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1 Introduction

Carbon, hydrogen, oxygen, and nitrogen are traditionally recognized as the primary elements
in organic chemistry. However, analyses conducted in 2014 by Njardarson and co-workers!
have shed light on the significant role of sulfur, which ranks prominently alongside these
foundational elements across various disease categories and pharmaceutical applications. In

their comprehensive study covering 12 disease categories,>

Njardarson and coworkers
demonstrated that sulfur occupies either the first or second place as the most frequently utilized
atom after carbon, hydrogen, oxygen, and nitrogen.’ This finding underscores the pivotal

contribution of sulfur-containing compounds in modern drug discovery and development.

Sulfur's versatility in organic chemistry arises from its capacity to form an array of functional
groups and exhibit various oxidation states. Through oxidation, sulfur can generate diverse
compounds such as sulfoxides, sulfones, and sulfonic acids, each possessing unique chemical
properties and reactivities.* Furthermore, sulfur's ability to participate in substitution reactions
with different nucleophiles, along with its wide range of oxidation states spanning from -2 to
+6, enables the synthesis of complex sulfur-containing molecules with diverse functionalities

and applications.’

1.1 Physicochemical properties and biological application of

sulfoximines

Sulfoximines are characterized by a tetracoordinated sulfur atom. They can be viewed as aza
analogs of sulfones. Since they are derived from sulfones by replacing one of the oxygen atoms
attached to sulfur with a nitrogen atom (Figure 1).” This structural modification results in

sulfoximines, which exhibit distinct properties compared to sulfones.

On the other hand, sulfilimines are tricoordinated with the sulfur atom. They can be derived
from sulfoxides by replacing the oxygen atom directly bonded to sulfur with a nitrogen atom
and are the aza analogs of sulfoxides (Figure 1).° Similar to sulfilimines, sulfoximines exhibit

unique properties offering new opportunities for chemical reactivity and structural variation.
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Figure 1: Various organosulfur compounds including sulfilimines and sulfoximines.

In sulfoximines the sulfur is covalently bonded to an oxygen, a nitrogen, and two carbon atoms.
The S—-N and S—O bonds are illustrated as pi bonds but in reality, show a strong sulfur ylid-like
single bond character with two positive charges on sulfur and negative charges on nitrogen and
oxygen (Figure 2).® Chiral sulfoximines with stereogenic centers at the sulfur atom and the
presence of three modifiable sites (S-R!,1 S—R?, N-R?) allows precise control over their
electronic, steric, and chiral properties, tailoring them for specific applications.’ By strategically
varying substituents at these sites with electron-withdrawing or electron-donating groups, the
hydrogen bond acceptor and hydrogen bond donor capabilities of sulfoximines can be finely

tuned.

The nitrogen atom in NH-sulfoximines exhibits amphoteric characteristics due to its
nucleophilic and basic nature, while the imine hydrogen atom is acidic.” This unique
combination of chemical properties enables diverse NH-functionalization strategies, offering
opportunities for the development of novel synthetic methodologies centered around
sulfoximine chemistry.'® Based on the above unique properties, sulfoximines represent a
promising class of compounds that can be tailored to meet specific requirements in various

chemical applications.

nucleophilic & basic

|

0. N-R3(H) <« acidic proton
\N
R! §\R2
acidic proton —— T

stereogenic center

Figure 2: Properties of sulfoximines.



In 1949, Bentley and Whitehead discovered the first sulfoximine, methionine
sulfoximine 1.!! Later, they synthesized compound 1 by reacting methionine sulfoxide with
sodium azide in the presence of concentrated sulfuric acid.!'? Subsequently, its n-butyl analog 2
was also synthesized. Both (MSO) and (BSO) gained significant attention due to their intriguing

biological activities, particularly in the context of cancer treatment.

Q, NH O O, NH O
Me/SV\HkOH Me\/\/SM\)J\OH
NH; NH,
1, MSO 2,BSO

Figure 3: Early examples of bioactive sulfoximines.!!

In the 1970s, Satzinger and Stoss reported on suloxifen 3, an N-alkyl aminosulfoximine
compound with notable pharmacological properties (Figure 4).!* Suloxifen demonstrated
promising activity as a spasmolytic agent and showed potential in the treatment of
asthma.'* Suloxifen's specific chemical structure and mechanism of action likely played key

roles in its observed biological activities.

In 2005, Dow AgroSciences introduced Sulfoxaflor 4, an N-cyanosulfoximine compound, as a
groundbreaking insecticide from the emerging class of sulfoximines (Figure 4)."> Sulfoxaflor
was the first commercial product in this new class of insecticides, demonstrating broad-
spectrum efficacy against various sap-feeding insect pests, including aphids, whiteflies,
hoppers, and lygus.'® The development and release of sulfoxaflor represented a significant
milestone in agricultural chemistry. Despite the promising bioactivity of sulfoxifen, only
Sulfoxaflor has successfully reached the market due to its exceptional performance and safety
profile. This highlights the challenges and rigorous testing required for bringing novel
insecticides to market. The commercial success of Sulfoxaflor has stimulated research and
development efforts in sulfoximine-based insecticides, aiming to expand and environment

friendly pest management solutions in agriculture.
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Figure 4: Insecticide sulfoximine compounds sulfoxifen 3! and sulfoxaflor 4.

Scientists at Bayer and AstraZeneca have reported on two notable sulfoximine compounds,
BAY 1000394 5 and AZD6738 6, which have recently entered clinical studies (Figure 5).!”
BAY 1000394 5 has demonstrated significant activity in anti-tumor therapies, particularly as an
inhibitor of cyclin-dependent kinases (CDK). This mechanism of action highlights its potential
for disrupting cancer cell growth and positioning it as a promising candidate in cancer
treatment. On the other hand, AZD6738 6 has shown promising anti-cancer activity as an ATR
(ataxia telangiectasia and RAD3-related) inhibitor.!® By targeting the ATR protein, which plays
a crucial role in DNA damage response and cell cycle regulation. The advancement of
BAY 1000394 S and AZD6738 6 into clinical studies leads to the growing interest in

sulfoximine-based therapeutics for oncology applications.
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Figure 5: Sulfoximines with kinase inhibiting properties.'”!8

Pfizer researchers have highlighted intriguing consequences associated with replacing a sulfone
7 with the corresponding sulfoximine 8, particularly in terms of bioactivity and bioavailability
(Figure 6). In their pursuit of a substitute for sulfone 7, aiming to develop a proline-rich tyrosine
kinase 2 (PYK2) inhibitor for osteoporosis treatment, they made significant findings."
Sulfonamide was investigated first due to its similar activity to sulfone 7, However, it was found
to be less stable in human liver microsomes, posing a limitation for further development. To
address this challenge, the researchers explored various sulfoximine derivatives and discovered

that N-methyl sulfoximine 8 demonstrated excellent activity and stability, along with favorable



oral exposure in animal models. This pivotal discovery underscores the potential of
sulfoximines as viable alternatives to sulfones, offering improved pharmacological properties

for therapeutic applications.

N Q\ //N_Me
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Figure 6: PYK2 inhibitor sulfone and sulfoximine. '’

Lu and Vince employed the sulfoximidoyl group as a bioisostere for the secondary hydroxyl
group to develop new inhibitors of HIV-1 protease (Figure 7).2° Specifically, they investigated
NH-sulfoximine 9, which served as a transition-state mimic in HIV-1 protease inhibitors. This
structural modification was aimed at enhancing the compounds binding affinity and
pharmacological properties. NH-sulfoximine 9 exhibited promising results, demonstrating
significant antiviral activity in cell-based assays. The ability of NH-sulfoximine 9 to mimic the
transition state of the HIV-1 protease contributed to its efficacy as an inhibitor. By strategically
replacing functional groups with bioisosteres like sulfoximidoyl, researchers aimed to optimize

the molecular interactions necessary for effective enzyme inhibition.
Ph._ Ph
HO % Q ,%H OH
N\n/'\/s N., <
g o) 0
9

Figure 7: Sufloximine based HIV-1 protease inhibitor.2°
1.2 Synthetic pathways to access sulfoximine

Traditional methods for synthesizing sulfoximines 14 typically start with the transformation of
sulfides 10. In these pathways, nitrogen or oxygen is initially introduced to sulfides 10, leading
to the formation of sulfilimines 15 or sulfoxides 11, respectively. Subsequent oxidation of

sulfilimines 15 or nitrogen transfer reactions involving sulfoxides 11 yield the desired



sulfoximines 14. Generally, sulfoximines accessible through these methods are often

N-protected derivatives 13, which undergo a final deprotection to obtain NH-sulfoximines 14.

(0) Q (N) O, N-PG (deprotection)
R! S\RZ I R S\RZ
11 13
O\ ,NH
S One pot synthesis (N, O) ‘g
R' "R? R' "R?
10 14
N,PG
(N) b (0) O, N-PG  (deprotection)
R1 S\RZ R1 \R2
15 13
PG = SO,Ar, COCF3, (O) = Oxidation, (N) = Imination
CO,R, CN

Scheme 1: Synthetic routes for the preparation of sulfoximine 14.

The synthesis of sulfoximines typically involves the use of disubstituted sulfur as starting
materials. The N-transfer processes crucial to these transformations have been successfully
accomplished using either metal-catalyzed or metal-free procedures.?! These methods are
foundational for the synthesis of sulfoximines. In addition to conventional disubstituted sulfur-
based syntheses, alternative substrates such as sulfinamides,?> sulfinylamines,?
sulfonimidates,>* and sulfonimidoyl fluorides® have also been developed. Overall, these
diverse methodologies provide multiple avenues to access these valuable compounds for
various applications. Researchers have reported a straightforward one-pot formation of

sulfoximines directly from sulfides, which will be discussed in detail in the upcoming section.
1.3 Direct synthesis of sulfoximine

A significant advancement in sulfoximine synthesis involves the direct transformation of
sulfides into NH-sulfoximines through a chemoselective one-pot imidation/oxidation process.
This breakthrough was recently reported independently by Bull,?® Luisi,?” Reboul,?® and Li*
(Scheme 2).
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Scheme 2: One-pot synthesis of the NH-sulfoximines from sulfides.

In 2017, Bull and Luisi introduced a remarkably mild and well-tolerated method for directly
converting sulfides 10 into NH-sulfoximines 14 (Scheme 3).2° This transformation utilizes a
combination of ammonium carbamate and a hypervalent iodine reagent in methanol as the
solvent, achieving the conversion within just 3 hours reaction time. Their one-pot process
procedure proved highly effective with a range of sulfide substrates including alkyl, aryl,
benzyl, cycloalkyl, and heteroaryl sulfides. The method consistently yielded the corresponding
sulfoximines in yields between 14% and 99%. This discovery offers a significant advancement
in sulfoximine synthesis, providing a practical and efficient route for accessing diverse

sulfoximine derivatives with broad applicability in medicinal and synthetic chemistry.

PhI(OAc), (2.5 equiv.)
NH,4CO,NH, (2 equiv.) O NH

s N
1° R2 S.
R R MeOH, 25°C, 3 h R1TR2

10
14, 14-99%
(23 examples)

Scheme 3: One-pot synthesis of the NH-sulfoximines from sulfides by Bull and Luisi.?

In the same year, Li and coworkers introduced a significant advancement in the synthesis of
NH-sulfoximines 14 from sulfides 10, offering a highly efficient and rapid method
(Scheme 4).%° Their approach also uses a hypervalent iodine reagent as the oxidizing agent with
ammonium carbonate. Compared to Bull's method, which relied on ammonium carbamate,
Li's method stands out for its notably increased efficiency with ammonium carbonate as
nitrogen source demonstrated by a significantly shorter reaction time of 5 min. The practical
synthesis of NH-sulfoximines 14 reported by Li and coworkers offers a straightforward route
to sulfoximines from sulfides, under ambient conditions and in the presence of air. This method
represents a significant advancement in sulfoximine synthesis, providing a convenient and

environmentally benign protocol for accessing valuable sulfoximine derivatives.
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10
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Scheme 4: One-step synthesis of the NH sulfoximines from sulfides by Li.?’

Following the above reports, the Reboul group achieved a one-pot synthesis of fluorinated
NH-sulfoximines from sulfides, encompassing both aryl and alkyl compounds.?”?® This method
utilized a hypervalent iodine reagent as the oxidant and ammonium carbamate as the nitrogen
source same as bull method. Notably, a diverse array of significant functional groups was
effectively tolerated during the synthesis. An intriguing enhancement in reactivity was observed
when trifluoroethanol was incorporated. Additionally, the group proposed an
AS-acetoxysulfanenitrile intermediate based on F NMR investigations. This proposed
intermediate provides valuable insights into the mechanistic aspects underlying the synthesis

of fluorinated NH-sulfoximines, shedding light on the intricate reaction pathways involved.

In 2017, Luisi and coworkers introduced a streamlined continuous flow method for synthesizing
NH-sulfoximines from sulfides or sulfoxides (Scheme 5).2” This innovative approach features
a more practical stoichiometry of a hypervalent iodine reagent compared to traditional batch
methods, along with the use of aqueous ammonia as the nitrogen source. The versatility of this
continuous flow process was demonstrated by converting various substituted sulfides and
sulfoxides, including an enantioenriched sulfoxide and a biologically relevant methionine
derivative. The use of diverse substrates underscores the broad scope and applicability of this

method in producing NH-sulfoximines with specific functionalities.

. Phi(OAc), NH, o, NH
R! \RZ |F|ﬂ| R1 \R2
10 MeOH, 0 °C, 15 min
14, 40-99%

(10 examples)

Scheme 5: One-step synthesis of the NH-sulfoximines from sulfides in a flow reactor.?’

In the following section, we will discuss various oxidation protocols for sulfides and
sulfilimines, which are relevant to the project. This includes different types of oxidation agents,
by exploring these protocols, we aim to identify the most effective strategies for our specific

project needs.



1.4 Oxidation of sulfides and sulfilimines

Since the first reported sulfoxide synthesis in 1865,%° researchers interest in these compounds
has remained strong. Sulfoxides are primarily derived from the oxidation of sulfides 10,! and
oxidation of sulfilimines 11 eventually leads to the formation of sulfoximines 13. Traditional
methods for the oxidation of sulfides to sulfoxides typically involve various oxidants. For
example, meta-chloroperoxybenzoic acid (m-CPBA),*> magnesium monoperoxyphthalate
(MMPP),**  Oxone,** sodium periodate,”> 2-iodobenzoic acid (IBX),*® and
tert-butyl hypochlorite (TBHP) can be employed.®’ These methods often require stoichiometric
or even excess amounts of oxidants, as well as catalysts or high temperatures. These reaction
conditions can result in the formation of multiple by-products, prompting researchers to develop

improved and eco-friendly procedures (Scheme 6A).

A more sustainable and popular approach is the use of hydrogen peroxide as the oxidant, since
its main by-product is water.® Hydrogen peroxide is a clean, efficient oxidant that minimizes
environmental impact. Another mild oxidant that is widely used in oxidation protocols is
oxygen.** As an ambient and abundant gas represents, oxygen the "greenest" approach to
oxidation reactions, offering a highly sustainable alternative to more traditional methods. When
it comes to the oxidation of racemic sulfilimines, the most commonly used oxidants include
m-CPBA, sodium periodate, or potassium permanganate. Each of these oxidants provides
unique benefits in terms of efficiency and selectivity, making them suitable for different
synthetic applications. Thus, the choice of the oxidant and the method can vary based on the
specific requirements of the transformation, whether it is the need for mild conditions, high

selectivity, or environmental considerations (Scheme 6B).

0
s m-CPBA, MMPP, NalO,4, +-BuOCl g
A R'°R? R'°R2
Oxone, |BX, HNO3, Hzozq 02
10 11
NR? m-CPBA, NalO, KMnO, O, NR3
B R? S\RZ R1 S‘R2
15 13

Scheme 6: Oxidations of sulfides and sulfilimines to sulfoxides 11 and sulfoximines 13, respectively.



1.5 Mechanochemistry: An overview

Solvents typically constitute a major portion of the chemical waste in reactions, especially in
the pharmaceutical industry. Despite efforts to recycle and reuse solvents, these processes are
often inefficient and prone to contamination. Green chemistry, with its twelve principles aimed
at sustainability, prioritizes reducing the use of solvents due to their environmental and safety
concerns.*’ In this context, mechanochemical reaction is described by International Union of
Pure and Applied Chemistry (IUPAC) as a chemical transformation occurring through the direct
absorption of mechanical energy,*! has attracted considerable interests. Mechanochemical
reactions are conducted without or very small amounts of solvents, which leads to a reduction
of the overall reaction waste. Over the last decade, mechanochemistry has emerged as a potent
tool for green synthesis, recognized as a valuable alternative to traditional methods.*
Mechanochemical synthesis are commonly conducted in automated ball mills in batch mode.
The chemicals are added to a milling jar which contains a milling ball and is shaken or rotated
depending on the machine used. The chemicals are mixed by the movement of the balls and
chemical reactions are facilitated through mechanical stress. In addition to ball mills, recent
results with resonant acoustic mixers and continuously operating extruders are promising for

the up-scaling of mechanochemical synthesis

Beside shared parameters of reactions in solution and mechanochemical reactions such as
reaction time and temperature the optimization of mechanochemical reactions includes different
parameters. Small amounts of liquid can already significantly accelerate and, in some cases,
enable mechanochemical reactions between solids by acting as lubricants. This improves the
mixing process and enhances the homogeneity of the mixture.*® This process is described by
the concept of liquid-assisted grinding, characterized by the parameter 7, which is the ratio of

).* Beside liquid additives

the liquid additive volume (uL) to the total mass of the reactants (mg
also solid additives can be added to change homogeneity and concentrations. These additives
are also called grinding auxiliaries and are supposed to have inert properties. Commonly used
grinding auxiliaries are for example SiO2 or NaCl. Mechanochemistry offers a promising
solution by enabling solvent-free organic reactions, thus addressing the solvent issue. This
method not only reduces waste but also shortens reaction times and allows for the improvement

of traditional transformations, discovery of new reaction pathways, and synthesis of materials

challenging to produce via solvent-based methods. Given its potential for sustainable and

10



efficient synthesis, mechanochemistry continues to gain attention and recognition in the field

of modern synthetic chemistry.*’

Also sulfoximines have been applied to mechanochemical reaction conditions. An early
example was the palladium-catalyzed carbonylation of aryliodids with a sulfoximine as
nucleophile.*® Later other functionalizations of sulfoximines have been reported*’ as well as

synthesis of sulfonimidamides and sulfonimidamide-containing heterocycles.*®

11



2 Synthesis of sulfilimines by iron-catalyzed imidation of

sulfides with 2,2,2-trichloroethyl sulfamate

The experimental work for this chapter was supported by Sofya Gordeeva as part of her research
internships in the working group of Prof. Dr Carsten Bolm at RWTH Aachen University under

the supervision of the author of this thesis. The investigations have already been published:

Periasamy, K.; Gordeeva. S.; Bolm, C. Syntheses of Sulfilimines by Iron-Catalyzed Imidations
of  Sulfides with  2,2,2-Trichloroethyl  Sulfamate. J.  Org.  Chem. 2024,
DOI: 10.1021/acs.joc.4c01250

2.1 Introduction

2.1.1 Properties of sulfilimines

Sulfilimines, the aza-analogs of sulfoxides, consist of a sulfur atom that possesses a lone pair
of electrons and is connected to two carbon substituents, denoted as R! and R?. Additionally,
the sulfur atom forms a bond with a nitrogen atom which is commonly illustrated as S=N double
bonds but more accurately described as ylides with a negative charge on nitrogen and a positive
charge on sulfur.®® A crucial factor influencing the stability of the S—N bond in sulfilimines is
the nature of the substituent attached to the nitrogen atom, R* (Figure 8).*’ The characteristics
of this R group can significantly impact the overall stability of the molecule. Specifically,
electron-withdrawing substituents at the R® position play an important role in stabilizing the
S—N bond.®® These substituents achieve this by attracting electron density away from the
nitrogen atom, which helps to stabilize any negative charge that may develop on the sulfur atom.

This stabilization effect leads to more stable sulfilimine compounds.

@~ free electron pair

R1"'S\
R{f\NR3

stereogenic center

Figure 8: Properties of sulfilimines
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The discovery of sulfilimines dates back to 1917 when Raper of the University of Leeds
reported the synthesis of the first sulfilimine, as noted by Mann and Pope.>® Since this
pioneering work, the chemistry of sulfilimines, has undergone significant advancement.
Sulfilimines have found applications as precursor for nitrenes,’! reagents for epoxidations and
aziridinations,’? ligands in metal catalysis,>® intermediates in organic synthesis,’* and reactants
in various bioorganic contexts.>> Moreover, sulfilimines have gained attention due to their
significant biological activities, rendering them attractive targets for medicinal and crop
protection chemistry.® Notably, a natural sulfilimine was discovered within a collagen-IV
network in 2009,°” and other examples of sulfilimines with relevance in medicinal chemistry,
crop protection and biology (Figure 9), highlighting the relevance and potential impact of
sulfilimines in both chemical and biological sciences. This underscores the historical
significance and versatile utility of sulfilimines, setting the stage for further exploration of their

synthetic and biological properties.

he
AN CN
Naﬁ_‘f - l-N'Df- M ,[.-f":*qj'.- 8. .-""q]
[} 0
MEJIS-ME HEN" 1""-.._.-": '\""\.':: - NHE
Prosulfalin anti-glioma activity
herbicide actiity
0
H
F-.. e 8] _'-q._
L'\-\. u\ - N
o '?* "CH HD\ "*—u..]
2_,-»:-“.,_(/ M. . Me
Fooold T
— Mo e T
A N H
1y h , ] N - .dI.
h— - B _r 2
F 0
acarcidal activity crosslink found in a

collagen-1V network

Figure 9: Selected examples of sulfilimines with relevance in medicinal chemistry, crop protection and biology.

In the following section, various imidation agents employed in iron-catalyzed syntheses of
sulfilimines from sulfides are discussed. This topic is particularly relavant to this project which

will discussed in section 2.2, as understanding the choice and mechanism of these imidation
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agents can significantly influence the efficiency and selectivity of the synthesis process. This
analysis will provide crucial insights into iron-catalyzed imidation agents and will advance this
project's objectives by aiding in the development of more effective catalytic systems. Among
the diverse metal-catalyzed methods in copper, manganese, rhodium, ruthenium, cobalt and

? stand out

silver for sulfide imidation reactions,?'*®%® those utilizing iron complexes’
prominently due to their exceptional substrate compatibility and the low toxicity of the catalytic
metal.®® Iron-catalyzed systems have gained significant interest owing to their ability to
accommodate a wide range of substrates efficiently. Typically, these systems employ various
imidating agents such as azides (A), sulfonamides (B), iminoiodinanes (C) and carbamates (D)

(Figure 10).

Azides (A)
W T
Clic” > 075N, Me ClC” Y07 TN,
Sulfonamides + PhI=0 (B) Iminoiodinanes (C) Carbamate (D)

o 0 Ph—I=N-Ns

N N2 o

Me_ S S. Ph—I=N-Ts
wT N /@/ NH, C|3C/\O)J\N,0Ms
Me 02N

Figure 10: Imidation agents used in iron-catalyzed syntheses of sulfilimines from sulfides (A—D).

Azides (A), in particular, have been widely utilized in iron-catalyzed sulfide imidation reactions
due to their reactivity and effectiveness in promoting the desired chemical conversions.
However, concerns related to the safety and handling of azides have prompted researchers to
explore alternative imidating agents, such as sulfonamides and related derivatives, to achieve
the desired transformations in a safer and more sustainable manner. This focus on developing
iron-catalyzed systems with diverse and safer imidating agents like trichloroethyl sulfamate®!
underscores the importance of advancing synthetic methodologies that are both effective and

environmental friendly in the field of chemistry.
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2.1.2 Iron-catalyzed sulfur imidation

Imidation with azides

The primary sources of nitrenes commonly employed in the imidation reactions of sulfides and
sulfoxides are azides.®? For example sodium azide (NaN3), which is utilized either by reacting
them with a strong acid to generate in situ highly reactive hydrazoic acid (HN3), or they can be
employed directly as organic azides like TsN3 (tosyl azide) or BocN3 (tert-butoxycarbonyl
azide). The method involves the decomposition of sodium azide into hydrazoic acid, which
serves as the source of the nitrene intermediate for the formation of NH-sulfoximine.
Alternatively, organic azides like TsN3 and BocN3 can be directly incorporated into the reaction
mixture to generate a nitrene upon activation, facilitating the desired substituted imidation of

sulfides and sulfoxides.

In 1999, Bach and Korber reported a method for the imidation of sulfides 10 and sulfoxides 11
to produce sulfilimines 18 and sulfoximines 17, respectively, using N-fert-butyloxycarbonyl
azide 16 in the presence of catalyst FeCl>.*® They synthesized N-substituted sulfoximines 17
by employing an excess of sulfoxide 11 along with a stoichiometric amount of the iron salt and
BocN3, achieving moderate to excellent yields of sulfoximines 17 ranging from 10 to 95%

(Scheme 7A).

A significant advantage of this process is the ability to fully recover the unused starting
materials after the reaction, enhancing the economic efficiency of the synthetic route. For the
imidation of sulfides 10, using one equivalent of sulfide and 0.5 equivalents of FeCl resulted
in the formation of corresponding N-substituted sulfilimines 18 in yields ranging from
6% to 92% (Scheme 7B). Furthermore, the addition of acetylacetone (acac) and decreasing the
amount of iron catalyst to 0.25 equivalents led to the corresponding sulfilimines 18 in yields

between 4% to 90% (Scheme 7C).
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BocN; (16, 1.0 equiv.)

(,? FeCl, (0.5 equiv.) O\\ ,NBoc
S. s.
A R'R2 CH,Cl, 0°Ctort R! 7 R2
11 (1.0 equiv.) 17, 10-95%
BocN3 (16, 1.0 equiv.) NBoc
FeCl, (0.5 iv. &
B N eCl, (0.5 equiv.) S,
R' R R' R
CHyCly 0°Ctort
10 (1.0 equiv.) 18, 6-92%
BocNj3 (16, 1.0 equiv.)
FeCl, (0.25 equiv.) II\IlBoc
c 18, acac (1.3 equiv.) S,
R'" R R'" R
CH2C|2Y O0°Ctort
10 (2.5 equiv.) 18, 4-90%

Scheme 7: Iron catalyzed sulfur imidations with N-protected azide.

In 2010, Liu and Che developed an innovative approach for the imidation of sulfides 10 using
an air-stable iron(Ill) porphyrin complex and N-protected azides 19 as nitrogen source under
both, thermal and microwave-assisted conditions.®> Under thermal condition they achieved
efficient catalytic imidation of sulfides with a low catalyst loading (2 mol%) of
[Fe(F20-tpp)Cl] in 1,2-dichloroethane under reflux conditions. This method yielded
sulfilimines 20 in high yields ranging from 76% to 96% (Scheme 8). Under microwave
irradiation conditions, the reaction time of aziridination, allylic amination and sulfide imidation

can be reduced by up to 16 fold (24-48 h versus 1.5-6 h) without significantly affecting the

product yield which was between 64% and 93%.

R1 S\Rz + N3_R3
MS 4 A, DCE, reflux
12-48 h
10 19
(3 equiv.) (1 equiv.)

[Fe"(F,o-tpp)CI] (2 mol%)

R'=aryl, Et; RZ2= Me
R3 = Ts, Ns, P(O)(OPh), CO,Ph, 4-O,N-CgHy

Scheme 8: Iron(Ill) catalyzed imidation of sulfides using sulfonyl, phosphoryl, carboxyl and aryl azides.

Imidation with iminoiodinanes

Imidoiodinanes are versatile reagents in organic chemistry, commonly used for nitrogen-
transfer reactions.® These compounds, featuring a nitrogen-iodine bond, facilitate the synthesis

of various nitrogen-containing molecules, such as aziridines, sulfoximines, and amides.®
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Their high reactivity and selectivity make them valuable tools in the development of efficient

and selective synthetic processes.®

In 2006, Bolm and coworkers introduced a groundbreaking protocol employing 5 mol% of
Fe(acac); along with various in situ generated sulfonimidoiodinanes (Scheme 9).5%
This method enabled the smooth imidation of sulfoxides 11 at room temperature, yielding the
corresponding sulfoximines 22 in good to excellent yields ranging from 72% to 96%.
Additionally, the imidation of sulfides 10 under the same conditions produced sulfilimine 21 in
moderate to high yields ranging from 74% to 92%. Competition experiments using a 1:1
mixture of sulfide 10 and sulfoxide 11 revealed that sulfide 10 was significantly more reactive

than sulfoxide 11 (Scheme 9A).

This observation was further supported by substrate scope studies, where sulfoxides 11 bearing
bulky substituents like 2,4,6-trimethylphenyl failed to undergo imidation, while the
corresponding sulfides 10 reacted successfully, yielding 74% of the sulfilimine product.
Similarly, the sterically demanding fert-butylsulfonamide 21b was only effective as an
imidating agent in sulfide imidation, yielding a 45% product yield. These findings highlight the
substrate selectivity and reactivity differences observed in the imidation reactions, providing
valuable insights into the scope and limitations of this catalytic system for the synthesis of

sulfilimines 21 and sulfoximines 22 (Scheme 9B).
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Fe(acac); (5 mol%)
0,0 PhI=0 (1.6 equiv.) N-SOR
S. + s’ 1
A R17R? HN"""R CHZCN, rt r1 S R2
10 21, 74-92%
R', R? = Ph, Me, t-Bu, vinyl, -(CH,),-
Fe(acac); (5 mol%)
0 0,0 Phl=0 (1.6 equiv.) o N-SOR
B S\ + /S\ \\S//
R R? HN" "R CH4CN, rt R R2
" 22, 72-96%

R', RZ = Ph, Me, t-Bu, vinyl, -(CH,),-

R= §—t-Bu EO Me E/\/SiMes

21b, 45% 22b, 81% 22c, 66%
for 21b and 22b-e: R' = Ph, R2= Me

N
O 0
N= S
22d, 87% 22e, 88%

Scheme 9: Fe(acac)s catalyzed imidations of sulfoxides and sulfides.>¢

Schager and Wirth developed a one-pot synthesis approach for sulfoximines 25 from sulfides
23, utilizing a polyfluorinated hypervalent iodine(IlI) reagent 24 as the oxidant in the presence
of an iron catalyst.%” It is an iron(IlI)-catalyzed cascade reaction that directly converts sulfides
23 into sulfoximines 25 using hypervalent iodine(IIl) reagents. Previously, hypervalent iodine
reagents have primarily been employed for the selective oxidation of sulfides to sulfoxides or,

in the presence of amines, for converting sulfides to sulfilimines.®>>*

This method is notable because compound 24 demonstrated significantly higher oxidative
power compared to its CsHs-analogues. This enhanced reactivity allowed for the in situ
oxidation of sulfonamides to generate the active sulfonimidoiodinane species required for
sulfide imidation. Subsequently, another equivalent of compound 24 was employed to oxidize
the resulting sulfilimines, ultimately yielding the desired sulfoximines 25 in moderate yields

(Scheme 10).
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Fe(acac)3 (10 mol%) |(OCOCF3)2

24 (2.6 equiv.) _SO,R
S.yy, RNH2(1:3-15 equiv) Q\S/,N F F
e <
Me
Y v A
CF; 24
23 25, 42-60%

R=Ns, Ts

Scheme 10: One pot Fe(acac); catalyzed imidation with polyfluorinated hypervalent iodine(I11) reagent 24.57

In 2009, Bolm and coworkers reported a significant advancement in the catalytic imidation of
sulfides 10 and sulfoxides 11 using iron(Il) triflate involving sulfonyliminoiodinanes at room
temperature. The process yielded sulfilimines 26 and sulfoximines 27 within notably short
reaction times (Scheme 11).°% The researchers found that by utilizing Fe(OTf), instead of
Fe(acac)s the catalyst loading could be reduced to as low as 2.5 mol% from 10 mol%, while
maintaining robust efficiency with both pre-formed and in sifu  generated

sulfinimidoiodinane.>*®

Notably, certain heterocyclic sulfides needs a slightly higher catalyst loading of 15 mol%
Fe(OTf), with PhI=NNs, giving sulfilimines 26 in yields ranging from 63% to 66% (Scheme
11A). The substrate scope of this catalytic system was broad. Even sulfoxides bearing sterically
demanding substituents and various heterocyclic substrates oxadiazole 27a, benzothiazole 27b,
imidazole 26a, tetrazole 26b were successfully transformed into sulfoximines 27 in yields
spanning from 45% to 96%. Intriguingly, modifications to the sulfonamide component were
well-tolerated, with compounds bearing pyridinyl 27¢, thiophenyl 27d, silylethyl 27e, fert-butyl
271, or perfluorobutyl substituents 27g consistently delivering the desired products in yields
ranging from 20% to 95% yield (Scheme 5B).
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Me Ph

Fe(OTf), (2.5-15 mol%) n-SOR N N-y
- ; 1]
A S _PNINR(1.3 equiv) S R = §_<\N] — N
MS 4 A, CH3CN, rt N
10 26, 63-66% 26a, 63% 26b, 66%
R=Ns,R"= Me
Fe(OTf), (2.5-15 mol%) I . ) _ 1_
_ . _SO,R Variation of the starting material (R = Ns, R' = Me)
'CS') PhI=NR (1.3 equiv.) o N 2
B R! "R2 MS 4 A, CH;CN, rt R1S‘R2
o Ph N
11 27, 45-96% R2= W s— D
R =Ns, Ts N~ S
R' = Ph, Me, i-Pr, i-Bu
27a, 45% 27b, 83%

R2 = Ph, i-Pr, i-Bu, 2-MeO-benzyl, Py

Sulfonamide variation in 27 (R' = Ph, R2= Me)

R= %4@7Me §4@ s,z/\/SiMe?% %—t-Bu §_(CF2)3CF3

27¢, 95% 27d, 81% 27e, 70% 27f, 65% 279, 20%

Scheme 11: Imidation of sulfides and sulfoxides catalyzed by Fe(OTf),.%

In 2013, Bolm and co-workers achieved a significant breakthrough by introducing the first
iron-catalyzed asymmetric imidation of sulfides 10, demonstrating a robust method with a wide
range of applicable substrates yielding high enantioselectivity with poor to excellent yields
23% to 99% (Scheme 12).5°d The research investigated the development of enantioselective
sulfide imidations, identifying an optimal combination of catalytic components. The key
catalytic system comprised of 5-10 mol% Fe(dmhdCl); in conjunction with 5-10 mol%
(R,R)-Ph-PyBOX 28 and PhI=NTs serving as the nitrene source. Acetone serves as an
economical solvent due to its affordability and low toxicity profile. The reaction is easy to
handle because air and moisture are tolerated. This combination proved to be the most effective,
yielding sulfilimines 29 with exceptional efficiency and high enantiomeric ratios, reaching up

to 96:4 for a board substrate scope.
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Ph  (RR)-28, Ph
(5-10 mol%)

Fe(dmhdCl); (5-10 mol%) NTs
S\ ~
RT°R2 Phi=NTs (1.2 equiv.) R'R?
10 acetone, -20 °C 29, 23-99%
up to 96:4 e.r.

R' R2= alkyl, aryl, (het)aryl

Scheme 12: Iron(IlI)-catalysed enantioselective sulfur imidation.>¢

Following the above work, a kinetic resolution of chiral sulfoxides 11 has been reported
(Scheme 13).* Utilizing a catalyst system composed of Fe(acacCl); (5 mol%),
(R,R)-28 (5 mol%), and PhI=NTs (0.5 equiv.) as the imidating agent, racemic sulfoxides 11
were transformed into optically active sulfoximines 30. This process yielded products with up
to 43% yield and exhibited enantiomeric ratios reaching as high as 94:6, demonstrating

excellent stereoselectivity.

Fe(acacCl)3; (5 mol%)

o (R,R)-28 (5 equiv.) O, NTs o
S. _ . S, + S.
R!' "R2 PhI=NTs (0.5 equiv.) R!'™'R2 R! "R2
racemic acetone, -20 °C
11 R, R?= alkyl, aryl 30, 4-43% 1
up to 96:4 e.r.

Scheme 13: Iron(I1l)-catalysed imidative kinetic resolution of racemic sulfoxides.®

In 2014, Arnold and coworkers pioneered the development of enantioselective imidation of
sulfides 31 using an enzyme-catalyzed intermolecular nitrogen-atom transfer reaction
(Scheme 14).°% In this study, enzymes from the cytochrome P450 family, containing an iron
porphyrin scaffold were evaluated for their ability to catalyze sulfur imidations using various
substituted azides. Notably, it was discovered, that among the tested azides only TsN3 32 yielded
satisfactory outcomes. Among the enzymes screened, P411pm3-CIS T438S demonstrated the
highest activity, achieving a total turnover number of up to 300. Furthermore, within this
enzyme series, P411pm3-CIS T438S exhibited superior performance, achieving a total turnover
number of 320. The reactions were conducted using 0.2 mol% of the enzyme in buffered water
at room temperature. However, the efficiency and stereoselectivity of the reactions were found

to be heavily influenced by the substrate used.
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S 0~ P411gys-CIS T438S NTs
“Me (0.2 mol%) S.
Me
.

R (0.1 M) KPi, pH = 8.0 R1©

R2 Me rt, 4 h R2

R'= OMe, Me, H, CHO
31 32 R2 = Me, H 33

Scheme 14: Imidation of sulfides using enzyme-catalyzed intermolecular nitrogen-atom transfer.3¢

In 2016, Lebel and co-workers introduced an innovative continuous flow methodology to
facilitate the imidation of sulfides 10 and sulfoxides 35 using trichloroethoxysulfonyl azide 34,
with catalytic iron(IIl) acetylacetonate (Scheme 15A).%" This process operates at ambient
temperature with a residence time below 2 hours, using UVA light. The scope of this method is
broad, successfully yielding aromatic and aliphatic sulfilimines 35 and sulfoximines 36 in
yields ranging from 56% to 98% (Scheme 15B). Furthermore, the Tces protecting group
employed in this process is efficiently removed using zinc in acetic acid, liberating the desired

NH-sulfoximine product 37 in an excellent yield of 97% (Scheme 15C).

Cat. Fe(acac);

(10 mol%) NTces
S. N/ 1
A RITRZ Ny 07>ccl R1S R2
DCM
10 34 35
Cat. Fe(acac)s
g O\\ //O (10 mol%) O\ NTces
~ 4 —[Flow}—— ¥
B Me © Ny S0 col, S e
DCM
35 34 36
O NTces 1-Zn (10 equiv.)
3 ACOH, 25 °C, 12 h QNH
C ‘Me S\
Me
2. AcCl, MeOH ©/
25°C,1h
36 37,97%

Scheme 15: Iron-catalyzed imidation of sulfide and sulfoxide using photochemical continuous flow synthesis.*f

Building on their prior work, Lebel and colleagues advanced the field by developing both batch
and continuous flow methods for the iron(Il)-catalyzed synthesis of sulfilimines 39 and
sulfoximines 40 utilizing N-mesyloxycarbamates 38 (Scheme 16).°°° The addition of
1-butylimidazole as a base played a crucial role in achieving a homogeneous reaction mixture
suitable for continuous flow applications. This innovative approach demonstrates broad

substrate compatibility, delivering the desired products in good to excellent yields within
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remarkably short reaction times ranging from 1 to 60 minutes. In batch reactions, the imidation
of sulfides 10 with TrocNHOMs 38 produced sulfilimine products 39 in poor to excellent yields,
ranging from 29% to 100%. Similarly, the imidation of sulfoxides 11 resulted in the formation
of sulfoximine products 40, with yields ranging from 41% to 96%.Transitioning to continuous
flow methods, sulfide 10 imidation with TrocNHOMs 38 resulted in products 39 with yields
between 69% to 96%, while sulfoxide 11 imidation resulted product 40 with yields ranging
from 53% to 88%.

TrocNHOMs 38 (1.3 equiv.)
1-butylimidazole (1.9 equiv.)

o FeClyxH,0 (10 mol%) ll\llTroc O, NTroc
I N
Fl Batch S. or S.
R S\Rz or - S\RZ ow or Batc R1O°R2 RO R2
EtOAc, 80 °C
10 1 R', R2=alkyl, aryl, (het)aryl 39 40

Scheme 16: Iron-catalyzed imidation of sulfide and sulfoxide with N-mesyloxycarbamates 28.%%
2.2 Background and aim of the project

The increasing demand for sulfilimines in various applications has ignited extensive research
into their synthesis, leading to the development of numerous efficient methods.”® Sulfide
imidation have emerged as a key strategy in this pursuit, highlighted by their effectiveness and
versatility. Within the domain of metal-catalyzed reactions, iron-based complexes have gained
significant attention for their remarkable substrate compatibility and the environment friendly
nature as a catalyst. Notably, these systems typically employ a range of imidating agents such
as azides, sulfonamides, carbamates, and iminoiodinanes, underscoring the diversity of

approaches available for the synthesis of sulfilimines.

N

.S.
H,N"~>07 >Ccl,

4 P
S
s catalyst, PhI(OAc), 's'\'l o CCl
R1 \RZ ------------------------ > 1°>p2
solvent, t R R
10 35

Scheme 17: Synthetic strategies for the synthesis of N-substituted sulfilimine 35.

Inspired by the pioneering work of Lebel and coworkers, who showcased the effectiveness of

iron-catalyzed sulfide imidations with trichloroethoxysulfonyl azides 34, this study was driven
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by the goal of establishing a comparable methodology while avoiding potentially hazardous
azides. The motivation comes from the recognition of the practical challenges posed by azides,
including safety concerns and handling issues. In response, this project aimed to explore
alternative routes that maintain the efficiency and versatility demonstrated by Lebel's approach
while reducing the risks associated with azide chemistry. As an alternative to
trichloroethoxysulfonyl azides 34, we selected 2,2-trichloroethyl sulfamate 41 was selected as
our sulfide imidating agent for the synthesis of N-substituted sulfilimine 35. The reaction
conditions are to be optimised with different catalyst and solvent to find the corresponding

sulfilimine product 35 in high yield (Scheme 17).

2.3 Result and discussion

2.3.1 Optimization of the reaction conditions

In the initial phase of our project, we undertook a comprehensive optimization process with the
objective of identifying the most effective catalyst for the activation of 2,2,2-trichloroethyl
sulfamate 41 in sulfide imidation reactions using phenyl methyl sulfide 23 as a model substrate.
Our investigation involved testing various rhodium, copper, and iron catalysts, each in 10 mol%
quantities, to evaluate their ability to facilitate the desired transformations
(Table 1, entries 1-11). The reactions were conducted under standardized conditions using
(diacetoxyiodo)benzene (1.6 equiv.) as the oxidant and acetonitrile (0.1) as the solvent, with a

reaction time of 3 hours at room temperature.

In our quest to optimize the sulfide imidation reaction using 2,2,2-trichloroethyl sulfamate 41,
we systematically evaluated a series of catalysts. Among the tested catalysts, Rho(OOCCF3),
and CuCl; emerged as the top performers, yielding the desired product 35a in 69% and 77%
yield, respectively (Table 1, entries 2 and 7). Subsequent screening of iron salts as catalysts
revealed that Fe(OTf), exhibited superior catalytic activity, leading to an increased yield of 86%
for product 35a (Table 1, entry 11). Further optimization involved different solvents to enhance
the reaction efficiency. Transitioning from acetonitrile to PhMe, THF, Et20O and MeOH. Toluene
proved to be particularly advantageous, yielding the optimal result of 89% for product 35a.
Thus, the best yield of the desired product 35a was achieved by reacting sulfide 23 (0.1 mmol)
with 2,2,2-trichloroethyl sulfamate 41 (1.5 equiv.) in PhMe (0.1 M) for 3 h (Table 1, entry 16)
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these conditions were chosen as optimal reaction conditions and summarized in general

procedure GP1.

Table 1: Optimization of the reaction conditions.?

NH,Tces (41, 1.5 equiv.)

catalyst (10 mol%) ll\lches
o S<pe __PIOAC), (1.6 equiv.) oS e
23 solvergt ?E0h.1 M) 35a
entry catalyst solvent yield® of 35a (%)
1 Rha(esp)2 MeCN 38
2 Rh2(OOCCF;), MeCN 69
3 Cu(acac), MeCN 34
4 Cu(OT9), MeCN 48
5 Cu(OAc), MeCN 68
6 [Cu(MeCN)4]PFs MeCN 70
7 CuCl, MeCN 77
8 FeCl, MeCN 46
9 Fe(ClO4); MeCN 39
10 Fe(acac); MeCN 61
11 Fe(OTf), MeCN 86
12 Fe(OTf), CHCl3 48
13 Fe(OTf), THF 62
14 Fe(OTf), Et,O 70
15 Fe(OTf), MeOH 85
16 Fe(OTf), toluene 89

“Reaction conditions: Sulfide 23 (0.10 mmol), 2,2,2-trichloroethyl sulfamate (41, 0.15 mmol), PhI(OAc), (0.16
mmol), catalyst (10 mol %) in the solvent (0.1 M) at rt for 3 h.Yield after column chromatography.

2.3.2 Substrate scope

Having the optimized reaction conditions in hand, a series of sulfides 10 were subjected to
reactions with 2,2,2-trichloroethyl sulfamate 44, yielding the corresponding sulfilimines 35 in
generally good yields (Scheme 18). Initially, aryl methyl sulfides were investigated as
substrates, with halo- substituted aryl groups at the para position providing sulfilimines
(35b—35e) in yields ranging from 60% to 82%. Conversely, substrates bearing p-OMe,
p-COCH3, and p-NO; groups resulted in products (35f~35h) with yields of 53%, 53%, and 30%,
respectively. Meta-substituted sulfides featuring OMe, Br, or CI groups delivered products
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(35i-35k) with yields of 90%, 60%, and 31%, respectively. Ortho-substituted methyl aryl
sulfides containing OMe, Cl, Br, and I groups yielded products (351-350) with yields spanning
from 34% to 80%.

Upon closer examination, it was observed that the presence of electron-donating groups tended
to enhance product formation, while steric hindrance exerted a decreasing yield. Additionally,
the influence of non-aromatic sulfur substituents on product formation was explored.
Ethyl phenyl sulfide 10p afforded 3Sp in 82% yield, whereas sulfilimine 35q, featuring a
sterically demanding isopropyl substituent on sulfur, was obtained from 10q in 64% yield.
Notably, the reaction with B-chloroethyl-substituted sulfide 10r resulted in sulfilimine 35r with
a significantly reduced yield of 20%, presumably due to potential decomposition arising from

neighbour group activation.

Furthermore, methyl sulfides bearing thienyl, pyridinyl, or naphthyl substituents (10s—u) were
successfully employed, providing sulfilimines 35s, 35t, and 35u in yields of 88%, 76%, and
70%, respectively. Dibenzothiophene 10v and phenoxathiine 10w also underwent the reaction,
furnishing 35v and 35w in yields of 68% and 30%, respectively. These detailed investigations
shed light on the substrate scope and structure-reactivity relationships within this iron-catalyzed
sulfide imidation process, demonstrating its versatility and potential for accessing a diverse
array of sulfilimine derivatives with varying substituent patterns and functional groups

(Scheme 18).
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NH,Tces (41, 1.5 equiv.)

Fe(OTf), (10 mol%) NTces
R S\Rz PhI(OAc), (1.6 equiv.) - S\Rz
10 PhMe (0.1 M) 35
,3h
ll\lches fl\lcheS
S Me S Me
N
ETces ©/ \M(
R1_'\ \Me °
L 35p: 82% 35q: 64%
35a: R'=p-H 89%:2 NTces NTces
S
35b: R' = p-Br 82% ~ N A S e
35¢c: R'=p-F 71% \_3
C Rl = oo 0
35d: R"=p-Cl 65% 35r: 20% 35s: 88%
35e: R'=p-| 60%
35f. R'=p-MeO  53% NTces NTces
35g: R'=p-COCH; 53% S+, S Me
35h: R'=p-NO, 30% @,/
" 1 —_
35 R'=m-MeO  90% 35t: 76% 35u: 70%
35 R'=m-Br 60%
35k: R'=m-Cl 31% NTces NTces

35l R'=0-MeO  80% S S

35m: R = o-Cl 55% ©E :@
35n: R'=0-Br 37% o]

350: R'=o-l 34% 35v: 68% 35w: 30%

Scheme 18: Substrate scope for sulfide imidation with trichloroethyl sulfamate. Reaction scale: 0.1 mmol. *In
parentheses: 2 g reaction scale.

2.3.3 Functionalization of N-protected sulfilimine

Recognizing the significance of sulfoximines in synthetic and medicinal chemistry,”' we
embarked on a targeted strategy to demonstrate an oxidation/deprotection pathway for the
synthesis of NH-sulfoximines 42 (Scheme 19). NTces-Sulfilimine 35 was chosen as the
representative starting material. Preliminary attempts using H2O2, m-CPBA, or KMnO4 to
oxidize the sulfilimine 35 to the desired NTces-sulfoximine 36 remained unsuccessful, with no
detection of the target product observed. However, a pivotal breakthrough was achieved with
the adoption of a RuCls catalyst in conjunction with sodium periodate, which resulted in the
successful conversion to NTces-sulfoximine 36 in an excellent yield of 98% equivalent to 2.05 g

of product on the applied scale (Scheme 19).7?
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NTces
N RUCl3 (5 mol%) 0, NTces

©/S\Me NalO, (2 equiv.) @S\Me
CH3CN:DCE:H,0 (1:1:1)

rt, 12 h, Ar
35 36, 2.05 g, 98%
O, NTces 1. Zn (10 equiv.) Q. NH
% ,
Me AcOH, rt,12 h S\Me
2. AcCl, MeOH
rt,1h
36 42, 80%

Scheme 19: Conversion of sulfilimine 35 to NH-sulfoximine 42.72

Inspired by the protocol established by Lebel and colleagues, the NTces-group of sulfoximine
36 was effectively cleaved using zinc in acetic acid.’*>**' This step led to the desired
NH-sulfoximine 42 in a high yield of 80%. This strategic oxidation and deprotection approach
not only highlights the efficacy of the RuCls/sodium periodate system for the transformation of
sulfilimines 35 to sulfoximines 42 but also underscores the utility of zinc-mediated cleavage in

accessing valuable NH-sulfoximine derivatives.

2.4 Conclusion

In summary, the synthesis of NTces-protected sulfilimines 35 involved an iron catalyst
(10 mol%), 2,2,2-trichloroethyl sulfamate 41 (1.5 equiv.) and PIDA (1.6 equiv.) to convert the
corresponding sulfides 10 into NTces-protected sulfilimines 35 in 30% to 90% yield
(Scheme 20).” Notably, both acyclic and cyclic substrates exhibited excellent reactivity under
mild conditions at ambient temperature, yielding the desired products in good yields after a
concise 3 hour reaction period. Following the successful synthesis of NTces-protected
sulfilimines 35, this product was subjected to further transformation to access sulfoximine
derivatives. The oxidation of the sulfilimine 35 was accomplished using a ruthenium-catalyzed
oxidation protocol with sodium periodate as the oxidant. Which leads to the corresponding

NTces-protected sulfoximine 36 in 98%.

NH,Tces (41, 1.5 equiv.)

Fe(OTf (10 mol%) NTees
S PhI(OAc);, (1.6 equiv.) RIS R2
10 PhMe (0.1 M) 35, 30-90%
rt, 3 h (23 examples)

Scheme 20: Synthesis of NTces-protected sulfilimines 35.73
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To complete the desired transformation sequence, the NTces protecting group was selectively
cleaved using established conditions involving zinc in acetic acid. This deprotection step
successfully afforded the targeted NH-sulfoximine 42 in 80%. The stepwise methodology
employed in this synthesis not only demonstrates the utility of iron and Ru-catalyzed reactions
for accessing sulfilimine 35 and sulfoximine 36 motifs but also underscores the use of selective

deprotection strategies to unlock desired chemical functionalities NH-sulfoximine 42.
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3 Synthesis of benzo|e][1,4,3]oxathiazin-3-one 1-oxides

from NH-(2-hydroxyaryl)sulfoximines

The experimental work for this chapter was supported by Runa Tschekorsky Orloff, Qiulan Lu,
and Nils Vdlcker as part of their research internships. Additionally, Pit van Bonn, a doctoral
student was involved in the execution of experiments and the analysis of the data, all in the
group of Prof. Dr. Carsten Bolm at RWTH Aachen University under the supervision of the
author of the thesis. The crystal structure of 97a was determined by the working group of

Prof. Dr. Kari Rissanen. The investigations have already been partially published:

Periasamy, K.; van Bonn, P.; Orloff, R. T.; Volcker, N.; Lu, Q.; Rissanen, K.; Bolm, C. Synthesis
of Benzo[e][1,4,3]oxathiazin-3-one 1-Oxides from NH-S-(2-Hydroxyaryl)sulfoximines.
J. Org. Chem. 2024, 89, 8286-8290.

3.1 Introduction

3.1.1 Sulfoximine-containing heterocycles

In recent decades, the accessibility of diverse sulfoximine moieties has greatly expanded with
the advancement of new oxidative and transition metal catalysis techniques. Within this array,
cyclic sulfoximines have emerged as a focal point of scientific interest, primarily due to their
remarkable biological activities including antimicrobial, antiviral, and anti-inflammatory
properties.”* These compounds have proven to be invaluable in various scientific disciplines,
particularly in asymmetric synthesis, where they function as indispensable chiral auxiliaries and
ligands.”>”® Their unique capability to induce chirality in a multitude of reactions renders them
versatile tools for the synthesis of enantiomerically enriched compounds, which hold significant
importance in pharmaceutical industries for the development of therapeutic agents.”’ Lovering
and coworkers have shown that both a significant degree of saturation and the existence of
stereogenic centers play crucial roles in facilitating the successful progression of newly
discovered hits into pharmaceutical drugs during clinical trials.”® Additionally, the potential of
cyclic sulfoximines as agrochemicals has gained attention owing to their notable insecticidal

and pesticidal activities, suggesting promising alternatives in agricultural applications.

30



Cyclic sulfoximines exhibit a diverse range of structures, properties, and applications, leading
to their classification into several categories (Figure 11). Common classifications encompass
exocyclic sulfoximines (43—45, Figure 11A) and endocyclic (4653, Figure 11B), achiral and
chiral cyclic sulfoximines, monocyclic and polycyclic sulfoximines, as well as substituted
cyclic sulfoximines. Focusing specifically on endocyclic and exocyclic variations, a clear
distinction emerges. Endocyclic sulfoximines (46—53) incorporate the sulfoximine moiety
within the cyclic structure, wherein the sulfur atom or the sulfur and nitrogen atom of the
sulfoximine group forms part of the ring system itself. Conversely, exocyclic sulfoximines
(43—45) feature the sulfoximine moiety attached to a cyclic structure but not integrated within
the ring system. Instead, it is bonded to an atom that constitutes part of the cyclic structure.
A variety of potential endocyclic sulfoximine structures may exist, varying in terms of ring size,
ring fusions, and the relative positioning of the sulfoximine within fused ring systems. This
differentiation underscores the structural diversity within the realm of cyclic sulfoximines,

which influences their reactivity and potential applications in various scientific endeavors.”!®

NH O
A s’
Exocyclic R N 9 HS//O
sulfoximines R1‘S\R2 R
S-heterocyclic, 43 N-heterocyclic, 44 heterocyclic, 45
N|\-\|//O O\ R B/O
B S 5 s
Endocyclic \ ;) N\ 7)n N
sulfoximines n
saturated S-cyclic, 46 saturated S,N-cyclic, 47 [dlisothiazole, 48
R0 o}
4 R
S.
R = =
[clisothiazole, 49 [e][1,2]thiazine, 50 [c][1,2]thiazine, 51
R ,0
(o) \S//
g,R \‘N
¥ N7
[d][1,2]thiazine, 52 [e][1,2]thiadiazine, 53

Figure 11: A representation of the various sulfoximine heterocyclic scaffolds.”'®
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Among the various cyclic sulfoximines, benzothiazine derivatives has gained significant
attention due to their versatile frameworks, which offer substantial structural diversity and

valuable applications in medicinal chemistry.”

3.1.2 Synthesis of benzothiazine derivatives

The work by Elsa, Magnier and co-workers demonstrated that benzo[e][1,2]thiazine 1-oxide
can be prepared using a ring-closing metathesis reaction catalyzed by Hoveyda-Grubb's 2nd
generation catalyst (Scheme 21).8! This reaction occurs in dichloromethane at 40 °C. The
starting material for this synthesis is vinyl sulfoximine 54, which can be obtained in two steps
from 2-iodophenyl trifluoromethyl sulfoximine with a yield of 63%. Subsequently, this
compound can be cyclized to form compound 55 in an excellent yield of 98%. Attempts to

access benzo[e][1,2]thiazine 1-oxides from N-alkynyl analog of 54 were unsuccessful.

Me
)
o N Hoveyda-Grubbs I O, CF3
0 S.
Ser, (5 mol%) N
Pz DCM, 40 °C =
54 55, 98%

Scheme 21: Olefin metathesis approach to benzo[e][1,2]thiazine 1-oxide.?!

A valuable method for synthesizing benzothiazine derivative 57 involved a rhodium catalyzed
annulation of sulfoximine 37 with vinylene carbonate 56.%> Within the range of various
azaheterocycles described, one notable compound was benzo[e][1,2]thiazine 1-oxide 57, as
illustrated in Scheme 22. By leveraging the sulfoximine moiety of 37 as a directing group,
vinylene carbonate 56 could be inserted at the ortho position, functioning as an acetylene
equivalent, leading to further cyclization and resulting in the formation of unsubstituted

benzo[e][1,2]thiazine 1-oxide 57, in modest yield.

O, NH o] [Cp*Rh(MeCN)3][SbFg], O, Me
S. J< (5 mol%) S°N

I/ DCE, 120 °C _
37 56 57, 30%

Scheme 22: Synthesis of benxo[e][1,2]thiazine 1-oxide by rhodium-catalyzed annulation.??
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This study represents the synthesis of unsubstituted 1,2-benzothiazines 60 through a
redox-neutral process involving rhodium(III)-catalyzed C—H activation and [4+2]-annulation
of S—aryl sulfoximines 58 with vinylene carbonate 56 using N-protected amino acid ligand 59
(Scheme 23).%* Vinylene carbonate acts both as oxidizing acetylene surrogate and efficient
vinylene transfer agent resulting in the successful formation of a diverse range of

1,2-benzothiazine derivatives 60 in moderate to good yields.

Rh(Cp*)Cl, (3 mol%)

O\\S R 0 AgSbFg (20 mol%) o, R OMMe
“NH + OJ(O 59 (20 mol%) @ S\\N o N o
H

= %
t-BuOH (0.8 M), 59
58 56 60 °C, 24 h 60, 45-90%
R = alkyl, aryl

Scheme 23: Synthesis of benzothiazine derivatives 60 through C—H activation and annulation via vinylene
transfer.®?

The synthesis of benzo[e][1,2]thiazine 1-oxide 62 dates back to 1971, credited to Cram and
coworkers (Scheme 24).%* This compound was prepared following a methodology similar to
that used for its benzisothiazole 1-oxide. The synthesis involved the imidative cyclization of
sulfoxide 61 with sodium azide, which yields the corresponding product in moderate yield.
Sulfoxide 61 was synthesized in a two-step procedure from 2-acetylaryl thioether through
Willgerodt rearrangement and subsequent oxidation of sulfur. It's noteworthy that 62 can
undergo basic hydrolysis to form the open chain carboxylate salt. Upon subsequent
acidification, the carboxylate salt can be re-cyclized, illustrating a reversible aspect of its

chemical behaviour.

S. S,
/@;Me NaN; H,S0, N
Me COH DCM Me 0

61 62, 60%

Scheme 24: Synthesis of benzo[e][1,2]thiazine 1-oxides 62 by Cram. 3*

In addition to stepwise syntheses,®> Harmata documented a groundbreaking achievement in
organic synthesis in 2005, reporting a transition metal-catalyzed construction of
benzo[d]isothiazol 1-oxides. This milestone was reached by utilizing a dual Pd/Cu catalytic

system to facilitate a Sonogashira-cyclization cascade of aryl bromo sulfoximines with terminal
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alkynes (Scheme 25).3¢ Notably, their experimentation employed 2-bromophenyl
sulfoximine 63 for reaction optimization and scope evaluation, examining its reactivity with
various terminal alkynes 64. Through meticulous investigation, the optimal catalytic system
was identified as PdCly(PPh3)./Cul, with the base EtsN in dimethylformamide at elevated
temperatures. An intriguing observation emerged regarding the influence of the R substituent
on the alkyne, which significantly impacted the product distribution. Specifically,
aryl-substituted alkynes 67 and 69 favoured the formation of benzo[d]isothiazole 1-oxides 65,
whereas alkyl-substituted  alkynes 68 and 70  predominantly  yielded

benzole]thiazine-1-oxides 66.

0, NH PdCly(PPhg), o) ), Me
sl Cul, NEt g Me Sin
©i T =R N =
Br (2-10 equiv.) DMf 56%/0 c \ R
63 64 (13-73%) 65 R 66
R = aklyl, aryl
O\\ ,Me O\\ ’Me O\\ Me O\\ ’Me
S SeN s; Sen
N + % N +
\ p-Tol \ Me Z Me
p-Tol
67, 73% 68, 21% 69, 20% 70, 70%

Scheme 25: Transition metal-catalyzed synthesis of benzo[d]isothiazole 1-oxides 65 and benzo[e]thiazine 1-
oxides 66 from NH-sulfoximines and alkynes.%

A major breakthrough was achieved in 2013 when the Bolm group developed a more
straightforward method for the synthesis of 3,4-disubstituted benzo[e][1,2]thiazine 1-oxides 73
using acetylenes 72 via rhodium-catalyzed annulation with aryl sulfoximines 71 marks a
significant advancement in synthetic methodology (Scheme 26).8” Mechanistically, the trans-
formation is proposed to involve a one-pot C—H/N—H activation which is subsequently followed
by an annulation of the alkyne. This approach, which eliminates the requirement for
prehalogenated aryl sulfoximines, has emerged as a popular strategy for accessing substituted
benzo[e][1,2]thiazine 1-oxides 73. Through systematic optimization, it was determined that
Cp*Rh(MeCN)3(BF4)2 and Fe(OAc); constitute the optimal catalytic system in the presence of

oxygen at atmospheric pressure.

Notably, other iron or copper salts, as well as the absence of O, proved less effective, yielding

73 in yields below 38%. Further exploration of the aryl sulfoximine scope under these
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conditions revealed that diphenyl acetylene provided the desired products (74—77) in high
yields. Regiochemical bias was observed with unsymmetrical acetylenes, favoring aryl
substituents at the 3-position (78 and 79). In a recent development, TMS-capped acetylenes
were employed for regioselective substitution at the C3-position following in situ desilylation,

yielding products in moderate to good yields (26—-63%).

o NH Cp’Rh(MeCN)3(BF 4), (5 mol%) o, R!
R NP Fe(OAc); (20 mol%) - Soy
LN TR R=R R2
R (1.2 equiv.) PhMe, 100 °C, O, e
R3
71 72 73, 67-93%
O\\ ,Me O\\S’Me N /Me
S. R =H, 74 (89%) SN Sin
N Br, 75 (81%) .
R o, Cl, 76 (79%) Z>ph ZNcoMe
I NO,, 77 (72%) COMe L
78 79

78/79, (82%, 95:5)

Scheme 26: Synthesis of 3,4-disubstituted benzo[e][1,2]thiazine 1-oxides 73 by ortho-C—H bond activation.?’

Rhodium-catalyzed ortho-C—H/N-H bond functionalisation with alkynes was the basis for
several protocols following the same strategy for the synthesis of benzo[e][1,2]thiazine
1-oxides.®® Further, enantioselective syntheses have been developed® and the synthesis of

polycyclic derivatives.”

An efficient C—H cyclization of sulfoximines 80 with diazo Meldrum’s acid 81, catalyzed by
iridium(IIl) catalyst were developed by Lee and colleagues in 2023, which resulted in the
formation of cyclic sulfoximines 82 bearing a carbonyl group in good to excellent yields
(Scheme 27).%% Subsequent treatment of sulfoximine 82 with DIBAL-H leads to the generation
of a vinylene cyclization product 83 in 70% yield and also with triflic anhydride in the presence
of DBU affords sulfoximine 84 having a vinyl triflate moiety in 74% yield. The sulfoximines
82, substituted with vinyl triflate are readily employed in Pd-catalyzed cross-coupling reactions,
yielding various monosubstituted sulfoximines 85 in good to excellent yields. Finally,
Sulfoximine 82 was coupled with 4-bromotoluene producing the desired arylated sulfoximine

86 in a quantitative yield.
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0, R o o  [CpIrChl, (1.0 mol%) O\\S,R
NS AcOH (30 mol%) SN
11 NH % R
R 0._0 L
= < TFE, 60 °C, 4 h o)
Me Me
80 81 82, 55-99%
0. R? o, R? o, R? o, R?
N\ \Sl\ \S,\ \S
g X SN 1 X >N . X N | AN >N
R Ri Rie R
FNF oTf Nu o
Ar
83, 70% 84, 74% 85, 61-99% 86, 99%
Nu = Ar, Ar——
RS, RoN

Scheme 27: Synthesis of cyclic sulfoximine by iridium(IIl)-catalyzed C—H cyclization of sulfoximines with
diazo Meldrum’s acid.®!

In 1979, Dillard and coworkers findings suggest that substituting the amidine moiety in
antihypertensive drug Prazosin 87 with sulfoximine group yields benzo[e][1,2,4]thiadiazine
1-oxides 88 while maintaining their blood pressure-lowering efficacy in two distinct animal
models. This implies that the sulfoximine group could potentially serve as a viable alternative
to the amidine moiety in this context, offering avenues for further exploration and development

in the field of antihypertensive drug design (Scheme 28).°!

NH, O, Me

MeO st ,
MeO SN HCI o , N HCI
)\ bioisosteric /)\
MeO N N/\ o\ replacement  MeO NN /\ 0\
o) (6]

87, Prazosin 88, Prazosin analog

Scheme 28: Sulfoximine moiety replaced the amidine group in the quinazoline series.’!

In 1964 Reinohl and coworkers reported he synthesis of benzo[e][1,2,4]thiadiazine 1-oxides 90
(Scheme 29).%% The synthetic route involved the oxidation of benzo[e][1,2]thiadiazine 89 using
potassium permanganate in acetonitrile as the solvent. The process likely proceeds through a
series of chemical reactions where potassium permanganate acts as the oxidizing agent,
converting the sulfur atom in the thiadiazine ring to a sulfoxide functionality, resulting in the

formation of the desired benzo[e][1,2,4]thiadiazine 1-oxide product 90.
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Benzo[e][1,2]thiadiazine 89b was before synthesized in a two-step process from 2-aminoaryl
thioether 89 though urea formation in a reaction of the amino group with cyanate followed by
cyclization through intramolecular imidation of sulfur with bromine and sodium methanolate.
This pioneering work has led to the development of various multiple step procedures to
synthesise benzo[e][1,2,4]thiadiazine 1-oxides from 2-amino- or 2-nitroaryl thioethers
9(. 360:84850.93 Fyrther, metal-free’* and metal-catalyzed synthesis from NH-(aryl)sulfoximines

through ortho-C-H/N-H bond functionalizations in one® or in two’

steps have been
developed. In addition, enantioselective versions of this transformation using chiral ligands

have been reported®’ as well as a synthesis from NH-2-(bromoaryl)sulfoximines.”®

RZ
Ss g2 KOCN So
AcOH:H,0 1 A
R' NH 60°C, Th R N NH,
89 89a
Br, NaOMe
MeOH, 1 h
O, R2 Ffz
/@ES\\N KMnOy4 /@S‘\N
R N o MeCN, reflux R H 0
H
1= CR2 =
% R' =H, NO,; R* = alkyl, aryl 89b

Scheme 29: First synthesis of benzo[e][1,2,4]thiadiazine 1-oxides by Reindhl.”?

In a significant development in 2016, Vo-Thanh, Magnier, and along with their collaborators,
showcased a notable cyclization reaction involving the conversion of amino sulfoximine 91
into sulfoximine urea 93 (Scheme 30).°°® The starting material amino sulfoximine 91 can be
obtained through the reduction of azido sulfoximine with an impressive yield of 98%. This
reaction employed triphosgene 92 and N, N-dimethyl aniline (DMA) as key reagents, and it was
conducted in toluene as solvent. The reaction temperature was carefully controlled within the

range of 0 °C to room temperature, ultimately resulting in a good yield of the desired product

0, CFs ° 0, CFs
st 4
©i NH  + CI3C\OJ\O/CCI3 DMA @[ /'L
NH, PhMe, N~ 0
0°Ctort, 1h H
91 92 93, 92%

Scheme 30: Synthesis of sulfoximine urea 93 through cyclization of amino sulfoximine 91.7
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3.2 Background and aim of the project

Motivated by the principles of bioisosteric replacement for enhancing lead structure
optimization, we considered the synthesis of benzo[e][1,4,3]oxathiazine 1-oxides 97.°° While
single-ring systems with a 3-oxathiazin-2-one 4-oxide structure have been investigated
previously,'% fused-ring system of this nature have not been reported in the literature to date.
Building upon this gap in knowledge and based on an early work on benzo[e][1,2,4]thiadiazine

1-oxides 95,%%°

we embarked on this study to expand the understanding of these compound 97
(Scheme 31). The reaction conditions need to be optimized by varying several parameters,
including the type of carbonyl source, the choice of solvent, the temperature, and the reaction
time. The goal of this optimization process is to identify the most effective conditions that will

yield the corresponding sulfilimine product 97, in high yield.

Né\N)LN/\\N
o R VS o, R
M
OH solvent, T o/go
9% R = alkyl, (het)aryl 97

Scheme 31: Synthetic pathways towards benzo[e][1,4,3]oxathiazine 1-oxides 97.

3.3 Results and discussion

3.3.1 Synthesis of starting material

NH-(2-hydroxyaryl)sulfoximines 96 appeared as the ideal starting materials for synthesizing
target products benzo[e][1,4,3]oxathiazin-3-one 1-oxides 97. The phenolic sulfoximines were
accessible by oxidation/imidation of S-(2 methoxyaryl)thioethers 98 to yield the corresponding
NH-(2-methoxyaryl)sulfoximine 99,2° which upon demethylation with BBr; gave 96.!!
Alternatively, compounds 96 could be prepared by ortho-C—H bond borylation and subsequent
oxidation starting from NH-(aryl)sulfoximines 100 (Scheme 32).! This dual approach

provides versatile pathways to access the desired starting materials for further synthesis.
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PIDA (3 equiv.) O.R

S\R H,NCOONH, (4 equiv.) S\\NH
MeOH (0.5 M), rt
OMe 317 h OMe
98, R = Alkyl, Hetaryl 99

BBr; (2 equiv.)
DCM (0.5 M)
-78°Ctort, 16 h

[Ir(COD)(OMe)], (1.0 mol%)
o._R 8-AQ or 2-APy (2.0 mol%)

S\‘NH Bopin, (2.0 equiv.) Oxone (2.0 equiv.)
THF (1 M), 80 °C, 16 h Acetone:H,0 (3:2, 0.06 M)

0°Ctort,2h

100

Scheme 32: Strategies for the synthesis of starting material NH-(2-hydroxyphenyl) sulfoximine derivative 96.

3.3.2 Optimization of the reaction conditions

In order to optimize the reaction conditions, NH-(2-hydroxyphenyl)-S-methyl sulfoximine (96)
was selected as the representative substrate and 1,1'-carbonyldiimidazole 94 as the carbonyl
source. The expected product was 97, and the results of the optimization process are presented
in Table 2. In the initial phase of the study, various solvents were examined at room temperature
including MeCN, THF, DCE, and DCM. Despite a reaction time of 16 hours, the yields of
compound 97 ranged from poor to moderate yields (17-60%). The most promising result
emerged from the utilization of DCE, yielding 97 in 60%. (Table 2, entry 3). Subsequent
investigations involved screening solvents at temperatures ranging 40 °C to 85 °C
(Table 2, entries 6-14). Notably, DCE consistently outperformed other solvents, achieving 97
in a remarkable yield of 94% at 85 °C (Table 2, entry 10). Altering the quantity of
1,1'-carbonyldiimidazole 94 from the commonly used 1.5 equiv. to 1.1 equiv. resulted in a

reduced yield of 97 to 37% (Table 2, entry 11).

Surprisingly, in reactions conducted in DCM, the standard approach with 1.5 equivalents of
CDI yielded 53% of 97, while increasing CDI to three equivalents significantly lowered the
yield to 15% (Table 2, entries 12 and 13). Attempts to enhance yields by introducing bases
(DMAP, Cs2COs3, K2CO3, TEA, or DBU) to reactions in THF or DCM proved ineffective, with
97 yields below 13% (Table 2, entry 15-20). Thus, the best yield of the desired product 97 was
achieved by reacting sulfoximine 96 (0.2 mmol) with CDI (1.5 equiv.) in DCE (0.1 M) for 16

hours in 94% as outlined in Table 2, entry 10 and summaries in the general procedure GP2.
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Table 2: Optimization of the reaction condition to form benzo[e][1,4,3]oxathiazin-3-one 1-oxide in solution.?

o}
N7 N A N
0, Me — w4 '~ 0, Me
@S\\NH (1.5 equiv.) @ES\\N
OH Variation of conditions o o
96 97a

entry base (equiv.) solvent temp (°C) yield of 97a (%)
1 — MeCN It 17
20 - THF rt 28
3 - DCE rt 60
4 - DCM rt 40
5 - 2-MeTHF rt trace
6 - DMF 80 22
7 - MeCN 80 16
8 - THF 70 20
9 - acetone 60 40
10 - DCE 85 94
11¢ - DCE 85 37
12 - DCM 40 53
134 — DCM 40 15
14 — 2-MeTHF 80 trace
15 DMAP (0.5) THF t 10
16 DMAP (0.5) THF 70 13
17 Cs,CO5 (2.0) DCM rt trace
18 K,CO; (2.0) DCM rt trace
19 TEA (2.0) DCM rt trace
20 DBU (2.0) DCM rt trace

aReaction conditions: sulfoximine 96 (0.2 mmol), CDI (1.5 equiv.), and solvent (0.1 M) for 16 h. PReaction time
was 22 h and CDI was added in two portions (1.2 equiv. at the beginning and 1.1 equiv. after 16 h). °CDI
(1.1 equiv.). ¢CDI (3 equiv.).

3.3.3 Substrate scope

Under the optimized reaction conditions, a series of NH-(2-hydroxaryl)sulfoximines 96 reacted
with CDI 94, resulting in the formation of the corresponding benzo[e][1,4,3]oxathiazin-3-one

I-oxide 97, as depicted in (Scheme 33). Overall, the transformations proceeded smoothly,
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yielding products in the range of 28% to 94%. Satisfied outcomes were observed when
exploring the impact of different aryl substituents. Specifically, NH-(2-Hydroxyaryl)
sulfoximines bearing methyl (97b), chloro (97¢), or bromo (97d) substituents in the para
position of the aryl group displayed high yields of 77%, 82%, and 65%, respectively.
Additionally, (3-hydroxynaphthalen-2-yl)(imino)(methyl)-A°-sulfanone 96e furnished 97e in a
75% yield.

o, R o)

Oo. R
Ss SV
"o g OO
_ _ DCE (0.1 M),
OH = 85 °C,16 h o/go
96 94 97
(1 equiv.) (1.5 equiv.)
O\\ /Me O\\ /Me (@] Me o\ Me
S. Ss s °S.
(0] O Me (0] O cl Oko Br Oko
97a, 94% 97b, 77% 97c, 82% 97d, 65%
1 mmol scale: 89%
o\ ,Me o\\ /Et O\\ /n—Bu O\\S/\Q
Cor. Oory Crr O
o/go o/go o/go 0”70
97e, 75% 97f, 72% 979, 73% 97h, 60%

= 8
O, /\© o\\S o, 0, )=
@ES\\N @ N ©:S\\N :: :S\\N
OAO OAO OAO O/&O
97i, 81% 97j, 70% 97k, 88% 971, 28%

Scheme 33: Substrate scope for the synthesis of benzo[e][1,4,3]oxathiazin-3-one 1-oxides.

Exploring variations in the S-alkyl substituent revealed successful transformations, albeit with
lower yields when transitioning from S-methyl 97a to S-ethyl 97f and S-butyl 97g in 94%, 72%
and 73%. Branching of the S-alkyl substituent in  or o positions was also feasible, providing
97h, 97i, and 97j in yields of 60%, 81%, and 70%, respectively. Notably, a substrate featuring
an S-phenyl group reacted favourably, yielding 97k in an impressive 88%. However, 971 with
an S-(2-pyridinyl) substituent resulted in a reduced yield of only 28%, likely attributed to lower
substrate solubility compared to similar substrates. To validate scalability, the reaction between

96a and CDI 94 was upscaled to a one mmol scale, yielding 97a in an impressive 89% yield.
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This scaling-up process underscores the practical applicability of the optimized conditions for
potential large-scale synthesis. Overall, the comprehensive exploration of reaction conditions,
substrate variations, and scalability provides valuable insights into the synthetic potential of the

described chemical transformations.

3.3.4 Mechanochemical synthesis of benzo|e][1,4,3]oxathiazine-3-one

1-oxide

In recent studies, both our work and that of other investigators have highlighted the substantial
benefits of solvent-free mechanochemical processes when compared to traditional
solution-based systems. These advancements have not only demonstrated enhanced efficiency
but also contributed significantly to sustainability improvements. In light of these progressive
findings, we made a deliberate choice to explore the feasibility of a mechanochemical synthesis
approach for benzo[e][1,4,3]oxathiazin-3-one 1-oxide 97a. The primary objective behind this
exploration was to eliminate the reliance on dichloroethane as a solvent, aligning with the

principles of sustainability and addressing environmental concerns.

In order to optimize the reaction conditions, NH-S-(2-hydroxyphenyl)-S-methyl sulfoximine
(96) and 1,1'-carbonyldiimidazole (94) are selected as representative starting materials. The
investigation of various conditions is summarized in Table 3. In our initial attempt, a mixture
of sulfoximine 96 (0.3 mmol) and CDI 94 (0.6 mmol) was subjected to milling for 60 minutes
at a frequency of 30 Hz in a yttrium partially stabilized zirconium oxide milling jar
(volume: 10 mL), resulting in the observation of our product 97a in 68% yield (Table 3,
entry 1). In an endeavor to further enhance the yield, alternative approaches were explored.
However, neither the use of dichloroethane as a liquid-assisted grinding agent nor the
application of talcum or silica as a grinding auxiliary significantly improved the yield, with the

yields ranging from 5% to 46% (Table 3, entries 2—4).
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Table 3: Investigations on the mechanochemical synthesis of benzo[e][1,4,3]oxathiazin-3-one 1-oxide.?

O
N7 N A N
(N
0, Me 94 0, Me
S, (2 equiv.) SN
Ly X
Variation of conditions
OH o” "0
&
96 97a
entry deviation from the reaction conditions yield of 97a (%)
1 none 68
2 with dichloroethane (0.25 uL-mg™) 46
3 with talcum (10 wt.%) 8
4 with silica (10 wt.%) 5

aReaction condition: Sulfoximine 97a (0.3 mmol), CDI (2 equiv.), and additives were milled at 30 Hz at 60 min
in a ZrO»-Y milling jar (volume: 10 mL) with two ZrO,-Y milling balls (diameter: 10 mm) in air at room
temperature.

An interesting aspect of this mechanochemical process is that, unlike the conventional
solution-based method, it did not necessitate additional heating. Furthermore, the product
formation exhibited significantly accelerated kinetics, completing within a mere one hour
timeframe as opposed to the 16 hours required in the solution-based process. Despite the
slightly diminished yield of 97a in the mechanochemical synthesis (68% compared to 94% in
solution), this innovative method stands out for its avoidance of toxic dichloroethane. It is
noteworthy that, while the product preparation was not entirely solvent-free due to jar extraction
and final chromatographic purification with pentane/ethyl acetate, this approach represents a
substantial advancement, offering new possibilities for subsequent process optimizations and
emphasizing a significant step toward environmentally conscious and sustainable synthetic

methodologies.

3.3.5 Functionalization of benzo[e][1,4,3]oxathiazine-3-one 1-oxide

To assess the reactivity of the synthesized benzo[e][1,4,3]oxathiazin-3-one 1-oxides 97a,
especially on the carbonyl site, a targeted investigation was conducted involving the reaction
of 97a with n-butyl lithium in diethyl ether, carried out within a temperature range from —78 °C
to room temperature, as outlined in Scheme 34. Initially we expect the deprotonation of the

methyl group. But surprisingly the outcome of this experiment revealed the formation of the

43



ring-opened product 98, achieved with a moderate yield of 59%. Notably, the lithium reagent
demonstrated a distinct reactivity pattern, as it did not deprotonate the relatively acidic S-methyl
substituent. Instead, the lithium reagent acted as a nucleophile, directing its attack towards the

previously installed carbonyl group.

This unexpected reactivity sheds light on the intricacies of the chemical interactions at play,
providing valuable insights into the behaviour of the benzo[e][1,4,3]oxathiazin-3-one 1-oxides
97a in the presence of n-butyl lithium. The results contribute to a deeper understanding of the
synthetic potential and reactivity profiles of these compounds, paving the way for further

exploration and applications in organic synthesis (Scheme 34).

Me
O\\S,Me n-BuLi (1 equiv.) O‘\s’\Me
\‘N ) N
Et,0 (0.1 M)

O
O” "0 -78°Ctort,16h OH

97a 98, 59%

Scheme 34: Functionalization of benzo[e][1,4,3 ]oxathiazine-3-one 1-oxide.

3.4 Conclusion

In summary, a synthesis of benzo[e][1,4,3] oxathiazin-3-one 1-oxides 97a has been developed,
a novel class of three-dimensional heterocycles. This innovative molecular framework was
achieved through the straightforward conversion of readily available NH-(2-hydroxyaryl)
sulfoximines (96) with 1,1'-carbonyldiimidazole (94), resulting in products 97 with yields
ranging from 28% to 94%. Importantly, the developed synthetic process demonstrates
scalability and versatility, showcasing its adaptability to mechanochemical conditions,
eliminating the need for additional solvents. Remarkably, this mechanochemical approach not
only enhances the environmental sustainability of the synthesis but also expedites the product
formation in short reaction time and without the requirement for external heating, resulting in
products 97 in 68%. Which can be further optimized in future for higher yield. Further
investigation of the reactivity of the heterocycles involved treatment with n-butyl lithium, a

potent nucleophile, which resulted in carbonyl addition and subsequent ring opening.
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Scheme 35: Synthesis of benzo[e][1,4,3] oxathiazin-3-one 1-oxides derivative.

The significance of these findings extends beyond synthetic methodology, as the
benzo[e][1,4,3]oxathiazin-3-one 1-oxide scaffolds introduce promising opportunities in
medicinal and crop protection chemistry. Given the prevalence of bioactive molecules
incorporating sulfur and nitrogen as core elements, the emergence of this new heterocyclic
structure opens avenues for designing compounds with diverse biological activities. The
versatility, scalability, and unique reactivity patterns exhibited by these heterocycles position
serve as valuable building blocks for the development of novel pharmaceuticals and
agrochemicals, contributing to the advancement of drug discovery and sustainable agriculture

practices.
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4 Synthesis of dithienylethene sulfoximine

4.1 Introduction

4.1.1 Photochromism

The phenomenon of photochromism has a long history, with the earliest examples dating back
to the latter half of the 19th century.!®® In 1867, Fritzsche made a notable discovery when he
observed the bleaching of an orange-colored anthracene solution in daylight, followed by its
re-coloration at night (Figure 12).! Interest in the phenomenon remained relatively subdued
until the 1950s, when comprehensive investigations into its mechanisms and synthesis were

conducted, notably by research teams led by Hirshberg and Fischer.!%

Fritzsche
(1867)
106

Figure 12: Anthracene

Photochromism, a term rooted in the Greek words ‘phos’ (light) and ‘chroma’ (color), describes
a captivating phenomenon wherein molecules undergo reversible color changes in response to
light irradiation or photoisomerization.!* This dynamic process not only alters the visible color
of the molecules but also encompasses a broad spectrum of changes in their physical and
chemical properties. For instance, during reversible photoisomerization, the fluorescence
emission, refractive index, dielectric constant, dipole moments, electrochemical properties,
conductivity, geometrical structure, and chemical reactivity of the molecules can undergo

distinctive alterations under different light irradiation.'?’?
Furthermore, photochromic compounds can be categorized as follows,

e thermally reversible T-type molecules (e.g., azobenzene and spiropyran)
e thermally irreversible P-type molecules (e.g., diarylethene and furylfulgide)

In contrast to T-type photochromic molecules, the thermally stable photogenerated isomers of

P-type photochromic compounds exhibit a notable characteristic, as they do not easily revert
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back to their initial isomers at room temperature without the presence of light.!% At its core,
photochromism represents a sophisticated interplay between light and molecular structure,
defined by quantum mechanical principles. When molecules are exposed to light, they absorb
photons and transition to higher energy states, which can lead to structural rearrangements and
the formation of photoisomers. Subsequent interactions with light, such as thermal activation
or additional photon absorption, can induce reversible transitions between different molecular
configurations, thereby driving the observed color changes. Photochromic molecules exhibit
reversible alterations in color when exposed to light. Examples of these molecules, displaying

such color transformations, are illustrated in Scheme 36.

)19 and spiropyran (B),!” represent classic examples

The upper two molecules, azobenzene (A
of photochromic compounds, a class of molecules that undergo reversible changes in color upon
exposure to light. When exposed to light, azobenzene shifts from a colorless state 99 to an
orange color 99a, while spiropyran transitions from colorless 101 to blue 101a (Scheme 36).
These molecules are categorized as T-type photochromic compounds due to their thermal
reversibility, meaning they can revert to their original states upon the application of heat.
However, there is a crucial limitation with these traditional compounds, the isomers generated
on the right side of the photochemical reaction 99 and 101 are thermally unstable. Consequently,

the vibrant colors they exhibit gradually fade when left in the dark, as the molecules revert to

their original states over time.!!!

)19 and spiropyran (B),'!? the lower two molecules, furylfulgide

In contrast to azobenzene (A
(C)!'2 and diarylethene (D),''® have been more recently developed (Scheme 36). They undergo
a color change from colorless 103 and 105 to red 103a and 105a upon exposure to light.
However, these molecules are classified as P-type photochromic compounds due to their unique
properties. One distinguishing feature of P-type compounds is their thermal irreversibility,
although they are photochemically reversible.!!'* This means that they can revert to their original
state under certain light conditions, they remain locked in their altered state under thermal
conditions. In furylfulgide and diarylethene, the isomers generated on the right side of the
reaction 103a and 105a are thermally stable. This stability means that they are less likely to

revert to their colorless forms 103 and 105 in the absence of light, particularly at room

temperature.'®
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Scheme 36: Selected examples of photochromic molecules (A) azobenzene (B) spiropyran (C) furylfulgide (D)
diarylethene.''®

In the following section, we will provide an in-depth discussion on diarylethenes and examine
various practical applications. By understanding these aspects, we can better appreciate how

diarylethenes contribute to the innovative solutions in our research project.
4.1.2 Diarylethenes
In the year 1988, Irie and co-workers showcased an intriguing discovery, they found that by

substituting the phenyl rings of a methylated cis-stilbene molecule with heterocyclopentene

derivatives, they could synthesize a new class of compounds known as diarylethenes (Scheme
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37).19% These diarylethene’s exhibited a unique behaviour, as they were capable of switching
between an open 107 and closed 107a molecular conformation solely upon exposure to light of

a specific wavelength.

poy— . (o
omé © hv omd o
107 107a

Scheme 37: Photochromic diarylethenes developed by Irie and coworkers.!%3

Since the appearance of the first diarylethene in 1988, thousands of new diarylethene derivative
have been synthesized in nearly thirty years.!"® The diarylethene family consists of
photochromic compounds that meet the criteria outlined below. Derived from stilbene, these
compounds represent a significant advancement in the field of photochromism."'” Departing
from the traditional structure of stilbene, where phenyl rings predominate, diarylethenes
incorporate five-membered heterocyclic rings characterized by low aromatic stabilization
energy, such as thiophene or furan. This strategic substitution endows diarylethenes with
exceptional properties, notably enhanced thermal stability in both their open- and closed-ring

isomeric states.!'®

As a consequence, these compounds exhibit remarkable durability, allowing for repeated cycles
of coloration and decoloration without degradation. This inherent stability is a critical feature
for practical applications, ensuring prolonged functionality and reliability in molecular optical
memory systems and optical switches.!!” Furthermore, the incorporation of these heterocyclic
rings not only enhances thermal stability but also contributes to the versatility of diarylethenes,
widening their scope for diverse applications in optoelectronic devices and beyond. The best

performance of the diarylethenes is summarized as follows:!!%

e Both isomers are thermally stable: well-designed derivatives have a half-life time at
room temperature longer than 400000 years.
e (Coloration/decoloration cycles can be repeated more than 10000 times.

e The quantum yield of coloration is close to 1 (100%).

e Both coloration and decoloration reactions take place in a picosecond time region.
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e Many diarylethenes undergo photochromic reactions in the single crystalline phase.

As we already discussed the concept of photochromism in general at the beginning of this
chapter, the following section will focus specifically on the photochromism of diarylethenes

and their unique characteristics.

Diarylethenes featuring heterocyclic aryl groups have garnered recognition for their thermally
irreversible nature, high sensitivity to light, and resistance to fatigue, establishing them as
noteworthy photochromic compounds.!?® The photochromic mechanism underlying these
compounds revolves around a reversible conversion between the open-ring isomer,
characterized by a hexatriene structure, and the closed-ring isomer, which adopts a
cyclohexadiene structure following the Woodward-Hoffmann rule (Scheme 38).!'® Typically,
the open-ring isomer 108 appears colorless, while the closed-ring isomer 108a exhibits colors

ranging from yellow, red, to blue, contingent upon the specific molecular arrangement.

4 >  pRpb5 4 5
ARV ! \

RS "X~ Rz Y~ "R® Vis RS °X” RZ Y~ RO

108 108a

Scheme 38: Schematic representation of the photochromism of diarylethenes 108.''

Valuable characteristics of photochromic diarylethene

Numerous photochromic diarylethene have been synthesized, yet certain limitations hinder
their viability for large-scale production of molecular optical memory systems and optical
switches across various applications.'?! For a diarylethene to be truly suitable for these

purposes, it must possess specific performance characteristics. Which include:!!3

e Thermal stability of both isomers
e High fatigue resistance

e High sensitivity

e Rapid response

e Reactivity in solid state
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Following the breakthrough discovery of thermally irreversible photochromic diarylethenes in
the mid-1980s, Irie and co—workers have endeavored to synthesize various compounds with the
aim of enhancing their photochromic capabilities.'!** The validation of theoretical predictions
was substantiated through the synthesis of diverse diarylethenes featuring various aryl groups,
as illustrated in Figure 13.!?2 Notably, when incorporating heteroaryl groups such as thiophene
105a, benzothiophene 109, thiazol 112, or oxazole 113, characterized by their low aromatic
stabilization energy, the resultant closed-ring isomers exhibit exceptional thermal stability,

enduring for more than 12 hours at 80 °C.

A Thermally stable

FFE FF .
ey Cr £ Cor e )

Mg~ 8" Me” S° Me S  Me” S S Me” O

105a 109 110

B Thermally unstable C Thermally very unstable
R F
F. F

NC CN . . Me Me
Or gm0 MGQQMe

N me” N N mMe” N Me

Me Me Me Me Me Me

114 115 114

Figure 13: Thermal stability of diarylethene derivatives.!?

Conversely, diarylethenes containing indole rings, with an intermediate level of aromatic
stabilization energy, undergo thermally reversible photochromic reactions upon formation of
closed-ring isomers, with half-lifetimes approximately 10 hours at 80 °C. Interestingly, the

closed-ring isomer of diarylethene 114, featuring phenyl rings, demonstrates swift reversion to
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the open-ring isomer in mere minutes, even at a relatively low temperature of 20 °C,

highlighting the dynamic behavior of these compounds across a range of conditions.!*

Among the various diarylethenes, those featuring perfluorocyclopentene rings exhibit
particularly unique properties. In the following section, we will explore how these compounds
have significantly advanced the field of diarylethenes. Their exceptional stability and

photochromic performance for potential applications.

Perfluorocyclopentene diarylethenes

Perfluorocyclopentene diarylethenes are characterized by the chemical inertness of the ethene
bridge, which imparts them with an exceptional stability and a notable advantage over
compounds containing alternative bridging groups.'?* This inherent stability is crucial for their

widespread use in various applications.!?

However, this advantage comes with a significant drawback because of the complexity
associated with chemically modifying the perfluorocyclopentene moiety. Chemical
modification of the ethene bridge is essential for understanding the correlations between the

properties of these compounds and their molecular structure.'”® Few examples of

perfluorocyclopentene diarylethenes are drawn in the (Figure 14).
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Figure 14: Examples of perfluorocyclopentene diarylethenes.

However, the modification of perfluorocyclopentene moiety 120 through nucleophilic
substitution of methoxy groups for the fluorine atoms have been reported (Scheme 39).'?” This
method was successfully employed to synthesize compound 120b, which also exhibits
photochromic properties. The synthesis of compound 120b involved subjecting diarylethene
120a to UV irradiation in a methanol solution.!?! These advancements in chemical modification
provide valuable insights into the structure-property relationships of perfluorocyclopentene
diarylethenes and pave the way for further exploration and utilization of these compounds in

various fields.
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Scheme 39: Functionalization of the perfluorocyclopentene moiety. 27

In the following section, we will discuss the different conformers of diarylethenes.
Understanding the spatial arrangement of substituent groups in these compounds is crucial, as
it can significantly influence their stability, reactivity, and photochromic behavior. These
conformations are key to designing diarylethenes with desired properties and functionalities.
This knowledge is particularly valuable in fields such as material science and molecular

electronics, where precise control over molecular behavior is essential.

Conformation of diarylethene

The variation in color observed between the open-ring and closed-ring isomers stems from
disparities in both their geometric and electronic configurations.!!** In the open-ring isomer
121, the presence of free rotation between the ethene moiety and the aryl group allows for non-
planar geometry, with pi electrons primarily localized within the aryl groups. Additionally, this
isomer exhibits two distinct conformations: one with the rings in mirror symmetry 121 (parallel
conformation) and one with C2 symmetry 121a (antiparallel conformation), with the
photocyclization reaction occurring predominantly from the antiparallel conformation (Scheme
40). Conversely, the closed-ring isomer 121b adopts a planar structure and exists as two
enantiomers (R,R and S,S) due to asymmetric carbon atoms. Considered as an alternate polyene,

this isomer features delocalized pi-electrons throughout the molecule, resulting in higher
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polarizability compared to the open-ring isomer. These structural disparities contribute to
variations in physical properties, such as polarizability, underscoring the influence of molecular
geometry and electronic configuration on the observed differences in color and other

characteristics.
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B%YB e MU s
RS Me $ R Me
R
antiparalled parallel
121 121a
Vis
uv
R F

R S mMe® 8 R
121b

Scheme 40: Conformations of diarylethenes.!!>

Diarylethenes, renowned for their exceptional photochromic properties, have found widespread
applications across various fields. Their ability to reversibly change structure and color when
exposed to light makes them ideal for optical data storage. Additionally, diarylethenes are
utilized in the development of advanced molecular switches and sensors, taking advantage of
their rapid response times and high thermal stability. These compounds are also pivotal in
designing smart materials and devices. The versatility and durability of diarylethenes continue
to drive innovation in both scientific research and technological advancements. In the following

section, we will discuss their applications in detail.

4.2 Application of diarylethenes

Diarylethenes have emerged as the favoured photochromic molecule for numerous applications
due to their exceptional fatigue resistance and thermal stability. These properties make them

ideal candidates for applications requiring prolonged use and reliability, such as optical storage

and switching devices. Their ability to undergo reversible photochemical reactions, toggling
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between distinct states in response to light stimuli, enables precise control and manipulation in
various optical systems. Consequently, diarylethenes stand out as components in the
development of robust and efficient optical devices, driving innovation in fields ranging from
data storage to optoelectronics.!%®!28 In the realm of materials science, there has been a notable
surge of interest in stimuli-responsive materials, owing to their remarkable versatility and
potential for myriad applications across diverse fields, notably in bioengineering and

information technology.'?

Fluorescence photoswitching molecules

Conventional transmission methods often trigger photochromic reactions, leading to
information loss over repeated reads. Conversely, fluorescence methods offer increased
sensitivity and reduced information degradation, particularly with low readout power, ensuring
minimal destruction of recorded data.!** Several fluorescence photoswitching molecules have

been successfully synthesized, and a selection of few will be discussed below.

In 1995 and 1996, Tsivgoulis and Lehn conducted a pioneering study in the synthesis of a
fluorescent photoswitching molecule.!3! This molecule 122 exhibited a remarkable ability to
transition between two distinct states in response to specific wavelengths of light (Scheme 41).
The initial state, referred to as the open-ring isomer 122, underwent a significant transformation
when exposed to UV light with a wavelength below 400 nm while immersed in methanol. This
irradiation prompted the conversion of the open-ring isomer 122 into the closed-ring isomer
122a, achieving an impressive conversion rate of 92%. Conversely, the closed-ring isomer 122a
could be reverted back to the open-ring isomer 122 through irradiation with visible light,
specifically wavelengths exceeding 600 nm. This reversible process occurred with complete
efficiency, enabling the molecule to oscillate between its two distinct forms with precision and

reliability.

Further characterization of the molecule's optical properties revealed intriguing insights into its
fluorescence behavior. Upon excitation within the 400—500 nm spectral region, the open-ring
isomer 122 exhibited pronounced fluorescence, emitting light with a peak intensity at 589 nm.
In contrast, the closed-ring isomer 122a displayed no fluorescence under similar excitation

conditions, demonstrating a stark disparity in their respective photophysical responses.
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Scheme 41: Fluorescent behaviour of compound 122 upon photoswitching.!3'®

Diarylethene molecule, designated as compound 123, was successfully synthesized by M. Irie
and co-workers in 2001, incorporating a triphenylimidazole group into its structure (Scheme
42).'3 The inclusion of this group was strategically chosen due to its well-documented
fluorescence quantum yield of 48%, imparting potential optical properties to the resulting

compound.

The open-ring isomer 123 exhibited distinct fluorescence characteristics when subjected to
excitation at 313 nm, with emission peaks observed at 390 nm and 410 nm. Despite the
relatively low fluorescence quantum yield of 7.7%, the emission at these wavelengths indicated
the presence of fluorescence activity in this state. However, in contrast, the closed-ring isomer
123a displayed no detectable fluorescence under similar excitation conditions, emphasizing the

significant impact of molecular conformational changes on optical properties.

Interestingly, despite the modest fluorescence quantum yield of the open-ring isomer 123, it
demonstrated a remarkably high cyclization quantum yield of 0.49. This observation suggests
that the molecule efficiently undergoes cyclization upon photoexcitation, leading to the
formation of the closed-ring isomer 123a (Scheme 42). Moreover, the cycloreversion quantum
yield, representing the reverse reaction from the closed-ring to the open-ring isomer, was found

to be one-tenth of the cyclization reaction yield. This discrepancy underscores the
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thermodynamic and kinetic preferences favoring the formation and stabilization of the closed-
ring state, highlighting the complex interplay between molecular structure and photochemical

reactivity.

uv

Vis

123 (fluorescent) 123a (non-fluorescent)
Scheme 42: Fluorescent behaviour of compound 123.!3
In the case of diarylethene 124, it contains a 4-formylthiophene group, which is a specific
functional group attached to the diarylethene molecule (Scheme 43),'** which exhibits a
fluorescence-photoswitching property. When diarylethene is in its open-ring isomer form 124
and is irradiated with light at a wavelength of 301 nm, it exhibits fluorescence. The emission
maximum, or the wavelength at which the emitted light is most intense, is measured at 420 nm.
This indicates that when the molecule is in its open-ring form and absorbs light at 301 nm, it
undergoes a process where it becomes electronically excited and subsequently emits light in the

visible range, with a peak emission at 420 nm.

Conversely, when diarylethene is in its closed-ring isomer form 124a, it does not exhibit
fluorescence upon irradiation with 301 nm light. This suggests that the closed-ring isomer is
not capable of undergoing the same electronic transitions that lead to fluorescence emission

observed in the open-ring isomer.

124 (fluorescent) 124a (non-fluorescent)

Scheme 43: Fluorescent behaviour of compound 124.'33
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Biological applications of fluorescent diarylethene

Photochromic compounds that change color reversibly upon exposure to light have captivated
researchers for their promise in both technological and biological realms.!** While there's
extensive exploration of these compounds for use in devices that manipulate light, like photonic
devices, their potential in biological contexts remains relatively uncharted. Few investigations
have dug into how these compounds could be harnessed for creating sensors that interact with
biological materials, tracking dynamic processes within living organisms, or enabling imaging

of live cells.

Molecules capable of fluorescent photo switching have been employed to create fluorescent
sensors designed to detect metal ions.!* These sensors operate by undergoing reversible
alterations in emission intensity and wavelength upon coordinating metal ions. For instance,
one investigation by Guo and co-workers involved linking a photochromic thiophene
containing compound with terpyridine units through a phenylene bridge 125.3° In another study
by Cheng and Zeng, a diarylethene Schiff base ligand was synthesized 126.*® Such systems
find utility in environmental and biological contexts where metal ions, like zinc, play crucial
roles (Figure 15). They offer promising avenues for monitoring and understanding processes
involving these essential metal ions, spanning from environmental phenomena to biological

functions.

An amphiphilic diarylethene 127, has emerged as a promising photo switchable tool for imaging
live cells.!®” This amphiphilic diarylethene structure comprises hydrophilic and hydrophobic
segments at either extremity of the diarylethene moiety (Figure 15). In aqueous environments,
this compound self-assembles into stable vesicle nanostructures. Notably, the amphiphilic
nature of this diarylethene renders it capable of permeating cellular membranes, thereby serving
as an innovative biomarker for live cell imaging. Importantly, it exhibits minimal cytotoxicity,

enhancing its suitability for biological applications.

In 2007 Irie and coworkers introduced an photochromic compound 128 for fluorescent tagging
of proteins."*® This compound consists of a photochromic diarylethene unit, a
fluorescein-derived fluorophore, and an amine-reactive succinimidyl ester component (Figure
15). Notably, the diarylethene moiety within this derivative exhibits fluorescence

photoswitching facilitated by intramolecular energy transfer from the fluorophore to
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diarylethene unit. The fluorescence emitted by the diarylethene derivative undergoes efficient
quenching upon photocyclization due to spectral overlap between the absorption band of the
closed form acceptor and the emission band of the fluorophore functioning as the donor.
Exposure to UV light results in a significant reduction in fluorescence intensity, which is fully
restored upon irradiation with visible light. These findings underscore the potential of
compound 128 for the precise and reversible fluorescent labelling of biomolecules, offering a

means for photo controllable manipulation in biological research.
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Figure 15: Diarylethene derivatives useful in biological applications.
Memory

Photochromic compounds hold promise for applications in optical memory storage.''** Unlike
conventional optical media that rely on heat-based recording methods, photochromic optical
memory utilizes a photochemical recording approach. This photon-mode recording method

offers distinct advantages in terms of resolution, writing speed, and multiplex recording
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capabilities, including wavelength, polarization, and phase. Among photochromic molecules,
diarylethene stand out as particularly promising for photon-mode recording media due to their
exceptional thermal stability, rapid response time in the picosecond range, high quantum yield

of photoisomerization, and remarkable resistance to fatigue.

In their research, Uchida and coworkers made a notable finding regarding compound 129,
which contains benzothiophene rings (Scheme 44).'3° They observed substantial modifications
in the infrared spectrum of this compound following photoisomerization. These observed
spectral changes represent a promising avenue for the development of image recording

technologies.

uv

Vis

129 129a

Scheme 44: Compound 129 can be applied in optical memory storage.'*

Switches

Molecular switches possess the unique ability to transition between different states, altering
both their chemical composition and physical characteristics in response to external stimuli like
photons, electrons, or chemicals.'*’ Of these stimuli, photons offer particular convenience due
to their easy and rapid switching capabilities and the ability for remote control. Among the
molecules capable of photon-induced switching, diarylethene stand out. These compounds
undergo interconversion between distinct open 130 and closed-ring 130a forms upon
alternating exposure to UV and visible light (Scheme 45).!*! This property positions
diarylethenes as essential components in the construction of diverse light-driven molecular
switches, enabling precise control and manipulation at the molecular level. Diarylethene 130
displays photochromic behavior even within a bulk amorphous system.!*? Amorphous
diarylethenes are useful materials not only for switches but also for other optoelectronic

applications.
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Scheme 45: Diarylethene 130 displays an application in switches.?’!

Photochromic polymer containing diarylethenes

Photochromic polymers, with diarylethene derivatives integrated into their main chains'* or

side groups,'*

offer versatile solutions across diverse applications (Figure 16). These specially
designed polymers exhibit reversible changes in structure and properties upon exposure to light,
making them invaluable for a range of uses. Additionally, polymer films incorporating
dispersed or embedded diarylethene derivatives have found widespread application in
photonics.'* These films enable precise manipulation of light-matter interactions, facilitating
the development of advanced optical devices and systems. From sensors to optical switches,
the utilization of photochromic polymers in photonics underscores their significance in driving

innovation and addressing technological challenges.

131 ? ' \\/O

Figure 16: Bisthienylethene-bridged napthalimide dimer.

There exist two primary methods for integrating photochromic units into a polymer matrix,
dispersion as dopants within the matrix or covalent grafting onto the polymer as part of the
macromolecule. Dispersing photochromic units within a polymer matrix stands as a
straightforward and effective approach in producing photochromic films. A plethora of studies
have investigated the performance and functionality of various photochromic diarylethene

derivatives embedded within polymer matrices. 43146
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Figure 17: Bisbenzothienylethene-cored dendrimers.

For example, bisthiophene-bridged naphthalimide dimers dispersed in polymethyl methacrylate

7 while

were utilized to showcase two-dimensional recording  capabilities,'*
bisbenzo-thienylethene-cored dendrimers placed within polycarbonate of bisphenol (Figure
17). A PC films aimed to enhance photo-cyclization conversion ratios.'*® These systems have
demonstrated remarkable performance within solid-state polymeric matrices. On one hand, the
versatility of dispersing organic small molecules into compatible polymeric matrices facilitates

the formation of solid films with desired properties.
4.3 Photochromic switching behavior of sulfoximines and sulfoxide

In 2019, our group reported one-pot NH-sulfoximidations of thiophene derivatives to
dithienylethene-type photoswitches 134 (Scheme 46).!* Dithienylethenes such as 133 have
found numerous application as photoswitches.!**!>® Also analogous sulfones has resulted in the
creation of interesting functional materials, which can be utilized in various applications. One
such application is their potential use as photochromic dyes. Photochromic dyes are molecules
that undergo reversible changes in color upon exposure to light of specific wavelengths. By
incorporating sulfone-based compounds into these dyes, results in enhancing their performance,
making them suitable for achieving super-resolution imaging.!!>!1°%118 These materials have

shown promise for applications in fields such as optics and materials science.

In this study, they mentioned that the steric hindrance and the electron-withdrawing
hexafluorocyclopentenyl group in compound 134 posed a considerable challenge to the
transformation. Consequently, a significant excess of (diacetoxyiodo)benzene (10 equiv.) and

ammonium carbonate (6 equiv.) were necessary to achieve complete conversion of the
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substrate. Efforts to elevate the reaction temperature resulted in decomposition.
Functionalization of NH-moiety of 134 leads to the formation of acylated product 134a in
98% yield. An attempt to N-alkylate 134a with iodoethenes failed due to substrate degradation

upon treatment with KOH.

R F R F RF
F. F F F F F
F Q F Phi(OAC): F Q F F Q F

(NH4),CO3 pyridine
O WEL O MeOH, tt, 22 h O WE O Ac,0, tt, 5 days O \E O
S” Et” S SC Bt S 2 Et” S
O NH O N-Ac
133 134, 48% 134a, 98%

Scheme 46: Syntheses of dithienylethene NH-sufloximine 134 and N-acetyl derivative 134a.'4

Diarylethene derivative 134 can be readily photoswitched between its open form 134 and its
closed form 134a through exposure to light (Scheme 47). This reversible process is highly
dependent on specific photophysical parameters. The key determinant for the kinetics of
photoswitching is the product of the absorption coefficient (¢) at the irradiation wavelength and

the photoswitching quantum yield (¢).

F F FF
F F F F
F Q F | < 400 nm F . F
D e O ey
O \ / O | <600 nm O O
S, Et” S S, Et” S
O N-Ac O N-Ac
134 134a

Scheme 47: Photochromic switching behavior of sulfoximines 134.

In 2005 Kim and co-workers reported highly fluorescent photochromic diarylethene in the
closed form (Scheme 48B),'*! which was synthesized by the oxidation of benzothiophene
derivative 135. They observed that the fluorescence quantum yield of 136 increased after
photo-cyclization, which was contrary to the findings for 135, where the fluorescence quantum

yield decreased (Scheme 48A).
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Scheme 48: Fluorescent photochromic diarylethene 136a.'!

4.4 Background and aim of the project

In this specific area of study, research has primarily focused on a narrow range of compounds,
with little exploration apart from the specific example mentioned in (Scheme 49). Our current
research aims to expand this area by conducting a double imidation process targeting both sulfur
moieties within compound 135, leading to the synthesis of bissulfoximine 137. Following
synthesis, we will conduct investigations into the fluorescent behavior exhibited by compound
137. This exploration is significant as it contributes to the understanding of how modifications
to sulfoximine derivatives can impact their optical properties, potentially revealing new

avenues for the design and development of functional materials with fluorescent characteristics.
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Scheme 49: (A) Planed synthesis and (B) photoswitching of sulfoximine 137.

4.5 Results and discussion

4.5.1 Synthesis of starting material

One of the earliest and most widely used photochromic diarylethenes are compounds featuring
a perfluorocyclopentene bridge.!”> Among these, dithienylethenes 135 have garnered
significant attention and have been employed extensively as photoswitches in various
applications. The synthesis of 3-bromo-2-methylbenzo[b]thiophene 136 is achieved through the
bromination of 2-methylbenzo[b]thiophene 138. Subsequently, the key photochromic
compound, 3,3'-(perfluorocyclopent-1-ene-1,2-diyl)bis(2-methylbenzo[b]thiophene) 135, is
synthesized via lithiation of 3-bromo-2-methylbenzo[b]thiophene 136, followed by the addition
of octafluorocyclopentene (Scheme 50).!>2 This sequence of reactions highlights the intricate

steps involved in the preparation of functional photochromic diarylethenes.

F F
Br i) n-BuLi R F
mMe NBS wMe ii) CsFg F Q F
S TSHOQE?S?AE S Et20_,7Lén:igrAr, O {\ Me ) O
S  Me” S
138 139, 85% 135, 68%

Scheme 50: Synthetic pathways towards compound 135.15
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4.5.2 Optimization of the reaction condition I and II

Optimization of reaction condition I for sulfoximine 141 from sulfoxide 140

Table 4: Optimization of the reaction conditions for sulfoximine 141 from sulfoxide 140.

catalyst, CF3CONHj,

mMe MgO, PhI(OAC), m'\"e
S N

\(\) KoCOg, solvent, rt, 16 h T NH
140 141
entry catalyst solvent yield of 141 (%)
1 Rhz(OAc)4 MeOH 44
2 Rhs(esp)2 MeOH 53
3 Rh,(CF;CO0), MeOH 41
4 [Rh2(CF3CF,CF2,CO2)2]2 MeOH 56
5 Rh3(C32He403)2 MeOH 67
6 Rh3(C32He403)2 Et,O 71
7 Rh,(C32He403)2 THF nr
8 Rh3(C32He403)2 C 42
9 Rh2(C32He405)2 DMSO 47
10 Rh2(C32He405)2 CHCl3 nr
11 Rh2(C32He405)2 PhMe 82
12 Rhy(C32He403)2 EtOAc 81
13 Rhy(C32He403)2 DCM 56
14 Rh,(C32He403)2 benzene 80

*Reaction conditions: sulfoxide (0.2 mmol), CF3CONH; (0.2 mmol), PhI(OAc), (0.5 mmol), MgO (1.0 mmol), and catalyst (2.5 mol%) in
solvent (3 mL) at room temperature; then K,CO; (2 equiv.) in MeOH (3 mL).

To synthesize the target sulfoximine 137, an approach were adopted based on our prior research
involving the rhodium-catalyzed imidation of sulfoxide and sulfur compounds. !> The model
substrate 140 were selected as the starting material and investigated the optimised condition
(Table 4). Initially, conditions similar to those previously reported for a model substrate,
2-methylbenzo[b]thiophene 1-oxide, were applied, yielding a modest 44% yield (Table 4,
entry 1). To enhance the reaction efficiency, a systematic evaluation of various rhodium
catalysts (Table 4, entries 1-5). Notably, the Rha(C32Hs40s)2 catalyst employed in methanol
demonstrated a significantly improved yield of 67% (Table 4, entry 5). Subsequently, different
solvents were investigated in conjunction with this catalyst. Surprisingly, tetrahydrofuran and
chloroform resulted in no product formation (Table 4, entries 7 and 10), whereas acetonitrile

and dimethyl sulfoxide was obtained in comparable yields 42% and 47%, respectively (Table 4,
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entries 8 and 9). In contrast, solvents like toluene, ethyl acetate, and benzene gave notably
higher and comparable yields of 82%, 81%, and 80%, respectively (Table 4, entries 11, 12,
and 14). The final optimized reaction conditions for synthesizing the sulfoximine 137 involve
using Rho(C32He4Os): as the catalyst and toluene as the solvent which results in a significantly

improved yield of the desired product in 82% yield.

Next the developed reaction conditions for the synthesis of sulfoxide were applied.
Unfortunately, despite the efforts to optimize the reaction conditions detailed in Table 1, It did
not successfully obtain the intended sulfoxide product 143. Instead, compound 135 underwent
oxidation, resulting in the formation of sulfone 142 (Scheme 51). In response to this outcome,
an alternative synthetic strategy outlined in Scheme 52. In this revised approach, the imidation

step followed by oxidation.
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135, 68% 142, 80%

|
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F F F. F
FF F|:
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S ey S ey
5 Me” S S, Me” S
(0] (@) O NH O NH

143 137

Scheme 51: Synthetic route for the synthesis of sulfoximine 137.

Optimization of the reaction condition II for N-subsituted sulfoximine 144 from sulfoxide

140

The previous optimization attempt to synthesize sulfoximine 137 from sulfoxide 143 was
unsuccessful. This failure was due to the inability to successfully synthesis sulfoxide 143. Our

goal was to synthesize an N-substituted sulfoximine 146. Building on our previous work®
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involving the imidation of sulfoxide by iron triflate, 2-methylbenzo[b]thiophene 1-oxide

selected as the model substrate and used iminoiodinane (PhI=NNs) as the imidating reagent

(Table 5).

Table 5: Optimization of the reaction conditions for N-subsituted sulfoximine 144 from sulfoxide 140.*

mme catalyst, PhI=NNs m'\/‘e
S solvent, 1 h

5 (ISI)\\N—NS
140 144

entry  catalyst solvent Temp (°C) Yield of 144 (%)
1 Fe(acac)s MeCN rt 30
2 Fe(OTf):2 MeCN rt 58
3 FeCla MeCN rt 63
4 Fe(ClO4)2 MeCN rt 27
5 Cu(OTf): MeCN rt 68
6 Cu(MeCN)4PFg MeCN rt 69
7 CuCl MeCN rt 20
8 Cu(acac)z MeCN rt 25
9 Cu(OAc)2.H.0 MeCN rt 63
10 Cu(OAc)2 MeCN rt 70
11 Cu(OAc) Benzene rt 20
12 Cu(OAc) MeOH rt 41
13 Cu(OAc)2 EtOAc rt 45
14 Cu(OAc) DCM rt 10
15 Cu(OAc) THF rt trace
16 Cu(OAc) CDCls rt trace
17 Cu(OAc) PhMe rt trace
18 Cu(OAc) EtO rt trace
19° Cu(OAc)2 MeCN 40 84
20¢ Cu(OAc)2 MeCN 40 78
21¢ Cu(OAc) MeCN 40 86

*Reaction conditions: sulfoxide 140 (0.2 mmol), catalyst (2.5 mol %) , PhI=Ns (1.3 equiv.), and in solvent (0.1 M) at rt. ®"MeCN (1 mL),
‘MeCN (2 mL), “MeCN (3 mL)

Initially, different iron catalysts were tested in acetonitrile as the solvent (Table 5, entry 1-4).
Among these, iron chloride provided the product 144 in yield of 63% (Table 5, entry 3). Various
copper catalysts were tested and the best result was achieved with copper acetate giving 144 in
70% yield (Table 5, entry 10). Next, different solvents were tested while using copper acetate
as the catalyst. Solvents such as benzene, methanol, ethyl acetate, and dichloromethane resulted

in yields ranging from 10% to 45% (Table 5, entries 11-14), which were not an improvement
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over the 70% yield obtained with acetonitrile. Unfortunately, solvents like tetrahydrofuran,
chloroform, toluene, and diethyl ether only produced trace amounts of the product
(Table 5, entries 15—18). To further increase the yield, the temperature was raised to 40 °C,
resulting in a 78% yield (Table 5, entry 20). Increasing the solvent volume by two to three
milliliters further boosted the yield to 86% (Table 5, entry 21). Therefore, the optimized
condition for forming 144 involves using copper acetate as the catalyst and iminoiodinane
(PhI=NNs) in acetonitrile as the solvent at 40 °C, which provided the desired product in a 86%

yield.

Synthesis of 137 through imidation and subsequent oxidation

Using the optimized conditions from Table 5, our objective was to synthesize the N-substituted
sulfoximine compound 145. Subsequent oxidation and deprotection steps were planned to yield
the final desired product, 137 (Scheme 52). Following the optimized procedure, compound 145
were successfully synthesized, which was verified by high-resolution mass spectrometry.
However, difficulties in calculating the yield due to the presence of four different conformers,

which complicated the analysis.

FF
F Q F Cu(OAc), F g F
F F PhI=NNs

Qg (3
O { Me ) O CHCN, 1t, 16 h §\Me /§

S" Me” S N-Ns N-Ns
135, 68% 145
R F FF

/S Me //S\ /,S\\ Me /S\\
O'NH O 'NH O N-Ns O 'N-Ns
137 146

Scheme 52: Synthetic route for the synthesis of sulfoximine 137.
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Despite this initial success in forming compound 145, the subsequent oxidation step of the
N-substituted sulfoximine was unsuccessful. As a result, the final deprotection step were unable

to proceed and ultimately failed to synthesize the desired product, compound 137.

Paralled and antiparalled conformers

In the open-ring isomer of diarylethenes, there are two distinct conformations: one with the
mirror  symmetry  (parallel  conformation) and one with C2  symmetry
(antiparallel conformation).!> The photocyclization reaction, which is essential for the
photochromic behavior, can only proceed from the antiparallel conformation, making it

photoactive, while the parallel conformation is photo-inactive.!'>®

Conformers 3D-Structure TH NMR Optical properties

2.47 (s, 3H)
and photo-active
7.14-7.38 (m, 8H)

2.19 (s, 3H)
and photo-inactive
7.14-7.38 (m, 8H)

parallel conformer

Figure 18: Parallel and antiparalled conformers of diarylethenes.

These different conformers can be identified using NMR spectroscopy. Specifically, in the
antiparallel conformation, the NMR signals of the methyl protons appear at 2.47 ppm, whereas
in the parallel conformation, the signals are at 2.19 ppm. This distinct difference in chemical

shifts allows for precise identification and study of the conformers.!'?
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Figure 19: '"H NMR spectrum of parallel and antiparalled conformers of diarylethenes.

Diastereomeric forms

All possible conformers for compound 145 were systematically examined, distinguishing
between parallel and antiparallel arrangements, and denoting them using S and R
configurations. In total, there are four potential conformers for both the antiparallel and parallel
arrangements. The analysis revealed that the configurations in the first row (e.g., 145a S and R,
145b S and S) are equivalent to those in the second row (e.g., 145¢ R and S, 145d R and R) for
antiparallel conformers and the analysis in the first row (e.g., 145e S and R, 145f S and S) are
equivalent to those in the second row (e.g., 145g R and S, 145h R and R) for parallel conformers.
This leads to only four compounds 145¢ and 145d for antiparallel, 145g and. 145h for paralled

conformers (Figure 20).
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4 posibilities for antiparallel 4 posibilities for parallel

same

1 e 1l
N-Ns N-Ns
R S R R R S R R

145¢ 145d 145¢g 145h

Figure 20: Diastereomeric forms of 145.

Expected four compounds

In conclusion, four distinct conformers were anticipated for compound 145, each expected to
produce unique signals in the 1H NMR spectrum (Figure 21). Despite confirming the structure
of sulfilimine 145 using high-resolution mass spectrometry (HRMS), analyzing the NMR
signals proved challenging. The peaks were convoluted and closely spaced, making it difficult
to differentiate between the conformers. Even with these analytical challenges, the compound
was tested for its potential as a photoswitch. Unfortunately, it failed to exhibit the expected

photochromic activity.
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Figure 21: Four distinct compound expected in NMR.

4.6 Conclusion and outlook

To synthesize the target compound 137, the initial attempts to form sulfoxide 143 from 135

were unsuccessful due to the failure of the imidation step necessary to create the desired

sulfoximine 137. Subsequently, attempts were made to form the N-substituted sulfoximine

compound 145, which proved initially successful, leading to the synthesis of compound 145.
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Scheme 53: Synthetic route for sulfoximine 137.



However, despite this initial success, the subsequent oxidation step of the N-substituted
sulfoximine failed. Consequently, it was not possible to proceed to the final deprotection step,
and ultimately the desired compound 137. Looking forward, the exploration of alternative
imidation processes to achieve the synthesis of compound 137 (Scheme 53). If successful, its
potential applications in photoswitches will be investigated, which could provide valuable

insights into its utility.
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S5 Experimental section

5.1 General information

Methods

All reactions were conducted in air unless otherwise mentioned. Commercially available
chemicals were purchased and used without addition purification unless otherwise stated.
Solvents like ethyl acetate, n-pentane, n-hexane were distilled prior to use. The course of a
reaction was monitored by TLC. Dry solvents were either purchased from commercial suppliers
or obtained from an MBraun SPS5 (SPS) system. The mechanochemical reactions were carried
outin a RETSCH Mixer Mill MM 400. Milling vessels (10 mL volumetric capacity) and milling
balls (10 mm in diameter) were made of ZrO>-Y. Sensitive reactions were performed in glove
box using a MBraun Labmaster 130 glove box under an argon atmosphere. Air and
moisture-sensitive procedures were conducted under argon using standard Schlenk flasks and

vacuum line techniques.

Analytics

Thin layer chromatography (TLC) was performed on TLC plates with silica sheet gel 60 F2s4
aluminium sheets purchased from Merck or ALUGRAM® Xtra SIL G/UVass from
Macherey-Nagel. Detection of the compounds were carried out under UV light (4 =254 nm and
366 nm) or by immersion in potassiumpermanganate (KMnQOs) TLC stain solutions. Flash
column chromatography was performed on Silica gel (SiO2) 60 M (0.04-0.063 mm) from
Macherey-Nagel.

'H and *C Nuclear magnetic resonance (NMR) spectra were recorded on a Varian VNMRS
400 (400 MHz), Varian VNMRS 600 (600 MHz), Brucker Avance Neo 400 (400 MHz), or
Bruker Avance Neo 600 (600 MHz) spectrometer at ambient temperature. The Chemical shift
(0) is reported in parts per million (ppm) and referenced to the residual proton or carbon signal
of the used deuterated solvent. The Coupling constants (J) are reported in Hertz (Hz). The
multiplicity are reported with the following abbreviations: s = singlet, d = doublet, t = triplet,

m = multiplet.
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Infrared spectroscopy (IR) were recorded on a PerkinElmer Spectrum 100 FT-IR
spectrometer with an attached UATR device with a KRS-5 crystal and all IR data were collected
by attenuated total reflectance (ATR). Wavenumbers v are given in cm™!. The band intensity is
classified into weak (w, transmission: 100—-66%), medium (m, transmission: 66—33%) and

strong (s, transmission: 33—0%).
Melting points (m.p) were measured with a Biichi Melting Point M-560 machine

High-resolution mass spectra (HRMS) were recorded on a Thermo Scientific LTQ Orbitrap

XL spectrometer [electrospray ionization (ESI) in positive ion mode] was used.
5.2 Experimental information for chapter 2

Synthesis of 2,2,2-trichloroethyl sulfamate (41)

\//

So
HN"">07 > Cely

The following procedure was taken from the literature: 2 To a 100 mL three-necked flask
equipped with a 25 mL dropping funnel and a drying tube filled with CaSO4 were added 10 mL
of MeCN and CISO,NCO (2.7 mL, 31.3 mmol, 1.5 equiv). After cooling the solution to 0 °C,
HCOH (1.2 mL, 31.3 mmol, 1.5 equiv) in 6 mL of MeCN was added dropwise over a 10 min
period. The mixture was warmed to 23 °C and stirred for 8 h. The flask was then returned to
the ice bath before a solution of 2,2,2-trichloroethanol (2.0 mL, 20.8 mmol) in 12 mL of
N,N-dimethylacetamide (DMA) was added via cannula. Transfer of the alcohol was made
quantitative with an additional 4 mL of DMA. The resulting mixture was warmed to 23 °C and
stirred vigorously for 1.5 h. The reaction mixture was quenched by the addition of 50 mL of
H>O and poured into a separatory funnel containing 100 mL of Et2O. The organic phase was
collected and the aqueous layer was extracted with 2 x 100 mL of Et,O. The combined organic
phase was washed with 5 x 50 mL of H>O, dried over MgSOs, and concentrated under reduced
pressure. Purification of the oily residue by chromatography on silica gel using n-hexane/ethyl
acetate (2:1 (V:V)) as eluent afforded the desired product 1 as a pale white solid (4.02 g,
17.6 mmol, 84%).
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Ry = 0.35 (dichloromethane:ethyl acetate = 15:1 (V1))
TH NMR (600 MHz, CDCl3): 6 = 5.05 — 5.02 (m, 2H), 4.70 (s, 2H) ppm.
BC{TH} NMR (151 MHz, CDCl3): 6 = 93.3, 78.8 ppm.

The NMR spectra are in accordance with the literature.®!?

5.2.1 General procedure for the syntheses of NTces-sulfilimines (GP1)

In air, to a screw capped reaction tube (volume: 10 mL) equipped with magnetic stir bar was
added thioether (0.1 mmol, 1 equiv), 2,2,2-trichloroethoxysulfonamide (41, 34.3 mg,
0.15 mmol, 1.5 equiv), (diacetoxyiodo)benzene (53.1 mg, 0.16 mmol, 1.6 equiv), Fe(OTf)
(3.54 mg, 10 mol%) and toluene (2 mL, 0.1 M). The reaction tube was closed, and the reaction
mixture stirred at rt for 3 h at 400 rpm. The reaction mixture was transferred to a round-bottom
flask, and the solvent was removed under reduced pressure. The product was purified by flash

column chromatography on silica gel.

2,2,2-Trichloroethyl (E)-[methyl(phenyl)-A*-sulfaneylidene]sulfamate (35a)

According to the GP1, compound 35a was obtained from methyl(phenyl)sulfane (12.4 mg,
0.100 mmol, 1.00 equiv) after purification on silica gel (eluent: ethyl acetate/n-pentane,

gradient: 1:1 = 100:0 (V:V)) as a pale brown solid (31.1 mg, 0.0887 mmol, 89%).

Note on scale-up: Compound 35a was obtained from methyl(phenyl)sulfane (1.00 g,
8.05 mmol, 1.00 equiv) after purification on silica gel (eluent: ethyl acetate) as a white solid

(1.55 g, 4.42 mmol, 55%).

Ry = 0.34 (ethyl acetate:n-pentane = 1:1 (V:}))

M.p. =83 -85 °C.

'TH NMR (600 MHz, CDCl3): 6 =7.87 — 7.84 (m, 2H), 7.67 — 7.58 (m, 3H), 4.59 — 4.49 (m,
2H), 3.00 (s, 3H) ppm.
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3C{IH} NMR (151 MHz, CDCls): § =134.9, 133.5, 130.5, 126.4, 94.4, 78.0, 38.7 ppm.

IR (neat): v = 3262 (w), 3022 (w), 1584 (w), 1386 (m), 1284 (s), 1142 (s), 1019 (m), 960 (s),
851 (m), 743 (s) cm ™.

HRMS (ESI): m/z calculated for CoH;oCIsNO3NaS»: 371.9059 [M+Na]", found 371.9056.

The NMR spectra are in accordance with the literature.>*f
2,2,2-Trichloroethyl (E)-[(4-bromophenyl)(methyl)-)*-sulfaneylidene]sulfamate (35b)

\ 7/

/S\
N"7 07 >ccls
S.
o
Br

According to the GP1, compound 35b was obtained from (4-bromophenyl)(methyl)sulfane

(20.3 mg, 0.100 mmol, 1.00 equiv) after purification on silica gel
(eluent: ethyl acetate/n-pentane, gradient: 1:1 = 100:0 (V:V)) as a colourless solid (35.1 mg,
0.0817 mmol, 82%).

Rr = 0.38 (ethyl acetate:n-pentane = 1:1 (V1))
M.p. =87 -89 °C.

TH NMR (600 MHz, CDCl3): 6 =7.76 — 7.74 (m, 2H), 7.74 — 7.71 (m, 2H), 4.60 — 4.52 (m, 2H),
3.00 (s, 3H) ppm.

BC{'H} NMR (151 MHz, CDCI3): 6 =133.9, 133.8, 128.5, 127.8, 94.3, 78.0, 38.7 ppm.

IR (neat): v = 3017 (w), 1731 (w), 1566 (m), 1472 (w), 1388 (m), 1334 (s), 1158 (s), 1037 (s),
961 (s), 847 (s), 769 (s), 716 (s) cm™".

HRMS (ESI): m/z calculated for CoHoBrCI3NOsNaS:: 449.8165 [M+Na]", found 449.8154.
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2,2,2-Trichloroethyl (E)-[(4-fluorophenyl)(methyl)-A*-sulfaneylidene]sulfamate (35c¢)

\ 7/

~S<
N o~ >ccl,

S.
/©/ Me
F

According to the GP1, compound 35¢ was obtained from (4-fluorophenyl)(methyl)sulfane
(142 mg, 0.100 mmol, 1.00 equiv) after purification on silica gel
(eluent: ethyl acetate/n-pentane, gradient: 1:1 = 100:0 (V:V)) as a colourless solid (30.5 mg,
0.071 mmol, 71%).

Ry = 0.34 (ethyl acetate:n-pentane = 1:1 (V:}))
M.p. =113 -115°C.

TH NMR (600 MHz, CDCl3): § =7.91 — 7.86 (m, 2H), 7.30 (t, J = 8.4 Hz, 2H), 4.60 — 4.49 (m,
2H), 3.00 (s, 3H) ppm.

BC{!H} NMR (151 MHz, CDCl3): 6 = 165.6 (d, 'Jc_r = 256.5 Hz), 130.4 (d, *Jc_r = 2.8 Hz),
129.1 (d, *Jc_r = 9.3 Hz), 118.0 (d, 2Jc_r = 23.1 Hz), 94.3, 77.9, 38.9 ppm.

IR (neat): v = 2924 (w), 1738 (w), 1584 (m), 1490 (m), 1333 (s), 1236 (s), 1156 (s), 1086 (s),
1007 (s), 960 (s), 840 (s), 722 (s) cm .

HRMS (ESI): m/z calculated for CoHoFCIsNO3NaS,: 389.8965 [M+Na]", found 389.8958.

The NMR spectra are in accordance with the literature.>*f

2,2,2-Trichloroethyl (E)-[(4-chlorophenyl)(methyl)-A*-sulfaneylidene] sulfamate (35d)

\ 7/

/S\
N 07 >ccly

S.
o
Cl

According to the GP1, compound 35d was obtained from (4-chlorophenyl)(methyl)sulfane
(159 mg, 0.100 mmol, 1.00 equiv) after purification on silica gel
(eluent: ethyl acetate/n-pentane, gradient: 1:1 = 100:0 (V:F)) as a colourless oil (24.9 mg,
0.0647 mmol, 65%).
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Ry = 0.41 (ethyl acetate:n-pentane = 1:1 (V:}))

TH NMR (600 MHz, CDCls3): 6 =7.80 (d, J = 8.7 Hz, 2H), 7.58 (d, J = 8.7 Hz, 2H), 4.59 — 4.51
(m, 2H), 3.00 (s, 3H) ppm.

BC{IH} NMR (151 MHz, CDCls): § =140.2, 133.3, 130.8, 127.8, 94.3, 77.9, 38.7 ppm.

IR (neat): v = 2924 (w), 1740 (w), 1570 (m), 1392 (m), 1336 (s), 1160 (s), 1089 (s), 1039 (s),
1009 (s), 963 (s), 852 (s), 771 (s), 721 (s) cm ™.

HRMS (ESI): m/z calculated for CoHoCluNO3NaS»: 405.8670 [M+Na]", found 405.8665.

2,2,2-Trichloroethyl (E)-[(4-iodophenyl)(methyl)-A*-sulfaneylidene]sulfamate (35¢)
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According to the GP1, compound 35e was obtained from (4-iodophenyl)(methyl)sulfane

(25 mg, 0.100 mmol, 1.00 equiv) after purification on silica gel (eluent: ethyl acetate/n-pentane,

gradient: 1:1 = 100:0 (V:V)) as a colourless solid (28.4 mg, 0.0596 mmol, 60%).

Ry = 0.47 (ethyl acetate:n-pentane = 1:1 (V:}))
M.p.=89-91 °C.

TH NMR (600 MHz, CDCLs): § =7.96 (d, J = 8.3 Hz, 2H), 7.57 (d, J = 8.3 Hz, 2H), 4.56 (q,
J=10.9 Hz, 2H), 2.99 (s, 3H) ppm.

13C{'H} NMR (151 MHz, CDCls): § =139.6, 134.6, 127.5, 100.5, 94.2, 77.8, 38.5 ppm.

IR (neat): v = 2928 (w), 1732 (w), 1561 (m), 1426 (w), 1330 (s), 1148 (s), 1091 (m), 993 (s),
842 (s), 771 (s), 718 (s) ecm™".

HRMS (ESI): m/z calculated for CoHoICI3NO3NaS;: 497.8026 [M+Na]", found 497.8023.
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2,2,2-Trichloroethyl (E)-[(4-methoxyphenyl)(methyl)-A4-sulfaneylidene]sulfamate (35f)

\ 7/
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According to the GP1, compound 35f was obtained from (4-methoxyphenyl)(methyl)sulfane

(154 mg, 0.100 mmol, 1.00 equiv) after purification on silica gel
(eluent: ethyl acetate/n-pentane, gradient: 1:1 = 100:0 (V:V)) as a colourless solid (20.4 mg,
0.0536 mmol, 53%).

Ry = 0.28 (ethyl acetate:n-pentane = 1:1 (V:}))
M.p.=119-121 °C.

'"H NMR (600 MHz, CDCl3): 6 =7.78 (d, J = 8.9 Hz, 2H), 7.07 (d, J = 8.9 Hz, 2H), 4.58 — 4.45
(m, 2H), 3.88 (s, 3H), 2.98 (s, 3H) ppm.

13C{'H} NMR (151 MHz, CDClz): 6 =163.9, 128.8, 125.3, 115.9, 94.5, 78.0, 56.0, 38.6 ppm.

IR (neat): v =2922 (m), 1730 (w), 1588 (s), 1495 (m), 1325 (s), 1262 (s), 1154 (s), 1085 (s),
957 (s), 832 (s), 764 (s), 713 (s) cm™".

HRMS (ESI): m/z calculated for C1oH12CI1sNO4NaS;: 401.9165 [M+Na]", found 401.9167.

The NMR spectra are in accordance with the literature.**t

2,2,2-Trichloroethyl (E)-[(4-acetylphenyl)(methyl)- A*-sulfaneylidene]sulfamate (35g)

O\\s” cl
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According to the GP1, compound 35g was obtained from 1-(4-(methylthio)phenyl)ethan-1-one
(16.6 mg, 0.100 mmol, 1.00 equiv) after purification on silica gel
(eluent: ethyl acetate/n-pentane, gradient: 1:1 = 100:0 (V:F)) as a colourless solid (22.6 mg,
0.0526 mmol, 53%).
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Ry = 0.37 (ethyl acetate:n-pentane = 1:1 (V:}))
M.p.=119-121 °C.

TH NMR (600 MHz, CDCl3): 6 =8.17 — 8.14 (m, 2H), 7.98 — 7.95 (m, 2H), 4.63 —4.55 (m, 2H),
3.03 (s, 3H), 2.66 (s, 3H) ppm.

BC{IH} NMR (151 MHz, CDCls): 6 =196.5, 140.7, 139.4, 130.0, 126.6, 94.3, 78.0, 38.6,
27.0 ppm.

IR (neat): v =2932 (w), 1736 (w), 1693 (s), 1426 (m), 1335 (s), 1256 (s), 1158 (s), 1089 (m),
1007 (s), 959 (s), 847 (s), 769 (s), 720 (s) cm™".

HRMS (ESI): m/z calculated for C11H;2CIsNOsNaS;: 413.9165 [M+Na]", found 413.9159.
2,2,2-Trichloroethyl (E)-[methyl(4-nitrophenyl)-A*-sulfaneylidene|sulfamate (35h)
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According to the GPI1, compound 35h was obtained from methyl(4-nitrophenyl)sulfane
(169mg, 0.100 mmol, 1.00 equiv) after purification on silica gel
(eluent: ethyl acetate/n-pentane, gradient: 1:1 = 100:0 (V:V)) as a colourless solid (12 mg,
0.0303 mmol, 30%).

Ry = 0.38 (ethyl acetate:n-pentane = 1:1 (V:V))
M.p. =141 - 143 °C.

TH NMR (600 MHz, CDCl3): 6 =8.48 — 8.45 (m, 2H), 8.10 — 8.06 (m, 2H), 4.64 —4.58 (m, 2H),
3.07 (s, 3H) ppm.

BC{IH} NMR (151 MHz, CDCls): § =150.7, 141.8, 127.5, 125.5, 94.3, 78.0, 38.7 ppm.

IR (neat): v =2924 (w), 1736 (w), 1605 (w), 1532 (s), 1332 (s), 1156 (s), 1088 (m), 1029 (s),
1005 (s), 961 (s), 855 (s), 778 (s), 715 (s) cm™".

HRMS (ESI): m/z calculated for CoHoCI13N2NaOsS:: 416.8910 [M+Na]", found 416.8911.
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2,2,2-Trichloroethyl (E)-[(3-methoxyphenyl)(methyl)-A*-sulfaneylidene]sulfamate (35i)

According to the GP1, compound 35i was obtained from (3-methoxyphenyl)(methyl)sulfane
(154 mg, 0.100 mmol, 1.00 equiv) after purification on silica gel
(eluent: ethyl acetate/n-pentane, gradient: 1:1 = 100:0 (V:F)) as a colourless solid (34.3 mg,
0.090 mmol, 90%).

Ry = 0.47 (ethyl acetate:n-pentane = 1:1 (V:}))
M.p. =85-87°C.

'H NMR (600 MHz, CDCls): § =7.49 — 7.45 (m, 1H), 7.40 — 7.38 (m, 1H), 7.34 (d, J = 7.7 Hz,
1H), 7.12 (ddd, J = 8.3, 2.5, 1.0 Hz, 1H), 4.58 — 4.48 (m, 2H), 3.87 (s, 3H), 2.99 (s, 3H) ppm.

BC{'H} NMR (151 MHz, CDCl3): 6=161.0, 135.9, 131.4, 119.7, 118.3, 110.8, 94.3, 77.9, 56.0,
38.8 ppm.

IR (neat): v =2948 (w), 1739 (w), 1594 (m), 1464 (m), 1320 (s), 1250 (s), 1155 (s), 1029 (s),
958 (s), 845 (s), 775 (s), 716 (s), 678 (s) cm ™.

HRMS (ESI): m/z calculated for C1oHi2CI1s3NOsNaS»: 401.9165 [M+Na]", found 401.9158.
2,2,2-Trichloroethyl (E)-[(3-bromophenyl)(methyl)-A*-sulfaneylidene]sulfamate (35j)
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According to the GP1, compound 35j was obtained from (3-bromophenyl)(methyl)sulfane
(203 mg, 0.100 mmol, 1.00 equiv) after purification on silica gel
(eluent: ethyl acetate/n-pentane, gradient: 1:1 = 100:0 (V:F)) as a colourless solid (24.8 mg,
0.057 mmol, 60%).
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Ry = 0.35 (ethyl acetate:n-pentane = 1:1 (V:}))
M.p.=59-61 °C.

TH NMR (600 MHz, CDCL): 6 = 8.25 (d, J = 7.8 Hz, 1H), 7.70 — 7.63 (m, 2H), 7.53 — 7.48 (m,
1H), 4.65 — 4.57 (m, 2H), 3.04 (s, 3H) ppm.

BC{IH} NMR (151 MHz, CDCl3): § = 166.1, 136.6, 131.8, 129.1, 124.9, 124.5, 78.0, 64.7,
38.8 ppm.

IR (neat): v = 2925 (w), 1731 (m), 1568 (m), 1409 m(), 1329 (s), 1158 (s), 1091 (s), 1032 (s),
957 (s), 846 z(s), 776 (s), 714 (s), 677 (s) cm™".

HRMS (ESI): m/z calculated for CoHoBrCI3NOsNaS:: 449.8165.[M+Na]", found 449.8157.

2,2,2-Trichloroethyl (E)-[(3-chlorophenyl)(methyl)-A*-sulfaneylidene]sulfamate (35Kk)

\ 7/
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According to the GP1, compound 35k was obtained from (3-chlorophenyl)(methyl)sulfane
(159 mg, 0.100 mmol, 1.00 equiv) after purification on silica gel
(eluent: ethyl acetate/n-pentane, gradient: 1:1 = 100:0 (V:V)) as a colourless solid (12 mg,
0.031 mmol, 31%).

Ry = 0.43 (ethyl acetate:n-pentane = 1:1 (V:V))
M.p. =60 —-62 °C.

H NMR (600 MHz, CDCl:): 6 =7.88 (t, J= 1.9 Hz, 1H), 7.72 — 7.70 (m, 1H), 7.63 — 7.60 (m,
1H), 7.55 (t, J= 7.9 Hz, 1H), 4.62 — 4.54 (m, 2H), 3.02 (s, 3H) ppm.

BC{IH} NMR (151 MHz, CDCl3): 6 =136.9, 136.8, 133.7, 131.6, 126.3, 124.4, 94.3, 78.0,
38.8 ppm.

IR (neat): v =2954 (w), 1729 (w), 1573 (m), 1410 (m), 1326 (s), 1157 (s), 1031 (s), 958 (s),
847 (s), 773 (s), 714 (s), 675 (s) cm ™.

HRMS (ESI): m/z calculated for CoHoCluNO3NaS»: 405.8670 [M+Na]*, found 405.8694.
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2,2,2-Trichloroethyl (E)-[(2-methoxyphenyl)(methyl)-A*-sulfaneylidene|sulfamate (351)

According to the GP1, compound 351 was obtained from (2-methoxyphenyl)(methyl)sulfane
(157 mg, 0.100 mmol, 1.00 equiv) after purification on silica gel
(eluent: ethyl acetate/n-pentane, gradient: 1:1 - 100:0 (V:FV)) as a pale oil (30.3 mg,
0.079 mmol, 80%).

Ry = 0.44 (ethyl acetate:n-pentane = 1:1 (V:}))

'H NMR (600 MHz, CDCLy): § =8.07 (dd, J = 7.9, 1.6 Hz, 1H), 7.58 — 7.55 (m, 1H), 7.22 (t,
J=17.7Hz, 1H), 7.01 (dd, J= 8.3, 1.0 Hz, 1H), 4.63 — 4.57 (m, 2H), 3.95 (s, 3H), 2.95 (s, 3H)

BC{'H} NMR (151 MHz, CDCls): § = 155.8, 134.3, 126.9, 122.5, 122.0, 111.7, 94.5, 77.9,
56.5, 37.2 ppm.

IR (neat): v = 2929 (m), 1734 (m), 1587 (m), 1476 (m), 1373 (w), 1337 (s), 1243 (s), 1158 (s),
1086 (s), 1002 (s), 955 (s), 843 (s), 768 (s), 721 (s) cm™".

HRMS (ESI): m/z calculated for C1oHi2C1s3NOsNaS,: 401.9165 [M+Na]", found 401.9160.

2,2,2-Trichloroethyl (E)-[(2-chlorophenyl)(methyl)-A*-sulfaneylidene]sulfamate (35m)
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According to the GP1, compound 35m was obtained from (2-chlorophenyl)(methyl)sulfane
(159 mg, 0.100 mmol, 1.00 equiv) after purification on silica gel
(eluent: ethyl acetate/n-pentane, gradient: 1:1 = 100:0 (V:F)) as a colourless solid (20.3 mg,
0.052 mmol, 55%).

Ry = 0.43 (ethyl acetate:n-pentane = 1:1 (V:}))
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M.p. = 88 — 90 °C.

TH NMR (600 MHz, CDCl3): 6 =8.26 (d, J= 8.0 Hz, 1H), 7.63 — 7.50 (m, 3H), 4.66 — 4.57 (m,
2H), 3.03 (s, 3H) ppm.

BC{IH} NMR (151 MHz, CDCls): 6 =134.1, 133.5, 131.7, 131.2, 130.7, 129.1, 127.7, 78.0,
37.7 ppm.

IR (neat): v=2927 (w), 1448 (m), 1331 (s), 1251 (m), 1155 (s), 1090 (s), 1033 (s), 998 (s), 957
(s), 848 (s), 770 (s), 721 (s) cm ™.

HRMS (ESI): m/z calculated for CoHoClsNO3NaS»: 405.8670 [M+Na]", found 405.8659.

2,2,2-Trichloroethyl (E)-[(2-bromophenyl)(methyl)-A* sulfaneylidene]sulfamate (35n)

According to the GP1, compound 35n was obtained from (2-bromophenyl)(methyl)sulfane
(203 mg, 0.100 mmol, 1.00 equiv) after purification on silica gel
(eluent: ethyl acetate/n-pentane, gradient: 1:1 = 100:0 (V:V)) as a pale oil (15.3 mg,
0.035 mmol, 37%).

Ry = 0.47 (ethyl acetate:n-pentane = 1:1 (V:}1))

TH NMR (600 MHz, CDCls): 6 =8.02 (t, J = 8.0 Hz, 1H), 7.78 — 7.73 (m, 2H), 7.48 (t,
J=8.0Hz, 1H), 4.57 (q, /= 10.9 Hz, 2H), 3.01 (s, 3H) ppm.

BC{IH} NMR (151 MHz, CDCl3): § = 136.6, 134.5, 133.0, 131.8, 129.1, 124.9, 94.3, 78.0,
38.8 ppm.

IR (neat): v=2928 (w), 1730 (w), 1564 (w), 1331 (s), 1257 (w), 1154 (s), 1089 (m), 1027 (s),
995 (s), 954 (s), 842 (s), 770 (s), 718 (s) cm™".

HRMS (ESI): m/z calculated for CoHoBrCI3NO3NaS,: 449.8165 [M+Na], found 449.8157.

The NMR spectra are in accordance with the literature.>*f
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2,2,2-Trichloroethyl (E)-[(2-iodophenyl)(methyl)-A*-sulfaneylidene]sulfamate (350)

According to the GP1, compound 350 was obtained from (2-iodophenyl)(methyl)sulfane
(26.1mg, 0.100 mmol, 1.00 equiv) after purification on silica  gel
(eluent: ethyl acetate/n-pentane, gradient: 1:1 - 100:0 (V:FV)) as a pale oil (16.3 mg,
0.034 mmol, 34%).

Ry =0.31 (ethyl acetate:n-pentane = 1:1 (V:}))

'H NMR (600 MHz, CDCls): 6 =8.21 (dd, J= 8.0, 1.5 Hz, 1H), 7.91 (dd, J= 7.8, 1.2 Hz, 1H),
7.71 - 7.66 (m, 1H), 7.34 (td, J=7.6, 1.5 Hz, 1H), 4.64 — 4.54 (m, 2H), 3.01 (s, 3H) ppm.

BC{'H} NMR (151 MHz, CDCls): 6 =140.4, 138.8, 134.4, 130.4, 128.2, 94.4, 94.1, 77.9,
38.3 ppm.

IR (neat): v = 2940 (w), 1729 (m), 1443 (m), 1334 (s), 1158 (s), 1087 (m), 1036 (s), 997 (s),
951 (s), 842 (s),767 (s), 720 (s) cm™.

HRMS (ESI): m/z calculated for CoHoICIsNO3NaS»: 497.8026 [M+Na]", found 497.8014.

2,2,2-Trichloroethyl (E)-[ethyl(phenyl)-A*-sulfaneylidene|sulfamate (35p)

According to the GP1, compound 35p was obtained from ethyl(phenyl)sulfane (13.8 mg,
0.100 mmol, 1.00 equiv) after purification on silica gel (eluent: ethyl acetate/n-pentane,

gradient: 1:1 = 100:0 (V:V)) as a colourless solid (30 mg, 0.082 mmol, 82%).

Ry = 0.45 (ethyl acetate:n-pentane = 1:1 (V:}))

M.p. = 83 — 85 °C.
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TH NMR (600 MHz, CDCL): 6 = 7.82 — 7.79 (m, 2H), 7.65 — 7.57 (m, 3H), 4.60 — 4.47 (m,
2H), 3.27 - 3.12 (m, 2H), 1.35 (t, J= 7.3 Hz, 3H) ppm.

BC{IH} NMR (151 MHz, CDCls): 6 = 133.3, 132.8, 130.3, 126.9, 94.4, 77.9, 47.9, 7.7 ppm.
IR (neat): v =2938 (w), 1732 (w), 1449 (m), 1335 (s), 1157 (s), 1092 (m), 1032 (s), 980 (s),
846 (s), 772 (s), 724 (s), 689 (s) cm ™.

HRMS (ESI): m/z calculated for CioH12C13NOsKS»: 401.8955 [M+K]", found 401.8953.

2,2,2-Trichloroethyl (E)-[isopropyl(phenyl)-A*-sulfaneylidene]sulfamate (35q)
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According to the GP1, compound 35q was obtained from isopropyl(phenyl)sulfane (15.5 mg,

0.100 mmol, 1.00 equiv) after purification on silica gel (eluent: ethyl acetate/n-pentane,

gradient: 1:1 = 100:0 (V:V)) as a pale oil (24.3 mg, 0.0642 mmol, 64%).

Ry = 0.52 (ethyl acetate:n-pentane = 1:1 (V:}1))

H NMR (600 MHz, CDCL3): 6 = 7.79 — 7.76 (m, 2H), 7.66 — 7.57 (m, 3H), 4.58 — 4.46 (m,
2H), 1.38 (d, J = 6.7 Hz, 3H), 1.32 (d, J = 6.8 Hz, 3H) ppm.

BC{'H} NMR (151 MHz, CDCl3): 6 = 133.3, 131.4, 130.0, 127.7, 94.4, 77.8, 55.1, 16.6,
15.8 ppm.

IR (neat): v = 2939 (w), 1731 (w), 1444 (m), 1325 (s), 1157 (s), 1086 (s), 1025 (s), 977 (s), 847
(s), 783 (s), 726 (s), 692 (s) cm™".

HRMS (ESI): m/z calculated for CiiHi4CIsNO3NaS»: 399.9372 [M+Na]", found 399.9370.

2,2,2-Trichloroethyl (E)-[(2-chloroethyl)(phenyl)-A*-sulfaneylidene]sulfamate (35r)
g
She
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According to the GP1, compound 35r was obtained from (2-chloroethyl)(phenyl)sulfane
(17.3 mg, 0.100 mmol, 1.00 equiv) after purification on silica gel (eluent: ethyl acetate/n-

pentane, gradient: 1:1 = 100:0 (V1)) as a colourless solid (08 mg, 0.02 mmol, 20%).

Ry = 0.43 (ethyl acetate:n-pentane = 1:1 (V:}))
M.p.=100-102 °C.

H NMR (600 MHz, CDCLs): 6 = 7.88 — 7.85 (m, 2H), 7.69 — 7.62 (m, 3H), 4.62 — 4.53 (m,
2H), 4.06 — 4.01 (m, 1H), 3.72 — 3.62 (m, 2H), 3.43 — 3.38 (m,1H) ppm.

BC{'H} NMR (151 MHz, CDCl3): 6 = 133.8, 132.5, 130.7, 126.8, 94.3, 78.0, 56.7, 36.2 ppm.

IR (neat): v = 2938 (w), 1734 (w), 1443 (m), 1337 (s), 1282 (m), 1157 (s), 1085 (s), 1030 (s),
978 (s), 846 (s), 765 (s), 715 (s), 663 (s) cm ™.

HRMS (ESI): m/z calculated for C1oHi2ClsaNO3S»: 397.9007 [M+H]", found 397.9008.

2,2,2-Trichloroethyl (E)-[methyl(thiophen-2-yl)-A4-sulfaneylidene]sulfamate (35s)

According to the GP1, compound 35s was obtained from 2-(methylthio)thiophene (13 mg,
0.100 mmol, 1.00 equiv) after purification on silica gel (eluent: ethyl acetate/n-pentane,

gradient: 1:1 = 100:0 (V:V)) as a colourless solid (31.2 mg, 0.0875 mmol, 88%).

Ry = 0.45 (ethyl acetate:n-pentane = 1:1 (V:V))
M.p.=95-97 °C.

IH NMR (600 MHz, CDCls): § = 7.85 — 7.79 (m, 1H), 7.72 (dd, J = 3.8, 1.2 Hz, 1H),
7.20 - 7.16 (m, 1H), 4.57 — 4.44 (m, 2H), 3.18 (s, 3H) ppm.

BC{'H} NMR (151 MHz, CDCls): 6 = 134.7, 134.7, 134.2, 128.2,94.2, 78.1, 39.5 ppm.

IR (neat): v = 3016 (w), 1735 (w), 1408 (w), 1333 (s), 1156 (s), 1093 (m), 1004 (s), 954 (s),
853 (s), 774 (s), 722 (s) cm™ .

HRMS (ESI): m/z calculated for C7HgCI13NO3NaS3: 377.8624 [M+Na]", found 377.8624.

The NMR spectra are in accordance with the literature.>*
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2,2,2-Trichloroethyl (E)-[methyl(pyridin-2-yl)-A4-sulfaneylidene|sulfamate (35t)

According to the GP1, compound 35t was obtained from 2-(methylthio)pyridine (12.5 mg,
0.100 mmol, 1.00 equiv) after purification on silica gel (eluent: ethyl acetate/n-pentane,

gradient: 1:1 = 100:0 (V:¥)) as a colourless solid (26.6 mg, 0.075 mmol, 76%).

Ry = 0.36 (ethyl acetate:n-pentane = 1:1 (V:}))
M.p. =82 -84 °C.

H NMR (600 MHz, CDCL): 6 =8.66 (d, J = 3.7 Hz, 1H), 8.24 (d, J = 8.0 Hz, 1H), 8.00 (td,
J=1738, 1.7 Hz, 1H), 7.54 — 7.49 (m, 1H), 4.66 (s, 2H), 3.16 (s, 3H) ppm.

BC{IH} NMR (151 MHz, CDCl3): § = 155.8, 150.5, 139.1, 126.3, 122.4, 94.5, 78.0, 35.2 ppm.

IR (neat): v = 2923 (s), 1737 (w), 1576 (m), 1421 (m), 1325 (s), 1158 (s), 1038 (m), 994 (s),
951 (s), 833 (s), 774 (s), 717 (s) cm™".

HRMS (ESI): m/z calculated for CsHoCI3N203NaS,: 372.9012 [M+Na]", found 372.9011.

The NMR spectra are in accordance with the literature.>*f

2,2,2-Trichloroethyl (E)-[methyl(naphthalen-2-yl)-A*-sulfaneylidene|sulfamate (35u)

According to the GP1, compound 35u was obtained from methyl(naphthalen-2-yl)sulfane
(178 mg, 0.100 mmol, 1.00 equiv) after purification on silica  gel
(eluent: ethyl acetate/n-pentane, gradient: 1:1 = 100:0 (V:F)) as a colourless solid (28 mg,
0.069 mmol, 70%).

Ry = 0.44 (ethyl acetate:n-pentane = 1:1 (V:}))
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M.p. =104 -106 °C.

'TH NMR (600 MHz, CDCls): = 8.41 — 8.38 (m, 1H), 8.08 (d, J = 8.7 Hz, 1H), 7.95 (dd,
J=18.0, 8.0 Hz, 2H), 7.81 (dd, /= 8.7, 1.9 Hz, 1H), 7.70 — 7.65 (m, 2H), 4.63 — 4.50 (m, 2H),
3.07 (s, 3H) ppm.

BC{'H} NMR (151 MHz, CDCl3): § = 135.3, 132.8, 131.4, 131.2, 129.5, 129.0, 128.4, 128.4,
128.3, 120.58, 94.4, 78.0, 38.6 ppm.

IR (neat): v =2923 (m), 1731 (w), 1447 (w), 1400 (w), 1329 (s), 1156 (s), 1092 (s), 1032 (s),
999 (s), 959 (s), 846 (s), 762 (s), 721 (s) cm™".

HRMS (ESI): m/z calculated for Ci13H12CI1sNO3NaSs: 421.9216 [M+Na]", found 421.9209.

2,2,2-Trichloroethyl (5A*-dibenzo|[b,d]|thiophen-5-ylidene)sulfamate (35v)

\ 7/
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According to the GP1, compound 35v was obtained from dibenzo[b,d]thiophene (18.6 mg,

0.100 mmol, 1.00 equiv) after purification on silica gel (eluent: ethyl acetate/n-pentane,

gradient: 1:1 = 100:0 (V:¥)) as a colourless solid (28 mg, 0.068 mmol, 68%).

Rr = 0.52 (ethyl acetate:n-pentane = 1:1 (V:V))
M.p. =139 - 141 °C.

H NMR (600 MHz, CDCls): § =8.10 — 8.07 (m, 2H), 7.94 — 7.91 (m, 2H), 7.73 (td, J = 7.6,
1.1 Hz, 2H), 7.60 (td, J = 7.7, 1.1 Hz, 2H), 4.68 (s, 2H) ppm.

BC{'H} NMR (151 MHz, CDCl3): 6=137.8, 136.7, 133.9, 130.7, 128.2, 122.9, 94.5, 78.2 ppm.

IR (neat): v = 2922 (m), 1733 (w), 1441 (m), 1332 (s), 1147 (s), 1084 (m), 1016 (s), 952 (s),
846 (s), 758 (s), 707 (s) cm ™.

HRMS (ESI): m/z calculated for C14HioC13NO3NaS»: 431.9059 [M+Na]", found 431.9056.
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2,2,2-Trichloroethyl (102*-phenoxathiin-10-ylidene)sulfamate (35w)

\ 7/

N
N 0" >cel,

480
@)
According to the GP1, compound 35w was obtained from phenoxathiine (20.4 mg, 0.100 mmol,

1.00 equiv) after purification on silica gel (eluent: ethyl acetate/n-pentane, gradient: 1:1 -

100:0 (V:V)) as a colourless solid (12.6 mg, 0.029 mmol, 30%).

Ry = 0.47 (ethyl acetate:n-pentane = 1:1 (V:}1))
M.p. =143 — 145 °C.

TH NMR (600 MHz, CDCl3): 6 = 7.96 (dd, J = 8.0, 1.6 Hz, 2H), 7.75 — 7.70 (m, 2H),
7.49 —7.42 (m, 4H), 4.46 (s, 2H) ppm.

BC{'H} NMR (151 MHz, CDCl3): 6 =151.2,135.4,131.2,126.0, 119.5, 113.1, 94.3, 78.0 ppm.

IR (neat): v =2923 (w), 1732 (m), 1590 (m), 1460 (s), 1338 (s), 1268 (s), 1150 (s), 1099 (m),
1025 (s), 955 (s), 839 (s), 755 (s), 725 (s) cm ™.

HRMS (ESI): m/z calculated for C14H0C1s3NO4NaS: 447.9009 [M+Na]*, found 447.9002

5.2.2 Synthesis of NTces-sulfoximine 36

2,2,2-Trichloroethyl [methyl(oxo)(phenyl)-A%-sulfaneylidene|sulfamate (36)

\ /7

/N/S\O/\CCI3
s’
@f e

The following procedure was taken from the literature and slightly modified, 7> Under argon, to
a solution of sulfilimine (35a, 2.0 g, 5.7 mmol, 1.0 equiv) in MeCN (20 mL) and DCE (20 mL)
was added RuCls;-xH>0 (0.035 mmol, 5.0 mol %). The resulting mixture was stirred for 5 min,
then a solution of NalO4 (2.44 g, 11.4 mmol, 2.00 equiv) in water (0.15 M) was added. The

resulting solution was stirred at rt for 12 h at 400 rpm. Water was added and the two layers were
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separated. The aqueous layer was extracted with DCM (3 x 20 mL). The combined organic
phase was successively washed with a saturated aqueous solutions of Na>S>03 (2 x 20 mL) and
NaCl (20 mL). The organic layer was dried over Na>SQOs, filtered and concentrated under
reduced pressure. The crude product was purified by flash chromatography on silica gel (eluent:

ethyl acetate) to afford sulfoximine 36 as a pale white colorless solid (2.05 g, 5.60 mmol, 98%)).

Ry = 0.48 (ethyl acetate:n-pentane = 1:1 (V:}))
M.p. =98 — 100°C.

'TH NMR (600 MHz, CDCl3): 6 = 8.07 — 8.03 (m, 2H), 7.80 — 7.75 (m, 1H), 7.68 (t,J = 7.8 Hz,
2H), 4.72 (s, 2H), 3.48 (s, 3H) ppm.

3C{'H} NMR (151 MHz, CDCls): 6 = 137.1, 135.2, 130.2, 127.7, 93.6, 78.7, 45.8 ppm.

IR (neat): v=3019 (w), 1818 (w), 1448 (w), 1353 (s), 1244 (s), 1166 (s), 1096 (s), 1072 (s),
1012 (s), 854 (s), 732 (s), 683 (s) cm™".

HRMS (ESI): m/z calculated for CoH1oCIsNO4KS;: 403.8748 [M+K]", found 403.8753.

The NMR spectra are in accordance with the literature.*”t

5.2.3 Synthesis of NH-sulfoximine 42

Imino(methyl)(phenyl)-AS-sulfanone (42)

O, NH

\ 7/

S.
S

The following procedure was taken from the literature:5> A 10 mL glass tube was loaded with
zinc dust (196 mg, 3.00 mmol, 10.0 equiv) and stirred with three drops of 1,2-dibromoethane
in THF (1 mL). The glass tube was sealed and the grey suspension was heated at reflux with a
heat gun for 1 min. After cooling to room temperature, three drops of trimethylsilyl chloride
were added and the suspension was again heated at reflux for 1 min. The resulting mixture was

then stirred at room temperature for 5 min and concentrated under reduced pressure.

To the grey residue was added a magnetic stirring bar and a solution of NTces-protected

sulfoximine 36 (110 mg, 0.300 mmol, 1.00 equiv) in glacial acetic acid (3 mL). The resulting
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mixture was then stirred at room temperature for 12 h. The reaction mixture was filtered over
celite and washed with methanol (10 mL). The filtrate was concentrated under reduced pressure.
Acetic acid was removed by repeated evaporation with toluene (2 X 2 mL). The residue was
dissolved in dry methanol (5 mL) and acetyl chloride (308 pL, 4.30 mmol, 14.4 equiv) was
added. The resulting mixture was stirred at room temperature for 1 h. After this time, the
reaction was diluted with water (5 mL) and quenched by addition of a saturated aqueous K>CO3
solution (1.2 mL). The pH of the solution was around 8. The solution was extracted with DCE
(2 x 20 mL) and the combined organic layers were dried over Na;SOs, filtered and concentrated
under reduced pressure. The crude product was purified by flash chromatography on silica gel
(eluent: n-pentane:ethyl acetate, 1:4 (V:V)) to afford NH-sulfoximine 42 as a colourless oil

(36.4 mg, 0.235 mmol, 80%).

Ry = 0.19 (ethyl acetate)

TH NMR (600 MHz, CDCl3): 6 = 8.02 — 7.99 (m, 2H), 7.63 — 7.59 (m, 1H), 7.57 — 7.53 (m,
2H), 3.10 (s, 3H), 2.34 (s, 1H) ppm.

3C{'H} NMR (151 MHz, CDCL3): 6 = 143.6, 133.2, 129.4, 127.8, 46.3 ppm.

The NMR spectra are in accordance with the literature.>*f

5.3 Experimental information for chapter 3

5.3.1 General procedures (GP2, GP3, GP4 and GP5)

General procedures for the synthesis of benzo[e][1,4,3]oxathiazin-3-one 1-oxides (GP2)

In air, a screw capped reaction tube (volume: 10 mL) equipped with magnetic stir bar was
charged with NH-S-(2-hydroxyaryl)sulfoximine (3, 0.2 mmol, 1 equiv), dichloroethane
(2mL, 0.1 M) and 1,1'-carbonyldiimidazole (48.6 mg, 0.3 mmol, 1.5 equiv). The reaction tube
was closed and the resulting mixture was heated at 85 °C for 16 h at 400 rpm. After cooling to
room temperature, the reaction mixture was transferred to a round-bottom flask and the solvent
was removed under reduced pressure. The product was purified by flash column

chromatography on silica gel.
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General Procedure for the mechanochemical synthesis of benzo|e][1,4,3]oxathiazin-3-one

1-oxide (97a)

Under air, NH-S-(2-hydroxyphenyl)-S-methyl sulfoximine (96, 51.4 mg, 0.3 mmol, 1 equiv)
and 1,1'-carbonyldiimidazole (97.3 mg, 0.6 mmol, 2 equiv) were added to a milling jar (volume:
10 mL) made out of yttrium partially stabilized zirconium oxide equipped with one ball
(diameter: 10 mm) of the same material. The jar was tightly sealed and the reaction was carried
out in a Retsch Mixer Mill MM 400 for 60 min at 30 Hz, then the jar was opened in air. The
reaction mixture was extracted with DCM (3 x 2 mL ), transferred to a round-bottomed flask
and the solvent was removed under reduced pressure. After purification on silica gel
(eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (7:V)) 97a was obtained as a colorless
solid (40 mg, 0.203 mmol, 68%).

General procedure for the conversion of benzo[e][1,4,3]oxathiazin-3-one 1-oxide (97a)

In air, to a screw capped reaction tube (volume: 10 mL) equipped with magnetic stir bar was
added 1-methyl-3H-1A*benzo[e][1,4,3]oxathiazin-3-one 1-oxide (97a, 39.4 mg, 0.200 mmol,
1.00 equiv) and diethyl ether (2 mL). The resulting mixture was cooled down to —78 °C and
n-butyl lithium (0.125 mL, 1 equiv, 1 M in hexane) was added while stirring at 400 rpm. After
the addition, the reaction mixture was allowed to warm to room temperature and stirred for 16
h. Water was added and the product extracted with diethyl ether (3 x10 mL). The organic phase
was washed with brine, dried over MgSQOs, and concentrated under reduced pressure. The
product was obtained after purification by column chromatography on silica gel

eluent: n-pentane:ethyl acetate, 2:3 (V- as a colorless oil (30 mg, 0.117 mmol, 59%)).
( p y ,2:3(V20)) ( g, , )

General procedure for synthesizing S-alkyl-S-(aryl)sulfanes (GP3)

The following procedure was taken from the literature and slightly modified.!®’
2-Methoxybenzenethiol (1 equiv) was dissolved in acetone (0.2 M) and potassium carbonate
(1.3 equiv) was added. Alkyl halide (1.2 equiv) was added, and the reaction mixture was stirred
overnight at room temperature. Water was added, and the reaction mixture was transferred to a
separation funnel. The aqueous layer was extracted with diethyl ether (3 x 10 mL), the

combined organic layers were washed with brine (15 mL), dried over Na>SOs, and filtered over
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cotton. The solvent was removed under reduced pressure to afford the aryl alkyl thioether which

was used for the synthesis of corresponding sulfoximine without further purification.

General procedure for synthesizing S,5-(diaryl)sulfanes (GP4)

The following procedure was taken from the literature and slightly modified.!>® The heteroaryl
halide (1 equiv), 2-methoxybenzenethiol (1.1 equiv), and H>O (25 mL) were added to a
round-bottomed flask (volume: 100 mL) and stirred at 100 °C for 2 to 8 h. The course of the
reaction was monitored by TLC. After cooling to room temperature, the reaction mixture was
transferred to a separation funnel and the product was extracted with ethyl acetate (3 x 10 mL).
The combined organic layers were dried over Na;SOs, filtered over cotton, and the solvent was
removed under reduced pressure. The product was purified by column chromatography on silica

gel using a mixture of n-hexane and ethyl acetate as the eluent.

General procedure for the synthesis of NH-S-(2-methoxyaryl)sulfoximines (GP5)

The following procedure was taken from the literature and slightly modified.?
S-Alkyl-S-(aryl)sulfane or S,S-(diaryl)sulfane (1.0 equiv), (diacetoxyiodo)benzene (3.0 equiv),
and ammonium carbamate (4.0 equiv) were added to a flask containing MeOH (0.5 M). The
reaction mixture was stirred at ambient temperature for 3 h to 17 h. The course of the reaction
was monitored by TLC. The solvent was removed under reduced pressure. The product was

purified by flash chromatography on silica gel.

General procedure for the syntheses of NH-S-(2-hydroxyaryl)sulfoximines through
CHB/oxidation

Note: Imino(methyl)(p-tolyl)-AS-sulfanone  (100b), (4-chlorophenyl)(imino)(methyl)-A°-
sulfanone (100c¢), benzyl(imino)(phenyl)-A°-sulfanone (100i), and iminodiphenyl-A*-sulfanone
(100k) were prepared from the corresponding thioethers according to a procedure reported in

the literature.?®
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5.3.2 Synthetic procedures and analytical data

1-Methyl-3H-1)%-benzo[e][1,4,3]oxathiazin-3-one 1-oxide (97a)

According to GP2, benzo[e][l,4,3]oxathiazin-3-one 1-oxide 97a was obtained from
(2-hydroxyphenyl)(imino)(methyl)-AS-sulfanone (96a, 34.2 mg, 0.2 mmol, 1 equiv) after
purification on silica gel (eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (V:V)) as a
colorless solid (37.2 mg, 0.189 mmol, 94%).

Note on scale-up: Compound 97a was obtained from (2-hydroxyphenyl)(imino)(methyl)-A%-
sulfanone(96a, 171 mg, 1.00 mmol, 1.00 equiv) after purification on silica gel
(eluent: n-pentane:ethyl acetate, gradient: 1:4 - 0:100 (V:})) as a colorless solid (175 mg,
0.887 mmol, 89%).

RF=0.35 (ethylacetate)
M.p. =196 — 198 °C.

H NMR (600 MHz, (CD3),CO): 5 =8.15 (dd, J = 8.0, 1.6 Hz, 1H), 7.87 (ddd, J=8.8, 7.3, 1.6
Hz, 1H), 7.51 (ddd, J= 8.1, 7.4, 1.1 Hz, 1H), 7.30 (dd, J = 8.5, 1.0 Hz, 1H), 3.74 (s, 3H) ppm.

BC{'H} NMR (151 MHz, (CD3)2CO): 6 = 153.5, 145.3, 138.1, 126.1, 126.0, 119.5, 115.4,
45.5 ppm.

IR (neat): v = 3007 (m), 2923 (m), 2190 (w), 1704 (s), 1590 (s), 1477 (s), 1451 (s), 1307 (s),
1236 (s), 1198 (s), 1135 (w), 1094 (s), 1041 (s), 959 (s), 900 (m), 764 (s), 659 (w) cm .

HRMS (ESI): m/z calculated for CsH7NNaOsS: 220.0044 [M+Na]", found 220.0040.
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1,6-Dimethyl-3H-1)*-benzo[e][1,4,3]oxathiazin-3-one 1-oxide (97b)

O, Me

O
Me o/l*o

According to GP2, benzo[e][1,4,3]oxathiazin-3-one 1-oxide 97b was obtained from
(2-hydroxy-4-methylphenyl)(imino)(methyl)-A°-sulfanone (96b, 37.1 mg, 0.2 mmol, 1 equiv)
after purification on silica gel (eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (V1)) as
a colorless solid (32.3 mg, 0.153 mmol, 77%).

RF=0.57 (ethylacetate)
M.p. =193 -195 °C.

TH NMR (600 MHz, CDCls): 6 =7.68 (d, J= 8.1 Hz, 1H), 7.21 (dd, J= 8.2, 1.5 Hz, 1H), 7.09
(s, 1H), 3.45 (s, 3H), 2.48 (s, 3H) ppm.

BC{IH} NMR (151 MHz, CDCl3): 6 = 152.7, 149.8, 145.5, 126.6, 124.3, 119.3, 110.8, 46.6,
22.2 ppm.

IR (neat): v =2996 (m), 2913 (m), 2318 (w), 1706 (s), 1605 (s), 1445 (m), 1411 (s), 1297 (s),
1236 (s), 1166 (s), 1099 (s), 1043 (s), 873 (m), 787 (s), 676 (s) cm .

HRMS (ESI): m/z calculated for CoHoNNaO3S: 234.0195 [M+Na]", found 234.0192.

6-Chloro-1-methyl-3H-1)*-benzo[e][1,4,3]oxathiazin-3-one 1-oxide (97¢)

According to GP2, benzo[e][],4,3]oxathiazin-3-one 1-oxide 97c¢ was obtained from
(4-chloro-2-hydroxyphenyl)(imino)(methyl)-A°-sulfanone (96¢, 41.1 mg, 0.2 mmol,1 equiv)
after purification on silica gel (eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (V:V)) as
a colorless solid (38 mg, 0.164 mmol, 82%).

RFr=0.39 (ethyl acetate:n-pentane = 4:1 (V:}))

M.p. =182 -184 °C.
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1H NMR (600 MHz, CDCI3): 6 =7.74 (d, ] = 8.5 Hz, 1H), 7.40 (dd, J = 8.5, 1.9 Hz, 1H), 7.33
(d, J=1.9 Hz, 1H), 3.48 (s, 3H) ppm.

13C{'H} NMR (151 MHz, CDCI3): § = 184.1, 164.0, 158.3, 144.0, 126.2, 125.7, 119.7,
46.5 ppm.

IR (neat): v = 2997 (w), 2319 (w), 1725 (s), 1590 (s), 1470 (m), 1405 (s), 1227 (s), 1187 (s),
1075 (s), 1029 (s), 967 (s), 897 (m), 818 (m), 788 (s), 737 (s) cm—1.

HRMS (ESI): m/z calculated for CSH6CINO3S: 230.9751 [M]+, found 230.9751.

6-Bromo-1-methyl-3H-1)A*-benzo|e][1,4,3]oxathiazin-3-one 1-oxide (97d)

O. Me

N\

According to GP2, benzo[e][1,4,3]oxathiazin-3-one 1-oxide 97d was obtained from
(4-bromo-2-hydroxyphenyl)(imino)(methyl)-A%-sulfanone (96d, 50 mg, 0.2 mmol, 1 equiv)
after purification on silica gel (eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (V:V)) as
a colorless solid (55.2 mg, 0.2 mmol, 65%).

RF=0.41 (ethyl acetate:n-pentane = 1:1 (V:}))
M.p. =204 - 206 °C.

TH NMR (600 MHz, CDCl3): 6 = 7.67 (d, J = 8.4 Hz, 1H), 7.55 (dd, J= 8.4, 1.7 Hz, 1H), 7.50
(d, J=1.8 Hz, 1H), 3.48 (s, 3H) ppm.

BC{'H} NMR (151 MHz, CDCl3): 6 = 153.1, 144.3, 132.2, 129.0, 125.6, 122.7, 112.7,
46.5 ppm.

IR (neat): v = 3013 (w), 2109 (w), 1713 (s), 1575 (s), 1461 (m), 1397 (s), 1322 (m), 1235 (s),
1152 (m), 1106 (m), 1037 (s), 969 (s), 914 (s), 818 (m), 783 (), 733 (s) cm .

HRMS (ESI): m/z calculated for CsHsBrNNaO3S: 297.9144 [M+Na]", found 297.9146.
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1-Methyl-3H-12*-naphtho[2,3-¢][1,4,3]oxathiazin-3-one 1-oxide (97¢)

o/go

According to GP2, naphtho[2,3-¢][1,4,3]oxathiazin-3-one 1-oxide 97e was obtained from
(3-hydroxynaphthalen-2-yl)(imino)(methyl)-A®-sulfanone (96e, 44.3 mg, 0.2 mmol, 1 equiv)
after purification on silica gel (eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (V:V)) as
a colorless solid (37 mg, 0.15 mmol, 75%).

RFr=0.59 (ethylacetate)
M.p.=277-279 °C.

TH NMR (600 MHz, CDCl3): 6 = 8.43 (s, 1H), 7.98 (d, J = 8.3 Hz, 1H), 7.92 (d, J = 8.4 Hz,
1H), 7.76 — 7.70 (m, 2H), 7.63 — 7.60 (m, 1H), 3.56 (s, 3H) ppm.

13C{'H} NMR (151 MHz, CDCly): 6 = 147.3, 137.7, 131.1,131.0, 129.8, 129.2, 128.0, 127.5,
127.0, 115.5, 114.3, 47.0 ppm.

IR (neat): v = 3020 (w), 1710 (s), 1624 (m), 1592 (s), 1499 (m), 1449 (m), 1334 (s), 1293 (s),
1219 (s), 1167 (m), 1021 (s), 961 (m), 889 (s), 798 (s), 748 (s) cm ™.

HRMS (ESI): m/z calculated for C12HoNNaO3S: 270.0195 [M+Na]", found 270.0198.

1-Ethyl-3H-1)\*-benzo|e][1,4,3]oxathiazin-3-one 1-oxide (97f)
O\\ /—Me

e
O/&O

According to GP2, benzo[e][1,4,3]oxathiazin-3-one 1-oxide 97f was obtained from
ethyl(2-hydroxyphenyl)(imino)-A®-sulfanone (96f, 37.2 mg, 0.2 mmol, 1 equiv) after
purification on silica gel (eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (V:V)) as a
colorless solid (30.5 mg, 0.144 mmol, 72%).

RFr=0.43 (ethyl acetate:n-pentane = 4:1 (V:V))

M.p. = 112 - 113 °C.
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TH NMR (600 MHz, CDCL3): 6 = 7.79 — 7.73 (m, 2H), 7.42 — 7.40 (m, 1H), 7.31 (d, J = 8.5 Hz,
1H), 3.60 — 3.49 (m, 2H), 1.33 — 1.31 (m, 3H) ppm.

BC{'H} NMR (151 MHz, CDCl3): 6 = 153.6, 145.7, 137.7, 125.5, 124.8, 119.5, 111.1, 52.4,
7.7 ppm.

IR (neat): v = 2976 (w), 2932 (w), 2166 (w), 1712 (s), 1590 (s), 1479 (m), 1449 (s), 1226 (s),
1094 (s), 1054 (s), 1007 (s), 901 (m), 867 (w), 802 (m), 745 (s) cm™".

HRMS (ESI): m/z calculated for CoHoNNaQsS: 234.0195 [M+Na]", found 234.0197.

1-Butyl-3H-1A*-benzo[e][1,4,3]oxathiazin-3-one 1-oxide (97g)

According to GP2, benzo[e][l,4,3]oxathiazin-3-one 1-oxide 97g was obtained from
butyl(2-hydroxyphenyl)(imino)-AS-sulfanone (96g, 42.7 mg) 0.244 mmol, 1 equiv) after
purification on silica gel (eluent: n-pentane:ethyl acetate, gradient: 1:4 - 0:100 (V:}))) as a
pale yellow oil (42.4 mg, 0.177 mmol, 73%).

Rr=0.56 (ethyl acetate:n-pentane = 4:1 (V:}))

TH NMR (600 MHz, CDCl3): 6 =7.78 — 7.72 (m, 2H), 7.43 — 7.37 (m, 1H), 7.31 (d, J = 8.5 Hz,
1H), 3.49 (dd, J= 8.7, 7.4 Hz, 2H), 1.84 — 1.77 (m, 1H), 1.54 — 1.51 (m, 1H), 1.48 — 1.38 (m,
2H), 0.92 (t,J= 7.3 Hz, 3H) ppm.

BC{'H} NMR (151 MHz, CDCl3): 6 = 153.4, 145.6, 137.6, 125.4, 124.8, 119.5, 111.9, 57.5,
24.7,21.3, 13.6 ppm.

IR (neat): v = 2963 (m), 2875 (m), 1706 (s), 1588 (s), 1449 (s), 1299 (s), 1249 (s), 1192 (s),
1095 (s), 1016 (s), 902 (m), 868 (w), 764 (s), 658 (W) cm ™.
HRMS (ESI): m/z calculated for C11H13NNaOsS: 262.0508 [M+Na]", found 262.0508.

1-(Cyclohexylmethyl)-3H-1)*-benzo|e][1,4,3]oxathiazin-3-one 1-oxide (97h)
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According to GP2, benzo[e][l,4,3]oxathiazin-3-one 1-oxide 97h was obtained from
(cyclohexylmethyl)(2-hydroxyphenyl)(imino)-A%-sulfanone (96h, 50.7 mg, 0.2 mmol,1 equiv)
after purification on silica gel (eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (V7)) as
a colourless liquid (33 mg, 0.118 mmol, 60%).

RFr=0.47 (ethyl acetate:n-pentane = 1:1 (V:}))

'H NMR (600 MHz, CDCl3): 6 = 7.76 — 7.73 (m, 2H), 7.41 — 7.38 (m, 1H), 7.29 — 7.27 (m,
1H), 3.43 (dd, J= 14.5, 6.0 Hz, 1H), 3.34 (dd, J = 14.5, 6.1 Hz, 1H), 2.07 - 2.03 (m, 1H), 1.98
—1.93 (m, 1H), 1.72 - 1.67 (m, 1H), 1.63 — 1.58 (m, 3H), 1.32 — 1.09 (m, 4H), 1.05 — 0.98 (m,
1H) ppm.

BC{IH} NMR (151 MHz, CDCls): 6 = 152.8, 145.5, 137.5, 125.4, 124.8, 119.4, 113.4, 64.2,
33.1, 33.0, 32.9, 25.6 ppm.

IR (neat): v =2922 (s), 2855 (s), 2088 (w), 1721 (s), 1587 (s), 1476 (s), 1447 (s), 1327 (m),
1274 (s), 1214 (s), 1157 (s), 1087 (s), 1006 (s), 901 (s), 838 (m), 758 (s) cm .

HRMS (ESI): m/z calculated for C14Hi7NNaOsS: 302.0821 [M+Na]", found 302.0819.

1-Benzyl-3H-1)*-benzo[e][1,4,3]oxathiazin-3-one 1-oxide (97i)

According to GP2, benzo[e][],4,3]oxathiazin-3-one 1-oxide 97i was obtained from
benzyl(2-hydroxyphenyl)(imino)-A°-sulfanone (96i, 49.5 mg, 0.2 mmol, 1 equiv) after
purification on silica gel (eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (V:V)) as a
colorless solid (44.2 mg, 0.162 mmol, 81%).

RFr=0.50 (ethyl acetate:n-pentane = 3:2 (V:V))

M.p. =162 - 164 °C.

TH NMR (600 MHz, CDCl3): 6 = 7.68 (ddd, ] = 8.7, 7.4, 1.6 Hz, 1H), 7.64 (dd, J = 8.0, 1.6 Hz,
1H), 7.38 — 7.33 (m, 2H), 7.29 — 7.25 (m, 2H), 7.10 — 7.07 (m, 2H), 7.05 (dd, J = 8.4, 1.0 Hz,
1H), 4.72 (d,J=14.2 Hz, 1H), 4.58 (d, ] = 14.2 Hz, 1H) ppm.

BC{'H} NMR (151 MHz, CDCl3): § = 153.5,145.4, 137.9, 131.2, 130.3, 129.3, 125.5, 125.5,
125.0, 118.8, 110.6, 65.0 ppm.
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IR (neat): v = 2974 (w), 2918 (w), 2325 (w), 2093 (w), 1708 (s), 1587 (s), 1448 (s), 1304 (s),
1201 (s), 1090 (s), 1019 (s), 964 (s), 871 (m), 735 (s), 698 (s) cm ™.

HRMS (ESI): m/z calculated for C14Hi1NNaOsS: 296.0350 [M+Na]", found 296.0351.

1-Cyclopropyl-3H-12*-benzo|e|[1,4,3]oxathiazin-3-one 1-oxide (97j)

According to GP2, benzo[e][1,4,3]oxathiazin-3-one 1-oxide 97j was obtained from
cyclopropyl(2-hydroxyphenyl)(imino)-AS-sulfanone (96j, 39.5 mg, 0.2 mmol, 1 equiv) after
purification on silica gel (eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (V:})) as a pale
yellow oil (31.3 mg, 0.14 mmol, 70%).

Rr=0.56 (ethyl acetate:n-pentane = 4:1 (V:}))

TH NMR (600 MHz, CDCls): 6 =7.80 (dd, J= 7.9, 1.6 Hz, 1H), 7.73 (ddd, J=8.7,7.2, 1.6 Hz,
1H), 7.39 (t, J=7.6 Hz, 1H), 7.28 (d, J= 8.5 Hz, 1H), 2.78 (tt, /J=7.4,4.9 Hz, 1H), 1.77 — 1.72
(m, 1H), 1.41 — 1.35 (m, 2H), 1.28 — 1.23 (m, 1H) ppm.

BC{'H} NMR (151 MHz, CDCl3): § = 152.6, 146.1, 137.1, 125.4, 124.8, 119.2, 114.5, 34.2,
7.1, 5.8 ppm.

IR (neat): v=3039 (w), 2166 (w), 1711 (s), 1590 (s), 1448 (s), 1234 (s), 1186 (s), 1011 (s), 881
(s), 830 (W), 761 (s), 729 (s), 656 (w) cm .
HRMS (ESI): m/z calculated for C1oHoNNaOsS: 246.0195 [M+Na]", found 246.0197.

1-Phenyl-3H-12*-benzo|[e][1,4,3]oxathiazin-3-one 1-oxide (97k)

According to GP2, benzo[e][1,4,3]oxathiazin-3-one 1-oxide 97k was obtained from

(2-hydroxyphenyl)(imino)(phenyl)-AS-sulfanone (96k, 46.7 mg, 0.2 mmol, 1 equiv) after
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purification on silica gel (eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (V:V)) as a
colorless solid (45.2 mg, 0.174 mmol, 88%).

RFr=0.46 (ethyl acetate:n-pentane = 3:2 (V:V))
M.p. =158 - 160 °C.

TH NMR (600 MHz, CDCLs): 6 = 8.00 — 7.97 (m, 2H), 7.76 — 7.72 (m, 1H), 7.69 — 7.62
(m, 3H), 7.45 (dd, J=7.9, 1.6 Hz, 1H), 7.32 (dd, J= 8.5, 1.0 Hz, 1H), 7.28 — 7.24 (m, 1H) ppm.

BC{'H} NMR (151 MHz, CDCls): 6 = 152.6, 137.7, 136.8, 135.2, 134.5, 130.0, 128.6, 126.2,
125.6, 125.4, 119.3 ppm.

IR (neat): v =2922 (m), 2325 (w), 2094 (w), 1713 (s), 1586 (s), 1445 (s), 1292 (s), 1241 (s),
1189 (s), 1086 (s), 1015 (s), 900 (m), 859 (s), 733 (s) cm ™.

HRMS (ESI): m/z calculated for C13HoNO3S: 259.0299 [M]", found 259.0297.

1-(Pyridin-2-yl)-3H-12*-benzo|e][1,4,3]oxathiazin-3-one 1-oxide (971)

According to GP2, benzo[e][],4,3]oxathiazin-3-one 1-oxide 971 was obtained from
(2-hydroxyphenyl)(imino)(pyridin-2-yl)-A®-sulfanone (961, 46.9 mg, 0.2 mmol, 1 equiv) after
purification on silica gel (eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (V:V)) as a
colourless oil (14.4 mg, 0.0553 mmol, 28%).

RF=0.65 (ethyl acetate:n-pentane = 3:2 (V:V))

TH NMR (600 MHz, CDCl3): d =8.17 — 8.14 (m, 1H), 7.69 (ddd, /= 8.1, 7.2, 2.0 Hz, 1H), 7.64
(dd, /=79, 1.6 Hz, 1H), 7.24 (dd,J=7.7, 1.6 Hz, 1H), 7.16 (td, /= 7.6, 1.3 Hz, 1H), 7.09 (dd,
J=17.9, 1.3 Hz, 1H), 7.01 — 6.99 (m, 1H), 6.94 (dd, J = 8.4, 1.0 Hz, 1H) ppm.

BC{IH} NMR (151 MHz, CDCls): d = 163.3, 151.1, 147.7, 139.7, 129.8, 128.8, 128.1, 126.0,
122.3, 118.8, 111.5 ppm.

IR (neat): v = 2920 (w), 2323 (w), 2078 (w), 1732 (w), 1570 (s), 1459 (s), 1422 (s), 1236 (s),
1203 (s), 1140 (s), 1055 (s), 989 (m), 878 (s), 808 (m), 756 (s), 675 (m) cm™".
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HRMS (ESI): m/z calculated for C12HgN203S: 260.0256 [M]", found 186.0372. Correct mass
not found.

N-((2-hydroxyphenyl)(methyl)(oxo)-A°-sulfaneylidene)pentanamide (98)

O, Me Me
S
L

@)
OH

In air, to a screw capped reaction tube (volume: 10 mL) equipped with magnetic stir bar was
added 1-methyl- 3H-1A*benzo[e][1,4,3]oxathiazin-3-one 1-oxide (97a, 39.4 mg, 0.200 mmol,
1.00 equiv) and diethyl ether (2 mL). The resulting mixture was cooled down to —78 °C and
n-butyl lithium (0.125 mL, 1 equiv, 1 M in hexane) was added while stirring at 400 rpm. After
the addition, the reaction mixture was allowed to warm to room temperature and stirred for 16
h. Water was added and the product extracted with diethyl ether (3 x10 mL). The organic phase
was washed with brine, dried over MgSO,, and concentrated under reduced pressure. The
product 98 was obtained after purification by column chromatography on silica gel

(eluent: n- pentane:ethyl acetate, 2:3 (V:V)) as a colorless oil (30 mg, 0.117 mmol, 59%).

RF=0.51 (ethyl acetate:n-pentane = 2:3 (V:}))

'"H NMR (600 MHz, CDCl3): 6 =7.72 (dt, J= 8.3, 1.5 Hz, 1H), 7.54 (ddd, J=8.7, 7.3, 1.7 Hz,
1H), 7.05 (ddd, J = 8.5, 5.5, 1.3 Hz, 2H), 4.13 (qt, J = 10.6, 6.7 Hz, 2H), 3.50 (s, 3H), 3.20
(s, 1H), 1.67 = 1.61 (m, 2H), 1.42 — 1.35 (m, 2H), 0.92 (t, J= 7.4 Hz, 3H) ppm.

13C{1H} NMR (151 MHz, CDCI3): § = 166.4, 158.5, 156.4, 136.9, 128.1, 120.7, 119.9, 66.6,
44.4,30.9, 19.2, 13.8 ppm.

IR (neat): v = 3024 (m), 2959 (m), 2872 (m), 1655 (s), 1453 (s), 1391 (m), 1223 (s), 1129 (m),
1064 (m), 969 (s), 884 (s), 837 (m), 755 (s) cm—1.

HRMS (ESI): m/z calculated for C12H17NO3NaS: 278.0811 [M+Na]+, found 278.0811
(4-Bromo-2-methoxyphenyl)(methyl)sulfane (98d)

Br OMe

Following a literature known procedure,? S-alkyl-S-(aryl)sulfane 98d was obtained as a pale

yellow oil (455 mg, 1.95 mmol, 20%).
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Rr=0.36 (n-pentane)

TH NMR (600 MHz, CDCLs): § = 7.08 (dd, J = 8.2, 2.0 Hz, 1H), 7.00 (d, /= 8.3 Hz, 1H), 6.95
(d, J=1.9 Hz, 1H), 3.89 (s, 3H), 2.41 (s, 3H) ppm.

IBC{'H} NMR (151 MHz, CDCl3): 6=157.0, 127.4,126.5, 124.2,119.2, 113.8, 56.2, 14.9 ppm.

IR (neat): v = 2927 (s), 2324 (w), 2087 (w), 1731 (m), 1569 (s), 1468 (), 1388 (s), 1241 (s),
1138 (m), 1064 (s), 1024 (s), 968 (m), 842 (s), 797 (s), 739 (W) cm ™.

HRMS (ESI): m/z calculated for CsHoBrOS: 231.9552 [M]+, found 231.9550.

(3-Methoxynaphthalen-2-yl)(methyl)sulfane (98e)
OMe

Following a literature known procedure,'> S-alkyl-S-(aryl)sulfane 98e was obtained as a white

solid (432 mg, 2.11 mmol, 43%)).

Rr=0.52 (n-pentane)

TH NMR (600 MHz, CDCl3): 6 = 8.28 (s, 1H), 7.87 (d, J = 8.2 Hz, 1H), 7.76 (d, J = 8.3 Hz,
1H), 7.52 — 7.47 (m, 1H), 7.42 — 7.37 (m, 1H), 7.14 (s, J = 2.5 Hz, 1H), 3.97 — 3.94 (m, 3H),
2.83 —2.82 (m, 3H) ppm.

3C{'H} NMR (151 MHz, CDCls): § = 152.6, 135.5, 135.0, 128.7, 128.4, 127.9, 126.7, 125.6,
124.8, 106.1, 55.8, 41.7 ppm.

The NMR spectra are in accordance with those reported in the literature. !>
Ethyl(2-methoxyphenyl)sulfane (98f)

S._ _Me

N

OMe

According to GP3, S-alkyl-S-(aryl)sulfane 98f was obtained from 2-methoxybenzenethiol

(701 mg, 5.00 mmol, 1.00 equiv) as a pale yellow oil and used without further purification.

RFr=0.60 (ethylacetate)
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H NMR (600 MHz, CDCL3): § = 7.26 (dd, J = 7.6, 1.7 Hz, 1H), 7.17 (td, J= 7.8, 1.6 Hz, 1H),
6.93 (td, J= 7.6, 1.2 Hz, 1H), 6.85 (dd, J = 8.2, 1.2 Hz, 1H), 3.89 (s, 3H), 2.92 (q, J = 7.4 Hz,
2H), 1.32 (t, J= 7.4 Hz, 3H) ppm.

BC{'H} NMR (151 MHz, CDCl3): § = 157.3, 129.1, 126.9, 125.0, 121.2, 110.5, 55.9, 26.1,
14.2 ppm.

The NMR spectra are in accordance with those reported in the literature.'®°

Butyl(2-methoxyphenyl)sulfane (98g)

©:S\/\/Me
OMe

According to GP3, S-alkyl-S-(aryl)sulfane 98g was obtained from 2-methoxybenzenethiol
(701 mg, 5.00 mmol, 1.00 equiv) as a pale yellow oil and used without further purification.

RF=0.65 (ethylacetate)

TH NMR (600 MHz, CDCl3): 6 = 7.26 — 7.24 (m, 1H), 7.16 (td, J = 7.8, 1.6 Hz, 1H), 6.93 (td,
J=17.5,12Hz, 1H), 6.85 (dd, J=8.2, 1.2 Hz, 1H), 3.89 (s, 3H), 2.92 — 2.86 (m, 2H), 1.65 (qd,
J=17.5,5.9Hz, 2H), 1.47 (h, J=7.4 Hz, 2H), 0.93 (t, /= 7.4 Hz, 3H) ppm.

13C{'H} NMR (151 MHz, CDCls): 6 = 157.2, 128.8, 126.7, 125.4, 121.2, 110.5, 55.9, 31.7,
31.1,22.2, 13.8 ppm.

The NMR spectra are in accordance with those reported in the literature.!®!

(Cyclohexylmethyl)(2-methoxyphenyl)sulfane (98h)

o

According to GP3, S-alkyl-S-(aryl)sulfane 98h was obtained from 2-methoxybenzenethiol
(1033 mg, 7.000 mmol, 1.000 equiv) after purification on silica gel (eluent: n-hexane:ethyl
acetate, 50:1 (V:V)) as a colourless oil (1.39 g, 5.88 mmol, 84%)).

RF=0.70 (n-pentane)
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TH NMR (600 MHz, CDCLs): § = 7.22 (dd, J=7.7, 1.6 Hz, 1H), 7.15 (td, J= 7.8, 1.6 Hz, 1H),
6.92 (td, J= 7.6, 1.2 Hz, 1H), 6.84 (dd, J= 8.2, 1.2 Hz, 1H), 3.89 (s, 3H), 2.78 (d, J = 6.8 Hz,
2H), 1.90 — 195 (m, 2H), 1.75 — 1.69 (m, 2H), 1.67— 1.62 (m, 1H), 1.60 — 1.53 (m, 1H),
1.27 - 1.13 (m, 3H), 1.06 — 0.99 (m, 2H) ppm.

BC{'H} NMR (151 MHz, CDCL): 6 = 157.0, 128.3, 126.4, 126.0, 121.2, 110.4, 55.9, 39.3,
37.5,33.1, 26.5, 26.2 ppm.

IR (neat): v = 2921 (s), 2848 (s), 2325 (W), 2100 (w), 1874 (w), 1577 (5), 1472 (s), 1240 (s),
1182 (m), 1071 (s), 1025 (s), 902 (W), 792 (W), 744 (s), 683 (m) cm .

HRMS (ESI): m/z calculated for C14H200S: 236.1229 [M]", found 236.1229.

Cyclopropyl(2-methoxyphenyl)sulfane (98j)

CLY

According to GP3, S-alkyl-S-(aryl)sulfane 98j was obtained from 2-methoxybenzenethiol
(701 mg, 5.00 mmol, 1.00 equiv.) after purification on silica gel (eluent: n-pentane:ethyl

acetate, gradient: 1:4 = 0:100 (V:V)) as a pale yellow oil (240 mg, 1.33 mmol, 27%).

RFr = 0.50 (ethylacetate:n-pentane = 1:4 (V:1))

TH NMR (600 MHz, CDCls): 6 = 7.49 (dd, J=7.6, 1.6 Hz, 1H), 7.14 (ddd, J=9.0, 7.4, 1.6 Hz,
1H), 6.97 (ddd, J = 7.6, 1.2 Hz, 1H), 6.82 (dd, J = 8.1, 1.2 Hz, 1H), 3.87 (s, 3H), 2.14 — 2.08
(m, 1H), 1.11 — 1.05 (m, 2H), 0.72 — 0.66 (m, 2H) ppm.

BC{IH} NMR (151 MHz, CDCl3): 6 = 156.7, 127.7, 126.4, 125.8, 121.3, 110.1, 55.9, 10.7,
8.6 ppm.

IR (neat): v = 3065 (w), 2936 (m), 2835 (m), 1759 (w), 1576 (s), 1471 (s), 1275 (s), 1238 (s),
1183 (m), 1071 (s), 1023 (s), 881 (m), 824 (m), 745 (s), 685 (m) cm™'.
HRMS (EI): m/z calculated for C1oH120S: 180.0603 [M]", found 180.0598.

2-[(2-Methoxyphenyl)thio]pyridine (98I)

109



According to GP4, S,S-(diaryl)sulfane 981 was obtained from 2-bromopyridine (798 mg,
5 mmol, 1.00 equiv) after 8 h reaction time and purification on silica gel (eluent: n-hexane:ethyl

acetate, gradient: 1:4 = 0:100 (V:¥)) as a colourless liquid (462 mg, 2.13 mmol, 43%).5¢

Rr=0.35 (ethylacetate:n-hexane = 4:1 (V:}))

'H NMR (600 MHz, CDCls): § = 8.41 — 8.40 (m, 1H), 7.58 (dd, J = 7.5, 1.7 Hz, 1H),
7.44 —7.41 (m, 2H), 7.02 - 6.95 (m, 3H), 6.83 (dt, J= 8.1, 1.0 Hz, 1H), 3.81 (s, 3H) ppm.

BC{IH} NMR (151 MHz, CDCL3): 6 = 161.0, 159.9, 149.6, 137.1, 136.5, 131.4, 121.5, 121.0,
119.7, 119.0, 111.8, 56.1 ppm.

The NMR spectra are in accordance with those reported in the literature. '

Imino(2-methoxyphenyl)(methyl)-A%-sulfanone (99a)

O, Me

CL

OMe

Following a literature known procedure,?® NH-S-(2-methoxyaryl)sulfoximine 99a was obtained
as a colorless solid ( 4.11 g, 22.2 mmol, 70%).

RF=0.24 (ethyl acetate:n-pentane = 4:1 (V:V))

TH NMR (600 MHz, CDCl3): 6 =7.85 (dd, J=7.8, 1.8 Hz, 1H), 7.60 (ddd, /= 8.3, 7.3, 1.8 Hz,
1H), 7.23 (dd, J= 8.4, 1.1 Hz, 1H), 7.11 (td, J = 7.5, 1.0 Hz, 1H), 4.19 (s, 1H), 3.92 (s, 3H),
3.14 (s, 3H) ppm.

BC{'H} NMR (151 MHz, CDCls): § = 156.3, 134.3, 132.1, 128.4, 120.1, 113.0, 56.2, 43.9
ppm.

The NMR spectra are in accordance with those reported in the literature.?

(4-Bromo-2-methoxyphenyl)(imino)(methyl)-A%-sulfanone (99d)

S.
Br OMe

According to GP5, NH-S-(2-methoxyaryl)sulfoximine 99d was obtained from
(4-bromo-2-methoxyphenyl)(methyl)sulfane (98d, 583 mg, 2.50 mmol, 1.00 equiv) after
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purification on silica gel (eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (V:V)) as a
pale yellow oil (428 mg, 1.62 mmol, 65%).

Rr=0.36 (ethylacetate)

IH NMR (600 MHz, CDCls): 6 = 7.75 (d, J = 8.4 Hz, 1H), 7.16 (dd, J = 8.3, 1.7 Hz, 1H), 7.12
(d,J= 1.8 Hz, 1H), 3.93 (s, 3H), 3.18 (s, 3H) ppm.

BC{'H} NMR (151 MHz, CDCls): 6 = 157.2, 130.8, 130.7, 129.1, 124.0, 116.1, 56.7, 44.0
ppm.

IR (neat): v = 3270 (m), 2939 (w), 2098 (w), 1575 (s), 1468 (s), 1388 (s), 1316 (W), 1248 (s),
1217 (s), 1061 (s), 1002 (s), 952 (s), 848 (s), 751 (s) cm™.

HRMS (ESI): m/z calculated for CsH1oBrNO2S: 262.9610 [M]*, found 262.9610.

Imino(3-methoxynaphthalen-2-yl)(methyl)-A%-sulfanone (99¢)

0. Me

°S.
OMe

According to GPS5, NH-S-(2-methoxyaryl)sulfoximine 99e was obtained from
(3-methoxynaphthalen-2-yl)(methyl)sulfane (98e, 409 mg, 2.00 mmol, 1.00 equiv) after
purification on silica gel (eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (V:V) as a
colourless oil (262 mg, 1.11 mmol, 56%).

RF=0.26 (ethylacetate)

TH NMR (600 MHz, CDCl3): 6 = 8.54 (s, 1H), 7.90 (d, J = 8.2 Hz, 1H), 7.79 (d, J = 8.2 Hz,
1H), 7.59 (ddd, /= 8.3, 6.9, 1.3 Hz, 1H), 7.45 (ddd, J=8.1, 6.9, 1.2 Hz, 1H), 7.28 (s, 1H), 4.09
(s, 3H), 3.37 (s, 3H) ppm.

BC{IH} NMR (151 MHz, CDCL): 6 = 153.5, 136.8, 132.6, 131.2, 129.4, 127.5, 126.6, 125.3,
107.8, 56.4, 44.3 ppm.

IR (neat): v = 3270 (w), 2937 (w), 2080 (w), 1719 (m), 1625 (s), 1591 (s), 1464 (s), 1326 (s),
1215 (s), 1051 (s), 1011 (s), 955 (s), 835 (m), 752 (s), 714 (m) cm™".

HRMS (ESI): m/z calculated for C12H13NNaO,S: 258.0559 [M+Na]", found 258.0561
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Ethyl(imino)(2-methoxyphenyl)-A*-sulfanone (99f)

O\\ /—Me
e
OMe
According to GP5, NH-S-(2-methoxyaryl)sulfoximine 99f was obtained from
ethyl(2-methoxyphenyl)sulfane (98f, 507 mg, 3.00 mmol, 1.00 equiv.) after purification on

silica gel (eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (V:})) as a pale yellow oil
(400 mg, 2.01 mmol, 67%).

Rr=0.48 (ethylacetate)

'H NMR (600 MHz, (CD3),S0): § = 7.95 (dd, J = 7.8, 1.8 Hz, 1H), 7.59 — 7.50 (m, 1H),
7.14 —7.00 (m, 2H), 3.97 (s, 3H), 3.55 — 3.34 (m, 2H), 1.25 (td, J= 7.4, 1.1 Hz, 3H) ppm.

BC{TH} NMR (151 MHz, (CD3),SO): 6 = 157.1, 134.9, 130.7, 129.2, 120.8, 112.4, 56.3, 49.7,
7.6 ppm.

IR (neat): v = 3228 (s), 2973 (w), 2086 (w), 1713 (w), 1587 (s), 1459 (s), 1195 (s), 1104 (s),
1071 (s), 1048 (s), 977 (s), 871 (s) (m), 760 (s), 733 (s), cm ™.

HRMS (ESI): m/z calculated for CoH13NNaO>S: 222.0559 [M+Na]", found 222.0554

Butyl(imino)(2-methoxyphenyl)-AS-sulfanone (99g)

Me
O /\/\
Ox
OMe
According to GP5, NH-S-(2-methoxyaryl)sulfoximine 99g was obtained from
butyl(2-methoxyphenyl)sulfane (98g, 704 mg, 3.58 mmol, 1.00 equiv) after purification on

silica gel (eluent: n-pentane:ethyl acetate, gradient: 1:4 - 0:100 (V:V)) as a pale yellow oil
(470 mg, 2.07 mmol, 58%).

Rr = 0.42 (ethylacetate)
'TH NMR (600 MHz, CDCl3): 6 =7.82 (dd, J= 7.7, 1.8 Hz, 1H), 7.63 — 7.57 (m, 1H), 7.22 (d,

J=84Hz, 1H), 7.11 (t, J= 7.6 Hz, 1H), 4.14 (s, 1H), 3.90 (d, J = 1.6 Hz, 3H), 3.31 — 3.25 (m,
2H), 1.50 — 1.40 (m, 2H), 1.24 — 1.33(m, 2H), 0.84 — 0.77 (m, 3H) ppm.
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BC{'H} NMR (151 MHz, CDCL): 6 = 156.5, 134.4, 130.3, 129.4, 120.2, 112.9, 56.2, 54.2,
24.9,20.8, 13.5 ppm.

IR (neat): v = 3537 (w), 3272 (m), 2958 (s), 2872 (m), 2326 (w), 1716 (w), 1586 (s), 1473 (s),
1246 (s), 1134 (m), 1088 (m), 1056 (m), 978 (s), 801 (s), 759 cm™".

HRMS (ESI): m/z calculated for C1;Hi7NNaO,S 250.0872 [M+Na]", found 250.0869.

(Cyclohexylmethyl)(imino)(2-methoxyphenyl)-A°-sulfanone (99h)

EI@
OMe
According to GP5, NH-S-(2-methoxyaryl)sulfoximine 99h was obtained from
(cyclohexylmethyl)(2-methoxyphenyl)sulfane (98h, 1.18 g, 5.00 mmol, 1.00 equiv) after

purification on silica gel (eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (V:V)) as a pale
yellowish oil (1.07 g, 4.00 mmol, 80%).

Rr=0.43 (ethylacetate)

'TH NMR (600 MHz, CDCl3): 6 =7.96 (dd, J= 7.8, 1.8 Hz, 1H), 7.58 — 7.50 (m, 1H), 7.09 (td,
J=1.6,1.0 Hz, 1H), 7.02 (dd, J = 8.3, 1.0 Hz, 1H), 3.98 (s, 3H), 3.37 (dd, J = 14.1, 6.5 Hz,
1H), 3.28 (dd, /= 14.1, 5.8 Hz, 1H), 2.05 — 1.96 (m, 1H), 1.88 — 1.83 (m, 1H), 1.80 — 1.76 (m,
1H), 1.67 — 1.56 (m, 3H), 1.30 — 1.18 (m, 2H), 1.16 — 0.98 (m, 3H) ppm.

BC{'H} NMR (151 MHz, CDCl3): § = 156.9, 134.7, 131.3, 130.0, 120.9, 112.4, 61.9, 56.3,
33.4,33.2,26.0,25.9,25.8 ppm.

IR (neat): v = 3273 (W), 2923 (s), 2850 (s), 2082 (w), 1719 (m), 1586 (5), 1474 (s), 1246 (s),
1164 (s), 1133 (s), 1062 (s), 975 (s), 830 (W), 757 (), 681 (W) cm .

HRMS (ESI): m/z calculated for C14H21NNaO-S: 290.1185 [M+Na]", found 290.1182.

Cyclopropyl(imino)(2-methoxyphenyl)-A%-sulfanone (99j)

0, ﬁ
s
©i *NH

OMe
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According to GP5, NH-S-(2-methoxyaryl)sulfoximine 99j was obtained from
cyclopropyl(2-methoxyphenyl)sulfane (98j, 236 mg, 1.31 mmol, 1.00 equiv) after purification
on silica gel (eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (V:})) as a colourless oil
(198 mg, 0.936 mmol, 72%).

Rr=0.33 (ethylacetate)

'H NMR (600 MHz, CDCls): 6 = 7.91 (dd, J = 7.8, 1.8 Hz, 1H), 7.57 — 7.50 (m, 1H), 7.10 —
7.02 (m, 2H), 4.00 (s, 3H), 3.07 (tt, J = 8.0, 4.8 Hz, 1H), 1.44 — 1.40 (m, 1H), 1.16 — 1.11 (m,
1H), 1.07 — 1.02 (m, 1H), 0.92 — 0.88 (m, 1H) ppm.

BC{'H} NMR (151 MHz, CDCl3): § = 157.0, 134.4, 131.2, 129.4, 120.6, 112.5, 56.3, 32.5, 5.3,
5.3 ppm.

IR (neat): v = 3229 (s), 2973 (m), 2031 (w), 1714 (w), 1586 (s), 1459 (s), 1208 (s), 1138 (s),
1104 (s), 977 (s), 870 (s), 797 (s), 759 (s) em™".

HRMS (ESI): m/z calculated for C1oH1sNO2S: 212.0739 [M+H]", found 212.0739.
Imino(2-methoxyphenyl)(pyridin-2-yl)-A%-sulfanone (991)

N7\
0. )=

e
OMe
According to GPS5, NH-S-(2-methoxyaryl)sulfoximine 991 was obtained from
2-[(2-methoxyphenyl)thio]pyridine (981, 435 mg, 2.00 mmol, 1.00 equiv) after purification on

silica gel (eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (V:V)) as a colorless solid (386
mg, 1.55 mmol, 78%).

RF=0.27 (ethylacetate)

M.p. =146 — 147 °C.

'"H NMR (600 MHz, CDCl3): § = 8.64 — 8.59 (m, 1H), 8.31 — 8.28 (m, 2H), 7.96 — 7.88 (m,
1H), 7.57 - 7.51 (m, 1H), 7.44 (ddd, J= 7.6, 4.7, 1.1 Hz, 1H), 7.19 — 7.11 (m, 1H), 6.90 (dd, J
=8.4, 1.0 Hz, 1H), 3.64 (s, 3H) ppm.

BC{'H} NMR (151 MHz, CDCl3): § = 160.7, 156.9, 149.7, 137.6, 135.2, 130.7, 129.1, 126.3,
122.7,120.9, 112.5, 56.0 ppm.
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IR (neat): v = 3263 (s), 3052 (w), 2110 (w), 1728 (w), 1575 (s), 1475 (s), 1427 (s), 1276 (s),
1227 (s), 1107 (m), 978 (s), 860 (W), 771 (s), 734 (s), 683 (s) cm .

HRMS (ESI): m/z calculated for Ci12H12N2NaO,S: 271.0511 [M+Na]", found 271.0517.

2.4.4 Syntheses of NH-S-(2-hydroxyaryl)sulfoximines through demethylation

(2-Hydroxyphenyl)(imino)(methyl)-A°-sulfanone (96a)

O, Me
Ss
L
OH

Applying the reaction conditions based on a report in the literature,'"!
NH-S-(2-hydroxyaryl)sulfoximine 96a was obtained from imino(2-methoxyphenyl)(methyl)-
AS-sulfanone (99a, 4.03 g, 21.7 mmol) after purification on silica gel (eluent: n-pentane:ethyl

acetate, gradient: 1:4 = 0:100 (V:V)) as a white solid (2.4 g, 64.6 mmol, 65%).

Rr=0.50 (ethyl acetate:n-pentane = 2:3 (V:V))

IH NMR (600 MHz, CDCls): § = 7.74 (dt, J = 8.0, 1.5 Hz, 1H), 7.52 — 7.48 (m, 1H),
7.03 — 6.98 (m, 2H), 3.19 (s, 3H) ppm.

3C{'H} NMR (151 MHz, CDClz): 6 = 156.6, 136.1, 128.4, 122.1, 120.1, 119.1, 48.4 ppm.

The NMR spectra are in accordance with those reported in the literature.?®

(4-Bromo-2-hydroxyphenyl)(imino)(methyl)-A°-sulfanone (96d)

Applying the reaction conditions based on a report in the literature,'"!
NH-S§-(2-hydroxyaryl)sulfoximine 96d was obtained from (4-bromo-2-
methoxyphenyl)(imino)(methyl)-A®-sulfanone (99d, 158 mg, 0.632 mmol) after purification on
silica gel (eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (V:V)) as a pale yellow solid
(84.2 mg, 0.337 mmol, 56%).
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Rr=0.51 (ethyl acetate:n-pentane = 3:2 (V:}))
M.p.=121-123 °C.

'H NMR (600 MHz, CDCls): 6 = 7.58 (d, J = 8.5 Hz, 1H), 7.20 (d, J = 1.9 Hz, 1H), 7.13 (dd,
J=8.5,1.9 Hz, 1H), 3.18 (s, 3H) ppm.

13C{IH} NMR (151 MHz, CDCls): § = 157.3, 130.3, 129.6, 123.5, 122.3, 121.1, 48.7 ppm.

IR (neat): v = 3212 (), 2649 (m), 2089 (w), 1786 (m), 1572 (s), 1476 (w), 1402 (s), 1319 (m),
1251 (m), 1200 (s), 1014 (s), 882 (s), 801 (s), 754 (s) cm ™.

HRMS (ESI): m/z calculated for C;HoBrNO,S: 249.9531 [M+H]", found 249.9529.

(3-Hydroxynaphthalen-2-yl)(imino)(methyl)-AS-sulfanone (96¢)

Applying the reaction conditions based on a report in the literature,'"!
NH-S-(2-hydroxyaryl)sulfoximine 96e was obtained from imino(3-methoxynaphthalen-2-
yl)(methyl)-A%-sulfanone (99e, 235 mg, 1.06 mmol) after purification on silica gel
(eluent: n-pentane:ethyl acetate, gradient: 1:4 - 0:100 (V:V)) as a pale brown solid ( 99 mg,
0.447 mmol, 45%).

Rr=0.70 (ethylacetate)
M.p. =156 - 158 °C.

'H NMR (600 MHz, CDCls): 6 = 8.41 (s, 1H), 7.85 (dd, J= 8.3, 1.2 Hz, 1H), 7.73 (d, J= 8.8
Hz, 1H), 7.55 (ddd, J= 8.3, 6.8, 1.2 Hz, 1H), 7.42 — 7.37 (m, 2H), 3.25 (s, 3H) ppm

BC{'H} NMR (151 MHz, CDCl3): 6 = 151.5, 138.1, 130.9, 129.6, 129.2, 127.4, 126.6, 125.5,
124.9, 113.7, 48.2 ppm.

IR (neat): v = 3260 (w), 2922 (m), 1715 (w), 1587 (m), 1398 (w), 1360 (m), 1259 (s), 1201
(m), 1010 (s), 887 (m), 791 (s), 753 (s), 692 (m) cm ™.

HRMS (ESI): m/z calculated for C11H12NO>S: 222.0583 [M+H]", found 222.0583.
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Ethyl(2-hydroxyphenyl)(imino)-A°-sulfanone (96f)

O\\ /—Me

o
OH

Applying the reaction conditions based on a report in the literature,'"!
NH-S-(2-hydroxyaryl)sulfoximine 96f was obtained from ethyl(imino)(2-methoxyphenyl)-A%-
sulfanone (99f, 374 mg, 1.88 mmol) after purification on silica gel (eluent: n-pentane:ethyl

acetate, gradient: 1:4 - 0:100 (V:V)) as a pale orange solid (279 mg, 1.51 mmol, 80%).

RFr=0.67 (ethyl acetate:n-pentane = 4:1 (V:}))
M.p. =60 - 62 °C.

TH NMR (600 MHz, CDCls): 5 =7.68 (dd, J= 8.0, 1.7 Hz, 1H), 7.51 — 7.47 (m, 1H), 6.99 (dd,
J=11.2, 8.0 Hz, 2H), 3.29 — 3.16 (m, 2H), 1.29 (t, J = 7.4 Hz, 3H). ppm.

BC{'H} NMR (151 MHz, CDCl3): = 157.5, 136.2, 129.2, 119.9, 119.6, 119.1, 54.5, 7.9 ppm.
pp

IR (neat): v = 3276 (s), 3245 (s), 2925 (w), 1664 (w), 1584 (s), 1460 (s), 1401 (s), 1314 (m),
1259 (s), 1182 (s), 1124 (s), 999 (s), 971 (s), 824 (s), 754 (5), 659 (m) cm .

HRMS (ESI): m/z calculated for CsH;1NNaO>S: 208.0402 [M+Na]", found 208.0405.

Butyl(2-hydroxyphenyl)(imino)-A%-sulfanone (96g)

o /\/\Me

o
OH

Applying the reaction conditions based on a report in the literature,!"!
NH-S-(2-hydroxyaryl)sulfoximine 96g was obtained from butyl(imino)(2-methoxyphenyl)-A%-
sulfanone (99g, 313 mg, 1.38 mmol) after purification on silica gel (eluent: n-pentane:ethyl

acetate, gradient: 1:4 = 0:100 (V:V)) as a brown oil ( 239 mg, 1.12 mmol, 81%).

RFr=0.65 (ethylacetate:n-pentane = 4:1 (V:V))
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TH NMR (600 MHz, CDCl3): § = 7.69 (d, J = 7.9 Hz, 1H), 7.49 (t, J = 7.8 Hz, 1H), 6.99 (t,
J=9.4Hz, 2H), 3.18 (d, J= 8.8 Hz, 2H), 1.75 — 1.63 (m, 2H), 1.43 — 1.34 (m, 2H), 0.90 (t, J =
7.3 Hz, 3H) ppm.

BC{'H} NMR (151 MHz, CDCl3): 6 = 157.3, 136.2, 129.1, 120.4, 119.9, 119.1, 59.9, 25.0,
21.5, 13.7 ppm.

IR (neat): v = 3281 (m), 2935 (m), 1732 (w), 1585 (s), 1462 (s), 1403 (s), 1313 (s), 1197 (s),
1124 (m), 1063 (m), 990 (s), 836 (s), 756 (s) cm™.

HRMS (ESI): m/z calculated for C1oHisNNaO,S: 236.0715 [M+Na]", found 236.0716.

(Cyclohexylmethyl)(2-hydroxyphenyl)(imino)-A°-sulfanone (96h)

o, @
Ss
OH
Applying the reaction conditions based on a report in the literature,’

01

NH-S-(2-hydroxyaryl)sulfoximine 96h was obtained from (cyclohexylmethyl)(imino)(2-
methoxyphenyl)-AS-sulfanone (99h, 802 mg, 3.17 mmol) after purification on silica gel (eluent:
n-pentane:ethyl acetate, gradient: 1:4 - 0:100 (V:})) as a pale yellowish oil (587 mg, 2.32
mmol, 78%).

Rr=0.75 (ethyl acetate:n-pentane = 1:1 (V:}))

TH NMR (600 MHz, CDCl3): 6 = 7.71 — 7.67 (m, 1H), 7.50 — 7.46 (m, 1H), 7.02 — 6.96 (m,
2H), 3.13 - 3.06 (m, 2H), 1.97 — 1.91 (m, 1H), 1.87 — 1.81 (m, 1H), 1.77 — 1.73 (m, 1H), 1.69
—1.59 (m, 3H), 1.30 - 1.23 (m, 2H), 1.17 — 1.01 (m, 3H) ppm.

BC{'H} NMR (151 MHz, CDCl3): 6 = 157.0, 136.1, 128.9, 121.6, 119.9, 119.1, 66.5, 33.3,
25.9,25.8,25.8 ppm.

IR (neat): v = 3281 (m), 2924 (s), 2852 (s), 2331 (m), 1894 (w), 1586 (s), 1462 (s), 1401 (s),
1313 (5), 1204 (s), 1126 (m), 1062 (m), 988 (s), 836 (s), 755 (s) cm™.

HRMS (ESI): m/z calculated for C13H9NNaO,S: 276.1028 [M+Na]", found 276.1026.
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Cyclopropyl(2-hydroxyphenyl)(imino)-A°-sulfanone (96j)

O\\
Or
OH

Applying the reaction conditions based on a report in the literature,'"!
NH-S§-(2-hydroxyaryl)sulfoximine 96j was obtained from cyclopropyl(imino)(2-
methoxyphenyl)-AS-sulfanone (99j, 189 mg, 0.895 mmol) after purification on silica gel (eluent:
n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (V:V)) as a pale yellow oil (123 mg, 0.624 mmol,
70%).

RFr=0.70 (ethyl acetate:n-pentane = 4:1 (V:}))

'TH NMR (600 MHz, CDCl3): 6 =7.67 (dd, J= 8.0, 1.7 Hz, 1H), 7.48 (ddd, /=8.7,7.2, 1.7 Hz,
1H), 7.01 — 6.95 (m, 2H), 2.65 (tt, J=7.9, 4.8 Hz, 1H), 1.34 — 1.23 (m, 2H), 1.08 — 0.99 (m,
2H) ppm.

BC{IH} NMR (151 MHz, CDCls): § = 156.9, 135.9, 128.8, 121.4, 119.8, 119.2, 36.8, 6.9,
5.2 ppm

IR (neat): v = 3275 (m), 3046 (w), 1725 (w), 1585 (s), 1463 (s), 1408 (s), 1312 (s), 1207 (s),
1125 (m), 1043 (s), 984 (s), 833 (s), 694 (s), 661 (m) cm™".

HRMS (ESI): m/z calculated for CoH11NO:S: 197.0505 [M]", found 197.0503.
(2-Hydroxyphenyl)(imino)(pyridin-2-yl)-AS-sulfanone (961)

N7
O —

o
OH

Applying the reaction conditions based on a report in the literature,!"!
NH-S§-(2-hydroxyaryl)sulfoximine 961 was obtained from imino(2-methoxyphenyl)(pyridin-2-
y)-AS-sulfanone (991, 346 mg, 1.48 mmol) after purification on silica gel
(eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (V:V)) as a pale purple solid (118 mg,
0.504 mmol, 37%).
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Rr=0.76 (ethylacetate)

M.p. =108 — 110 °C.

TH NMR (600 MHz, CDCl3): 6 = 8.68 (ddd, J=4.7, 1.8, 0.9 Hz, 1H), 8.07 (dt, J=7.9, 1.0 Hz,
1H), 7.90 (td, J = 7.8, 1.8 Hz, 1H), 7.73 (dd, J = 8.1, 1.7 Hz, 1H), 7.48 — 7.42 (m, 2H), 7.00
(dd, J=8.4, 1.2 Hz, 1H), 6.91 (ddd, J=8.2, 7.2, 1.2 Hz, 1H) ppm.

BC{IH} NMR (151 MHz, CDCL): 6 = 161.2, 158.0, 150.5, 138.5, 136.6, 129.7, 127.0, 121.5,
119.7, 119.5, 119.3 ppm.

IR (neat): v = 3261 (s), 2089 (w), 1734 (w), 1578 (s), 1456 (s), 1423 (s), 1314 (m), 1256 (s),
1202 (s), 1122 (m), 1081 (w), 979 (s), 760 (s), 679 (s) cm .

HRMS (ESI): m/z calculated for C11H10N2NaO,S: 257.0355 [M+Na]", found 257.0352.

(2-Hydroxy-4-methylphenyl)(imino)(methyl)-A%-sulfanone (96b)

O. Me

N\

S.
Me OH

Applying the reaction conditions based on a report in the literature,'®
NH-S-(2-hydroxyaryl)sulfoximine 96b was synthesized from imino(methyl)(p-tolyl)-A%-
sulfanone (100b, 1016 mg, 6.000 mmol) in a one-pot synthesis through iridium-catalysed ortho-
C—H borylation (CHB) with 2-aminopyridine (11.4 mg, 0.121 mmol, 2 mol %) as the ligand
followed by oxidation with oxone. After purification on silica gel (eluent: n-pentane:ethyl
acetate, gradient: 1:4 = 0:100 (V:7)) 96b was obtained as a pale pink solid (250 mg, 1.35 mmol,
25%).

RFr=0.70 (ethylacetate)

TH NMR (600 MHz, CDCl3): § = 7.61 (d, J = 8.1 Hz, 1H), 6.81 (d, J = 13.9 Hz, 2H), 3.17 (s,
3H), 2.36 (s, 3H) ppm.

BC{'H} NMR (151 MHz, CDCl3): 6 =156.6, 147.6, 128.4,126.6, 121.3, 119.3, 48.6, 21.8 ppm.

IR (neat): v = 3218 (s), 2496 (m), 1799 (m), 1590 (s), 1407 (s), 1374 (s), 1306 (s), 1276 (m),
1198 (s), 1018 (s), 885 (m), 804 (s), 756 (s), 733 (s) cm ™.

HRMS (ESI): m/z calculated for CsH2NO>S: 186.0583 [M+H]", found 186.0583.

The NMR spectra are in accordance with those reported in the literature.'%?
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(4-Chloro-2-hydroxyphenyl)(imino)(methyl)-A%-sulfanone (96c¢)

O. Me

N2

Ss
Cl OH

Applying the reaction conditions based on a report in the literature,'??
NH-S-(2-hydroxyaryl)sulfoximine 96¢ was synthesized from
(4-chlorophenyl)(imino)(methyl)-A*-sulfanone (100c, 284 mg, 1.50 mmol) in a one-pot
synthesis through iridium-catalysed ortho-C—H borylation (CHB) followed by oxidation with
oxone. After purification on silica gel (eluent: n-pentane:ethyl acetate, gradient: 1:4 - 0:100

(V:¥)) 96¢ was obtained as a light brown solid (238 mg, 1.16 mmol, 77%).

Rr=0.73 (ethyl acetate:n-pentane = 4:1 (V:}))

TH NMR (600 MHz, CDCl3): 6 = 7.68 (d, J = 8.6 Hz, 1H), 7.04 (s, 1H), 6.98 (d, J = 8.7 Hz,
1H), 3.19 (s, 3H) ppm.

3C{IH} NMR (151 MHz, CDCls): § = 157.5, 142.0, 129.6, 129.1, 120.7, 119.3, 48.8 ppm.

IR (neat): v =3339 (m), 2486 (w), 1791 (m), 1580 (s), 1416 (s), 1300 (m), 1257 (m), 1202 (s),
1144 (s), 1057 (s), 1000 (s), 901 (s), 873 (s), 809 (s), 755 (s), 673 (W) cm .

HRMS (EI): m/z calculated for CyHsCINO,S: 204.9958 [M]", found 204.9957.

The NMR spectra are in accordance with those reported in the literature.!?

Benzyl(2-hydroxyphenyl)(imino)-AS-sulfanone (96i)
@ES\{@@

Applying the reaction conditions based on a report in the literature,'*
NH-S-(2-hydroxyaryl)sulfoximine 96i was synthesized from benzyl(imino)(phenyl)-A°-
sulfanone (100i, 347 mg, 1.50 mmol) in a one-pot synthesis through iridium-catalysed
ortho-C—H borylation (CHB) followed by oxidation with oxone. After purification on silica gel
(eluent: n-pentane:ethyl acetate, gradient: 1:4 - 0:100 (V:F)) 96i was obtained as a light brown
oil (222 mg, 0.898 mmol, 60%).
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Rr=0.75 (ethyl acetate:n-pentane = 3:2 (V:}))

'TH NMR (600 MHz, CDCl3): 6 = 7.62 — 7.58 (m, 1H), 7.49 (t, J = 7.9 Hz, 1H), 7.40 (t, J=7.3
Hz, 1H), 7.35 (t, J= 7.4 Hz, 2H), 7.20 (d, J = 7.1 Hz, 2H), 6.97 — 6.91 (m, 2H), 4.45 (d, J =
13.0 Hz, 1H), 4.28 (d, J=13.0 Hz, 1H) ppm.

13C{IH} NMR (151 MHz, CDCly): 6 = 157.3, 136.3, 131.2, 129.4, 129.3, 129.0, 127.6, 119.7,
119.2, 118.9, 66.9 ppm.

IR (neat): v= 3227 (m), 2914 (m), 2100 (w), 1800 (w), 1583 (s), 1402 (m), 1402 (s), 1315 (m),
1258 (s), 1187 (s), 1065 (m), 991 (s), 839 (m), 780 (s), 747 (s), 695 (s) cm ™.

HRMS (ESI): m/z calculated for C13H13NNaO,S: 270.0565 [M+Na]", found 270.0553.

The NMR spectra are in accordance with those reported in the literature.'%?

(2-Hydroxyphenyl)(imino)(phenyl)-A°-sulfanone (96k)

0 S
st
OH

Applying the reaction conditions based on a report in the literature,'*
NH-S-(2-hydroxyaryl)sulfoximine 96k was synthesized from iminodiphenyl-A°-sulfanone
(100k, 326 mg, 1.50 mmol) in a one-pot synthesis through iridium-catalysed ortho-C—H
borylation (CHB) followed by oxidation with oxone. After purification on silica gel
(eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (7:V)) the product 96k was obtained as
a light brown solid (222 mg, 0.909 mmol, 61%).

RF=0.72 (ethyl acetate:n-pentane = 3:2 (V:V))

'H NMR (600 MHz, CDClz): § = 7.91 — 7.88 (m, 2H), 7.53 — 7.50 (m, 1H), 7.48 — 7.44 (m,
1H), 7.42 — 7.38 (m, 2H), 7.33 — 7.27 (m, 1H). 6.87 — 6.86 (m, 1H), 6.80 — 6.75 (m, 1H) ppm.

13C{'H} NMR (151 MHz, CDCl3): § = 156.9, 145.3, 136.2, 135.7, 133.3, 129.5, 129.1, 128.7,
127.2, 120.5, 119.9, 119.4 ppm.

The NMR spectra are in accordance with those reported in the literature. '

122



X-ray crystallographic studies (97a)

CsH7NOsS,

M=197.21 gmol ™,
colourless block,

0.24 x 0.19 x 0.15 mm?>,
monoclinic,

space group P21/c (no. 14),
a=7.7382(2) A, b=14.6023(3) A, c = 7.4028(1) A, B =93.072(2)°,
V=2835.28(3) A3,

Z=4,

Deate = 1.5689 g/cm®,
F(000) = 408,

n=23.246 mm,
T=120.0(1) K,

Omax = 79.25°,

7597 total reflections, 1681 with I, > 26(l,), Rint = 0.0668, 1785 data, 119 parameters, 0
restraints, GooF = 1.094, R; = 0.0503 and wR> = 0.1384 [I, > 25(lo)], R1 = 0.0516 and
wR2 = 0.1398 (all reflections), 0.582 < dAp < -0.591 eA=.
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5.4 Experimental information for chapter 4

5.4.1 Synthetic procedures and analytical data

N-(2-methyl-1-oxido-1A%-benzo[b]thiophen-1-ylidene)-4-nitrobenzenesulfonamide (144)

“N-N
ICI) S

N-(2-methyl-1-oxido-1A*benzo[b]thiophen-1-ylidene)-4-nitrobenzenesulfonamide 144 was
obtained from sulfoxide (140, 32.8 mg, 0.2 mmol) after purification on silica gel
(eluent: n-pentane:ethyl acetate, gradient: 1:4 = 0:100 (V:})) as a colorless solid (30.5 mg,
0.185 mmol, 86%).

TH NMR (600 MHz, CDCl3): 6 = 8.67 — 8.59 (m, 2H), 8.56 — 8.47 (m, 3H), 7.87 (dt, 2H), 7.64
(d, 1H), 7.54 (s, 1H), 2.53 (d, 3H) ppm.

I3C {TH} NMR (151 MHz, CDCl3): 6 = 149.1, 149.4, 140.5, 135.9, 134.9, 132.5, 130.5, 129.8,
128.2,125.5, 124.8, 124.2, 9.8 ppm.

1-imino-2-methyl-1H-1A*-benzo[b]thiophene 1-oxide (141)

n~NH

1-imino-2-methyl-1H-1A*benzo[h]thiophene 1-oxide 141 was synthesized from sulfoxide
(140, 32.8 mg, 0.2 mmol) after purification on silica gel (eluent: n-pentane:ethyl acetate,

gradient: 1:4 = 0:100 (V:V)) as a colourless solid (29.5 mg, 0.165 mmol, 72%).
TH NMR (600 MHz, CDCl3): 6 = 7.73 (d, ] = 7.4 Hz, 1H), 7.49 (t, ] = 7.2 Hz, 1H), 7.43 (t,
J=7.3Hz, 1H), 7.28 (d, J = 7.4 Hz, 1H), 6.72 (s, 1H), 3.13 (s, 1H), 2.24 (s, 3H) ppm

I3C {TH} NMR (151 MHz, CDCl3): 6 = 143.6, 139.4, 133.0, 132.6, 129.2, 124.5, 124.2, 121.1,
9.1 ppm.

The NMR spectra are in accordance with those reported in the literature.'#’
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3-bromo-2-methylbenzo[b]thiopheneoxides (139)

Br
S

The following procedure was taken from the literature,'”?> Under argon atmosphere,
N-bromosuccinimide (6.55 g, 36.8 mmol) was added to a —5 °C solution of 1 (5.53 g, 34.1
mmol) in THF (62 mL), and the solution was stirred for 14 hours. The reaction was quenched
by addition of NaxCOs solution (saturated, 20 mL) and Na>S>O3 solution (saturated, 20 mL),
and stirred for 30 minutes. The aqueous phase was separated and extracted with Et;O (3 x 40
mL). After evaporation of the solvent, the crude product was dissolved in hexane and filtered

over SiO to give 139 as off-white oil (7.62 g, 31.6 mmol, 85%).

IH NMR (600 MHz, CDCls): § = 7.73-7.68 (m, 2H), 7.53-7.38 (m, 2H), 2.57 (s, 3H) ppm.

13C {'H} NMR (151 MHz, CDCl3): 6 = 138.6, 137.3, 135.3, 125.0, 124.9, 122.7, 122.3, 106.7,
15.6 ppm.

The NMR spectra are in accordance with those reported in the literature. 6

3,3'-(perfluorocyclopent-1-ene-1,2-diyl)bis(2-methylbenzo[b]thiophene) (135)

FF
F F

FF
Loy 1)
SMeS

The following procedure was taken from the literature,'>> Under argon atmosphere, n-BuLi
(1.6 M in hexane, 13 mL, 20.8 mmol) was added dropwise to a cooled (—78 °C) solution of 139
(4.39 g, 18.2 mmol) in dry EttO (160 mL). After stirring for 4 h, perfluorocyclopentene
(1.22 mL, 9.10 mmol) was added slowly (in the course of one hour). The solution was slowly
warmed to room temperature, and after stirring for 3 h, hydrochloric acid (1 m, 100 mL) was
added. The aqueous phase was extracted with Et;O (3 x 50 mL), the combined organic solutions

dried over Na;SOs, the solvent evaporated under reduced pressure, and the crude product
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purified by column chromatography (ca. 200 g SiO», hexane). 135 (2.90 g, 4.63 mmol, 68%)

was obtained as colorless crystals.

H NMR (600 MHz, CDCLs): § = 2.19 (s, 3H), 2.47 (s, 3H), 7.14-7.38 (m, 8H) ppm

3C {IH} NMR (151 MHz, CDCl3): 6 = 142.6, 141.1, 138.3, 138.2, 138.0, 124.6,124.4, 124.3,
122.1,121.8,119.4, 119.1, 15.2, 15.1 ppm.

The NMR spectra are in accordance with those reported in the literature.'®*
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6 Abbreviations

Ac acetyl

acac acetylacetonate

AcOH acetic acid

aq. aqueous

Ar aryl, argon

2-APy 2-Aminopyridine

8-AQ 8-aminoquinoline

Bn benzyl

Bu butyl

Boc tert-butyloxycarbonyl
BSO buthionine sulfoximine
cat. catalyst

Cbz carboxybenzyl

CDK cyclin-dependent kinase
CDI 1,1’-carbonyldiimidazole
d doublet

d.r. diastereomeric ratio
DCE 1,2-dichloroethane

DCM dichloromethane

dmhd 4-chloro-2,6-dimethyl-3,5-heptanedionate)
DMAP 4-dimethylaminopyridine
DMA N,N-dimethyl aniline
DMF N,N-dimethylformamide
DMSO dimethyl sulfoxide
equiv. equivalent

EI electron ionization
EtOAc ethyl acetate

EtOH ethanol

GC gas chromatography

GP general procedure

h hour

het heterocycle

Hz Hertz

HRMS high resolution mass spectrometry
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iso

infrared spectroscopy
coupling constant (in Hz)
melting point

meta-

mutiplet
meta-chloroperbenzoic acid
metal or molar

methyl

acetonitrile

methanol

minute(s)

milliliter

mass spectrometry or molecular sieve

mesyl

methionine sulfoximine

O-mesitylsulfonylhydroxylamine

magnesium monoperoxyphthalate

no reaction
N-bromosuccinimide
nuclear magnetic resonance
nucleophile

nosyl

ortho-

acetate

para-

parts per million
protecting group
propyl

phenyl

phenyliodine diacetate, PhI(OAc)2

pyridyl

retardation factor
R-configuration
revolutions per minute

room temperature
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sat. saturated

S singlet

S S-configuration

t time, triplet, tertiary

T temperature

Tces trichloroethoxysulfonyl
Troc trichloroethoxycarbonyl
Tf triflate

TFA trifluoroacetic acid
THF tetrahydrofuran

TLC thin layer chromatography
™ transition metal

TMS- trimethylsilyl-

Tol tolyl

Ts tosyl

uv ultraviolet

Vis visible

vV volume

Vs versus

wt% percentage by mass

) chemical shift (in ppm)
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