved in dry THF (5 mL) and 10% Pd/C (0.1 g) was added. The reaction mixture
was degassed and stirred under Hz gas (1 atm) for 12 h at room temperature. The resultant
reaction mixture was filtered through a plug of Celite, which was rinsed with CH2Cl,. The

solvents were removed under vacuum and the remaining residue was purified by flash column
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chromatography (silica gel, hexane/EtOAc, 8:2 v/v) to afford the desired aniline 1.78g in 97%

yield (869 mg, 3.48 mmol).

Mp: 40-41 °C. *H NMR (CDCls, 400.15 MHz, ppm): 6 6.75

NH,
/©/ (d, J = 8.8 Hz, 2H), 6.65 (d, J = 8.8 Hz, 2H), 3.88 (t, J = 6.6

CH;(CHp)e” O
Hz, 2H), 3.46 (s, 2H), 1.75 (dt, J = 14.8, 6.7 Hz, 2H), 1.50 —

1.39 (m, 2H), 1.39 — 1.20 (m, 12H), 0.89 (t, J = 6.7 Hz, 3H). 13C NMR (CDCls, 100.63 MHz,
ppm): 6 152.4, 139.8, 116.4, 115.7, 68.7, 31.9, 29.6, 29.5, 29.4, 29.3, 26.1, 22.7, 14.1. 3C NMR
(DEPT-135) (CDCls, 100.63 MHz, ppm):  116.4, 115.7, 68.7, 31.9, 29.6, 29.5, 29.4, 29.3,
26.1, 22.7, 14.1. FT-IR (KBr, cmY): v = 3385 (NH), 3312 (NH), 2955, 2918, 2849, 1516, 1474,
1246, 1030, 827, 766, 525. EI-MS (m/z (%)): 249 (7) [M*], 109 (100), 80 (7), 43 (13), 41 (17).

1.4.5 General procedure for the synthesis of phthalonitriles

To a 15-mL glass pressure tube (Ace tube®, back seal, Aldrich Z181064) with
magnetic stirring, were added sequentially p-chloranil (135.2 mg, 0.55 mmol), NbCls (67.5 mg,
0.25 mmol, 50 mol%) and anhydrous CH3CN (1 mL) under an argon atmosphere. To this
mixture was added a previously prepared solution of 4-formylphthalonitrile (1.77) (78.1 mg,
0.5 mmol), anilines (1.78a-g) (0.5 mmol) and phenylacetylenes (1.79a-i) (0.55 mmol) in 4 mL
of anhydrous CH3CN under argon. Then, the tube was closed and the resulting mixture was
stirred at 100 °C in an oil bath for 24 h. After cooling to r.t., the resultant reaction mixture was
quenched with H20 (5 mL) and extracted with CH>Cl, (3 x 20 mL). The combined organic
extracts were washed with sat. aqueous NaHCOs3 (3 x 20 mL) and H20 (3 x 50 mL), dried over
Na>SOq, filtered, and concentrated under vacuum. Two different methods for purification were

used:

Method 1: The residue was chromatographed on silica gel (70-230 mesh) and eluted with

CH.Cly/hexane (9:1, v/v). After solvent removal, the product was sonicated with ethanol (10
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mL) for 20 min, followed by cooling in a refrigerator for 12 h, filtration, and dried under

vacuum at room temperature.

Method 2: The residue was sonicated with ethanol (10 mL) for 20 min, followed by cooling in
a refrigerator for 12 h, and filtration. This was repeated two more times with ethanol (10 mL)
and once with pentane/EtOAc (7:3, v/v; 10 mL). Finally, the product was dried under vacuum

at room temperature.

The same procedure was used when the multicomponent reaction was performed

in the absence of p-chloranil.

1.4.6 Characterization data of phthalonitrile-quinoline dyads

4-(4-Phenylquinolin-2-yl)phthalonitrile (1.80a): The MCR was carried out according to the
general procedure with aniline (1.78a) (46.6 mg, 0.5 mmol) and phenylacetylene (1.79a) (57.3
mg, 0.55 mmol), and purified by method 1 to afford the phthalonitrile 1.80a in 40% yield (66.9
mg, 0.202 mmol). When the same reaction was carried out in the absence of p-chloranil,
compound 1.80a was obtained in 29% yield (48.6 mg, 0.147 mmol). A similar result (43.1 mg,
0.130 mmol, yield 26%) was observed when the MCR was performed in the absence of

p-chloranil at r.t. for 96 h.

Mp: 240-241 °C. *H NMR (CDCls, 400.15 MHz, ppm): 6 8.77 (d, J = 1.7
Hz, 1H), 8.59 (dd, J = 8.3, 1.8 Hz, 1H), 8.26 (d, J = 8.6 Hz, 1H), 7.97 (d,
J =82 Hz, 2H), 7.86 — 7.80 (m, 2H), 7.63 — 7.55 (m, 6H). 3C NMR
(CDCls, 100.62 MHz, ppm): § 151.8, 150.5, 148.8, 144.3, 137.6, 133.9,
132.5, 131.4, 130.5, 130.4, 129.5, 128.9, 128.8, 127.9, 126.5, 125.9,
118.4, 116.5, 115.6, 115.4. 3C NMR (DEPT-135) (CDCls, 100.62 MHz, ppm): & 133.9, 132.5,
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131.4, 130.5, 130.4, 129.5, 128.9, 128.8, 127.9, 125.9, 118.4. FT-IR (KBr, cm™): v = 3115,
3076, 3051, 2234 (C=N), 1589, 1489, 1416, 1362, 1217, 924, 887, 854, 766, 698, 579, 528.
HRMS (ESI-TOF): m/z calcd. for C23H1aN3* [M + H]": 332.1182; Found: 332.1195.

4-(6-Fluoro-4-phenylquinolin-2-yl)phthalonitrile (1.80b): The MCR was carried out
according to the general procedure with 4-fluoroaniline (1.78b) (56.1 mg, 0.5 mmol) and
phenylacetylene (1.79a) (57.3 mg, 0.55 mmol), and purified by method 1 to afford the
phthalonitrile 1.80b in 76% yield (132.5 mg, 0.379 mmol). When the same reaction was carried

out in the absence of p-chloranil, compound 1.80b was obtained in 42% yield (74.1 mg, 0.212

mmol).

Mp: 238-239 °C. 'H NMR (CDCls, 400.15 MHz, ppm): § 8.74 (d, J =
1.8 Hz, 1H), 8.56 (dd, J = 8.3, 1.8 Hz, 1H), 8.30 — 8.23 (m, 1H), 7.96
(d, J=8.2 Hz, 1H), 7.85 (s, 1H), 7.63 — 7.51 (m, 7H). *C NMR (CDCls,
100.62 MHz, ppm): J 161.4 (d, J = 250.5 Hz), 151.3 (d, J = 2.5 Hz),
150.0 (d, J = 5.7 Hz), 146.0, 144.0, 137.2, 134.0, 133.0 (d, J = 9.2 Hz),
132.4, 131.3, 129.3, 129.2, 129.0, 127.4 (d, J = 9.7 Hz), 120.9 (d, J = 26.0 Hz), 118.9, 116.6,
115.7, 115.4, 109.4 (d, J = 23.2 Hz). *C NMR (DEPT-135) (CDCls, 100.62 MHz, ppm): &
134.0, 133.0 (d, J = 9.2 Hz), 132.4, 131.3, 129.3, 129.2, 129.0, 120.9 (d, J = 26.0 Hz), 118.9,
109.4 (d, J = 23.2 Hz). FT-IR (KBr, cm™): v = 3115, 3076, 3049, 2234 (C=N), 1626, 1591,
1493, 1364, 1234, 1198, 826, 773, 702, 527. HRMS (ESI-TOF): m/z calcd. for CasHisFNs* [M
+ H]*: 350.1088; Found: 350.1098.

4-(6-Chloro-4-phenylquinolin-2-yl)phthalonitrile (1.80c): The MCR was carried out
according to the general procedure with 4-chloroaniline (1.78c) (65.1 mg, 0.5 mmol) and
phenylacetylene (1.79a) (57.3 mg, 0.55 mmol), and purified by method 1 to afford the
phthalonitrile 1.80c in 80% yield (147.4 mg, 0.403 mmol). When the same reaction was carried

out in the absence of p-chloranil, compound 1.80c was obtained in 49% yield (90.5 mg, 0.247
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mmol). In the absence of NbCls, phthalonitrile 1.80c was obtained in 6% yield (11.0 mg, 0.03

mmol).

The same procedure was used to scale up this MCR. In this case, a 100-mL glass
pressure tube (Ace tube®, back seal, Aldrich Z566241) was used, and the following amounts
of reagents were used: 4-chloroaniline (1.78c) (325.4 mg, 2.5 mmol), 4-formylphthalonitrile
(1.77) (390.4 mg, 2.5 mmol), phenylacetylene (1.79a) (286.6 mg, 2.75 mmol), p-chloranil
(676.2 mg, 2.75 mmol), NbCls (337.7 mg, 1.25 mmol), and CH3CN (25 mL). Yield: 70% (640.2

mg, 1.75 mmol).

Mp: 261-262 °C. *H NMR (CDCl3, 400.15 MHz, ppm): 6 8.75 (d, J =
1.7 Hz, 1H), 8.57 (dd, J = 8.2, 1.8 Hz, 1H), 8.20 (d, J = 9.0 Hz, 1H),
7.97 (d, J = 8.2 Hz, 1H), 7.92 (d, J = 2.3 Hz, 1H), 7.86 (s, 1H), 7.76
(dd, J = 9.0, 2.3 Hz, 1H), 7.67 — 7.58 (m, 3H), 7.57 — 7.51 (m, 2H).
13C NMR (CDCls, 100.62 MHz, ppm): 6 152.0, 149.8, 147.2, 143.9,
137.0, 134.0, 132.4, 132.0, 131.5, 131.4, 129.3, 129.2, 129.0, 127.2, 124.7, 119.1, 116.6, 115.8,
115.4, 115.3. 13C NMR (DEPT-135) (CDCls, 100.62 MHz, ppm): 6 134.0, 132.4, 132.0, 131.5,
131.4,129.3,129.2, 129.0, 124.7, 119.1. FT-IR (KBr, cm™): v=3117, 3080, 2235 (C=N), 1587,
1483, 1362, 1152, 883, 822, 777, 706, 527. HRMS (ESI-TOF): m/z calcd. for C2sH1sCINs* [M
+ HJ*: 366.0793; Found: 366.0802.

4-(6-Methoxy-4-phenylquinolin-2-yl)phthalonitrile (1.80d): The MCR was carried out
according to the general procedure with 4-methoxyaniline (1.78d) (61.6 mg, 0.5 mmol) and
phenylacetylene (1.79a) (57.3 mg, 0.55 mmol), and purified by method 1 to afford the
phthalonitrile 1.80d in 75% yield (135.1 mg, 0.374 mmol). When the same reaction was carried
out in the absence of p-chloranil, compound 1.80d was obtained in 52% yield (94.5 mg, 0.261

mmol).
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Mp: 197-198 °C. 'H NMR (CDCls, 600.23 MHz, ppm): 6 8.73 (d, J
= 1.8 Hz, 1H), 8.55 (dd, J = 8.2, 1.8 Hz, 1H), 8.15 (d, J = 9.2 Hz,
1H), 7.93 (d, J = 8.2 Hz, 1H), 7.79 (s, 1H), 7.62 — 7.54 (m, 5H), 7.47
(dd, J = 9.2, 2.8 Hz, 1H), 7.21 (d, J = 2.8 Hz, 1H), 3.83 (s, 3H). 13C
NMR (CDCls, 150.93 MHz, ppm): ¢ 159.0, 149.4, 148.8, 145.0,
1445, 138.0, 133.9, 132.1, 131.9, 131.1, 129.2, 128.9, 128.8, 127.7,123.1, 118.7, 116.5, 115.6,
115,5, 115,1, 103.6, 55.6. 13C NMR (DEPT-135) (CDCls, 150.93 MHz, ppm): 6 133.9, 132.1,
131.9,131.1,129.2,128.9, 128.8, 123.1, 118.7, 103.6, 55.6. FT-IR (KBr, cm™): v= 3113, 3078,
3051, 2949, 2824, 2234 (C=N), 1626, 1599, 1493, 1368, 1265, 1223, 1042, 854, 826, 700, 528.
HRMS (ESI-TOF): m/z calcd. for C2sH1sNsO* [M + H]*: 362.1288; Found: 362.1307.

4-(6-Nitro-4-phenylquinolin-2-yl)phthalonitrile (1.80e): The MCR was carried out
according to the general procedure with 4-nitroaniline (1.78¢) (69.1 mg, 0.5 mmol) and
phenylacetylene (1.79a) (57.3 mg, 0.55 mmol), and purified by method 2 to afford the
phthalonitrile 1.80e in 55% yield (103.6 mg, 0.275 mmol). When the same reaction was carried
out in the absence of p-chloranil, compound 1.80e was obtained in 41% vyield (77.8 mg, 0.207

mmol).

Mp: > 300 °C. *H NMR (CDCls, 400.15 MHz, ppm): § 8.91 (d, J =
2.5 Hz, 1H), 8.80 (d, J = 1.2 Hz, 1H), 8.63 (dd, J = 8.2, 1.8 Hz, 1H),
8.58 (dd, J = 9.2, 2.5 Hz, 1H), 8.40 (d, J = 9.3 Hz, 1H), 8.06 — 7.97
(m, 2H), 7.72 — 7.62 (m, 3H), 7.62 — 7.52 (m, 2H). 13C NMR (CDCls,
100.62 MHz, ppm): 6 154.9, 152.7, 146.3, 143.0, 136.0, 134.0,
132.6, 132.1, 131.6, 129.8, 129.3, 125.5, 123.8, 122.9, 119.7, 116.7, 116.5, 115.1. 3C NMR
(DEPT-135) (CDCls, 100.62 MHz, ppm): 6 134.0, 132.6, 132.1, 131.6, 129.8, 129.3, 123.8,
122.9, 119.7. FT-IR (KBr, cmY): v = 3105, 3080, 3051, 2235 (C=N), 1620, 1591, 1551, 1485,
1410, 1342, 1084, 841, 810, 766, 746, 704, 527. HRMS (ESI-TOF): m/z calcd. for CsH1sN4O2*
[M + H]*: 377.1033; Found: 377.1042.

4-(6-Ethyl-4-phenylquinolin-2-yl)phthalonitrile (1.80f): The MCR was carried out

according to the general procedure with 4-ethylaniline (1.78f) (61.8 mg, 0.5 mmol) and
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phenylacetylene (1.79a) (57.3 mg, 0.55 mmol), and purified by method 1 to afford the

phthalonitrile 1.80f in 75% yield (135.3 mg, 0.376 mmol).

Mp: 215-216 °C. *H NMR (CDCls, 400.15 MHz, ppm): 6 8.75 (d, J =
1.6 Hz, 1H), 8.56 (dd, J = 8.2, 1.8 Hz, 1H), 8.18 (d, J = 8.6 Hz, 1H),
7.94 (d, J=8.2 Hz, 1H), 7.80 (s, 1H), 7.75 - 7.66 (m, 2H), 7.64 — 7.51
(m, 5H), 2.81 (g, J = 7.6 Hz, 2H), 1.30 (t, J = 7.6 Hz, 3H). 13C NMR
(CDCl3, 100.63 MHz, ppm): 6 150.9, 149.8, 147.6, 144.5, 144.4,
137.8,133.9, 132.4, 131.6, 131.3, 130.3, 129.4, 128.8, 126.5, 123.4, 118.4, 116.5, 115.5, 115.4,
115.3, 29.2, 15.4. 3°C NMR (DEPT-135) (CDCls, 100.63 MHz, ppm): 6 133.9, 132.4, 131.6,
131.3, 130.3, 129.4, 128.8, 123.4, 118.4, 29.2, 15.4. FT-IR (KBr, cm™): v = 3074, 2965, 2230
(C=N), 1597, 1585, 1489, 1414, 845, 700, 523. HRMS (ESI-TOF): m/z calcd. for CasH1sNa*
[M + H]": 360.1495; Found: 360.1498.

4-(6-(Decyloxy)-4-phenylquinolin-2-yl)phthalonitrile (1.80g): The MCR was carried out
according to the general procedure with 4-(decyloxy)aniline (1.78g) (124.7 mg, 0.5 mmol) and
phenylacetylene (1.79a) (57.3 mg, 0.55 mmol), and purified by method 1 to afford the

phthalonitrile 1.80g in 76% yield (185.1 mg, 0.379 mmol).

Mp: 128-130 °C. 'H NMR (CDCls, 400.15 MHz, ppm): &
8.73 (d, J = 1.2 Hz, 1H), 8.55 (dd, J = 8.3, 1.5 Hz, 1H), 8.14
(d, J = 9.2 Hz, 1H), 7.93 (d, J = 8.2 Hz, 1H), 7.77 (s, 1H),
7.65—7.51 (m, 5H), 7.47 (dd, J = 9.1, 2.7 Hz, 1H), 7.19 (d,
J=2.6Hz, 1H), 3.96 (t, J = 6.5 Hz, 2H), 1.79 (dt, J = 14.9,
6.4 Hz, 2H), 1.50 — 1.41 (m, 2H), 1.39 — 1.21 (m, 12H), 0.89 (t, J = 6.7 Hz, 3H). 3C NMR
(CDCls, 100.63 MHz, ppm):  158.5, 149.2, 148.7, 144.8, 144.5, 138.0, 133.9, 132.1, 131.8,
131.0, 129.2, 128.9, 128.8, 127.7, 123.3, 118.6, 116.4, 115.6, 155.5, 115.0, 104.3, 68.4, 31.9,
29.5, 29.4, 29.3, 29.1, 26.0, 22.7, 14.1. 3C NMR (DEPT-135) (CDCls, 100.63 MHz, ppm): &
133.9, 132.1, 131.8, 131.0, 129.2, 128.9, 128.8, 123.3, 118.6, 104.3, 68.4, 31.9, 29.5, 29.4, 29.3,
29.1,26.0,22.7, 14.1. FT-IR (KBr, cm%): v= 3078, 3049, 2918, 2851, 2234 (C=N), 1622, 1599,

CH3(CH,)g_O
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1489, 1470, 1369, 1223, 1036, 860, 825, 702, 527. HRMS (ESI-TOF): m/z calcd. for
Ca3H3aN30" [M + H]™: 488.2696; Found: 488.2703.

4-(6-Methoxy-4-(4-pentylphenyl)quinolin-2-yl)phthalonitrile (1.80h): The MCR was
carried out according to the general procedure with 4-methoxyaniline (1.78d) (61.6 mg, 0.5
mmol) and 1-ethynyl-4-pentylbenzene (1.79b) (97.7 mg, 0.55 mmol), and purified by method

1 to afford the phthalonitrile 1.80h in 70% yield (150.9 mg, 0.350 mmol).

(CHj)iCH,CH,  Mp: 177-178 °C. *H NMR (CDCls, 400.15 MHz, ppm): 6 8.70 (d,
J=15Hz, 1H), 8.52 (dd, J = 8.3, 1.7 Hz, 1H), 8.12 (d, J = 9.2 Hz,
1H), 7.91 (d, J = 8.2 Hz, 1H), 7.76 (s, 1H), 7.51 — 7.43 (m, 3H),
7.42 —7.36 (m, 2H), 7.28 — 7.23 (M, 1H), 3.83 (s, 3H), 2.74 (t, J =
7.8 Hz, 2H), 1.73 (quint, J = 7.4 Hz, 2H), 1.46 — 1.34 (m, 4H), 0.95
(t,J = 7.0 Hz, 3H). 3C NMR (CDCls, 100.62 MHz, ppm): 6 158.9,
149.4, 148.9, 145.0, 144.5, 143.9, 135.2, 133.9, 132.1, 131.9, 131.0, 129.1, 128.9, 127.8, 122.9,
118.7, 116.4, 115.6, 115.5, 115.0, 103.8, 55.6, 35.8, 31.6, 31.1, 22.6, 14.1. 3C NMR (DEPT-
135) (CDCls, 100.62 MHz, ppm): 6 133.9, 132.1, 131.9, 131.0, 129.1, 129.0, 122.9, 118.7,
103.8, 55.6, 35.8, 31.6, 31.1, 22.6, 14.1. FT-IR (KBr, cm™): v = 3084, 3034, 2994, 2951, 2924,
2859, 2239 (C=N), 2230 (C=N), 1620, 1595, 1493, 1470, 1225, 1042, 847, 831, 523. HRMS
(ESI-TOF): m/z calcd. for C29H26N30* [M + H]*: 432.2070; Found: 432.2088.

4-(6-(Decyloxy)-4-(4-pentylphenyl)quinolin-2-yl)phthalonitrile (1.80i): The MCR was
carried out according to the general procedure with 4-(decyloxy)aniline (1.78g) (124.7 mg, 0.5
mmol) and 1-ethynyl-4-pentylbenzene (1.79b) (97.7 mg, 0.55 mmol), and purified by method

1 to afford the phthalonitrile 1.80i in 81% yield (226.9 mg, 0.407 mmol).
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(CH,):CH,CH,  MPp: 145-147 °C. 'H NMR (CDCls, 400.15 MHz, ppm):
5 8.72 (br s, 1H), 8.54 (dd, J = 8.2, 1.4 Hz, 1H), 8.13 (d,
J=9.2 Hz, 1H), 7.93 (d, J = 8.2 Hz, 1H), 7.77 (s, 1H),
7.53-7.35 (m, 5H), 7.25 (d, J = 2.2 Hz, 1H), 3.97 (t, J =
6.5 Hz, 2H), 2.75 (t, J = 7.6 Hz, 2H), 1.87 — 1.69 (m, 4H),
1.51 — 1.23 (m, 18H), 0.95 (t, J = 6.8 Hz, 3H), 0.89 (t, J
= 6.6 Hz, 3H). 13C NMR (CDCls, 100.63 MHz, ppm): 6 158.4, 149.2, 148.8, 144.9, 144.6,
143.8, 135.2,133.9, 132.1, 131.8, 131.0, 129.1, 128.9, 127.8, 123.2, 118.6, 116.4, 115.6, 115.5,
115.0, 104.5, 68.3, 35.8, 31.9, 31.6, 31.1, 29.6, 29.4, 29.3, 29.1, 26.1, 22.7, 22.6, 14.1, 14.0. °C
NMR (DEPT-135) (CDCls, 100.63 MHz, ppm): ¢ 133.9, 132.1, 131.8, 131.0, 129.1, 128.9,
123.2, 118.6, 104.5, 68.3, 35.8, 31.9, 31.6, 31.1, 29.6, 29.4, 29.3, 29.1, 26.1, 22.7, 22.6, 14.1,
14.0. FT-IR (KBr, cm™): v = 3040, 2924, 2853, 2226 (C=N), 1618, 1597, 1493, 1261, 1215,
1126, 1032, 825, 525. HRMS (ESI-TOF): m/z calcd. for CssHasN3O* [M + H]*: 558.3479;
Found: 558.3483.

CH3(CHy)g_ O

4-(6-Chloro-4-(4-pentylphenyl)quinolin-2-yl)phthalonitrile (1.80j): The MCR was carried
out according to the general procedure with 4-chloroaniline (1.78c¢) (65.1 mg, 0.5 mmol) and
1-ethynyl-4-pentylbenzene (1.79b) (97.7 mg, 0.55 mmol), and purified by method 1 to afford

the phthalonitrile 1.80j in 80% yield (174.9 mg, 0.401 mmol).

(CH,)sCH,CH; Mp: 224-226 °C. *H NMR (CDCls, 400.15 MHz, ppm): J 8.74 (d, J
= 1.6 Hz, 1H), 8.56 (dd, J = 8.2, 1.7 Hz, 1H), 8.18 (d, J = 9.0 Hz,
1H), 8.01 -7.92 (m, 2H), 7.85 (s, 1H), 7.74 (dd, J = 9.0, 2.3 Hz, 1H),
7.51—7.36 (m, 4H), 2.76 (t, J = 7.8 Hz, 2H), 1.74 (quint, J = 7.4 Hz,
2H), 1.48 — 1.34 (m, 4H), 0.96 (t, J = 7.0 Hz, 3H). 3C NMR (CDCls,
100.63 MHz, ppm): 6 152.0, 149.9, 147.2, 144.4,143.9, 134.2, 134.0,
133.8,132.4,131.9, 131.4, 129.3, 129.1, 127.2, 124.8, 119.1, 116.6, 115.8, 115.4, 115.3, 35.8,
31.6, 31.1, 22.6, 14.1. 3C NMR (DEPT-135) (CDCls, 100.63 MHz, ppm): § 134.0, 132.4,
131.9, 131.4, 129.3, 129.1, 124.8, 119.1, 35.8, 31.6, 31.1, 22.6, 14.1. FT-IR (KBr, cm™): v =
3080, 2924, 2857, 2234 (C=N), 1595, 1483, 1362, 1155, 827, 525. HRMS (ESI-TOF): m/z
calcd. for C2sH23CINs™ [M + H]*: 436.1575; Found: 436.1573.
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4-(4-(4-Butylphenyl)-6-chloroquinolin-2-yl)phthalonitrile (1.80k): The MCR was carried
out according to the general procedure with 4-chloroaniline (1.78c) (65.1 mg, 0.5 mmol) and
1-butyl-4-ethynylbenzene (1.79c¢) (91.6 mg, 0.55 mmol), and purified by method 1 to afford the

phthalonitrile 1.80k in 73% yield (154.3 mg, 0.366 mmol).

(CH,),CH,CH;,  Mp: 224-225 °C. *H NMR (CDCls, 400.15 MHz, ppm): § 8.74 (d, J
= 0.9 Hz, 1H), 8.57 (dd, J = 8.2, 1.3 Hz, 1H), 8.18 (d, J = 9.0 Hz,
1H), 8.04 —7.91 (m, 2H), 7.85 (s, 1H), 7.74 (dd, J = 9.0, 2.0 Hz, 1H),
7.52-7.36 (M, 4H), 2.77 (t, I = 7.7 Hz, 2H), 1.73 (quint, J = 7.6 Hz,
2H), 1.46 (sext, J = 7.4 Hz, 2H), 1.01 (t, J = 7.3 Hz, 3H). *C NMR
(CDCls, 100.63 MHz, ppm): 6 152.0, 149.9, 147.2, 144.3, 143.9,
134.2,134.0,133.8,132.4, 131.9, 131.4,129.3,129.1, 127.3, 124.8, 119.1, 116.6, 115.8, 115.4,
115.3, 35.5, 33.6, 22.4, 14.0. *C NMR (DEPT-135) (CDCls, 100.63 MHz, ppm): § 134.0,
132.4,131.9, 131.4, 129.3, 129.1, 124.8, 119.1, 35.5, 33.6, 22.4, 14.0. FT-IR (KBr, cm™): v =
3080, 3034, 2957, 2930, 2858, 2232 (C=N), 1595, 1483, 1155, 825, 523. HRMS (ESI-TOF):
m/z calcd. for Co7H21CINs™ [M + H]*: 422.1419; Found: 422.1422.

4-(4-(4-(tert-Butyl)phenyl)-6-chloroquinolin-2-yl)phthalonitrile (1.801): The MCR was
carried out according to the general procedure with 4-chloroaniline (1.78c) (65.1 mg, 0.5 mmol)
and 1-(tert-butyl)-4-ethynylbenzene (1.79d) (90.7 mg, 0.55 mmol), and purified by method 1

to afford the phthalonitrile 1.80I in 79% vyield (166.9 mg, 0.395 mmol).

Mp: 298-300 °C. *H NMR (CDCls, 400.15 MHz, ppm): 6 8.74 (d, J =
1.4 Hz, 1H), 8.56 (dd, J = 8.2, 1.6 Hz, 1H), 8.19 (d, J = 9.0 Hz, 1H),
7.99 (d, J = 2.2 Hz, 1H), 7.96 (d, J = 8.2 Hz, 1H), 7.85 (s, 1H), 7.75
(dd, J = 9.0, 2.3 Hz, 1H), 7.63 (d, J = 8.3 Hz, 2H), 7.49 (d, J = 8.3 Hz,
N 2H), 1.45 (s, 9H). *.C NMR (CDCls, 100.63 MHz, ppm): § 152.5,
CN 152.0, 149.8, 147.2, 143.9, 134.0, 133.8, 132.4, 131.9, 131.4, 129.1,
127.2, 126.0, 124.8, 119.1, 116.6, 115.8, 115.4, 115.3, 31.3. *C NMR (DEPT-135) (CDCls,
100.63 MHz, ppm): J 134.0, 132.4, 131.9, 131.4, 129.1, 126.0, 124.8, 119.1, 31.3. FT-IR (KBr,
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cm™): v =3084, 2951, 2904, 2868, 2235 (C=N), 1597, 1483, 1362, 1157, 849, 827, 600, 525.
HRMS (ESI-TOF): m/z calcd. for C27H2:CIN3* [M + H]": 422.1419; Found: 422.1418.

4-(6-Chloro-4-(4-methoxyphenyl)quinolin-2-yl)phthalonitrile (1.80m): The MCR was
carried out according to the general procedure with 4-chloroaniline (1.78c) (65.1 mg, 0.5 mmol)
and 1-ethynyl-4-methoxybenzene (1.79¢) (74.9 mg, 0.55 mmol), and purified by method 2 to

afford the phthalonitrile 1.80m in 78% yield (155.3 mg, 0.392 mmol).

Mp: dec. above 280 °C. *H NMR (CDCls, 400.15 MHz, ppm) 6 8.74
(d, J = 1.6 Hz, 1H), 8.57 (dd, J = 8.2, 1.8 Hz, 1H), 8.18 (d, J = 9.0
Hz, 1H), 7.97 (dd, J = 5.2, 3.0 Hz, 2H), 7.83 (s, 1H), 7.75 (dd, J =
9.0, 2.3 Hz, 1H), 7.51 — 7.46 (m, 2H), 7.16 — 7.11 (m, 2H), 3.95 (s,
3H). FT-IR (KBr, cm™): v = 3233, 3078, 2941, 2845, 2237 (C=N),
1593, 1514, 1483, 1263, 1180, 1032, 824, 569, 523. HRMS (ESI-
TOF): m/z calcd. for C24H1sCIN3O* [M + H]*: 396.0898; Found: 396.0905.

4-(6-Chloro-4-(p-tolyl)quinolin-2-yl)phthalonitrile (1.80n): The MCR was carried out
according to the general procedure with 4-chloroaniline (1.78c) (65.1 mg, 0.5 mmol) and
1-ethynyl-4-methylbenzene (1.79f) (65.9 mg, 0.55 mmol), and purified by method 2 to afford

the phthalonitrile 1.80n in 80% yield (152.7 mg, 0.402 mmol).

Mp: 272-274 °C. *H NMR (CDCls, 400.15 MHz, ppm): 6 8.74 (d, J
= 1.6 Hz, 1H), 8.56 (dd, J = 8.3, 1.7 Hz, 1H), 8.19 (d, J = 9.0 Hz,
1H), 7.99 — 7.93 (m, 2H), 7.84 (s, 1H), 7.75 (dd, J = 9.0, 2.3 Hz, 1H),
7.46 — 7.39 (m, 4H), 2.51 (s, 3H). *C NMR (CDCls, 100.62 MHz,
ppm): 6 152.0, 149.8, 147.2, 143.9, 139.4, 134.0, 133.9, 132.4, 131.9,
131.4, 129.7, 129.3, 127.3, 124.8, 119.0, 116.6, 115.8, 115.4, 21.4.
13C NMR (DEPT-135) (CDCls, 100.62 MHz, ppm): 6 134.0, 132.4, 131.9, 131.4, 129.7, 129.3,
124.8, 119.0, 21.4. FT-IR (KBr, cm™): v = 3080, 2920, 2232 (C=N), 1595, 1483, 1153, 856,
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845, 814, 525. HRMS (ESI-TOF): m/z calcd. for C2sH1sCINs*™ [M + H]*: 380.0949; Found:
380.0949.

4-(6-Chloro-4-(4-fluorophenyl)quinolin-2-yl)phthalonitrile (1.800): The MCR was carried
out according to the general procedure with 4-chloroaniline (1.78¢) (65.1 mg, 0.5 mmol) and
1-ethynyl-4-fluorobenzene (1.79g) (66.7 mg, 0.55 mmol), and purified by method 2 to afford

the phthalonitrile 1.800 in 79% vyield (152.4 mg, 0.397 mmol).

Mp: > 300 °C. *H NMR (CDCls, 400.15 MHz, ppm): 5 8.74 (d, J =
1.5 Hz, 1H), 8.57 (dd, J = 8.2, 1.7 Hz, 1H), 8.21 (d, J = 9.0 Hz, 1H),
7.97 (d, J = 8.2 Hz, 1H), 7.87 (d, J = 2.2 Hz, 1H), 7.83 (s, 1H), 7.77
(dd, J = 9.0, 2.3 Hz, 1H), 7.56 — 7.50 (m, 2H), 7.35 — 7.29 (m, 2H).
FT-IR (KBr, cm™): v = 3076, 2234 (C=N), 1597, 1514, 1483, 1364,
1240, 1165, 847, 829, 825, 527. HRMS (ESI-TOF): m/z calcd. for
CasH12CIFNs* [M + H]*: 384.0698; Found: 384.0703.

Methyl 4-(6-chloro-2-(3,4-dicyanophenyl)quinolin-4-yl)benzoate (1.80p): The MCR was
carried out according to the general procedure with 4-chloroaniline (1.78c) (65.1 mg, 0.5 mmol)
and methyl 4-ethynylbenzoate (1.79h) (97.9 mg, 0.55 mmol), and purified by method 2 to

afford the phthalonitrile 1.80p in 57% yield (120.5 mg, 0.284 mmol).

Mp: 281-283 °C. H NMR (CDCls, 400.15 MHz, ppm): & 8.76 (d, J
= 1.4 Hz, 1H), 8.57 (dd, J = 8.3, 1.8 Hz, 1H), 8.30 — 8.25 (m, 2H),
8.22 (d, J = 9.1 Hz, 1H), 7.98 (d, J = 8.3 Hz, 1H), 7.87 (s, 1H), 7.83
(d, J = 2.2 Hz, 1H), 7.78 (dd, J = 9.0, 2.3 Hz, 1H), 7.65 — 7.60 (m,
2H), 4.02 (s, 3H). *C NMR (CDCls, 100.62 MHz, ppm): § 166.5,
N 1500, 1486, 147.1, 143.6, 141.4, 134.4, 134.0, 132.4, 132.1, 1317,
131.4, 130.9, 130.2, 129.5, 126.7, 124.3, 118.9, 116.7, 116.0, 115.3, 52.5. 3C NMR (DEPT-
135) (CDCls, 100.62 MHz, ppm): § 134.0, 132.4, 132.1, 131.7, 131.4, 130.2, 129.5, 124.3,

118.9, 52.5. FT-IR (KBr, cm): v = 3078, 2955, 2237 (C=N), 1728 (C=0), 1593, 1483, 1288,
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1119, 854, 827, 708, 525. HRMS (ESI-TOF): m/z calcd. for C2sHisCIN3O2" [M + H]™:
424.0847; Found: 424.0852.

4-(6-Chloro-4-phenylquinolin-2-yl-3-d)phthalonitrile (1.80q): The MCR was carried out
according to the general procedure with 4-chloroaniline (1.78c) (65.1 mg, 0.5 mmol) and
phenylacetylene-d (1.79i) (56.7 mg, 0.55 mmol), and purified by method 1 to afford the

phthalonitrile 1.80q in 74% yield (135.6 mg, 0.369 mmol).

Mp: 260261 °C. *H NMR (CDCls, 600.23 MHz, ppm): § 8.75 (d, J =
1.7 Hz, 1H), 8.57 (dd, J = 8.2, 1.8 Hz, 1H), 8.20 (d, J = 9.0 Hz, 1H),
7.97 (d, J = 8.2 Hz, 1H), 7.92 (d, J = 2.3 Hz, 1H), 7.76 (dd, J = 9.0,
2.3 Hz, 1H), 7.64 — 7.57 (m, 3H), 7.56 — 7.52 (m, 2H). 3C NMR
(CDCl3, 150.93 MHz, ppm): ¢ 152.0, 149.7, 147.2, 143.8, 136.9,
134.0, 132.4, 132.0, 131.5, 131.4, 129.3, 129.2, 129.1, 127.2, 124.7, 118.8 (t, J = 25.0 Hz),
116.6, 115.8, 115.4, 115.3. 1°C NMR (DEPT-135) (CDCls, 150.93 MHz, ppm): 6 134.0, 132.4,
132.0,131.5,131.4,129.3,129.2, 129.1, 124.7. FT-IR (KBr, cm™): v = 3115, 3080, 3055, 2234
(C=N), 1599, 1537, 1481, 1358, 1086, 826, 766, 746, 704, 573, 527. HRMS (ESI-TOF): m/z
calcd. for C23H12DCIN3 [M + H]*: 367.0855; Found: 367.0865.

1.4.7 General procedure for the synthesis of ZnPCs 1.81a-c

ZnPCs 1.81a-c were synthesized following previously reported procedures with
minor modifications.! To a 15-mL glass pressure tube (Ace pressure tube®, back seal, Aldrich
Z181064) equipped with a magnetic stir bar and rubber septum, were added sequentially
phthalonitrile derivatives (1.80g-i) (0.09 mmol), Zn(OTf)2 (8.3 mg, 22.5 umol, 0.25 equiv.),
HMDS (76 pL, 4 equiv.) and DMF (200 pL) under an argon atmosphere at room temperature.
The tube was closed and the resulting mixture was stirred at 130 °C under light protection for
24 h. After cooling tor.t., 5 mL of methanol was added, and the solid was filtered under vacuum

and washed with methanol.
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1.47.1 Zinc phthalocyanine-quinoline 1.81a

The crude solid obtained from phthalonitrile 1.80g (43.9 mg, 0.09 mmol) was
purified by flash column chromatography (silica gel, 230-400 mesh), eluting initially with
dichloromethane/toluene/ethyl acetate (4:4:2, v/iviv) to remove fluorescent impurities and then
with toluene/ethyl acetate/methanol (6:3:1, v/v/v) to elute the product. Evaporation of the elute
gave a solid which was dissolved in a small amount of chloroform, methanol was added, and
the solution was stored at r.t. overnight. The green solid obtained was filtered, washed with

methanol, and then dried under vacuum to afford the pure ZnPC 1.81a (24.5 mg, 12.15 pmol,

54%).

H NMR (CDCI3/DMSO-dg = 2:1, 400.15 MHz,
ppm): 6 9.63 -9.11 (m, 6H), 8.91—-8.43 (m, 8H),
8.33-7.98 (m, 14H), 7.91 — 7.74 (m, 10H), 7.49
—6.96 (m, 10H), 4.01 - 3.66 (m, 8H), 1.92 - 1.73
(m, 8H), 1.62 — 1.26 (m, 56H), 1.02 — 0.90 (m,
12H). UV-Vis (THF): Amadnm (log &) = 695
e, (5.59), 626 (4. 89), 357 (5.14). FT-IR (KBr,
cm?): v = 2922, 2853, 1618, 1589, 1545, 1491, 1385, 1356, 1225, 1095, 910, 831, 748, 702.
HRMS (MALDI-TOF): m/z calcd. for Cis2H133N1204Zn™ [M + H]": 2013.9859; Found:
2013.9837.

(CH2)sCH3
~

1.4.7.2 Zinc phthalocyanine-quinoline 1.81b

The crude solid obtained from phthalonitrile 1.80h (38.8 mg, 0.09 mmol) was
purified by flash column chromatography (silica gel, 230-400 mesh), eluting initially with
toluene/ethyl acetate (8:2, v/v) to remove fluorescent impurities and then with toluene/ethyl

acetate/methanol (7:2:1, v/v/v) to elute the product. Evaporation of the elute gave a solid which
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was dissolved in a small amount of chloroform, methanol was added, and the solution was
stored at r.t. overnight. The green solid obtained was filtered, washed with methanol, and then

dried under vacuum to afford the pure ZnPC 1.81b (25.9 mg, 14.45 pmol, 64%).

IH NMR (CDCI3/DMSO-ds = 2:1, 400.15 MHz, ppm): 6 9.71-9.14
(m, 6H), 8.99 — 8.42 (m, 8H), 8.35 — 8.02 (m, 9H), 7.89 — 7.57 (m,
12H), 7.51 — 6.98 (m, 9H), 4.00 — 3.58 (m, 12H), 3.09 — 2.81 (m,
8H), 2.08 — 1.82 (m, 8H), 1.68 — 1.38 (m, 16H), 1.13 — 0.91 (m,
12H). UV-Vis (THF): Ama/nm (log &) = 695 (5.50), 626 (4.77), 355
(5.05). FT-IR (KBr, cm™): v = 2926, 2853, 1620, 1589, 1545, 1493,
1385, 1356, 1227, 1095, 903, 831, 750. HRMS (MALDI-TOF): m/z

(CH2)3CH3

calcd. for C116H101N1204Zn* [M + H]*: 1789.7355; Found: 1789.7329.

1.4.7.3 Zinc phthalocyanine-quinoline 1.81c

The crude solid obtained from phthalonitrile 1.80i (50.2 mg, 0.09 mmol) was
purified by flash column chromatography (silica gel, 230-400 mesh), eluting initially with
dichloromethane/toluene/ethyl acetate (6:2:2, v/v/v) to remove fluorescent impurities and then
with toluene/ethyl acetate/methanol (7:2:1, v/v/v) to elute the product. Evaporation of the elute
gave a solid which was dissolved in a small amount of chloroform, methanol was added, and
the solution was stored at r.t. overnight. The green solid obtained was filtered, washed with
methanol, and then dried under vacuum to afford the pure ZnPC 1.81c (30.0 mg, 13.06 pumol,

58%).
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IH NMR (CDCls/DMSO-ds = 2:1, 400.15 MHz, ppm): 6
oeien 9,77 —9.10 (m, 6H), 9.05 — 8.42 (m, 8H), 8.39 — 8.01 (m,
9H), 7.97 - 7.75 (m, 7TH), 7.67 — 7.53 (m, 5H), 7.51 — 7.02
(m, 9H), 4.10 — 3.68 (m, 8H), 3.02 — 2.82 (m, 8H), 2.13 -
1.75 (m, 16H), 1.68 — 1.24 (m, 72H), 1.15 — 0.90 (m,
24H). UV-Vis (THF): Amad/nm (log &) = 695 (5.63), 626
- (4.92), 355 (5.19). FT-IR (KBr, cm™): v = 2924, 2853,
1618, 1589, 1545, 1493, 1385, 1356, 1223, 1095, 910, 829, 748. HRMS (MALDI-TOF): m/z
calcd. for CisaH17aN1204Zn* [M + H]*: 2294.2989; Found: 2294.3037.

1.4.8 Aggregation studies

The aggregation behavior of ZnPCs 1.81a-c was investigated in THF using
UV-Vis spectroscopy (see Figure 1.8, Section 1.2.4, and Figures 1.11 and 1.12 below).

Different concentrations of ZnPCs 1.81a-c were prepared and the absorbances measured.

1.8
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Figure 1.11 — Aggregation behavior of ZnPC 1.81b in THF at different concentrations. The

inset plots the Q band absorption at 695 nm vs. the concentration of 1.81b.
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Figure 1.12 — Aggregation behavior of ZnPC 1.81c in THF at different concentrations. The
inset plots the Q band absorption at 695 nm vs. the concentration of 1.81c.

1.4.9 Fluorescence measurements

The values of &r were obtained by comparing the areas under the fluorescence
spectra of the samples (ZnPCs 1.81a-c) with the area under the fluorescence spectrum of the
standard (unsubstituted ZnPC) (see Figure 1.13 and Table 1.5).8* A solution of each compound
was prepared in THF and the absorbances at the excitation wavelength (1ex = 630 nm) were
adjusted to be 0.05 for comparison. Dissolved oxygen was removed from the solutions by

bubbling argon. The calculation was performed by Eq. (1):

FxA
(’DF — d)gtd X std (1)
FStd X A

In Eq. (1), & is the fluorescence quantum yield of the standard (for

unsubstituted ZnPC is 0.25 in THF),3 F and Fsq are the areas under the fluorescence emission
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curves of the sample and standard, respectively. A and Astq are the absorbances of the sample

and standard, respectively, at the excitation wavelength (1ex = 630 nm).
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Figure 1.13 — Emission spectra of ZnPCs 1.81a-c and standard ZnPC.

Table 1.5 — Data for obtainment of @ for ZnPCs 1.81a-c.

Compound Absorbance Area
Std-ZnPC 0.05045 13402.2145
ZnPC 1.81a 0.04913 8513.6715
ZnPC 1.81b 0.05291 8639.6650
ZnPC 1.81c 0.05257 8297.9135

1.4.10 Molar absorption coefficient ()

The values for € (See Table 1.6-1.8) were obtained from the data of Figures 1.8,
1.11, and 1.12. All the graphs of absorbance against concentration for each band are in

agreement with the Lambert-Beer’s law, affording straight lines with R? > 0.99. In each graph,
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the slope of this line is the molar absorptivity (¢) divided by the optical path length, as described

in the Eq. (2):%

A=¢excxl (@)

In Eq. (2), A is the absorbance, c is the concentration and | is the optical path

length, respectively.

Table 1.6 — Data for obtainment of ¢ for ZnPC 1.81a.

Concentration x 10 Absorbance
(mol.L™) (357 nm) (626 nm) (695 nm)
4.629 0.63 0.3471 1.7554
3.704 0.4945 0.2731 1.4375
2.963 0.3921 0.2175 1.1649
2.37 0.3105 0.1726 0.9359
2.133 0.2778 0.1543 0.8426
1.92 0.2489 0.1385 0.759
1.728 0.2203 0.1219 0.6795
1.555 0.1966 0.1085 0.6083
1.244 0.1546 0.0863 0.4788
0.995 0.1191 0.0656 0.3723
0.796 0.0915 0.0507 0.2901
0.637 0.0674 0.0363 0.2233

€357 = 139,910 L.mol™t.cm™; €66 = 77,238 L.molt.cm™; €595 = 386,967 L.mol*.cm™

o1



Table 1.7 — Data for obtainment of ¢ for ZnPC 1.81b.

Concentration x 10 Absorbance
(mol.L™) (355 nm) (626 nm) (695 nm)
5.364 0.594 0.3126 1.6659
4.291 0.4754 0.2505 1.3616
3.433 0.3759 0.198 1.0997
2.746 0.299 0.1578 0.8866
2.472 0.2698 0.1428 0.8026
2.225 0.2422 0.1281 0.7226
2.002 0.2171 0.1148 0.6516
1.802 0.194 0.1025 0.5855
1.442 0.1517 0.0801 0.4625
1.153 0.1188 0.0624 0.3659
0.923 0.0918 0.0473 0.2853
0.738 0.069 0.035 0.2223

€355 = 113,232 L.mol™t.cm™; g6 = 59,776 L.molt.cm™; gs95 = 313,528 L.mol*.cm™?

Table 1.8 — Data for obtainment of ¢ for ZnPC 1.81c.

Concentration x 10 Absorbance
(mol.L™) (355 nm) (626 nm) (695 nm)

4.691 0.6958 0.3766 1.9488
3.753 0.5545 0.3002 1.6134
3.002 0.4433 0.2401 1.3119
2.402 0.3419 0.1848 1.0409
2.162 0.308 0.166 0.9422
1.945 0.2789 0.15 0.8532
1.751 0.2548 0.1361 0.7669
1.576 0.219 0.116 0.6816
1.261 0.1787 0.0927 0.53

1.008 0.128 0.0668 0.405
0.807 0.0957 0.05 0.3096
0.645 0.0694 0.0345 0.2332

€355 = 154,274 L.molt.cm™; 626 = 84,402 L.mol™t.cm™; gg05 = 429,210 L.mol*.cm™
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1.4.11 Photobleaching studies

A solution of ZnPCs 1.81a-c in THF with an absorbance near 1 was irradiated
in the dark with a white LED lamp (30 W) (Figure 1.14) for intervals of 1 min (10 irradiations),
5 min (4 irradiations), 10 min (3 irradiations), and 30 min (2 irradiations), totaling 2 h. After
each irradiation, the UV-Vis spectrum was measured to detect any photobleaching due to

reduction of photosensitizer concentration (see Figures 1.10, 1.15, and 1.16).

Figure 1.14 — Experimental setup used in the photobleaching studies.
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Figure 1.15 — a) Photobleaching study of ZnPC 1.81b in THF. b) Plot of Q band absorbance

Vs. time.
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2 Chapter 2

Chapter 2 is based on our paper published in the Journal of Organic Chemistry
in 2019, and it presents the results obtained in the development of a metal-free methodology
for the photoarylation of pyridines and other heterocycles (such as quinoline and quinoxaline).
This part of the research was developed entirely at UFSCar-Brazil under the guidance of Prof.
Dr. Kleber T. de Oliveira, with the contributions of Prof. Dr. Timothy Noél (TU/e, The
Netherlands), and in collaboration with a Ph.D. student from our team, Rodrigo Costa e Silva,
who synthesized compounds 2.22s-u, performed the scale-up experiment, carried out the

UV-Vis and aggregation studies, and helped write the manuscript and supporting information.

2.1 Introduction

2.1.1 Electron donor-acceptor complex

In 1952, Robert Sanderson Mulliken formulated a theory, known as the
“Mulliken's Theory of Charge-Transfer Complexes”, to rationalize the appearance of color
when mixing two colorless or nearly colorless organic molecules.? Since the pioneering work
of Mulliken, the electron-transfer theory has been extensively studied. Important contributions
were made by Marcus, Taube, Hush, Kochi, and others.® According to Mulliken’s theory, an
electron-rich molecule of low ionization potential (a donor D) may interact with an
electron-poor molecule of high electron-affinity (an acceptor A) to produce an encounter
complex (D,A), which is commonly called an electron donor-acceptor complex.® This weak,
reversible, ground-state association in solution (or in the gas phase) possesses physical
properties different from those of the individual components. For example, the formation of

such complexes is often accompanied by the appearance of a new absorption band (sometimes
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in the visible region), the charge-transfer band, which is associated with an intracomplex SET

from the donor to acceptor.

Upon light irradiation, the electrically neutral EDA complex ([D,A]) changes

from its ground to excited state ([D,A]*). This excited complex can produce an electron transfer

event, thus generating a radical ion pair trapped in the solvent cage ([D**,A™*]soLv). Once

formed, this radical species may undergo different reaction pathways, suffer back-electron

transfer or even escape from the solvent cage to yield free radical ions (Scheme 2.1).3

-

N

ground state excited state
Kepa hver * o —e —
@ (A DAl DA —= DA, ~—— (b + (A
donor  acceptor EDA complex radical ion pair free radical ions
rearrangements,

eliminations,
additions,
etc.

Scheme 2.1 — EDA complex formation and its synthetic use enabled by light. Adapted from
Lima et al. (2016).2

Concurrently to the process described above, excitation of the individual

components D (or A) can lead to excited forms D* (or A*), which can react with non-excited

counterparts A (or D) to provide the exciplexes D*(A) (or A*(D)), respectively. Such

exciplexes can produce electron transfer events, leading to the same above-mentioned

ion-radical pair ([D**,A™*]soLv) (see Scheme 2.2A).3

It is noteworthy that the exciplex originated from charge-transfer band

irradiation (see Scheme 2.2B) requires only minor changes in the solvent reorganization, since

the dyad was previously assembled in the ground state. On the other hand, the exciplex

P

roduced from local band irradiation (see Scheme 2.2A) is dynamically assembled in the

excited state and for this reason requires a high level of solvent reorganization.®
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Scheme 2.2 — Exciplex complex formation and its synthetic use enabled by light. Adapted
from Lima et al. (2016).3

Further theoretical details about Mulliken’s charge transfer theory, Marcus’s
electron transfer theory, and other important contributions can be found elsewhere. 38

Although the physicochemical properties of EDA complexes have been studied
since the 1950s, their synthetic applications were investigated more intensively 20-30 years
later (e.g., in studies involving Srn1 substitutions and the nitration of aromatic compounds).®
Notable modern achievements include biaryl coupling (as shown in detail below),®!!
asymmetric alkylation,*>*® radical cyclization,'**® radical fluoroalkylation,'®!® oxidative
annulation,®® radical acylation,?® and others.?*2°

In 2013, Chatani and co-workers!! showed that the arylation of some pyrroles
(2.1) with diaryliodonium salts (2.2) using white LEDs could be achieved at room temperature
even in the absence of a photocatalyst (Scheme 2.3). The UV-Vis analysis of the reaction
mixture revealed a new absorption band in a visible region, the CT band, due to the formation
of an EDA complex (2.4) between the pyrrole and the diaryliodonium salt. It is worth
mentioning that the arylation of pyrroles and other N-heterocycles (such as pyridine,

quinoxaline, and indole) with diaryliodonium salts have also been reported under thermal
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conditions, 3! since diaryliodonium salts are known to transform into aryl radicals via

decomposition (thermal or photochemical).32-3

Ra + PFg~ R
| .
white LEDs
M, R, MhCLEDs T ]
N 2.2 neat, r.t., 16 h N 3
2.1 2.3a-f .
40 equiv. H
R
— R2
ReBONRy | hite LEDs C‘r) @H
' Nt N _Ph | —— L
| ~ N+
PR ; N N~ Ph
Ph” + "Ph EDA Phl 1 SOLV R4
2.4 2.5 2.6

Selected Examples:

2. Yol S
N N N
Me Cl Me CF; Me Me

2.3a: 53% 2.3b: 74% 2.3c: 18%
Et Me
I\ [\ I\
N N Me™ ™\
Me OMe H H
2.3d: traces 2.3e:32% 2.31: 47%

Scheme 2.3 — EDA complex-photoinduced arylation of pyrroles with diaryliodonium salts.

In 2017, Heinrich and co-workers® reported that the arylation of some arenes and
heteroarenes with para-substituted aryldiazonium salts does not require the use of an additional
photocatalyst and other additives, and can be conducted under simple UV-photocatalysis (250
W, iron lamp, black glass filter), UV-Vis (250 W, iron lamp, no filter) or visible-light (10 W,
blue LED lamp) irradiation using argon or air atmosphere. They postulated that these
photoinduced transformations may occur independently of the formation of a strong CT
complex between the diazonium salt and the aromatic substrate. They also have shown the
direct C—H arylation of 3-hydroxypyridine (2.7) with some aryldiazonium salts (2.8), in

50-62% yields (2.9a-e) using visible-light irradiation (Scheme 2.4). However, this methodology
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does not work well for the aryldiazonium salt bearing a para-methoxy group (see product 2.9f)
even when electron-rich (hetero)arenes (hydroquinone, 1,4-dimethoxybenzene, and

furfurylamine) were employed as substrates (<10% isolated yields).°

+ -
OH N, CI OH
| X .\ /©/ 2 blue LEDs R = I
N/ R HzSO4/H20, r.t., Ar, \N
2.7 2.8 20h 2.9a-f

10 equiv. 1 equiv.

2.9d: 52% 2.9e: 50% 2.9f: <10%

NO, CO,Me OMe

Scheme 2.4 — Photoarylation of 3-hydroxypyridine with aryldiazonium salts.

The results obtained by Chatani’s group and Heinrich’s group left some
questions to be answered and motivated us to study the direct arylation of pyridines and other
N-heterocycles (such as quinoline and quinoxaline) with aryldiazonium tetrafluoroborates using
blue light in the absence of a photocatalyst (see Section 2.2.1).

While we were reviewing our manuscript, Lee and co-workers®® reported a
similar protocol involving the Gomberg-Bachmann reaction (Scheme 2.5). In this study, the
authors propose the formation of an EDA complex 2.13 between the diazonium salts 2.11 and
pyridine for the aryl radical generation and posterior arylation of (halo)benzenes 2.10 (not

pyridines or heterocycles).
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2.12d: 60% 2.12¢: 49% O ‘
mip=23:1.2:1 OMe

2.121: 60% 2.12g: 711%
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Scheme 2.5 — Photoarylation of (halo)benzenes with aryldiazonium salts.

Recently, Lee and co-workers® employed our previously used strategy to
generate aryl radical and applied it to the direct C3-arylation of 2H-indazoles, further supporting

our proposed mechanism (see Section 2.2.2).

2.1.2 Pyridines

Pyridine moieties are common in natural products,®4! agrochemicals,*?** and
drugs approved by the FDA.*>#6 Moreover, relevant clinical drugs such as crizotinib (2.14),
enasidenib (2.15), vismodegib (2.16), nilotinib (2.17), etoricoxib (2.18), and atazanavir (2.19)
contain the pyridine nucleus directly linked to aryl or heteroaryl units (Figure 2.1).45-%
Therefore, the development of new and efficient methodologies for the direct C—H arylation or

heteroarylation of this electron-deficient heterocycle is of great interest.
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Figure 2.1 — Structures of drugs that contain the pyridine nucleus (in green) directly linked to

aryl or heteroaryl units (in red).

The synthesis of biaryls containing a pyridine motif has been traditionally carried
out by classical cross-coupling reactions such as Suzuki-Miyaura,**->2 Negishi,>**° Stille,>°6:5
Hiyama,®®*® and Kumada®®®! couplings (Scheme 2.6, eq. a). These structures can also be
synthesized by C—H activation reactions (Scheme 2.6, eq. b),%2-% oxidative cross-coupling
reactions (Scheme 2.6, eq. ¢),%¢%8 reactions via arynes (Scheme 2.6, eq. d),%°-"t and alternatively
by radical-based methodologies,’>"® which have received much attention recently in studies
involving photocatalysis.’*8 Such photocatalyzed reactions have been performed with various
aryl radical precursors such as aryldiazonium®®-®" and diaryliodonium salts,**% aryl boronic®
and carboxylic acids,%? benzenesulfonyl chlorides (not tested with a pyridine nucleus),®
arylazosulfones (tested with the pyrazolopyridine nucleus),®®! diazoanhydrides (with pyridine

N-oxide),% and halo(hetero)arenes®™® in the presence of ruthenium complexes,®>® iridium
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complexes,'1%2% organic dyes,®38494-% metal oxides,1%97 and other (photo)catalysts (Scheme
2.6, eq. €).%% However, the radical arylation of arenes and heteroarenes has been achieved

with only a few aryl radical precursors, even in the absence of a photocatalyst.11:9:92.100

(b) Metal-Catalyzed C-H Arylation Reactions

N Y
Ry + Ry
=
N

Y =H, Li, Br, I, B(OH),, ArZn, TsO, TfO
Cat. = Pd, Ni, Cu, Fe, Rh, Ag

(a) Classical Cross-Coupling Reactions (c) Oxidative Cross-Coupling Reactions

Y
A Y Cat. Cat. titanate N
R X + R R4 X + Ry
1 2 P
Z Cat., [0] N
N
/

X = Br, I, ZnBr, MgBr, Si(Me)s, etc. \ é Y_:CLi’ ygBr’ MgCI-LiCl
Y = Br, I, B(OH),, ZnCl, MgBr, Bu;Sn, etc. at. = Co, Fe
Cat. = Pd, Ni, Cu \ R
~
N

R1
(f) Our EDA Photocatalyzed approach

(d) Reactions via Arynes A . Nt BF,”
A v strong base blue LED S
R .
1 o+ Ry A5 HCI + R,

" H,0, 0,,r.t, 48 h

Y =F, Cl, Br, OTf «@l visible light 7.5 mmol 0.5 mmol
Base = TMPLI, n-BuLi Cat. or Cat. free ® No additional photocatalyst
= Mild reaction conditions

® Broad scope with respect
to the aryldiazonium salt

(e) Visible-Light-Mediated Arylation Reactions

Y
A
R4 X + Ry
~Z
N

X =H, Br, CO,H
Y =H, I, N,BF,, N,Cl, Phl, CO,H, N,Ms
Cat. = transition metals, organic dyes, metal oxides, etc.

Scheme 2.6 — Approaches for the synthesis of biaryls containing the pyridine nucleus.

We now report a protocol for the direct C—H arylation of pyridines and other
N-heterocycles (such as quinoline and quinoxaline), in water, with several aryldiazonium
tetrafluoroborates substituted by electron-donor, -neutral and -acceptor groups, and with no
base or additives, at room temperature, and using visible-light irradiation (blue LED) in the
absence of photocatalysts (Scheme 2.6, eq. f). We postulate the occurrence of a visible-light
photoactive EDA complex for the aryl radical generation which is supported by UV-Vis and

'H and *H->N NMR (correlation spectroscopy).
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2.2 Results and discussion

2.2.1 Photoarylation of N-heterocycles

We started our investigation with pyridine hydrochloride (2.20a) and
4-methoxybenzenediazonium tetrafluoroborate (2.21a) as the model substrates using a
homemade batch photoreactor with blue or white 30 W LEDs (see details of the photoreactor
setup in the section 2.4.2). First, the reaction between 2.20a (7.5 mmol) and 2.21a (0.5 mmol)
in MeOH (1.5 mL) was tested at r.t., under an O, atmosphere and in the dark, but only traces of
the 2-aryl-regioisomer 2.22a could be detected by gas chromatography-mass spectrometry
(GC-MS) after 48 h (Table 2.1, entry 1). Subsequently, we performed the reaction under the
same conditions but in the presence of blue LED light, obtaining a mixture of 2-aryl/4-aryl
substituted pyridines (2.22a) in 84% yield (entry 2).

We also evaluated whether the activation of the pyridine moiety as the
hydrochloride is needed, and carried out the same reaction with 7.5 mmol of free base pyridine
and irradiation by blue LED. The result was a mixture of the 2- and 4-aryl-regioisomers 2.22a
in 20% yield (Table 2.1, entry 3). This experiment led us to the conclusion that pyridinium salts
are essential for this protocol. Changing the amount of pyridine hydrochloride (2.20a) relative
to the diazonium salt 2.21a resulted in 41 to 90% yields of 2.22a (entries 2, 4, and 5). Keeping
7.5 mmol of 2.20a and increasing 2.21a to 1 mmol also resulted in a lower yield (55%) (entry
6) showing that high excesses of 2.20a relative to 2.21a are important for the efficiency of the
protocol. Although the reaction with 10 mmol of 2.20a significantly improved the yield of 2.22a
(entry 5), we decided to continue screening the conditions using 7.5 mmol of this substrate.
This excess of pyridinium salt is imperative and will be clarified below in the section of

mechanistic studies (see Section 2.2.2).
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Table 2.1 — Screening of the reaction conditions.!

N, BF, .
@ “HCI + © Visible light | X OMe
N Solvent, O,, r.t. N
2.20a OMe 2.22a
2.21a
Entry 2.20a  2.21a Lightsource Solvent Time  2-aryl/ Yield
(mmol) (mmol) (30W) (h)  4-aryl® 2.22al
1 7.5 0.5 None MeOH 48 - Traces
2 7.5 0.5 Blue LED MeOH 48 71:29 84
3 7.5 0.5 Blue LED MeOH 48 68:32 20
4 5 0.5 Blue LED MeOH 48 67:33 41
5 10 0.5 Blue LED MeOH 48 67:33 90
6 7.5 1 Blue LED MeOH 48 68:32 55
7 7.5 0.5 Blue LED MeOH 48 71:29 75
8 7.5 0.5 Blue LED MeOH 24 72:28 72
9 7.5 0.5 White LED MeOH 48 73:27 59
10 7.5 0.5 Blue LED EtOH 48 67:33 69
11 7.5 0.5 Blue LED DMF 48 77:23 64
12 7.5 0.5 Blue LED DMF/MeOH (1:1) 48 71:29 63
13 7.5 0.5 Blue LED DMF/MeOH (1:2) 48 69:31 71
14 7.5 0.5 Blue LED DMSO 48 73:27 82
15 7.5 0.5 Blue LED H>O 48 71:29 96
16 30 2 Blue LED H.0 48 67:33 79
17 7.5 0.5 none H20 48 - Traces

[[Reaction  conditions:  pyridine  hydrochloride (2.20a) (5, 75 and 10 mmol),
4-methoxybenzenediazonium tetrafluoroborate (2.21a) (0.5 and 1 mmol) in solvent (1.5 mL) at r.t. under
an O, atmosphere for 24 or 48 h. PIWith 7.5 mmol of free base pyridine. FIPreviously deoxygenated and
maintained under argon atmosphere. [Scale-up reaction performed under the same reaction conditions
of entry 15, but in 6 mL of H,O with 2.22a obtained in 0.3 g-scale. FIDetermined after isolation.
MIsolated yields.
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The influence of the atmosphere, reaction time, and LED light source was also
evaluated (Table 2.1, entries 7-9, respectively). It was observed that the yield of 2.22a
decreased when the reaction was performed under an argon atmosphere (75% yield, entry 7 vs
2) or when a shorter reaction time (24 h) was considered (72% yield, entry 8). Additionally,
when white LEDs were employed under the same reaction conditions (entry 9) a lower yield
(59%) was obtained.

We also investigated the effect of other solvents [EtOH, dimethylformamide
(DMF), dimethylsulfoxide (DMSO) and H.O] or mixtures of solvents (DMF/MeOH, 1:1 or 1:2,
v/v) on the yield of 2.22a (Table 2.1, entries 10—15). To our delight, when H.O was used as the
solvent, the desired product 2.22a was obtained in 96% yield under identical conditions (entry
15). It is worth noting that the yield of the arylated product 2.22a is positively correlated with
increases in the solvent polarity used in the reaction (entries 11, 10, 2, and 15, respectively).
The only exception was the reaction carried out in DMSO (entry 14). The robustness of the
protocol (entry 16) was also tested reacting 2 mmols of 2.21a in the same optimized conditions
(entry 15), giving the product 2.22a in 79% vyield (0.3 g-scale). Finally, we checked the
optimized reaction condition for the pyridine arylation (entry 15) in the absence of light, and
again only traces of the 2-aryl-regioisomer 2.22a could be detected by GC-MS after 48 h (entry
17). These results show that the arylation reaction is promoted by visible-light irradiation and
does not require a photocatalyst to occur under mild and environmentally friendly conditions.

With the optimized reaction conditions in hands (Table 2.1, entry 15), we
proceeded to evaluate the diazonium salt scope. As shown in Scheme 2.7, several aryldiazonium
salts with different substitution patterns, substituted pyridines, quinoline, and quinoxaline are

compatible with our arylation protocol.

73



N, BF,~ 4
o X PN
Ir” E S c R‘@ Blue LED :,/ EX\}@
N *HCI + N
SN Hy)0, 0y, 11,480 Ssoo N 22 R
2.20a-g, X=Cor N 2.21a-r 2.22b-x
7.5 mmol 0.5 mmol
4 4 4 4 F 4 R
X X A A X
| ) | = cl | ~Z 2 F | ~Z 2 | )
N N N N N
2.22b, 62% 2.22¢, 80% 2.22d, 53% 2.22¢, 58% 2.221, 31%
2-aryl/4-aryl, 71:29  2-aryl/4-aryl, 68:32 2-aryl/4-aryl, 59:41 2-aryl/4-aryl, 62:38  2-aryl/4-aryl, 64:36
4 CF3 4 CF; 4 4 NO, 4 NO;
X X A A S
I/2 I/2 | 5 NO, I/2 |
N N N N N
2.22g,49% 2.22h 2.22i, 66% 2.22j, 49% 2.22Kk, 52%

2-aryl/4-aryl, 63:37 2-aryl =23%, 4-aryl = 0% 2-aryl/4-aryl, 64:36  2-aryl/4-aryl, 61:39 2-aryl/4-aryl, 60:40

4 4 OMe 4 OMe 4
X X X X
| Z 2 Me | Z2 | Z2 | Z 2 =
N N N N
2.221, 80% 2.22m, 13% 2.22n, 57% 2.220, 75%
2-aryl/4-aryl, 68:32 2-aryl/4-aryl, 67:33 2-aryl/4-aryl, 66:34 2-aryl/4-aryl, 68:32 TmTTTT e '
| Me\ /Me :
CTTTTTTTI L ' N '
4 Et ! Bt 4 E ! Et ! 4 : :
| i I ! Me '
[ ’ IS ’@E e ‘o ’
P : : P : : = A |
N 2 i OH i N2 i O N2 Me ! '
223 5504 | D 2.24,56% | S O
2.22p, 0% (223,55% 0 222q,0% - ’ 2.22r | 2.25,13% |

2-aryl = 14%, 4-aryl = 0%  ~----------- '

CF;

OMe
4 A
N N N »
| | | OMe N s

P ~ /2

N N MeO™ "N 2.22v, 38%
0, 0, 0,
2.225, 41% OMe 2.22t, 12% OMe 2.22u, 15%

2-aryl/4-aryl, 60:40
OMe

4

X N\ obtained from
OMe . e .

Z Z pyridine-2-thiol

N7 2 N

2.22w, 72% 2.22x, 71%

2-aryl/4-aryl, 41:59 OMe

Scheme 2.7 — Evaluation of the reaction scope. All reactions were carried out on a scale of
7.5 mmol of 2.20a-g and 0.5 mmol of 2.21a-r in H20 (1.5 mL). Isolated yields and product

ratios were determined after column chromatography.

Among the aryldiazonium tetrafluoroborate salts tested for the direct arylation

of the pyridine moiety, electron-donor (Scheme 2.7, 2.221 and 2.220) and -neutral 4-substituted
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aryldiazonium salts (Scheme 2.7, 2.22b and 2.22c) were more efficient than electron-acceptor
4-substituted ones (Scheme 2.7, 2.22d and 2.22i). However, the reaction with the aryldiazonium
salt 2.21r containing the w-donor group 4-N(Me). provided the 2-arylated pyridine (2.22r) in
only 14% yield, and the diazo-substituted product 2.25 in 13% vyield.

In the work reported by Heinrich and co-workers (2016),1%! an aryldiazonium
chloride salt containing the same 4-dimethylamino group was unsuccessful in the radical
arylation of 3-hydroxypyridine mediated by TiCls, which suggests incompatibility of this type
of substrate with radical C—H arylation protocols.

Intriguingly, the aryldiazonium salts 2.21p (R = 3-Ethyl) and 2.21q
(R = 2-Ethyl) also underwent substitution reactions by hydroxyl groups (from the solvent water)
to give the phenols 2.23 and 2.24 in yields of 55% and 56%, respectively. The use of m-acceptor
(NO.) or donor (OMe) substituents at the 2 and 3 positions of the aryldiazonium ring decreased
product yields compared with the same substituents at the 4-position of the diazonium salts.
However, this effect was more pronounced for the methoxy donor substituent (Scheme 2.7,
2.22m and 2.22n) than for the nitro acceptor (Scheme 2.7, 2.22i-k). Furthermore, lower yields
were observed when c-acceptor (F and CF3) groups were present at the 2- and 3-positions of
the aryldiazonium rings (see Scheme 2.7, 2.22e vs 2.22f and 2.22g vs 2.22h).

Maas et al. (2001) reported that some diazonium salts such as
3-methoxybenzenediazonium (2.21m) and certain heteroarenediazonium tetrafluoroborates are
known to decompose when dried,'°? which may explain the low yield obtained for biaryl 2.22m
(13%). Indeed, Heinrich and co-workers (2016) also reported problems with the use of an
aryldiazonium chloride containing the meta-methoxy group, which partially decomposed
before the addition to the reaction mixture.’®* In the case of compounds 2.22e-h bearing
o-acceptor (F and CFz3) groups, the difference in yields between the ortho and meta derivatives
can be due to steric and/or electronic factors. However, we do not rule out the possibility that

the yields of these and other reactions (such as Scheme 2.7, 2.22p, 2.22q) are correlated with
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the (photo)stability of the corresponding aryldiazonium salts. In addition to the nature of the
counter-ion, it is known that the substituent nature and position on the cation are of the greatest
importance for the stability of the aryldiazonium salt, 103104

We also included additional N-heterocycles (Scheme 2.7) to scope with the
4-(trifluoromethyl)pyridine (giving 2.22s in 41% yield), 4-methoxypyridine (giving 2.22t in
12% yield), 2-methoxypyridine (giving 2.22u in 15% yield), pyridine-2-thiol (giving 2.22v in
38% yield), quinoline (giving 2.22w in 72% yield), and quinoxaline (giving 2.22x in 71%
yield). Overall, the substituted pyridines with electron-withdrawing and -donating groups
yielded products from low to acceptable yields (12-41%). The pyridine-2-thiol yielded the
product 2.22v (38%) with the arylation in the thiol position and not in the aromatic ring. Both
quinoline and quinoxaline provided arylated products in good yields (71-72%), demonstrating
additional possibilities to apply this methodology.

To extend the scope of our photochemical protocol, other substituted pyridines
(as hydrochloride) were examined as substrates with 4-methoxybenzenediazonium
tetrafluoroborate (2.21a). We found that 2-methylpyridine (2.20h), 3-hydroxypyridine (2.20i),
2-(trifluoromethyl)pyridine (2.20j), 2-nitropyridine (2.20k), and 4-(dimethylamino)pyridine

(2.201) were not compatible with this reaction protocol under optimized conditions (Figure 2.2).

\N/

X HO N X A X

® ® ® ()
Me N N FsC N O5N N N

2.20h 2.20i 2.20§ 2.20k 2.201

Figure 2.2 — Unsuccessful substrates in our photochemical approach.

76



2.2.2 Mechanistic insights and counterpoints with Ru-photocatalyzed reactions

To gain some insight into the mechanism of this metal-free C—H photoarylation
reaction, we conducted several controlled experiments with substrates 2.20a and 2.21a and
compared our results with the literature using Ru photocatalysts (see Scheme 2.8). As observed
in our experiments performed in the dark (Table 2.1, entries 1 and 17) only traces of the
2-aryl-regioisomer 2.22a could be detected by GC-MS after 48 h, showing that the reaction is
being promoted by blue LED visible-light. We also performed a reaction in the presence of 2
equiv. of the radical scavenger TEMPO and only partial inhibition of the reaction was observed
(Scheme 2.8, eq. 1). The aryl radical was trapped with TEMPO and was detected by GC-MS
(see Section 2.4.7, Figure 2.9) and 2.22a obtained in 70% yield (as against 96% vyield, Table
2.1, entry 15, in the absence of TEMPO). This suggests that the reaction involves radical
intermediates, but complete radical trapping with full inhibition was not observed, probably
because of the low solubility of TEMPO in water (~0.03 M at 25 °C).1%®

Subsequently, we tried to reproduce in our setup and optimized substrate
proportions, the reaction between 2.20a and 2.21a reported by Xue et al. (2014) using
Ru(bpy)sCl2 (2.5 mol%) in the presence of 2 equiv. of TEMPO.% However, in our hands, the
compound 2.22a was obtained in 66% yield and only traces of the radical trapped with TEMPO
could be detected by CG-MS, against the 0% described by the aforementioned authors (Scheme
2.8, eq. 2 and Figure 2.10, Section 2.4.7). Furthermore, we tried to reproduce the same previous
reaction without TEMPO (Scheme 2.8, eq. 3) and obtained the compound 2.22a in 94% yield.
This result is statistically the same as compared to that reported in the mentioned literature
(93%) with the Ru photocatalyst. However, this is also consistent with the yield we obtained
without a photocatalyst (96%, Table 2.1, entry 15), proving that these photoarylation reactions
work in 48 h (against the 60-80 h reported) without the Ru catalysts. It is important to highlight

that the literature background reaction® uses p-CFs-pyridine (2.20b) with 2.21a (Scheme 2.8,
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eg. 4) and mentions that only traces of the product 2.22s were formed. We obtained the product

2.22s in 41% vyield after 48 h, as opposed to the reported traces obtained by Xue et al. (2014)

after 60 h.®°
C CAr
o
A A ! N :
| _J+HCI + Ar—N; BF, + TEMPO Blue LED OAr + [
N 2.21a I mmol H20,0,,rt, 48 h N LN ;
2.20a 0.5 mmol 2.22a (70%)  (GC-MS)
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Scheme 2.8 — Mechanistic investigations.

These results show an inconsistency between our data and the above-mentioned
report, but these differences may be due to the different reagent proportions, as well as their use
of 45 W white CFL lamps or 3 W blue LEDs against the 30 W blue LEDs used in this study.

An additional control experiment was performed with deuterated water as
solvent (Scheme 2.8, eq. 5), obtaining 2.22a in a comparable 90% vyield and with no

incorporation of deuterium, showing no hydrogen transfer.

78



In order to understand which intermediate is photoactive in this reaction (a
photochemical intermediate such as a diazopyridinium salt or an EDA complex) we carried out
several UV-Vis, H and H-®N HMBC NMR studies. The literature indicates that the formation
of colored CT complexes between the electron-poor aryldiazonium salts and aromatic
hydrocarbons occurs spontaneously, presenting a progressive bathochromic (red) shift with the
decrease of the ionization potential of these aromatic substrates.'%1%” We have successfully
detected a new UV-Vis band by mixing 2.20a and 2.21a as demonstrated in Figure 2.3A, and

confirmed a very close match between the CT band (black line) and the blue LED emission

(blue line) (Figure 2.3A, inset).
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Figure 2.3 — (A) UV-Vis absorption spectra of 2.20a (3 mmol), 2.21a (0.2 mmol), and the
mixture of 2.20a and 2.21a at 2 and 0.13 M in H2O, respectively. Inset: CT band of (2.20a +
2.21a) EDA complex. (B) UV-Vis absorption spectra in NaCl solution (1 M) for 2.20a’ (3
mmol), 2.21a (0.2 mmol) and the mixture of 2.20a’ and 2.21a at 2 and 0.13 M in H20O,
respectively. Inset: CT band of (2.20a’ + 2.21a) EDA complex. (C) Images of the solutions

2.20a, 2.21a, 2.20a + 2.21a and 2.20a’ + 2.21a. (D) Molecular structure of the species.
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These first studies by UV-Vis (Figure 2.3A) are consistent with the occurrence
of an EDA complex. However, it is well-known in the literature that EDA complexes are
supramolecular structures.® In the case of diazonium salt and pyridine mixtures, the literature
describes the occurrence of diazopyridinium salts at low temperatures,®® which are discrete
structures and that cannot be considered EDA complexes. In an effort to gather more data and
confirm the real photochemical intermediate of this study, we performed an experiment with
the diazonium salt 2.21a in the presence of NaCl instead of pyridinium chloride, obtaining
exactly the same UV-Vis band of the diazonium salt 2.21a and showing that the chloride ion is
not able to form an EDA with 2.21a. In addition, a UV-Vis experiment with the diazonium salt
2.21a and free pyridine (2.20a”) revealed a very similar new UV-Vis band with a more
noticeably colored solution (see Figure 2.3B and 2.3C). We concluded that there is an evident
interaction between pyridine and the diazonium salt moieties, which is present when mixing
py-HCI (2.20a) and the diazonium salt 2.21a. Because of the acid-base equilibrium, the
concentration of free pyridine is low, and the EDA formed is more discrete (low concentration).
However, in the presence of high concentrations of free pyridine 2.20a’ the occurrence of the
EDA complex is more evident (Figure 2.3B). It is important to highlight that our methodology
deals with the formation of an EDA but also with a relative concentration of protonated pyridine
or heterocycle in order to have the radical acceptor activated.

We also performed *H NMR experiments in D-O analyzing 2.20a and 2.21a
individually and mixtures of both in different proportions.®® First, aggregation studies at high
concentrations of 2.20a (from 70 to 280 mM) and 2.21a (from 35 to 140 mM) were carried out
by 'H NMR (see Figure 2.8, Section 2.4.6), and no aggregation in solution was detected even
at high concentrations (140 or 280 mM); it is well-known that aggregation on aromatic
compounds in solutions can cause dramatic chemical shifts.°

In the 'H NMR analysis of the mixture of both 2.20a and 2.21a (1:1 equiv.) in

D20, we observed a slight protection (upfield shift) for the signal of the hydrogens adjacent to
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the methoxy group (at 7.4 ppm) of diazonium salt 2.21a and a slight deprotection (downfield
shift) of the 'H signals in 2.20a (Figure 2.4). Similarly, the mixture of the diazonium salt 2.21a
and free pyridine (2.20a’) yielded *H NMR analyses with protected signals for the diazonium
salt 2.21 in both 1:1 and 1:5 molar ratios (especially at 1:5 molar ratio) and deprotected signals
for the free pyridine (2.20a°) at 1:1 molar ratio (Figure 2.5). This indicates an electron-donor
effect from the pyridine nucleus and an electron-acceptor effect from the diazonium salt moiety.
It is important to highlight that the more relevant deprotection effect in the 1:5 molar ratio
experiment is in agreement with the supramolecular properties of the EDA complexes.
Additional experiments of *H-®°N HMBC were performed in D,O (see Figure 2.11, Section
2.4.8). Only *H-°N correlations of individual 2.20a’ and 2.21a were observed in the mixture

solution, with no photochemically active intermediate such as a diazopyridinium salt detected.
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Figure 2.4 — 'H NMR spectrum for 2.20a (at 35 mM), 2.21a (at 35 mM), and their mixture at
35 mM (1:1 equiv.) in D20.
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Figure 2.5 — *H NMR spectrum for 2.20a’ (at 35 mM), 2.21a (at 35 mM), and their mixture
(1:1 equiv. at 35 mM and 1:5 equiv., 35:175 mM) in D20O.

Based on these results, we propose a plausible mechanism for the visible
light-induced direct C—H arylation of N-heterocycles (exemplified for pyridines) (Scheme 2.9).
Initially, the aryldiazonium salt reversibly combines with free pyridine/heterocycle generating
the EDA complex, which absorbs blue light, and then it dissociates in the excited state to
produce the aryl radical.’®!'! Next, the aryl radical reacts with the pyridinium salt (or
N-heterocycle salt) to form a new radical intermediate. The latter is subsequently re-aromatized

by reaction with oxygen gas. It is relevant to highlight that we have confirmed that the oxygen
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atmosphere has an important role in improving the yields.® Finally, aqueous workup liberates

the desired arylated N-heterocycles.
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Scheme 2.9 — Proposed mechanism for the visible-light-induced direct C-H arylation of

N-heterocycles, as exemplified for pyridines.
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2.3 Conclusion

A metal-free methodology for the photoarylation of pyridines and other
heterocycles, in water, is described giving 2- and 4-arylated-products in yields up to 96% (22
examples). The scope of the diazonium salt (16 examples) is presented showing the relative
strength of this methodology when both electron-withdrawing (F and NO2) and -donating
(OMe) groups are attached to the diazonium salts (ortho, meta, and para positions). The
substrate scope of the reaction was further extended to include additional N-heterocycles like
4-(trifluoromethyl)pyridine,  4-methoxypyridine,  2-methoxypyridine,  pyridine-2-thiol,
quinoline, and quinoxaline. Among them, the last two yielded arylated products in good yields
(71-72%) and offer additional opportunities to apply this methodology. Other substituted
pyridines  (as  hydrochloride)  including  2-methylpyridine,  3-hydroxypyridine,
2-(trifluoromethyl)pyridine, 2-nitropyridine, and 4-(dimethylamino)pyridine were examined as
substrates with 4-methoxybenzenediazonium tetrafluoroborate; however, no product was
observed under the optimized reaction conditions.

The robustness of the protocol was also demonstrated by a scale-up experiment
(2 mmol) which provided product 2.22a in a consistent yield of 79% (0.3 g-scale). Mechanistic
investigations were carried out through control experiments (dark control reactions, radical
trapping reactions with TEMPO, reaction with deuterated solvent (D20), and reactions using a
Ru(bpy)sCl2 photocatalyst) and other additional studies (UV-Vis, H and *H-°N HMBC NMR),
supporting the proposed mechanism and the occurrence of an EDA complex between free

pyridine/heterocycle (donor) and diazonium salt (acceptor).
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2.4 Experimental

2.4.1 General information

All commercial reagents were used without further purification. Aryldiazonium
salts were prepared according to the literature procedure.!*2 All reactions were carried out under
an oxygen atmosphere. Reactions were monitored by thin-layer chromatography carried out on
0.25 mm silica plates, using shortwave UV light (254 or 365 nm) for visualization. Flash
column chromatography was performed on silica gel (70-230 mesh). NMR spectra were
recorded on a Bruker Avance 400 MHz instrument, and chemical shifts for *H and **C NMR
are reported in ppm relative to tetramethylsilane as internal reference. All coupling constants
(J values) are reported in hertz. The following abbreviations were used to describe NMR peak
multiplicities: s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet, etc. All NMR data
were processed using the MestReNova 9.0.1 software package. High-resolution mass spectra
(HRMS) were performed on Agilent LC-6545, Q-TOF MS with Jet Stream ESI ionization.
UV—vis absorption spectra were recorded on a PerkinElmer Lambda 25 UV—visible absorption

spectrophotometer.

2.4.2 Photochemical reactor

These studies were carried out in a home-made photoreactor.***'* The reactor

was made from a commercial plastic recipient for silica gel storage (Figure 2.6A). The materials

utilized for assembling the photoreactor were electric connections, AC adapter, fan, and LED

strips (Figure 2.6B).
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Figure 2.6 — (A) Commercial plastic recipient. (B) Materials used in the assembly: 1) electric

connections (speaker wire cable, plastic strip connector, and DC male/female connectors), 2)
AC adapter, 3) fan, and 4) LED strips.

First, the recipient was cleaned and cut as shown in Figures 2.7A and B. Then,
the blue LED strips were fastened to the container’s inner walls. Next, the LEDs and fan were
plugged into the AC adapter through DC male/female connectors (Figure 2.7C). The reaction
tube was then connected to the reactor center (Figure 2.7D and E). Finally, the irradiation was
started with the fan blowing from the top (Figure 2.7F and G).

The photoreactor emission range is 400 to 500 nm (blue LED) with a maximum

of 455 nm and a total power of 28 W (in series mode).
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Figure 2.7 — Step-by-step photoreactor assembly: (A) Location of container cut, (B)
Container cut open, (C) LED strips and fan installed and plugged into the AC adapter, (D)
Reaction tube, (E) Reaction tube connected to the reactor center, (F) Irradiation started, and

(G) Photoreactor assembled with irradiation of the reaction tube.
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2.4.3 General procedure for the synthesis of aryldiazonium salts

To a solution of aniline (10 mmol) in distilled H-.O (4 mL), aq. HBF4 50 wt%
was added (3.4 mL) and the mixture was stirred while cooled to 0 °C. Subsequently, a solution
of NaNOz (10 mmol, 690 mg) in H20 (2 mL) was added dropwise. After addition, the reaction
mixture was stirred for 45 min and then the solid filtered off under vacuum. The precipitate was
redissolved in a minimum amount of acetone (ca. 5—8 mL). Diethyl ether was added until
precipitation of the diazonium tetrafluoroborate. The solid was filtered off and washed with
diethyl ether and dried under vacuum. The NMR data were consistent with those previously

reported.!?

2.4.4 General procedure for the photoarylation of N-heterocycles

To a test tube (borosilicate, 10 mm internal diameter and 1 mm thick walls)
N-heterocycle hydrochloride salt (2.20a-g) (7.5 mmol, 15 equiv.) was added to 1.5 mL of H2O.
The test tube was then sonicated to remove the solubilized air and saturated with pure O by
bubbling this gas for 10 min. The aryldiazonium salt (2.21a-r) (0.5 mmol, 1 equiv.) was quickly
added; the tube was closed and sealed with a Teflon tape. The reaction mixture was stirred and
irradiated using a homemade batch photoreactor (30 W blue LEDs) under an oxygen
atmosphere (balloon) at r.t. for 48 h. The reaction mixture was quenched with saturated aqueous
NaHCO3 (10 mL) and extracted with EtOAc (3 x 20 mL). The organic extracts were washed
with brine (1 x 10 mL), dried over MgSOy, filtered, and the solution was concentrated under
vacuum. The crude reaction product was chromatographed on silica gel (70—230 mesh) using
EtOAc/hexane mixtures of increasing polarity to afford 2-aryl/4-aryl-substituted pyridines
(2.22a-0 and 2.22r-u), 2-((4-methoxyphenyl)thio)pyridine (2.22v), 2-aryl/4-arylquinoline

(2.22w), and 2-aryl-quinoxaline (2.22x) in yields ranging from 12 to 96%.
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2.4.5 Characterization data of arylated N-heterocycles

N 2-(4-Methoxyphenyl)pyridine — 2-Aryl (2.22a): The compound 2-aryl

| N (2.22a) (known compound)®® was synthesized following the general
ome procedure. It was obtained in 68% yield (0.341 mmol, 63.2 mg) as a yellow

solid after purification on silica gel column chromatography (hexane/EtOAc = from 9/1 (v/v)
to 7/3 (v/v)). Mp: 51-53 °C (1it.2? mp: 53—55 °C). *H NMR (400 MHz, CDCls): ¢ 8.65 (ddd, J
=4.9,1.9, 1.0 Hz, 1H), 7.95 (d, J = 9.0 Hz, 2H), 7.75 — 7.64 (m, 2H), 7.17 (ddd, J = 7.2, 4.8,
1.4 Hz, 1H), 7.00 (d, J = 9.0 Hz, 2H), 3.86 (s, 3H). 3C NMR (100 MHz, CDCls): ¢ 160.5,

157.1, 1495, 136.7, 132.0, 128.2, 121.4, 119.8, 114.1, 55.4.

ome 4-(4-Methoxyphenyl)pyridine — 4-Aryl (2.22a): The compound 4-aryl (2.22a)
(known compound)!®® was synthesized following the general procedure. It was

Q obtained in 28% yield (0.138 mmol, 25.5 mg) as a yellow solid after purification over

l v@ silica gel column chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3 (v/v)). Mp:
91-94 °C (lit.}*® mp: 94-96 °C). *H NMR (400 MHz, CDCls): 6 8.62 (d, J = 6.3 Hz, 2H), 7.61
(d, J = 8.9 Hz, 2H), 7.49 — 7.45 (m, 2H), 7.01 (d, J = 8.9 Hz, 2H), 3.87 (s, 3H). 3C NMR (100

MHz, CDCls): ¢ 160.5, 150.2, 147.8, 130.3, 128.2, 121.1, 114.6, 55.4.

2-Phenylpyridine — 2-Aryl (2.22b): The compound 2-aryl (2.22b) (known

I . .
compound)8117 was synthesized following the general procedure. It was

X
7

obtained in 44% yield (0.219 mmol, 34.0 mg) as a yellow oil after purification
over silica gel column chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 8/2 (v/v)). *H
NMR (400 MHz, CDCls): § 8.74 —8.65 (m, 1H), 8.02 —7.94 (m, 2H), 7.79 — 7.70 (m, 2H), 7.52
—7.45 (m, 2H), 7.44 — 7.38 (m, 1H), 7.23 (ddd, J = 6.7, 4.8, 2.1 Hz, 1H). 3C NMR (100 MHz,
CDCl3): 6 157.5, 149.7, 139.4, 136.8, 129.0, 128.8, 126.9, 122.1, 120.6.

4-Phenylpyridine — 4-Aryl (2.22b): The compound 4-aryl (2.22b) (known
compound)*!’ was synthesized following the general procedure. It was obtained in 18%
yield (0.090 mmol, 13.9 mg) as a yellow solid after purification over silica gel column
chromatography (hexane/EtOAc = from 9.5/0.5 (v/V) to 8/2 (v/Vv)). Mp: 62—64 °C (lit.}*’
mp: 67—68 °C). *H NMR (400 MHz, CDCls): 6 8.66 (d, J = 5.6 Hz, 2H), 7.69 — 7.59 (m, 2H),

A
Z
N
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7.55 —7.37 (m, 5H). $3C NMR (100 MHz, CDCls): § 150.3, 148.4, 138.1, 129.1, 129.0, 127.0,
121.7.

2-(4-Chlorophenyl)pyridine — 2-Aryl (2.22¢): The compound 2-aryl (2.22¢)
NZ (known compound)*!’ was synthesized following the general procedure. It was
Cl obtained in 54% yield (0.272 mmol, 51.6 mg) as a yellow solid after
purification over silica gel column chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3
(v/v)). Mp: 46—48 °C (lit.**" mp: 44—45 °C). *H NMR (400 MHz, CDCls): § 8.69 (ddd, J = 4.8,
1.8, 1.0 Hz, 1H), 7.94 (d, J = 8.8 Hz, 2H), 7.76 (ddd, J = 8.0, 7.3, 1.8 Hz, 1H), 7.70 (dt, J = 8.0,
1.2 Hz, 1H), 7.45 (d, J = 8.8 Hz, 2H), 7.27 — 7.22 (m, 1H). 3C NMR (100 MHz, CDCls): 6
156.2, 149.8, 137.8, 136.9, 135.1, 128.9, 128.2, 122.4, 120.4.

€l 4-(4-Chlorophenyl)pyridine — 4-Aryl (2.22c): The compound 4-aryl (2.22c) (known
compound)*!’ was synthesized following the general procedure. It was obtained in 26%
\ yield (0.128 mmol, 24.3 mg) as a yellow solid after purification over silica gel column
2 Cchromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3 (v/v)). Mp: 70-71 °C (lit.**” mp:
70—71 °C). *H NMR (400 MHz, CDCls): 6 8.68 (s, 2H), 7.58 (d, J = 8.8 Hz, 2H), 7.52 — 7.41

(m, 4H). 13C NMR (100 MHz, CDCls): 6 150.4, 147.1, 136.6, 135.3, 129.4, 128.3, 121.5.

X 2-(4-Fluorophenyl)pyridine — 2-Aryl (2.22d): The compound 2-aryl (2.22d)
N (known compound)® was synthesized following the general procedure. It was

F obtained in 31% yield (0.156 mmol, 27.1 mg) as a white solid after purification
over silica gel column chromatography (dichloromethane/EtOAc = 9.5/0.5 (v/v)). Mp: 35-37
°C (1it.° mp: 39-41 °C). *H NMR (400 MHz, CDCls): § 8.68 (ddd, J = 4.9, 1.9, 1.0 Hz, 1H),
8.02 — 7.93 (m, 2H), 7.75 (ddd, J = 8.0, 7.3, 1.8 Hz, 1H), 7.68 (dt, J = 8.0, 1.1 Hz, 1H), 7.23
(ddd, J = 7.3, 4.8, 1.2 Hz, 1H), 7.19 — 7.12 (m, 2H). 3C NMR (100 MHz, CDCls): ¢ 163.5 (d,
J=248.3 Hz), 156.5, 149.7, 136.8, 135.5, 128.7 (d, J = 8.3 Hz), 122.1, 120.2, 115.7 (d, J = 21.4
Hz).

F 4-(4-Fluorophenyl)pyridine — 4-Aryl (2.22d): The compound 4-aryl (2.22d) (known
compound)**8 was synthesized following the general procedure. It was obtained in 22%
yield (0.109 mmol, 19.0 mg) as a white solid after purification over silica gel column

L. chromatography (hexane/EtOAc = from 9/1 (V/v) to 7/3 (v/v)). Mp: 112—114 °C (1it.1!8
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mp: 116-118 °C). 'H NMR (400 MHz, CDCls): 6 8.66 (d, J = 5.2 Hz, 2H), 7.66 — 7.59 (m,
2H), 7.51 — 7.43 (m, 2H), 7.23 — 7.14 (m, 2H). 3C NMR (100 MHz, CDCl3): § 163.5 (d, J =
249.3 Hz), 150.2, 147.4, 134.2, 134.1, 128.8 (d, J = 8.3 Hz), 121.5, 116.2 (d, J = 22.0 Hz).

2-(3-Fluorophenyl)pyridine — 2-Aryl (2.22¢): The compound 2-aryl (2.22¢)
NG F (known compound)*® was synthesized following the general procedure. It was

obtained in 36% yield (0.178 mmol, 30.8 mg) as a yellow oil after purification
over silica gel column chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3 (v/v)). *H NMR
(400 MHz, acetone-ds): 6 8.70 (ddd, J = 4.8, 1.8, 1.0 Hz, 1H), 8.04 — 7.95 (m, 2H), 7.95 — 7.87
(m, 2H), 7.58 — 7.50 (m, 1H), 7.38 (ddd, J = 7.5, 4.8, 1.1 Hz, 1H), 7.21 (dddd, J = 8.2, 2.7, 0.9
Hz, 1H). 3C NMR (100 MHz, acetone-ds): 6 164.2 (d, J= 243.1 Hz), 156.1, 150.6, 142.7 (d, J
=7.5Hz), 138.0, 131.4 (d, J = 8.5 Hz), 123.9, 123.3 (d, J = 1.8 Hz), 121.2, 116.4 (d, J=21.4
Hz), 114.1 (d, J=23.2 Hz).

F 4-(3-Fluorophenyl)pyridine — 4-Aryl (2.22e): The compound 4-aryl (2.22e) (known

compound)'?® was synthesized following the general procedure. It was obtained in
A

L~
N

22% yield (0.109 mmol, 18.9 mg) as a yellow oil after purification over silica gel
column chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3 (v/v)). *H NMR (400
MHz, CDCl3): 6 8.68 (d, J = 6.2 Hz, 2H), 7.51 — 7.40 (m, 4H), 7.37 — 7.30 (m, 1H), 7.18 — 7.11
(m, 1H). 3C NMR (100 MHz, CDCls): § 163.2 (d, J = 246.9 Hz), 150.4, 147.1, 140.4 (d, J =
7.9 Hz), 130.7 (d, J = 8.2 Hz), 122.7 (d, J = 2.1 Hz), 121.6, 116.0 (d, J = 20.9 Hz), 114.0 (d, J
= 22.4 Hz).

S 2-(2-Fluorophenyl)pyridine — 2-Aryl (2.22f): The compound 2-aryl (2.22f)
N (known compound)'?* was synthesized following the general procedure. It was

obtained in 20% yield (0.098 mmol, 16.9 mg) as a yellow oil after purification
over silica gel column chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3 (v/v)). *H NMR
(400 MHz, CDCls): ¢ 8.59 (ddd, J = 4.8, 1.9, 1.1 Hz, 1H), 7.92 (td, J = 7.9, 1.9 Hz, 1H), 7.78
— 7.68 (m, 2H), 7.34 (dddd, J = 8.2, 7.4, 5.0, 1.9, 1H), 7.26 — 7.17 (m, 2H), 7.12 (dddd, J =
11.8,8.2, 1.2, 0.4 Hz, 1H). *C NMR (100 MHz, acetone-ds): 6 161.4 (d, J = 248.3 Hz), 153.9,
150.7, 137.4, 132.0, 131.5 (d, J = 8.7 Hz), 128.3 (d, J = 11.3 Hz), 125.4, 125.1 (d, J = 9.8 Hz),

123.5, 116.9 (d, J= 23.2 Hz).

91



4-(2-Fluorophenyl)pyridine — 4-Aryl (2.22f): The compound 4-aryl (2.22f) (new
Fcompound) was obtained synthesized the general procedure. It was obtained in 11%
= yield (0.054 mmol, 9.4 mg) as a yellow solid after purification over silica gel column
chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3 (v/v)). Mp: 62—64 °C. *H
NMR (400 MHz, acetone-ds): J 8.55 (d, J = 5.9 Hz, 2H), 7.53 — 7.48 (m, 1H), 7.44 (dt, J = 4.5,
1.6 Hz, 2H), 7.39 (dddd, J =8.3, 7.5, 5.1, 1.8, 1H), 7.23 (td, J = 7.6, 1.2 Hz, 1H), 7.17 (dddd, J
=11.2,8.3,1.2,0.4 Hz, 1H). *C NMR (100 MHz, acetone-de): 6 160.6 (d, J = 248.3 Hz), 150.9,
143.9,131.9(d, J=8.4 Hz), 131.5 (d, J=2.2 Hz), 127.0 (d, J = 12.8 Hz), 126.0 (d, J = 3.2 Hz),
124.4,117.1 (d, J = 22.6 Hz). HRMS—ESI-TOF: m/z calcd for C11HsFN [M + H]*, 174.0714;
Found, 174.0712.

2-(3-(Trifluoromethyl)phenyl)pyridine — 2-Aryl (2.22g): The compound
N7 CFs 2-aryl (2.22g) (known compound)*? was synthesized following the general

procedure. It was obtained in 31% yield (0.154 mmol, 34.5 mg) as a yellow
oil after purification over silica gel column chromatography (hexane/EtOAc = from 9/1 (v/v)
to 7/3 (v/v)). 'H NMR (400 MHz, CDCls): 6 8.73 (ddd, J = 4.8, 1.8, 1.1 Hz, 1H), 8.32 — 8.26
(m, 1H), 8.21 — 8.16 (m, 1H), 7.83 — 7.75 (m, 2H), 7.70 — 7.65 (m, 1H), 7.63 — 7.57 (m, 1H),
7.29 (ddd, J =7.0, 4.8, 1.7 Hz, 1H). 13C NMR (100 MHz, CDCls): 6 155.9, 149.9, 140.1, 137.0,
131.2 (g, J=32.3 Hz), 130.1, 129.2, 125.5 (q, J = 4.0 Hz), 123.8 (q, J= 4.0 Hz), 122.8, 120.6.

cF;  4-(3-(Trifluoromethyl)phenyl)pyridine — 4-Aryl (2.22g): The compound 4-aryl
(2.22g) (known compound)*?® was synthesized following the general procedure. It

| was obtained in 18% yield (0.093 mmol, 20.7 mg) as a yellow oil after purification
N over silica gel column chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3

(v/v)). 'H NMR (400 MHz, CDCls): §8.71 (d, J = 5.9 Hz, 2H), 7.89 — 7.85 (m 1H), 7.84 — 7.79
(m, 1H), 7.74 — 7.69 (m, 1H), 7.66 — 7.60 (m 1H), 7.55 — 7.50 (m, 2H). *C NMR (100 MHz,
CDCla): § 150.4, 147.0, 139.0, 131.6 (g, J = 32.5 Hz), 130.3, 129.7, 125.7 (q, J = 3.7 Hz), 123.9
(g, J = 3.7 Hz), 121.7.

2-(2-(Trifluoromethyl)phenyl)pyridine — 2-Aryl (2.22h): The compound 2-aryl

N] CFs
Z

N (2.22h) (known compound)*?* was synthesized following the general procedure.
It was obtained in 23% vyield (0.113 mmol, 25.4 mg) as a yellow oil after

purification over silica gel column chromatography (toluene/EtOAc = from 9.5/0.5 (v/v) to 9/1
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(v/v)). 'H NMR (400 MHz, CDCl3): 5 8.69 (ddd, J = 4.9, 1.8, 0.9 Hz, 1H), 7.80 — 7.72 (m, 2H),
7.66 — 7.58 (M, 1H), 7.56 — 7.48 (m, 2H), 7.43 (d, J = 7.8 Hz, 1H), 7.31 (ddd, J = 7.6, 4.9, 1.2,
1H). 3C NMR (100 MHz, CDCls): 6 157.8, 149.2, 140.0, 136.0, 131.6, 131.5, 128.3, 126.3 (q,
J=5.3Hz), 125.4, 124.0, 122.7, 122.5.

N 2-(4-Nitrophenyl)pyridine — 2-Aryl (2.22i): The compound 2-aryl (2.22i)
N (known compound)!? was synthesized following the general procedure. It

NO, was obtained in 42% yield (0.210 mmol, 42.0 mg) as a white solid after
purification over silica gel column chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3
(VIV)). Mp: 132-133 °C (1it.*?® mp: 130-131 °C). *H NMR (400 MHz, CDCls): § 8.80 — 8.71
(m, 1H), 8.34 (d, J = 9.1 Hz, 2H), 8.19 (d, J = 9.1 Hz, 2H), 7.88 — 7.78 (m, 2H), 7.35 (ddd, J =
6.3, 4.8, 2.2, 1H). °C NMR (100 MHz, CDCls): 6 154.9, 150.1, 148.1, 145.3, 137.2, 127.7,
124.0, 123.5, 121.2.

no, 4-(4-Nitrophenyl)pyridine — 2-Aryl (2.22i): The compound 4-aryl (2.22i) (known

compound)% was synthesized following the general procedure. It was obtained in 24%

yield (0.120 mmol, 24.0 mg) as a white solid after purification over silica gel column

Nj chromatography (hexane/EtOAc = from 9/1 (v/Vv) to 7/3 (v/v)). Mp: 120—123 °C (1it.}?®

mp: 122—124 °C). 'H NMR (400 MHz, CDCls):  8.76 (d, J = 4.1 Hz, 2H), 8.36 (d, J =

8.9 Hz, 2H), 7.80 (d, J = 8.9 Hz, 2H), 7.58 — 7.50 (m, 2H). $3C NMR (100 MHz, CDClz): ¢
150.7, 148.2, 146.0, 144.5, 128.0, 124.4, 121.8.

2-(3-Nitrophenyl)pyridine — 2-Aryl (2.22j): The compound 2-aryl (2.22j)
N NOz  (known compound)*?® was synthesized following the general procedure. It

was obtained in 30% yield (0.15 mmol, 29.9 mg) as a yellow solid after
purification over silica gel column chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 7/3
(v/v)). Mp: 72—73 °C (1it.?® mp: 72-73 °C). *H NMR (400 MHz, CDCls): 5 8.87 (t, J = 2.0 Hz,
1H), 8.77 - 8.71 (m, 1H), 8.37 (ddd, J = 7.8, 1.7, 1.1 Hz, 1H), 8.27 (ddd, J = 8.2, 2.3, 1.0 Hz,
1H), 7.88 — 7.79 (m, 2H), 7.65 (t, J = 8.0 Hz, 1H), 7.33 (ddd, J = 6.2, 4.8, 2.4, 1H). 3C NMR
(100 MHz, CDCIs): ¢ 154.8, 150.0, 148.8, 141.0, 137.2, 132.7, 129.7, 123.6, 123.3, 121.8,
120.6.
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No, 4-(3-Nitrophenyl)pyridine —4-Aryl (2.22)): The compound 4-aryl (2.22j) (known
compound)?® was synthesized following the general procedure. It was obtained in

S 19% yield (0.096 mmol, 19.2 mg) as an orange solid after purification over silica
N gel column chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 7/3 (viv)). Mp:
103—105 °C (1it.}?® mp: 109110 °C). *H NMR (400 MHz, CDCls): 6 8.76 (d, J = 5.3 Hz, 2H),
8.51 (t, J = 1.9 Hz, 1H), 8.32 (ddd, J = 8.2, 2.3, 1.0 Hz, 1H), 7.98 (ddd, J = 7.8, 1.8, 1.0 Hz,
1H), 7.70 (t, J = 8.0 Hz, 1H), 7.60 — 7.54 (m, 2H). 1*C NMR (100 MHz, CDCls): 6 150.6, 148.9,

145.9, 139.9, 132.9, 130.3, 123.8, 122.0, 121.6.

N NO, 2-(2-Nitrophenyl)pyridine — 2-Aryl (2.22k): The compound 2-aryl (2.22k)

~

| N (known compound)*?” was synthesized following the general procedure. It was

obtained in 31% yield (0.153 mmol, 30.6 mg) as a yellow solid after purification
over silica gel column chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 7/3 (v/v)). Mp:
71-72 °C. *H NMR (400 MHz, CDCls): 6 8.89 — 8.84 (m, 1H), 8.77 —8.72 (m, 1H), 8.38 (ddd,
J=7.8,1.7,1.1 Hz, 1H), 8.27 (ddd, J = 8.2, 2.3, 1.1 Hz, 1H), 7.87 — 7.79 (m, 2H), 7.70 — 7.62
(m, 1H), 7.34 (ddd, J = 6.1, 4.8, 2.4 Hz, 1H). *3C NMR (100 MHz, CDCls): ¢ 154.8, 150.0,

148.8, 141.0, 137.2, 132.7, 129.7, 123.6, 123.3, 121.8, 120.6.

4-(2-Nitrophenyl)pyridine — 4-Aryl (2.22k): The compound 4-aryl (2.22k)
no, (known compound)!?® was synthesized following the general procedure. It was

| obtained in 21% yield (0.103 mmol, 20.7 mg) as a yellow solid after purification

A

over silica gel column chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 7/3
(v/v)). Mp: 51-52 °C (1it.12 mp: 49-50 °C). *H NMR (400 MHz, CDCls): § 8.76 (d, J = 5.8
Hz, 2H), 8.54 — 8.49 (m, 1H), 8.32 (ddd, J = 8.2, 2.3, 1.0 Hz, 1H), 7.98 (ddd, J=7.8, 1.8, 1.0
Hz, 1H), 7.74 — 7.67 (m, 1H), 7.61 — 7.53 (m, 2H). *C NMR (100 MHz, CDCl3): 6 150.6,
148.9, 146.0, 139.9, 132.9, 130.3, 123.8, 122.0, 121.6.

SN 2-(p-Tolyl)pyridine — 2-Aryl (2.221): The compound 2-aryl (2.221) (known

N compound)!!” was synthesized following the general procedure. It was
Me

\

obtained in 54% yield (0.270 mmol, 45.8 mg) as a yellow oil after purification
over silica gel column chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 8/2 (v/v)). H
NMR (400 MHz, CDCls): 6 8.71 —8.65 (m, 1H), 7.89 (d, J = 8.2 Hz, 2H), 7.76 — 7.67 (m, 2H),
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7.31 — 7.26 (m, 2H), 7.20 (ddd, J = 6.7, 4.8, 2.0 Hz, 1H), 2.41 (s, 3H). 3C NMR (100 MHz,
CDCls): § 157.5, 149.6, 139.0, 136.7, 136.6, 129.5, 126.8, 121.8, 120.3, 21.3.

me 4-(p-Tolyl)pyridine — 4-Aryl (2.221): The compound 4-aryl (2.221) (known

compound)!” was synthesized following the general procedure. It was obtained in 26%

Q yield (0.130 mmol, 22.0 mg) as a yellow solid after purification over silica gel column

l @ chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 8/2 (v/v)). Mp: 86—88 °C (lit."*’

mp: 89-90 °C). *H NMR (400 MHz, CDCls): 6 8.64 (d, J = 4.9 Hz, 2H), 7.55 (d, J = 8.2 Hz,

2H), 7.52 — 7.46 (m, 2H), 7.30 (d, J = 7.8 Hz, 2H), 2.42 (s, 3H). *C NMR (100 MHz, CDCl3):
0150.2, 148.2, 139.2, 135.2, 129.9, 126.8, 121.4, 21.2.

X 2-(3-Methoxyphenyl)pyridine — 2-Aryl (2.22m): The compound 2-aryl
N7 OMe (2.22m) (known compound)™® was synthesized following the general

procedure. It was obtained in 9% yield (0.043 mmol, 8.00 mg) as an oil after
purification over silica gel column chromatography (hexane/2-propanol = from 9.5/0.5 (v/v)).
'H NMR (400 MHz, CDCl3): ¢ 8.70 (ddd, J = 4.8, 1.7, 1.0 Hz, 1H), 7.80 — 7.70 (m, 2H), 7.61
—7.57 (m, 1H), 7.54 (ddd, J = 7.7, 1.6, 1.0, Hz, 1H), 7.39 (t, J = 7.9 Hz, 1H), 7.26 — 7.22 (m,
1H), 6.97 (ddd, J = 8.2, 2.6, 1.0 Hz, 1H), 3.90 (s, 3H). 3C NMR (100 MHz, CDCls): ¢ 160.1,

157.2, 149.5, 140.8, 136.8, 129.7, 122.3, 120.8, 119.3, 115.2, 112.0, 55.4.

ome 4-(3-Methoxyphenyl)pyridine — 4-Aryl (2.22m): The compound 4-aryl (2.22m)
(known compound)*?® was synthesized following the general procedure. It was

| obtained in 4% yield (0.022 mmol, 4.00 mg) as an oil after purification over silica
N gel column chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3 (viv)). H

NMR (400 MHz, CDCls): 6 8.66 (d, J = 4.2 Hz, 2H), 7.54 — 7.47 (m, 2H), 7.41 (t, J = 7.9 Hz,

1H), 7.22 (ddd, J = 7.7, 1.7, 1.0 Hz, 1H), 7.18 — 7.14 (m, 1H), 6.99 (ddd, J = 8.3, 2.6, 1.0 Hz,

1H), 3.88 (s, 3H). *C NMR (100 MHz, CDCls): 6 160.2, 150.1, 148.4, 139.6, 130.2, 121.8,

119.4,114.4,112.8,55.4.

Y ome 2-(2-Methoxyphenyl)pyridine — 2-Aryl (2.22n): The compound 2-aryl (2.22n)

NZ (known compound)*® was synthesized following the general procedure. It was
obtained in 38% yield (0.192 mmol, 35.5 mg) as a yellow oil after purification

over silica gel column chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 7/3 (v/v)). H
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NMR (400 MHz, CDCls): ¢ 8.70 (ddd, J = 4.9, 1.9, 1.0 Hz, 1H), 7.81 (dt, J = 8.0, 1.1 Hz, 1H),
7.76 (dd, J = 7.6, 1.8 Hz, 1H), 7.72 — 7.67 (m, 1H), 7.38 (ddd, J = 8.3, 7.4, 1.8 Hz, 1H), 7.20
(ddd, J = 7.5, 4.9, 1.2 Hz, 1H), 7.08 (td, J = 7.5, 1.1 Hz, 1H), 7.01 (dd, J = 8.3, 1.0 Hz, 1H),
3.86 (s, 3H). 3C NMR (100 MHz, CDCls): 6 156.9, 156.1, 149.4, 135.6, 131.2, 129.9, 129.1,
125.1,121.7, 121.0, 111.3, 55.6.

4-(2-Methoxyphenyl)pyridine — 4-Aryl (2.22n): The compound 4-aryl (2.22n)

ome (known compound)'® was synthesized following the general procedure. It was

| obtained in 19% yield (0.098 mmol, 18.1 mg) as a yellow solid after purification
v over silica gel column chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 7/3
(v/v)). Mp: 56—59 °C (1it.1*> mp: 63—64 °C). *H NMR (400 MHz, CDCls): § 8.63 (d, J = 5.9
Hz, 2H), 7.54 — 7.48 (m, 2H), 7.41 (ddd, J = 8.3, 7.4, 1.8 Hz, 1H), 7.35 (dd, J = 7.6, 1.8 Hz,
1H), 7.07 (td, J = 7.5, 1.1 Hz, 1H), 7.02 (dd, J = 8.4, 1.0 Hz, 1H), 3.85 (s, 3H). 13C NMR (100

MHz, CDCls): 6 156.5, 149.1, 146.3, 130.4, 130.2, 127.7, 121.1, 111.4, 55.6.

N 2-(4-Ethylphenyl)pyridine — 2-Aryl (2.220): The compound 2-aryl (2.220)
NZ (known compound)**° was synthesized following the general procedure. It was

Et obtained in 51% yield (0.253 mmol, 46.4 mq) as a yellow oil after purification
over silica gel column chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 8/2 (v/v)). *H
NMR (400 MHz, CDCls): 6 8.68 (ddd, J = 4.8, 1.7, 1.1 Hz, 1H), 7.91 (d, J = 8.4 Hz, 2H), 7.76
—7.68 (m, 2H), 7.34 — 7.28 (m, 2H), 7.20 (ddd, J = 6.3, 4.8, 2.1 Hz, 1H), 2.71 (q, J = 7.6 Hz,
2H), 1.27 (t, J = 7.6 Hz, 3H). *C NMR (100 MHz, CDCls): § 157.5, 149.6, 145.3, 136.9, 136.7,

128.3, 126.9, 121.8, 120.3, 28.7, 15.5.

et 4-(4-Ethylphenyl)pyridine — 4-Aryl (2.220): The compound 4-aryl (2.220) (new
compound) was synthesized following the general procedure. It was obtained in 24%
yield (0.120 mmol, 22.0 mg) as a white solid after purification over silica gel column

A

| Nz chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 8/2 (v/v)). Mp: 4950 °C. 'H
NMR (400 MHz, CDCls): ¢ 8.68 — 8.57 (m, 2H), 7.58 (d, J = 8.3 Hz, 2H), 7.53 — 7.48 (m, 2H),
7.36 — 7.30 (m, 2H), 2.72 (q, J = 7.6 Hz, 2H), 1.29 (t, J = 7.6 Hz, 3H). 13C NMR (100 MHz,
CDCls): 6 150.1, 148.3, 145.5, 135.4, 128.7, 126.9, 121.5, 28.6, 15.5. HRMS—ESITOF: m/z

calcd for C13Hw4N [M + H]¥, 184.1121; Found, 184.1119.
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N,N-Dimethyl-4-(pyridin-2-yl)aniline — 2-Aryl (2.22r): The compound

A/

2-aryl (2.22r) (known compound)*®! was synthesized following the general
Me

N’ procedure. It was obtained in 14% yield (0.068 mmol, 13.6 mg) as a yellow

Me
solid after purification over silica gel column chromatography

(hexane/EtOACc = from 9/1 (v/v) to 7/3 (v/v)). Mp: 90-91 °C (lit.2*! mp: 91-92 °C). *H NMR
(400 MHz, CDCls): 6 8.66 — 8.59 (m, 1H), 7.92 (d, J = 9.1 Hz, 2H), 7.71 — 7.62 (m, 2H), 7.11
(ddd, J = 6.6, 4.9, 1.8 Hz, 1H), 6.80 (d, J = 9.0 Hz, 2H), 3.02 (s, 6H). *C NMR (100 MHz,
CDCls): 0 157.5,151.1, 149.2, 136.7, 127.8, 127.0, 120.6, 119.2, 112.2, 40.4.

CF, 2-(4-Methoxyphenyl)-4-(trifluoromethyl)pyridine — 2-Aryl (2.22s): The
| compound 2-aryl (2.22s) (known compound)® was synthesized following
the general procedure. It was obtained in 41% yield (0.204 mmol, 51.6 mg)

one as a yellow solid after purification over silica gel column chromatography
(hexane/EtOAC = 9/1 (v/v)). Mp: 45—46 °C (1it.?> mp: 43—44 °C). 'H NMR (400 MHz, CDCls):
58.81(d, J=5.1 Hz, 1H), 7.99 (d, J = 8.9 Hz, 2H), 7.88 — 7.84 (m, 1H), 7.38 (ddd, J = 5.1, 1.6,
0.7 Hz, 1H), 7.02 (d, J = 9.0 Hz, 2H), 3.88 (s, 3H). *C NMR (100 MHz, CDCls): § 161.1,
158.4, 150.5, 139.0 (q, J = 33.7 Hz), 130.6, 128.4, 123.0, (q, J = 273.2 Hz), 116.7 (9, J= 3.0

Hz), 115.2 (q, J= 3.7 Hz), 114.3, 55.4.

OMe 4-Methoxy-2-(4-methoxyphenyl)pyridine - 2-Aryl (2.22t): The
compound 2-aryl (2.22t) (known compound)'*? was synthesized following
the general procedure. It was obtained in 12% yield (0.061 mmol, 13.2 mg)

o as a yellow solid after purification over silica gel column chromatography

(hexane/EtOAc = 7/3 (v/v)). mp 62—64 °C. 'H NMR (400 MHz, CDCls): 6 8.48 (d, J = 5.7 Hz,

1H), 7.92 (d, J = 8.6 Hz, 2H), 7.17 (d, J = 2.3 Hz, 1H), 6.98 (d, J = 8.6 Hz, 2H), 6.72 (dd, J =

5.7, 2.3 Hz, 1H), 3.89 (s, 3H), 3.86 (s, 3H). **C NMR (100 MHz, CDCls): ¢ 166.4, 160.5, 158.9,

150.8, 132.0, 128.2, 114.0, 107.6, 106.0, 55.4, 55.1.

S 2-Methoxy-6-(4-methoxyphenyl)pyridine — 2-Aryl (2.22u): The
Me0” N compound 2-aryl (2.22u) (known compound)??> was synthesized
ome following the general procedure. It was obtained in 9% yield (0.047
mmol, 10.2 mg) as a yellow solid after purification over silica gel column chromatography

(hexane/EtOAC = from 8/2 (v/V) to 6/4 (V/v)). Mp: 122—124 °C (lit.}?> mp: 120—121 °C). *H
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NMR (400 MHz, CDCls): 6 8.00 (d, J = 9.0 Hz, 2H), 7.59 (dd, J = 8.2, 7.5 Hz, 1H), 7.27 (dd,
J=75,0.7 Hz, 1H), 6.98 (d, J = 8.9 Hz, 2H), 6.63 (dd, J = 8.2, 0.7 Hz, 1H), 4.03 (s, 3H), 3.86
(s, 3H). 3C NMR (100 MHz, CDCls): § 163.7, 160.3, 154.4, 139.1, 131.8, 128.0, 114.0, 111.9,
108.3, 55.4, 53.2.

OMe  2-Methoxy-4-(4-methoxyphenyl)pyridine — 4-Aryl (2.22u): The compound
4-aryl (2.22u) (new compound) was synthesized following the general procedure.

. Itwasobtained in 6% yield (0.03 mmol, 6.5 mg) as a yellow solid after purification

MeO | n“ over silica gel column chromatography (hexane/EtOAc = from 8/2 (v/v) to 6/4
(VIV)). Mp: 61-65 °C. *H NMR (400 MHz, CDCls): 6 8.18 (dd, J = 5.4, 0.7 Hz, 1H), 7.58 (d, J
= 8.9 Hz, 2H), 7.08 (dd, J = 5.4, 1.6 Hz, 1H), 6.99 (d, J = 8.9 Hz, 2H), 6.92 (dd, J = 1.6, 0.7
Hz, 1H), 3.98 (s, 3H), 3.86 (s, 3H). *C NMR (100 MHz, CDCls): ¢ 164.9, 160.4, 150.7, 147.1,
130.5, 128.1, 115.0, 114.4, 107.7, 55.4, 53.5. HRMS—ESI-TOF: m/z calcd for C13H14NO>

[M + HJ*, 216.1024; Found, 216.1016.

2-((4-Methoxyphenyl)thio)pyridine (2.22v): The compound 2.22v (known
N s compound)*3 was synthesized following the general procedure. It was obtained in
38% vyield (0.189 mmol, 41.0 mg) as a yellow solid after purification over silica

we el column chromatography (hexane/EtOAc = from 9/1 (v/v) to 7/3 (v/v)). Mp:
44-46 °C. 'H NMR (400 MHz, CDCls): 6 8.41 (ddd, J = 4.9, 1.9, 0.9 Hz, 1H), 7.54 (d, J = 8.9
Hz, 2H), 7.43 (ddd, J = 8.1, 7.4, 1.9 Hz, 1H), 7.00 — 6.93 (m, 3H), 6.80 — 6.77 (m, 1H), 3.85 (s,
3H). 3*C NMR (100 MHz, CDCls): § 161.8, 159.7, 148.4, 136.2, 135.6, 120.1, 119.4, 118.4,

114.3,54 4.

X 2-(4-Methoxyphenyl)quinoline — 2-Aryl (2.22w): The compound

O NG O 2-aryl (2.22w) (known compound)***1% was synthesized following the

ome general procedure. It was obtained in 30% yield (0.150 mmol, 35.4 mg)

as a yellow solid after purification over silica gel column chromatography (hexane/EtOAc =

from 9.5/0.5 (v/v) to 7/3 (v/v)). Mp: 122-123 °C (1it."** mp: 118-119 °C). 'H NMR (400 MHz,

CDCls): ¢ 8.22 — 8.08 (m, 4H), 7.83 (d, J = 8.7 Hz, 1H), 7.80 (dd, J = 8.0, 1.4 Hz, 1H), 7.71

(ddd, J = 8.5, 6.9, 1.5 Hz, 1H), 7.49 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.05 (d, J = 8.9 Hz, 2H),

3.88 (s, 3H). 3C NMR (100 MHz, CDCls): 6 160.8, 156.9, 148.3, 136.7, 132.3, 129.6, 129.5,
128.9, 127.4,126.9, 125.9, 118.6, 114.2, 55.4.
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ome 4-(4-Methoxyphenyl)quinoline — 4-Aryl (2.22w): The compound 4-aryl (2.22w)

O (known compound)®®® was synthesized following the general procedure. It was

Q obtained in 42% yield (0.212 mmol, 50.0 mg) as a yellow solid after purification

O v“ over silica gel column chromatography (hexane/EtOAc = from 9.5/0.5 (v/v) to 7/3

(vIV)). Mp: 75-80 °C. *H NMR (400 MHz, CDCls): 6 8.92 (d, J = 4.4 Hz, 1H), 8.20 — 8.14 (m,

1H), 8.00 — 7.94 (m, 1H), 7.72 (ddd, J = 8.4, 6.8, 1.4 Hz, 1H), 7.50 (ddd, J = 8.3, 6.8, 1.3 Hz,

1H), 7.46 (d, J = 8.8 Hz, 2H), 7.32 (d, J = 4.4 Hz, 1H), 7.06 (d, J = 8.8 Hz, 2H), 3.90 (s, 3H).

13C NMR (100 MHz, CDCls): ¢ 159.9, 150.0, 148.7, 148.2, 130.8, 130.3, 129.8, 129.3, 127.0,
126.5, 125.9, 121.3, 114.1, 55.4.

Ny 2-(4-Methoxyphenyl)quinoxaline — 2-Aryl (2.22x): The compound
@ENJ\@ 2-aryl (2.22x) (known compound)**® was synthesized following the
ome general procedure. It was obtained in 71% yield (0.356 mmol, 84.0 mg)
as an orange solid after purification over silica gel column chromatography (toluene/EtOAc =
from 9/1 (v/v)). Mp: 98—100 °C (lit.**® mp: 100—102 °C). *H NMR (400 MHz, CDCl3): 6 9.31
(s, 1H), 8.20 (d, J = 8.9 Hz, 2H), 8.16 — 8.08 (m, 2H), 7.82 — 7.69 (m, 2H), 7.10 (d, J = 8.9 Hz,
2H), 3.92 (s, 3H). *C NMR (100 MHz, CDCls): 6 161.5, 151.4, 143.1, 142.3, 141.2, 130.2,
129.4,129.3, 129.1, 129.0, 114.6, 55.4.
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2.4.6 NMR spectra for checking aggregation at high concentration

The aggregation studies were carried out using *H NMR spectroscopy (Figure
2.8). The spectra were acquired for a solution of 2.20a in 70, 140, 210 and 280 mM, and 2.21a
in 35, 70, 105 and 140 mM in D20 (500 pL). These solutions were prepared from a stock

solution of 2.20a and 2.21a.

(280 mM) M' T T 1 '-\12+|B|;4_| — T
®
| _J-He
N
2.20 I
—Jn a J\\ B 2.21a il
[@1omM) | [ (105 mMm)
QM Junl I
(140mm) | | (70 mm)]
AJ{JM J B ) | L_A_
ﬂ“ﬁ (35 mM))
‘IJL| T T T T T T I J 1N

T ~ T T "~ T T "~ T "~ T T "1
90 85 80 75 70 65 60 55 50 45 g5 8o 75 70 65 60 55 50 45 40

ppm ppm
(A) (B)
Figure 2.8 — 'H NMR spectrum in D20 (500 pL). (A) 2.20a in 70, 140, 210 and 280 mM. (B)
2.21ain 35, 70, 105 and 140 mM.
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2.4.7 Radical quenching experiments

In order to elucidate the mechanism, radical quenching experiments with

TEMPO were carried out (Figures 2.9 and 2.10).

(x10,000,000)
25]
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<— arylated pyridines
154 O-arylated-TEMPO product
10 \
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18.0 18.5 14.0 19.5 20.0 205 2000 25 230 235 23.0 235
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80 [{j
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50
404 55
304
204 77
10] ‘ 92 i 148 148
R ll T P R __ oag 263
50.0 75.0 100.0 125.0 150.0 175.0 200.0 225.0 250.0

Figure 2.9 — (a) Chromatogram of the crude reaction mixture in the absence of Ru(bpy)sCl..
(b) GC-MS spectrum of O-arylated-TEMPO product.
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Figure 2.10 — (a) Chromatogram of the crude reaction mixture in the presence of
Ru(bpy)sClz. (b) GC-MS spectrum of O-arylated-TEMPO product.
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2.4.8 'H-®>N HMBC analyses

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 ppm
ppmo e e . A

150 (@)

AN
-100 | PIE HCI

-50 N
o 2.20a

50
100
150
200 - e =
250
300

350

8.0 7.5 7.0 6.5 6.0 Y 5.0 45 ppm
ppme, . .

N (o))
-100 |

-50 N

50+
100
150
200
250

300 a (]

350

103



ppm

=150

-100-]

50

50

100

150

200+

250

300

350+

OMe
2.21a

ppm |

150

-100-]

-50

50+

100

150

200+

250

300+

350

104




8.0 7.5 7.0 6.5
ppm - e

150 (8

MeO =~ .
-1004] \@\N;_ BF4_ 1 equliy.
0 By 2 equiv.

50

1 I

5.5 5.0 45 ppm

100
150
200+
250

300 ) ¥

350

Figure 2.11 — Correlation map *H-®*N HMBC: (a) 2.20a, (b) 2.202a’, (c) 2.21a, (d) 2.20a’ +
2.21a (1:1 equiv.), and (e) 2.20a’ + 2.21a (1:2 equiv.).
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3 Chapter 3

Chapter 3 is based on our paper published in the Journal of the American
Chemical Society in 2019, and it presents the results obtained in the development of an
electrochemical approach for the synthesis of sulfonyl fluorides through oxidative coupling of
thiols and potassium fluoride. This study was developed entirely in the Netherlands under the
guidance of Prof. Dr. Timothy Noél (TU/e, The Netherlands), with the contributions of Prof.
Dr. Kleber T. de Oliveira (UFSCar, Brazil), and in collaboration with Ph.D. student Gabriele
Laudadio, who wrote the published version of the supporting information (which is slightly
different from that described in Section 3.4), performed the cyclic voltammetry analyses, helped
in the kinetic experiments under batch conditions, and contributed to the purification of some
compounds. The principal investigator Dr. Timothy Noé&l wrote the paper with input from
Gabriele Laudadio and Aloisio de A. Bartolomeu. Lucas M. H. M. Verwijlen carried out some
scope reactions and contributed to the purification of some compounds. Yran Cao performed

the Kkinetic experiment under continuous flow conditions.

3.1 Introduction

3.1.1 Basic concepts in organic electrochemistry

Electrolysis is a process that uses electrical energy to drive a non-spontaneous
chemical reaction. It is carried out in an electrochemical cell, an apparatus composed of an
electroactive species/substrate, electrolyte, solvent, and at least two electrodes (a cathode and
an anode). The cathode is the electrode connected to the negative terminal of the power source
(e.g., galvanostat, potentiostat or DC power supply) and is reductive. The anode is the electrode

connected to the positive terminal and is oxidative. There are two basic options to manufacture
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the electrochemical cell: a divided or undivided cell (Figure 3.1). In an undivided cell the
electrodes are in the same chamber, whereas in a divided cell, the electrodes are kept in different
chambers, separated by a small porous frit (or an ion-exchange membrane) that only permits
charge to pass through it and, therefore, enables the two half-reactions to occur separately from
each other. Although an undivided cell is preferred because of its simplicity to manufacture and
low cost, sometimes the redox reaction intermediates are incompatible or unstable towards the

other electrode and must be separated.*?

Anode Cathode
Anode Cathode @ I S
® I © | :
I ]
(b)
(@
- - T

Stirring bar Stirring bar

Membrane

Figure 3.1 — Typical glass cells used for electrosynthesis. (a) undivided beaker-type cell and

(b) H-type cell with membrane.?

The redox reactions that occur on the electrode surface can be explained by the

molecular orbital theory (Figure 3.2).2
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Figure 3.2 — Schematic diagram of the electron transfer on the surface of the electrode.
Adapted from Yoshida and Nishiwaki (1998).3

In the oxidation process, an electron from the HOMO of the organic molecule is
transferred to the electrode surface (anode) to generate a cation radical species, while in the
reduction process, an electron is removed from the electrode surface (cathode) and subsequently
transferred to the LUMO of the organic molecule to generate an anion radical species. After
that, these radical species (intermediates) may undergo subsequent reactions to yield final
products.

The electrodes may be manufactured from a wide variety of inert conducting
materials, including carbon-based materials (graphite, glassy carbon, reticulated vitreous
carbon), platinum, magnesium, copper, nickel, stainless steel, etc. In this operation mode of
electrodes, the electroconversion occurs on its surface and the selectivity can be obtained by
adjusting the applied potential (Figure 3.3a). Although this strategy is useful for simple
molecules, an electrocatalytic approach is required to obtain selectivity in more complex

molecules (e.g., compounds containing several different moieties such as double bonds, triple
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bonds, alcohols, etc.). This can be achieved either by an active electrode (i.e., an electrode that
has electrocatalytically active species on its surface) or by using a redox mediator soluble in the
electrolyte. In the former case (Figure 3.3b), the electroconversion is less dominated by the
applied potential since the redox-active layer acts as a redox filter. Besides providing a unique
reactivity, these electrodes are not consumed due to the low solubility of the redox-active
component. In the other case (Figure 3.3c), the problems associated with heterogeneous
electron transfer (e.g., overpotentials) can generally be avoided during the electrolysis,
affording higher selectivities and shorter reaction times.! Therefore, the electroconversion can
be performed at milder potentials compared to reactions without the addition of a mediator. The

disadvantages of this strategy may include higher costs and additional waste generation.*

power source \

substrate ctive
|
C substratet" () —— product electrode
i bstrat
mediator substrate ediated
electrolysis
mediatort) substrate™(—) — product /

Figure 3.3 — Different operation modes of electrodes in electrochemical processes. Adapted
from Mohle et al. (2018).4

Suitable organic solvents that can be used in electrochemical processes are, for
example, methanol, acetone, acetonitrile, dimethyl sulfoxide, N,N-dimethylformamide, as well

as nonconventional organic solvents like trifluoroacetic acid, trifluoroethanol, ionic liquids, and
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supercritical fluids.> Common supporting electrolytes are the alkali metal perchlorates (e.g.,
NaClOg4, LiClO4) and tetraalkylammonium salts [e.g., (Me).NBF4, (n-Bu)sNCIOs]. In addition,
acids (e.g., H2SOs, HCI), bases (e.g., NaOH, LiOH) and buffer solutions are also used.®

Electrochemical reactions can be conducted in a constant-potential
(potentiostatic) or constant-current (galvanostatic) modes.?

In a constant-potential experiment, a three-electrode system consisting of a
working electrode, a counter electrode, and a reference electrode [such as the aqueous saturated
calomel electrode or the silver-silver chloride electrode (Ag/AgCl)] is used. In this setup, the
potential of the working electrode is held constant with respect to a reference electrode using a
potentiostat.? This method provides improvements in selectivity with precise control of the
applied potential, yet suffers inherent disadvantages. First, the redox potential of each different
substrate must be known or measured in advance. Second, the electrical resistance of the cell
under potentiostatic conditions increases during the reaction as the substrate is consumed and
the current drops, resulting in a longer reaction time.® This is shown in Equation 3.1, where V
is the potential difference, i is the current intensity and R is the resistance of the electrochemical

cell (1 Ohm's law).

V=i-R (3.1)

In a constant-current experiment, a simpler two-electrode system is utilized with
only a working electrode and a counter electrode.? In this setup, the current is held constant
while the potential of the working electrode increases until it matches the oxidation potential of
the substrate molecule in solution with the lowest oxidation potential. This potential remains
constant until the substrate is consumed and then begins to increase again until it matches that

of the substrate in solution with the next highest oxidation potential.” However, especially at
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low current densities, the potential begins to increase only when the substrate has been almost
completely consumed and this effect becomes negligible.®

Finally, it is noteworthy that the selectivity of electrochemical reactions is quite
complicated since it is controlled by many factors, including electrode materials, solvents,
supporting electrolytes, current density, applied potential, stirring, etc.?

Further information about organic electrochemistry can be found elsewhere.?8

3.1.2 Organic electrosynthesis

Organic electrosynthesis is considered to be a versatile and environmentally
friendly method.®% In this process, costly, toxic, and hazardous redox chemicals can be
substituted by electric current (the so-called “direct” electrolysis) or generated (and/or
regenerated) in situ (the so-called “indirect” electrolysis) in the course of electrolysis.
Another interesting feature is that electrosyntheses can occur under mild conditions; since the
reaction rate can be controlled by adjusting the current density or applied potential,'® even
reactions with high activation energies can be carried out at or near r.t. and atmospheric
pressure.

Michael Faraday was probably the first who electrolyzed an acetate solution to
produce gaseous hydrocarbons.t** However, it was Adolph W. H. Kolbe who studied the
electrolysis (anodic oxidation) of aqueous solutions of organic salts (acetate, valerate) in detail,
and therefore he is considered by some as the “father” of organic electrochemistry.!! Christian
F. Schbéenbein reported what appears to be the first example of electrochemical reduction
(cathodic reduction) of an organic compound in the reductive dehalogenation of
trichloromethanesulfonic acid to methanesulfonic acid at a zinc electrode.?

Although organic electrochemistry has been used in the chemical industry for

decades, ™1 it historically has been viewed as a niche technology by the synthetic community.®
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One reason for this is that electrosynthesis requires sophisticated technical infrastructure, which
has discouraged many organic chemists from using it. More recently, however, organic
electrochemistry has undergone a renaissance,*”'® and many research groups worldwide are
currently working on the development of new electrochemical synthetic methodologies.*7-2
In 2016, Baran and co-workers reported an electrochemical oxidation of allylic
methylene groups to give unsaturated ketones (Scheme 3.1).2” Using this sustainable protocol,
a wide variety of substrates (40 examples, 38-91% yield) were selectively oxidized, including
fifteen natural product scaffolds such as a-pinene (oxidized to verbenone on a 100-g scale),
limonene (oxidized to carvone on a 27-g scale), valencene (oxidized to nootkatone),
dehydroepiandrosterone (oxidized to respective enone on a 100-g scale), etc. According to the
authors, deprotonation of the N-hydroxyphalimide catalyst (CIsNHPI) by pyridine, followed by
anodic oxidation, leads to the tetra-chlorophthalimido N-oxyl radical species. Then, upon
abstraction of a hydrogen atom from the olefinic substrate, the catalyst is regenerated and the
resulting allylic radical reacts with a tert-butyl peroxyl radical (electrochemically generated) to

give the enone after elimination of t-BuOH.

123



H (RVC|RVCQ),
QH 10 mA/mmol, undivided cell go
R R
( C1,NHPI, -BuOOH, pyridine, (n
3.1 LiClOy, acetone, r.t. 3.2
40 examples, 38-91%

H2+t—BUOO'
N
O0tBu . & H cl t+BUOOH + &
R - R N—OH
cl + cathode

SNH
a O |
—t-BuOH H =
H
S
O Cl o) Cl 0
£ J

Selected examples

Me HO_ Me O g
@ "
\''Me Me
© 0

Me
3.2a, 46% (100 grams) 3.2b, 68% 3.2¢, 44% (27 grams) 3.2d, 48% (100 grams)
CO,Me ipr
A0
H
Me ? >=O
0]
Me \\ Me
o MeOZC¢ Me
3.2e, 52%
3.2h, 66%

3.2g, 41%

Scheme 3.1 — Indirect electrochemical allylic C—H oxidation.

One of the strengths of organic electrochemistry is the possibility of forming

C—C, C-N, C-0, and C—S bonds from C—H bonds as exemplified in Scheme 3.2.2-3
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Scheme 3.2 — Electrochemically induced C—C (a), C—N (b), C—O (c), and C—S (d) bonds

formation from C-H bonds.

Electrochemical methods have also been applied in the synthesis of natural

products such as dixiamycin B (3.14) (a rare N—N linked dimeric indole alkaloid) and

(-)-thebaine (3.16) (a minor opium alkaloid) (Scheme 3.3), and various complex

scaffolds 18233232
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Scheme 3.3 — Electrochemical synthesis of natural products.

Just recently, Noél and co-workers (2019) developed an electrochemical
approach for the synthesis of sulfonamides from thiols and amines (two readily available and
inexpensive feedstocks) under continuous flow conditions (Scheme 3.4).3* This novel reaction
protocol requires no additional catalysts or sacrificial reagents and can be performed in only 5
min of residence time at room temperature. It also displays a broad substrate scope with respect
to both coupling partners and functional group compatibility, and only H is formed as a

by-product at the counter electrode.
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Scheme 3.4 — Electrochemical sulfonamide synthesis by direct anodic coupling of thiols and

amines.

Other relevant examples of electrochemical transformations can be found in

several recent reviews,1#417:18.20,26,35,36

3.1.3 Sulfonyl fluorides

Sulfonyl fluorides are considered a privileged moiety in chemistry due to their
unique balance between reactivity and stability, which is in sharp contrast with analogous

sulfonyl chlorides.®” In these compounds, the sulfur-fluorine bond is not very reactive. For
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example, sulfonyl fluorides are resistant to reduction, hydrolytically stable, and resistant to
bond cleavage in metal catalysis.3’° In particular, sulfonyl fluorides have been successfully
used in chemical biology as covalent protein modifiers, strong protease inhibitors, and
activity-based probes (Figure 3.4).3%** In addition, aromatic sulfonyl fluorides have been used
as fluorinating reagents,”® 8F-radiolabeling agents*®#’ and have found applications in other
useful transformations,® including polymerizations.**>° However, the breakthrough
application for sulfonyl fluorides is their utility as stable and robust sulfonyl precursors for the

SUFEX click chemistry.3"°1

o
\ _F
0=%"

QL 9\\ F

0%~
Se18
«HCI /©/ F
1)

3.21:['®F]FBSF

NH, (radiolabeling reagent) ZUN
3.20: Pefabloc® SC 3.22: Dansyl Fluoride
(serine protease inhibitor) (fluorescent probe)
N NH
Q\S/P N 2
~-N

"
NH, O O NH,
|
NJ\N Cli ¢

HZN)\\N)< P
*CH;CH,SO;H zZ 1
F*%
3.23: NSC 127755
(DHFR inhibitor) 3.24: SF-pl-yne
L (DcpS inhibitor)
J

Figure 3.4 — Representative sulfonyl fluorides and their function.

Due to their evident value, efficient syntheses of sulfonyl fluorides starting from
readily available and cheap starting materials are highly desired. The classical strategy to access
these functional groups involves a chloride/fluoride exchange of sulfonyl chlorides using

fluoride sources such as KF, KHF2, and TBAF (Scheme 3.5, eq. a).3"°2>% However, sulfonyl
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chlorides are not widely available and must be prepared from the corresponding thiols using a
combination of oxidizing and chlorinating reagents.® In order to avoid toxic and unstable
sulfonyl chlorides, new synthetic methods have been developed using alternative starting
materials, including sulfonic acids (Scheme 3.5, eq. b),*® sulfonyl hydrazides or sodium
arylsulfinates (Scheme 3.5, eq. ¢),% and other starting material.*®-%® Kirihara and co-workers
(2011, 2014) reported a method to transform thiols, disulfides, and thiosulfonates into sulfonyl
fluorides using Selectfluor and refluxing conditions (Scheme 3.5, eq. d).6"% Also, transition
metal-based cross-coupling strategies have been developed which utilize aryl halides and
arylboronic acids in combination with DABSO and electrophilic fluorinating reagents, such as
Selectfluor and NFSI (Scheme 3.5, eq. €).395%70 Despite the synthetic value of these approaches,
the use of costly and atom-inefficient fluoride sources limits their feasibility for small scale
applications.

It is evident that the development of a new synthetic method that directly uses
commodity chemicals, such as thiols and alkaline fluoride salts, would be particularly useful
given the wide availability and the low cost of these starting materials.

Even so, it is immediately clear that a number of challenges must be overcome
to develop such a hitherto elusive transformation. First, fluoride is poorly soluble in organic
solvents (even in highly polar aprotic solvents like DMSO)™ and is hardly reactive in its
solvated form in aqueous media. Second, combining nucleophilic fluorine reagents with thiols
to establish a single S—F bond appears unlikely.’?"*

Nevertheless, based on the observation found by Noél and co-workers in the
electrochemical synthesis of sulfonamides (see Scheme 3.4),34 that the use of an electrolyte
with BF4~ counterion gave traces of sulfonyl fluoride under an unoptimized condition,” we
speculated that the union of these stubborn starting materials would not only be plausible using
electrochemical activation but would also facilitate the oxidation to sulfonyl fluoride via anodic

oxidation.
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We report herein the discovery and optimization of an electrochemical method

that meets these design criteria. The method utilizes KF as a readily available, safe and

cost-efficient fluoride source. Moreover, anodic oxidation allows us to avoid stoichiometric

amounts of oxidants and enables the direct use of thiols or disulfides as convenient and widely

available starting materials (Scheme 3.5, eq. f).
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Scheme 3.5 — Established synthetic routes to prepare sulfonyl fluorides.

3.2 Results and discussion

We started our investigation by screening different solvent combinations using

thiophenol (3.25a) with KF (5 equiv.) serving as the fluorine source, and employing graphite

as anode and stainless-steel as cathode. As shown in Table 3.1, MeOH/H20 (entry 1) and DMF

(entry 2) were not effective (only disulfide was formed), while pure CH3CN gave a
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heterogeneous mixture (KF is poorly soluble in CH3CN). Adding the minimum amount of water
to get everything into solution proved to be the most effective (Table 3.1, entry 3, 65% of
desired product 3.26a). Without pyridine, only a small amount of 3.26a was observed (entry 4).
The addition of acid seemed to affect the reaction (entry 5). Employing stainless-steel as the
anode, no reaction occurred and the electrode was damaged due to corrosion (Table 3.1, entry
6). Finally, we checked the unoptimized reaction condition (entry 3) in the absence of
electricity, and no traces of sulfonyl fluoride 3.26a could be detected by GC-MS after 24 h

(entry 7), which shows that the reaction is electrochemically driven.

Table 3.1 — Preliminary experiments.!

Batch Electrocell 0.0
\\/

©/SH 3.2V, undivided cell ©,S\F

KF (5 equiv.),

3.25a Pyridine (0 or 1 equiv.), 3.26a
Solvent,
rt., 24 h
Entry Solvent Electrodes  Pyridine (equiv.)  Yield (%)
1 MeOH/H20 (1:1) Cl|Fe 1 Traces
2 DMF C|Fe 1 0
3 CHsCN/H20 (1:1) C|Fe 1 65
4 CH3sCN/H,0 (1:1) C|Fe 0 7
5  CH3CN/H2S040.3 M (1:1) C|Fe 1 21
6 CH3CN/H20 (1:1) Fe|Fe 1 0
7bl CHsCN/H20 (1:1) C|Fe 1 0

Bl Thiophenol (2 mmol, 1 equiv.), KF (5 equiv.), pyridine (0 or 1 equiv.), solvent (20 mL), r.t., 24 h,
and a constant voltage of 3.2 V. PINo electricity. [lGC yields were calculated using biphenyl as an

internal standard.

Next, we investigated the effect of the amount of pyridine on the yield of sulfonyl
fluoride 3.26a (Table 3.2). From Table 3.2, we can see that 4 equiv. of pyridine gave a

quantitative GC yield (entry 5).
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Table 3.2 — Amount of pyridine.F

Batch Electrocell

(ClFe), QP
©/SH 3.2V, undivided cell ©/S‘F
KF (5 equiv.),
3.25a Pyridine (0 — 5 equiv.), 3.26a
CH;CN/H,0 (1:1 v/v),
rt., 24 h
Entry Pyridine (equiv.) Yield (%)
1 0 7
2 65
3 2 75
4 3 87 (68)
5 4 98 (78)
6 5 98

[EThiophenol (2 mmol, 1 equiv.), KF (5 equiv.), pyridine (0 — 5 equiv.), CH3CN/H.O (1:1 v/v, 20
mL), r.t., 24 h, and a constant voltage of 3.2 V. PIGC yields were calculated using biphenyl as an

internal standard. Isolated yields in brackets.

In addition to pyridine, other additives were also screened (Table 3.3). We
believe that the additive is important for two reasons: as a phase transfer catalyst to leverage
fluoride to the organic phase and as an electron mediator.”®’” From Table 3.3, it can be observed

that only pyridine was effective in our transformation (entry 1).
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Table 3.3 — Additive screening.[®

Batch Electrocell

(C[Fe), AP
©/SH 3.2V, undivided cell @,S\F
KF (5 equiv.),
3.25 Additive (4 equiv.), 3.26
CH;CN/H,0 (1:1 v/v),
rt., 24 h
Entry Additive (4 equiv.) Yield (%0)[c]
1] Pyridine 98 (78)
2 DMAP 0
3 EtsN 0
4 Quinoline 4

[EThiophenol (2 mmol, 1 equiv.), KF (5 equiv.), additive (4 equiv.), CHsCN/H,O (1:1 v/v, 20
mL), r.t., 24 h, and a constant voltage of 3.2 V. PlEntry 1 depicts the result shown previously in
entry 5 of Table 3.2. FIGC yields were calculated using biphenyl as an internal standard. Isolated

yield in brackets.

A screening of different fluorine sources was also carried out (Table 3.4).
Sodium fluoride showed poor yields after 24 h, probably because of its poor solubility (entry
2). TBAF showed low conversion as well (Table 3.4, entry 4), while the more expensive and
highly soluble CsF (72 $/mol)’® proved to be effective (entry 3). With Selectfluor, an
electrophilic fluorine source, full conversion was observed as well (entry 5). However, in
comparison to KF, the use of Selectfluor is not preferred due to the high cost of this reagent

(KF 8 $/mol vs Selectfluor 407 $/mol)."®
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Table 3.4 — Fluorine sources.?

Batch Electrocell
(C|Fe), Q

©/SH 3.2V, undivided cell ©/S

Fluorine source (5 equiv.), 3.26a

3.25a Pyridine (4 equiv.),
CH;CN/H,0 (1:1 v/v),
rt., 24 h
Entry Fluorine source (5 equiv.) Yield (%0)

1[0 KF 98 (78)

2 NaF 23

3 CsF 75

4 TBAF 18
5(c Selectfluor 99

[EThiophenol (2 mmol, 1 equiv.), fluorine source (5 equiv.), pyridine (4 equiv.), CH;CN/H.0O (1:1
viv, 20 mL), r.t., 24 h, and a constant voltage of 3.2 V. PlEntry 1 depicts the result shown
previously in entry 5 of Table 3.2. [\With 1.5 equiv. of Selectfluor. MIGC yields were calculated

using biphenyl as an internal standard. Isolated yield in brackets.

We also evaluated the total amount of KF required for this electrochemical
transformation (Table 3.5). From Table 3.5, we can see that 5 equiv. of KF was optimal (entry
1). With lower amounts, a decrease in yield was observed (entries 2 and 3). This result might
indicate that KF also acts as a supporting electrolyte.

In order to verify our hypothesis, the reaction was carried out in the presence of
supporting electrolytes (Table 3.6). From Table 3.6, we can see that by adding electrolyte, the
total amount of KF could be reduced. BusNCIO4 worked particularly well (entry 2), while
LiClO4 did not show any improvement (entries 3 and 4). However, since KF is considerably
cheaper than any supportive electrolyte, we decided to keep a higher amount of this fluoride

source.
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Table 3.5 — Evaluation of the total amount of KF.[8

Batch Electrocell
(C|Fe), 0.0

\\Y/

©/su 3.2 V, undivided cell ©/S~F

KF (2.5 — 5 equiv.),

3.25a Pyridine (4 equiv.), 3.26a
CH;CN/H,0 (1:1 v/v),
r.t., 24 h
Entry KF (equiv.) Yield (%0)[c]
1[0l 5 98 (78)
2 4 84
3 2.5 40

@ Thiophenol (2 mmol, 1 equiv.), KF (2.5 — 5 equiv.), pyridine (4 equiv.), CH3CN/H.0 (1:1 v/v,
20 mL), r.t., 24 h, and a constant voltage of 3.2 V. PIEntry 1 depicts the result shown previously
in entry 5 of Table 3.2. FIGC yields were calculated using biphenyl as an internal standard.

Isolated yield in brackets.

Table 3.6 — Influence of supporting electrolyte.

Batch Electrocell
(C|Fe), Q.0

©/SH 3.2 V, undivided cell @zs\p

KF (2.5 equiv.),

3.25a Supporting electrolyte (0 — 2.5 equiv.), 3.26a
Pyridine (4 equiv.),
CH;CN/H,0 (1:1 v/v),
rt.,24h
Entry Supporting electrolyte (equiv.) Yield (%)l
1 No electrolyte 40
2 BusNCIOs (1) 74
3 LiClO4 (1) 39
4 LiClO4 (2.5) 22

@ Thiophenol (2 mmol, 1 equiv.), KF (2.5 equiv.), supporting electrolyte (0 — 2.5 equiv.), pyridine
(4 equiv.), CHsCN/H,0 (1:1 v/v, 20 mL), r.t., 24 h, and a constant voltage of 3.2 V. PIGC yields

were calculated using biphenyl as an internal standard.

Similar results were obtained in 24 h when the current was varied from 20 to 40
mA (Table 3.7, entries 1-3). Nevertheless, we also observed that the rate of decomposition of

the product increased at higher current density, especially at reaction times longer than 24 h.
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Therefore, we decided to go for a milder reaction using a lower current density (4.2 mA/cm?)

(Table 3.7, entry 1, galvanostatic conditions).

Table 3.7 — Constant current screening.[

Batch Electrocell
(C | Fe)> 0V9

\
©/S“ 20 — 40 mA, undivided cell ©/S\F

KF (5 equiv.),

3.25a Pyridine (4 equiv.), 3.26a
CH;CN/H,0 (1:1 v/v),
rt., 24 h
Entry  Current applied (mA) Current density (mA/cm?)®!  Yield (%)
1 20 4.2 80
2 30 6.2 81
3 40 8.3 81

[EThiophenol (2 mmol, 1 equiv.), KF (5 equiv.), pyridine (4 equiv.), CH3CN/H.O (1:1 v/v, 20
mL), r.t.,, 24 h, and a constant current of 20 to 40 mA. PITotal active area 4.8 cm?. [IGC yields

were calculated using biphenyl as an internal standard.

When the most optimal conditions (Tables 3.2 and 3.7; entries 5 and 1,
respectively) were tested for various substrates (e.g., 4-chlorothiophenol, 4-bromothiophenol,
4-methylthiophenol, 2-mercaptopyridine, and others), we found out that some of those were not
working. In order to establish more general reaction conditions, we carried out a small
re-optimization (under galvanostatic conditions) which would be compatible with most
substrates. At this point, 4,6-dimethylpyrimidine-2-thiol (3.25b) was used as a benchmark

molecule to optimize the new conditions (see Table 3.8).
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Table 3.8 — Further optimization screening.

Batch Electrocell

Me. _N_ _SH (ClF-e)-’ Me._ N O\\S,P
| /T 20 mA, undivided cell \Q;WN/ ~E
KF (5 equiv.),
Me Pyridine (0 — 4 equiv.), Me
3.25b Additive (0 — 1 equiv.), 3.26b
Solvent,
r.t., 12-48 h

ey B
1 CH3CN/H20 (1:1) None 4 24 Traces
2 CH3CN/H20 (1:1) 18-crown-6 (0.1) 4 24 Traces
3 CH3CN/H20 (1:1) 18-crown-6 (0.5) 4 24 Traces
4 CH3CN/H20 (1:1) BusNCIO4 (1) 4 24 10
5 CH3CN/H20 (1:1) BusNCI (1) 4 24 11
6 CH3CN/HCI 0.1 M (1:1) None 4 24 Traces
7 CH3CN/HCI 0.1 M (1:1) BusNCI (0.05) 4 24 14
8 CH3CN/HCI 0.3 M (1:1) None 4 24 35
9 CH3CN/HCI 0.3 M (1:1) None 4 48 9
10 CH3CN/HCI 0.5 M (1:1) None 4 18 31
11 CH3CN/HCI 0.5 M (1:1) None 4 24 25
12 CH3CN/HCI 1 M (1:1) None 4 12 45
13 CHsCN/HCI 1 M (1:1) None 1 12 77 (74)
14 CH3CN/HCI 1 M (1:1) None 1.5 12 56
15 CH3CN/HCI 1 M (1:1) None 2 12 51
16 CH3CN/HCI 1 M (1:1) None 3 12 50
17 CH3CN/HCI 1 M (1:1) None 0 12 54
18 CH3CN/p-TsOH 1 M (1:1) None 1 12 25

[8l4,6-Dimethylpyrimidine-2-thiol (2 mmol, 1 equiv.), KF (5 equiv.), pyridine (0 — 4 equiv.), additive
(0—1equiv.), solvent (20 mL), r.t., 12-48 h, and a constant current of 20 mA (4.2 mA/cm?). PlYields

were calculated by °F NMR using trifluorotoluene as an internal standard. Isolated yield in brackets.

Only traces of sulfonyl fluoride 3.26b were observed using the standard
conditions (Table 3.8, entry 1). Taking into account the biphasic nature of our reaction mixture,
we evaluated the need for an additional phase transfer catalyst, as reported in literature.>* To
our surprise, 18-crown-6 did not increase conversion whatsoever (entries 2 and 3), while with

BusNCIO4 and BusNCI only around 10% of the fluorinated product 3.26b was obtained (entries
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4 and 5). Next, the addition of an acid was investigated (Table 3.8, entries 6-18). A low
concentration of acid showed only traces of 3.26b (entry 6), while the addition of a catalytic
amount of BusNCI led to 14% of NMR vyield (entry 7). Increasing the concentration of acid
resulted in higher yields (entries 8-12) and with 1 M HCI good NMR yield was observed (45%,
entry 12). Notably, prolonged reaction times led to consistent decreases in yield due to
degradation (compare entries 8 and 9, 10 and 11). Next, the amount of pyridine was investigated
(Table 3.8, entries 13-17). A stoichiometric amount of pyridine resulted in the highest yield
(77%, entry 13). Further increments were detrimental under these new conditions (entries
14-16). Notably, the reaction occurred even without pyridine (entry 17), but a lower yield
(54%) was observed in this case. Finally, PTSA was tested instead of HCI (entry 18). As a
result, the sulfonyl fluoride 3.26b was obtained in only 25% NMR vyield.

With the optimal conditions in hands (Table 3.8, entry 13), we next turned our
attention to examine the generality of this electrochemical transformation (Scheme 3.6).

As shown in Scheme 3.6, a wide variety of structurally and electronically distinct
thiols can be transformed into the corresponding sulfonyl fluorides. First, with a diverse set of
thiophenols, it was determined that substrates bearing electron-neutral (3.26a, 3.26¢c—f),
-donating (3.269,h) and -withdrawing substituents (3.26i—k) were all compatible with the
reaction conditions; the NMR vyields ranged from 37 to 99%. Due to the volatility of some
products, isolated yields were in some cases lower than observed with °F NMR. This could be
partially avoided by converting the obtained volatile sulfonyl fluoride in situ to the
corresponding sulfonate through reaction with phenol (e.g., 3.26a). The electrochemical
reaction is not particularly sensitive to steric hindrance, as ortho-substituted thiophenols
displayed similar yields to unsubstituted variants (3.26a versus 3.26e). Also, halogenated
thiophenols (3.261—n) were suitable reaction partners (NMR yields 65-80%), providing
opportunities to further functionalize the formed sulfonyl fluorides using cross-coupling

chemistry.
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Scheme 3.6 — Substrate scope for the electrochemical sulfonyl fluoride synthesis. Reported
yields are isolated and reproduced at least two times. Yields between [brackets] are those
referring to 1°F NMR vyields calculated with PhCF3 as an internal standard. Reaction
conditions: thiol (2 mmol) or disulfide (1 mmol), KF (5 equiv.), pyridine (1 equiv.),
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potential.
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Protected amines (3.260), previously unreactive substrates in the
electrochemical sulfonamide chemistry,3* were tolerated under the current reaction conditions,
albeit with a lower NMR vyield of 19%. Heterocyclic thiols (3.26b,p,q), which are among the
most widely used moieties in pharmaceutical and agrochemical syntheses,”®® were also
effective for this transformation (NMR yields 56—86%). Notably, compound 3.26q is also
known as PyFluor, an effective deoxyfluorination reagent reported by Doyle and co-workers
(2015).%

We next examined a variety of different primary and secondary aliphatic thiols,
including methanethiol (3.26r), ethanethiol (3.26s), propanethiol (3.26t), n-octanethiol (3.26u),
cyclohexylthiol (3.26v), pyrazineethanethiol (3.26w), benzylthiol (3.26x), p-chlorobenzylthiol
(3.26y), 2-phenylethanethiol (3.26z) and cysteine (3.26aa). All proved to be competent reaction
partners yielding the corresponding sulfonyl fluorides in synthetically useful NMR vyields
(37-96%). By using corresponding disulfides, the most volatile and odorous thiols can be
avoided (3.26r,t). Interestingly, we were able to engage cysteine (3.26aa) in our
electrochemical sulfonyl fluoride protocol, providing opportunities to prepare new
nonproteinogenic amino acid building blocks.

A list of unsuccessful substrates is given in Figure 3.5. Regarding thiols,
reactions with tertiary thiols (3.30—3.33) and most heterocyclic thiols (e.g., 3.42—3.45) showed
decomposition, due to the cleavage of C-S bond. Steric hindrance can compromise the
formation of the disulfide. 2-Naphthalenethiol (3.41) showed low solubility in the reaction
medium and only traces of product could be observed. With allyl mercaptan (3.28),
cyclopentanethiol (3.29), and 1-thio-#-D-glucose tetraacetate (3.46) only poor conversions
were observed. Surprisingly, with 2-furanmethanethiol (3.27) only traces of product were
detected via GC-MS. Unfortunately, this method seemed to be incompatible with thiols

containing nitro (3.37), amino (3.39) or hydroxyl (3.38, 3.40) groups.
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Figure 3.5 — List of unsuccessful substrates in our electrochemical approach. [@Reaction
conditions: thiol (2 mmol), KF (5 equiv.), pyridine (1 equiv.), CH3CN/HCl,q 1 M (20 mL, 1:1
v/v), C anode/Fe cathode, 20 mA (4.2 mA/cm?). P13.2 V applied potential. ©14.0 V applied
potential.

To obtain insights into the underlying mechanism, several additional

experiments were carried out (see Figure 3.6 below and Sections 3.5 and 3.6).
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Figure 3.6 — Mechanistic investigation of the electrochemical sulfonyl fluoride synthesis. (A)
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standard). (E) Proposed mechanism 1.
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Kinetic experiments revealed a rapid conversion of
4-(trifluoromethyl)thiophenol via anodic oxidation to the corresponding disulfide within 45 min
(Figure 3.6A). Next, the disulfide intermediate is consumed and the corresponding sulfonyl
fluoride (3.26i) is formed. The pseudo-zero-order behavior suggests that mass transfer
limitations from the bulk to the electrode surface occur during the batch electrochemical
transformation.

Indeed, when the reaction is carried out in an electrochemical microflow reactor
with a small interelectrode gap (250 pm),8 full conversion of thiol 3.25a is observed in only 5
min reaction time (Figure 3.6B). The reduced reaction times observed in flow can be attributed
to (i) the increased electrode surface-to-volume ratio, (ii) a high interfacial area between the
organic and the aqueous phase and (iii) an intensified mass transport to and from the electrodes
due to multiphase fluid patterns (Figure 3.6C).21:82:84

Oxidation of the disulfide results in the formation of a radical cation®® which can
react further with nucleophilic fluoride to yield the corresponding sulfenyl fluoride, with the
release of thiolate anion (by getting a hydrogen, thiolate anion becomes thiol) (Figure 3.6E). At
this point, we still wondered whether a nucleophilic or electrophilic fluorination, with an in situ
generated 1-fluoropyridinium reagent, was operative under these reaction conditions. Hence,
we carried out the reaction in the presence of 1-fluoropyridinium tetrafluoroborate and observed
only traces of product 3.26a (Figure 3.6D). In contrast, using either HCI-pyridine or HCI-EtzN
in combination with KF allowed us to obtain 3.26a in high NMR vyields (Figure 3.6D),
indicating the presence of a nucleophilic fluorination. Adding TEMPO or BHT as radical
scavengers reduced the efficacy of the electrochemical process (Figure 3.6D), validating the
presence of radical intermediates.

Next, two consecutive oxidation steps resulted in the formation of the targeted

sulfonyl fluoride (3.26i). Unfortunately, attempts to detect and/or isolate key intermediates
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(sulfenyl fluoride and sulfinyl fluoride) have been unsuccessful, as they are generally perceived
as unstable. 887

The main by-product formed in the electrochemical sulfonyl fluoride synthesis
Is probably sulfonic acid (see Figure 3.6A and Figure 3.10 in Section 3.5, respectively), which

originates from anodic oxidation of disulfides or through hydrolysis of sulfonyl fluorides.%®

3.2.1 Additional studies after the publication

Formally, we were not able to rule out a nucleophilic attack of fluoride to the
disulfide radical (Figure 3.6E) nor characterize the sulfinyl fluoride, leaving some doubts about
the last steps of our mechanistic proposal. As it is obvious, there was an urgency to
communicate these results in the literature due to the significance of this discovery, and we
decided to publish even in the absence of a fully elucidated mechanism. Fortunately, the editor
and referee’s from JACS assured us that, at that moment, there was no need for a fully
elucidated mechanism. However, we decided to invest some time to elucidate it more after the
publication (Schemes 3.7 and 3.8 and Figure 3.7).

Basically, additional experiments using adequate GC-MS conditions allowed us
to promptly detect the disulfide, and after some hours the intermediate S-phenyl
benzenethiosulfonate 3.47 (see Figure 3.7H)% was completely consumed giving the sulfonyl
fluoride 3.26a. Moreover, when the reaction was performed starting with thiosulfonate 3.47,
under the same reaction conditions, the corresponding sulfonyl fluoride 3.26a was obtained in
76% GC vyield after 4 h (see Scheme 3.7 and Figure 3.7E-G).

Later, in our laboratory in Sdo Carlos/Brazil, we continued to investigate the
mechanism of this electrochemical reaction. Unsurprisingly, in the absence of electricity, the
same reaction from S-phenyl benzenethiosulfonate 3.47 (1 mmol scale) provided no traces of

the expected sulfonyl fluoride 3.26a after 12 h (monitored by TLC). However, when the
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electrochemical cell was put into operation, full conversion of thiosulfonate 3.47 to sulfonyl
fluoride 3.26a was accomplished within 4 h in excellent isolated yield (93%), which shows that

the last step of the mechanism (see Scheme 3.8) is also electrochemically driven.

Batch Electrocell
P /@ (ClFe). %P
3.2V, undivided cell ©/ ~E
3.47 KF (5 equiv.),

Pyridine (1 equiv.), 3.26a
CH3CN/HClyg 1 M (1:1 viv),
rt,4h

76%2]

Scheme 3.7 — Electrochemical synthesis of sulfonyl fluoride from thiosulfonate. FIGC yield.
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3.3 Conclusion

The electrochemical approach described herein demonstrates the ability to
directly convert thiols or disulfides into sulfonyl fluorides using KF as an ideal fluoride source
in terms of cost, safety, and availability. No additional oxidants nor additional catalysts are
required and, due to mild reaction conditions, the reaction displays a broad substrate scope (27
examples, 19-97% isolated yield), including a variety of alkyl, benzyl, aryl, and heteroaryl
thiols or disulfides.

Kinetic and other additional studies (such as radical trapping and fluorination
step experiments) were performed in an attempt to clarify the reaction mechanism. The kinetic
experiments revealed a rapid conversion of thiol to disulfide and the formation of traces of other
fluorinated species such as S-phenyl benzenethiosulfonate, which was also detected using
adequate GC-MS conditions. The radical trapping experiments with different radical
scavengers (TEMPO, BHT, and benzoquinone) did not afford any radical trapped species, but
the efficacy of the electrochemical process was reduced under such conditions, indicating the
presence of radical intermediates. The fluorination step experiments suggested the formation in
equilibrium of py-HCI and then via anion exchange leads to a highly reactive anionic species
(py-HF or [pyH]™—[F-H-F]™ adduct). However, we also cannot rule out the possibility that a
bifluoride [F-H-F] ™ anion is acting as a nucleophilic fluorination agent.

Furthermore, through additional experiments, we were able to show that
S-phenyl benzenethiosulfonate is the likely precursor of the sulfonyl fluoride and its conversion
is also electrochemically driven; however, the proof of the final nucleophilic attack remained
to be elucidated. It is important to mention that electrochemical mechanisms are still quite
challenging since many reactions and setups are under development as a new hot topic in

organic chemistry.
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3.4 Experimental

3.4.1 General information

All reagents and solvents were used as received without further purification.
Reagents and solvents were bought from Sigma Aldrich, TCI, and Fluorochem. Technical
solvents were bought from VWR International and Biosolve and used as received. All capillary
tubing and microfluidic fittings were purchased from IDEX Health & Science. Disposable
syringes were from BD Discardit 11® or NORM-JECT®, purchased from VWR Scientific.
Syringe pumps were purchased from Chemix Inc. model Fusion 200 Touch. Product isolation
was performed manually using silica (60, F254, Merck™) or automatically by a Biotage®
Isolera™ Spektra Four, with Biotage® SNAP KP-Sil 25 or 50 g flash chromatography
cartridges. TLC analysis was performed using silica on aluminum foils TLC plates (F254,
Supelco Sigma-Aldrich™) with visualization under ultraviolet light (254 nm and 365 nm) or
appropriate TLC staining. The cyclic voltammetry analyses were performed with an IVIUM
CompactStat. *H (400MHz), *°F (400MHz) and *C (100MHz) spectra were recorded at r.t.
using a Bruker-Avance 400. *H NMR spectra are reported in parts per million (ppm) downfield
relative to CDCl3 (7.26 ppm) and all *3C NMR spectra are reported in ppm relative to CDCl3
(77.2 ppm) unless stated otherwise.

NMR spectra uses the following abbreviations to describe the multiplicity:
s=singlet, d = doublet, t = triplet, q = quartet, p = pentet, h = hextet, hept = heptet, m = multiplet,
dd = double doublet, td = triple doublet, etc. All NMR data were processed using the
MestReNova 9.0.1 software package. Known products were characterized by comparing to the
corresponding *H NMR, *F NMR, and 3C NMR from literature. GC analyses were performed
on a GC-MS combination (Shimadzu GC-2010 Plus coupled to a Mass Spectrometer; Shimadzu

GCMS-QP 2010 Ultra) with an auto sampler unit (AOC-20i, Shimadzu). Melting points were
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determined with a Buchi B-560 capillary melting point apparatus in open capillaries and are
uncorrected. The names of all products were generated using the PerkinElImer ChemDraw Ultra

v.12.0.2 software package.

3.4.2 Electrochemical reactor

For the electrochemical continuous-flow reaction, a homemade flow cell was
used together with a Velleman LABPS3005D power supply (Figure 3.8). The cell consists of a
working electrode and a counter electrode, with a PTFE gasket containing micro-channels in
between. The material used for the electrodes were stainless-steel electrode (316L) and graphite
AC-K800 premium grade (purchased by AgieCharmilles). The active reactor volume is 700 pL.
This results in an undivided electrochemical cell. In the cell, direct contact between the
electrode surface and the reaction mixture is established. The reaction mixture is pumped
through the system via a syringe pump and is collected in a glass vial. All the technical data of

the electrochemical microreactor are reported elsewhere.8!

Figure 3.8 — Right: Assembled electrochemical flow reactor. Left: Components of the flow
reactor. A: PTFE electrode holders. B: PTFE gasket (8 channel configuration). C: Outer
stainless-steel plates. D: Electrodes (Left graphite, Right stainless-steel).
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For the batch electrochemical reactions, a glassy vessel was used, equipped with
electrodes connected to a Velleman LABPS3005D power supply with crocodile clamps (Figure

3.9).3

Figure 3.9 — Top: Assembled electrochemical batch reactor. Bottom: Components of the

batch reactor. A: Boiling tube with screw cap. B: Screw cap with septum. C: 3D printed PLA
spacer, 0.7 cm. D: Magnetic stirring bar. E: Steel cathode, dimensions 4.5 cm x 2.5 cm. F:
Graphite anode (4.5 cm x 2.5 cm) with screws. G: Cables used to connect the power supply to
the reactor. The septum is pierced with a needle to allow the hydrogen gas formed during the
cathodic reduction to escape.
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3.4.3 Reaction optimization

During the screening, the solution was charged into an electrocell and the
electrodes are submerged in the reaction mixture. The current (20 mA, 4.2 mA/cm?, max
voltage 5 V) or constant voltage (3.2 or 4 V) was set. The reaction was followed by GC-MS,
GC-FID, and/or TLC. GC yields were calculated using an internal standard method (biphenyl

was used as an internal standard).

3.4.4 General procedures

3.4.4.1 Cleaning procedures

In this paragraph, the cleaning procedure for both the batch and the microflow
setups will be described. It is important to mention that proper cleaning of the electrodes is

crucial to guarantee the success of the reaction.

3.4.4.1.1 Batch reactor

The vial, magnetic stir bar, and cap are washed first with water, then with acetone
and dried. The stainless-steel electrode is first washed with 1 M HCI and scrubbed with a sponge
twice, then the electrode is submerged in acetone and sonicated for 15 min. The graphite
electrode is first wiped with paper and washed with CH3CN five times. It is important to keep
the electrodes dry after use (e.g., do not submerge them in any solvent for storage). Otherwise,
the reaction does not proceed anymore, probably because of passivation of the electrode

surface. The graphite electrodes are replaced every 15 reactions.
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3.4.4.1.2 Flow reactor

When the reaction is completed, the power supply and the pump feeding the
reaction mixture are turned off. The reactor is cleaned with CH3CN (10 mL, 0.5 mL/min). After
this, the reactor is disassembled removing all the loops first, then all the screws. Subsequently,
the gasket is cleaned with acetone on both sides. The stainless-steel electrode is first washed
with HCI 1 M and scrubbed with a sponge twice, then rinsed with acetone. Next, the gasket,
loops, and stainless-steel electrode are submerged in a beaker full of acetone and sonicated for
15 min. The graphite electrode is wiped with paper and washed with CH3CN five times. The
electrode holders are washed with acetone and dried with paper. The copper contacts are first
washed with HCI 1 M, scrubbed with fine sandpaper, and finally rinsed with acetone. After

these processes, all the components are dried with paper and the reactor is reassembled.

3.4.4.2 General procedure for electrochemical synthesis of sulfonyl fluorides

Potassium fluoride (10 mmol) was dissolved in the appropriate amount of stock
solution (20 mL, 1:1 v/iv CH3CN/HClyq 1 M). Next, pyridine (2 mmol) was added via syringe.
The solution was stirred until complete dissolution of the solids, after which the thiol, disulfide
or thiosulfonate substrate (2 mmol, 1 mmol or 1 mmol, respectively) were added. The septum
is pierced with a needle and the electrodes (graphite anode and stainless-steel cathode,
approximate distance 1 cm) are positioned in the liquid reaction mixture. The electrodes are
connected to a power supply set to 20 mA. A constant current was applied for 12-48 h (until
full conversion of the substrate is achieved as judged by GC-MS or TLC). In some cases,
constant potential was found beneficial to obtain optimal results (the applied potential was set
to 3.2 V or 4 V). After the reaction was complete, the power supply was turned off and, after

addition of water, the crude mixture was extracted three times with EtOAc (3 x 20 mL), dried
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with MgSOa4 and concentrated under reduced pressure. The resulting crude mixture was purified
using silica gel column chromatography and analyzed by TLC, GC-MS, *H NMR, F NMR,

and °C NMR spectroscopy.

3.4.4.3 General procedure for derivatization of volatile sulfonyl fluorides

For some compounds of the scope, derivatization was required due to their
volatility. After the electrochemical reaction was complete (see general procedure 3.4.4.2), the
power supply was turned off and the electrodes were removed. Next, the reaction mixture was
neutralized with sodium bicarbonate (5 mL of saturated aqueous solution). Phenol (3 equiv.)
and cesium carbonate (3 equiv.) were added subsequently. For the aromatic sulfonyl fluorides,
the reaction was carried out at r.t., while for the aliphatic the reaction mixture was heated to 60
°C. The derivatization was followed by TLC and GC-MS and when full conversion was
achieved a ®°F NMR spectrum was recorded to ensure complete conversion of the sulfonyl
fluoride. Subsequently, the reaction was extracted with ethyl acetate (3 x 20 mL) and the
organic phase was washed with 1 M NaOH solution (3 x 20 mL) to remove the excess of phenol.
The resulted organic phase was dried with MgSOa, concentrated under reduced pressure, and
purified using silica gel column chromatography. The purified material was next analyzed by

TLC, GC-MS, *H NMR, °F NMR, and *C NMR spectroscopy.

3.4.4.4 Procedure for the scale-up experiment

Potassium fluoride (50 mmol) was dissolved in the required amount of stock
solution (40 mL, 1:1 v/v CH3CN/HCly 1 M) and followed by the addition of pyridine (10
mmol). The solution was stirred until complete dissolution of the solids (biphasic mixture).

Next, thiophenol (10 mmol) was added. The septum is pierced with a needle and the electrodes
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(graphite anode and stainless-steel cathode, approximate distance 1 cm) are positioned in the
reactor solution. The electrodes are connected to the power supply, which is setto 3.2 V (applied
potential) and the solution is kept at a constant voltage for 24 h under continuous stirring. After
the reaction was complete, the power supply was turned off and, after addition of water, the
crude mixture was extracted three times with EtOAc (3 x 30 mL), dried with MgSO4 and
concentrated under reduced pressure. The resulting crude mixture was purified using silica gel

column chromatography (10:1 v/v Cy:EtOAC) to give a colorless oil (1128 mg, 70%).

3.4.4.5 Procedure for the kinetic experiment in batch conditions

Potassium fluoride (10 mmol) was dissolved in the required amount of stock
solution (20 mL, 1:1 v/v CH3CN/HClaq 1 M) and followed by the addition of pyridine (2 mmol).
The solution was stirred until complete dissolution of the solids. Next,
4-(trifluoromethyl)thiophenol (2 mmol) was added. The septum is pierced with a needle and
the electrodes (graphite anode and stainless-steel cathode, approximate distance 1 cm) are
positioned in the reactor solution. Next, a sample was taken before starting the reaction. The
electrodes are connected to the power supply, which is set to 3.2 V for the potentiostatic
experiment (applied potential) and 20 mA for the galvanostatic experiment, and the solution is
kept at a constant voltage for 9-24 h under continuous stirring. During the reaction, samples
were taken (0.2 mL) and complemented with DMSO (0.5 mL). The resulting samples were

analyzed by °F NMR.

3.4.4.6 Procedure for the kinetic experiment in flow conditions

Thiophenol (2 mmol) together with pyridine (10 mmol) were dissolved in

acetonitrile (20 mL), while potassium fluoride (10 mmol) was dissolved in HClag 1 M (20 mL).
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The two different mixtures were swirled until homogeneous before being taken up in a 20 ml
disposable syringe. The solutions were pumped with the same flowrate (in order to obtaina 1:1
organic/aqueous mixture) through a T-mixer and then into the electrochemical setup equipped
with a graphite anode and stainless-steel cathode at 0.25 mm thick gasket using PFA tubing (2
= 750 um). The potential was set to 3.3 V. Different residence times were scanned during the
experiment (from 1 to 10 min). For every data point, after the reaction had reached steady state
(12 min at 0.15 mL/min), the corresponding current was noted and a sample (0.2 mL) was
collected in a vial and complemented with CH3CN before analyzing the samples using GC-MS

(biphenyl as standard).
3.4.5 Characterization data of sulfonyl fluorides

o o Benzenesulfonyl fluoride (3.26a):*"°"" Following the general procedure

\\s”\,: (3.4.4.2), obtained at 20 mA for 36 h. Purified by flash chromatography on silica
©/ (cyclohexane/ethyl acetate 99:1) to give a colorless oil (272 mg, 85%). *H NMR
(399 MHz, CDClIs): 6 8.00 (d, J=7.9 Hz, 2H), 7.78 (t, J = 7.5 Hz, 1H), 7.63 (t, J = 7.7 Hz, 2H).
13C NMR (100 MHz, CDCls): ¢ 135.7, 133.1 (d, J = 24.3 Hz), 129.8, 128.4. °F NMR (376

MHz, CDCls): 6 65.9 (s, 1F).

Following the general procedure (3.4.4.3), obtained at 20 mA for 36 h. When
full conversion was achieved (followed by GC-MS), in situ derivatization was performed (See

characterization 3.26a-der).

0,0 4,6-Dimethylpyrimidine-2-sulfonyl fluoride (3.26b):%* Following the

Me | N\j/ F general procedure (3.4.4.2), obtained at 20 mA for 12 h. Purified by flash

\LfN chromatography on silica (cyclohexane/ethyl acetate 4:1) to give a white

Me solid (281 mg, 74%). Mp: 60-61 °C (Lit.5! mp: 57-58 °C). *H NMR (399

MHz, CDCls): § 7.36 (s, 1H), 2.64 (s, 6H). 3C NMR (100 MHz, CDCls): § 170.3, 170.2, 160.1
(d, J =36.7 Hz), 124.6, 24.0. *F NMR (376 MHz, CDCls): § 48.7 (s, 1F).
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0,0 4-Methylbenzenesulfonyl fluoride (3.26¢):°"70%0 Following the general

/@/\S,‘F procedure (3.4.4.2), obtained at 20 mA for 24 h. Purified by flash
Me chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a white
solid (220 mg, 63%). Mp: 40-42 °C (Lit.*® mp: 40.5-42 °C). 'H NMR (399 MHz, CDCls): 6
7.87 (d, J = 8.4 Hz, 2H), 7.41 (d, J = 8.1 Hz, 2H), 2.48 (s, 3H). 1*C NMR (100 MHz, CDCls):

6 147.3,130.4, 130.1 (d, J = 24.2 Hz), 128.5, 21.9. 9F NMR (376 MHz, CDCls): § 66.2 (s, 1F).

0,0 3-Methylbenzenesulfonyl fluoride (3.26d):® Following the general

Me\©/S‘F procedure (3.4.4.2), obtained at 20 mA for 36 h. Purified by flash

chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a

colorless oil (237 mg, 68%). HRMS (ESI): m/z calcd. for CyH702SFNa [M + Na]*: 197.0043;

found: 197.0043. *H NMR (399 MHz, CDCls): § 7.85 - 7.76 (m, 2H), 7.61 — 7.54 (m, 1H), 7.54

— 7.47 (m, 1H), 2.47 (s, 3H). °C NMR (100 MHz, CDCls): 6 140.3, 136.5, 133.0 (d, J = 23.6
Hz), 129.6, 128.7, 125.6, 21.3. '°F NMR (376 MHz, CDCls): 6 65.8 (s, 1F).

Me o o 2-Methylbenzenesulfonyl fluoride (3.26e):3" Following the general procedure
\S:F (3.4.4.2), obtained at 20 mA for 30 h. Purified by flash chromatography on silica
(cyclohexane/ethyl acetate 99:1) to give a colorless oil (303 mg, 87%). *H NMR

(399 MHz, CDCls): 6 8.02 (d, J = 7.9 Hz, 1H), 7.68 — 7.58 (m, 1H), 7.47 — 7.36 (m, 2H), 2.69
(s, 3H). *C NMR (100 MHz, CDCls): 6 139.1, 135.4, 133.0, 132.4 (d, J = 22.1 Hz), 130.1 (d,

J=1.7Hz), 126.8, 20.3 (d, J = 1.3 Hz). 1*F NMR (376 MHz, CDCls): 6 60.3 (s, 1F).

o o A4-(tert-Butyl)benzenesulfonyl fluoride (3.26f):>"%%91 Following the
\\S/,\F general procedure (3.4.4.2), obtained at 20 mA for 16 h. Purified by flash
t_Bu/©/ chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a white
solid (251 mg, 58%). Mp: 62—64 °C (Lit.** mp: 64-64.5 °C). *H NMR (399 MHz, CDCls): ¢
7.93 (d, J = 8.3 Hz, 2H), 7.64 (d, J = 8.3 Hz, 2H), 1.36 (s, 9H). *C NMR (100 MHz, CDCl3):
5 160.1, 130.0 (d, J = 24.2 Hz), 128.4, 126.8, 35.6, 31.0. *®F NMR (376 MHz, CDCls): J 66.2

(s, 1F).
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0,0 4-Methoxybenzenesulfonyl fluoride (3.269):47°"0  Following the
/©/S\F general procedure (3.4.4.2), obtained at 20 mA for 41 h. Purified by flash
MeO chromatography on silica (cyclohexane/ethyl acetate 10:1) to give a yellow
0il (224 mg, 59%). *H NMR (399 MHz, CDCls): 6 7.92 (d, J = 9.0 Hz, 2H), 7.05 (d, J = 8.9 Hz,
2H), 3.91 (s, 3H). 13C NMR (100 MHz, CDCls): 6 165.4, 130.9, 124.1 (d, J = 24.6 Hz), 115.0,
56.0. 1%F NMR (376 MHz, CDCls): § 67.3 (s, 1F).

0,0 3-Methoxybenzenesulfonyl fluoride (3.26h):° Following the general

MeO \S,*F procedure (3.4.4.2), obtained at 20 mA for 36 h. Purified by flash
\©/ chromatography on silica (cyclohexane/ethyl acetate 10:1) to give a pale
yellow oil (129 mg, 34%). 'H NMR (399 MHz, CDCls): ¢ 7.60 (dt, J = 7.8, 0.9 Hz, 1H), 7.52
(td, J=8.0, 1.1 Hz, 1H), 7.47 (t, J = 2.2 Hz, 1H), 7.28 (dd, J = 8.3, 2.3 Hz, 1H), 3.89 (s, 3H).
13C NMR (100 MHz, CDCls): § 160.3, 134.1 (d, J = 24.2 Hz), 130.8, 122.3, 120.7, 112.8, 56.0.

19F NMR (376 MHz, CDCls): 6 65.6 (s, 1F).

0,0 4-(Trifluoromethyl)benzenesulfonyl fluoride (3.26i):57°? Following the

\S/\F general procedure (3.4.4.2), obtained at 20 mA for 36 h. Purified by flash
F3C/©/ chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a white
solid (278 mg, 61%). Mp: 67—69 °C (Lit.°> mp: 68-69 °C). *H NMR (399 MHz, CDCls): 6 8.17
(d, J=8.2 Hz, 2H), 7.92 (d, J = 8.1 Hz, 2H). *C NMR (100 MHz, CDCls3): 6 137.3 (q, J = 33.4
Hz), 136.6 (d, J = 27.2 Hz), 129.3, 127.1 (q, J = 3.7 Hz), 122.9 (g, J = 273.3 Hz). F NMR

(376 MHz, CDCls): 6 65.8 (s, 1F), -63.6 (s, 3F).

F 0,0 2,3,4,5,6-Pentafluorobenzenesulfonyl fluoride (3.26j):* Following the

S‘F general procedure (3.4.4.2), obtained at 4.0 V for 24 h. Purified by flash

F F chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a colorless

oil (95 mg, 19%). **C NMR (100 MHz, CDCls): 6 148.8 — 144.9 (m), 147.2 —

143.4 (m), 140.7 — 136.2 (m), 111.2 — 109.1 (m). **F NMR (376 MHz, CDCls): 6 74.3 (t, J =
14.6 Hz, 1F), -130.8 — -133.8 (m, 2F), -136.9 — -140.9 (m, 1F), -153.4 — -160.8 (m, 2F).

F

Following the general procedure (3.4.4.3), obtained at 4.0 V for 24 h. When full
conversion was achieved (followed by GC-MS), in situ derivatization was performed (See

characterization 3.26j-der).
158



O\\S//o Methyl 2-(fluorosulfonyl)benzoate (3.26k):% Following the general
©: ~F procedure (3.4.4.2), obtained at 20 mA for 20 h. Purified by flash
cooMe chromatography on silica (cyclohexane/ethyl acetate 10:1) to give a colorless

oil (384 mg, 88%). HRMS (ESI): m/z calcd. for CsH704SFNa [M + Na]*: 240.9941; found:
240.9941. 'H NMR (399 MHz, CDCls): 6 8.15 (dd, J = 7.9, 1.3 Hz, 1H), 7.87 (dd, J=7.8, 1.6
Hz, 1H), 7.82 (td, J = 7.6, 1.3 Hz, 1H), 7.73 (m, 1H), 3.98 (s, 3H). 13C NMR (100 MHz, CDCl5):
5165.9, 135.4, 133.2, 132.0 (d, J = 26.3 Hz), 131.8, 130.9, 130.6 (d, J = 1.6 Hz), 53.6. °F NMR

(376 MHz, CDCls): 6 64.5 (s, 1F).

o o 4-Fluorobenzenesulfonyl fluoride (3.261):4"°"7° Following the general

\Y/

/@/S\F procedure (3.4.4.2), obtained at 20 mA for 24 h. Purified by flash
E chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a colorless

oil (217 mg, 61%). *H NMR (399 MHz, CDCls): 5 8.12 — 8.01 (m, 2H), 7.32 (t, J = 8.4 Hz,
2H). 13C NMR (100 MHz, CDCls): 6 167.0 (d, J = 259.8 Hz), 131.7 (d, J = 10.1 Hz), 129.1 (dd,
J=25.9,3.4 Hz), 117.4 (d, J = 23.1 Hz). 9F NMR (376 MHz, CDCl): J 66.7 (s, 1F), -99.26—
-99.44 (m, 1F).

0.0 4-Chlorobenzenesulfonyl fluoride (3.26m):3%4757.70 Following the general
/@/S‘F procedure (3.4.4.2), obtained at 20 mA for 22 h. Purified by flash
cl chromatography on silica (cyclohexane/ethyl acetate 10:1) to give a white
solid (241 mg, 62%). Mp: 48-50 °C (Lit.3° mp: 49-53 °C). *H NMR (399 MHz, CDCls): § 7.95
(d, J = 8.6 Hz, 2H), 7.61 (d, J = 8.5 Hz, 2H). 3C NMR (100 MHz, CDCls): 6 142.8, 131.5 (d,
J =25.7 Hz), 130.2, 130.0. °F NMR (376 MHz, CDCls): 6 66.4 (s, 1F).

o o 4-Bromobenzenesulfonyl fluoride (3.26n):4"° Following the general

N\

/©/S\F procedure (3.4.4.2), obtained at 20 mA for 16 h. Purified by flash
Br chromatography on silica (cyclohexane/ethyl acetate 10:1) to give a white

solid (277 mg, 58%). Mp: 64-65 °C (Lit.* mp: 58.1-59.8 °C). 'H NMR (399 MHz, CDCls): §
7.87 (d, J =8.7 Hz, 2H), 7.78 (d, J = 8.4 Hz, 2H). 3C NMR (100 MHz, CDCls): § 133.2, 132.0
(d, J = 25.7 Hz), 131.4, 129.9. 9F NMR (376 MHz, CDCls): 6 66.4 (s, 1F).
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0,0 4-Acetamidobenzenesulfonyl fluoride (3.260):4"" Following the
/©/S‘F general procedure (3.4.4.2), obtained at 20 mA for 40 h. Purified by flash
AcHN chromatography on silica (cyclohexane/ethyl acetate 4:1) to give a white
solid (82 mg, 19%). Mp: 174-175 °C (Lit.*” mp: 175-176 °C). *H NMR (399 MHz, CDCls): 6
7.96 (d, J = 8.6 Hz, 2H), 7.79 (d, J = 8.6 Hz, 2H), 7.55 (s, 1H), 2.25 (s, 3H). 1*C NMR (100
MHz, CDCls): 6 168.8, 144.6, 130.2, 127.3 (d, J = 25.1 Hz), 119.5, 25.0. *F NMR (376 MHz,
CDCls): 0 66.8 (s, 1F).

o o Pyridine-2-sulfonyl fluoride (3.26p):* Following the general procedure
S (3.4.4.2), obtained at 3.2 V for 6 h. Purified by flash chromatography on silica

| 2N (cyclohexane/ethyl acetate 4:1) to give a yellow oil (274 mg, 85%). *H NMR
(399 MHz, CDCly): ¢ 8.83 (d, J = 4.3 Hz, 1H), 8.13 (d, J = 7.8 Hz, 1H), 8.06 (tt, J = 7.7, 1.5
Hz, 1H), 7.72 (ddd, J = 7.6, 4.7, 1.2 Hz, 1H). 3C NMR (100 MHz, CDCls): 6 151.4 (d, J = 30.4
Hz), 151.1 (d, J = 1.2 Hz), 138.9, 129.4, 124.2 (d, J = 2.2 Hz). '°F NMR (376 MHz, CDCls): ¢

55.8 (s, 1F).

0,0 Pyrimidine-2-sulfonyl fluoride (3.26q):**%! Following the general procedure
| NYS‘F (3.4.4.2), obtained at 20 mA for 24 h. Purified by flash chromatography on silica
Eé" (cyclohexane/ethyl acetate 4:1) to give a white solid (169 mg, 52%). Mp: 56-58
°C (Lit.5* mp: 58-60 °C). *H NMR (399 MHz, CDCls): 6 9.04 (d, J = 4.9 Hz, 2H), 7.73 (t, J =
4.9 Hz, 1H). **C NMR (100 MHz, CDCls): ¢ 160.8 (d, J = 38.8 Hz), 159.4 (d, J = 1.6 Hz),

125.5. 9F NMR (376 MHz, CDCls): 6 49.5 (s, 1F).

0 0 Methanesulfonyl fluoride (3.26r): Following the general procedure (3.4.4.3),
Me/s‘F obtained at 3.2 V for 15 h starting by dimethyl disulfide. When full conversion was
achieved (followed by GC-MS), in situ derivatization was performed (See characterization

3.26r-der).

0,0 Ethanesulfonyl fluoride (3.26s): Following the general procedure (3.4.4.3),
M S. . . .
®~~"“F obtained at 20 mA for 48 h. When full conversion was achieved (followed by

GC-MYS), in situ derivatization was performed (See characterization 3.26s-der).
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0,0 Propane-1-sulfonyl fluoride (3.26t): Following the general procedure
Me” ™~ "F  (3.4.4.3), obtained at 20 mA for 41 h starting by dipropy! disulfide. When full
conversion was achieved (followed by GC-MS), in situ derivatization was performed (See

characterization 3.26t-der).

0,0 Octane-1-sulfonyl fluoride (3.26u):>" Following the general
W\/\/\/\hﬁ;mwmuMAamemmmmmmmpmmmwmh
chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a colorless oil (200 mg,
51%). *H NMR (399 MHz, CDCls): § 3.42 — 3.29 (m, 2H), 1.94 (p, J = 7.7 Hz, 2H), 1.48 (p, J
= 7.4 Hz, 2H), 1.39 — 1.22 (m, 8H), 0.88 (t, J = 6.9 Hz, 3H). 1*C NMR (100 MHz, CDCls): §
51.0 (d, J = 15.9 Hz), 31.8, 29.0, 28. 9, 28.0, 23.5, 22.7, 14.2. 1°F NMR (376 MHz, CDCls): 6

53.2 (t, J = 4.2 Hz, 1F).

o o Cyclohexane-1-sulfonyl fluoride (3.26v):"° Following the general procedure
O/S\F (3.4.4.3), obtained at 3.2 V for 36 h. When full conversion was achieved
(followed by GC-MS), in situ derivatization was performed (See characterization

3.26v-der).

Q9 2-(Pyrazin-2-yl)ethane-1-sulfonyl fluoride (3.26w): Following the
ENj/\/S\F general procedure (3.4.4.2), obtained at 20 mA for 24 h. Purified by flash
N7 chromatography on silica (cyclohexane/ethyl acetate 4:1) to give a white
off solid (357 mg, 94%). HRMS (ESI): m/z calcd. for CsH7N20>SFNa [M + Na]*: 213.0104;
found: 213.0104. Mp: 220 °C (degr.). *H NMR (399 MHz, CDCls): § 8.61 — 8.39 (m, 3H), 4.01
—3.83 (m, 2H), 3.43 (t, J = 7.6 Hz, 2H). *3C NMR (100 MHz, CDCls): § 151.4, 144.7, 144.3,
143.8, 49.0 (d, J = 17.6 Hz), 28.6. 1°F NMR (376 MHz, CDCls): 6 53.9 (t, J = 4.8 Hz, 1F).

o Phenylmethanesulfonyl fluoride (3.26x):"7%% Following the general
©\/\\S/\F procedure (3.4.4.2), obtained at 20 mA for 40 h. Purified by flash

chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a colorless
oil (157 mg, 45%). Mp: 92-93 °C (Lit.%> mp: 93-94 °C). *H NMR (399 MHz, CDCls): § 7.55
—7.34 (m, 5H), 4.60 (d, J = 3.2 Hz, 2H). *C NMR (100 MHz, CDCls): § 130.8, 130.0, 129.4,
125.6, 57.0 (d, J = 17.7 Hz). *°F NMR (376 MHz, CDCls): 6 51.4 (t, J = 3.4 Hz, 1F).
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N

ol oo (4-Chloro-phenyl)methanesulfonyl fluoride (3.26y):* Following the
\©\/\\s” . general procedure (3.4.4.2), obtained at 20 mA for 44 h. Purified by flash

chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a white
off solid (154 mg, 37%). HRMS (ESI): m/z calcd. for C7HsO2SCIFNa [M + Na]*: 230.9653;
found: 230.9653. Mp: 149-150 °C (Lit.*> mp: 143-145 °C). 'H NMR (399 MHz, CDCls): ¢
7.43 (d, J = 8.5 Hz, 2H), 7.37 (d, J = 8.6 Hz, 2H), 4.57 (d, J = 3.1 Hz, 2H). 3C NMR (100
MHz, CDCls): §136.5,132.1, 129. 8, 124.1,56.3 (d, J = 18.4 Hz). **F NMR (376 MHz, CDCl5):
051.6 (t, J=3.2 Hz, 1F).

Q0 2-Phenylethane-1-sulfonyl fluoride (3.26z): Following the general
©/\/S\F procedure (3.4.4.2), obtained at 20 mA for 24 h. Purified by flash
chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a

colorless oil (244 mg, 65%). HRMS (ESI): m/z calcd. for CsHyO2SFNa [M + Na]*: 211.0199;
found: 211.0199. *H NMR (399 MHz, CDCls): 6 7.41 — 7.34 (m, 2H), 7.32 (tt, J = 7.3, 1.5 Hz,
1H), 7.27 — 7.21 (m, 2H), 3.68 — 3.58 (m, 2H), 3.29 — 3.21 (m, 2H). *C NMR (100 MHz,

CDCls): 6 136.1, 129.2, 128.5, 127.7, 52.2 (d, J = 15.6 Hz), 29.7. 1°F NMR (376 MHz, CDCls):
053.2 (t, J = 4.2 Hz, 1F).

MeOOC Q9 Methyl acetyl(fluorosulfonyl)-D-alaninate (3.26aa): Following the
AcHN “nS~g general procedure (3.4.4.2), obtained at 20 mA for 24 h. Purified by flash
chromatography on silica (cyclohexane/ethyl acetate 4:1) to give a white solid (159 mg, 35%).
HRMS (ESI): m/z calcd. for CeH10NOsSFNa [M + Na]*: 250.0156; found: 250.0156. Mp: 159-
160 °C. *H NMR (399 MHz, CDCls): 6 6.48 (brs, 1H), 4.91 (dg, J = 6.3, 4.3 Hz, 1H), 4.22 (ddd,
J=15.2,4.6, 2.5 Hz, 1H), 4.07 (ddd, J = 15.2, 6.0, 4.6 Hz, 1H), 3.86 (s, 3H), 2.09 (s, 3H). 13C
NMR (100 MHz, CDCls): 6 170.5, 168.2, 53.9, 51.6 (d, J = 14.9 Hz), 48.8, 23.0. °F NMR (376

MHz, CDCls): § 63.3 (dt, J = 6.0, 2.9 Hz, 1F).

Phenyl phenylsulfonate (3.26a-der):%® Following the general procedure

S‘o (3.4.4.3), obtained at r.t. in 2 h. Purified by flash chromatography on
©/ silica (cyclohexane/ethyl acetate 99:1) to give a colorless oil (454 mg,
97%) (mp: Lit.° mp: 34-35 °C). 'H NMR (399 MHz, CDCls): 6 7.96 — 7.83 (m, 2H), 7.69 (i,
J=75, 1.3 Hz, 1H), 7.60 — 7.51(m, 2H), 7.37 — 7.24 (m, 3H), 7.12 — 6.98 (m, 2H). 3C NMR
(100 MHz, CDCls): 0 149.4, 135.1, 134.2, 129.6, 129.1, 128.2, 127.1, 122.1.
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F o Phenyl  2,3,4,5,6-pentafluorobenzenesulfonate  (3.26j-der):®’
F - /© Following the general procedure (3.4.4.3), obtained at room
. . temperature in 2 h. Purified by flash chromatography on silica

(cyclohexane/ethyl acetate 99:1) to give a white solid (181 mg, 28%).
HRMS (ESI): m/z calcd. for C12Hs03SFsNa [M + Na]*: 346.9772; found: 346.9772. Mp: 72—
74 °C. 'H NMR (399 MHz, CDCls): 6 7.44 — 7.31 (m, 3H), 7.23 — 7.14 (m, 2H). *C NMR (100
MHz, CDCl3): 6 149.0, 146.9 — 146.4 (m), 144.2 — 143.8 (m), 139.6 — 139.1 (m), 137.0 — 136.5
(m), 130.4, 128.3, 121.6, 112.2 — 111.7 (m). **F NMR (376 MHz, CDCls): 6 -132.56 — -133.20
(m, 2F), -141.74 (tt, J = 21.1, 8.1 Hz, 1F), -157.19 — -157.89 (m, 2F).

oo Phenyl methanesulfonate (3.26r-der):*® Following the general procedure
Me/\\sll‘o (3.4.4.3), obtained at 60 °C in 12 h. Purified by flash chromatography on
silica (cyclohexane/ethyl acetate 99:1) to give a white off solid (176 mg,

519). Mp: 62-63 °C (Lit.% mp: 60-62 °C). 'H NMR (399 MHz, CDCls): 6 7.38 (t, J = 7.9 Hz,
2H), 7.33 — 7.20 (m, 3H), 3.09 (s, 3H). 3C NMR (100 MHz, CDCls): 6 149.4, 130.1, 127.5,

122.1, 37.4.

o6 Phenyl ethanesulfonate (3.26s-der):% Following the general procedure
Me\/\\Sl’\o (3.4.4.3), obtained at 60 °C in 12 h. Purified by flash chromatography on
silica (cyclohexane/ethyl acetate 99:1) to give a colorless oil (134 mg,

36%). 'H NMR (399 MHz, CDCls): § 7.46 — 7.36 (m, 2H), 7.34 — 7.25 (m, 3H), 3.28 (4, J = 7.4
Hz, 2H), 1.54 (t, J = 7.4 Hz, 3H). 3C NMR (100 MHz, CDCls): § 149.3, 130.1, 127.3, 122.1,

45.1, 8.4.

o0 0

N\

/@ Phenyl propane-1-sulfonate (3.26t-der): Following the general
Me” 0

procedure (3.4.4.3), obtained at 60 °C in 24 h. Purified by flash
chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a
colorless oil (156 mg, 39%). HRMS (ESI): m/z calcd. for CgH1203SNa [M + Na]*: 223.0399;
found: 223.0399. *H NMR (399 MHz, CDCls): § 7.44 — 7.36 (m, 2H), 7.33—7.24 (m, 3H), 3.24
—3.18 (m, 2H), 2.07 — 1.95 (m, 2H), 1.11 (t, J = 7.5 Hz, 3H). *C NMR (100 MHz, CDCls): ¢
149.3, 130.0, 127.2,122.1,52.1, 17.4, 12.9.
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Phenyl cyclohexanesulfonate (3.26v-der): Following the general
S‘o/© procedure (3.4.4.3), obtained at 60 °C in 24 h. Purified by flash
O/ chromatography on silica (cyclohexane/ethyl acetate 99:1) to give a
colorless oil (197 mg, 41%). HRMS (ESI): m/z calcd. for C12H1603SNa [M + Na]*: 263.0712;
found: 263.0712. 'H NMR (399 MHz, CDCls): § 7.40 — 7.31 (m, 2H), 7.27 — 7.18 (m, 3H), 3.14
(tt, J=12.1, 3.5 Hz, 1H), 2.30 (dd, J = 13.3, 3.6 Hz, 2H), 1.96 — 1.84 (m, 2H), 1.76 — 1.61 (m,
3H), 1.35 — 1.18 (m, 3H). °C NMR (100 MHz, CDCls): § 149.2, 130.0, 127.0, 122.2, 60.2,
26.7,25.1, 25.0.

3.5 Mechanistic studies
3.5.1 Kinetic experiments

First, a kinetic experiment at constant potential conditions was carried out (see

Scheme 3.9 and Figures 3.10 and 3.11).

Batch Electrocell
(C[Fe),

/©/SH 3.2V, undivided cell R
F

3 KF (5 equiv.), 3
3.25i Py (1 equiv.), 3.26i
CH;3;CN/HCl,q 1 M (1:1 v/v),
rt,9h

S.

CF3 F o oo CF3

\/
s o 0 FsC g 8

FiC . /©/ ~oH Possible intermediate FiC FiC

Disulfide FaC

(Sulfenyl fluoride)
Possible intermediate Possible intermediate

Possible by-product (Sulfinyl fluoride) ~ (S-Phenyl benzenethiosulfonate)

Scheme 3.9 — Kinetic experiment at constant potential conditions.
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Figure 3.10 — Kinetic experiment at constant potential conditions. 1D **F NMR stacked
spectra for the time course array of the reaction from 0 to 9 h reaction time (samples taken at
the reaction time mentioned on each spectrum). Top: Full range stacked spectra. Bottom:

Zoom from -63.0 to -60.0 ppm.
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Figure 3.11 — Kinetic experiment at constant potential conditions. Top: Integration of peaks

of the °F NMR plot. Bottom: Current intensity over time.

The experiment showed a rapid conversion of thiol 3.25i to disulfide (within 45
minutes). After this event, the formation of the product 3.26i is observed. Interestingly, a
by-product (-61.1 ppm) formation was detected, which is attributed to overoxidation products
(sulfonic acid). With the formation of 3.26i, traces of the released thiol 3.25i could be detected
at -60.7 ppm (CFs group). It was also possible to observe the formation of traces of other
fluorinated species in the region between -62.0 and -61.3 ppm. In particular, the signals at
approximately -61.8 and -61.6 ppm can be attributed to the CFz groups of the S-phenyl
benzenethiosulfonate.%

During the kinetic experiment, a current drop was observed in the first hour,
which is in correspondence with the formation of disulfide. Subsequently, the current stabilized

around 50 mA until full conversion of the disulfide was observed (see Figure 3.11, bottom).
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Next, a kinetic experiment at constant current conditions was carried out

(Scheme 3.10 and Figures 3.12 and 3.13).

Batch Electrocell
C|Fe
(CIFo), oo

/©/SH 20 mA, undivided cell Vg’
F

3 KF (5 equiv.),
3.25i Py (1 equiv.), 3.26i
CH;3;CN/HClyq 1 M (1:1 v/v),
rt,24h

S.
/@/CF:; /@/ E o o
S. \
/©/ ® o\\s//o FsC /©/ “F /@/ <
F5C /©/ ~oH Possible intermediate fc fc
F,;C

Disulfide (Sulfenyl fluoride)

»=0
Z
<
w 2
2]
M
@

Possible intermediate Possible intermediate
Possible by-product (Sulfinyl fluoride) ~ (S-Phenyl benzenethiosulfonate)

Scheme 3.10 — Kinetic experiment at constant current conditions.
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Figure 3.12 — Kinetic experiment at constant current conditions. 1D *°F NMR stacked spectra

for the time course array of the reaction from 0 to 24 h reaction time. Top: Full range stacked
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spectra. Bottom: Zoom from -63.0 to -60.0 ppm.
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Figure 3.13 — Kinetic experiment at constant current conditions. Top: Integration of peaks of

the °F NMR plot. Bottom: Applied voltage over time.
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The experiment showed a similar outcome to that observed previously (Figures
3.10 and 3.11). At the beginning, conversion to disulfide is observed (within 4 h). During this
first step, the potential remains constant at 1.2-1.3 V (Figure 3.13, bottom). When full
conversion of disulfide is achieved, the potential rises to 2.4-2.5 V (Figure 3.13, bottom), and
the product 3.26i appears together with the peaks observed in the potentiostatic experiment.
Full conversion is reached in 22 h (see Figure 3.13, top).

Finally, a kinetic experiment at constant current under an inert atmosphere was

carried out (Scheme 3.11 and Figures 3.14 and 3.15).

Batch Electrocell
(C[Fe),

/©/SH 20 mA, undivided cell g
“F

3 . KF (5 equiv.),
3251 Py (1 equiv.), 3.26i
CH3CN/HCl,q 1 M (1:1 v/v),
r.t., Ar, 12 h

S.
CF, F o o o CF,
1] \\s//
\\,/ F3C S.p s
oH Possible intermediate E
FiC £
F3C

Disulfide (Sulfenyl fluoride)
Possible intermediate Possible intermediate

Possible by-product (Sulfinyl fluoride) ~ (S-Phenyl benzenethiosulfonate)

Scheme 3.11 — Kinetic experiment at constant current under an inert atmosphere.
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Figure 3.14 — Kinetic experiment at constant current under an inert atmosphere. 1D °F NMR
stacked spectra for the time course array of the reaction from 0 to 12 h reaction time. Top:
Full range stacked spectra. Bottom: Zoom from -63.0 to -60.0 ppm.
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Figure 3.15 — Kinetic experiment at constant current under an inert atmosphere. Top:

Integration of peaks of the 1°F NMR plot. Bottom: Applied voltage over time.

The experiment under inert conditions showed a similar reaction pattern to the
reaction carried out in air (Figures 3.12 and 3.13). However, at the beginning of the reaction,
slower formation of disulfide was observed in comparison to the previous reaction. Also, the
byproduct formation rate (sulfonic acid) in air was higher than in argon at the same reaction

time (compare Figure 3.13 (top) with Figure 3.15 (top)).

3.5.2 Radical quenching experiments

In order to elucidate the mechanism, radical quenching experiments with

TEMPO, BHT, and benzoquinone were carried out (Tables 3.9 and 3.10).
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We commenced our investigation using an excess of radical scavengers (1.5-3

equiv.) with thiophenol (3.25a) (Table 3.9).

Table 3.9 — Thiophenol quenching experiment!l

Electrocell
(C[Fe), 0,0
: SH 20 mA, undivided cell O/\SI\F
KF (5 equiv.),
3.25a Py (1 equiv.), 3.26a
Radical scavenger (1.5 or 3 equiv.),
CH3CN/HCl,q 1 M (1:1 v/v),
rt, 24 h
Entry Radical Scavenger Product(®]

1 BHT (1.5 equiv.) 36%
2 TEMPO (1.5 equiv.) 82%
3 Benzoquinone (1.5 equiv.) 21%
4 BHT (3 equiv.) Traces
5 TEMPO (3 equiv.) 21%

[ Thiophenol (2 mmol), radical scavenger (1.5 or 3 equiv.), KF (5 equiv.), pyridine (1
equiv.), CH3CN/HClyq 1 M (1:1 v/v, 20 mL), r.t., 24 h, and a constant current of 20
mA. PIGC yields were calculated with an internal standard (biphenyl).

Generally, the reaction proceeded with lower yields than the standard in all
cases. A larger excess of BHT and TEMPO inhibited the reaction completely (or almost
completely). No quenched intermediates were detected via GC-MS.

Next, we decided to carry out the same experiment with diphenyl disulfide, in
order to avoid any quenching of the radical traps by the thiol 3.25a (Table 3.10). As a result,
only traces or low amounts of product 3.26a were observed after 24 h. No quenched

intermediates were also detected via GC-MS.
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Table 3.10 — Diphenyl disulfide quenching experimentl®

Electrocell
(C|FC), 00
W\

@ 20 mA, undivided cell Y
s @ “F
~s
©/ KF (5 equiv.),

Py (1 equiv.), 3.26a

Radical scavenger (1.5 equiv.),
CH;CN/HCl, 1 M (1:1 v/v),

rt., 24 h
Entry Radical Scavenger Product(®]
1 BHT 13%
2 TEMPO Traces
3 Benzoquinone Traces

[BIDiphenyl disulfide (1 mmol), radical scavenger (1.5 equiv.), KF (5 equiv.), pyridine
(1 equiv.), CH3CN/HClaq 1 M (1:1 v/v, 20 mL), r.t., 24 h, and a constant current of 20
mA. PIGC yields were calculated with an internal standard (biphenyl).

3.6  Fluorination step

Based on the experimental data obtained, we envisioned two different

possibilities for the fluorination step:

In situ formation of an electrophilic fluorinating species via anodic oxidation.

1.
D —e” 2 F_, —e” X
(J— &) — [
N N N™ -
F
2. Insitu formation of an amine-HF adduct in acidic conditions, similar to that previously

reported in the literature employing alkali-metal fluorides and solid-supported acids in

the presence of 2,6-lutidine in dehydrated acetonitrile under electrochemical

conditions.””
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HA F~

BH' A~ =——= A + BH'F~

B:

For this reason, we carried out some preliminary reactions, to understand better

the fluorination step of our mechanism.

3.6.1 1-Fluoropyridinium

The formation of sulfonyl fluoride employing 1-fluoropyridinium
tetrafluoroborate (a common, mild electrophilic fluorinating reagent) was investigated (Scheme
3.12).101102 Hereto, the reaction was performed with 2 equiv. of 1-fluoropyridinium
tetrafluoroborate with and without acid. Interestingly, both reactions led to only traces of the

product after 24 h.

Electrocell
(C|Fe),

©/SH 3.2V, undivided cell \\S'/
SN

PyF'BF,” (2 equiv.),
3.25a CH;CN/HCl,, I M (1:1 viv),  3.26a
or
CH;CN/H,0 (1:1 v/v),
rt, 24 h

Traces

Scheme 3.12 — 1-Fluoropyridinium tetrafluoroborate experiment.

These results might indicate that a mild electrophilic fluorinating reagent is not

necessary for the reaction.
We previously carried out an electrochemical reaction with Selectfluor (see
Table 3.4, entry 5), which led to almost quantitative GC yield towards the desired product.

However, reaction with this strong fluorinating reagent was already proven to occur without
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electricity at high temperatures or with prefunctionalized reagents.>"¢7%8 We think that in this
case the fluorination step is promoted by Selectfluor, while the electrochemical reaction is

needed to accelerate the oxidation step.

3.6.2 Pyridinium chloride

Based on the previous results, we decided to investigate the effect of an

amine-HCI salt. Hence, an experiment was carried out with pyridinium chloride and the desired

product 3.26a was obtained in 84% GC yield (Scheme 3.13).

Electrocell
(C[Fe),

©/SH 3.2 V. undivided cell Y
o

KF (5 equiv.),
3.25a Py-HCI (2 equiv.), 3.26a
CH;CN/H,0 (1:1 v/v),
rt,7h

84%

Scheme 3.13 — Pyridinium chloride experiment (GC-FID vyield, biphenyl as an internal
standard).

This result indicates that the preformed py-HCI followed by anion exchange

behaves similarly compared to the standard reaction conditions.

3.6.3 Triethylamine

In order to further prove that our fluorination step happens via an amine-HF
adduct, a different amine was tested (Scheme 3.14). During our optimization, we showed that

triethylamine in neutral conditions was ineffective (see Table 3.3, entry 3). We tested it again
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in the presence of HCI with thiophenol (3.25a). As a result, the reaction product 3.26a was
formed after 24 h in good GC yield (81%). However, we also cannot rule out the possibility
that a bifluoride [F-H-F] anion is acting as a nucleophilic fluorination agent,®” especially in
the reactions performed under acidic conditions in the absence of a base (see Table 3.8, entry
17). Another possibility is the formation of an adduct between amine and bifluoride anion in

acidic conditions ([pyH]"-[F-H-F]™ adduct), which is an even more nucleophilic species.

Electrocell
(C|Fe),

©/SH 3.2V, undivided cell S
“F
KF (5 equiv.), ©/
3.25a Et;N (1 equiv.), 3.26a

CH;CN/HCl, (1:1 viv),
rt.,24h

81%

Scheme 3.14 — Triethylamine experiment (GC-FID yield, biphenyl as an internal standard).

3.7 Cyclic voltammetry analyses

Cyclic voltammetry analyses were carried out at room temperature with an
IVIUM CompactStat potentiostat (Ilvium Technologies B.V., Eindhoven, The Netherlands)
using a standard three-electrode cell equipped with a platinum working electrode, a nickel
counter electrode, and an SCE reference electrode. The experiments were performed at a
concentration of 0.1 M in CH3CN (30 mL) with an electrolyte (MesNBF4, 0.01 M); however,
in some measurements, a small amount of water was added to get everything into solution.
Unless specified, a scan rate of 200 mV/s was used.

First, a “blank” voltammogram (i.e. one run for electrolyte solutions only,

without a sample) was recorded (Figure 3.16).
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Figure 3.16 — Cyclic voltammogram of blank solution (CH3CN/0.01 M MesNBFy).

3.7.1 Starting materials

Thiophenol:
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Figure 3.17 — Cyclic voltammograms of thiophenol in CH3CN (0.01 M MesNBF4), measured
between (a) -1.5and 2 V and (b) -1.5and 4 V.

As shown in Figure 3.17a, the cyclic voltammogram of 3.25a exhibited an
oxidation peak at ca. +0.1 V (vs. SCE) related to the oxidation of thiolate anion (CeHsS).2%®
However, the other peak expected at +1.5 V (vs. SCE in CH3CN),** corresponding to the
oxidation of thiophenol to dipheny! disulfide,'*1% was not well-resolved in the voltammogram

of Figure 3.17b.
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KF:

—KF

Current (mA)
~
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Figure 3.18 — Cyclic voltammogram of KF in CH3CN/H20 (0.01 M MesNBF,).

Cyclic voltammogram of KF is shown in Figure 3.18. This alkali fluoride did

not lead to a substantial increment in current compared to the electrolyte (Figure 3.16 vs. 3.18).

Diphenyl disulfide:

] —— Phssph

s /O ]
*s .
34

Current (mA)
~

T T T T T T
-1 0 1 2 3 4
Potential (V vs. SCE)

Figure 3.19 — Cyclic voltammogram of diphenyl disulfide in CH3CN/0.01 M MesNBF4.

The cyclic voltammogram of diphenyl disulfide is shown in Figure 3.19. The
oxidation peak expected between +1.6 and +1.8 V (vs. SCE in CH3CN),%1% corresponding to

the oxidation of disulfide to its cation radical,*®® was not well-resolved in this voltammogram.
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Figure 3.20 — Cyclic voltammogram of pyridine in CH3sCN/0.01 M MesNBF4.

The cyclic voltammogram of pyridine (Figure 3.20) exhibited a reduction peak

at ca. -0.6 V (vs. SCE), but its oxidation peak was not particularly well-resolved.?%

3.7.2 Reaction mixture

Py + KF

1)

1——ry+kF

Py + KF — Addition HCI

Current (mA)
~
Current (mA)
LI T R T S - S

T T T T T T - T T T T T T
-1 0 1 2 3 4 -1 0 1 2 3 4
Potential (V vs. SCE) Potential (V vs. SCE)

Figure 3.21 — Cyclic voltammograms of mixture of pyridine with KF in CH3CN/H20 (0.01 M
MesNBF;): (a) without an acid and (b) in the presence one drop of HCI.

A voltammogram of pyridine with KF in acetonitrile/water was recorded. As a
result, no significant difference was observed compared to the voltammogram recorded for

pyridine alone (see Figure 3.20 vs. 3.21a). The addition of one drop of HCI resulted in the
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formation of a broad oxidation wave starting at approximately +0.95 V (vs. SCE) (Figure

3.21h).

Py + KF + PhSH

5@ 1o
44 Py + KF + PhSH 59 —— KF + Py + PhSH — Addition HCI
4 4
34
< < 31
E 2 £
€ € 24
g g
5 14 5
3 O 14
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-1 14
2 T T T T T T 2 T T T T T T
-2 -1 0 1 2 3 4 -2 -1 0 1 2 3 4
Potential (V vs. SCE) Potential (V vs. SCE)

Figure 3.22 — Cyclic voltammograms of reaction mixture (Py + KF + PhSH) in CH3CN/H20
(0.01 M MesNBF4): (a) without an acid and (b) in the presence one drop of HCI.

A voltammogram of the reaction mixture (Py + KF + PhSH) in acetonitrile/water
was recorded. When thiophenol was added to the mixture of pyridine and KF, a new peak
appeared at around +2.3 V (vs. SCE), possibly related to the formation of a fluorinated species

of thiol (Figure 3.22a). The addition of acid did not lead to any conclusive result (Figure 3.22b).

Py + KF + PhSSPh

- 77
1@ (b)
6
3] Py + KF + PhSSPh 5 Py + KF + PhSSPh — Addition HCI
4
24 —~
< <
E £’
£ £
3 3
od . —— 200 mV/s
— 100 mV/s
) 1
2
-2 T -3
2 1 0 1 2 3 4 2 1 0 1 2 3 4

Potential (V vs. SCE) Potential (V vs. SCE)

Figure 3.23 — Cyclic voltammograms of reaction mixture (Py + KF + PhSSPh) in

CH3CN/H20 (0.01 M MesNBF4): (a) without an acid and (b) in the presence one drop of HCI.
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A voltammogram with diphenyl disulfide was also recorded. Consequently, no
significant change in the benchmark profiles was observed when the reactants were dissolved
in acetonitrile/water mixture (see Figures 3.19 and 3.20 vs. 3.23a). Upon adding one drop of
hydrochloric acid, the peak of the oxidation of disulfide disappeared, an indication that the

disulfide radical might react with another species (Figure 3.23Db).

3.7.3 Experiment with EtsN

To further investigate the effect of the additive on the fluorination, a different

base was tested (Figures 3.24 and 3.25).

—EtN
——EtN+KF

Current (mA)

Potential (V vs. SCE)

Figure 3.24 — Cyclic voltammograms of EtsN in CH3CN/H20 (0.01 M MesNBF4) with (red
line) or without KF (black line).
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Figure 3.25 — Cyclic voltammograms of reaction mixture (EtsN + KF + PhSSPh) in
CH3CN/H20 (0.01 M MesNBF,): (a) without an acid and (b) in the presence one drop of HCI.

The cyclic voltammogram of triethylamine in CH3CN/H20 containing 0.01 M
MesNBF;4 is shown in Figure 3.24 (black line). The oxidation peak expected at approximately
+0.75 V (vs. SCE),”” corresponding to the oxidation of EtsN to its cation radical, was not
well-resolved in this voltammogram. Potassium fluoride was then added and the cyclic
voltammogram was recorded again (Figure 3.24, red line), but no difference was observed
compared to the previous one. Further addition of diphenyl disulfide did not show substantial
changes in the voltammogram, except for the addition of the disulfide profile (Figure 3.25a).
The addition of acid did not lead to any conclusive result (Figure 3.25b).

Based on results shown in Sections 3.6 and 3.7, we can speculate that the amine
is protonated in acidic media and then via anion exchange'® generates the actual fluorinating

species (amine-HF or [amineH]*—[F-H-F]™ adduct) (Figure 3.26).
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\ HCI \ cr - F~ (or [F-H-F]")
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Figure 3.26 — Proposal for the formation of fluorinating species via anion exchange process.

3.8 Faraday efficiency

Assuming complete anodic oxidation for the product (6 e” per mole of substrate).

Average current for the oxidation to sulfoxide

I=20mA
\g’ 7 =36h=130%10%s

S.
©/ F Yield = 99%
Q=1%r,=259%103C

Experimental electron amount

0 2.59 % 103 C

Meexwe — F ~ 96,485 C * mol-1 mmo

Theoretical electron amount

Vieactor = 20 mL
Csubstrate = 0.1 M Nsubstrate = 12 mmol

Ne,po, = 2.0 mmol (assuming 6 electrons needed)

Faraday Efficiency

Neheo 12 mmol
Fefficiency% = n_ * 100 = * 100 = 45%

"~ 26.8 mmol

183



Reference

1

10

11

12

13

14

KARKAS, M. D. "Electrochemical strategies for C—H functionalization and C—N
bond formation”. Chem. Soc. Rev., 47 (15): 5786, 2018.

FUCHIGAMI, T.; ATOBE, M. & INAGI, S. Fundamentals and Applications of
Organic Electrochemistry. New York: Wiley, 2014. 240 p.

YOSHIDA, J.-l. & NISHIWAKI, K. "Redox selective reactions of organo-silicon and
-tin compounds". J. Chem. Soc., Dalton Trans., (16): 2589, 1998.

MOHLE, S.; ZIRBES, M.; RODRIGO, E.; GIESHOFF, T.; WIEBE, A. &
WALDVOGEL, S. R. "Modern electrochemical aspects for the synthesis of value-
added organic products”. Angew. Chem. Int. Ed., 57 (21): 6018, 2018.

STANG, C. & HARNISCH, F. "The dilemma of supporting electrolytes for
electroorganic synthesis: a case study on Kolbe electrolysis". ChemSusChem, 9 (1):
50, 2016.

PERKINS, R. J. Anodic Electrochemistry: Controlling the Reactivity of Radical
Cation Intermediates. Department of Chemistry - Washington University in St. Louis,
2016. Doctor of Philosophy, p. 250.

RENSING, D. T.; NGUYEN, B. H. & MOELLER, K. D. "Considering organic
mechanisms and the optimization of current flow in an electrochemical oxidative
condensation reaction™. Org. Chem. Front., 3 (10): 1236, 2016.

HAMMERICH, O. & SPEISER, B. Organic Electrochemistry: Revised and Expanded.
5" ed. Boca Raton: CRC Press, 2015. 1736 p.

BLANCO, D. E. & MODESTINO, M. A. "Organic electrosynthesis for sustainable
chemical manufacturing”. Trends Chem., 1 (1): 8, 2019.

FRONTANA-URIBE, B. A,; LITTLE, R. D.; IBANEZ, J. G.; PALMA, A. &
VASQUEZ-MEDRANO, R. "Organic electrosynthesis: a promising green
methodology in organic chemistry". Green Chem., 12 (12): 2099, 2010.

BARD, A. J.; INZELT, G. & SCHOLZ, F. Electrochemical Dictionary. 2" ed. Berlin:
Springer-Verlag, 2012. 991 p.

LUND, H. "A century of organic electrochemistry". J. Electrochem. Soc., 149 (4):
S21, 2002.

CARDOSO, D. S. P.; SLJUKIC, B.; SANTOS, D. M. F. & SEQUEIRA, C. A. C.
"Organic electrosynthesis: from laboratorial practice to industrial applications”. Org.
Process Res. Dev., 21 (9): 1213, 2017.

PLETCHER, D. "Recent developments in organic electrosynthesis". Rev. Port. Quim.,
27: 449, 1985.

184



15

16

17

18

19

20

21

22

23

24

25

26

27

28

SEQUEIRA, C. A. C. & SANTOS, D. M. F. "Electrochemical routes for industrial
synthesis”. J. Braz. Chem. Soc., 20: 387, 2009.

WALDVOGEL, S. R. "Electrosynthesis and electrochemistry". Beilstein J. Org.
Chem., 11: 949, 2015.

ECHEVERRIA, P. G.; DELBRAYELLE, D.; LETORT, A.; NOMERTIN, F.;
PEREZ, M. & PETIT, L. "The spectacular resurgence of electrochemical redox
reactions in organic synthesis". Aldrichimica Acta, 51: 3, 2018.

YAN, M.; KAWAMATA, Y. & BARAN, P. S. "Synthetic organic electrochemical
methods since 2000: on the verge of a renaissance™. Chem. Rev., 117 (21): 13230,
2017.

FRANKOWSKI, K. J.; LIU, R.; MILLIGAN, G. L.; MOELLER, K. D. & AUBE, J.
"Practical electrochemical anodic oxidation of polycyclic lactams for late stage
functionalization". Angew. Chem. Int. Ed., 54 (36): 10555, 2015.

JIANG, Y.; XU, K. & ZENG, C. "Use of electrochemistry in the synthesis of
heterocyclic structures”. Chem. Rev., 118 (9): 4485, 2018.

MITSUDO, K.; KURIMOTO, Y.; YOSHIOKA, K. & SUGA, S. "Miniaturization and
combinatorial approach in organic electrochemistry". Chem. Rev., 118 (12): 5985,
2018.

PETERS, B. K.; RODRIGUEZ, K. X.; REISBERG, S. H.; BEIL, S. B.; HICKEY, D.
P.; KAWAMATA, Y., et al. "Scalable and safe synthetic organic electroreduction
inspired by Li-ion battery chemistry". Science, 363 (6429): 838, 2019.

SHATSKIY, A.; LUNDBERG, H. & KARKAS, M. D. "Organic electrosynthesis:
applications in complex molecule synthesis". ChemElectroChem, 6 (16): 4067, 2019.

WIEBE, A.; GIESHOFF, T.; MOHLE, S.; RODRIGO, E.; ZIRBES, M. &
WALDVOGEL, S. R. "Electrifying organic synthesis". Angew. Chem. Int. Ed., 57
(20): 5594, 2018.

NOEL, T.; CAO, Y. & LAUDADIO, G. "The fundamentals behind the use of flow
reactors in electrochemistry". Acc. Chem. Res., 52 (10): 2858, 2019.

GHOSH, M.; SHINDE, V. S. & RUEPING, M. "A review of asymmetric synthetic
organic electrochemistry and electrocatalysis: concepts, applications, recent
developments and future directions”. Beilstein J. Org. Chem., 15: 2710, 2019.

HORN, E. J.; ROSEN, B. R.; CHEN, Y.; TANG, J.; CHEN, K.; EASTGATE, M. D.,
et al. "Scalable and sustainable electrochemical allylic C—H oxidation". Nature, 533
(7601): 77, 2016.

SCHULZ, L.; ENDERS, M.; ELSLER, B.; SCHOLLMEYER, D.; DYBALLA, K. M

FRANKE, R., et al. "Reagent- and metal-free anodic C—C cross-coupling of aniline
derivatives". Angew. Chem. Int. Ed., 56 (17): 4877, 2017.

185



29

30

31

32

33

34

35

36

37

38

39

40

41

WANG, P.; TANG, S.; HUANG, P. & LEI, A. "Electrocatalytic oxidant-free
dehydrogenative C—H/S—H cross-coupling”. Angew. Chem. Int. Ed., 56 (11): 3009,
2017.

YANG, Q.-L.; LI, Y.-Q.; MA, C.; FANG, P.; ZHANG, X.-J. & MEI, T.-S.
"Palladium-catalyzed C(sp®)—H oxygenation via electrochemical oxidation". J. Am.
Chem. Soc., 139 (8): 3293, 2017.

ZHAO, H.-B.; HOU, Z.-W.; LIU, Z.-J.; ZHOU, Z.-F.; SONG, J. & XU, H.-C.
"Amidinyl radical formation through anodic N—H bond cleavage and its application in
aromatic C—H bond functionalization". Angew. Chem. Int. Ed., 56 (2): 587, 2017.

HORN, E. J.; ROSEN, B. R. & BARAN, P. S. "Synthetic organic electrochemistry: an
enabling and innately sustainable method". ACS Cent. Sci., 2 (5): 302, 2016.

LIPP, A.; FERENC, D.; GUTZ, C.; GEFFE, M.; VIERENGEL, N;
SCHOLLMEYER, D., et al. "A regio- and diastereoselective anodic aryl-aryl
coupling in the biomimetic total synthesis of (—)-Thebaine". Angew. Chem. Int. Ed.,
57 (34): 11055, 2018.

LAUDADIO, G.; BARMPOUTSIS, E.; SCHOTTEN, C.; STRUIK, L.; GOVAERTS,
S.; BROWNE, D. L., et al. "Sulfonamide synthesis through electrochemical oxidative
coupling of amines and thiols". J. Am. Chem. Soc., 141 (14): 5664, 2019.

WALDVOGEL, S. R.; LIPS, S.; SELT, M.; RIEHL, B. & KAMPF, C. J.
"Electrochemical arylation reaction™. Chem. Rev., 118 (14): 6706, 2018.

KINGSTON, C.; PALKOWITZ, M. D.; TAKAHIRA, Y.; VANTOUROUT, J. C,;
PETERS, B. K.; KAWAMATA, Y., et al. "A survival guide for the “electro-curious™".
Acc. Chem. Res., 53 (1): 72, 2019.

DONG, J.; KRASNOVA, L.; FINN, M. G. & SHARPLESS, K. B. "Sulfur(VI)
fluoride exchange (SUFEX): another good reaction for click chemistry™. Angew.
Chem. Int. Ed., 53 (36): 9430, 2014.

CHINTHAKINDI, P. K. & ARVIDSSON, P. I. "Sulfonyl fluorides (SFs): more than
click reagents?”. Eur. J. Org. Chem., (27-28): 3648, 2018.

TRIBBY, A. L.; RODRIGUEZ, I.; SHARIFFUDIN, S. & BALL, N. D. "Pd-catalyzed
conversion of aryl iodides to sulfonyl fluorides using SO> surrogate DABSO and
selectfluor”. J. Org. Chem., 82 (4): 2294, 2017.

AGUILAR, B.; AMISSAH, F.; DUVERNA, R. & LAMANGO, N. S.
"Polyisoprenylation potentiates the inhibition of polyisoprenylated methylated protein
methyl esterase and the cell degenerative effects of sulfonyl fluorides”. Curr. Cancer
Drug Targets, 11 (6): 752, 2011.

GRIMSTER, N. P.; CONNELLY, S.; BARANCZAK, A.; DONG, J.; KRASNOVA,
L. B.; SHARPLESS, K. B., et al. "Aromatic sulfonyl fluorides covalently kinetically
stabilize transthyretin to prevent amyloidogenesis while affording a fluorescent
conjugate”. J. Am. Chem. Soc., 135 (15): 5656, 2013.

186



42

43

44

45

46

47

48

49

50

51

52

53

54

HETT, E. C.; XU, H.; GEOGHEGAN, K. F.; GOPALSAMY, A.; KYNE, R. E;
MENARD, C. A., et al. "Rational targeting of active-site tyrosine residues using
sulfonyl fluoride probes”. ACS Chem. Biol., 10 (4): 1094, 2015.

NARAYANAN, A. & JONES, L. H. "Sulfonyl fluorides as privileged warheads in
chemical biology". Chem. Sci., 6 (5): 2650, 2015.

SHANNON, D. A.; GU, C.; MCLAUGHLIN, C. J.; KAISER, M.; VAN DER
HOORN, R. A. L. & WEERAPANA, E. "Sulfonyl fluoride analogues as activity-
based probes for serine proteases”. ChemBioChem, 13 (16): 2327, 2012.

NIELSEN, M. K.; UGAZ, C.R.; LI, W. & DOYLE, A. G. "PyFluor: a low-cost,
stable, and selective deoxyfluorination reagent™. J. Am. Chem. Soc., 137 (30): 9571,
2015.

INKSTER, J. A. H.; LIU, K.; AIT-MOHAND, S.; SCHAFFER, P.; GUERIN, B.;
RUTH, T. J., et al. "Sulfonyl fluoride-based prosthetic compounds as potential ‘8F
labelling agents”. Chem. Eur. J., 18 (35): 11079, 2012.

MATESIC, L.; WYATT, N. A.; FRASER, B. H.; ROBERTS, M. P.; PHAM, T. Q. &
GREGURIC, I. "Ascertaining the suitability of aryl sulfonyl fluorides for
[*®F]radiochemistry applications: a systematic investigation using microfluidics". J.
Org. Chem., 78 (22): 11262, 2013.

WANG, H.; ZHOU, F.; REN, G.; ZHENG, Q.; CHEN, H.; GAO, B,, et al. "SuFEx-
based polysulfonate formation from ethenesulfonyl fluoride—amine adducts". Angew.
Chem. Int. Ed., 56 (37): 11203, 2017.

XIAO, X.; ZHOU, F.; JIANG, J.; CHEN, H.; WANG, L.; CHEN, D., et al. "Highly
efficient polymerization via sulfur(VI)-fluoride exchange (SUFEX): novel polysulfates
bearing a pyrazoline—naphthylamide conjugated moiety and their electrical memory
performance". Polym. Chem., 9 (8): 1040, 2018.

YANG, C.; FLYNN, J. P. & NIU, J. "Facile synthesis of sequence-regulated synthetic
polymers using orthogonal SuFEx and CUAAC click reactions”. Angew. Chem. Int.
Ed., 57 (49): 16194, 2018.

FATTAH, T. A,; SAEED, A. & ALBERICIO, F. "Recent advances towards sulfur(\V1)
fluoride exchange (SUFEX) click chemistry". J. Fluorine Chem., 213: 87, 2018.

BIANCHI, T. A. & CATE, L. A. "Phase transfer catalysis. Preparation of aliphatic and
aromatic sulfonyl fluorides”. J. Org. Chem., 42 (11): 2031, 1977.

DAVIES, W. & DICK, J. H. "CCLXXXVI.—Aromatic sulphonyl fluorides. A
convenient method of preparation™. J. Chem. Soc., (0): 2104, 1931.

TALKO, A. & BARBASIEWICZ, M. "Nucleophilic fluorination with aqueous

bifluoride solution: effect of the phase-transfer catalyst”. ACS Sustainable Chem.
Eng., 6 (5): 6693, 2018.

187



55

56

S7

58

59

60

61

62

63

64

65

66

67

SCHMITT, A.-M. D. & SCHMITT, D. C. "Synthesis of sulfonamides". In:
BLAKEMORE, D.; DOYLE, P. & FOBIAN, Y. (Ed.). Synthetic methods in drug
discovery. The Royal Society of Chemistry, 2016, vol. 2, ch. 13, pp. 123-138.

KIM, J.-G. & JANG, D. O. "A convenient, one-pot procedure for the preparation of
acyl and sulfonyl fluorides using CIsCCN, PhsP, and TBAF(t-BuOH)4". Synlett, (20):
3049, 2010.

TANG, L.; YANG, Y.; WEN, L.; YANG, X. & WANG, Z. "Catalyst-free radical
fluorination of sulfonyl hydrazides in water”. Green Chem., 18 (5): 1224, 2016.

BROUWER, A.J.; CEYLAN, T.; LINDEN, T. V. D. & LISKAMP, R. M. J.
"Synthesis of B-aminoethanesulfonyl fluorides or 2-substituted taurine sulfonyl
fluorides as potential protease inhibitors™. Tetrahedron Lett., 50 (26): 3391, 2009.

TOULGOAT, F.; LANGLOIS, B. R.; MEDEBIELLE, M. & SANCHEZ, J.-Y. "An
efficient preparation of new sulfonyl fluorides and lithium sulfonates”. J. Org. Chem.,
72 (24): 9046, 2007.

TUCKER, J. W.; CHENARD, L. & YOUNG, J. M. "Selective access to heterocyclic
sulfonamides and sulfonyl fluorides via a parallel medicinal chemistry enabled
method". ACS Comb. Sci., 17 (11): 653, 2015.

WRIGHT, S. W. & HALLSTROM, K. N. "A convenient preparation of heteroaryl
sulfonamides and sulfonyl fluorides from heteroaryl thiols". J. Org. Chem., 71 (3):
1080, 2006.

LEE, C.; BALL, N. D. & SAMMIS, G. M. "One-pot fluorosulfurylation of Grignard
reagents using sulfuryl fluoride”. Chem. Commun., 55 (98): 14753, 2019.

KWON, J. & KIM, B. M. "Synthesis of arenesulfonyl fluorides via sulfuryl fluoride
incorporation from arynes”. Org. Lett., 21 (2): 428, 2019.

LIU,Y.; YU, D.; GUO, Y.; XIAQ, J.-C.; CHEN, Q.-Y. & LIU, C. "Arenesulfonyl
fluoride synthesis via copper-catalyzed fluorosulfonylation of arenediazonium salts".
Org. Lett., 22 (6): 2281, 2020.

PEREZ-PALAU, M. & CORNELLA, J. "Synthesis of sulfonyl fluorides from
sulfonamides”. Eur. J. Org. Chem., (17): 2497, 2020.

ZHONG, T.; PANG, M.-K.; CHEN, Z.-D.; ZHANG, B.; WENG, J. & LU, G.
"Copper-free Sandmeyer-type reaction for the synthesis of sulfonyl fluorides”. Org.
Lett., 22 (8): 3072, 2020.

KIRIHARA, M.; NAITO, S.; ISHIZUKA, Y.; HANAI, H. & NOGUCHI, T.

"Oxidation of disulfides with Selectfluor™: concise syntheses of thiosulfonates and
sulfonyl fluorides". Tetrahedron Lett., 52 (24): 3086, 2011.

188



68

69

70

71

72

73

74

75

76

77

78

79

KIRIHARA, M.; NAITO, S.; NISHIMURA, Y.; ISHIZUKA, Y.; IWAI, T.;
TAKEUCHI, H., et al. "Oxidation of disulfides with electrophilic halogenating
reagents: concise methods for preparation of thiosulfonates and sulfonyl halides".
Tetrahedron, 70 (14): 2464, 2014.

CHEN, Y. & WILLIS, M. C. "Copper(l)-catalyzed sulfonylative Suzuki-Miyaura
cross-coupling”. Chem. Sci., 8 (4): 3249, 2017.

DAVIES, A. T.; CURTO, J. M.; BAGLEY, S. W. & WILLIS, M. C. "One-pot
palladium-catalyzed synthesis of sulfonyl fluorides from aryl bromides™. Chem. Sci., 8
(2): 1233, 2017.

PLIEGO, J. R. & PILO-VELOSO, D. "Chemoselective nucleophilic fluorination
induced by selective solvation of the Sn2 transition state”. J. Phys. Chem. B, 111 (7):
1752, 2007.

PITTS, C. R.; BORNEMANN, D.; LIEBING, P.; SANTSCHI, N. & TOGNI, A.
"Making the SFs group more accessible: a gas-reagent-free approach to aryl
tetrafluoro-A°-sulfanyl chlorides”. Angew. Chem. Int. Ed., 58 (7): 1950, 2019.

UMEMOTO, T.; GARRICK, L. M. & SAITO, N. "Discovery of practical production
processes for arylsulfur pentafluorides and their higher homologues, bis- and
tris(sulfur pentafluorides): beginning of a new era of "super-trifluoromethyl" arene
chemistry and its industry". Beilstein J. Org. Chem., 8: 461, 2012.

UMEMOTO, T.; SINGH, R. P.; XU, Y. & SAITO, N. "Discovery of 4-tert-butyl-2,6-
dimethylphenylsulfur trifluoride as a deoxofluorinating agent with high thermal
stability as well as unusual resistance to aqueous hydrolysis, and its diverse
fluorination capabilities including deoxofluoro-arylsulfinylation with high
stereoselectivity”. J. Am. Chem. Soc., 132 (51): 18199, 2010.

ZANDA, M. "Synform issue 2019/11". Synthesis, 51 (21): A162, 2019.

FRANCKE, R. & LITTLE, R. D. "Redox catalysis in organic electrosynthesis: basic
principles and recent developments". Chem. Soc. Rev., 43 (8): 2492, 2014.

TAJIMA, T.; NAKAIJIMA, A.; DOI, Y. & FUCHIGAMI, T. "Anadic fluorination
based on cation exchange between alkali-metal fluorides and solid-supported acids".
Angew. Chem. Int. Ed., 46 (19): 3550, 2007.

PUPO, G.; VICINI, A. C.; ASCOUGH, D. M. H.; IBBA, F.; CHRISTENSEN, K. E.;
THOMPSON, A. L., et al. "Hydrogen bonding phase-transfer catalysis with potassium
fluoride: enantioselective synthesis of B-fluoroamines”. J. Am. Chem. Soc., 141 (7):
2878, 2019.

VITAKU, E.; SMITH, D. T. & NJARDARSON, J. T. "Analysis of the structural

diversity, substitution patterns, and frequency of nitrogen heterocycles among U.S.
FDA approved pharmaceuticals”. J. Med. Chem., 57 (24): 10257, 2014.

189



80

81

82

83

84

85

86

87

88

89

90

91

92

93

WU, Y.-J. "Heterocycles and medicine: a survey of the heterocyclic drugs approved
by the U.S. FDA from 2000 to present”. In: GRIBBLE, G. W. & JOULE, J. A. (Ed.).
Prog. Heterocycl. Chem. Amsterdam: Elsevier, 2012, vol. 24, ch. 1, pp. 1-53.

LAUDADIO, G.; DE SMET, W.; STRUIK, L.; CAO, Y. & NOEL, T. "Design and
application of a modular and scalable electrochemical flow microreactor”. J. Flow
Chem., 8 (3): 157, 2018.

ATOBE, M.; TATENO, H. & MATSUMURA, Y. "Applications of flow
microreactors in electrosynthetic processes”. Chem. Rev., 118 (9): 4541, 2018.

FOLGUEIRAS-AMADOR, A. A. & WIRTH, T. "Perspectives in flow
electrochemistry”. J. Flow Chem., 7 (3): 94, 2017.

PLETCHER, D.; GREEN, R. A. & BROWN, R. C. D. "Flow electrolysis cells for the
synthetic organic chemistry laboratory”. Chem. Rev., 118 (9): 4573, 2018.

LAM, K. & GEIGER, W. E. "Anodic oxidation of disulfides: detection and reactions
of disulfide radical cations". J. Org. Chem., 78 (16): 8020, 2013.

SPITZ, C.; LOHIER, J.-F.; SANTOS, J. S.-D. O.; REBOUL, V. & METZNER, P.
"Fluoride ion and phosphines as nucleophilic catalysts: synthesis of
1,4-benzothiazepines from cyclic sulfenamides”. J. Org. Chem., 74 (10): 3936, 2009.

SHEPPARD, W. A. "Alkyl- and arylsulfur trifluorides". J. Am. Chem. Soc., 84 (16):
3058, 1962.

SHAFER, G. J.; FOROHAR, F. & DESMARTEAU, D. D. "Synthesis of potassium
3,6-dioxa-A’-4-trifluoromethyl perfluorooctyl sulfonate from hydrolysis of 3,6-dioxa-
A'-A-trifluoromethyl perfluorooctyl sulfonyl fluoride. A simple high yield conversion
catalyzed by KF". J. Fluorine Chem., 101 (1): 27, 2000.

YANG, Z.; SHI, Y.; ZHAN, Z.; ZHANG, H.; XING, H.; LU, R, et al. "Sustainable
electrocatalytic oxidant-free syntheses of thiosulfonates from thiols".
ChemElectroChem, 5 (23): 3619, 2018.

TRUCE, W. E.; HILL, H. E. & BOUDAKIAN, M. M. "Acetylenic sulfur compounds.
I. Preparation and characterization of p-tolymercaptoacetylene and 1-phenyl-2-
phenylmercaptoacetylene”. J. Am. Chem. Soc., 78 (12): 2760, 1956.

TALKO, A.; ANTONIAK, D. & BARBASIEWICZ, M. "Directed ortho-metalation of
arenesulfonyl fluorides and aryl fluorosulfates”. Synthesis, 51 (11): 2278, 2019.

DONG, J. & SHARPLESS, K. B. Sulfur(VI) fluoride compounds and methods for the
preparation thereof. Int. Pat. WO 2015/188120 A1, December 10, 2015.

GAKH, A. A;; ROMANIKGO, S. V.; UGRAK, B. I. & FAINZILBERG, A. A.
"N-fluorination with cesium fluoroxysulfate™. Tetrahedron, 47 (35): 7447, 1991.

190



94

95

96

97

98

99

100

101

102

103

104

105

CHEN, G.; CHEN, F.; ZHANG, Y.; YANG, X.; YUAN, X.; WU, F., etal. "The
investigation of fluorination reaction of p-substituted benzenesulfonimides with
fluorine—nitrogen mixed gas to synthesize NFSI analogues”. J. Fluorine Chem., 133:
155, 2012.

LEE, I.; KANG, H. K. & LEE, H. W. "Nucleophilic displacement at sulfur center. 22.
Nucleophilic substitution reaction of phenylmethanesulfonyl halides with anilines". J.
Am. Chem. Soc., 109 (24): 7472, 1987.

EROGLU, F.; KAHYA, D. & ERDIK, E. "Sulfonyl transfer mechanism in C-S
coupling of phenylmagnesium bromide with phenyl arenesulfonates”. J. Organomet.
Chem., 695 (2): 267, 2010.

CLARK, D.; FLYGARE, J.; MEDINA, J.; ROSEN, T. & SHAN, B.
Pentafluorobenzenesulfonamides and analogs. Eur. Pat. EP 1 334 719 A2, August 13,
2003.

LEI, X.; JALLA, A.; ABOU SHAMA, M. A.; STAFFORD, J. M. & CAOQ, B.
"Chromatography-free and eco-friendly synthesis of aryl tosylates and mesylates".
Synthesis, 47 (17): 2578, 2015.

SAKURAI, N. & MUKAIYAMA, T. "A new preparative method of aryl sulfonate
esters by using cyclic organobismuth reagents". Heterocycles, 74 (1): 771, 2007.

ZHENG, Y.; QING, F.-L.; HUANG, Y. & XU, X.-H. "Tunable and practical synthesis
of thiosulfonates and disulfides from sulfonyl chlorides in the presence of
tetrabutylammonium iodide™. Adv. Synth. Catal., 358 (21): 3477, 2016.

ROZATIAN, N.; ASHWORTH, I. W.; SANDFORD, G. & HODGSON, D. R. W. "A
guantitative reactivity scale for electrophilic fluorinating reagents”. Chem. Sci., 9 (46):
8692, 2018.

TIMOFEEVA, D. S.; OFIAL, A. R. & MAYR, H. "Kinetics of electrophilic
fluorinations of enamines and carbanions: comparison of the fluorinating power of
N-F reagents". J. Am. Chem. Soc., 140 (36): 11474, 2018.

SHONO, T. Electroorganic Chemistry as a New Tool in Organic Synthesis. 1% ed.
Berlim: Springer-Verlag, 1984. 172 p.

ROTH, H. G.; ROMERO, N. A. & NICEWICZ, D. A. "Experimental and calculated
electrochemical potentials of common organic molecules for applications to single-
electron redox chemistry". Synlett, 27 (5): 714, 2016.

TSUCHIDA, E.; NISHIDE, H.; YAMAMOTO, K. & YOSHIDA, S. "Electrooxidative

polymerization of thiophenol to yield poly(p-phenylene sulfide)". Macromolecules, 20
(9): 2315, 1987.

191



106

107

108

BANDYOPADHYAY, K.; VIJAYAMOHANAN, K.; VENKATARAMANAN, M. &
PRADEEP, T. "Self-assembled monolayers of small aromatic disulfide and diselenide
molecules on polycrystalline gold films: a comparative study of the geometrical
constraint using temperature-dependent surface-enhanced raman spectroscopy, X-ray
photoelectron spectroscopy, and electrochemistry”. Langmuir, 15 (16): 5314, 1999.

YAN, Y.; ZEITLER, E. L.; GU, J.; HU, Y. & BOCARSLY, A. B. "Electrochemistry
of aqueous pyridinium: exploration of a key aspect of electrocatalytic reduction of
CO; to methanol”. J. Am. Chem. Soc., 135 (38): 14020, 2013.

GAIS, H. J. "Stoichiometric asymmetric synthesis: section 1.3". In: ENDERS, D. &

JAEGER, K. E. (Ed.). Asymmetric Synthesis with Chemical and Biological Methods.
Weinheim: WILEY-VCH, 2007, ch. 1, pp. 75-115.

192



NMR Data



4

NMR Data
4.1 Spectra of Chapter 1

4.1.1 'H,'3C and DEPT-135 NMR spectra of compound 1.77
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Figure 4.1 — *H NMR spectrum of compound 1.77 in CDCls.
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Figure 4.2 — 3C NMR spectrum of compound 1.77 in CDCls.
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Figure 4.3 — 13C DEPT-135 NMR spectrum of compound 1.77 in CDCls.
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4.1.2 H, 3C and DEPT-135 NMR spectra of compound 1.78g
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Figure 4.4 — 'H NMR spectrum of compound 1.78g in CDCls.
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Figure 4.6 — 13C DEPT-135 NMR spectrum of compound 1.78g in CDCls.
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Figure 4.5 — 3C NMR spectrum of compound 1.78g in CDCla.
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'H, 13C and DEPT-135 NMR spectra of compound 1.80a
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Figure 4.7 — *H NMR spectrum of compound 1.80a in CDCls.
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Figure 4.8 — *°C NMR spectrum of compound 1.80a in CDCls.
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13C DEPT-135 NMR spectrum of compound 1.80a in CDCls.
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'H, 13C and DEPT-135 NMR spectra of compound 1.80b
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Figure 4.10 — *H NMR spectrum of compound 1.80b in CDCls.
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Figure 4.11 — *°C NMR spectrum of compound 1.80b in CDCla.
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Figure 4.12 — 13C DEPT-135 NMR spectrum of compound 1.80b in CDCls.
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4.1.5

H, 3C and DEPT-135 NMR spectra of compound 1.80c
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Figure 4.13
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—IH NMR spectrum of compound 1.80c in CDCls.
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Figure 4.14 — 3C NMR spectrum of compound 1.80c in CDCls.
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Figure 4.15 — 3C DEPT-135 NMR spectrum of compound 1.80c in CDCls.
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4.1.6

H, 3C and DEPT-135 NMR spectra of compound 1.80d
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Figure 4.16 — *H NMR spectrum of compound 1.80d in CDCls.
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Figure 4.17 — 3C NMR spectrum of compound 1.80d in CDCls.
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Figure 4.18 — 13C DEPT-135 NMR spectrum of compound 1.80d in CDCls.
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4.1.7 'H, 3C and DEPT-135 NMR spectra of compound 1.80e
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Figure 4.19 — *H NMR spectrum of compound 1.80e in CDCls.
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Figure 4.20 — 13C NMR spectrum of compound 1.80e in CDCls.
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Figure 4.21 — 3C DEPT-135 NMR spectrum of compound 1.80e in CDCls.
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4.1.8 'H,3C and DEPT-135 NMR spectra of compound 1.80f
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Figure 4.22 — *H NMR spectrum of compound 1.80f in CDCls.
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Figure 4.23 — 13C NMR spectrum of compound 1.80f in CDCls.
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Figure 4.24 — 13C DEPT-135 NMR spectrum of compound 1.80f in CDCls.
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4.1.9 'H,3C and DEPT-135 NMR spectra of compound 1.80g
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Figure 4.25 — *H NMR spectrum of compound 1.80g in CDCls.
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Figure 4.26 — *°C NMR spectrum of compound 1.80g in CDCls.
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Figure 4.27 — 13C DEPT-135 NMR

spectrum of compound 1.80g in CDCls.
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4.1.10 'H, 13C and DEPT-135 NMR spectra of compound 1.80h
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Figure 4.28 — *H NMR spectrum of compound 1.80h in CDCls.
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Figure 4.29 — 13C NMR spectrum of compound 1.80h in CDCls.
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Figure 4.30 — 13C DEPT-135 NMR spectrum of compound 1.80h in CDCls.
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4.1.11 'H, BC and DEPT-135 NMR spectra of compound 1.80i
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Figure 4.31 — *H NMR spectrum of compound 1.80i in CDCls.
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Figure 4.32 — *°C NMR spectrum of compound 1.80i in CDCla.
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Figure 4.33 — 13C DEPT-135 NMR spectrum of compound 1.80i in CDCls.
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4.1.12 'H, 13C and DEPT-135 NMR spectra of compound 1.80j
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Figure 4.34 — *H NMR spectrum of compound 1.80j in CDCls.
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Figure 4.35 — *°C NMR spectrum of compound 1.80j in CDCl.
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Figure 4.36 — 13C DEPT-135 NMR spectrum of compound 1.80j in CDCls.
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4.1.13 'H, 13C and DEPT-135 NMR spectra of compound 1.80k
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Figure 4.37 — *H NMR spectrum of compound 1.80k in CDCls.
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Figure 4.38 — *°C NMR spectrum of compound 1.80k in CDCla.
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Figure 4.39 — 13C DEPT-135 NMR spectrum of compound 1.80k in CDCls.
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4.1.14 'H, 3C and DEPT-135 NMR spectra of compound 1.80I
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Figure 4.40 — *H NMR spectrum of compound 1.80I in CDCls.
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Figure 4.41 — *°C NMR spectrum of compound 1.80I in CDCla.
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Figure 4.42 — 13C DEPT-135 NMR spectrum of compound 1.801 in CDCls.
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4.1.15 *H NMR spectrum of compound 1.80m
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Figure 4.43 — *H NMR spectrum of compound 1.80m in CDCls.
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4.1.16 'H, 13C and DEPT-135 NMR spectra of compound 1.80n
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Figure 4.44 — *H NMR spectrum of compound 1.80n in CDCls.
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Figure 4.45 — 3C NMR spectrum of compound 1.80n in CDCls.
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Figure 4.46 — 13C DEPT-135 NMR spectrum of compound 1.80n in CDCls.
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4.1.17 *H NMR spectrum of compound 1.800
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Figure 4.47 — *H NMR spectrum of compound 1.800 in CDCls.
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4.1.18 H, 13C and DEPT-135 NMR spectra of compound 1.80p
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Figure 4.48 — *H NMR spectrum of compound 1.80p in CDCls.
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Figure 4.49 — 3C NMR spectrum of compound 1.80p in CDCls.
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Figure 4.50 — 13C DEPT-135 NMR spectrum of compound 1.80p in CDCls.
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4.1.19 'H, 13C and DEPT-135 NMR spectra of compound 1.80q

I B Y O o B =TT O T B o o I T — R — R = = R L L e i i i
Py M L0 AL W0~ 5 GG G [ Ty oy Py W0 %0 W0 20«0 0 8 0 «0 3 +0 '8 DO MNLU LW WD LW W W WD e
el e T T R G RN S i s i il S S i i S i S S il Parameter Yalue
T N o i
1 Solvent CcDCl3
2 Temperature 291.2
. 3 Pulse Sequence zZg
B b R S A R R R R B i e e R R A i
ea e B R e e e e e e e e e e e e e e e e e e ol e el Sl 4 Experiment 1D
'\f' L“QH\/ e —— C| D 5 MNumber of Scans 16
X & Receiver Gain 203
7 Relaxation Delay 1.0000
N/ CN 8 Pulse Width 8.2700
9  Acquisition Time 3.0273
I 1.80(] 10 Spectrometer Frequency &00,23
| CN 11 Spectral Width 10822.5
| | . 12 Lowest Frequency -2447.2
i Chemical Formula: C,3H{;DCIN3 |13 nudeus 1H
‘ | 14 Acquired Size 32768
15 Spectral Size 65536
| i |
| J‘L i)\ | # LYAY
~ [ I I
0.68 1.01 1.00 0.595 0.E8 1.01 3.04 2.00
T T T T T T T T T T T T T T
8.8 8.7 8.6 8.5 8.4 8.2 8.2 8.1 8.0 7.9 7.8 7 7.6 7.5
(ppm)
1 y
oy LI
2 = 558235
= - —= o mo
T T T T T T T T T T T T T T T T T T T T T
.3 9.0 8.5 8.0 7.5 70 6.5 6.0 3.5 5.0 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0

4.5
{ppm)

Figure 4.51 — *H NMR spectrum of compound 1.80q in CDCls.
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Figure 4.52 — 3C NMR spectrum of compound 1.80q in CDCls.
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Figure 4.53 — 13C DEPT-135 NMR spectrum of compound 1.80q in CDCls.
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4.1.20 *H NMR spectrum of compound 1.81a
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Figure 4.54 — 'H NMR spectrum of compound 1.81a in CDCls/DMSO-ds (2:1).

229



4.1.21 *H NMR spectrum of compound 1.81b
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Figure 4.55 — *H NMR spectrum of compound 1.81b in CDCls/DMSO-ds (2:1).
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4.1.22 *H NMR spectrum of compound 1.81c
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Figure 4.56 — *H NMR spectrum of compound 1.81c in CDCls/DMSO-ds (2:1).
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4.2 Spectra of Chapter 2
4.2.1

'H and 3C NMR spectra of compound 2.22a — 2 aryl
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Figure 4.57 — *H NMR spectrum of compound 2.22a — 2 aryl in CDCla.
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Figure 4.58 — 13C NMR spectrum of compound 2.22a — 2 aryl in CDCls.
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4.2.2 'Hand BC NMR spectra of compound 2.22a — 4 aryl
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Figure 4.59 — *H NMR spectrum of compound 2.22a — 4 aryl in CDCls.
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7 Relaxation Delay 0.1100
8 Pulse Width 8,7500
Acquisition Time 0.6641
10 Spectrometer Freguency 100.63
11 Spectral Width 24571.1
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Figure 4.60 — 13C NMR spectrum of compound 2.22a — 4 aryl in CDCls.
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'H and 3C NMR spectra of compound 2.22b — 2 aryl
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Figure 4.61 — *H NMR spectrum of compound 2.22b — 2 aryl in CDCls.
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Figure 4.62 — 13C NMR spectrum of compound 2.22b — 2 aryl in CDCls.
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4.2.4 'H and *C NMR spectra of compound 2.22b — 4 aryl

Parameter Walue
1 Solvent CcDCl3
2 Temperature 295.3
3 Pulse Sequence 7g30
4 Experiment D
5 Mumber of Scans 15
& Receiver Gain 228
7 Relaxation Delay 1.0000
8 Pulse Width &.7600
9 Acquisition Time 4.8060
10 Spectrometer Frequency 400. 15
11 Spectral Width 6813.2
12 Lowest Frequency -417.8
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 55536
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Figure 4.63 — *H NMR spectrum of compound 2.22b — 4 aryl in CDCls.
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7 Relaxation Delay 0.1100
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Figure 4.64 — 13C NMR spectrum of compound 2.22b — 4 aryl in CDCls.
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425 'Hand *C NMR spectra of compound 2.22¢ — 2 aryl
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Figure 4.65 — 'H NMR spectrum of compound 2.22c — 2 aryl in CDCls.
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Figure 4.66 — 3C NMR spectrum of compound 2.22¢ — 2 aryl in CDCls.
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4.2.6 'Hand *C NMR spectra of compound 2.22c - 4 aryl

Parameter
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2 Temperature
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Figure 4.67 — 'H NMR spectrum of compound 2.22c — 4 aryl in CDCls.
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Parameter Value a88
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1 Solvent cocl3 g 28 SE & L
2 Temperature 296.2 T T F“.F FC“:-_" T rr-,:,:;
3 Pulse Seguence zgpg30
4 Experiment 1D
5 MNumber of Scans 1024
& Receiver Gain 2050
7 Relaxation Delay 0.1100
8 Pulse Width 8,7500
Acquisition Time 0.6641
10 Spectrometer Freguency 100.63
11 Spectral Width 24571.1
12 Lowest Frequency -2274.2
13 Nudeus 13C
14 Acquired Size 16384
15 Spectral Size 32768
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Figure 4.68 — 13C NMR spectrum of compound 2.22¢ — 4 aryl in CDCls.
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4.2.7 'Hand C NMR spectra of compound 2.22d — 2 aryl
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Figure 4.69 — *H NMR spectrum of compound 2.22d — 2 aryl in CDCls.
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Figure 4.70 — 13C NMR spectrum of compound 2.22d — 2 aryl in CDCls.
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4.2.8

'H and 3C NMR spectra of compound 2.22d — 4 aryl
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Figure 4.71 — *H NMR spectrum of compound 2.22d — 4 aryl in CDCls.
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Figure 4.72 — 13C NMR spectrum of compound 2.22d — 4 aryl in CDCls.
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'H and 3C NMR spectra of compound 2.22e — 2 aryl
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Figure 4.73 — *H NMR spectrum of compound 2.22e — 2 aryl in (CD3).CO.
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Figure 4.74 — 13C NMR spectrum of compound 2.22e — 2 aryl in (CD3)2CO.
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4.2.10 'H and *C NMR spectra of compound 2.22e — 4 aryl
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Figure 4.75 — 'H NMR spectrum of compound 2.22e — 4 aryl in CDCls.
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Figure 4.76 — 13C NMR spectrum of compound 2.22e — 4 aryl in CDCls.



4.2.11 *H and C NMR spectra of compound 2.22f — 2 aryl
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Figure 4.77 — *H NMR spectrum of compound 2.22f — 2 aryl in (CD3)2CO.
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Figure 4.78 — 13C NMR spectrum of compound 2.22f — 2 aryl in (CD3).CO.
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4.2.12 *H and BC NMR spectra of compound 2.22f — 4 aryl
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Figure 4.79 — *H NMR spectrum of compound 2.22f — 4 aryl in (CD3)2CO.
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Figure 4.80 — 13C NMR spectrum of compound 2.22f — 4 aryl in (CD3)2CO.
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4.2.13 'H and C NMR spectra of compound 2.22g — 2 aryl
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Figure 4.81 — *H NMR spectrum of compound 2.22g — 2 aryl in CDCls.
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Figure 4.82 — 13C NMR spectrum of compound 2.22g — 2 aryl in CDCls.
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4.2.14 *H and BC NMR spectra of compound 2.22g — 4 aryl
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Figure 4.83 — *H NMR spectrum of compound 2.22g — 4 aryl in CDCls.
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Figure 4.84 — 13C NMR spectrum of compound 2.22g — 4 aryl in CDCls.

259



4.2.15 'H and *C NMR spectra of compound 2.22h — 2 aryl
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Figure 4.85 — 'H NMR spectrum of compound 2.22h — 2 aryl in CDCls.
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Figure 4.86 — 13C NMR spectrum of compound 2.22h — 2 aryl in CDCls.
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4.2.16 'H and *C NMR spectra of compound 2.22i — 2 aryl
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Figure 4.87 — *H NMR spectrum of compound 2.22i — 2 aryl in CDCls.
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Figure 4.88 — 13C NMR spectrum of compound 2.22i — 2 aryl in CDCls.
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4.2.17 *H and BC NMR spectra of compound 2.22i — 4 aryl
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Figure 4.89 — *H NMR spectrum of compound 2.22i — 4 aryl in CDCls.
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Figure 4.90 — 13C NMR spectrum of compound 2.22i — 4 aryl in CDCls.
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4.2.18 'H and *C NMR spectra of compound 2.22j — 2 aryl
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Figure 4.91 — *H NMR spectrum of compound 2.22j — 2 aryl in CDCls.
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Figure 4.92 — 13C NMR spectrum of compound 2.22j — 2 aryl in CDCls.
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4.2.19 'H and *C NMR spectra of compound 2.22j — 4 aryl

o NO,
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Figure 4.93 — *H NMR spectrum of compound 2.22j — 4 aryl in CDCls.
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Figure 4.94 — 13C NMR spectrum of compound 2.22j — 4 aryl in CDCls.
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4.2.20 'H and *C NMR spectra of compound 2.22k — 2 aryl

m
o
g N NO,
@ P D oUW M MM PO 00000 DO D DO WY TMOMOEMMN—— —00 @O D0 T TS T e e
9353 0903 0003 B fn P PP PP D0 00D P00 P9 00 P fd S Rt fd YR 5300 0003 6309 0303 9300 6303 G300 00D 00D DD M MM MM Mmool P
Bl el il st i et e e e A A A A S T S M TN M N NN N
Parameter Walue
1 Solvent CDCI3 2.22Kk -2 1
OO P P P P P Wb LM LM TR TR R O O O O e P P P O 00 00 00 P W0 S W8 T TR O PN O PN W 00 00 0 WD WD o oL oL T T W oo n o - al’y
2 Temperature 285.5 R R R e el e R R e R e B B R R N e R e R R
R R e e e e B e i e e e e R O e e A B S e e A .
3 Pulse Sequence zg30 R I e I R e Chemical Formula: C11H8N202
4 Experiment iln]
5 Mumber of Scans 64
5 Receiver Gain 256
7 Relaxation Delay 1.0000
8 Pulse Width &.7600 .
9 Acquisition Time 4.8060
10 Spectrometer Frequency 400. 15
11 Spectral width 6813.2 |
12 Lowest Frequency -415.1 ! I
13 Mucleus 1H [
14 Acquired Size 32768
15 Spectral Size 55536 I l |
Jh_ JL IV _J‘Jk_ . N i VI
= = - - wn - =
= = = = = = =
= = = = B = =
— T T T T T
8.9 8.8 8.7 8.6 8.5 8.4 8.3 8.2 8.1 8.0 79 7.8 77 7.6 7.5 7.4 7.3

f1 (ppm)

=

| L . I
L 4 e

5.0 14.5 14.0 13.5 13.0 12.5 12.0 115 11.0 10.5 10.0 95 9.0 B85 S-DF?EE i’.D 6.5 6.0 55 50 45 40 35 30 25 20 15 1.0 0.5 0.0
1 (ppm

Figure 4.95 — 'H NMR spectrum of compound 2.22k — 2 aryl in CDCls.
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Figure 4.96 — 13C NMR spectrum of compound 2.22k — 2 aryl in CDCls.
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4.2.21 'H and *C NMR spectra of compound 2.22k — 4 aryl
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Figure 4.97 — *H NMR spectrum of compound 2.22k — 4 aryl in CDCls.
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Figure 4.98 — 13C NMR spectrum of compound 2.22k — 4 aryl in CDCls.
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4.2.22 'H and BC NMR spectra of compound 2.22| — 2 aryl
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Figure 4.99 — *H NMR spectrum of compound 2.22] — 2 aryl in CDCls.
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Figure 4.100 — **C NMR spectrum of compound 2.221 — 2 aryl in CDCls.
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4.2.23 'H and BC NMR spectra of compound 2.22| — 4 aryl
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Figure 4.101 — *H NMR spectrum of compound 2.22I — 4 aryl in CDCls.
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Figure 4.102 — *3C NMR spectrum of compound 2.221 — 4 aryl in CDCls.
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4.2.24 *H and BC NMR spectra of compound 2.22m - 2 aryl
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Figure 4.103 — *H NMR spectrum of compound 2.22m — 2 aryl in CDCls.
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Figure 4.104 — 13C NMR spectrum of compound 2.22m — 2 aryl in CDCls.
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4.2.25 'H and C NMR spectra of compound 2.22m — 4 aryl
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Figure 4.105 — *H NMR spectrum of compound 2.22m — 4 aryl in CDCls.
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Figure 4.106 — 3C NMR spectrum of compound 2.22m — 4 aryl in CDCls.
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4.2.26 *H and *C NMR spectra of compound 2.22n -2 aryl
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Figure 4.107 — *H NMR spectrum of compound 2.22n — 2 aryl in CDCls.
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Figure 4.108 — 13C NMR spectrum of compound 2.22n — 2 aryl in CDCls.
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4.2.27 *H and *C NMR spectra of compound 2.22n — 4 aryl

m
Parameter Walue é

Ny = O M D OO GO WD WD T D O O M- - L0 LD wn
1 Solvent cool3 BB R RE R R R PR R REERERRRERERE =
2 Temperature 295.4 ST ey e e —
3 Pulse Sequence 7g30
4 Experiment D
5 MNumber of Scans &4 m
& Receiver Gain 322 é
7 Relaxation Delay 1.0000 =3 N EnRTYIIEIS8595355555553333
8 Pulse Width 8.7600 7 A AR AR N SN S s
9 Acquisition Time 4.8060
10 Spectrometer Frequency 400. 15
11 Spectral Width 6813.2
12 Lowest Frequency -416.7
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 55536

200 —

T T T T T T T T T T T T T T T T T
8.7 8.6 8.5 84 8.3 82 8.1 8.0 ?.9( ?'.8) 7 %6 A5 74 A3 72 Y170
ppm

OMe

| A
pZ
N
2.22n - 4 aryl
Chemical Formula: C{,H;;NO

3=

3.0 12,5 120 11,5 110 10.5 10.0 9.5 Q.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5
f1 (ppm)

Figure 4.109 — *H NMR spectrum of compound 2.22n — 4 aryl in CDCls.
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Figure 4.110 — 3C NMR spectrum of compound 2.22n — 4 aryl in CDCls.
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4.2.28 'H and *C NMR spectra of compound 2.220 — 2 aryl
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Figure 4.111 — *H NMR spectrum of compound 2.220 — 2 aryl in CDCls.
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m ;M
Parameter Value 5488
5 2 & 2% &k 287 P 5 +
1 Solvent cDCi3 5 T ¥ 28 &2 =g = o e
By = a9 st [ & o
2 Temperature 296.1 | | | '\,' 'HJ '\I .’l ‘\V’
3 Pulse Seguence zgpg30
4 Experiment 1D
5 MNumber of Scans 1024
& Receiver Gain 2050
7 Relaxation Delay 0.1100
8 Pulse Width 8,7500
Acquisition Time 0.6641
10 Spectrometer Freguency 100.63
11 Spectral Width 24571.1
12 Lowest Frequency -2274.2 -
13 Nudeus 13C 2=
14 Acquired Size 15384 'T "|'
15 Spectral Size 32768
|
A '||
|
—_—
R
137.0 136.5
f1 (ppm)
|
|
mplal Nﬂuu gttt il o
T T T T T T T T T T T T T T T T T T T T T
10 200 190 180 17a 160 150 140 130 120 llﬂf ( IDD] 90 80 70 60 30 40 30 20 10
1 (ppm

Figure 4.112 — *3C NMR spectrum of compound 2.220 — 2 aryl in CDCls.
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4.2.29 H and *C NMR spectra of compound 2.220 — 4 aryl

=
Parameter Walue §
e e I T i i O O B B o o o el -] b o — o
1 Solvent cDCl3 g S G g G S ~ea e e R
2 Temperature 295.5 e e -
3 Pulse Sequence 7g30 Et
4 Experiment D
5 Mumber of Scans 15 o T m e O O W F o F MmN e O N e
& Receiver Gain 203 o ﬂ?ﬂg:.‘lﬂr:‘g:‘g:‘:::::::::
7 Relaxation Delay 1.0000 v e i
8 Pulse Width &.7600
9 Acquisition Time 4.8060 N
10 Spectrometer Frequency 400. 15 I
11 Spectral Width 6813.2 5
12 Lowest Frequency -415.7 | N
13 Nucleus 1H | 2.220 — 4 aryl
14 Acquired Size 32768 !
15 Spectral Size 55536 | | Chemical Formula: C13H13N
|
| L ,”L LJLL
LA N 71N
- o o - '
T T T T T T T T T T T T T T T | 1
87 86 85 84 83 82 81 80 Y9 78 A7 76 75 74 7.3
1 (ppm) | .
'I'._,' UL |ll_ _JL. )| UL_
2 z
~ m
T T —T T
2.79 2.70 1.32 1.28
" f1 (ppm) f1 (ppm)
I'I Il
— R B R
T T T
= =] =z

2.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.

200 -3
w7200~
2.02-%

6.0 5.5
f1 (ppm)

Figure 4.113 — *H NMR spectrum of compound 2.220 — 4 aryl in CDCls.
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1
2
3
4
5
6
7
8

Parameter

Solvent
Temperature
Pulse Sequence
Experiment
MNumber of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time

Value

CDiCI3
296.0
zgpg30
1D
1024
2050
0.1100
8,7500
0.6641

10 Spectrometer Freguency 100.63
11 Spectral Width

12 Lowest Frequency

13 Nudeus
14 Acquired Size

15 Spectral Size

24671.1
-2274.2
13C
15334
32768

77.35 CDCI3
77.04 cDCI3
FeF2COCIE

TR 2 3z =
EEY g 828 &
(N v ~

28.62

15.51

T T T T T T T T T T T T
160 150 140 130 120 110 100 a0 a0 70 a0 a0
f1 (ppm})

Figure 4.114 — *3C NMR spectrum of compound 2.220 — 4 aryl in CDCls.
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4.2.30 'H and *C NMR spectra of compound 2.22r - 2 aryl

=
Parameter Walue é N
L T I e s B = == == N - G- R U T - = N SR N = s

1 Solvent cDel3 g e e e R S S S e e R R - Z
2 Temperature 295.7 T T e ——— e i N
3 Pulse Sequence 7g30 ’Me
4 Experiment D N
5 Mumber of Scans o4 2.22r -2 aryl l\llle
& Receiver Gain 228 = .
7 Relaxation Delay 1.0000 . é B Chemical Formula: C13H14N2
9 Acquisition Time 4,060 e e e B P A
10 Spectrometer Frequency 400. 15
11 Spectral Width 6813.2 i
12 Lowest Frequency -415.0
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 65536 I

i - L H H
T T T T T T T T T T
8.6 8.4 8.2 8.0 7.8 7.6 74 72 7.0 6.8
(ppm)
[ i
1
|
1

.| i . i
X gr

kO 135 120 12,5 12.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.3 6.0 3.3 3.0 4.5 4.0 3.5

L AN

7.0 6.5
f1 (ppm)

Figure 4.115 — *H NMR spectrum of compound 2.22r — 2 aryl in CDCls.
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momm
Parameter Value nog
T 2§ 2 w2 I8 3 oo s
1 Solvent COCl3 B ©F # HE ST ¢ R g
By waE o o8 8- p [
2 Temperature 296.5 | 1 |" k”) '\ ! | \I,,' |
3 Pulse Seguence zgpg30
4 Experiment 1D
5 MNumber of Scans 2048
& Receiver Gain 2050
7 Relaxation Delay 0.1100
8 Pulse Width 8,7500
Acquisition Time 0.6641
10 Spectrometer Freguency 100.63
11 Spectral Width 24571.1
12 Lowest Frequency -2274.2
13 Nudeus 13C
14 Acquired Size 16384
15 Spectral Size 32768
|
|
I
|
|
J-«-\ o Al o A o A S e B
T T T T T T T T T T T T T T T T T T T T T
110 200 190 180 170 160 150 140 130 120 110 100 20 80 70 60 30 40 30 20 10

f1 (ppm})

Figure 4.116 — **C NMR spectrum of compound 2.22r — 2 aryl in CDCls.
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4.2.31 'H and B*C NMR spectra of compound 2.22s — 2 aryl

2 CF,
Parameter Walue g
1 Solvent cDCl3 s s G R R A = A
2 Temperature 295.1 N TR e _
3 Pulse Sequence 7g30 N
4 Experiment D
5 Mumber of Scans 15 m OMe
& Receiver Gain 114 é 2.22s — 2 arvl
7 Relaxation Delay 1.0000 == cEss28s BEEERERRADS . Yy
8 Pulse Width 8.7600 Vi Ny pAsS RRAJIS TSRy Chemical Formula: C;3H,,F;NO
9 Acquisition Time 4.8060
10 Spectrometer Frequency 400. 15
11 Spectral Width 6813.2
12 Lowest Frequency -417.6
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 55536
I
Ii
S || | U— U E—
t 1 b A F 1
I I 1 1
3 = g 3
- - - o
T T T T T T T T
8.8 8.6 8.0 7.8 7.6 7.4 7.2 7.0
(ppm)
[l
i
l l 1 | I I p) l
T L i
3 53 3 3 =
T T T T T T T T T T T T T T T T T T T T T
12.0 11.5 11.0 10.5 10.0 9.5 9.0 8.0 7.5 7.0 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

Figure 4.117 — *H NMR spectrum of compound 2.22s — 2 aryl in CDCls.

6.0 5.5
f1 (ppm)
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mm o
(S e
Parameter Value aag
R b AhERBASREILNNANLR P 2
1 Solvent coci3 z 8 2 LEEEEEnIoESSnuz oo i
= o pujguiugu gy s Je S e o o o) o e
2 Temperature 296.8 1l | B o - |
3 Pulse Seguence zgpg30
4 Experiment 1D
5 MNumber of Scans 1024 .
. . ==} {8 [Fa} = o - ™~
6 Receiver Gain 2050 = it = ; E E ; 5
7 Relaxation Delay 0.1100 o = B = ","I 'IJ" Fl': T
8 Pulse Width 8.7500 l l |
Acquisition Time 0.6641
10 Spectrometer Freguency 100.63 . -
11 Spectral Width 246711 N"\ ‘(
)
12 Lowest Frequency -2274.2 .r’ll '\
|
13 Mudeus 13C / /‘ \
14 Acquired Si 16384 / / N
cquired Size AnEE —~— .
15 Spectral Size 32763 T = ooy
N . T —T—T— .
125 120 116.8 116.6 115.2 115.0
(ppm) (ppm) (ppm)
|
Ch
x"‘qUﬂ“J‘\-MJ UIJ.J l"‘\.,-J) L
Sl
139.5 138.6
(ppm)
|
|
[
I
1 L |
o M syt o o et Byt s o h oo e Sauna
T T T T T T T T T T T T T T T T T T T T T T
LO 200 190 180 170 160 150 140 130 120 110 100 20 80 70 60 50 40 30 20 10 0

f1 (ppm})

Figure 4.118 — 13C NMR spectrum of compound 2.22s — 2 aryl in CDCls.
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4.2.32 'H and BC NMR spectra of compound 2.22t — 2 aryl

3 OMe
Parameter Value a
= na BR=2ZRERAR =

1 Solvent CDCI3 o o AL R L mom N
2 Temperature 295.7 ' SOOTERN N N | P
3 Pulse Sequence 7g30 N
4 Experiment D
5 Mumber of Scans 15 OMe
& Receiver Gain 106
7 Relaxation Delay 1.0000 L 222t -2 aryl

. (=] .
8 Pulse width 11.5000 - - B o e Chemical Formula: C{3;H3NO,
9 Acquisition Time 4.8060 ; ; oo [l T R
10 Spectrometer Freguency 400,15 LY, Y N LY, by
11 Spectral Width 6813.2
12 Lowest Frequency -417.7
13 Nudeus 1H !
14 Acquired Size 32768
15 Spectral Size 55536

S
_
n

1.00—
203+

8.5 8.0 7.5 7
(ppm)

203 T ——
=

L
[
309-‘[
-

303+,

3.0 4.5 4.0 3.5 3.0 2.3 2.0 1.5 1.0 0.5 0.0

1z.0 11,5 11.0 105  10.0 9.5 9.0 8

Ty Lo

8.0 7.5 7.0 6.0 3.5
f1 (ppm)

Figure 4.119 — *H NMR spectrum of compound 2.22t — 2 aryl in CDCls.
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momm
Parameter Value nog
Boga o8 g 8 T a3 oo o
1 Solvent CoCl3 2 28 2 ooa T 53 g g
53 &2 o o4 = =2 [ S il
2 Temperature 297.4 | '.I ! | | | \ |'" . W,‘ '\-"
3 Pulse Seguence zgpg30
4 Experiment 1D
5 MNumber of Scans 1024
& Receiver Gain 2050
7 Relaxation Delay 0.1100
8 Pulse Width 8,7500
Acquisition Time 0.6641
10 Spectrometer Freguency 100.63
11 Spectral Width 24571.1
12 Lowest Frequency -2274.2
13 Nudeus 13C = o
14 Acquired Size 16334 nom
15 Spectral Size 32768 |
| {
WWJ J
N
T T T
53.5 55.0 54.5
(ppm)
1
I |
WA ks bt e e MMWWWMMMM\«MLW
T T T T T T T T T T T T T T T T
110 200 190 180 160 150 130 120 110 100 90 80 70 60 40 30 20
f1 (ppm)

Figure 4.120 — 3C NMR spectrum of compound 2.22t — 2 aryl in CDCls.
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4.2.33 H and *C NMR spectra of compound 2.22u — 2 aryl

3

o
Parameter Walue o N
LI EnEEsE5523Ean Z & I
1 Solvent cDCl3 SRt S N S B B < o Z
2 Temperature 296.2 B e [ MeO N
3 Pulse Sequence 7g30
4 Experiment D OMe
5 MNumber of Scans 64 m 222u-2 aryl
& Receiver Gain 114 é .
7 Relaxation Delay 1.0000 2= ImTR T&EmSe 2% zTggs Chemical Formula: C;3H3;NO,
= o — o O e 00 M~ WD WO L o D "oy -
8 Pulse Width 8.7600 =3 2555 Fsgss 22 3L
5 Acquisition Time 4.8060 Y e e Y 4
10 Spectrometer Frequency 400. 15
11 Spectral Width 6813.2
12 Lowest Frequency -413.6 | I
13 Nudeus 1H i
14 Acquired Size 32768
15 Spectral Size 55536
| J L
R EE i T e
= 3 = g g
T rT T T T T T T = T lr“ T T Hl T
8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6
(ppm}
|
it |
|
]
. L... H_,,_,,_ﬁ“l - _.L___ _____________ _,.q__J_ — I.I
T T r T T T
5 8 3 8 = 5 5
T T T T T T T T T T T T T T T T T T T T T T T
1.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.3 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure 4.121 — *H NMR spectrum of compound 2.22u — 2 aryl in CDCls.

296



mmm
Parameter Value neg

2% g %R G R e =
1 Solvent CDCi3 =2 3 & =& moE P g

a5 B = e jfily= RERE el
2 Temperature 296.9 | | [ (. AR ) |l
3 Pulse Seguence zgpg30
4 Experiment 1D
5 MNumber of Scans 2048
& Receiver Gain 2050
7 Relaxation Delay 0.1100
8 Pulse Width 8.7500

Acquisition Time 0.6641
10 Spectrometer Freguency 100.63
11 Spectral Width 246711
12 Lowest Frequency -2274.2
13 Nudeus 13C
14 Acquired Size 16384
15 Spectral Size 32768
I 1
|
;o |
meWﬁJWM
T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

f1 (ppm})

Figure 4.122 — 13C NMR spectrum of compound 2.22u — 2 aryl in CDCls.
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4.2.34 'H and *C NMR spectra of compound 2.22u — 4 aryl

3 OMe
Parameter Walue o
Z2EnI LA EEESESESERa oo o ==
1 Solvent cDCl3 e g g P g IR o
L,
2 Temperature 296.0 Vo N e [l
3 Pulse Sequence 7g30
4 Experiment D
5 Mumber of Scans 15 N
& Receiver Gain 114 - I
. =] y/
7 Relaxation Delay 1.0000 g MeO N
8 Pulse width 8.7600 wom = = 2 s omnoEo D
5 Acquisition Time 4.8060 IR o o S22 IZ S 2.22u -4 aryl
05 4 b I Y e
pectrometer Frequency 400. 13 Chemical Formula: C;;H;NO
11 Spectral Width 5818.2 * 1332
12 Lowest Frequency -417.0
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 55536
]
1 L
i '
i P |'| P 4‘ ,IUIJ 'L_jlk_ —
e ! GG
= = = s =
- (3] — ™ —
T T T T T T T T T T T T T
8.2 8.1 8.0 7.9 7.8 7 7.6 75 7.4 7.3 7.2 71 70 6.9
1 (ppm)
|
1 I
| I J . R
¥ T AT P
g = S8 3 s 3
T T T T T T T T T T T T T T T T T T T T T
11.0 10.5 10.0 9.5 8.5 8.0 7.5 7.0 6.5 6.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

3.5 5.0
f1 (ppm)

Figure 4.123 — *H NMR spectrum of compound 2.22u — 4 aryl in CDCls.
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3

Parameter Value r—g r—H" g
2 = 75 B3 B2 3 Too .
1 Solvent cDol3 I = 2% 24 =TT mE o o
a2 A = 3 o= a4 = [ 0o
2 Temperature 296.7 | | | | lI | k,'/ | S -~ '|I |"
3 Pulse Seguence zgpg30
4 Experiment 1D
5 MNumber of Scans 1024
& Receiver Gain 2050 =
7 Relaxation Delay 0.1100 § g E g 2 ; gi g
8 Pulse Width 8,7500 'l" "l' T "|‘ "l‘ "(”j' "l'
Acquisition Time 0.6641
10 Spectrometer Freguency 100.63
11 Spectral Width 24571.1
12 Lowest Frequency -2274.2
13 Nudeus 13C
14 Acquired Size 16384
15 Spectral Size 32768
! ! = &
& o
|
T T T T T T
160 150 140 130 120 110
(ppm)
“M |\
.'l-wullnfh“" M‘”ﬂw PUHIJ fld.
T T T T
56 55 54 53
(ppm)
i1
T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40

f1 (ppm})

Figure 4.124 — 3C NMR spectrum of compound 2.22u — 4 aryl in CDCls.
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4.2.35 H and *C NMR spectra of compound 2.22v

=
Parameter Walue é | N
1 Solvent coai3 ZIIISIIIBR eI EASS SIS ISNNRTNERE Z
2 Temperature 296.0 R e e e — N~ 'S
3 Pulse Sequence 7g30
4 Experiment D
5 Mumber of Scans 15 m
& Receiver Gain 2537 é
7 Relaxation Delay 1.0000 IETFTIEER HMeIoooU s 22 RRRR 828R SEEgRRER Me
8 Pulse width 8.7600 “L_w_ﬂ“ R L T e e e e “E_‘L:_?;:gijj
9 Acquisition Time 4.8060 o 2.22v
10 Spectrometer Frequency 400. 15 | ]
11 Spectral Width 5818.2 Chemical Formula: C12H11NOS
12 Lowest Frequency -416.3
13 Nudeus 1H
14 Acquired Size 32763 I
15 Spectral Size 55536
1
M il
T FANNA T T
= = 2 = 5
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
8.5 84 83 8.2 81 80 79 78 77 76 75 74 73 72 71 7.0 6.9 6.8 67
(ppm}
! I
1
]
| . i L
T T T ¥ i
= 58 S " 3
T T T T T T T T T T T T T T T T T T T T T T T T T
L2.0 11.5 11.0 105 10.0 9.5 9.0 8.5 8.0 7.5 7.0 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

6.0 5.5
f1 (ppm)

Figure 4.125 — *H NMR spectrum of compound 2.22v in CDCls.
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Mmoo
Parameter Value 888
= 5 53 RN = e
1 Solvent CDCl3 =5 @ | 2o Es ma =
= H = g i T T n
2 Temperature 293.0 | II | N \,'(Jr/ r) o
3 Pulse Seguence zgpg30
4 Experiment 1D
5 MNumber of Scans 16384
& Receiver Gain 724 . - .
7 Relaxation Delay 0.1010 g g ;
8 Pulse Width 15,0000 "|‘ "|‘ in
Acquisition Time 0.6816
10 Spectrometer Freguency 100.62
11 Spectral Width 24038.5
12 Lowest Frequency -2062.7
13 Nudeus 13C
14 Acquired Size 16384
15 Spectral Size 32768
| |
.
_ LJ lk.__J __
L e
izo0 119 118
(ppm)
|
‘ o ph m-uw‘) L’-'-WM'D'*J I'ILDJ"L“ - ey, L. ol . " I}
T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 11?:1 ( 1D]D 90 80 70 a0 50 40 30 20 10
ppm

Figure 4.126 — 13C NMR spectrum of compound 2.22v in CDCls.
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4.2.36 'H and *C NMR spectra of compound 2.22w — 2 aryl

=
Parameter Walue é O N
O OO Mg e ool O B0 — O GG B D T ]
1 Solvent cDCl3 pepribe g e e PEE R Sl g s e e R S = 7
2 Temperature 295,2 T TR e e N
3 Pulse Sequence 7g30
4 Experiment D OMe
5 Mumber of Scans 16 ™ 2.22w -2 aryl
5 Receiver Gain 228 b= .
7 Relaxation Delay 1.0000 HEEMNNNINCCEERANSRESEANSSSRRRS S Chemical Formula: C;¢H;3;NO
8 Pulse_ \_'-f_udﬂn 8.7600 TEEET °E“j‘ TR '“‘; “‘\“I “; Bl il sl “:;";r
9 Acquisition Time 4.8060
10 Spectrometer Frequency <400. 15
11 Spectral Width 6813.2 [
12 Lowest Frequency -419.8
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 55536
1
1
I | "
I ‘ i |
_._,w.JlJ |k_m J l‘LJ' L _.J"LL L J' -
e Fobel b [ E ——
3 S 83 = =
- —_ o - —_ i
T T T T T T T T T T T T T T T T T
8.4 8.3 8.2 8.1 8.0 79 78 A7 J6 75 74 73 72 71 Y0 6.9 6.8
(ppm)
|
I
1
i |
| Lol
J l ] 1 L_
Tt e T T
g EEES2 g =
==+ — o - - ™~ m
T T T T T T T T T T T T T T T T T T T T T T T T T
2.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

6.0 5.5
f1 (ppm)

Figure 4.127 — *H NMR spectrum of compound 2.22w — 2 aryl in CDCls.
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m o, M
[
Parameter Value a8
H O B EARHEIZEL 8 oo o =
1 Solvent cDCi3 8 4 ¥ SHEgERSEE 3 R i
a9 5 oooaNANENS o e i
2 Temperature 295.9 | | | L-___L::__L—__::;H\\ IIrF‘-J”J | | k\h/
3 Pulse Seguence zgpg30
4 Experiment 1D
5 MNumber of Scans 1024
& Receiver Gain 2050
7 Relaxation Delay 0.1100
) 86 & 3 = 2
8 Pulse Width 8.7500 oo P P 5 wn
a8 = b & =
Acquisition Time 0.6641 "l:] F N "l‘ "l‘ i
10 Spectrometer Freguency 100.63
11 Spectral Width 24571.1
12 Lowest Frequency -2274.2
13 Nudeus 13C
14 Acquired Size 16384
15 Spectral Size 32768
|| I _JH fl |||||
T T J T T
130 129 128 127 126
{(ppm}
1o !
|
%mww WWM.MMMW
T T T T T T T T T T T T T T T T T T T T T T T T
220 210 200 190 180 160 150 140 130 120 110 100 90 80 70 60 a0 40 30 20 10 0 -10 =20

f1 (ppm})
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Figure 4.128 — 3C NMR spectrum of compound 2.22w — 2 aryl in CDCls.



4.2.37 *H and C NMR spectra of compound 2.22w — 4 aryl

3

o OMe
Parameter Walue o
1 Solvent cDel3 piecgpe e o e e e R - (G G n s SR C G L R
T e e e TNy
2 Temperature 295.2 e e e — —
3 Pulse Sequence 7g30
4 Experiment D
5 Mumber of Scans 15 = B
& Receiver Gain 114 g
7 Relaxation Delay 1.0000 P e - R W e e U R N/
) G mmmE e e e e e e e SR R e e e e e
8 Pulse Width 8.7600 iy e N e
9 Acquisition Time 4,8060 2.22w — 4 aryl
10 Spectrometer Frequency 400,15 . .
11 Spectral Width 58152 Chemical Formula: C;{¢H3;NO
12 Lowest Frequency -417.1
13 Nudeus 1H
14 Acquired Size 32768 | |
15 Spectral Size 55536
]
|
| [l
! 1
J\ e M ’H ‘1 MLJ I
T O Gy
= 2 = = g8& = =
= = = - - - = P
T L e e B B LA S
9.0 8.8 8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 70
{ppm)
]
I
I
1
| I
T e A U i Y
3 £535283 =
T T T T T T T T T T T T T T T T T T T T T T T T T
12.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

6.0 3.5
f1 (ppm)

Figure 4.129 — *H NMR spectrum of compound 2.22w — 4 aryl in CDCls.
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mmm
[ )
Parameter Value ceg
g FRH HREHEHER 5 oo o
1 Solvent cDCi3 8 gee R EEER R R i
0 o OoONNANNANN O [ g 3 R
2 Temperature 296.0 S el | A= R P
3 Pulse Seguence zgpg30
4 Experiment 1D
5 MNumber of Scans 1024
& Receiver Gain 2050
7 Relaxation Delay 0.1100
- o DA [l - ™~ un un — m
8 Pulse Width 8.7500 R = o o= o = = =
Acquisition Time 0.6641 £E = = = = = = =
10 Spectrometer Freguency 100.63 I | | |
11 Spectral Width 246711
12 Lowest Frequency -2274.2
13 Nudeus 13C
14 Acquired Size 16384 I
15 Spectral Size 32768 P ’

| | I

| |

)I | | IJ ﬂl llll' ' |1| ll ||

Y JI,.JL\W A e oA T
T T T T T T T T T T T T

149 148 130.5 130.0 1295 1290 128.5 128.0 127.5 127.0 126.5 126.0

(ppm) (ppm)

— JL...MJH SN S

T T T T T T T T T T T T T T T T
200 190 180 170 160 130 140 130 120 110 100 an a0 70 a0 a0
f1 (ppm})

Figure 4.130 — *3C NMR spectrum of compound 2.22w — 4 aryl in CDCls.
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4.2.38 H and *C NMR spectra of compound 2.22x

3
Z

=
Parameter Value 5 N
A LSOMUMMMN N O OO0 O MmO WM O BT w ]
1 Solvent cool3 g pepeiepepepeepe Rl L S R e = Z
2 Temperature 295.3 i, N
3 Pulse Sequence 7g30
4 Experiment 1D . 2.22x OMe
5 Mumber of Scans 15 =
& Receiver Gain 151 - P Chemical Formula: C;sH;N,0
. m L I T T e R A e T
7 Relaxation Delay 1.0000 - R I e R A A e S R g L
) e 2 Lo
8 Pulse Width 8.7600 T S
9 Acquisition Time 4.8060
10 Spectrometer Frequency 400. 15 |
11 Spectral Width 6813.2 |
12 Lowest Frequency -408.0
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 55536
ﬂ I“|
L | w 'ﬂl IJ !
}'|| I'I + | 1 k | 1 F | 1
2 33 & 3
L e B B L | A e S B S B S B S B S S — {a—
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Figure 4.131 — *H NMR spectrum of compound 2.22x in CDCls.
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Parameter

1 Solvent
2 Temperature
3 Pulse Seguence
4 Experiment
5 MNumber of Scans
& Receiver Gain
7 Relaxation Delay
8 Pulse Width
Acquisition Time
10 Spectrometer Freguency
11 Spectral Width
12 Lowest Frequency
13 Nudeus
14 Acquired Size
15 Spectral Size

Value

CDiCI3
295.8
zgpg30
1D

1024
2050
0.1100
8,7500
0.6641
100,63
24571.1
-2274.2
13C
15334
32768

— 161 46

— 151 44

77.36 CDCI3
77.04 CDCI3
76,72 CDCI3
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N e - I
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Figure 4.132 — 13C NMR spectrum of compound 2.22x in CDCls.



4.3 Spectra of Chapter 3

43.1 'H,Cand °F NMR spectra of compound 3.26a
=]
Parameter Value 5 o\ IO
DogQ®@onm = e’
1 Solvent cocl3 P e S.
2 Temperature 293.0 e
3 Pulse Sequence zg30
4 Experiment jn]
5 MNumber of Scans 16
& Receiver Gain 79 . oo e - o 3'26a
7 Relaxation Delay 1.0000 o= A i . .
8 Pulse Width 14,0000 N N NS Chemical Formula: C4HsFO,S
9 Acquisition Time 4, 1069
10 Spectrometer Freguency 399.14
11 Spectral Width 7978.7 \
12 Lowest Freguency -1496.4
13 Mudeus 1H
14 Acquired Size 32768
15 Spectral Size 65536
|
g 3 g
T T T T T T T T
! 8.2 8.1 8.0 7.9 7.8 77 7.6 7.5
f1 (ppm)
|
| Y U
=
g83
T T T T T T T T T T T T T T T T T T T T T T T
1.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 G.0 3.0 3.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure 4.133 — *H NMR spectrum of compound 3.26a in CDCls.
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66
f1 (ppm)

Figure 4.135 — **F NMR spectrum of compound 3.26a in CDCla.
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mmm
Coo
Parameter Value N 288
R R mnm
1 Solvent cocl3 EEEERE bl
2 Temperature 288.0 :—‘\F F'; : T "\'}
3 Pulse Sequence 2gpg30
4 Experiment 10
5 Mumber of Scans 1024
6 Receiver Gain 139
7 Relaxation Delay 2.0000
8 Pulse Width 10.0000
9 Acquisition Time 1.3631
10 Spectrometer Frequency 100.37
11 Spectral Width 24038.5
12 Lowest Frequency -1971.4
13 Nudeus 13C
14 Acquired Size 32768
15 Spectral Size 65536
=z
LR
I
——
T T
134 133 132
f1 (ppm) y
1
v A
T T T T T T T T T T T T T T T T
.80 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)
Figure 4.134 — 13C NMR spectrum of compound 3.26a in CDCls.
=
Parameter value b
1 Solvent [onlelk]
2 Temperature 293.0
3 Pulse Sequence zaflgn
4 Experiment 1D
5 Number of Scans 16
6 Receiver Gain 199
7 Relaxation Delay 1.0000
8 Pulse Width 15.0000
9 Acquisition Time 0.7340
10 Spectrometer Frequency 375.57
11 Spectral Width 89285.7
12 Lowest Freguency -44642.9
13 Nudeus 19F
14 Acquired Size 65536
15 Spectral Size 131072
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
81 80 79 78 77 76 75 74 73 72 71 70 69 68 67 65 64 63 62 61 60 59 58 57 56 55 54 53 52 51 50 49



4.3.2

'H and '3C NMR spectra of compound 3.26a-der

o
=]
5 (0]
R R e R e e el R Ry R R N L s N R s A = R R A\
o e e e S S s s sy
NN, e e ey N
e (o)
Parameter Walue
1 Solvent cocl3 3.26a-der
2 Temperature 2958.1 .
3 Pulse Sequence 2030 Chemical Formula: C{,H;(O03S
4 Experiment 1D
5 Mumber of Scans 16
6 Receiver Gain 16
7 Relaxation Delay 1.0000
§ Pulse Width 14.0000 E
9 Acquisition Time 4.0394 =
10 Spectrometer Frequency 400,15 ERaH NN ER Il s R AN A MmN A A Ra L Re 83838833
e e e e
11 Spectral Width a012.8 o Rl [ N e e L
12 Lowest Frequency -1477.9
13 Mudeus 1H
14 Acguired Size 32768
15 Spectral Size 65536
1
|
|
|
|
1
|
|
I [
= =
= =
T T T T T
79 7.8 77
L, e
£853538
R g
T T T T T T T T T T T T T T T T T T T T T T T
1.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

6.0 5.5
f1 (ppm)

Figure 4.136 — *H NMR spectrum of compound 3.26a-der in CDCls.
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oo
Parameter Value é é é
2 EEEE R ood
1 Solvent coci3 g I SEERA R
2 Temperature 298.1 T T‘; “\.‘T;r,: T "Z:i‘;?
3 Pulse Seguence zgpg30
4 Experiment 1D
5 MNumber of Scans 256
& Receiver Gain 1899
7 Relaxation Delay 2.0000
8 Pulse Width 10,0000
Acquisition Time 1.3631
10 Spectrometer Freguency 100.63
11 Spectral Width 24038.5
12 Lowest Frequency -1996.5
13 Nudeus 13C
14 Acquired Size 32763
15 Spectral Size 65536 5 § HE H =] b
[ o
. \ |
T T T T T T T T T T T T T T T T T 1
137 136 135 134 133 132 131 130 129 128 127 126 125 124 123 122 121 120
| f1 (ppm)
1l
-l |
T T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 30 40 30 20 10

f1 (ppm})

Figure 4.137 — 3C NMR spectrum of compound 3.26a-der in CDCls.
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4.3.3 'H, 13C and °F NMR spectra of compound 3.26b

- E 0
arameter Value 5 - /)
1 Solvent coai3 o = Me N\ S\F
2 Temperature 298.1 I| | I \l/
3 Pulse Seguence zg30 Z N
4 Experiment D
5 Mumber of Scans 15 Me
& Receiver Gain 179
7 Relaxation Delay 1.0000 3.26b
8 Pulse Width 14,0000 .
9 Acquisition Time 4.1069 Chemical Formula: C{H,FN,0,S
10 Spectrometer Freguency 399.14
11 Spectral Width 7978.7
12 Lowest Frequency -1512.0
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 55536
|
]. i L
oy T
! 3
T T T T T T T T T T T T T T T T T
LO.0 9.5 9.0 8.5 75 6.0 3.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

5.0
f1 (ppm)

Figure 4.138 — *H NMR spectrum of compound 3.26b in CDCls.
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mmm
Coug
Parameter Value - e - ag8
58 AE A gy o
1 Solvent cocl3 ee 2§ % mma 3
2 Temperature 298.0 —‘\; ‘1‘; T h\::i}:\ i
3 Pulse Sequence 2gpg30
4 Experiment 1D
5 Number of Scans 256
6 Receiver Gain 199
7 Relaxation Delay 2.0000
8 Pulse Width 10.0000
9 Acquisition Time 1.3631
10 Spectrometer Frequency 100.63
11 Spectral Width 24038.5
12 Lowest Freguency -1937.1
13 Nudeus 13C
14 Acquired Size 32768
15 Spectral Size 65536
I
L
T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 %11? ]].DD 90 80 70 60 50 40 30 20 10 0
ppm
Figure 4.139 — 13C NMR spectrum of compound 3.26b in CDCls.
=
Parameter value 2
1 Solvent [onlelk] l
2 Temperature 298.1
3 Pulse Sequence zaflgn
4 Experiment 1D
5 Number of Scans 16
6 Receiver Gain 199
7 Relaxation Delay 1.0000
8 Pulse Width 15.0000
9 Acquisition Time 0.7340
10 Spectrometer Frequency 375.57
11 Spectral Width 89285.7
12 Lowest Freguency -44642.9
13 Nudeus 19F
14 Acquired Size 65536
15 Spectral Size 131072

7‘0 6‘9 SIE 6‘7 6‘6 6‘5 6‘4 6‘3 6‘2 6‘1 60 5‘9 SIE 5‘7 5‘6 5‘5 5‘4 5‘3 5‘2 SIIfIS[IDpp%I]B 4‘8 4‘7 4‘6 4‘5 4‘4 4‘3 4‘2 41 4‘0 3‘9 3‘8 3‘7 3‘6 3‘5 3‘4 3‘3 3‘2 3‘1 3‘0
Figure 4.140 — **F NMR spectrum of compound 3.26b in CDCls.
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4.3.4 H, 3C and °F NMR spectra of compound 3.26¢

=
Parameter Value é Q\ /IC)
P o e @
1 Solvent €ocl3 22 oo i S.
2 Temperature 298.2 S AV ]
3 Pulse Sequence 7g30
4 Experiment D Me
5 Mumber of Scans 15 3.26¢
& Receiver Gain 30
7 Relaxation Delay 1.0000 Chemical Formula: C;H,FO,S
8 Pulse Width 14,0000
9 Acquisition Time 4.0894
10 Spectrometer Frequency 400. 15
11 Spectral Width 8012.8
12 Lowest Frequency -1553.9
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 55536

L
2031

Ff

L

.

2,00~

- 306-x

7.0 6.5 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

11.0 10.5 10.0 9.5 2.0 8.5 8.0 7.

(%]

55
f1 (ppm)

Figure 4.141 — *H NMR spectrum of compound 3.26¢ in CDCls.
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Parameter Value '—E" § §

8 mR2T ooz =
1 solvent far'el = CEEE e E
2 Temperature 298.2 T “L:\‘;; '\\:(':‘ i
3 Pulse Sequence 2gpg30
4 Experiment 1D
5 Number of Scans 256
6 Receiver Gain 199
7 Relaxation Delay 2.0000
8 Pulse Width 10.0000 [ 2
S Acquisition Time 1.3631 EEE E
10 Spectrometer Frequency 100.63 ; F ﬁ\ T
11 Spectral Width 24038.5
12 Lowest Freguency -1939.5
13 Nudeus 13C
14 Acquired Size 32768
15 Spectral Size 65536

N (V L
T T T T T T T
131.0 130.5 130.0_ 1295 1200 128.5 128.0
f1 (ppm
0l
I
1
T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 a0 80 70 60 50 40 30 20
f1 (ppm)
Figure 4.142 — 3C NMR spectrum of compound 3.26¢ in CDCls.
g
Parameter value ]

1 Solvent [onlelk]
2 Temperature 298.1
3 Pulse Sequence zaflgn
4 Experiment 1D
5 Number of Scans 16
6 Receiver Gain 199
7 Relaxation Delay 1.0000
8 Pulse Width 15.0000
9 Acquisition Time 0.7340
10 Spectrometer Frequency 376.52
11 Spectral Width 89285.7
12 Lowest Freguency -44642.9
13 Nudeus 19F
14 Acquired Size 65536
15 Spectral Size 131072

90 88 86 84 82 80 78 76 74 72 70 68 fsls[ 6]4 62 60 58 56 54 52 50 48 46 44
ppm

Figure 4.143 — °F NMR spectrum of compound 3.26¢ in CDCls.
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435 'H, 3C and °F NMR spectra of compound 3.26d
Parameter Value é O\\ /7
1 Solvent cpals =REEEEES e Me S F
2 Temperature 298.1 by S e |
3 Pulse Sequence 7g30
4 Experiment D
5 Mumber of Scans 15 3.26d
& Receiver Gain 30
7 Relaxation Delay 1.0000 Chemical Formula: C;H,FO,S
8 Pulse Width 14,0000 =g LN EE
9 Acquisition Time 4.0894 b T
10 Spectrometer Frequency 400. 15 b 7NN
11 Spectral Width 8012.8
12 Lowest Frequency -1555.5
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 55536
| 1
1
1
|
|
= 2 2
T T —; T T T T = Cl' T
7.9 7.8 7.7 7.6 7.5 7.4
f1 (ppm)
|
[l
I [
_JJ‘ 1 JL I}
T T
283 =
T T T T T T T T T T T T T T T T T T T T T T T
1.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

3.5
f1 (ppm)

Figure 4.144 — *H NMR spectrum of compound 3.26d in CDCls.
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8808
Parameter Value oo ag8fj
REERZESR =o T -
1 Solvent ocl3 SHARNERE e b
2 Temperature 298.2 JUVNNT o T
3 Pulse Sequence 2gpg30
4 Experiment 1D
5 Number of Scans 256
6 Receiver Gain 199
7 Relaxation Delay 2.0000
8 Pulse Width 10.0000
9 Acquisition Time 1.3631
10 Spectrometer Frequency 100.63
11 Spectral Width 24038.5
12 Lowest Freguency -1938.9
13 Nudeus 13C
14 Acquired Size 32768
15 Spectral Size 65536
R
e
Il
|
|L‘4—~3\<~.
R
133.2132.6
f1 (ppm)
.
T T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 A QD] 80 70 60 50 40 30 20 10 0
ppm
Figure 4.145 — 13C NMR spectrum of compound 3.26d in CDCls.
=
Parameter value 2
1 Solvent [onlelk]
2 Temperature 298.1
3 Pulse Sequence zaflgn
4 Experiment 1D
5 Number of Scans 16
6 Receiver Gain 199
7 Relaxation Delay 1.0000
8 Pulse Width 15.0000
9 Acquisition Time 0.7340
10 Spectrometer Frequency 376.52
11 Spectral Width 89285.7
12 Lowest Freguency -44642.9
13 Nudeus 19F
14 Acquired Size 65536
15 Spectral Size 131072
T T T T T T T T T T T T T T T T T T T T T T T
eli] 88 86 84 82 80 78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 42 40

f1 (ppm)

Figure 4.146 — **F NMR spectrum of compound 3.26d in CDCls.
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43.6 'H,3C and °F NMR spectra of compound 3.26e
m
Parameter Value é Me 0 O
1 Solvent CcDCl3 SSE2:95E84 z \\SI’
PR e R ni
2 Temperature 298.1 SO e F
3 Pulse Sequence 7g30
4 Experiment D
5 Mumber of Scans 15
& Receiver Gain 100 3.26e
7 Relaxation Delay 1.0000 Chemical Formula: C,H,FO,S
8 Pulse Width 14,0000
9 Acquisition Time 4. 1069
10 Spectrometer Freguency 399.14
11 Spectral Width 7978.7 E E 233 2EEs
12 Lowest Frequency -1542.2 Vo v SN
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 55536 | \
! |
|
! |
| T =
= el 3
T = T T T T = T T NI
8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4
f1 (ppm)
I
1
]
n s
T T T T
& 3 3 =
T T T T T T T T T T T T T T T T T T T T T T T
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

3.5 5.0
f1 (ppm)

Figure 4.147 — *H NMR spectrum of compound 3.26e in CDCls.
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Parameter Value 388
Zzgzany = +o
1 Solvent ocl3 EEEEELE e 23
2 Temperature 298.1 Ny o k¥
3 Pulse Sequence 2gpg30
4 Experiment 1D
5 Number of Scans 256
6 Receiver Gain 199
7 Relaxation Delay 2.0000
8 Pulse Width 10.0000
9 Acquisition Time 1.3631
10 Spectrometer Frequency 100.37
11 Spectral Width 24038.5
12 Lowest Freguency -1964.0
13 Nudeus 13C
14 Acquired Size 32768
15 Spectral Size 65536
A &8
e =R
ki 7
M
. |
|
|
I\
]
U B
20.4 20.3 20.2
132.5 132.0 f1 (ppm)
f1 (ppm)
T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 o0 80 70 60 50 40 30 20 10
f1 (ppm)
Figure 4.148 — 13C NMR spectrum of compound 3.26e in CDCls.
=
Parameter value 5
1 Solvent [onlelk]
2 Temperature 298.1
3 Pulse Sequence zaflgn
4 Experiment 1D
5 Number of Scans 16
6 Receiver Gain 199
7 Relaxation Delay 1.0000
8 Pulse Width 15.0000
9 Acquisition Time 0.7340
10 Spectrometer Frequency 375.57
11 Spectral Width 89285.7
12 Lowest Freguency -44642.9
13 Nudeus 19F
14 Acquired Size 65536
15 Spectral Size 131072
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
90 88 86 84 82 8O0 78 76 4 72 V0 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30

f1 (ppm)

Figure 4.149 — °F NMR spectrum of compound 3.26e in CDCls.
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4.3.7 H, 3C and ®F NMR spectra of compound 3.26f

g o)
Parameter Value g \/
1 Solvent cDCl3 B =
2 Temperature 298.1 I\/ N |
3 Pulse Seguence zg30 Me
4 Experiment D
Me
5 Mumber of Scans 15 Me 3.26f
& Receiver Gain 33 *
7 Relaxation Delay 1.0000 Chemical Formula: C;yH3FO,S
8 Pulse Width 14,0000
9 Acquisition Time 4. 1069
10 Spectrometer Freguency 399.14
11 Spectral Width 7978.7
12 Lowest Frequency -1543.0
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 55536
|
|
| JL :
T i\
= = =
T T T T T T T T T T T T T T T T T T T T T T T
11.0 10.5 10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

3.5 5.0
f1 (ppm)

Figure 4.150 — *H NMR spectrum of compound 3.26f in CDCls.
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3

Parameter Value @ 8 8
2 LEEY soz - =

1 Solvent o3 2 REES ToE -
2 Temperature 298.1 T F‘\I ';; "'l:‘j“ T T
3 Pulse Sequence 2gpg30
4 Experiment 1D
5 Number of Scans 256
6 Receiver Gain 199
7 Relaxation Delay 2.0000
8 Pulse Width 10.0000
9 Acquisition Time 1.3631
10 Spectrometer Frequency 100.37
11 Spectral Width 24038.5
12 Lowest Freguency -1965.2
13 Nudeus 13C
14 Acquired Size 32768
15 Spectral Size 65536

o8

R

[

LJ|\,\,

T
, 130.0 i
fL opm)
l u |
T T T T T T T T T T T T T T T T T T T T T
Lo 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

f1 (ppm)

Figure 4.151 — 3C NMR spectrum of compound 3.26f in CDCls.

o
&

Parameter value $
1 Solvent [onlelk] !
2 Temperature 298.1
3 Pulse Sequence zaflgn
4 Experiment 1D
5 Number of Scans 16
6 Receiver Gain 199
7 Relaxation Delay 1.0000
8 Pulse Width 15.0000
9 Acquisition Time 0.7340
10 Spectrometer Frequency 375.57
11 Spectral Width 89285.7
12 Lowest Freguency -44642.9
13 Nudeus 19F
14 Acquired Size 65536
15 Spectral Size 131072

T T T T T T T T T T T
eli] 85 80 75 70 65 60 55 50 45 40
f1 (ppm)

Figure 4.152 — 1%F NMR spectrum of compound 3.26f in CDCls.
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4.3.8 'H, 3C and ®F NMR spectra of compound 3.26g
m
o
Parameter Value g O\\ /,o
- g = S
1 Solvent cocl3 = MR P “F
2 Temperature 298.1 \ﬁ Y 7
3 Pulse Sequence 7g30
4 Experiment D MeO
5 Mumber of Scans 15
& Receiver Gain 30 3°26g
7 Relaxation Delay 1.0000 Chemical Formula: C;H,FO;S
8 Pulse Width 14,0000
9 Acquisition Time 4.0894
10 Spectrometer Frequency 400. 15
11 Spectral Width 8012.8
12 Lowest Frequency -1555.5
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 55536
|
1
]
|
I ) J N
T T T
g 3 =
T T T T T T T T T T T T T T T T T T T T
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

3.5 5.0
f1 (ppm)

Figure 4.153 — *H NMR spectrum of compound 3.26g in CDCls.
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Parameter

Solvent
Temperature
Pulse Sequence
Experiment
Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time

W@ oM b e

mmm
Value 288
5 ¥ =22 8 =g =z
ol E ] In S pge 2
E 2 o = TEE &
298.2 | \/ S |
2gpg30
1D
256
199
2.0000
10.0000
1.3631

10 Spectrometer Frequency 100.63

11 Spectral Width 24038.5
12 Lowest Freguency -1939.1
13 Nudeus 13C
14 Acquired Size 32768
15 Spectral Size 65536
8
[
|
-
—T T T
125 124 123
f1 (ppm)
|
1
T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 a0 80 70 60 50 40 30 20 10
f1 (ppm)
Figure 4.154 — 13C NMR spectrum of compound 3.26g in CDCls.
Parameter value 5
1 Solvent [onlelk]
2 Temperature 293.1
3 Pulse Sequence zaflgn
4 Experiment 1D
5 Number of Scans 16
6 Receiver Gain 199
7 Relaxation Delay 1.0000
8 Pulse Width 15.0000
9 Acquisition Time 0.7340
10 Spectrometer Frequency 376.52
11 Spectral Width 89285.7
12 Lowest Freguency -44642.9
13 Nudeus 19F
14 Acquired Size 65536
15 Spectral Size 131072
T T T T T T T T T T T T T T T T T T T T T
90 88 86 84 82 80 78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48

f1 (ppm)

Figure 4.155 — **F NMR spectrum of compound 3.26g in CDCls.
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4.3.9

'H, 13C and °F NMR spectra of compound 3.26h

3

=
Parameter Value g 0\ ,0
- O @ T TN 20D S E D = MO \s,
1 Solvent cocla ZpananbannnniiEannan = e ~
AR RRRONARAR I I IR0 s F
2 Temperature 298.0 W
3 Pulse Sequence 7g30
4 Experiment D
5 Mumber of Scans 15 3.26h
& Receiver Gain 112 :
7 Relaxation Delay 1.0000 Chemical Formula: C;H,FO;S
8 Pulse Width 14,0000 5
9 Acquisition Time “+.0894 - s =R Dc\cﬂhg
10 Spectrometer Freguency 400,15 230NN NN I i N Mmoo
11 spectral Width 8012.8 e R B P SV A
12 Lowest Frequency -1515.9
13 Nudeus 1H
14 Acquired Size 32768 1
15 Spectral Size 55536
|
|
I
1
/I\LU
I T 1 | — T |
= = = 3
T T T T T T T T T T T T
7.65 7.60 7.55 7.50 745 7.40 7.35 7.30 7.25
f1 (ppm)
1
Ll nd N | Y
Fid W T
5338 o
T T T T T T T T T T T T T T T T T T T T T T
11.0 10.5 10.0 9.5 8.5 a.0 7.5 7.0 6.5 6.0 3.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
1 (ppm)

Figure 4.156 — *H NMR spectrum of compound 3.26h in CDCls.
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3
E]

f1 (ppm)

Figure 4.158 — **F NMR spectrum of compound 3.26h in CDCls.
325

Parameter Value § 8 8
] n88 =3 o == o
1 Solvent cods 2 ARE HE 2 ol o
2 Temperature 298.0 T ﬁ\; ? F: T T ":‘.:,T T
3 Pulse Sequence 2gpg30
4 Experiment 1D
5 Number of Scans 256
6 Receiver Gain 199
7 Relaxation Delay 2.0000
8 Pulse Width 10.0000
9 Acquisition Time 1.3631
10 Spectrometer Frequency 100.63
11 Spectral Width 24038.5
12 Lowest Freguency -1931.9
13 Nudeus 13C
14 Acquired Size 32768
15 Spectral Size 65536
qa
R
X
h
P Wi
—T T T
135 134 133
f1 (ppm)
T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 a0 80 70 60 50 40 30 20 10 0
f1 (ppm)
Figure 4.157 — 13C NMR spectrum of compound 3.26h in CDCls.
A
Parameter value B
1 Solvent [onlelk]
2 Temperature 293.0
3 Pulse Sequence zaflgn
4 Experiment 1D
5 Number of Scans 16
6 Receiver Gain 199
7 Relaxation Delay 1.0000
8 Pulse Width 15.0000
9 Acquisition Time 0.7340
10 Spectrometer Frequency 376.52
11 Spectral Width 89285.7
12 Lowest Freguency -44642.9
13 Nudeus 19F
14 Acquired Size 65536
15 Spectral Size 131072
T T T T T T T T T T T T T T T T T T T T T T
a0 88 86 84 82 80 78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 42 40



4.3.10 'H, 13C and °F NMR spectra of compound 3.26i

3

Parameter Value é O\ IO
= 2oz = ‘g’
1 Solvent cDCl3 e B ~
2 Temperature 298.1 \.H \4/
3 Pulse Sequence 7g30
4 Experiment D F3C
5 Mumber of Scans 15 3.26i
& Receiver Gain 179 .
7 Relaxation Delay 1.0000 Chemical Formula: C;H,F,0,S
8 Pulse Width 14,0000
9 Acquisition Time 4. 1069
10 Spectrometer Freguency 399.14
11 Spectral Width 7978.7
12 Lowest Frequency -1502.0
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 55536
[
J k_J |\ J A_,)L,%
T T
g B
T T T T T T T T T T T T T T T T T T T T T T
11.0 10.5 10.0 9.5 9.0 8.5 8.0 75 70 6.5 6.0 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

3.5
f1 (ppm)

Figure 4.159 — *H NMR spectrum of compound 3.26i in CDCls.
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B85
Parameter Value poeNfSosmsEDS SB@
1 Solvent ocl3 EEEEEEEEEEEEE ST 3
2 Temperature 298.2 1:%?/# 1:&:\;,;%1:/—‘ h\?(:\
3 Pulse Sequence 2gpg30
4 Experiment 10
5 Number of Scans 256
6 Receiver Gain 199
7 Relaxation Delay 2.0000
8 Pulse Width 10.0000
9 Acquisition Time 1.3631
10 Spectrometer Frequency 100.37 D23 o g!
11 Spectral Width 24038.5 RREAA
12 Lowest Frequency -1951.1 ) N~
13 Nudeus 13C
14 Acquired Size 32768 [
15 Spectral Size 65536 wj\‘}l (I
111
P LA’J Lu" LNNWN»MA
T T T T
139 138 137 136
f1 (ppm)
AN
[
A\
! U 1
T T T
1273 1272 1271 127.0 1269 12648
1]
I [
l o J L ; N - " L "
T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 a0 a0 70 60 50 40 30 20 10 0
1 (ppm)
- 13 - -
Figure 4.160 — *°C NMR spectrum of compound 3.26i in CDCls.
Parameter Value E 3
1 Solvent [onlelk]
2 Temperature 298.2
3 Pulse Sequence zaflgn
4 Experiment 1D
5 Number of Scans 16
6 Receiver Gain 199
7 Relaxation Delay 1.0000
8 Pulse Width 15.0000
9 Acquisition Time 0.5767
10 Spectrometer Frequency 376.52
11 Spectral Width 113636.4
12 Lowest Freguency -56818.2
13 Nudeus 19F
14 Acquired Size 65536
15 Spectral Size 131072
"
i i
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
50 140 130 120 110 100 90 80 V0O 60 50 40 30 20 10 f [D ]-10 -20 -30 -40 -0 -60 -70 -BO0 -90 -100 -110 -120 -130 -140 -1%
ppm

Figure 4.161 — F NMR spectrum of compound 3.26i in CDCls.
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4.3.11 °F and *C NMR spectra of compound 3.26j

omeE WMo o~ NN~ 0o MY o0 F Lo O~ M D o
e 1 Solvent cociz e e L L R S
2 Temperature 295.1
3 Pulse Sequence zgfign F fo o)
4 Experiment D \/
5 Mumber of Scans 156 F S\
6 Receiver Gain 199 F
7 Relaxation Delay 1.0000
3 Pulse Width 15.0000 F F
9  Acquisition Time 0.5757
10 Spectrometer Frequency 375.55
11 Spectral Width 113635.4 3.26j
12 Lowest Frequency -75596.5
13 Mucleus 19F Chemical Formula: C;F¢0,S
14 Acguired Size 65536
15 Spectral Size 131072
T T T T T T T T
-132.0 -132.5 -138.5 -139.0 -155.5 -156.0 -156.5 -157.0
1 (ppm) f1 (ppm) f1 (ppm)
T T T
75.0 74.5 74.0
f1 (ppm)
J .
' B
T T T
= 5 3 ]
= P —— =
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
oo 90 80 70 a0 50 40 30 20 10 0 -0 -20 -30 -4 -700 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -20

0 -50 -60
f1 (ppm)

Figure 4.162 — 1°F NMR spectrum of compound 3.26j in CDCls.
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Figure 4.163 — 13C NMR spectrum of compound 3.26j in CDCls.

f1 (ppm}
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mom M
(S
oofg Parameter Value
mﬁmmﬂ'mmhﬂhmciﬂ'cr‘dhouv—!u)@mmmvﬁmmmmﬂ'ﬁgﬂ:mmﬂmmmmmﬂ'
HEmmEohnr—SSdofafEmm o TSt geT MMM ST S50 08 5 S dad o T
R R R T I P R AR AR AR R ASEE2 2222222828555 5S85 meE 1 Solvent CDCI3
e b L L I.._-:-L:_Il/Jl\'__Jr_JJJJ_I_I_I L L\_I\-__J n el 11 h?fr 2 Temperature 298.0
3 Pulse Sequence zgpg30
f 4 Experiment 1D
5 Mumber of Scans 65144
6 Receiver Gain 1899
7 Relaxation Delay 2.0000
8 Pulse Width 10,0000
Acquisition Time 1.3631
10 Spectrometer Frequency 100.63
11 Spectral Width 24038.5
12 Lawest Frequency -1923.0
13 Mudeus 13C
14 Acquired Size 32768
15 Spectral Size 65536
T T T T T T T T T T T T T T T T T T T T T T T
149 148 147 146 145 144 143 142 141 140 139 138 137 136 112 110 109 108 107
f1 (ppm) 1 (ppm)
I L'Ldu-hn— J‘
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4.3.12 H, 13C and °F NMR spectra of compound 3.26j-der

™
(=]
Parameter Value o F OO0
P el e R T N\
1 Solvent CDCI3 B N e S N e N o A A N A A S S A F S
P S i W S I S N S A S N ST S i il S S W M M A M S il ~
2 Temperature 298.0 o (0]
3 Pulse Sequence 7g30
4 Experiment D F F
5 Mumber of Scans 15
& Receiver Gain 1359
7 Relaxation Delay 1.0000 .
8 Pulse Width 14.0000 3.26j-der
9 A isition Til 4.0594 .
CAuisition Time Chemical Formula: C{,H;F50;S
1285555473
10 Spectrometer Frequency 400. 15
11 Spectral Width 8012.8
12 Lowest Frequency -1515.6
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 55536
™
(=]
g
FEHIIIERALAAANAAMNARRS S S8,
T e S S
L ]
I
|
| |
|
| [
i' I b
I t T i F I ]
] 3 2
P ~
T T T T T T T T T T T T T T T
i 7.50 745 740 735 730 725 720 715 710
1 (ppm)
1 . —
T
2 B
T T T T T T T T T T T T T T T T T T T T T T T T T
2.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

6.0 5.5
f1 (ppm)

Figure 4.164 — *H NMR spectrum of compound 3.26j-der in CDCls.
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B85
oof
O Ml @ T OO0 =T O Mo T MO D W@ =T DD M T D Mo oToouLEmowuorin—a 20U
SHRINEIZARTSSCRRERFLYRANASRARE BT HA YU ATS588R9HEBRNAR 2oz
PR Y PR YT I I I PP PR AR AR AR AR AR AR RARE ANONMONNTZODIZZDD Csa
R R R R Rk Rk R Rekrhedrde koo ke hebee ool Borkel T...l_:.............q..........q.......-‘: RES
S ——r b e "
Parameter Value
1 Solvent [onlel NN M IO TS ENIONEN AT omD
BRREIERRISSCSRRR YRR EN 0T
2 Temperature 298.0 2RERELFETITITIVORARARARAARARAR
3 Pulse Sequence 2gpg30 ﬁ\ﬁ poninlninbeinhnieininin ':Q_L:;J; 1%;;
4 Experiment 10
5 Number of Scans 3072
6 Receiver Gain 139
7 Relaxation Delay 20000
8 Pulse Width 10.0000
9 Acquisition Time 1.3631 W
10 Spectrometer Frequency 100.63 1 L
11 Spectral Width 24038.5
12 Lowest Freguency -1929.3
13 Nudeus 13C
d Size 32768 T T T T T T T T T T T T
14 Acqure 147 146 145 144 143 142 141 140 139 138 137 136
15 Spectral Size 65536 1 (ppm)
SELRRER
LR s pafapeipal
=y e
h
([l
|
N.Mi MAMM}
LA B
112.0 111.3
1 (ppm)
[N 1
T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 a0 70 60 50 40 30 20 10 0
f1 (ppm)
- 13 - -
Figure 4.165 — *°C NMR spectrum of compound 3.26j-der in CDCls.
MU onEONNYSE S WO T @R cnTummsomT~
DHEEEER832 SIEERESERER FYILFEELARG
Parameter Valle coannnnang TIIIZIIii SEEEEEEEEEE
1 Solvent foin aik) b et e N e
2 Temperature 258.0
3 Pulse Sequence zaflgn
4 Experiment 10
5 Number of Scans 16
6 Receiver Gain 139
7 Relaxation Delay 1.0000
8 Pulse Width 15.0000
munsne on o e cmomToR Do ooTummoomT
8 Acquisition Time 0.7340 e g SZooZooo2 ey
10 Spectrometer Frequency 376,48 sI¥zIzIzaaa TEIIEIIEE SEEananaRns
L L S
11 Spectral Width 89285.7 == e et S
12 Lowest Freguency -82294.6
13 Nudeus 19F
14 Acquired Size 65536
15 Spectral Size 131072
1 '
I I MML
|
—'—4 4 F T
b = in
z & g
i = i
T T T T T T T T T T T
-132.7 -132.8-132,9-133.0 -141.4 -141.8 -142.2 -157.2 -1574 -157.6 -157.8
f1 (ppm) f1 (ppm) f1 (ppm)
T T T
3 g g
~ - o
T T T T T T T T T T T T T T
-115 -120 -125 -130 -135 -140 -143 -150 -155 -160 -165 -170 -175 -180
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Figure 4.166 — °F NMR spectrum of compound 3.26j-der in CDCla.
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4.3.13 H, 13C and °F NMR spectra of compound 3.26k

m
Parameter Value é 0\,0
e T e @ OO TT NN OO MM M o D S \SI
1 Solvent cocl3 R L L e S S m F
2 Temperature 298.0 ———
3 Pulse Sequence 7g30
4 Experiment iD COOMe
5 Mumber of Scans 15
& Receiver Gain 158 3.26k
7 Relaxation Delay 1.0000 Chemical Formula: CgH,FO,S
8 PUISEV“IIdm 14.0000 - o T [ - - Y - T e il o B o B — N — R F O F T o B A B e ]
9 Acquisition Time 4.0894 oo ood s h;hih‘;_:;hhhh;h:rﬁh;hhlﬁhlﬁh:zih:h;:
10 Spectrometer Frequency 400,15 S0 B T T e
11 Spectral Width 8012.8
12 Lowest Frequency -1555.5
13 Nudeus 1H
14 Acquired Size 32768 1
15 Spectral Size 55536
[l
i |
|
|
- e L . ] T i
5 5 5 z
— = —_ —_
e e R S B L T e R S
8.20 8.15 8.10 8.05 8.00 7.95 7.90 7.85 7.80 7.75 7.70 7.65
f1 (ppm)
|
L‘“ . -
P i i
E823 &
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
14.0 135 13.0 125 12.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

7.5 7.0 6.5
f1 (ppm)

Figure 4.167 — *H NMR spectrum of compound 3.26k in CDCls.
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Parameter Value a88

3 B2TEREES e o
1 Solvent ocl3 2 AAHERRRE T2 -
2 Temperature 298.0 T TR AT iy T
3 Pulse Sequence 2gpg30
4 Experiment 1D
5 Number of Scans 256 ﬁ i E § E E § E
6 Receiver Gain 199 b 2 o249 gyl
7 Relaxation Delay 2.0000 [ VY
8 Pulse Width 10.0000
9 Acquisition Time 1.3631
10 Spectrometer Frequency 100.63
11 Spectral Width 24038.5
12 Lowest Freguency -1931.1
13 Nudeus 13C
14 Acquired Size 32768
15 Spectral Size 65536

[l
L
T T T T T T T T T T
135.5135.0 134.5 134.0 133.5 133.0 1325 132.0 131.5 131.0 130.5
f1 (ppm)
|
o s e o " " m " " " — e " \

210 200 190 180 170 160 150 140 130 120 110 100 a0 80 70 60 50 40 30 20 10
f1 (ppm)
Figure 4.168 — *C NMR spectrum of compound 3.26k in CDCls.
2
Parameter value e
1 Solvent [onlelk]
2 Temperature 298.0
3 Pulse Sequence zaflgn
4 Experiment 1D
5 Number of Scans 16
6 Receiver Gain 199
7 Relaxation Delay 1.0000
8 Pulse Width 15.0000
9 Acquisition Time 0.7340
10 Spectrometer Frequency 376.52
11 Spectral Width 89285.7
12 Lowest Freguency -44642.9
13 Nudeus 19F
14 Acquired Size 65536
15 Spectral Size 131072
T T T T T T T T T T T T T T T T T T T T T T T
a0 88 86 84 82 80 78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40

f1 (ppm)

Figure 4.169 — °F NMR spectrum of compound 3.26k in CDCls.
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4.3.14 H, 13C and °F NMR spectra of compound 3.26l

3

g o)
Parameter Value g \ 7,
mnEomizoguss g’
1 Solvent cocl3 e e e e e R “F
i
2 Temperature 298.2 e e LW
3 Pulse Sequence 7g30
4 Experiment D F
5 Mumber of Scans 15 3.261
& Receiver Gain 98 :
7 Relaxation Delay 1.0000 Chemical Formula: C(H,F,0,S
8 Pulse Width 14,0000
9 Acquisition Time 4.0894 -
10 Spectrometer Frequency 400. 15 E
11 Spectral Width 8012.8 e o i oo
12 Lowest Frequency -1516.2 oo o oo @ o by :; b .':
13 Mudeus 1H S SiA
14 Acquired Size 32768
15 Spectral Size 65536 !
Nl
1t "
‘ |
R T
g g
P P
T T T T T T T T T T
8.2 81 8.0 79 7.8 77 76 7.5 7.4 7.3 7.2
f1 (ppm)
]
|
| N S
-~ J
T T
3 g
T T T T T T T T T T T T T T T T T T T T T T T
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

3.5 5.0
f1 (ppm)

Figure 4.170 — *H NMR spectrum of compound 3.26l in CDCls.
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Parameter Value é é §
an ~E2EHZE £3 @o T
1 Solvent o3 EE FRAGAE O g
2 Temperature 298.1 TT TR W =
3 Pulse Sequence 2gpg30
4 Experiment 10
5 Number of Scans 256
6 Receiver Gain 199 E 5 g §
7 Relaxation Delay 2.0000 NN NN
8 Pulse Width 10.0000 VN
9 Acquisition Time 1.3631
10 Spectrometer Frequency 100.63 |
11 Spectral Width 24038.5
12 Lowest Freguency -1930.5 }
13 Nudeus 13C i |
14 Acquired Size 32768 JJJ I“Hlv\\
15 Spectral Size 65536 qﬂv wqu
129.5 129.0
f1 (ppm)
a3 3
17 Vi
1
o _—
- r - r 1 T T T T
132.0 1315 1310 119 118 117 116
f1 (ppm) 1 (ppm)
|
| O D h
T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 a0 70 60 50 40 30 20 10 ]
1 (ppm)
Figure 4.171 — 3C NMR spectrum of compound 3.26l in CDCls.
m R
Parameter Value E Tzzzazg
1 Solvent [onlel T
2 Temperature 298.2
3 Pulse Sequence zaflgn
4 Experiment 10
5 Number of Scans 16
6 Receiver Gain 139
7 Relaxation Delay 1.0000
8 Pulse Width 15.0000
9 Acquisition Time 0.5767
10 Spectrometer Frequency 376.52
11 Spectral Width 113636.4
12 Lowest Freguency -56818.2
13 Nudeus 19F
14 Acquired Size 65536
15 Spectral Size 131072
SnmTao oo
l--:‘.‘?"h %'/_)
J
|
Jm‘
¥ Lv—
T
= 1
T T T - T T T
-99.1 -99.2 -99.3 -09.4 -99.5 -09.6
f1 (ppm)
|
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
50 140 130 120 110 100 90 80 Y0 60 50 40 30 20 10 f (D ]-10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -1%
pPpm

Figure 4.172 — *F NMR spectrum of compound 3.261 in CDCls.
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4.3.15 H, 13C and °F NMR spectra of compound 3.26m

™
o
Parameter Value g 0\ /O
1 Solvent cDCl3 meome e “F
2 Temperature 298.2 \/ N |
3 Pulse Sequence 7g30
4 Experiment 1D Cl
5 Mumber of Scans 15
& Receiver Gain 71 3.26m
7 Relaxation Delay 1.0000 Chemical Formula: C¢H,CIFO,S
8 Pulse Width 14,0000
9 Acquisition Time 4.0894
10 Spectrometer Frequency 400. 15
11 Spectral Width 8012.8
12 Lowest Frequency -1514.4
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 55536
L \
J |
T T
g =]
T T T T T T T T T T T T T T T T T T T T T T
11.0 10.5 10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

5.5
f1 (ppm)

Figure 4.173 — *H NMR spectrum of compound 3.26m in CDCls.
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Parameter Value
1 Solvent [onlel
2 Temperature 298.1
3 Pulse Sequence 2gpg30
4 Experiment 10
5 Number of Scans 256
6 Receiver Gain 139
7 Relaxation Delay 2.0000
8 Pulse Width 10.0000
9 Acquisition Time 1.3631

10 Spectrometer Frequency 100.63
11 Spectral Width 24038.5
12 Lowest Freguency -1936.9
13 Nudeus 13C

14 Acquired Size 32768
15 Spectral Size 65536

1276

13161

13136
130 22
129 96

L
X

—131.61
—131.36
—130.22
—129.96

A

3

/

133 132 131 130 129
1 (ppm)

~77.48 COCI:
7716 CDCE

76,84 CDCI3

190 180 170 160 150 140 130 120 110 100 a0 a0 60 50 30 20 0
f1 (ppm)
Figure 4.174 — *C NMR spectrum of compound 3.26m in CDCls.
2
Parameter Value ]
1 Solvent [onlel
2 Temperature 298.1
3 Pulse Sequence zaflgn
4 Experiment 10
5 Number of Scans 16
6 Receiver Gain 139
7 Relaxation Delay 1.0000
8 Pulse Width 15.0000
9 Acquisition Time 0.7340
10 Spectrometer Frequency 376.52
11 Spectral Width 89285.7
12 Lowest Freguency -44642.9
13 Nudeus 19F
14 Acquired Size 65536
15 Spectral Size 131072
J
T T T T T T T T T T T T T T T T T T T T T T T T T
90 a8 36 84 82 80 78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 43 48 44 42 40

Figure 4.175 — 1%F NMR spectrum of compound 3.26m in CDCls.

f1 (ppm)
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4.3.16 H, 13C and °F NMR spectra of compound 3.26n

=
Parameter Value é ()\\ ,,O
@ = oo =
1 Solvent cDCl3 EE B S.
2 Temperature 298.2 '\‘w\ = | F
3 Pulse Sequence 7g30
4 Experiment D Br
5 Mumber of Scans 15 3.26n
& Receiver Gain 130
7 Relaxation Delay 1.0000 Chemical Formula: C¢H,BrFO,S
8 Pulse Width 14,0000
9 Acquisition Time 4. 1069
10 Spectrometer Freguency 399.14
11 Spectral Width 7978.7
12 Lowest Frequency -1543.0
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 55536
1

JUL N

T

S35

T T T T T T T T T T T T T T T T T T T T T
1.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

3.5 5.0
f1 (ppm)

Figure 4.176 — *H NMR spectrum of compound 3.26n in CDCls.
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889
Parameter Value oo 288
1 Solvent ook} ; ; ;; ; E E §
2 Temperature 298.2 oy s
3 Pulse Sequence 2gpg30
4 Experiment 10
5 Number of Scans 256
6 Receiver Gain 199
7 Relaxation Delay 2.0000
8 Pulse Width 10.0000
9 Acquisition Time 1.3631 - R -
10 Spectrometer Frequency 100,37 o =n =
11 Spectral Width 24038.5 = 2323 E
12 Lowest Freguency -1966.4 H') \
13 Nudeus 13C
14 Acquired Size 32768
15 Spectral Size 65536
|
Il ‘
T T T T T T T
134 133 132z 131 130 129 128
f1 (ppm)
Il
i|
T T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 a0 a0 70 60 50 40 30 20 10 0
f1 (ppm)
Figure 4.177 — 13C NMR spectrum of compound 3.26n in CDCls.
Parameter Value $
1 Solvent [onlel
2 Temperature 298.1
3 Pulse Sequence zaflgn
4 Experiment 10
5 Number of Scans 16
6 Receiver Gain 139
7 Relaxation Delay 1.0000
8 Pulse Width 15.0000
9 Acquisition Time 0.7340
10 Spectrometer Frequency 375.57
11 Spectral Width 89285.7
12 Lowest Freguency -44642.9
13 Nudeus 19F
14 Acquired Size 65536
15 Spectral Size 131072
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
85 84 83 82 81 B8O V9 VB 77 76 75 73 72 71 70 69 68 67 66 65 64 63 62 61 60 59 58 57 56 55 54 53 52 51 50

Figure 4.178 —

f1 (ppm)

1%F NMR spectrum of compound 3.26n in CDCls.
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4.3.17 H, 13C and °F NMR spectra of compound 3.260

™
(=]
Parameter Value o (o)

T omn N\ w
1 Solvent cocla foEha o S P
2 Temperature 298.1 AV~ F
3 Pulse Sequence 7g30
4 Experiment D AcHN
5 Mumber of Scans 64
6 Receiver Gain 199 3.260
7 Relaxation Delay 1.0000 Chemical Formula: CgHgFNO;S
8 Pulse Width 14,0000
9 Acquisition Time 4. 1069
10 Spectrometer Freguency 399.14
11 Spectral Width 7978.7
12 Lowest Frequency -1507.0
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 55536

1
|
I
|
|
Wy L
252 =
T T T T T T T T T T T T T T T T T T T T T T T
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

3.5 5.0
f1 (ppm)

Figure 4.179 — *H NMR spectrum of compound 3.260 in CDCls.
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Parameter Value 288
E 8 zgs % oz =
1 Solvent o3 2 K REE = hi 2
2 Temperature 258.0 T T ﬂ\ﬂ\; T '\.T\,.h i
3 Pulse Sequence 2gpg30
4 Experiment 10
5 Number of Scans 4096
6 Receiver Gain 199
7 Relaxation Delay 2.0000
8 Pulse Width 10.0000
3 Acquisition Time 1.3631 2 22 2
10 Spectrometer Frequency 100.63 = = =
11 Spectral Width 24038.5 Al
12 Lowest Freguency -1929.7
13 Nudeus 13C
14 Acquired Size 32768
15 Spectral Size 65536
1
"
. I J
T T T T T T T T
132 130 128 126 124 122 120 118
f1 (ppm)
1
1
!
| | = J
T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 a0 70 60 50 40 30 20 10 0 -10
f1 (ppm)
Figure 4.180 — 3C NMR spectrum of compound 3.260 in CDCls.
=
Parameter Value 2
1 Solvent [onlel
2 Temperature 298.1
3 Pulse Sequence zaflgn
4 Experiment 10
5 Number of Scans 54
6 Receiver Gain 139
7 Relaxation Delay 1.0000
8 Pulse Width 15.0000
9 Acquisition Time 0.7340
10 Spectrometer Frequency 375.57
11 Spectral Width 89285.7
12 Lowest Freguency -44642.9
13 Nudeus 19F
14 Acquired Size 65536
15 Spectral Size 131072

T T T T T T T T T T T T T T T T T T T T T T T T
a0 88 86 84 82 80 78 76 74 72 70 68 %ﬁ( 5)4 62 60 58 56 54 52 50 48 46 44 42
pPpm

Figure 4.181 — %F NMR spectrum of compound 3.260 in CDCls.
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4.3.18 'H, 13C and °F NMR spectra of compound 3.26p

m
Parameter Value N . é ()\\ ,9
1 Solvent CDCI3 xgaagggﬁéﬁzgggﬁﬁﬁﬁﬁsﬁﬁ S S\F
2 Temperature 298.1 T —— e | |
3 Pulse Sequence 7g30 - N
4 Experiment D
5 Mumber of Scans 15 3.26p
& Receiver Gain 98
7 Relaxation Delay 1.0000 Chemical Formula: C;H,FNO,S
8 Pulse Width 14,0000
9 Acquisition Time 4.0894
10 Spectrometer Frequency 400. 15
11 Spectral Width 8012.8
12 Lowest Frequency -1554.7
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 55536
INBEEBE55533 3 NMERERRER
RIS RN

o S

g

AV

1

1.06 —
1.00
0.99 —

9 7.8 77

: . 8.0 7.
T T T f1 (ppm)

Lo0-]
i

1.06
1.00
099

13.0 125 12.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 fﬁ(.S ]6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0
1 (ppm

Figure 4.182 — *H NMR spectrum of compound 3.26p in CDCls.
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Parameter Value oo " o 5588
1 Solvent [onlel E E E E ; E EE E E §
2 Temperature 298.1 ﬂ-—.l;‘; T T T\I ":1\.'\
3 Pulse Sequence 2gpg30
4 Experiment 10
5 Number of Scans 256
6 Receiver Gain 199
7 Relaxation Delay 2.0000
8 Pulse Width 10.0000
9 Acquisition Time 1.3631
10 Spectrometer Frequency 100.63
11 Spectral Width 24038.5
12 Lowest Freguency -1939.5
13 Nudeus 13C
14 Acquired Size 32768
15 Spectral Size 65536
: 223 4
g aag iz
[ S
A
H' |
‘\ ||'|
| |
w' I\
i 'd k -
— T T T
“‘)LM'_J 1244 1242 1240
T T T T T
151.5 151.3 1511
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A
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f1 (ppm)
Figure 4.183 — 13C NMR spectrum of compound 3.26p in CDCls.
Parameter Value ]
1 Solvent [onlel
2 Temperature 298.1
3 Pulse Sequence zaflgn
4 Experiment 10
5 Number of Scans 16
6 Receiver Gain 139
7 Relaxation Delay 1.0000
8 Pulse Width 15.0000
9 Acquisition Time 0.7340
10 Spectrometer Frequency 376.52
11 Spectral Width 89285.7
12 Lowest Freguency -44642.9
13 Nudeus 19F
14 Acquired Size 65536
15 Spectral Size 131072
L
T T T T T T T T T T T T T T T T T T T T T T T
80 78 76 74 72 70 68 66 64 62 60 58 51’61 ( 5‘; 52 50 48 46 44 42 40 38 36 34 32 30
pPpm

Figure 4.184 — **F NMR spectrum of compound 3.26p in CDCls.
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4.3.19 H, 13C and °F NMR spectra of compound 3.26q

3

o
Parameter Value o \/
o emn o N, __S-
1 Solvent CDCI3 = e \ “F
2 Temperature 298.2 S L | Y
3 Pulse Sequence 7g30 P N
4 Experiment D
5 Mumber of Scans 15
& Receiver Gain 1359 3'26(1
7 Relaxation Delay 1.0000 o Chemical Formula: C4H;FN,0,S
8 Pulse Width 14,0000 P
9 Acquisition Time 4. 1069 l\l | f)
10 Spectrometer Freguency 399.14
11 Spectral Width 7978.7
12 Lowest Frequency -1512.2
13 Nudeus 1H |
14 Acquired Size 32768
15 Spectral Size 55536 \
|
. JJ UL
35 -
o o k '| b
v =]
1 T T T 1
[ 7.9 7.8 7.7 7.6
f1 (ppm)
“L
— | -
=
T T T T T
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J i o l
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6.0 5.5
f1 (ppm)

Figure 4.185 — *H NMR spectrum of compound 3.26q in CDCls.
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Parameter Value
2L FAR
1 Solvent CDCl3 Z2ES
2 Temperature 298.2 “k:k p
3 Pulse Sequence 2gpg30
4 Experiment 10
5 Number of Scans 256
6 Receiver Gain 199
7 Relaxation Delay 2.0000
8 Pulse Width 10.0000
9 Acquisition Time 1.3631
10 Spectrometer Frequency 100.37
11 Spectral Width 24038.5
12 Lowest Freguency -1961.8
13 Nudeus 13C
14 Acquired Size 32768
15 Spectral Size 65536
ER
2z
W
11
W
-
161 160
f1 (ppm)
n

15941
~- 15939

159.5 159.3
f1 (ppm)

—175 46

7748 CDCI3
< 7716 CDCI
7684 COCH

/

210 200 190 180 170 160 150 140 130 120 110 100 90 a0 70 60 50 40 30 20 10
f1 (ppm)
Figure 4.186 — 13C NMR spectrum of compound 3.26q in CDCls.
3
Parameter Value g
1 Solvent [onlel
2 Temperature 298.2
3 Pulse Sequence zaflgn
4 Experiment 10
5 Number of Scans 16
6 Receiver Gain 139
7 Relaxation Delay 1.0000
8 Pulse Width 15.0000
9 Acquisition Time 0.7340
10 Spectrometer Frequency 375.57
11 Spectral Width 89285.7
12 Lowest Freguency -44642.9
13 Nudeus 19F
14 Acquired Size 65536
15 Spectral Size 131072
T T T T T T T T T T T T T T T T T T T T
70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30

f1 (ppm)

Figure 4.187 — **F NMR spectrum of compound 3.26q in CDCls.
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4.3.20 H and *C NMR spectra of compound 3.26r-der

3

Parameter Value

=]
sl
SR . 0,0
1 Solvent cDCl3 .‘{__2 MR R = o’
2 Temperature 298.1 e M 7 \0
3 Pulse Sequence 7g30 e
4 Experiment D
5 Mumber of Scans 15 3.26r-der
& Receiver Gain 160 .
7 Relaxation Delay 1.0000 o Chemlcal Formula: C7H803S
8 Pulse Width 14,0000 g
9 Acquisition Time 4.1069 FRA L LR
e P
10 Spectrometer Frequency 399, 14 Y [ B |
11 Spectral Width 7978.7
12 Lowest Frequency -1536.2
13 Nudeus 1H i
14 Acquired Size 32768
15 Spectral Size 55536 ﬂl
. |
|
p / I bﬂ || \/ f
| I
= -
=] ~
~i ™
T T T T T T
745 740 735 F30 725 720
1 (ppm)
1
I
/l l . ) .| ) )
T T
S H 2
T T T T T T T T T T T T T T T T T T T T T T
.1.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

3.5 5.0
f1 (ppm)

Figure 4.188 — *H NMR spectrum of compound 3.26r-der in CDCls.
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Parameter Value a88
g mg 3 - <
1 Solvent cocl3 z £ o A =
2 Temperature 298.1 T T T T P::H:,T T
3 Pulse Seguence zgpg30
4 Experiment 1D
5 MNumber of Scans 256
& Receiver Gain 1899
7 Relaxation Delay 2.0000
8 Pulse Width 10,0000
Acquisition Time 1.3631
10 Spectrometer Freguency 100,37
11 Spectral Width 24038.5
12 Lowest Frequency -1963.0
13 Nudeus 13C
14 Acquired Size 32763
15 Spectral Size 65536
|
|
T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 a0 80 70 60 50 40 30 20 10

f1 (ppm})

Figure 4.189 — 13C NMR spectrum of compound 3.26r-der in CDCls.
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4.3.21 'H and *C NMR spectra of compound 3.26s-der

3

Parameter Value é
e S B o i — B~ 5 O ot O o O o M B B — T - - = - T N N N N ) [ e T, o ooy
1 Solvent cDCl3 R G R o m o m i
2 Temperature 298.0 — IlI_LLLk-\iJJJ_‘_IIIII‘I L“*}-@’) l“Jlr/
3 Pulse Sequence 7g30
4 Experiment D
5 Mumber of Scans 64
& Receiver Gain 98 ﬁ E E
7 Relaxation Delay 1.0000 SN
8 Pulse Width 14,0000
9 Acquisition Time 4.0894 |
10 Spectrometer Frequency 400. 15
11 Spectral Width 8012.8 =
12 Lowest Frequency -1516.2 é il
13 Nudeus 1H FEEFFERAMAAMASSS SR RRAES
14 Acquired Size 32768 LRSS Sy oo
15 Spectral Size 65536 r?l rvlw T ?
! T
=
T v T T
1.6 1.5
| f1 (ppm)
|
-l 1
n
o
O 0 | T T T
Me \\S/, = E r3'3 3.2
~"t0 1 (ppm)
7.50 745 ?.4Df1?.35 7.30 7.25 720 )
3.26s-der (PP
Chemical Formula: CgH;,O3;S |
L. ;
iy T T
25 = =
T T T T T T T T T T T T T T T T T T T T T T T T T
2.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

6.0 5.5
f1 (ppm)

Figure 4.190 — *H NMR spectrum of compound 3.26s-der in CDCls.
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Parameter Value cag
g gm = 2ox o

1 Solvent cocl3 g 8k H ~ e o 5
2 Temperature 293.0 T T T T hlr:,h 1 T
3 Pulse Seguence zgpg30
4 Experiment 1D
5 MNumber of Scans 1024
& Receiver Gain 1899
7 Relaxation Delay 2.0000
8 Pulse Width 10,0000

Acquisition Time 1.3631
10 Spectrometer Freguency 100.63
11 Spectral Width 24038.5
12 Lowest Frequency -1935.3
13 Nudeus 13C
14 Acquired Size 32763
15 Spectral Size 65536

|
et fn
T T T T T T T T T T T T T T T T T T T T
00 190 180 170 160 150 140 130 120 110 100 20 80 70 60 50 40 30 20 10

f1 (ppm})

Figure 4.191 — 3C NMR spectrum of compound 3.26s-der in CDCls.
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4.3.22 H and *C NMR spectra of compound 3.26t-der

=
Parameter Value é
MO — — O 0900 0MMMN — O OGO Or00 G0 WO «D D 0L M~ — oS NN~ OO0 0O O DM o
1 Solvent €oal3 EEIIEIERIIRRERRERRENONANNANNE RN RRREEERERSSSS 35S
2 Temperature 298.0 i Tl e e —
3 Pulse Sequence 7g30
4 Experiment D
5 Mumber of Scans 16 HEAAD 23338822 a-3
6 Receiver Gain 30 m.\r:\"i';:}" RNy 'T" T F
7 Relaxation Delay 1.0000
8 Pulse Width 14,0000 |
9 Acquisition Time 4.0894
10 Spectrometer Frequency 400. 15 E 1 |
11 Spectral Width 8012.8 8
12 Lowest Frequency -1513.1 ffffffﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁf i 1 |
13 Mudeus 1H e [ R
14 Acquired Size 32768
15 Spectral Size 55536
- I
I L — L —
o - =
~ - =
T T T T T T T T T
3.24 3.15 2.1 2.0 1.9 1.17 1.08
f1 (ppm) f1 (ppm) f1 (ppm)
I
|- { L 4
g =
P =
T T T T T T T T " T '
7.45 740 735 730 725
f1 (ppm)
\\S//
Me” "0 '
3.26t-der .
Chemical Formula: CoH,,03S 1
LA L.
L T T ¥
S& 3 = =1
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]
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Figure 4.192 — *H NMR spectrum of compound 3.26t-der in CDCls.

350



mmom
Parameter Value oo 8
8 25 3 Zox = - o

1 Solvent cocl3 g gn H e e 2Oa
2 Temperature 293.0 T T T T “;‘Tfrr T TT
3 Pulse Seguence zgpg30
4 Experiment 1D
5 MNumber of Scans 1024
& Receiver Gain 1899
7 Relaxation Delay 2.0000
8 Pulse Width 10,0000

Acquisition Time 1.3631
10 Spectrometer Freguency 100.63
11 Spectral Width 24038.5
12 Lowest Frequency -1947.8
13 Nudeus 13C
14 Acquired Size 32763
15 Spectral Size 65536

I
|
|
T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50

f1 (ppm})

Figure 4.193 — 3C NMR spectrum of compound 3.26t-der in CDCls.
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4.3.23 H, 13C and °F NMR spectra of compound 3.26u

=
Parameter Value é
1 Solvent coal3 X BOARREAE SRR RRITEERSLANASSRANERRNEE]
2 Temperature 298.0 B e ———— e et
3 Pulse Sequence 7g30
4 Experiment D
5 Mumber of Scans 15
7 Relaxation Delay 1.0000 et e e, R R g
8 Pulse Width 14,0000
9 Acquisition Time 4.0894
10 Spectrometer Frequency 400. 15
11 Spectral Width 8012.8
12 Lowest Frequency -1519.0 |
13 Nudeus 1H |
14 Acquired Size 32768 !
15 Spectral Size 55535 ‘WL
= o el [ 1L|
= =2 b z
T T o T T T T T T o T = T £ T T T
3.6 3.4 3.2 3.0 2.8 2.6 2.4 16 14 1.2 1.0 0.8 0.6 0.4
(O o)
\// 1
Me NSNS, F
3.26 '
«0U
[
Chemical Formula: CgH,FO,S |
|
T T oEs
8 g8 =g
4 P e m
T T T T T T T T T T T T T T T T T T T T
16 15 14 13 12 11 10 9 8 4 3 2 1 0 -1 -2 -3

]
f1 (ppm)

Figure 4.194 — *H NMR spectrum of compound 3.26u in CDCls.
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Figure 4.196 — **F NMR spectrum of compound 3.26u in CDCls.

353

Parameter Value é é é
mo T == oTtem —o in
1 Solvent o3 e 22 ZEEE oA =
2 Temperature 98.0 o kv g7 8T T
3 Pulse Sequence 2gpg30
4 Experiment 10
5 Number of Scans 256
6 Receiver Gain 199
7 Relaxation Delay 2.0000
8 Pulse Width 10.0000
9 Acquisition Time 1.3631
10 Spectrometer Frequency 100.63
11 Spectral Width 24038.5
12 Lowest Freguency -1931.3 T o
13 Nudeus 13 E
14 Acquired Size 32768 b
15 Spectral Size 65536 N
I
|
|
| k
V_.JlJLM 20.0 28.8
f1 (ppm)
B T
51.2 50.8
f1 (ppm)
il "
T T T T T T T T T T T T T T T T T T T T T T T T T T T
30 125 120 115 110 105 100 95 90 a5 80 75 70 G35 60 55 50 45 40 35 30 25 20 15 10 5 0
f1 (ppm)
Figure 4.195 — 3C NMR spectrum of compound 3.26u in CDCls.
Parameter Value ara
1 Solvent [onlel g
2 Temperature 253.0
3 Pulse Sequence zaflgn
4 Experiment 10
5 Number of Scans 16
6 Receiver Gain 139
7 Relaxation Delay 1.0000
8 Pulse Width 15.0000
9 Acquisition Time 0.7340
10 Spectrometer Frequency 376.52
11 Spectral Width 89285.7
12 Lowest Freguency -44642.9 oo
13 Nudeus 19F mmm
14 Acquired Size 65536 1
15 Spectral Size 131072
I
I
1
vl
|
|
[ |
)
53.24  53.20
f1 (ppm)
T T T T T T T T T T T T T T T T T T T T T T T T T
a0 73 76 74 7270 63 66 64 62 60 58 56 %4( 5]2 50 48 46 44 42 40 38 36 34 32 30 28 26
pPpm



4.3.24 H and *C NMR spectra of compound 3.26v-der

3

o=
Parameter Value g

MW Mo TS L R = el e e e e — I O S R I =
1 Solvent cool3 e T e - pe S S S S S S S i S S i i i R s s i B Bk S B B B e

L A e e Al Y PR PR R
2 Temperature 298.1 ! E- —%« i
3 Pulse Sequence 7g30
4 Experiment D

m
5 Mumber of Scans 15 3
) ) 8 e R el Bl R e Rl s R R = - S i e ]
6 Receiver Gain Y HEmE TN i e e e e R i s B
FRERE AN A

7 Relaxation Delay 1.0000 I"'\-Cl"lc‘.l"'\-(l"\-cr"\-\l"\-cr"\-( e P e e g
8 Pulse Width 14,0000 SN Vi
9 Acquisition Time 4. 1069
10 Spectrometer Freguency 399.14
11 Spectral Width 7978.7
12 Lowest Frequency -1540.8
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 55536

|
= =
g g
~ o

3.26v-der
Chemical Formula: C;,H,4,03S il

1.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 3.5 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure 4.197 — *H NMR spectrum of compound 3.26v-der in CDCls.
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Parameter Value o - - . aog
- o (=] — oo T — O 03 D
1 Solvent cDoCl3 g R sE o taa
= 45 = [ o = N
2 Temperature 298.1 | | | | R SN
3 Pulse Seguence zgpg30
4 Experiment 1D
5 MNumber of Scans 256
& Receiver Gain 1899
7 Relaxation Delay 2.0000
8 Pulse Width 10,0000
Acquisition Time 1.3631
10 Spectrometer Freguency 100,37
11 Spectral Width 24038.5
12 Lowest Frequency -1966.6
13 Mudleus 13C =
14 Acquired Size 32768 g H
15 Spectral Size 65536 \/
1
R B B S
25.2 25.0
fl (ppm)
T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 a0 80 70 60 50 40 30 20 10

f1 (ppm})

Figure 4.198 — 3C NMR spectrum of compound 3.26v-der in CDCls.
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4.3.25 H, 13C and °F NMR spectra of compound 3.26w

3

o
Parameter Value g o\ ,o
soe = mEoEIIoeIos N ‘g’
1 Solvent CDCI3 @ o5 o b P e g N “F
2 Temperature 298.0 ~1 B |
3 Pulse Sequence 7g30 7
4 Experiment D N
5 Mumber of Scans 15 3.26w
& Receiver Gain 38 :
7 Relaxation Delay 1.0000 Chemical Formula: C(H,FN,0,S
8 Pulse Width 14,0000
9 Acquisition Time 4.0894
10 Spectrometer Frequency 400. 15
11 Spectral Width 8012.8
12 Lowest Frequency -1523.8 ZRRRIas eIez
Moo e e oo
13 Nudeus 1H e S PRy A
14 Acquired Size 32768
15 Spectral Size 55536
HRHE
oi.i oa o
| L‘\ |I
|
| |
— |
E}
| o |
T T T |
| 8.6 8.5 8.4 !
f1 (ppm)

B ,

! T T

g 5 3
T T T T T T T T T T T T T T J T T T T T T T T
1.0 105 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

3.5
f1 (ppm)

Figure 4.199 — *H NMR spectrum of compound 3.26w in CDCls.
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888
Parameter Value o e 288
et il W o T ™m0 "
1 Solvent cocl3 5 ¥¥e P Za =
2 Temperature 258.0 T “\\T; h‘:_\(':‘ Y\; T
3 Pulse Sequence 2qig30
4 Experiment 10
5 Number of Scans 256
6 Receiver Gain 199
7 Relaxation Delay 2.0000
8 Pulse Width 10.0000 S
5 Acquisition Time 1.3631 I¥a
10 Spectrometer Frequency 100,63 F T '*\
11 Spectral Width 24038.5
12 Lowest Freguency -1937.7
13 Nudeus 13C |
14 Acquired Size 32768 I
15 Spectral Size 65536
\J
v —T T - —T
147 146 145 144 143 142 141
f1 (ppm)
¢
N
St donst
—T T T T
50 49 48 47
| f1 (ppm)
T T T T T T T T T T T T T T T T T T T
oo 190 180 170 160 150 140 130 120 110 100 90 a0 70 60 50 40 30 20 10
f1 (ppm)
Figure 4.200 — *C NMR spectrum of compound 3.26w in CDCls.
Parameter Value Lo
1 Solvent [onlel e
2 Temperature 258.0
3 Pulse Sequence zaflgn
4 Experiment 10
5 Number of Scans 16
6 Receiver Gain 139
7 Relaxation Delay 1.0000
8 Pulse Width 15.0000
9 Acquisition Time 0.7340
10 Spectrometer Frequency 376.52
11 Spectral Width 89285.7
12 Lowest Freguency -44642.9
13 Nudeus 19F
14 Acquired Size 65536
15 Spectral Size 131072 R
AN
|
||
JJ U \}L
T T T
53.98 53.94
f1 (ppm)
T T T T T T T T T T T T T T T T T T T T T T T T
a0 78 76 74 72 70 63 66 64 62 60 58 5% ( 54) 52 50 48 46 44 42 40 38 36 34 32 30
pPpm

Figure 4.201 — °F NMR spectrum of compound 3.26w in CDCls.
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4.3.26 H, 13C and °F NMR spectra of compound 3.26x

™
o
Parameter Value g (o)
[ T o ] 2= \//
1 Solvent €ocl3 T R = S
2 Temperature 298.0 e A ~F
3 Pulse Sequence 7g30 3.26x
4 Experiment D
5 Number of Scans 16 Chemical Formula: C;H,FO,S
& Receiver Gain 98
7 Relaxation Delay 1.0000
8 Pulse Width 14,0000
9 Acquisition Time 4.0894
10 Spectrometer Frequency 400. 15
11 Spectral Width 8012.8
12 Lowest Frequency -1510.5
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 55536
2R
TRELLIILR T‘ ljr
L L L s
LR AT
T
]
) S I
| =
=
4
I ] T e TR
= 4.64 4.56
- f1 (ppm)
T T T
7.3 7.4
f1 m
(ppm) l | \
T
3 3
T T T T T T T T T T T T T T T T T T T T T T
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

3.5 5.0
f1 (ppm)

Figure 4.202 — *H NMR spectrum of compound 3.26x in CDCls.
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Parameter Value 288
nzes Soz m e
1 Solvent cocl3 EEET mma 23
2 Temperature 293.0 T o W
3 Pulse Sequence 2gpg30
4 Experiment 10
5 Number of Scans 256
6 Receiver Gain 199
7 Relaxation Delay 2.0000
8 Pulse Width 10.0000
o m oo
9 Acquisition Time 1.3631 = 2 i
10 Spectrometer Frequency 100.63 = ﬂ =
11 Spectral Width 24033.5 |
12 Lowest Freguency -1936.1
13 Nudeus 13C
14 Acquired Size 32768
15 Spectral Size 65536
I o
= =
T T T “"‘ b
131 130 120
f1 (ppm)
L
I B
I 57.4 56.7
f1 (ppm)
T T T T T T T T T T T T T T T
a0 170 160 150 140 130 120 110 100 f%ﬂ( ) a0 70 60 50 40 30 20 10 0
pPpm
Figure 4.203 — 3C NMR spectrum of compound 3.26x in CDCls.
2=
Parameter value Lanm
1 Solvent [onlelk] v
2 Temperature 298.0
3 Pulse Sequence zaflgn
4 Experiment 1D
5 Number of Scans 16
6 Receiver Gain 199
7 Relaxation Delay 1.0000
8 Pulse Width 15.0000
9 Acquisition Time 0.7340
10 Spectrometer Frequency 376.52
11 Spectral Width 89285.7
12 Lowest Freguency -44642.9
13 Nudeus 19F Mmoo
14 Acquired Size 65536 E E E
15 Spectral Size 131072 [N

51.44  51.40
f1 (ppm)

7‘0 6‘9 5‘8 5‘7 6‘5 6‘5 6‘4 6‘3 6‘2 6‘1 EIU 5‘9 SIE 5‘7 5‘6 5‘5 5‘4 5‘3 5‘2 5‘2%1 [SF‘IDDM‘{Q 4‘8 4‘7 4‘6 45 4‘4 4‘3 4‘2 41 4‘0 3‘9 3‘8 37 3‘5 3‘5 3‘4 33 3‘2 3‘1 3‘0
Figure 4.204 — 1%F NMR spectrum of compound 3.26x in CDCls.
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4.3.27 H, 13C and °F NMR spectra of compound 3.26y

e}
Parameter Value é Cl fo)
L] bt N/,
1 Solvent CDCl3 i - \S’
2 Temperature 302.0 Y o A S
3 Pulse Sequence 7g30 3.26
4 Experiment D : y
5 Number of Scans 16 Chemical Formula: C;HcCIFO,S
& Receiver Gain 1359
7 Relaxation Delay 1.0000
8 Pulse Width 14,0000
9 Acquisition Time 4. 1069
10 Spectrometer Freguency 399.14
11 Spectral Width 7978.7
12 Lowest Frequency -1502.6
13 Nudeus 1H
14 Acquired Size 32768
15 Spectral Size 55536
TEAAR .
[ S
AN $9
¥
1
ﬂ | |
|
|
|
1
|
——t T T —JI
= = =
~ o o
I R —————
747 7.38 4.60 4.55
f1 (ppm) 1 (ppm)
|
I k :
b T
=3 3
T T T T T T T T T T T T T T T T T T T T T
0.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
1 (ppm)

Figure 4.205 — *H NMR spectrum of compound 3.26y in CDCls.
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Parameter Value o - 288
1 Solvent ook} ; ; E g E EE ﬁ E
2 Temperature 2.0 T77 1 o W
3 Pulse Sequence 2gpg30
4 Experiment 10
5 Number of Scans 256
6 Receiver Gain 199
7 Relaxation Delay 2.0000
8 Pulse Width 10.0000
9 Acquisition Time 1.3631
10 Spectrometer Frequency 100.37
11 Spectral Width 24038.5
12 Lowest Freguency -1954.3
13 Nudeus 13C
14 Acquired Size 32768
15 Spectral Size 65536
OV
] D L
| 56.7  56.0
f1 (ppm)
T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 a0 80 70 60 50 40 30 20 10 0
f1 (ppm)
Figure 4.206 — 13C NMR spectrum of compound 3.26y in CDCls.
Parameter value e
1 Solvent [onlelk] he
2 Temperature 302.0
3 Pulse Sequence zaflgn
4 Experiment 1D
5 Number of Scans 16
6 Receiver Gain 199
7 Relaxation Delay 1.0000
8 Pulse Width 15.0000
9 Acquisition Time 0.7340
10 Spectrometer Frequency 375.57
11 Spectral Width 89285.7
12 Lowest Freguency -44642.9
13 Nudeus 19F
14 Acquired Size 65536
15 Spectral Size 131072 2umm
[N
]
|
f
_J L
51.68 51.64
f1 (ppm)
L
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
' 69 68 67 66 65 64 63 62 61 60 59 58 57 56 55 54 53 52 Slfl [SD ‘%9 48 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 30
ppm

Figure 4.207 — **F NMR spectrum of compound 3.26y in CDCla.
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4.3.28 H, 13C and °F NMR spectra of compound 3.26z
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Figure 4.208 — *H NMR spectrum of compound 3.26z in CDCls.
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Figure 4.209 — 3C NMR spectrum of compound 3.26z in CDCls.
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Figure 4.210 — °F NMR spectrum of compound 3.26z in CDCls.
363



4.3.29 H, 13C and °F NMR spectra of compound 3.26aa
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Figure 4.211 — *H NMR spectrum of compound 3.26aa in CDCls.
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Figure 4.212 — 3C NMR spectrum of compound 3.26aa in CDCls.
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Figure 4.213 — %F NMR spectrum of compound 3.26aa in CDCls.
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