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Abstract

The original goal of the thesis at hand was the development of a nucleophilic fluorination reaction
of aliphatic alcohols by the use of organic carbamates as the intermediates (Scheme 1).

©
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Scheme 1. Fluorination of alcohols with taking use of carbamates as intermediates.

In order to carefully examine this idea, the project was broken down into model reactions. The
research started with the investigation of a model reaction of amines and organic carbonates. TiBr4
was found to be an active catalyst for this transformation (Scheme 2), although this project was
discontinued because the reaction did not occur at low temperatures under any conditions. However,

two interesting side reactions were found during the study, which were investigated separately.

0 TiBr, (10 mol%)

H,oN N
)J\ + 2 » Me~
MeO OMe 1,4-Dioxane

(10 equiv) 140 °C, overnight 80%

Scheme 2. The TiBr;-catalyzed methylation of amines by dimethyl carbonate (DMC).

One side reaction was a base-catalyzed formation of N,N-disubstituted carbamates from amines
and organic carbonates. The transformation occurred efficiently in DMSO at 120 °C, where the pKa

value of the amine substrate has an influence on the reactivity (Scheme 3).

Me
DABCO (10 mol%)

o H,N MeO_ _N
It -
MeO”~ “OMe DMSO o

120°C,12h 64%

Scheme 3. The base-catalyzed transformation of amines and DMC to N,N-disubstituted carbamates.

The other side reaction by TiBrs in DMSO led to a DMSO-based oxidative bromination of arenes.
TMSBr was found to be a more efficient bromide source than TiBrs (Scheme 4). This method is
suitable for large-scale syntheses because the reagents are stable and readily available, and volatile

by-products can be easily removed by evaporation.
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Scheme 4. The oxidative bromination of arenes in the TMSBr/DMSO system.

The use of DMSO as an oxidant was investigated further for other aromatic functionalizations,
in particular fluorination and trifluoromethylation. Since positive results were not obtained, the

project was turned to the mechanistic study of a model trifluoromethylation reaction.

Mechanistic studies focused on the Cul-catalyzed trifluoromethylation of a model arene (Scheme
5). Determination of the stoichiometric relation between Cul and the trifluoromethylating reagent,
reactivity evaluations and magnetic susceptibility measurement of the reaction mixture indicate that
dinuclear copper complexes [CuX(OCOAr)s] (X is CFs, halide or carboxylate) are the active

catalysts for the trifluoromethylation reaction (Scheme 6).

FaC—1— OMe
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Scheme 5. Cul-catalyzed trifluoromethylation of an arene.
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Scheme 6. Generations of the hypothesized active catalyst from Cul, CuCl; or Cu(OAc).. L is
solvent molecule.



Zusammenfassung

Das urspringliche Ziel der vorliegenden Arbeit war die Entwicklung einer nukleophilen
Fluorierungs-Reaktion von aliphatischen Alkoholen mittels organischer Carbamate als
Zwischenprodukte (Schema 1).

H S
O__N.

(o}

B

o
R1/F + COzT + HN‘Rz

Schema 1. Fluorierungs-Reaktion eines Alkohols mit einem Carbamat als Zwischenprodukt.

Um diesen Ausgangspunkt besser zu beurteilen, wurde das Projekt zunéchst vereinfacht, indem
eine Modelrreaktion von Aminen mit organischen Carbonaten untersucht wurde. Dabei wurde
festgestellt, dass TiBrs als aktiver Katalysator fir diese Umwandlung wirken kann (Schema 2).
Dieses Projekt wurde allerdings eingestellt, da die gewinschte Reaktion nicht bei tiefen
Temperaturen stattfindet. Nichtsdestotrotz wurden zwei interessante Nebenreaktionen beobachtet,
die im Folgenden naher untersucht wurden.

Me
0 TiBry (10 mol%) \

HoN N
)J\ + 2 » Me”
MeO~ "OMe 1,4-Dioxane

(10 equiv) 140 °C, overnight 80%

Schema 2. Methylierung von Aminen mit Dimethylcarbonat (DMC) unter der Verwendung von
TiBr, als Katalysator.

Eine der beiden Nebenreaktionen war die basenkatalysierte Bildung von N,N-disubstituierten
Carbamaten, ausgehend von Aminen und organischen Carbonaten. Diese Reaktion findet
hauptséchlich in DMSO bei 120 °C statt, wobei auch der pKa-Wert des Amins einen erheblichen
Einfluss auf die Reaktivitét hat (Schema 3).

Me
DABCO (10 mol%) !

o H,N MeO._ N
J s — T
MeO~ "OMe DMSO o)

120 °C, 12 h 64%

Schema 3. Basenkatalysierte Umwandlung von Aminen und DMC zu N,N-disubstituierten
Carbamaten.

Die zweite Nebenreaktion, findet zwischen TiBrs und DMSO statt und fiihrt zu einer oxidativen
Bromierung von Aromaten. Im Laufe des Projektes wurde festgesellt, dass mit TMSBr bessere
Ergebnisse erzielt werden kénnen, als mit TiBrs (Schema 4). Die TMSBr Methode unterstiitzt
Reaktionen in grossem Massstab, da die Reagenzien luftstabil und kommerziell erhaltlich sind.
Desweiteren kénnen die fliichtigen Nebenprodukte, durch VVerdampfen, einfach entfernt werden.
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Schema 4. Oxidative Bromierung von Aromaten unter Verwendung von TMSBr und DMSO.

Um weitere Erkenntnisse Uber die Rolle des DMSO als Oxidationsmittel zu erhalten, wurden
Reaktionen mit anderen aromatischen Funktionalisierungen durchgefihrt, insbesondere im
Hinblick auf Fluorierungs- und Trifluormethylierungs-Reaktionen. Da keine zufriedenstellenden
Ergebnisse erhalten wurden, hat sich die Sichtweise des Projektes auf mechanistische Studien von
Trifluormethylierungs-Reaktionen im Allgemeinen verlagert.

Die  mechanistischen  Untersuchungen  konzentrierten  sich  auf  Cul-katalysierte
Trifluormethylierungs-Reaktionen von Aromaten (Schema 5). Diverse Experimente, wie die
Ermittlung der Stéchiometrie zwischen Cul und dem Trifluormethylierungs Reagenz, die Beurteilung
der Reaktivitat, sowie die magnetische Suszeptibilitat des Reaktionsgemisches, ergaben den Hinweis,
dass zweikernige Kupferkomplexe des Typs Cu,X(OCOAr); (X = CF3, Halogen oder Carboxylat) der
aktive Katalysator fir die Trifluoromethylierungs-Reaktionen darstellen. (Schema 6).

OMe F;C—1—O OMe

Cul (10 mol%) CF,
* 0] >
DMSO
MeO OMe 60 °C, overnight MeO OMe
(1.1 equiv) 64%

Schema 5. Cul-katalysierte Trifluormethylierungs-Reaktion von Aromaten.
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Schema 6. Mdégliche Synthesewege zum hypothetisch aktiven Katalysator, ausgehend von Cul,
CuCl; und Cu(OAC).. L = Ldsungsmittel.






Introductory remarks

The thesis at hand presents synthetic methods of organic and organometallic compounds. In
general, the reactions were carried out in glassware under argon in order to prevent undesired
oxidations of the compounds by atmospheric oxygen. The term “overnight” means approximately

12—-20 hours reaction time.






Chapter 1

General Introduction



CHAPTER 1. GENERAL INTRODUCTION

This study started with the attempt to develop a nucleophilic fluorination of aliphatic alcohols.
Accordingly, the properties and the importance of organofluorine compounds and their synthetic
methodologies are illustrated herein. Since this thesis contains other different topics, organic
carbamates, organic carbonates, DMSO-based oxidations and trifluoromethylation reactions are
subsequently described.

1.1 Organofluorine compounds

Organofluorine compounds generally exhibit high induction effects, modified lipophilicity, reduced
van der Waals interactions and modified bulkiness.'¥ Because these characteristics can be
advantageous when compared to non-fluorinated compounds, in many cases, organofluorine

products are well developed and are used for a broad range of applications.®!

1.1.1 Halocarbons

The first use of organofluorine compounds was halocarbons, which were developed and
commercialized as heat transfer fluids, better known as refrigerants.’®! Halocarbons for refrigerants
are small molecules that are highly functionalized with halogens, since they are required to be non-
flammable gases or liquids. The demanded boiling point depends on the target use.[’! However,
chlorinated and brominated compounds are toxic and relatively flammable, and many of them
possess too high boiling points as refrigerants. In 1928, Midgley synthesized fluorinated
halocarbons (Scheme 7),®! using the method developed by Swarts in 1892.1°1 Chlorine atoms of
carbon tetrachloride are substituted with fluorine atoms by antimony trifluoride in the presence of
antimony pentachloride. Midgley and his co-workers selected dichlorodifluoromethane (CCI.F»)
because it has a suitable boiling point for commercial mechanical refrigeration.!?! Also, the
molecule exhibits non-toxicity, non-flammability and high thermostability, benefitting from stable
C—F bonds. Decades later, however, chlorofluorocarbons (CFCs) including CCI,F, were found to
damage the ozone layer.*Y Furthermore, most of the halocarbons used as refrigerants have a
negative impact on global warming.*? Therefore, fluorinated refrigerants with lower ozone
depletion potential (ODP) and global warming potential (GWP) have been continuously developed
(Figure 1).13%4 The latest studies on low GWP HFO refrigerants are described in comprehensive

reviews.[12.14]

3CCl, + 2SbF; —— = 3 CCLF, + 2SbCl;
SbCls

Scheme 7. The production of dichlorodifluoromethane (CCI2F,) by Midgley.!"!




1.1 ORGANOFLUORINE COMPOUNDS

F Cl F H F H F3c\/\
¢ <l F<H F
(a) CFC (b) HCFC (c) HFC (c) HFO

Figure 1. Selected examples of developed refrigerants. (a) CFC-12 (1930s) (b) HCFC-22 (1980s)
(c) HFC-32 (1990s) (d) HFO-1234ze (2010s). The decades of their major market appearance are
shown in parentheses.

1.1.2 Fluoropolymers

The development of the fluoropolymer industry began in 1938 with the discovery of
poly(tetrafluoroethylene) (PTFE) (Figure 2a), as generally known as Teflon®.1!51 |ts thermo- and
photo-stabilities, and non-stick and friction-reducing properties are very attractive for engineering
polymer applications. It is therefore used in a broad application, for example, additive in printing
inks, friction-reducing additive in thermoplastics and food contact coatings.!”) However,
conventional PTFE products have some limitations such as poor weldability, low creep resistance,
low wear resistance, low tensile strength and high microvoid content.l*®! Therefore, modified
fluoropolymers have been developed to overcome this problem while keeping attractive
properties.™¥

ETFE (Figure 2b) shows high tensile strength, high flexibility, excellent impact strength, good
abrasion resistance and high cutting resistance. PFA (Figure 2c) is one of a few transparent
fluoropolymers thanks to its low crystallinity. Also, because of its high chemical resistance it found
use in the semiconductor manufacturing industry for high purity moldings. PFSA (Figure 2d) is
suitable for many membrane applications such as sensors, drug release, gas drying or humidification,
and electrochemical cells and devices including fuel cells. Since fluoropolymers in general show
properties which non-fluorinated products cannot achieve, new product developments, applications
and synthetic processes have continued to flourish.?% It is advised to read the latest reviews?! for

details, because the variety of newly developed fluoropolymers are very broad.

CF
o 3 F2
C3F7 \ ./ \C,so3
F FH H F O 0 F
F FHH
(a) PTFE (b) ETFE (c) PFA (d) PFSA
poly(tetrafluoroethylene) ethylene tetrafluoroethylene polymer perfluoroalkoxy polymer perfluorosulfonic acid polymer

Figure 2. Chemical structures of the most used fluoropolymers. Modifications from PTFE are
emphasized.
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1.1.3 Fluorinated oligomers

Fluorinated oligomers found unique uses and are leading in several markets.'*] The general
characteristics of fluorosurfactants (Figure 3a) are low surface tension, unique optical properties
and high chemical resistance. Their major use is that of hydraulic fluids for aircrafts, antireflection
layers in photolithographic processes, firefighting foams and electroplating baths.?2 Another
popular use concerns lubricants such as Krytox® (Figure 3b).1% They are chemically and thermally

stable to be used under harsh environments. 24!

Additionally, fluorinated oligomers are used as monomers to produce partly fluorinated
copolymers. Oil and water repellants for textile fabrics are widely used in society (Figure 3c).?
Such materials are acrylic polymers consisting of pendant perfluoroalkyl groups (Rf) and
hydrocarbon groups (Rn). Fluorocarbon groups tend to assemble intra- and intermolecularly into
small domains, and this feature improves their efficiency as repellants. Perfluoro(polyether silanes)
(Figure 3d) are found in every smartphone, since they make touch panel displays resist-smudging
and confer an anti-fingerprint function. The low surface energy given by R¢ groups are responsible
for these unique properties. Rn groups are generally installed to increase the flexibility of the
molecules because Rt groups alone are highly crystalline and stiff for coating applications. Solvent-
soluble fluorinated copolymers for paints and coatings (Figure 3e) maintain the excellent
appearance of buildings and other structures for long periods by protecting them from sunshine,
wind, rain and corrosion.?®! Fluorinated chain is essential for the resistance to climate while side

chains improve solubility to the used solvent.

Singular use
(a) Fluorosurfactant (b) Fluorinated lubricant

L

Partly fluorinated copolymer

c) Repellant for textiles (d) Repellant for siliceous surfaces (e) Paint and coating

Figure 3. General structures of selected fluorinated oligomers and partly fluorinated copolymers.
Re=fluorocarbon group, Ry=hydrocarbon group.

1.1.4 Fluorinated bioactive compounds

The use of fluorinated compounds in medicinal chemistry was pioneered by Fried in 1954. The

potential role of fluorine in bioactive molecules was indicated while screening the substituent for

4



1.1 ORGANOFLUORINE COMPOUNDS

9a-hydrogen of cortisone and hydrocortisone.[52"1 As a result, fluorocortisone became the first
fluorinated pharmaceutical approved into the market (Figure 4a).[®] Around the same time,
Heidelberger showed that the fluorine atom in fluoroacetic acid was responsible for inhibition of a
vital enzyme. Combining this idea with the report that uracil was absorbed into experimental rat
liver tumors more rapidly than into normal liver cells,”® he and his coworkers synthesized and

assessed 5-fluorouracil in 1957, which is one of the first anticancer drugs (Figure 4b).031

OH
F

N
|
HO)\N/

(a) Fluorocortisone by Fried in 1954 (b) 5-Fluorouracil by Heidelberger in 1957

Figure 4. The structure of (a) fluorocortisone? and (b) 5-fluorouracil %!

Nowadays it is commonly understood that the introduction of fluorine atoms into bioactive
molecules shows a substantial improvement of their potency in many cases.l Many beneficial
effects of fluorinated molecules in comparison to their nonfluorinated counterparts have been
reported, for example, the modulation of the acidity and lipophilicity, as well as the control of
conformational bias. Another useful role of fluorine substitution is the blocking of potential
oxidation sites in order to prevent undesired metabolic pathways.**l As a result, approximately 20%
of medicinal products in the current market contains at least one fluorine atom in the molecule of
the active ingredient (Figure 5).1 This is also true for agrochemical science and the proportion of
fluorinated active ingredients on the market is significantly higher than in medicinal chemistry
(Figure 6).531

H N

i SO,Me £ F H,NO,S
Fluticasone propionate Rosuvastatin Sitagliptin Celecoxib Ezetimibe
(Flixotide®, Flixonase®, Flonase®) (Crestor®, Rosulip®, Zuvamor®) (Januvia®) (Celebrex®, Onsenal®)  (Zetia®, Ezetrol®)

Figure 5. Fluorine-containing blockbuster pharmaceuticals.*!

Cl o)
0 F
NO, F MeO OMe
/_ﬁ FiCu s o F F o )Ok . ok
FsC N, cl N"ON cl Me
Me Me F Me H H ¢ /)
NO, F F 0-N

Benfluralin Tefluthin Teflubenzuron Trifloxystrobin

Figure 6. Popular fluorinated agrochemicals. =5
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1.2 Synthetic methods for organofluorine compounds

1.2.1 Perfluorination by using fluorine gas

The first reaction of hydrocarbons and elemental fluorine was reported by Moissan himself in 1890
after the first isolation of fluorine in 1886.5%¢ He and his followers faced the difficulty of controlling
the reactivity of elemental fluorine. Organic compounds were burnt in elemental fluorine and the
according undesired C-C bond cleavages were the major problem (Scheme 8a). Since 1933,
Bigelow led projects of direct fluorinations of small organic molecules and suppressed C-C bond
cleavage by optimizing gas-phase reactors to control perfluorination reactions.*”) In later decades,
direct fluorinations have been further studied and liquid-phase direct fluorinations have been
developed to produce perfluorinated products (Scheme 8b).81 Furthermore, microfluidic
techniques have made fluorine gas to be utilized for selective direct fluorinations (Scheme 8c).*!

4x+y
@) Gy + T Fy = XCFy + yHF
o F Q o F,IN, (20%) oF For
(b) cF/\{)\o C4H 4’CF/\1AO/ C4F
3F7 /Y M7 o ec 3F7 3F7
CFs3 CHs; CF3 CF4
F2/N2 (10%) o 0
MeCN 40 °C Me F

Scheme 8. Examples of direct fluorinations. (a) Early problems of C—-C cleavages.®! (b) A
controlled perfluorination in liquid phase.®®! (c) A selective direct fluorination by a microfluidic
system. [

On the other hand, by using other fluorine sources, a variety of methodologies of single
fluorination have been developed and are used to prepare organofluorine compounds in controlled

ways. They are described in the following sections.

1.2.2 General remarks about aromatic fluoride syntheses

Synthetic strategies towards aromatic fluorides have been developed in a wide variety,%41 and
accordingly aryl and heteroaryl fluorides make up a notable part of commercial fluorinated

products.?




1.2 SYNTHETIC METHODS FOR ORGANOFLUORINE COMPOUNDS

1.2.3 Nucleophilic aromatic fluorination

The conventional synthetic methods of aromatic fluorination are nucleophilic aromatic substitutions
(SnAr), including the Balz—Schiemann reaction (Scheme 9).[4344 They usually require electron

deficient aromatic systems and high temperature. Therefore, the substrate scope of these methods

is limited.
~ A
Ar—=X + F ——» Ar—F (a)
® - A
Ar—NH, + HNO, + HBF, ———» Ar—N=N BF, ——» Ar—F (b)

Scheme 9. (a) SNAr of aryl halides. (b) The Balz—Schiemann reaction.

1.2.4 Electrofluorination of aromatic compounds

Electrochemistry was applied for the synthesis of organofluorides in 1941 by Simons and
coworkers.>™® They applied high voltage (5 — 6 V) to the cell to oxidize fluoride anion to fluorine
radical, but this reaction usually occurs exhaustively and often gives undesired perfluorocarbons.!
In 1970, Knunyants revealed that anodic oxidation can be used to generate organic cations that then
react with fluoride anion to achieve monofluorination at a potential below 2.85 V (Scheme 10).4"]
Following this report, controlled electrofluorinations of aromatic compounds have been studied. In
particular, selectivities of monofluorinations were improved by optimizing the solvent—electrolyte

system.[48]

F
NEt;*nHF, MeCN

Scheme 10. The electrofluorination of naphthalene by Knunyants in 1970.4

1.2.5 Electrophilic aromatic fluorination by organic fluorinating reagents

Organic electrophilic fluorinating reagents came into use after the 1980s. The illustrious examples

are N-fluorobenzenesulfonimide (NFSI)® and Selectfluor®,® which are still the mainly used

fluorinating reagents. A wide range of aromatic

QAP QP e
nucleophiles such as electron-rich arenes, heteroarene, F)h/s\N/s\Ph [N\%
) . N 2BF,
organometallic compounds, aryl silanes and aryl boranes F F® ¢
NFSI Selectfluor®

can be fluorinated by them. 2

! The original report was withdrawn for safety reasons and was reissued in 1949.
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1.2.6 Transition metal-catalyzed aromatic fluorination

The breakthrough that further broadened the scope of aromatic fluorinations has occurred when
transition metal-catalyzed fluorinations were reported. This includes both nucleophilic and
electrophilic fluorinations. In 2006, a Pd-catalyzed C—H activation using electrophilic fluorinating
reagents was reported by the group of Sanford (Scheme 11).5521 This reaction is believed to proceed
via the generation of a Pd(1V) species from a C—Pd(l1) species and an oxidative fluorinating reagent,
followed by reductive elimination leading to C—F bond formation. In fact, the same group reported
that the combination of an external oxidant and a metal fluoride could achieve the same reaction
instead of electrophilic fluorinating reagents.3! Soon after that, the group of Buchwald reported
that a palladium complex catalyzed a nucleophilic fluorination of aryl sulfonates (Scheme 12).554
This reaction supposedly occurs through Pd(0)/Pd(Il) catalytic cycles, where they need phosphine
ligands with electron rich biaryl substituents. Following these reports, researchers have studied
catalysts, reagents and directing groups to achieve broader scopes and milder conditions.

via

Me
Me Me 7\
Pd(OAc), (10 mol%
7N v b ) B, L AOA A/ -
=N — MeCN, 2 h =N e
H (3 equiv) microwave, 150 °C = '.:

Scheme 11. The aromatic fluorination via C—H activation by Sanford.

iPr

e
PtBU2

oTf [cinnamylPdCl], (3 mol%) F _
{BuBrettPhos (3 mol%) iPr
+ CsF > MeO O OMe
.. Toluene, 110 °C, 18 h
(2 equiv)

tBuBrettPhos

Scheme 12. The Pd-catalyzed fluorination of aryl sulfonate by Buchwald.®*!

1.2.7 Electrophilic aliphatic fluorination

Electrophilic fluorinations of aliphatic compounds provide rich variations thanks to diverse

aliphatic nucleophiles ranging from organoboranes to carbonyl compounds (Scheme 13).42
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AgNO3 (20 mol%)

TFA (4.0 equiv)
0 + Selectfluor® N rF
R’B\O (3.0 equiv) DCM/H,0, 50 °C
TMS cincona alkaloid
(1.2 equiv)
R + Selectfluor® > E{
(1.2 equiv) MeCN, -20 °C
OTMS 0
F

+ Selectfluor® ———»

] (11 equiy) MeCN.RT

Scheme 13. Electrophilic fluorinations of aliphatic compounds.¢-%!

Particularly, various addition reactions of olefins have been reported where often catalysts are
necessary. Electrophilic fluorinating reagents are used with a nucleophile such as organoboranes,

borohydrides and amines (Scheme 14).5%-64

E Ph Ph
ﬂ Pd(OAc), (5 mol%) = X
Ar + NFSI  bathocuproine (7.5 mol%) b \
H'}‘ (3 equiv) > Ar N N N=
Ts 1,4-Dioxane, 50 °C 'i's Me Me

bathocuproine

Scheme 14. A palladium-catalyzed aminofluorination of olefins.[6!

Aliphatic compounds bearing directing groups are fluorinated by Pd-catalyzed C—H activation
techniques (Scheme 15).121 The mechanism is thought to involve C—H insertion and oxidative
fluorination to generate Pd(1V)—F complexes (shown in the scheme). The optimal ligand suppresses
B-hydride elimination and promotes reductive elimination to yield the corresponding B-fluoro
amino amides. The stereoselectivity is also high (diastereoselectivity > 20:1) for most of the

presented examples.

ligand: via
Pd(TFA), (10 mol%) Me Me NPhth
NPhth ligand (10 mol%) NPhth N R 0]
: Ag,CO;3 (2 equi :
R O . Selectiuor® 22 2 (2 0quiv) -1 0 | _ F—PdV-N-Ar
NHAr (1.5 equiv) 1,4-Dioxane, 115 °C F NHAr Me N™ 0" Me

Scheme 15. An enantioselective synthesis of B-fluoro-a-amino amides.® NPhth=N-phthalimido
group.
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1.2.8 Synthesis of aliphatic fluorination via radical pathways

The involvement of radical species is suggested in some cases where electrophilic fluorinating
reagents are used (Scheme 16).[5%1 C(sp®)—H bonds are oxidatively cleaved to generate alkyl radicals,

which react with fluorinating reagents to produce alkyl fluorides.

[Cul:
[Cu] (10 mol%) F
NHPI (10 mol%)
KB(CgF 10 mol% —N N—
+ Selectfluor® (Cofsli °)= ph/_ Kotif _\ph

(2.2 equiv) MeCN, reflux |

Scheme 16. A radical-based fluorination of alkanes.!®*! NHPI=N-Hydroxyphthalimide.

1.2.9 Nucleophilic aliphatic fluorination

The scope of nucleophilic fluorination of aliphatic compounds is more limited than that of
electrophilic fluorination.’® The traditional Sn2 fluorination of aliphatic halides or other
electrophiles suffers from side reactions such as E2 elimination to give olefins, although this
approach is synthetically promising to obtain fluorinated alkanes (Scheme 17).165-68]

R w/wo cat. R R
—\_x . - Bt —\_F N —\\
E2 elimination
(AgF, KF, TBAF etc.) side product

Scheme 17. Sn2 fluorination of aliphatic halides.

Allyl halides,® allyl estersi’™ and allyl carbonates”™™ are converted to the corresponding
fluorides in the presence of transition-metal catalysts (Scheme 18). The intermediates in this
methodology are transition-metal allyl complexes and, therefore, the scope of this methodology is
limited to allyl fluorides.

via

LG transition-metal catalyst
\)\ + F >
R LG=halide, OCOR, OCOOR

Scheme 18. Transition metal-catalyzed syntheses of allyl fluorides.
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1.2.10 Deoxyfluorination

A popular methodology of nucleophilic aliphatic fluorination is deoxyfluorination because alcohols
constitute very common substrates from a synthetic point of view.l"? Alcohols can be prepared by

many reactions as shown in Scheme 19.[

R'Y\ )O/W
RS0 R

Mislow—Evans Wittig
Rearrangement Rearrangement

R' OH
OH \/\ U OH Prevost
RZJ\ OH R

Reaction

4
RT “Nu R R2 <+ Rl
HO OH
w/\Nu Rubottom
R [0} Oxidation OTMS
HO
Access A e
o [H] OH to Fleming-Tamao
lL J\ Oxidation
R' O R2 R'OR2 Alcohol HO-R <«——————— Me,PhSi—R

Scheme 19. Synthetic methods for alcohols.

The first successful deoxyfluorinating reagent is diethylaminosulfur trifluoride (DAST) (Scheme
20).I1 This reagent was introduced as a user-friendly derivative of the reactive gas SF4, which
earlier had offered valuable methods for deoxyfluorinations but it is toxic and is difficult to handle.
DAST still remains the most commonly used deoxyfluorinating reagent since its development in

1975, although it is thermally unstable and must be stored under 10 °C.

F o Et F F
F-$-N WV

1 \ /3\ /Et

F Et 0} Nl

Q
R' s

F
: S-Et + HF
rROR2 PN
R2 . H Et
F
Alkoxyaminosulfur species

E— +

Scheme 20. The structure of DAST and its reaction.[®]

DAST converts hydroxy groups in situ to alkoxyaminosulfur species, followed by nucleophilic
attack by fluoride at the substitution center to yield the corresponding aliphatic fluoride with
inverted configuration. Following the emergence of DAST, relevant reagents with improved
stability have been developed (Figure 7).[ Yet, their chemoselectivity is not sufficient for late-
stage fluorinations because of elimination reactions (see Scheme 17). Another problem in the

case of chiral substrates is that stereoselectivity may decrease due to competing Sn1 reactions.[

11
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Me Me
i /— o £ R_E R /—
F-S-N F~=S-N_ 0 F-S Bu S=N® BF, S=N® O BF,
L \_\ I/ i £ N
Me
Deoxo-Fluor® MOST Fluorolead® XtalFluor-E®  XtalFluor-M®

Figure 7. Popular deoxyfluorinating reagents containing S—F bonds.[")

1.2.11 Variations of OH conversion

Besides DAST and similar reagents, it is a popular idea to convert a hydroxy group in situ into a
good leaving group, because a hydroxy group is rarely eliminated as such. There are known
methods to activate and remove hydroxy group as amides,® ureas,'"1 cyclopropenones,’®

phosphine oxides"*8Y or sulfoxides™ (Scheme 21).

/R R
o

Xo £© R-OH o o
®;\ F NS )’k LO F — P® F ,‘-j
Et,N X Et,N EtN Ph/E;Ph Ph” PhF>h \ Ph/Fw,;Ph
R-F
"DFMBA" Amide Phosphine oxide
oR _R
F PFs R-OH O R F R-OH e 1%
@ — S, __S. ? N
EtzNZ\NEtZ EtzN NEt2 i Et,N NEt2 RSR R 8 R RSR
"TFFH" Urea Sulfoxide
_R
/FAF R-OH o e o
/A /A
Ph Ph Ph ph  R-F  pp Ph
"Cpfluor” Cyclopropenone

Scheme 21. Activation and elimination methods of hydroxy groups for deoxyfluorination.

Recent progresses are characterized by the development of PhenoFluor® and Pyfluor.l’?
PhenoFluor® was developed by the group of Ritter (Scheme 22).[8281 |t is interesting that this
reagent is effective for deoxyfluorination not only of aliphatic alcohols but also of phenols.
However, PhenoFluor® is readily hydrolyzed by ambient moisture and therefore is required to be
stored with special care. To overcome this problem, bench-stable reagents such as
PhenoFluorMix®® and AlkylFluor®®® have been developed (Figure 8).

DIPEA
JPr /_\ /Pr iPr /_\ Pr
: (3.0 equiv) ! !
e ,\
2 1
R ﬁ FFp DCM R ﬁ W ﬁ
r 0°C,12h
"PhenoFluor®
(4.0 equiv)

Scheme 22. Deoxyfluorination by PhenoFluor®.[® DIPEA=N,N-diisopropylethylamine.
12
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JPr/=\ iPr. JPr /=—\ iPr,
I 6 SPNSRL S G AN

ipr Cl Py rr Fooipr

"PhenoFluorMix®" "AlkylFluor®

Figure 8. Variations of PhenoFluor®: PhenoFluorMix®®! and AlkyIFluor®,[6]

Pyfluor shows high efficiency and selectivity for deoxyfluorination (Scheme 23), and is prepared
very easily at low cost.[®7] It is stable even in non-basic aqueous solutions. Following this report,

other sulfonyl fluoride reagents have been evaluated for deoxyfluorination (Figure 9).[8:8

0 O 0.0

OH \ %/ F \S/

1 S\, DBU (2.0 equiv) z . <® WH ©0” @
+ | - 17N p2 ~_

R2 N~ Toluene, RT, 72 h R R N N~

"Pyfluor"
(1.1 equiv)

Scheme 23. Deoxyfluorination by Pyfluor. DBU=1,8-diazabicyclo-[5.4.0Jundec-7-ene.

0 0 (ONS¢}

N\ \N\/r \N\/r N\ N7/

.S. .S .S .S .S
Cl CF; NO

2

Figure 9. Sulfuryl fluoride® and sulfonyl fluorides® used for deoxyfluorination.

1.3 Organic carbamates

Organic carbamates were selected as activated leaving groups for deoxyfluorination. See Section

1.7 for details. Additionally, syntheses of organic carbamates will be described in Chapter 3.

1.3.1 Organic carbamates in synthetic chemistry

Organic carbamates are regarded in the field of organic chemistry generally as protecting groups,
%21 directing groups®°¢ or ligands,® 1% but their use as leaving groups should not be
neglected.[0:1921 When carbamates behave as leaving groups, the resulting carbamic acids are not

stable and decompose into amines and CO. (Scheme 24). The elimination of CO, gas from the

13
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reaction system may drive the reaction forward by entropy, on top of its high formation
enthalpy. 03104
o}
H

0]
R3
1 3 3 NN
Nu-H + R\OJJ\N/R H )J\ -R > COZ'T + ’\ll
|

o N 2
R2 NU—R‘1 RZ R
Carbamic acid

Scheme 24. The behavior of an organic carbamate as a leaving group.

It is also attractive that N,N-disubstituted carbamates are stable precursors for the corresponding
secondary amines by acidification (Scheme 25).1295-1971 |t has been a challenge in organic synthesis
to produce secondary amines from primary amines selectively, %! because direct syntheses tend to
give mixtures of mono- and dialkylated products (Scheme 26a). Indirect syntheses require at least
3 steps — protection, alkylation and deprotection. (Scheme 26b). Reductive amination is another
popular method for preparing secondary amines, but its substrate scope is limited due to its reaction
mechanism (Scheme 26¢).I”®1 Thus, it is attractive to synthesize N,N-disubstituted carbamates under

catalytic conditions with a simple base, and to produce secondary amines by acidification.

o) H
. | RO._ _N. e .
N. — R’ _N

ROJ\OR H R hig

R—LG R—N'H + R—N'R Direct synthesis
R R (@)
mixture
N protection < N'H R'—LG o N'R‘ deprotection < N'R' Indirect synthesis
~NH, - R— - R— e R-
PG PG H (b)
H
R H H
o _ )R [H] Hﬁ—R' Reductive amination
R-N R-N, (c)
H

Scheme 26. (a) Direct and (b) indirect syntheses of secondary amines from primary amines. PG =
protecting group. (¢) Reductive amination.
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1.3.2 Organic carbamates in medicinal chemistry and material science

There is an increasing number of approved drugs and prodrugs containing carbamate groups in their
structure (Figure 10).1299-111 Replacing peptide bonds with carbamate groups offers opportunities for
high chemical stability, increased cell membrane permeability and modulated inter- and

intramolecular interactions such as conformational restriction and hydrogen bonding.[111]

Ph
O iPr H s

o
N )L N ; )k g S
Pr—¢ /\[//\"“ ﬁ)ﬁf \/\‘/\H 0 \[ S N
S Me Oph/ OH N N
Ritonavir Irinotecan

Figure 10. Examples of bioactive organic carbamates.

Carbamate polymers (polyurethanes) draw widespread attention and show variable properties in
diverse applications (Figure 11).1%2 General advantages of polyurethanes are their high
thermostability and relatively low viscosity. Also, polyurethane foams are characteristic cushioning
materials because of flexible ether chains and their 3D molecular structure.™! In particular, it
should be recognized that polyurethane thermal insulations save a significant amount of energy

comparing to conventional insulators such as porous concrete and mineral wools. !4

ZI
ZI

branching

R r&%%

oy Fefaps

@\ o) branching
Nko<\/o>%/\oigz
H n
[0}
s

Figure 11. The represented chemical structure of polyurethanes. The branching ether centers build
3D structure and it is the source of their cushioning characteristic.

1.3.3 Synthetic methods for organic carbamates

Efficient and practical methods of carbamate syntheses have been developed,™ particularly in

order to avoid the use of highly toxic phosgene.[*15]
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The formation of organic carbamates from isocyanates is a fundamental methodology in
polyurethane industries (Scheme 27).11¢1 The synthetic limitations and toxicity issues of
isocyanates, however, are associated with the use of phosgene, which is a common route to obtain
isocyanates. To solve these problems, phosgene-free synthetic methods for isocyanates have been
developed.[117-119

Although the Bhopal accident attracted a widespread attention to the risks of isocyanates,*?%
their acute toxicity is generally low.[*?"l The exposure to isocyanates and according injuries are
related to the vapor pressures of the compounds.*?2 Low-molecular-weight isocyanates volatilize
around room temperature, creating a vapor inhalation hazard.? Conversely, isocyanates with high
molecular weight do not readily cause health impact. This excludes inhalation hazards in spraying
applications, where they may be aerosolized or heated in the work environment.[3

R HOR' 0

Scheme 27. Synthesis of organic carbamates from alcohols and isocyanates.

Another low-cost and benign alternative to phosgene is reactive organic carbonates (Scheme
28).[124-1281 They first react with an alcohol to give mixed carbonates, then react with an amine to
afford the targeted organic carbamates. These methods show very broad scopes and are often used

for the synthesis of complex organic carbamates in drug design.[**!

% HOR! 0 H,NR? 0
— EE—

)J\OR“ R10J\0R4 R1O)J\

Alkoxycarbonylating reagents
NN SN oo S N, AN
0" O
o o
PC" |lDSCVI

F3C "BTBC" CF3 "D

R30 NHR2

Scheme 28. The synthesis of organic carbamates by alkoxycarbonylating reagents. BTBC=1,1-
bis[6-(trifluoromethyl)benzotriazolyl]carbonate, DPC=di(2-pyridyl) carbonate, DSC=N,N’-
disuccinimidylcarbonate.

2 Methyl isocyanate, the cause of the Bhopal accident, has a boiling point of 39 °C.
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A new generation of organic carbamate syntheses uses CO,, where an amine reacts with CO to
generate a carbamate anion, followed by a reaction with an electrophile (Scheme 29). A variety of
methods have been investigated such as the use of solid-support reagents,*?’l supercritical CO,*?¢]
and the addition of activators.!*?°!

co, 0 R2-LG 0

NH,R! ——» — R2
base R'HN” ~0° R1HNJ\O’

Scheme 29. A CO--utilizing synthesis of organic carbamates.

1.4 Organic carbonates

Organic carbonates will be employed as electrophiles in Chapter 2.

1.4.1 The use of organic carbonates

The use of organic carbonates as electrophilic alkylating reagents has been studied extensively since
the 1990s because their environmental friendliness became widely recognized (Scheme 30).[1%0

Me

CN o K2C03
+ L —_— CN * MeOH + CO,
MeO” “OMe 200 °C

Scheme 30. A reaction of an organic carbonate as an electrophile.*3!

Alkylation reactions are one of the most popular organic reactions,**? but the influence of
conventional reagents such as alkyl halides and alkyl sulfonates on the environment and on human
health was concerned. In this context, the use of organic carbonates has drawn the widespread
attention of chemists, because of their low toxicity and easy degradability.**¥! Additionally, organic
carbonates possess the reactivity features which make them attractive for general synthetic
applications.[30133-136] particularly regarding dimethyl carbonate (DMC), the synergy between its
non-toxicity, good biodegradability, and clean industrial syntheses**¥ make it an appealing

alternative to conventional methylating reagents,[*32.137.138]
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1.4.2 Reactions of organic carbonates and amines

Amines are often used as nucleophiles for reactions with organic carbonates. Since primary amines
and dialkyl carbonates can produce different products (Scheme 31), the reactions are mainly

categorized into 3 groups by the target product — carbamates, secondary amines and tertiary amines.

O
H ROJ\OR R
o > R'—N ——— R—N
i Alkylation R Alkylation R
R'—NH, RO OR. Secondary amine Tertiary amine
H
L = R-—N
Carbamation }—OR
(0]
Carbamate

Scheme 31. Possible products from an amine and a dialkyl carbonate.

For carbamate syntheses, zinc catalysts such as Zn(OAc). and ZnCO; often show high
conversions and selectivities,*3%4%  while a Sc(OTf)s-catalyzed carbamation at ambient
temperature was reported recently.[*Y The reaction control towards secondary amines is very
important since a further alkylation produces tertiary amines. Nevertheless, good yields have been
reported by using catalysts such as ZrOCl, and several zeolites.***4l In the research for
dialkylation, acidic catalysts such as tertiary ammonium salts and aluminium compounds as well as

transition metals showed excellent performance.[217:145.146]

1.5 DMSO-based oxidations

DMSO-based oxidations will be described in Chapter 4 and 5.

1.5.1 The Kornblum oxidation and the Swern oxidation

DMSO is used for many chemical reactions as an oxidant.[*4”] The first DMSO-based oxidation is
supposedly the Kornblum oxidation (Scheme 32).114814%1 |n this reaction, DMSO substitutes the
leaving group of the substrate, followed by deprotonation at the a-position of the sulfonium cation
to generate the corresponding alkoxysulfonium ylide. This species transfers the a-proton of the

ether to the ylide and produces aldehydes or ketones.
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"Alkoxysulfonium ylide"

/\@ HZ N W o

o) VS@ base )Q | @

RTX*Y & T g™RTOTMeT o7 RTT0TMe T "R 0
Me"® Me -X -H - SMe,

Scheme 32. The reaction mechanism of the Kornblum oxidation.

The Swern oxidation is one of the first mild oxidations of primary alcohols to aldehydes (Scheme
33).173150 Oxalyl chloride activates DMSO to generate a reactive sulfonium cation. The reaction of
this sulfonium cation with an alcohol leads to the alkoxysulfonium ylide in basic conditions, which

yields the corresponding aldehyde.

OH NEt; (e}
1L, +omso + AN C - I
R" TR2 o DCM, -78 °Cto RT R' “R2

Mechanism:

S, o Me O Me
T oS A o of ol of
~/

Me/S\CI

o -CO ) )
~Co, Sulfonium cation
o\ Me ° er—\ S H
OH o O Cle NEt |
P e R . . BT —
R >H Me” (Gl _Ho Me” 0" R _pNgor Me"wOT R _gue, 07 R

Alkoxysulfonium Ylide

Scheme 33. The Swern oxidation and its mechanism.

The Swern oxidation was developed after examining many other activators (Figure 12). The first
approach was by Pfitzner and Moffatt in 1963, where a carbodiimide was employed to activate
DMSO. 51 After acetic anhydride, phosphorus pentoxide (P4O10), sulfur trioxide pyridine complex
and trifluoroacetic anhydride,**>*%1 oxalyl chloride was found to be very efficient for this

transformation by Swern[t561-31157.158] and this protocol is the most used procedure nowadays.

(6]
1]
o-F~o
O—FI’? P g’
o o — Lo =0 NS o o
M 070 | e PPN
Cy—N=C=N-Cy Me” "0~ “Me o) F FsC” O
1963: Pfitzner and Moffatt 1965: Albright and Goldman 1967: Onodera 1967: Parikh& Doering 1976: Swern 1978: Swern

Figure 12. Activators for DMSO-based oxidation of alcohols. Cy=cyclohexyl group.

3 Swern and Albright screened activators including (sulfonyl)acid halide/anhydride, cyanuric chloride,
phosphine(oxide) trihalides, thionyl chloride. Some of them were reinvestigated later.
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Even after the development of the Swern oxidation, alternative activators were examined to
replace oxalyl chloride, in order to carry out the oxidations at ambient temperature*5°¢% or to avoid
side reactions by the Pummerer rearrangement.!*61-1631 DMSO-based oxidation of alcohols using
phosphorus compounds,*6*164 carbon-based activators,>°1631 silyl chlorides!'®®¢" have been
developed (Figure 13). Recently, Burgess reagent was employed to achieve a simple and efficient

oxidation at ambient temperature.[¢°]

Phosphine based:
0]
||3| Cl Cl
0/ ™0 Cl_cl _PL o]
i ] oy Yy P
0=Plo-P<o  Pho" Yo PN L /,P Cl | ELNTTNToMe
07,0 cl’ k!
cl)l + NEt3 Burgess reagent
Carbon based: Silicon based:
)C\| )C\I Cl_Cl (IDI cl
B ® _Si. .
KX, e O|[od wie
7
clI” N el — s
see the footnote

Figure 13. New activators of DMSO for alcohol oxidations.

1.5.2 DMSO-based aromatic oxidation

DMSO-based aromatic oxidations were reported earlier than oxidations of alcohols, when an
oxidative bromination was reported in 1956 by Fletcher (Scheme 34).1%1 He mixed an aromatic
amine and ethyl bromide in DMSO, and unexpectedly found the brominated compound. Decades

later, it was revealed that HBr generated in situ activates DMSO.[*¢%]

]

(0]
DMSO, reflux
1.5h

Br

O (0]
27N
(YT ) B Y e

@ ®®Br

o) HBr OHOBr HBr .o pr Br OBr

INO) - é@ » \_/ - INO)
Me” "Me Me” "Me Me” "Me -H,0 Me” "Me

NHEt oS SMe NHEL NHEt

- Br-

Scheme 34. DMSO-based oxidative bromination found by Fletcher.[*68]
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Following the Fletcher’s report, a variety of DMSO-based oxidative brominations have been
developed.[!®1781 Among them, the combination of aqueous HBr and DMSO became the most
popular system (Scheme 76),[16°177-182] hecause aqueous HBr is the cheapest bromide source.

o ®®Br

o) HBr OH ©Br HBr H,O Br Br ©Br Nu-H

§O® — |® — Yy —— {0 — = Nu—Br+ Me/s\Me
Me” "Me Me” "Me Me” "Me -H,0 Me” "Me  —HBr

Scheme 35. General mechanism of oxidative brominations in the HBr/DMSO system. 81

Although metal bromides are also cheap bromide sources, the combination of sulfoxide and metal
bromide has been rarely reported.[83-1851 One of a few examples is described in Scheme 36, where
a B-ketoester was brominated by using sulfoxides as oxidants.*® TMSOTf as a DMSO-activator

and NaBr as a bromide source were used to achieve this oxidative bromination reaction.

o O o} 0_0
g TMSOTf Br
OEt * ‘Me + NaBr ————— OEt
MeCN, RT

Scheme 36. An oxidative bromination of dicarbonyl compounds with sulfoxides as oxidants.8!

1.5.3 General methods of aromatic brominations

The most popular method for preparing aryl bromides is electrophilic aromatic substitution of
electron-rich arenes (Scheme 37) by using electrophilic brominating reagents such as molecular
bromine and N-bromosuccinimide (NBS).[*® A range of Lewis-acid catalysts have been studied
and even unactivated arenes can be brominated.l’®”] For example, benzene is brominated by
molecular bromine at ambient temperature in the presence of FeBrs.[*8 Another methodology is
the use of organometallic species, for example, phenyl lithium. They react very fast with

electrophilic brominating reagents, and the lithiated position is selectively brominated. 8¢

(a) electrophilic aromatic substitution (b) use of aryllithium
w/wo cat. S .- Br
Ar—H + "Br*" ——— Ar—Br | + "Brt" ————— ||
= =

Scheme 37. Types of electrophilic bromination. (a) Electrophilic aromatic substitution where
catalysts are effective for unactivated arenes. (b) The reaction of organometallic species and
electrophilic brominating reagents.
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Also by using electrophilic brominating reagents, transition metal-catalyzed C—H activations
have been applied for bromination (Scheme 38).1189 It is believed that organopalladium species are
oxidized by oxidative brominating reagents to generate Pd(IVV)-Br species, followed by reductive
elimination to afford the corresponding aryl bromide.

Me

Pd(OAc), (10 mol%) 7\
+ Br—N L
MeCN, 100 °C =N

1.2 equw

Br

Scheme 38. An aromatic bromination via C—H activation.1]

There are two main variations to achieve these electrophilic brominating species (Scheme 39).
One is the direct use of oxidative brominating reagents including molecular bromine. The other one
is oxidative bromination, where inorganic bromides and oxidants generate electrophilic

brominating intermediates in situ.[!

Ar—H Brominating reagent:
X-Br = "Br*" ——— Ar—Br (@)
Br2 Br—NR2 KBFOS CUBrZ
Ar—H Oxidant:
A-Br + X ?lX—Br = g ]| 2T Ar—Br (b)
(oxidant) Phl(OAc), Cu(TFA), O, DMSO
A

Scheme 39. (a) Direct bromination, (b) oxidative bromination and the used reagents and oxidants.

On the other hand, nucleophilic brominations of arenes have been utilized to a lesser extent than
electrophilic brominations. For example, the Sandmeyer reaction(**l and Appel-type reactions(®?
are known (Scheme 40), but they need very reactive electrophiles due to the low nucleophilicity of
bromide. Although the reactions with nucleophilic bromide sources have been reported recently,
the majority of them use additional oxidants, such as H20,,1***! oxonel**!! and hypervalent iodine

reagents.[** Thus, they belong to oxidative bromination described above.

(a) Sandmeyer bromination (b) Appel-type bromination
KBr PPh,

Ar—Ny* BF,~ —— Ar—Br @OH —»@0-"%5 Brl— » ¢ H—br
- KBF4 —N CBI’4 —N _ Ph3PO —N

Scheme 40. Nucleophilic aromatic brominations. (a) The Sandmeyer reaction*®Y (b) An Appel-
type reaction.[*%?
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1.6 Trifluoromethylation reactions

Trifluoromethylation reactions will be described in Chapter 5 and 6.

1.6.1 The use and synthesis of CF3s-containing compounds

CFs-containing compounds have drawn the attention in the field of organic and organometallic
chemistry in the last decade, showing a surge in the developments of trifluoromethylation
reactions.1%1971 At the same time, an increasing number of CFs-containing drugs have been
developed and approved.** According to the literature,i**! the introduction of the trifluoromethyl
group may have an influence on altered conformation, induction effect, modified lipophilicities and

metabolic stabilities of drug molecules.

Synthetic procedures of trifluoromethylation reactions have been developed with both
nucleophilic and electrophilic trifluoromethylating reagents (Scheme 41). Early developments of
reactive  trifluoromethylating reagents, for example, (trifluoromethyl)trimethylsilane
(MesSiCF3),[29  (trifluoromethyl)dibenzothio-, -seleno- and -tellurophenium salts?°:-2%1 and
hypervalent iodine reagents, 2 facilitated the development of trifluoromethylation reactions.

Nucleophilic trifluoromethylation Electrophilic trifluoromethylation

uCFs—n "CF.*"

WX — e 3 _CFy R-A —> » R-CF,

R:sp', sp?, sp3

A:B, Si,orH
IICF37||: |ICF3+":
M-CF, FsC—I—O  F,C—I—O0 CF3SO,Na
M=TMS, Cu, Znl o Me

Me §® o
CF3 OTf  CF4l + H,0,

Scheme 41. Nucleophilic and electrophilic trifluoromethylations and commonly used reagents.

Particularly, our group is interested in trifluoromethylation reactions and has contributed to their
development.?%1 In fact, our hypervalent iodine(l11) trifluoromethylating reagents are ones of the
most accepted trifluoromethylating reagents (Figure 14),[2%42%1 which have been employed in a

notable part of the reported trifluoromethylation reactions.?%!

FsC—I—0O F3C—I—O
Me

Figure 14. The structure of so-called “Togni’s reagents”.
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1.6.2 Copper-catalyzed trifluoromethylations with the hypervalent iodine reagents

The first copper-catalyzed trifluoromethylation reaction with our reagent was reported in 2007
(Scheme 42).1271 Now it is generally recognized that copper compounds often catalyze
trifluoromethylation reactions.?%-2111 Many mechanistic studies about our reagents have been done
and different suggestions have been made (Scheme 43). For example, Cu(ll) species activating
trifluoromethylating reagents as Lewis acids, Cu(l11)-CF; species transferring the CF; group and

reductive elimination from Ar—Cu(l11)-CF; species has been invoked.[?12-216]

o) FsC—1—0 CuBr-SMe, o]
NO Me (15 mol%
RO)J\( 2 + Ve ( o) RO&NOZ
R DCM, RT R’ "CF,

Scheme 42. The first copper-catalyzed trifluoromethylating reaction. 2"

(a) Lewis acid activation  (b) CF3 transfer (c) Reductive elimination
5+ 8-
F4C—l-----O--—-Cu' FsC—Cull CF o
H———» I CF oyl -
o @ ol H _n 3 F;C—Cu ——Cur F3C-Ar

Scheme 43. Different types of trifluoromethylating reaction mechanisms. (a) Cu(ll) Lewis acid-
activation of a trifluoromethylating reagent. (b) CFs group transfer of Cu(ll)-CFs species to an
arene. (¢) Reductive elimination from Ar—Cu(l11)-CF;3 species.

1.6.3 Metal-metal bond-containing complexes

In the study of trifluoromethylation reactions, dinuclear copper(ll) complexes were indicated to be
an active catalyst (Scheme 44). Such dinuclear complexes and, more in general, polynuclear
complexes are obviously not limited to copper species, but are known for many other transition

metals.[217]

Suggested activation of the reagent

L
«O
OMe FsC—I—O Cul (cat) OMe O, C| \\\\\\ \s/R
. CF R l/' u K
. ouen s
OI' \\\\\\\\\\\\ \
MeO OMe MeO OMe /( )Cu'\O
R0 |
L O—I—CF,4

Scheme 44. Copper-catalyzed trifluoromethylation of an arene (Chapter 6). Dinuclear copper
complexes are proposed to activate the trifluoromethylating reagent.
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Evidence of the first metal-metal bond was confirmed in the dinuclear carbonyls Mn,(CO)o and
Re2(CO)qo in 1957.12%8 Besides, extensive studies on rhenium(l11) halides have been published in
the 1960s.2'% The studies of these Re(111) complexes by MO analysis revealed a quadruple Re—-Re
bond (the bond distance is 2.24 A) in the [Re,Cls]> anion® and a Rej triangle with three Re-Re
double bonds (the bond distance is 2.47 A) in the [ResCl12]* anion.[?21-23] These Re—Re distances
are much shorter than those in metallic rhenium (2.75 A) corroborating the higher bond orders
postulated by the MO analysis. These works present the first explicit recognition that direct metal-
metal bonds can be very strong and can play a crucial role in the formation of polynuclear transition-
metal complexes.?'™ Since then, polynuclear complexes based on most of the transition-elements

have been prepared.i??4

The structure of polynuclear complexes depends on the M—M interaction, the nature of the
ligands (mono- or polydentate) and the type of coordination (o or ). The main types of dinuclear
complexes are depicted in Figure 15,221 where the precise geometry, the number of ligands and
the formal bond order depend on the complex. In the simplest form, the dimetal core is bonded
directly by the M—M bond as drawn in Figure 15a, typified by the [MesCr-CrMes]*" anion.
Bidentate ligands such as the acetate anion may bridge the dimetal core to facilitate the formation
of polynuclear structures (Figure 15b). Some monodentate ligands also can connect the dimetal
core (Figure 15c). Ligands like CO, carbenes, hydride and halides are often seen in this type of
complexes. Since such M-L-M structures stabilize the complex by three-center two-electron

bonding, M—M bond is not strictly necessary to form stable complexes (Figure 15d).

L L N L L
o P M/—\M /N
Lt e MO

L L L L

A4
a b c d

Figure 15. Dinuclear complexes of various types, categorized by their structure.

A key parameter for describing M—M interactions is the M—M distances, which is essentially
related to their formal bond order. In fact, the shortest known M—M distance for a stable compound
is 1.7293(12) A with a formal bond order of five in a dichromium(11) complex with a guanidinate
ligand.[226221 However, ligands also have an influence on the M—M distance. For example, the

design of the guanidinate ligand was optimized towards obtaining this very short Cr—Cr distance.
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In comparison, another dichromium(I1) complex [Cr2(OAc)4(H20).] has a bond distance of 2.362(1)
A.1228] Fyrthermore, the bond distance also depends on the type of metal due to its own electron
configuration and orbital energies. Although a selection of M-M bond distance of dimetal
carboxylates is presented in Table 1 for comparison, more examples and discussions of M—M

interactions can be found in the literature.[217.224.225]

Table 1. M—M bond distance of Mx(l1,11) tetracarboxylates (left column) and similar carboxylato
complexes (right column).

M(11,11) tetracarboxylates Similar carboxylato complexes

Compound (A) Compound (A)
[Cr2(OAC)4(H20)] 1228 2.362(1) [Nb2Cl(THT)(OAC)s] [ [229] 2.764(1)
[Mn2(OPiv)4L] [@ 12300 3.059 [Tca(OPiv)4Cly] 21 2.1758(3)
[Fe2(OPiv)4L] [P1 1232 2.866(9) [PA(OAC)4(DAF)] [l 1233 3.301
[Co2(OBz)4(quin),] 1234 2.83 [Ag2(OAC),] 2% 2.806
[Ni2(OAC)s(DMS0),] %81 2.610 [W2(OPiv)e] 2371 2.2922(8)
[Cux(OAC)s-(H0)] %81 2.64 [Re2(OAC)Cly] 39 2.2240(5)
[Mo2(OAC)4] 2491 2.0934(8) [Os2(OAC)z(CO)g] 112411 2.731

[Ru2(OAC)4(H20),] 241 2.262(3) [Ir2(OAC)-Cl(CO)2(NCMe),] 112431 2 569(1)
[Rha(OAC)4(H20),] 2% 2.3855(5) [Pt2(CH.CO0)2(OAC),Cl,]> @241 2 451(1)
[W2(OPiv)4(PPhs)] 21 2.218(1)

Piv=Pivaloyl group, Bz=Benzoyl group, quin=Quinoline, THT=Tetrahydrothiophene,
DAF=4,5-Diazafluoren-9-one. @ L=2,6-(NH,).-Py I L=2,3-Lutidine [! Coordinated by two
bidentate bridging acetates, monodentate bridging THT and acetate, two terminal chloride
ions and two chelating acetates. [ Coordinated by two bidentate bridging acetates and
bidentate bridging DAF and two terminal monodentate acetates. ! Coordinated by two
bidentate bridging acetates, four equatorial carbonyl groups and two axial carbonyl groups.
M Coordinated by two bidentate bridging acetates, two equatorial chlorides, two equatorial
carbonyl groups and two terminal MeCN. ¥ Coordinated by two bidentate bridging acetates,
two bidentate bridging “CH>COO?” ligands and two terminal chlorides.

In catalysis, Rh, complexes display a long standing importance.??!! Accordingly, synthetic and
mechanistic investigations have revealed the involvement of intact dinuclear complexes and the
effect of Rh—Rh bonds in catalysis.??!l The first reported reaction catalyzed by M-M bond-
containing compounds is the Rhy(OAc)s-catalyzed reactions of organic diazo compounds with
alcoholst?! or olefins?"1 yielding ethers or cyclopropanes, respectively (Scheme 45). Activation
of diazo compounds is proposed to be initiated by coordination of the diazo compound to the Rh;

core, followed by N, extrusion to generate a Rh, carbenoid.?*® The three-centers-four-electron
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1.6 TRIFLUOROMETHYLATION REACTIONS

bond of this Rh, carbenoid is weak, and thus, the terminal Rh—C groups are very reactive.*! Such
a Rh, carbenoid intermediate has been spectroscopically characterized in form of a metastable

derivative.[?0

o) R R RhyOAc) (0.5mol%) Rro— H
>_C:N2 + >_< S
rRo H K R 20°C,10h R R

>
X

N Rh—Rh--#=
Rh—Rh ‘

\\\% N 2+ﬁ I
+

o Ny

— — W\ _ W

Rh Rh‘&,// ﬁ» Rh—Rh==§ —>>= Rh-Rh==y
N,

7

Scheme 45. Rhy(OAc)s-catalyzed cyclopropanation of alkenes with alkyl diazoacetates*! and its
proposed mechanism. 248l

Another example using dirhodium complexes is the photocatalytic splitting of HX (X = Cl, Br)
to H,.[51 This type of research stems from a report in 1977 where Rh(l) dimers reduce HCI to H.
upon irradiation (A=546 nm).[2 Mixed valent complexes Rh(0)-Rh(Il) are proposed to be an

important intermediate in the reaction mechanism (Scheme 46).[2532%4

hv
2 trap

L---Rh®—RhO0---L Rh%-Rh'!---C|

_ Cl
2 Hel 2 trap—Cl
2L }

Cl---Rh''—Rh!---CI Rh'—Rh'---Cl
Ho R \ ‘el

Ha

Scheme 46. The photocycle for H, generation by a Rh, photocatalyst.?>3 In the scheme, “trap” is
usually an external reductant.

Dinuclear copper complexes are mostly known with the copper centers in the Cu(l) oxidation
state, as well as some species with mixed valent Cu(l)-Cu(ll) cores. On the other hand, fewer Cu(ll)
dimers have been studied.?®! Crystal structures of Cua(I1) complexes with bridging ligands such as
carboxylates,’?® amidinates,?>>?°! triazinates?>"-?¢1 and pyridonates[?>°-26!1 have been reported.
The Cu—Cu interaction in Cu(ll) dimers has been discussed for a long time. In the early 1960s, o

bond?®? and § bond?®®! were independently proposed to explain the Cu—Cu interaction, based on
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theoretical calculations, the visible and electron-spin-resonance spectroscopies. Later in 1965,
however, a study on the nuclear quadrupole splitting of 83Cu in the single-crystal dimer strongly
supported the existence of & Cu—Cu bond.!?*4?%°! Furthermore, a DFT study on Cu—Cu bonding in

the model paddlewheel dicopper complex Cux(HNNNH). invoked strong H
antiferromagnetic coupling mediated by the bridging ligands and disagree

with Cu—Cu bonding.?®! Still today, experimental and theoretical studies | HN /... o

Cu
N i S INT
are discussed whether the Cu—Cu interaction is assigned to a 6 bond or the \H/ H
antiferromagnetic coupling mechanism through a ligand bridge.[267:26¢1 Cu,(HNNNH),

The involvement of dicopper complexes in catalysis has been proven in a few reports, including
Lewis-acid activation of epoxides®® and aerobic oxidation reactions.?>2"2 For oxidation
reactions, Cu(l) species react with O, to form Cu-O,—Cu species (Scheme 47). The resultant Cu(l11)
dinuclear complexes oxidize phenols to produce the corresponding catechols.?”®! This motif is

commonly found in the active sites of several metalloproteins.?

2+ 2+

N
/Cu L

-
CU"_L —_— L_Culll

Scheme 47. Redox equilibrium of Cu,O; species.

1.7 The aim of this thesis

First, the study towards the development of a new deoxyfluorination is discussed. We selected to
investigate the methodology to activate hydroxy group as an organic carbamate. The idea is
described in Scheme 48. A carbamate is formed in situ from an alcohol and an isocyanate. The
carbamate is attacked by fluoride to give the corresponding alkyl fluoride,*°*1%2 where the
extrusion of CO, may drive the reaction forward. Accordingly, the development of the catalytic
system both for the carbamate formation and for the fluorination is recognized as central aspects of

this project.
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©
Ox H F ©
oH . O _O._N. F HN
- + X —— R R,|———» r~-" + CO, T+ ~
R N\R2 catalyst 1 ! \n/ 2| catalyst 2 Ri 2 Ra

o]

Scheme 48. The target reaction: fluorination of alcohols via carbamation.

The idea shown in Scheme 48 was broken down into several steps. Before one-pot procedures
are investigated, the fluorination of isolated carbamates should be examined (Scheme 49a). The
conversions of an alcohol to a carbamate have been well investigated and several catalysts such as

Sn, Ti, Sm and Mo compounds have been found effective (Scheme 50).[275-2771

o_ N ©
Ri” \[]/ Rev @ R(F + CO, + HN~R2 (a)
(e}
(0] O. ©)
Ri” \[]/ Ry + Fe —_— R(F + CO, + O\RZ (b)
(6]
(0] O. H
Ry” Ro+HaNo, o N +co, + HOS c
\([)]/ Rs Ry Rs 2 R ©

Scheme 49. Project breakdown. (a) Fluorination of isolated organic carbamates. (b) Fluorination of
organic carbonates. (¢) Amination of organic carbonates.

O
O. OH+ PhXF’h Ti(OiPr) (10 mo'%L O)L
) et e

Toluene, RT, 1h

(1.5 equiv)

Scheme 50. A carbamate formation from alcohols and isocyanates.?""!

In order to facilitate the investigation, organic carbamates are replaced with organic carbonates
that are more reactive nucleophiles (Scheme 49b).[32137.138 The nucleophilicity of fluoride is
known to be relatively low.[®>-%1 Amines therefore are employed as model nucleophiles (Scheme
49c),1?8 so that the investigation of the activation of organic carbonates is in the focus. Accordingly,

the reactions of organic carbonates and amines are the topic of Chapter 2.

During the study of the reaction between organic carbonates and amines, interesting side
reactions were found when the reaction was conducted in triethylamine or DMSO (Scheme 51).

When triethylamine was used as a solvent, an N,N-disubstituted carbamate was produced from an
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organic carbonate and an amine. This base-catalyzed transformation will be described in Chapter 3.
On the other hand, the combination of a metal bromide and DMSO produced a brominated
compound (Scheme 51b). DMSO-based reactions were found useful and interesting, and thus, the
investigation of this reaction is to be presented in Chapter 4.

Me
o H,N MeO.__N
. - (a)
MeO~ "OMe Triethylamine 0

(10 equiv) 140 °C, overnight 73%
Me Me
0 H,N TiBr, (10mol%) N N
. \© = Me~ \© + Me” \©\ (b)
MeO~ "OMe DMSO
(10 equiv) 140 °C, overnight Br

83% 17%

Scheme 51. Side reactions found in the reaction of dimethyl carbonate and aniline, (a) in
triethylamine (b) in DMSO.

The study of sulfoxide-based oxidative bromination (Chapter 4) is to be extended to other
functionalizations. In particular, fluorinations and trifluoromethylations are the main targeted

functionalizations. The goal of Chapter 5 is to evaluate the potential of this type of reactions.

Finally, mechanistic studies of a trifluoromethylation reaction are discussed in Chapter 6. The
purpose of this part is the determination of reactive intermediates in a model trifluoromethylation
reaction, in order to possibly obtain ideas for the development of a new DMSO-based

trifluoromethylation reaction.

30









Chapter 2

Acid-Activation of Organic Carbonates



CHAPTER 2. ACID-ACTIVATION OF ORGANIC CARBONATES

2.1 Introduction

The alkylation reactions of amines with organic carbonates were investigated and are reported
herein (Scheme 52). The purpose of this project was to investigate the activation of organic

carbonates by catalysts with amines as model nucleophiles (see Section 1.7 for details).

R
0 HoN catalyst N
2 L
RO” OR

Scheme 52. Alkylation reactions of aniline with organic carbonates which are targeted in this
chapter.

2.1.1 General motivation for use of organic carbonates

Organic carbonates are regarded as environmentally friendly chemicals for various industrial
applications because of their unique profile, such as low toxicity and high biodegradability.[*%013%-
1%] In this context, alkylation reactions using organic carbonates as alternatives to conventional
alkylating reagents have attracted the attention of researchers (Figure 16).*"1 Section 1.4.1
describes details of the advantages of organic carbonates.

Conventional alkylating reagents

Alkyl carbonates: Alkyl halides: CI—R

0 Br—R
R'OXO—R Green Chemistry I—R
non—to>fic ) Alkyl sulfates: O\\ /,O
good biodegradability R O/S‘O—R

environmentally friendly

Figure 16. Substituting conventional alkylating reagents by organic carbonates.

2.1.2 Known catalysts for alkylation of amines by organic carbonates

Alkylation reactions of amines with organic carbonates have been investigated in depth.[145279-281]
However, the majority of the reported procedures require harsh conditions, for example, 345 °C
and 10 MPa,?® which may be difficult to apply to delicate compounds. Moreover,
chemoselectivity must be controlled well, because amines and organic carbonates may also produce
carbamates (Scheme 53).12%1 These problems demand the development of milder catalytic systems

for alkylation of amines by organic carbonates with high efficiency and chemoselectivity.**4 To
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R1
\
O EE— /N—R
1 Alkylation 2
R! ro or R
/N—H —
R? R’
\ (0]

Carbamation Ré OR

Scheme 53. Alkylation or carbamation by the reaction of amines and organic carbonates.

solve these problems, methylation reactions with various kinds of metal catalysts have been
reported.[1421462841 For example, aniline is methylated with dimethyl carbonate (DMC) in the
presence of Lewis acids on AIPO, supports (M-AIPQO4) (Scheme 54).1284 While the report covers a
variety of AIPO4-supported Lewis acids, titanium and vanadium catalysts stood out by showing an
excellent selectivity towards alkylation. Therefore, we launched our study on methylation of aniline

with DMC focusing on titanium and vanadium compounds as Lewis acids.

H
2N\© M-AIPO, (cat)  y;o-N
MeO 250 °C

Scheme 54. Lewis acid-catalyzed methylation of aniline with DMC.1284

2.2 Preliminary investigations

Lewis acid catalysts were screened for methylation of aniline using DMC as an electrophile and as
a solvent (Table 2). In the presence of Ti(OEt)s, aniline was fully converted but carbamate 3 was
produced (entry 1). Vanadium(l1l) acetylacetonate (V(acac)s) also showed a good conversion of
aniline, but the methylated products were detected only in trace amounts (entry 2). In the same
reaction mixture, compound 4 was detected, which should be produced by a reaction of aniline and
acetylacetone. Although many other Lewis acids did not promote the reaction (entries 3-6),
titanium bromide (TiBrs4) produced N,N-dimethylaniline (2) in high yield (entry 7). Since it was the
only catalyst that afforded product 2 with a high conversion, the project focused on this catalyst for

further investigation.
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Table 2. Screening of Lewis acid catalysts for methylation of aniline by DMC.F

e

M
j\ ) HzN\© catalyst (10 mol%) _ Me/H\© . Me/'{l\© . Meo\[rH\@
MeO~ "OMe 140 °C, overnight 0
(30 equiv) 1 2 3
entry Catalyst Products (yields)®
1 Ti(OEt), 3 (99%)
2 V(acac)s 1 (7%)
3 NiCl, 3 (5%)
4 SiO, 1 (5%) and 3 (10%)
5 ZrFs 1 (3%)
6 VOS0,-5H,0 1 (10%) and 2 (1%)
7 TiBrs 2 (81%)
8 none 1 (5%)

[al Reaction conditions: aniline (1.0 mmol), DMC (2.6 mL, 30
mmol), catalyst (0.1 mmol), 140 °C, overnight.

M M
I Determined by *H NMR with dibromomethane as the e\n/\/ ©
internal standard based on aniline. ! Aniline seemed to react © HN\@
with acetylacetone to give compound 4 (15% yield). 4

2.3 Titanium bromide catalysis

2.3.1 TiBrs-catalyzed methylation of aniline with DMC in 1,4-dioxane

In order to use DMC as a reagent instead of a solvent, the choice of the solvent was examined. One
criterion is the formation of homogenous solutions in the presence of TiBr4, because coagulated
catalysts would not be ideal due to their small surface area.l® Coordinating solvents should be a
good choice to overcome this problem. Ethers such as 1,4-dioxane are known to coordinate to
TiBr,.[2862871 Therefore, 1,4-dioxane was introduced as a solvent and the used amount of DMC was
decreased from 30 equivalents to 10 equivalents with respect to aniline to yield product 2 in 80%
yield (Scheme 55).

Me
0 TiBr, (10 mol%) '

HoN N
J 2 = Me”
MeO OMe 1,4-Dioxane

(10 equiv) 140 °C, overnight 2 80%

Scheme 55. The methylation reaction of aniline catalyzed by TiBrs in 1,4-dioxane. Reaction
conditions: aniline (1.0 mmol), DMC (10 mmol), TiBrs (0.1 mmol), 1,4-dioxane (3 mL), 140 °C,
overnight. The yield was determined by GC-FID with decane as the internal standard based on
aniline.
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2.3.2 Examination of reaction pathways

There are two different possibilities to achieve methylation of aniline with DMC (Scheme 56).[21
One is a nucleophilic attack by aniline on the methyl group to leave monomethyl carbonate, which
is unstable and decomposes to CO, and MeOH (Scheme 56a). The other possibility is that the
nucleophile attacks the carbonyl group to generate a carbamate as an intermediate, followed by
decarboxylation giving the methylated product (Scheme 56b). Considering that nucleophilic
fluorination is the ultimate purpose of this project (see Section 1.7), the nucleophilic substitution
on the methyl group (Scheme 56a) should be the desired mechanism.

I X
MeO OMe\ — MeO~ OH + Me—NHPh—— MeOH + CO, + Me—NHPh (a)

NH,Ph
o) o)

MeO)J@ —» MeO~ "NHPh + MeOH —» Me—NHPh + CO,+ MeOH (b)

NH,Ph

Scheme 56. Possible nucleophilic attacks of aniline onto DMC towards methylation. (a)
Nucleophilic attack of aniline onto the methyl group of DMC. (b) Nucleophilic attack of aniline
onto the carbonyl group of DMC.

Thus, the reaction pattern of the TiBrs-catalyzed methylation of aniline described in Scheme 56a
or b must be distinguished. Possible products and intermediates by the reaction of aniline and DMC
are depicted in Scheme 57. Methylated product 1 can be obtained by direct methylation or
carbamation-decarboxylation via carbamate 3. Similarly, N,N-dimethylaniline (2) can be produced
by direct methylation of monomethylaniline (1) or decarboxylation of carbamate 5. If

Carbamation

Scheme 57. Possible products of the reaction of aniline and DMC.
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decarboxylation of carbamates occurs under reaction conditions (corresponding to Scheme 56b),
carbamates 3 and 5 should produce anilines 1 and 2, respectively. Thus, each carbamate was
exposed to the reaction conditions in order to examine these possibilities (Scheme 58). Both
carbamates 3 and 5 remained intact under the given conditions. This result disagrees with the
carbamation-decarboxylation pathway, and therefore indicates that TiBr. catalyzes the direct
nucleophilic attack onto the methyl group of DMC (Scheme 56a). Therefore, the research on this

TiBrs-catalyted methylation was judged to be on track towards fluorination as expected.

DMC (10 equiv)

MeO. N TiBr, (10 mol%)
\n/ \© = No reaction
e} 1,4-Dioxane
3 140 °C, overnight
Me DMC (10 equiv)
MeO. N TiBr, (10 mol%)
\n/ = No reaction
(o) \© 1,4-Dioxane
5 140 °C, overnight

Scheme 58. Examination of the possible decarboxylation of carbamates. Reaction conditions:
carbamate (1.0 mmol), DMC (10 mmol), TiBr4 (0.1 mmol), 1,4-dioxane (3 mL), 140 °C, overnight.
The reaction mixtures were analyzed by GC-FID.

2.3.3 Use of other organic carbonates

To examine the effect of the substituents of organic carbonates, other organic carbonates were
employed as electrophiles (Table 3). Diethyl carbonate (6) showed much lower reactivity than
DMC (entries 1 and 2). When phenylcarbonates were used (entries 3-5), 1,3-diphenylurea (10) was
produced. This indicates that the phenyl group promotes nucleophilic attacks onto the carbonyl
center of organic carbonates instead of direct nucleophilic attacks on the alkyl group (Scheme 59).
This characteristic of the electrophile suggests that aryl carbonates should be avoided in the design

of organic carbonates for future experiments.
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Table 3. Effect of substituents of organic carbonates on TiBrs-catalyzed alkylation of aniline.?

;
0 HoN TiBry (10 mol%) s . /E . o
RZOJ\OR1 ¥ \© 1,4-Dioxane TR \© R \© PhHNJ\NHPh
(2 equiv) 140 °C, overnight 1 (R'=Me) 2 (R'=Me) 10
11 (R'=Et) 12 (R'=Et)
. Yield®
entry  Carbonate  R® R Monoalkyl  Dialkyl _ Urea 10
1 6 Et Et 11 7% 0% 0%
20l 6 Et Et 11 36% 12 4% 0%
3 7 Me Ph 125% 211% 24%4
4 8 Et Ph 11 2% 0% 82%[1
5 9 nCiHzs  Ph 0% 0% 92%[d

(8l Reaction conditions: aniline (1.0 mmol), carbonate (2.0 mmol), TiBr,4 (0.1
mmol), 1,4-dioxane (3 mL), 140 °C, overnight. ®! Determined by GC-FID
with decane as the internal standard based on aniline. [ Diethyl carbonate
was used as a solvent instead of 1,4-dioxane. [ Calculated as the consumed
aniline for 10. For example, in entry 2, 1 mmol of aniline yielded 0.12

mmol of 10.
o
0
L PhO)J\NHPh o)
PhO"yOR ———» or —
NH,Ph NH,Ph  PHN™ “NHPh
2 "
PhHN™ “OR

Scheme 59. Assumed formation of urea 10 by the reactions of a phenylcarbonate and aniline.

2.3.4 Examination of the methylation reaction of aniline at lower temperature

The reaction of aniline and DMC was carried out at 110 °C to evaluate the effect of the reaction
temperature (Scheme 60). As a result, the yields of the products were very low. In order to identify
the reaction step that requires a high activation energy, the reagents were added under different

conditions (Scheme 61).

O TiBry (10 mol%

H,N ) N me
s 2 » Me” + Me”
MeO™ "OMe 1,4-Dioxane

(10 equiv) 110 °C, overnight 1 13% 2 3%

Scheme 60. Examination of the reaction of aniline and DMC at 110 °C. Reaction conditions: aniline
(2.0 mmol), DMC (10 mmol), TiBr4 (0.1 mmol), 1,4-dioxane (3 mL), 110 °C, overnight. The yields
were determined by GC-FID with decane as the internal standard based on aniline.
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(0]

PN

MeO~™ "OMe

) H
H,N TiBrs (10 mol%) (10 equiv) _N
> » Me (a)
1,4-Dioxane 100 °C, overnight

140 °C, overnight 1 29

HoN
1SN
o} TiBry (10 mol%) N N
)J\ - » Me~ + Me” (b)
MeO~ "OMe 1,4-Dioxane 100 °C, overnight

(10 equiv) 140 °C, overnight 1 23% 2 6%

Scheme 61. Reaction of aniline and DMC at different temperature in each step. Reaction conditions
(@): aniline (1.0 mmol), TiBrs (0.1 mmol), 1,4-dioxane (3 mL), 140 °C, overnight; then DMC (10
mmol), 100 °C, overnight. Reaction conditions (b): DMC (10 mmol), TiBr4 (0.1 mmol), 1,4-dioxane
(3 mL), 140 °C, overnight; then aniline (1.0 mmol), 100 °C, overnight. The yields were determined
by GC-FID with decane as the internal standard based on aniline.

In the first experiment (Scheme 61a), aniline and TiBrs were heated at 140 °C overnight, and
then DMC was added and heated at 100 °C. Only 2 % of product 1 was obtained from this reaction
mixture. On the other hand, when DMC and TiBr4 were heated at 140 °C before aniline was added
and heated at 100 °C, alkylated products were detected in the amount that indicates a stoichiometric
reaction with respect to the catalyst (Scheme 61b). These experiments seem to show that the
reaction of TiBr, and DMC needs a temperature as high as 140 °C and possibly generates a reaction
intermediate which in turn can react with aniline at 100 °C. Considering this activation of DMC by
TiBra4, a possible reaction mechanism is described in Scheme 62. Ti—Br species activate DMC as
Lewis acids, which bromide may attack on the methyl group. Methyl bromide is known to easily
react with amines to produce methylated amines.?®! To recover Ti-Br species, bromide should

substitute the methyl carbonate group on the titanium carbonate species generating MeOH and COx.

MeOH XsTi—Br j\
CcO, >/ MeO™ “OMe
(OMe
/& XT?S
3 I\
e ©
Ti ~ J\
X5~ T Br-H MeO™ (9
OMe D"e
PN o
Ph—NHMe X3Ti—0™ 0 Br
Ph—NH, ~A
Me—Br
N,

Scheme 62. A possible reaction mechanism for TiBrs-catalyzed methylation of aniline with DMC.
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2.3 TITANIUM BROMIDE CATALYSIS

Although it is assumed that the generation of alkyl bromide is the key step of this reaction, a few
experiments were carried out to exclude other possibilities (Scheme 63).

(a) generation of Ti-NHPh species (b) generation of HBr

H,oN
H,N N
TiBry + \© — LTi” \© TiBrg + —— HBr

or

residual water
catalyst? catalyst?

Scheme 63. Possible active catalysts generated in the reaction mixture. L = Br or NHPh.

TiBrs and aniline may form titanium anilide species, whose catalytic activity was to be evaluated
(Scheme 63a). Titanium tetrakis(anilide) (Ti(NHPh).) was employed as a catalyst, but only 3% of
product 1 was obtained (Scheme 64). Another possibility is that TiBr, can generate HBr by the
reaction with aniline or residual water in solvents (Scheme 63b). Thus, phenylammonium bromide
(PhNH3Br) was used as a substrate to test the involvement of HBr in the reaction. However, this
experiment yielded no product (Scheme 65). Therefore, these two possibilities can be excluded for

the TiBrs-catalyzed methylation of aniline with DMC.

o} Ti(NHPh)4 (10 mol%) §

HoN N
)J\ . 2 » Me~
MeO~ "OMe 1,4-Dioxane

(10 equiv) 140 °C, overnight 1 39

Scheme 64. Titanium tetrakis(anilide)-catalyzed reaction of DMC and aniline. Reaction conditions:
aniline (1.0 mmol), DMC (10 mmol), Ti(NHPh); (0.1 mmol), 1,4-dioxane (3 mL), 140 °C,
overnight. The yields were determined by GC-FID with decane as the internal standard based on
aniline.

0 BrH3N
)]\ + & no products
MeO~ OMe 1,4-Dioxane
(10 equiv) 140 °C, overnight

Scheme 65. Experiment to examine the involvement of HBr. Reaction conditions: PhNHsBr (1.0
mmol), DMC (10 mmol), 1,4-dioxane (3 mL), 140 °C, overnight. The reaction mixture was
analyzed by GC-FID.
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2.3.5 Solvent screening

The effect of the solvent on the TiBr4-catalyzed methylation of aniline with DMC was examined
and is summarized in Table 4. Apolar solvents did not dissolve the catalyst and the yields were low
(entries 1 and 2). When triethylamine was used as a solvent, methyl N-methyl-N-phenylcarbamate
(5) was unexpectedly formed in 75% yield (entry 3). It was found that TiBr, was not necessary for
the formation of this compound (entry 4). Although this product is not desirable in this project, this
transformation triggered our curiosity. (The investigation of this reaction will be described in
Chapter 3.) Polar solvents formed a clear reaction mixture and the yields were high (entries 5-8).
Interestingly, p-bromo N,N-dimethylaniline (13) was detected when the reaction was conducted in
DMSO (entry 6). Because this transformation was also found interesting and useful, it was to be
investigated separately. (The detail will be presented in Chapter 4.) For further studies, 1,4-dioxane
was chosen for the practical reason that DMSO, NMP and sulfolane have too high boiling points to

be removed in vacuo.

Table 4. Solvent screening for TiBr,-catalyzed methylation of aniline by DMC.[

. . H Me
)?\ +H2N\© TiBr4 (10 mol%) _ Me/N\© . Me/N\©
MeO OMe solvent
(10 equiv) 140 °C, overnight 1 2
entry solvent Yield®
1 2
1 CCly 16% 2%
2 Toluene 19% 31%
3 NEt;® 5% 8%
4 NEt5[ 4% 2%
5 1,4-Dioxane 13% 64%
6 DMSOF! 0% 83%
7 NMP 0% 99%
8 Sulfolane 0% 99%

(8l Reaction conditions: aniline (1.0 mmol), DMC (10 mmol), TiBr,
(0.1 mmol), solvent (3 mL), 140 °C, overnight. P! Determined by
GC-FID with decane as the internal standard based on aniline.

[1 Carbamate 5 was produced in 75% yield. [ Without TiBr..
Carbamate 5 was produced in 73% yield. ! Bromide 13 was
detected and identified by GC-MS and *H NMR.

o e
MeO\n/N Me/N\©\
g
5 13 Br
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2.4 OTHER CATALYSTS

2.4 Other catalysts

Other Lewis acids were screened for methylation of aniline with DMC (Table 5). Unfortunately,

no improvement of conversion or selectivity was found compared to TiBrs. However, an interesting

trend was observed. On one hand, acidic catalysts such as HfCl, and VCls showed good selectivity

towards methylation (entries 3—4). On the other hand, catalysts containing strongly basic ligands
such as Ti(NMe,)s, Zn(OMe), and AlMe; produced carbamate 3 selectively (entries 7, 12 and 15).
Zn(OTf), gave a mixture of methylated products and carbamate 3 (entry 14). As the triflate anion
is very labile, the by-product methanol might coordinate to the Zn center to form Zn(OTf)(OMe)

or Zn(OMe)z, which in turn catalyzes the carbamation (entry 12).

Table 5. Catalyst screening of aniline and DMC in 1,4-dioxane.F!

)OJ\ +H2N\© catalyst (10 mol%) ~ Me/H\© . Me/'ll\© . Meo\n/
MeO~ "OMe solvent (o)
(10 equiv) 140 °C, overnight 1 2
Yield™
entry catalyst solvent 1 > 3
1 TiBrs 1,4-Dioxane 7% 73% 0%
2 ZrCl4 1,4-Dioxane 19% 24% 21%
3 HfCl, 1,4-Dioxane 25%  13% 7%
4 VCls; 1,4-Dioxane 24%  30% 3%
5 Zn(OTf), 1,4-Dioxane 4% 0% 0%
6 ZnBr; 1,4-Dioxane 17% 6% 4%
7 Ti(NMez)4 Toluene 0% 0%  16%
8 TiCp.Cl; Toluene 0% 0% 0%
9 TiCp2(OTHf), Toluene 17% 3% 8%
10 ZnCl; Toluene 0% 0% 0%
11 ZnBr; Toluene 3% 0% 0%
12 Zn(OMe), Toluene 0% 0% 80%
13 Zn(NTf,), Toluene 4% 36% 17%
14 Zn(OTf), Toluene 10% 47% 54%
15 AlMes Toluene 0% 0% 30%
16 B(CsFs)3 Toluene 3% 0% 0%
17 TMSOTf Toluene 7% 0% 0%
18 MoCls Toluene 8% 1% 0%

@l Reaction conditions: aniline (1.0 mmol), DMC (10 mmol), catalyst

(0.1 mmol), solvent (3 mL), 140 °C, overnight. P! Determined by

GC-FID with decane as the internal standard based on aniline.
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2.5 Conclusion and outlook

It is particularly remarkable that TiBr4 catalyzes the formation of N,N-dimethylaniline (2) from
aniline and DMC at 140 °C, which is a much lower reaction temperature than previously described
in the literature.!452792821 However, at even lower reaction temperatures, reactions were
significantly slower. As a possible reaction mechanism, we suggest that TiBr4 converts the alkyl
group of organic carbonates into reactive species, followed by a nucleophilic attack by aniline to

form alkylated anilines.

The design of the organic carbonate turned out to be critical. The bulkiness of the attacked alkyl
group is significantly influential on reactivity. Additionally, in the case of aryl carbonates,
nucleophilic attack on the carbonyl group is accelerated to produce carbamates and ureas.

Interesting transformations were observed when triethylamine or DMSO was used as a solvent.
Triethylamine catalyzed the formation of methyl N-methyl-N-phenylcarbamate (5), and in DMSO
brominated product 13 was produced. These transformations will be described in the next two

chapters.

The acidity of the catalyst seems to play the major role in controlling the chemoselectivity. Whilst
acidic catalysts produce alkylated products, catalysts with basic ligands lead to carbamate formation.
It must be noted that ligand exchange in situ may form basic alkoxy species, leading to a mixture
of alkylated amines and carbamates as it was observed when Zn(OTf), was used as a Lewis-acid
catalyst. Considering these trends, it is speculated that a complex 14 depicted in Figure 17 would
be an ideal catalyst where acidic multidentate ligands control selectivity while being reluctant

towards ligand exchange with the by-product alcohol.

Figure 17. Suggested type of complex to improve the catalytic activity for methylation of amines
with DMC.
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CHAPTER 3. BASE-ACTIVATION OF ORGANIC CARBONATES

3.1 Introduction

The transformation of dimethyl carbonate (DMC) and aniline to methyl N-methyl-N-
phenylcarbamate (5) (Scheme 66) was investigated and is described in this chapter. This
transformation was found when TiBr.-catalyzed methylation of aniline with DMC was carried out

in triethylamine (Chapter 2).

I\I/Ie I\I/Ie
o H,N N MeO_ _N
a S G P e
MeO~ "OMe NEt; 0
(10 equiv) 140 °C, overnight |\t yetected 5 73%

Scheme 66. The formation of N,N-disubstituted carbamate 5 from DMC and aniline as reported in
Chapter 2.

Base-catalyzed transformations of amines and organic carbonates to N,N-disubstituted
carbamates have been reported usually as side reactions while methylation of amines was the actual
intent.[279-281 Only a few studies focusing on such transformations have been reported.[°7:281 For
example, Ko.CO; was used as a base catalyst for the reaction of DMC and amines with polyethylene

glycol (PEG) as a promoter (Scheme 67).127]

K,CO,4 Me
j\ H,N PEG400 MeO\n/N
MeO” “OMe" \©\’(Me DMF, 130 °C, 12 h o \©\H/Me
0 o}

Scheme 67. Reaction of DMC and amines in the presence of K,CO; and PEG.*1 PEG400 = PEG
with average molecular weight of 400 g/mol.

Organic bases have been used for the formation of carbamates from amines and organic
carbonates as well, although primary amines were not presented in the report (Scheme 68).12°°1 It is
proposed that ionic liquids generated by organic bases and DMC are involved as intermediates in
the reaction mechanism. Furthermore, ionic liquid-catalyzed carbamations have been
reported.?°+2%2 Therefore, ionic liquid catalysts or intermediates are possibly involved in this type

of transformation.

Suggested ionic intermediates

Br N\ o DABCO (cat.) Br N\
cat. Br
N

OMe °
H DMC/DMF, 90 °C
MeO~ NR
O)\OMe ® 3 e

Scheme 68. Organic base-catalyzed carbamation of indoles.?*® DABCO = 1,4-Diazabicyclo-
[2.2.2]octane.
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3.2 Triethylamine-catalyzed reactions

3.2.1 Reduction of the base loading to catalytic amounts

To examine the assumption that triethylamine is not only a solvent but also serves as a catalyst, 10
mol% of triethylamine was used while other solvents were introduced (Table 6). Although the
desired product was barely obtained in 1,4-dioxane or toluene (entries 2 and 3), the yield was high
when running the reaction in DMC itself (entry 1). Interestingly, DMSO also was found to be a

good solvent for this transformation (entry 4).

Table 6. Solvent screening for the triethylamine-catalyzed transformation of DMC and aniline.

Me

j?\ +H2N\© NEt; (10 mol%) . MeO\n/l{l\© . Meo\[]/“\@ N Me/n\©
MeO~ "OMe solvent e} (o)
(10 equiv) 140 °C, overnight 5 3 1
entry solvent Yield ()"

5 3 1
1 DMC 73 1 4
2 1,4-Dioxane 1 2 3
3 Toluene 2 0 1
4 DMSO 91 4 4

@l Reaction conditions: aniline (1.0 mmol), DMC
(10 mmol), NEt3 (0.1 mmol), solvent (3 mL),

140 °C, overnight. ™ Determined by GC-FID with
decane as the internal standard based on aniline.

3.2.2 Elucidation of the role of DMSO

The effect of the use of DMSO on the reaction is to be discussed herein. One possibility is
stabilization of ionic species. As described above (Section 3.1), ionic species may be involved in
this type of reaction as intermediates or catalysts. In fact, a phase separation was observed (Figure
18) in the reaction mixture corresponding to Scheme 66 where the solvent was triethylamine,

although all the ingredients were dissolved before the mixture was heated. The stability of ionic

Figure 18. Phase separation was observed after the reaction in triethylamine. Reaction conditions:
aniline (1.0 mmol), DMC (10 mmol), triethylamine (3 mL), 140 °C, overnight.
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species is known to increase in polar solventst% and, therefore, the high polarity of DMSO may

assist the generation of ionic intermediates or catalysts.

Another possible role of DMSO was invoked by a reported methylation of amines (Scheme 69)
where DMSO serves as an electrophile.?®! The activated DMSO and amines could form imine
intermediates,*4”l which may be reduced by formic acid. Triethylamine is necessary to improve the
yield of the product. It may play a role in tuning the acidity of the reaction system, so that free

amine substrates are available for the nucleophilic attack.

o NEt; (20 equiv) Me
+ - |
H-oN o N
HJ\OH 2">SAr DMSO, 150 °C, 12 h Me” “Ar
(20 equiv) o®
- Lo
Me” ™ "Me
Proposed mechanism:
O
o H' (OH ®  HN-Ar H
S2 — S _H——» S. —_— S. /N\
Me” ™ "Me Me @ C -H,0 Me” CH, Me” " C” Ar
H, H,
_H - MeSH
oy
§ oéI\H
HaC™ Ar = HC™ Ar

Scheme 69. Methylation of amines with formic acid and DMSO.?%I

Thus, the possibility that DMSO is an electrophile in our methylation reaction was examined by
using deuterated DMSO as a solvent (Scheme 70). 'H NMR integration and GC-MS analyses of
the reaction mixtures displayed no differences between runs in DMSO and DMSO-d6. These results

exclude the possibility that DMSO is a methyl source.

- Me H H
0 H,N NEt; (1 equiv) MeO. _N MeO_ _N N
S S @ Ee (e @ TG
MeO~ "OMe DMSO 0 (0]
(10 equiv) 140°C,6h 5 64% 3 12% 1 4%
Me
- H H
o HoN NEts (1 equiv) MeO._ N MeO. N _N
J i N + Me
MeO” “OMe DMSO-dg 0 0
(10 equiv) 140°C,6h 5 64% 3 1% 1 3%

No deuterium was found by GC-MS

Scheme 70. The triethylamine-catalyzed reaction of DMC and aniline in deuterated DMSO.
Reaction conditions: aniline (1.0 mmaol), DMC (10 mmol), NEt3 (0.1 mmol), solvent (3 mL), 140 °C,
6 h. The yields were determined by *H NMR of the crude mixture with CH2Br; as the internal
standard.
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3.3 DABCO-catalyzed reactions

3.3.1 Electron-deficient amines

1,4-Diazabicyclo[2.2.2]octane (DABCO) was employed as a catalyst for the formation of
carbamate 5 from aniline and DMC (Scheme 71a). Carbamate 5 was obtained in 60% vyield at
140 °C, although the yield was low when the experiment was carried out at 120 °C (Scheme 71b).
Interestingly, when carbamate 3 was used as a substrate at 120 °C, the yield of carbamate 5 was
46% (Scheme 71c). These results indicate that the deprotonation of the amine substrate is important
in the reaction mechanism, as an electron-deficient N-H nucleophile seemed to react efficiently.
(pKa value in DMSO is 31 for aniline,!?®¥ and is estimated around 20 for carbamate 3.[295:2%)

Me
o} DABCO (10 mol%)  MeO. N

HoN N
Lo« - @
MeO” ~OMe 140°C, 6 h o

(30 equiv)

5 60%
I\Ille
(0] H.N DABCO (10 mol%) MeO N
Lo+ - Y ®)
MeO~ "OMe 120°C,6h le}
(30 equiv) 5 3%
H Me
O MeO N DABCO (10 mol%) MeO N
A Moy ~ Oy @
MeO~ "OMe 0 120°C,6h le}
(30 equiv) 3 5 46%

Scheme 71. DABCO-catalyzed formation of carbamate 5. Reaction conditions: substrate (1.0
mmol), DMC (2.6 mL, 30 mmol), DABCO (0.1 mmol), 6 h. The yields were determined by GC-
FID with decane as the internal standard based on aniline.

Accordingly, other electron-deficient amines were tested under similar conditions (Table 7). As
expected, electron-deficient amines reacted with DMC to form the corresponding carbamates
(entries 1-3). 4-Fluoroaniline (18) is apparently not electron-deficient enough (entry 4).
Pentafluorophenyl amine (19a) produced carbamate 19b and SnAr-reaction product 19c (entry 5).

Diamine 20a gave a perimidone scaffold although the yield was not very high (entry 6).
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Table 7. Electron deficient amines as substrates for the formation of carbamates. @

Me
0 DABCO (10 mol%) !
. HaN =MeO\n/N\Ar
MeO OMe 120°C,6 h 0)
(30 equiv)
entry Substrate Product and yield™
Me
1 HoN = ‘ MeO. N._~
N~ 15a (o] N ‘
51% 15b
HoN e
2 MeO N
z L ¥
NO
> 16a 83% NO2z16h
Me
HoN MeO.__N
3 |G T
CN 17a S CN
85% 17b
H,N
4 \©\ No product
F 18
F Me F
HoN E MeO.__N F
s IX Y
F F F F
F 19a 14% F 19p
6 ! ! NN
NH, NH, 204 Me™ " Me
O 24% 20b

(8l Reaction conditions: substrate (1.0 mmol), DMC (2.6 mL, 30 mmol),
DABCO (0.1 mmol), 120 °C, 6 h. I Determined by GC-FID with
decane as the internal standard based on substrate. [l SyAr-reaction
product 19¢ was detected by GC-MS.

Me F
MeOTN F
o E N,Me
F CeFs 19c

3.3.2 DABCO-catalyzed reactions in DMSO

Since DMSO showed an excellent solvent effect with triethylamine for the transformation of DMC
and aniline to carbamate 5, reactions with DABCO in DMSO were tested at 120 °C (Table 8).
Compared to the reaction of aniline in DMC (Scheme 71b), better yields were observed in DMSO

(entry 1). By optimizing the solvent ratio of DMSO and DMC, carbamate 5 was obtained in 64%

yield at 120 °C (entry 2). Interestingly, higher proportions of DMSO produced higher yields of

carbamate 3, although the conversion of carbamate 3 to product 5 should be fast, as observed in

Scheme 71b and c. The presence of DMSO may have an influence on the reaction mechanism and

the reaction rate of carbamate 3 to product 5.
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3.3 DABCO-CATALYZED REACTIONS

Table 8. Effect of DMSO on DABCO-catalyzed carbamation.®

Me

o HoN DABCO (10mol%) oo MeO. N
MeO)J\OMe+ \© DMSO - \([)r \©+ \([)r \©
120°C, 12 h 5 3

entry solvent (mL) Yield (%)}
DMSO DMC 5 3

1 3.0 1.0 26 41

2 1.0 3.0 64 17

3 0.5 3.5 47 19

(@l Reaction conditions: aniline (1.0 mmol), DMC (10 mmol),
DABCO (0.1 mmol), solvent (4 mL), 120 °C, 12 h. I Determined by
GC-FID with decane as the internal standard based on substrate.

[c1 10 equivalents with respect to aniline.

3.3.3 Deprotonation of amine substrates

According to the assumption that deprotonation of the amine substrate is critical for the reaction,
the base does not have to be an amine. Thus, nBuLi was used as a base for the reaction of aniline
and DMC (Table 9). At 140 °C, carbamate 5 was produced in good yield with 10 mol% or 1.0
equivalent of nBuL.i (entries 1 and 2). However, the conversion of aniline was low at 120 °C (entry
3).

Table 9. Deprotonation of amines by nBuLi towards methylation with DMC.[

(0]
) . MeO)J\OMe 'Y'e H
H2N\© nBulLi (100 or 10 moIAn)= (30 equiv) =Meo\ﬂ/N\© . MeO\n/N\©

RT T°C,6h le) le}

5 3

entry nBuLi T(°C) Yield®
5 3

1 100 mol% 140 45% 13%
2 10 mol% 140 42% 18%
3 10 mol% 120 3% 3%

8l Reaction conditions: aniline (1.0 mmol), DMC (2.6 mL, 30 mmol),
nBuLi (0.1 or 1.0 mmol). nBuLi was added to aniline at room
temperature, then diluted in DMC and heated for 6 hours.

T Determined by GC-FID with decane as the internal standard based
on aniline.
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With a catalytic amount of nBuLi, LiOMe should be generated by the reaction of aniline and
DMC as illustrated in Scheme 72. Considering that the pKa value of MeOH in DMSO is 29,27
which is very close to that of aniline, the deprotonation of aniline by LiOMe should be viable. If
only the deprotonation of the substrate is essential for this transformation, the yield with nBuLi
should be similar to that of reactions with electron-deficient amines (Table 7). Therefore, the poor
results with nBuLi in the absence of amine catalysts mean that the deprotonation alone does not
dominate the reaction, but also the activation of DMC by an amine catalyst is important in the

reaction mechanism.

(0]

2 HoN
BuLi + HN.  — = E Meo™ oM MeO '\r'uﬂe + LioM P MeOH + E
nBuLi oN< N, ————» Me < 10Me e N
Ph _gunt L7 Ph —co, \ﬂ/ Ph Li” “Ph
- MeOH o

Scheme 72. Deprotonation of aniline by nBuL.i and the equilibrium of lithium species.

3.4 Hypothetic reaction mechanism

Phase separation in the reaction mixture indicates a positive involvement of ionic intermediates.
Amine substrates of different electron density show clear reactivity differences towards carbamate
formation. However, simple deprotonation by nBuL.i to form lithium amides leads to carbamate 5
in lower yield than organic base catalysts. These observations may suggest the reaction mechanism

depicted in Scheme 73.

(a) Activation of DMC
0] 0]

— ®
MeOJ\\OI\_/Ie/ NR, MeoJ\NRs ome

(b) Nucleophilic attack of aniline

slower
o] o) o

HoN )]\
M © 2pp > Jle o — _Ph
MeO™ "NRz OMe * -HOMe MeO ‘\NyNHPh ~-NRg MeO™ N
(c) Nucleophilic attack of carbamate 3
Os_OMe
0] TN Y e} O._OMe o) (0]
Jo & Ny =  Jo o — O)LN,Ph — OJLN,Ph
MeO” "NR; ~OMe _HOMe MeO @NPh _NR, e T _co, Me N
e
faster 0~ OMe 5

21

Scheme 73. Hypothesized reaction mechanism. (a) Activation of DMC by an amine catalyst. (b)
Deprotonation of aniline followed by nucleophilic attack. (c) Deprotonation of carbamate substrates
followed by nucleophilic attack and decarboxylation.
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3.5 CONCLUSION AND OUTLOOK

Amine catalysts first activate DMC to form ammonium cation species (Scheme 73a). Then, the
counter anion deprotonates amine substrates (Scheme 73b) where electron-deficient substrates are
favoured. The cationic electrophile and anionic nucleophile may stay associated as an ion pair, so
the carbamation could occur fast. In the case of carbamate substrates (Scheme 73c), azamalonate
21 should be formed by carbamation of carbamate 3, followed by decarboxylation to produce
carbamate 5.28%1 To test this assumption, the synthesis of azamalonate 21 was attempted but with
no success (Scheme 74). Also, no synthesis of azamalonate 21 has been reported. These data could

explain that azamalonate 21 is too unstable to be isolated.

(0]
o )
.Ph
y O)J\N/Ph . 0 NEt; (10 moIA>)= MeO)J\N
e
|1| Cl OMe DCM,RT, 2h O)\OMe
3 21

Scheme 74. Attempted synthesis of azamalonate 21. Reaction conditions: 3 (10 mmol), methyl
chloroformate (24 mmol), NEt; (1 mmol), DCM (20 mL), RT, 2 h. The reaction mixture was
analyzed by 'H NMR.

3.5 Conclusion and outlook

The base-catalyzed formation of carbamate 5 from aniline and DMC was studied. The influence of
solvents on the reaction was remarkable. In particular, DMSO accelerated the reaction, and high
yields were achieved with catalytic amounts of base. Furthermore, electron-deficient amine
substrates were favoured for this transformation. As for the reaction mechanism, both base-

activation of DMC and deprotonation of an amine substrate seem to be important.

Yet, the role of DMSO is not clear. It might be just a polar solvent possibly stabilizing ionic
species, but its involvement in the reaction mechanism cannot be excluded based on the
observations reported in Table 8. Experiments to examine the solvent effect of DMSO on the
stability of ionic intermediates and Lewis-base activity of DMSO would be useful to improve the

understanding of the reaction.
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CHAPTER 4. DMSO-BASED OXIDATIVE BROMINATION OF (HETERO)ARENES

4.1 Introduction

This chapter describes an oxidative bromination of arenes and heteroarenes using DMSO as an
oxidant. This reaction was found when the TiBrs-catalyzed methylation reaction of DMC and
aniline in DMSO led to bromination of dimethylaniline (Chapter 2) (Scheme 75). In this reaction
TiBrs seems to activate DMSO to generate an oxidative brominating species in a similar way to
other DMSO-based oxidative bromination reactions.™8!l It is attractive that aryl bromides are
produced by using DMSO as an oxidant. DMSO is a nontoxic, cheap, abundant, stable and mild
oxidant; all of which are preferred properties for potential industrial uses.7 It is also important to
develop synthetic methods for aryl bromides, because they are extensively used building blocks in
synthetic chemistry.[?% Details of DMSO-based oxidations and preparations of aryl bromides are
described in Section 1.5. Pursuing these expected advantages, this bromination reaction was
investigated and developed.

I\I/Ie I\I/Ie

HoN ; N N
j\ L TiBry (10 mol%) e~ . IMe”
MeO~ 'OMe DMSO B

(10 equiv) 140 °C, overnight 83%

r

side product
(not quantified)

Scheme 75. The formation of an oxidative bromination side product discovered in Chapter 2.

4.1.1 DMSO-based oxidative brominations

The first DMSO-based oxidative bromination of arenes was reported in 1956.1®! Since then,
brominations utilizing DMSO as an oxidant have been continuously developed.[*”*1761 Among the
variations, the HBr/DMSO system is the most popular because aqueous HBr is the cheapest
bromide source (Scheme 76).1169177-182 Section 1.5.2 describes details of DMSO-based
brominations. However, the HBr/DMSO aqueous system is not always the best choice. One of its
drawbacks is that a variety of functional groups do not tolerate acidic aqueous conditions and they
must be excluded from substrate scopes.®? The general description of aqueous reaction systems is

found in Section 4.1.2.

O @G)Br

O HBr OH eBr HBr Hzo Br Br eBr Nu-H

é@ — L@ — \S’ é@ —» Nu—Br+ Me/S\Me
Me” "~ "Me Me” ™ "Me Me” "Me -H,0 Me”~ "Me  —HBr

Scheme 76. General mechanism of oxidative brominations in the HBr/DMSO system. [181]
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Unlike the HBr/DMSO system, combinations of sulfoxides and metal bromides have been rarely
reported, 8181 although metal bromides are also cheap bromide sources. One of a few examples
is described in Scheme 77, where a -ketoester is brominated by using sulfoxides as an oxidant.!%!
In this reaction, an oxidative brominating species is generated by TMSOTTf as a DMSO-activator

and NaBr as a bromide source.

o O o} oO_o0
g TMSOTf Br
OEt + “Me *+ NaBr —————» OEt
MeCN, RT

Scheme 77. A bromination reaction of carbonyl compounds with sulfoxides as oxidants.85]

4.1.2 Organic reactions in aqueous media

A number of studies on organic reactions using water as a solvent were reported in the 2000s.2%]
In addition to water being environmentally friendly, the reactions where reactivities and selectivities
were improved by using water as a medium attracted scientific interest and encouraged researchers
to develop organic reactions in water.[%-3021 Water is a green solvent because of its abundance,
environmental compatibility, nontoxicity and nonflammability. However, organic reactions carried
out in water rarely meet the requirements to be regarded as green reactions.%-2%I This is mainly
because chemical-contaminated aqueous wastes have a high impact on the environment, %397 and
the energy and cost for purifying contaminated water is significantly high.*% In fact, the calculation
of its impact on the environment has been conducted and disagrees with the concept of green
chemistry.B%®  Although new technologies such as bio-, chemical-, electrochemical-, and
photochemical purification of wastewater are investigated,°! their efficiency is not sufficient and
further improvement is necessary.**!! Additionally, integrated synthetic systems such as sequential
procedures are favourable in industry, because it is important to shorten chemical processes in order
to minimize production cost.[?®1 However, the majority of organic reactions are not compatible with
water.”® Thus, possible designs of sequential procedures containing aqueous reactions are limited.
Furthermore, the heterogeneity of agueous reaction systems may cause unstable results in large-

scale reactions. 28]
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4.2 Preliminary investigations

4.2.1 Bromide source optimization

TiBrs must have served as a bromide source instead of a catalyst for the formation of the brominated
side product observed in the methylation reaction of aniline in the presence of TiBrs and DMSO
(Scheme 75), because it was the only bromide source in the reaction system. This fact was
confirmed by using different stoichiometric ratios of TiBr, to dimethylaniline (Table 10). The more
TiBrs was used, the higher composition of product 13 in the crude reaction mixture was observed.
TiBrs seems to provide 2 equivalents of bromide, and thus, 0.5 equivalent of TiBr, with respect to
the substrate should be enough for completion of the reaction. Yields were not determined because
decane, the GC-FID internal standard, and DMSO formed a heterogeneous mixture and the GC-
FID analysis was unreliable (entries 1-3). By introducing CHCIs as a solvent, a homogeneous
reaction mixture was obtained, and the yield was determined to be 82% with 0.5 equivalents of
TiBrs (entry 4).

Table 10. Bromination reaction with varied equivalents of TiBr.[?

Me TiBr, (x mol%) Me
N > _N
Me \© DMSO/CHCl, Me \©\
80 °C, overnight
2 13 Br
Composition
DM HCI
entry X (mol%) S(:]/E) Cls (mol%)®!
2 13
1 10 3/0 83 17
2 25 3/0 43 57
3 50 3/0 0 93[
4 50 1/2 0 g2

[l Reaction conditions: 2 (1.0 mmol), 80 °C, overnight.
[bI Determined by *H NMR analysis of the crude reaction mixture.

[l 0-,p-Dibromide derivative was detected (7 mol%).
Me

[ Yield determined by GC-FID analysis of the reaction mixture
with decane as the internal standard.

Other bromide sources were tested for the reaction (Table 11). The reaction temperature was
decreased to 60 °C, because it is difficult to compare reactivities when the starting material is fully

converted. The yield of bromide 13 with TiBr4 decreased to 34% (entry 1). As a comparison, N-
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bromosuccinimide (NBS) was used (entry 5), but other brominated products such as o-bromide and
0-,p-dibromide derivatives were also detected. Trimethylsilyl bromide (TMSBr) was found to be as
active as TiBrs (entry 3). The advantages of the TMSBr/DMSO system are described in the next

section.

Table 11. Screening of bromide sources.®

Me bromide (x equiv) Me
DMSO (10 equiv)

N N
Me » Me
CHCl3
Br

2 60 °C, overnight 13
_ _ Yield (%)
entry  bromide X (equiv) 13 Others
1 TiBrs 0.5 34 0
2 CuBr, 1.0 30 4
3 TMSBr 1.0 39 0
4 MnBr; 1.0 0 0
5 NBSH 1.0 36 30

8 Reaction conditions: 2 (1.0 mmol), DMSO (10.0 mmol),
CHCI; (3 mL), 60 °C, overnight. I Determined by GC-FID
analysis of the reaction mixture with decane as the internal
standard. ! o-Bromide and o-,p-dibromide derivatives were
detected. [ Without DMSO.

4.2.2 The TMSBr/DMSO system

TMSBr is a readily available bromide source that is commonly used in organic reactions.**? The
combination of TMSBr and DMSO has been known in a limited number of examples, including
bromination of indole alkaloids reported by Megyeri and Keve in 1989 (Scheme 78).5%% Other

reports using the TMSBr/DMSO system studied bromination of aliphatic nucleophiles.[43%]

NH TMSBr (3 equiv) R,

DMSO NTZ
25 °C, 10-90 min I H Br
Me

Scheme 78. Bromination of indole alkaloids in the TMSBr/DMSO system. %l

The reaction protocol with TMSBr appears to be suitable for potential large-scale applications.
The by-products from this system are dimethyl sulfide and trimethylsilanol (Scheme 79). They are
volatile enough to be removed in vacuo from reaction mixtures (the boiling point is 37 °C for
dimethyl sulfide, 99 °C for trimethylsilanol). Thus, simply by applying vacuum to the reaction
mixture, the products can be obtained in good purity. Therefore, the use of the TMSBr/DMSO
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system does not need aqueous workup after the reaction. This is advantageous comparing to NBS,
because this produces succinimide, which has a boiling point of 288 °C and is usually removed by
aqueous workup. Furthermore, the dry conditions of this protocol avoid all the aforementioned
disadvantages of aqueous systems. These properties of the TMSBr/DMSO system allow facile and
cheap bromination procedures and can reduce the production time.?® Also, this system does not
produce any solid unlike TiBrs, and accordingly should be suitable for flow chemistry

applications.¢! Therefore, we focused on investigating the reaction in the TMSBr/DMSO system.

O—H +TMS-Br+  &® ——» Br + TMS—OH ™+ 1o~ S ye T
— Me” ™ "Me

' f

B X\ —
TMSO@éT _)H R 0 ©0TMs
Me” "Me - SMe, \---/ "Br

Scheme 79. DMSO-based oxidative bromination of arenes with TMSBr.

4.3 Reaction condition optimization

4.3.1 Solvent and reaction time

Several solvents were tested for the reaction with TMSBr as a bromide source (Table 12). No large
differences were observed between the used solvents, but a phase separation occurred when using

hexane (entry 1).

Table 12. Solvent screening of the bromination reaction.

Me TMSBTr (1 equiv) Me
DMSO (10 equiv)

Me/N Me/N
solvent
2 Br

80 °C, overnight 13
entry solvent Yield of 13 (%)"!
1 Hexanel® 68
2 CHCI; 87
3 MeCN 62
4 THF 67
5 1,4-Dioxane 76

@ Reaction conditions: 2 (1.0 mmol), TMSBr (1.0 mmol),
DMSO (10.0 mmol), solvent (3 mL), 80 °C, overnight.

I Determined by GC-FID analysis of the reaction mixture
with decane as the internal standard. [ Liquid—liquid
phase separation was observed after the reaction.
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The reaction in THF was monitored in short time intervals (Scheme 80). Although toluene and
bromobenzene were also employed as substrates, only electron-rich arene 2 yielded the brominated
product. The reaction was found to go to completion in ca. 2 hours.

Me TMSBr (1 equiv) Me no reaction:
N DMSO (2 equiv) N Me Br
Me” - Me”
THF
2 80 °C, time 13 Br
Reaction monitoring
100%
= 80%
X o —
o 60%
—
S 40%
k=)
2 20%
>
0%
0 0.5 1 15 2
Time (h)

Scheme 80. Monitoring of the bromination reaction by GC-FID. The yields were determined by
GC-FID with decane as the internal standard. Reaction conditions: arene (1.0 mmol), TMSBr (1.0
mmol), DMSO (2.0 mmol), THF (3 mL), 80 °C.

4.3.2 Effects of electron-donating groups

Bromination reactions of three different types of electron-rich arenes were compared in THF or
CHCI; (Table 13). Arene 2 (R=NMe;) was efficiently brominated in THF (entry 1), but the yield
in CHCI; was lower (entry 4). In contrast, anisole (R=0OMe) showed a good yield in CHCIs, but the
yield was lower in THF (entries 2 and 5). In the case of phenol, conversions were high in both

solvents, but o-bromide and o-,p-dibromide derivatives were also detected (entries 3 and 6).

Table 13. Reactions of electron-rich arenes in THF or CHClI5.[

TMSBr (1.1 equiv)
DMSO (2 equiv)

R R
\© THF or CHCl3 \©\B

80°C,2h r
Solvent = THF Solvent = CHCl3
entry —-R  Yield (%)"! entry —R  Yield (%)M
1 —NMe; 100 4 —NMe; 52
2 —-OMe 13 5 —-OMe 40
3 —-OH 74 6 -OH 63

[@l Reaction conditions: arene (1.0 mmol), TMSBr (1.1 mmol),
DMSO (2.0 mmol), solvent (3 mL), 80 °C, 2 h.

bl Determined by GC-FID analysis of the reaction mixture
with decane as the internal standard.
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In order to examine the solvent effect carefully with arene 2 as a substrate, the reactions in
mixtures of THF and CHCl; as solvents were carried out (Table 14). While the yield of product 13
in THF at 40 °C was 65% (entry 1), the bromination of arene 2 was suppressed by the presence of
CHCl; (entries 2-4). A possible explanation for this observation is the involvement of radicals in
the reaction of arene 2,1 which may be quenched by hydrogen abstraction from CHCI,.8! Since
the optimal solvent seems to depend on the substrate, the substrate screening was to be carried out

in both solvents.

Table 14. Bromination of arene 2 in THF and/or CHCI5.[&

TMSBr (1.1 equiv)

MezN\© DMSO (2 equiv) MeZN\©\
THF / CHCly Br

2 40°C,2h 13

THF  CHCIs

entry ML) (mL) Yield of 13 (%)™
1 3 0 65
2 1 2 4
3 0.1 3 5
4 0 3 8

[a] Reaction conditions: 2 (1.0 mmol), TMSBr
(2.1 mmol), DMSO (2.0 mmol), 40 °C, 2 h.

bl Determined by GC-FID analysis of the reaction
mixture with decane as the internal standard.

4.4 Substrate scope

The substrate scope was examined in CHCI; and THF at different temperatures (Table 15). In
general, arenes bearing electron-donating groups (EDGs) were brominated at their para position.
Aniline derivatives were brominated efficiently in this reaction (entries 1-8), although aniline itself
gave little product (entries 9 and 10).# Di- and trimethoxybenzene were electron-rich enough to give
bromide 27 and 28, respectively, in high yield (entries 13-16). The yield of bromide 26 was low
(entries 11 and 12), and no conversion of ester 29 was observed (entries 17 and 18). Phenols 30 and

33 were the only cases where o-bromides derivatives were observed in the range of 9-13% yield.

4 A dark insoluble solid was found in the reaction mixture and only a small amount of aniline and the product
25 was detected in GC-FID analysis. Aniline is known to polymerize under oxidative conditions. For an
early example, see: A. G. Green, A. E. Woodhead, J. Chem. Soc., Trans. 1910, 97, 2388-2403. For more
recent review, see: G. Cirié-Marjanovié¢, M. Milojevi¢-Rakié, A. Janosevi¢-Lezai¢, S. Luginbiihl, P. Walde,
Chem. Pap. 2017, 71, 199.
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Table 15. Substrate scope of the bromination in the TMSBr/DMSO system. !

H TMSBr (1.1 equiv) Br
©/ DMSO (1.1 equiv) @’
R Solvent, T°C, 2 h R
entry Product Solvent, T Yield®! entry Product Solvent, T Yield[
1 /@r”“"ez CHCl;, 80°C  25% 27 Meoj/\:(we? CHCls, 80°C  20%
2 & THF,60°C  69% 28 . o THF40°C  38%
3 /@:NMeZ CHCl3, 80°C  22% 29 HOQ/NMGZ CHCls, 40°C  13%
4 e . THF,80°C  87% 0 g 5 THR.25°C 22%
5 /@/N*/ CHCls, 60°C  (4796)l91 31 Phjfojij/”'\"% CHCls, 40°C  43%e]
6 g THF, 60 °C  (87%)LI 32 Og, s THF.25°C  75%
H
7 N CHCls, 40°C  49% 33 OHCQNM% CHCs, 40°C  45%
8 Br,@ o THF,80°C  19%¢ 34 . g7 THF40°C  479%
O
NH
9 /@ ? CHCI3, 25°C 0% 35 NMe;  CHC3, 40°C  34%
0 g THF, 25°C  17% 36 THF, 60 °C  64%
Br 38
OMe H
11 CHCl;, 40°C  36% 37 CHCls, 25°C  39%
(o]
2 g THE, 40°C  13% 38 THF, 25°C  72%
Br 39
Me
13 Meojij/o'\"e CHCls, 25°C  93% 39 N CHCls, 25°C  77%
g THE, 25°C  93% 40 { THF, 25°C  93%
Br 40
OMe o)
15  Meo OMe  CHCl3,25°C  89% 41 m"Bu CHCls, 25°C  70%
16 THF, 40°C  63% 42 g THF, 60°C  52%
Br r 41
S
17 OTP" No reaction 43 %"Bu CHCl3, 25°C  86%
18 o a4 \, ,, THRe0T 7%
N
19 /@/OH CHCls, 25°C  68% 45 7 oN-Me CHCl3, 80°C  87%
20 THF, 25°C  69% 46 Brﬁ s THF, 80°C  82%
21 /@:C’H CHCl;, 25°C  95% 47 < NPy Me > \o reaction
2 e Brg THR40°C  81% 48 = w
Br
23 OH CHCl;, 25°C  90% 49 B \o reaction
24 OO THF, 25 °C 84% 50 N7 45
32
OH
25 OO CHCls, 25°C  66% 51 | N No reaction
26 THF, 25 °C 48% 52 N 46

Br 33

[l Reaction conditions: arene (1.0 mmol), TMSBr (1.1 mmol), DMSO (1.1 mmol), solvent (3 mL), 2 h. [’] Isolated yield.
[ Molecular sieve 4 A was used. [ Determined by GC-FID due to the decomposition during purification. [¢] Inseparable
mixture of the substrate and the product. The yield was calculated from the mole ratio as determined by *H NMR.
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In the case of arenes functionalized with two different EDGs (entries 27-32), the dimethylamino
group showed stronger influence on regioselectivity than methoxy, hydroxy and ester groups.
Different regioisomers from the ones shown in Table 15 were not detected. The regioisomers
obtained from the reactions were identified by NMR techniques (*H-*3C HSQC and HMBC). The
screening revealed that amide, ester, aldehyde and acetal moieties remained untouched (entries 7—
8 and 31-36). It is remarkable that an acetal group was tolerated and produced bromide 38 thanks
to the dry conditions of the reaction (entries 35 and 36). Heteroarenes were also employed as
substrates (entries 37-52). Various structures were brominated successfully, although erosion of
the yield of 3-bromo-2-indolinone (39) was observed due to further bromination of the product
giving 3,3-dibromo-2-indolinone (11% yield in CHCIl; and 13% in THF). 2-Methylpyrazole
required high temperatures (entries 45 and 46), whereas pyridine, quinoline and 1-methylimidazole
did not react at all (entries 47-52).

In order to additionally assess the chemoselectivity of this reaction, an electron-rich arene
containing an ester group (47) was employed as a substrate (Scheme 81).1*1® Bromination at the a-
carbon of the ester, which would produce a-bromide 49, was not observed at all even when 2.2
equivalents of the reagents were used.

. B
o NMe, TMSBr (1.1 equiv) o NMe, [~ S0 NMe,
\©/ DMSO (1.1 equiv)
> +
0 OBr 0

THF, 40°C,2h
47 48 75 % yield 49, not observed
TMSBTr (2.2 equiv) (0] NMe, (0] NMe,
)\H/O NMe, DMSO (2.2 equiv) D/ j@[
o) THF, 40°C,2h  Og; v+ Og, Br
47 48 17 % yield 50 60 % yield

Scheme 81. Bromination of an electron-rich arene containing an ester group (47). Reaction
conditions: arene (1.0 mmol), TMSBr (1.1 or 2.2 mmol), DMSO (1.1 or 2.2 mmol), THF (3 mL),
40 °C, 2 h. Isolated yields are shown.

Brominations of several substrates on gram-scale were carried out to confirm the suitability of
this protocol for synthetic applications on a larger scale (Scheme 82). The yields were high in each
case and products on a 2-gram scale could be obtained. No issues were encountered during the

procedures.
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TMSBr (1.05 equiv)
Me2N\© DMSO (1.05 equiv) MezN\@\
THF, 80 °C, 2 h
TMSBr (1.05 equiv)
Meo\©/OMe DMSO (1.05 equiv) Meo\@:OMe
THF, RT, 2 h B

r
2.15 g, 9.9 mmol, 99%

Br
1.56 g, 7.8 mmol, 78 %

TMSBr (1.05 equiv) Br
OH DMSO (1.05 equiv) OH
1,4-Dioxane, RT, 2 h

Scheme 82. Larger-scale brominations of electron-rich arenes. Reaction conditions: arene (10.0
mmol), TMSBr (10.5 mmol), DMSO (10.5 mmol), solvent (15 mL), 2 h. Isolated yields are shown.

1.87 g, 8.4 mmol, 84%

4.5 Synthetic applications

Three synthetic applications were performed to demonstrate the advantages of this protocol

allowing oxidative brominations to occur under mild conditions in non-aqueous media.

4.5.1 Lithium-halogen exchange reactions

To utilize the advantage that our bromination is carried out under non-aqueous conditions, lithiation
reactions were conducted (Scheme 83).529 The comparison of aqueous and non-aqueous reaction
systems is described in Section 4.1.2. First, arene 51 was brominated in the TMSBr/DMSO system.
The reaction mixture was treated with NaH, then nBuLi was added to the mixture at —78 °C,
followed by the addition of DMF to obtain aldehyde 52 in 99% yield. Without NaH treatment,
protonated compound 51 was recovered, although arene 51 was completely consumed after the
bromination. This indicates that the aryl lithium species, which is generated by the reaction of the
bromide intermediate and nBuLi, was protonated by TMSOH before the addition of DMF. In
general, lithium-halogen exchange reactions are known to be faster than protonation of alkyl

lithium reagents. 21
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MeO OMe TMSBr (1.1 equiv) NaH (3.0 equiv) ~ MeO OMe
\O/ DMSO (1.1 equiv) nBuLi (4.0 equiv) DMF (10 equiv) \©:
THF, RT, 2h THF, -78 °C ~78°C, 30 min CHO
51 10 min S RT 2h 52

99% yield

Scheme 83. A sequential synthesis: bromination, lithium—bromine exchange and aldehyde
formation. Reaction conditions: 51 (1.0 mmol), TMSBr (1.1 mmol), DMSO (1.1 mmol), THF (3
mL), RT, 2 h; NaH (3.0 mmol), THF (2 mL), 0 °C, 5 min; nBuLi (4.0 mmol), THF (3 mL), -78 °C,
5 min; DMF (10.0 mmol), —-78 °C to RT, 2 h.

4.5.2 Azidation and Cu-catalyzed 1,2,3-triazole formation

Cu-catalyzed 1,2,3-triazole formation from organic azides and alkynes is a popular reaction to link
building blocks under mild conditions.?? Also, it is known that azidation of organic bromides and
triazole formation can be carried out in a one-pot procedure.*?¥! Arene 2 was therefore brominated
using the developed TMSBr/DMSO protocol and subsequently subjected to azidation and triazole
formation. Triazole 53 was obtained in 63% yield, and 34% of unreacted bromide 13 was recovered
(Scheme 84).

NaHCO3; (2.0 equiv) S Me
NaN3 (2.0 equiv) !
Me Na asc. (0.1 equiv) \© N‘Me Me
N ~ Cul (0.1 equiv) N
©/ "Me TMSBr (1.1 equiv) DMEDA (0.2 equiv) (1 equiv) @‘(/\N /©/ "Me
N=N

2 DMSO, 80°C,2h  H,0,100°C,6h 53 Br 13
63% yield

\

Scheme 84. A sequential synthesis: bromination, azidation and triazole formation. DMEDA=1,2-
dimethylethylenediamine, Na asc.=sodium L-ascorbate. Reaction conditions: 2 (1.0 mmol), TMSBr
(2.1 mmol), DMSO (3 mL), 80 °C, 2 h; NaHCOj3 (2.0 mmol), NaN3 (2.0 mmol), Na asc. (0.1 mmol),
Cul (0.1 mmol), DMEDA (0.2 mmol), phenylacetylene (1.0 mmol), H.O (1 mL), 100 °C, 6 h.

4.5.3 Palladium-catalyzed coupling reaction

Aryl bromides are often used for Pd-catalyzed cross-coupling reactions.?*®! To confirm that our
bromination protocol is compatible with them, the bromination of 2-naphthol (54) was followed by
Suzuki—Miyaura coupling to form a biaryl structure (Scheme 85).524 Binaphthyl compound 55 was

produced in 92% vyield.
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CC

B(OH), (1.3 equiv

OH TmsBr (1.1 equiv)  K2CO3 (3.0 equiv) OH
DMSO (1.1 equiv) PEPPSI®-IPr (2 mol%) O‘

_—
o

54 1,4-Dioxane, RT, 2h jPrOH, 60 °C, 24 h 55

Scheme 85. Suzuki—Miyaura cross-coupling to form a binaphthyl backbone. PEPPSI®-IPr = [1,3-
bis(2,6-diisopropylphenyl)imidazol-2-ylidene](3-chloropyridyl)palladium(Il) dichloride. Reaction
conditions: 54 (1.0 mmol), TMSBr (1.1 mmol), DMSO (1.1 mmol), 1,4-dioxane (3 mL), RT, 2 h;
1-naphthaleneboronic acid (1.3 mmol), K,COj3 (3.0 mmol), PEPPSI®-IPr (0.02 mmol), iPrOH (4
mL), 60 °C, 24 h.

4.6 Conclusion and outlook

A non-aqueous, mild and facile bromination reaction of arenes and heteroarenes in the
TMSBr/DMSO system has been developed. Electron-rich arenes are brominated with good
tolerance of sensitive functional groups. The position para to the EDG was selectively brominated,
while ortho bromide derivatives were detected only in a few cases. This method is suitable for large-
scale syntheses because the reagents are stable and readily available, and the volatile by-products
can be easily removed by evaporation. Furthermore, three synthetic applications were implemented
to show that our bromination can be directly combined with other transformations to synthesize
complex molecules in short and efficient procedures. The lithiation reaction, in particular,

highlights the advantage of our non-aqueous protocol.

For further investigations, mechanistic studies focusing on the relationship between substrate and
solvent could be useful for a deeper insight into this reaction. Also, this work is particularly
amenable to an application for flow chemistry which could maximize the advantages of this
protocol. For example, a flow of arenes and DMSO could be mixed with a TMSBr solution at low
temperature before a heating column, followed by a continuous evaporation treatment to remove
TMSOH and SMe; (Figure 19).

69



CHAPTER 4. DMSO-BASED OXIDATIVE BROMINATION OF (HETERO)ARENES

Flow control

A4 :
TMSOH + SMe,

Distillation

e Column

We 1 (" Ve
Me’N©+ DMSO!DioxaneJ 10°C Me’N\@ ! Dioxane
L Br
TMSBr / Dioxane ]

Figure 19. Diagram of a suggested flow system.
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CHAPTER 5. EXPLORING DMSO-BASED OXIDATIVE FUNCTIONALIZATIONS

5.1 Introduction

The investigations of oxidative functionalizations of arenes is described herein. Since the DMSO-
based bromination of arenes (Chapter 4) was successfully developed, other functionalizations were
attempted with DMSO as an oxidant (Scheme 86). Particularly, fluorination reactions and
trifluoromethylation reactions were in the focus. General overviews about fluorination and

trifluoromethylation are described in Sections 1.2 and 1.6.2, respectively.

o® IX]
Ar—H + S'@ — Ar—X
Me” "Me

X =F, CF5 or others

Scheme 86. DMSO-based oxidative functionalizations of arenes described in this chapter.

5.1.1 DMSO-based oxidative functionalizations in the literature

DMSO-based oxidative functionalizations have been developed in a wide variety.1 For example,
arenes have been functionalized with Cl, I, O-, S-, Se- and Te moieties.*5-32% Apart from aromatic
oxidations, DMSO-based oxidative transformations of thiols to disulfides,*% alkynes to 1,2-
diketones,®* hydrazones to diazo compounds®®?l and isonitriles to isocyanates®®*! as well as
oxidations of alcohols*®® and oxidative additions of olefins®3+3%! are known. More recently,
oxidative functionalizations of N-substituted indoles by the combination of DMSO and
trifluoroacetic anhydride (TFAA) have been reported (Scheme 87).1'81 The reactions at indole 20-
position with various nucleophiles such as alcohols, amines and carbon-based nucleophiles

including indoles were demonstrated.

nucleophile: Brl\/lg-é—Me
H-§—OMe BFMQZ\
DMSO (1.0 equiv) nucleophile _—
Q_Q TFAA (1.0 equiv) (5.0 equiv) \ H%O@Me BngW
N - - N

H

pbmB  DCM,—40°C,30min 10 min PMB MY | TMS$N, 92/_@
H

N
N.
H‘% Bn I\I/Ie
0O O o {
F3CJ\OJ\CF3 L N lvle%""e Me@S,Me
J FsC~ O PMB Q
€) SISB - » — — \
o) Me”  “Me r 2
o of % \© ey
Me” " "Me F3CCOO™ PMB PMB PMB

Nu

Scheme 87. Activation of DMSO by TFAA for C—H functionalizations of N-substituted indoles.*85!
PMB=p-Methoxybenzyl group.
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Additionally, an interesting DMSO-based fluorination with NaF and DMSO was reported
(Scheme 88).1%1 This simple procedure is very attractive and does not require any DMSO-activator.
However, we could not reproduce this procedure and no signals were detected in °F NMR spectrum

of the crude mixture.

o O o O

N + NaF ———— N F
H DMSO, 80 °C H

Scheme 88. DMSO-based oxidative fluorination at a-position of carbonyl compounds. 3261

5.1.2 Preliminary experiments

Under similar reaction conditions as for the bromination reaction of Chapter 4, various
trimethylsilyl compounds were tested for functionalizations of arene 51 with DMSO as an oxidant
(Table 16). The desired product was obtained only in the case of TMSBr (entry 3), while TMSCI
produced a small amount of methylene-bridged compound 56 (entry 2). The formation of such

compounds where DMSO serves as an electrophile have been reported (Scheme 89).1471 Since the

Table 16. Screening of trimethylsilyl compounds for DMSO-based functionalizations.!

TMS-X (1.1 equiv)

OMe OMe
Meo\©/OMe DMSO (1.1 equiv) MeO\@OMe Me0\©[OMe /‘/\‘\!l
CHC|3, 80 GC, 2h X Br Meo OMe
27 56

51

entry X Result

1 —F No Products™

2 —ClI A trace amount of compound 56.[¢
3 —Br Brominated product 27 in 99% yield.
4 - No Products™

5 -CN No Productst™

6 —CFs No Products™

7 —Ns No Products™

8 -OTf No Productst™

9 —1-imidazole  No Products™

10 -TMS No Productst™

8 Reaction conditions: 51 (1.0 mmol), TMSX (1.1 mmol), DMSO
(1.1 mmol), CHCIs (3 mL), 80 °C, 2 h. [l Analyzed by *H NMR.
[ Compound 56 was detected by GC-MS. [ Determined by GC-
FID with decane as the internal standard.
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application of these conditions was found to be limited to bromination, other reaction conditions

were to be studied for DMSO-based oxidative functionalizations.

A
ko@ 2 NuH Nu
L@ e ® p—
Me~ S <H Me"Sx« —MeSH  Nu

Scheme 89. The formation of methylene-bridged compounds with DMSO as an electrophile.['4”]
“A” represents a DMSO-activator.

5.2 DMSO-based halogenations of arenes

5.2.1 Oxidative chlorinations with oxalyl chloride

When preparing aldehyde 57 (used in Chapter 4), an aromatic chlorination was observed in the
Swern oxidation giving chlorinated side product 58 (Scheme 90). Although similar side reactions

in the Swern oxidation are known,37:3%1 no studies on such chlorinations have been reported.

OH o o) o)
Me,N S Me,N U Me,N !
2 O Cl NEt; (6 equiv) 2 2
+ é® +Cl > +
PN
Me™  Me o} DCM, -78 °C to RT cl
(2.4 equiv) (1.2 equiv) 57 58

side product

Scheme 90. The formation of a side product in the Swern oxidation. Reaction conditions: oxalyl
chloride (6 mmol), DMSO (12 mmol), 3-(N,N-dimethylamino)benzyl alcohol (5.0 mmol),
triethylamine (30 mmol), DCM (35 mL), —78°C to RT, 2 h. Side product 58 was identified by *H
NMR and GC-MS after purification by column chromatography on silica gel.

To evaluate the oxalyl chloride/DMSO system, oxalyl chloride was employed as a DMSO-
activator for the oxidative chlorination of arene 51 (Scheme 91). However, similar conditions did
not yield chlorinated products. The role of bases in the Swern oxidation is the deprotonation for the
formation of alkoxysulfonium ylides (See Section 1.5.1 for the mechanism of the Swern oxidation).
Therefore, bases should be unnecessary in this aromatic chlorination. Thus, the same reaction but
without bases was carried out and the expected chlorination was achieved giving product 59 in 64 %

yield.
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) (0]

MeO OMe . MeO OMe
@( v o - Cl)l\[ru NEt; (3 equiv) @[
Me” " "Me - Cl

(0] DCM, -78 °C to RT
51 (1.1 equiv) (1.2 equiv) 59 with NEt;: 0%
without NEt;: 64%

Scheme 91. Oxidative chlorination of arene 51 in oxalyl chloride/DMSO system. Reaction
conditions: 51 (1.0 mmol), DMSO (1.1 mmol), oxalyl chloride (1.2 mmol), triethylamine (0 or 3.0
mmol), DCM (3 mL), —-78 °C to RT, 2 h. The yields were determined by GC-FID with decane as
the internal standard.

Surprisingly, the reaction mixture did not have to be cooled down unlike for the Swern oxidation;
the aromatic chlorination of arene 51 in the oxalyl chloride/DMSO system at room temperature
with or without a base produced chlorinated product 59 (Scheme 92). Therefore, the aromatic
chlorination is inhibited by triethylamine at —78 °C.

0
MeO OMe o° _ MeO OMe
\©/ + ,@ g cl NEt; (3 equiv)
—_—
Me™ " Me O  DCM,RT Cl
51 (1.1 equiv) (1.2 equiv) 59 with NEt3: 65%

without NEt3: 63%

Scheme 92. Oxidative chlorination of arene 51 in the oxalyl chloride/DMSO system at room
temperature. Reaction conditions: 51 (1.0 mmol), DMSO (1.1 mmol), oxalyl chloride (1.2 mmol),
triethylamine (0 or 3.0 mmol), DCM (3 mL), RT, 2 h. The yields were determined by GC-FID with
decane as the internal standard.

A possible explanation for the inhibition of the chlorination by triethylamine is the Pummerer
rearrangement.[73339:3401 |n the Swern oxidation, the sulfonium cation reacts with alcohols at —78 °C
before a base is added (Scheme 93a). The formed alkoxysulfonium cation is inactive for the
elimination reaction*%! and produces no Pummerer rearrangement products. In our case (Scheme
92), however, arene 51 seems to be reluctant for the reaction with the sulfonium cation at —78 °C.

Furthermore, the deprotonation at the a-position of the sulfonium cation towards the Pummerer

R R
R
) (0] R
Q. 4 cl —=, (CL/ .) ‘/base I)OH )
3@ of - " 04 @4 — =0 (a)
Me/ “Me o Me” q Me” S H Me” "~©— - SMe,
Swern oxidation product
‘\base eCl
® > (b)
Mo~ Sx me~ S~

Pummerer rearrangement product

Scheme 93. Reactions of the sulfonium cation. (a) Swern oxidation. (b) Assumed acceleration of
the Pummerer rearrangement by a base.
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rearrangement may be accelerated by a base (Scheme 93b).%*?l At room temperature, however,
chlorinated product 59 was obtained in the presence of a base (Scheme 91). This indicates that the
reaction of arene 51 with the sulfonium cation is faster at room temperature than the base-promoted

Pummerer rearrangement.

The group of Denton reported that the halide of the oxidative heteroatom—halogen species can
be replaced by external halides.*341 Their original intention was deoxychlorination of alcohols
with the P(V)—Cl species that is formed by the reaction of oxalyl chloride and triphenylphosphine
oxide (Scheme 94). In the presence of LiBr, however, bromide replaces the chloride in P(V)-Cl
species to generate P(V)-Br species, which converts aliphatic alcohols to alkyl bromides.*!

0
Cl _R

Q  (cocliy o2 oF c¥Rr-oH @ cP ;
Ph” i Ph P iph® o Ph” > Ph Ph” T Ph RGPy

Ph ~ CHCl3, RT Ph  Cl Ph Ph Ph

‘LiBr

Br O oR o o

®1 Br|R-OH g7 Br I
PhriPh | P ph T R B T gy

Ph Ph Ph

Scheme 94. Chlorination of alcohols by a phosphine oxide and oxalyl chloride. As highlighted, P—
Cl species react with an external bromide to generate P-Br species for deoxybromination.4

In the case of the S(IV) analogue, accordingly, the addition of inorganic halide may convert
S(IV)-CI species to other S(1V)-X species for oxidative halogenations of arenes. Thus, LiF, LiBr
and Lil, respectively, was added to the oxalyl chloride/DMSO system for the oxidative
halogenations of arene 51 (Scheme 95). With LiF, no fluorinated product was observed, and
chlorinated product 59 was obtained. The addition of LiBr successfully brominated arene 51 and
no chlorinated product was observed. The high selectivity for the bromination indicates that attack
by bromide on the sulfonium cation intermediate is faster than the aromatic chlorination reaction
(Scheme 96). At last, Lil produced chlorinated product 59 in 22% vyield, while a dark solid
precipitated immediately after the addition of the reagents. It is possible that iodide was oxidized

to generate molecular iodine, which did not oxidize arene 51 under the given condition.
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MeO OMe o® o additive (3 equiv) MeO OMe
+  le ¢+ )f\ﬂ/m -
Me/S‘Me cl DCM,RT, 2 h
(0] X
51 (1.1 equiv) (2.2 equiv) additive:

LiF: 62% (X=CI)
LiBr: 100% (X=Br)

Lil: 22% (X=Cl)

Scheme 95. Aromatic halogenations in the oxalyl chloride/DMSO system with external halides.
Reaction conditions: 51 (1.0 mmol), DMSO (1.1 mmol), oxalyl chloride (2.2 mmol), LiX (3.0
mmol), DCM (3 mL), RT, 2 h. The yields were determined by GC-FID with decane as the internal
standard.

MeO OMe
© o o LiBr Br O MeO OMe
é® + CI)J\”/CH —>_> S|® — SI® > \©:
Me”~ "Me o Me” "Me faster  \1e~=me Br
MeO OMe
\©/ ' slower
\
Me0\©:OMe
Cl

Scheme 96. Assumed mechanism for aromatic bromination by the addition of LiBr to the oxalyl
chloride/DMSO system.

5.2.2 Attempts towards oxidative fluorination

Although fluoride did not substitute chloride in S(IV)-CI species (Scheme 95), fluorination of
arenes by S(IV)-F species were further attempted. By the use of DMSO as an oxidant, several
fluorides and activators were tested, but no oxidative fluorination was observed in any combination

as illustrated in Scheme 97.

fluoride activator
KF,
MeO OMe O@ CsF, Ts,0 MeO OMe
+ S'@ + BFs, p+ or —XK—
Me” "~ "Me or TFAA F
51 TBAF

Scheme 97. Attempted oxidative fluorinations of arene 51 by using DMSO. Reaction conditions:
51 (1.0 mmol), DMSO (1.1 mmol), fluoride (3.0 mmol), activator (1.1 mmol), DCM (3 mL), RT, 2
h. The reaction mixtures were analyzed by *H and **F NMR.

In view of replacing O by F, the transformation of sulfoxides to S(IV)-F species is very similar
to deoxyfluorination of alcohols (See Section 1.2.10). Therefore, DAST and Deoxo-Fluor® were

employed to activate a sulfoxide for the attempt of fluorination of arene 51 (Scheme 98). A new
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signal at 10-13 ppm in the *F NMR spectrum of the corresponding reaction mixtures was detected,
although no fluorination of arene 51 could be detected.

_ _ MeO OMe
o® Et +13 ppm \©/51
|

8@ +FsSN, *™ | in "F NMR ™ No product
Ph” " "Ph Et DCM, -78 °C to RT 1 19
DAST L i ("H and "°F NMR)
_ _ MeO OMe
OMe
e _/ +10 ppm 51
| ® + F.S—N R i~ 19 |
S3 3 in "F NMR No product
Ph”~“Ph “—  DCM,-78°CtoRT| l ("H and '9F NMR)

OMe

Deoxo-Fluor®

Scheme 98. Activation of sulfoxides by deoxyfluorinating reagents for oxidative fluorination of
arene 51. Reaction conditions: diphenylsulfoxide (1.0 mmol), deoxyfluorinating reagent (1.0 mmol),
DCM (3 mL),-78 °C to RT, 2 h; then 51 (1.0 mmol), RT, 2 h. The reaction mixtures were analyzed
by H and **F NMR.

5.3 lodine-based oxidations

Apart from DMSO-based oxidations, an increasing number of oxidative fluorinations have been
reported,[*-341 including an interesting fluorination reaction reported by the group of Shibata
(Scheme 99a).B4é1 1 3-Dicarbonyl compounds were fluorinated at the a-position by using HF and
mCPBA, where aryl iodides were used as catalysts. This reaction is based on another report that
I(111)-F reagents fluorinate the same class of compounds (Scheme 99b).47:341 Thus, it is believed
that I(l) species, which are aryl iodides in this case, are converted to I(l111)—F species by HF and
mCPBA.

0O O Ar—I (15 mol%) o 0
M+ HF-pyridine + mCPBA - M . @
R OR (5 equiv) (3 equiv) DCE, 40 °C R I OR
P | .
L+ IOMe )
R OR ; DCM, 40 °C R OR
F

(1.1 equiv)

Scheme 99. (a) Arl-catalyzed a-fluorination of 1,3-dicarbonyl compounds.**! mCPBA=m-

Chloroperoxybenzoic acid. (b) a-Fluorination of 1,3-dicarbonyl compounds using p-iodotoluene
difluoride.l34l
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5.3.1 Redox reactions between organoiodine and organosulfur compounds

We attempted a similar oxidative fluorination by using the combination of a sulfoxide and TFAA
as an oxidant instead of mMCPBA (Scheme 100). However, no product was obtained regardless of

the used catalysts and activators.

0O O © O O o O

(0] pTol-1 (15 mol%)
. ‘g |® -
Ph)J\/U\OEt * HFepyridine + s +Fac)J\o)J\c > PhMOEt

~ F
Ph”""Ph % DCE, 40°C, 1h
(5 equiv) (1.3 equiv) (1.3 equiv) F

Scheme 100. Attempted Arl-catalyzed oxidative fluorination with a sulfoxide as an oxidant.
Reaction conditions: ethyl benzoylacetate (0.5 mmol), hydrogen fluoride-pyridine (2.5 mmol),
diphenylsulfoxide (0.65 mmol), TFAA (0.65 mmol), 4-iodotoluene (0.075 mmol), DCE (10 mL),
40 °C, 1 h. The reaction mixture was analyzed by 'H and **F NMR.

In order to examine the ability of a sulfoxide to oxidize an organoiodine catalyst, the experiments
illustrated in Scheme 101 were carried out. In one run, (bis(trifluoroacetoxy)iodo)benzene (60) and
dimethyl sulfide were mixed in MeCN-ds. In the other run, iodobenzene, DMSO and TFAA were
mixed in MeCN-ds. *H and °F NMR analyses of these mixtures showed identical spectra that
correspond to a mixture of TFAA-activated DMSO and iodobenzene. The results indicate that the

oxidizing power of activated sulfoxides is insufficient to oxidize I(l) species to I(I11) species.

identical mixture:

o)
| O (0]
| + /S\ _—— O\ /O

< > ' Me™ Me  MeCN-dj RT Y S \(

F3C Me” Me CF3

RN U G —
Ot O~
Me"SMe  FsC oJ\CF3 MeCN-ds, RT

Scheme 101. Experiments to examine the ability of a sulfoxide to oxidize an iodine catalyst.
Reaction conditions: 60 (0.2 mmol), dimethyl sulfide (0.2 mmol), MeCN-d3 (2 mL), RT, 1 h: or,
iodobenzene (0.2 mmol), DMSO (0.2 mmol), TFAA (0.2 mmol), MeCN-d3 (2 mL), RT, 1 h. The
reaction was analyzed by *H NMR.

5.3.2 Optimization towards facile oxidative trifluoromethylation

Since oxidation of organoiodine catalysts by DMSO seemed challenging, our interest was directed

to the analogous trifluoromethylation. In a similar method to the oxidative fluorination by I(111)-F

81



CHAPTER 5. EXPLORING DMSO-BASED OXIDATIVE FUNCTIONALIZATIONS

reagents (Scheme 99), Ar—I mediated oxidative trifluoromethylation using TMSCFs; and
stoichiometric 1(11l) oxidants has been reported (Scheme 102).B*! By combining the ideas
corresponding to Scheme 99 and Scheme 102, we focused on the Arl-catalyzed oxidative
trifluoromethylation with external oxidants (Scheme 103).

AgF (25 mol%)
Ar—H + TMSCF3; + Phl(OAc), > Ar—CF;
DMSO, RT, 20 h
(2 equiv) (2 equiv)

Scheme 102. Silver-catalyzed trifluoromethylation of arenes.4%

Ar—I (cat.)
Ar—H + TMSCF3; + mCPBA ————— Ar—CF;

Scheme 103. The idea of Arl-catalyzed oxidative trifluoromethylation.

Because mCPBA and DMSO reacted highly exothermically, we first carried out the
trifluoromethylation of arene 61 with TMSCF; and Phl(OAc). in MeCN, vyielding
trifluoromethylated product 62 in 99% yield (Scheme 104). However, the replacement of the I(111)
oxidant with mCPBA and catalytic Phl led to a low yield of the desired product (Scheme 105).

OMe OMe

AgF (25 mol%) CF
+ TMSCF; + PhI(OAc), - 3
MeCN, RT, overnight
MeO OMe MeO OMe

4 equiv 2 equiv
61 (4 equiv) (2 equiv) 62 99%

Scheme 104. Oxidative trifluoromethylation of arene 61 in MeCN. Reaction conditions: 61 (0.5
mmol), TMSCF; (2.0 mmol), Phl(OAc). (1.0 mmol), AgF (0.125 mmol), MeCN (3 mL), RT,
overnight. The yield was determined by *°F NMR with PhCF; as the internal standard.

mCPBA (1.3 equiv)

OMe Ph-I (15 mol%) OMe
AgF (25 mol%) CF
+ TMSCF, - 8
MeCN, RT, overnight
MeO OMe (4 equiv) MeO OMe
61 62 16%

Scheme 105. Oxidative trifluoromethylation with TMSCF; and mCPBA in the presence of catalytic
iodobenzene and AgF. Reaction conditions: 61 (0.5 mmol), TMSCF; (2.0 mmol), mCPBA (0.65
mmol), iodobenzene (0.075 mmol), AgF (0.125 mmol), MeCN (3 mL), RT, overnight. The yield
was determined by °F NMR with PhCF; as the internal standard.
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The trifluoromethylation reaction of arene 61 by TMSCF; and PhI(OAc). was carried out with
or without AgF because the role of AgF was not clear in the corresponding report (Scheme 106).5341
Unexpectedly, trifluoromethylated product 62 was produced in good yield in the absence of the

catalyst.

OMe OMe

AgF (0 or 15 mol%) CF
[ 5 + TMSCF; + Phl(OAc), > [ t[ 8
DMSO, RT, overnight
MeO OMe MeO OMe

61 (4 equiv) (2 equiv) 62

with AgF:85 % yield
without AgF: 74 % vyield

Scheme 106. Trifluoromethylation of arene 61 by TMSCF; and Phl(OAc). with or without AgF.
Reaction conditions: 61 (0.5 mmol), TMSCF; (2 mmol), PhI(OAc). (1 mmol), AgF (0 or 0.05
mmol), DMSO (3 mL), RT, overnight. The yields were determined by °F NMR with PhCF; as the
internal standard.

To obtain deeper insight into the reaction, reactions of two of each reactant/reagent were carried
out (Scheme 107). Arene 61 did not react with TMSCF; or Phl(OACc). alone. The mixture of
TMSCF; and Phl(OAc), generated new signals in *H and °F NMR spectra, although the

corresponding products could not be identified.®

OMe

+ TMSCF; ———» No reaction

DMSO-dg, RT
MeO OMe

61

OMe

+ Phl(OAc), ——— = No reaction

DMSO-dg, RT
MeO OMe

61
New signals in NMR:
TMSCF3 + Phl(OAc), ——— = "H: a mixutre of Phl(OAc), and Phl

DMSO-dg, RT  19F: weak singlet at -43 ppm

Scheme 107. Reactions between two of the reactant/reagents. Reaction conditions: 61 (0 or 0.5
mmol), TMSCF3 (0 or 2 mmol), Phl(OAc). (0 or 1 mmol), DMSO-d6 (3 mL), RT, overnight. The
reaction mixtures were analyzed by 'H and **F NMR.

5 The reaction of TMSCF3 and PhIX; have been studied. See; C. Xu, X. Song, J. Guo, S. Chen, J. Gao, J.
Jiang, F. Gao, Y. Li, M. Wang, Org. Lett. 2018, 20, 3933. They reported that the reaction mixture must be
cooled down in order to avoid quick degradation of Arl(CF3)X species.
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5.4 Conclusion

DMSO-based oxidative functionalizations of arenes were investigated. Although TMSX reagents,
except for TMSCI and TMSBr, did not activate DMSO, the combination of oxalyl chloride and
DMSO chlorinated an arene efficiently. It was also found that the addition of an external bromide
to the oxalyl chloride/DMSO system converts arenes to the corresponding aryl bromides. Apart
from DMSO-based reactions, oxidative trifluoromethylation of an arene with TMSCF; and
PhI(OACc); was studied. It was indicated that the reaction between TMSCF; and Phl(OAc). possibly

generates a reactive intermediate, which could not be identified.

A variety of reactions of TMSCF; and I(111) oxidants have been reported.° Acyclic 1(111)-CF3
compounds are usually considered to be less stable than cyclic I(111)-CF; compounds.[204351]
Therefore, in order to further understand trifluoromethylations, the study of reactive intermediates
occurring in such reactions by using cyclic I1(111)-CFs compounds should be useful. The study of

trifluoromethylation will be described in Chapter 6.
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CHAPTER 6. MECHANISTIC STUDY OF A COPPER-CATALYZED
TRIFLUOROMETHYLATION REACTION OF ARENES

6.1 Introduction

A trifluoromethylation reaction of an arene using our trifluoromethylating reagent 63 was
investigated and is reported in this chapter. The goal of this study was to possibly identify reactive
intermediates of the trifluoromethylation reaction that would contribute to the development of a

DMSO-based oxidative trifluoromethylation reaction (Chapter 5).

F,C—1—O
0

63

6.1.1 Reported trifluoromethylation reactions by using our trifluoromethylating reagents

A general overview of trifluoromethylation reactions is described in Section 1.6. Among
trifluoromethylation reactions by our reagents, Cu-catalyzed procedures constitute a significant
proportion.?%! The scope of reported nucleophiles includes silyl enol ethers,% enamines,2*
alkenes, 3533541 alkynes,?%! aryl boranes,*>%%¢1 alkynyl boranes,7 allyl silanes®®l and aryl
zincs.B* Cul is the most commonly used Cu(l) compound because of its availability and relative
redox stability.*%1 Different kinds of copper species also showed catalytic activity in
trifluoromethylation reactions; ionic species like [Cu(NCMe),]PFsl2%%3533%41 have been used as
stable Cu(l) sources as well as copper(l) thiophene-2-carboxylate (CuTC) and CuSCN.[E57361 Not
only Cu(l) species, but also Cu(ll) species such as CuCl; and Cu(TFA), have been used with our
trifluoromethylating reagents.** In some cases, both Cu(l) and Cu(ll) compounds catalyzed a

trifluoromethylation reaction under the same reaction conditions.[62

As for trifluoromethylation of arenes, our group reported a methyltrioxorhenium-catalyzed
trifluoromethylation of a variety of arenes (Scheme 108).%%%1 Other reports employed copper
catalysts, although they focused on trifluoromethylation of specific substrates such as N-

heteroarenes643%! and arenes with directing groups.66.3¢]

Me
F3C—I—O0 H ' CFs

-Re
@Ao R @ 07§ (10 moi%) @
R > R
CDCly, 70 °C

63

Scheme 108. Rhenium-catalyzed trifluoromethylation of arenes. =53]
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6.1.2 Mechanistic insights

Many mechanistic studies on Cu-catalyzed trifluoromethylation reactions have been reported
(Scheme 109a, b and c). They include the activation of the reagents by Cu(ll) Lewis acids,?**] the
CF; group transfer by Cu(lll)-CF; species® and reductive eliminations of Ar—Cu(lll)-CFs
species, 212214211 ag jlJustrated more in depth in Section 1.6.2. In addition, other general possibilities
must be considered. For example, an arene and the reagents may form an adduct or an intermediate
in the presence of copper catalysts (Scheme 109d). This will lead to the formation of Ar—I(111)-CF3
species, which may produce the corresponding trifluoromethylated arene by reductive

elimination.[368:369]

(a) Lewis-acid activation (b) CF3 group transfer
5+ o-

F3C—l-----0----Cu" FsC-Cu'" CE
Ot @O
o} _cd" H -n

(c) Reductive elimination from Cu(lll) (d) Reductive elimination of I(lll)
Ar-- H

Ar '
| FsC—i-----0 Cu
F3C—Cu”'—>C > F3C-Ar 3 [_], FoC—Ar

u o)

Scheme 109. Plausible mechanisms of Cu-catalyzed trifluoromethylation reactions. (a) Lewis-acid
activation of trifluoromethylating reagents by Cu(ll) species. (b) CFs group transfer to arenes via
radical mechanisms. (c¢) Reductive elimination of Ar—Cu(lll)-CF; species. (d) Reductive
elimination of Ar—I(111)-CF3 species.

6.2 Copper iodide-catalyzed reactions

6.2.1 Model reaction

Referring to related examples,243642671 Cyl and AgF were examined as catalysts for
trifluoromethylation of arenes by using reagent 63 (Scheme 110). Symmetric and electron-rich
arene 61 was trifluoromethylated successfully in the presence of Cul. Thus, the mechanistic study

of this model reaction commenced.
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OMe —— OMe
FsC—l 9 catalyst (10 mol%) CF
MeCN, 60 °C, overnight
MeO OMe MeO OMe
61 63 62 catalyst = Cul: 52%
(1.1 equiv) AgF: trace

none: 0%

Scheme 110. Trifluoromethylation of arene 61 by reagent 63. Reaction conditions: 61 (0.5 mmol),
63 (0.55 mmol), catalyst (0.05 mmol), MeCN (5 mL), 60 °C, overnight. The yields in the crude
mixtures were determined by *H NMR based on arene 61 with CH2Br; as the internal standard.

The Cul-catalyzed trifluoromethylation reaction was carried out in other solvents (Scheme 111).
DMSO and CHCI; yielded the desired product, although only DMSO formed a homogeneous
reaction mixture. Thus, DMSO was chosen as the solvent for further investigations. Pyridine,

acetone, diethylether and toluene did not give trifluoromethylated product 62.

OMe F.C—]—O OMe
3 Cul (10 mol%)
CF3
+ o——— >
solvent
MeO OMe 60 °C, overnight MeO OMe
61 63

. 62 solvent= DMSO: 64%
(1.1 equiv) CHCl3: 40%
Pyridine, Acetone, Et,O or Toluene: no product

Scheme 111. Solvent screening for Cul-catalyzed trifluoromethylation of arene 61 by reagent 63.
Reaction conditions: 61 (0.5 mmol), 63 (0.55 mmol), Cul (0.05 mmol), solvent (5 mL), 60 °C,
overnight. The yields in the crude mixtures were determined by *H NMR based on arene 61 with
CH.Br; as the internal standard.

6.2.2 Reactions between Cul and our trifluoromethylating reagent 63

Many researchers describe the generation of the trifluoromethyl radical (-CFs) by activating reagent
63 towards trifluoromethylation reactions.[2%5370.371 T test this idea, various quantities of Cul were
to be exposed to reagent 63, because -CF3; should be consumed for the oxidation of excess Cu(l)

species to Cu(ll) or Cu(lll) species (Scheme 112).

F;C—I—0O
Cul ArH
o —® *CF3; ——» F;C-Ar
ECuI
63 v
CUH’CFs

\I

Scheme 112. Proposed generation of -CFzand its trifluoromethylation reaction of arenes. However,
-CF3s may also oxidize Cul to generate Cu(ll) or Cu(lll) species.
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Trifluoromethylations of arene 61 by reagent 63 in the presence of 10-100 mol% of Cul were
carried out (Table 17). These experiments show that the more Cul was used, the less product was
obtained. Although the trend that high equivalents of Cul with respect to reagent 63 interferes with
the reaction was as expected, the stoichiometric relation was different from that in Scheme 112. If
Cul reacts with -CFs3, 2 equivalents of Cul should consume 1 equivalent of reagent 63. Interpolation
of the data in Table 17 shows that 0.6 equivalents of Cul and 1 equivalent of reagent 63 reacted.
Therefore, the generation of -CF; described in Scheme 112 is not very likely in our reaction. It also
should be noted that CFsl was detected by °F NMR at —9.7 ppm in concentrations correlating to
the amount of Cul used. Note that the quantification of CF3l here is limited by volatility, because

the boiling point of CF3l is —22.5 °C, thus losses cannot be excluded.

Table 17. Trifluoromethylation of arene 61 by reagent 63 with various quantities of Cul.®

OMe
FsC—I—0 OMe

Cul (x mol%) MeO OMe 61 CF,4
o) |
DMSO
MeO OMe

40 °C, overnight

1 .f?;quiv) 62
Yield (%)®
entry x (mol%) 5 CFil
1 10 59 9
2 40 30 36
3 70 0 60
4 100 0 60

[l Reaction conditions: 63 (0.33 mmol),
Cul (0.03-0.3 mmol), DMSO (3 mL), RT,
30 min; 61 (0.3 mmol), 40 °C, overnight.
bl Determined by '°F NMR analysis of the
reaction mixture based on arene 61 with
PhCF; as the internal standard.

To get a better picture of the reaction between Cul and reagent 63, simpler experiments without
arene 61 were carried out (Table 18). Reagent 63 and 10-90 mol% of Cul with respect to reagent
63 were mixed in DMSO, and the consumption of reagent 63 was determined by °F NMR. The
spectra were monitored until they became steady, which took overnight. The °F NMR signals for
CF3l and the unreacted part of reagent 63 were observed in the reaction mixtures. Additionally,
weak signals were detected between —26 and —37 ppm in the °F NMR spectra, which reportedly

correspond to CF;—Cu species.7 Yet, the total peak areas were smaller than the used amount of
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reagent 63. It is likely that Cu(I1)-CF; species were generated in the reaction mixtures, which are
known to be NMR inactive.?*?l Therefore, the missing parts of peak integrations should correspond
to Cu(I)-CFs species. Based on the peak area for the unreacted reagent 63 and their slope in the
chart, Cul seemed to consume 2 equivalents of reagent 63.

Table 18. Reactions between reagent 63 and Cul.l¥ The chart describes the yield of unreacted parts
of reagent 63 and CF;l.

F;C—I—O0 FsC—I—0
ot Cul ———7— o + CF3l + Cu-CFj species
(x mol%) DMSO (not identified)
40 °C, overnight
63 (unreacted part)
100
Yield 80 y = -1.99x + 98.04 63
oy ()
entry °
mol%) ————— £ 60 CF3l
(mol%) —53—Cral =
1 10 8 11 =% Linear
2 30 30 31 20 (€3)
3 50 0 45 0
4 70 0 55 0 20 Cul (x mol%)40 %
5 90 0 48

&l Reaction conditions: 63 (0.3 mmol), Cul (0.03-0.27 mmol), DMSO (3 mL), 40 °C, overnight.
I Determined by °F NMR analysis of the reaction mixture based on reagent 63 with PhCF; as
the internal standard.

In order to obtain more information about the reaction between Cul and reagent 63, between 0.5
and 2 equivalents of reagent 63 with respect to Cul were tested (Table 19). With 1.75 and 2
equivalents of reagent 63, a new species characterized by a *°F NMR signal at —30 ppm appeared
in the spectra. The signals for CFsl and reagent 63 were also detected. Other weak signals for Cu—
CF3 species were observed with lower equivalents of reagent 63. (They are not plotted in the chart.)
The chart shown in Table 19a is the data from the experiments at room temperature, but no large

difference was seen at 40 °C.

Table 19b shows a chart of the peak integrations of °F NMR signals after arene 61 was added
to the reaction mixtures. The signal at —30 ppm and the signal for reagent 63 disappeared, while the
signal for trifluoromethylated product 62 in around 10% yield was observed. Although these
experiments offer many data to interpret, it is important that CFsl was generated almost
proportionally to the used reagent 63 (orange points in the charts), and the signal at —30 ppm was

observed before arene 61 was added (green points in the chart).
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Table 19. Reactions between Cul and reagent 63, followed by the addition of arene 61.% The charts
describe the yield of observed components in *°F NMR spectra of the reaction mixtures.

OMe
—l— —l— MeO oM
P9 P + cry , e @ equis) e cr, © CFd .
Cul + o——————> 0 + Cu—CF; species ———— 3 + Cu—CFj; species
(1 equiv) DMSO, overnight (not identified) (not identified)
RT to 40 °C MeO OMe
63 (x equiv) (unreacted part) 62
(a) mixture of Cul and 63 (b) addition of 61
CF3l 63 -30 ppm CF3l o— G2
100 100
80 80
s 60 $ 60
© ©
g 40 £ 40
20 20
0 ) } —l 0
0 0.5 1 15 2 0 0.5 1 15 2
63/Cul (equiv) 63/Cul (equiv)
reagent 63 : .
g Observed at 2 equiv. Not detected.
(blue)
—30 ppm: .
(green) About 40 mol% at 1.75 and 2 equiv. Not detected.

(8l Reaction conditions: 63 (0.075-0.3 mmol), Cul (0.15 mmol), DMSO (3 mL), RT, overnight;
61 (0.3 mmol), RT, overnight. I Determined by *°*F NMR analysis of the reaction mixture based
on Cul with PhCF; as the internal standard.

Minor components observed by °F NMR might have been generated by the side reactions
between Cul and reagent 63. They are probably irrelevant to the formation of product 62, because
no changes in these signals were found by the addition of arene 61. In order to prevent these side
reactions, experiments were to be carried out at lower temperature in a different solvent, because
the freezing point of DMSO is 19 °C. DMF is similarly polar to DMSO, and its melting point is —
61 °C. Thus, reactions of Cul and reagent 63 were conducted in DMF at —40 °C where the mixture
formed homogenous solutions like in DMSO (Scheme 113). As intended, minor signals were not
detected in F NMR spectra, while they were detected when the reaction was carried out at 40 °C
in DMF.

In order to determine the stoichiometric relation between Cul and reagent 63, similar experiments
with excess of reagent 63 were conducted (Scheme 113b, X-axis is Cul/63 (mol%)). From the slope,
it was found that Cul consumed 1.5 equivalents of reagent 63. Also, an equimolar amount of CFsl
was detected with respect to Cul (Scheme 113b, orange). The peak area in *F NMR spectrum at —

30 ppm increased also proportionally to the used Cul (Scheme 113b, green).
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F;C—I—O F;C—I—O
Cul + o) - o + CF3l + Cu-CF; species
DMF, overnight (not identified)
-40 °C
63 (unreacted part)
(@ Cul used in excess (b) 63 used in excess
CF3l —e— 63
CF3| —@—63 —@—-30ppm )
=@ -30 pPpM  ceeeeeees Linear (63)
100 | 100
80 80 y =-1.57x + 98.78
L 60 S 60 >
o (]
€ 40 E 40
20 20
0 0 + +
0 1 15 2 0 20 40 60 80
63/Cul (equiv) Cul/63 (mol%)

Scheme 113. Cold reactions of Cul and reagent 63 in DMF. (a) Cul used in excess. (b) reagent 63
used in excess. Reaction conditions: 63 (0.075-0.3 mmol), Cul (0.015-0.09 mmol), DMF (3 mL),
—40 °C, overnight. Yields were determined by *°F NMR analysis of the reaction mixture with PhCF3
as the internal standard, based on (a) Cul or (b) reagent 63.

However, trifluoromethylation of arene 61 in DMF at 40 °C produced trifluoromethylated
product 62 in low yield while CHF3; was detected. CHF3 was not detected when the reactions were
carried out in DMSO or CHCI; (Scheme 111). This can be explained if CHF; is generated by
abstraction of active hydrogen atoms from the solvent molecule associated with Cu—CF3 species
(Scheme 114). The hydrogen atoms on DMF and CHCIs; are known to be easily abstracted
compared to those on DMSO, and CHCl; does not coordinate to copper species.® Therefore, the
use of DMF as a solvent should be avoided for the production of product 62. Yet, the data obtained
from the experiments at low temperatures are useful, because CHFs is not formed at —40 °C.

+; -
-§-C|tf\—LCF3 -§-C|u CFs
@) G—I = o H
\Y ®-
H)J\@*) HJL,(
Me Me

Scheme 114. Hydrogen abstraction from Cu-coordinating DMF.

6.2.3 Dinuclear copper complex

A crystalline material was obtained from the reaction mixtures of trifluoromethylation reactions.
X-ray analysis revealed its structure to be [Cux(OCOCgH4l)s -2DMSO] (64-2DMSO) (Figure 20).

A similar dinuclear structure is known for [Cuz(OAc)s-2H20] since 1953, where four acetate
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ligands are bridging the two Cu(ll) centers.?®®l An overview of dinuclear metal complexes is
described in Section 1.6.3. The apical positions of the obtained structure are occupied by DMSO,
and aromatic rings are tilted out of the carboxylate planes. One pair of aromatic rings is close to
coplanar with the carboxylate group, as indicated by the torsion angle 09-C1-C11-C13 of 31.4°.
The second pair, however, is almost perpendicular (the corresponding torsion angle is 73.5°).

Similar complexes were reported by the group of Sodeoka.?*!

Figure 20. ORTEP representation of 64-:2DMSO obtained from our reaction mixture. H atoms are
omitted for clarity. Thermal ellipsoids are set to 50% probability. Selected bond length (A) and
angles (°): Cul-Cu2 2.620(2), Cul-06 2.093(7), Cul-O7 1.973(8), Cu2-09 1.960(8), O7-C3-C5-
C9 -73.5(3), 09-C1-C11-C13 31.4(2).

The group of Sodeoka observed a *°F NMR signal at —-32 ppm in the mixture of Cul and reagent
63 in CD,Cl,.12*3 With other analyses such as ESI-MS of the mixtures of Cul and reagent 63, they
concluded that this signal at —32 ppm should correspond to an activated reagent by Cu(ll) species
(Scheme 115), shifted from the signal for pure reagent 63 at —35 ppm. This might be true also for
our case, since the species corresponding to the —30 ppm signal seemed to react with arene 61 giving
trifluoromethylated product 62 (Table 19b).

95



CHAPTER 6. MECHANISTIC STUDY OF A COPPER-CATALYZED
TRIFLUOROMETHYLATION REACTION OF ARENES

F3C_| """ (0]
F3C_I_O :\
O \
N 0
O+ A tuL == “culL
0 0
63
Ar/go

Scheme 115. Cu(ll) activation of reagent 63 suggested by the group of Sodeoka.?*?l

6.2.4 Tentative hypotheses

Drawing from the data so far, it is reasoned that 2 equivalents of Cul and 3 equivalents of reagent
63 react releasing 2 equivalents of CFsl, where the resultant Cu(ll) species bear CF3 groups and/or
carboxylates (Scheme 116). By this composition, the observations of the generation of CF3l and
the consumption of reagent 63 are reasonable. These Cu(ll) species can possibly activate reagent

63 as Lewis acids or form Cu(l11) species by further oxidations.

ol 63
_———
I fast O\
+ Cun;?Fs + Q—éb/cw'—ca, + 2 CFyl

|

Scheme 116. Reaction of 2 equivalents of Cul and 3 equivalents of reagent 63 toward possible
Cu(I) mixtures bearing CF3z groups and/or carboxylates.

It is reasonable to assume that CF3l is generated in a fast second step as shown in Scheme 116
because Scheme 113a shows a gradual generation of CFsl. First of all, the Cu—I bond is expected
to break when the oxidation state of Cu is +11 rather than +1, because Cu(ll)-I bond is known to be
weak compared to Cu(l)—I bond.B733741 Furthermore, if it occurs in the first step (Scheme 117a), all
the iodide from Cul should be used for the generation of CF3l by the addition of 1 equivalent of
reagent 63. Therefore, the generation of CFsl in this case would be saturated with 1 equivalent of
reagent 63 as drawn in the chart of Scheme 117a. Even though CFl is generated in the second step,
this step must be faster than the first one. The slow generation of CFsl in the second step (Scheme
117b) would lead to reaction with 0.5 equivalents of reagent 63 without the generation of CF;l,
followed by the addition of the other 1 equivalent of reagent 63 producing CFsl. Therefore, CFsl
should be generated in the fast second step (Scheme 117c) to explain the observations in Table 19
and Scheme 113.
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Scheme 117. Possible reaction patterns of Cul and reagent 63 and schematic representations of
expected yield of CFsl with respect to Cul depending on the stoichiometric ratio 63/Cul. Three
possibilities characterized by the reaction pattern and the relative rate of the two steps shown in
Scheme 116 are presented: (a) CFsl generates in the first step. (b) CF3l generates in the slow second
step. (c) CFsl generates in the fast second step.

6.3 Other copper catalysts

6.3.1 CuCl vs. CuCl,

CuCl and CuCl; were tested for the model trifluoromethylation reaction (Scheme 118). CuCl; did
not catalyze the reaction, but CuCl gave trifluoromethylated product 62 in 40% vyield. This was
surprising, as the literature showed that Cu(ll) species also activate the trifluoromethylating

reagents. 562

OMe FsC—I—O OMe

CuCl, (10 mol%) CF,
+ o—————>
DMSO
MeO OMe t MeO OMe

40 °C, overnigh
61 63 62 CuCl: 40%

(1.1 equiv) CuCly: 2%

Scheme 118. CuCl,-catalyzed trifluoromethylation of arene 61 by reagent 63. Reaction conditions:
61 (0.5 mmol), 63 (0.55 mmol), CuCl, (0.05 mmol), DMSO (10 mL), 40 °C, overnight. Yields were
determined by °F NMR analysis of the reaction mixture based on arene 61 with PhCF; as the
internal standard.
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Varying equivalents of CuCl were used to examine its effect on the reaction (Scheme 119). The
yield decreased as more CuCl was used, and CFsl was detected in trace amounts. It is likely that
the possible formation of CFsCl could not be detected by *°F NMR because the boiling point of
CFsCl is -81.5 °C.

OMe
P70 cucixmorw) MeOQOMe 61 ™
SR G 4
DMSO
40 °C, overnight MeO OMe
63 62 x=10: 64%

(1.1 equiv) x=40: 28%
x=70, 100: no product

Scheme 119. Trifluoromethylation of arene 61 by reagent 63 in the presence of CuCl. Reaction
conditions: 61 (0.3 mmol), 63 (0.33 mmol), CuCl (0.03-0.3 mmol), DMSO (3 mL), 40 °C,
overnight. Yields were determined by °F NMR analysis of the reaction mixture based on arene 61
with PhCF; as the internal standard.

Qualitative analyses of the reaction of CuCl, and reagent 63, without arene 61, are summarized
in Scheme 120. Similar products were detected with either of the CuCl, precursors. It is important
to note that C,Fs and trifluoromethyl iodobenzoate were not detected in the reaction mixtures, and
their absence is a positive indication to exclude the involvement of -CF; (Scheme 121). If the
activation of reagent 63 leads to the generation of -CF; without intended nucleophiles, which would
be arene 61 in our case, the free radical should react with other components. C.Fg can be produced
by recombination of -CF3 or reaction with another molecule of reagent 63. The reaction of reagent
63 and -CF; may produce trifluoromethyl 2-iodobenzoate,® which also could be formed by radical
recombination of -CF3 and the carboxyl radical generated from the homolysis. Copper precursors
may react with -CFs3, although this is unlikely as it has been already examined in Section 6.2.2.

19F NMR GC-MS (gas) GC-MS (solution)
FsC—I—0 CF; OH Cl OH | OH
CuCl or CuCl, + o—————*»
(1 equiv.) @A DMSO CF3l CF,Cl @/KO @/KO @/KO
40°C,2h
63 or regioisomers

Scheme 120. Qualitative analyses of the reaction of CuCl, and reagent 63. Reaction conditions: 63
(0.5 mmol), CuCl, (0.5 mmol), DMSO (3 mL), 40 °C, 2 h.

& This compound is also the product of an isomerization of reagent 63 by reductive elimination, which has
never been observed because of high activation barrier. See computational studies: T.-Y. Sun, X. Wang, H.
Geng, Y. Xie, Y.-D. Wu, X. Zhang, H. F. Schaefer 111, Chem. Commun. 2016, 52, 5371: H. Jiang, T.-Y. Sun,
Y. Chen, X. Zhang, Y.-D. Wu, Y. Xie, H. F. Schaefer, Chem. Commun. 2019, 55, 5667.
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- CF,4
— F3C-CFj
F3C_|_O
(Cul._ Q"1 "OFs °
O

—_— . CF3 I L
homolysis

. L Q I o
Nu-H | —He! @/‘Lo-
E Ej/u\o—cF3
- —F =
Nu—CF; | The other fragment

from the homolysis

in the presence of nucleophiles

Scheme 121. Expected products that the reactions with -CFs would produce in the absence of
nucleophiles.

Liquid-phase GC-MS analyses of the reaction mixtures (Scheme 120) detected derivatives of
iodobenzoic acid in which iodine was displaced by CF; or Cl. The formation of these products
indicates that a 63—CuCl adduct was generated, followed by different reductive eliminations to
generate the observed products (Scheme 122). “CuCl1” in 63—-CuCl species herein is not limited to
Cu(l)Cl but it also can be Cu(ll) species bearing chloride. Aromatic ring, CFz and Cl are coordinated
to I(111) center, and three different patterns of reductive elimination of this adduct are possible. For
example, if I-Cl and I-CF; bonds are broken, CFsCIl and I-Ar species are produced as indicated in
red in the scheme.

| OH

CF4Cl + ©/§o

. C,\p,af F3CVCI Cl OH

8 o) | CFRa+ @o
Ar

63-CuCl adduct CF30H
ICI +
(not confirmed)

Scheme 122. Reductive eliminations of 63—CuCl adduct.

Reactions of various equivalents of CuCl, and reagent 63 were carried out to find out the reason
that CuCl; was catalytically inactive (Table 20). CuCl, consumed 1 equivalent of reagent 63, and
no F NMR signals in Cu-CF; region were found in these experiments. Considering that CF;Cl
was generated in the mixture of CuCl, and reagent 63, the rest of the components may form complex
such as [Cu(Il)CIOCOAr]. (65) (Scheme 123). This type of compound is known to form square
planar dinuclear complexes.™!
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Table 20. Reactions of CuCl, and reagent 63.1 The chart describes the yield of unreacted parts of
reagent 63.

FsC—l—0 F,C—I—0

o+ CuCly, —— 0 *+ Cu—CF; species
(x mol%) DMSO (not identified)

40 °C, overnight
63

Vil g
MY (mole) 63 (%W)H g

1 10 83 £ 60
2 30 60 £40
3 50 40 @ 20
0
4 70 22 0 20 40 60 80 100
5 90 3 CuCl,/63 (mol%)

(81 Reaction conditions: 63 (0.3 mmol), CuCl; (0.03-0.27 mmol), DMSO (3 mL),
40 °C, overnight. P! Determined by F NMR analysis of the reaction mixture
based on reagent 63 with PhCF; as the internal standard.

F3C—I—0

: orzeie— e (YOl }@
_2CF4Cl

63 |

Scheme 123. Assumed generation of square planar dinuclear complex 65.

6.3.2 Other copper precursors

CUuCN, CuBr, CuBr; and CuF;, were examined as precatalysts for the model trifluoromethylation

reaction (Table 21). Cu(l) compounds (CuCN and CuBr) promoted the reaction (entries 1-2),

although CuBr; and CuF.-2H,0 showed poor activity (entries 3-4).

Table 21. Screening of copper precursors for trifluoromethylation of arene 61.[

OMe

FsC—I—O OMe
3 ©/§O [Cu] (10 mol%) _ MeOQOMe 61‘ /@ECF3
DMSO
63 40 °C, overnight MeO 62 OMe
(1.1 equiv)
entry [Cu] Yield (%)
1 CuCN 55
2 CuBr 79
3 CuBr; 4
4 CuF2-2H.,0 6

8 Reaction conditions: 63 (0.33 mmol), [Cu] (0.03 mmol),
DMSO (3 mL), 40°C, 4 h; 61 (0.3 mmol), 40 °C, overnight.
bI Determined by °F NMR analysis of the reaction mixture
based on arene 61 with PhCFs; as the internal standard.
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In order to determine the stoichiometry of the reaction of CUCN and reagent 63, experiments
with different ratios of CUCN and reagent 63 were carried out (Scheme 124). The observed slope
in Scheme 124 is 1.5, meaning that 2 equivalents of CUCN consumed 3 equivalents of 63, similarly
to Cul. CF;CN was detected in smaller amounts than CF3l from Cul, possibly because CFsCN is

volatile with a boiling point of —64 °C.

F;C—1—O F;C—I—O
CuCN + o o+ CF3CN + Cu-CF; species
(x mol%) DMF, overnight (not identified)
-40 °C
63 (unreacted part)
100
80 y =-1.45x + 100.82
63
60
O\O
3 40 CF3CN
S
20
0
0 20 40 60 80
CuCN/67 (mol%)

Scheme 124. Reactions between reagent 63 and CUCN. The chart describes the yield of unreacted
parts of reagent 63. Reaction conditions: 63 (0.15 mmol), CuCN (0.015-0.105 mmol), DMF (10
mL), —40 °C, overnight. Yields were determined by °F NMR analysis of the reaction mixture based
on reagent 63 with PhCF; as the internal standard.

6.3.3 Copper carboxylates

Crystallographically characterized dinuclear complex 64-2DMSO (Figure 20) was used for the
model trifluoromethylation (Scheme 125). However, the yield was lower than with Cul, and CHF3
was detected in 35%. A solid material (66) obtained from the reaction of copper(ll) hydroxide
carbonate (Cu.CO3(OH),) and 2-iodobenzoic acid’ was also tested, but reagent 63 was fully
recovered.

i JLO i oM
e
©/N\O,CU_O
P 2 /©\ OMe
(25 mol%) 64 or 66 MeQ™ ™~ 'OMe or,
0 . _ i
DMSO0, 40 °C e -,

63 62

(1.1 equiv) 64 (isolated crystalline): 20% yield of 62 with CHF 3 (35%)
66 (separately synthesized): no conversion of 63

Scheme 125. Trifluoromethylation of arene 61 by reagent 63 with copper complex 64 or 66 as
catalysts. Reaction conditions: 63 (0.33 mmol), 64 or 66 (0.075 mmol), DMSO (3 mL), 40 °C, 4 h;
61 (0.3 mmol), 40 °C, overnight. Determined by °F NMR analysis of the reaction mixture based
on arene 61 with PhCFs; as the internal standard.

" The chemical composition was confirmed to be the same as complex 64 by elemental analysis.
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Similarly to copper carboxylate 66, Cu(OAc).-H.O did not catalyze the reaction at 40 °C
(Scheme 126). However, it produced trifluoromethylated product 62 in high yield when the reaction
mixtures were heated at 60 °C. Interestingly, when 50 mol% of Cu(OAc).-H.O was used, the yield
remained high. This is different from the behavior of Cul, meaning that Cu(OAc).-H.0 itself does
not consume reagent 63. These comparisons indicate that a part of reagent 63 was consumed to

oxidize Cu(l) species, and thus, the possibility that Cu(l) is the active catalyst may be excluded.

OMe
FsC—I—O0 OMe
’ Cu(OAc)*H20 (x mol%)  MeO™*"OMe 61 CF,
0] - !
DMSO, 40 °C, 4 h 40°Cto60°C
MeO OMe

63 62 x=10: 97%
(1.1 equiv) x=50: 96%

Scheme 126. Cu(OAc),-catalyzed trifluoromethylation of arene 61 by reagent 63. Reaction
conditions: 63 (0.33 mmol), Cu(OAc)2-H-0 (0.03 mmol), DMSO (3 mL), 40 °C, 4 h; 61 (0.3 mmol),
40 °C, overnight. Determined by °F NMR analysis of the reaction mixture based on arene 61 with
PhCF; as the internal standard.

Having found that Cu(OAc).-H.0 required higher temperature for the trifluoromethylation, other
Cu(Il) compounds were tested at elevated temperatures (Table 22). Copper carboxylate 66 required

80 °C to promote the trifluoromethylation reaction (entry 2). This difference may be attributed to

Table 22. Catalyst screening for trifluoromethylation of arene 61 at elevated temperature.

OMe FsC—l— OMe

O
catalyst (10 mol%)‘ CF,
+ O L
DMSO
MeO OMe OMe

40 > 60 »80°C MeO

61 . 63 . overnight 62
(2 equiv) (1 equiv)
Yield (%)®!
entry catalyst 20°C 80°C 80°C
1 Cu(OAcC)2-H.0 3 87 -[c]
2 66 (5 mol%) 1 10 84
3 CuF,-2H,0 10 86 -[e]
4 CuCl; 8 62 -[c]
5 CuBr; 8 64 -[c]

8l Reaction conditions: 63 (0.3 mmol), catalyst (0.03 mmol),
DMSO (3 mL), 40 °C, 4 h; 61 (0.6 mmol), 40 °C, overnight.

[T Determined by °F NMR analysis of the reaction mixture based
on reagent 63 with PhCF; as the internal standard. ! Reagent 63
was consumed at 60 °C.
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the different acidity of the corresponding conjugated acids (pKa(HOACc)=4.7,
pKa(HOCOCsH41)=2.8, in H,0),E™ indicating that ligand dissociation may be involved in the
reaction mechanism as illustrated in Scheme 127. One of the bidentate carboxylates dissociates to
generate free coordination site, such that another molecule of reagent 63 may coordinate for
activation towards trifluoromethylation. In addition to copper carboxylates, Cu(ll) halides also

catalyzed the reaction at 60 °C (entries 3-5).

‘ 5 [ O FsC-1—0 | .9
o r i, , Ar o O, X\ Ar
R T Ar /Ul S TR
Ar\( e \OO ' (;O/ 3 O2CAr 63 A O’O/ 3 ~O2CAr
o)} ™ ", Y i, o
/< """" Cu_ /32 /< “Cu /( "Cu
~ Ar 4 T~ ~~
Ar 0/ ‘ o Ar 0/ ‘ - Ar / ‘ 0
L O—I—CF;

Scheme 127. Ligand dissociation of complex 64 and coordination of reagent 63. (L1 stands for an
empty coordination site.)

Under these reaction conditions, reactions of copper(ll) halides and reagent 63 may form
complexes such as [CuXOCOAr]; as illustrated in Scheme 123. These species could react with
another equivalent of reagent 63 at 60 °C giving a catalytically active species (Scheme 128), which
is similar to the one described in Scheme 127. However, it should not form [Cu,(OCOAr)4] because

the required temperatures were higher for complex 66 (Table 22, entry 2).

o) o, O 0O ¢

ZZANARNIAN 63 N NN o) 63 o

< /Cu‘ /Cu” > —_— /Cu” /Cu” > — SZ,’

| N N A N % ; Cu “Cu

(¢} X ¢} [¢] X ¢} X, —~ - CF3X -~
| - CF3X | a0 ‘ : a0 | °

L
[CuXOCOAr], Active catalyst

Scheme 128. Plausible reactions of [CuXOCOAr);] with reagent 63 to generate the active catalyst.

The most plausible hypothesis as to the catalytically active species is that this corresponds to
complexes of the type [Cu(l1)2X(OCOAr)s] where X is CFs, halide or monodentate carboxylate
(Scheme 130). The pathways from Cul, CuCl, and Cu(OAc), are described in discussions
corresponding to Scheme 116, Scheme 129 and Scheme 127, respectively. The different pathways
of formation of these complexes, depending on the precursor, may explain the different required
reaction temperature for trifluoromethylation of arene 61. Another molecule of reagent 63 may

coordinate to this intermediate for the activation towards trifluoromethylation reaction.
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Scheme 130. Generations of the hypothesized active catalyst from Cul, CuCl, or Cu(OACc).. L is
coordinating solvent molecule.

6.4 Supporting the hypothesis

6.4.1 Magnetic susceptibility measurement

According to the literature, dinuclear copper carboxylate complexes show lower magnetic
susceptibility than mononuclear ones.F’7*71 Thus, the magnetic susceptibility of the reaction
mixture was compared to that of isolated dinuclear complex 64-2DMSO, [Cu(OAc).-H:0]: as a
reference for a dinuclear complex, and CuBr as a reference for a mononuclear complex. The results
are shown in Table 23. The magnetic susceptibility of the reaction mixture was close to that of the
dinuclear complexes (entries 1-3), and much lower than that of CuBr; (entry 4). These data indicate
that the majority of the copper species in trifluoromethylation reaction mixtures exist as dinuclear

complexes.
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Table 23. Magnetic susceptibility measurement.

Magnetic
entry [Cu] solvent susceptibility
(B.M.)
1 Reaction mixturel® DMSO-d6 1.74
2 64-2DMSO DMSO-d6 1.64
3 [Cu(OAC)2-H20]. DMSO-d6 1.50
4 CuBr, DMSO-d6 2.16

&l Reaction conditions: 63 (0.075 mmol), Cul (0.05 mmol), DMSO-
dé (2 mL), RT, overnight.

6.4.2 Other spectroscopic analyses

EPR measurements were carried out to characterize the active catalyst in a reaction mixture of Cul
and reagent 63 by comparing it with copper carboxylate 66. However, the signals were too weak to
allow a reliable characterization (Figure 21). It has been reported that the signal intensities of
antiferromagnetically-coupled copper(1l) centers such as in [Cu(OAc).-H20]. are typically not
observable due to a large axial zero-field splitting parameter.[?6738 These data agree with the

formation of dinuclear complexes.

0.4
0.2
0 P N T .

> 2500 3000 3500 Reaction
% -0. mixture
c
© 66
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B (G)

Figure 21. EPR spectra of the reaction mixture of Cul and reagent 63 (blue) and copper carboxylate
66 (red).

UV-VIS spectroscopy was used to compare the dimer/monomer ratio in a mixture of Cul and
reagent 63 to copper carboxylate 66 (Figure 22). A peak at 370 nm reportedly should be
characteristic for a dinuclear structure.81 Although the main peak was identical at 733 nm,

unfortunately the absorption by aryl groups overlapped with peaks around 370 nm.
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UV-VIS measurement
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<
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Figure 22. UV-VIS spectra of the reaction mixture of Cul and reagent 63 (blue) and copper
carboxylate 66 (red).

6.4.3 Tricarboxylato complexes

Tricarboxylato complexes were to be synthesized to support the idea that three carboxylate ligands
are involved in the active catalyst. Thus, ligand 67—Hs; was designed, and its retrosynthetic analysis
is shown in Scheme 131.

Transmetalation Ring-opening Oxidation
CO,R
o Qémé@& :Oé S
Commercially Commercially
available available

Scheme 131. Retrosynthesis of tricarboxylic acid 67—Hs by 4 steps from isochroman.

Procedures starting from isochroman gave the desired bromide (69) as shown in Scheme 132.
However, the subsequently envisaged borylation of bromide 69 was not successful. The
conversions were low at room temperature under several conditions, and high temperature

promoted cyclization giving back compound 68.

0 B,pin, (1.5 equiv) 0}

TBHP (3 equiv) Q PBr3 (1.1 equiv) Cul (10 mol%)
o CuCl (10 mol%) o Bra (1.2 equiv) OEt  PPh; (13 mol%) OEt
—_ —
©© tBuOH, air, DCE, RT, overnight EtOH gr DMF, RT or 60 °C Bpin
50 °C, overnight 68 67% yield 69 overnight

70% yield

Scheme 132. Oxidation, bromination and borylation toward tricarboxylic acid 67—Hs. Reaction
conditions for oxidation: isochroman (20 mmol), tert-butyl hydroperoxide in decane (60mmol, 5.5
M), CuClI (1 mmol), tBuOH (200 mL), 50 °C, under air, overnight. Bromination: 68 (12 mmol),
PBrsz (13.2 mmol), Br, (14.4 mmol), 1,2-dichloroethane (DCE) (24 mL), RT, overnight; EtOH (12
mmol), RT, 1 h. Borylation: 69 (2 mmol), Bpin, (3 mmol), Cul (0.2 mmol), PPh;z (0.3 mmaol),
LiOMe (4 mmol), DMF (8 mL), RT, overnight.
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Therefore, the target molecule was modified, such that the three benzoic acid moieties are linked
through —OCH>— bridges (Scheme 133). This might affect the electron density on the central
carboxylate, but it increases the flexibility of the chains.

CO,H HO,C

CO,R o
. COH(™ — HO OH , 5 OR
O O
X
Commercially Commercially
70-H, available available

Scheme 133. Retrosynthesis of tricarboxylic acid 70—Ha.

The etherification was carried out at room temperature and provided ester 71 in 99% yield
(Scheme 134). Solvent choice for the saponification had an influence on the conversion, and the

1,4-dioxane/H,0 mixed solvent led to a high yield of tricarboxylic acid 70-Hs.

COoH
\©/ OMe KZCO3 (3 equiv) OMe yon (3 equiv)
Br DMF RT 1,4-Dioxane/H,0, 100 C

99% vyield 99% yield

Scheme 134. Etherification and saponification for the synthesis of tricarboxylic acid 70-Hsa.
Reaction conditions for etherification: 2,6-dihydroxybenzoic acid (6 mmol), methyl 2-
bromomethylbenzoate (19.2 mmol), K,CO3 (28.8 mmol), RT, overnight. Saponification: 71 (3.5
mmol), KOH (30 mmol), 1,4-dioxane (8 mL), water (7 mL), 100 °C, overnight.

However, complexation experiments with ligand 70-Hs were not successful. Various
combinations of copper precursors, solvents and additives were tested, but only a poorly soluble
green powdery material could be obtained (Scheme 135). We reasoned that the product might be a
polymer. The results of corresponding elemental analyses are close to the value for the composition
Cux(70)(OACc) (Table 24).8

8 The calculated values for the concerned compositions are listed in the experimental part (Section 8.6.10).
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\5/ OH [Cu] additive
solvent RT
70-H;

Conditions

[Cu]: Cu(OAc),°H,0, CuCly, [Cu(DMSO)g](BF4),

solvent (0.01 M): DMSO, THF, water, MeCN, DCM, MeOH, 1,4-dioxane, xylene
additive: NaH, KOH, KOAc, benzoic acid

a possible polymeric structure

L

Scheme 135. Attempts of the complexation of Cuz(70)(OAc).

Table 24. Results of elemental analyses and the calculated value for Cuz(70)(OACc)(DMSO)g 2.

Measured Calculated for Cuz(70)(OACc)(DMSO)o.23
Element (wt%) Element (wt%)

Cu 21.80 Cu 20.39

C 49.69 C 49.04

H 3.66 H 3.11

0] 23.57 o) 26.28

S 1.28 S 1.18

6.5 Examination of reaction pathway

The experiments carried out so far indicate that Cul needs to react with reagent 63 first. Several
reaction patterns of Cul and reagent 63 are possible as described in Scheme 136. One is the
generation of Cu(lll) species a-l1 (Scheme 136a), since electrophilic trifluoromethylations by
Cu(l11)-CF3 species have been reported.®¥? This possibility will be discussed in the following
Section 6.5.1. Another is Lewis-acid activation of reagent 63 (Scheme 136b), where the oxidation
state of copper species may be +IlI or +lIl. The data shown thus far support this pathway. An
activated reagent (b-1) may directly serve as an electrophilic trifluoromethylating species (red
arrow). Alternatively, the nucleophilic arene replaces the carboxylate on the I(l11) center to form
intermediate b-11 (blue arrow), followed by reductive elimination to yield product 62. This
possibility will be examined in Section 6.5.2. The other possibility is ligand exchange between
Cu(l)—X and reagent 63 to give a mixture of c-1 and Cu(l)CFs (Scheme 136¢), which will be
elaborated in Section 6.5.3. Single electron transfer (SET) between c-1 and arene 61 may generate
cation radical c-11 (Scheme 136c¢l), which combines with Cu(l)CFz followed by hydrogen
abstraction to give product 62. Alternatively, arene 61 can substitute the halide of c-1 to form c-1V

(Scheme 136¢2), which undergoes nucleophilic attack by Cu(l)CFs to give product 62.
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(a) cu chemistry
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Scheme 136. Possible mechanisms following the reaction between Cul and reagent 63.

6.5.1 Electrophilic trifluoromethylations by Cu(l11)-CF; species

Trifluoromethylation of arene 61 by Cu(l11)-CF3 species is discussed herein. The possibility of the
generation of Cu(l1l) species is low because the magnetic susceptibility measurement does not agree
with their involvement (Section 6.4.1).° Nevertheless, Cu(l11)-CFs species 72 was prepared

according to a report on a trifluoromethylation reaction of organoboranes (Scheme 137).13%

1Y cr
3 B(OH CF
=N_| (OH) KF (1 equiv) 3
“Cu—CFy + - -
=N R DMF, RT R
\  CFs

Scheme 137. Trifluoromethylation of organoboranes by Cu(l11)-CFs species 72.38

Reactions of reagent 72 with arene 61 were tested under similar conditions to the report (Scheme
138). However, conversions of arene 61 and reagent 72 were low. No improvement was observed
with addition of bases (K>COs; or NEts, 1.2 equivalents) and heating to 60 °C.

® The magnetic susceptibility of Cu(lll) species should be 0 (d8, low-spin) or about 2.8 B.M. (high-spin)
depending on the geometry.
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1 N OMe
=N /@\ (1 equw) CF3
Cu CFs +
=N Me DMF RT MeO OMe
L/ 2CF3 1 (2 equiv) 62 13%

Scheme 138. Reaction of reagent 72 and arene 61. Reaction conditions: 61 (0.6 mmol), 72 (0.3
mmol), KF (0.3 mmol), DMF (3 mL), RT, overnight. Yields were determined by *F NMR analysis
of the reaction mixture based on reagent 72 with PhCF; as the internal standard.

Bipyridine 73 is often used to stabilize copper complexes, and such complexes are also used for
trifluoromethylation reactions. 283561 However, it also means that such a ligand lowers the reactivity
of the corresponding copper species. In fact, when bipyridine 73 was added to the Cul-catalyzed
trifluoromethylation reaction of arene 61, the reaction was inhibited (Scheme 139). The role of
ligand 73 was examined by changing the addition order (Scheme 140). In Scheme 139, Cul and
ligand 73 were mixed first, followed by arene 61 and reagent 63. On the other hand, when ligand
73 was added to the mixture of Cul and reagent 63 (Scheme 140), product 62 was obtained in 26%
yield. This result indicates that the formation of Cul-73 complexes inhibits the generation of the
active catalyst. CFsl was detected in equivalent amounts as the used Cul in both cases, meaning
that the reaction of Cul-73 and reagent 63 may generate CUOCOAr-73 and CF3l (Scheme 141).

OMe —
Q F5C-l oO OMe
-N N-Z  e1(1equiv) 63 (1.1equiv)
Cul (10 mol%) + 73 - » CF;l MeO OMe
(10 mol%) DMSO 62
60 °C, overnight not detected

Scheme 139. Addition of bipyridine 73 to Cul-catalyzed trifluoromehylation of arene 61. Reaction
conditions: Cul (0.05 mmol), 73 (0.05 mmol), 61 (0.5 mmol), DMSO (10 mL), 60 °C, 2 h; 63 (0.55
mmol), 60 °C, overnight. The reaction mixture was analyzed by *°F NMR.

FsC—I—0O =N_N O OMe

73 MeO OMe CE
©/§O Cul (10 mol%) (10 mol%) 61(1 equiv) /@: 3
DMSO MeO OMe

63(1 equiv) 40°C,2h 62 26%

Scheme 140. Addition of bipyridine 73 in a different order. Reaction conditions: Cul (0.03 mmol),
63 (0.3 mmol), DMSO (3 mL), 40 °C, 2 h; 73 (0.03 mmol), 40 °C, 2 h; 61 (0.3 mmol), 40 °C,
overnight. Yield was determined by °F NMR analysis of the reaction mixture based on arene 61
with PhCF; as the internal standard.
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N
/Cu—OCOAr

Scheme 141. The formation of non-productive Cul-73 and CuUOCOAr-73.

6.5.2 The formation of Diaryl-A3-iodanes and their reactivity

It has been reported that Ar—I(I11) species and nucleophilic CFs compounds react in the presence of
copper catalysts to produce the corresponding Ar—CF3 products (Scheme 142).2%4 Therefore, to
examine the reactivity of possible I(111) intermediates (b-11 and c-1V in Scheme 136), an Ar-I(l11)

compound was prepared and investigated.

Cul (10 mol%)

Mes—|—OTf PPhs (10 mol%)  CFs3
+ TMSCF, KF (1 equiv)
R (2€9uV) pumE 65 °C R
(1 equiv)

Scheme 142. Cu-catalyzed synthesis of trifluoromethylated arenes from di(hetero)aryl-A3-
iodanes. 384

The known Ar—I(I1l) compound 74 was exposed to TMSCF; and catalytic Cul, but only
undesired product 75 was obtained (Scheme 143). Although this data alone cannot exclude the
possibility of the formation of Ar—I(111) intermediate in the Cul-catalyzed trifluoromethylation, the
generation of Ar—I(I) product 75 seems to be favored in this pathway, which was not detected in

the Cul-catalyzed trifluoromethylation.

OMe
Meo—Q—l—o Cul (10 mol%) OMe
o O>/’_CF3 + TMscr, Fea) e |
¢ (1.1 equiv) yiecn, 60 °C

74 (1 equiv) 75
(not quantified)

OMe

Scheme 143. Reaction of Ar—I(111) compound 74 and TMSCF; in the presence of Cul. Reaction
conditions: 74 (0.5 mmol), TMSCF; (0.55 mmol), Cul (0.05 mmol), MeCN (5 mL), 60 °C,
overnight. The reaction mixture was analyzed by *H NMR.
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6.5.3 Examination of ligand exchange by the use of fluorinated trifluoromethylating reagents

In order to test the possibility depicted in Scheme 136¢, fluorinated CFs—I(ll1l) reagents were
synthesized. A possible ligand exchange between Cu—X and CFs—I(111) can be monitored by the 1°F
NMR signal of the newly introduced fluorine atom into the trifluoromethylating reagent (Scheme
144). Although fluorinated reagent 76 could be prepared, it turned out to be unstable, and an
unidentified impurity was detected in increasing amounts over time by *H NMR. The reaction
mixture of reagent 76 and CuCl showed only a weak signal at —27 ppm in *F NMR spectrum
(CF3Cl), but the signals for Cu(l)-CFz and Ar—F compounds were not observed (Scheme 145).132
These data indicate that ligand exchange did not occur to any significant extent. Instead, missing
1F NMR signals for CF3 groups indicate redox reactions between reagent 76 and CuCl producing
Cu(Il) or high-spin Cu(l11) species bearing the CF3 groups. The missing °F NMR signals for Ar—F
would imply coordination of 2-fluoro-6-iodobenzoic acid to paramagnetic copper(ll) species.

F3;C—I—0O X—I—0

O + CuX

O + Cu-CF;

F F

Scheme 144. Possible ligand exchange between a fluorinated reagent and Cu—X.

F3C—|—O
+
(e} (1CeuCl>JIiv) —— no Ar—F '%F NMR signals
E q DMSO, RT
76 (1 equiv)

Scheme 145. Experiment for ligand exchange between reagent 76 and CuCl. Reaction conditions:
76 (0.3 mmol), Cul (0.3 mmol), DMSO (6 mL), RT, overnight. The reaction mixture was analyzed
by 1°F NMR.

Another fluorinated isomeric reagent 77 was synthesized and found to be bench-stable. It was
employed for the Cul-catalyzed trifluoromethylation reaction (Scheme 146). In the pretreatment
with Cul, the signal for reagent 77 (Ar-F, —111.5 ppm) and another signal at —114.5 ppm were
observed in the °F NMR spectrum. This —114.5 ppm signal was close to the Ar—F signal of the
corresponding 5-fluoro-2-iodobenzoic acid that appears at —115.0 ppm. After the addition of arene
61, only this —114.5 ppm signal was found in this region, but its integration corresponded to 60%
of the amount of reagent 77 used. To examine the possibility of a fast ligand exchange of Cu-
OCOAr that may cause reduced integrations, this reaction mixture was analyzed by °F NMR at

lower temperature (Scheme 146b). In addition to a peak shift of these Ar—F signals, a broad peak
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was separated from the main Ar—F peak, although the total peak area did not increase. Then, HCI
was added to the reaction mixture to prompt the release of the carboxylic acid from paramagnetic
Cu(ll) species. The color change of the reaction mixture (green to yellow) and gas generation were
observed. In the °F NMR spectrum, another Ar—F signal appeared at —113.8 ppm (Scheme 146¢)
and the total integration increased to 91% of reagent 77 used. The —113.8 ppm signal was likely
generated by a different reductive elimination of I(111) species as illustrated in Scheme 122 in
Section 6.3.1 to generate I-displaced carboxylic acid. Cl or CF; could have displaced the iodine
(Scheme 146d), although the corresponding Ar—CF3 signal for 2-trifluoromethyl-5-fluorobenzoic

acid was not found. Thus, the signal may indicate the generation of 2-chloro-5-fluorobenzoic acid.

(a) Trifluoromethylation of arene 61 by reagent 77.

Me
F;C—1—O
MeO OMe OMe
O cul (10 mol%) 61 (2 equiv)
DMF, RT
MeO OMe
77 (1 equiv) 62
(b) *F NMR of the reaction mixture. (c) Change in *°®F NMR by HCI addition.

After HCI addition
63%)

Before
HCI addition
(60%

After HCI addition
28%, -113.8 ppm

114.80 -114.90 -115.00 -115.10 -113.60 -113.70 -113.80 -113.90 -114.00 -114,10 -114.20 -114.30 -114.40 -114.50 -114.60
(ppm) f1 (ppm)

-114.40 -114.50 711‘.1‘60 -114.70
1

(d) Possible species for the new —113.8 ppm peak in '°F NMR spectrum.

Cl  OH CF; OH
O O

(the corresponding CFj3 signal
F F was not observed.)

Scheme 146. (a) Trifluoromethylation of arene 61 by reagent 77. (b) °F NMR spectra (500 MHz)
of the reaction mixture at 233 K (red), 253 K (green), 273 K (blue) and 298 K (purple). Arrows
indicate the separated broad peaks. (c) *°F NMR spectra (300 MHz) before and after the addition of
HCI. Numbers in parentheses are relative peak areas for Ar—F. (d) Possible species for the new —
113.8 ppm signal in °F NMR spectrum.
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6.6 Conclusion and outlook

The reactive intermediate in the model Cu-catalyzed trifluoromethylation of 1,3,5-
trimethoxybenzene (61) was studied. The available data indicate that the catalytically active species
is [Cu(ll)2X(OCOAr)s], where X is CFs; halide or monodentate carboxylate. Magnetic
susceptibility experiments agreed with the existence of dinuclear copper structures in the reaction

mixture.

The synthesis of a tricarboxylato complex was not achieved because of the unexpected formation
of insoluble polymeric complexes. To prevent this polymerization, conformationally more rigid
ligand 78 was designed, where the relative positions of three carboxylic acids are fixed (Scheme
147). Starting from 2,6-dichlorobenzoic acid, methylation of the carboxylic acid, aminations of the
aryl chloride,®®! formation of heterocycles,%-31 coupling with side chains and saponification will
produce ligand 78.

KOH
N N

Scheme 147. Synthetic route to position-fixed tricarboxylate ligand 78.

The study herein only suggests the activation of reagent 63 by [Cu(l1)2X(OCOAr)s]. The
mechanism of the trifluoromethylation of arene 61 after the coordination of reagent 63 to the active
catalyst is not yet clear. An activated reagent can be directly attacked by nucleophilic arenes
(Scheme 148 green). Possible I-O cleavage (Scheme 136b in Section 6.5) can lead to an iodonium
cation. Arenes can react with this iodonium cation to yield the Ar—CF3 product, or to form Ar—

I(111)—CFs3 species followed by reductive elimination towards Ar—CF; product.
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[Cu]\)zo """ I---CF3
(0] Ar_CF3
/_}
CFs CF3

|—Ar

[CU]\)ZO ® T ey [Cu]\jo
A et

Scheme 148. Possible formations of trifluoromethylated products from an activated reagent.

However, it is difficult to analyze these reactive intermediates, partly because of the involvement
of Cu(ll) species interfering with NMR analyses. One idea to differentiate these possibilities is a
design of intramolecular reaction experiments (Figure 23). All three possible nucleophilic attacks
should show different preferences of the chain length between the electrophilic part and the

nucleophilic part.

electrophilic part

[Cu] \jo-----l---ca
0

Figure 23. Motif of an intermolecular reaction experiment. The electrophilic part and the
nucleophilic part are connected in a molecule.
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CHAPTER 7. GENERAL CONCLUSION AND OUTLOOK

7.1 Conclusion

The original goal of this thesis was the development of a deoxyfluorination reaction of aliphatic
alcohols, and the investigation started with the model reaction of amines and organic carbonates.
Although fluorination was not achieved, activations of organic carbonates, DMSO-based oxidative

functionalization reactions, and a trifluoromethylation reaction were studied.

Organic carbonates were activated by Lewis-acid catalysts towards methylation of amines. TiBr4
was found to be an efficient catalyst for this transformation (Scheme 149). The bulkiness of the
electrophilic alkyl group is significantly influential on reactivity. Also, phenyl carbonates suffered
from the nucleophilic attack on the carbonyl group to produce carbamates and ureas. Various Lewis
acids were tested as catalysts, but TiBrs showed a high catalytic activity. It is likely that TiBr4
converts the alkyl group of an organic carbonate to a reactive electrophilic species, with which a

nucleophile reacts to form an alkylated amine.

I\I/Ie
o H-N TiBr4 (10 mol%) N
)J\ + 2 » Me~
MeO~ "OMe 1,4-Dioxane
(10 eq.) 140 °C, overnight 80%

Scheme 149. The TiBrs-catalyzed methylation of aniline by DMC.

The base-catalyzed formation of carbamate 5 was unexpectedly found while investigating the
methylation reaction of aniline by DMC, and was studied because the reaction was found interesting
and attractive. DMSO is a good solvent and the transformation was achieved with a catalytic amount
of base at 120 °C (Scheme 150). The pKa value of amine substrates was influential on the reaction
efficiency, and electron-deficient amines reacted with DMC smoothly. However, not only the
deprotonation of amines but also the activation of DMC was apparently necessary and, therefore,

non-amine bases such as nBuL.i did not promote the reaction efficiently.

Me
DABCO (10 mol%) !

MeO_ _N
Meo)J\OMe+ \© DMSO i \g/ \©

120°C,12h 5 64%

Scheme 150. The base-catalyzed transformation of DMC and aniline to N,N-disubstituted
carbamate 5.

The DMSO-based oxidative bromination reaction of arenes with TMSBr as a bromide source

was found to be a fast, mild and efficient reaction (Scheme 151). The substrate scope is limited to
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electron-rich arenes, but acid-sensitive functional groups such as ester and acetal are tolerated. This
protocol is suitable for large-scale syntheses, because all the by-products can be easily removed by
evaporation. The advantages of this bromination protocol were emphasized by the three synthetic
applications that directly transformed the produced aryl bromides to more complex molecules in

short and efficient procedures.

R

H TMSBr (1.1 equiv) Br
©/ DMSO (1.1 equiv) _ ©/
CHCly or THF, 25-80 °C,2h R
Scheme 151. The oxidative bromination of arenes in the TMSBr/DMSQO system.

Other DMSO-based oxidative functionalizations were also investigated. An electron-rich arene
is oxidatively chlorinated in the oxalyl chloride/DMSO system efficiently (Scheme 152).
Interestingly, the addition of an external bromide achieved an oxidative bromination instead of
chlorination. Unfortunately, the relatively low oxidizing power of sulfoxides was proven by redox
exchange experiments, and thus, it was concluded that replacing I(I11) oxidants by activated DMSO

was difficult.

MeO OMe o@ Q
+ ® o+ Cl
/S\ CI _———
Me Me

(o] CHCI3, RT, 2h

Scheme 152. Oxidative chlorination of an arene under Swern conditions.

Reactive intermediates of a copper-catalyzed trifluoromethylation reaction were studied
(Scheme 153). The active catalyst is invoked to be Cu(11)2X(OCOAr)s, where X is CFs, halide or a
monodentate carboxylate, and a trifluoromethylating reagent 63 may occupy an empty coordination
site for activation (Scheme 154). Other possible reaction mechanisms were examined although they
were found unlikely. Magnetic susceptibility experiments agreed with the existence of dinuclear

copper structures in the reaction mixture.

FaC—1— OMe

Cul (10 mol%) CF,
DMSO
MeO 60 °C, overnight MeO OMe
(1.1 equiv) 64%

Scheme 153. The Cul-catalyzed trifluoromethylation of an arene.
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Scheme 154. Generations of the hypothesized active catalyst from Cul, CuCl, or Cu(OACc)..

7.2 Outlook

Selected suggestions based on the findings during the research of the reactions mentioned in this
thesis are to be described.

7.2.1 Acid-activation of organic carbonates

As for the acid-catalyzed alkylation of amines by using organic carbonates, a ligand could be
designed as described below. Acidic catalysts showed good selectivity towards methylation. Also,
ligand exchange in situ between labile ligands and the alcohol that was produced as a by-product
was observed and should be minimized. Considering these features, it is proposed that the type of
complexes shown in Figure 24 would be an ideal catalyst where acidic bidentate ligands control

selectivity while being reluctant towards ligand exchange with a by-product alcohol.

Figure 24. Suggested type of complex to improve the catalytic activity for methylation of amines
with DMC.
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7.2.2 DMSO-based oxidative bromination of arenes

The advantage of the oxidative bromination reaction of arenes in the TMSBr/DMSO system could
be maximized by a flow chemistry application. A designed diagram of the flow reaction system is
depicted in Figure 25. A flow of arenes and DMSO could be mixed with a TMSBTr solution at low
temperature before a heating column, followed by a continuous evaporation treatment to remove
volatile compounds. As long as dry solvents are used, the system can be made of stainless steel,
which is cheap, strong and easy to handle.

Flow control

1
‘%—&—» — Vacuum

\
\

A 4
TMSOH + SMe,

Distillation

R Column

Me ( Me
we-" =+ DMSO / Dioxane | e /Di
° loxane
o s 1 I e
TMSBr / Dioxane

Figure 25. Diagram of a suggested flow system.

7.2.3 Copper-catalyzed trifluoromethylation of arenes

A plausible active catalyst of the trifluoromethylation reaction has been suggested, but this proposal
needs more supportive evidence. The positions of three carboxylic acids of a tricarboxylate ligand
should be fixed (ligand 78 shown in Scheme 147), so that it could form the corresponding copper
complex without polymerization reactions. This ligand is assumed to form dinuclear complexes
only. Experiments using such a complex as a catalyst will disclose the involvement of dinuclear
copper structure with three carboxylate ligands unambiguously. Furthermore, isolation and use of
(CuXOCOAr), such as 65 (X=ClI) for the reaction as catalysts should be effective in order to prove

the pathway from CuCl to the active structure.
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The present study only suggests the activation of reagent 63 by [Cu(I1)2X(OCOAr)s]. The
mechanism of the trifluoromethylation of arene 61 after the coordination of reagent 63 to the active
catalyst is not yet clear. Some possibilities are depicted in Scheme 155; nucleophilic attack to an
activated trifluoromethylating reagent, 1-O cleavage of the reagent generating aa reactive iodonium
cation, or formation of Ar—I(111)-CFz species followed by reductive elimination towards Ar—CF3

product.
[CU] \jO'""I' "CF3
o] Ar—CF3
/_}
CF3 CFs

|—Ar

e o] T w _OF

Scheme 155. Possible formations of trifluoromethylated products from an activated reagent.

In order to differentiate these possibilities, intramolecular reaction experiments could be
designed (Figure 26). All three possible nucleophilic attacks above should show different
preferences of the chain length between the electrophilic part and the nucleophilic part.

electrophilic part

[Cul- >20"'"I"'CF3 ‘

Figure 26. Motif of an intermolecular reaction experiment. The electrophilic part and the

nucleophilic part are connected in a molecule.
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CHAPTER 8. EXPERIMENTAL

8.1 General remarks

8.1.1 Techniques

Dry solvents.*% For oxygen and moisture sensitive reactions solvents were distilled under argon
using an appropriate drying agent (toluene from Na, hexane from Na/benzophenone/tetraglyme,
pentane from Na/benzophenone/diglyme, MeOH, DCM and MeCN from CaH,, EtOH from
Na/diethyl phthalate, Et,O and THF from Na/benzophenone) or were purchased from Acros as
bottled solvent over molecular sieves (3 A for MeOH and MeCN, else 4 A). CHCI; was washed
with water to remove EtOH, passed through a column of silica gel and then dried over molecular
sieves 4 A, and stored in an amber glass bottle with pieces of copper wire and molecular sieves 4
A.

Deuterated solvents. Deuterated solvents for NMR studies were purchased from Armar Chemicals
(CDCls, CO(CDs)2) or Cambridge Isotope Laboratories (CD2Cl,, CDsCN, C¢Ds). The solvents were
used as received or transferred to a Young Schlenk over molecular sieves 4 A under an argon

atmosphere.

8.1.2 Chemicals

Chemicals were purchased from abcr, Acros, Apollo Scientific, Fluka, Fluorochem, Lancaster,

Sigma-Aldrich, Strem, TCl and VWR and used without further purification unless otherwise noted.

8.1.3 Analytics

Flash column chromatography. Automated medium pressure liquid chromatography was carried
out on a CombiFlash® Rf+ Lumen using RediSep prepacked columns (60 A Pore Size, 230-400
Mesh). In some cases that the method above was not available, flash column chromatography was
manually carried out on Fluka Silica gel 60 (230-400 mesh ASTM) with solvents reported as

volume ratios under 0.1-0.3 bar overpressure.

Gas chromatography with Flame-lonization Detector (GC-FID). Performed on a Thermo
Finnigan series instrument equipped with a split-mode capillary injection system, Zebron Guardian
ZB-5 column (30 m x 0.25 mm % 0.25 um film) and FID detectors. Helium was used as carrier gas

(1.4 ml/min), and the injector and detector were heated to 250 °C.
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8.1 GENERAL REMARKS

Calibrations were carried out for quantification by using GC-FID. Starting materials, products
and decane (0.5 mmol, ranged 50-100 mg in this thesis) were dissolved in the solvent that was used
in the reaction and EtOAc filling up to 10 mL. The mixture was analyzed by GC-FID. The
procedures were repeated three times and averages were used for calculation unless they showed
large errors. The factors were determined in the equation:

_ n Ay
fi/o - ng 4;
, where 0 is the label for the internal standard, n; is the used molar amount of the substance i, A; is

the peak area in FID for the substance i.

Gas chromatography-mass spectrometry (GC-MS). Performed on an Agilent GC 7890A with
an HP-5MS column (30 m x 250 um % 0.25 pm film), with a column flow of 1.7 mL/min using
helium as carrier gas, and an Agilent mass spectrometer 5975C VL MSD operating in EI positive
mode. Sample injection was done by an Agilent autosampler ALS 7693, 1 uL at <1 mg/mL in split
mode (split ratio 100:1). The standard method consisted of the following temperature program: 2
min at 50 °C, ramp of 20 °C/min with 2 min hold time at 300 °C (16.5 min total time). For heavy
or not so volatile compounds, a high mass method was used consisting of the following temperature
program: 2 min at 50 °C, ramp of 20 °C/min with 8 min hold time at 300 °C (22.5 min total time).

For analysis of gas phase, the sample was taken from the headspace of the sample with a micro
syringe, purged with the gas sample three times, and injected manually (5 uL). The temperature of
the oven was constant at 40 °C, and the data are acquired for 5 min. After the acquisition, the oven

was heat to 230 °C for 3 min.

High resolution mass spectrometry (HRMS). Performed by the Mass Spectrometry Service Lab
in the Laboratory of Organic Chemistry at ETH Zurich. The signals are given as mass-to-charge
ratio (m/z). lons from EI sources were measured with a Waters Micromass AutoSpec Ultima El-
Sector-MS, form ESI sources with a Bruker maXis Qg-TOF-MS or a solariX FTICR-MS or from
MALDI sources with a Bruker UltraFlex Il MALDI-TOF-MS or a solariX FTICR-MS.

For structure elucidation by X-ray diffraction. intensity data for single crystals mounted on
MiTeGen MicroLoops were collected. The crystals were cooled to 100 K for measurement and the
diffraction pattern was collected by a Bruker SMART APEX, APEXII platform with CCD detector
or Venture D8. Graphite monochromated Mo-K,-radiation (1=0.71073 A) was applied. The

127



CHAPTER 8. EXPERIMENTAL

program SMART was used for data collection, integration was performed with SAINT.[3 The
structures were solved by direct or heavy atom (Patterson) method, respectively, or by charge
flipping, using the program SHELXS- 97.5%! The refinement and all further calculations were
carried out using SHELXL-97.B% All non-hydrogen atoms were refined anisotropically using
weighted full-matrix leastsquares on F2. The hydrogen atoms were included in calculated positions
and treated as riding atoms using the SHELXL default parameters. An absorption correction was
applied (SADABS)E% and the weighting scheme was optimized in the final refinement cycles. The
absolute configuration of chiral compounds was determined on the basis of the Flack
parameter.[39:3%41 The standard uncertainties are rounded according to the Notes for Authors of Acta
Crystallographica.®! Detailed information about the crystal structures and their solutions is given

in appendix B. All measurements and solutions were performed by Mona Wagner or Ewa Pietrasiak.

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker DPX-250, Avance
Nanobay 111-300, Avance I11-400 and Avance I11-500. All spectra were recorded in the given
solvent at the given frequency in non-spinning mode, which were measured at room temperature
unless otherwise noted. Chemical shifts (o) are given in ppm relative to the residual solvent signal
or the internal standard in *H, 3C and °F spectra. Multiplicities are abbreviated as follows: s for
singlet, d for doublet, t for triplet, g for quartet, quint for quintet, sext for sextet, sept for septet, and
m for multiplet. The description br describes an obvious broadening of the signal. Coupling

constants (J) are given in Hertz (Hz). Unresolved frequencies are cited as multiplets.
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8.2 Acid-activation of organic carbonate (Chapter 2)

8.2.1 General procedure: Lewis acid-catalyzed reaction of aniline and an organic carbonate

Lewis acid-catalyzed methylation reactions were carried out in a 20 mL Schlenk tube equipped with
a small stirring bar. The tube was charged with catalysts before the tube was purged with argon by
three vacuum/argon cycles, then aniline (95 mg, 1 mmol), organic carbonate (10 mmol) and decane
(72 mg, 0.5 mmol, internal standard for GC-FID analysis) in 3 mL of solvent were quickly added
to the tube with a slow counter flow of argon. In the case that DMC was used as a solvent, the added
amount of DMC was 2.6 mL, 30 mmol. The tube was then closed with a PTFE stopcock. The tube
was heated by a mean of oil bath at 140 °C overnight with vigorously stirred. After cooling it down
to room temperature, 0.1 mL of the reaction mixture was filtered through a thin layer of silica gel,
washed with EtOAc and submitted to GC-FID analysis. The rest of the reaction mixture was filtered
through a thin layer of silica gel, washed with EtOAc, and solvents were removed under reduced

pressure.

General analysis of catalysis samples

Quantitative analysis of reactions was fulfilled by GC-FID analysis. When necessary, a part of the
crude mixture was taken for *H and *C NMR and GC-MS analyses. When separation was necessary,
the crude mixture was separated using silica-gel flash chromatography (hexane with 1%

triethylamine : EtOAc, gradient elution).

Compound data

N-Methylaniline (1), CAS No.: 100-61-8

N 'H NMR (300 MHz, Chloroform-d): & = 7.20 (dt, J = 7.4, 2.2 Hz, 2H), 6.71 (i, J
Me @ =7.2,1.1 Hz, 1H), 6.62 (dd, J = 8.6, 1.0 Hz, 2H), 2.84 (s, 3H).

N,N-Dimethylaniline (2), CAS No.: 121-69-7

M
h'le IH NMR (300 MHz, Chloroform-d): § = 7.26 (t, J = 7.8 Hz, 2H), 6.82 — 6.68 (m,
Me” 3H), 2.96 (s, 6H).
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Methyl N-phenylcarbamate (3), CAS No.: 2603-10-3

H !H NMR (300 MHz, Chloroform-d): § = 7.38 (d, J = 8.0 Hz, 2H), 7.31 (d, J =
Meo\n/N\© 7.3 Hz, 2H), 7.07 (tt, J = 7.2, 1.4 Hz, 1H), 6.57 (s, 1H), 3.78 (s, 3H).
(0]

4-Anilinopent-3-en-2-one (4), CAS No.: 26567-78-2

Me_~_Me 'H NMR (300 MHz, Chloroform-d): 6 = 12.47 (s, 1H), 7.34 (t, J = 7.7 Hz,
\[(\( 2H), 7.18 (t, J = 7.4 Hz, 1H), 7.10 (d, J = 7.6 Hz, 2H), 5.18 (s, 1H), 2.10 (s,

0 HN\© 3H), 1.99 (s, 3H).

GC-MS analysis by the standard method described in Section 8.1.3.
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Methyl N-methyl-N-phenylcarbamate (5), CAS No.: 28685-60-1

Me 'H NMR (300 MHz, Chloroform-d): § = 7.36 (t, J = 6.6 Hz, 2H), 7.23 (d, J =
MeO\n/N 7.5 Hz, 3H), 3.71 (s, 3H), 3.30 (s, 3H).
Q)
1,3-Diphenylurea (10), CAS No.: 102-07-8
0O 'H NMR (300 MHz, Chloroform-d): 6 = 7.45 (s, 1H), 7.38 (d, J = 7.7 Hz,
)J\ 2H), 7.29 (d, J = 7.5 Hz, 2H), 7.03 (t, J = 7.3 Hz, 1H).
PhHN NHPh

4-Bromo-N,N-dimethylaniline (13), CAS No.: 586-77-6
Me 'H NMR (300 MHz, Chloroform-d): 6 = 7.30 (d, J = 9.2 Hz, 2H), 6.59 (d, J =

Me/N\©\ 9.1 Hz, 2H), 2.92 (s, 6H).
Br

GC-MS analysis by the standard method described in Section 8.1.3.
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Selected GC chromatogram

2000

Table 4 entry 2

1800
1600
1400
< 1200

=
o O
o o
o o

Intensity (mV

o]
o
o

L

15

2.5

35 45 55
Retention time (min)

Retention

time Compound
(min)

1.5-25 solvents
3.72 Aniline
3.84 Decane
4.46 1
4.68 2
6.32 3

6.5

Method information:

Injection volume: 2 uL. Carrier flow rate 1.4 mL/min.

Retention time | Rate Target Value | Hold time
(min) (°C/min) | (°C) (min)

0 Method start

3 0 100 3

6.3 30 200 0

8.556 45 300 0

13 Method end

More method/instrumental information is available in Section 8.1.3.

8.2.2 Reaction pathway experiments (Scheme 58)

In a 20 mL Schlenk tube equipped with a small stirring bar, TiBr4 (38 mg, 0.1 mmol) was placed

before the tube was purged with argon by three vacuum/argon cycles, then substrate 3 or 5 (1 mmol),
DMC (910 mg, 10 mmol) and decane (72 mg, 0.5 mmol, GC-FID internal standard) in 3 mL of 1,4-

dioxane were quickly added to the tube with a slow counter flow of argon. The tube was then closed

with a PTFE stopcock. The tube was heated by a mean of oil bath at 140 °C overnight with

vigorously stirred. After cooling it down to room temperature, 0.1 mL of the reaction mixture was

filtered through a thin layer of silica gel, washed with EtOAc and submitted to GC-FID analysis.
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8.2.3 Temperature separated experiment (Scheme 61)

O

PN

MeO~ "OMe H
TiBr, (10 mol%) (10 equiv)

H,N N
2 > » Me”~ (a)
1,4-Dioxane 100 °C, overnight

140 °C, overnight 1 2%

H,N
H Me
0 TiBry (10 mol%) \© N N
)J\ » Me”~ + Me” (b)
MeO~ "OMe 1,4-Dioxane 100 °C, overnight

(10 equiv) 140 °C, overnight 1 23% 2 6%

)

Y

Run (a):

TiBrs (37 mg, 0.1 mmol) was charged in a 20 mL Schlenk tube equipped with a small stirring bar,
before the tube was purged with argon by three vacuum/argon cycles. Aniline (95 mg, 1 mmol) and
decane (72 mg, 0.5 mmol, internal standard for GC-FID analysis) in 3 mL of 1,4-dioxane was
quickly added to the tube with a slow counter flow of argon. The tube was then closed with a PTFE
stopcock and was heated by a mean of oil bath at 140 °C overnight with vigorously stirred. After
cooling it down to room temperature, DMC (910 mg, 10 mmol) was added to the tube. The tube
was heated by a mean of oil bath at 100 °C overnight with vigorously stirred. After cooling it down
to room temperature, 0.1 mL of the reaction mixture was filtered through a thin layer of silica gel,
washed with EtOAc and submitted to GC-FID analysis.

Run (b):

TiBrs (37 mg, 0.1 mmol) was charged in a 20 mL Schlenk tube equipped with a small stirring bar,
before the tube was purged with argon by three vacuum/argon cycles. DMC (910 mg, 10 mmol)
and decane (72 mg, 0.5 mmol, internal standard for GC-FID analysis) in 3 mL of 1,4-dioxane was
quickly added to the tube with a slow counter flow of argon. The tube was then closed with a PTFE
stopcock and was heated by a mean of oil bath at 140 °C overnight with vigorously stirred. After
cooling it down to room temperature, aniline (95 mg, 1 mmol) was added to the tube. The tube was
heated by a mean of oil bath at 100 °C overnight with vigorously stirred. After cooling it down to
room temperature, 0.1 mL of the reaction mixture was filtered through a thin layer of silica gel,
washed with EtOAc and submitted to GC-FID analysis.
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8.2.4 Synthesis of alkyl phenylcarbonates, used in Table 3

Following a modified procedure of Motoki et al.,%! phenol (950 mg, 10 mmol) was placed in a
100 mL flask equipped with a small stirring bar. The flask was purged with argon by three
vacuum/argon cycles. Triethylamine (2.1 mL, 15 mmol) and 23 mL of dichloromethane was added
to the flask and cooled down to 0 °C. Alkyl chloroformate (10 mmol) in 7 mL of dichloromethane
was slowly added to the flask. The mixture was stirred at room temperature for 1 hour. It was poured
into saturated NaHCO3 solution, and extracted with dichloromethane, dried over MgSQ,, and
solvents were removed under reduced pressure. The crude mixture was separated using silica-gel

flash chromatography (hexane: EtOAc, gradient elution).

Methyl phenyl carbonate (7), colorless liquid (1.31 g, 86% yield), CAS No.: 13509-27-8

@) 'H NMR (300 MHz, Chloroform-d): 6 = 7.39 (t, J = 7.8 Hz, 2H), 7.26 (d, J =
PIg 7.3 Hz, 1H), 7.19 (t, J = 8.8 Hz, 2H), 3.91 (s, 3H).
PhO OMe

Ethyl phenyl carbonate (8), colorless liquid (0.84 g, 51% yield), CAS No.: 3878-46-4

0O IH NMR (300 MHz, Chloroform-d): 6 = 7.39 (t, J = 7.9 Hz, 2H), 7.25 (d, J = 6.0
)J\ Hz, 1H), 7.19 (t, J = 7.1 Hz, 2H), 4.32 (9, J = 7.1 Hz, 2H), 1.39 (t, J = 7.1 Hz,
PhO~ "OEt 3H).

Dodecyl phenyl carbonate (9), colorless liquid (2.34 g, 76% vyield), CAS No.: 127027-45-6

o) 'H NMR (300 MHz, Chloroform-d): § = 7.38 (t, J = 7.8 Hz, 2H), 7.25 (d,
L J=7.0Hz, 1H), 7.18 (t, 2H), 4.25 (t, J = 6.7 Hz, 2H), 1.73 (p, 2H), 1.27 (s,
PhO” “OCy,H,s 18H), 0.87 (t, 3H).

8.2.5 Synthesis of aniline hydrobromide, used in Scheme 65

Aniline (950 mg, 10 mmol) was placed in a 20 mL vial equipped with a small stirring bar. 5 mL of
water and hydrobromic acid (8 mL, 48% in water, 50 mmol) was added to the vial sequentially.
Immediate precipitation was observed. The vial was heated at 60 °C for 2 hours. After cooling down
to room temperature, the mixture was filtered and the solid was washed with ether. The residual

solvents were removed under reduced pressure. Colorless solid was obtained (1.09 g, 65% yield).

Aniline hydrobromide, colorless solid (1.09 g, 65% yield), CAS No.: 542-11-0
BrH3N\© 'H NMR (300 MHz, Methanol-d4): 6 = 7.60 — 7.44 (m, 5H), 4.85 (s, 3H).
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8.3 Base-activation of organic carbonates (Chapter 3)

8.3.1 General procedure: Base-catalyzed reaction of amine and DMC

A 20 mL vial with a stirring bar was capped with a crimp seal, and purged with argon by three
vacuum/argon cycles. A solution of amine substrate (1 mmol), catalyst (0.1 mmol, or the given
equivalent) and decane (72 mg, 0.5 mmol, GC-FID internal standard) in 2 mL of solvent was added
to the vial. DMC (910 mg, 10 mmol, or the given equivalent) in 1 mL of solvent was added to the
vial. The solution was heated by a mean of aluminium heating block with vigorously stirred. After
cooling it down to room temperature, 0.1 mL of the reaction mixture was filtered through a thin
layer of silica gel, washed with EtOH and submitted to GC-FID analysis. The rest of the reaction
mixture was filtered through a thin layer of silica gel, washed with EtOH, and solvents were

removed under reduced pressure.

General analysis of catalysis sample

Quantitative analysis of reactions was fulfilled by GC-FID analysis. When necessary, a part of the
crude mixture was taken for *H and *C NMR and GC-MS analyses. When separation was necessary,
the crude mixture was separated using silica-gel flash chromatography (hexane with 1%
triethylamine : EtOAc, gradient elution).

GC chromatogram example Table 8 entry 2

Table 8 entry 2 Retention

1000 time Compound

900 (min)

800 1525 | solvents
- ;gg 3.73 Aniline
% 500 ij; De(iane
@ 400 :

§ 300 6.16 5
~ 200 6.32 3
100
0 ~a
1.5 25 35 4.5 5.5 6.5
Retention time (min)
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Method information:

Injection volume: 2 yL. Carrier flow rate 1.4 mL/min.

Retention time | Rate Target Value | Hold time
(min) (°C/min) | (°C) (min)

0 Method start

3 0 100 3

6.3 30 200 0

8.556 45 300 0

13 Method end

More method/instrumental information is available in Section 8.1.3.

8.3.2 Reaction of DMC and aniline with nBuL.i (Table 9)

Aniline (95 mg, 1 mmol) was placed in a 20 mL vial with a stirring bar was capped with a crimp

seal, and purged with argon by three vacuum/argon cycles. nBuLi solution (0.6 mL, 1.6 M in

hexanes, 1 mmol) was added to the vial slowly at 0 °C. Decane (72 mg, 0.5 mmol, GC-FID internal

standard) in 3 mL of DMC was added to the vial. The mixture was stirred at the given temperature

overnight. After cooling it down to room temperature, 0.1 mL of the reaction mixture was filtered

through a thin layer of silica gel, washed with EtOH and submitted to GC-FID analysis.
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8.4 DMSO-based oxidative bromination of arenes (Chapter 4)

8.4.1 General procedure: Oxidative bromination of arenes in the TMSBr/DMSO system

Arene (1 mmol) was placed in a 10 mL vial with a stirring bar, capped with a crimp seal, and purged
with argon by three vacuum/argon cycles. DMSO (87 mg, 1.1 mmol) in 2 mL of solvent was added
to the vial followed by the addition of TMSBr (174 mg, 1.1 mmol) in 1 mL of THF at 0 °C. The
mixture was stirred at the given temperature for 2 hours. After cooling it down to room temperature,
5 mL of EtOAc, 0.1 mL of triethylamine and 1 mL of EtOH was added to the reaction mixture.
After decane (72 mg, 0.5 mmol, GC-FID internal standard) in 2 mL of EtOAc, the quenched mixture
was submitted to GC-FID analysis. The rest of the reaction mixture was filtered through a thin layer

of silica gel, washed with EtOAc, and solvents were removed under reduced pressure.

General analysis of catalysis sample

Quantitative analysis of reactions was fulfilled by GC-FID analysis. When necessary, a part of the
crude mixture was taken for *H and *C NMR and GC-MS analyses. When separation was necessary,
the crude mixture was separated using silica-gel flash chromatography (hexane : EtOAc, gradient
elution).

Compound data

4-Bromo-N,N-dimethylaniline (13), colorless solid, CAS No.: 586-77-6
'H NMR (300 MHz, Chloroform-d): 6 = 7.38 — 7.27 (m, 2H), 6.59 (d, J = 9.1

NM62
/@ Hz, 2H), 2.92 (s, 6H).
Br

3C NMR (75 MHz, Chloroform-d): 6 = 149.67, 131.82, 114.26, 108.67, 40.71.

4-Bromo-N-(phenylmethylene)benzenamine (23), orange solid, CAS No.: 780-20-1

N Ph 'H NMR (300 MHz, Chloroform-d): ¢ = 8.47 (s, 1H), 7.91 (dd, J = 6.7, 2.9 Hz, 2H),
/©/ 7.48 (dd, J=5.0, 1.8 Hz, 3H), 7.46 — 7.34 (m, 2H), 7.27 — 7.17 (m, 2H).
Br

N-(4-Bromophenyl)benzamide (24), colorless solid, CAS No.: 7702-38-7
H 'H NMR (300 MHz, Chloroform-d): 6 = 10.36 (s, 1H), 7.94 (dd, J = 6.7, 1.6

N\[(Ph Hz, 2H), 7.77 (dd, J = 9.0, 2.0 Hz, 2H), 7.65 — 7.46 (m, 5H).
O o 13C NMR (75 MHz, Chloroform-d): § = 165.62, 138.54, 134.67, 131.68,
Br

131.40, 128.39, 127.64, 122.18, 115.29.
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N,N-Dimethyl-2-bromo-4-methylaniline (22), colorless liquid, CAS No.: 23667-06-3

(m, 1H), 6.99 (d, J = 8.1 Hz, 1H), 2.77 (s, 6H), 2.27 (s, 3H).

13C NMR (75 MHz, Chloroform-d): 6 = 149.53, 134.37, 134.06, 128.84,
120.39, 119.29, 44.60, 20.41.

IR (ATR, neat): 2922.66, 2861.32, 2828.48, 2777.12, 1726.47, 1493.77,
1452.82, 1316.12, 1272.51, 1212.27, 1188.50, 1162.61, 1137.60, 1050.09,
1038.62, 946.78, 851.91, 570.14, 814.18, 742.03, 692.43, 669.47 cm™.

HRMS (ESIY) calcd. (m/z) for CoH13BrN: [M+H"] 214.0226, found: 214.0227.

/@ENMez !H NMR (300 MHz, Chloroform-d): § = 7.39 (d, J = 1.0 Hz, 1H), 7.10 - 7.02
Me

Br

4-Bromoaniline (25), brown solid, CAS No.: 106-40-1

NH, H NMR (300 MHz, Chloroform-d): 3 = 7.23 (d, J = 8.7 Hz, 2H), 6.56 (d, J =
/@ 8.7 Hz, 2H), 3.67 (s, 2H).
Br 13C NMR (75 MHz, Chloroform-d): & = 145.45, 132.05, 116.75, 110.25.

4-Bromoanisole (26), colorless liquid, CAS No.: 104-92-7

OMe H NMR (300 MHz, Chloroform-d): J = 7.38 (dd, J = 9.0, 2.3 Hz, 2H), 6.78
/©/ (dd, J = 9.0, 2.2 Hz, 2H), 3.78 (s, 3H).

B
' 13C NMR (75 MHz, Chloroform-d): ¢ = 158.85, 132.38, 115.88, 112.96, 55.58.

2,4-Dimethoxybromobenzene (27), colorless liquid, CAS No.: 17715-69-4

= 2.8 Hz, 1H), 6.39 (dd, J = 8.7, 2.8 Hz, 1H), 3.86 (s, 3H), 3.78 (s, 3H).

13C NMR (75 MHz, Chloroform-d): 6 = 160.29, 156.59, 133.17, 105.97,
102.48, 100.03, 56.17, 55.60.

Meo:©/OMe 'H NMR (300 MHz, Chloroform-d): 6 = 7.39 (d, J = 8.7 Hz, 1H), 6.48 (d, J

Br

2,3,4-Trimethoxybromobenzene (28), slightly yellow liquid, CAS No.: 10385-36-1

OMe 'H NMR (300 MHz, Chloroform-d): 6 = 7.20 (d, J = 9.0 Hz, 1H), 6.58 (d, J
MeO OMe = 9.0Hz, 1H), 3.90 (s, 3H), 3.88 (s, 3H), 3.84 (s, 3H).
13C NMR (75 MHz, Chloroform-d): & = 153.48, 151.15, 143.71, 126.89,
Br 108.79, 108.54, 61.23, 61.15, 56.32.

4-Bromophenol (30), green liquid, CAS No.: 106-41-2
'H NMR (300 MHz, Chloroform-d): 6 = 7.33 (d, J = 8.9 Hz, 2H), 6.73 (d, J =

OH
/©/ 8.8 Hz, 2H), 5.28 (s, 1H).
Br

3C NMR (75 MHz, Chloroform-d): § = 154.59, 132.55, 117.28, 112.99.
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2-Bromo-4-cresol (31), Slightly yellow liquid, CAS No.: 6627-55-0

jou
Me Br

'H NMR (300 MHz, Chloroform-d): 6 = 7.27 (d, J = 1.3 Hz, 1H), 7.01 (dd, J =
8.2,2.0 Hz, 1H), 6.91 (d, J = 8.2 Hz, 1H), 5.32 (s, 1H), 2.27 (s, 3H).

B3C NMR (75 MHz, Chloroform-d): 6 = 150.13, 132.24, 131.54, 129.89, 115.87,
109.95, 20.32.

1-Bromo-2-naphthol (32), colorless solid, CAS No.: 573-97-7

Br

o

OH

'H NMR (300 MHz, Chloroform-d): & = 8.10 — 7.99 (m, 1H), 7.84 — 7.71 (m,
2H), 7.57 (ddd, J = 8.4, 6.9, 1.3 Hz, 1H), 7.40 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H),
7.27 (d, J = 8.8 Hz, 1H), 5.91 (s, 1H).

13C NMR (75 MHz, Chloroform-d): 6 = 150.75, 132.46, 129.85, 129.49, 128.37,
127.99, 125.48, 124.30, 117.31, 106.29.

4-Bromo-1-naphthol (33), colorless crystal, CAS No.: 571-57-3

OH

.ol

'H NMR (300 MHz, Chloroform-d): 6 = 8.20 (t, J = 7.5 Hz, 2H), 7.70 — 7.48 (m, 3H),
6.71 (d, J = 8.0 Hz, 1H), 5.29 (s, 1H).

BC NMR (75 MHz, Chloroform-d): § = 151.39, 132.88, 129.53, 128.02, 127.23,
126.18, 125.77, 122.30, 113.62, 109.32.

4-Bromo-3-methoxy-N,N-dimethyl-benzenamine (34), Green solid, CAS No.: 90642-46-9

MeO

Br

Q

NMez

'H NMR (300 MHz, Chloroform-d): 6 = 7.31 (d, J = 8.7 Hz, 1H), 6.37 — 6.13
(m, 2H), 3.88 (s, 3H), 2.95 (s, 6H).

BC NMR (75 MHz, Chloroform-d): § = 156.45, 151.41, 133.14, 106.35,
98.17, 97.44, 56.17, 40.83.

IR (ATR, neat): 2833.88, 2803.03, 1591.00, 1561.15, 1497.92, 1463.55,
1432.83, 1407.33, 1359.47, 1246.56, 1162.56, 1048.69, 1011.40, 977.77,
931.79, 802.51, 789.14, 780.46, 706.44, 631.68, 609.81 cm™.

HRMS (EI") calcd. (m/z) for CoH12BrNO: [M*™] 229.0102, found: 229.0097

2-Bromo-5-(dimethylamino)phenol (35), brown crystal, CAS No.: 90006-17-0

Br

NM62

'H NMR (300 MHz, Chloroform-d): 6 = 7.23 (d, J = 8.9 Hz, 1H), 6.39 (d, J =
2.9 Hz, 1H), 6.22 (dd, J = 8.9, 2.9 Hz, 1H), 5.37 (s, 1H), 2.92 (s, 6H).

BC NMR (75 MHz, Chloroform-d): 6 = 152.79, 151.69, 131.82, 106.93,
100.02, 96.83, 40.69.

IR (ATR, neat): 2913.35, 2851.76, 1583.52, 1475.62, 1456.57, 1421.00,
1408.42, 1316.20, 1287.05, 1247.17, 1218.64, 1197.60, 1131.83, 1044.26,
1030.93, 977.96, 882.56, 798.65, 790.94, 711.37, 639.33 cm™™.

HRMS (EI*) calcd. (m/z) for CsHipoBrNO: [M*] 214.9946, found: 214.9941
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2-Bromo-5-(dimethylamino)-benzaldehyde (37), yellow solid, CAS No.: 828916-47-8

1H), 7.19 (d, J = 3.3 Hz, 1H), 6.80 (dd, J = 8.9, 3.3 Hz, 1H), 2.98 (s, 6H).

13C NMR (75 MHz, Chloroform-d): § = 192.73, 149.80, 133.97, 133.28,
119.31, 113.06, 112.18, 40.41.

OHCD/NMeZ !H NMR (300 MHz, Chloroform-d): ¢ = 10.31 (s, 1H), 7.43 (d, J = 8.9 Hz,

Br

2-Bromo-5-(dimethylamino)phenyl benzoate (36), brown liquid, CAS No.: 2093970-40-0

7.4 Hz, 1H), 7.52 (dd, J = 8.2, 6.9 Hz, 2H), 7.41 (d, J = 8.9 Hz, 1H), 6.58
(d, J=2.9 Hz, 1H), 6.51 (dd, J = 8.9, 3.0 Hz, 1H), 2.95 (s, 7H).

13C NMR (75 MHz, Chloroform-d): 6 = 164.57, 151.00, 149.09, 133.79,
133.11, 130.51, 129.48, 128.72, 111.67, 107.56, 101.58, 40.59.

IR (ATR, neat): 2888.67, 2804.87, 1735.99, 1681.35, 1599.10, 1558.82,
1498.68, 1449.21, 1426.16, 1360.42, 1314.40, 1245.81, 1227.18, 1206.76,
1175.91, 1156.03, 1055.69, 1022.66, 1001.36, 973.72, 872.61, 814.23,
792.00, 701.36, 616.56 cm™.

HRMS (ESI*) calcd. (m/z) for CisH1sBrNO2: [M+H*] 320.0281, found:
320.0282.

Ph\n/oj@/NMez 'H NMR (300 MHz, Chloroform-d): = 8.31 —8.19 (m, 2H), 7.65 (t, J =

(0]
Br

4-Bromo-3-(1,3-dioxolan-2-yl)-N,N-dimethyl-benzenamine (38),
Orange liquid, CAS No.: 1257846-99-3

<\O 'H NMR (300 MHz, Chloroform-d): 6 = 7.36 (d, J = 8.8, 1H), 6.96 (d, J =
NMe, 3.2,1H),6.60 (dd, J=8.9, 3.2, 1H), 6.03 (s, 1H), 4.21 — 4.00 (m, 4H), 2.94
0]
(s, 6H).
Br

3C NMR (75 MHz, Chloroform-d): 6 = 149.97, 136.43, 133.32, 115.02,
111.61, 109.08, 103.02, 65.55, 40.76.

IR (ATR, neat): 2884.46, 1711.37, 1596.73, 1565.60, 1489.90, 1445.67,
1424.68, 1391.90, 1351.95, 1209.17, 1158.83, 1023.72, 962.17, 941.28,
901.10, 853.34, 801.67, 645.50 cm™.

HRMS (ESI*) caled. (m/z) for C11H1sBrNO,: [M+H*] 272.0281, found:
272.0280.

3-Bromo-2-indolinone (39), brown solid, CAS No.: 22942-87-6
H !H NMR (300 MHz, Chloroform-d): 6 = 8.50 (s, 1H), 7.39 (d, J = 7.5 Hz, 1H),

©/\N(EO 7.29 (d, J = 7.7 Hz, 1H), 7.09 (t, J = 7.6 Hz, 1H), 6.91 (d, J = 7.8 Hz, 1H), 5.29 (s,
1H).

Br 3C NMR (75 MHz, Chloroform-d): § = 174.74, 141.10, 130.60, 126.85, 126.48,
123.60, 110.71, 39.09.

IR (ATR, neat): 3132.05, 3084.36, 2970.97, 1702.43, 1619.52, 1601.71, 1470.22,
1334.35, 1299.80, 1197.86, 843.79, 741.07, 672.04, 609.53, 601.30 cm™.

HRMS (EI*) calcd. (m/z) for CeHsBrNO: [M™] 210.9633, found: 210.9625.
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3-Bromo-1-methylindole (40), colorless liquid, CAS No.: 81471-20-7
(Unstable at room temperature to give dark solid over time.)

Me H NMR (300 MHz, Chloroform-d): 6 = 7.58 (d, J = 7.8 Hz, 1H), 7.39 - 7.27 (m,
@ 2H), 7.21 (ddd, J = 8.0, 6.3, 1.9 Hz, 1H), 7.08 (s, 1H), 3.78 (s, 3H).
Y

Br

3-Bromo-2-butyl-1-benzofuran (41), slightly yellow liquid, CAS No.: 872400-06-1
o 'H NMR (300 MHz, Chloroform-d): § = 7.59 — 7.36 (m, 2H), 7.34 — 7.22 (m,
wnBu 2H), 2.84 (t, J = 7.5 Hz, 2H), 1.84 — 1.66 (m, 2H), 1.51 — 1.33 (m, 2H), 0.97 (t,
\ J=7.4Hz, 3H).
r

BBC NMR (75 MHz, Chloroform-d): 6 = 155.97, 153.61, 128.52, 124.47, 123.20,
119.22, 111.19, 94.34, 29.77, 26.48, 22.34, 13.90.

3-Bromo-2-butyl-1-benzothiophene (42), slightly yellow liquid, CAS No.: 872400-10-7
S 'H NMR (300 MHz, Chloroform-d): 6 = 7.76 (d, J = 8.0 Hz, 2H), 7.43 (ddd, J
@L/X”BU =8.0,7.2,1.2Hz, 1H),7.39-7.30 (m, 1H), 2.98 (t, J = 7.6 Hz, 2H), 1.83 - 1.68
\ (m, 2H), 1.58 — 1.38 (m, 2H), 1.00 (t, J = 7.3 Hz, 3H).
r

BBC NMR (75 MHz, Chloroform-d): § = 141.06, 138.54, 137.25, 124.96, 124.80,
122.73, 122.37, 105.84, 32.59, 29.79, 22.38, 13.96.

4-Bromo-1-methylpyrazole (43), colorless liquid, CAS No.: 15803-02-8
N N-Me 'H NMR (300 MHz, Chloroform-d): 6 = 7.44 (s, 1H), 7.38 (s, 1H), 3.90 (s, 3H).

N.
SZ/ 13C NMR (75 MHz, Chloroform-d): 6 = 139.81, 130.24, 93.14, 39.59.
Br

2-Bromo-5-(dimethylamino)phenyl isobutanoate (48),
slightly yellow liguid, CAS No.: 2093970-42-2

6.37 (m, 2H), 3.04 — 2.73 (m, 7H), 1.36 (d, J = 7.0 Hz, 6H).

B3C NMR (75 MHz, Chloroform-d): 6 = 174.69, 150.84, 148.80, 132.97,
111.43, 107.33, 101.50, 40.48, 34.29, 19.08.

IR (ATR, neat): 2974.67, 2932.54, 2876.13, 1759.13, 1684.60, 1601.79,
1561.09, 1498.76, 1467.89, 1445.35, 1386.66, 1360.33, 1261.33, 1228.24,
1179.63, 1157.37, 1090.89, 1044.22, 1031.83, 977.26, 919.54, 880.18,
863.97, 814.62, 792.40 cm™.,

HRMS (ESI) calcd. (m/z) for C12H17BrNO.: [M+H*] 286.0437, found:
286.0438.

iPr\ﬂ/Oj@/NMez 'H NMR (300 MHz, Chloroform-d): 6 = 7.35 (d, J = 8.9 Hz, 1H), 6.50 —
OBr
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2,4-Dibromo-5-(dimethylamino)phenyl isobutanoate (50),
slightly yellow liquid, CAS No.: 2093970-43-3

2,68 (m, 7H), 1.36 (d, J = 7.0 Hz, 6H).

B3C NMR (75 MHz, Chloroform-d): § = 174.47, 152.41, 148.14, 137.03,
115.77, 115.64, 109.09, 44.05, 34.35, 19.10.

IR (ATR, neat): 2975.82, 2942.97, 2872.88, 2833.54, 2790.16, 1762.45,
1582.31, 1480.17, 1466.10, 1454.56, 1434.71, 1386.99, 1369.23, 1345.12,
1266.01, 1214.36, 1179.65, 1137.74, 1106.52, 1051.64, 996.20, 917.50,
889.48, 877.98, 736.31, 670.77, 648.49 cm™.

HRMS (ESI*) calcd. (m/z) for C12H16BraNO,: [M+H*] 363.9542, found:
363.9543.

iPr\n/o:©:NMe2 'H NMR (300 MHz, Chloroform-d): § = 7.75 (s, 1H), 6.79 (s, 1H), 2.98
OBr Br

8.4.2 Preparation of substrates for the oxidative bromination

Synthesis of 3-(N,N-dimethylamino)benzaldehydel**"]

Oxalyl chloride (1.5 equiv)
DMSO (3.0 equiv)

HOOC NMe, LAH (2.5 equiv) _ HO NMe, Triethylamine (6.0 equiv) OHC NMe,
THF, 0 °C—RT, 1h DCM, -78 °C—RT, 1h -

Lithium aluminium hydride (LAH) (2.00 g, 50 mmol) was placed in a 250 mL flask equipped with

a rubber septum and a magnetic stirring bar, and the atmosphere was replaced with argon. 100 mL
of THF was added to the flask before the solution was cooled down to 0 °C. A solution of 3-
dimethylaminobenzoic acid (3.37 g, 20 mmol) in 20 mL of THF was added to the mixture slowly
before it was allowed to warm up to room temperature. After 1 hour of stirring, the resultant reaction
mixture was quenched with 10 mL of EtOH and 3.6 mL of water, and the solid was filtered off
through a thin layer of MgSO, and silica gel. The filtrate was concentrated under reduced pressure.
The residue was purified by using an automated preparative HPLC (10% EtOAc in hexane) to give
3-(N,N-dimethylamino)benzyl alcohol (1.29 g, 8.5 mmol, 43%).

3-(N,N-Dimethylamino)benzyl alcohol, slightly yellow liquid, CAS No.: 23501-93-1

6.60 (M, 3H), 4.65 (s, 2H), 2.96 (s, 6H).
13C NMR (75 MHz, Chloroform-d): § = 151.06, 142.00, 129.44, 115.33,
112.12, 111.23, 66.10, 40.77.

HO/\©/NMe2 'H NMR (300 MHz, Chloroform-d): 6 = 7.22 (d, J = 7.9 Hz, 1H), 6.80 —

A flame-dried 100 mL flask equipped with a rubber septum and a magnetic stirring bar was

charged under argon atmosphere subsequently with oxalyl chloride (1.30 g, 10 mmol) and 25 mL
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of DCM. The solution was cooled down to —78 °C (acetone/dry ice bath) followed by a slow
addition of DMSO (1.18 g, 15 mmol) in 5 mL of DCM. 3-(N,N-Dimethylamino)benzyl alcohol
(756 mg, 5.0 mmol) in 5 mL of DCM was added to the mixture dropwise. 15 minutes later
triethylamine (4.2 mL, 30 mmol) was added at once to the mixture before it was allowed to warm
up to room temperature. The resultant reaction mixture was quenched with saturated NH4Cl solution.
The aqueous phase was extracted with DCM, washed with brine, dried over MgSQO., and was
concentrated under reduced pressure. The residue was purified by using an automated preparative
HPLC (5% EtOAc in hexane) to give 3-(N,N-dimethylamino)benzaldehyde (467 mg, 3.1 mmol,
62%).

3-(N,N-Dimethylamino)benzaldehyde, bright yellow liquid, CAS No.: 619-22-7

7.23-7.15 (m, 2H), 7.02 — 6.93 (m, 1H), 3.02 (s, 6H).

BC NMR (75 MHz, Chloroform-d): 6 = 193.34, 150.95, 137.42, 129.74,
119.11, 118.46, 111.71, 40.57.

OHC\©/NMe2 'H NMR (300 MHz, Chloroform-d): 6 = 9.96 (s, 1H), 7.39 (t, J=8.1, 1H),

The original report employed MnQO; for the oxidation in the second step. However, when we tried
to reproduce it, a brown solid was found with a small quantity of the product. Demethylation of the
dimethylamino group by using MnO, have been studied and reported.%3% it is assumed that the
demethylated amines were condensate with aldehyde to form an organic polymer. Therefore, the

oxidation was replaced by the Swern oxidation.

In the Swern oxidation, chlorinated products were found after separation. Refer to Section 5.2.1

for the theoretical background.

2-Chloro-5-(dimethylamino)benzaldehyde, CAS No.: 137548-17-5

OHCD/NM% 'H NMR (300 MHz, Chloroform-d): 6 = 10.44 (s, 1H), 7.27 (d, J = 8.8 Hz,

o 1H), 7.19 (d, J = 3.3 Hz, 1H), 6.87 (dd, J = 8.9, 3.3 Hz, 1H), 2.99 (s, 6H).

GC-MS analysis by the standard method described in Section 8.1.3.

182,000

185.000
184.000

1A%.000
1.040 77000 g oo 104039 118:038 166.000 T|
lreereitoteese ettt ettt L ettt e, .
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50 60 70 80 90 100 110 120 130 140 150 160 170 180 190
m/z (Da)
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3-Chloro-5-(dimethylamino)benzaldehyde, CAS No.: 284047-90-1

OHC NMe, !H NMR (300 MHz, Chloroform-d): 6 = 10.56 (s, 1H), 7.59 (t, J = 4.7 Hz,
1H), 7.32 (d, J = 4.6 Hz, 2H), 2.85 (s, 6H).

Cl
GC-MS analysis by the standard method described in Section 8.1.3.

182.000

183.000

181.000
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Synthesis of 3-(dimethylamino)phenyl benzoate

0
MezN OH Cl)J\Ph (11 eqUIV) Me2N O\n/Ph
Triethylamine, 0 °C—>RT, 30 min. o}

3-(Dimethylamino)phenol (707 mg, 5.0 mmol) was placed in a 10 mL vial with a magnetic stirring

bar, and the atmosphere was replaced with argon. 5 mL of triethylamine was added to the vial
through a septum before the solution was cooled down to 0 °C. Benzoyl chloride (814 mg, 5.5
mmol) was added to the mixture dropwise. After stirring for 30 minutes at room temperature, the
resultant reaction mixture was directly loaded on an automated preparative HPLC for purification
(5% EtOACc in hexane) to give 3-(dimethylamino)phenyl benzoate (1.01 g, 4.2 mmol, 84%).

3-(Dimethylamino)phenyl benzoate, colorless crystal, CAS No.: 157279-47-5

IH NMR (300 MHz, Acetone-d6): 6 = 8.17 (dd, J = 7.1, 1.4 Hz, 2H), 7.77

Me,N O. _Ph
N —7.67 (m, 1H), 7.59 (t, J = 7.5 Hz, 2H), 7.24 (t, J = 8.1 Hz, 1H), 6.70 —
o) 6.58 (m, 2H), 6.58 — 6.48 (m, 1H), 2.96 (s, 3H).

BBC NMR (75 MHz, Acetone-d6): § = 165.52, 153.25, 152.91, 134.39,
130.98, 130.68, 130.32, 129.61, 110.67, 110.18, 106.63, 40.54.

IR (ATR, neat): 2848.46, 1730.75, 1600.87, 1568.00, 1502.32, 1449.12,
1360.84, 1315.38, 1265.93, 1249.33, 1221.65, 1199.66, 1169.51, 1139.35,
1079.76, 1062.28, 1023.22, 997.16, 886.18, 842.74, 814.37, 800.90,
764.29, 725.08, 703.88, 688.19 cm™.

HRMS (ESI*) calcd. (m/z) for CisHisNO,: [M+H*] 242.1176, found:
242.1174.
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Synthesis of 3-(dimethylamino)phenyl isobutanoate

o]

MezN OH Cl)J\IPr (11 eqUiV) MezN O\n/IPr
Triethylamine, 0 °C—RT, 30 min.' 0]

Similar procedure to the one for 3-(dimethylamino)phenyl benzoate, but isobutyryl chloride (598

mg, 5.5 mmol) was used as the reagent. (980 mg, 4.7 mmol, 94%).

3-(Dimethylamino)phenyl isobutanoate, colorless liquid, CAS No.: 2093970-41-1

J=8.4,25 Hz, 1H), 6.43 (t, J = 2.3 Hz, 1H), 6.40 — 6.32 (m, 1H), 2.92
(s, 6H), 2.77 (p, J = 6.9 Hz, 1H), 1.26 (d, J = 7.0 Hz, 6H).

3C NMR (75 MHz, Acetone-d6): § = 206.05, 175.63, 153.19, 152.76,
130.14, 110.39, 110.09, 106.45, 40.49, 34.69, 30.59, 30.33, 30.07, 29.82,
29.56, 29.30, 29.05, 19.20.

IR (ATR, neat): 2974.45, 2935.30, 2876.19, 2806.74, 1751.81, 1610.05,
1575.61, 1501.05, 1468.32, 1440.36, 1386.38, 1352.03, 1228.68, 1201.68,
1140.28, 1094.34, 1048.47, 998.92, 922.23, 879.73, 841.25, 759.73,
735.11, 701.91, 683.38 cm™.

HRMS (ESI*) calcd. (m/z) for C12H1sNO,: [M+H*] 208.1332, found:
208.1330.

Me,N \©/O\ﬂ/ipr 'H NMR (300 MHz, Acetone-d6): 6 = 7.17 (t, J = 8.2 Hz, 1H), 6.59 (dd,
o}

Synthesis of 2-butyl-1-benzofuran

o nBuLi (1.3 equiv) o
nBuBr (3.0 equiv)

Y > / nBu
THF, -78 °C to RT

Following a modified procedure of Pfaltz et al.,[*® benzofuran (1.19 g, 10 mmol) was placed in a

20 mL vial with a magnetic stirring bar, and the atmosphere was replaced with argon. 10 mL of
THF was added to the vial through the septum before the solution was cooled down to —78 °C
(acetone/dry ice bath). A solution of nBuL.i (8.1 mL, 1.6 M in hexanes, 13 mmol) was added to the
mixture dropwise. After stirring for 30 minutes, 1-bromobutane (3.3 mL, 30 mmol) was added to
the mixture slowly before it was allowed to warm up to room temperature. The resultant reaction
mixture was quenched with saturated NH4Cl solution. The aqueous phase was extracted with EtOAc,
washed with brine, dried over MgSQa, and was concentrated under reduced pressure. The residue
was purified by using an automated preparative HPLC (5% EtOAc in hexane) to give 2-butyl-1-
benzofuran (1.78 g, 9.4 mmol, 94% yield).
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2-Butyl-1-benzofuran, colorless liquid, CAS No.: 4265-27-4
0 'H NMR (300 MHz, Acetone-d6): § = 7.55 — 7.46 (m, 1H), 7.45 - 7.37 (m, 1H),
@L%"BU 7.27 —7.10 (m, 2H), 6.50 (d, J = 1.0 Hz, 1H), 2.79 (t, J = 7.5 Hz, 2H), 1.73 (p,
J = 7.3 Hz, 2H), 1.43 (dt, J = 14.6, 7.3 Hz, 2H), 0.95 (t, J = 7.3 Hz, 3H).
3C NMR (75 MHz, Acetone-d6): § = 160.52, 155.56, 130.03, 123.98, 123.29,
121.12, 111.34,102.71, 30.57, 28.57, 22.91, 14.04.

Synthesis of 2-butyl-1-benzothiophene

s nBulLi (1.3 equiv) s
nBuBr (3.0 equiv)

/ - / nBu
THF, -78 °C to RT

Similar procedure to the one for 2-butyl-1-benzofuran, but 1-benzothiophene (1.38 g, 10 mmol)

was used as a substrate. (1.48 g, 8.5 mmol, 85% yield).

2-Butyl-1-benzothiophene, colorless liquid, CAS No.: 17890-53-8

s 'H NMR (300 MHz, Acetone-d6): 6 = 7.82 (d, J = 7.6 Hz, 1H), 7.70 (d, J = 7.4
@L/anu Hz, 1H), 7.36 — 7.20 (M, 2H), 7.10 (s, 1H), 2.92 (t, J = 7.5 Hz, 2H), 1.73 (p, J =
7.4 Hz, 2H), 143 (h, J = 7.3 Hz, 2H), 0.95 (, J = 7.3 Hz, 3H).
13C NMR (75 MHz, Acetone-d6): § = 147.40, 141.33, 140.14, 124.96, 124.33,

123.60, 122.87, 121.57, 34.06, 30.91, 22.82, 14.05.

8.4.3 Lithium-halogen exchange reaction and aldehyde formation2%

MeO OMe TMSBr (1.1 equiv) NaH (3 equiv) ) MeO OMe
\©/ DMSO (1.1 equiv) nBuLi (4 equiv) DMF (10 equiv) \©:
THF, RT, 2h THF, -78 °C ~78 °C, 30 min CHO
51 10 min —RT, 2h 52 99% yield

1,3-Dimethoxybenzene (51) (142 mg, 1.0 mmol) and DMSO (87 mg, 1.1 mmol) were placed in a
10 mL vial with a magnetic stirring bar, and the atmosphere was replaced with argon. After adding
2 mL of THF, a solution of trimethylsilyl bromide (174 mg, 1.1 mmol) in 1 mL of THF was added
to the mixture at 0 °C. The mixture was stirred for 2 hours at room temperature. The mixture was
transferred to a 10 mL Schlenk tube with sodium hydride (120 mg, 60% in oil, washed off with
hexane, 3.0 mmol) and 2 mL of THF at 0 °C. This mixture was then added to another 20 mL Schlenk
tube with nBuLi (2.5 mL, 1.6 M in hexane, 4 mmol) and 3 mL of THF at —78 °C slowly. After
stirring for 5 minutes, DMF (7 mL, 10 mmol) was added to the tube slowly at —78 °C. The tube was
allowed to warm up to room temperature and held for 2 hours. The resultant reaction mixture was
guenched with saturated NH4Cl solution. The aqueous phase was extracted with EtOAc, washed
with brine, dried over MgSQO,, and was concentrated under reduced pressure. The residue was
purified by using an automated preparative HPLC (5% EtOAc in hexane) to give 2,4-
dimethoxybenzaldehyde (52) (164 mg, 0.99 mmol, 99% vyield).
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2,4-Dimethoxybenzaldehyde (52), colorless solid, CAS No.: 613-45-6

1H), 6.55 (dd, J = 8.8, 2.0 Hz, 1H), 6.45 (d, J = 2.2 Hz, 1H), 3.90 (s, 3H), 3.88
CHO (s, 3H).

3C NMR (75 MHz, Chloroform-d): 6 = 188.48, 166.33, 163.77, 130.93,
119.26, 105.89, 98.13, 55.77.

Me0\©:OMe 'H NMR (300 MHz, Chloroform-d): ¢ = 10.29 (s, 1H), 7.81 (d, J = 8.7 Hz,

8.4.4 Azidation followed by cyclization with copper catalyst®!

Base (2.0 equiv) N
NaNg (2.0 equiv) > Me
Me Na asc. (0.1 equiv) N\Me
N _ Cul (0.1 equiv)
©/ ‘Me TMSBr(1.1equiv) DMEDA (0.2 equiv) (1 equiv) @\f’?‘
> =N

DMSO, 80 °C, 2 h H,0, 100 °C, 6h

53

Trimethylsilyl bromide (174 mg, 1.1 mmol) was placed in a 10 mL vial with a magnetic stirring
bar, and the atmosphere was replaced with argon. N,N-Dimethylaniline (122 mg, 1.0 mmol) in 3
mL of DMSO was added to the vial through the septum at 0 °C. The mixture was stirred for 2 hours
at 80 °C. A solution of NaHCO; (171 mg, 2.0 mmol) in 1 mL of water was added to the mixture.
The resultant mixture was transferred to another vial with sodium azide (133 mg, 2.0 mmol), (+)-
sodium L-ascorbate (Na asc.) (20 mg, 0.1 mmol), copper(l) iodide (19 mg, 0.1 mmol), N,N'-
dimethylethylenediamine (DMEDA) (18 mg, 0.2 mmol) and phenylacetylene (104 mg, 1.0 mmol).
The vial was then heated at 100 °C for 6 hours. The resultant reaction mixture was washed with
brine, extracted with EtOAc, dried over MgSO4, and was concentrated under reduced pressure. The
residue was purified by using an automated preparative HPLC (5% EtOAc in hexane) to give N,N-
dimethyl-4-(4-phenyl-1H-1,2,3-triazol-1-yl)-benzenamine (53) (167 mg, 0.63 mmol, 63% yield).

N,N-Dimethyl-4-(4-phenyl-1H-1,2,3-triazol-1-yl)-benzenamine (53),
colorless crystal, CAS No.: 1603135-10-9

Me !H NMR (300 MHz, Chloroform-d): 6 = 8.07 (s, 1H), 7.90 (d, J =

N, 6.9 Hz2H),7.60(d,J=9.1 Hz, 2H), 7.45 (t, J= 7.5 Hz, 2H), 7.35
O © (t,J=7.4Hz, 1H), 6.79 (d, J = 9.1 Hz, 2H), 3.03 (s, 6H).

NN 3C NMR (75 MHz, Chloroform-d): 6 = 150.78, 148.08, 130.83,
N=N 129.00, 128.29, 126.97, 125.95, 122.11, 117.88, 112.50, 40.63.

IR (ATR, neat): 2915.51, 1966.71, 1608.89, 1523.64, 1481.15,
144477, 1364.50, 1230.58, 1203.15, 1179.86, 1401.78, 1028.06,
1014.34, 950.70, 767.40, 705.55, 691.14 cm™.

HRMS (ESIY) calcd. (m/z) for C16H17Na: [M+H*] 265.1448, found:
265.1450.
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8.4.5 Suzuki-Miyaura cross coupling to form a binaphthyl backbonel*?4

CC

B(OH), (1.3 equiv

OH TMSBr (1.1 equiv)  K2COj (3 equiv) OH
DMSO (1.1 equiv) PEPPSI®-IPr (2 mol%) OO

1,4-Dioxane, RT, 2h jPrOH, 60 °C, 24 h 55

2-Naphthol (146 mg, 1.0 mmol) and DMSO (87 mg, 1.1 mmol) were placed in a 10 mL vial with a
magnetic stirring bar, and the atmosphere was replaced with argon. After 2 mL of 1,4-dioxane was
added to the vial through the septum, a solution of trimethylsilyl bromide (174 mg, 1.1 mmol) in 1
mL of 1,4-dioxane was added to the mixture at 0 °C. The mixture was stirred for 2 hours at room
temperature. The mixture was transferred to another vial with potassium carbonate (436 mg, 3.0
mmol). A solution of PEPPSI®-IPr (14 mg, 0.02 mmol) and 1-naphthaleneboronic acid (230 mg,
1.3 mmol) in 4 mL of iPrOH was added to the vial. After stirring the mixture at 60 °C for 24 hours,
the resultant reaction mixture was quenched with saturated NH4Cl solution. The aqueous phase was
extracted with EtOAc, washed with brine, dried over MgSQO4, and was concentrated under reduced
pressure. The residue was purified by using an automated preparative HPLC (5% EtOAc in hexane)
to give 1,1'-binaphthyl-2'-0l (248 mg, 0.92 mmol, 92% vyield).

1,1'-Binaphthyl-2'-ol (55), colorless crystal, CAS No.: 73572-12-0

Hz, 1H), 7.55 — 7.43 (m, 2H), 7.41 — 7.16 (m, 5H), 7.01 (d, J = 8.8 Hz, 1H), 2.77
(t, J= 1.0 Hz, 1H).

OH
OO 13C NMR (75 MHz, Acetone-d6): & = 153.35, 135.50, 135.03, 134.87, 134.07,
130.27, 129.98, 129.97, 129.64, 129.17, 128.88, 128.84, 127.08, 126.83, 126.81,
126.71, 125.51, 123.69, 119.25, 119.14.

OO 'H NMR (300 MHz, Acetone-d6): & = 8.06 — 7.86 (m, 4H), 7.66 (dd, J = 8.2, 7.0
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8.5 Exploring DMSO-based oxidative functionalizations
(Chapter 5)

8.5.1 Attempt of DMSO-base oxidative functionalization with TMSX (Table 16)

TMS-X (1.1 equiv)
MeO OMe DMSO (1.1 equiv) Meo\©:OMe
\©/ CHCI3, 80 °C,2h X

51

A 10 mL vial with 51 (142 mg, 1 mmol) and a stirring bar was capped with a crimp seal, and purged
with argon by three vacuum/argon cycles. A solution of DMSO (87 mg, 1.1 mmol) and decane (72
mg, 0.5 mmol, GC-FID internal standard) in 2 mL of CHCI; was added to the vial. TMSX
compound (1.1 mmol) in 1 mL of CHCI3z was added to the vial at 0 °C. The solution was heated by
a mean of aluminium heating block with vigorously stirred. After cooling it down to room
temperature, 0.1 mL of the reaction mixture was quenched with 0.1 mL of triethylamine and 1 mL
of EtOH, filtered through a thin layer of silica gel and submitted to GC-MS analysis. The rest of
the reaction mixture was quenched with agueous NaHCOj3 solution, extracted with EtOAc, dried

over MgSOs and solvents were removed under reduced pressure.

8.5.2 General procedure: Oxidative chlorination with oxalyl chloride

A 20 mL vial with 51 (142 mg, 1 mmol) and a stirring bar was capped with a crimp seal, and purged
with argon by three vacuum/argon cycles. A solution of DMSO (174 mg, 2.2 mmol, or the given
equivalent) and decane (72 mg, 0.5 mmol, GC-FID internal standard) in 2 mL of solvent was added
to the vial. Oxalyl chloride (291 mg, 2.2 mmol, or the given equivalent) in 1 mL of solvent was
added to the vial at 0 °C. The solution was stirred at room temperature for 2 hours. 0.1 mL of the
reaction mixture was filtered through a thin layer of silica gel, washed with EtOH and submitted to
GC-MS analysis. The rest of the reaction mixture was filtered through a thin layer of silica gel,

washed with EtOH and solvents were removed under reduced pressure.

1-Chloro-2,4-dimethoxybenzene (59), CAS No.: 7051-13-0

Me0\©:OMe 'H NMR (300 MHz, Chloroform-d): 6 = 7.25 (d, J = 8.8 Hz, 1H), 6.51 (d, J

o =28Hz/1H) 643 (dd,J=8.7,2.7 Hz, 1H), 3.88 (5, 3H), 3.80 (5, 3H).
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2,4-Dimethoxybromobenzene (27), CAS No.: 17715-69-4

= 2.8 Hz, 1H), 6.39 (dd, J = 8.7, 2.8 Hz, 1H), 3.86 (s, 3H), 3.78 (s, 3H).
13C NMR (75 MHz, Chloroform-d): 6 = 160.29, 156.59, 133.17, 105.97,
102.48, 100.03, 56.17, 55.60.

Meo\©:OMe 'H NMR (300 MHz, Chloroform-d): § = 7.39 (d, J = 8.7 Hz, 1H), 6.48 (d, J

Br

8.5.3 Activation of sulfoxides by deoxyfluorinating reagents (Scheme 98)

- _ MeO OMe
Qe Et +13 ppm \©/51
Ph/é@Ph +F SN ————— | in"F NMR ———— ™ No product
Et DCM, -78 °C to RT 1H 19F NMR
DAST - : (Hand )
, ., MeO OMe
OMe
oe /—/ +10 ppm 51
/é@ +F3S—N — | n"FNMR | — " No product
Ph” > Ph “—  DCM,-78°CtoRT ] ("H and "°F NMR)
OMe

Deoxo-Fluor®

Diphenyl sulfoxide (206 mg, 1 mmol) was placed in a 20 mL Schlenk tube with a magnetic stirring
bar, and the atmosphere was replaced with argon. After adding 3 mL of DCM, the tube was cooled
down to —78 °C in MeOHY/dry ice bath. DAST (332 mg, 2 mmol) in 1 mL of DCM was added to
the mixture. The mixture was stirred overnight at room temperature. The cooling bath was allowed
to warm up to room temperature without additional pieces of dry ice. Nitrogen gas was blown to
the mixture to remove volatiles (HF and solvents) with aqueous NaOH solution trap behind. DCM
was added to the residue, and white solid precipitated. This white solid was diluted in 2 mL of DCM
and added to a 10 mL Schlenk tube with arene 51 (71 mg, 0.5 mmol), 3 mL of DCM and a stirring
bar. The mixture was stirred at room temperature overnight. The reaction mixture was analyzed by
GC-MS and **F NMR.

8.5.4 Redox experiments with a sulfoxide and an organoiodine (Scheme 101)

identical mixture:

::: cl) o (0] (0]
| + S\ _ (6] (0]
| Me” "~ "Me MeCN-d3, RT Y \Sf \(
O\fo FsC Me” 'Me CF3
60 CF3

0 o o
S SO & S S
Me™ > "Me F3CJ\OJ\CF3 MeCN-ds, RT
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In one run, (bis(trifluoroacetoxy)iodo)benzene (60) (89 mg, 0.2 mmol) was placed in an NMR tube,
and purged with argon by three vacuum/argon cycles. Dimethyl sulfide (13 mg, 0.2 mmol) in 2 mL
of MeCN-d3 was added to the tube with a slow counter flow of argon. After the tube was well
shaken, the mixture was analyzed by *H and °F NMR.

In the other run, iodobenzene (42 mg, 0.2 mmol) and DMSO (16 mg, 0.2 mmol) were placed in
an NMR tube, and purged with argon by three vacuum/argon cycles. Trifluoroacetic anhydride (42
mg, 0.2 mmol) in 2 mL of MeCN-d3 was added to the tube with a slow counter flow of argon. After

the tube was well shaken, the mixture was analyzed by *H and '°F NMR.

'H NMR spectra:

Phi —]
=] -
- DMSO Residual
o o j— ! m solvent
60+SMe, | o v v

Activated DMSO
Phl + DMSO + TFAA ‘\JL

8.30 8.20 8.10 8.00 780 7.80 7.70 7.60 7.50 7.40 7.30 7.20 7.10 7 2.90 ' 2.80 2.70 2,60 2.50 2.40 2.30 2.20 2.10 2.00 1.90
f1 (ppm) f1 (ppm

Signals for Phl (green) and trace amount of 60 (red) were detected in *H NMR spectra. Signals for
both DMSO and SMe; were not detected but signals for activated DMSO were observed around 2
ppm frequency.

8.5.5 AgF-catalyzed trifluoromethylation of arene 61 (Scheme 104)

OMe OMe
AgF (25 mol%)
+ TMSCF3; + PhI(OAc), >
MeCN, RT, overnight

MeO OMe (4 equiv. 2 equiv. MeO OMe
61 ( ) ) 62

CF;

A 10 mL vial with AgF (16 mg, 0.125 mmol) and a stirring bar was capped with a crimp seal, and
purged with argon by three vacuum/argon cycles. A solution of arene 61 (85 mg, 0.5 mmol) and
TMSCF; (287 mg, 2 mmol) in 2 mL of MeCN was added to the vial. (Diacetoxyiodo)benzene (329
mg, 1 mmol) in 1 mL of MeCN was added to the vial at 0 °C. The solution was stirred at room
temperature overnight. The mixture was filtered through a thin layer of silica gel, washed with
DCM, and solvents were removed under reduced pressure. The crude mixture was analyzed by 'H
and **F NMR with CH.Br; as the internal standard.
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1,3,5-Trimethoxy-2-(trifluoromethyl)benzene (62), colorless solid, CAS No.: 1365122-33-3

OMe 'H NMR (300 MHz, Chloroform-d): 6 = 6.12 (s, 2H), 3.83 (s, 9H).
CF
®  19F NMR (282 MHz, DMSO-d6): J = -52.00 (s).
MeO OMe

8.5.6 Oxidative trifluoromethylation of arene 61 with catalytic amount of Phl (Scheme 105)

mCPBA (1.3 equiv)

OMe Ph-I (15 mol%) OMe
AgF (25 mol%) CF
+ TMSCF3 - 3
MeCN, RT, overnight
MeO 61 OMe (4 equiv.) MeO 62 OMe

A 10 mL vial with AgF (16 mg, 0.125 mmol) and a stirring bar was capped with a crimp seal, and
purged with argon by three vacuum/argon cycles. A solution of arene 61 (85 mg, 0.5 mmol),
TMSCF; (287 mg, 2 mmol) and iodobenzene (16 mg, 0.075 mmol) in 2 mL of MeCN was added
to the vial. mCPBA (160 mg, 70 wt%, 0.65 mmol) in 1 mL of MeCN was added to the vial at 0 °C.
The solution was stirred at room temperature overnight. The mixture was filtered through a thin
layer of silica gel, washed with DCM, and solvents were removed under reduced pressure. The
crude mixture was analyzed by *H and *°F NMR with CH.Br. as the internal standard.

8.5.7 Examination of the reactivity of PhlI(OAc), with arene or TMSCF; (Scheme 107)

OMe

+ TMSCF3 ——  » No reaction
DMSO-dg, RT
MeO OMe

61

OMe

+ Phl(OAc), ———» No reaction
DMSO-dg, RT
MeO OMe

61
New signals in NMR:
TMSCF3 + Phl(OAc), ———— = 'H: a mixutre of PhI(OAc), and Phl

DMSO-dg, RT  19F: weak singlet at —43 ppm

A 10 mL vial with (Diacetoxyiodo)benzene (33 mg, 0.1 mmol) and a stirring bar was capped with
a crimp seal, and purged with argon by three vacuum/argon cycles. A solution of arene 61 (17 mg,
0.1 mmol) or TMSCF3 (14 mg, 0.1 mmol) in DMSO-d6 was added to the vial. The mixture was
stirred until every ingredient was dissolved. 0.6 mL of the reaction mixture was transferred to an

NMR tube with minimal contact to the air.
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8.6 Mechanistic study of a copper-catalyzed
trifluoromethylation Reaction of Arenes (Chapter 6)

8.6.1 Synthesis of acid-type trifluoromethylating reagent 632%!

| OH F;C—I—0O
@Ao TCICA (0.3 equiv) KOAc (2 equiv) TMSCF3 (1.2 equiv) @AO
MeCN, 75 °C 75°C,2h overnight
(1 equiv) 63

A 250 mL flask equipped with a stirring bar, a condenser, a septum and a gas inlet was flame-dried
and was filled with argon. 2-lodobenzoic acid (5062 mg, 20 mmol) in 60 mL of MeCN was added
to the flask, and heated up to 75 °C by a mean of oil bath. Trichloroisocyanuric acid (TCICA) (1878
mg, 8 mmol) in 10 mL of MeCN was added to the flask slowly over 5 minutes. Potassium acetate
(3965 mg, 40 mmol, flame-dried) was quickly tossed into the flask with a slow counter flow of
argon. The flask was vigorously stirred at 75 °C for 2 hours. After the flask was cooled down to
room temperature, TMSCF3 (3447 mg, 24 mmol) in 10 mL of MeCN was added to the flask, and
the flask was stirred overnight at room temperature. Decant the liquid to a glass filter, the filtrate
was cooled down in a freezer overnight. The solid was washed with MeCN and before it was filtered.
The volume of this filtrate was reduced to half by evaporation and was cooled down in a freezer.
Colorless crystal from both batches was collected and dried under reduced pressure. (3820 mg, 12
mmol, 60% vyield)

Note that excess TMSCF3 leads to low yields with generation of C,Fs (confirmed by GC-MS)

and a brown reaction mixture.

1-Trifluoromethyl-1,2-benziodoxol-3-(1H)-one (63), colorless crystal, CAS No.: 887144-94-7

F;C—1—0O !H NMR (300 MHz, Chloroform-d): 6 = 8.50 — 8.44 (m, 1H), 7.87 — 7.74 (m,
3H).

IH NMR (300 MHz, DMSO-d6): 6 = 8.18 (dd, J = 7.7, 1.8 Hz, 1H), 7.93 (td, J =
8.5, 1.7 Hz, 1H), 7.86 — 7.77 (m, 2H).

F NMR (282 MHz, Chloroform-d): § = -33.87 (s).
19F NMR (282 MHz, DMSO-d6): 6 = -33.61 ().

0]
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8.6.2 Purification of Cu(l) compound(=8¢

CuCl (3062 mg, 30 mmol) was placed on a glass filter and was washed with cold water. After
removing down the water, change the reservoir to a flask with water. Saturated aqueous NH4CI
solution was added to the filter and was stirred, before it was filtered. Precipitation was observed
in the reservoir. This NH4Cl/filtration cycle was repeated until the filtrate was Colorless although
usually once was enough. The suspension was filtered and washed water, EtOH and distilled Et.O

(20 mL each). The collected solid was dried under reduced pressure.

CuBr and Cul were purified in a similar manner with NaBr and Nal instead of NH.CI,
respectively.

8.6.3 General procedure for the trifluoromethylation reaction

Catalyst (0.015 mmol, or the given equivalent) was placed in a 10 mL vial with a stirring bar, capped
with a crimp seal, and purged with argon by three vacuum/argon cycles. PhCFs (22 mg, 0.15 mmol,
1 equiv, *°F NMR internal standard), 1,3,5-trimethoxybenzene (61) (51 mg, 0.3 mmol, or the given
equivalent) in 1 mL of solvent was added to the vial. Reagent 63 (48 mg, 0.15 mmol, or the given
equivalent) in 2 mL of solvent was added to the vial dropwise at room temperature. The solution

was stirred at room temperature before it was heated.

In the case with a pretreatment, catalyst, PhCF; and reagent 63 were added as above and the vial
was stirred at room temperature. After 1°F NMR analysis of this mixture, arene 61 in 1 mL of solvent

was added and heated.

When the solvent was DMSO, 0.1 mL of the reaction mixture was diluted in DMSO-d6 for 1°F
NMR analysis. Otherwise, 0.5 mL of the reaction mixture was submitted to the analysis, and the
sample was injected back to the vial with a minimal contact to the air. In both cases, NMR tubes

were charged with argon. In °F NMR analysis, internal standard PhCFs was set at —-60.94 ppm.

For isolation of product 62, the reaction mixture was added to 0.1 M HCI solution, and extracted
with EtOAc, washed with brine, dried over MgSO., and solvents were removed under reduced
pressure. The crude mixture was separated using silica-gel flash chromatography (hexane: EtOAc,

gradient elution).

For the experiments in the dark, screw-capped amber glass vials were used.
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8.6.4 General procedure for stoichiometry determination experiments

Catalyst was placed in a 20 mL vial with a stirring bar, capped with a crimp seal, and purged with
argon by three vacuum/argon cycles. PhCFs (22 mg, 0.15 mmol, 1 equiv, °F NMR internal
standard) and 8 mL of solvent was added to the vial. Reagent 63 (48 mg, 0.15 mmol) in 2 mL of
solvent was added to the vial dropwise. The solution was stirred overnight before *°F NMR analysis

of the reaction mixture.

For 63-excess conditions, Cul (29 mg, 0.15 mmol) and the given equivalent of reagent 63 were
used. For cold experiments, the vial was cooled down to —40 °C in dry ice/MeCN bath before
reagent 63 was added to the vial along the vial wall. The cooling bath was allowed to warm up to
room temperature without additional pieces of dry ice. Arene 61 (51 mg, 0.3 mmol) was added to
the vial with PhCF3 when it was described in the scheme.

Selected *F NMR spectra

Internal standard

Minor component .

...LMLML

-10 12 14 16 18 ZU 22 24 26 -28 3IJ 32 34 36 -38 40 42 44 46 48 50 52 54 56 58 -60 62
f1 (ppm)

£1.09—=
01—
D3.21-=

Reaction of Cul and reagent 63 in DMSO at RT (Table 19, 63/Cul=0.75 (equiv)). Minor Cu-CF3
components were observed.

Internal standard

vy

!
o}
oo

8.354 ¥

21.40—1

fi7.39=

-10 -12 -14 -16 -18 -20 -22 -24 -26 -28 -30 -32 -34 -36 -38 -40 -42 44 -46 -48 -50 -52 -54 -56 -58 -60 -62
f1 (ppm)

Cold reaction of Cul and reagent 63 in DMF (Scheme 113b, Cul/63 (mol%)). No minor Cu—-CF;
components were observed.
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8.6.5 CuCl, qualitative analyses (Scheme 120)

CuCl (51 mg, 0.5 mmol) or CuCl; (68 mg, 0.5 mmol) was placed in a 10 mL vial with a stirring
bar, capped with a crimp seal, and purged with argon by three vacuum/argon cycles. PhCF; (74 mg,
0.5 mmol, **F NMR internal standard) and 1 mL of solvent was added to the vial. Reagent 63 (48
mg, 0.15 mmol) in 2 mL of solvent was added to the vial dropwise at room temperature. The
solution was stirred at 40 °C for 2 hours. The gas sample from the vial was measured by GC-MS,
and the solution was analyzed by °F NMR and GC-MS.

GC-MS analysis of the reaction of CuCl, and reagent 63

GC (gas-phase):

gas-phase GC-MS
6000000

5000000

4000000

3000000

2000000

Intensity (mV)

1000000 A

; M

0.5 1 15 2 25 3 35 4 45 L
Retention time (min)

69.000

84.900

RT =1.10 min

CFsCl T 1 T

45 50 55 60 65 75 80 85

70
m/z (Da)

RT =2.60 min | PhCF; (**F NMR internal standard)

GC-MS (solution):

172973

CF3 OH 145.000 189,981

O 94.947 106,910 126.000 150.952 178.953
T . \ T P T— | \
T T T T T T T T T T T T T T T T T T T T T

90 100 110 120 130 140 150 160 170 180 190
m/z (Da)
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Cl
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8.6.6 Magnetic susceptibility measurement (Table 23)

Cul (10 mg, 0.05 mmol) was placed in a 10 mL vial with a stirring bar, capped with a crimp seal,

and purged with argon by three vacuum/argon cycles via a needle. The weight of this vial was
recorded. Reagent 63 (24 mg, 0.075 mmol) in 2 mL of DMSO-d6 was added dropwise to the vial,

and the exact weight was recorded. The solution was stirred overnight. 1 mL of the mixture was

transferred an NMR tube with a minimal contact to the air, and a capillary filled with DMSO-d6

was added to the tube. The whole process was repeated for three samples.

Other samples were prepared as following and the exact values were recorded: 64-2DMSO (8
mg, 0.0125 mmol) in 0.5 mL of DMSO-d6 or CDCls, Cu(OAc)2-H.0 (5 mg, 0.025 mmol) in 1 mL
of DMSO-d6, CuBr; (6 mg, 0.025 mmol) in 1 mL of DMSO-d6. 1 mL of the mixture was transferred
an NMR tube with a minimal contact to the air, and a capillary filled with DMSO-d6 was added to
the tube. The whole process was repeated for three samples.

Spectrum example: (Table 23, entry 1 (reaction mixture))

Af/f (ppm)

270 268 266 264 262 260 2.58 256
f1 (ppm)

2.54

252 250 248 246

2.44
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Calculations*

The value of the effective magnetic moment (uefr) was determined from the magnetic susceptibility
by paramagnetic contribution (ypara) by the Curie Law equation:

_ 3kTX para
Heff = N—Bz

, Where k=Boltzmann constant (1.3807x10% cm?.g-s2-K?), N=Avogadro’s number
(6.0221409x10% mol™), B=Bohr magneton (9.274009994x10" erg-G!) and T=the absolute
temperature (K).

Here, we neglected the diamagnetic contribution because it is reportedly 1ow (ypara = ym). xm iS
the molar susceptibility of the sample in mL/mol, which can be determined by *H NMR.

_30004f
~ 4mc f

M + Xo,m

, Where c=concentration of the sample (M), Af/f = the difference in chemical shift (ppm). yom is the
molar susceptibility of the solvent by the equation below, which was calculated to be —4.43x10°
mL/mol.

_ Xoy Mw
Xoyv dy

xov for DMSO-d6 = -6.09x10" mL/mL, do is the density of DMSO-d6 (1.19 g/mL) and Mw is
the molecular weight of DMSO-d6 (84.17 g/mol).

The volume of the solution was calculated from the weight of the solution and the density of
DMSO-d6. The averages of three values are reported in Table 23.
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The calculation data

Reaction mixture 1 2 3
Cul (mg) 9.5 9.9 9.9
Volume of the solution (mL) 2.189 2.250 2191
[Cu] (M) 0.0228 0.0231 0.0237
Af/f (ppm) 0.116 0.133 0.133
v (mL/mol) 1.17x10°% 1.33x10° 1.30x10°
et (B.M.) 1.67 1.78 1.76
'H NMR was measured at 298 K with an external magnetic field of
500.26 MHz.
64-2DMSO Cu(OAc)2-H.0 CuBr»
[Cu] (mg) 7.9 7.8 7.8 5.0 5.0 4.7 6.2 5.7 5.8
Volume
(mL) 0.569 0.536 0.543 1.022 1.018 1.032 1.043 1.113 1.031
0.021 0.022 0.022 0.024 0.024 0.022 0.026 0.022 0.025
[Cu] (M)

9 9 6 5 6 8 6 9 2

Aff (ppm) 0.108 0.110 0.111 0.098 0.102 0.094 0.221 0.192 0.208

M 114 110 113 912 946 941 194 196 1.93
(mL/mol) x102% x10° x10°3 x10% x10° x1073 x10% x10° x103
et (B.M.) 167 178 1.76 148 151 1.50 215 216 215

'H NMR was measured at 299.4 K with an external magnetic field of 300.13 MHz.

64-2DMSO in CDCl3 1 2 3
Cul (mg) 8.0 8.2 7.8
Volume of the solution (mL) 0.633 0.557 0.560
[Cu] (M) 0.0199 0.0232 0.0219
A (ppm) 0.075 0.09 0.083
v (mL/mol) 8.41x10* 8.68x10* 8.45x10*
siett (B.M.) 1.42 1.44 1.42

'H NMR was measured at 299.4 K with an external magnetic field of
300.13 MHz. yov for CDCl3 = —7.40x10~" mL/mL, do = 1.50 g/mL,
Mw = 120.38 g/mol, Therefore, yom for CDClz = —5.94x10-° mL/mol.

8.6.7 EPR and UV-VIS measurements

Cul (48 mg, 0.15 mmol) was placed in a 20 mL vial with a stirring bar, capped with a crimp seal,

and purged with argon by three vacuum/argon cycles. PhCF; (22 mg, 0.15 mmol, *F NMR internal
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standard) and 8 mL of solvent was added to the vial. The vial was cooled down to —40 °C in dry
ice/MeCN bath before reagent 63 (48 mg, 0.15 mmol) was added to the vial along the vial wall.
The solution was stirred overnight with the cooling bath allowed to warm up to room temperature
without additional pieces of dry ice.

For analysis by EPR spectroscopy 40 uL of a 2 mM solution of each sample in DMF were filled
into 3 mm quartz capillaries, flash-frozen in liquid nitrogen and transferred frozen into the pre-
cooled EPR spectrometer. Continuous wave (cw) EPR spectra were acquired at X-band (ca. 9.5
GHz) on an Elexsys E580 EPR spectrometer (Bruker Biospin, Rheinstetten, Germany) using a
cylindrical resonator (Bruker SHQ) and an ESR900 helium flow cryostat (Oxford Instruments,
Oxford, UK) to maintain a temperature of 20 K. Spectra were recorded under non-saturating
conditions corresponding here to a microwave power of 13 uW, a B-field modulation amplitude of
0.2 mT and a conversion time of 81.92 ms for lock-in detection using 1024 points over a sweep
width of 120 mT. EPR spectra were analyzed using the Matlab package EasySpin.B*%? The
measurement and data analysis were carried out by Dr. Daniel Klose.

For analysis by UV-VIS spectroscopy, the reaction mixture was filled in 10 mm quartz cell.
Spectra were acquired on Specord 250 spectrophotometer made by Analytik Jena (Jena, Germany).

The measurement and data analysis were carried out by Dr. Reinhard Kissner.

8.6.8 Attempt of the synthesis of tricarboxylic acid 67—H3 (Scheme 132)

Oxidation of isochroman(*%l

TBHP (3 equiv) Q

o CuCl (10 mol%) o)
tBuOH, air,
50 °C, overnight 68

Isochroman (2711 mg, 20 mmol) and CuCl (99 mg, 1 mmol) was placed in a 500 mL flask equipped
with a stirring bar, a condenser and a gas inlet. After 200 mL of tert-butyl alcohol was added to the
flask, the mixture was stirred at 50 °C for 12 hours with a slow flow of air through the gas inlet to
a gas trap. The mixture was cooled down to room temperature, poured into saturated Na;S;0s
solution, extracted with EtOAc, dried over MgSO., and solvents were removed under reduced
pressure. The crude mixture was separated using silica-gel flash chromatography (hexane: EtOAc,
gradient elution). 3,4-Dihydroisocoumarin (68) was obtained (1.722 g, 11.63 mmol, 58% vyield).
The reported intermediate (79) was also obtained in 30% yield (1.350 g, 6.08 mmol).
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3,4-Dihydroisocoumarin (68), CAS No.: 4702-34-5

0 'H NMR (300 MHz, Chloroform-d): § = 8.10 (dd, J =7.9, 1.1 Hz, 1H), 7.54 (td, J =
7.5, 1.4 Hz, 1H), 7.40 (t, J = 7.6 Hz, 1H), 7.26 (d, J = 7.5 Hz, 1H), 4.54 (d, J=5.9
Hz, 2H), 3.06 (t, J = 6.0 Hz, 2H).

1-tert-butylperoxyisochroman (79), CAS No.: 131869-38-0
O,OtBu !H NMR (300 MHz, Chloroform-d): 6 = 7.41 — 7.02 (m, 4H), 6.05 (s, 1H), 4.23

(td, J = 11.8, 3.3 Hz, 1H), 4.01 (ddd, J = 11.3, 6.1, 1.4 Hz, 1H), 3.04 (ddd, J =
@@ 17.8,12.3, 6.1 Hz, 1H), 2.61 (dd, J = 16.6, 3.3 Hz, 1H), 1.36 (s, 9H).

Intermediate 79 (1351 mg, 10 mmol) and CuCl (99 mg, 1 mmol) was placed in a 250 mL flask
equipped with a stirring bar, a condenser and a gas inlet. After 100 mL of tert-butyl alcohol was
added to the flask, the mixture was stirred at 50 °C for 12 hours with a slow flow of air through the
gas inlet to a gas trap. The mixture was cooled down to room temperature, poured into saturated
Na,S205 solution, extracted with EtOAc, dried over MgSO., and solvents were removed under
reduced pressure. The crude mixture was separated using silica-gel flash chromatography (hexane:
EtOAc, gradient elution).

Bromination of dihydroisocoumarint

o

9 PBrs3 (1.1 equiv)
o Brz (1.2 equiv) OEt
DCE, RT, overnight EtOH Br

68 69

A 25 mL flask equipped with a stirring bar and a condenser was purged with argon by three
vacuum/argon cycles. Bromine (775 mg, 4.8 mmol), 6 mL of 1,2-dichloroethane and a solution of
phosphorus tribromide (1203 mg, 4.4 mmol) in 2 mL of 1,2-dichloroethane (DCE) was added to
the flask with vigorously stirred. 3,4-dihydroisocoumarin (68) (599 mg, 4 mmol) in 2 mL of 1,2-
dichloroethane was added to the flask slowly. The mixture was stirred at room temperature
overnight, and then heated at 60 °C for 3 hours. The mixture was cooled down to 0 °C, and 4 mL
of ethanol was added slowly. The mixture was stirred at room temperature for 1 hour, then was
poured into water, extracted with DCM, washed with brine, dried over MgSQa, and solvents were
removed under reduced pressure. The crude mixture was separated using silica-gel flash
chromatography (hexane: EtOAc, gradient elution). Ethyl 2-(2-bromoethyl)benzoate (69) was
obtained (0.6958 g, 2.71 mmol, 67% yield).
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Ethyl 2-(2-bromoethyl)benzoate (69), CAS No.: 179994-91-3

o) !H NMR (300 MHz, Chloroform-d): § = 7.96 (dd, J = 7.8, 1.5 Hz, 1H), 7.47 (td,
OFt J=75,15Hz, 1H),7.38-7.27 (m, 2H), 4.37 (9, J= 7.1 Hz, 2H), 3.64 (t, J=6.9
Hz, 2H), 3.49 (t, J = 6.6 Hz, 2H), 1.41 (t, J = 7.1 Hz, 3H).

Br

GC-MS analysis by the standard method described in Section 8.1.3.

131,100

177.100
149.100
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77.100 90,100 03.100 118.074
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Attempted borylation of bromide 691!

B,pin, (1.5 equiv)

fe} Cul (10 mol%) 0
PPh3 (13 mol%)
Qio\a LiOMe (2 equiv) OEt
gr DMF, RT or60 °C Bpin
69 overnight

Bis(pinacolato)diboron (770 mg, 3 mmol), Cul (38 mg, 0.2 mmol), triphenylphosphine (80 mg, 0.3
mmol) and lithium methylate (160 mg, 4 mmol) were placed in a 20 mL vial with a stirring bar.
The vial was capped with a crimp seal, and purged with argon by three vacuum/argon cycles. 8 mL
of DMF was added to the vial followed a slow addition of bromide 69 (520 mg, 2 mmol) in 2 mL
of DMF. The mixture was stirred at room temperature overnight. The mixture was filtered through
a thin layer of silica gel, then was poured into water, extracted with EtOAc, washed with brine,
dried over MgSQ,, and solvents were removed under reduced pressure. The crude mixture was
analyzed by 'H NMR. However, *H NMR signals only for dihydroisocoumarin (68) and bromide

69 were detected.

In different runs, the vial was heated at 60 °C, and also PEPPSI®-IPr (7 mg, 0.01 mmol) and
K2COs; were used instead of Cul, triphenylphosphine and lithium methoxide, although only the *H
NMR signals for dihydroisocoumarin (68) were detected in *H NMR.
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8.6.9 The synthesis of tricarboxylic acid 70—-Hs (Scheme 134)

Synthesis of ester 71
CO,H

© © (@) OMe
Q (0] (@]
HOWC(OH 2 OMe K.CO3@Bequiv) M€ OMe
Br DMF, RT © ©
71

K2CO3 (4539 mg, 31.2 mmol) was placed in a 50 mL flask equipped with a stirring bar, and then

was purged with argon by three vacuum/argon cycles. 12 mL of DMF, 2,6-dihydroxybenzoic acid
(1022 mg, 6.5 mmol) in 8 mL of DMF, and methyl 2-bromomethylbenzoate (4862 mg, 20.8 mmol)
in 4 mL of DMF were added to the flask sequentially. The mixture was stirred at room temperature
overnight. The mixture was poured into water and toluene followed by filtration to collect the solid.
The filtrate was acidified with 1 M HCI, extracted with DCM, dried over MgSQ4, and solvents were
removed under reduced pressure. Both the solid and residue were analyzed by *H NMR. The crude

mixture was separated using silica-gel flash chromatography (hexane: EtOAc, gradient elution).

Ester 71, white solid, (3.873 g, 6.47 mmol, 99% yield)

!H NMR (300 MHz, Chloroform-d): 6 = 8.02 (dd, J = 7.8, 1.4 Hz,
2H), 7.97 (dd, J = 7.4, 1.3 Hz, 2H), 7.72 (d, J = 7.9 Hz, 2H), 7.65 (d,
J=7.6 Hz, 1H), 7.47 (t, J = 7.7 Hz, 2H), 7.34 (t, J = 7.6 Hz, 2H),
7.22 (t,J = 8.1 Hz, 2H), 6.65 (d, J = 8.5 Hz, 2H), 5.88 (s, 2H), 5.58

© © o OMe
OMe EO o? OMe (s, 4H), 3.91 (s, 6H), 3.88 (s, 3H).
(0] (0]

Saponification of ester 71

On° O~ OMe
O o OH OH
OMe OMe KOH (3 equiv)
O 6}
(o} 6}
1,4-Dioxane/H,0, 80 °C
71

70-H,

Ester 71 (120 mg, 0.2 mmol) was placed in a 10 mL vial with a stirring bar. The vial was capped

with a crimp seal, and purged with argon by three vacuum/argon cycles. 5 mL of 1,4-dixane was
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added to the vial followed by KOH (528 mg, 85wt%, 8 mmol) in 7 mL water. The mixture was
stirred at 80 °C overnight. The organic phase was isolated, and the solvent was removed in vacuum.
The aqueous phase was washed with EtOAc, acidified with 1M HCI, extract with EtOAc, washed
with 1M HCI again, and solvents were removed in reduced pressure. The residue was washed with
CHCIs, extract with MeOH, and solvents were removed under reduced pressure. Both fractions
from the organic phase and aqueous phase were the desired product.

Tricarboxylic acid 70-Hs, colorless solid (0.0840 g, 0.199 mmol, >99% yield)

'H NMR (300 MHz, Methanol-ds):  =8.06 (dd, J=7.8, 1.4 Hz,
2H), 7.82 (d, J =7.9 Hz, 2H), 7.58 (t, J = 7.5 Hz, 2H), 7.40 (t, J

O+_OH
o) 0
OH \5/ OH =7.6 Hz, 2H), 7.29 (t, J = 8.4 Hz, 1H), 6.69 (d, J = 8.4 Hz, 2H),
o o 957 (s, 4H).
HRMS (ESI¥) calcd. (m/z) for Cz3His0s: [M+Na*] 445.0894,
found: 445.0896.

Attempt to form Cuz(70)OAc (Scheme 135)

OAc
% _C|3U2_\:,
\é/ OH [Cu] additive OO\',/OO>;©
% é/g solvent, RT O\é/o
70-H;

Copper precursor was placed in a 20 mL vial with a stirring bar. The vial was capped with a crimp
seal, and purged with argon by three vacuum/argon cycles. Solvent, carboxylic acid 70-H; (43 mg,
0.1 mmol) and additive were added to the vial although the green powder appeared upon the
addition of 70—Hs. Poorly soluble green powdery material precipitated in the solution upon the mix
of copper precursors and acid 70—Hs. Having seen a gradual increase of the volume of green

powdery material and its poor solubility, we reasoned that the powder might be a polymer.

Examined conditions:

Copper precursor: Cu(OAc),-H20, CuCly, [Cu(DMSO)¢](BF4)2

Solvent: DMSO, THF, water, MeCN, DCM, MeOH, 1,4-dioxane, xylene

Additive: none, NaH, KOH, KOAc, benzoic acid

Also, different concentrations, addition orders, reaction temperature and use of potassium salt 70—

K3 were examined, but the green insoluble powder was always obtained.
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8.6.10 Elemental analysis of the green powder (Table 24)

All the complexation samples were combined and washed with DMSO at 60 °C. After DMSO was
removed by filtration, the solid was washed with methanol. Then, methanol was removed by
filtration and the solid was dried under reduced pressure. The elemental analyses of the resultant
sample were carried out by the analysis service of the Laboratorium fir Organische Chemie der
ETHZ (LOC) for C, H and S, and copper content was determined by ICPMS technique. For ICPMS
measurements, the samples were digested (1200 W, 220 °C, 40 bar) and further diluted by a factor
of around 10°. The measurements were performed by atomic absorption spectroscopy (AAS, Perkin
Elmer AAnalyst 200, Schwerzenbach, CH) using a standard addition approach to overcome
possible matrix issues. The measurement and data analysis were carried out by Stephan Kradolfer
from the group of Giinther at ETH Zdrich.

Calculated values of plausible compositions.

Composition Cu C H @) S Comment
Experimental 218 49.69 3.66 23.565[ 1.285
Cuy(70)(OAC)(DMSQ)p23  20.33 49.00 3.12 26.26 1.29 Suggested structure
Cu3(70)3(DMSO)o.43 1794 52,95 3.07 2475 128 Cutoo little

Cux(70)(OMe)(DMSO)oos  21.32 4931 3.26 2482  1.29
Cuy(70)(OH)(DMSO)o,s  21.85 48.45 2.99 2542  1.28
Cu,(70)(OCOPh)(DMSO)ozs 18.44 53.25 3.15 23.88  1.28 Cu too little
&l Calculated to fill up the total to 100%.

8.6.11 Cu(I1)-CF; (Scheme 138)

Synthesis of Cu(111)-CF; species 72[1

1 N

CF
_ AgF (4 equiv) TMSCF; (6 equiv) _N_]°

=N N DMF, RT, 1 h RT, overnight =N
in the dark \ J CFy

Cul (1924 mg, 10 mmol) and AgF (5126 mg, 40 mmol) and a stirring bar were placed in a 50 mL
flask covered with an aluminium foil. The flask was purged with argon by three vacuum/argon
cycles. 2,2’-Bipyridyl (1594 mg, 10 mmol) in 10 mL of DMF was added to the flask, and the
mixture was stirred at room temperature for 1 hour. After 4 hours from the addition of TMSCF3
(4309 mg, 30 mmol), another portion of TMSCF3 (4309 mg, 30 mmol) was added to the flask, and
was stirred overnight. The mixture was filtered, and the solid was washed with 20 mL of DCM.
The filtrates were combined and washed with water. Silica gel was added to the organic phase, and
then solvents were removed under reduced pressure. The obtained silica gel was loaded for Flash

column chromatography.
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(2,2’-Bipyridyl-kN,kN")tris(trifluoromethyl)copper(Ill) (72), yellow solid (1.314 g, 3.08 mmol,
31% yield), CAS No.: 1680206-12-5

D 'H NMR (300 MHz, DMSO-ds): 6 = 9.28 — 9.18 (m, 1H), 8.80 (d, J = 8.1 Hz, 1H),
_N_[° 838(td, J=7.9,16 Hz, 1H), 7.91 (ddd, J = 7.6, 5.2, 1.2 Hz, 1H).
Cu—CF
<N 19F NMR (282 MHz, DMSO-ds): 6 = -23.70 (p, J = 9.1 Hz, 3F), -35.86 (q, J = 9.2

\_J CFs  Hz 6F).

Trifluoromethylation of arene 61 by reagent 72

/ N OMe
=N KF (1 equiv) CFs3
CU CF3 +
N7 Me DMF 60 °C MeO OMe
\ y CF3
72 61 (2 equiv) 62

KF (18 mg, 0.3 mmol) was placed in a 10 mL vial with a stirring bar, capped with a crimp seal, and
purged with argon by three vacuum/argon cycles. PhCF; (44 mg, 0.3 mmol), 1,3,5-
trimethoxybenzene (61) (51 mg, 0.3 mmol) in 1 mL of solvent was added to the vial. Reagent 72
(51 mg, 0.3 mmol) in 2 mL of solvent was added to the vial slowly at room temperature. The
solution was stirred at room temperature overnight. After the mixture was cooled down to room
temperature, 0.6 mL of the reaction mixture was taken to an NMR tube filled with argon for °F
NMR analysis. Then, the mixture was heated at 60 °C and stirred overnight. Another 0.6 mL of the

reaction mixture was taken to an NMR tube filled with argon for °F NMR analysis.

In the cases that additional bases were used, KoCOs; (50 mg, 0.36 mmol) was placed at the

beginning, or triethylamine (37 mg, 0.36 mmol) was included in the solution of arene 61.

Reactions with 2,2°-bipyridyl (73) (Cul-73-61-63) (Scheme 139)

QMe F3C-1—0
O, (T
@_@ MeO™ *"OMe
=N N / 61 (1 equiv) 63 (1.1 equiv)
Cul (10 mol%) + 73 - » CF;l
(10 mol%) DMSO or DMF

60 °C, overnight

Cul (10 mg, 0.05 mmol) and ligand 73 (8 mg, 0.05 mmol) were placed in a 20 mL vial with a
stirring bar, capped with a crimp seal, and purged with argon by three vacuum/argon cycles. 5 mL
of DMSO or DMF was added to the vial, and the mixture was stirred at 60 °C for 4 hours. A solution
of 1,3,5-trimethoxybenzene (61) (85 mg, 0.5 mmol) and PhCF; (74 mg, 0.5 mmol) in 3 mL of the

solvent followed by reagent 63 (176 mg, 0.55 mmol) in 2 mL of the solvent was added to the vial
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slowly at room temperature. The solution was stirred at 60 °C overnight. After the mixture was
cooled down to room temperature, 0.6 mL of the reaction mixture was taken to an NMR tube filled
with argon for °F NMR analysis, where only the signal for CF3l was observed.

Reactions with 2,2’-bipyridyl (73) (Cul-73-61-63) (Scheme 140)
— OMe
7 N
F3C—I—0 C"}_@ Q OMe

73 MeO OMe o
@Ao Cul (10 mol%) (10 mol%) 61(1 equiv) /@E 3
DMSO MeO OMe

63(1 equiv) 40°C,2h 62 26%

Cul (6 mg, 0.03 mmol) was placed in a 10 mL vial with a stirring bar, capped with a crimp seal,
and purged with argon by three vacuum/argon cycles. A solution of reagent 63 (96 mg, 0.3 mmol)
and PhCF3 (44 mg, 0.3 mmol) in 2 mL of DMSO was added to the vial, and the mixture was stirred
at 40 °C for 2 hours. Ligand 73 (8 mg, 0.05 mmol) in 1 mL of DMSO was added to the vial, and
the mixture was stirred at 40 °C for 2 hours. 1,3,5-trimethoxybenzene (61) (51 mg, 0.3 mmol) in 1
mL of DMSO was added to the vial, and the mixture was stirred at 40 °C overnight. After the
mixture was cooled down to room temperature, 0.6 mL of the reaction mixture was taken to an
NMR tube filled with argon for °F NMR analysis.

8.6.12 Diaryl-A3-iodanes

The synthesis of Ar—I(111) compound 741!

I OMe mCPBA (10 mol%) MeO‘QiI—O
© . /@\ TFA (10 mol%) _ o}/-—CF3

MeO oMe CHCls 40 °C, 4 h -
3-Chloroperoxybenzoic acid (mMCPBA) (814 mg, 70wt%, 3.3 mmol) and a stirring bar were placed
in a 100 mL flask. The flask was purged with argon by three vacuum/argon cycles. 15 mL of CHClIs,
iodobenzene (625 mg, 3 mmol) in 5 mL of CHCls, trifluoroacetic acid (TFA) (380 mg, 3.3 mmol)
in 5 mL of CHCI; and then 1,3,5-trimethoxybenzene (1529 mg, 9 mmol) in 5 mL of CHClI; were
added to the flask, and the mixture was stirred at 40 °C for 4 hours. After solvents were removed in
reduced pressure, Et,O was added to the mixture and filtered to collect the solid. The product was
recrystallized from DCM/Et,0 at —20 °C (0.291 g, 0.60 mmol, 20% vyield).

166



8.6 MECHANISTIC STUDY OF A COPPER-CATALYZED TRIFLUOROMETHYLATION
REACTION OF ARENES (CHAPTER 6)

Phenyl(2,4,6-trimethoxyphenyl) iodonium trifluoroacetate (74), orange crystal, CAS No.:
2245026-78-0

OMe !H NMR (300 MHz, Chloroform-d): 6 = 7.91 (dd, J=8.6, 1.1
Hz, 2H), 7.51 — 7.43 (m, 1H), 7.33 (dd, J = 8.4, 7.1 Hz, 2H),
MeO '_O}_CF 6.16 (s, 2H), 3.88 (s, 6H), 3.86 (s, 3H).
3
OMe o) F NMR (282 MHz, Chloroform-d): 6 = -75.27 (s).

Reaction of 74 and TMSCF; in the presence of Cul (Scheme 143)

OMe
MeO I—o0 Cul (10 mol%) OMe
e )—CFs mscr, KF (1 equiv) Moo |
(1.1equv) vecn, 60 °C
74 (1 equiv) OMe

(not quantified)

Cul (10mg, 0.05 mmol) was placed in a 10 mL vial with a stirring bar, capped with a crimp seal,
and purged with argon by three vacuum/argon cycles. A solution of TMSCF; (79 mg, 0.55 mmol)
and PhCF; (74 mg, 0.5 mmol) in 3 mL of MeCN was added to the vial, followed by reagent 74 (245
mg, 0.5 mmol) in 2 mL of MeCN. The mixture was stirred at 60 °C for overnight. After the mixture
was cooled down to room temperature, the mixture was filtered through a thin layer of silica gel,
washed with DCM, and solvents were removed under reduced pressure. The crude mixture was
analyzed by GC-MS and *H and **F NMR.
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8.6.13 Trifluoromethylating reagents with **F NMR probe

The synthesis of 6-fluoro reagent 76

| OH F;C—1—O
@O TCICA (0.3 equw) KOACc (2 equiv) TMSCF3 (1.2 equw) @O
F MeCN, 75 °C 75 °C,2h overmght F
(1 equiv) 76

The synthetic procedure of reagent 76 was in the same manner as reagent 63 (Section 8.6.1), using
2-fluoro-6-iodobenzoic acid (1357 mg, 5 mmol). Recrystallization was repeated although the
impurity was not removed and increased over time.

6-Fluoro-1-trifluoromethyl-1,2-benziodoxol-3-(1H)-one (76), colorless crystal (644 mg, 1.93 mmol,
39% vyield)

FsC—I—O 'H NMR (300 MHz, Chloroform-d): 6 = 7.73 (td, J = 8.3, 4.5 Hz, 1H), 7.61 (d, J
=8.4 Hz, 1H), 7.50 (t, J = 8.7 Hz, 1H).

19F NMR (282 MHz, Chloroform-d): 6 = -34.66 (s, 3F), -101.95 (dd, J = 9.5, 4.4
Hz, 1F).

O

NMR spectra with impurities:

'H NMR spectrum (7.4 — 8.0 ppm) 19F NMR spectrum (-101 ——108 ppm)
Product —_—
. |“ Product
\ “ “ Impurity
| | | ‘| 1}
I | I "
LTRRRIE .
| e
\‘l \ ”MW T
[ || i HN \ Ml
| il \”"M | I'u‘."u‘\‘ A M ! th ‘l ”
Y .y
| | | \V|I V,“ L “‘l AN / ‘w L il vt Vi ) - - it ok ‘ PR TR
.u-._,w-/ ™ T \'mm,-\r*/ I“u,,.ﬁw.,-/' / b L\'ﬂw
Impurity Impu |V é ) ) ) : |
792 788 784 780 776 732 753 "764 760 756 752 748 744 740 015 1020 1025 1030 1035 -1040 rnmgwﬁ%ds,o 055 1060 -1065 1070 1075
ppm)

Red indicators: product. Blue indicators: impurities.

The reaction of reagent 76 and CuCl
F3C_|_O

O + CuCl

) _— _F 19
(1 equiv) DMSO. RT no Ar-F "°F NMR peak

76 (1 equiv)

CuCl (31 mg, 0.3 mmol) was placed in a 20 mL vial with a stirring bar, capped with a crimp seal,
and purged with argon by three vacuum/argon cycles. PhCF3 (44 mg, 0.3 mmol) and 4 mL of DMSO
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were added to the vial, followed by a slow addition of reagent 76 (96 mg, 0.3 mmol) in 2 mL of
DMSO. The mixture was stirred at room temperature overnight. After the mixture was cooled down
to room temperature, 0.6 mL of the reaction mixture was taken to an NMR tube filled with argon
for F NMR analysis.

The synthesis of 5-fluoro reagent 77

NH, OH | OH
o NaNO; (1.05 equiv) . Kl (1.05 equivL o

ag. HCI, 0 °C, 30 min 90 °C, 30 min
F F

2-Amino-5-fluorobenzoic acid (7914 mg, 50 mmol) and a stirring bar were placed in a 250 mL
flask. 65 mL of water and 35 mL of 35% aqueous HCI solution was added to the flask and the
mixture was stirred until it became homogeneous. The flask was cooled down to 0 °C before a
precooled solution of sodium nitrite (3659 mg, 52.5 mmol) in 10 mL of water was slowly added.
After the mixture was stirred at 0 °C for 30 min, a precooled solution of potassium iodide (8803
mg, 52.5 mmol) in 10 mL of water was added to the flask slowly. After the mixture was stirred at
0 °C for 30min, the flask was gradually heated up to 90 °C. After 30 min at 90 °C, the flask was
cooled down to room temperature and was filtered and washed with water to collect the solid. The
product was purified by recrystallization from EtOH/H.0, and also, the crystal obtained upon

concentration of the mother liquor was combined.

5-Fluoro-2-iodobenzoic acid, colorless crystal (8.832 g, 15.2 mmol, 30% yield),
CAS No.: 52548-63-7

| OH HNMR (300 MHz, Chloroform-d): 6 = 8.01 (dd, J = 8.7, 5.4 Hz, 1H), 7.73 (dd, J =
9.1, 3.0 Hz, 1H), 6.98 (ddd, J = 8.6, 7.6, 3.0 Hz, 1H).

19F NMR (282 MHz, Chloroform-d): 6 = -112.93 (ddd, J = 8.9, 7.7, 5.4 Hz).

| OH Cl—I—O0
o TCICA (0.3 equiv) 0

-
-

MeCN, 75 °C
F

Since the purification of 5-fluoro-2-iodobenzoic acid was not successful, the chlorinated
intermediated was isolated for purification. A 100 mL flask equipped with a stirring bar, a

condenser, a septum and a gas inlet was flame-dried and was filled with argon. 5-fluoro-2-
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iodobenzoic (2687 mg, 10 mmol) in 15 mL of MeCN was added to the flask, and heated up to 75 °C
by a mean of oil bath. Trichloroisocyanuric acid (TCICA) (1878 mg, 8 mmol) in 5 mL of MeCN
was added to the flask slowly over 5 minutes. The mixture was stirred at 75 °C for 5 min. After a
hot filtration of the mixture, glassware and the solid was washed with warm CHCI; to combine with
the first filtrate. The combined filtrate was cooled down to collect the crystal.

1-Chloro-5-fluoro-1,2-benziodoxol-3-(1H)-one, pale yellow crystal
(2.092 g, 3.6 mmol, 36% yield)

Cl——0  'H NMR (300 MHz, Chloroform-d): § = 8.16 (dd, J = 9.1, 4.1 Hz, 1H), 7.96 (dd,
J=75,2.9Hz, 1H), 7.70 (ddd, J = 9.1, 7.5, 2.9 Hz, 1H).

F NMR (282 MHz, Chloroform-d): 6 =-112.86 — -113.00 (m).

O

Cl—I—0O F3C—I—0O
KOAc (2 equiv) TMSCF;3 (1.2 equiv) o

-

o

75°C,2h overnight

A 250 mL flask equipped with potassium acetate (6344 mg, 64 mmol), a stirring bar, a condenser,
a septum and a gas inlet was flame-dried and was filled with argon. After 30 mL of MeCN was
added to the flask, 1-chloro-5-fluoro-1,2-benziodoxol-3-(1H)-one (9712 mg, 32 mmol) in 20 mL
of MeCN was added. The flask was stirred at 75 °C for 2 hours. After the flask was cooled down
to room temperature, TMSCF; (5515 mg, 38.4 mmol) in 10 mL of MeCN was added to the flask,
and the flask was stirred overnight at room temperature. Decant the liquid to a glass filter, the filtrate
was cooled down in a freezer overnight. The solid was washed with CHCI; and before it was filtered.
The volume of this filtrate was reduced to half by evaporation and was cooled down in a freezer.
Colorless crystal from both batches was collected and dried under reduced pressure. (4.136 g, 12.4
mmol, 39% vyield)

1-Trifluoromethyl-5-fluoro-1,2-benziodoxol-3-(1H)-one (77), colorless crystal

FsC—I—O  'H NMR (300 MHz, Chloroform-d): 6 = 8.17 (dd, J = 7.9, 3.0 Hz, 1H), 7.76 —
7.68 (M, 1H), 7.55 (ddd, J = 9.1, 7.2, 3.0 Hz, 1H).

19F NMR (282 MHz, Chloroform-d): & = -33.69 (s, 3F), -107.51 (td, J = 7.5, 4.0
I Hz, 1F).

Crystallographic data is available in APPENDIX B.
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The trifluoromethylation of arene 61 by reagent 77

OMe
FSC_I_O
MeO OMe OMe
O cul (10 mol%) 61(2 equiv)
T9F NMR }———————» /@:CF3
DMF, RT
F MeO OMe
77(1 equiv) 62

Cul (3 mg, 0.015 mmol) was placed in a 10 mL vial with a stirring bar, capped with a crimp seal,
and purged with argon by three vacuum/argon cycles. PhCF; (22 mg, 0.15 mmol) and reagent 77
(51 mg, 0.15 mmol) in 2 mL of DMF were added to the vial. The mixture was stirred at room
temperature for overnight. 0.6 mL of the mixture was taken to an NMR tube with minimal contact
to the air. After the *F NMR analysis, the sample was injected back to the vial, and 1,3,5-
trimethoxybenzene (61) (51 mg, 0.3 mmol) in 1 mL of DMF was added to the vial. The mixture
was stirred at 40 °C overnight. was added to the vial dropwise at room temperature. The mixture

was analyzed by °F NMR.
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X. APPENDIX

Appendix A: Abbreviations and Acronyms

acac Acetylacetonato

ag. Aqueous

Ar Aryl

calcd. calculated

DABCO 1,4-Diazabicyclo[2.2.2]octane
DAST Diethylaminosulfur trifluoride
DCM Dichloromethane

DMAP 4-Dimethylamino-pyridine

DMC Dimethyl carbonate

DMF N,N-Dimethylformamide

DMSO Dimethyl sulfoxide

El Electron lonization

ESI Electrospray lonization

FID Flame-lonization detector

GC Gas Chromatography

HPLC High Pressure Liquid Chromatography
HRMS High-resolution mass spectrometry

IR spectroscopy Infrared spectroscopy

m/z Mass-to-charge ratio
mCPBA m-Chloroperoxybenzoic acid
NBS N-Bromosuccinimide

nBu n-Butyl

nBuL.i n-Butyllithium
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NMP

NMR

PG

sat.

sBuLi

SET

tBuCN

Tf

TFA

TFAA

THF

TMS

Ts

N-Methyl-2-pyrrolidone
Nuclear Magnetic Resonance
Protecting group
saturated
sec-Butyllithium
Single-Electron Transfer
Pivalonitrile
Trifluoromethanesulfonyl
Trifluoroacetic acid
Trifluoroacetic anhydride
Tetrahydrofurane
Trimethylsilyl

Toluenesulfonyl

193



X. APPENDIX

Appendix B: Crystallographic Data'®

Dinuclear copper complex 64-2DMSO

Identification code
Empirical formula
Formula weight
Temperature (K)
Crystal system
Space group

a(A)

b (A)

c(A)

o (%)

B

v (©)

Volume (A3)

z

Pcalc (g/cm3)
p (mm)

Fooo

C32H28Cu214010S2
84.73

100.01
monoclinic

P21/c

19.8987(12)

20.3908(12)
9.7063(6)
90
93.3410(10)

90

3931.6(4)
36

1.288
0.409

1618

CCDC number
Moiety formula
Crystallization method
Crystal color, habit
Crystal size/mm3

Radiation

20 range for data
collection (°)
Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?
Final R indexes

[I>=2¢ (1)]

Final R indexes [all data]

Largest diff. peak/hole
A9

C32H28Cu214010S2
Standing at RT
green, block

0.19 x 0.135 x 0.08
MoKa (A =0.71073)

2.8621051.912

24<h<24
25 <k <25

-l1<1<11

69302

7674

[Rint = 0.0446, Rsigma = 0.0273]
7674/0/456

2.129
R1=0.0817, wRz = 0.2627
R1=0.1010, wR2 = 0.2756

6.85/-4.20

10 The color coding of the atoms is as follows: grey = carbon, red = oxygen, blue =
nitrogen, purple = iodine, orange = copper, green = fluorine, yellow = sulfur, pink = boron.
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1-Trifluoromethyl-5-fluoro-1,2-benziodoxol-3-(1H)-one (77)

Identification code KH527a_new_ortho CCDC number 1896815
Empirical formula  CsHsF4102 Moiety formula CsH3F410;
Formula weight 334.00 Crystallization method MeCN
Temperature/K 100 Crystal color, habit colorless, plate

Crystal system

orthorhombic

Crystal size/mm3

0.045 x 0.022 x 0.013

Space group Pbca Radiation MoKa (A= 0.71073)

a(A) 15.3616(18) igéﬁfﬂi‘g data 5.292 to 56.54

b (A) 7.6441(9) Index ranges 20<h<20

c(A) 15.3943(17) -10<k <10

a(®) 90 -20<1<20

Q) 90 Reflections collected 41213

Y () 90 Independent reflections 2238 [Rint = 0.0601, Rsigma = 0.0225]
Volume (A%) 1807.7(4) Data/restraints/parameters  2238/0/136

z 8 Goodness-of-fit on F2 1.068

pelc (g/cm?) 2.455 E‘;‘j‘zi('ln)‘]jexes R1 = 0.0279, R = 0.0595
u (mm-t) 3.582 Final R indexes [all data] ~ R1 = 0.0410, wR2 = 0.0656
Foos 1248.0 Largest diff. peak/hole 1.34/-0.58

(e:A%)
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04.2008-03.2010 Master of Engineering, Kyoto University
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04.2004-03.2008  Bachelor of Engineering, Kyoto University

Work experience
04.2010-07.2014  Chemist/Chemical engineer, AGC Inc., Japan
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