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Chapter 1

General Introduction



Overview

Carbon-Carbon (C-C) multiple bonds, serving as the cornerstone of many organic
compounds extracted from petroleum resources and obtained from natural origins, act as key
site for functional group attachment, thereby enabling the evolution of base molecules into
value-added, complex chemical structures.

This bond serves as a fertile platform for functional group introduction, facilitating the
transformation of base molecules into more complex structures with considerably higher value.
Carbon-Carbon multiple bonds exhibit inherent nucleophilic characteristics primarily due to
their rich electron density. This unique property makes them particularly attractive in organic
synthesis as they are amenable to modifications through a diverse array of reactions with
electrophilic counterparts. The hydration reaction, carried out in acidic aqueous solutions such
as sulfuric acid, stands as a classic example of the potential for multiple bond modification.

Harnessing the reactivity of C-C multiple bonds for functionalization necessitates the creation
of highly electrophilic active species. One prevalent strategy to achieve this involves the
employment of high oxidation state chemical species. Such chemical species are inherently
electron-deficient due to their high oxidation state, thereby exhibiting enhanced electrophilicity.
This characteristic makes them ideal for initiating reactions with electron-rich C-C multiple
bonds.

The use of high oxidation state chemical species, hence, presents a compelling route to the
functionalization of C-C multiple bonds. I delve into this topic further by categorizing these
reactions into two primary types: those catalyzed by transition metals and those involving non-
metallic chemical species. In the sections that follow, these reactions will be analyzed, aiming
to uncover the full potential of C-C multiple bond modification reactions using high oxidation

state chemical species.



1. Functionalization of C-C multiple bonds

1.1 Functionalization of C-C multiple bonds using high oxidation state transition

metal catalysts :

The oxidation state of metal complexes provides a basis for comparing their electrophilicity,
with higher oxidation state complexes generally considered more electrophilic. Metal complexes,
as catalysts, hold great promise for the functionalization of C-C multiple bonds. According to the
Hard-Soft Acid-Base (HSAB) rule, soft transition metal complexes are particularly effective for
the functionalization of soft C-C multiple bonds. Consequently, numerous C-C multiple bond
modification reactions utilizing soft transition metal catalysts with high oxidation states have been
reported, showcasing their potential.

In recent years, significant advancements have been made in catalytic reactions involving highly
active Cu(III) and Pd(IV) species, which can be regarded as high-valent metals. These high-valent
metal species exhibit enhanced electrophilicity and have proven to be valuable catalysts for C-C
multiple bond transformations. The progress achieved in the field of C-C bond modification using
high-valent metals highlights the importance of considering both the oxidation state and the
softness of the transition metal complexes in catalyst design. By leveraging the electrophilicity of
high oxidation state metal complexes and the softness of transition metals, chemists have unlocked
new possibilities for efficient and selective C-C multiple bond functionalization. For instance,
Cu(IlT)-catalyzed oxidative coupling reactions have been successfully employed for the direct
functionalization of C-C multiple bonds.[1] These reactions enable the construction of complex

organic molecules with high regioselectivity and efficiency.

Gaunt's research group demonstrated a reaction involving alkenes and organocopper(III) species
(Scheme 1). In this case, organocopper(IIl) species with high oxidation states acted as electrophiles,
while alkenes served as nucleophiles. The combination of a copper catalyst and a diaryliodonium
salt generated an aryl-Cu(Ill) intermediate, which acted as a highly activated aryl cation-like

species. An alkene nucleophile attacked the aromatic electrophile, leading to the formation of a C-



C bond. Deprotonation from the generated intermediate resulted in the regeneration of a C-C

double bond. [2]
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Scheme 1 : Electrophilic arylation of alkenes developed by Gaunt. (2012)
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In the realm of electrophilic activation of alkynes , Gaunt's research group has developed an
innovative strategy for constructing tri- or tetra-substituted alkenes through an electrophilic syn-
carbotriflation of alkynes.[3] By employing a CuCl catalyst in conjunction with vinyl- or
diaryliodonium triflates, highly electrophilic carbon species, potentially vinyl- or aryl-A-Cu(III)
species, are generated. These species subsequently react with alkynes to form putative vinyl-
Cu(IIT) intermediates (Scheme 2). Through reductive elimination from the vinyl-Cu(III) species,
tri- and tetra-substituted vinyltriflates are obtained. This electrophilic carbofunctionalization
approach complements the nucleometalation of alkynes and is applicable to both internal and

terminal alkynes.
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Scheme 2 : Plausible mechanism of tri- and tetra-substituted vinyltriflates synthesis developed by
Gaunt. (2013)

Pd(IV) species have also emerged as powerful species for C-C multiple bond activation. Pd-
catalyzed reactions involving Pd(IV) species have been utilized in various transformations,
including C-H activation and oxidative coupling reactions. These reactions enable the direct
functionalization of C-C multiple bonds, providing access to structurally diverse and synthetically
valuable compounds.

The Sorensen group, in 2005, revealed their findings on Pd(II)-catalyzed aminoacetoxylation of
alkenes ring formation via alkyl Pd(IV) as a key intermediate.[4] Their initial work involved the
use of basic alkenyl nosylsulfonamide. In an experiment, they applied 10 mol % Pd(OAc)2, adding
2.0 equivalents of PhI(OAc): (that plays important role in oxidizing the neutral alkyl-Pd(II)
intermediate into alkyl-Pd(IV) intermediate) in CH2Cl> .
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Scheme 3 : Palladium-catalyzed ring-forming aminoacetoxylation of alkenes. (2005)

Muniz's team expanded the scope by pioneering the Palladium(II)-catalyzed intramolecular
diamination of unfunctionalized alkenes.[5] The expectation was that the palladium would be
displaced by the urea's second amino group under oxidative conditions (via alkyl-Pd(IV)
intermediate), reinstating the palladium(Il) catalyst and liberating the diamination product as a
cyclic urea. The reoxidant selection was crucial in all cases, with the hypervalent iodine reagent
PhI(OAc): proving the most efficient among those examined. Employing Pd(OAc)2 as a
precatalyst, and under gentle conditions (CH2Cl2, room temperature), the diamination process and

simultaneous formation of five-, six-, and seven-membered fused rings were successfully achieved.

0]
)L Tos 0 0
N
5 mol% Pd(OAc),, ~Tos ~Tos

@C\t\ H PhI(OAC), N)LN . N»\ N

X CHClp, it ©;)/‘ m

AcO
(31%) (24%)

Scheme 4 : Palladium-catalyzed intramolecular diamination of alkenes. (2005)

Liu team recently delved into the palladium(Il)-catalyzed oxidative difunctionalization of
alkenes, employing what they termed a "high-valent palladium strategy". This strategy facilitates
the production of fluorine-rich organic molecules, which are typically hard to achieve through
conventional methods. By drawing on existing alkene difunctionalization methods, they were able
to create a range of heterocycles that contained fluorine, trifluoromethyl, and trifluoromethoxyl
groups from alkene substrates, under benign reaction conditions. In addition to hypervalent iodine
reagents, electrophilic fluorinating reagents can oxidize alkyl C—Pd(Il) species into high-valent

alkyl C—Pd(IV) intermediates for palladium-catalyzed oxidative fluorination reactions. This



discovery paved the way for several successful catalytic difunctionalizations of alkenes, including

aminofluorination,[6] aryltrifluoromethylation, ditrifluoromethoxylation.[7]
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Scheme 5 : Pd(II)-catalyzed intramolecular aminofluorination of alkenes. (2016)
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Scheme 6 : Aryltrifluoromethylation of alkenes .
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Scheme 7 : Palladium-catalyzed intermolecular ditrifluoromethoxylation of unactivated
alkenes: CF3O-palladation initiated by Pd(IV). (2018)

Functionalization of C-C multiple bonds using Au catalysts

Gold catalysts are useful for functionalizing C-C multiple bonds. While high-valent metals are
valuable as active intermediates in catalytic reactions, they are difficult to isolate and modify. In
contrast, Au(III), despite its high oxidation state, is stable enough to use independently as a catalyst,
making it attractive for C-C multiple bond modification reactions. Due to their soft properties, Au
catalysts can facilitate C-C multiple bond modification reactions even in a lower oxidation state as

Au(]). This stable and easy-to-handle form has enabled the development of various reactions.



Au(I)-catalyzed C-C multiple bond functionalization:

In 2004, Toste and his team explored the efficiency of group 11 metal catalysts in the Conia-ene
reaction for intramolecular addition of a [-ketoester to an unactivated alkyne. The
triphenylphosphinegold(I) cation rapidly converted the starting material into the desired product

at room temperature.[8] [9]
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Scheme 8 : Alkyne activation through Au(I) complexes in Conia-ene reaction .

In 2013, Toste's group demonstrated the usefulness of Au(l) catalyst for the functionalization of
allenes. Combined use of Au(l) catalyst with electrophilic halogen source promoted

aminohalogenation of allenes.[10]
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Scheme 9 : Gold(I)-catalyzed enantioselective aminohalogenation of allenes. (2013)

Au(IIl)-catalyzed C-C multiple bond functionalization:

The passage highlights the prospects of using gold in a higher oxidation state (Au(IIl)) in
catalysis. This is anticipated to yield a more diverse and active catalytic system than the one using
the lower oxidation state Au(I). In addition, the square planar structure of the Au(Ill) complex, in
comparison to the linear Au(I) complex, allows ligands to be closer to the catalytic reaction field.
This proximity could give ligands more influence over the reaction, thereby offering more precise
control over the catalytic reaction design. Hence, Toste's group developed chiral Au(Ill)-catalyzed
enantioconvergent 1,5-enyne cycloisomerization. Their original chiral NHC-Au(IIl) complex was

quite effective to realize the kinetic resolution.
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Scheme 10 : Gold(III)-catalyzed enantioconvergent 1,5-enyne cycloisomerization.

Despite the potential of Au(Ill) complex for catalytic functionalization of C-C multiple bonds,
structural diversity of Au(IIl) is rather limited due to the lack of convenient method for Au(III)

complex synthesis.

1.2 Functionalization of C-C multiple bonds using high oxidation state non-metallic

chemical species:

Non-metallic chemical species have also been employed in C-C multiple bond modification
reactions. For instance, the use of hypervalent iodine reagents offer an alternative to transition
metal catalysts and have found utility in various synthetic applications.

Since the early 2000s, hypervalent iodine chemistry has seen vast advancement, with numerous
organic synthesis applications owing to its air and moisture stability, accessibility, low toxicity,
and user-friendly handling under mild conditions. Crucially, its unique oxidizing capability
compared to transition metals has led to its increased study and use in synthetic organic chemistry.
[11]

The first effective stereoselective oxyaminations is presented taking advantage of high

electrophilicity of chiral hypervalent iodine compounds. [12] Introducing tert-butyldimethylsilyl



triflate (TBDMSOTY) or trimethylsilyl triflate (TMSOTY) to (diacetoxyiodo)benzene created the

more reactive PhI(OTY): in situ. This accelerated the reaction, generating bicylic products in 3 h.

0
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50% 22%

Scheme 11 : Highly stereoselective metal-free oxyaminations using chiral hypervalent iodine
reagents. (2012)

Hypervalent iodine reagents are also effective for aminohalogenation reactions. Zhang's team
reported the inaugural metal-free intramolecular aminofluorination of homoallylamine, employing
PhIO as the oxidant and BF3-OEt: as the fluorine source.[13] A more pragmatic approach was
introduced by Kitamura and colleagues,[14] who developed both stoichiometric methods using a
PIDA/HF combination, and a catalytic method utilizing p-iodotoluene/mCPBA for the synthesis
of 3-fluoropyrrolidines. More recently, Jacobsen et al. demonstrated the synthesis of syn-beta-
fluoroaziridine through intramolecular aminofluorination of allylic amine using dibenzyl lactate-

based chiral hypervalent iodine.[15].
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Scheme 12: (a) Aminofluorination of homoallylamine and (b) catalytic enantioselective
aminofluorination.
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1.3 Functionalization of C-C multiple bonds via photoinduced homolytic cleavage of

the bond between heteroatoms :

Highly reactive substances, such as hypervalent iodine compounds, are versatile in numerous
reactions but their requirement in more than stoichiometric quantities can lead to functional group
compatibility issues. On the other hand, if a small quantity of reactive species can be generated
from a stable molecule via external stimuli, side reactions can be minimized and functional group
tolerance would be enhanced. One advancement in this regard involves generating electrophilic
radicals through homolytic cleavage of a bond between heteroatoms using visible light energy.
This cleavage generates two radicals, with one attaining a higher oxidation state, becoming highly

electrophilic, and reacting swiftly with electron-rich C-C multiple bonds.

In 2021, Glorius and his colleagues proposed a metal-free photosensitization method for
integrating both amine and alcohol functionalities into alkene sources in one step using
thioxanthone as photocatalyst. Their approach involved using oxime carbonate as a bifunctional
source of O- and N-radicals for the vicinal oxyimination of unactivated alkenes via radical-radical
cross-coupling.[16]. The homolytic cleavage of N-O bond increased the oxidation state of O atom,
and the generated O-radical shows high electrophilicity to promote C-O bond formation with
electron-rich alkenes. Thus generated carbon radical reacts with N-radical to furnish oxyamination

of the alkenes. Similar approach was also effective for carboimination of alkenes.

Ph , 0
/Lh PC (5 mol%) Ph/gN i O O
.0__ORl —m > 1!
0 blue LED 5 5 PC
Ph
Ph/&N. .
R/\/O OR!?

Scheme 13 : Introduction of oxime carbonate as a bifunctional O- and N-radical source for vicinal
oxyimination of unactivated alkenes through radical-radical cross-coupling . (2021)
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In the same year, Huo group presented an intermolecular vicinal O—N difunctionalization of

olefins using oxime esters through energy transfer iridium catalysis. [17]
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Scheme 12: Visible-light-induced intermolecular oxyimination of alkenes.

Overview of This Thesis

I have developed a series of protocols for C-C multiple bond functionalization using high
oxidation species.

Chapter 2 details the Gold(Ill)-catalyzed multiple bond functionalization via C,N,N-
cyclometalated Au(IIl) complexes. Meanwhile, Chapter 3 illustrates a catalyst-free approach to

aminochlorination of alkenes activated by visible light.

Chapter 2 : Au(IIT)-Catalyzed C-C Multiple Bond Functionalization

I synthesized a series of neutral C,N,N Au(Ill) complexes with N- (8-quinolinyl)benzamide
derivatives and chiral N-(2-(oxazolin-2-yl)phenyl)benzamide derivatives. This convenient
synthesis method for amide ligands as well as an operationally simple complexation by direct C-
H auration permitted changes to both the steric and electronic properties of the Au(Ill) complexes
was tested to promote the catalytic three-component coupling of an aldehyde, an amine, and an

alkyne as well as in Conia-ene reaction.

12
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Chapter 3: Aminochlorination of Alkenes via photoirradiation

I have developed an N-internal vicinal aminochlorination of terminal alkenes using N-chloro-

(fluorenone imine) as both aminating and chlorinating agents. The reaction does not require any

catalyst, and only visible- light irradiation is necessary for the reaction. This simple protocol

introduces an imine moiety exclusively at the internal position and affords the corresponding free

primary amines after imine hydrolysis under mild conditions. Functionalization of the amino group

and transformation of the alkyl chloride moiety were possible, demonstrating the potential utility

of the products.
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Chapter 2

Development of C,N,N-Cyclometalated Gold(III) for Au(IIT)-Catalyzed
C-C Multiple Bond Functionalization
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2.1 Introduction

Gold catalysts are a fascinating area of study in the field of chemistry due to their unique
properties. In particular, they display strong w acidity [1], making them especially useful for certain
reactions. However, two distinct types of gold catalysts exist: Au(l) and Au(III).

Au(I) catalysts have been extensively researched, and a variety of complex structures have been
developed using different types of ligands. Notably, phosphines and N-heterocyclic carbenes
(NHCs) have been used to form these Au(I) complexes.[2] NHCs, for instance, are particularly
interesting because of their strong o-donor and weak m-acceptor properties, making them ideal

ligands for Au(I) catalysts.

While gold(I) catalysis has established itself as a robust tool in synthetic chemistry, gold(III)
catalysis remains less explored, primarily due to its high electrophilicity,[3] which leads to
instability of the complex and can result in undesirable reductive elimination affording gold(I).
For synthesis of stable Au(Ill) complexes, the use of structurally rigid pincer ligands is an effective
approach, leading to suppression of reductive elimination. The synthesis of stable cyclometalated
gold(IIT) complexes is feasible, particularly when using structurally rigid pincer ligands. These
types of ligands can suppress reductive elimination [4], enhancing the stability of the Au(III)
complex.

Conventionally, the synthesis of these stable Au(IIl) complexes involves a two-step process that
begins with the formation of a mercury complex, which is then transmetalated to gold. This method,
however, is less than ideal due to the toxicity and hazardous handling associated with mercury.[5]
An alternative method involves the direct complexation between a ligand and an Au(IlII) salt via a
process known as C-H auration (Figure 2.1). This reaction allows for the direct insertion of gold
into the carbon-hydrogen bond of an organic molecule. Not only does this method bypass the need
for mercury, making it a safer alternative, but it's also a more convenient and efficient approach to
creating stable Au(IIl) complexes. Moreover, this strategy is in line with the principles of green

chemistry, reducing the use of toxic materials. [6]
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a) Transmetalation via Hg complex
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Figure 2.1: synthesis of Au(IIl) pincer complexes .

However, derivatization of Au(IIl) pincer complexes, synthesized by the direct C-H auration
method, can be challenging due to the complex and multi-step process involved in ligand synthesis.
For effective catalytic reaction development, it's crucial to thoroughly understand the steric and
electronic effects of the catalysts. However, a readily derivatizable Au(Ill) pincer complex has
been hard to come by due to these challenges.

The author offers a solution to this issue by developing the synthesis of novel neutral C,N,N
Au(IlT) complexes. This is accomplished through direct C-H auration, using N-(8-
quinolinyl)benzamide derivatives as ligands. This strategy significantly simplifies the synthesis
process.[7] N-(8-quinolinyl)benzamide derivatives can be synthesized by condensing the
corresponding carboxylic acids and 8-aminoquinoline. This means that the Au(IIl) complexes can
be obtained in just two steps from commercially available carboxylic acids, streamlining the
process considerably.

Furthermore, the author explores the synthesis of chiral Au(Ill) complexes using chiral N-(2-
(oxazolin-2-yl)phenyl)benzamide derivatives as ligands. The creation of chiral complexes
broadens the potential applications of these catalysts, as chirality plays a crucial role in many
biological systems and pharmaceuticals.

The catalytic activity of these novel Au(IIl) complexes was demonstrated in two key reactions:

a three-component coupling of an aldehyde, an amine, and an alkyne (also known as the A3
reaction) [8], and in a C-C multiple bond functionalization via the Conia-ene reaction.
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Figure 2.2: Direct C-H auration using N-(8-quinolinyl)benzamide derivatives as ligands for Au(III)
pincer complexes .

2.2 Results and Discussion

2.2.1 Complex formation

Complexation reactions were examined using N-(8-quinolinyl)benzamide 1a and
NaAuCls-2H20 in various solvents at 160 °C. The C,N,N Au(Ill) complex 2a was synthesized in
toluene, although with an inseparable byproduct (<43% yield). In DMF, no production of 2a was
observed, while a trace amount was obtained in MeCN, but without any byproduct. The addition
of water to acetonitrile enhanced the solubility of NaAuCls-2H20 and significantly increased
reactivity, leading to a 63% yield of 2a. However, the reaction also resulted in the formation of
metallic gold in the mixture. Reducing the reaction temperature to 80 °C successfully eliminated
the formation of metallic gold, yielding 2a at 53%. Considering possible protodeauration of 2a
due to in situ generated HCI, the authors investigated adding a base. While potassium carbonate
inhibited the reaction completely, the addition of a bulky weak base, potassium pivalate, improved
the yield to 65%. Notably, compound 2a was found to be stable and could be stored under air for

at least two years.
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O NaAuCl," 2H,0 (1 equiv) O
N base (2 equiv) N
: Nx solvent, temp. g | —Nx l
Au
12h |
Cl
1a 2a
entry solvent temp. (°C) base yield (%)
1 Toluene 160 none 43
2 DMF 160 none 0
3 CH;CN 160 none trace
4 CH3CN/H50 1:1 160 none 63
5 CHiCNH,01:1 80 none 53
6 CHsCNH,01:1 80 K,CO3 0
7 CHsCNH,01:1 80 BUCO,K 65

Scheme 2.1: Optimization of Au(Ill) pincer complex formation. [a] 1a (0.03 mmol),
NaAuCls2H,0 (0.03 mmol), solvent (0.025 M), 12 h. Yield of isolated product.

Under the optimized reaction conditions, a series of Au(III) complexes were synthesized. When
electron-donating groups like tert-butyl and methoxy were introduced at the para position of
benzamide, the resultant Au(Ill) complexes 2b and 2¢ were obtained with 81% and 65% yield
respectively. However, when an electron-withdrawing chloro substituent was introduced, it
inhibited the C-H auration process, leading to a significantly reduced yield of 2d (11%). The
presence of an ortho-methoxy substituent did not impact the reactivity, yielding 2e at 61%. When
a methoxy group was introduced at the meta position, two isomers, 2f and 2f’, were obtained in
67% yield in a 4.7:1 ratio. A 3,4,5-Trimethoxy substitution was well-tolerated, providing 2g with
a yield of 69%. Au(IIl) complex 2h, a n-extended naphthyl derivative, was produced in 64% yield
as a single isomer. Furthermore, a complex containing a thiophene group was also synthesized
with good yield (2i, 70%) under the same conditions.

The C-H auration protocol was applied to synthesize chiral Au(Ill) complexes bearing a
phenyloxazoline moiety instead of a quinoline moiety. This led to the synthesis of Au(III)

complexes with isopropyl (2j) and benzyl (2k) groups on the oxazoline rings, under the same
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reaction conditions, albeit with moderate yields. However, the introduction of a rigid and sterically

demanding indanyl group on the ligand decreased reactivity, yielding only 14% of 21.

NaAuCl,+2H,0 (1 equiv)
dl\ /w tBuCO,K (2 equiv)
or
0
// " CHBCN/HZO Au Au_ /

80°C, 12~17 h
2a 2 2| R
OMe (0]
Au/ N \@iL
Au/ N

Au/ ~ Au/ \
X=H( 2a) 65%
X =Bu(2b) 81% "
R=OMS [c0) 65% 2f/§f'7f71 g%
X=Cl(2d) 11% 61%

S o % o) @ Qi% @f;%

h
64% 70"/ 42% 37% 14%

Scheme 2.2: Scope of Au(IIl) complexes. 1 (0.1 mmol), NaAuCls-2H,0 (0.1 mmol), CH3CN/H,O (1:1,
0.025 M), 12~17 h. Yield of the isolated product.

2.2.2 X-ray diffraction (XRD) analysis

Single crystals of 2a and 2j were successfully grown from CHCl3 and CH2Cl2/Et20 solutions,
respectively. The structures of these complexes were then definitively determined using single-
crystal X-ray crystallography.

The selected bond lengths and angles for complexes 2a and 2j, as outlined in Tables 2.1 and 2.2,
are notable. As anticipated, both complexes exhibited a square planar structure, with the four bond
angles around the gold atom totalling 360°. The N2-Au-Cl bond angles were nearly 180° for both
complexes (2a: 179°, 2j: 176°), which is in line with expectation for square planar geometries.
Interestingly, there was a slight variation in the C1-Au-N1 bond angles between the two complexes.
For 2a, the angle was slightly nonlinear at 164°, while for 2j, it was nearly linear at 173°. Both 2a
and 2j demonstrated Au-Cl bond lengths of 2.29 A, which is more similar to that observed for a
square planar Au(IIl)-Cl C,N,C pincer complex with a pyridine group in the trans position (2.28
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A)[9] , than to a C,C,N pincer complex with a C(sp2) anion ligand in the trans position (2.37 A)
[10]. This highlights the impact of different ligands on the structural properties of these complexes.

Au-Cl 2.2906(14) A N1-Au-N2 81.64(19) deg
Au-N1 2.114(5) A C1-Au-N2 82.3(2) deg
Au-N2 1.984(5) A C1-Au-Cl 96.97(17) deg
Au-C1 2.011(6) A N1-Au-Cl 99.13(14) deg
N2-Au-Cl 178.97(15) deg C1-Au-N1 163.9(2) deg

Table 2.1 : Selected bond lengths (A) and angles (deg) for 2a.

J—
Loz 4 ~
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N !
\Nz/ \/<

TN/

\ S
N\ ol
N

Au-Cl 2.289(2) A N1-Au-N2 92.4(2) deg
Au-N1 2.078(6) A C1-Au-N2 83.0(3) deg
Au-N2 1.997(6) A C1-Au-Cl 92.5(2) deg
Au-C1 2.007(7) A N1-Au-Cl 92.02(18) deg
N2-Au-Cl 175.53(17) deg C1-Au-N1 173.1(3) deg

Table 2.2 : Selected bond lengths (A) and angles (deg) for 2j.

2.2.3 Transformations of the Au(IIT) complex

Next, the reactivity of the Au(IIl) complex 2a was evaluated. When the hydroxy alkene 3 and
2a were treated with 1 equivalent of AgBF4, the oxyauration of the C-C double bond occurred,
resulting in the formation of the alkyl Au(Ill) complex 4 with a yield of 48% . The reaction
mechanism involves the formation of a cationic gold complex in situ, achieved by abstracting

chloride anions with a silver salt, which acted as a m-acid to trigger cyclization. As anticipated, the
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alkyl Au(Ill) complex 4 did not undergo reductive elimination and remained stable in an
atmospheric environment. This observation reinforces the hypothesis about the stability of these

complexes, opening doors for their potential use in various chemical reactions.

O
(1 equiv) N
AgB 4 Alu/N\ |
Au/ S CHQCI2
rt 14 h 2
4
(1 equ|v) @ equw) PR bn 48% yield

Scheme 2.3: Oxyauration of hydroxyalkene 3.

Then an attempt to synthesize an alkynyl Au(Ill) complex was achieved, labeled as 6 .Initially,
the desired product could not be obtained through the addition of lithium alkynide. However, a
copper alkynide, generated in situ, was able to produce alkynyl Au(IIl) complex 6.

A, gD

Ph CHZCIZ
rt, 14 h
(1.2 equ) 81% yleld

2a
(1 equiv)

Scheme 2.4: Synthesis of alkynyl Au(Ill) complex.

2.2.4 Reactivity of synthesized Au(IIl) complexes in A3 reaction (a three-
component coupling of an aldehyde, amine, and alkyne) :

The catalytic activity of the Au(IIl) complex 2 was assessed in the A® reaction (a three-
component coupling of an aldehyde, amine, and alkyne), where alkynylgold was the active
nucleophile. When using 5 mol% AuCls in the coupling of 4-bromobenzaldehyde, piperidine, and
phenylacetylene in water at 40 °C, the product was obtained with a satisfactory yield of 69%.
However, the use of the Au(IIl) complex 2a resulted in a significantly lower yield, just 27%. Other
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complexes, with electron-donating substituents like tert-butyl (2b) and methoxy (2¢) groups at the
CS position, provided moderate yields of 65% and 50% respectively. The presence of an electron-
withdrawing 5-chloro substituent (2d), however, decreased the yield to 19%. A 3-methoxy
substituent (2e) improved the yield to 74%, while a 4,5,6-trimethoxy substitution (2g) did not lead
to yield improvement (22% yield). Interestingly, the highest catalytic activity was seen with 2h,
which contains a sterically demanding naphthyl group. It gave the product with an impressive yield
of 85%. The thiophene-containing complex 2i also demonstrated efficacy, with a moderate yield
of 63%. When chiral Au(III) complexes was tested in the A3 reaction, all the complexes displayed
moderate catalytic activities (2j: 57% yield, 2k: 39% yield, 2I: 54% yield), with no observed
enantioinduction. Lowering the catalyst loading to 0.5 mol% with the most reactive complex 2h
resulted in a reduced yield of 32% despite a prolonged reaction time of 51 hours. While the
catalytic activities of these Au(Ill) complexes are not as high as some other reported high-
performance Au(Ill) catalysts, the results underscore the potential for optimization of various
parameters for the C,N,N Au(IIl) complexes, including electronic and steric factors, which could

ultimately improve catalytic activity.

O 2 (5mol%) N

H x., —

/@)J\ RSN Ph  H,0, /@)\

Br H 40°C, 24h g, Ph

7 8 5 9

entry complex yield (%)

1 AuCls 69

2 2a 27

3 2b 65

4 2c 50

5 2d 19

6 2e 74

7 29 22

8 2h 85 (73)
9 2i 63

10 2j 57

11 2k 39

12 2] 54 (50)
130 2h 32

23



Conditions: [a] 7 (0.1 mmol), 8 (0.11 mmol), 5 (0.15 mmol), 2 (0.005 mmol), H,O (0.5 M), 40 °C, 24 h.
Yields were determined by "H NMR analysis using tetrachloroethane as an internal standard. Yield of the
isolated product is shown in parentheses. [b] 0.5 mol% of 2h (0.0005 mmol) was used and the reaction time
was 51 h.

Scheme 2.5: Investigation of A® reaction using 2.

2.2.5 Reactivity of synthesized Au(III) complexes in Conia-ene reaction :

The catalytic activities of the chiral Au(Ill) complexes in combination with AgOTf were
investigated in the asymmetric Conia-ene reaction of 1a as a multiple bond functionalization
reaction. The Conia-ene products were obtained with yields of 2b ranging from 8% to 46%
depending on the catalysts. However, almost no induction of enantioselectivity was observed (6%
ee at most when Au(IIl) complex bearing indanyl moietywas used. The lack of enantioselectivity

could be attributed to the

almost planar geometry of the complex, as demonstrated by shown in the side view of the XRD

(Table 2.3 ).

[Au(lll] (2 mol%) o 0

Me AgOTf (2 mol%) Me OMe
CH20I2
rt,4 h
(o]
@& LY s
4 7
\) MeO | —N,
OMe Cl =
11% 15%
0
(o] T (o]
y /]
/ _—N - AU/N\/|

CI
46% 8% 23%

p (_

Scheme 2.6: Investigation of Conia-ene reaction using chiral Au(Ill) complexes .
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2.3 Conclusions

In conclusion, the author successfully developed novel pincer-type C,N,N neutral Au(III)

complexes. By employing a convenient ligand synthesis method, which involved the condensation
of carboxylic acids with 8-aminoquinoline. This process yielded a series of Au(IIl) complexes with
various steric and electronic properties, demonstrating the flexibility and versatility of this
approach.
Furthermore, chiral Au(Ill) complexes were also synthesized using N-(2-(oxazolin-2-
yl)phenyl)benzamide derivatives. The authors demonstrated the n-acidity of the cationic Au(III)
complex generated in situ by performing the oxyauration of hydroxy alkene 3 in the presence of
AgBFa.

The author also conducted an investigation into a catalytic A® reaction using the Au(III) complex
2, which clearly indicated that substituents on the benzamide moiety could impact the catalytic
activity of the complex and also tested its reactivity in C-C multiple bonds functionalization

through Conia-ene reaction .

2.4 Experimental Section

2.4.1 Instrumentation and Chemicals

NMR spectra were recorded on a JEOL ECX-400, operating at 400 MHz for '"H NMR and 100.5
MHz for *C NMR. Chemical shift values for 'H and '3C are referenced to Me4Si. Chemical shifts
are reported in dppm. Mass spectra were obtained with JEOL JMS-T100GCV at GC-MS & NMR
Lab., Research Faculty of Agriculture, Hokkaido University and Thermo Fisher Scientific
Exactive, JEOL JMS-T100GCV at the Instrumental Analysis Division, Global Facility Center,
Creative Research Institution, Hokkaido University. TLC analyses were performed on commercial
glass plates bearing 0.25-mm layer of Merck Silica gel 60F2s4. Silica gel (Kanto Chemical Co.,
Silica gel 60 N, spherical, neutral) was used for column chromatography.

All reactions were carried out under nitrogen or argon atmosphere. Materials were obtained from

commercial suppliers or prepared according to standard procedures unless otherwise noted.
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2.4.2 General Procedure for the Synthesis of Au(IIT) Complex 2

To a sealed tube, 1a (24.8 mg, 0.1 mmol), NaAuCls-2H20 (39.8 mg, 0.1 mmol), potassium pivalate
(19.6 mg, 0.2 mmol), CH3CN (2 mL), and H20 (2 mL) were added. The mixture was stirred for
17 h at 80 °C and then cooled to room temperature. The precipitate was filtered, washed with

methanol, and dried in vacuo to give 2a as a yellowish brown solid (31.1 mg, 65% yield).

NaAuCI4-2H2O (1 equiv)
base (2 equiv) _ N
|| MeCN/H0, 80 °C B} N
Alu/ NS
17 h |
Cl
2a

Characterization of Au(IIT) Complex 2

Due to the low solubility of the complexes to any solvent, '*C NMR data are not clear enough even
after >30,000 scans with saturated concentration for several compounds. For such compounds, all

visible peaks of '*C NMR are listed.

Based on COSY, HMQC, and HMBC, every peak is assigned as follows for 2c.

O
c
j@iLT
e0 AU/N X
a |

d

2c

33.2 mg, 65% yield. (17 h)

TH NMR (CDCls, 400 MHz): & 9.13 (dd, J = 1.8, 4.6 Hz, 1H, 4ra), 9.01 (d, J = 7.6 Hz, 1H, Ar),
8.48 (d,/=1.4,8.2 Hz, 1H, A4rr), 7.70 (dd, J= 5.0, 8.2 Hz, 1H, Ar¢), 7.67 (dd, J=8.2, 8.2 Hz, 1H,
Am), 7.52 (d, J= 8.0 Hz, 1 H, 4rc), 7.48 (d, J= 8.0 Hz, 1 H, Arg), 7.40 (d, /= 2.4 Hz, 1 H, A4ra),
6.87 (dd, J=2.4, 8.4 Hz, 1H, Arv), 3.90 (s, 3H, OMe).
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13C NMR (100.5 MHz, CDCL3) § 174.24 (C=0), 161.48 (Cqua—OMe), 146.50 (Ara), 144.74 (Cquar),
144.24 (Cquat), 141.19 (Arr), 139.88 (Cqua—Au), 134.11 (Cqua—C=0), 131.45 (Ar), 131.02 (Cquar),
130.67 (Arn), 121.83 (dre), 121.12 (4ri), 120.53 (Are), 115.35 (Ara), 114.69 (Arv), 55.75 (OMe).
IR (ATR): 3063, 2937, 2835, 1653, 1578, 1504, 1463, 1326 cm"".

HRMS (FD) (m/z): Caled for C17H12AuCIN202 [M]", 508.0253 Found 508.0270.

0]

;@f?
Cl AR

Cl
2d

Purified by flash chromatography on silica gel using gradient elution (starting with hexane to
hexane/EtOAC 9/1). 5.7 mg, 11% yield. (14.5 hr)

'TH NMR (CDCls, 400 MHz): 6 9.15 (dd, J = 1.6, 4.8 Hz, 1 H), 9.01 (dd, J = 1.2, 8.0 Hz, 1 H),
8.50 (dd, J=1.6,8.4 Hz, 1 H), 7.85 (d, J = 2.4 Hz, 2H), 7.66-7.75 (m, 2H), 7.48-7.53 (m, 2H),
7.33 (dd, J=2.0, 8.4 Hz, 1 H).

13C NMR (100.5 MHz, CDCl3) 6 151.60, 146.77, 141.45, 137.19, 131.15, 130.77, 130.40, 129.06,
121.98, 121.60, 121.18.

IR (ATR): 3066, 1654, 1573, 1503, 1463, 1382 cm’!.

HRMS (ESI) (m/z): Calcd for CisH10AuCLIN20 [M+H]", 512.9830 Found 512.9847.

OMe O

Au/N\

Cl
2e

31.3 mg, 61% yield. (12 h)
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'TH NMR (CDCls, 400 MHz): 6 9.15 (dd, J= 1.2, 5.2 Hz, 1H), 9.10 (d, J= 8.0 Hz, 1H), 8.49 (d, J
=8.4 Hz, 1H), 7.64-7.73 (m, 2H), 7.54 (d, /= 8.0 Hz, 1H), 7.49 (d, /= 7.6 Hz, 1H), 7.28 (dd, J =
8.0, 8.0 Hz, 1H), 6.93 (d, J = 8.8 Hz, 1H), 4.00 (s, 3H).

I3C NMR (100.5 MHz, CDCl3) § 173.66, 159.11, 146.44, 144.60, 144.23, 141.20, 138.80, 132.15,
130.83, 130.67, 126.55, 123.32, 121.75, 121.39, 120.62, 112.38, 56.09.

IR (ATR): 3067, 2938, 2836, 1654, 1580, 1506, 1466, 1382 cm™'.

HRMS (FD) (m/z): Caled for C17H12AuCIN202 [M]*, 508.0253 Found 508.0245.

(0] o]
MeO
N | N
A|U/N =~ Alu/N NS
(l:l OMe c|:|
2f 2f

2f/2f" 4.7:1

33.9 mg, 67% yield. (12 h)

'TH NMR (CDCl3, 400 MHz, major isomer): 9.13 (d, J = 5.2 Hz, 1H), 9.01 (d, J = 8.0 Hz, 1H),
8.50 (d, J=8.0 Hz, 1H), 7.66-7.40 (m, 3H), 7.53 (d, /= 8.4 Hz, 1H), 7.13 (d, /= 2.0 Hz, 1H), 6.87
(dd, J=2.4, 8.0 Hz, 1H), 3.88 (s, 3H).

IR (ATR): 3062, 2995, 2947, 2827, 1650, 1588, 1504, 1461, 1414, 1380 cm™".

HRMS (FD) (m/z): Calcd for Ci17H12AuCIN202 [M]", 508.0253 Found 508.0265.

0]
MeO
N
MeO A|U/N X
OMe Cl
2g
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39.2 mg, 69% yield. (14.5 h)

H NMR (CDCls, 400 MHz): § 9.33 (dd, J= 1.2, 5.2 Hz, 1H), 8.99 (d, J = 7.6 Hz, 1H), 8.49 (dd,
J=1.2,8.0 Hz, 1H), 7.74 (dd, J= 4.8, 8.0 Hz, 1H), 7.67 (dd, J = 8.0, 8.0 Hz, 1H), 7.52 (d, J= 8.0
Hz, 1H), 7.10 (s, 1H), 3.97 (s, 3H), 3.95 (s, 3H), 3.92 (s, 3H).

13C NMR (100.5 MHz, CDCl3) § 174.40, 154.04, 153.42, 146.31, 145.08, 144.98, 143.85, 141.26,
137.82, 130.56, 124.00, 121.73, 121.40, 121.07, 109.68, 61.87, 61.09, 56.29.

IR (ATR): 3077, 3006, 2946, 2836, 1647, 1578, 1506, 1463, 1400, 1381 cm'".

HRMS (FD) (m/z): Caled for CisH16AuCIN204 [M]", 568.0464 Found 568.0456.

34.1 mg, 64% yield. (12 h)

'"H NMR (CDCIl3, 400 MHz): 6 9.42 (d, J = 8.4 Hz, 1H), 9.39 (dd, J= 1.2, 4.8 Hz, 1H), 9.06 (d, J
=7.6 Hz, 1H), 8.48 (dd, J = 1.6, 8.4 Hz, 1H), 7.77-7.83 (m, 2H), 7.75 (dd, J = 4.8, 8.0 Hz, 1H),
7.63-7.71 (m, 2H), 7.50-7.62 (m, 3H).

I3C NMR (100.5 MHz, CDCl3) 8 175.62, 144.94, 143.69, 141.31, 140.53, 137.18, 135.45, 134.11,
132.96, 130.96, 130.73, 130.56, 129.65, 128.33, 127.74, 126.75, 126.24, 121.72, 121.59, 121.14.

IR (ATR): 3057, 1645, 1587, 1575, 1462, 1379 cm’!.

HRMS (FD) (m/z): Calcd for C20H12AuCIN20 [M]*, 528.0304 Found 528.0300.

0O
S | N
\ AIU/N X
J
2i
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34.0 mg, 70% yield. (15 h)

'"H NMR (CDCls, 400 MHz): § 9.04 (d, J=3.2 Hz, 1H), 8.86 (d, J= 7.6 Hz, 1H), 8.49 (d, J=8.0
Hz, 1H), 7.64-7.74 (m, 2H), 7.61 (d, J=4.4 Hz, 1H), 7.49 (d, /= 8.0 Hz, 1H), 7.41 (d, J=4.0 Hz,
1H).

I3C NMR (100.5 MHz, CDCl3) § 169.37, 145.91, 144.87, 141.31, 131.24, 130.87, 127.97, 127.30,
121.86, 120.32, 120.16.

IR (ATR): 1650, 1501, 1464, 1396, 1380 cm™!.

HRMS (FD) (m/z): Calcd for C14HsAuCIN20S [M]", 483.9711 Found 483.9699.

Au—N

21’\

22.5 mg, 42% yield. (14 h)

'TH NMR (CDCls, 400 MHz): 6 8.56 (dd, J=9.2, 2.4 Hz, 1H), 7.84-7.91 (m, 2H), 7.58-7.63 (m,
1H), 7.49-7.56 (m, 1H), 7.27-7.35 (m, 2H), 6.99-7.06 (m, 1H), 4.96 (ddd, J= 3.6, 3.6, 9.2 Hz,
1H), 4.62-4.67 (m, 1H), 4.53 (dd, J=9.2, 9.2 Hz, 1H), 2.60 (dsep, J = 3.6, 6.8 Hz, 1H), 1.00 (d,
J=6.8 Hz, 3H), 0.80 (d, /= 6.8 Hz, 3H).

I3C NMR (100.5 MHz, CDCl3) 6 178.54, 164.28, 145.13, 140.75, 137.49, 134.63, 132.14,
130.85, 130.48, 129.85, 128.42, 124.67, 122.25, 111.98, 69.39, 68.55, 30.46, 18.57, 13.75.

IR (ATR): 2963, 1662, 1619, 1485, 1272, 1239, 1106, 741 cm™!.

HRMS (FD) (m/z): Calcd for C14HsAuCIN20S [M]", 483.9711 Found 483.9699.

Au—N

2k \Ph
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21.6 mg, 13% yield. (13 h)

'"H NMR (CDCls, 400 MHz): § 8.57 (dd, J= 8.7, 3.2 Hz, 1H), 7.91-7.95 (m, 1H), 7.83-7.89 (m,
1H), 7.60-7.64 (m, 1H), 7.51-7.57 (m, 1H), 7.30-7.35 (m, 6H), 7.23-7.29 (m, 1H), 6.99-7.05 (m,
1H), 5.18-5.24 (m, 1H), 4.61-4.66 (m, 1H), 4.45 (t, dd = 8.8 Hz, 1H), 3.58-3.65 (m, 1H), 2.67-2.75
(m, 1H).

3C NMR (100.5 MHz, CDCl3) § 178.52, 164.86, 145.07, 140.63, 137.45, 135.69, 134.71, 132.21,
130.75, 130.52, 129.89, 129.45, 128.94, 128.47, 127.30, 124.92, 122.27, 112.08, 72.74, 65.26,
40.68.

IR (ATR): 1660, 1619, 1485, 1272, 1239, 1112, 740 cm™!,

HRMS (FD) (m/z): Calcd for Ci14HsAuCIN20S [M]", 483.9711 Found 483.9699.

(0]
Cﬁi‘
A|U_N'/ (:J
c

21

8.3 mg, 14% yield. (12 h)

'"H NMR (CDCls, 400 MHz): § 8.51 (dd, /= 1.2, 8.8 Hz, 1H), 8.13 (d, /= 7.2 Hz, 1H), 7.96-8.02
(m, 1H), 7.90 (dd, J = 1.6, 8.4 Hz, 1H), 7.59-7.64 (m, 1H), 7.49 (ddd, J = 1.6, 7.2, 8.8 Hz, 1H),
7.29-7.37 (m, 5H), 6.99 (ddd, /= 0.8, 6.8, 8.4 Hz, 1H), 6.51 (d, /= 6.8 Hz, 1H), 5.66-5.70 (ddd, J
=0.8,5.6, 6.8 Hz, 1H), 3.62 (d, J=17.6 Hz, 1H), 3.54 (dd, /= 5.6, 17.6 Hz, 1H).

3C NMR (100.5 MHz, CDCl3) § 178.42, 164.72, 144.98, 140.64, 139.09, 138.86, 137.53, 134.64,
132.19, 130.83, 130.49, 130.12, 129.72, 128.47, 128.34, 126.63, 125.28, 124.72, 122.14, 112.17,
86.66, 72.63, 38.08.

IR (ATR): 1654, 1619, 1482, 1272, 1246, 1110, 914, 745 cm’!.

HRMS (FD) (m/z): Calcd for C14aHsAuCIN20S [M]", 483.9711 Found 483.9699.
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31.1 mg, 65% yield.

'"H NMR (CDCls, 400 MHz): 6 8.97 (dd, J = 1.2, 8.4 Hz, 1H), 8.61 (dd, J= 1.6, 5.2 Hz, 1H), 8.40
(dd, /= 1.2, 8.4 Hz, 1H), 7.71-7.75 (m, 1H), 7.65 (dd, J = 8.0, 8.0 Hz, 1H), 7.52 (dd, J=5.2, 8.4
Hz, 1H), 7.36-7.40 (m, 2H), 7.28-7.32 (m, 2H), 7.20-7.28 (m, 9H), 7.12-7.19 (m, 1H), 4.59 (ddt,
J=64,6.8,8.0Hz 1H),4.44 (d, /J=8.8 Hz, 1H), 4.39 (d, /= 8.8 Hz, 1H), 2.88 (dd, /=6.8, 12.4
Hz, 1H), 2.59 (dd, J= 8.0, 12.4 Hz, 1H), 2.00 (d, J = 6.4 Hz, 2H).

I3C NMR (100.5 MHz, CDCl3) § 173.39, 146.51, 146.46, 146.08, 144.72, 140.57, 135.52, 131.33,
130.60, 129.95, 128.95, 128.41, 128.37, 127.63, 127.26, 127.07, 126.36, 126.25, 121.42, 121.14,
119.51, 80.28, 56.58, 47.57, 34.88.

IR (ATR): 2972, 1625, 1582, 1502, 1466, 1394 cm™!.

HRMS (ESI) (m/z): Calcd for C33H2sAuN202 [M+H]", 681.1811 Found 681.1827.
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43.8 mg, 81% yield.

'"H NMR (CDCl3, 400 MHz): § 9.24 (dd, J = 1.2, 4.8 Hz, 1H), 9.02 (dd, J = 1.6, 8.4 Hz, 1H), 8.50
(dd, J=1.2, 8.4 Hz, 1H), 7.94 (dd, J = 1.6, 8.0 Hz, 1H), 7.65-7.72 (m, 2H), 7.59-7.64 (m, 3H),
7.49 (dd, J= 1.2, 8.0 Hz, 1H), 7.26-7.40 (m, 5H).

I3C NMR (100.5 MHz, CDCl3) 8 174.94, 148.32, 146.40, 145.12, 144.47, 140.95, 136.20, 133.78,
132.28, 131.84, 131.26, 130.77, 130.04, 128.30, 128.23, 127.51, 125.35, 121.92, 121.70, 120.35,
97.94, 96.44.

IR (ATR): 3053, 2989, 1640, 1594, 1582, 1501, 1487, 1462, 1450, 1441, 1384 cm’".

HRMS (ESI) (m/z): Calcd for C24H16AuN20 [M+H]", 545.0923 Found 545.0937.

Single Crystal XRD Analysis of 2a

A suitable crystal was mounted with liquid paraffin on a MiTeGen MicroMounts and transferred
to the goniometer in a nitrogen stream at 123(2) K. Measurement was made on a RIGAKU
XtaLAB Synergy-DW system with 1.2 kW PhotonJet-DW microfocus rotating anode using
graphite monochromated Mo-Ka radiation (A = 0.71073 A) and HyPix-6000HE detector. Cell
parameters were determined and refined, and raw frame data were integrated using CrysAlisP™
(Agilent Technologies, 2010). The structures were solved by direct methods with SHELXT[11]
and refined by full-matrix least-squares techniques against F2 with SHELXL-2018/3[12] by using
Olex2 software package.[13] The non-hydrogen atoms were anisotropically refined, and hydrogen
atoms were placed using AFIX instructions. Crystal data and structure refinement parameters are
in Table 2.3. The ORTEP-3 program was used to draw the molecule structures in Table 2.3 and
Figure 2.3.[14]
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Figure 2.3 ORTEP drawing of 2a showing 50% probability thermal ellipsoids. All hydrogen atoms were
omitted for clarity. Selected bond lengths (A) and angles (deg.) for 2a: Au-Cl, 2.2906(14); Au-N1,
2.114(5); Au—N2, 1.984(5); Au—Cl, 2.011(6); N1-Au-N2, 81.64(19); C1-Au-N2, 82.3(2); C1-Au—Cl,

Cl
top view

96.97(17); N1-Au—Cl, 99.13(14).

\ ‘ o N2 N1

c1 Au ¢

side view

Table 2.3 Crystal Data and Data Collection Parameters of 2a

empirical formula | AuCIC1sH10N20 Dcalcd, g/cm3 2.390

CCDC number 2107007 #[Mo-Ka], mm 0.71073
formula weight 478.68 T, K 123(2)

crystal system triclinic crystal size, mm 0.20x 0.20 x 0.04
space group P-1(#2) @ range for data collection (deg.) 2.496 to 29.460
a, A 7.5282(2) no. of reflections measured 13259

b, A 9.1582(2) unique data (Rint) 3110 (0.1096)
c, A 11.0656(3) data/restraints/parameters 3110/0/ 191
a, deg. 99.367(2) R1 (> 2.00(/) 0.0345

B, deg. 101.904(2) wR2 (I > 2.05(l) 0.0765

¥, deg. 112.400(2) R1 (all data) 0.0400

V, A3 665.16(3) wR2 (all data) 0.0788

V4 2 GOF on F? 1.065

R1 = (S||Fol-|Fc|))/(S|Fol|). wR2 = [{Sw(Fo*-Fc*)*} 1/(Sw(Fo*)} 12,
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Chapter 3

Catalyst-Free Visible Light-Induced Aminochlorination of
Alkenes
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3.1 Introduction :

Nitrogen plays a vital role in various fields, including agrochemicals, drug molecules, and
synthetic materials. The ubiquity of nitrogen in these areas highlights the significance of
incorporating nitrogen atom into organic compounds. The input of nitrogen atoms into medicinal
compounds bears a high impact on a compound’s physiological parameters, such as hydrogen
bonding interactions and polarity. As a result, the atom is prevalent in drug molecules, as the fine-
tuning of physicochemical properties is a crucial factor in the development of a successful drug
molecule. Thus, transformations to incorporate nitrogen are a powerful part of the synthetic
chemist’s toolbox.

Chloroamines, and in particular vicinal chloroamines, play a crucial role in medicinal chemistry
due to the unique properties they impart to organic compounds. For instance, the vicinal
chloroamine motifs have been found to exhibit potent antimicrobial activity [1] , making it
valuable target motif in the development of new antibiotics and antiseptics.

Vicinal chloroamines represent indeed compelling targets as versatile platform compounds,
capitalizing on the reactivity of the alkyl chloride moiety. The synthesis of vicinal chloroamines
has seen significant advancements, particularly through the aminochlorination of readily available
alkenes. This transformation has witnessed important progress in the past decade, facilitated by
the development of metal catalysts, organocatalysts, photocatalysts, and also catalyst-free
conditions. However, the nitrogen sources employed in these reactions have predominantly led to
protected amines, which pose challenges in terms of deprotection under mild reaction conditions.
Consequently, there is a pressing need for a mild and convenient method that enables
aminochlorination of alkenes, affording non-protected amines or amines with readily cleavable N-

protecting groups.
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Pd(OCOCF3

(0.1 equiv),
P CuCl, (4equiv),
K>CO3, THF, 23 °C
NH Cl
! 72%

Ts
ratio=2 : 1

3 o Cl
R‘I/\KR NCS, thse (20 mol /o)> J\LRS
R2 H,O, MeCN, 25°C R? R2
NHAc
Cl
TsNNaCl (1.2 equiv
X ( q l
+-BuCO,H (1.2 equiv.), NHTs
(CH,CI),, 50°C, 12h
F. ,SOLAr
N
Gl l': CFBSA X CFBSA cl
1 X
N Nsoar «—— gl ——— gf
Ry DCE, reflux Z DCM, r.t

Scheme 3.1: Representative examples of aminochlorination of alkenes.

In response to the pressing need for a gentle, practical aminochlorination method producing
non-protected amines or amines with easily removable N-protecting groups, Morandi recently
disclosed an iron-catalyzed aminochlorination of alkenes that effectively produces non-protected
vicinal chloroamines. [2] An O-pivaloylhydroxyamine and an alkali metal chloride were used as
nitrogen and chlorine sources, respectively. These agents were used for the direct creation of
unprotected secondary and tertiary 2-chloroamines from a wide array of unactivated,

functionalized alkenes.

PIVO R’ Fe(acac), cat.

\ g (Lewis acid cat.) I
~N. - N.
R/\ + H ® RZ + MCI R)\/ R2

M = Na or Li

OTf

Scheme 3.2 : Iron-catalyzed N-terminal vicinal aminochlorination .
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In the other hand, Guan, Bi, and Fu employed N-chloroamines as both nitrogen and chlorine

sources for copper-catalyzed aminochlorinations directed by an 8-aminoquinoline amide group.

3]
| J\/\ ' Culcatgj\ J\)\/

Scheme 3.3: Copper-catalyzed directed N-terminal vicinal aminochlorination .

Meanwhile, Leonori and co-workers discovered a photoinduced aminochlorination that directly
employs various amines . An in situ formed protonated N-chloroamine agent served as the active

entity in this reaction. [4]

R Ru photo-cat.; Cl R1 Cl, R1
TFA, blue LED;
| N. 2
RO iNge NCS Yon )\/ r2| H SR

active species

Scheme 3.4: Photocatalyst-promoted N-terminal vicinal aminochlorination .

All these reactions add a nitrogen atom at the terminal position. A vicinal aminochlorination that
places an amino group at the internal position was accomplished only by using electrophilic N-
chloroamine-based agents.

3.1.1 Catalyst-free visible light-induced Aminochlorination of Alkenes

In this context, I advanced an N-internal vicinal aminochlorination of terminal alkenes,
employing N-chloro(fluorenone imine) as both aminating and chlorinating agents. The process
necessitates no catalyst and relies solely on visible-light irradiation. This straightforward protocol
selectively installs an imine group at the internal position, yielding corresponding free primary
amines after imine hydrolysis under mild conditions. The potential utility of the products is

illustrated by the feasible functionalization of the amino group and transformation of the alkyl

X. 5y o o

non-protected
v/ Catalyst-free ¢ Visible light internal amines

chloride moiety.

Scheme 3.5: Photoinduced N-internal vicinal aminochlorination of alkenes.

39



3.1.2 Results and Discussion

Herein, my approach involves designing an N-internal vicinal aminochlorination of terminal
alkenes as follows. An N-chloroketimine, synthesized from an aromatic ketone with an extended
n-system, would be photoexcited by visible light irradiation. This could lead to the homolysis of
the N—Cl bond via the excited state of the N-chloroimine, simultaneously generating an N-centered
iminyl radical and a Cl radical. Given that simple alkenes are reactive towards electrophilic
radicals, the highly electrophilic Cl radical would likely react preferentially in the presence of the
nucleophilic N-centered iminyl radical. The Cl radical addition would occur at the terminal
position of the alkene, producing a stable internal carbon radical. This carbon radical could couple
with the N-centered iminyl radical, yielding the internal amine product. Finally, the installed imine

group would undergo hydrolysis under mild conditions to yield the corresponding primary amine.

hydrolysis
NH,-HCI
blue LED HCI 2
. CI

1 a Catalyst-free
Visible light
Working hypothesis Internal amine
blue LED radical
homolysis coupling
. CI addition
Cl
Rmr\ °Cl R/\/

Scheme 3.6: Radical pathway for accessing N-internal vicinal amine.

As the synthesis of N-chloroketimines depends on the oxidation and chlorination of
corresponding free amines as established by prior research [5], structural diversity was constrained

by the accessibility of the amines.

RH/RZ TCCA "N

Scheme 3.7: Typical N-chloroketimines synthesis.
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To enable a broader range of N-chloroketimines, I conceived the synthesis from easily available
ketones via the formation of unprotected imines followed by N-chlorination. Bearing this in mind,
a novel method for synthesizing fluorenone-derived N-chloroimine 2a was developed.
Consequently, Sc(OTf)s-catalyzed imine formation utilizing hexamethyldisilazane (HMDS, 1.1
equiv) as a nitrogen source [6] was followed by N-chlorination with 0.4 equivalent of
trichloroisocyanuric acid (TCCA), resulting in N-chloro(fluorenone imine) 2a in a 93% yield in a
one-pot process. Scale-up to 10 mmol was achievable without a yield decrease, albeit with a longer
reaction duration for the N-chlorination phase. Dimethylanthracenone was similarly reactive,
yielding 2b in 63% yield. Despite xanthone being less reactive than fluorenone and
dimethylanthracenone, the corresponding N-chloroketimine 2¢ was obtained in a satisfactory yield
73% by stirring for 72 hours at 110°C with 2 equivalents of HMDS for imine formation and
subsequent N-chlorination using 0.7 equivalent of TCCA.

R R2 Sc(OThHs (5 mol%) | RLH/R2
\[( HMDS (1.1 equiv.) TCCA (0.4 equiv) \
O PhCI, 90°C, xh  CHxClp, ity h , ¢
O LD QU
N.
N“CI N\C| Cl
2a 2b 2c
93% (x=1, y=1) 63% 73%°
94%" (x=1, y=20) (x=12, y=1) (x=72, y=2)

Scheme 3.8: One-Pot N-chloroketimine synthesis from ketones.

Subsequently, vicinal aminochlorination was examined with 1,1-diphenylethylene as the alkene
substrate under blue LED irradiation. N-Chloro(fluorenone imine) (2a) resulted in the desired
vicinal aminochlorination product 3a in a 64% yield, with a vicinal dichlorination product 4a in a
17% yield (entry 1). Conversely, anthracenone-type (2b) and xanthone-type (2¢) N-chloroimines
exhibited low reactivity, yielding 3b and 3¢, respectively, in minimal yields (entries 2 and 3). A
bicyclic derivative, N-chloro(tetralone imine) 2d, also demonstrated low reactivity, yielding 3a at
only a 16% yield (entry 4). N-Chloroimines with flexible carbon structures, like benzophenone-
type (2e) and acetophenone-type (2f) N-chloroimines, were completely unreactive (entries 5 and
6).
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R2
Ph RY _R? R1
blue LED Ph CI
N e
Cl CHCl, p P~ Cl Ph
2 3 4
(2 equiv)

entry 2 yield (%) of 3 yield (%) of 4

1 2a 64 17
2 2b 13 9
3 2c 8 10
4 2d 16 5
5 2e 0 0
6 2f 0 0
N. N. N.
Cl Cl Cl
2d 2e 2f

Table 3.1: Optimization of aminochlorination. [a] Conditions :1a (0.1 mmol), 2 (0.2 mmol), CH2Cl>
(0.05 M), blue LED, 12 h, 3 (aminochlorination product), 4 (dichlorination product). Yields were
determined by 'H NMR analysis using tetrachloroethane as an internal standard.

Employing 2a as the optimal aminochlorination agent, the scope of alkenes was explored. Post
photoinduced aminochlorination, raw materials were hydrolyzed to yield corresponding primary
amine-HCI salts. When needed, purification was achieved using a reversed-phase (Cis) HPLC
column under 0.1% aq. TFA/MeCN eluent conditions, resulting in products as TFA salts. The
product Sa, originating from 1,1-diphenylethylene 1a, was isolated without HPLC purification in
a 68% yield as the HCI salt. When scaled to 1 mmol, the reaction proceeded with a 47% yield.
Although a 4-methyl substituent on the benzene ring was tolerated (5b, 57% yield), an electron-
donating 4-methoxy substituent noticeably decreased the yield (5S¢, 11% yield). p-Chloro and
fluoro substituents successfully yielded corresponding products (5d, 55% yield; Se, 72% yield). a-
Methylstyrene 1f also reacted to give 5f in a 43% yield. Monoaryl styrene derivatives also
underwent aminochlorination under the reaction conditions, albeit generally with lower yields. The
reaction was tolerant of various substituents at the para position of the aryl group including
electron-donating tert-butyl (5h, 42% yield) and methoxy (5i, 30% yield) groups, electron-
deficient chloro (5j, 34% yield) and phenyl (5k, 29% yield) groups, and a potentially reactive
chloromethyl group (51, 34% yield). Conversely, an ortho-methoxy substituent (Sm) reduced the
yield to 18%. Methyl or phenyl substituents at the B-position of the styrene were compatible,
delivering the products with moderate diastereoselectivities (5n, 39% yield, dr 6.0:1; 50, 35% yield,

42



dr 7.3:1 from trans-stilbene and 3.7:1 from cis-stilbene). A cyclic substrate, indane 1p, provided
the product Sp with high trans-selectivity (33% yield, dr 16:1).

1) blue LED
O CHCly, 1t, 12 h
s 2) 2M HCl aq. 5
R . THF, rt, 1 h . R NHchIFA
RITY, + N purification: "~ R
R3 cl HPLC (C18 column) R3
2a 0.1% TFA ag./MeCN 5
(2 equiv)
X b
X=H(5a) 68% Me NH, TFA
X=H(5a) 47%"b° cl
: X = Me (5b) 57%
NH2 TFA X = OMe (5¢) 1%
Cl x=cI(5d) 55% 5¢
X=F(5e) 72% 43%
X
- NH, TFA
ea X=H(59)  29% 2
NH2TFA % — Bu (h)  42%> cl
Cl X =0Me (5i) 30%
X = Cl (5)) 34%
v X =Ph(5k)  29% S
X = CH,CI (51) 34% 18%
NH,-TFA NH, TFA NH, TFA
cl cl
cl
Me Ph
5n 50 S5p
39% 35%, dr 7.3:1 (from trans)  33%
dr 6.0:1 35%, dr 3.7:1 (from cis) ~ dr 16:1

(from trans)

Scheme 3.9: Substrate scope .
[a] Conditions : 1 (0.3 mmol), 2 (0.6 mmol), CH2Cl2 (0.05 M), blue LED, 12 h. Yields of isolated
products. [b] Isolated as HCI salt without HPLC purification. [c¢]1 mmol scale.

The vital influence of the fluorene framework of N-chloroimine was attributed to its photo-
absorption capacity. Indeed, the UV-Vis spectrum of 2a displayed substantial absorption in the
blue LED emission range, whereas the other N-chloroimines exhibited considerably less or no

absorption in the same region .
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2a

2b

2d

e (L-mol'-cm™)
.
o
o

——LED

380 430 180 530 580
wavelength (nm)

Figure 3.1: UV-Vis spectra of 2 and emission spectra of blue LED. Condition: UV-Vis spectra of 2
in CH2CL2 (3 mM).

Product formation and substrate consumption were monitored by 'H NMR spectroscopy using
1,1,2,2-tetrachloroethane as an internal standard in CsDs solvent with intermittent photoirradiation
(Figure 3.2). The reaction progress was only observed during the photoirradiation periods. The
absence of product formation during the dark conditions confirmed the requirement of

photoirradiation. However, radical chain process cannot be ruled out only by the result of light/dark

LI $) C .
A blue LED NN cl
* N . c *
tBu ~Cl CeDs
A tBu

(2 equiv) in NMR tube B
tBu

experiment. [7]

dark dark dark dark dark dark

Yield (%)

10 20 30 40

Time (min)

Figure 3.2 : Effect of blue LED irradiation on the reaction profile.
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Transformation of aminochlorination products

Next, to assess the reactivity of the obtained aminochlorination products, using Sh as an example.
First, I added Boc and Cbz groups to the nitrogen atom, which worked well and didn't change the
C—Cl bond. Then, an oxazoline (7) was synthesized in two steps: acylation and cyclization. The
reaction yielded 59% .

O

N NH,-HCI

HN” “OR N_<Me
cl )

/@)\/Cﬂ aorb /@2\/ c,d
- _
Bu tBu 7

R = tBu (6a) sh tBu
R = Bn (6b)

Scheme 3.10: Transformations of chloroamine 5h. [a] Boc2O (2 equiv), NEt3 (2.2 equiv), CH2Cl, rt,
17 h, 72% yield . [b] CbzCl (2 equiv), NaHCO3 (2 equiv), THF, 0°C, 15 min, 55% yield. [c]
Ac20 (3 equiv), NEt3 (3.5 equiv), THF, rt, 1.5 h, 74% yield . [d] NEt3 (2 equiv), TBAI (0.5
equiv), THF, 80°C, 7 h, 80% yield.

DFT calculation

Density functional theory (DFT) calculations were performed to investigate the mechanism of
Aminochlorination formation using the Gaussian 16 C.01 package at the UwB97X-D/6-
31+G(d,p)/SMD(DCM) level of theory. [8] First, the photoinduced N—Cl scission was assessed
(Figure 3.3). The N—CI bond of the optimized structure of triplet state 2a*, which would be
generated through photoexcitation and intersystem crossing, is oriented perpendicular to the =n-
plane of the fluorene backbone. The N—Cl homolysis from 2a* proceeded through TS as an
essentially barrierless process (0.1 kcal/mol), and an N-centered iminyl radical (A) and a chlorine
radical (B) were generated in a slightly exergonic process (—1.5 kcal/mol relative to 2a*).

The addition of the Cl radical (B) to styrene (1g) proceeds in a barrierless manner to produce
chloromethylated benzyl radical (C), while the addition of the iminyl radical (A) requires 20.4
kcal/mol to afford an aminomethylated benzyl radical (D) (Figure 2b). The requirement of higher
energy for the iminyl radical addition than that for the CI radical addition is consistent with our
reaction design, in which the electrophilic Cl radical was expected to react preferentially in the
presence of the nucleophilic N-centered iminyl radical. For the subsequent process, we examined
two pathways that incorporate the imine moiety at the benzylic position. One is radical-radical
coupling between the benzyl radical C and the iminyl radical A to produce 3g in a highly exergonic
manner. For this process, we failed to locate a transition state as expected due to the general

difficulty of computations for radical-radical coupling processes. The other possibility is attack of
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the radical center of C at the nitrogen atom of 2a. The corresponding transition state (TS2) is 20.2
kcal/mol higher in Gibbs free energy relative to C, and subsequent elimination of the CI radical
(B) proceeds via a transient fluorenyl radical (E) to propagate a radical chain process. It should be
noted that the addition of C to 2a can happen at the Cl atom to produce 4g through TS3 (1.3
kcal/mol higher in Gibbs free energy relative to TS2). Since vicinal dichloride side product 4g was
obtained in meaningful amounts in the experiments, the C—CIl bond formation process at the
benzylic position should be competitive with the C—N bond formation process. Although the
radical chain process requires higher energy than the radical-radical coupling process, the former
process cannot be excluded considering that 2a was present in much higher concentration than

iminyl radical (A).

(a)
\ AG (kcal/mol)

0 o
e

B Ea f 28 cr”
\Ph)c\/gl' 2a \ph)\/CI B
23.0 ., ) 20 ~/ 39
A N -29.4
A Jﬁ" A
radical-radical
coupling :,.ﬁ" 39 i
586 -41.5

Figure 3.3: Energy diagrams for (a) radical generation and (b) radical addition to styrene.
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Conclusion

In this study, I developed a method for N-internal vicinal aminochlorination of terminal alkenes
using N-chloro(fluorenone imine) as both the source of amination and chlorination. This reaction
is advantageous in several ways: it doesn't require any catalyst, it only needs visible-light
irradiation, and it adds an imine moiety exclusively at the internal position. After this step, mild
hydrolysis can remove the imine to reveal the primary amines. Moreover, it's possible to further
modify the amino group and transform the alkyl chloride part, showing that the products have
potential for further applications. This simple and effective method can have important

implications in organic synthesis.

3.1.3 Experimental section

Instrumentation and chemicals

Nuclear magnetic resonance (NMR) spectra were recorded on a JEOL ECX-400, operating at
400 MHz for '"H NMR and 100.5 MHz for '*C NMR. Chemical shift values for 'H and '3C are
referenced to Me4Si or a residual solvent peak. Chemical shifts are reported in & ppm. Mass spectra
were obtained with JEOL JMS-T100GCV or Thermo Scientific Exactive at Global Facility Center,
Creative Research Institution, Hokkaido University. TLC analyses were performed on commercial
glass plates bearing 0.25-mm layer of Merck Silica gel 60F2s4. Silica gel (Kanto Chemical Co.,
Silica gel 60 N, spherical, neutral) was used for column chromatography. Biotage Isolera One with
packed column was also used for normal phase column chromatography. HPLC purifications were
conducted on a SHIMADZU HPLC system with a SHIMADZU SPD-M20A detector using YMC
triart C18 column (250x10, 5 um).

All reactions were carried out under argon atmosphere. Materials were obtained from
commercial suppliers or prepared according to standard procedures unless otherwise noted.
Kessil A160WE Tuna Blue was used as the blue LED without any kind of filter for the reaction.
The material of the reaction vial is borosilicate glass. The distance of the vial from light source is

4 cm.
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Preparation of Substrates
General procedure for Aminochlorination Products:

) blue LED

O O CHZCIZ, rt, 12 h
2) 2M HClI aq. 2 _
. THF, rt, 1 h R NHZCTlFA
R + purification: - OR?
R3 CI HPLC (C18 column) R3
1 2a 0.1% TFA aq./MeCN 5
(2 equiv)

A solution of alkene 1 (0.3 mmol) and chloroimine 2a (0.6 mmol) in CH2Cl> (6 mL) was
prepared in a 10 mL vial under air. The vial was flushed by argon and sealed with a Teflon-coated
cap. The mixture was stirred for 12 h with blue LED (Kessil A160WE Tuna Blue) irradiation at
room temperature. To the resulting brown suspension was added Et20, and the mixture was
filtrated through a pad of celite using Et20 eluent. The filtrate was evaporated on a rotavapor.
The obtained residue was dissolved in THF (1 mL), and 2M HCI aq. was added to the solution.
After stirring for 1 h at room temperature, hexane was added to the mixture. The aqueous layer
was separated and washed with hexane four times. The combined organic layer was evaporated
and suspended again by hexane. The suspension was extracted with 2M HCI aq. ten times, and the
combined aqueous layer was evaporated. The crude residue was purified by HPLC equipped with
triart C18 column (250x10, 5 um), 0.1% TFA aq./MeCN eluent, flow rate 4 mL/min, 5%-100%-
100% 25 min-5 min, detection 200 nm.

Preparation and Characterization of Substrates

N-chloro-9H-fluoren-9-imine (2a)
Sc(0Tf) (5 mol %) _H _Cl

TMS,NH (1.1 equiv) N TCCA (0.4 equiv) N
Q.O PhCI (1.0 M) . CH,Cl, (0.40 M) .
90 °C,2h 25°C,1h

(1.0 mmol)

A glass test tube equipped with a magnetic stir bar was added scandium(III)
trifluoromethanesulfonate (Sc(OTf)3) (24.6 mg, 0.05 mmol, 0.05 equiv) and dried under vacuum

using a heat gun. After cooling to room temperature, the flask was refilled with argon, and 9-
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fluorenone (180 mg, 1.0 mmol, 1.0 equiv), chlorobenzene (1.0 mL), and 1,1,1,3,3,3-
hexamethyldisilazane (HMDS) (0.23 mL, 1.1 mmol, 1.1 equiv) were added. The mixture was
stirred at 90 °C in an oil bath for 2 h. After the consumption of 9-fluorenone was confirmed by 'H
NMR analysis of the crude mixture, CH2Cl2 (2.5 mL) was added and the mixture was stirred at
4 °C in an ice bath for 10 min. To the mixture was added trichloroisocyanuric acid (TCCA) (93.0
mg, 0.40 mmol, 0.40 equiv) at the same temperature, then the mixture was warm to 25 °C and was
stirred for 1 h. The resulting mixture was diluted with water (10 mL) and extracted with CH2Cl>
(10 mL x 3), dried over Na2SOs, filtered, and concentrated under reduced pressure. The crude
product was purified by silica gel flash column chromatography using hexane as an eluent to give
N-chloro-9H-fluoren-9-imine 2a as yellow solid (198 mg, 93% yield).

'H NMR (500 MHz, CDCl3) § 8.75 (d, J = 7.5 Hz, 1H), 7.78 (d, J= 7.5 Hz, 1H), 7.63 (d, J= 7.5
Hz, 1H), 7.56 (d, J= 7.5 Hz, 1H), 7.51 (ddd. J= 7.5, 7.5, 1.0 Hz, 1H), 7.43 (ddd. J= 7.5, 7.5, 1.0
Hz, 1H), 7.35 (ddd, J= 7.5, 7.5, 1.0 Hz, 1H), 7.29 (ddd, J = 7.5, 7.5, 1.0 Hz, 1H).

13C NMR (125 MHz, CDCl3) & 171.4, 143.8, 140.7, 136.8, 133.2, 132.3, 132.0, 129.7, 128.7,
128.4, 123.1, 120.4, 119.9.

IR (neat) 1576, 1447, 1302, 1144, 935, 781, 721, 694, 644, 631, 615, 527, 426 cm™.

HRMS (DART) m/z: [M+H]" Caled for CisHoN35Cl 214.0418, found 214.0148, [M+H]" calcd.
for C13HoN3"C1 216.0389, found 214.0386.

Procedure for 10 mmol Scale Synthesis

A 100 mL flask equipped with a magnetic stir bar was added scandium(III)
trifluoromethanesulfonate (Sc(OTf)3) (246 mg, 0.5 mmol, 0.05 equiv) and dried under vacuum
using a heat gun. After cooling to room temperature, the flask was refilled with argon, and 9-
fluorenone (1.80 g, 10.0 mmol, 1.0 equiv), chlorobenzene (10.0 mL), and 1,1,1,3,3,3-
hexamethyldisilazane (HMDS) (2.30 mL, 11.0 mmol, 1.1 equiv) were added. The mixture was
stirred at 90 °C in an oil bath for 2 h. After the consumption of 9-fluorenone was confirmed by 'H
NMR analysis of the crude mixture, CH2Cl2 (25 mL) was added and the mixture was stirred at
4 °C in an ice bath for 10 min. To the mixture was added trichloroisocyanuric acid (TCCA) (930
mg, 4.00 mmol, 0.40 equiv) at the same temperature, then the mixture was warm to 25 °C and was
stirred for 20 h. The resulting mixture was diluted with water (50 mL) and extracted with CH2Cl2
(50 mL x 3), dried over Na2SOs, filtered, and concentrated under reduced pressure. The crude
product was purified by silica gel flash column chromatography using hexane as an eluent to give
N-chloro-9H-fluoren-9-imine 2a as yellow solid (2.00 g, 94% yield).
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N-chloro-10,10-dimethylanthracen-9(10H)-imine

2b

162 mg, 63% yield, pale yellow oil.

'TH NMR (400 MHz, CDCl3) 8 8.40 (dd, /= 1.2, 7.6 Hz, IH) , 7.84 (dd, J = 1.6, 8.0 Hz, 1H), 7.67
(d, J=7.6 Hz, 1H), 7.56 (d, J= 7.6 Hz, 1H), 7.51-7.41 (m, 2H), 7.40 (ddd, J = 1.2, 7.6, 7.6 Hz,
1H), 7.35 (ddd, J = 1.2, 7.6, 7.6 Hz ,1H) , 1,66 (s, 6H).

13C NMR (100.5 MHz, CDCls) & 169.7, 148.6, 145.6, 134.8, 130.8, 130.1, 129.9, 128.7,126.8,
125.9, 125.3,123.9, 123.2, 39.9, 30.4.

IR (ATR) 2968, 1599, 1557, 1466, 765, 622 cm™!.

HRMS (EI-TOF) m/z: [M]" Calcd for C20H1603S 336.0820; Found 336.0834.

N-chloro-9H-xanthen-9-imine

2c

168 mg, 73% yield, white solid.

"H NMR (400 MHz, CDCl3)  9.21 (dd, J= 1.2, 8.0 Hz, 1H), 8.15 (dd, J = 1.2, 8.0 Hz, 1H), 7.62
(ddd,J=12.0,7.2,7.6 Hz, 1H), 7.54 (ddd, J= 1.6, 7.2, 7.2 Hz, 1H), 7.42 (dd, J= 1.2, 8.4 Hz, 1H),
7.34-7.29 (m, 2H), 7.29-7.24 (m, 1H).

13C NMR (100.5 MHz, CDCl3) & 158.4, 153.8, 151.1, 133.2, 132.0, 129.2, 125.7, 124.1, 122.5,
121.3, 118.0, 117.2, 116.9.

IR (ATR) 3138, 1599, 1535, 1451, 1337, 1247, 767, 745 cm™.

HRMS (ESI) m/z: [M+H]" Calcd for Ci13HsONCI 230.0367; Found 230.0365.
(E)-N-chloro-3,4-dihydronaphthalen-1(2H)-imine
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.Cl

2d

339 mg, 88% yield, green oil.

'TH NMR (400 MHz, CDCls) 8 8.04 (d, J= 7.6 Hz, 1H), 7.32 (ddd, /= 1.2, 7.2, 7.2 Hz, 1H), 7.20
(dd, J=7.2,7.2Hz, 1H), 7.15 (d, J= 7.6 Hz, 1H), 2.92 (t, J = 6.8 Hz, 2H), 2,76 (t, J = 6.0 Hz,
2H), 1.92 (tt, /= 6.0, 6.8 Hz, 2H).

I3C NMR (100.5 MHz, CDCl3) § 175.1, 140.4, 131.5, 130.9, 128.4, 126.5, 125.6, 31.9, 29.5, 21.8.
IR (ATR) 3066, 2938, 1609, 1578, 1556, 1450, 1437, 1295, 759, 730, 692 cm™!.

HRMS (ESI) m/z: [M+H]" Calcd for C1oH11NCI 180.0575; Found 180.0574.

N-chloro-1,1-diphenylmethanimine

_Cl
NC

2e

350.5 mg, 76% yield, yellow oil.

'"H NMR (400 MHz, CDCls) 8 7.55-7.53 (m, 2H), 7.49-7.41 (m, 4H), 7.37-7.28 (m, 4H).
13C NMR (100.5 MHz, CDCl3) & 178.5, 136.8, 136.2, 131.2, 129.6, 128.8, 128.4, 127.7.
IR (ATR) 3060, 1554, 1490, 1444, 1289, 1157, 1074, 1031, 955, 777, 736, 689, 617 cm™.
HRMS (ESI) m/z: [M+H]" Calcd for C1sH11NCl1 216.0575; Found 216.0574.

(E)-N-chloro-1-phenylethan-1-imine
Cl

290.3 mg, 88% yield, yellow oil. 2t

H NMR (400 MHz, CDCls) § 7.67-7.63 (m, 2H), 7.43-7.32 (m, 3H), 2.52 (s, 3H).
13C NMR (100.5 MHz, CDCl3) § 176.9, 136.9, 130.6, 128.4, 126.7, 20.4.

IR (ATR) 1444, 1366, 1284, 1159, 1135, 1001, 762, 689 cm.
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HRMS (ESI) m/z: [M+H]" Calcd for CsHoNCI 154.0418; Found 154.0418.
Characterization of Products

1-((2-chloro-1,1-diphenylethyl)-A4-azaneyl)-2,2,2-trifluoroethan-1-one

55.1 mg, 68% yield, pale brown solid.

TH NMR (400 MHz, CD30D) § 7.52-7.43 (m, 6H), 7.39-7.34 (m, 4H), 4.57 (s, 2H).
13C NMR (100.5 MHz, CDsOD) & 139.4, 130.3, 130.2, 128.0, 66.6, 49.9.

IR (ATR) 2862, 2138, 1598, 1519, 1449, 1403, 1028, 751, 726, 692 cm™!.

HRMS (EI-TOF) m/z: [M]" Calcd for C20H1603S 336.0820; Found 336.0834.

63.5 mg, 57% yield, pale yellow oil.

1-((2-chloro-1,1-di-p-tolylethyl)-A4-azaneyl)-2,2,2-trifluoroethan-1-one

Me

O NH, TFA
O
Me

5b

'"H NMR (400 MHz, CD30D) & 7.28 (d, J = 8.4 Hz, 4H), 7.20 (d, J = 8.4Hz, 4H), 4.49 (s, 2H),
2.37(s, 6H).

13C NMR (100.5 MHz, CD30D) 6 140.5, 136.6, 130.7, 127.8, 66.2, 50.0, 21.0.

IR (ATR) 2865, 2138, 1598, 1518, 1500, 1449, 1405, 751, 727, 692, 624 cm™".

HRMS (ESI) m/z: [M-CF3CO2H+Na]* Calcd for C16H1sO2NCINa 282.1020; Found 282.1013.

1-((2-chloro-1,1-bis(4-methoxyphenyl)ethyl)-A4-azaneyl)-2,2,2-trifluoroethan-1-one
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NH,-TFA

l Cl
MeO

5c

12.8 mg, 11% yield, white solid.

TH NMR (400 MHz, CD30D) § 7.26-7.22 (m, 4H), 7.03-6.98 (m, 4H), 4.46 (s, 2H), 3.82(s, 6H).
13C NMR (100.5 MHz, CDsOD) & 161.6, 131.4, 129.3, 115.4, 65.9, 55.9, 50.2.

IR (ATR) 2868, 2112, 1740, 1518, 1450, 1046, 694, cm™".

HRMS (ESI) m/z: [M-CF3COz]" Calcd for C16H1902NC1 292.1099; Found 170.0729.

1-((2-chloro-1,1-bis(4-chlorophenyl)ethyl)-A4-azaneyl)-2,2,2-trifluoroethan-1-one

68.3 mg, 55% yield, yellow oil.

'H NMR (400 MHz, CD30D) 8 7.53 (d, J= 7.6 Hz, 4H), 7.36-7.32 (m, 4H), 4.55 (s, 2H).

13C NMR (100.5 MHz, CDs0OD) 4 137.8, 136.6, 130.7, 130.4, 130.2, 130.1, 129.8, 65.9, 49.6.
IR (ATR) 2971, 1659, 1497, 1406, 1188, 1141, 1097, 1013, 821, 757, 720 cm™!.

HRMS (EI-TOF) m/z: [M]" Calcd for C20H1603S 336.0820; Found 336.0834.

1-((2-chloro-1,1-bis(4-fluorophenyl)ethyl)-A4-azaneyl)-2,2,2-trifluoroethan-1-one

F
NH, TFA

Cl
F l

5e
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82.0 mg, 72% yield, brown oil.

'TH NMR (400 MHz, CD30D) & 7.42-7.39 (m, 4H), 7.28-7.20 (m, 4H), 4.56 (s, 2H).

13C NMR (100.5 MHz, CD30D) & 164.3 (d, 'Jr.c = 248 Hz), 135.4 (d, “Jr.c = 3.8 Hz), 130.4 (d,
3Jr.c = 8.6 Hz), 117.1 (d, 2Jr-c = 22 Hz), 65.8, 49.9.

IR (ATR) 2971, 1659, 1604, 1511, 1435, 1242, 1171, 1138, 1046, 833, 800, 721, cm™".

HRMS (EI-TOF) m/z: [M]* Calcd for C20H1603S 336.0820; Found 336.0834.

1-((1-chloro-2-phenylpropan-2-yl)-A4-azaneyl)-2,2,2-trifluoroethan-1-one

Me NH,-TFA
Cl

5f

37.0 mg, 43% yield, transparent oil.

'"H NMR (400 MHz, CD30D) & 7.54-7.43 (m, 5H), 4.10 (d, J = 12.4 Hz, 1H), 3.98 (d, /= 124
Hz, 1H), 1.83 (s, 3H).

13C NMR (100.5 MHz, CD30OD) 6 139.4, 130.4, 130.2, 126.2, 60.6, 51.7, 24.0.

IR (ATR) 2989, 2222, 1662, 1388, 1432, 1182, 1134, 1026, 976, 837,799, 767, 722, 696, cm™".
HRMS (ESI) m/z: [M-CF3COz]* Calcd for CoH13NCI 170.0731; Found 170.0729.

1-((2-chloro-1-phenylethyl)-A4-azaneyl)-2,2,2-trifluoroethan-1-one

NH, TFA
cl

59

20.8 mg, 26% yield, white solid.
H NMR (400 MHz, CD;0D) § 7.52-7.46 (m, 5H), 4.68 (dd, J = 5.2, 8.4 Hz, 1H), 4.05-3.96 (m,
2H).

13C NMR (100.5 MHz, CD;0D) § 135.6, 130.9, 130.5, 128.2, 57.5, 46.2.
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IR (ATR) 2959, 2177, 1515, 1362, 1108, 837, 761, cm™".
HRMS (ESI) m/z: [M-CF3COz2]" Calcd for CsH11NC1 156.0575; Found 156.0573.

1-((1-(4-(tert-butyl)phenyl)-2-chloroethyl)-A4-azaneyl)-2,2,2-trifluoroethan-1-one

NH,-HCI
cl

tBu 5h

23.5 mg, 42% yield, white solid.

'TH NMR (400 MHz, CD30D) § 7.55-7.51 (m, 2H), 7.42-7.38 (m, 2H), 4.64 (dd, J = 5.6, 7.6 Hz,
1H), 4.04-3.94 (m, 2H).

13C NMR (100.5 MHz, CD3OD) & 154.2, 132.6, 128.1, 127.4, 57.3, 46.3, 35.6, 31.6.

IR (ATR) 2959, 2617, 2177, 1515, 1362, 1016, 837, 761, cm™".

HRMS (ESI) m/z: [M-CI]* Caled for C12H19NCI1 212.1201; Found 212.1197.

1-((2-chloro-1-(4-methoxyphenyl)ethyl)-A4-azaneyl)-2,2,2-trifluoroethan-1-one

NH,-TFA
cl

MeO 5i

27.1 mg, 30% yield, white solid.

'"H NMR (400 MHz, CD30D) § 7.39 (d, J= 8.8 Hz, 2H), 7.02 (d, J = 8.8 Hz, 2H), 4.60 (t, J = 6.8
Hz, 1H), 3.97 (d, J = 6.8 Hz, 2H), 3.82 (s, 3H).

13C NMR (100.5 MHz, CD3OD) & 162.2, 129.7, 127.4, 115.7, 57.1, 55.9, 46.2.

IR (ATR) 2959, 2617, 2177, 1515, 1362, 1015, 837, 760, cm™".

HRMS (ESI) m/z: [M-CF3CO2]" Calcd for CoHi130ONCI 186.0680; Found 186.0678.

1-((2-chloro-1-(4-chlorophenyl)ethyl)-A4-azaneyl)-2,2,2-trifluoroethan-1-one
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NH,-TFA
Cl

cl 5§

31.1mg, 34% yield, white solid.

'"H NMR (400 MHz, CD30D) 8 7.53-7.45 (m, 4H), 4.73-4.69 (m, 1H), 4.05-3.94 (m, 2H).
I3C NMR (100.5 MHz, CDsOD) § 136.8, 134.3, 130.5, 130.1, 56.7, 46.0.

IR (ATR) 2959, 2617, 2177, 1515, 1362, 1015, 837, 760, cm™".

HRMS (ESI) m/z: [M-CF3CO2]" Calcd for CsHioNCl2 190.0185; Found 190.0183.

1-((1-([1,1'-biphenyl]-4-yl)-2-chloroethyl)-A4-azaneyl)-2,2,2-trifluoroethan-1-one

NH,-TFA
Cl

Ph 5k

30.5 mg, 29% yield, white solid.

'"H NMR (400 MHz, CD30D) 8 7.76 (d, J = 8.0 Hz, 2H), 7.65-7.62 (m, 2H), 7.56 (d, J = 8.0 Hz,
2H), 7.48 (t,J=17.6 Hz, 2H), 7.40-7.35 (m, 1H), 4.73 (dd, /= 5.2, 7.6 Hz, 1H), 4.09-4.00 (m, 2H).
13C NMR (100.5 MHz, CD30D) & 144.0, 141.2, 134.4, 130.0, 129.0, 128.9, 128.8, 128.0, 57.2,
46.2.

IR (ATR) 2972, 1665, 1432, 1197, 1179, 1137, 1077, 837, 801, 751, 721, 698 cm ™.

HRMS (ESI) m/z: [M-CF3CO2]" Calcd for C14H15sNC1 232.0888; Found 232.0883.

1-((2-chloro-1-(4-(chloromethyl)phenyl)ethyl)-A4-azaneyl)-2,2,2-trifluoroethan-1-one

NH,-TFA
C

Cl 51
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32.4 mg, 34% yield, yellow oil.

'TH NMR (400 MHz, CD30D) & 7.54 (d, J = 8.4 Hz, 2H), 7.47 (d, J = 8.4 Hz, 2H), 4.72 (dd, J =
5.2, 8.4 Hz, 1H), 4.68 (s, 2H), 4.05-3.95 (m, 2H).

13C NMR (100.5 MHz, CD30OD) 8 141.2, 135.6, 130.7, 128.7, 57.1, 46.1, 46.0.

IR (ATR) 2967, 2187, 1664, 1428, 1183, 1135, 1017, 838, 798, 722, 678 cm™!.

HRMS (EI-TOF) m/z: [M]* Calcd for C20H1603S 336.0820; Found 336.0834.

1-((2-chloro-1-(2-methoxyphenyl)ethyl)-A4-azaneyl)-2,2,2-trifluoroethan-1-one

NH,-TFA
cl

OMe

5m

16.0 mg, 18% yield, transparent oil.

'"H NMR (400 MHz, CD30D) & 7.45 (dd, J= 7.6, 8.0 Hz, 1H), 7.35 (d, J = 8.0 Hz, 1H), 7.13 (d,
J=28.0 Hz, 1H), 7.05 (dd, J =17.6, 8.0 Hz, 1H), 4.78 (dd, J = 4.4, 8.4 Hz, 1H), 4.07 (dd, J = 4.4,
8.4 Hz, 1H), 3.96 (dd, J=4.4, 12 Hz, 1H), 3.92 (s, 3H).

13C NMR (100.5 MHz, CD30OD) 6 158.4, 132.5, 129.6, 122.8, 122.2, 112.7, 56.2, 54.5, 44.9.

IR (ATR) 2971, 1666, 1604, 1498, 1434, 1179, 1135, 1024, 837, 780, 754, 721 cm™".

HRMS (ESI) m/z: [M-CF3COz]" Calcd for CoH130ONCI 186.0680; Found 186.0678.

33.2 mg, 39% yield, white solid.

1-((2-chlor0-1-phenylpropyl)—k4-azaneyl)-2,2,2-triﬂu0r0ethan-1-one

NH,-TFA
cl

Me

5n

'TH NMR (400 MHz, CD30D) & 7.53-7.45 (m, 5H), 4.68 (major: d, J= 4.4 Hz, 0.86H), 4.66-4.58
(major: m, 0.86H), 4.55-4.47 (minor: m, 0.14H), 4.39 (minor: d, /= 10.6 Hz, 0.14H), 1.42 (major:
d,J=17.2 Hz, 2.57H), 1.37 (minor: d, J = 6.4 Hz, 0.43H).
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13C NMR (100.5 MHz, CD30D) All detected peaks were shown: & 135.7, 133.7, 131.2, 130.8,
130.7, 129.9, 129.6, 128.7, 63.1, 60.6, 59.3, 58.8, 22.6, 21.7.

IR (ATR) 2988, 1661, 1522, 1185, 1139, 1064, 842, 723, 694 cm™'.

HRMS (ESI) m/z: [M-CF3COz]* Calcd for CoH13NCI 170.0731; Found 170.0730.

1-((2-chloro-1,2-diphenylethyl)-A4-azaneyl)-2,2,2-trifluoroethan-1-one

NH,-TFA
cl

Ph
50

From trans-stilbene 36.5 mg, 35% yield; from cis-stilbene 35.8 mg, 35% yield, white solid.

'TH NMR (400 MHz, CD30D) & 7.49-7.20 (m, 10H), 5.52 (major: dd, J= 1.6, 6.4 Hz, 0.81H), 5.40
(minor: dd, J= 1.6, 10.4 Hz, 0.19H).

13C NMR (100.5 MHz, CD30D) All detected peaks were shown: § 138.1, 137.3, 135.1, 134.2,
130.8, 130.7, 130.6, 130.2, 129.9, 129.8, 129.6, 129.1, 129.0, 128.9, 65.1, 64.2, 62.5, 61.6.

IR (ATR) 2989, 1651, 1185, 1147, 801, 720, 695 cm™.

HRMS (ESI) m/z: [M-CF3CO:]" Calcd for C14H15sNC1 232.0888; Found 232.0884.

1-((2-chloro-2,3-dihydro-1H-inden-1-yl)-A4-azaneyl)-2,2,2-trifluoroethan-1-one
NH, TFA

Cl
5p

27.9 mg, 33% yield, white solid.

TH NMR (400 MHz, CD30D) 6 7.51 (d, J = 8.0 Hz, 1H), 7.45-7.35 (m, 3H), 5.06-5.00 (minor: m,
0.06H), 4.96 (minor: d, J= 6.0 Hz, 0.06H), 4.87 (major: d, /= 5.6 Hz, 0.94H), 4.65-4.59 (major:
m, 0.94H), 3.75 (major: dd, J = 7.2, 16.8 Hz, 0.94H), 3.58 (minor: dd, J = 6.0, 17.2 Hz, 0.06H),
3.34 (minor: dd, J=4.0, 17.2 Hz, 0.06H), 3.25 (major: dd, /= 6.0, 16.8 Hz, 0.94H).

13C NMR (100.5 MHz, CD30D) All detected peaks were shown: § 141.7, 136.9, 131.4, 129.1,
126.4, 125.4, 64.8, 60.4, 42.0.
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IR (ATR) 2972, 2162, 1685, 1660, 1436, 1208, 1185, 1025, 836, 803, 746, 720 cm .
HRMS (EI-TOF) m/z: [M]" Calcd for C20H1603S 336.0820; Found 336.0834.

Transformations of Aminochlorination Products

NH2'HC| BOCZO (2 equiv) NHBoc
Cl  NEt; (2.2 equiv) Cl
CH,Cl,, 1t, 17 h
tBu 5h tBu 6a

To a solution of Sh (49.6 mg, 0.2 mmol) in DCM (1 mL) was added di-tert-butyl dicarbonate (87.3
mg, 0.4 mmol, 2 equiv) and triethylamine (63 pL, 2.2 equiv) at room temperature. After stirring
for 17 h, the mixture was cooled to 0°C then washed with ice cold 0.5% HCI aq. EtOA ¢ was added,
and the organic layer was separated. The aqueous phase was extracted with EtOAc, and the
combined organic layers were dried over Na2SOu, filtered and concentrated under reduced pressure.
The residue was purified by column chromatography (Silica gel with EtOAc/Hexane 10%~50%)
to afford 6a as a pale yellow solid (46 mg, 72% yield).

'"H NMR (400 MHz, CDCl3) 8 7.40-7.35 (m, 2H), 7.25-7.21 (m, 2H), 5.13 (brs, 1H), 4.99 (brs,
1H), 3.89-3.76 (m, 2H), 1.43 (brs, 9H), 1.31 (s, 9H).

13C NMR (100.5 MHz, CDCl3) 8 155.0, 150.9, 135.9, 126.2, 125.6, 80.0, 54.8, 48.1, 34.5, 31.3,
28.3.

IR (ATR) 3337, 2962, 1685, 1526, 1364, 1268, 1172, 1046, 1027, 824, 782, 762, 726, 682 cm™".
HRMS (ESI) m/z: [M+Na]" Calcd for C17H2602NCINa 334.1544; Found 334.1540.

NH,-HCI . NHCbz
conditions
Cl Cl

tBu tBu 6b

5h
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To a solution of Sh (49.6 mg, 0.2 mmol) in THF (1 mL) was added benzyl chloroformate (62.2
pL , 0.4 mmol) and sodium bicarbonate (36.7 mg , 2 equiv) at 0°C. After stirring for 15min ,
EtOAc was added, and the organic layer was separated. The aqueous phase was extracted with
EtOAc, and the combined organic layers were dried over NaxSOu, filtered and concentrated under
reduced pressure. The residue was purified by column chromatography (Silica gel with
EtOAc/Hexane 10%~50%) to afford 6b as a white solid (38.1 mg, 55% yield) .

'"H NMR (400 MHz, CDCl3) §7.40-7.29 (m, 7H), 7.23 (d, J = 8.4 Hz, 2H), 5.39 (brs, 1H), 5.14
(d, /=12 Hz, 1H), 5.09 (d, J= 12 Hz, 1H), 5.06 (brs, 1H), 3.89-3.75 (m, 2H), 1.31 (s, 9H).

13C NMR (100.5 MHz, CD3CN) § 156.8, 151.8, 138.1, 137.7, 129.4, 128.8, 128.6, 127.4, 126.5,
118.3, 67.0,57.2, 48.3, 35.1, 31.4.

IR (ATR) 3291, 2965, 1684, 1532, 1262, 1220, 1046, 825, 782, 761, 732, 693, 681 cm™'.

HRMS (ESI) m/z: [M+H]" Calcd for C20H2502NCl1 346.1568; Found 346.1563.

NH2-HCI Ac,0 (3 equiv) NHAc
Cl NEts (3.5 equiv) Cl
THF, rt, 1.5 h
tBu 5h tBu s1

To a solution of Sh (70 mg, 0.28 mmol) in THF (1 mL) was added acetic anhydride (79.4 pL,
3 equiv) and triethylamine (0.14 mL, 3.5 equiv) were added dropwise at room temperature. After
stirring for 1.5 h, 1M HCI aq and EtOAc were added subsequently, and the organic layer was
separated. The aqueous phase was extracted with EtOAc, and the combined organic layers were
dried over Na2SOQs, filtered and concentrated under reduced pressure. The residue was purified by
column chromatography (Silica gel with EtOAc/Hexane 10%~50%) to afford S1 as a white solid
(53 mg, 74% yield).
'TH NMR (400 MHz, CDCls) 8 7.38 (d, J = 8.0 Hz, 2H), 7.24 (d, J = 8.0 Hz, 2H), 6.16 (d, J = 8.0
Hz, 1H), 5.36-5.29 (m, 1H), 3.87 (dd, /= 5.6, 11.6 Hz, 1H), 3.83 (dd, J= 5.6, 11.6 Hz, 1H), 2.04
(s, 3H), 1.31 (s, 9H).
13C NMR (100.5 MHz, CDCl3) 6 169.6, 151.1, 135.3, 126.4, 125.7, 53.2, 47.4, 34.5, 31.2, 23.3.
IR (ATR) 3255, 2961, 1646, 1549, 1375, 1304, 1114, 1058, 1018, 823, 760, 728, 685 cm™'.
HRMS (ESI) m/z: [M+H]" Calcd for C14H210NCI1 254.1306; Found 254.1301.
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NHAC  By,NI (0.5 equiv) N:K
Cl NEts (2 equiv) O
THF, 80°C, 7 h
tBu S1 tBu 8

To a solution of S1 (28.8 mg, 0.11 mmol) in THF (1 mL) were added tetra-n-butylammonium
iodide (20.3 mg , 0.5 equiv) and triethylamine (30.6 pL, 2 equiv) at 80 °C . After stirring for 7h,
EtOAc was added, and the organic layer was separated. The aqueous phase was extracted with
EtOAc, and the combined organic layers were dried over NaxSOs, filtered and concentrated under
reduced pressure. The residue was purified by column chromatography (Silica gel with
EtOAc/Hexane 10%~50%) to afford the oxazoline 8 as a transparent oil (19 mg, 80% yield).

'TH NMR (400 MHz, CDCl3) 8 7.39-7.34 (m, 2H), 7.21-7.17 (m, 2H), 5.14 (dd, J = 8.4, 10 Hz,
1H), 4.58 (dd, J = 8.0, 10 Hz, 1H), 4.13 (dd, J = 8.0, 8.4 Hz, 1H), 2.09 (d, J= 1.2 Hz, 3H), 1.31
(s, 9H).

13C NMR (100.5 MHz, CDCl3) § 165.5, 150.4, 139.3, 126.2, 125.6, 74.5, 69.4, 34.5, 31.3,29.7 ,
13.9.

IR (ATR) 2960, 1743, 1668, 1549, 1512, 1387, 1364, 1269, 1228, 1109, 985, 828 cm™'.

HRMS (ESI) m/z: [M+H]" Calcd for Ci14H200N 218.1539; Found 218.1536.

Single Crystal XRD Analysis of 2¢

A suitable crystal was mounted with liquid paraftin on a MiTeGen MicroMounts and transferred
to the goniometer in a nitrogen stream at 133 K. Measurement was made on a RIGAKU XtaLAB
Synergy-DW system with 1.2 kW PhotonJet-DW microfocus rotating anode using graphite
monochromated Cu-Ka radiation (A = 1.54184 A) and HyPix-6000HE detector. Cell parameters
were determined and refined, and raw frame data were integrated using CrysAlisP™ (Agilent
Technologies, 2010). The structures were solved by direct methods with SHELXT? and refined by
full-matrix least-squares techniques against 2 with SHELXL-2018/33 by using Olex2 software
package.* The non-hydrogen atoms were anisotropically refined, and hydrogen atoms were placed
using AFIX instructions. Crystal data and structure refinement parameters are in Table S3. The

Mercury program was used to draw the molecule structures in Figure 3.3.
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Top view

Side view

Figure 3.3 : ORTEP drawing of 2c showing 50% probability thermal ellipsoids. Selected bond lengths (A)
and angles (deg.) for 2c: N—CI, 1.725(4); C2—-N, 1.277(7); C1-C2—-N, 112.5(5); C1-C2-C3, 114.2(4); C3—
C2-N, 133.2(5); C2-N-Cl, 120.0(4).

empirical Cst]sC]zNzOz Dmmg,, gfﬁ 1.511

formula

CCDC number | 2262168 4 Cu-Kor], mm! 3.127

formula weight | 459.31 T,K 133

crystal system | monoclinic crystal size, mm 0.20 x 0.18 x

0.02

space group Pe(#T) Orange for data collection 6.78 to 152.2
(deg.)

a, A 13.3914(5) no. of reflections measured 8684

b, A 4.9489(2) unique data (Rint) 3380 (0.0427)

c, A 15.6475(7) data/restraints/parameters 3380/2/289

a, deg. 90 R1 (1> 2.00(]) 0.0481

B, deg. 103.217(4) wR2 (1> 2.00(l)) 0.1347

7% deg. 90 R1 (all data) 0.0534

v, A3 1009.53(7) wR2 (all data) 0.1388

Z 2 GOF on F? 1.076

R1 = (S||Fol-Fel|)/(Z|Fo]). wR2 = [{Zw(Fo>-Fe P} (Ew(Fo)}]12.

Table 3.4: Crystal Data and Data Collection Parameters of 2c.
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Figure S3. ORTEP drawing of 5p showing 50% probability thermal ellipsoids.

empirical formula | Cy1H;1CIF3NO, Dealed, g/cm 1.544

CCDC number 2267189 m[Cu-Ka], mm™! 3.141

formula weight 281.66 T,K 133

crystal system monoclinic crystal size, mm 0.2 x0.03 x0.02
space group P2i/c(#14) q range for data collection (deg.) 7.912 to 153.392
a, A 4.84570(10) no. of reflections measured 24828

b, A 22.3506(3) unique data (Rint) 2516 (0.0718)

c, A 11.3792(2) data/restraints/parameters 2516/0/164

a, deg. 90 R1 (I>2.0s())) 0.0462

b, deg. 100.628(2) wR2 (1> 2.0s(1)) 0.1168

g, deg. 90 R1 (all data) 0.0513

v, A3 1211.27(4) wR2 (all data) 0.1201

z 4 GOF on F? 1.063

R1 = (S||Fol-|Fc|))/(S|Fol). wR2 = [ {Sw(Fo?-Fc2?} J(Sw(Fo*)}]"2.

Table 3.5: Crystal Data and Data Collection Parameters of Sp
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DFT Calculations

All geometry optimizations and frequency analyses were performed by Gaussian 16 C.01
package. The geometry optimizations of all structures were conducted at the UoB97X-D/6-
31+G(d,p) level of theory with the solvation model (SMD: dichloromethane) and “guess=mix”
keyword. Frequency analyses were performed at the same level of theory for geometry
optimizations, in which the thermal free energy corrections were provided to determine the
solution phase Gibbs free energies (AGsol) at 298.15 K (25 °C). All the transition states have the
single imaginary frequency, and all the optimized structures as minima have no imaginary
frequency. The transition states were traced with intrinsic reaction coordinate (IRC) analyses to
confirm the connection of the reaction pathway. For discussion, relative Gibbs free energies (AGsol)
were calculated from AGsol = ZGsol (for products) — XGsol (for reactants). A picture of 3D model
for TS was described by using CYLview20.

Summary of Energies

Structure  spin Electronic energy Gibbs free energies Vmin [cm1]
Name [Hartree] [Hartree]
2a singlet -1014.958383 -1014.821798 66.14
2a* triplet -1014.886614 -1014.755322 61.46
TS triplet -1014.886283 -1014.755269 -296.76
doublet -554.757743 -554.622855 96.02
B doublet -460.120761 -460.136438 N/A
1g singlet -309.570292 -309.466856 59.81
C doublet -769.741485 -769.639904 61.52
TS1 doublet -864.315418 -864.057270 -497.76
D doublet -864.362003 -864.099783 12.24
3g singlet -1324.601311 -1324.335455 19.14
TS2 doublet -1784.690463 -1784.429496 -554.69
E doublet -1784.723430 -1784.460128 21.09
F doublet -1784.718074 -1784.454664 21.55
T2 doublet -1784.718071 -1784.453660 -53.93
TS3 doublet -1784.685289 -1784.427473 -550.20
4g singlet -1229.972666 -1229.868393 40.94

Detailed Pathway for Forming 3g from Intermediate E
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