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Structure Numbering

The chemical structures of each chapter are nurdissgarately for fast and easy understanding
of the reader. The term is composed of a secored thapter number followed by hyphen and a
sequential number for each chemical structure.eixample, 3.2-1 represents compound one in
chapter 3.2. Identical chemical structures in ddfeé chapters are represented by different
numbers.

In the experimental section, chemical structurgomed in the publications are represented by
the abbreviations of the journal followed by a hgpland structure number of the molecule, such
as AS&C-2a represents the compound 2a in the “Acke@iBSynthesis and Catalysis” paper.
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INTRODUCTION

1 Introduction

The development of sustainable processes has beaogreat challenge in recent chemical
research. It draws on the establishment of saig|esstep, waste free and eco-friendly processes
for the ideal synthsis of bulk as well as fine ciats’
Historically, the quality of a chemical reaction svanly evaluated in terms of percentage vyield.
However, this approach does not provide any inféionaon the extent to which by-products are
formed. Atom economy is a useful tool to rapidiakesate the amount of waste generated by
different routes to a specific prodddt was introduced by Trost and it is defined asrfzersion
efficiency of a chemical process in terms of atimas involved”. In an ideal chemical reaction,
all of the starting materials are converted intodorcts (Schema 1).

Molecular weight of the desired product

AE = 100
Molecular weight of all reactants

Schema 1Atom economy

Another important concept in “Green Chemistry” g tenvironmental factor introduced by

Sheldon® which displays the ratio of the mass of wasteymérmass of product (Schema 2).

Mass of the waste (KG)

E-Factor =
Mass of the product (KG)

Schema 2E-Factor

Both E-Factor and atom-economy concepts play a mraje in focusing the attention of the
chemical industry, and particularly the pharmaaaitindustry, on the problem of waste
generation in synthesis of chemicals. It has predid new way of thinking about chemistry and
the impetus for developing cleaner and more suségnprocesses.

However, the most reliable and frequently usedtreas often suffer from extremely low atom-
economy and E-factor. Chemists often employ thasstworthy methods for the synthesis of
fine chemicals and structurally complex molecul€se development of reliable and easy to
perform sustainable procedures is of high intefesth both an environmental and synthetic

point of view.

1.1 Modern Technologies in Fine Chemical Production

Fine chemicals are produced in small scale and ighy for special applications. They can be
categorized as active pharmaceutical ingrediendstlagir intermediates, biocides and speciality

chemicals. Traditionally, fine chemicals are pragtlidy fundamental organic name reactions
1



INTRODUCTION

that require the use of stoichiometric amountseafgents and mediators and thus suffer from
low atom-economy and E-factor. For example FrieQedfts acylation is an important industrial
process for the formation of C-C bond on the aranahg. It uses acetyl chlorides in the
presence of excess Aldb produce 4.5 Kg of waste per Kg of the desinextipct®

However, the fine chemical industry is under gigassure to reduce the environmental impact
of old-fashioned processes which stem from thedastury. It is highly required to develop new
processes that are efficient in both energy and meaterial production, and produce minimal
waste.

The use of modern technologies in the fine chenpoadluction and pharmaceutical industry has
not only helped to develop atom-economic procebaeslso decreased the energy consumption
in chemical reactions. Catalytic methods have basad to develop clean and efficient
processes, whereas the combination of catalysis mon—conventional technologies such as
microwave radiations and continuous flow reactsrdramatically reducing energy requirement

and reaction time in several organic syntheseshathical transformations.

111 Catalyss

A catalyst provides an alternate low-energy rooteaf chemical reaction without changing the
chemical equilibrium. It reduces the activationrlmrof a chemical reaction by opening up an
alternate reaction pathway. Thus cheaper, atonci&fti and less reactive substrates can be
connected in a catalytic reaction. As the catakystot consumed in the chemical reaction, so it
takes part in many subsequent catalytic cycles. CHtalyst activity is the substrate to catalyst
ratio, and is expressed by the turnover number (ra@id turn over frequency (TOF). TON is
the number of moles of the substrates convertea pnbduct by a catalyst before becoming
inactive, whereas, TOF is the TON per unit time.

Catalysts range from protonsiHLewis acids and bases, organo-metallic reagengsnic and
inorganic polymers and enzymes. Catalysts are elividto three main categories: homogeneous
catalysts, heterogeneous catalysts and biocatalijstslast two catagories are not in the focus of
the thesis and will not be discussed.

During the last century, transition metal catalystsre extensively studied and successfully
applied for the development of mild and environmaiptbenign processes for the synthesis of
valuable product8. As a result, transition metal catalyzed processagse replaced some
environmentally unacceptable processes with cleara atom-efficient alternatives. For
example, Hoechst-Celanese process for ibuprofethesis is an example of a highly atom-

efficient process. Ibuprofin is primarily used fpain, rheumatoid arthrittsand pericarditis.
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Traditionally, it was synthesized by Boots pro¢&sshich involved waste intensive six steps
(Schema 3).

(CH,CO),0
AlCl, CICH,CO,C,H, o HIMO o]
T = 0o — —
C,HONa* H
OC_H
1.1-1 112 113 © 2 1.1-4

1.1-5 1.1-6 1.1-7
Ibuprofin

Schema 3Traditional Boots process for Ibuprofin synthesis

Friedal-Crafts acylation of isobutylbenzend.1(1) followed by treatment with ethyl
chloroacetate producesf-epoxy ester).1-3, which was hydrolyzed and decarbonylated to the
aldehyde 1.1-4. This aldehyde is converted into oximd.l-5 by treatment with
hydroxylamine and then to nitrilel.l-6. The hydrolysis of the nitrile gives the desiracid
(1.1-7).

An improved and atom-efficient Hoechst-Celanesecgse takes only 3 steps involving a
Friedal-Craft acylation, hydrogenation over Raneickel and a palladium catalyzed
carbonylation reaction (Schema’4)ydrofluoric acid is used as solvent and the Leaits! for

the Friedal-Crafts acylation. It is recycled at &émal of the reaction.

(CH,C0),0 H,/ Raney Nickel CO, [Pd]
m 0] OH CO,H
HF

1.1-1 1.1-2 1.1-8 1.1-7
Ibuprofin

Schema 4Hoechst-Celanese process for ibuprofen synthesis

Although HF functions as Lewis acid as well as bvesat, a true catalyst is required for the
Friedal-Crafts acylations such as a solid acidoioaic liquid, which is the first step of Hoechst-
Celanese ibuprofen synthesis. Besides, hydroger(@tdstep) and carbonylation '{3step) are
100% atom-economic.

In addition to cleaner and atom-economic processatglysis often provides mild reaction
conditions enabling the chemists to incorporatefional groups in the later stage of a synthetic
sequence rather than using pre-functionalized imgjldblocks. For example, N-substituted
pyrrole (L.1-10 was heated with FSOF,CO,Me and copper(l) iodide in DMF at 80 °C to give
the desired trifluoromethylated produtti-11) in 63 % vield (Schema 5.
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Cl Cl

" "
4 2
__)—CO,Et 1.1eq. Cul __)—CO,Et
" 2 eq. FSO,CF,CO,Me
N > Me Me
\ / —_— N=— N=—
— - DMF, 100 T e
NC NC
CN CN

1.1-9 1.1-10 1.1-11, 63%

Schema 5Late stage introduction of GRroup

Over the last century, a vast majority of catalypiocesses were developed to replace the
stoichiometric use of reagents with catalytic antsuof transition metal§ These include
catalytic oxidation reactions, catalytic reducticgactions and catalytic acylations and many
more. Among them catalytic hydrogenation is peesity used for industrial processes as well as
in academia for research purpo$és.

1.1.1.1 Hydrogenation Reactions

Hydrogenation reactions are arguably one of thet ineguently employed catalytic reactions in
the production of fine chemicals. A large numberfurctional groups can be hydrogenated,
often with a high degree of chemo -, regio -, aledenselectivity”

However, selective hydrogenation of carboxylic acids a notoriously challenging
transformation due to the high reactivity of resgtaldehydes towards reduction. Alcohols are
produced as the main product in such reactionseftle®less, partial hydrogenation of aliphatic
and aromatic carboxylic acids has been performdabarvapor phase over a ruthenium/tin alloy
catalyst at 300 °C and ambient hydrogen pressareodecanoic acid and trifluoroacetic acid
were converted into 1-dodecanal and trifluoroadetayde (fluoral), respectivelya,3-
unsaturated acidl(1-12 undergoes a chemoselective reduction to the sporeding a,p-
unsaturated aldehyd#.(-13 in high yield (Schema 6).

Supported Ru/Sn

)\/?L H, (1 bar) )\)OL
N-"0H Xy

250-300 T

- - 9
1.1-12 H,0 1.1-13, 91%

Schema 6Hydrogenation ofy, funsaturated carboxylic acid t@, f-unsaturated aldehyde over

a Ru / Sn catalyst

The reduction of aldehydes and ketones is genepaitformed with the Meerwein-Ponndorf-
Verley reduction method which involves the reactidrthe substrate with a hydrogen donor in
the presence of stoichiometric amounts of alumiralkoxide. Such reactions give only trans
product along with stoichiometric quantities of veadfRecently, zeolite beta has been reported to

4
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catalyze Meerwein-Ponndorf-Verley reduction (Sche@®d® The catalyst can be readily
separated via filtration and recycled. It also ffthe selective formation of cis-alcohalX-19
form 4-tert-butylcyclohexanond (1-14 which is an important fragrance chemical interratd

(0] OH

H-beta, 80 €
WH

1.1-14 1.1-15

)K cis 95% selectivity

Schema 7Zeolite beta catalyzed selective MPV reduction

1.1.2 Unconventional Process Techniques

The development and improvement of synthetic methoarganic chemistry is an integral part
of the research in academia and industry. In thiedacade, process technology was significantly
improved by the introduction of the unconventiopedcess techniqués.In particular, reaction
under microwave irradiation and flow through pracesas improved classical organic
transformations. The reaction times can be minithikg enhancing the reaction rate through
efficient heating provided by microwaves where&my{fthrough processes provide a safe entry
to particularly reactive compounds as only smadirgities of the substrates are reacted at a time.
Unconventional process techniques, which are &isodd as enabling techniques by Kirschning
et al, are the techniques that speed up a chemicalioraand simplify the purification and
isolation of the products. On the basis of thisirdgbn, Kirschninget al have classified
enabling techniques as traditional and new tectesitjliTraditional techniques are described as
catalysis, solid-phase synthesis, electrochemisaind high-pressure synthesis whereas
unconventional techniques include non-classicalesdl, microwave radiation, continuous flow
and microreactors. It is merely a chorological siimn as many techniques are closely linked.
However, many applications of these novel techniekgn organic synthesis are under
development and their potential has not been faiylored yet.

1.1.2.1 Microwave-Assisted Synthesis

Acceleration of chemical reactions by microwave iadn was detected by Gedye and
Giguere/Majetich as early as 1986and since the mid-1990s, numerous publicationsdas
these non-conventional heating systems have deratedtthe great advantages of this
technology in organic synthesis. Microwave-assistegmical transformations generally occur in
much shorter reaction times (days and hours to tesnand seconds) and often offer better yields
and selectivitie® Thus, an impressive number of results can be médain a short time. Results
of unknown reactions can be evaluated in a verytstime. This led to speculation about

indefinable microwave effects which has been debeigorously in the literaturé:
5
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Physical effects produced in the microwave-assistadtions play a crucial role in accelerating
the reactions and can be classified into threegosites??

1. Thermal or Kinetic effects are produced as altefuhe high reaction temperature that can
rapidly be obtained when irradiating polar matevi@action mixture in a closed vessel.

2. Specific effects have been claimed when the ooécwf a synthesis performed under
microwave conditions was different from the convemally heated counterpart at the same
measured reaction temperature.

3: Non-Thermal microwave effects which result fromraposed direct interaction of the electric
field with specific molecules in the reaction mediuhat is not related to a macroscopic
temperature effect.

The irradiation of polar compounds in a microwaieddf has a unique heating profile (Abbildung
1). The difference in the temperature profile @éaction vessel under microwave radiation (left)

and in an oil bath (right).

340

320

Abbildung 1.Temperature profile of a reaction vessel under ow@ve radiation and oil bath

Microwave radiation increases the temperature efetfitire volume of the solvent and the vessel
wall is colder than the reaction solution. In castr the oil bath heat is transferred through the
vessel walls into the reaction mixture. Mechanidnheat generation and transfer is responsible
for this effect. In classical solutions, heat istdbuted by stirring and convection between the
particles and the heated vessel wall, whereas m&res generate heat by dielectric heating.
Here, the ability of polar molecules to absorb wneave radiation and to convert it into heat is
utilized. This is done by an oscillating electromagg field (frequency f=2.45 GHz, wavelength

A=12.24 cm), align the dipoles of the polar molesulEhus, heat is generated very effectively by
resulting molecular friction directly in the reamti medium. Due to the uniqueness of dielectric
heating, thermal effects continue to suppress fpedfects such as over-heating of solutions at

ambient pressure, selective heating of stronglyrawave absorbing heterogeneous catalyst or

6
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reagents in a less polar reaction medium and ih@ngltion of wall effects caused by inverted
temperature gradients. As a result of all theseiBpeffects, reactions proceed at a much faster
rate. Still, many of the underlying effects are pypanderstood and highly dependent on the
reaction parameters. Nevertheless, microwave radidtas become an efficient method for

laboratory scale reactions. Traditional heatingadne replaced by microwave-heating in future.

1.1.2.2 Continuous Flow-Through Technology

The example of laboratory microwave shows that avdy the development of a reaction is
important, but also the evolution of the devicesif® implementation is useful. The equipment
used in organic synthesis is essentially the sameveas used 150 years ago. Glassware such as
flasks and reflux condenser are used to carrylmistepwise syntheses. The bulk chemicals are
produced in industrial scale in flow-through reastas the continuous flow of molecules always
offer an improved space-time-yield. In the last atbx; small scale instruments have been
developed which enable the chemists to performricgaansformations in continuous flow-
through reactors.

The reaction scale in the batch reactor is a fanatif reactor volume, while being in the flow
reactor is a function of time. By a continuous tegamaterial flow per hour can be managed so
that the reaction scale can be arbitrarily incrdasghe same reactor model. Production rate can
be increased by parallel operation of the flow rexac

The efficient heat and mass transport, caused kyrger surface to volume ratio provides
improvements in the reaction time, yield and seldgt An unusual mixing of the reaction
mixtrure is achieved within seconds. Further adwge$s such as security by a closed system,
reproducibility, purification, isolation and lowhar cost are extremely attractive. Automatic

isolation and purification of products can takecglaontinuously (Abbildung 2).

Filtration
Flow- or

through catch & release
reactor

Pump 1

Produkt C

Substrate B

Abbildung 2.Automatic product isolation in flow-through reacto

Furthermore, the scale up of laboratory reactioriadustrial scale in the flow reactor is safe and
straightforward. The batch reactor operation ismtiedious and usually requires drastic changes
in the millimolar approach. Factors, such as arthetanic reaction behavior, accumulation of

hazardous substances or their exposure to humass Imeure-evaluated for larger reaction
7
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mixtures. These factors are eliminated by the agpraknt of a reaction in the laboratory scale in
a correspondingly small flow reactor. The reactoriclosed system, which keeps the reaction
solution in constant flux. Thus, there are no po&knrisks of batch reactors, the associated
additional development steps and costs.

The combination of new synthetic approaches usiog-aonventional technology therefore,
opens up a wealth of unexplored opportunities Withpotential for the effective development of
the chemical field in the 21 century.

1.2 Carboxylic Acids as Substrates in Catalytic Transfomations

The carboxylic acid group is one of the most comriwrctional groups in organic molecules.
They are readily availabe from natural and synthstiurces at low cost which makes them
promising raw material for organic synthesis.

The reactivity of carboxylic acids is determinedtip vicinal oxygen atoms, carbonyl oxygen
atom and acidic hydroxyl group. The acidic progertdf the hydroxyl proton are caused by the
resonance stabilization and can be substitutedebyatization or by activation in the presence
of a catalyst. Resonance stabilized carboxylatern®med under basic conditions which shows
weak carbonyl reactivity to nucleophilic attack.dén such conditions, nucleophilic substitution
via addition-elimination mechanism is only possibleewlthe hydroxy group is replaced by a
leaving group; for example, dehydration to anhyeidr conversion into acid chlorides or active
esters. The hydroxyl group is activated in the gmes of acid catalysts to form substituted
products such as esters. Transition metal catalygactions of the carboxylic acids and their
derivatives also follow the same principfés.

Carboxylic acids have been used as versatile sgagpints for the construction of carbon
frameworks, because of the high reactivity of thearivatives towards a large variety of
reactions. In recent years, several catalytic foangtions have been discovered in which
carboxylic acids are used as the synthetic equivaler acyl, aryl or alkyl halides and
organometallic reagents without an additional ation step. A large number of different
product classes have been accessed due to theeusiptivity of the single functional groéb.
Carboxylic acids can either be employed directlgatalytic transformations or first be activated
with a coupling reagent and then further used lier dynthesis of a broad range of compounds.
The catalytic transformation of carboxylic acidsdse divided into four modes of reactivity on
the basis of the position and polarity of the re@cbond (Schema 8).

a: reaction via metal carboxylates

b: reaction by extrusion of GO
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C: reaction via acyl metal species

d: reaction via decarbonylation of acyl metal spsci

b: Reaction by extrusion a: Reaction via metal
of CO, o carboxylates
HY. R’ g
R-Het T R” 0
R-H
Tt
H-Het He Yo R hd
R' o
1
1 XR 5 [O] & 0 JL
RNAR R—M R—M ( RJLO/M — R0 R
— — co direct \\
Ar—H Ar—X J 2 {reaction \Rl
Ar—R R—Ar o
R)LOH
+ 1
M RZ’\/R
after activation
; ; forR =
with couplin
reagentsp 9 RZCH,CHR?
(o]
e} Ar—B(COH), J\ 5 Ar—B(OH),
- — R M R-M R-Ar
R Ar W
H co R
% 1
)L R/\/R
R H
c¢: Reaction via d: Reaction with decarbonylation
acyl metal species of aceyl metal species

Schema 80verview of catalytic transformation of carboxydicids

The reactions of carboxylic acids have been regeetliewed®® and will be briefly discussed

here.
1.2.1 Direct Reactions of Carboxylic Acids

1.2.1.1 Reactions via Metal Carboxylates

Carboxylic acids can be directly employed in cdtalyeactions if the O—H bond is cleaved and
caboxylate residue is attached to a metal species.

Under acidic conditions, carboxylic acids insetbiolefinic double bonds with the formation of
Markovnikov product$® The catalysts based on coinage metals and platmetals offer the
improved selectivity of these addition reactiongslemmilder conditions. The major challenge
associated with the transition metal catalyzed bgdyloxylation is that many of their alkyl
complexes underg@-hydride elimination and the catalytic cycle is elited towards the

oxidative process (Schema?®).



INTRODUCTION

Hydroacyloxylation

-L(n-1)MH .
or - L(H)Mt"' ¢ b L M=-- ‘
H T-O,CR 1

£ "
RY TO,CR

L ‘O,CR
Schema 9Mechanism of the transition metal catalyzed hydyt@g/lation of olefins

This unwanted3-hydride elimination was overcome by using transitmetal catalyst systems
such as [(Cp*RuG),] in presence of dppb or PPland AgOTf?® Cu(OTfL/AgOT* and
FeCl/AgOTH.>® The most successful results were obtained withHRhCI)/AgOTf because of
the low tendency of the gold towarBhydride elimination (Schema 18).

5 mol % [Ph,PAUCI]
o AgOTf o

)‘L + Past )‘k
R OH Z R toluene, 85 T 0 R
1.2-1 1.2-2 )\Rl 1.2-3
: Meo\<j\/L 0,CBn
0,CBn 0,CBn
84% 95% 78%

Schema 10Au-catalyzed hydroacyloxylation of olefins

Under oxidative reaction conditions, carboxylicdsc{l.2-1) react with alkenesl(2-6) to form
vinyl acetates ¥.2-7) (Schema 11). Transition metal catalysts such d€LRCUCL** and

Pd(OAc)>® were used for the reaction of carboxylic acid veitkens to give vinyl acetates.
2 mol% Pd(OAc),

(0] 50 atm O,
)L + ‘ O ‘
R OH CO,Me 80T, 22h PIN o  CoMe

R
121 1.2-6 1.2-7, 63%

Schema 110xidative acyloxylation

In the presence of allyl hydrogen atom, allylic lagylation takes place selectively in oxidative
acyloxylation reactions (Schema 12). Stoichiomegiantities of Hg* Se®® Cu*® and Pd’ salts
were employed for allylic acyloxylation reactionftse the catalytic variants were developed in
the presence of oxygen or other oxidizing agéh@opper and palladium based catalysts proved
to be the catalyst of choié® Enantioselective variant of allylic acyloxylatiovas developed in

recent year§®

10
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O,CR
LA ~UR
O M]
2 1.2-9
1 = R —_—

R)LOH+ RN T
pZ R

1.2-1 1.2-8 R'
[M] = Hg, Cu, Se, Pd 1.2-10 OCR

Schema 12Preparation of allylic carboxylates from alkenes

The addition of carboxylic acidsl.@-1) to triple bonds .2-11) with the formation of vinyl
acetates [(.2-12 and (.2-13] is a synthetic alternative to condensation tieast which
requires harsh reaction conditions and producesxtura of isomers. After the introduction of
the first ruthenium catalyst for the formation dhyl esters by Rotem and Shtba range of
ruthenium catalysts have been developed by Mitéti@axneuf® and GooRef for the synthesis
of selective Markovnikov and anti-Markovnikov prads. The Markovnikov products were
further used for the Pd-catalyzed asymmetric hyeinagiort> and decarbonylative Heck reaction
to vinyl arenes.2-15 (Schema 13%°

(0]
1 mol% [RuCL(p-cymene)], J\

3 mol% P(p-CICH,), R O

o) R
JL " //Rl K/
R” ~OH 7" — 0.4mol% [RuCl(p-cymene)], o 1.2-12 34-98% j)\
3 mol% P(Fur), . )I\O H,/ (CODJRIVBF, /L R" o,
1.2-1 1.2-11 /1\ H\le
Rl
1.2-13, 70-90% 1.2.14 99% vyield
' up to 94 % ee
PdBr,

HO(CH,),N(nBu),

1
R/\/R
1.2-15
R = Substituted arene; R = Ph

Schema 13Addition of carboxylic acids to terminal alkynes

In addition to ruthenium, numerous other transitimetals such as rhodiuth,iridium*® and

rheniunf® have been used for the addition of carboxylic swidterminal alkynes.

1.2.1.2 Reactions by Extrusion of GO

In this mode of reactivity, carboxylic acids releaSQ in the presence of transition metals to
give organometalllic species. As decarboxylatiorcafboxylic acid is highly endothermic, the
extrusion of CQ takes place at elevated temperature in the preseha catalyst. Theoretical
investigation by Cohent al demonstrated that decarboxylation of metal cayladas results in
the formation of aryl metal speciea situ which are subsequently protonolyzed to the
corresponding arené&

Nilsson showed already that unsymmetrical biarylfasmed by trapping the aryl copper

intermediated generated as a result of decarbdaglavith aryl iodides® However, harsh
11
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reaction conditions and general limitations of srbmann coupling prevented the development
of preparative useful synthesis of unsymmetricafyis.

Several transition metal catalysts such as coppslver? or mercury® have been developed for
decarboxylation of arenecarboxylic acids2-19 at mild conditions. This is the key step for all

decarboxylative coupling reactions of aromatic oasfic acids. (Schema 14).

(o}

M H
OH ———— R@
R -CO,

1.2-16 1.2-17
[M] = Cu, Ag, Au, Pd, Rh

Schema 14Metal mediated protodecarboxylations of aromatidoceylic acids

The first practical decarboxylative coupling of muatic carboxylic acids1(2-16§ with aryl
halides (.2-19 was developed with a bimetallic catalyst systérithis bimetallic catalyst
system consists of a decarboxylation catalyst saghcopper or silver and a cross-coupling
catalyst based on palladium. Decarboxylative agtiof palladium is only limited for a few
particularly activated carboxylatésThe mechanism of action of the bimetallic catabjsttem

is illustrated below (Schema 15).

Ar<

Ar.
co, “pd'L, X
N 1.2-19
decarboxylation € ox. add.
o]

- 0
R«©)L oM transnjetalation d PdL,
b

Ar
a Y i R‘©/
Pd'L, red. elim.
Tt R 1.2-20
Y o &

1.2-18 M- = Cur, A"

anion exchange X=1,Br,Cl,OTf,OTs
L = phosphine, phenanthroline, solvent,..

R

Schema 15Decarboxylative cross-coupling

The reaction starts with the extrusion of {tdm a metal carboxylatd 2-18 (b), generated by
salt exchange from a potassium carboxylate and pperoor silver salt (a). The resulting
arylcopper species (c) transfers its aryl groupracarylpalladium(ll) complex (e) generated by
the oxidative addition of an aryl halide or pselride (.2-19 to a palladium co-catalyst (d),
giving rise to a diarylpalladium species (f). Thatadytic cycle for the palladium is closed by
reductive elimination of the biarylsl.2-20 and the regeneration of the initial palladium(0)
species.

Although modern coupling reactions (Suztki,Stille>” Negishi®® Heyama® Kumada

couplind®) are very effective for selectivity, functionalogip tolerance and yield. They require

12
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stoichiometric amounts of organometallic reageht2-21) which are pregenerated in a separate
reaction step and produce stoichimometric amouhisaste. The cheap and readily available
aromatic carboxylic acidsl(2-1§ are directly used without pre-synthesis of orgaetallic

reagents and principally only G@& produced as a waste product (Schema 16).

(o}

1.2-16
Ar
-CO, [m] R
Ar—X MX >
1.2-19
Y 1.2:20
1,

1.2-21

M = B, Sn, Zn, Cu, Si or Mg

[m] = Transition metal

Schema 16Cross-coupling of organometallic compounds and oaytic acids with aryl halides

The decarboxylation reactions have been continyomgproved over the last 5 years. In the
initial report, stoichiometric and catalytic amositf copper and palladium salts were used for
the decarboxylative cross-coupling of the 2-nitrutc acid {.2-21) with a number of aryl
halides {.2-19.>* In the second catalytic variaotsubstituted benzoic acidd4.2-163 were
coupled with iodo, bromo and chloroarenes to predrarresponding biaryld 2-23% (Schema
17). The catalyst system was generatedsitu from Cul, 1, 10 phenanthroline and PdBr
Notoriously stable aryl chlorides were introducesl substrates for decarboxylative cross-

coupling reactions by the addition of stericallyriading electron rich phosphine ligar#ds.

o 1-3 mol% PdBr,, 5-10 mol% Cul

5-10 mol% 1, 10-Phenanthroline Ar
OH
+ Ar—Br
R 1 eq. K,CO, R

3 AMS,NMP, 170 C, 24 h

1.2-16a 1.2-22 1.2-23
OMe CHO NO, O ‘
L. U
NO, NO, NO, NO, ! F
99 % 95 % 91 % 91 % 69 % 61 % 76 %

Schema 17Cu/Pd-catalyzed biaryl synthesis

However, these protocols are limitedaxtho-substituted benzoic acids, cinnamic acids and few
heterocyclic carboxylic acids due to the limitefiaaééncy of salt metathesis step. This was due
to high the affinity of the copper catalyst towattle halide ions released in the cross-coupling
step. This makes the salt metathesis unfavorableaitooxylates which have a non-coordinating

atom at theortho-position of the carboxylate group. Protodecarbatigh of nonertho-

13
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substituted carboxylic acids is completely suppdsby small amounts of bromide salts,

whereas it has no influence on the protodcarboioylaif ortho-nitrobenzoic acids (Schema 18).

NO, CcN o CoH
CoH COH /©/ /©/
O,N MeO
Cat.

Cu,0 100% 40% 52% 23%

+ KBr 100% 25% 25% 0%
Schema 18Halides effect on protodecarboxylation

This limitation was overcome by replacing aryl dak with aryl triflates as weakly coordinating
triflate salts are released instead of halide sahgh do not affect the decarboxylation step
(Schema 19). In the presence of Pd(attd)BINAP and CuO/1, 10-phenanthroline, aryl
triflates were coupled with a range of aryl cardaxgcids includingmetaand para-substituted
derivatives. In the context of these experiment® beneficial effect of pressure on the
decarboxylative cross-coupling reactions in theravi@ve has been observed for the first time.
The reaction was performed by using both conveati¢h60 °C, 16 h) as well as microwave
heating (190 °C, 5-10 min). However, microwave pcol afforded higher yields for deactivated

carboxylates due to less thermal stféss.

5-10 mol% Cu,O / phen.
2-3 mol% Pd(acac), or Pdl,

COK 3-5 mol% Tol-BINAP Ar
R©/ + TO-Ar R«©/
170 T or pW, NMP
~2

1.2-18 1.2-24 CO 1.2-20
® J > 9 Q) A ¢ 0 O
OZN O
O,N CF O NO NO
NO2 CN 2 3 2 2
HW: 84% HW: 83% HW: 81% HW: 75% HW: 69% HW: 99% A:91%
N 72% A 52% A: 68% A: 44% A: 98%

Schema 19Decarboxylative coupling of aryl triflates

The scope of the decarboxylative coupling reactvas further extended to inexpensive and hard
to activate aryl tosylates by improving the palladicatalyst and reaction conditions. Pd(acac)
stabilized by XPhos gave best results under micvevieating (190 °C, 150W/5mif).

In the presence of Cu/Pd catalyst systaroxocarboxylic acids1(.2-25 could be successfully
coupled with aryl halidesl(2-19 to give the corresponding ketonds2-26.%° This reaction is

of particularly high interest; as formally electholpc acyl groups undergo an “umpolung” for
acyl nucleohiles by decarboxylations. Iminek2(27 are synthesized by decarboxylative
coupling ofa-oxocarboxylic acidsi(.2-25 with aryl halides 1.2-19 in the presence of amitfe
(Schema 20).
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CuBr / Phen.

[Pd(Fg-acac),], P(o-Tol), fo)
NMP / quinoline, 170 C, 16 h ~ * AT
-CO,, -KX 1.2-26
o)
oK’ - — ]
R)S( + Ar—X
o)

RINH,, CuBr/ Phen.
1.2-25 1.2-19 2
[Pd(F,-acac),], dppf NR'

NMP, MS, 100 T
-CO,, -KX 1.2-27

Schema 20Decarboxylative ketone and imine synthesis

Similarly, analogues to Cu/Pd system, Ag/Pd catalystems were also used for decarboxylative
biaryl synthesi§’ Silver based systems allowed the lowering of taeadboxylation temperature
from 170 °C to 120 °C. A more efficient catalysts®m generated form Ag/Pd allowed the
cross-coupling of aryl triflatesl (2-24 with arenecarboxylated £-18 at 120 °C (Schema 21J.

10 mol% [Ag], 3 mol% PdCI,
9 mol% PPh;, 20 mol% 2, 6-lutidine

COK , , Ar
R©/ . A—OTf R©/
Aor i, NMP, 120-130 T

1.2-18 1.2-24 1.2-20
cl
o co Et
87% 74% 64% 80% 89% 81%

Schema 21Ag-catalyzed decarboxylative coupling of arenéboaylates with aryl triflates

In parallel to our work, decarboxylative reactiohave been extensively improved. Some
particularly activated carboxylates can also beptediwith monometallic catalysts Steglict§®
and Bilodeau, and Forgiofid® reported coupling of five-membered heteroarenesritg
carboxylate groups in the 2-positiahZ-28 with various aryl bromidesl(2-22 under extrusion
of CO, (Schema 22). Whereas, Miura reported the decalétiy arylation of indole-3-

carboxylic acids while 2-position of the indole wasbstituted alreaciy®

5 mol% Pd[P(‘Bu),],
1 eq. "Bu,N*CI-H,0

w F 1.5 eq. Cs,CO, X _ar
« y/ OH + Ar—Br ( /
Y DMF, W, 170 C, 8 min Y
R

R N
1.2-28 1.2-22 €0, 1.2-29
s o | o
Ph Ph Ar
€ <) No—Ar )
\ \ r
R M M
e R e
= H (23%) 53% Ar = 4-MeO-CgH, (77%) 86%
= Me (74%) Ar = 4-NO,-C(H, (66%)

Schema 22Arylation of heteroarenecarboxylates
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Decarboxylative 1,4-addition to acrylic estets2¢39 "

proceeds in the presence of 1 mol% of
[(cod)Rh(OH)} at moderate temperatures with moststho, ortho-disubstituted benzoates
(Schema 23), whereas decarboxylive 1,2-additiomaxdonyl compounds in the presence of

10 mol% PdGl and 20 mol% AgOTf gives the corresponding alcafidls

(0]

CO,H 0 1.5 mol% [(COD)Rh](OH)], o"Bu
R<©/ + \/Z( . R
O'BU  toluene/H,0, 120 T, 24 h

1.2-16 1.2-30 1.2-31

@NMWQ&W

87% 70% 80% 56% 75%

Schema 23Decarboxylative 1,4-addition reactions

Decarboxylative allylation is another strategy tbe synthesis of organic compounds from

carboxylic acids and was recently reviewed by Tueigal "3

This strategy is beyond the scope
of this thesis.

In the presence of stoichiometric quantities obaitant, the reactivity of organometallic species
generated via decarboxylation can be reversed ab darboxylic acids may also undergo
decarboxylative coupling reactions with nucleophil®ecarboxylative Heck reactions or the
coupling of carboxylic acids with arenes under Gurctionalization are the examples where
carboxylic acids serve as a source of electropbdigpling partners.

In 2002, Myerset al reported the development of the first novel decaylative Heck reaction
in which carboxylic acidsl(2-16 serve as substitutes for aryl chloridén this transformation,
carboxylic acids 1.2-16 provide aryl electrophiles in the presence ofigoilim catalyst and

stoichiometric amount of silver carbonate (Scherdia 2

o 20 mol% Pd(TFA),

3eq. Ag,CO, SR
DMSO-DMF (1:20), 120 T
1.2-16 1.2-2 -C0, 1.2-32

O O
XN MeO XN
=
MeO N OMe 88% OMe 66%

Schema 24Decarboxylative Heck reaction

1

9 -
OMe 90%

MeO

The reaction mechanism is outlined below (Schemja P%e salt exchange between d'Ra)
precursor and benzoic acid.2-16 results in the formation of palladium benzoat¢ ifiat
generates an aryl palladiurii)(species (c) on extrusion of GO'he alkeneX.2-2 insertion to

the aryl palladium species and the internal rotateads to the formation of species (d) which
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produces Pt(e) and vinyl arenel(2-32 via p-hydride elimination. PYa) is regenerated by the

oxidation of Pd (e) to restart the catalytic cycle.

o
HO
. Ag R
d \i 1.2-)3t©>
oxidation AgX LZPd"X salt exchange
a HX
(0]

0
2

\\/ X—= Pd O
L decarboxylation

HPd"L,X

X
x Pd"
R L— Pdi_/_\
AR
1.2-32 12-2

B-hydride elimination insertion ad internal rotation

—-

Schema 25Miechanism of the decarboxylative Heck reaction

Further developments include the usg@-tfenzoquinon® and copper fluorid@ as oxidants with
Pd(TFA), and Pd(OAGg), respectively. In the former development, onlyneated substrates were
coupled which are decarboxylated by palladium. \Wasr later development showes the
coupling of 2-nitrobenzoates with alkenes via diecaylation.

The decarboxylative Heck-olefination can be seen tlas prototype for all oxidative
decarboxylation reactions in which aryl carboxysaserve formally as electrophilic coupling
partners. This reaction has been intensively erglarn the last three years.

Crabtreeet al. combined the oxidative decarboxylative couplinghwC-H activation in their
decarboxylative biaryl synthesis. The coupling aere (.2-39 with o,0-disubstituted
carboxylic acids X.2-33 was conducted in the presence of 10 mol% Pd(@AZ) mol%
'BuXPhos and excess AQ0s:’’ (Schema 26).

10 mol% Pd(OAc),

OMe 20 mol% tBuXPhos OMe
CO,H 1 eq. Ag,CO, Ar
+ Ar—H
DMSO, uw, 200 T, 5 min
OMe -co, OMe
1.2-33 1.2-34 1.2-35
OMe
O NHAc o
OMe OMe OMe
OMe
53% 31% 25% 69% 44%

Schema 26Decarboxylative coupling under C-H activation

The application was further utilized by Glorioetsal,”® Larossaet al’® and Greanewgt al®® for
the synthesis of dibenzofurans, arylation of thaolas at the 3-position and the intermolecular

decarboxylative C-H cross-coupling between oxazalesthiazoles, respectively.
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Oxidative decarboxylative couplings could also b¢eeded to C-heteroatom bond formation
reactions. Decarboxylative coupling of arenecarlioxgcids (L.2-1§ with thiols (1.2-37 or
disulfides (.2-36 in the presence of 5 mol% Pd(OA@nd super stoichiometric amount of
CuCQ;Cu(OH), gives aryl sulfides(.2-38 8 (Schema 27).

5 mol% Pd(OAc),

(e}
H-SR' 1.5 eq. CuCO4Cu(OH),
OH 1.2-37 3eq. KF SR’
R + or R
NMP, 160 C, 24 h

R'S—SR'
1.2-16 1.2-36 -CO, 1.2-38
CN COMe CHO s s s
~Nn ~ ~
©/S\noct ©/S\noct ©/S\noct ©/\/ Oct ©/\/ Cy ©/\/ Ph
76% 55% 85% 90% 88% 85%

Schema 27Decarboxylative C-S coupling

1.2.2 Reactionsof in situ Activated Carboxylic Acids

As in classical reactions of carboxylic acids, eoghilic attack at the carbonyl carbon followed
by C (O)-O bond cleavage is only possible for atgd carboxylic acids. Here the acid function
is activated by substitution of the hydroxyl growgaich as acid chlorides, anhydrides, esters,
amides and thioesters. Few of them react with iiansmetal catalysts by oxidative addition to
form acyl metal complexes and are thus availabléuither catalytic transformatiofis.

1.2.2.1 Reaction via Acyl Metal Species

The activation of carboxylic acids can be achiebgdheir conversion into anhydrides N
hydroxysuccinates which allows the insertion ofmsidion-metal catalysts into acyl-oxygen
bond. The resulting acyl-metal species are eithygirdgenated or coupled with aryl boronic
acids.

The aryl ketones1(2-26 are formed by the coupling of carboxylic acids2¢1) with aryl
boronic acids 1.2-43 in the presence of pivalic anhydridé.2-39.%2 The catalyst system
consists of Pd(OAg)and Pp-MeOGCsH,). In this process an equilibrium mixture of cariox
acid anhydrides is formed by the reaction of cayhoxacids (.2-1) and pivalic acid anhydride
(1.2-39. The Pd(0) selectively inserts into the C(O)-Onhdbaf the less shielded side of the
mixed anhydride to form acyl palladium complex. Agmetallation and reductive elimination
result in the formation of the desired ketone2{26 (Schema 28).

18



INTRODUCTION

Q 1 o o o o o}
L+ PR J\' E=—— + +
R OH Bu (e] Bu RJ]\OJ\R RJI\OJ\‘BU ‘BUJ]\OH
1.2-1 1.2-39 1.2-40 1.2-41 1.2-42
Pd°L, JOI\
R” “Pd'L,0,CBU
X
R™Ar o Ar-B(OH),
1.2-43
1.2-26 L Pd“/U\R
X
Y 'BuCO,B(OH), — B(OH); + BuCO,H

Schema 28Mechanism of ketone synthesis from carboxylicsaaitl boronic acids

Under the optimized reaction conditions, electnoh-and electron-deficient aryl boronic acids
are coupled with carboxylic acid$.2-1) to yield the corresponding ketonds2-26. However,
pivalic acid (.2-42 is produed as a by-product which complicatesisbéation of the product
(1.2-26 (Schema 292

(e}

J

o 0
+ L J + ABOH),
R OH 5" >0  MBuy THF / H,0, 60 C, 16 h

1.2-1 1.2-39 1.2-43 1.2-26 1.2-42
O

78% 2% 90% 70% 60%

3 mol% Pd(OAC),, 7 mol% P(p-MeOCgH,), 0

O
K K

Ar Bu OH

Schema 29Coupling of carboxylic acids with boronic acids

Improved protocols were developed by using dimelicgrbonat®® and disuccinimidyl
carbonat® as activators which produce methanol, .C&d CO as volatile and\-

hydroxysuccinimide as water soluble by-productenifg improved isolation of products.

1.2.2.2 Reactions via Decarbonylation

The initial step in many catalytic transformatioissthe formation of organometallic species
which can also be created by a sequence of oxalatidition and decarbonylation of activated
carboxylic acid derivative on metal catalysts. Henbere are many opportunities for catalytic
transformations. Acyl transition metal complexes grone to decarbonylation reaction
generating organometallic species that can beedtilas an electrophilic partner.

The alkyl metal complexes containing lhydrogen atom to carbonyl function undergo
subsequer-hydride elimination to the corresponding termialidenes. Milleret al distilled off
terminal alkene at 250 °C by heating a mixtureooifglchain fatty acids and acetic anhydride in
the presence of Pd-phosphine catalys$tigh reaction temperature, elaborate lay-out amebte

bond isomerization limit the synthetic usefulnekth reaction.
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A more efficient catalyst system had been developkith allowed the selective synthesis of
terminal alkenes1(2-45 from carboxylic acids1(.2-44 in the presence of pivalic anhydride
(1.2-39 at a low temperature. Both linear and branchethaalic acids were successfully
converted into the corresponding terminal alkerie2-45 in the presence of PdCand DPE-
Phos at 120 °C without double bond isomerizatiazhé®na 30§°

3 mol% PdCl,
(0]

o (0]
9 mol% DPE-Phos
R/\)LOH + 'Buiok‘Bu RFA

DMPU, 110 €

1.2-44 1.2-39 -CO, -PivOH 1.2-45
=
©/\/ C9H21/\ Etosz
66% 78%

23%

Schema 30Synthesis of terminal alkenes from carboxylic acid

Aliphatic carboxylic acids1.2-44 containing g3-hydrogen atom to the carbonyl function react
with pivalic anhydride 1.2-39 to generate mixed anhydride which oxidatively sdd
palladium(a) to result in the formation of acyl lpdium complex (b). At an elevated
temperature, acyl palladium complex releases carponoxide to produce alkyl palladium
complex (c) that liberates terminal alkede2(49 via 3-hydride elimination and palladium(0) to

start the catalytic cycle again (Schema 31).

H O o O H O O O
+ +
RAA LY e o e, RAA g, e on
1.2-44 1.2-39 1.2-46| 1.2-42

Lpd’ H QO
R\)\/uPd”LZOZCIBu
a b
BUCOOH + Ry

1.2-42 1.2-45 c
H co

R._h_Pd',0,CBU
Schema 31Mechanism of the decarbonylative alkene synthesis

Decarbonylative Heck-type reaction was introducgdviiura et al®” and De veriegt al® in
which acid chlorides were coupled with olefins. Keeaction was improved by activating the
carboxylic acid {.2-16 in situ with di-tert-butyl dicarbonatel(.2-47 and coupling with olefins
(1.2-45 to give the corresponding vinyl arenes.2¢32.%° CO, CQ and tert-butanol are
produced as byproducts (Schema 32).
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3 mol% PdCl,, 10 mol% LiCl

0o i i 10 mol% y-Picoline \ R
+ + O~ R
OH B oBu 7 R NMP, 120 T, 16 h
l 2-16 l 2- 47 1.2-45 -butanol, -CO, -CO, 1.2-32

(070 DG S0 G0

88% 80% 48% 78% 66%

Schema 3Decarbonylative Heck reaction of carboxylic acids

Decarbonylative biaryl synthsis was achieved bygi$ess reactive aryl boroxines.2-49 and

more active rhodium catalyst in non-polar solvekryl anhydrides {.2-48§ were coupled with
aryl boroxines 1.2-49 in the presence of 1.5 mol% of [{Rh(ethei@},] catalyst and 10 mol%

of KF to form a variety of biaryls via decarbonytat (Schema 333°

o o Ar 1.5 mol% [{Rh(ethene),Cl},]
B. 10 mol%KF Ar
o +1/3070 R
R R _B._.B. Mesitylene, 160 T, 8 h
Ar O A 1/3 (ArCO,BO
1.2-48 1.2-49 -1/3 (ArCO,BO); 1.2-20
F NO,
OO OO0 OO0 OO0 OO
55% 64% 66% 48% 61%

Schema 33Decarbonylative biaryl synthesis

Over the last 5 years, catalytic transformationsingxpensive carboxylic

acids have been

optimized to an impressive level. However, the pbtét of the carboxylic acids in organic

chemistry has not been fully explored yet.
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2 Aims of the Research

The focus of this research work is to use carboxatids as substrates in homogeneous catalysis.
This thesis is divided into two main parts:

The objective of the first part is to improve thettrods that involve the conversion of carboxylic
acids to valuable intermediates and organic comg®uithis work consists of the following
subprojects:

The ' project involeves the development of a mild arfitieiht method for the conversion of
carboxylic acids to aldehydes based on the piongework of our group on the selective
reduction of carboxylic acids to aldehydes.

The 29 project is aimed to study the role of microwaves the copper catalyzed
protodecarboxylation of arenecarboxylic acids whgthe key step in decarboxylative coupling
reactions and was initially developed by our group.

The objective of the second part is to set a stagethe development of decarboxylative
trifluoromethylation reactions. In this context, myn of the &' project is to develope a catalytic
process for the conversion of arylboronic acid \dgives as carboxylic acids analogues into
benzotrifluorides by using KCFsB(OMe)s] as trilfuoroemthylating reagent.

The 4" project involves the development of a straightfamdv method for the conversion of
carbonyl compounds into the corresponding triflmoethylated alcohols by using
K'[CFsB(OMe)]. This work was also independently developed unsienilar reaction

conditions by Dilmanret al**®
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3 Synthesis of Aldehydes from Carboxylic Acids

The aldehyde function is an important moiety inamig chemistry. Due to the high reactivity of
the formyl group, it serves as an excellent sutssfiar the formation of C-C, C-N and C-S bond
and thus plays a major role in the synthesis ofulsmmpound. The synthetic applications of
aldehydes are summarized below (Schema’34).

NH o) 2
o P
R _
310 N\ HCNO, | “3.7 6
3-9 CN
3-3 NH 3.5
NRR"_HNRR"3-11 o . H 32 JCN
R R34
3-12 CN 33
H, N HN
3- 13 H,NNR' 3-1
3-15
HN/Z<
R 3 14 NN 3 18
J/
R™ 3.16

Schema 34Synthetic applications of aldehydes

Naturally occurring aldehydes include cinnamaldeh19),%? vanillin (3-20),°° pyridoxal @-
21)% and retinal 8-22% (Abbildung 3). Cinnamaldehyde3{L9 and vanilline 8-20) are
extracted from the bark of the cinnamon t'&&snd vanilla bean¥? respectively. Both are used
as flavouring agents in food> ***in agrochemicafé® ***and pharmaceuticaé® ***Pyridoxal
(3-2)) is the natural form of vitamin Bwhich is obtained from green plants. Similarlytirral

(3-22) is a form of vitamin A which is obtained from niead plants®

(o]
o O o
x H NG
H HO X OH H
HO |
OMe N

Cinnamaldehyde Vanillin Pyridoxal Retinal
3-19 3-20 3-21 3-22

Abbildung 3.Examples of naturally occurring aldehydes

Hence, aldehydes are synthetically and naturallgfulscompounds. The developments of
simple, sustainable and general methods for ththegis of aldehydes are still in the process of

improvement.
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3.1 State of the Art Aldehyde Synthesis

Despite the large number of methods for the syigh@saldehydes, convenient and economical
routes are still rare. However, these methods earlassified in three major catagories:

a: Aldehyde synthesis via carbonylation reactions

b: Aldehyde synthesis via oxidation reactions

c: Aldehyde synthesis via reduction reactions

the first two catagories will be briefly discusssbereas the third category will be discussed in
detail.

R™X or R 0oH

312 3.1-4
[O] |b
R-HIX
3.13 o
or __ COH Jig M-H i
- MH

N a R H R™ X

312 3.1-1 € 3.15
X=cCl,Br, | X = CI, NR}, OR),, CN etc

M-H = Metal Hydride
Schema 35Stratergies for aldehyde synthesis

3.1.1 Aldehyde Synthesisvia Carbonylation Reactions

The first category involves the synthesis of aldldsyby using carbon monoxide and a reducing
agent in the presence of a Lewis acid or a tramsitnetal catalyst (Schema 35, a). It includes
Gattermann Kocli reaction in which CO is used under Friedal-Crafhditions to produce
aldehydes from arenes C-H bond. Besides regiosadeisisues, the reaction requires different
reaction conditions and additives for the hydrofglation of activated, non activated and
deactivated arenes and the scope of the transfimatlimited to only aromatic aldehydes.

The famous industrial oxo synthesis process alpmesents carbonylative aldehyde synth¥sis.
It is used for the synthesis of aliphatic aldehyfitem alkenes, carbon monoxide and hydrogen.
Cobalt and rhodium based catalysts had been deacklfgy obtaining the better selectives for
linear and branched aldehydes at mild reaction itiond *® However, the process is limited to
only aliphatic aldehydes.

Palladium catalyzed reductive carbonylation of gpdeudo) halides to aldehydes is another
example of carbonylative aldehyde synthesis whiel first developed by Heck and Shoenberg
in 1974% In the course of development, different reduciggras such as metal hydrides and
formate salts were used to synthesize aldehydes finyl halide and carbon monoxitf8.
Recently, palladium catalyzed reductive carbongtatof aromatic, heteroaromatic and vinyl

bromides have been reported under low pressurarbbn monoxide and hydrog&H.
24



SYNTHESIS OF ALDEHYDES FROM CARBOXYLIC ACIDS

Although carbonylative aldehyde synthesis is an artgnt class employing cheap and

environmentally benign source of formyl group, thése reactions are limited to either aromatic
aldehydes or aliphatic aldehydes. Until now, noegahprotocol is available which can be

applied for the synthesis of aromatic, heteroarames well as aliphatic aldehydes using carbon
monoxide and hydrogen. The use of toxic CO as ger#tais not very practical in academia for

the optimization of reaction protocol. These reawti are only useful for the industrial scale
applications where the proper reaction setup id tmethe handling of toxic gases.

3.1.2 Aldehyde Synthesisvia Oxidation Reactions

Selective oxidation of olefing3(1-2 and primary alcohols3(1-4) represents the second catagory
of aldehyde synthesis (Schema 35, b). Oxidativavelge of the alkene3(1-2 has been
traditionally performed by ozonolyst&? Catalytic variants have been developed by utijzin
high valent oxometal®® such as Ru9and OsQ. Recent developments include the use of
palladium catalyst for the oxidation of olefin8.1-2 to aldehydes3.1-1) in the presence of
oxygen®* Aromatic and aliphatic alkenes were converted aitehydes.

Among the oxidative methods, the partial oxidatafnprimary alcohols 3.1-4) to aldehydes
(3.1-1) is a widely used oxidation reaction in organiateyesis. Several classical reagents such as
chromium!® managanese oxid& activated DMSO methods (Swern oxidatidH),and
hypervalent iodine reagents (Dess-Martin oxidatiSh)pyridineS0O;**° and NaOCI/TEMP&?®

are frequently employed in the laboratory as wellaage-scale applications. Among them, the
Swern and the Dess-Martin oxidation are the mesjuently used for the synthesis of aldehydes
(3.1-1) from the primary alcohols3(1-4).

However, the Swern oxidation is not a user friengligtocol because it applies toxic reagents
such as oxalyl chloride. From an environmental pofrview, quantitative amounts of waste are
produced in addition to toxic gases such as COG&dnd CQ.*%’

The Dess-Martin oxidation has several advantages $wern oxidation such as milder reaction
conditions, shorter reaction times, higher yieklmplified workups, high chemoselectivity and
tolerance of sensitive functional groups (Schemp Béydroxy-1,2-benziodoxol-3(1H)—onel-
oxide (IBX) (3.1-7) was initially used and later on replaced by Disstin Periodinane (DMP)

(3.1-6 that is solid, more stable and soluble in orgaoivents:'*

OAc
OH
o OAC\‘I/OAC O\\|\
o~ DMP / IBX )k ~0 0
R™ OH R™ H
CH,Cl,, RT o)
3.1-4 3.1-1 o
‘ DMP IBX
R = alkyl, aryl, vinyl 3.1-6 3.1-7

Schema 36Dess-Martin oxidation
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Although the Dess-Martin oxidation is consideredaastate of the art method for aldehyde
synthesis by oxidative methods, the use of expenaivd waste producing oxidizing reagent
encourages the development of atom-economic transietal catalyzed oxidation of alcohols
to aldehydes in the presence of air as oxidant.

Considerable progress has been made in the aevslulation of primary alcohols3(1-4).'*?
These oxidation reactions include transition métédased complexes which oxidize a variety of
allylic, benzylic and aliphatic substrates. Reggn8tahl and Hoover reported a highly active
(bpy)CU/TEMPO catalyst system that allows the partial Beroxidation of primary alcohols
(3.1-9 to the corresponding aldehyde3.1¢1) (Schema 37)** This reaction protocol was

published a year after our work.

5 mol% [Cu(MeCN),]OTf
5 mol% bipyridine

5 mol% TEMPO o

R™OH P
10 mol% N-methylimidazol R H

3.1-4 MeCN, RT, 1-24 h 311
(e} (e} o 0 (o} (e}
Cl N H
MeO NO, cl 0
95% 98% 94% 96% 92% 98% 83%

Schema 37Cu-catalyzed aerobic oxidation of primary alcohols

Although the reaction gives high vyields, broad tiomal-group tolerance and mild reaction
conditions, over oxidation to carboxylic acids il & challenge in this protocol. In addition, the
environmental factor of the reaction is increasgdhe use of a large number of additives which
not only complicate the reaction setup but als@pce waste.

3.1.3 Aldehyde Synthesis via Reduction Reactions

The selective reduction of carboxylic acid derivas to aldehydes represents the third category
of aldehyde synthesis (Schema 35, c¢). It is a kigkkd stratergy for the synthesis of aldehydes
from carboxylic acid derivatives. Over the last ates, substantial research has been diverted
towards the development of simple and general ndsthwhich utilize carboxylic acids and
derivatives as substrates. As a result, more r@aderivatives such as acid chlorid&samides,
esters, anhydrides and nitriles were selectivetweded into aldehydes.

Rosenmund reduction is one of the oldest transfboms in this field in which acid chlorides
(3.1-9 are hydrogenated in the presence of Pd/C (Sct88nd°*° However, the reaction is
sensitive to acide labile functional groups. Thélgobum catalyst is very reactive and thus
overreduction is often observed and the correspgndicohols are obtained in considerable

quantities. This side reaction is controlled bylgimg an elaborate reaction setup in combination
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with catalyst poison such as barium sulfate. Hydroghloride is produced as a corrosive by-

product which is trapped by the base. As a reaudgnsiderable amount of waste is produced.

H, 3.1-9
X e X
R Cl BaSO, R H
3.1-8 3.1-1

Schema 38Rosenmund reduction

Besides palladium catalysts, various metal hydridage been established for the selective
reduction of acid chlorides to aldehydes. Thestuéte aluminunt**" boron**%" silicon and
stannous hydrides. Borohydrides are used with piavhich captures the borane and avoids
overreduction. Whereas, organo silicBig" and organo stannotls' are used in the presence of
palladium, rhodium and indium based catalysts.dditegon, anionic transition metal reductants
such as HFe(CO), CpV(COYH", and HCr(CQY function under relatively mild conditions and
offer high yields:™™® However, all these protocols require the use aitktometric quantities

of metal based reagents which generate large dgesntf waste.

The reduction of carboxylic acid amide3.1-10 to aldehydes3.1-1) can be performed by

employing stoichiometric quantities of samariumidedwith HPO;,**?aluminunt'’ and boron

hydrides'® The success of all these methods is highly depenofe the nature of the amide
group. Overreduction of the corresponding aldehyesften observed. Best results were
obtained by employingN,N-dimethyl andN,N-diethyl amides in combination with LiAlH In
1996, Buchwalcet al reported the reduction of a broad range of tgri@amides to aldehydes by
using stoichiometric amounts of fiH, and Ti(OPr) at room temperatufé® In addition to the
use of stoichiometric quantities of hydrosilane anditanium reagent, this reaction has the
limitation of usinga-enolizable tertiary amides as only substratesyVecently, Georget al
utilized Schwartz’'s reagent to convert primary, swary and tertiary amides to the
corresponding aldehyde8.{-1) at room temperature (Schema 3%)Although the reaction
offers mild conditions and shorter reaction tinie tise of stoichiometric quantities of zirconium

reagent limits the atom-efficiency of the reactinade.

1 eq. CpZrHCI O
L r
o 1
k"  THF,RT,5-30mints R H
3.1-10 3.11

amide = primary, secondary or tertiary
o o o 0 o o] o o
=
MeO cl NC O,N N
99% 99% 90% 81% 84% 99% 87% 82%

Schema 39Selective reduction of carboxylic acid amides v@thwartz reagent
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The selective reduction of carboxylic acid estersatdehydes is performed with aluminum
hydride reducing agent§® Fukuyama reported Pd/C catalyzed reduction ofetters to
aldehydes with broad scope under mild reaction itiomg.**? In 2006, Chatanét al reported
the palladium catalyzed reduction of 2-pyridinytezs 3.1-11) with hydrosilanes to aldehydes
(3.1-1) (Schema 40%*® Aliphatic, aromatic, andx,B-unsaturated aldehydes were prepared in
moderate yields. The reaction conditions are coijgaivith various functional groups, such as

fluoro, methoxy, aldehyde, acetal, and ester.

3 mol% Pd(OAc),

1) = 9 mol% PPh o) =
2 1) 3 2 . O
DMF, 60 T, 12 h R™ "H

R®™ O N HO N
3.1-11 3.1-1 3.1-12
(0] (0]
(0] (0] (0] (0] (0]
H H X
H H H H H
H MeO
MeO Ph MeO MeO
(0] (0]
84% 88% 85% 71% 76% 74% 71%

Schema 40Reduction of 2-pyridinylesters with hydrosilane

The conversion of carboxylic acid anhydrides teehlgles is not synthetically useful because of
the harsh reaction conditions and lower yiéfds.

In comparison to the aforementioned methods, varmotocols have been established for the
partial reduction of nitriles followed by hydrolgsof the resulting imides> Aluminum, silicon
and boron based reducing agents have been sudbessfiployed for the reduction of various
aliphatic and aromatic nitril€$® In addition to these reducing agents, waste fneigexpensive
hydrogen was also used for the reduction of nitritealdehyde¥’’

Recently, the reduction of nitriles3.0-13 to aldehydes 3 1-1) was performed by using a
continuous flow technology as an alternate to baidtesses (Schema 41). High yields have
been reported for aromatic, heteroarmatic and aliphaldehydes by using DIBAL-H as

reducing agent.

DIBAL - H o}

R-CN P

R H
3113 olene 3.1-1
(e} o (e} (o} o} (e} e} H
H H H H HoS K
| o)
MeO F O,N N
88% 75% 79% 85% 79% 52% 77% 75%

Schema 41Reduction of nitriles to aldehydes in Flow

A broad variety of reducing agents have been deeeldor the selective reduction of carboxylic
acid derivatives to aldehydes. These reactionsineea@n additional waste-producing step for the

synthesis of carboxylic acid derivatives along wstbichiometric amounts of hygroscopic and
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corrosive metal hydrides which are also associatithl a large amount of waste production.
Low temperatures are particularly required to awmrdr-reduction of aldehydes to alcohols and
reduction of other functional groups. Efficient imeds for transition metal catalyzed selective
reduction of carboxylic acid to aldehydes are ratee development of new catalytic methods for
the direct reduction of carboxylic acids to aldebydby using atomic-economic and
environmental friendly hydrogen gas as a reducgengis a highly desirable transformation in
organic synthetic chemistry.

3.2 Direct Reduction of Carboxylic Acids to Aldehydes

As mentioned before, the selective reduction ofaphand easily available carboxylic acids to
aldehydes is a method of choice. However, theséadstemploy stoichiometric quantities of
waste intensive reducing agents.

Initial reports on the direct reduction of carbagyhcids to aldehydes utilize lithium in amine
solutiont?® and sodium diisobutylaluminum hydrid@. These reactions are restricted to aliphatic
carboxylic acids and require a very low temperatlire reactions of both aliphatic and aromatic
carboxylic acids with thexylborane produced higkigs at a high temperature and required three
equivalents of the reagehif. The reduction of carboxylic acids with borane dinyésulfide
followed by the oxidation of the resultant trialkdporoxine with pyridinium chlorochromate in
dichloromethane provides a broadly applicable nenhagy**

Fujisawa et al proposed a simple and chemoselective method inichwhN,N-
dimethylchloromethylenium chlorid® -3 and lithium tributoxyaluminum hydride were used

respectively for the activation and the reductiboarboxylic acids3.2-2) (Schema 423>

a.
=N ¢r o o
H \ )k 10 mol% Cul
o 3.2-3 R™ 0 Li(BUO),AIH FH\O o )
)L > E— L + N
R™ OH  Pyridine SN 78T Sy R™H \
-Hcl | CI
3.2-4

3.2-2 25‘
o] 0 o) o 0o 0 0o 0
isaloalsasalraicasicason
~
MeO cl ON N

70% 79% 78% 81% 55% 83% 81% 84%

H
H N
3. 3.2-1 3.26

Schema 4Z-ujisawa reduction of carboxylic acids to aldehydes

This method demonstrates that the activation déaaylic acids can be achievéd situ for the

partial reduction with other reducing agents.
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3.2.1 Direct Hydrogenation of Carboxylic Acidsto Aldehydes

The selective conversion of carboxylic acids toeblgles with hydrogen is the most straight
forward and sustainable transformation. Howeve,Ithv reactivity of carboxylic acid function,
harsh reaction conditions and overreduction of meextive aldehydes is always problematic.
Mitsubishi Chemicals selectively hydrogenated cayho acids to the corresponding aldehydes
in the presence of chromia catalyst at 35G%*CThe reaction cannot be applied to thermally
unstable aldehydes and laboratory scale synthasisodhigh reaction temperature.

A major breakthrough in this field was achievedvamamotoet al with the development of the
first direct hydrogenation of carboxylic acids tdehydes with molecular hydrogen under mild
reaction conditions. The key to success of thictrea is thein situ activation of carboxylic
acids with pivalic anhydride.

Aromatic, heteroromatic and aliphatic carboxyliedac3.2-2) were successfully converted into
the corresponding aldehyde3.2-1) in the presence of pivalic anhydridg.Z-7) and 1 mol%
Pd(PPh), at 80 °C and 30 bar hydrogen pressure. Cyano, lester, and alkene functional

groups remain intact at the end of the reactioh¢8ma 43).

1 mol % Pd(PPh,),

o o 30barH, 3.2-8 o 0
R)LOH+'Bu)Lok‘Bu RLH-F IBu)LOH
THF, 80 T, 24 h
3.2-2 3.2-7 3.2-1 3.2-9
o)
o 0 F O o] o) o) o
H H
PhO H XN H
NC 5 N
97% 30% 78% 99% 91% 99% 99% 85%

Schema 43Pd-catalyzed high pressure direct hydrogenationavboxylic acids to aldehydes

The reaction mechanism involves the oxidative @aoliibf the Pd(0)(a) catalyst into the less
hindered side of the mixed anhydrides to form aaijdgium (I) pivalate (b) due to the steric
demand of the bulkyert-butyl group. The complex reacts with molecular foggen 8.2-8 to
form aldehyde3.2-1) and pivalic acid3.2-9 (Schema 44).

i o O o o i
R* OH ¥ ‘BU)LOJKIBU Rkok‘glﬁ- ‘Bu” "OH
3.2-2 3.2-7 3.2-10 3.2-9
o]
L,Pd’ Rde"OZC‘Bu

H

i
t
2
R™H + BuCOOH

3.2-1 3.2-9 3.2-8

Schema 44Proposed mechanism for Pd-catalyzed direct hydraien of carboxylic acids
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This elegant transformation could not gain the appate attention due to the moderate activity
of the catalyst which requires high pressure ofrbgdn for a good turnover. This transformation
can only be performed in high pressure resistanipegent which is not very common in most
preparative labs throughout academia and industry.

Palladium catalyzed direct reduction of carboxymds 8.2-2 to aldehydes3.2-1) by using
sodium hyophosphite as mild reducing agent is asure free alternate reported by GooBen
al. In the presence of pivalic anhydrideZ-7), 3 mol% Pd(OAg), 7 mol% P(Cwy, 1 equivalent

of NaH,PO, and KPQy, and 6 equivalent of #, aromatic and aliphatic carboxylic acids were

selectively reduced to aldehyd@&s2-1) at 60 °C in moderate yields (Schema 45).

0 o o 3 mol % Pd (OAc),, 7 mol% P (Cy), 0 o)
Ao G A e
R” "OH Buw O "Bu OH
1 eq. NaH,PO,, 1 eq. K,PO,
3.2-2 6 eq. HOTHF60°C16h
CO,Me
65% 68% 70% 69% 53% 73% 62% 59%

Schema 45Reduction of carboxylic acids to aldehydes

Although the alternate use of hypophosphite satm#éd reducing agents is more practical for
lab-scale applications, the reaction is waste sitenand gives lower yields. Thus it is highly
desirable to develop a new catalyst system thatvallthe direct hydrogenation of carboxylic

acids to aldehydes under mild conditions and atear ambient hydrogen-pressure.

3.3 Results and Discussions

3.3.1 Low-Pressure Hydrogenation of Arenecarboxylic Acidsto Aryl Aldehydes

The development of a low pressure direct hydrogemabdf arenecarboxylic acids to aryl
aldehydes is described in the enclosed publicattomas a shared project between AK Gool3en
and Boeringer Ingelheim, Austria. The work was perfed in cooperation with Dipl. Chem.
Thomas Fett who was an internee from Boeringerlhege in our group for 3 months. The
whole project was supervised by me.

The initial palladium catalyst system developedtfa direct hydrogenation of carboxylic acids
to aldehydes in the presence of pivalic anhydretpuires high hydrogen pressure due to the
moderate activity of the catalyst thus, limitingstprotocol for only industrial scale applications.
We addressed this problem by developing"a generation of a highly effective palladium

catalyst that allows the direct hydrogenation afboaylic acids to aldehydes below 5 bar of
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hydrogen pressure. Thus this transformation capdsfrmed in both industrial hydrogenation
reactors and laboratory scale glass autoclaves.néhecatalyst system selectively transforms
diversely functionalized carboxylic acids to copesding aldehydes at 80 °C.

These results were published in 201®dvanced Synthesis & Catalys¥1Q 352, 2166-2170.

A copy of the manuscript is provided.

(Low-Pressure Hydrogenation of Arenecarboxylic Actd Aryl Aldehydes, Lukas J. Gool3en,
Bilal Ahmad Khan, Thomas Fett, and Matthias Tredlv@&nced Synthesis & Catalysis, 352
Copyright © [2012] Wiley-VCH Verlag GmbH & Co. KGgA
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Abstract: A highly effective palladium catalyst has
been developed that allows the selective hydrogena-
tion of arenecarboxylic acids to the aryl aldehydes
in the presence of pivalic anhydride already at 5 bar
hydrogen pressure. With the new catalyst, diversely
functionalized aromatic and heteroaromatic alde-
hydes are conveniently accessible from the corre-
sponding carboxylic acids in a single reaction step
without any overreduction to the alcohols.
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The conversion of carboxylic acid derivatives into al-
dehydes is a frequently used transformation in organic
synthesis."!l It is usually performed using stoichiomet-
ric amounts of metal- or metal hydride-based reduc-
ing agents.”** However, most protocols involve an
additional reaction step for the preparation of activat-
ed carboxylic acid derivatives. Also, unwanted side re-
actions, such as the overreduction to alcohols and the
reduction of other functional groups, are notoriously
hard to suppress. The transition metal-catalyzed hy-
drogenation of acid chlorides (Rosenmund reduc-
tion)"! is more atom-economic, but overreduction to
the alcohols can be avoided only with elaborate flow-
through reaction layouts, which are impractical for
small-scale syntheses. This is why many chemists still
prefer to first reduce the carboxylic acids all the way
to the alcohols, and then to selectively reoxidize them
to the aldehydes using Swern-type reactions.

A new concept for the direct reduction of carboxyl-
ic acids to aldehydes was introduced by Yamamoto
et al.”! In his single-step protocol the carboxylic acids
are activated in situ by treatment with pivalic anhy-
dride. The resulting equilibrium mixture of anhy-
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drides undergoes a palladium-catalyzed hydrogena-
tion to give the aldehydes along with pivalic acid
(Scheme 1). The reaction mechanism involves an oxi-
dative addition of the mixed anhydrides to the Pd(0)
center.”) The high steric demand of the tert-butyl
group dictates the regiochemistry of this step, so that
the acylpalladium(II) pivalate is almost exclusively
formed. This complex reacts with molecular hydrogen
to liberate the aldehyde along with pivalic acid.
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Scheme 1. Hydrogenation of arenecarboxylic acids.
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In the original protocol, palladium complexes of
PPh; and other triarylphosphines were employed as
catalyst. However, they are only moderately active, so
that high hydrogen pressures of at least 30 bar are
necessary for good turnover. The Yamamoto alde-
hyde synthesis thus requires high-pressure equipment,
which is wunavailable in many preparative labs
throughout industry and academia. This may be the
main reason why this elegant transformation has so
far found surprisingly little application in organic syn-
thesis. The alternative use of hypophosphite salts as
reducing agents is more practical for lab-scale applica-
tions, but waste-intensive and usually gives lower
yields.”!
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There clearly remained a need for a new generation
of more active Pd catalysts that would allow perfor-
mance of the Yamamoto aldehyde synthesis below
10 bar hydrogen pressures which can be reached with
laboratory-scale hydrogenation equipment and indus-
trial-multi purpose reactors.

We began our search for a more active catalyst by
studying the hydrogenation of 4-methoxybenzoic acid
(1a) in the presence of pivalic anhydride and 1 mol%
of various palladium catalysts in THF. The model
system was chosen based on the fact that this elec-
tron-rich benzoic acid is of particularly low reactivity.
Using Yamamoto’s conditions [Pd(OAc),/PPh;, 30 bar
H,|, 4-methoxybenzaldehyde (2a) was formed only in
low yield (Table 1, entry 1). At a reduced H, pressure
of 15 bar, the activity of this catalyst was unsatisfacto-
ry. However, a systematic investigation of various
phosphine ligands revealed that with a more electron-
rich triarylphosphine, moderate yields are achieved
even at this reduced pressure (entries 2 and 3). Steri-
cally demanding, electron-rich trialkylphosphines such
as PCy; and some of Buchwald’s dicyclohexylbiaryl-
phosphines gave even better results (entries 4-9). Full

Table 1. Optimization of the catalyst system.

\ O \ 0
o~ o~ )~
OH 7

Pd source, phosphine

THF, Piv,0
1a 80°C, H,, 14 h 2a

Entry  Pd source Phosphine H, [bar] 2a[%]
1 Pd(OAc), PPh, 30 12
2 Pd(OAc), P(p-MeOPh); 15 33
3 Pd(OAC), P(p-tol), 15 52
4 Pd(OAc), SPhos 15 57
5 Pd(OAc), XPhos 15 70
6 Pd(OAc), DavePhos 15 72
7 Pd(OAc), JohnPhos 15 89
8 Pd(OAc), PCy, 15 90
9 Pd(OAc), CyJohnPhos 15 93
10 Pd(OAc),  PPhCy, 15 99
11 Pd(OAc), PPhCy, 5 89
12 Pd(CN), PPhCy, 5 0
13 Pd(dba), PPhCy, 5 64
14 Pd(Fs-acac), PPhCy, 5 80
15 Pd(TFA), PPhCy, 5 80
16 Pd(acac), PPhCy, S 91
171 Pd(acac), PPhCy, 5 87
181 Pd(acac), PPhCy, 5 92
1914 Pd(acac), PPhCy, 1 73

(4] Reaction conditions: 1.00 mmol 1a, 3.00 mmol pivalic an-
hydride, 1 mol% Pd source, 5mol% phosphine, 2 mL
THE, 80°C, 14 h. Yields determined by HPLC analysis
using propiophenone as internal standard.

"l 60°C.

[l Acetone as solvent.

W' 3mol% of Pd(acac),, 15mol% of dicyclohexylphenyl-
phosphine, DMF, 50 h.
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conversion of the carboxylic acid and high yields of
the aldehyde were finally achieved with dicyclohexyl-
phenylphosphine, a ligand seldom used in palladium
catalysis (entry 10).

With dicyclohexylphenylphosphine, the model reac-
tion proceeded well even when reducing the hydrogen
pressure to 5 bar. At this low pressure, several Pd pre-
cursors were tested (entries 12-16). The best yields
were achieved with palladium acetylacetonate, but
other Pd(1I) salts or Pd(0) precursors can be used as
well. A slightly lower conversion to 2a was observed
when reducing the reaction temperature to 60°C
(entry 17). Several other solvents were tested as a re-
placement for THFE. We were pleased to find that not
only DMF, but also non-toxic acetone (entry 18) and
diethyl ketone were effective solvents. With toluene
and acetonitrile, inferior results were obtained.

Under the optimal conditions, using 1 mol% of
Pd(acac),, 5mol% of dicyclohexylphenylphosphine,
acetone (2mlL), pivalic anhydride (3equiv.), 80°C,
20 h, 4-methoxybenzoic acid was smoothly converted
to the corresponding aldehyde in 92% vyield at a hy-
drogen pressure of only 5 bar. In this screening, the
catalyst and ligand, although expensive, were used in
1 and 5 mol% loadings, respectively, to ensure good
conversion of a range of substrates. On these small
scales, further reduction of the catalyst loading result-
ed in decreased yields.

The reactions can thus be carried out using a stan-
dard hydrogenation reactor, for example, a glass auto-
clave. Most industrial reactors are also certified for
pressures of up to 5bar. The new catalyst system is
active even at ambient pressures: With an increased
catalysts loading of 3 mol% and using DMF as a more
high-boiling solvent, 73% yield was reached.

Having thus established a reliable low-pressure pro-
tocol for the Yamamoto aldehyde synthesis, we next
tested its generality by applying it to the hydrogena-
tion of various carboxylic acids. As can be seen from
Table 2, the new catalyst allows the smooth conver-
sion of aromatic and heteroaromatic carboxylic acids.
In particular, para-, meta- and ortho-substituted ben-
zoic acids reacted equally well. Five-ring heterocycles,
quinolines and terephthalic acid were also hydrogen-
ated in high yields. Many functional groups are toler-
ated: Carboxylic acids containing alkoxy, keto, cyano,
protected amino, and even ester groups were success-
fully converted without competing reduction of
double bonds or of functional groups.

In conclusion, the new catalyst system, generated in
situ from Pd(acac), and dicyclohexylphenylphosphine,
allows the selective hydrogenation of arenecarboxylic
acids to aryl aldehydes already at low hydrogen pres-
sures. The new protocol is convenient for applications
on both laboratory and industrial scales, and might
convince organic chemists to add the Yamamoto alde-
hyde synthesis to their chemical toolbox.
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Table 2. Hydrogenation of arenecarboxylic acids 1.1 Experimental Section
Piv,0, H, (5 bar)
Pd(acac), (1 mol%) o General Procedure for the Synthesis and
PPhCy, (5 mol%) P Characterization of the Aldehydes (1a-r)
ArOH THF,80°C,20h ArH An oven-dried, argon-flushed 10-mL glass vessel with
la-r 2a-r septum top was charged with benzoic acid 1a-r (1.00 mmol),
Pd(acac), (3.05mg, 0.01 mmol), and dicyclohexylphenyl-
Product Yield [%]  Product Yield [%]  phosphine (13.7 mg, 0.05 mmol). Degassed THF (2 mL) and

degassed pivalic anhydride (0.62 mL, 3.00 mmol) were

added. The vessel was placed in a steel autoclave, which was

then purged with hydrogen and then pressurized with 5 bar
of hydrogen. The reaction mixture was stirred at 80°C for

20 h, then cooled to room temperature. The autoclave pres-

sure was released, the reaction mixture diluted with 10 mL

saturated NaHCO; solution and extracted with ethyl acetate

74 (3x20 mL). The combined organic layers were washed with
water and brine and dried over MgSO,, filtered, and the vol-
atiles were removed under vacuum. The residue was puri-
fied by column chromatography (SiO,, ethyl acetate/hexane
gradient) yielding the corresponding aldehydes.

40 The particularly volatile aldehydes 2a, e, g, h, o, p, and ¢
were isolated as bisulfite adducts: after releasing the pressue
from the autoclaves, 38% sodium bisulfite solution
(1.50 mL, 8.10 mmol) was added via syringe to the reaction
vessel. The residue mixture was stirred at 50°C for 4 h, then
cooled to room temperature. The white crystalline adducts

90 were filtered off and washed with chloroform (10 mL) and
water (0.50 mL), dried under vacuum, and weighed to deter-
mine the yield. For the spectroscopic characterization, part
of the aldehydes was then liberated by adding the adduct to
saturated aqueous NaHCO; solution (2.0 mL), followed by
extraction with CDCL; (2.0 mL). The NMR samples were

75 then washed with water and brine, dried over MgSO, and

filtered.

4-Methoxybenzaldehyde (2a): Compound 2a was pre-
pared from 4-methoxybenzoic acid (1a) (152 mg, 1.00 mmol)
affording 2a as a colorless oil; yield: 124.9 mg (90.8%). The
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(ID\"/©)J\ 80 . ” spectroscopic data matched those reported in the literature
) A 20 for 4-methoxybenzaldehyde [CAS: 123-11-5].
o o 4-Acetamidobenzaldehyde (2b): Compound 2b was pre-
pared from 4-acetamidobenzoic acid (1b) (179 mg,
/©)J\H 80 & 70 1.00 mmol) affording 2b as a colorless crystalline solid;
F 29 S 2p yield: 149mg (91%). The spectroscopic data (NMR)

matched those reported in the literature for 4-acetamido-
benzaldehyde [CAS: 122-85-0].
88 4-Cyanobenzaldehyde (2c¢): Compound 2¢ was prepared
from 4-cyanobenzoic acid (1¢) (149 mg, 1.00 mmol) afford-
ing 2¢ as a colorless crystalline solid; yield: 98.6 mg (75%).
The spectroscopic data (NMR) matched those reported in
|11 the literature for 4-cyanobenzaldehyde [CAS: 105-07-7].
4-Acetylbenzaldehyde (2d): Compound 2d was prepared
from 4-acetylbenzoic acid (1d) (164 mg, 1.00 mmol) afford-
ing 2d as a colorless crystalline solid; yield: 137 mg (92%).
1 o O T The spectroscopic data (NMR) matched those reported in
.mo} o Pd(aca.c)z, 5 mol /‘f dlcyclohexylphenylpho:phme, the literature for 4-acetylbenzaldehyde [CAS: 3457-45-2].
pivalic anhydride (3equiv.), THF (2mL), 80°C, H, 4-tert-Butylbenzaldehyde (2e): Compound 2e was pre-
(o] S barC), 2012’ pared from 4-tert-butylbenzoic acid (le) (180 mg,
HPLC yields. 1.00 mmol) affording 2e as a colorless oil; yield: 123 mg
(75.8%). The spectroscopic data (NMR) matched those re-
ported in the literature for 4-tert-butylbenzaldehyde [CAS:
939-97-9].

80

o]
2
¥
- :ZO
T
»N
0]
I

w
o

85
2r

T
o
= o
I
4
o)
I

I Reaction conditions: 1.00 mmol of benzoic acid 1,
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4-Methoxycarbonylbenzaldehyde (2f): Compound 2f was
prepared from 4-methoxycarbonylbenzoic acid (1f) (180 mg,
1.00 mmol) affording 2f as a colorless crystalline solid;
yield: 132mg (80%). The spectroscopic data (NMR)
matched those reported in the literature for 4-methoxycar-
bonylbenzaldehyde [CAS: 1571-08-0].

4-Fluorobenzaldehyde (2g): Compound 2g was prepared
from 4-fluorobenzoic acid (1g) (143.0 mg, 1.00 mmol) afford-
ing 2g as a colorless oil; yield: 90 mg (80%). The spectro-
scopic data (NMR) matched those reported in the literature
for 4-fluorobenzaldehyde [CAS: 459-57-4].

4-(Trifluoromethyl)benzaldehyde (2h): Compound 2h was
prepared from 4-(trifluoromethyl)benzoic acid (1h) (190 mg,
1.00 mmol) affording 2h as a colorless oil; yield: 139 mg
(80%). The spectroscopic data (NMR) matched those re-
ported in the literature for 4-(trifluoromethyl)benzaldehyde
[CAS: 455-19-6].

1,4-Benzenedicarboxaldehyde (2i): Compound 2i was pre-
pared from 14-benzenedicarboxalic acid (1i) (166 mg,
1.00 mmol) affording 2i as a colorless crystalline solid; yield:
114 mg (85%). The spectroscopic data (NMR) matched
those reported in the literature for 1,4-benzenedicarboxalde-
hyde [CAS: 623-27-8].

3,4,5-Trimethoxybenzaldehyde (2j): Compound 2j was
prepared from 3.4,5-trimethoxybenzoic acid (1j) (212 mg,
1.00 mmol) affording 2j as a colorless crystalline solid; yield:
174 mg (75.8%). The spectroscopic data (NMR) matched
those reported in the literature for 3,4,5-trimethoxybenzal-
dehyde [CAS: 86-81-7].

3-Quinolinecarboxaldehyde (2k): Compound 2k was pre-
pared from 3-quinolinecarboxylic acid (1k) (177 mg,
1.00 mmol) affording 2k as a colorless crystalline solid;
yield: 102mg (78%). The spectroscopic data (NMR)
matched those reported in the literature for 3-quinolinecar-
boxaldehyde [CAS: 13669-42-6].

1,3-Benzenedicarboxaldehyde (21): Compound 21 was pre-
pared from 1,3-benzenedicarboxylic acid (1) (166 mg,
1.00 mmol) affording 2l as colorless crystals; yield: 56.0 mg
(42%). The spectroscopic data (NMR) matched those re-
ported in the literature for 1,3-benzenedicarboxaldehyde
[CAS: 626-19-7].

3-Acetamidobenzaldehyde (2m): Compound 2m was pre-
pared from 3-acetamidobenzoic acid (Im) (179 mg,
1.00 mmol) affording 2m as a colorless crystalline solid;
yield: 150 mg (92%). The spectroscopic data (NMR)
matched those reported in the literature for 3-acetamido-
benzaldehyde [CAS: 59755-25-8].

3-Cyanobenzaldehyde (2n): Compound 2n was prepared
from 3-cyanobenzoic acid (Im) (150 mg, 1.00 mmol) afford-
ing 2n as colorless crystals; yield: 102 mg (78%). The spec-
troscopic data (NMR) matched those reported in the litera-
ture for 3-cyanobenzaldehyde [CAS: 24964-64-5].

Benzaldehyde (20): Compound 20 was prepared from
benzoic acid (1o0) (122 mg, 1.00 mmol) affording 20 as color-
less oil; yield: 84.0mg (79%). The spectroscopic data
(NMR) matched those reported in the literature for benzal-
dehyde [CAS: 100-52-7].

3-Thiophenecarboxaldehyde (2p): Compound 2p was pre-
pared from 3-thiophenecarboxylic acid (1p) (128 mg,
1.00 mmol) affording 2p as a colorless oil; yield: 79.0 mg
(70%). The spectroscopic data (NMR) matched those re-

Adv. Synth. Catal. 2010, 352, 21662170
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ported in the literature for 3-thiophenecarboxaldehyde
[CAS: 498-62-4].

2-Methylbenzaldehyde (2q): Compound 2q was prepared
from 2-methylbenzoicacid (1q) (138 mg, 1.00 mmol) afford-
ing 2q as a colorless oil; yield: 106.0 mg (88% ). The spectro-
scopic data (NMR) matched those reported in the literature
for 2-methylbenzaldehyde [CAS: 529-20-4].

(2E)-3-Phenylprop-2-enal (2r): Compound 2r [CAS:
16939-04-1] was prepared from (E)-3-phenylprop-2-enoic
acid (Ir) (148 mg, 1.00 mmol). Unfortunately, the adduct
formation did not take place. Therefore, the identity of the
product 2r was confirmed by GC-MS and the yield deter-
mined by quantative HPLC to be 81% based on a response
factor obtained with commercial (2F)-3-phenylprop-2-enal
(2r) [CAS: 104-55-2] using propiophenone (25 uL) as an in-
ternal HPLC standard.

Preparative-Scale Synthesis of 4-A cetamidobenzaldehyde:
A 300-mL hydrogenation reactor was charged with 4-acet-
amidobenzoic acid (1a) (5.00 mmol, 896 mg), Pd(acac),
(152 mg, 0.05mmol) and dicyclohexylphenylphosphine
(72.2 mg, 0.25 mmol). THF (15.0 mL) and pivalic anhydride
(3.0 mL, 15.0 mmol) were added via syringe. The autoclave
was purged with hydrogen and then pressurized with 5 bar
of hydrogen. The reaction was stirred at 80°C for 20 h, then
cooled to room temperature. The pressure was released, the
reaction mixture diluted with saturated NaHCO; solution
(25 mL) and extracted with ethyl acetate (3x25.0 mL). The
combined organic layers were washed with water and brine,
dried over MgSO,, filtered, and the volatiles were removed
under vacuum. The residue was taken up in of diethyl ether
(10 mL) causing the product 4-acetamidobenzaldehyde (2b)
to precipitate in spectroscopically pure form; yield: 584 mg
(71%).
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3.4 Summary and Outlook

A second generation of palladium catalyst has bdeweloped that allows the selective
conversion of carboxylic acids to the correspondilighydes. The activation of the carboxylic
acids is achievedh situ in the presence of pivalic anhydride and hydrogghat 5 bar of
hydrogen pressure with a catalyst system generattdm Pd(acag) and
dicyclohexylphenylphosphine. Model substrate waso ahydrogenated at 1 bar hydrogen
pressure by using higher loading of the catalyst laigh boiling solvent. Under the optimized
reaction conditions, diversely functionalized artimaaliphatic and heterocyclic carboxylic
acids were hydrogenated to the corresponding attehyn excellent yields. The reaction
conditions are mild enough that various functiogedups are tolerated such as amide, cyano,
ester, keto and ether.

Hence, it is convenient for applications on botbolatory and industrial scale applications. The
use of low hydrogen pressure might also convingamic chemists to add Yamamoto aldehyde
synthesis to their chemical toolbox.

In future prospects, selective conversion of cayhboxacids to aldehydes by using continuous
flow-through technology at ambient hydrogen pressmitl be an excellent development in this

area.
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4 Synthesis of Arenes from Carboxylic Acids

4.1 Protodecarboxylations

Protodecarboxylations are important transformations synthetic organic chemistry and
biology** They are used to remove groups that had been gewplas directing groups in
proceeding route$” It is also the simplest case of catalytic surgaboxylate activation of free
carboxylic acids or their salts.

In nature, protodecarboxylations play an importafe in many metabolic pathways and is often
chosen to fascilitate a thermodynamically unfavdutransformation. The formal extrusion of
CO, is catalyzed by enzymes. Some examples of bidbgiotodecarboxylations are illustrated
in the following paragraphs.

One example is the enzymatic decarboxylation ofnanacid L-DOPA 4.1-1) in the living
organisms to biogenic amines dopamidel{?. In addition to their physiological effects as
neurotransmitters, biogenic amines are often usquarecursors for alkaloids such as adrenaline
(4.1-3 and hormones (Schema 46). Furthermore, they s#see as building blocks for the

synthesis of coenzymes and vitamitis.

o

. H._NH, H_NH,
NH
o ° HO HO
HO DOPA-decarboxylase Enzyme OH
—_—
-CO, HO > HO

HO

L-DOPA Dopamine Adrenaline
4.1-1 4.1-2 4.1-3

Schema 46Biosynthesis of adrenaline

Another example occurring in all living organisns the decarboxylation of orotidine 5'-
monophosphate (OMPM¥@1-4 to uridine monophosphate (UMPA.{-5 with the help of
enzyme orotidylate decarboxylaggchema 4y The OMP is the last intermediate in the
biosynthesis of pyrimidin&®’ Studies on the non-catalyzed decarboxylation ofioracid in
pressure vessels at elevated temperatures shoaethéhdecarboxylation under physiological
conditions proceeds extremely slowly with a hd-lof 78 million years. The decarboxylation

enzyme, OMP decarboxylase accelerates the regotiommplete within milliseconds$’™®
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(0] (e}
2 ;i HNJ\/L
A~ Enzyme A~
IO OH O
"SR o MG o7

HO OH HO OH

OMP UMP
4.1-4 4.1-5

Schema 47Enzymetic decarboxylation of OMP

The success of the protodecarboxylations in orgahiemistry is highly dependent on the
reactivity of the carboxyl group. Some activatethoaylic acids 4.1-6 readily undergo thermal
decarboxylation at moderate temperature for exanfiptexoacids and 1, 3-dicarboxylic acids
decarboxylate via cyclic 6-membered transition estad enol-form 4.1-7) which readily
tautomerize to more stable keto-forh1—8 (Schema 48)*®

RMO TO; RK — RLH

4.1-6 4.1-7 4.1-8
Schema 48Thermal decarboxylation gkoxocarboxylic acids
Aliphatic carboxylic acids follow a radical mecham or decarboxylate under oxidative
conditions. Borodin and Hunsdieker developed variqurotocols that allow the radical
decarboxylation of potassium, silver, mercury, ithal salts of aliphatic, vinylic and certain
aromatic carboxylic acid saltd.(-9 in the presence of dihalogens to give alkyl hedid.1-12
(Schema 49§*°

e e . el I

R™"OM VX

4.1-9 4.1-10

M*=K*, Ag*, Hg*, TI*

X=Cl,Br, |

R = primary, secondary, tertiary alkyl
alkenyl, deactivated aryl

Schema 49The Hunsdieker-Borodin reaction

Oxidative decarboxylation of aliphatic carboxyliods @.1-13 takes place at lower temperature
(60-90 °C) in the presence of peroxodisulfdfeProtected amino acids selectively decarboxylate
under oxidative conditions to acylimine4.1-14 which produce amides on further oxidation
(4.1-19 (Schema 50).

1 20 mol% AgNO, 1 1

i i 20 mol% CuSO,H,0 i i [0] i i
R N "CO,H R* °N"H ~ R ONTTo
"qz (NH,),S,04 (3 eq.) "qz éz
H,0, RT
4.1-13 4.1-14 4.1-15

Schema 500xidative decarboxylation of amino acids
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Decarboxylation of aromatic carboxylic acids takdace in the presence of acids or metal
catalysts. Acid catalyzed decarboxylation of fivembered heteroaromatic carboxylic acids
(4.1-16 occurs via an associative mechanism (Schema*5The downside of the metal-free
protodecarboxylations is that they could not beduf® coupling reactions as they do not

proceed via organometallic intermediates.

HA/H,0 c’ H,0 c'
/N\ /O [HOH — [NOOHH U\ + CO, + H3O+
N = ’ H
H OH HH o N H on N
4.1-16 2117 4.1-18 4.1-19

Schema 51Acid catalyzed decarboxylation of pyrrole-2-carblaxgcids

The pioneering work of Shepard, Cohen and Nilssmahstrates that aromatic carboxylic acids
(4.1-20 liberate CQ in the presence of transition metal catalysts saglsilver® coppef* or
mercury® to form aryl metal species which is protonolyzedttie corresponding arenes X-
21) (Schema 52). The formation of nucleophilic arydtal intermediate makes this reaction
highly valuable for employment of the organometadipecies as C-nucleophile in catalytic C-C
or C-heteroatom bond formation. Thus, the invetitga on the nature of the decarboxylation

reactions are of great importance for the developgnoé novel, waste minimized catalytic

(o]
Metal-mediator H
OH ———— X > R (ef0)
R Amine solvent + 2

4.1-20 4.1-21

processes.

Metal-mediator: Copper, Silver, Mercury
Schema 52Metal-mediated protodecarboxylation of benzoic acid

Shepardet al discovered that halogenated furancarboxylic a@ids-22 decarboxylate in the
presence of stoichiometric amounts of copper opepgalts at high temperature (Schema 53).
The use of quinoline as a solvent and base is drawvée extremely beneficial for the trapping
of HCI which is generated as a result of pyrolydithe halogenated furan®

o

RN/ OH  quinoline,220-240C R J

-CO,
4.1-22 4.1-23
(e} (e}
al O__H w H BT\U H
W
Cl
91% 79% 75%

Schema 53Copper promoted decarboxylation of furan carboxglods
Nilssonet al. examined the protodecarboxylation of reactiveyratic carboxylic acids4(1-20
in the presence of 30-60 mol% copper(l) oxide ffuréng quinoline (Schema 54§: **?Ortho-

nitrobenzoic acid and heteroaromatic carboxylidsi@uch as furan and thiophene carboxylic
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acids undergo fast decarboxylation. The authorevedle to trap the intermediate from such

reactions with aryl iodides.
i Cu,0 i Cu} fl—izle Ar
e g T
4.1-20 4.1-24 4.1-25 4.1-27

Schema 54First trapping of aryl copper intermediate
Sheppard et al confirmed this fact by isolating organometallipesie generated by
decarboxylation of previously synthesized coppebaaylate®™ It was described that copper
pentafluorobenzoate4 (1-28 generates a relatively stable pentafluorophemgeo complex
(4.1-29 in quinoline at 60 °C via decarboxylation (Schebba

F o F

F o F Cu
T + CO,
E g Cu quinoline, 60 T F F
F

F

4.1-28 4.1-29
Schema 55Decarboxylation of copper carboxylate
Cohenet al investigated the mechanism of '@uediated decarboxylation of cis-or trans-2, 3-
diphenylpropencarboxylic acid4(@-30 by heating in the presence of Cu-salt. The prtsduc
possessed the same configurations and thus demi@niat the reaction proceeds via an aryl
species (Schema 58" The authors suggest that the copper center fistdinates to the C-C
double bond (a) and then intrudes into the C-CH@)d under extrusion of carbon dioxide. The
negative charge on the vinylic carbon (b) is staéd by copper as in (c). The use of chelating
nitrogen ligands for example, 1, 10-phenanthrotin@, 2 -bipyridine led to further stabilization
of n-complex and thus enhancing the rate of the deggtdimon.
L.L LLoL

L.t 4 N
Cu
LoL cu

H__Ph et Hi P H | Ph H_ P —~ 4

/\ . RS -~ X e S
! Y=o Ph o = o P —cul 1IN
HO o ) - L

H*

-CO,

4.1-30 4.1—3?1 4.1’1)—32 4.;—33 4.1-34

Schema 56Cu-mediated decarboxylation of vinyl carboxylicdzci

Transition metal-mediated protodecarboxylationsewmegstricted to only activated derivatives
such as benzoic acids with electron-withdrawartho-substituents, phenyl or diphenyl acetic
acids and heteroarene carboxylic acids. Only higletwated carboxylic acid derivatives such as
malonic acids were decarboxylated with catalyticoant of coppet’® As the decarboxlative
step plays a key role in decarboxylative coupliegctions, different transiton-metal based
catalyst systems have been developed to expandctpe of carboxylic acids from activated

carboxylic acids to all range of aromatic carboxycids at lower temperature.
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Heterogeneous Pd/C catalyzed protodecarboxylatibn seme carboxylic acids under
hydrothermal conditions (250 °C/4MPa) was used tfo¥ preparation of deuterium-labeled
compounds?* Homogeneous palladium catalysts also promote #marboxylation of some
special electron-rich aromatic carboxylic acidshsaso, o-disubstituted benzoic acidg.{-35

at even lower temperatut@ However, the protocol is limited to onty o-disubstituted electron
rich substrates in the presence of 20 mol% of P¢{CEk), and 10 equivalent of trifluoroacetic
acid (Schema 57). Restricted scope and higherrigaf the expensive palladium catalyst limit
the synthetic utility of this protocol.

OMe 20 mol% Pd(TFA), OMe
R R + Co,
OMe 5 Mol% DMSO/DMF oM
€ 70%,24h e
4.1-35 4.1-36

Schema 57Pd-catalyzed protodecarboxylations

The copper based catalyst system developed inroupgoossesses a vast substrate scope. Not
only the ortho substituted but alsometa and para substituted benzoic acids are
protodecarboxylated in high yields. The highly effee catalyst system is generated from 5
mol% of CyO and 10 mol% 4, 7-diphenyl-1,10-phenanthrolineairmixture of N-methyl
pyrrolidone (NMP) and quinoline (Schema 38)The limitations of this protocol include the use
of expensive ligand, thermal stress for long reactime (170 °C, 24 h) and loss of volatile
arenes4.1-21 with the release of CO

5 mol% Cu,0, 10 mol%

o
4, 7-diphenyl-1,10-phenanthroline H
OH R<©/ + CO,
R NMP / Qunoline, 170 C, 24 h

4.1-20 4.1-21

H NO,
@ oo ot o o O
NO O,N MeO OHC Ac HO

2 OMe

89% 68% 90% 80% 65% 75% 75%

Schema 58Cu-catalyzed protodecarboxylation

The proposed mechanism for the copper catalyzetgeoarboxylations involes the formation
of a copper carboxylate (a) by an acid-base readbetween aromatic carboxylic acid and
ligand-stabilized copper(l) oxide. Decarboxylatiaa transition state (b) gives organometallic
species (c¢) which produces desired protonated ptaafter acidic work up (Schema 59). DFT
calculations show that nitro and methoxy groupsr#tio position inhance the decarboxylation

by short-range inductive effects transmitted veadfoackbone.
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Schema 59roposed mechanism for Cu-catalyzed protodecarlatioyl

Only two catalytic methods are known for the deoagthation of arene carboxylic acids. Low
temperature palladium catalyzed protocol is limitedonly activated substrates. Whereas, the
high temperature copper catalyzed protocol is ngmeeral and applicable in decarboxylative
coupling reactions. However, the substituted benzaids are subjected to thermal stress for
long reaction time and volatile products are cdrioéf by the release of GOIn addition, the

expensive ligand was employed.

4.2 Results and Discussions

4.2.1 Useof Modern Technology for Protodecarboxylations

The modern microwave technology is an appropriatel for the development of the
protodecarboxylations in a controlled fashion agribvides the opportunity to carry out the
protodecarboxylation reactions in small, sealedelsscertified for pressure reactions. The,CO
is kept within the reaction vessel until the endha reaction and released slowly after cooling
the reaction vessel to room temperature so thabtadile product is lost. Thus, the reactions are
more reproducible than conventional method. Theti@a progress can be monitored by the
buildup of the carbon dioxide gas on the pressansa. The efficient heating provided by the
microwaves increases the rate of the reactionséightly higher temperature so that the reaction
is completed within 5-15 min.

Hence, microwave radiation is a useful alternate ¢onventional heating for
protodecarboxylation reactions as it provides hygglds and more reproducibility in short

reaction time.

4.2.2 Microwave-Assisted Cu-Catalyzed Protodecarboxylation of Arenecarboxylic Acids

In the enclosed publication, the development of ancise microwave assisted
protodecarboxylation reaction is demonstrated ie fitesence of Cil,10-phenanthroline
catalyst. Various bezoic acids and heterocyclibagylic acids have been converted into the

corresponding arenes in high yields. The catalystesn is generateoh situ from 1-5 mol%
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CwO and 2-10 mol% 1,10-phenanthroline in NMP/quinelat 190 °C. The reaction is complete
within only 5-15 min. The reaction temperature chiaved within only two mins due to the
effective microwave radiation. Sealed tubes arel useavoid the loss of volatile products with
the delayed and slow release of £& room temperature. The use of inexpensive 1,10-
phenanthroline reduces the cost of the transfoomati

This is a fundamental protocol for all the folloyw microwave and flow through transformations
of carboxylic acid§® Decarboxylative coupling of aryl carboxylate&2-1) with aryl triflates

(4.1-2) in continuous flow represents an example dematestrbelow (Schema 68

5 mol% CuNO;(phen)(PPh,),

Ar
\(COZH’ NEL, 2 mol% Pd(Ac), N
X +  A—OTf X
1.2 eq. KO'Bu

1.2MinNMP, 170 C, 1 h

X=C,0,S
4.2-1 4.2-2 4.2-3

Schema 60Decarboxylative coupling in flow

The project was performed in the supervision of Rwdriguez. All screening experiments were
performed together with Mr. Manjolinho. | isolatdte scope compounds following method B,
whereas Mr. Manjolinho isolated scope compoundsviohg method A.

These results were published in 200daurnal of Organic Chemistryz009 74, 2620-2623. A
copy of the manuscript is provided. Reprinted (ael@pwith permission fromJ( Org. Chem
2009 74, 2620-2623). Copyright (2012) American Chemicati8ty.
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up to 98 % yield

An effective protocol has been developed that allows the
smooth protodecarboxylation of diversely functionalized
aromatic carboxylic acids within 5—15 min. In the presence
of at most 5 mol % of an inexpensive catalyst generated in
situ from copper(I) oxide and 1,10-phenanthroline, even
nonactivated benzoates were converted in high yields and
with great preparative ease.

Decarboxylation reactions are useful for the removal of
surplus carboxylate groups, which may arise from the use of
highly functionalized natural product starting materials or may
be left behind as a result of ring-closure reactions of oxocar-
boxylate intermediates.'* While highly activated carboxylic
acids, e.g., 5-oxo acids, diphenylacetic acids, or polyfluorinated
benzoic acids, decarboxylate reasonably easily even in the
absence of a catalyst,” the release of CO, from simple aromatic
carboxylic acids is much harder to accomplish. The use of
copper as a stoichiometric mediator was disclosed already in
1930 by Shepard et al. for the decarboxylation of halogenated
furancarboxylic acids at high temperatures.* Nilsson,® Shepard,®
and Cohen’ found that the copper source employed has little
influence on the efficiency of protodecarboxylations but that
the presence of bipyridine ligands at the copper and the use of

(1) Smith, M. B.; March, J. Advanced Organic Chemistry: Reactions,
Mechanisms, and Structure, 5th ed.; Wiley: New York, 2001: pp 1329—
1330.

(2) (a) Maehara, A.; Tsurugi, H.; Satoh, T.; Miura, M. Org. Lett. 2008, /0,
1159-1162. (b) Hoye, T. R.; Dvornikovs, V.; Sizova, E. Org. Lett. 2006, 8,
S5191-5194.

(3) Snow, R. A.; Degenhardt, C. D.; Paquette, L. A. Tetrahedron Lett. 1976,
4447-4450.

(4) Shepard, A. F.; Winslow, N. R.: Johnson, J. R. J. Am. Chem. Soc. 1930,
52, 2083-2090.

(5) (a) Nilsson, M. Acta Chem. Scand. 1966, 20, 423-426. (b) Nilsson, M.;
Ullenius, C. Acta Chem. Scand. 1968, 22, 1998-2002.

(6) Cairncross, A.: Roland, J. R.; Henderson, R. M.; Shepard, W. A. J. Am.
Chem. Soc. 1970, 92, 3187-3190.
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SCHEME 1. Proposed Mechanism for the Cu-Catalyzed
Protodecarboxylation of Aromatic Carboxylates
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aromatic amines as solvents is highly beneficial. Still, stoichio-
metric quantities of copper were required in virtually all
published protocols, and the substrate scope was for a long time
limited to aromatic carboxylates bearing electron-withdrawing
groups such as nitro or halo in the ortho position as well as to
certain heterocyclic carboxylates.

We became interested in this transformation in the context
of our research on decarboxylative cross-coupling reactions®
when we optimized the copper cocatalyst that mediates the
decarboxylation step by using protodecarboxylations as a model
reaction.” This work led to the discovery that such protodecar-
boxylations can be made catalytic in copper and extended to
the full range of benzoic acids, including even deactivated
derivatives such as 4-methoxybenzoic acid, when 4,7-diphenyl-
1,10-phenanthroline is employed as the ligand and a mixture
of NMP and quinoline as the solvent. Based on mechanistic
studies and DFT calculations, we proposed a reaction mecha-
nism that involves a direct insertion of the copper catalyst into
the aryl carboxylate bond without the previous formation of a
s-coordinated intermediate (Scheme 1).7%%1°

Whereas this protocol avoids stoichiometric amounts of heavy
metals and thus represents major progress from an environmental
standpoint, it has some practical disadvantages. The substrates
are submitted to considerable thermal stress over the course of
the reaction (170 °C for up to 24 h), volatile products are
partially carried off by the CO, gas released, and the high cost
of the ligand can become prohibitive for preparative applications.

We herein present an alternative protodecarboxylation pro-
tocol which involves performing the reactions in a laboratory
microwave that combines efficient heating with the possibility
to use small, contained vessels certified for pressure reactions.'"'
This protocol allows for a dramatic reduction of the reaction
times and leads to higher yields, even at lower loadings of a

decarboxylation

(7) (a) Cohen, T.; Schambach, R. A. J. Am. Chem. Soc. 1970, 92, 3189—
3190. (b) Cohen, T.: Berninger, R. W.; Word, I. T. J. Org. Chem. 1978, 43,
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J. Am. Chem. Soc. 2007, 129, 4824-4833.

(9) Goossen, L. I.; Thiel, W. R.; Rodriguez, N.: Linder, C.; Melzer, B. Adv.
Synth. Catal. 2007, 349, 2241-2246.
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Dunn, W. J., III; Alagona, G.; Ghio, C. J. Phys. Chem. 1993, 97, 4628-4642.
(d) Li, J.: Brill, T. B. J. Phys. Chem. A 2003, 107, 2667-2673. (¢) Chuchev, K.;
BelBruno, J. J. THEOCHEM 2007, 807, 1-9.
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TABLE 1. Optimization of the Catalyst System*
9 th.—soucrjce H
igan
O ST e
R? R' solvent R2 R’
1a: R"=H, R? = OMe 2a/2b
1b: R"=NO, R2=H

no. substrate  Cu source ligand solvent T¢C) 2(%)
1" 1a Cu,0 3a NMP/quin 170 9
2k la Cu,0O 3a NMP/quin 180 6
3" la Cu,0O 3a NMP/quin 190 43
4" la Cu,0O 3a NMP/quin 200 17
50 la Cu,0 3a NMP/quin 190 88
6 la Cu,0O 3a NMP 190 32
7 la Cu,O 3a quinoline 190 18
8” la Cu,O 3a mesit/quin 190 9
9" la Cu,0O 3a DMF/quin 190 26
10" 1a Cu,0O 3a DMSO/quin 190 0
11° la CuOAc 3a NMP/quin 190 27
12" 1a CuBr 3a NMP/quin 190 0
137 la CuBr 3a NMP/quin 190 15
14" 1a Cu,0O 3b NMP/quin 190 97
15" la Cu,0O 3¢ NMP/quin 190 24
16” 1a Cu,0 3d NMP/quin 190 10
17" la Cu,0O 4a NMP/quin 190 20
18” la Cu,0O 4b NMP/quin 190 21
19" la Cu,0O Sa NMP/quin 190 7
20" la Cu,0O 5b NMP/quin 190 13
21° la Cu,0O 6a NMP/quin 190 7
22" la Cu,0O 6b NMP/quin 190 5
23" 1b Cu,0O 3a NMP/quin 160 98
24¢ 1b Cu,0 3a NMP/quin 160 95

“ Reaction conditions: 1.0 mmol of carboxylic acid, 10 mol % of Cu
source (5 mol % for CuyO), 10 mol % of ligand, 2 mL of degassed
solvent, 5 min, 190 °C/150 W. Conversions were determined by GC
analysis using n-tetradecane as the internal standard; quin = quinoline,
mesit = mesitylene. ” 3:1 mixture of solvents. ¢ 15 min. “ 15 mol % of
K>COs. “ 1 mol % of Cu,O, 2 mol % of 1,10-phenanthroline.

less expensive catalyst. The loss of volatile products is avoided,
as the release of CO, gas can be delayed until the end of the
reaction, after the reaction mixture has reached room temperature.
We based the search for a microwave-assisted decarboxylation
protocol on 4-methoxybenzoic acid (1a) as a test substrate
because this electron-rich benzoic acid is of particularly low
reactivity. In thermal decarboxylations, it gave only 82% yield
after 24 h at 170 °C in the presence of 10 mol % of a customized
copper(I)/4,7-diphenyl-1,10-phenanthroline complex and an
unsatisfactory 35% yield with simple 1,10-phenanthroline.”
In contrast, when 1a was heated in the presence of only 5
mol % of a copper(I) oxide/1,10-phenanthroline catalyst in a
mixture of NMP and quinoline at 170 °C using a maximum of
150 W microwave irradiation, traces of product were detected
after only 5 min (Table I, entry 1). Increases in the reaction
temperature resulted in a steady improvement of the yields until
a turnaround point was reached at 190 °C, above which the
yield dropped again (entries 3 and 4). Further test reactions
performed at this temperature but at incomplete conversion (5
min) revealed that the protodecarboxylation is very sensitive

(11) For recent reviews, see: (a) Appukkuttan, P.; Van der Eycken, E. Eur.
J. Org. Chem. 2008, /13, 3—1155. (b) Kappe. C. O. Angew. Chem. 2004, 116,
6408—6443: Angew. Chem., Int. Ed. 2004, 43, 6250—6284. (¢) Larhed, M.
Moberg, C.; Hallberg, A. Acc. Chem. Res. 2002, 35, 717-727.

(12) For related microwave-accelerated reactions, see: (a) Forgione. P.:
Brochu, M. C.: St-Onge, M.; Thesen, K. H.: Bailey, M. D.: Bilodeau, F. J. Am.
Chem. Soc. 2006, 128, 11350-11351. (b) Voutchkova, A.; Coplin, A.: Leadbeater,
N. E.: Crabtree. R. H. Chem. Commun. 2008, 6312-6314.
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FIGURE 1. Cu ligands evaluated in the protodecarboxylation reaction.

to the solvent employed. Best results were obtained with a 3:1
mixture of NMP and quinoline, which was superior to either
solvent alone or any other solvent combination tested (entries
3 and 6—10). The chosen solvent mixture strongly absorbs
microwave radiation, causing a rapid increase in temperature
and pressure during the first few seconds. Copper(l) oxide
proved to be the copper source of choice, other copper(I) or
copper(Il) salts were less effective (entries 11—13).

When extending the reaction time to 15 min at optimum
reaction conditions, the yields could finally be improved up to
an excellent 88% when using simple 1,10-phenanthroline (entry
5). Again, we found 4,7-diphenyl-1,10-phenanthroline to be even
more effective, leading to almost quantitative formation of
anisole (2a) after only 5 min (entry 14). Besides phenanthrolines,
other ligands (Figure 1) can also be employed, but none of them
was of similar effectiveness to the phenanthrolines (entries
14-22).

A second test reaction with 2-nitrobenzoic acid (1b) revealed
that for such highly reactive substrates the decarboxylation
proceeds in high yields even when the reaction temperature is
reduced to 160 °C and the catalyst loading to 2 mol % (entries
23 and 24).

Encouraged by the results obtained with these two rather
extreme model substrates, we set out to systematically explore
the generality of the catalytic protocol using various aromatic
and heteroaromatic carboxylic acids. Due to its easy availability
and low price, we used Cu,0/1,10-phenanthroline as the catalyst.
We were pleased to find that even with this simple system, all
substrates tested smoothly decarboxylated within 5—15 min.
Usually, the yields were significantly in excess of those obtained
after 16—24 h of conventional heating using the expensive 4,7-
diphenyl-1,10-phenanthroline ligand. Selected results are sum-
marized in Table 2.

The reactions are very easy to perform by irradiating a
suspension of the carboxylic acid (la—t), Cu,O, and 1,10-
phenanthroline in NMP/quinoline (3:1) at 190 °C for 5—15 min
under inert conditions in a sealed crimp-top glass tube. After
air-jet cooling, the pressure is carefully released, and the product
is isolated by simple aqueous workup and removal of the
solvents by fractional distillation. The conditions are sufficiently
mild to be tolerated by a number of functionalities including
ether, ester, formyl, nitro, cyano, and hydroxyl groups. The
selectivity is high throughout, with at most traces of side
products arising from homocoupling or substitution reactions.
Lower yields were due only to incomplete conversion. All

J. Org. Chem. Vol. 74, No. 6, 2009 2621
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JOCNote

TABLE 2. Scope of the Transformation”
[¢] Cu,0,
)I\ 1,10-phenanthroline
Ar OH — = Ar—H + CO,
1a-t NMP/quinoline 2a-q
Ar-COOH method  Ar-H  yield (GC) (%)

1a 4-MeO-CcH,-COOH A 2a 77 (88)
1b 2-NO,-C¢H4-COOH B 2b 85 (98)
lc  4-NO»-C¢H;-COOH A 2b 86" (94)
1d  4-CN-C¢H;-COOH A 2¢ 81 (89)
le 4-CHO-CH,4-COOH A 2d 64 (77)
1f 4-MeC(0)-CeHy-COOH A 2e 79 (87)
1g  4-Et-C(H;-COOH A 2f (80)
1h  4-CF;-C¢H,;-COOH A 2g (22)
1i 4-Cl-C¢H4-COOH A 2h (90)
1j 4-HO-C¢H,;-COOH A 2i (64)
1k 3-Me-C:H4-COOH A 2b (96)
11 3-NO»-C¢H4-COOH B 2j (99)
Im 2-PhNH-CH;-COOH B 2k 63 (88)
In  2-MeC(0)-C¢H,-COOH B 2e 84 (91)
lo 2-MeS(0),-C¢H4-COOH B 21 70 (82)
1p 2-iPrOC(0)-CcH,-COOH B 2m 85 (94)
1q 2-thienyl-COOH B¢ 2n (62)
1r 2-furyl-COOH B¢ 20 99)
1s [-naphthyl-COOH B 2p 38 (56)
1t 2-NO,-5-Me-CH;-COOH B 2q 80 (94)

“ Reaction conditions. Method A: 1.0 mmol of carboxylic acid, 5 mol
% of Cu,0, 10 mol % of 1,10-phenanthroline, 1.5 mL of NMP, 0.5 mL
of quinoline, 190 °C, 150 W, 15 min; isolated yields. Method B: 1.0
mmol of carboxylic acid, 1 mol % of Cu0O, 2 mol % of
1,10-phenanthroline, 1.50 mL of NMP, 0.50 mL of quinoline, 190 °C,
150 W, 5 min: isolated yields. GC yields were determined using
n-letradecane as Lhe internal standard and calibrated for each product. ” a
yield of 80% was isolated on 3 mmol scale < 160 °C.

reactions were performed on a 1 mmol scale in 10 mL vessels.
When using these standard microwave vials, the reactions can
be scaled up to a maximum of 3 mmol with comparable yields
as shown for compound 2b. Larger scales should also be
possible but require additional equipment.

In conclusion, an efficient microwave-based protocol has been
developed for Cu-catalyzed decarboxylations of arenecarboxy-
lates. It is ideally suited for the demands of parallel synthesis
as commonly used, for example, in drug discovery. Because
test reactions can now be completed within a few minutes rather
than an entire day, it will also serve to expedite the development
of more effective catalyst systems.

Experimental Section

Protodecarboxylation of Aromatic Carboxylic Acids.
Method A (Table 2). An oven-dried 10 mL microwave vial was
charged with the carboxylic acid (1a,c—k) (1.0 mmol), Cu,O (7.2
mg, 0.05 mmol), and 1,10-phenanthroline (18 mg, 0.10 mmol).
After the reaction mixture was made inert, a mixture of NMP (1.5
mL) and quinoline (0.5 mL) was added via syringe. The resulting
mixture was submitted to microwave irradiation at 190 °C for 15
min at a maximum power of 150 W and subsequently air-jet cooled
to room temperature. The maximum pressure detected during the
reaction was 5.5 bar. The mixture was then diluted with aqueous
HCI (5N, 10 mL) and extracted repeatedly with diethyl ether (2
mL portions). The combined organic layers were washed with water
and brine, dried over MgSOy, and filtered. The corresponding arene
2 was obtained in pure form after removal of the solvents by
distillation over a Vigreux column.

Method B (Table 2). Method B is analogous to method A but
with a lower loading of the copper/phenanthroline catalyst and
microwave irradiation at 190 °C for 5 min at a maximum power of
150 W. The following amounts were used: carboxylic acid (1b,
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1-t) (1.0 mmol), Cu,O (1.5 mg, 0.01 mmol), and 1,10-phenan-
throline (3.6 mg, 0.02 mmol).

Anisole (2a). Synthesized from 4-methoxybenzoic acid (1a) (152
mg, 1.00 mmol) following method A and obtained as a colorless
liquid (84 mg, 77%). The spectroscopic data (NMR, GC—MS)
matched those reported in the literature [CAS no. 100-66-3].

Nitrobenzene (2b). Synthesized from 2-nitrobenzoic acid (1b)
(167 mg, 1.00 mmol) following method B (105 mg, 85%), from
3-nitrobenzoic acid (11) (167 mg, 1.00 mmol) following method B
(107 mg, 87%), and from 4-nitrobenzoic acid (1¢) (167 mg, 1.00
mmol) following method A (105 mg, 86%), obtained each time as
a yellow liquid. The spectroscopic data (NMR, GC—MS) all
matched those reported in the literature [CAS no. 98-95-3]. A larger
scale reaction starting from 4-nitrobenzoic acid (1¢) (501 mg, 3
mmol) in 6 mL of NMP gave 2b in 8§0% yield (293 mg).

Benzonitrile (2¢). Synthesized from 4-cyanobenzoic acid (1d)
(147 mg, 1.00 mmol) following method A and obtained as a
colorless liquid (84 mg, 81%). The spectroscopic data (NMR,
GC—MS) matched those reported in the literature [CAS no. 100-
47-0].

Benzaldehyde (2d). Synthesized from 4-formylbenzoic acid (1e)
(150 mg, 1.00 mmol) following method A and obtained as a yellow
liquid (68 mg, 64%). The spectroscopic data (NMR, GC—MS)
matched those reported in the literature [CAS no. 100-52-7].

Acetophenone (2e). Synthesized from 4-acetylbenzoic acid (1f)
(164 mg, 1.00 mmol) following method A (95 mg, 79%) and from
2-acetylbenzoic acid (In) (164 mg, 1.00 mmol) following method
B (101 mg, 84%), both times obtained as a yellow liquid. The
spectroscopic data (NMR, GC—MS) all matched those reported in
the literature [CAS no. 98-86-2].

Ethylbenzene (2f). Synthesized from 4-ethylbenzoic acid (1g)
(150 mg, 1.00 mmol) following method B. The identity of the
product 2f was confirmed by GC—MS and the yield determined
by quantitative GC to be 80% based on a response factor obtained
with commercial ethylbenzene [CAS no. 100-41-4] using n-
tetradecane (50 uL) as an internal gas chromatographic standard.

Trifluoromethylbenzene (2g). Synthesized from 4-(trifluoro-
methyl)benzoic acid (1h) (190 mg, 1.00 mmol) following method
B. The identity of the product 2g was confirmed by GC—MS and
the yield determined by quantitative GC to be 22%, based on a
response factor obtained with commercial trifluoromethylbenzene
[CAS no. 98-08-8] using n-tetradecane (50 uL) as an internal gas
chromatographic standard.

Chlorobenzene (2h). Synthesized from 4-chlorobenzoic acid (1i)
(156 mg, 1.00 mmol) following method A. The identity of the
product 2h was confirmed by GC—MS and the yield determined
by quantitative GC to be 90% based on a response factor obtained
with commercial chlorobenzene [CAS no. 108-90-7] using n-
tetradecane (50 uL) as an internal gas chromatographic standard.

Phenol (2i). Synthesized from 4-hydroxybenzoic acid (1j) (138
mg, 1.00 mmol) following method A. The identity of the product
2i was confirmed by GC—MS and the yield determined by
quantitative GC to be 64%, based on a response factor obtained
with commercial phenol [CAS no. 108-95-2] using n-tetradecane
(50 uL) as an internal gas chromatographic standard.

Toluene (2j). Synthesized from 3-methylbenzoic acid (1k) (136
mg, 1.00 mmol) following method A. The identity of the product
2j was confirmed by GC—MS and the yield determined by
quantitative GC to be 99%, based on a response factor obtained
with commercial toluene [CAS no. 108-88-3] using n-tetradecane
(50 uL) as an internal gas chromatographic standard.

Diphenylamine (2k). Synthesized from 2-(phenylamino)benzoic
acid (1m) (213 mg, 1.00 mmol) following method B and obtained
as a white solid (107 mg, 63%): mp 49—51 °C. The spectroscopic
data (NMR, GC—MS) matched those reported in the literature for
diphenylamine [CAS no. 122-39-4].

Methyl Phenyl Sulfone (21). Synthesized from 2-(methylsulfo-
nyl)benzoic acid (10) (200 mg, 1.00 mmol) following method B
and obtained as a white solid (109 mg, 70%): mp. 85—87 °C. The
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spectroscopic data (NMR, GC—MS) matched those reported in the
literature for methyl phenyl sulfone [CAS no. 3112-85-4].

Isopropyl Benzoate (2m). Synthesized from 2-(isopropyloxy-
carbonyl)benzoic acid (1p) (208 mg, 1.00 mmol) following method
B and obtained as a yellow liquid (139 mg, 85%). The spectroscopic
data (NMR, GC—MS) matched those reported in the literature for
isopropyl benzoate [CAS no. 939-48-0].

Thiophene (2n). Synthesized from thiophene-2-carboxylic acid
(1q) (128 mg, 1.00 mmol) following method B but at 160 °C
reaction temperature. The identity of the product 2n was confirmed
by GC—MS and the yield determined by quantitative GC to be
62%, based on a response factor obtained with commercial
thiophene [CAS no. 110-02-1] using n-tetradecane (50 uL) as an
internal gas chromatographic standard.

Furan (20). Synthesized from furan-2-carboxylic acid (1r) (112
mg, 1.00 mmol) following method B but at 160 °C reaction
temperature. The identity of the product 20 was confirmed by
GC—MS and the yield determined by quantitative GC to be 99%
based on a response factor obtained with commercial furan [CAS
no. 110-00-9] using n-tetradecane (50 uL) as an internal gas
chromatographic standard.

Naphthalene (2p). Synthesized from 1-naphthoic acid (1s) (172
mg, 1.00 mmol) following method B and obtained as a white solid
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JOCNote

(49 mg, 38%): mp.78—80 °C. The spectroscopic data (NMR,
GC—MS) matched those reported in the literature for naphthalene
[CAS no. 91-20-3].

4-Nitrotoluene (2q). Synthesized from 5-methyl-2-nitrobenzoic
acid (1t) (197 mg, 1.00 mmol) following method B and obtained
as a colorless liquid (109 mg, 80%). The spectroscopic data (NMR,
GC—MS) matched those reported in the literature for 4-nitrotoluene
[CAS no. 99-99-0].
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4.3 Recent Advances in the Protodecarboxylations

Shortly after this publication, major advancemeints this field were achieved by the
development of new catalysts. It was demonstrdtetl the ligand has little influence on the
catalytic activity whereas central metal has aquotl effect on protodecarboxylations. Based on
DFT calculations, silver based catalyst systems ewedeveloped and tested for
protodecarboxylation reactions. A catalyst systemegated from 10 mol% of AgOAc, 15 mol%
K>CO; in NMP smoothly decarboxylated aromatic carboxgwds 4.3-1) at 120 °C (Schema
61)1" A similar catalyst system generated from 10 mol% A@,CO; in DMSO gave
compareable resulté® Catalytic amounts of silver carbonate also deoaytaved the deactivated
coumarin carboxylic acids to coumarins at 100"*CSilver-based catalyst systems have certain
advantages for special substrate class suohtlas-halo benzoic acid and a temperature which is

50 °C lower than copper-based system.

Protocol 1:10 mol% AgOAc, 15 mol% K,CO,
NMP, 120 C, 16 h

Protocol 2:10 mol% Ag,CO,

DMSO, 120 C, 16 h H
OH R
R

4.3-1 4.3-2
H : :H H
©:NOZ MeO OMe Q:CI
NO,
Protocol 1: 92% 89% 85%
Protocol 2: 91% 96% 90%

Schema 61Ag-catlyzed protodecarboxylation of arenecarboxgbals

Protodecarboxylation of particularly 6 memberedehsdromatic carboxylic acid€l.3-3 was
also successfully achieved by using a silver catalyn the presence of catalytic amounts of
silver carbonate, five and six membered heteroatiornarboxylic acids were converted into the
heteroarenes 4(3-4 at comparatively mild reaction conditions. Aromatas well as
heteroaromatic dicarboxylic acids containing ancteten withdrawing functional group were
selectively mono decarboxylated (Schema 62).

10 mol% Ag,CO,

0,
R X 5 mol% AcOH N
p OH R
N DMSO0, 120 T =

N~ H
433 O 4.3-4
COH °.
L, A 11 ﬁj (I @[\&H S
90% 929% 97% 100% 100% 93% 85% 88%

Schema 62Protodecarboxylation of heteroaromatic carboxylmds
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In parallel, rhodium-mediated protodecarboxylatiomsere developed forortho, ortho-

disubstituted, 2 and 4 dinitrophenylacetic acid] amdole-3-carboxylic acids at mild conditions

(Schema 635>°
1-3 mol% [(COD)Rh(OH)], / dppp H
R OH R©/ + CO,
1 eq. NaOH, toluene / H,0, 110 C

4.3-2

431
OMe F F
H H H ©\/\H
NO,
OMe F MeO F
9

75 % 93% 87% 2%

Schema 63Rhodium mediated protodecarboxylations

Nolanet al recently utilized an isolated gold(l) complex [#r)OH] (4.3-5 to prepare a broad
range of highly stable gold(l)-aryl complexes3-6 via decarboxylation of the corresponding
aromatic carboxylic acids4(3-1) without the use of silver co-catalyst. No protodallation
was observed under mild conditions (Schema'®4This reaction has the advantage over all
other decarboxylation reactions because it tolsratevariety of functional groups including
methoxy, acetoxy, formyl, nitro, cyano and fluoho.addition aromatic heterocyclic compounds
were also smoothly converted into gold complexes naitd temperatures. However,

stoichiometric quantities of expensive gold compex required for this transformation.

o

OH Au(IPr)
R + [Au(IPr)(OH)] R @/ + CO, +H,0
toluene, 110 €

4.3-1 4.3-5 4.3-6
OMe F © OMe CN
C[Au(lPr) @EAU(IPO Au(IPr) ©/Au(lPr) ©/Au(lPr) /©/AU(|PT)
OMe F MeO
99% 99% 98% 96% 99% 95%

Schema 64Preparation of gold(1)-aryl coplexes

4.4 Outlook

An effective microwave-assisted protocol has beeevebbped for the Cu-catalyzed
protodecarboxylation of arenecarboxylic acids. Tieav catalyst system is composed of,Qu
and economical 1, 10-phenanthroline that marginaitiuces the cost of the transformation. The
use of microwave radiation has considerably impdothes transformation thus equally suitable
for both volatile and non volatile products. Shaaction times make it highly acceptable for
parallel synthesis. The applicability of the praibdor a wide range of functional groups
enhances the quality of the transformation. Now,rdquirement of high temperature is the only

limitation left with Cu-catalyzed protodecarboxytat of aromatic carboxylic acids.
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Later on, the use of silver, rhodium and gold gestisl has allowed this reaction to take place at
lower temperature for particularly activated sudnsts. Although copper based catalyst systems
require higher temperature, they are generally medfectively applied than other catalyst
systems.

Based on the beneficial role of microwaves on metarboxylation reactions, decarboxylative
biaryl synthesis was also performed under microwaweditions. Microwave assisted coupling
of aryl triflates and tosylates with aryl bromidsforded higher yields due to less thermal stress

particularly for deactivated carboxylates in 15 sffh
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5 Synthesis of Trifluoromethylated Compounds

5.1 Properties Trifluoromethylated Compounds

Fluorine is a pale yellow gas with an electroniafaguration of [(18)(25)(2p")]. It is the most
reactive element of the periodic table with an eteegativity value of 3.98 (Pauling scale). It
even reacts with noble gases, for example it reaitls Xe to form Xek.*®? Due to high
reactivity, it is always found in the form of difent compounds in nature, such as fluorite
(CaR), cryolite (NaAlFg) and fluorapatite G&#PO,)sF. These are the most common fluoride-
containing minerals. In contrast to other halogeéhfew examples of fluorine containing natural
products are knowtr?

Due to the steric and electronic properties, flnerhas the ability to modify the physical and
chemical properties of molecules such as bioavéitigdipophilicity, and metabolic stability. It

is of great significance in drugs, functional metisr and reagents. New reactions have been
developed in the last few decades for regio-anceaselective introduction of fluorine into
organic molecules. The progress in the field obfflmation has been summarized in numerous
review article$> and is far beyond the scope of this work.

The trifluoromethyl substituent is particularly uable due to its exceptional physical and
chemical propertie§® The CR-group possesses high electronegativity of 3.44uli®g
scale)**” low polarizeability and high inertness [E(C—F)=Xk&l / mol)]. These properties are
highly beneficial in many functional molecules spimy from pharmaceuticdf€ and
agrochemicaf$®to high performance polymeric materid! Some of the numerous examples of

commercially meaningful trifluoromethyl arenes depicted in Abbildung 4.

CF,
N7 N~
_N (0] o ) ‘
LA ety
CF, F N N 3 o
Cl
e}
5.1-1 = 5.1-2 4.1-3

i Bistrifluoron Norflurazon
Fluoxetine Norfluraz

Antidepressant Insecticide CFy
98
ooy O
MeO. = E
N~ ~co,Me
CF,

5.1-4 5.1-5

Trifloxystrobin 4, 4'- Difluoro 3,3 -bis(trifluoromethyl) biphenyl

Fungicide Monomer for poly(arylene ether) synthesis

Abbildung 4.Examples of trifluoromethylated arenes in medigimarochemical and polymer

chemistry
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Fluoxetine 6.1-1), the active component of the drug Prozac, is t kmown antidepressant’
This compound selectively inhibits the uptake afosenin with a six-fold increase of activity
over its non-fluorinated parent compound. Besid#kiaromethylated pharmaceuticals, other
biologically relevant compounds containing theliuofomethyl group are extensively used in
crop protection. The introduction of electron-witading groups often extend the pesticidal
spectrum of inhibitors of chitin formation based dw&-benzoylN’'-phenylureas (e.g.

162

Bistrifluoron)™* (5.1-2. The 3-trifluoromethylphenyl moiety is also arsestial building block

for inhibitors of carotenoid synthesis (e.g Norfloa)®® (5.1-3 or fungicides like

Trifloxystrobin®*

(tradename Flint) H1-4 which has an outstanding activity.
Trifluoromethylated compounds have also found wagelications in material scient®. The
introduction of a CEkgroup usually increases solubility, thermal sighiloptical transparency,
flame resistance, and decreases the dielectridar@nalong with the ability of the polymers to
crystalize 6.1-5.*°° Moreover, the trifluoromethyl group activates flacand nitro groups for

nucleophilic aromatic substitution thus facilitafithe formation of poly(arylene)ethers.

5.2 Trifluoromethylation Reactions

The interesting properties of the trifluoromethylogp have spurred synthetic efforts for
selective and direct introduction of this £gfoup®® Conventional strategies have relied on two
approaches: one involves C-F bond formation viastfuion of a functional group by fluoride,
such as Swarts reactidff. Intense research efforts in recent decades ledetalevelopment of
the second category that involves C-C bond formafimm commercially available GF
substituted compoundg’ This category has been further divided into thckmsses; radical,
electrophilic and nucleophilic trifluoromethylati®nProgress in this field has been summarized
in many review article§?® and the major developments in this area will bghlighted in the

following sections.

5.2.1 Swarts Reaction: Nucleophilic Substitution with Fluoride

The substitution of a chlorine atom by a fluoritema in an organic molecule with antimony
trifluoride was first described by Swarts in 18884 the reaction is known as Swarts reaction.
(Schema 65)

cl

cl

o SHFs CF,

R R

125C

5.2-1 522
58-66%

Schema 65Swarts reaction
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Since its discovery, the Swarts reaction has bgkn used in industrial processes to access
simple trifluoromethylated building blocks. The kefrichlorides %.2-1) used as starting
compounds for the Swarts reaction are easily aeddsg free radical chlorination or by Friedal-
Craft alkylations-’® Instead of toxic antimonytrifluoride, a mixture @ICls/FCCE'"* or

hydrogen fluorid&’? is frequently used as a fluoride source.

In addition to benzotrichlorides, carboxylic aci@rigdatives could also serve as a starting
material to synthesize trifluoromethylated compaimdth specially designed reagents such as
SF,'®and XekR.*"

However, the Swarts reaction is neither atom-ecaoaamor environmentally friendly. Each
equivalent of the Cfgroup is incorporated at the cost of six equividesf hydrogen chloride.
Furthermore, the scope of the Swart reaction istéanto robust functional groups due to the
harsh reaction conditions. Still, the developmerit efficient methods for late stage
trifluoromethylation of organic molecules is of hignterest for synthetic and large scale

industrial applications.

5.2.2 Radical Trifluoromethylation Reactions

CFs-radicals can be generated under various reactandittons including photochemical,
electrochemical or thermal. Various £tecursors such as trifluoromethyl iodif@,

trifluoromethyl bromidé-’® bis (trifluoromethyl) mercuryf/’ silver trifluoroacetaté’® the

combination of sodium trifluoromethyl sulfinate tvitertiary butyl hydroperoxid¥? and bis

trifluoroacetyl peroxid€® had been successfully employed for the trifluorthyiation of

organic moleculé§®but none of these procedures is generally appéd@zhema 6655

1BUO,H -
CF,S0, Na* uo%2 l l H,0,, XeF, e crcom
(CFy),Te A, hv . F - 2™
’ 3
hv ch\'F A, hy NO
(CF),Hg — v o - \
F,C™ "SO,R
o}
)L A hv T A, hv, NaSs,0,, Zn, SO,
F.C” CF Br—CF,

3 3

Schema 66Sources of trifluoromethyl radicals

The advances in the field of radical trifluoromdgtipn have been review&d?and a detailed

discussion is beyond the scope of this thesis.
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5.2.3 Electrophilic Trifluoromethylation Reactions

The high energy trifluoromethyl cation is difficuth generate in a chemical reactf§hUnder
ordinary reaction conditions, all classical methéaited to trifluoromethylate the nucleophiles
due to high electronegativity of the &€&arbon atom.

Based on the successful discovery of the firsttedpbilic perfluoroalkylation reagents by
Yagupolskiiet al,*® two major classes of electrophilic trifluorometétypn reagents have been
developed. The first one is the class of trifluoedhyl chalcogenium salts developed by

Umemotoet al (Schema 673>

"t ot O
Te™CF, Se™CF, S™CF, O-CF,
X X X X
R R R R
5.2-6

5.2-3 5.2-4 525
X = TfO, BF ;, SbF, R = H, NO,, 'Bu

Schema 67Dibenzochalcogenium salts

The great success of these reagents is due to dbéity to modify the reactivity by the
installation of electron—withdrawing and electroordting substituent in benzene ring or by
varying the chalcogen atom. The trifluoromethylgtipower increases from tellurium to
selenium to sulfur. In addition, electron-withdragigroups such as N@r SQ-groups also
enhance the reactivity of these reagéfitd’he most reactive isolable reagent is 3,7-dir@ro-
(trifluoromethyl)dibenzothiopheniumtriflate. Howayeonly C- and S nucleophiles can be
trifluoromethyalted by using these reagents. Wieerdae O-(trifluoromethyl)dibenzofuranium
salts §.2-6 can be generated situto transfer Cgroup toN-andO-centered nucleophil€$>
During the last two decades, syntheses of (trilumthyl)dibenzochalconium salts have been
steadily developef® and the reaction conditions for trifluoromethydetireactions have been
optimized*®” Also the acyclicS (trifluoromethyl)diarylsulfoniumsalts were furthdeveloped by
the groups of Shreevé® Magnie!® and Yagupolskit’® so that the new derivatives are now
approaching the performance of Umemoto’s dibendoohaim compounds. However, their
multistep synthesis is still based on the use ghllyi expensive and reactive reagents such as
trifluoromethyl sulfuric anhydride.

The second class of electrophilic trilfluoromethida reagents is the class of neutral hypervalent
iodine reagents reported by Togmét al in 2006 (Schema 683" 3,3-dimethyl-1-
(trifluoromethyl)-1,2-benziodoxole 5(2-7 and 1-trifluoromethyl-1,2-benziodoxol-3-(1H)-one
(5.2-8 are found to be one of the most effective readenthe trifluoromethylation of2**%,

S92, P%%.and0'**“nucleophiles at mild reaction conditions.
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CF, CF,
\l—o \l—o
sallea
5.2-7 5.2-8

Schema 68Togni’s trifluoromethylation reagent

The synthesis of these reagents also involvessbeiihighly expensive iodide precursors. Only
the CR-group is transferred to the products generatilagge amount of waste in the reaction.

5.2.4 Nucleophilic Trifluoromethylation Reactions

The reactions of GFanion with carbon electrophiles represent the rfresfuently used strategy
for the introduction of C§-group into organic molecules. These reactionsatédrivial as Ck-
anion is extremely unstable and gives rise to diffiaarbene via-elimination**® CFs-anion has
been stabilized by a covalent bond with a semi-hseteh as tint*® silicon*®” or borort®® or with

a transition metal. The transition metal stabilizedctions will be discussed in section 5.3. The
toxic tin reagents have been rarely wused for wihemthylation reactions.
Trifluoromethylsilicons are widely used reagents fine synthesis of trifluoromethylated
compounds, whereas boron reagents have been gergridduced as beneficial GiSources for
the trifluoroemthylation reactions. The most repraative examples of nucleophilic
trifluoroemthylation reagents are described belSahema 69).

OSiMe,
CF;—SiMe, CF; Nﬁ K*[CF,B(OMe)]-
(o}
Ruppert's reagent Langlois reagent
5.2-9 5.2-10 5.2-11

Schema 69%xamples of nucleophilic trifluoromethylation reage

In 1984, Ruppert reported the first synthesis iubromethylsilane %.2-9 meanwhile known

as Ruppert's reageht. However, its chemical and physical properties dirafe the handling

of this reagent. It is a colorless and highly vitgaliquid that decomposes within a few days in
air or moisture. The key to nucleophilic trifluorethylations with Ruppert’'s reageri.2-9 is

the presence of catalytic amounts of fluoride bakéch activates the GFSi bond. It was
utilized by Prakash and Olah in 1989 for the fmgtleophilic trifluoromethylation of carbon
electrophiles® Since the first report, Ruppert’'s reagent has tmecan extremely powerful and
widely applicable reagent for the nucleophilic ltrifiromethylation of electrophiles. By using
Ruppert’'s reagent and a suitable activator, manyoraelectrophiles such as aldehydes, ketones
and Micheal systenf8® ?°*|actoles and lactoné® reactive carbonyl chloridég® carboxylic
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acid methyl ester®” unreactive amide¥” N-aryl nitroneé”® and azirine®“ were converted into
the corresponding trilfuoromethylated compounds.

In 2003, Roschenthalest al®®® utilized Ruppert's reagen6Q-9 with trialkoxyborate and a
fluoride base to synthesize (trifluoromethyl)triedyborate salts52-13 in excellent yields
(Schema 70). The respective }8eCF; (5.2-9 can be activated under mild reaction conditions
with a fluoride source and the trifluoromethyl gpois absorbed by the Lewis acids to form
borate salts. Moisture and air-stable, and crystatiotassium (trifluoromethyl)trialkoxyborates
are used as  single component trifluoromethyalting eagents. Potassium
(trifluoromethyl)trimethoxyborate 52-11) was used by Dilmanet al to synthesize
trifluoromethylated alcohols and amines from caga@ompounds and imines, respectivély.
Meanwhile, we have also independently developed component trifluoromethylation of
carbonyl compounds by using [CF:B(OMe)] .

KF

' Me,SiF K QR
Me,Si—CF, + B(OR), ———— > CF;—B-OR

THF, RT, 24 h OR

529 5.2-12 5913

Schema 70R6schenthaler synthesis of (trifluoromethyl)triadikborate salts

However, nucleophilic trifluoromethylation reactsstill suffer from the limited availability of
inexpensive and low weight GBources. The group of Langl&i5and Normarf’® demonstrated
that fluoroform can be employed as the most simplgdeophilic trifluoromethylation source by
forming an adduct with electrophiles such as D¥fFThe Langlois reagent is synthesized by
deprotonation of fluoroform5(2-14 with N(TMS)/F in the presence of TBAF followed by
trapping of the Cganion by N-formylmorpholineX.2-15 (Schema 71). This adduct was further
employed for the trifluoromethylation of carbonybropounds in the presence of catalytic
amounts of fluoride sourée® However, these reagents are less reactive thapeRtgreagent

and thus seldom used in organic synth&Sis.

i OSiMe,
N(TMS), / TBAF

HCFy +  H™ON L CFs)\Nﬂ

o THF l_o

5.2-14 5.2-15 52-10 78%

Schema 71Synthesis of Langlois reagent

The great success of nucleophilic trifluoromethglatreaction is based to a large extent on the
use of Ruppert's reagern’.p-9 for the transfer of trifluoromethyl group. Solathd moisture-
stable reagents have been developed and tested rifigordmethylating reagents.

Potassium (trifluoromethyl)trimethoxyborat Z-11) is emerging as a solid, one component and

58



SYNTHESIS OF TRIFLUOROMETHYLATED COMPOUNDS

moisture stable trifluoromethylating reagent. Hoesv its potential as a nucleophilic

trifluoromethylating source has not been fully expl yet.

5.3 Transition Metal Mediated Trifluoromethylation Reactions

Successful strategies for stabilizing £#nion involve the complexation to a transition ahet
such as Hg, Cu, Pd and Ni. The substantial progaebgeved in transition metal mediated
trifluoromethylation reactions has been extensiveljiewed'? and the major achievements in
this field will be discussed in this work. The robé transition metal for incorporation of
trifluoromethyl group into organic molecule is abgct of intense research. Copper is vastly
employed in metal promoted aromatic trifluoromed#tign reactions, whereas C-£bond
formation at Pd ad Ni metals has been reported iortlye last few years.

Based on pioneering work by McLoughlin, YagupolsBiurton, Kondo, Chambers, Grushin and
others?** on Cu- and Pd-perfluoroalkyl complexes, three $ypleprocesses have been devised as
illustrated below (Schema 72).

5
Hal sources of CF;— M:6+
R
F-SO,-CF,-CO,Me, CF,;-CO, Na*, Et,SiCF,/KF, K*[CF;B(OMe),] ...
5.3-2 5.3-5 5.3-6 5.3-7 5.3-8
3 ot
CF; -M (a) 5
Pd or Cu sources of CF X

F,C—I—0O
5 & O ij/% Fl
CF; -X
BOM): Cu [O] “Fs ®Pd or Cu BF, i
R Lbdorcu g CF,
H

(b) 5.3-9 5.3-10 5.3-11
531 X =1, B(OH),, directing group
5.3-3

Schema 72Stratergies for the introduction of trifluoromethgrioup

5.3.1 Transition Metal Mediated Coupling with Nucleophilic CF3-Reagents

The coupling of aryl halides with nucleophilic méromethylation reagents in the presence of
copper or palladium is among the most studiedutsitbmethylation reactions (Schema 72, a).
These reactions can be further divided into foutegaries on the basis of the type of

nucleophilic reagents and transition metal (Schég)a

a: in situ Cu-CF,

’ b: well defined Cu-CF, l
Hal complexes CF
3
L7 L
c: Cu-catalyzed
5.3-2 53-1
’ d: Pd-catalyzed T

Schema 73Transition metal mediated coupling with nucleophili-reagents
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The first category involves the generation of cop@é; speciesn situ by transmetallation of
preformed orgnometallic reagents or by decarbooratf trifluoroacetates or Ruppert’s reagent
with copper salts (Schema 73, a).

The transmetallation of GFgroup was first employed by Yagupolgkif in 1980 who prepared
reactive Cu-Ck species by treating Hg(@)z or Hg(CR)l with copper powder and used it for
the trifluoromethylation of iodoarenes. Later onur®n and Weiméf*® showed that
transmetallation of Cd(ll) and Zn(ll) trifluorometihreagents with copper halides takes place in
DMF at lower temperatures. These reagents canriibesized from the respective elements and
CF.,Br;, CRCl,, and CEBrCl involving radical and carbene intermediatetisTgroup also
succeeded in characterizing different CusCGfpecies formed at low temperature by NMR
experiments. However, preformed organometallidumiiomethylating reagents have limited
applications due to their high toxicity (Hg, Cd)ddiow reactivity (Zn).

In 1981, Kond&™¢ introduced inexpensive and shelf-stable sodiuffusrioacetate §.3-6 as
trifluoromethylating reagent for aryl iodides.8-12. Aromatic and heteroaromatic halides were
trifluoromethylated in the presence of an excessuarhof Cul at 160 °C in NMP (Schema 74).
The decarboxylation of FS(LCF,),OCRCOMe** BrCRCOXK,?*® and XCRCO.Me
(X=Cl,Br)**® takes place at mild conditions to generate difiearbene and fluoride anion which
reacts with copper to give Cu-g8pecies. This Cu-GFspecies further reacts with iodoarenes to
give the trifluoromethylated arenes.

I 2.0 eq. Cul CF,
NMP, 160 C, 4h

4.0eq. o
5.3-12 5.3-6 e 5.3-1
CF CF
CF, CF, CF, 3 3 N
P
MeO cl O,N N~ "CF,
59% 68% 39% 88% 82% 41%

Schema 74Cu-mediated decarboxylative trifluoromethylatidraoyl iodides

In 1991, Urata and Fuchikafhi successfully applied the ethyl analogue of Ruppesagent for
the synthesis of benzotrifluoride$.8-1) from aryl iodides %.3-12. Under mild reaction
conditions, iodoarenes.(3-12 were trifluoromethylated in the presence of lduiealent of
Cul, 1.2 equivalent of each of activator andTF; (5.3-13 in DMF at 80 °C (Schema 75). It
was the first successful report in which&CF; was employed to generate CusCGfpeciesn

situ for the trifluoromethylation of aromatic compounds
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1.5 eq. Cul
I 1.2 eq. KF CFy
R©/ *+  F,C-SiEt, R
DMF, 80 T, 24 h
5.3-12 5.3-13 1.2 eq. 5.3-1 35-99%
SOOI Q Y(j S
94% 46% 70% 35% 94% 45% 51%

Schema 75Cu-mediated trifluoromethlation of iodoarenes vBBSICF;

The generation of Cu-GFspeciesin situ via transmetallation requires toxic metals whereas
cheap and easily available decarboxylation metredathds for the excess of copper salts and
harsh reaction conditions which are not suitabtepfrticular substrates. The use ofHCF; is
advantageous with regard to reaction conditionstteitcost of the reagent and the requirement
of extra base for its activation are major drawlsackaddition to excess of copper salt.

The use of easy to handle and thermally stable-aedlhed copper-Cfcomplexe$' for the
trifluoroemthyaltion of aryl halides represents thecond category (Schema 73, b). These
NHC 2181 10 phenanthrolifé®®and triphenylphosphii& stabilized Cu-Cgcomplexes were
synthesized from Ruppert’s reagent. Among all & well defined Cu-Cfcomplexes, 1, 10
phenanthrolins Cu-GFcomplexes §.3-17 are highly active for the transfer of trifluorothgl
group to aryl halidess(3-2 and bromides under mild reaction conditions (8th&6). Electron-
rich and electron-deficient iodoarenes as well t@sically-hindered iodoarenes react in high
yields. A broad range of functional groups are ritied. Aryl halides containing carbonyl
functions which are highly sensitive to the nuclabp addition of trifluoromethyl group, are
selectively trifluoromethylated on the aromatiogin

HaI

| X
N _ benzene, RT, 18 h 5 32 CF,
1/4[CuOtBu], + + Me,Si—CF, Cu cF, R
AN
5.3-14 | N 5.3-16 DMF, RT, 18 h
= 1 eq. 5.3-1
5.3-15 1eq. 5.3-17 96%
CF,CF;
o O OYOYQ Fopeny
88% 96% 88% 85% 929 87% 99% 99%

Schema 76(1,10-Phen)CuCfkas trifluoromethylating reagent

The third category had been estabilished with tbeebpment of the first copper catalyzed
trifluoromethylation reaction (Schema 73, c). Hoeeuhese reactions are still rare. The first
copper catalyzed trifluoromethylation reaction weported by Chen and Wu in 1988.Aryl,

alkenyl and alkyl halide were treated with metHulbfosulfonyldifluoroacetate in the presence
of a catalytic amount of copper iodide. The reactis characterized by different reaction
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conditions for different compounds. Twenty yearteda Amii et al?®® developed a copper
catalyzed trifluoromethylation of aryl iodides5.8-19 in the presence of QfL,10-
phenanthroline catalyst by using the combinationeppensive EBICF; (5.3-13and highly
hygroscopic KF as trifluoromethylating reagent. Tieaction is limited to electron poor aryl
iodides. Two years later, the first generally apgihle Cu-catalyzed trifluoromethylation of aryl
iodides was developed by GooRRenhal The key to success lies in the use of shelf-stabl
moisture-stable and single component potassiunilu@iromethyl)trimethoxyborate 5(3-8
(Schema 775?* In the presence of 20 mol % (@m,10-phenanthroline, electron-rich, electron-
poor, heterocyclic and sterically demanding iodnaseb.3-12 were smoothly converted into
the corresponding benzotrifluoridés §-1) at 60 °C in DMSO.

20 mol% Cul

R ! . 20 mol % Phen. CF,
+ K'[CF,B(OMe),] R©/

DMSO, 60 C, 16h

5.3-12 5.3-8 3.0 eq.
CF CF
T OO, Q o " O
EtO C CF
T77% 75% 59% 91% 81% 84% 82% 85%

Schema 77Cu-catalyzed trifluoroemthylation of aryl iodides

The reaction of potassium (trifluoromethyl)trimexiyborate (a) with ligand-stabilized copper
halide complex (b) leads to the formation of duafomethylcopper complex (c). The £group
would then be transferred from the copper to tly¢ iadide via transition state (d), resulting in

the formation of benzotrifluoride and initial copg®alide complex (b) (Schema 78).

B(OMe), + K LLC” cF J f
K*[CF,B(OMe),] >/(
5312 LLCu 'J b .

Schema 78Cu-catalyzed trifluoromethylation of aryl iodidegwK* [CF3B(OMe}]

Based on the pioneering work of Grusfifnand Sanfortf®, the fourth category of palladium
catalyzed trifluoromethylation was developed by Buald?** who employed cheap and widely
available aryl chloridesb(3-19 with E&SICF; (5.3-13 (Schema 73, d). The catalyst system was
generatedh situfrom [(allyl) PACI}L and Cy-Brett-Phos(3-19 in dioxane at 120-140 °C which

successfully allowed the conversion of diverselynctionalized aryl chlorides to the
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corresponding benzotrifluoride§.8-1) in good yields (Schema 79). The use of highlytedan
rich and bulky Brett-phos ligand is the key of thesction. KF was used to activate the SyCF

bond.
OMe
3.0 - 8.0 mol% Pd-cat
9.0-12.0mol% L
cl 2.0 eq. KF CF, MeO PCy PCy,
R<©/ + F,C-SiEt, @fR 'Pro opPr
1, 4-Dioxan, 130 - 140 T, O
) 6-20h
5.3-18 5.3-13 2.0 equiv. 5.3-1 5.3- 19 5.3-20
Pd-cat = Pd (dba),, [(allyl)Pd(Cl)], L = Cy - Bret - Phos or Ru Phos Cy-Brett- PhOS Ru-Phos

Beultveasuiosicoinsenlesn

CO,Hex OEt
80% 85% 72% 72% 84% 84% 82% 87%

Schema 7%alladium catalyzed trifluoromethylation of aryllohdes

Buchwald protocol represents the state of the athod for the synthesis of benzotrifluorides by
using widely available and cheap aryl chlorideswigeer, the use of expensives&iCF; limits

the application of this method.

5.3.2 Transition Metal Mediated Coupling with Electrophilic CF3;-Reagents

The transition metal mediated couplings with elggttilic trifluoromethylating reagents include
the initial reports of McLouglift**and Kitazum#&® on copper mediated and palladium catalyzed
coupling of perfluoroalkyl iodides with aryl halisierespectively.
In 1969, McLouglin and Throw&r*?introduced the first synthetic strategy for thgioselective
introduction of the perfluoroalkyl group to the aratic iodides by using elemental copper.
Benzotrifluoride $.3-22 was the only trifluoromethylated product formedthis protocol in
45% vyield (Schema 80). Kobayashi and Kumatf@kfurther developed this process by
employing a 3-12-fold excess of both {LK5.3-11 and freshly precipitated Cu-powder.
Electron-deficient chloro-and bromosubstituted asgnquinolines and isoquinolines gave
moderate yields of trifluoromethylated productsteftpts were made to substitute expensive
CHRsl with CRBr, CR:Br, and the cheapest HgbBut none of them was as successful agd.CF

| ed. Cu CF,

5.3-21 5311 1-50h 5.3-22
Schema 80Cu-promoted trifluoromethylation of aryl iodides

In 1982, Kitazume and Ishika#a reported the first Pd catalyzed cross-couplin@mimatic,
vinylic and allylic halides§.3-2 with CF;l (5.3-11) or perfluoroalkyl iodide in the presence of
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2 equivalent of Zinc. It was the first palladiumtalgzed protocol for the synthesis of

benzotrifluorides (Schema 81).

2.0eq. Zn
X 5 mol% Pd-cat CF,
R©/ + CF;=I| ——— > R
Ultrasound, THF, 1 h
5.3-2 5.3-11 5.3-11

X =1lorBr

Schema 81First Pd catalyzed trifluoromethylation of orgarhalides

12" and Liuet al #*® disclosed copper-catalyzed trifluoromethylationaofl boronic

Shenet a
acids 6.3-4 with electrophilic Togni's and Umemoto’s reagemspectively (Schema 82). Both
protocols give access to benzotrifluorid@s3(l) in good yields for mostly electron rich and
heterocyclic boronic acids whereas, comparativelyer yields were reported for electron poor

substrates.

Togni's Reagent
5 mol% Cul,10 mol% Phenanthroline
2 eq. K,CO,, Diglyme, 35 C, 14h

! v

B(OH), CF,
R*©/ Umemoto's Reagent R
20 mol% CuOAc

5.3-4 2e€q.2, 4,6, trimethyl pyridine 5.3-1
DMAC, 0 C, 16h T

Schema 8ZTrifluoromethylation of aryl boronic acids with eteophilic CR-reagent

Yu et al??®

reported Pd-catalyzeattho-trifluoromethylation of donor-substituted arengs3(23
with Umemoto’s reagen(3-249 in the presence of 10 mol% Pd(OA@nd one equivalent of
the Cu (OAc) in 1,2-dichloroethane at 110 °C (Schema 83). Taercslly less hinderedrtho-
CH bonds were selectively functionalized so thatrtiono-trifluoromethylated compounds were
obtained in consistent yields. Based on mecharsstidgies by Sanfortf® Pd(l1)/Pd(IV) catalytic

cycle is the plausible mechanism for this transtation.

1.0 eq. Cu(OAc),

Z 10 eq. TFA =
| 10 mol% Pd(OAC), \
NS
R ST+ - N
H

$ Tio- DCE, 110C,48h R
CF, CF,
5.3-23 5.3-24 15eq. 5.3-25
AN
e N=
= | OMe (@ | ca “ | Z | N7 |
NS \S N\ NS \S 7
N N N O N N N
CF, CF, CF, CF, CF, CF,
829 78% 55% 85% 88% 53%

Schema 83Pd—catalyzed ortho—trifluoromethylation of Arylptines

This protocol is not synthetically efficient as ther Pd nor Pd’ has the ability to activate
cheap, widely available and sustainable aryl ctési for trifluoromethylation reactions.

Furthermore, the use of expensive and waste iMensimemoto’s reagent also limits the
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synthetic applicability. However, it is an importamansformation from the academic stand

point.

5.3.3 Transition Metal Mediated Oxidative Trifluoromethylation Reactions

The oxidative coupling of arylboronic acids withaheophilic Ruppert’'s reagent in the presence
of copper represents the third type of trifluorohydtion reactions. Until now only two reports
are available which utilize the coupling of arylboic acids with a nucleophilic
trifluoromethylating reagent in the presence ofopper mediator under oxidative conditions.
These oxidative trifluoromethylation reactions éell the reaction mechanism as depicted below
(Schema 843! The reactive Cu-Gb) species is formed by the reaction of coppkr(aand
trifluoromethylating reagent5(3-26 which undergoes transmetallation with arylboroaads
(5.3-4 to generate aryl-Cu-GFspecies (c). Benzotrifluorides 3-1) is liberated via reductive
elimination. The role of oxidant is to aid in thedluctive elimination.

B(OH),
R©/ o Fs
R-CF, 5.3-26 s Cu,, CF
RX
c 531

a b

Schema 84Reaction mechanism of oxidative trifluoromethylatieactions

Qing et al®**

Ruppert’s reagent5(3-16 in the presence of [Cu(OTf)]sBs AgCOs, KsPO, and molecular

sieves at 45 °C (Schema 85). Under the optimizedtien conditions, electron rich, electron

reported the copper mediated oxidative couplingrgfboronic acidsH.3-4 with

poor and heterocyclic aromatic boronic acids werecsssfully trifluoromethylated. However,
the reaction suffers from some serious drawbackhl as the use of expensive and hygroscopic
copper-catalyst, expensive silver oxidant and 8 fotcess of highly volatile Ruppert’'s reagent

and often stoichiometric amount of waste generation

0.5 eq. [Cu(OTf)]-C¢Hg, Phen.
5 eq. KF, 3 eq. K;PO,

B(OH), ) 1 eq. Ag,CO, CF,
RO/ + Me,SiCF, R O/
DMF, 45C

5.3-16

OO O O e o O

90% 74% 76% 70% 85% 93% 88% 89%

Schema 850xidative trifluoromethylation of arylboronic aciagth Rupperts reagent

Recently, Buchwaft* group developed a room temperature oxidativeutihmethylation of
aromatic boronic acids5(3-4 with Ruppert's reagent5(3-1§ (Schema 863 Although the
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reaction has certain advantages over Qing’s prbtotause of cheap and moisture stable
Cu(OAc), only 2 equivallent of M¢SICF;, and molecular oxygen as oxidant, but complex
reaction set up with molecular sieves, use of 2vadgent of hygroscopic base, and lower yields

are the limitations of the Buchwald method.

1 eq. Cu(OAc),, Phen.

B(OH), 2 eq. CsF, O, CF,
R©/ +  Me,SiCF, R©/
DCM, RT, MS

5.3-16 2 equiv.
MeO,C CF, /©/ @\/j/
\©: ©10Ph nBu ]©/ “ (©/
67% 46% 54% 58% 38% 68% 60% Boc 34%

Schema 86RT oxidative trifluoromethylation of aryl boronicids with Rupert’s reagent

This oxidative strategy appears to possess a hoggmpal for late stage trifluoromethylation of
complex molecules due to mild reaction conditidHewever, the limitations of these reactions
can be addressed by using air-and moisture-stabiletomethylating partner which does not

require any additional activating agent and alsmds/molecular sieves.

5.4 Dream Reaction: Decarboxylative Trifluoromethylation of Arenecarboxylic Acids.

Based on the pioneering work in the field of deoastative coupling reactions by our group,
development of decarboxylative trifluoromethylatioeaction is one of our future dream

projects. A graphical sketch of this reaction iewh below (Schema 87).

o

transition metal catalyst CFs
OH 4+ CF,l R
R -co,

5.4-1 5.4-2 5.4-3

Schema 87Dream reaction: decarboxylative trifluoromethylatiof arene carboxylic acids

In order to achieve this goal, our first aim waglavelop a one component trifluoromethylating
reagent and to study its coupling reactions wityl Aalides. This aim was achieved by the
development of potassium (trifluoroemthyl)trimetlgbrrate as single component and user
friendly trifluoromethyalting reagent. The couplimgf this reagent with aryl iodides was

successfully achieved in the presence of a copgatyst®**

Having established that, our next step will be pplg arylboronic acid derivatives which are
easy to activate at lower temperatures and senanal®gus to arenecarboxylic acids, for the
synthesis of benzotrifluorides by using the potassftrifluoroemthyl)trimethoxyborate in the

presence of a transition metal.
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5.5 Results and Discussions

55.1 Oxidative Trifluoromethylation of Arylboronates with Shelf-Stable
Potassium (trifluoromethyl)trimethoxyborate

In the enclosed publication, the development ofsar driendly protocol for the synthesis of
benzotrifluorides from arylboronates is describ@&tis protocol can be useful for late stage
introduction of Ck-group into complex molecules due to mild reactaomditions and easy
generation of the arylboronates by Ir-catalyzed @uHctionalization of arenéd? Under the
optimized reaction conditions, diversely substiduéeyl boronic acid pinacol esters are smoothly
coupled with commercially available and easy to dhan
potassium (trifluoromethyl)trimethoxyborate in theesence of 1 equivalent of Cu(OA@nd
molecular oxygen in DMSO at 60 °C. The use of agtinates avoids the protodeborylation
which is the main side reaction of preceeding pot® Hygroscopic bases, molecular sieves
and 1, 10-phenanthroline ligand are no longer regun this protocol.

The reaction protocol is simplified to a great extander mild reaction conditions with good
yields. This work was done in close cooperatiorhvidipl. Chem. Annette E. Buba. | performed
screening of ligands, catalyst and oxidant, whemadgents and trifluoromethylation reagent
screening was performed by Miss Buba. In additmthée interpretation of all the analytic data, |
have also isolated 16 scope compounds out of 26hwdre CEJZa-¢ 2e 2g-l, 2n, 20, 2g-t).

These results were published @Hemistry; A European JournaD12 18, 1577-158T A copy

of the manuscript has been attatched. (OxidativBu®romethylation of Arylboronates with
Shelf-Stable Potassium (trifluoromethyl)trimethogydte, Bilal A. Khan, Annette E. Buba, and
Lukas J. GooRRen, Chemistry, A European journal Qifyright © [2012] Wiley-VCH Verlag
GmbH & Co. KGaA).
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Oxidative Trifluoromethylation of Ar
(Trifluorometh

y

DOI: 10.1002/chem.201102652

Iboronates with Shelf-Stable Potassium

_gxybm‘me

Bilal A. Khan, Annette E. Buba, and Lukas J. GooBen*"!

Trifluoromethyl-substituted (hetero)arenes are structural
motifs often encountered in pharmaceuticals, agrochemicals,
and organic materials, as the CF; substituent profoundly af-
fects their chemical and physical properties."! In medicinal
chemistry, trifluoromethyl groups are widely employed to
impart higher metabolic stability, increased lipophilicity, and
stronger dipole moments to druglike molecules."* ¥ Exam-
ples for top-selling products featuring trifluoromethyl
groups are the pharmaceuticals celecoxib, dutasteride, fluox-
etine, and sitagliptin, as well as the agrochemicals beflubuta-
mid, diflufenican, and norfluazon.!Y

Traditional methods to access benzotrifluorides typically
require harsh conditions and display a low substrate scope,
so that the introduction of a trifluoromethyl group is usually
confined to the beginning of a synthetic sequence. Examples
of trifluoromethylation strategies are the Swarts reaction of
benzotrichlorides using HF or SbFs, the fluorination of car-
boxylic acid derivatives with SF,, and the radical trifluoro-
methylation of arenes with bis(trifluoroacetyl)peroxide or
Langlois’ reagent (Scheme 1, a and b).J In recent years,
substantial research has been devoted to the development
of trifluoromethylation reactions that allow the selective in-
troduction of CF; groups into functionalized, late-stage syn-
thetic intermediates.”

Based on pioneering work on Cu- and Pd-perfluoroalkyl
complexes by McLoughlin, Yagupolskii, Burton, Kondo,
Chambers, Grushin, and others,” four types of processes
have been devised (Scheme 1, c—f). Most studied are cou-
pling reactions of aryl halides with nucleophilic CF; reagents
(Scheme 1, ¢), most of which involve the use of stoichiomet-
ric amounts of copper—CF, complexes.*™! These may also
be generated in situ from copper salts and Ruppert’s reagent
(CF,SiMe;)) or by decarboxylation of copper trifluoroace-
tates.”’ Chen and Wu reported the use of fluorosulfonyldi-
fluoroacetic acid for the transformation using catalytic
amounts of copper.” The groups of Amii® and GooBen!”
reported copper-catalyzed processes, which allowed the cou-

[a] B. A. Khan, A. E. Buba, Prof. Dr. L. J. GooBBen
Fachbereich Chemie - Organische Chemie
Technische Universitit Kaiserslautern
Erwin-Schrodinger-Strasse Geb. 54
67663 Kaiserslautern (Germany)
Fax: (+49)631-205-3921
E-mail: goossen@chemie.uni-kl.de
Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201102652.
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Scheme 1. Strategies for the introduction of trifluoromethyl groups.

pling of aryl iodides with trifluoromethyl silanes or borates.
Grushin"! and Sanford™ disclosed stoichiometric transfor-
mations of Pd—CF; complexes, and Buchwald developed the
first Pd-catalyzed coupling of aryl chlorides with triethyl(tri-
fluoromethyl)silane.!'?

Palladium complexes were also found to catalyze regio-
specific C—H functionalizations of arenes with electrophilic
trifluoromethylating reagents (Scheme 1, d). Thus, Yu re-
ported the ortho-trifluoromethylation of donor-substituted
arenes with Umemoto’s reagent,l'”l and Sanford described a
Pd-catalyzed coupling of arenes with perfluoroalkyl io-
dides.'"¥ The reaction of arylboronic acids with Togni’s and
Umemoto’s reagent by Shen and Liu, respectively, are ex-
amples of coupling reactions of aryl nucleophiles with elec-
trophilic CF; sources (Scheme 1, ¢)."") Oxidative couplings
of aryl nucleophiles with nucleophilic CF; reagents
(Scheme 1, f) were first reported by Qing, who developed a
Chan—Lam-type coupling!'® of arylboronic acids with Rup-
pert’s reagent.”! The authors proposed a mechanism
(Scheme 2) involving the formation of reactive Cu—CF; spe-
cies (B) that undergo transmetallation with aryl borates,
generating aryl-Cu—CF; species (C). The benzotrifluoride
products are liberated by reductive elimination.
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Ar-B(OR),
R-CF3 SFFs

L,CuX ——— L,Cu—CF;3 Cul,_ Ar—CF3

A -RX B c Ar

Scheme 2. Tentative mechanism of the oxidative trifluoromethylation.

This last strategy appears to possess a high potential for
late-stage functionalizations of complex molecules, as the
coupling proceeds close to room temperature and works
well for a broad range of substrates. However, the prototype
protocol makes use of a [Cu(OTf)]-C.H, catalyst that has to
be handled in a glove-box, requires Ag,CO; as the oxidant,
and involves the slow addition of the boronic acid to a five-
fold excess of Ruppert’s reagent. Buchwald disclosed an im-
proved protocol, in which many of these initial shortcomings
were overcome.' Nevertheless, they also used Ruppert’s
reagent, which acts as a source of CF;™ in combination with
a hygroscopic fluoride salt. It is less expensive than most
electrophilic CF; reagents, but volatile (b.p.=45°C), sensi-
tive to moisture, and prone to decomposition with formation
of difluorocarbene and fluorosilicon compounds.

As an alternative one-component trifluoromethylation re-
agent, Roschenthaler and our group have recently intro-
duced the bench-stable, crystalline potassium (trifluorome-
thyl)trimethoxyborate.!”) It smoothly transfers trifluoro-
methyl anions to copper catalysts and thus allows the syn-
thesis of benzotrifluorides from aryl iodides. Recently, this
meanwhile commercially available reagent has also been
used to transfer CF; groups to carbonyl compounds.?”!

Herein, we report a straightforward, user-friendly proto-
col for the conversion of arylboronic acid derivatives into
the corresponding benzotrifluorides, based on potassium
(trifluoromethyl)trimethoxyborate as the CF; source
(Scheme 3).

Qing:
Me;SiCF4/ KF (5 equiv)
K3PO, (3 equiv), Ago,CO3 (1 equiv)

B(OH), [Cu(OTf)]'Cl.;Hs (0.5 equiv) CFs
phenanthroline
R - RA S
N Buchwald: >
Me3SiCFa/ CsF (2 equiv), 4A MS, 2
CuOAc; / phenanthroline (1 equiv), O,
o._ .0
B
o N This work:
N K*[CF3B(OMe),] (2 equiv)
1 Cu(OAc); (1 equiv), O,

Scheme 3. Oxidative trifluoromethylations of arylboronic acid deriva-
tives.

Both Qing and Buchwald found protodeborylation to be
the main side reaction in the Cu-mediated oxidative trifluor-
omethylation of arylboronic acids with a combination of
Ruppert’s reagent and CsF as a CF; source. Thus, all re-
agents and additives have to be dried carefully. However,
moisture and protons are inevitably introduced with the bor-
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onic acid substrate, making the addition of an excess of base
or molecular sieves unavoidable. We envisioned that replac-
ing the boronic acids with the corresponding pinacol esters
should effectively suppress the protodeborylation, and that
the use of K*[CF;B(OMe);]™ as a one-component trifluoro-
methylating reagent might allow the development of a sim-
plified and more effective trifluoromethylation method. Pi-
nacol borates are commonly used synthons for the late-stage
functionalization of complex molecules, because they can be
generated under mild conditions by Pd-catalyzed cross-cou-
pling of the corresponding aryl halides with bis(pinacolato)-
diboron,”Y by Ir-catalyzed C—H functionalization of
arenes,”? or by briefly heating the corresponding boronic
acids with pinacol.””! Besides, many of them are commer-
cially available.

We selected 1-naphthylboronic acid pinacol ester (1a) as
a model substrate for catalyst development, knowing from
our investigations on other couplings of boronic acid deriva-
tives that 1-naphthyl boronates are particularly susceptible
to protodeborylation.?*! With this model substrate, all prod-
ucts and potential side products, including protodeborylation
product 3b, homocoupling product 5b, methoxylation prod-
uct 4b, and halogenation products, would be detectable by
gas chromatography. In analogy to the Buchwald system, we
initially used a copper(11)/1,10-phenanthroline catalyst, di-
chloroethane as the solvent and molecular oxygen as the ox-
idant, but employed K*[CF;B(OMe);]  as the CF; source
(Table 1).

Table 1. Development of the catalyst system. !

V K'[CF3B(OMe)s]” (2 equiv)

O*B’O 1 atm O,, Cu-source CF3 R
ligand/additive .
solvent, 60 °C
3a: R=H
4a: R=OMe
1a 2a 5a: R=1-naph
Cusource  Oxidant  Add.  Solvent Yield [%]

2a 3a 4a 35a
1 Cu(OAc), O, phen GH/ClL, 17 52 22 8
2 Cu(OAc), O, CsF GH,CL 12 23 39 16
3 Cu(OAc), O, MS CH,CL, 13 - 60 24
4 Cu(OAc), O, - CH,CL, 20 — 45 33
5 Cu(OAc), O, - THF PRI 29 -
6 Cu(OAc), O, - CH,CN 50" - 26 23
7 Cu(OAc), O, - NMP 58 - 36 -
8 Cu(OAc), O, - DMSO 79 - 21 -
9 Cu(acac), O, - DMSO 21 - 45 32
10 CuOAc 0, - DMSO 25 - 70 -
11 CuF, 0, - DMSO 15 - 37 42
12 Cu(OAc), BQ - DMSO 0 - - -
13 Cu(OAc), DDQ - DMSO 0 - - -
14 Cu(OAc), Ag,CO; - DMSO 50 - 30 18
15 Cu(OAc), K.S,0, - DMSO 0 - - -
16" Cu(OAc), O, - DMSO 80 - 20 -

[a] Reaction conditions: 1a (0.50 mmol), Cu source (1 equiv), additive
(1 equiv), solvent (2.5mL), 80°C, 1.5h. Yields were determined by GC
analysis using n-tetradecane as the internal standard. Add.=Additive,
BQ=p-benzoquinone, phen=1,10-phenanthroline, DDQ =2,3-dichloro-
5,6-dicyano-p-benzoquinone, MS =4 A molecular sicves. NMP = N-meth-
ylpyrrolidone. [b] Reaction at 60°C for 3 h.
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The desired product was formed in detectable quantities,
along with large amounts of by-products resulting from pro-
todeborylation, methoxylation, and homocoupling (Table 1,
entry 1). We did not observe any halogenation by-products.
Control experiments soon revealed that neither the phenan-
throline ligand nor the presence of molecular sieves or fluo-
ride salts had a beneficial influence on the reaction outcome
(entries 2-4). In contrast, the choice of solvent was crucial
to minimize protodeborylation, as well as homocoupling
(entries 4-8). In low polarity solvents, such as dichloro-
ethane and THEF, the yields of trifluoromethylated product
remained low and the rates of side reactions remained
almost unaffected (Table 1, entries 4 and 5). Better results
were obtained in aprotic polar solvents, such as acetonitrile
and NMP (Table 1, entries 6 and 7). The best results were
achieved when using DMSO, in which 1-trifluoromethyl
naphthalene was formed in 79% yield (Table 1, entry 8).
Under these conditions, neither homocoupling nor protode-
borylation was observed. The only by-product was 1-me-
thoxynaphthalene (4a, 21 %), which results from the trans-
fer of a methoxy group rather than a trifluoromethyl group
from K*[CF;B(OMe);]". This side reaction could not be
further reduced by employing other CF; salts, such as K*
[CF;B(OEt);] . With this reagent, only 37 % of the benzotri-
fluoride 2a was obtained, along with 58 % 1-ethoxynaphtha-
lene. However, we hope that in the future this side reaction
can be suppressed by using chelating substituents at the
boron.

Among the copper salts tested, copper acetate gave the
best results (entries 8-11). Beside molecular oxygen, silver
carbonate could also be used as the oxidant, whereas other
oxidants were ineffective (entries 12-15). A reaction temper-
ature of 60°C proved optimal (entry 16). At lower tempera-
tures, incomplete conversion was observed, while at temper-
atures higher than 80°C the trifluoromethylating reagent
started to decompose.

The protocol is very easy to perform. The stable solids
aryl pinacol borate, copper(Il) acetate, and potassium (tri-
fluoromethyl)trimethoxyborate were dissolved in DMSO
and the reaction mixture was briefly purged with oxygen
and stirred at 60°C at ambient oxygen pressure for three
hours. Then, it was diluted with diethyl ether, washed with
aqueous sodium bicarbonate, and the crude product was
separated from the by-products by column chromatography.

The optimized protocol allowed the selective synthesis of
a wide range of products in moderate to good yields, and
many functional groups, such as ether, amide, fluoride,
ketone, ester, cyano, and alkynyl groups were tolerated
(Table 2). Throughout, the scope of this protocol is compa-
rable with those reported for the related oxidative trifluoro-
methylation procedures of boronic acids with Ruppert’s re-
agent.l'”" ¥ Particularly electron-rich substrates, such as com-
pounds 2¢-2h, were converted in good yields. These com-
pounds are only accessible by treating the boronic acid with
expensive electrophilic trifluoromethylation reagents!'™ or
from the corresponding aryl iodides under harsh reaction
conditions.”™ The indole derivative 2n, an electron-rich het-
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Table 2. Scope of the Cu-mediated trifluoromethylation.
K*[CF3B(OMe)s]™ (2 equiv)

O 1 atm O,, Cu(OAc) (1 equiv)
A—g] 2 Ar—CF;
Yo DMSO, 16 h, 60 °C
1a-t 2a-t
Product Yield Product Yield
[xy0J|h| [(%)JM

22 73 CFs 2b 49
CF;y
NaphO\/©/ 2d 99

2¢ 63

e}
CFs CF,
2g 63 /©/ 2h 84
PhO

CF;
Ph CFs
2i 71 2 71
19 Oy
CF, F CFs
Ph \/©/ 2k 59 Ph:©/ 21 63
F CFs I CFs
j©/ 2m 44 N 2n 49
BnO |

CI—Q*C& 2q 46

@—ca 2s 40 @—ca 2t 36

[a] Reaction conditions: Potassium (trifluoromethyl)trimethoxyborate
(216 mg, 1.00 mmol), Cu(OAc), (90.9 mg, 0.50 mmol), arylboronic acid
pinacol ester 1 (0.50 mmol), DMSO (2.5 mL), 60°C, 16 h. Naph = 1-naph-
thyl. [b] Isolated yields.

erocycle, was converted in moderate yield, which is in the
same order as with the previously reported procedures.
Moderately electron-deficient substrates, such as compounds
21, 20, 2p, and 2s, were converted smoothly. In contrast to
the other oxidative trifluoromethylation methods, sterically
hindered ortho,ortho-disubstituted boronates, such as 2b
and 2q, were successfully trifluoromethylated. The opti-
mized reaction conditions were mild enough to be tolerated
by electrophilic carbonyl groups. Compound 2r was ob-
tained in good yield, along with only 10% of the corre-
sponding trifluoromethylated alcohol, which originates from
nucleophilic addition of the CF; group to the carbonyl
group. This represents a frequently observed side reaction
common to most nucleophilic trifluoromethylations of car-
bonyl-group-containing substrates.

In conclusion, the use of the crystalline, shelf-stable, and
easy-to-handle potassium (trifluoromethyl)trimethoxyborate
as a source of CF; nucleophiles in combination with copper
acetate as the mediator, molecular oxygen as the oxidant,

www.chemeurj.org



SYNTHESIS OF TRIFLUOROMETHYLATED COMPOUNDS

and DMSO as the solvent led to a user-friendly protocol
that allows the smooth conversion of arylboronic acid pina-
col esters into the corresponding benzotrifluorides. All
yields obtained were comparable to those reported in relat-
ed oxidative trifluoromethylations or even higher. Protode-
borylation, a side reaction in related protocols, was not ob-
served. The main side reaction in our transformation was a
substitution of the boronate by methoxy groups originating
from the CF; source, and in future this side reaction may be
controlled by appropriate modification of the CF; reagent.

Experimental Section

Representative synthetic procedure—preparation of 1-[{4-(trifluorometh-
yD)-naphthoxy}methyl]benzene (2d): A 20 mL reaction vessel was
charged with 4-[(1-naphthyloxy)methyl]phenylboronic acid pinacol ester
(1d, 360 mg. 1.00 mmol), copper(ll) acetate (90.9 mg, 0.50 mmol), and
potassium (trifluoromethyl) trimethoxylborate (216 mg, 1.00 mmol). An-
hydrous DMSO (2.5mL) was added, the reaction vessel was briefly
purged with oxygen, and the resulting mixture was stirred at 60°C for
16 h at ambient oxygen pressure. After cooling to room temperature, the
reaction mixture was diluted with diethyl ether (20 mL) and washed with
saturated aqueous sodium bicarbonate (20 mL). The aqueous layer was
extracted with dicthyl ecther (3x20 mL), and the organic layers were
washed with water and brine, dried over MgSO,, filtered, and concentrat-
ed in vacuum. The residue was purified by column chromatography
(silica gel, n-hexane) to yield 2d (298 mg, 99 %) as a colorless solid. M.p.
80°C; 'HNMR (400 MHz, CDCl,,): 6=8.33-8.39 (m, 1 H; Ar-H), 7.82-
7.86 (m, 1H: Ar-H), 7.70 (d, J(H.H)=8.2 Hz, 2H: Ar-H), 7.67 (d, *J-
(H,H)=8.2Hz, 2H; Ar-H), 7.53 (m, 2H; Ar-H), 749 (d, *J(HH)=
82 Hz, 1H:; Ar-H), 7.39 (t, Y(H.H)=79Hz, 1H; Ar-H), 6.87 (d, /-
(H,H)=73Hz, 1H; Ar-H). 533ppm (s, 2H; ArCH,0); “CNMR
(101 MHz, CDClLy,): 6 =154.1, 141.2, 134.6, 130.1 (q, */(C,F)=31.9 Hz)
127.5, 127.3, 126.6, 125.7 125.6 (q, J(C.F)=4.2 Hz) 125.4, 122.0, 124.2 (q,
J(C.F)=271.9 Hz) 120.9, 105.2, 69.2 ppm; "“"F NMR (376 MHz, CDCl,):
0=-62.49 ppm (s); IR (KBr): 7=3073 (Ar-H), 3052 (Ar-H), 1737, 1598,
1462, 1323, 1264, 1238, 1167, 1112, 1095, 1065, 1017, 825, 769 cm ™' (C—F)
1 MS (70 eV): m/z (%): 303 (16), 302 (77) [M]*, 159 (100), 143 (39), 115
(54), 109 (21), 89 (11); GC/HRMS (El): m/z caled for CH;F,O:
302.0918 [M]T; found: 302.0908; elemental analysis caled (%) for
CsH;3F;0: C 71.52, H 4.33: found: C 71.39, H 4.45.
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Trifluoromethylation K'[CF3B(OMe)s]” (2 equiv)

Ar—B:O 1 atm O, Cu(OAc); (1 equiv) p—

B. A. Khan, A. E. Buba, O DMSO, 16h, 60 °C
L.J. Goofen® ................... m-m B s

Oxidative Trifluoromethylation of Introducing CF;: Arylboronic acid fluoromethylating reagent potassium
Arylboronates with Shelf-Stable Potas- pinacol esters are converted into the (trifluoromethyl)trimethoxyborate,
sium (Trifluoromethyl)trimethoxybo- corresponding benzotrifluorides with mediated by copper acetate under an
rate the easy-to-use one-component tri- oxygen atmosphere (see scheme).
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5.5.2 Trifluoromethylation of Carbonyl Compounds with Shelf-Stable

Potassium (trifluoromethyl)trimethoxyborate

In this section, synthesis of-trifluoromethylated alcohols from carbonyl compdsrby using
single component, easy to handle and commerciallyailable potassium
(trifluoromethyl)trimethoxyborate 5(5-2 is described. The project was carried out in &los
collaboration with Dipl. Chem. Annette. E. Buba dhd T. Knauber. The project was developed
by Mr. Knauber, whereas | and Miss. Buba dividezlgshope compounds in a way that | isolated
compound$.5-3a5.5-3mand she isolated compourl$-3n5.5-3z

Thesea-trifluoromethylated %.5-3 alcohols are usually prepared by treating theesponding
carbonyl compounds5(5-1) with trifluoromethylating reagents such as Ruppereagent®
Langlois reageAt’ and potassium trifluoromethyl acetatésHowever, all these procedures are
linked with the use of either hygroscopic bd3tsuch as CsF or TBAF, or stoichiometric

quantities of copper salts at high reaction terpeeg> (Schema 88).

Previuos work
1: Langlois reagent, CsF_,,
THF, 80 T
2: Ruppert's reagent, base,,,
THF or DMF, RT

’ 3: CF,COOK*/ Cul l
NMP, 170 T

This work
K*[CF,B(OMe),]~/ THF, 60 C
’ 5.5-2

Schema 88Synthesis ofr-trifluoromethylated alcohols from carbonyl compdan

Herein, we present a broadly applicable and usendty nucleophilic addition of
trifluoromethyl group to aldehydes and ketones by sing
potassium (trifluoromethyl)trimethoxyborate thatshalready been successfully used for the
trifluoromethylation of aryl iodede$?

We selected electron rich and less reactive 4-lmi@kgde 5.5-19 as a test substrate for
nucleophilic addition reactions. In a first settest reactions 4-anisaldehyde5-19 was heated
with 1 equiv. of potassium (trifluoromethyltrimetkyborate $.5-2 at 60 °C in DMSO
(entry 1). The desired produd@.%-39 was detected in 70% yield along with 28% of unted
substrate §.5-19. A systematic variation of the solvents showedt tithe reactivity of
potassium (trifluoromethyl)trimethoxyborat®.%-2 is highly dependent on its solubility (entries
2-7). No reaction occured in non polar toluene ueomplete insolubility of the salt in toluene,

and the aldehyde was fully recovered at the enth@freaction (entry 2). Lower yields were
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detected in the 1, 4-dioxane (entry 4) and diglyeréry 5). In aprotic polar NMP (entry 7), the
decomposition of the solvent was observed underréletion conditions, and a dark brown
reaction mixture was formed. The best yields of &39d 87% were obtained in THF (entry 3)
and DMF (entry 6) respectively, in which the s&@i5(2 is completely soluble. The following

experiments were carried out in THF, because dégs toxicity in comparison to DMF.

Table 1.0Optimization of the reaction conditions

(0] OH
JS RS —
MeO OMe Solvent, AT, 16 h MeO
5.5-1a 5.5-2 5.5-3a
# Solvent 5.5-2[1.25] T[°C] 5.5-3a[%]*  5.5-1a[%]?
1 DMSO 1.0 60 70 28
2 Toluene " " - > 99
3 THF " " 86 14
4 1,4-Dioxane " " 79 19
5 Diglyme " " 70 30
6 DMF " " 87 12
7 NMP " " - -
8 THF " 45 70 30
9 RT 27 73
10 80 76 24
11 " 1.25 60 99 -

Reaction conditions: 4-Anisaldehyd&%-13 68.1 mg, 0.50 mmol), RCF:B(OMe)] (5.5-2), solvent (2.0 mL), 16 h. a) Yields were determdine
by GC analysis using tetradecane as an internadiatd.

The optimum reaction temperature is 60 °C (en@id®). Below this temperature, the reactions
were quite slow and much lower yields d.5-39 were observed (entries 8 and 9). A
decomposition of the salt to volatile fluorocarb@mpeared at 80 °C (entry 10).
The aldehyde §.5-19 was completely converted into the correspondiifudromethylated
alcohol 6.5-39 by using 1.25 equivalents of €gource $.5-2) in THF at 60 °C (entry 11).
The trifluoromethylation reaction of carbonyl conoupals with
potassium (trifluoromethyl)trimethoxyborat®.-2)is very simple to perform. A reaction vessel
is charged with potassium (trifluoromethyl)trimetiyborate 5.5-2) and purged with nitrogen to
avoid oxidation of sensitive aldehydes. The sohamd the corresponding carbonyl compound
(5.5-19 were added and stirred at reaction temperatuzenayht.
Under the optimized reaction conditions, substduseomatic, heteroaromatic and aliphatic
carbonyl compouds were smoothly converted into toeresponding trifluoromethylated
alcohols with potassium (trifluoromethyl)trimethdograte (table 2).
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Table 2.Scope of the transformation

(@] 1.25eq. 5.5-2 HO CF3
1 2 1 2
R R THF, 60 C, 16 h R R
5.5-1a-z 5.5-3a-z
Product yield [96] Product yield [%]

OH OH

<
@
o
Sn
‘r”i
w O
[ I
w
4]
&)1
w 0O
S M
©

85 cl 74
OH OH
CF, CF,
OMe 5.5-3b 79 F 5.5-30 59
OH
MeO cF, OH
MeO 5.5-3¢ Q)\ca
OMe 84 NC 5.5-3p 75
OH OH
CF, Q)\CH
Me,N 5.5-3d 83 MeO,C 5.5-3q 92
OH OH
CF, /@A\CB
MeS 5.5-3e 78 MeO,S 5.5-3r 77
OH OH
CF, Q)\C&
5.5-3f 75 Et,NOC 5.5-3s 83
oH OH
o
CF
¢ \ / CF
5.5-3g 87 5.5-3t 49
OH | OH
N
CF
: \ / CF
5.5-3h 80 5.5-3u 53
OH OH
AN
5.5-3i 79 5.5-3v 77
HO_ CF,
OH
450
5.5-3] 92 5.5-3w 79
OH HO_ CF,
OO CF, ©)<002Me
5.5-3k 91 5.5-3x 30
OH OH
I 5.5-3l 87 5.5-3y 37
OH 0,CPh
CFy CF
/©)5;3 ©/C);3 :
Br =M 70 5.5-3z 49

Reaction conditions: 1 mmol carbonyl compoubid{la-3, 1.25 mmol of K[CF:B(OMe)] (5.5-2), 4.0 mL THF, 60 °C, 16 h.
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Electron-rich and electron-poor benzaldehydds-Bas) were trifluoromethylated in good
yields and even less reactive derivatives such ,45-Bimethoxy-5.5-39 or bulky 2,6-
dimethylbenzaldehyde$.6-3i) were also successfully converted. Many functiog@ups are
tolerated such as amines, thioethers, halides, yisetfonyl, amides and esters. Slightly lower
yields of the volatile products were obtained sashl-(4-fluorophenyl)-2,2,2-trifluoroethanol
(5.5-30, and heterocyclic compounds.%-3t) and 6.5-3U).

Trifluoromethyliton of the Michael systems with pesium (trifluoromethyl)trimethoxyborate
(5.5-2 regioselectively took place at the carbonyl carbithe test compoung-cinnamaldehyde
(5.5-3y) was functionalized in a good yield only at theboamyl group. Under the optimized
reaction  conditions, ketones 5.5-3w-y) were also trifluoromethylated with
potassium (trifluoromethyl)trimethoxyborat®.%-2. The best results were obtained with the
cyclic diaryl ketones such as fluorenofe5¢3w), for which the corresponding alcohol in 79%
yield was isolated.

Low yields were observed for enolizable ketort25-3y). In addition to the trifluoromethylated
alcohols, large amounts of aldol-reaction prodwatse detected along with gaseous compounds
in the reaction mixtures. We concluded that éh€H-acidic carbonyl compounds are enolized
by Lewis acid and borate to react with another ke of aldehyde or ketone. €&nion is
protonated to form fluoroform by the released pmnoto

As expected, highly reactive carbonyl compound$ aag benzoyl chlorides(5-32 underwent
double addition of Cigroup®®’ The intermediaten,a,a-trifluoroacetophenone reacts with
another molecule of borate salt, and the resulisg(trifluoromethyl) phenylmethanob(5-39

Is esterified with benzoyl chloride.

Potassium (trifluoromethyl)trimethoxyborate wasdises a single component and user friendly
CF; reagent. Under the optimized reaction conditi@hsctron rich, electron-deficient aromatic
and heterocyclic carbonyl compounds were selegtivefluoromethylated with only 1.25
equivalents of potassium (trifluoromethyl)trimetlyborate in THF at 60 °C in good yields. The
method has excellent compatibility with functiorgtbups and is characterized by its simple
preparative feasibility. Shortly before completiminthe manuscript for publication, Dilmaat al

reported a comparable process with similar re$ffits.

5.6 Outlook

Crystalline and shelf-stable potassium (trifluoreiny®trimethoxyborate has been established as
highly versatile CEg-source in nucleophilic trifluoromethylation reawts. These new protocols

77



SYNTHESIS OF TRIFLUOROMETHYLATED COMPOUNDS

are characterized by their user-friendliness amddrapplicability under mild conditions, thus
they are beneficial for late stage introductiorCé%-group into organic molecules.

In the first project, potassium (trifluoromethyijirethoxyborate was successfully applied for the
synthesis of trifluoromethylated arenes under aidaconditions. In the presence of Cu(OAc)
and molecular oxygen, arylboronates were coupldt Wi[CFsB(OMe)] in DMSO at 60 °C.
Under the optimized reaction conditions, a varietyoenzotriflurides are synthesized in good
yields. Efficiency of the reagent can be improved dppropriate modifications of the GF
reagent.

These optimized protocols for the oxidative triflamethylation of arylboronates are developed
as the basis for the development of decarboxylatiiBuoromethylation reaction of
arenecarboxylic acids.

The second project discloses the simple synthédisflaormethylated alcohols by nucleophilic
addition of potassium (trifluoromethyl)trimethoxylate to carbonyl compounds. In the presence
of K’'[CFsB(OMe)] in THF at 60 °C, diversely functionalized aldelegdand ketones were
successfully converted into the corresponding atoh
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6 Summary of the Thesis

In the £ project, successful development df Zeneration of a palladium catalyst for the
selective hydrogenation of carboxylic acids to hiadkes was accomplished (Schema 89). This
project was done in cooperation with Dipl. Chem.oiffas Fett from Boeringer Ingelheim,
Austria. The new catalyst is highly effective fdretconversion of diversely functionalized
aromatic, heteroaromatic and aliphatic carboxytws to the corresponding aldehydes in the
presence of pivalic anhydride at 5 bar hydrogessanee, which was otherwise achieved either at
30 bar of hydrogen pressure or by using waste snterhypophosphite bases as reducing agent.
Our method has increased the synthetic importand@i® valuable transformation. Selective
hydrogenation of carboxylic acids to the correspog@ldehydes is now possible with industrial
hydrogenation equipment as well as laboratory sglales autoclaves. It might also convince the

synthetic organic chemists to use this transforomafior routine aldehyde synthesis in the

laboratories.
H, (5 bar)
1 mol% Pd(acac),
o) o o 5 mol% PPhCy, 0
L +‘/H\Jk‘ L + 'BuCO,H
R” "OH Bu” 0" YBU  ThE 80C.20h R” "OH 2

R = aryl, heteroaryl, alkyl
Schema 89Low pressure hydrogenation of carboxylic acidsltehydes

In the 29 project, a microwave assisted Cu-catalyzed pratadi®xylation of arenecarboxylic
acids to arenes is achieved (Schema 90). This waskdone in collaboration with Dipl. Chem.
Filipe Manjolinho under the supervision of Dr. NmRRodriguez. In the presence of 1-5 mol% of
inexpensive Cul,10-phenanthroline catalyst generaiedsitu under microwave radiations,
diversely functionalized arenes and heteroarert@gglic acids have been decarboxylated to the
corresponding arenes in good yields at 190 °C 1% Bnin. The loss of volatile arenes with the
release of CQis controled by the use of sealed high presswisteat microwave vessels. These
reactions are highly beneficial for parallel syrstisan drug discovery due to their short reaction
time. Microwave technology will also help in theudte to develop more effective catalysts for
protodecarboxylation rections.

o 1-5 mol% Cu,O

)L 2-10 mol% 1, 10-phenanthroline
A" OH ArH + CO,
NMP / quin., pW 190 T

Ar = aryl, heteroaryl 5-15 min

Schema 90Microwave-assisted Cu-catalyzed protodecarboxytatibarenecarbocylic acids

Based on the microwave assisted protodecarboxglatmategy, decarboxylative coupling of

arenecarboxylic acids with aryl triflates and teégs was also conducted under microwave
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radiation which provided higher yields of the csepending biphenyls from deactivated
substrates in short reaction time compared to ¢tineentional heating.

In the 3% project, crystalline, potassium (trifluoromethgittethoxyborate was successfully
applied for the synthesis of benzotrifluorides unthe oxidative conditions (Schema 91). This
project was done in cooperation with Dipl. Chemnatte Buba. In the presence of Cu(GAc)
and molecular oxygen, arylboronates were couplél Ki[CFsB(OMe)] in DMSO at 60 °C. A
variety of benzotriflurides was synthesized in gogpeélds under the optimized reaction
conditions. This protocol for the oxidative trifiieonethylation of arylboronates is the base for

the development of decarboxylative trifluorometligla reaction of arenecarboxylic acids.
2 eq. K*[CF;B(OMe),]

o 1 atm O,, 1 eq. Cu(OAc),
Ar—B, Ar—CF,
[e} DMSO, 16h, 60 T

Ar = aryl, heteroaryl

Schema 91Synthesis of benzotrifluorides

The 4" project discloses the simple and straightforwantteesis of trifluoromethylated alcohols
by nucleophilic addition of potassium (trifluororhgbtrimethoxyborate to carbonyl compounds
(Schema 92). This project was done in cooperatibh @r. Thomas Knauber and Dipl. Chem.
Annette Buba. In the presence of[€F:B(OMe)] in THF at 60 °C, diversely functionalized
aldehydes and ketones were successfully conventedthie corresponding trifluoromethylated

alcohols.

i 1.25 eq. K*[CF,B(OMe),] HO_ CF,
R OR? R OR?

THF, 60 C, 16 h
Schema 92Synthesis ofr-trifluoromethylated alcohols

The 3% and 4" projects demonstrate the successful establishofesrystalline and shelf stable
potassium (trifluoromethyl)trimethoxyborate as hyghversatile Ck-source in nucleophilic
trifluoromethylation reactions. These new protocals characterized by their user-friendliness
and broad applicability under mild reaction corafis, thus they are beneficial for late stage

introduction of Ck-group into organic molecules.
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7 Experimental Section

7.1 General Techniques

7.1.1 Chemicalsand Solvents

All commercially available chemicals were used with any further purification. Air and
moisture sensitive chemical were stored under génoor argon. Reaction vessels were usually
charged with solid starting materials and reagestacuated (oil pumg 10°mbar) to remove
oxygen and moisture and backfilled with nitrogewlvBnts and liquid reagents were added
under an atmosphere of nitrogen. Solvents werdi@dinvith standard literature techniques and
stored over 3A molecular sieves. Inorganic salthsas KF, KCOs, or KsPO, were dried under
vacuum at 120°C for 3 hours and stored under retmoGopper salts were dried under vacuum at
60°C for 1 hour.

7.2 Analytical Methods

7.2.1 Thin Layer Chromatography

TLC was performed using analytical silica gel pda0 Fs4 and analytical neutral alumina
plates by Polygram Alox N/UX, by Merk and Macherey-Nagel. The silica gel (230-#@esh,
60 A) used for column chromatography was purchésed Aldrich.

7.2.2 Gas Chromatography

For GC-analysis a Hewlett Packard 6980 chromatdgvegs used. The gas carrier was nitrogen
with a flow rate of 149mL/min (0.5 bar pressureheTtemperature of the injector was 220 °C.
The split-ratio was 1:100. For separation an AgileiP-5-column with 5% phenyl-methyl-
siloxane (30 x 32Qum x 1.0 um, 100/ 2.3-30-300/ 3) was used. The following terapure
program was implemented: starting temperature 6(2n@n), linear temperature increase (30 °C
min™) to 300 °C, end temperature 300 °C (13min).

7.2.3 Mass Spectroscopy

Mass spectrometry was performed with a GC-MS Vagaturn 2100 T. The ionization was
done by ElI AGC. The intensities of the signals r@lative to the highest peak. For fragments
with isotopes only the more intensive peak of #wape is given.

High Resolution Mass Spectrum was taken on a G@mjar (Waters).
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7.24 High-Performance Liquid Chromatography

HPLC analysis was carried out using a Shimadzu HBg@pped with a Merck KGaA reversed
phase column LiChroCart©OPAH C 18 with a particlardeter of 5 um, was operated at a
constant temperature of 60°C and a pressure ofb2@) Acetonitrile and water were used as
eluents with a flow rate of 2 mL/mint. Gradient:%5acetonitrile for 3 min linear increase to
85% within 7 min, hold for 1 min, decrease to 15%him 1 min. and hold for 50 seconds. 5 pL
of probe were injected as standard amount intoRheodyne. This amount can be varied

manually through the Shimadzu sequence prograns®iBs

7.25 Infrared Spectroscopy

Infrared spectra were recorded with a Perkin-Eleuarier Transform Infrared Spectrometer
FT/IR. Solids were thoroughly ground and mixed wgbtassium bromide and pressed into a
pellet. Liquids were measured as a thin film inwestn sodium chloride plates. Absorbance
bands are shown in wave numbers tinintensities are abbreviated: s (strong), m (mejiand

b (broad).

7.2.6 Nuclear Magnetic Resonance Spectroscopy

Proton-, Fluorine- and decoupled carbon-NMR speeaiee recorded with a Bruker FT-NMR
DPX 200, DPX 400 and a Bruker Avance 600. The feeqy and solvent used are described
separately for each substance. Chemical shiftgiges in units of thé-scale in ppm. Shifts for
'H-spectra are given respectively to the protonalighthe solvent used (chloroform: 7.25 ppm,
dimethyl sulfoxide: 2.50 ppm, methanol: 3.35 ppmatev: 4.75 ppm), for*C-spectra
respectively to the deuterated solvent (chlorofo:0 ppm, dimethyl sulfoxide: 37.7 ppm,
methanol: 49.3 ppm)heatomnumberingwithin productsis not accordingto the IUPAC rules
The multiplicity of the signals is abbreviated thetfollowing letters: Coupling constants are
given in Hertz (Hz). Processing and interpretatvegere performed with ACD- labs 7.0 and
ACD- labs 12.0 (Advanced Chemistry Development)inc.

Signals are abbreviated as s (singlet), d (doybtit) (doublet of doublet), ddd (doublet of
doublet of doublet), td (triplet of doublet), q @gtet), quin: (quintet), m: (multiplet), br: (broad

7.2.7 Elemental Analysis

CHN-elemental analysis was performed with a PeBtmer Elemental Analyzer EA 2400
CHN.

82



EXPERIMENTAL SECTION

7.2.8 Mélting Point

Melting points were measured in a glass cappilabg twith an automatic measuring apparatus
Mettler FP61.

7.3 High-throughput Experiments

In order to perform a vast number of experimenspecially manufactured setup was used. All
reactions were carried out in 20 mL headspace Vs were closed and clamped shut with
aluminum caps fitted with a Teflon-coated butyl bab septum (both commercially available at
Macherey & Nagel).

In 8 cm high round aluminum block, which fit thethgate of a regular laboratory heater in

diameter, 10 of the thus equipped 20 mL headspede ¥an be tempered between 25°C and
180 °C. An 11th smaller hole drilled in the middd the case creates room to hold the
thermometer of the heater. A similar setup was dsedeactions in autoclave except a 4 cm
aluminum block containing 8 holes for head spaadsvand a small hole for holding the

thermameter. This aluminum block is designed tanfside the autoclave. 10 mL head space
vials were used for reactions in autoclave. Figurghows a magnetic stirrer, aluminum block

and vacuum distributer (spider) (Abbildung 5).

g | .

Abbildung 5.Aluminumblock magneticstirrer and vacuum distributer

To correctly evacuate and refill 10 reaction vesseith inert gas at the same time, special
vacuum distributors were manufactured to be comuakict the Schlenck-line.

A steel tubing is linked to ten 3 mm Teflon tubedich are equipped on the opposite end with
adaptors for Luer-Lock syringe needles. The stggihg can be connected to the Schlenck-line
just like any other laboratory equipment by a stdigle and vacuum tubing. To perform 10 or
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more reactions in parallel the following protocaswsed. All solid substances were weighed in
the reaction vessels, an oven-dried, hot 20 mmbstiradded and each vessel closed with a
separate cap using flanging pliars. All 10 vessadge transferred to one of the aforementioned
aluminum cases and evacuated using syringe nesat@&cted to the vacuum steel tubing.

The reaction vessels were evacuated and refillddd witrogen. Using standard sterile and
Hamilton syringes all liquid reagents, stock saos of reagents and solvents were added and
the vessels were evacuated and refilled with n#nog times. After removal of the needles, the
aluminum case was tempered to the desired temperdiuery temperature description is the
case temperature, which only differs by maximum 2f@m the actual reaction media
temperature.

At the end of the reaction time and after coolingdom temperature, pressure was released with
a needle and the standard (n-tetradecane) was adtted Hamilton syringe. The reaction vials
were opened carefully. 2 mL of ethyl acetate welded to dilute the reaction mixture and with a
disposable pipette mixed thoroughly to ensure adg@nous mixture. A 0.25 mL sample was
withdrawn and extracted with 2 mL of ethyl acetatel 2 mL of aqueous HCI solution (acidic
work up) or saturated potassium bicarbonate salufibmsic work up). The organic layer was
filtered through a pipette filled with a cotton gland NaHC®@/magnesium sulfate(in case of
acidic work up) or only MgSg@into a GC-vial.

After evaluating the contents on the GC and if ssagy GC-MS, the contents of all work-up
and analysis vials were recombined and the prodotited using standard procedures, deposed
on silica-gel and purified by flash chromatograpbging a Combi Flash Companion-
Chromatography apparatus from Ico-Systems.

The developed experimental setups and an electtabaratory journal allowed a substantial
amount of reactions to be performed during the seuwf this work. Approximately 2500
reactions would have consumed a much longer timegustandard laboratory techniques.
Preparative reactions were performed mostly indsteth laboratory oven-dried glass ware. The
following experimental section describes all reausi performed, that are mentioned in the
theoretical section above. Yields are isolateddgef nothing else is mentioned. All known
compounds were analysed by at le#dtNMR, *C-NMR and GC-MS whereas unknown
compounds were analyzed By-NMR, *C-NMR, IR spectroscopy, GC-MS and HR-MS or
elemental analysis, melting point (for solids) affFNMR for trifluoromethylated compounds.

84



EXPERIMENTAL SECTION

7.4 Reactions under Pressure

All hydrogenation reactions were performed in 10 hdadspace vials which were sealed with
aluminum crimp caps Teflon-coated butyl rubber aephe septa of closed reaction vessels were
pierced with spiral needles to uniformely distripuhe reaction gas inside the vials. These
pressurized reactions were carried out in a spgalaksigned autoclave which has a volume of
100 mL and a diameter of 8.2 cm, equipped withan7deep hole for receiving a temperature
sensor. It contains an inner block which can hgtb8 reaction vials. The pressurization of the
autoclave was done through a quick fit with thepeesive gas. After reaching the desired

pressure, it was closed by a needle valve.

7.5 Reactions under Microwave-Irradiation

All microwave radiation experiments were carried oua CEM-Discover® LabMate mono-
mode microwave apparatus equipped with an Intefit¥ pressure control system and a
vertically-focused IR temperature sensor. The feactwas monitored with CEM’s
ChemDriverTM software. After the irradiation perjoithe reaction vessel was cooled rapidly
(60-120 sec) to ambient temperature by air jetingol

7.6 Low Pressure Hydrogenation of Carboxylic Acids to Adehydes

7.6.1 General Methodsfor the Synthesis of Aldehydes

An oven-dried, argon-flushed 10-mL glass vesséh w@ptum top was charged with benzoic acid
la—r (1.00 mmol), Pd(acad)3.05 mg, 0.01 mmol), and dicyclohexylphenylphasph(13.7 mg,
0.05 mmol). Degassed THF (2 mL) and degassed piaalhydride (0.62 mL, 3.00 mmol) were
added. The vessel was placed in a steel autock#vieh was then purged with hydrogen and
then pressurized with 5 bar of hydrogen. The reaathixture was stirred at 80°C for 20 h, then
cooled to room temperature. The autoclave pressaeereleased, the reaction mixture diluted
with 10 mL saturated NaHCOsolution and extracted with ethyl acetate (3 xn20). The
combined organic layers were washed with waterkamé and dried over MgSQfiltered, and
the volatiles were removed under vacuum. The reswdas purified by column chromatography
(SiO,, ethyl acetate/hexane gradient) affording corredpw aldehydes.

The particularly volatile aldehydes AS&C—(2a, e,hg,0, p, and q) were isolated as bisulfite
adducts: after releasing the pressue from the Ewtes, 38% sodium bisulfite solution (1.50 mL,
8.10 mmol) was added via syringe to the reactissek The residue mixture was stirred at 50

°C for 4 h, and then cooled to room temperature White crystalline adducts were filtered off
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and washed with chloroform (10 mL) and water (0180, dried under vacuum, and weighed to
determine the vyield. For the spectroscopic chariaet#on, part of the aldehydes was then
liberated by adding the adduct to saturated aquéak$CQ solution (2.0 mL), followed by
extraction with CDC (2.0 mL). The NMR samples were then washed witewand brine,

dried over MgSQ@and filtered. NMR samples were evaporated to get¢ products.

7.6.2 Synthesisof Aldehydes
4-Methoxybenzaldehyde(AS&C-2a) CAS: [123-11-5]

o

/@)kH
MeO

Compound (AS&C-2a) was prepared from 4-methoxybenaoid (AS&C-1a) (152 mg, 1.00
mmol) affording (AS&C-2a) as colorless olil; yiel@i24.9 mg (90.8%). The spectroscopic data
matched those reported in the literature for (AS2&j-*H-NMR (400 MHz, CDC}) & = 9.83 (s,
1H), 7.78 (dJ = 8.6Hz, 2H), 6.95 (dJ = 8.6Hz, 2H), 3.83 (s, 3H) ppmC-NMR (101 MHz,
CDCl) & = 91.0, 164.8, 132.1, 130.1, 114.5, 55.7 ppm; BS: (n/z (%) = 136 (53) [M], 135
(100), 107 (27), 77 (60), 63 (23), 50 (20), 40 (48) (NaCl) = 3010 (w), 2970 (w), 2938 (w),
2840 (w), 2739 (w), 1679 (s), 1594 (m), 1576 (nH04 (m), 1255 (m), 1156 (s), 1021 (m), 829
(s) cm’; GC/HRMS-EI m/z [M] calcd. for GHgO-: calc. mass: 136.0520; found: 136.0524.
4-AcetamidobenzaldehyddAS&C-2b) CAS: [122-85-0]

Y

Compound (AS&C-2b) was prepared from 4-acetamidpbenacid (AS&C-1b) (179 mg, 1.00
mmol) affording (AS&C-2b) as a colorless crystadlirsolid; yield: 149 mg (91%). The
spectroscopic data matched those reported in theatire for (AS&C-2b). m.p. 149 °CH-
NMR (400 MHz, CDC}) & = 9.91 (s, 1H), 7.84 (dl = 8.6, Hz, 2H), 7.70 (dJ = 8.6Hz, 3H),
2.22 (s, 3H) ppnt’C-NMR (101 MHz, CDGJ) & = 190.6, 168.2, 143.1, 132.0, 130.8, 118.8,
24.5; MS (El): m/z (%) = 163 (42) [N, 121 (61), 120 (100), 92 (23), 65 (29), 43 (48);(KBr)

= 3308 (w), 3262 (w), 3193 (w), 3122 (w), 2816 (&}33 (w), 1687 (m), 1673 (m), 1597 (m),
1533 (m), 1372 (m), 1327 (m), 1268 (m), 1165 (n¥) &m) cni; Elemental analysis: Calcd: C,
66.25; H, 5.56; N, 8.58; Found: C, 66.01; H, 5/828.55.
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4-Cyanobenzaldehydd AS&C-2c¢) CAS: [105-07-7]

i
/@/J\H
NC

Compound (AS&C-2c) was prepared from 4-cyanobenzmic (AS&C-1c) (149 mg, 1.00
mmol) affording (AS&C-2c) as a colorless crystadlirsolid; yield: 98.6 mg (75%). The
spectroscopic data matched those reported inttratlire for (AS&C-2c). m.p. 99 °CH-NMR
(400 MHz, CDC}) & = 10.05 (s, 1H), 7.89-8.02 (m, 2H), 7.76-7.86 @hl); *C-NMR (101
MHz, CDCk) & = 190.5, 138.6, 132.7, 129.7, 117.5, 117.3, ppr8; (BI): m/z (%) = 132 (16),
131 (18) [M1], 130 (100), 102 (37), 76 (14), 75 (11), 50 (1B);(KBr) = 3093 (w), 3046 (W),
2855 (w), 2752 (w), 2229 (w), 1698 (s), 1606 (WH7Q (w), 1296 (w), 1201 (m), 827 (s);
Elemental analysis: Calcd: C, 73.27; H, 3.84; N6&8QFound: C, 73.27; H, 3.91; N, 10.61.
4-AcetylbenzaldehydgAS&C-2d) CAS: [3457-45-2]

O

Vel

!
Compound (AS&C-2d) was prepared from 4-acetylbenzmid (AS&C-1d) (164 mg, 1.00
mmol) affording (AS&C-2d) as a colorless crystadlirsolid; yield: 137 mg (92%). The
spectroscopic data matched those reported intdratlire for 4-acetylbenzaldehyde (AS&C-2d).
m.p. 34 °C;*H-NMR (400 MHz, CDC}) § = 10.01 (s, 1H), 8.01 (d, = 8.6Hz, 2H), 7.88(d] =
8.2Hz, 2H), 2.57 (s, 3H) ppnt’C-NMR (101 MHz, CDCJ) & = 197.2, 191.4, 141.0, 138.8,
129.6, 128.6, 26.7 ppm; MS (EIl): m/z (%) = 149 (13)8 (4) [M], 133 (100), 105 (22), 104 (5),
77 (5), 43 (27); IR (KBr) = 3060 (w), 3006 (w), 20{w), 2846 (w), 2740 (w), 1697 (s), 1676
(s), 1500 (m), 1258 (s), 1203 (s), 823 (s); GC/HRKISn/z [M'] calcd. for GHgO,: Calcd
148.0528; found 148.0524.
4-tert-Butylbenzaldehyde(AS&C-2e) CAS: [939-97-9]

(6]
YO
Compound (AS&C-2e) was prepared from 4-tert-butytmec acid (AS&C-1e) (180 mg, 1.00
mmol) affording (AS&C-2e) as colorless oil; yield23 mg (76%). The spectroscopic data
matched those reported in the literature faed-butylbenzaldehyde (AS&C-2e)H-NMR (400
MHz, CDCk) & = 9.97 (s, 1H), 7.80 (d] = 8.2Hz, 2H), 7.54 (d) = 8.2Hz, 2H), 1.34 (s, 9H)

ppm; BC-NMR (101 MHz, CDGJ) § = 192.3, 158.7, 134.3, 130.0, 126.3, 35.6, 31.3; KEI):
miz (%) = 163 (18), 162 (5), 147 (100), 119 (395 18), 91 (69), 77 (9).
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4-Methoxycarbonylbenzaldehydg AS&C-2f) CAS: [1571-08-0]

Compound (AS&C-2f) was prepared from 4-methoxycastimenzoic acid (AS&C-1f) (180 mg,
1.00 mmol) affording (AS&C-2f) as a colorless calbhe solid; yield: 132 mg (80%). The
spectroscopic data matched those reported in tératlire for 4-methoxycarbonylbenzaldehyde
(AS&C-2f). m.p.: 61 °CH-NMR (400 MHz, CDC}) § = 10.08 (s, 1H), 8.18 (@= 8.2Hz, 2H),
7.94 (d,J = 8.6 Hz, 2H), 3.94 (s, 3H) ppm®C-NMR (101 MHz, CDCJ) 6 = 191.9, 166.3,
139.4, 135.4, 130.5, 129.9, 129.8, 52.9 ppm; M3: Iz (%) = 164 (53) [M], 163 (27), 133
(100), 105 (45), 77 (43), 51 (29), 50 (27); IR (KBr2963 (w), 2887 (w), 1721 (s), 1682 (m),
1576 (m), 1434 (m), 1279 (s), 1105 (s), 850 (S)'c®C/HRMS-EI m/z [M] calcd. for GHgOs:
Calcd: 164.0471; found: 164.0473.

4-Fluorobenzaldehydg(AS&C-2g) CAS: 459-57-4

(0]
/@)’LH
[=

Compound (AS&C-2g) was prepared from 4-fluorobeazacid (AS&C-1g) (143.0 mg, 1.00
mmol) affording (AS&C-2g) as colorless oil; yiel®@0 mg (80%). The spectroscopic data
matched those reported in the literature for 4sibenzaldehyde (AS&C-2gfH-NMR (400
MHz, CDCk) & = 9.96 (s, 1H), 7.90 (dd, = 8.6, 5.5Hz, 2H), 7.20 (8 = 8.6Hz, 2H) ppm**C-
NMR (101 MHz, CDC}) & = 190.5, 167.4, 165.7, 133, 132.3, 116.4, 116/8;0dS (EI): m/z
(%) = 124 (33) [M], 123 (100), 96 (12), 95 (61), 75 (36), 74 (1), ®0); IR (NaCl) = 2827
(w), 2729 (w), 1701 (s), 1596 (s), 1506 (s), 14&p, (388 (w), 1229 (s), 1149 (s), 1128 (s), 833
(m); GC/HRMS-EI m/z [M] calcd. for GHsFO: 124.0314; found: 124.0324.

4-(Trifluoromethyl) benzaldehyde (AS&C-2h): CAS: [455-19-6]

Q*“
CF

3

Compound (AS&C-2h) was prepared from 4-(trifluorahy#)benzoic acid (AS&C-1h) (190 mg,
1.00 mmol) affording (AS&C-2h) as a colorless gikld: 139 mg (80%). The spectroscopic data
matched those reported in the literature for 4hfwromethyl) benzaldehyde (AS&C-2h)-
NMR (400 MHz, CDCJ) 6 = 10.09 (s, 1H), 8.0 (d,= 8.2Hz, 2H), 7.80 (d] = 7.8Hz, 2H) ppm;
3C-NMR (101 MHz, CDGJ) & = 191.1, 138.6, 135.8, 129.9, 126.1 ¢ 3.7 Hz), 122.3 (qJ
=272 Hz) ppm; MS: (El): m/z (%) = 175 (12), 174 YI61"], 173 (100), 145 (63), 127 (12), 75
(18), 50 (15).
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1,4-Benzenedicarboxaldehyd€AS&C-2i) CAS: [623-27-8]

yea

O
Compound (AS&C-2i) was prepared from 1,4-benzerstimxalic acid (AS&C-1i) (166 mg,
1.00 mmol) affording 2i as a colorless crystallgsmid; yield: 114 mg (85%). The spectroscopic
data matched those reported in the literature fébg&nzenedicarboxaldehyde (AS&C-2i). m.p.:
115 °C;*H-NMR (400 MHz, CDCY) 6 = 10.13 (s, 2H), 8.04 (s, 4H) ppmC-NMR (101 MHz,
CDCl) & = 191.3, 139.8, 129.9 ppm; MS (El): m/z (%) = X39), 134 (24) [M], 133 (100),
105 (39), 77 (29), 51 (20), 50 (12); IR (KBr) = 308w), 2865 (w), 2807 (w), 1686 (s), 1498
(m), 1367 (m), 1300 (m), 1195 (s), 769 (s) rElemental analysis: Calcd: C, 71.50; H, 4.51;
Found: C, 71.50; H, 4.46.
3,4,5-Trimethoxybenzaldehydd AS&C-2j) CAS: [86-81-7]

O
MeO:Q)LH
e OMe
Compound (AS&C-2j) was prepared from 3,4,5-trimetffzenzoic acid (AS&C-1j) (212 mg,
1.00 mmol) affording 2] as a colorless crystalliselid; yield: 174 mg (75.8%). The
spectroscopic data (NMR) matched those reported the literature for 3,4,5-
trimethoxybenzaldehyde (AS&C-2j). m.p. 75 “E&-NMR (400 MHz, CDC}) § = 9.86 (s, 1H),
7.12 (s, 2H), 3.90-3.97 (m, 9H) ppriC-NMR (101 MHz, CDGJ) & = 190.7, 143.3, 131.4,
106.4, 60.7, 56.0 ppm; MS (El): m/z (%) = 197 (2096 (100) [M], 181 (48), 125 (31), 110
(28), 95 (17), 93 (17); IR (NaCl): = 3091 (w), 298n), 2841 (m), 2753 (w), 1685 (s), 1585 (s),
1505 (s), 1457 (s), 1435 (s), 1423 (s), 1391 (3321(s), 1234 (s), 1146 (s), 1128 (s), 992 (s),
846 (s), 758 (s), 730 (s) cmElemental analysis: Calcd: C, 61.22; H, 6.16; fbLC, 61.46; H,
6.26.
3-Quinolinecarboxaldehyde(AS&C-2k) CAS: [13669-42-6]

= H
b
N

Commpound (AS&C-2k) was prepared from 3-quinolimboaylic acid (AS&C-1k) (177 mg,
1.00 mmol) affording (AS&C-2k) as a colorless cajshe solid; yield: 102 mg (78%). The
spectroscopic data matched those reported in teeatiire for 3-quinolinecarboxaldehyde
(AS&C-2K). m.p. 67 °C'H-NMR (400 MHz, CDC}) & = 10.26 (s, 1H), 9.37 (d,= 1.5Hz, 1H),
8.649 (s, 1H), 8.20 (d = 8.2Hz, 1H), 8.00 (d] = 7.9Hz, 1H), 7.89 (t) = 7.6Hz, 1H), 7.67(t)

= 7.5Hz, 1H) ppm*C-NMR (101 MHz, CDGJ) § = 190.5, 150.4, 148.9, 139.9, 132.5, 129.5,
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129.2, 128.4, 127.7, 126.8 ppm; MS (El): m/z (%)57 (79) [M], 156 (83), 128 (100), 101
(35), 75 (36), 74 (19), 50 (25); IR = 3018 (w), 384v), 2795 (w), 1685 (s) 1620 (w), 1574 (m),
1429 (m), 1218 (m), 1153 (m), 835 (s) EnGC/HRMS-EI m/z [M] calcd. GoH;NO: 157.0527;
found: 157.0528.

1,3-Benzenedicarboxaldehyd€AS&C-2l) CAS: [626-19-7]

'

07 >H

Compound (AS&C-2I) was prepared from 1,3-benzersbmxylic acid (AS&C-1I) (166 mg,
1.00 mmol) affording (AS&C-2l) as colorless crystayield: 56.0 mg (42%). The spectroscopic
data matched those reported in the literature fatb&nzenedicarboxaldehyde (AS&C-2I). m.p.
88 °C;'H-NMR (400 MHz, CDC}) & = 10.11 (s, 2H), 8.38 (s, 1H), 8.15 (dds 7.4, 1.6Hz,
2H), 7.73 (tJ = 7.6Hz, 1H) ppm*C-NMR (101 MHz, CDCJ) § = 191.3, 137.3, 134.9, 131.39,
130.2 ppm; MS (El): m/z (%) = 135 (10), 134 (29)"[ML33 (100), 105 (49), 77 (43), 51 (30),
50 (22); Elemental Analysis; Calcd: C, 71.64; Hhl4.Found: C, 71.15; H, 4.54.
3-AcetamidobenzaldehyddAS&C-2m) CAS: [59755-25-8]

(o]
*a
N
j/
Compound (AS&C-2m) was prepared from 3-acetamidobteracid (AS&C-1m) (179 mg, 1.00
mmol) affording (AS&C-2m) as a colorless crystadlirsolid; yield: 150 mg (92%). The

o

spectroscopic data matched those reported in tieeatlire for 3-acetamidobenzaldehyde
(AS&C-2m).'"H-NMR (400 MHz, CDC}) 5 = 9.88 (s, 1H), 8.96 (s, 1H), 7.82 (i 7.8Hz, 1H),
7.54 (d,J = 7.4Hz, 1H), 7.40 (t) = 7.8Hz, 1H), 2.18(s, 3H) ppm’C-NMR (101 MHz, CDGJ)

8 =192.3, 169.5, 139.1, 136.7, 129.5, 120.4, 24@;MS (EI): m/z (%) = 163 (42) [\, 121
(100), 120 (83), 92 (24), 65 (27), 63 (16), 43 (FHemental Analysis: Calcd: C, 66.25; H, 5.56;
N, 8.58; Found: C, 66.07; H, 5.79; N, 8.45.

3-Cyanobenzaldehydd AS&C-2n) CAS: [24964-64-5]

O
o
CN
Compound (AS&C-2n) was prepared from 3-cyanobenzmicd (AS&C-2n) (150 mg, 1.00
mmol) affording (AS&C-2n) as colorless crystalselg: 102 mg (78%). The spectroscopic data

matched those reported in the literature for 3-op@mzaldehyde (AS&C-2n). m.p. 78 *B:
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NMR (400 MHz, CDC}) & = 10.04 (s, 1H), 8.16 (s, 1H), 8.12 (= 7.8Hz, 1H), 7.91 (d] =
7.8Hz, 1H), 7.69 (t) = 7.6Hz, 1H) ppm**C-NMR (101 MHz, CDCJ) 5 = 189.6, 136.9, 136.5,
132.9, 132.8, 129.8, 117.2, 113.4 ppm; MS: (Elx (86) = 132 (16), 131 (18) [\, 130 (100),
102 (37), 76 (14), 75 (11), 50 (13).

Benzaldehyde(AS&C-20) CAS: [100-52-7]

o
o
Compound (AS&C-20) was prepared from benzoic adi@&C-10) (122 mg, 1.00 mmol)
affording (AS&C-20) as colorless oil; yield: 84.0gn{79%). The spectroscopic data matched
those reported in the literature for benzaldehy&8&C-20). *H-NMR (400 MHz, CDC}) & =
10.01(s, 1H), 7.87(d] = 7.0Hz, 2H), 7.62 (t) = 7.2Hz, 1H), 7.52 (d] = 7.5Hz, 2H) ppm**C-
NMR (101 MHz, CDC}) 6 = 192.7, 134.8, 130.1, 129.7, 129.0 ppm; MS (Eljz (%) = 106
(32) [M"], 105 (100), 78 (14), 77 (91), 51 (49), 50 (410, (@1); IR (NaCl) = 3084 (w), 2818
(m), 2737 (m), 1701 (s), 1596 (s), 1583 (s), 14551390 (s), 1310 (s), 1203 (s), 1167 (s), 1234
(s), 1167 (s), 827 (s), 746 (s), 688 (s)'tm
3-Thiophenecarboxaldehydg AS&C-2p) CAS: [498-62-4]

/' \  H

S
O

Compound (AS&C-2p) was prepared from 3-thiophernsmaylic acid (AS&C-1p) (128 mg,
1.00 mmol) affording (AS&C-2p) as colorless oileld: 79.0 mg (70%). The spectroscopic data
matched those reported in the literature for 3gh@necarboxaldehyde (AS&C-2gH-NMR
(400 MHz, CDC}) 6 =9.93 (s, 1H), 8.12 (dd,= 2.9, 1.2Hz, 1H), 7.51-7.56 (m, 1H), 7.37 (dd,

= 4.4, 2.9Hz 1H) ppnm"C-NMR (101 MHz, CDCJ) & = 185.1, 143.2, 136.9, 127.6, 125.6 ppm;
MS (EI): m/z (%) = 113 (15), 112 (45) [} 111 (100), 83 (20), 58 (11), 57 (8), 45 (21); IR
(NaCl) = 3088 (m), 2820 (m), 2789 (m), 2760 (w)936(s), 1519 (s), 1418 (s), 1391 (s), 1355
(m), 1234 (s), 1046 (s), 863 (s), 728 (s); Elemeatalysis: Calcd: C, 53.55; H, 3.59; S, 28.59;
Found: C, 53.24; H, 3.75; S, 28.70.

2-Methylbenzaldehyde(AS&C-2q) CAS: [529-20-4]

o
cC
Compound (AS&C-2q)was prepared from 2-methylberemmat (AS&C-1qg) (138 mg, 1.00
mmol) affording (AS&C-2q) as colorless oil; yield06.0 mg (88%). The spectroscopic data
matched those reported in the literature for 2-ylb#nzaldehyde (AS&C-2q)H-NMR (400
MHz, CDCk) 6 = 10.28 (s, 1H), 7.88 (dd,= 7.5, 1.3Hz, 1H), 7.47 (dd,= 7.4, 1.6, 1H), 7.24-
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7.41 (m, 2H), 2.68 (s, 3H}*C-NMR (101 MHz, CDGJ) & = 192.5, 140.3, 133.8, 133.3, 131.7,
131.4, 19.3 ppm; MS (El): m/z (%) = 120 (53) TM119 (79), 92 (10), 91 (100), 89 (11), 65
(38), 63 (19); IR (NaCl) = 3067 (w), 2962 (w), 29@®), 2734 (w), 1701 (s), 1600 (s), 1573 (m),
1457 (w), 1438 (w), 1405 (w), 1284 (s), 1211 (s)94 (s), 862 (m), 833 (m), 754 (s);
GC/HRMS-EI m/z [M] calcd. for GHgO: 120.0572; found: 120.0575.
(2E)-3-Phenylprop-2-enal(AS&C-2r) CAS: [104-55-2]

0
o

Compound (AS&C-2r) was prepared from (E)-3-pheryp2-enoic acid (AS&C-1r) (148 mg,
1.00 mmol) affording (AS&C-2r) as colorless oilgld: 90.0 mg (68%). The spectroscopic data
matched those reported in the literature for (2fph8nylprop-2-enal (AS&C-2ryH-NMR (400
MHz, CDCk) 6 =9.72 (dJ= 7.8 Hz, 1 H), 7.58 (dd, = 6.7, 2.7 Hz, 2 H), 7.49 (d,= 16.0 Hz,

1 H), 7.41-7.47 (m, 3 H), 6.73 (dd,= 16.0, 7.8 Hz, 1 H)**C-NMR (101 MHz, CDG) =
193.7,152.7, 134.0, 131.2, 129.1, 128.6, 128.§N&CI) = 3060 (w), 3028 (w), 2814 (w), 2742
(w), 1700 (s), 1625 (s), 1450 (m), 1294 (m), 1184 ©73 (s), 748 (s), 688 (s); Elemental
Analysis: Calcd: C, 81.79; H, 6.10.; Found: C, 81 M4, 6.10.

4-Phenylbutyl aldehyde(3.3-2s): [18328-11-5]

AL,

Compound (3.3-2s) was prepared from 4—phenylbutgdic (3.2-1s) (148 mg, 1.00 mmol)
affording (3.2-2s) as colorless oil; yield: 121 1t82%). The spectroscopic data matched those
reported in the literature for 4-phenylbutylaldeby@.2-2s).*H-NMR (400 MHz, CDC}) & =
9.78 (s, 1 H), 7.31-7.40 (m, 2 H), 7.20-7.28 (nH)32.70 (t,J = 7.6 Hz, 2 H), 2.48 () = 7.2

Hz, 2 H), 1.94-2.08 (m, 2 H) ppmiC-NMR (101 MHz, CDGJ) & = 202.1, 141.1, 128.3, 128.3,
125.9, 42.9, 34.8, 23.5 ppm; MS (El): m/z (%) = 188(M"), 147 (1), 130 (57), 104 (100), 91
(38), 55 (15).

7.7 Microwave-Assisted Copper-Catalyzed Protodecarboxgtion of Arenecarboxylic
Acids

7.7.1 General ethodsfor the Synthesis of Arenes
Method A.

An oven-dried 10 mL microwave vial was charged wiftb carboxylic acid (1.0 mmol), @D

(7.2 mg, 0.05 mmol), and 1,10-phenanthroline (18§ @0 mmol). After the reaction mixture

was made inert, a mixture of NMP (1.5 mL) and qlimeo (0.5 mL) was added via syringe. The
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resulting mixture was submitted to microwave ireditin at 190 °C for 15 min at a maximum
power of 150 W and subsequently air-jet cooledotmn temperature. The maximum pressure
detected during the reaction was 5.5 bar. The mexttas then diluted with agueous HCI (5N, 10
mL) and extracted repeatedly with diethyl ethem(R portions). The combined organic layers
were washed with water and brine, dried over MgS&w filtered. The corresponding arene
was obtained in pure form after removal of the snts by distillation over a Vigreux column.
Method B.

Method B is analogous to method A but with a loweading of the copper/phenanthroline
catalyst and microwave irradiation at 190 °C fomb at a maximum power of 150 W. The
following amounts were used: carboxylic acid (&b, (1.0 mmol), CwO (1.5 mg, 0.01 mmol),
and 1,10-phenanthroline (3.6 mg, 0.02 mmol).

7.7.2 Synthesisof Arenes
Anisole (JOC-2a) CAS: [100-66-3]

©/OMG

Synthesized from 4-methoxybenzoic acid (JOC-1ap (dfy, 1.00 mmol) following method A
and obtained as colorless liquid (84 mg, 77%). 3pectroscopic data matched those reported in
the literature’H-NMR (400 MHz, CDC}): & = 7.31-7.37 (m, 2H), 6.94-7.02 (m, 3H), 3.84 (s,
3H) ppm;**C-NMR (101 MHz, CDCJ): & = 159.6, 129.4, 120.6, 113.9, 55.0 ppm; MS (E m/
(%) = 108 (100) [M], 78 (7), 65 (10), 63 (5); IR (NaCl) = 3031 (W@ (w), 2945 (w), 1599
(m), 1587 (m), 1496 (s), 1243 (s), 1038 (s), 79 1EEemental analysis:Calcd: C, 77.75; H, 7.46;
Found: C, 78.01; H, 7.35.

Nitrobenzene(JOC-2b) CAS: [98-95-3].

Synthesized from 2-nitrobenzoic acid (JOC-1b) (b&y, 1.00 mmol) following method B (105
mg, 85%), from 3-nitrobenzoic acid (JOC-1l) (167,mMg0 mmol) following method B (107
mg, 87%), and from 4-nitrobenzoic acid (JOC-1c)7(16g, 1.00 mmol) following method A
(105 mg, 86%), obtained each time as yellow liqlide spectroscopic data all matched those
reported in the literaturéH-NMR (400 MHz, CDC}): & = 8.21 (ddd,) = 8.8, 1.8, 1.6 Hz, 2H),
7.66-7.71 (m, 1H), 7.50-7.56 (m, 2H) ppMC-NMR (101 MHz, CDCJ): § = 148.3, 134.5,
129.2, 123.4 ppm; MS (El): m/z (%) = 123 (88)IM107 (100), 93 (59), 91 (15), 77 (27), 65
(44), 51 (12); IR (NaCl) = 3076 (w), 3027 (w), 29{@Q), 2861 (w), 1518 (s), 1343 (s), 851 (s),
792 (s); Elemental analysis: Calcd: C, 66.25; B65N, 8.58; Found: C, 66.01; H, 5.52; N, 8.55.

93



EXPERIMENTAL SECTION

Benzonitrile (JOC-2c) CAS: [100-47-0]

e

Synthesized from 4-cyanobenzoic acid (JOC-1d) (g7 1.00 mmol) following method A and
obtained as a colorless liquid (84 mg, 81%). Thecspscopic data matched those reported in
the literature’H-NMR (400 MHz, CDC}): & = 7.55-7.64 (m, 3H), 7.44 {,= 7.8 Hz, 2H) ppm.
3C-NMR (101 MHz, CDGCJ): 6 = 132.6, 132.0, 129.0, 118.6, 112.5 ppm; MS (Eiz (%) =
103 (100) [M], 76 (41), 63 (3), 50 (21); IR (NaCl) = 3066 (V@228 (m), 1490 (m), 1447 (m),
755 (8), 686 (s); GC/HRMS-EI m/z [Wicalcd. for GHsN: 103.0422; found: 103.0422.
Benzaldehyde(JOC-2d) [CAS: 100-52-7]

0
o

Synthesized from 4-formylbenzoic acid (JOC-1e) (b&f) 1.00 mmol) following method A and
obtained as a yellow liquid (68 mg, 64%). The smsctopic data matched those reported in the
literature.*H-NMR (400 MHz, CDCY): & = 9.98 (s, 1H), 7.83-7.87 (m, 2H), 7.59 {tt 7.4, 1.4
Hz, 1H), 7.49 (tJ = 7.6 Hz, 2H) ppm*C-NMR: (101 MHz, CDCJ): § = 192.1, 136.5, 134.3,
129.6, 128.9 ppm; MS (El): m/z (%) = 106 (17)IM105 (100), 77 (18), 51 (10).
Acetophenong(JOC-2e) [CAS: 98-86-2]

(0]

o

Synthesized from 4-acetylbenzoic acid (JOC-1f) (kg 1.00 mmol) following method A (95
mg, 79%) and from 2-acetylbenzoic acid (JOC-1n}¥(ftg, 1.00 mmol) following method B
(101 mg, 84%), both times obtained as a yellowitiqlihe spectroscopic data all matched those
reported in the literaturéH-NMR (600 MHz, CDC}): 6 = 7.93 (dd,) = 8.1, 0.9 Hz, 2H), 7.54 (t,
J=7.4 Hz, 1H), 7.44 () = 7.7 Hz, 2H), 2.58 (s, 3H) ppm:C-NMR (151 MHz, CDGJ): & =
198.2, 137.0, 133.1, 128.5, 128.2, 26.5 ppm; MS: (@lz (%) = 120 (7) [M], 105 (100), 77
(78), 51 (35); IR = 3031 (w), 3003 (w), 2970 (W},3B (s), 1365 (m), 1217 (m), 1243 (s), 760 (s)
cm’; Elemental analysis: Calcd: C, 79.97; H, 6.71;rbC, 79.47; H, 6.50.
Ethylbenzene(JOC-2f) CAS: [100-41-4]

o

Synthesized from 4-ethylbenzoic acid (JOC-1g) (&) 1.00 mmol) following method A. The
identity of the product (JOC-2f) was confirmed byC®IS and the yield determined by

quantitative GC to be 80% based on a responserfabtained with commercial ethylbenzene
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using ntetradecane (L) as an internal gas chromatographic standard (S m/z (%) = 107
(3), 106 (35) [M], 91 (100), 77 (9), 65 (14), 50(9).
Trifluoromethylbenzene (JOC-2g) CAS: [98-08-8]

©/CF3

Synthesized from 4-(trifluoromethyl)benzoic acidd@1h) (190 mg, 1.00 mmol) following
method A. The identity of the product (JOC-2g) wamfirmed by GC-MS and the yield
determined by quantitative GC to be 22%, based m@sponse factor obtained with commercial
trifluoromethylbenzene using n-tetradecanebpas an internal gas chromatographic standard.
MS (El): m/z (%) = 146 (100) [N, 145 (58), 127 (57), 96 (52), 77 (13), 51(21).
Chlorobenzene(JOC-2h) [CAS: 108-90-7]

©/CI

Synthesized from 4-chlorobenzoic acid (JOC-1i) (% 1.00 mmol) following method A. The
identity of the product (JOC-2h) was confirmed b¥-GIS and the yield determined by
guantitative GC to be 90% based on a responserfabtained with commercial chlorobenzene
using ntetradecane (L) as an internal gas chromatographic standard (S m/z (%) = 112
(100) [M"], 77 (57), 51 (23), 50 (22).

Phenol (JOC-2i) CAS: [108-95-2]

©/OH

Synthesized from 4-hydroxybenzoic acid (JOC-1j)§(18g, 1.00 mmol) following method A.
The identity of the product (JOC — 2i) was confichiey GC-MS and the yield determined by
quantitative GC to be 64%, based on a responserfabtained with commercial phenol using n-
tetradecane (5QL) as an internal gas chromatographic standard.(B1B m/z (%) = 94 (100)
[M™], 66 (56), 65 (40).

Toluene (JOC-2j) [CAS: 108-88-3]

o

Synthesized from 3-methylbenzoic acid (JOC-1k) (3% 1.00 mmol) following method A.
The identity of the product (JOC-2j) was confirmeg GC-MS and the yield determined by
guantitative GC to be 99%, based on a responserfabtained with commercial toluene using
n-tetradecane (50L) as an internal gas chromatographic standard (BB m/z (%) = 92 (42)
[M™], 91 (100), 77 (1), 65 (15), 63 (8), 50 (6).
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Diphenylamine (JOC-2Kk) [CAS: 122-39-4]

S

Synthesized from 2-(phenylamino) benzoic acid (JOG)-(213 mg, 1.00 mmol) following
method B and obtained as a white solid (107 mg,)638p 49-51 °C. The spectroscopic data
matched those reported in the literature for digtemine (JOC — 2k). m.p. 52-56 °C; 1H-NMR
(400 MHz, CDC}): 6 = 7.27-7.35 (m, 4H), 7.11 (dd,= 7.6, 0.8 Hz, 4H), 6.97 (td,= 7.3, 1.0
Hz, 2H), 5.73 (s, 1H) ppr?C-NMR (101 MHz, CDGJ): 6 = 143.3, 129.3, 121.0, 117.9 ppm;
MS: (El): m/z (%) = 169 (100) [N, 168 (64), 141 (8), 84 (9), 77 (11), 65 (10), &1n);
GC/HRMS-EI m/z [M] calcd. for GoH1:N: 169.0890; found: 169.0891.

Methyl Phenyl Sulfone(JOC-2I) CAS: [3112-85-4]

S
L

Synthesized from 2-(methylsulfonyl)benzoic acid @30o) (200 mg, 1.00 mmol) following
method B and obtained as a white solid (109 mg,)708p. 85-87 °C. The spectroscopic data
matched those reported in the literature for megtyenyl sulfone (JOC — 2I). m.p.: 88 °C;
"HNMR (400 MHz, CDC}): 6 = 7.87-7.92 (m, 2H), 7.58-7.64 (m, 1H), 7.50-7(66 2H), 3.01
(s, 3H) ppm;**C-NMR (50 MHz, CDC}): & = 140.5, 133.5, 129.2, 127.1, 44.3 ppm. MS (El):
m/z (%) = 156 (6) [M], 141 (33), 94 (72), 77 (100), 65 (14), 51, (4B; (KBr) = 3010 (w),
3024 (w), 2928 (w), 1584 (w), 1447 (s), 1327 (£93.(s), 1282 (s), 1143 (m), 1084 (m), 745 (s)
cm’; Elemental analysis: Calcd: C 53.82; H 5.16, $20Found: C 53.70; H 5.13, S 20.31.
Isopropyl benzoate(JOC-2m) CAS: [939-48-0]

5

Synthesized from 2-(isopropyloxycarbonyl)benzoicdda¢JOC-1p) (208 mg, 1.00 mmol)
following method B and obtained as yellow liquid391 mg, 85%). The spectroscopic data
matched those reported in the literature for ispprdenzoate (JOC-2mjH-NMR (400 MHz,
CDCl): 8 = 8.01-8.06 (m, 2H), 7.51 (i, = 7.4, 1.3 Hz, 1H), 7.38-7.43 (m, 2H), 5.20-5.81) (
1H), 1.36 (d,J = 6.3 Hz, 6H) ppm*C-NMR: (101 MHz, CDCJ): § = 165.9, 132.5, 130.9,
129.4, 128.1, 68.2, 21.8 ppm; MS (El): m/z (%) #4147) [M], 123 (26), 105 (100), 77 (21),
51 (12).
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Thiophene (JOC-2n) [CAS: 110-02-1]

S

W

Synthesized from thiophene-2-carboxylic acid (J@E{128 mg, 1.00 mmol) following method

B at 160 °C reaction temperature. The identityhef product 2n was confirmed by GC-MS and

the yield determined by quantitative GC to be 62#sed on a response factor obtained with
commercial thiophene using n-tetradecaneyBbpas an internal gas chromatographic standard.
MS (El): m/z (%) = 84 (100) [M, 83 (6), 69 (4), 58 (9), 45 (14).

Furan (JOC-20) [CAS: 110-00-9]

(0]

W

Synthesized from furan-2-carboxylic acid (JOC-13Z mg, 1.00 mmol) following method B at
160 °C reaction temperature. The identity of thedpct 20 was confirmed by GC-MS and the
yield determined by quantitative GC to be 99% baeada response factor obtained with
commercial furan using n-tetradecane (&0 as an internal gas chromatographic standard. MS
(ED): m/z (%) = 68 (100) [M], 67 (2), 45 (4), 40 (5).

Naphthalene(JOC-2p) CAS: [91-20-3]

Synthesized from 1-naphthoic acid (JOC-1s) (172 in@D0 mmol) following method B and
obtained as a white solid (49 mg, 38%). The spsctpic data matched those reported in the
literature for naphthalene (JOC-2p). m.p.: 81 ¥&:NMR (600 MHz, CDC}): & = 7.84 (td,J =

6.2, 2.9 Hz, 4H), 7.48 (td} = 6.3, 3.1 Hz, 4H) ppm-*C-NMR: (151 MHz, CDCJ): & = 133.4,
127.9, 125.8 ppm; MS (EI): m/z (%) = 128 (100)"[M126 (8), 102 (14), 87 (2), 75 (6), 63 (7),
50 (7); IR (KBr) = 3085 (w), 3029 (w), 3049 (m),95(w), 1503 (w), 1388 (s), 1210 (m), 1122
(m), 774 (s); Elemental analysis: Calcd: C, 93H16.29; Found: C, 93.42; H, 6.13.
4-Nitrotoluene (JOC-2q) CAS: [99-99-0]

ol

Synthesized from 5-methyl-2-nitrobenzoic acid (JOET(197 mg, 1.00 mmol) following method
B and obtained as a colorless solid (109 mg, 80Bg spectroscopic data (NMR, GC-MS)
matched those reported in the literature for 4etiiuene (JOC-2q). m.p. 51 °&4-NMR (600
MHz, CDCk): & = 8.11 (d,J = 8.5 Hz, 2 H) 7.31 (d] = 8.2 Hz, 2 H) 2.46 (s, 3 H) ppriC-
NMR (151 MHz, CDCY): 6 = 145.9, 129.8, 123.5, 21.6 ppm; MS (El): m/z #6137 (100)
[M™], 136 (99), 107 (87), 91 (99), 77 (47), 65 (99,(86); IR (KBr)= 3107 (w), 3082 (w), 2937
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(W), 2842 (w), 1596 (m), 1509 (s), 1339 (s), 1168,(835 (s), 735 (s) cth Elemental analysis:
Calcd: C, 61.31; H, 5.14; Found: C, 60.87; H, 5.46.

7.8 Oxidative Trifluoromethylation of Arylboronates wit h Shelf-Stable Potassium

(trifluoromethyl)trimethoxyborate

7.8.1 General Methodsfor the Synthesis of Arylboronates

A 20 mL reaction vessel was charged with respechweonic acid (10.0 mmol) and 2,3-
dimethyl-2,3-butandiol (pinacol) (1.19 g, 10.0 mindlhe resulting mixture was stirred at 150
°C. After 1 h, it was allowed to cool to room temgdere. The reaction mixture was filtered
through a plug of basic alox, rinsed with ethylatetand the combined rinsings were filtered
through compressed celite. After removing the sulvéhe pinacol ester was purified by
recrystalization (methanol). The identity and puof the products were confirmed biyl- **C-
and''B-NMR spectroscopy, mass spectroscopy, elemen#ysis, infrared spectroscopy and, if
a solid product was obtained, the melting pointsevgetermined.

7.8.2 Synthesisof Arylboronates
1-Naphthaleneboronic acid pinacol esterGEJ-1a CAS: [68716-52-9]

(CEJ-1a)was synthesized following the general proceduregudi-naphthaleneboronic acid
(8.60 g, 50.0 mmol) and pinacol (5.97 g, 50.0 mmaok) purified by recrystalization (methanol),
affording (CEJ-1a) as a colorless solid (9.50 g%J5m.p.: 59.4 °C!H-NMR (400 MHz,
CDCl;) 6 =8.81 (dJ = 7.8 Hz, 1H), 8.12 (d] = 6.3 Hz, 1H), 7.97 (d] = 8.2 Hz, 1H), 7.87 (d]

= 7.8 Hz, 1H), 7.54-7.60 (m, 1H), 7.51 Jt= 7.4 Hz, 2H), 1.46 (s, 12H) ppriC-NMR (101
MHz, CDCk) 6 = 136.9, 135.6, 133.2, 131.6, 128.4, 128.3, 12k28,4, 124.9, 83.7, 24.9 ppm;
B-NMR (128 MHz, CDC}) = 31.43 (s, 1 B) ppm; MS: (El): m/z (%) = 254 (L0®1*], 211
(14), 181 (16), 168 (19), 154 (19), 153 (13); IRG44 (w), 2994 (w), 2974 (w), 2453 (w), 1577
(w), 1508 (w), 1401 (m), 1355 (s), 1334 (vs), 1467, 1141 (vs), 1088 (m), 990 (m), 771
(s) cm’; Elemental Analysis: Calcd: C, 75.62; H, 7.54;rfduC, 75.53; H, 7.64.
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2,4,6-Trimethylphenylboronic acid pinacol estefCEJ-1b) CAS: [171364-84-4]

&

(CEJ-1b) was synthesized following the general gulace using 2,4,6-trimethylphenylboronic
acid (820 mg, 5.00 mmol) and pinacol (597 mg, 5M@ol) and purified by recrystalization
(methanol), affording (CEJ—1b) as a colorless s(lid4 g, 93 %). m.p. 47.2 °GH-NMR (400
MHz, CDChk) 6 = 6.81 (s, 2H), 2.41 (s, 6H), 2.28 (s, 3H), 1.4112H) ppm;**C-NMR 101
MHz, CDCk) & = 142.1, 138.9, 127.4, 83.4, 24.9, 22.1, 21.2 ppByNMR (128 MHz, CDC))

8 = 32.31 (s, 1B) ppm; MS: (El): m/z (%) = 246 {ML00), 190 (28), 189 (65), 147 (48), 146
(48), 131 (28); IR (KBr) = 3026 (w), 2990 (w), 29Tw), 2923 (w), 1738 (w), 1611 (w), 1445
(w), 1370 (m), 1330 (s), 1295 (vs), 1143 (s), 1q8% 848 (m), 682 (m) cih Elemental
Analysis: Calcd: C, 73.19; H, 9.42. Found: C, 731829.64.

3,4,5-Trimethoxyphenylboronic acidpinacol ester CEJ-1c) CAS: [214360-67-5]

(CEJ-1c) was synthesized following the general gulace using 3,4,5-trimethoxyphenylboronic
acid (546 mg, 2.50 mmol) and pinacol (298 mg, 2rfol) and purified by recrystalization
(methanol), yielding colorless solid (654 mg, 89 %).p.: 103.6 °C:'H-NMR (400 MHz,
CDCl) & = 7.05 (s, 2H), 3.91 (s, 6H), 3.88 (s, 3H), 1.8512H) ppm;**C-NMR (101 MHz,
CDCl) & = 152.8, 140.8, 111.2, 83.8, 60.7, 56.1, 24.8 ppB¥NMR (128 MHz, CDC}) § =
30.57 (s, 1B) ppm; MS: (El): m/z (%) = 294(100)[M280 (47), 279 (15), 252 (13), 195 (17),
194 (14); IR (KBr) = 3019 (w), 2989 (w), 2975 (w940 (w), 2845 (w), 2822 (w), 1739 (w),
1578 (w), 1398 (m), 1238 (m), 1121 (vs), 1010 (865 (m), 849 (s) cifli Elemental Analysis:
Calcd: C, 61.25; H, 7.88; Found: C, 61.09; H, 7.73.

6-Methoxy-2-naphthaleneboronic acid pinacol estefCEJ —1e) CAS: [269410-13-1]

IOJ{Y
B.

’
MeO

(CEJ-1e) was synthesized following the general gmoce using 6-methoxy-2-
naphthaleneboronic acid (1.04 g, 5.00 mmol) an@gqoh (597 mg, 5.00 mmol) and purified by
recrystalization (methanol), affording (CEJ —le)aagpale orange solid (1.21 g, 85 %). m.p.
100.1 °C;*H-NMR (400 MHz, CDC}) & = 8.33 (s, 1H), 7.78-7.89 (m, 2H), 7.74 Jd; 8.2 Hz,

1H), 7.11-7.19 (m, 2H), 3.93 (s, 3H), 1.41 (s, 12im; *C-NMR (101 MHz, CDCJ) § =
99
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158.5, 136.4, 135.9, 131.1, 130.2, 128.3, 125.8,611105.6, 83.7, 55.2, 24.9 ppmB-NMR
(128 MHz, CDC}) & = 30.94 (s, 1 B) ppm; MS: (El): m/z (%) = 284 (Jg™7], 270 (9), 200
(9), 199 (28), 186 (7), 185 (14); IR (KBr) = 2988&)( 2939 (w), 2842 (w), 1625 (m), 1485 (s),
1380 (m), 1339 (vs), 1207 (vs), 1138 (vs), 1079 &8B (vs), 833 (m), 813 (m), 693 (s) ¢m
Elemental Analysis: Calcd: C, 71.86; H, 7.45; Faudd71.89; H, 7.46.

2-Naphthaleneboronic acid pinacol este(CEJ-1g) [CAS: 256652-04-7]

(CEJ-1g) was synthesized following the general gaace using 2-naphthaleneboronic acid (860
mg, 5.00 mmol) and pinacol (597 mg, 5.00 mmol) podfied by recrystalization (methanol),
affording (CEJ-1g) as a colorless solid (1.11 g,98)¢ m.p. 104.2 °C*H-NMR (400 MHz,
CDCly) & = 8.40 (s, 1H), 7.75-8.03 (m, 4H), 7.42-7.62 (H),21.42 (s, 12H) ppm-*C-NMR
(101 MHz, CDCY) 6 = 136.2, 135.0, 132.8, 130.4, 128.6, 127.7, 121726,8, 83.9, 24.9 ppm;
B-NMR (128 MHz, CDC}) § = 31.11 (s, 1 B) ppm; MS: (El): m/z (%) = 254 (10®1*], 253
(34), 211 (19), 169 (21), 168 (83), 155 (19), 188)(; IR (KBr) = 3053 (w), 2993 (w), 2980 (w),
2971 (w), 1629 (w), 1598 (w), 1477 (m), 1370 (351 (vs), 1338 (vs), 1297 (s), 1132 (vs),
1078 (m), 963 (m), 849 (s), 824 (s), 748 (vs), @9 cm’; Elemental Analysis: Calcd: C,
75.62; H, 7.54; Found: C, 75.67; H, 7.41.

1-Phenoxyphenylboronic acid pinacol estefCEJ—1h) CAS: [269410-26-6]

(CEJ-1h) was synthesized following the generatg@dare using 1-phenoxyphenylboronicacid
(2.14 g, 10.0 mmol) and pinacol (1.19 g, 10.0 mmaok) purified by recrystalization (methanol),
affording the (CEJ—1h) as a colorless solid (2.274%). m.p. 54.1 °C*H-NMR (400 MHz,
CDCly) & = 7.84 (dJ = 8.6 Hz, 2H), 7.34-7.42 (m, 2H), 7.16Jt= 7.2 Hz, 1H), 7.06-7.10 (m,
2H), 7.03 (dJ = 8.6 Hz, 2H), 1.38 (s, 12H) ppmiC-NMR (101 MHz, CDCJ) & = 160.1, 156.5,
136.6, 129.7, 123.6, 119.4, 117.6, 83.6, 24.8 ppBxNMR (128 MHz, CDC}) § = 30.78 (s, 1
B) ppm; MS: (El): m/z (%) = 296(100) [Nl 282 (33), 211 (11), 210 (9), 197 (20), 77 (8; |
(KBr) = 2994 (m), 2980 (m), 1605 (w), 1585 (s), 25W), 1488 (m), 1393 (m), 1355 (vs), 1234
(vs), 1141 (vs), 1090 (s), 857 (m), 838 (m), 832 ¢ém*; Elemental Analysis: Calcd: C, 73.00;
H, 7.15; Found: C, 73.03; H, 7.18.
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7.8.3 General Methods for the Synthesis of Benzotrifluorides

A 20 mL reaction vessel was charged with respedtorenic acid pinacol ester (CEJ 1a-s), (0.50
mmol), copper(ll) acetate (90.9 mg, 0.50 mmol) andpotassium
(trifluoromethyl)trimethoxyborate (216 mg, 1.00 mipdry DMSO (2.5 mL) was added, the
reaction vessel was briefly purged with oxygen, @redresulting mixture was stirred at 60 °C for
16 h at ambient oxygen pressure. After coolinganr temperature, the reaction mixture was
diluted with diethyl ether (20 mL) and washed wsthturated aqueous sodium bicarbonate (20
mL) solution. The aqueous layer was extracted widthyl ether (3x20 ml), and the organic
layers were washed with water and brine, dried dwg6Q,, filtered and concentrated. The
residue was purified by column chromatography ¢Sicehexane) to yield products (CEJ 2a-s).
The identity and purity of the known compounds veasfirmed by'H- °C- and**F-NMR
spectroscopy, mass spectroscopy, IR spectroscapBAMS whereas melting points were also
reported for solid compounds.

7.8.4 Synthesisof Benzotrifluorides
1-Trifluoromethylnaphthalene (CEJ-2a) [CAS: 26458-04-8]

(CEJ-2a) was synthesized following the general gulace using 1-naphthylboronic acid pinacol
ester (CEJ-1a) (268 mg, 1.00 mmol), copper(ll) @ee{182 mg, 1.00 mmol) and potassium
(trifluoromethyl)trimethoxyborate (432 mg, 2.00 minand purified by column chromatography
(SiO,, n-pentane), affording (CEJ-2a) (144 mg, 73.4 $paolorless oil'H-NMR (400 MHz,
CDCls) 8 =8.23 (dJ = 7.8 Hz, 1 H), 8.04 (dl = 8.2 Hz, 1 H), 7.94 (dl = 7.8 Hz, 1 H), 7.89 (d,
J=7.4Hz, 1 H), 7.57-7.69 (m, 2 H), 7.52J& 7.6 Hz, 1 H) ppm*°*C-NMR (101 MHz, CDGJ)

6 = 133.9, 132.7, 128.9 , 128.7, 127.6, 126.4-1248 126.2 (qJ = 30.2Hz), 124.7 () =
273.7Hz), 124.3 (¢J = 2.7Hz) 124.7 (q) = 6.5Hz) ppm;'*F NMR (376 MHz, CDGJ): & = -
59.71 (s) ppm; MS (El): m/z (%) = 197 (13), 196@L{M™], 195 (7), 177 (15), 176 (7), 146 (9),
126 (7); IR (NaCl) = 1645 (w), 1635 (w), 1627 (W85 (W), 1513 (w), 1465 (w), 1449 (w),
1353 (w), 1316 (m), 1262 (m), 1134 (m), 1118 (n®68 (w), 1026 (w), 976 (w), 922 (w), 864
(w), 804 (w), 774 (w), 732 (w), 450 (vs) EmGC/HRMS-EI m/z [M] calcd. for GiHFs:
196.0500; found: 196.0506.
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1,3,5-Trimethyl-2-(trifluoromethyl)-benzene (CEJ-2b) [CAS: 3360-56-3]

(CEJ-2b) was synthesized following the general gulace using 2,4,6-trimethylphenylboronic
acid pinacol ester (CEJ-1b) (260 mg, 1.00 mmolppeo(ll) acetate (182 mg, 1.00 mmol) and
potassium (trifluoromethyl)trimethoxyborate (432 ,m@00 mmol) and purified by column
chromatography (Si§) n-pentane), affording (CEJ—2b) (92 mg, 49 %) alarless oil.'H-
NMR (400 MHz, CDC}) & = 6.91 (s, 2 H), 2.46 (g} = 3.2 Hz, 6 H), 2.31 (s, 3 H) pprhiC-
NMR (101 MHz, CDC4) 6 = 140.8, 137.3 (g] = 4.2Hz) 130.8, 124.8 (4,= 276Hz), 124.9 (¢

= 29.1Hz) 120.0, 21.3 (g} = 4.2Hz), 20.8 ppm'*F NMR (376 MHz, CDG): & = -53.69 (s)
ppm; MS (El): m/z (%) = 188 (89) [N, 187 (18), 173 (80), 133 (14), 119 (100), 91 (20)
(24); IR (NaCl) = 2979 (s), 2933 (s), 1733 (w), I7MW), 1611 (m), 1579 (w), 1457 (m), 1433
(s), 1294 (s), 1150 (s), 1110 (vs), 1040 (s), 884 754 (w), 744 (w), 590 (w), 562 (w), 450 (s)
cm™; GC/HRMS-EI m/z [M] calcd. for GoH11Fs: 188.0813; found: 188.08109.
1,2,3—Trimethoxy-5-(trifluoromethyl)-benzene(CEJ-2c)

MeO CF,

MeO]iO;Me/

(CEJ-2c) was synthesized following the general @doce using 3,4,5-trimethoxyphenylboronic
acid pinacol ester (CEJ-1c) (147 mg, 0.50 mmolppes(ll) acetate (90.9 mg, 0.50 mmol) and
potassium (trifluoromethyl)trimethoxyborate (216 ,mp00 mmol) and purified by column
chromatography (Si§) n-hexane), affording (CEJ-2c) (74 mg, 62.7 %aa®lorless solid. m.p.
66.7 °C;*H-NMR (400 MHz, CDC}) & = 6.83 (s, 2 H), 3.90 (s, 6 H),3.88 (s, 3 H) ppfig-
NMR (101 MHz, CDCY}) 6 = 153.4, 140.6, 125.6 (d,= 32.4Hz) 123.6 (q) = 271.9Hz), 102.5
(q,J = 3.7Hz) 91.6, 60.8, 56.2 pprtF NMR (376 MHz, CDGJ): & = -62.12 (s) ppm; MS (El):
m/z (%) = 236 (100) [M], 221 (79), 193 (42), 178 (47), 163 (36), 161 (31 (23); IR (KBr) =
3014 (w), 2978 (w), 2949 (w), 2933 (w), 2850 (W3Z (w), 2716 (w), 1738 (w), 1595 (m),
1509 (w), 1469 (m), 1458 (w), 1418 (m), 1353 (n)73 (w), 1244 (m), 1227 (m), 1165 (m),
1103 (vs), 1066 (m), 992 (s), 951 (w), 894 (m), &40, 833 (m), 815 (w), 780 (m), 705 (m),
673 (m) cnt; GC/HRMS-EI m/z [M] calcd. for GoH11 Fs0s: 236.0660; found: 236.0650.
1-[4-(Trifluoromethyl)phenoxy]methyl]-naphthalene (CEJ-2d) CAS: [785789-59-5]

CF.

3

(CEJ-2d) was synthesized following the general @doce using 4-[(1-

naphthyloxy)methyl]phenylboronic acid pinacol eqfeEJ-1d) (360 mg, 1.00 mmol), copper(ll)
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acetate (182 mg, 1.00 mmol) and potassium (triloethyl)trimethoxyborate (432 mg, 2.00
mmol). and purified by column chromatography (§i®-hexane), affording (CEJ-2d) (298 mg,
98.6 %) as a colorless solid. m.p. 79.5 *@&:NMR (400 MHz, CDC}) & = 8.33-8.39 (m, 1 H),
7.82-7.86 (m, 1 H), 7.70 (n3,= 8.2 Hz, 2 H), 7.67 (m] = 8.2 Hz, 2 H), 7.53 (ddd,= 7.5, 5.1,
1.8 Hz, 2 H), 7.49 (d)=8.2 Hz, 1 H), 7.39 (1) = 7.9 Hz, 1 H), 6.87 (d] = 7.3 Hz, 1 H), 5.33
(s, 2 H) ppm}*C-NMR (101 MHz, CDGJ) & = 154.1, 141.2, 134.6, 130.1 (b= 31.9Hz) 127.5,
127.3, 126.6, 125.7, 125.6 (q, J = 4.2Hz) 125.2,@,2124.2 (g) = 271.9Hz), 120.9, 105.2, 69.2
ppm.**F NMR (376 MHz, CDG)): & = -62.49 (s) ppm; MS (EI): m/z (%) = 303 (16), 307)
[M™], 159 (100), 143 (39), 115 (54), 109 (21), 89 (1R)(KBr) = 3073 (w), 3052 (w), 2186 (W),
2162 (w), 2051 (w), 1936 (w), 1925 (w), 1846 (w812 (w), 1737 (w), 1622 (w), 1598 (w),
1579 (w), 1507 (w), 1462 (w), 1418 (w), 1406 (WR98B (w), 1323 (m), 1264 (m), 1238 (m),
1228 (w), 1214 (w), 1167 (m), 1112 (s), 1095 (§63 (s), 1017 (m), 971 (w), 956 (w), 884 (w),
855 (w), 825 (m), 795 (s), 769 (vs) ¢mGC/HRMS-EI m/z [M] calcd. for GgHi3Fs0:
302.0918; found: 302.0908.

2-Methoxy-6-(trifluoromethyl)-naphthalene (CEJ-2e) [CAS: 39499-17-7]

MeO

(CEJ-2e) was synthesized following the general gulace using 6-methoxy-2-naphthoylboronic
acid pinacol ester (CEJ-1e) (142 mg, 0.50 mmolpper(ll) acetate (90.9 mg, 0.50 mmol) and
potassium (trifluoromethyl)trimethoxyborate (216 ,mp00 mmol) and purified by column
chromatography (Si§) n-hexane), affording (CEJ-2e) (80.2 mg, 70.7 %)aacolorless solid.
m.p. 74.9 °C*H-NMR (400 MHz, CDC}) 6 = 8.08 (s, 1 H), 7.82 (dd, = 8.6, 3.1 Hz, 2 H),
7.59-7.64 (m, 1 H), 7.25 (dd,= 9.0, 2.3 Hz, 1 H), 7.18 (d,= 2.3 Hz, 1 H), 3.96 (s, 3 H) ppm;
3C-NMR (101 MHz, CDC)) & = 159.2, 136.1, 130.2, 127.6, 127.5, 125.4)(g,4.6Hz) 125.5
(9, J = 32.4) 122.0 (q) = 3.7Hz) 124.6 (g = 271.9) 120.1, 105.7, 55.3 ppME NMR (376
MHz, CDCk): & = -61.85 (s) ppm; MS: (El): m/z (%) = 227 (13),62@00) [M], 207 (8), 184
(6), 183 (14), 164 (6), 133 (12); IR (KBr) = 3034)( 2974 (w), 2948 (w), 2853 (w), 2187 (w),
2163 (w), 2052 (w), 2036 (w), 1927 (w), 1773 (wy39 (w), 1717 (w), 1630 (w), 1615 (w),
1586 (w), 1493 (m), 1460 (w), 1440 (w), 1385 (Wg1é (m), 1276 (m), 1209 (m), 1194 (m),
1172 (s), 1164 (s), 1145 (s), 1130 (m), 1109 (¥68K6 (s), 1029 (s), 958 (w), 909 (s), 856 (vs),
824 (s), 754 (w), 707 (w), 683 (m) EmGC/HRMS-EI m/z [M] calcd. for GiHgFsO: 226.0605;
found: 226.0614.
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5-(Trifluoromethyl)-1,3-benzodioxole (CEJ-2f) CAS: [1254164-46-9]

Y
(0]

(CEJ-2f) was synthesized following the general pdare using 1,3-benzodioxol-5-ylboronic
acid pinacol ester (CEJ-1f) ( 248mg, 1.00 mmolpp=x(ll) acetate (182 mg, 1.00 mmol) and
potassium (trifluoromethyl)trimethoxyborate (432 ,nm&00 mmol) and purified by column
chromatography (Si§ n-pentane), affording (CEJ-2f) (129 mg, 68 %)aasolorless oil *H-
NMR (400 MHz, CDC}) 6 = 7.14-7.17 (m, 1 H), 7.05 (d,= 1.8 Hz, 1 H), 6.87 (d1= 8.2 Hz, 1
H), 6.05 (s, 2 H) ppm**C-NMR (101 MHz, CDCJ) & = 150.3, 147.9, 124.3 (d,= 33.3Hz),
124.0 (g,J = 270.5Hz), 119.8 (q] = 4.2Hz), 108.2, 105.8 (d,= 2.77Hz), 101.9 ppnt’F NMR
(376 MHz, CDC}): § = -61.50 (s) ppm; MS (EI): m/z (%) = 191 (6), 1&T¥) [M], 189 (100),
188 (4), 171 (12), 141 (3), 63 (11); IR (KBr) = 30fw), 3052 (w), 2186 (w), 2162 (w), 2051
(w), 1936 (w), 1925 (w), 1846 (w), 1812 (w), 1731622 (w), 1598 (w), 1579 (w), 1507 (w),
1462 (w), 1418 (w), 1406 (w), 1398 (w), 1323 (m264 (m), 1238 (m), 1228 (w), 1214 (w),
1167 (m), 1112 (s), 1095 (s), 1065 (s), 1017 (nd}, Gv), 956 (w), 884 (w), 855 (w), 825 (m),
795 (s), 769 (vs) cih GC/HRMS-EI m/z [M] calcd. for GHsFsO: 190.0242; found: 190.0246.
2-(Trifluoromethyl)-naphthalene (CEJ-2g) CAS: [581-90-8]

(CEJ-29g) was synthesized following the general @doce using 2-naphthylboronic acid pinacol
ester (CEJ-1g) (127 mg, 0.50 mmol), copper(ll) aiee{90.9 mg, 0.50 mmol) and potassium
(trifluoromethyl)trimethoxyborate (216 mg, 1.00 minand purified by column chromatography
(SiO,, n-hexane), affording (CEJ-2g) (62.0 mg, 63.2 %paolorless solid. m.p. 65.3 °&4-
NMR (400 MHz, CDC}) & = 8.18 (s, 1 H), 7.87-8.01 (m, 3 H), 7.54-7.71 @rH) ppm;*3C-
NMR (101 MHz, CDC}) 6 = 134.5, 132.2, 129.0, 128.8, 128.0, 127.8, 123,D =32.4 Hz),
127.1 (s) 125.7 (q) = 4.6 Hz), 121.4 (q] = 3.7Hz), 124.9 (q) = 271.9 Hz) ppm*°F NMR (376
MHz, CDCk): § = -62.23 (s) ppm; MS: (El): m/z (%) = 197 (11)61@00) [M], 195 (23), 177
(18), 147 (29), 146 (10), 126 (7); IR (KBr) = 3068), 2924 (w), 2851 (w), 2189 (w), 2178 (w),
2167 (w), 2051 (w), 1974 (w), 1947 (w), 1931 (w52 (w), 1828 (w), 1815 (w), 1786 (w),
1739 (w), 1635 (w), 1606 (w), 1513 (w), 1475 (w361 (w), 1389 (w), 1363 (w), 1314 (m),
1201 (m), 1173 (m), 1144 (s), 1132 (m), 1106 (1§64 (vs), 960 (w), 944 (w), 911 (m), 872
(m), 861 (W), 826 (s), 753 (s), 737 (M), 670 (W)'5rwS (El, 70 eV): m/z (%):); GC/HRMS-EI
m/z [M"] calcd. for G1H,Fs: 196.0500; found: 196.0509.
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1-Phenoxy-4-(trifluoromethyl)-benzene(CEJ-2h) CAS: [2367-02-4]

PhO

(CEJ-2h) was synthesized following the general gulace using 4-phenoxyphenylboronic acid
pinacol ester (CEJ-1h) (148 mg, 0.50 mmol), copheacetate (90.9 mg, 0.50 mmol) and
potassium (trifluoromethyl)trimethoxyborate (216 ,mp00 mmol) and purified by column
chromatography (Si§) n-hexane), affording (CEJ-2h) (100 mg, 84 %) alarless oil.*H-
NMR (400 MHz, CDC}) 8 = 7.58 (d,J = 8.6 Hz, 2H), 7.37-7.44 (m, 2H), 7.18-7.24 (m)1H
7.07 (t,J = 7.8 Hz, 4H) ppm**C-NMR (101 MHz, CDGJ) & = 160.5, 155.7, 130.1, 127.1 (b=
3.7 Hz), 124.9 (q) = 32.4 Hz), 124.3 (q] = 271.9 Hz), 119.9, 117.8 ppiiF NMR (376 MHz,
CDCl): § = -61.72 (s) ppm; MS: (El): m/z (%) = 238 (100) V169 (14), 141 (31), 77 (14), 51
(13), 50 (7); IR (KBr) = 3902 (vs), 3852 (vs), 38B8&), 3820 (vs), 3750 (vs), 3734 (vs), 3710
(s), 3688 (s), 3674 (vs), 3648 (vs), 3628 (s), 1823 1909 (w), 1869 (w), 1773 (w), 1733 (w),
1717 (w), 1699 (w), 1683 (w), 1669 (w), 1663 (WH1Y (m), 1589 (m), 1513 (m), 1489 (s),
1473 (w), 1326 (s), 1246 (s), 1168 (m), 1124 (8p6L(m), 1066 (s), 1014 (w), 872 (w), 842 (w),
802 (w), 770 (w), 740 (w), 694 (W), 596 (W) ¢mGC/HRMS-EI m/z [M] calcd for GaHoF50:
238.0605; found: 238.0614.

3-(Trifluoromethyl)-1,1-biphenyl (CEJ-2i) CAS: [366-04-1]

Ph : CF

(CEJ-2i) was synthesized following the general pdare using 3-biphenylboronic acid pinacol
ester (CEJ-1i) (140 mg, 0.50 mmol), copper(ll) atet(90.9 mg, 0.50 mmol) and potassium

3

(trifluoromethyl)trimethoxyborate (216 mg, 1.00 minand purified by column chromatography
(SiO,, n-hexane), affording (CEJ-2i) (79.3mg, 71.4 %)catorless oil."H-NMR (400 MHz,
CDCl;) 8 = 7.89 (s, 1 H), 7.80 (d,= 7.8 Hz, 1 H), 7.61-7.69 (m, 3 H) 7.55-7.61, (nH), 7.51
(t, J = 7.4 Hz, 2 H), 7.39-7.47 (m, 1 H) ppiC-NMR (101 MHz, CDCJ) & = 142.0, 139.7,
131.1 (g, = 31.4Hz), 130.4 (¢q) = 1.85Hz), 129.2, 129.0, 128.0, 127.2, 123.9)(q,2.77Hz),
125.6 (q,J = 271.9 Hz) ppm**F NMR (376 MHz, CDGJ): § = -62.56 (s) ppm; MS: (El): m/z
(%) = 223(14), 222 (100) [K, 202 (10), 153 (12), 152 (5), 69 (5), 50 (6); (KBr) = 3063 (s),
3035 (s), 1715 (w), 1683 (w), 1653 (w), 1609 (W93 (w), 1577 (w), 1483 (m), 1455 (m),
1423 (m), 1334 (vs), 1262 (s), 1166 (s), 1126 (¥£688 (s), 1076 (s), 1046 (m), 1022 (w), 900
(w), 820 (w), 806 (W), 758 (s), 732 (w), 702 (mBO6(m), 450 (s) cit GC/HRMS-EI m/z [M]
calcd. for GsHoF3s: 222.0656; found: 222.0653.
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1-(2-Phenylethynyl)-4-(trifluoromethyl)-benzene(CEJ-2j) CAS: [370-99-0]

CFy
Ph/©/
(CEJ-2j) was synthesized following the general ptate using 4-(phenylethynyl)phenylboronic
acid pinacol ester (CEJ-1j) (360 mg, 1.00 mmolpp=r(ll) acetate (182 mg, 1.00 mmol) and
potassium (trifluoromethyl)trimethoxyborate (432 ,m@00 mmol) and purified by column
chromatography (Si§ 25% n-hexane/ethylacetate), affording (CEJ-2jj5(Ing, 71 %) as a
colorless solid. m.p. 105.3 °&4-NMR (400 MHz, CDC}) § = = 7.60-7.68 (m, 4 H), 7.58 (dt,
J=4.0, 2.7 Hz, 2 H), 7.34-7.44 (m, 3 H) ppi'C-NMR (101 MHz, CDC)) § = 131.8, 131.7,
130.1 (q,J = 32.4Hz), 128.8, 128.4, 127.1 (§,= 1.9Hz), 125.3 (qJ) = 3.7), 122.6, 119.9
(q,J = 272.8Hz), 91.7, 88.0 ppm°’F NMR (376 MHz, CDGJ): 6 = -62.75 (s) ppm; MS: (El):
m/z (%) = 247 (71), 246 (100) [} 228 (35), 226 (16), 197 (31), 176 (8), 50 (H; (KBr) =
2221 (w), 2187 (w), 2163 (w), 1979 (w), 1935 (WH0Z (w), 1890 (w), 1814 (w), 1745 (w),
1739 (w), 1609 (w), 1572 (w), 1520 (w), 1487 (w342 (w), 1406 (w), 1322 (m), 1288 (w),
1165 (m), 1154 (m), 1128 (m), 1103 (vs), 1065 93R (w), 965 (w), 920 (w), 841 (vs), 757 (s),
700 (w), 689 (s) ciy GC/HRMS-EI m/z [M] calcd. for CISHIF3: 246.0656; found: 246.0643.
1-(Phenylmethyl)-4-(trifluoromethyl)-benzene(CEJ-2k) [CAS: 34239-04-8]

CF3
w T

(CEJ-2k) was synthesized following the general pdoce using 4-benzylphenylboronic acid
pinacol ester (CEJ-1k) (147 mg, 1.00 mmol), codpegcetate (182 mg, 1.00 mmol) and
potassium (trifluoromethyl)trimethoxyborate (432 ,m&00 mmol) and purified by column
chromatography (Si§ n-hexane), affording (CEJ-2k) (140 mg, 59.3 %)camrless oil *H-
NMR (400 MHz, CDC}) 6 = 7.48 (d,J = 8.0 Hz, 2 H), 7.21-7.28 (m, 4 H), 7.14-7.20 (Hl),
7.10-7.14 (m, 2 H), 3.97 (s, 2 H) ppMC-NMR (101 MHz, CDCJ) & = 145.2 (q,J = 1.5Hz)
140.0, 129.2, 128.9, 128.7, 128.4 Jog 32.3Hz) 126.5, 124.1 (d,= 272.2Hz), 41.7 ppm-F
NMR (376 MHz, CDC}): & = -62.27 (s) ppm; MS: (El): m/z (%) = 237 (14),62@.00) [M1],
217 (13), 168 (18), 167 (71), 166 (24), 91 (18);(K®Br) = 3902 (vs), 3852 (vs), 3838 (vs), 3820
(vs), 3750 (vs), 3734 (s), 3710 (s), 3688 (s), 3@A), 3648 (vs), 3628 (s), 3029 (M), 2923 (m),
2343 (w), 1923 (w), 1793 (w), 1773 (w), 1751 (w),3B (w), 1717 (w), 1699 (w), 1685 (w),
1669 (w), 1663 (w), 1653 (w), 1647 (w), 1635 (WH1TY (m), 1603 (w), 1559 (w), 1495 (w),
1453 (w), 1437 (w), 1417 (m), 1326 (vs), 1164 (&M)24 (s), 1108 (s), 1068 (s), 1030 (w), 1020
(m), 854 (w), 800 (w), 734 (m), 698 (w), 594 (w) ¢mGC/HRMS-EI m/z [M] calcd. for
Ci4H11F3: 236.0813; found: 236.0817;
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2-Fluoro-4-(trifluoromethyl)-1,1'-biphenyl (CEJ-2l) CAS: [1214369-54-6]
F: : CF,
Ph

(CEJ-2l) was synthesized following the general pdage using 2-Fluoro-4-biphenylylboronic
acid pinacol ester (CEJ-1l) (298 mg, 1.00 mmolpp=r(Il) acetate (182 mg, 1.00 mmol) and
potassium (trifluoromethyl)trimethoxyborate (432 ,m200 mmol) and purified by column
chromatography (Si§ n-hexane), affording (CEJ-2I) (152 mg, 63.2 %)caforless oil.*H-
NMR (400 MHz, CDC}) 6 = 7.58-7.64 (m, 3 H), 7.51-7.57 (m, 3 H), 7.4917(&, 1 H), 7.47-
7.47 (m, 1 H), 7.48 (s, 1 H) pprhiiC-NMR (101 MHz, CDG) & = 160.6 (dJ = 250Hz) 134.3,
132.8 (dJ = 13.2Hz), 131.4 (d] = 4.4Hz), 130.8 (qd] = 33.4Hz, 8.1Hz), 129.0 (d,= 2.9Hz),
128.7, 128.5, 121.2 (quid, = 3.7Hz), 124.0 (qJ) = 272.2Hz, 2.9Hz) 113.6 (dq,= 25.6Hz,
3.7Hz) ppm:**F NMR (376 MHz, CDGJ): & = -62.61 (s) ppm; MS: (El): m/z (%) = 241 (15),
240 (100) [M], 221 (7), 220 (5), 172 (3), 171 (12), 170 (13; (KBr) = 2221 (w), 2187 (w),
2163 (w), 1979 (w), 1935 (w), 1907 (w), 1890 (w12 (w), 1745 (w), 1739 (w), 1609 (w),
1572 (w), 1520 (w), 1487 (w), 1442 (w), 1406 (WB22 (m), 1288 (w), 1165 (m), 1154 (m),
1128 (m), 1103 (vs), 1065 (s), 972 (w), 965 (W)) 9&), 841 (vs), 757 (s), 700 (w), 689 (s)&m
GC/HRMS-EI m/z [M] calcd. for GaHgF4: 240.0562; found: 240.0558.
2-Fluoro-1-(phenylmethoxy)-4-(trifluoromethyl)-benzene (CEJ-2m) CAS: [1044067-80-2].

F CF,
Ph/\oj :

(CEJ-2m) was synthesized following the general @doce using 4-(benzyloxy)-3-
fluorophenylboronic acid pinacol ester (CEJ-1mP8®&g, 1.00 mmol), copper(ll) acetate (182
mg, 1.00 mmol) and potassium (trifluoromethyl)trilnexyborate (432 mg, 2.00 mmol) and
purified by column chromatography (Si-hexane), affording (CEJ-2m) (118 mg, 43.7 % as
colorless solid. m.p. 65.3 °éH-NMR (400 MHz, CDC}) 6 = 7.28-7.53 (m, 7 H), 7.00-7.16 (m,
1 H), 5.21 (s, 2 H) ppm?C-NMR (101 MHz, CDCJ) 5 = 153.4, 150.9, 149.3-149.7 (m), 135.6,
128.7, 128.4, 127.4, 123.4 (qbi= 33.7Hz, 3.6Hz), 123.5 (qd,= 271.4Hz, 2.9Hz), 121.7 (quin
J= 3.7Hz), 114.9 (dJ = 2.2Hz) 113.8 (dg) = 21.3Hz, 3.6Hz) 71.2 ppmF NMR (376 MHz,
CDCly): 6 = -61.76 (s) -131.68 (s) ppm; MS: (El): m/z (%151 (4), 101 (6), 92 (8), 91 (100),
89 (3), 65 (12), 63 (4); IR (KCI) = 2950 (w), 218#), 2051 (w), 2044 (w), 2037 (w), 1984 (w),
1968 (w), 1912 (w), 1898 (w), 1869 (w), 1741 (wh20D (w), 1529 (w), 1520 (w), 1455 (w),
1438 (m), 1334 (m), 1323 (m), 1280 (m), 1201 ()& (m), 1102 (vs), 1068 (m), 1012 (m),
998 (m), 907 (m), 872 (m), 849 (w), 810 (s), 790,(W48 (s), 741 (s), 724 (W), 698 (m) ¢m
GC/HRMS-EI m/z [M] calcd. for G4H1oF40: 270.0668; found: 270.0666.
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1-Methyl-5-(trifluoromethyl)-1H-indole (CEJ-2n) CAS: [1264670-41-8]

Oy
!

(CEJ-2n) was synthesized following the general @doce using 1-methylindole-5-boronic acid
pinacol ester (CEJ-1n) (265 mg, 1.00 mmol), copgpegcetate (182 mg, 1.00 mmol) and
potassium (trifluoromethyl)trimethoxyborate (432 ,m&00 mmol) and purified by column
chromatography (Si§) 25% n-hexane/ethylacetate), affording (CEJ-21®3(ing, 52 %).as a
colorless solid. m.p. 74.1 °&4-NMR (400 MHz, CDC}) 5 = 7.96 (s, 1 H), 7.48 (d,= 8.6 Hz,
1H),7.39 (dJ=8.6 Hz, 1 H), 7.16 (d] = 2.7 Hz, 1 H), 6.60 (d] = 2.7 Hz, 1 H), 3.83 (s, 3 H)
ppm; *C-NMR (101 MHz, CDGJ) 6 = 137.9, 130.5, 127.7, 125.5 (C,F)=271.9Hz) 121.7 (q,
J = 31.4Hz), 118.6 (q) = 3.7Hz), 118.2 (o) = 3.7Hz), 109.4, 102.0, 32.9 ppMiE NMR (376
MHz, CDCk): § = -60.10 (s) ppm; MS: (El): m/z (%) = 200 (12).91®9) [M'], 198 (100), 180
(13), 178 (11), 151 (7), 69 (6); IR (KCI) = 3075)(v8033 (w), 2951 (w), 2945 (w), 2850 (w),
2833 (w), 2428 (w), 2186 (w), 2177 (w), 2163 (W52 (w), 2043 (w), 1994 (w), 1980 (w),
1959 (w), 1915 (w), 1903 (w), 1888 (w), 1743 (wy40 (w), 1728 (w), 1613 (m), 1589 (w),
1519 (w), 1494 (w), 1456 (w), 1425 (w), 1325 (m31@ (m), 1246 (m), 1231 (m), 1165 (s),
1094 (vs), 1060 (s), 1004 (s), 974 (w), 945 (wR 9d), 903 (w), 856 (w), 845 (m), 820 (m), 740
(s), 695 (s) cril; GC/HRMS-EI m/z [M] calcd. for GoHgFsN: 199.0609; found: 199.061.
1-Piperidinyl[4-(trifluoromethyl)phenyl]-methanone (CEJ-20) CAS: [411209-38-6]

(CEJ-20) was synthesized following the general @doce using 4-(piperidine-1-
carbonyl)phenylboronic acid pinacol ester (CEJ-@31)5 mg, 1.00 mmol), copper(ll) acetate
(182 mg, 1.00 mmol) and potassium (trifluoromettnyt)ethoxyborate (432 mg, 2.00 mmol) and
purified by column chromatography (SI®5% n-hexane/ethylacetate), affording (CEJ-2@8(1
mg, 67.2 %) as a colorless solid. m.p. 98.2#GNMR (400 MHz, CDC}) 6 = 7.62 (d,J = 8.0
Hz, 2 H), 7.46 (dJ = 7.8 Hz, 2 H), 3.68 (s, 2 H), 3.25 (s, 2 H), 1(644 H), 1.47 (s, 2 H) ppm;
13C-NMR (101 MHz, CDCJ) 6 = 168.8, 140.0 (q] = 1.5Hz) 131.3 (¢J = 33.0Hz) 127.1, 125.5
(g, J = 3.7Hz), 123.7 (q) = 272.2Hz), 48.5-48.8 (m), 42.9-43.2 (m), 26.362@n), 25.4-25.6
(m), 24.4 ppm:}*F NMR (376 MHz, CDGJ): & = -62.86 (s) ppm; MS: (El): m/z (%) = 257 (32)
[M™], 256 (100), 173 (77), 145 (48); IR (KCI) = 3044)( 3008 (w), 2995 (w), 2953 (w), 2931
(w), 2918 (w), 2858 (w), 1739 (w), 1728 (w), 162@)( 1616 (m), 1575 (w), 1468 (w), 1459 (w),
1441 (m), 1407 (w), 1322 (m), 1277 (m), 1235 (W)6& (m), 1158 (m), 1106 (vs), 1063 (s),
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1003 (m), 953 (w), 888 (w), 854 (m), 828 (w), 76®,(728 (w), 702 (w) cil; GC/HRMS-EI
m/z [M'] calcd. for GaH14F3NO: 257.1027; found: 257.1015.
N,N-Diethyl-4-(trifluoromethyl)-benzamide (CEJ-2p) [CAS: 95725-04-5]
\} CF,

O
(CEJ-2p) was synthesized following the general e@doce using 3-(N,N-
diethylaminocarbonyl)phenylboronic acid pinacol eest{CEJ-1p) (303 mg, 1.00 mmol),
copper(ll) acetate (182 mg, 1.00 mmol) and potasdiuifluoromethyl)trimethoxyborate (432
mg, 2.00 mmol) and purified by column chromatogsag8iO,, 25% n-hexane/ethylacetate),
affording (CEJ-2p) (173 mg, 71 %) as a colorless'bi-NMR (400 MHz, CDC}) 6 = 7.62 (d,J
= 8.0 Hz, 2 H), 7.46 (d] = 7.8 Hz, 2 H), 3.68 (s, 2 H), 3.25 (s, 2 H), 1(644 H), 1.47 (s, 2 H)
ppm; *C-NMR (101 MHz, CDGJ) § = 169.6, 137.9, 130.8 (4,= 32.3Hz), 129.5 (g] = 1.5Hz),
129.0, 125.8 (qJ = 3.7Hz), 123.2 (q) = 3.9Hz), 123.6 (gJ = 272.2Hz), 43.3 (br. s.), 39.4 (br.
s.), 14.0 (br. s.), 12.7 (br. s.) pphE NMR (376 MHz, CDG)): 6 = -62.83 (s) ppm; MS: (El):
m/z (%) = 245 (13) [M], 244 (27), 173 (100), 145 (37); IR (KCI) = 390&), 3852 (vs), 3838
(vs), 3820 (vs), 3750 (vs), 3734 (vs), 3710 (véB8B(vs), 3674 (vs), 3648 (vs), 3628 (s), 2977
(s), 2345 (w), 1923 (w), 1869 (w), 1845 (w), 17%4),(1733 (w), 1717 (w), 1701 (w), 1685 (w),
1635 (vs), 1475 (m), 1457 (m), 1425 (m), 1334 (¢8}14 (m), 1276 (s), 1168 (s), 1128 (s), 1072
(m), 944 (w), 910 (w), 890 (w), 816 (w), 800 (WHZ (w), 716 (w), 702 (w), 664 (w) ch
GC/HRMS-EI m/z [M] calcd. for GoH14FsNO: 245.1027; found: 245.1025.
5-Chloro-1,3-dimethyl-2-(trifluoromethyl)-benzene (CEJ-2q)

Cl

(CEJ-2q) was synthesized following the general @doce using 4-chloro-2,6-
dimethylphenylboronic acid pinacol ester (CEJ-RBHQ mg, 1.00 mmol), copper(ll) acetate (182
mg, 1.00 mmol) and potassium (trifluoromethyl)tritmexyborate (432 mg, 2.00 mmol) and
purified by column chromatography (Sin-pentane), affording (CEJ-2q) (92 mg, 49 %) as a
colorless oil*H-NMR (400 MHz, CDC}) 6 = 7.10 (s, 2 H), 2.46 (q, J = 3.2 Hz, 6 H) ppfie-
NMR (101 MHz, CDCY) 6 = 139.4 (qJ = 1.82Hz), 136.5 (br. s), 129.9, 128.1, 126.2J)(¢,
29.1Hz), 125.5 (q) = 276.1Hz), 21.3 (¢J = 4.5Hz) ppm:**F NMR (376 MHz, CDGJ): & = -
54.14 (s) ppm; MS: (El): m/z (%) = 210 (34), 2a8Q) [M], 188 (23), 173 (93), 139 (57), 103
(23), 43 (50); IR (KCI) = 2361 (w), 1585 (s), 14{fB), 1457 (w), 1429 (m), 1415 (m), 1292 (vs),
1254 (w), 1240 (w), 1154 (vs), 1118 (vs), 1040 &8 (w), 862 (m), 744 (w), 668 (w), 566 (w)
cm™; GC/HRMS-EI m/z [M] calcd. for GHsCIFs: 208.0276; found: 208.0250.
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Phenyl[4-(trifluoromethyl)phenyl]-methanone (CEJ-2r) CAS: [728-86-9]

O
(CEJ-2r) was synthesized following the general pdoce using 4-benzoylphenylboronic acid
pinacol ester (CEJ-1r) (308 mg, 1.00 mmol), codpedcetate (182 mg, 1.00 mmol) and
potassium (trifluoromethyl)trimethoxyborate (432 ,m@00 mmol) and purified by column
chromatography (Si§) 25% n-hexane/ethylacetate), affording (CEJ-267(Ing, 63 %) as a
colorless solid. m.p. 113 °G4-NMR (400 MHz, CDC}) § = 7.87-7.94 (m, 2 H), 7.79-7.85 (m,
2 H), 7.77 (dJ = 8.0 Hz, 2 H), 7.60-7.68 (m, 1 H), 7.47-7.56 @nH) ppm;C-NMR (101
MHz, CDCk) 6 = 195.5, 140.7, 136.7, 133.7 = 33.3Hz) 133.1, 130.1, 130,1, 128.5, 125.3
(9, J = 4.16Hz) 123.6 (o) = 273.3Hz) ppm*°*F NMR (376 MHz, CDGJ): = -62.96 (S) ppm;
MS: (EI): m/z (%) = 251 (13), 250 (31) [\ 231(15), 181 (14), 173 (44), 145 (19), 105 (100)
GC/HRMS-EI m/z [M] calcd. for G4HgF;0: 250.0605; found: 250.0599.
Methyl-3-(trifluoromethyl)benzoate (CEJ-2s) CAS: [2557-13-3]

£ _CF,

Y

(CEJ-2s) was  synthesized following the general  gudace using  3-
(methoxycarbonyl)phenylboronic acid pinacol esteEJ-1s) (262 mg, 1.00 mmol), copper(ll)
acetate (182 mg, 1.00 mmol) and potassium (trilogethyl)trimethoxyborate (432 mg, 2.00
mmol) and purified by column chromatography (§i@5% n-pentane/diethyl ether), affording
(CEJ-2s) (82 mg, 40 %) as colorless til-NMR (400 MHz, CDC}) 5 = 8.32 (s, 1 H), 8.24 (d,

= 7.6 Hz, 1 H), 7.82 (d] = 7.6 Hz, 1 H), 7.56-7.64 (m, 1 H), 3.97 (s, 3p#m;*C-NMR (101
MHz, CDCk) 6 = 165.8, 132.8, 131.0, 131.0 (5 33.3Hz), 129.4 (¢] = 2.77Hz) 129.0, 126.5
(9, J = 4.16Hz), 123.6 (q) = 273.3Hz) 52.5 ppm-F NMR (376 MHz, CDGJ): § = -62.82 (s)
ppm; MS: (EI): m/z (%) = 204 (9) [[, 203 (20), 185 (11), 174 (9), 173 (100), 145 (3H (8);
IR (KCI) = 2955 (s), 2359 (w), 1731 (s), 1617 (rhh97 (w), 1435 (s), 1338 (vs), 1260 (vs),
1170 (s), 1132 (s), 1090 (s), 1074 (s), 976 (m2, @B, 850 (w), 822 (w), 776 (w), 758 (s), 714
(W), 694 (s), 650 (W), 450 ch GC/HRMS-EI m/z [M] calcd. for GH;F3;0,: 204.0398; found:
204.0395.
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3-Trifluoromethylbenzonitril (CEJ-2t) [CAS: 368-77-4]

©/CF3

CN
(CEJ-2t) was synthesized following the general edoce from 3-cyanophenylboronic acid
pinacol ester (CEJ-1t) (229 mg, 1.00 mmol), codpedcetate (182 mg, 1.00 mmol) and
potassium (trifluoromethyl)trimethoxyborate (432 ,m@00 mmol) and purified by column
chromatography (Si§) 60% n-pentane/diethyl ether), affording (CEJ{&9 mg, 40 %) as a
colorless oil*H-NMR (400 MHz, CDC}) § = 7.94 (s, 1 H), 7.88 (§,= 7.8 Hz, 2 H), 7.67 (1] =
7.9 Hz, 1 H) ppm*C-NMR (101 MHz, CDGJ) & = 135.3 (br. s), 132.1 (d,= 33.6Hz), 130.0,
129.5 (g.J = 3.6Hz), 129.1 (¢J = 3.6Hz), 122.9 (q) =272.5Hz), 117.3, 113.5 ppriiF NMR
(376 MHz, CDCY}): § = - 63.19 (s) ppm; MS: (EI): m/z (%) = 171 (10070 (29) [M], 152 (37),
121 (48), 75 (16), 50 (15), 43 (30); GC/HRMS-EI njkt"] calcd. for GH4F3N: 171.0296;
found: 171.0293.

7.9 Trifluoromethylation of Carbonyl Compounds with Shelf-Stable Potassium

(trifluoromethyl)trimethoxyborate

7.9.1 General Methodsfor the Synthesis of a-Trifluoromethylated Alcohols

A 20 mL reaction vessel was charged with potasgffuormethyl)trimethoxyborate (265 mg,
1.25 mmol) and solid carbonyl compound (1.0 mm®he reaction vessel was purged three
times with nitrogen. Under an inert atmosphere, ang degassed THF was added. Liquid
carbonyl compounds (1.0 mmol) were added aftertadof THF. The reaction mixture was
stirred at 60 °C for 16 hours. After cooling to nodbemperature, it was neutrilized with aqueous
HCI (1 N, 50 mL), and extracted with ethyl aceté@ex 20 mL). Organic phases were washed
with water (30mL) and brine. Combined organic pasere dried over MgSQfiltered and
concentrated. The crude product was purified withlumn chromatography (SO n-
hexane/ethylacetate).

7.9.2 Sythesisof Starting Materials
N,N-Diethylbenzamide-4-carboxaldehyd€5.5-1s)CAS: [58287-77-7]

o

H
EL,N

o
The reaction was performed according to a modifiedature proceduré® A 100 mL round

bottom flask, equipped with a condenser and a dngpgunnel, was charged with 4-
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carboxybenzaldehyde (1.50 g, 10 mmol) and dichletbane (40 mL) was added. After drop
wise addition of oxalyl chloride (6.48 g, 50.0 mmdI85 mL), DMF (20uL) was added. The
reaction mixture was stirred at 55 °C. After the g&olution was over, volatiles were removed
under vacuum. The remaining brownish solid wasadlvesl in dichloromethane (20 mL) and
diethylamine (2.19 mg, 30.0 mmol, 3.10 mL) was alld&ter stirring at room temperature for
30 min, reaction mixture was washed with saturai#aHC(Q; (500 mL), and the aqueous
washing was re-extracted with dichloromethane @ xnL). The combined organic phases were
washed with brine (50 mL), dried over Mg&diltered and concentrated. The product (5.5-1s)
(1.60 g, 78%) was received as yellow oil in therfasf two different rotamersH-NMR (400
MHz, CDCk) & = 9.97 (s, 1 H), 7.85 (d,= 7.8 Hz, 2 H), 7.46 (d] = 7.8 Hz, 2 H), 3.49 (q] =

6.3 Hz, 2 H), 3.15 (d) = 6.7 Hz, 2 H), 1.19 (] = 6.7 Hz, 3 H), 1.04 (1) = 6.8 Hz, 3 H) ppm;
3C-NMR (101 MHz, CDCJ) 5 =191.4, 169.6, 142.8, 136.3, 129.7, 126.7, 4312,314.0, 12.7
ppm; MS (El): m/z (%) = 207 (16), 206 (100), 203 3M"], 204 (12), 134 (9), 133 (93), 105
(25); Elemental analysis: Calcd: C, 70.22, H, 718/6.82; Found: C, 70.26; H, 7.15; N, 6.96.

7.9.3 Synthesisof a- Trifluoromethylalcohols
1-(4-Methoxyphenyl)-2,2,2-trifluoroethanol (5.5-3a) CAS: [1737-25-5]

OH

MeO

Compound (5.5-3ayvas prepared from 4-methoxybenzaldehyde (5.5-12§ (g, 1.00 mmol)
and potassium (trifluoromethyl)trimethoxyborate(2)5(265 mg, 1.25 mmol) affording (5.5-3a)
as a colorless oil; yield: 176 mg (85 %)1-NMR (400 MHz, CDC}) & = 7.37 (dJ = 8.5 Hz, 2
H), 6.89-6.92 (m, 2 H), 4.91 (dd,= 6.6 Hz, J = 3.4 Hz, 1 H), 3.80 (s, 3 H), 3.14)d 3.8 Hz,

1 H) ppm. 6.83 (s, 2 H), 3.90 (s, 6 H),3.88 (s,)3pm;*C-NMR (101 MHz, CDCJ) 6 = 160.4,
128.8, 126.1, 124.3 (d, = 282.1 Hz), 114.0, 72.4 (d,= 32.4 Hz), 55.3 ppm->F NMR (376
MHz, CDCk): § = -78.51 (d,J = 6.9 Hz) ppm; MS: (El): m/z (%) = 206 [}1(32), 138 (9), 137
(100), 109 (44), 94 (28), 77 (22), 69 (8); IR (NREI3300 (br, s), 2939 (M), 2913 (m), 1897 (w),
1613 (s), 1587 (w), 1517 (s), 1465 (m), 1443 (v@54.(s), 1174 (s), 1128 (s), 1074 (m), 1032
(m), 872 (w), 820 (m), 778 (w), 730 (w), 694 (w) ¢nElemental analysis: Calcd: C, 52.52; H,
4.40; Found: C, 52.52; H, 4.54.
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1-(2-Methoxyphenyl)-2,2,2-trifluoroethanol (5.5-3b) CAS: [26902-84-1]

OH
©\)\CF3

OMe
Compound (5.5-3byvas prepared from 2-methoxybenzaldehyde (5.5-18§ ¢(hg, 1.00 mmol)
and potassium (trifluoromethyl)trimethoxyborate.$2) (265 mg, 1.25 mmol) affording (5.5-
3b) as a colorless oil; yield: 163 mg (79 %J-NMR (400 MHz, CDC}) § = 7.33-7.45 (m, 2 H),
6.98-7.08 (m, 1 H), 6.95 (d,= 8.2 Hz, 1 H), 5.29 (quind, = 7.1 Hz, 1 H), 3.91 (dl = 7.8 Hz, 1
H), 3.86 (s, 3 H) ppnT*C-NMR (101 MHz, CDCJ) 6 = 157.5, 130.5, 129.2, 123.6 (b= 282.9
Hz), 122.1, 121.0, 111.2, 69.5 (&= 32.4 Hz), 55.6 ppn;’F NMR (376 MHz, CDG)): 6 = -
78.06 (dJ = 6.9 Hz) ppm; MS: (El): m/z (%) = 206 (45)[M 189 (25), 138 (9), 137 (100), 121
(18), 109 (11), 107 (74); IR (NaCl) = 3300 (br, 2945 (s), 2843 (m), 1703 (w), 1603 (s), 1591
(s), 1493 (s), 1467 (s), 1274 (s), 1258 (s), 12521064 (s), 1050 (s), 1028 (s), 872 (M), 758 (m)
cm’; Elemental analysis: Calcd: C, 52.52; H, 4.40;reb(C, 52.61; H, 4.46.
1-(3,4,5-Trimethoxyphenyl)-2,2,2-trifluoroethanol (5.5-3c) CAS: [207502-47-4]

OH
Meoj;j)\(:':3

MeO L e

Compound (5.5-3c) was prepared from 3,4,5-trimegherzaldehyde (5.5-1c) (200 mg, 1.00
mmol) and potassium (trifluoromethyl)trimethoxybiarg5.5-2) (265 mg, 1.25 mmol) affording
(5.5-3c) as a colorless solid; yield: 163 mg (79 Bb). 96 °C;H-NMR (400 MHz, CDC}) & =
6.64 (s, 2 H), 4.93 (¢ = 6.7 Hz, 1 H), 3.85 (s, 6 H), 3.83 (s, 3 H), 3(BLL s, 1 H) ppm**C-
NMR (101 MHz, CDC¥) 6 = 153.1, 138.3, 129.9, 125.6 = 282.0 Hz), 104.5, 72.7, (4,=
31.4 Hz) 60.8, 56.1 ppnt’F NMR (376 MHz, CDGJ): 5 = -78.18 (d,J = 6.9 Hz) ppm; MS:
(ED): m/z (%) = 267 (16) [M], 266 (100), 251 (10), 197 (36), 169 (49), 154)(1BS8 (16); IR
(KBr) = 3406 (br, s), 3005 (m), 2940 (m), 2840 (rbp98 (s), 1507 (s), 1463 (s), 1414 (s),
1329(s), 1236 (s), 1128 (s), 998 (s), 820 (m), BBBcn*; Elemental analysis: Calcd: C, 49.63;
H, 4.92; Found: C, 49.74; H, 5.01.

1-(4-Dimethylaminophenyl)-2,2,2-trifluorethanol (5.5-3d) CAS: [58822-13-8]

OH

Q)\CF:a
N

\
Compound (5.5-3d) was prepared from 4-dimethylafmemzaldehyde (5.5-1d) (149 mg,
1.00 mmol) and potassium (trifluoromethyl)trimetigbrrate (5.5-2) (265 mg, 1.25 mmol)
affording (5.5-3d) as a yellow solid; yield: 180 r82 %). m.p. 100 °C*H-NMR (400 MHz,
CDCls) 6 =7.33 (dJ=8.6 Hz, 2 H), 6.73 (dl = 8.6 Hz, 2 H),4.92 (g] = 6.9 Hz, 1 H), 2.99 (s,
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6 H), 2.43 (br. s., 1 H) ppn®C-NMR (101 MHz, CDCJ) § = 151.2, 128.4, 121.4, 124.4 (b=
282.1 Hz), 112.1, 72.8 (d,= 32.4 Hz), 40.3 ppm’F NMR (376 MHz, CDGJ): 6 = -78.42 (d,)

= 6.9 Hz) ppm; MS: (El): m/z (%) = 220 (67) [M 219 (100), 218 (15), 150 (94), 122 (34), 120
(39), 107 (19); IR (KBr) = 3366 (br, s), 2899 (V621 (s), 1533 (s), 1447 (w), 1365 (m), 1349
(m), 1260 (s), 1234 (m), 1192 (s), 1166 (s), 119)8 1064 (s), 946 (W), 804 (s), 692 (m)tm
Elemental analysis: Calcd: C, 54.79; H, 6.39; Fohdb5.20; H, 6.45.
1-(4-Methylthio)phenyl)-2,2,2-trifluorethanol (5.5-3e) CAS: [122035-81-8]

OH

/©)\ch
s

Compound (5.5-3e) was prepared from 4-methylthiabktehyde (5.5-1e) (152 mg, 1.00 mmol)
and potassium (trifluoromethyl)trimethoxyborateb(2) (265 mg, 1.25 mmol) affording (5.5-3e)
as a yellow solid; yield: 172 mg (78 %). m.p. 4Q *8-NMR (400 MHz, CDC}) 6 = 7.44 (d,J

= 8.2 Hz, 2 H), 7.34 (d] = 8.2 Hz, 2 H), 4.92-5.08 (m, 1 H), 3.08 §d5 4.7 Hz, 1 H), 2.56 (s, 3
H) ppm;**C-NMR (101 MHz, CDCJ) 6 = 140.4, 130.4, 127.8, 126.1, 124.14Jq, 282.1 Hz),
72.15 (q,J = 31.4 Hz), 15.3 ppF NMR (376 MHz, CDGJ): & = -78.38 (dJ = 6.9 Hz) ppm;
MS: (El): m/z (%) = 223 (20), 222 (100) [W 221 (7), 154 (8), 153 (55), 125 (10), 109 (1R);
(KBr) = 3339 (br, s), 2925 (m), 1751 (w), 1602 (1497 (m) 1438 (m), 1266 (s), 1168 (s), 1126
(s), 958 (w), 871 (m), 811 (s), 678 (s) tnElemental analysis: Calcd: C, 48.64; H, 4.08; S
14.43; Found: C, 48.78; H, 3.77; S, 14.41.

1-(4-Methylphenyl)-2,2,2-trifluorethanol (5.5-3f) CAS: [446-65-1]

OH

Compound (5.5-3f) was prepared from 4-methylberetalde (5.5-1f) (120 mg, 1.00 mmol) and
potassium (trifluoromethyl)trimethoxyborate (5.5¢265 mg, 1.25 mmol) affording (5.5-3f) as a
colorless oil; yield: 143 mg (75 %)H-NMR (400 MHz, CDC}) 6 = 7.36 (d,J = 7.8 Hz, 2 H),
7.24 (d,J = 7.8 Hz, 2 H), 4.77-5.01 (m, 1 H), 3.02 (& 4.7 Hz, 1 H), 2.40 (s, 3 H) ppriC-
NMR (101 MHz, CDC}) 6 = 139.5, 131.0, 129.3, 127.3, 124.0 J¢; 282.1 Hz), 72.6 (0] =
31.4 Hz), 21.1 ppm-F NMR (376 MHz, CDGJ): 5 = -78.35 (dJ = 6.9 Hz) ppm; MS: (El): m/z
(%) = 190 (21) [M], 173 (15), 121 (100), 93 (67), 91 (79), 77 (1, (14); IR (NaCl) = 3330
(br, s), 2927 (m), 1685 (w), 1517 (w), 1457 (w)813w), 1270 (s), 1170 (s), 1128 (s), 1074 (m),
872 (w), 848 (w), 806 (m), 778 (w) cmElemental analysis: Calcd: C, 56.84; H, 4.77;1bu
C, 56.74; H, 4.89.
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1-(3-Methylphenyl)-2,2,2-trifluorethanol (5.5-3g) CAS: [1737-23-1]

OH

Q)\CFS

Compound (5.5-3g) was prepared from 4-methylbertglde (5.5-1g) (120 mg, 1.00 mmol)
and potassium (trifluoromethyl)trimethoxyborates(2) (265 mg, 1.25 mmol) affording (5.5-3f)
as colorless oil; yield: 165 mg (87 #)NMR (400 MHz, CDC}) 6 = 7.08-7.34 (m, 4 H), 4.90
(q,J = 6.3 Hz, 1 H), 2.83 (br. s, 1 H), 2.35 (s, 3 Igp *C-NMR (101 MHz, CDG)) 6 = 138.4,
133.9, 130.3, 128.5, 128.0, 124.5, 125.1)(g,282.1 Hz), 72.8 (q] = 32.4 Hz), 21.3 ppnTiF
NMR (376 MHz, CDCJ): § = -78.24 (dJ =6.9 Hz) ppm; MS: (El): m/z (%) = 190 (21) [M
173 (15), 121 (100), 93 (67), 91 (79), 77 (16),(868); IR (NaCl) = 3330 (br, s), 2925 (m), 1705
(m), 1653 (w), 1593 (w), 1457 (w), 1266 (s), 1163, (1128 (s), 1074 (m), 712 (m) ¢m
Elemental analysis: Calcd: C, 56.84; H, 4.77; Fo@hdb7.04; H, 4.91.
1-(2-Methylphenyl)-2,2,2-trifluorethanol (5.5-3h) CAS: [438-24-4]

OH

Compound (5.5-3h) was prepared from 2-methylbemtglde (5.5-1h) (120 mg, 1.00 mmol)
and potassium (trifluoromethyl)trimethoxyborates(2) (265 mg, 1.25 mmol) affording (5.5-3h)
as a colorless oil; yield: 153 mg (80 %}-NMR (400 MHz, CDC}) 6 = 7.62 (dJ = 7.1 Hz, 1
H), 7.28-7.35 (m, 2 H), 7.18-7.26 (m, 1 H), 5.33J 6.3 Hz, 1 H), 2.63 (br. s., 1 H), 2.40 (s, 3
H) ppm; **C-NMR (101 MHz, CDCJ) 6 = 136.5, 132.5, 130.6, 129.3, 126.9 Jd= 1.8 Hz),
126.4, 124.4 (q) = 283.0 Hz), 68.8 (q] = 32.4 Hz), 19.2 ppmF NMR (376 MHz, CDGJ): &

= -77.73 (dJ = 6.9 Hz) ppm; MS: (EI): m/z (%) = 190 (22) [M173 (31), 172 (73), 171 (15),
121 (100), 93 (56), 91 (100), 65 (19); IR (NaCIB330 (br, s), 3015 (w), 2860 (w), 1709 (w),
1607 (w), 1493 (m), 1463 (m), 1445 (w), 1383 (W64 (s), 1172 (s), 1134 (s), 1114 (s), 1062
(m), 1052 (m), 866 (m), 836 (m), 760 (m), 728 (m) ¢ Elemental analysis: Calcd: C, 56.84; H,
4.77; Found: C, 57.06; H, 4.84.

1-(2,6-Dimethylphenyl)-2,2,2-trifluorethanol (5.5-3i)

OH

Compound (5.5-3i) was prepared from 2,6-dimethytiadarehyde (5.5-1i) (132 mg, 1.00 mmol)
and potassium (trifluoromethyl)trimethoxyborate¢2)5(265 mg, 1.25 mmol) affording (5.5-3i)
as a yellow oil; yield: 160 mg (79 %H-NMR (400 MHz, CDC}) & = 7.01-7.08 (m, 1 H), 6.94
(d,J = 7.4 Hz, 2 H), 5.44 (m, 1 H), 2.62 @= 5.1 Hz, 1 H), 2.35 (br., s., 6 H) ppMC-NMR
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(101 MHz, CDC}) & = 138.2 (br., s), 129.7, 128.9, 124.8]¢; 283.9 Hz), 70.5 (q] = 32.4 Hz),
20.9 (g,J = 2.8 Hz) ppm;*F NMR (376 MHz, CDG)): § = -75.31 (d,J = 8.0 Hz) ppm; MS:
(ED): m/z (%) = 204 (11) [M], 187 (33), 186 (91), 135 (100), 133 (18), 107)(ID5 (45), 91
(44); IR (NaCl) = 3330 (br, s), 3015 (w), 2850 (W)}05 (w), 1593 (w), 1587 (w), 1467 (m),
1383 (w), 1268 (s), 1164 (s), 1126 (s), 1076 (MREL(W), 922 (w), 866 (W), 820 (w), 774 (m),
690 (m) cni; Elemental analysis: Calcd: C, 58.82; H, 5.43;1b\C, 58.21; H, 5.57.
1-Phenyl-2,2,2-trifluorethanol (5.5-3)) CAS: [340-05-6]

OH

©)\CF3

Compound (5.5-3]) was prepared from benzaldehyd®-1p (106 mg, 1.00 mmol) and
potassium (trifluoromethyl)trimethoxyborate (5.5¢2b65 mg, 1.25 mmol) affording (5.5-3)) as a
colorless oil; yield: 161 mg (92 %)H-NMR (400 MHz, CDC}) & = 7.39-7.53 (m, 5 H), 4.95-
5.12 (m, 1 H), 2.69 (dJ = 3.5 Hz, 1 H) ppm*C-NMR (101 MHz, CDCJ) & = 133.9, 129.6,
128.7, 127.5, 124.1 (4,= 282.1 Hz), 72.9 (q] = 31.4 Hz) ppnt?F NMR (376 MHz, CDGJ): &

= -78.35 (dJ = 6.9 Hz) ppm; MS: (El): m/z (%) = 175 (1) [} 159 (18), 137 (5), 109 (12), 107
(100), 79 (26), 77 (14); IR (NaCl) = 3330 (br, 3037 (w), 1707 (w), 1457 (m), 1268 (s), 1172
(s), 1128 (s), 1064 (m), 1030 (w), 866 (W), 834,(W)6 (s) crit.Elemental analysis: Calcd: C,
54.55; H, 4.01; Found: C, 54.19; H, 3.94.

1-(2-Naphthyl)-2,2,2-trifluorethanol (5.5-3k) CAS: [1645-50-7]

OH

Compound (5.5-3k) was prepared from 2-naphthylaiden(5.5-1k) (160 mg, 1.00 mmol) and
potassium (trifluoromethyl)trimethoxyborate (5.5a32(5.5-2) (265 mg, 1.25 mmol) affording
(5.5-3k)as a colorless solid; yield: 207 mg (91 #)p. 84 °C;*H-NMR (400 MHz, CDC}) 6 =
7.79-8.01 (m, 4 H), 7.48-7.67 (m, 3 H), 5.14 Jg5 6.4 Hz, 1 H), 3.31 (br. s., 1 H) ppmiC-
NMR (101 MHz, CDC}) 6 = 133.7, 132.8, 131.2, 128.5, 128.2, 127.7, 12¥2%.8, 126.5,
124.2, 123.8 (q) = 282.1 Hz), 72.9 (q] = 32.4 Hz) ppm°F NMR (376 MHz, CDGJ): & = -
77.81 (d, J = 6.9 Hz) ppm; MS: (El): m/z (%) = 2@B), 226 (100) [M], 209 (15), 157 (55),
129 (43), 128 (25), 127 (9); IR (KBr) = 3367 (by, 8065 (w), 2905 (w), 1601 (w), 1508 (m),
1429 (w), 166 (m), 1342 (m), 1262 (s), 1247 (sPE.1s), 1124 (s), 1084 (m), 969 (w), 822 (s),
751 (m), 701 (s) cify Elemental analysis: Calcd: C, 63.73; H, 4.01;rb.C, 63.75; H, 3.91.
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1-(4-lodophenyl)-2,2,2-trifluorethanol (5.5-3l) CAS: [857521-44-9]

OH

/@A\ca
|

Compound (5.5-3l) was prepared from 4-iodobenzaldenh5.5-11) (234 mg, 1.00 mmol) and
potassium (trifluoromethyl)trimethoxyborate (5.5¢2b65 mg, 1.25 mmol) affording (5.5-3I) as a
colorless solid; yield: 265 mg (87 %). m.p. 67 *B:NMR (400 MHz, CDC}) § = 7.74 (d,J =
8.2 Hz, 2 H), 7.19 (d) = 8.2 Hz, 2 H), 4.95 (m, 1 H), 2.85 @@= 4.3 Hz, 1 H) ppm**C-NMR
(101 MHz, CDC}) 6 = 137.7, 133.4, 129.2, 123.9 (= 283.0 Hz), 95.6, 72.3 (4,= 32.4 Hz)
ppm; *°F NMR (376 MHz, CDGJ): 6 = -78.42 (d,J = 5.7 Hz) ppm; MS: (EI): m/z (%) = 302 (5)
[M™], 282 (8), 235 (4), 234 (14), 233 (100), 232 ()6 (4), 105 (10), 78 (5); IR (KBr) = 3304
(br, s), 3015 (w), 1910 (m), 1792 (w), 1626 (w)925s), 1567 (w), 1488 (s), 1399 (s), 1353 (s),
1256 (s), 1116 (s), 1006 (s), 949 (m), 863 (s), (892725 (s), 683 (m), 663 (m) CmElemental
analysis: Calcd: C, 31.81; H, 2.00; Found: C, 3]1H¥,61.88.
1-(4-Bromophenl)-2,2,2-trifluorethanol (5.5-3m) CAS: [76911-73-4]

OH

/©)\ca
Br

Compound (5.5-3m) was prepared from 4-bromobenhgtite (5.5-1m) (185 mg, 1.00 mmol)
and potassium (trifluoromethyl)trimethoxyborate5(2) (265 mg, 1.25 mmol) affording (5.5-
3m)as a colorless solid; yield: 179 mg (70 %). 63°C;*H-NMR (400 MHz, CDC}) § = 7.53
(d,J = 8.2 Hz, 2 H), 7.32 (d] = 8.2 Hz, 2 H), 4.95 (q] =6.5 Hz, 1 H), 3.02 (s, 1 H) ppriC-
NMR (101 MHz, CDC}) 6 = 132.7; 131.8. 129.0. 123.8. 123.7 Jg5 282.1 Hz), 72.2 (q, J =
32.4 Hz) ppm}*F NMR (376 MHz, CDGJ): 6 = -78.46 (d,J = 6.9 Hz) ppm; MS: (EI): m/z (%)
= 256 (18) [M], 254 (22), 239 (18), 237 (18), 187 (100), 185)(957 (14); IR (KBr) = 3368
(br, s), 2940 (w), 1908 (w), 1594 (w), 1493 (s)044w), 1356 (m), 1258 (s), 1175 (s), 1126 (s),
1076 (s), 1011 (s), 949 (w), 864 (m), 798 (s), 189, 686 (m), 671 (m) cih Elemental
analysis: Calcd: C, 37.68; H, 2.37; Found: C, 38H,72.40.
1-(4-Chlorophenyl)-2,2,2-trifluorethanol (5.5-3n) CAS: [446-66-2]

OH

Cl

Compound (5.5-3n) was prepared from 4-chlorobertside (5.5-1n) (146 mg, 1.00 mmol) and

potassium (trifluoromethyl)trimethoxyborate (5.5{265 mg, 1.25 mmol) affording (5.5-3n) as

colorless oil; yield: 155 mg (74 %IH-NMR (400 MHz, CDC}) & = 7.31-7.45 (m, 4 H), 4.99

(m, 1 H), 2.79 (dJ = 3.1 Hz, 1 H) ppm**C-NMR (101 MHz, CDCJ) 6 = 135.6, 132.2, 128.8,

128.8, 124.0 (o) = 282.1 Hz), 72.1 (q) = 32.4 Hz) ppm*F NMR (376 MHz, CDGJ): & = -
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78.53 (d, J = 6.9 Hz) ppm; MS: (El): m/z (%) = 21Q) [M"], 193 (18), 143 (42), 142 (11), 141
(100), 113 (26), 77 (25); IR (KBr) = 3330 (br. 8923 (w), 1717 (w), 1599 (m), 1581 (w), 1495
(s), 1411 (m), 1268 (s), 1074 (s), 1016 (s), 872 @48 (m), 810 (s), 732 (s) EmElemental
analysis: Calcd: C, 45.63; H, 2.87; Found: C, 45H,92.87.
1-(4-Fluorophenyl)-2,2,2-trifluorethanol (5.5-30) CAS: [50562-19-1]

OH

/©)\CF3
E

Compound (5.5-30) was prepared from 4-fluoroberedatde (5.5-10) (124 mg, 1.00 mmol,
108uL) and potassium (trifluoromethyl)trimethoxyborgfe5-2) (265 mg, 1.25 mmol) affording
(5.5-30) as colorless oil; yield: 114 mg (59 %)-NMR (400 MHz, CDC}) & = 7.45 (m, 2 H),
7.09 (m, 2 H), 5.00 (m, 1 H), 2.72 @@= 4.3 Hz, 1 H) ppm**C-NMR (101 MHz, CDGJ) 6 =
163.4 (d,J=248.8 Hz), 129.7 (d)=1.9 Hz), 129.3 (dJ =9.3 Hz), 124.1 (gJ = 283.0 Hz),
115.7 (d,J = 22.2 Hz), 72.2 (o = 32.4 Hz) ppm}*F NMR (376 MHz, CDGJ): 6 = -111.96--
111.69 (m, 1 F), -78.67 (d,= 6.9 Hz, 3 F) ppm; MS: (El): m/z (%) = 194 (7) ]M177 (20),
127 (14), 126 (7), 125 (100), 123 (11), 97 (37),(X%); IR (NaCl) = = 3330 (br, s), 2860 (W),
1705 (w), 1609 (m), 1513 (s), 1419 (w), 1272 (£32A(s), 1176 (s), 1130 (s), 1072 (m), 1016
(W), 874 (m), 856 (m), 822 (s), 794 (w) ¢mElemental analysis: Calcd: C, 49.50; H, 3.12
Found: C, 49.10; H, 3.13.

1-(4-Cyanophenyl)-2,2,2-trifluorethanol(5.5-3p) CAS: [107018-37-1]

OH

NC

Compound (5.5-3p) was prepared from 4-cyanobenkgtiée(5.5-1p) (131 mg, 1.00 mmol) and
potassium (trifluoromethyl)trimethoxyborate (5.5¢255 mg, 1.25 mmol) affording (5.5-3p) as a
colorless solid; yield: 150 mg (75%). m.p. 99 *8;NMR (400 MHz, CDC}) § = 7.67-7.77 (m,

2 H), 7.56-7.67 (m, 2 H), 5.12 (m, 1 H), 3.28 {d= 3.1 Hz, 1 H) ppm**C-NMR (101 MHz,
CDCI3) 6 = 139.0, 132.3, 128.2, 125.2 (4= 283.0 Hz), 118.2, 113.1, 71.8 (@ 32.4 Hz)
ppm; *°F NMR (376 MHz, CDGJ): & = -78.18 (d,J = 6.9 Hz) ppm; MS: (El): m/z (%) =202 (10)
[M™], 202 (100), 134 (8), 132 (37), 104 (53), 102 @&),(10); IR (KBr): = 3391 (br, s), 3015 (w),
2244 (s), 1734 (w), 1718 (w), 1654 (w), 1610 (mB6Q (w), 1508 (w), 1412 (m), 1349 (m),
1267 (s), 1204 (m), 1156 (s), 1128 (s), 1089 (5B @m), 817 (s), 691 (s) ¢ Elemental
analysis: Calcd: C, 53.74; H, 3.01; N, 6.96; Found54.16; H, 2.93; N, 7.01.
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Methyl-4-(2,2,2-trifluoro-1-hydroxyethyl)benzoatg(5.5-3q) CAS: [1086836-85-2]

OH
Y@/Lca
o

(¢]
Compound (5.5-3p) was prepared from 4-formylbenzmc methyl ester (5.5-3q) (172 mg,
1.00 mmol) and potassium (trifluoromethyl)trimetgbrrate (5.5-2) (265 mg, 1.25 mmol)
affording (5.5-3q) as a colorless solid; yield: 21§ (92 %). m.p. 54 °C*H-NMR (400 MHz,
CDCl3) 6 =7.94 (dJ=8.6 Hz, 2 H), 7.47 (d] = 8.2 Hz, 2 H), 4.95-5.07 (m, 1 H), 3.82 (s, 3 H),
3.60 (d,J =4.7 Hz, 1 H) ppm*C-NMR (101 MHz, CDCJ) & = 167.0, 139.0, 130.9, 129.7,
127.5, 124.0 (¢J = 283.0 Hz), 72.3 (q] = 32.4 Hz), 52.4 ppmyF NMR (376 MHz, CDGJ): &
= -78.14 (d,J = 5.5 Hz) ppm; MS: (El): m/z (%) =202 (10) [M 202 (100), 134 (8), 132 (37),
104 (53), 102 (6), 77 (10); IR (KBr): = 3392 (bm), 3023 (w), 2967 (w), 2855 (w), 1699 (s),
1441 (m), 1417 (m), 1330 (s), 1300 (s), 1248 (8),81(s), 1116 (s), 1078 (m), 1022 (w), 724 (s)
cm™; Elemental analysis: Calcd: C, 51.29; H, 3.87;1blC, 51.29; H, 3.96.
4-Methylsulfonyl-2,2,2-trifluoroethanol (5.5-3r)

OH

CF
O\\QA ’
S

S
(0]

Compound (5.5-3r) was prepared from 4-methylsulfioeyzaldehyde (5.5-1r) (194 mg,
1.00 mmol) and potassium (trifluoromethyl)trimetgbrrate (5.5-2) (265 mg, 1.25 mmol)
affording (5.5-3r) as a colorless solid; yield: 18§ (77 %). m.p. 116 °CH-NMR (400 MHz,
CDCl3) 6 =7.91 (dJ=8.6 Hz, 2 H), 7.68 (dl = 8.2 Hz, 2 H), 5.15 (m, 1 H), 3.14 (s, 1 H), 3.05
(s, 3 H) ppm;®*C-NMR (101 MHz, CDC)) & = 141.4, 141.2, 128.6, 127.0, 124.6 (q,
J=283.0 Hz), 69.6 (q) = 30.5 Hz), 43.4 ppm:’F NMR (376 MHz, CDCI3):s = -78.12 (d,
J=6.9 Hz) ppm; MS: (El): m/z (%) = 254 (1) [W 207 (3), 185 (22), 139 (10), 138 (100), 121
(57), 76 (10), 50 (16); Elemental analysis: Calcd42.52; H, 3.57; S, 12.61; Found: C, 42.93;
H, 3.62; S, 12.86.

4-(2,2,2-Trifluor-1-hydroxyethyl)-benzoic acid diehylamide (5.5-3s)

OH
™ CF,
\/N
O

Compound (5.5-3s) was prepared from 4-formyl-benzmid diethylamide (5.5-1s) (205 mg,
1.00 mmol) and potassium (trifluoromethyl)trimetgbrrate (5.5-2) (265 mg, 1.25 mmol)
affording (5.5-3s) as a colorless solid; yield: 2089 (76 %). Product was a mixture of two
colorless solid, m.p. 141 °GH-NMR (400 MHz, DMSO-R) & = 7.56 (d,J = 7.8 Hz, 2 H), 7.38
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(d,J=8.1Hz, 2 H), 6.93 (d =5.5Hz, 1 H), 5.23 (m, 1 H), 3.35-3.48 (m, 2 B)16 (br. s., 2
H), 1.14 (br. s., 3 H), 1.04 (br. s., 3 H) ppfC-NMR (101 MHz, DMSO-Q) & = 169.6, 137.8,
136.6, 127.7, 126.0, 124.9 @7 283.2 Hz), 70.2 (q] = 30.1 Hz), 42.8 (br), 38.7 (br), 14.0 (br),
12.8 (br) ppm:*F NMR (376 MHz, DMSO-[): § = -76.80 (s) ppm; MS: (El): m/z (%) = 276
[M™] (11), 275 (16), 274 (63), 204 (12), 203 (100)7 120), 105 (11); IR (KBr): = 3186 (br, s),
2988 (s), 2938 (s), 2877 (s), 2800 (w), 1923 (WPZA(s), 1521 (w), 1479 (s), 1460 (s), 1448 (s),
1384 (w), 1362 (m), 1348 (m), 1254 (s), 1167 (423 (s), 1100 (s), 1020 (m), 944 (m), 864
(m), 811 (s) cnt; Elemental analysis: Calcd: C, 56.72; H, 5.86;5M)9; Found: C, 56.76; H,
5.85; N, 5.13.

1-(2-Furyl)-2,2,2-trifluoroethanol (5.5-3t) CAS: [70783-48-1]

/ \\_ cCF,

o}
OH

Compound (5.5-3t) was prepared from 2-furaldehyaB-{t) (96 mg, 1.00 mmol, 83y) and
potassium (trifluoromethyl)trimethoxyborate (5.5¢265 mg, 1.25 mmol) affording (5.5-3t) as a
colorless oil; yield: 81.6 mg (49 %H-NMR (400 MHz, CDCJ): 6 = 7.48 (m, 1 H), 6.54 (m, 1
H), 6.44 (m, 1 H), 5.06 (gl = 5.9 Hz, 1 H), 2.80 (br. s., 1 H) ppMC-NMR (101 MHz, CDG)

o =147.1 (9, J=1.9 Hz), 143.7, 123.4 (¢,=281.1 Hz), 110.8, 110.2, 67.3 (@= 34.2 Hz)
ppm; ®F-NMR (376 MHz, CDGJ): 6 = -77.98 (d,J = 5.7 Hz) ppm; MS: (El): m/z (%) = 166
(30) [M™], 149 (7), 127 (12), 101 (9), 99 (13), 97 (100, (50), 50 (13); Elemental analysis:
Calcd: C, 43.39; H, 3.03 Found: C, 43.67; H, 2.78.
1-(1-Methyl-2-pyrrolyl)-2,2,2-trifluoroethanol (5.5-3u) CAS: [70783-51-6]

/ \\_ CF,

N
| OH

Compound (5.5-3u) was prepared from N-methyl-2-fdpyrrol (5.5-1u) (109 mg, 1.00 mmol,
108uL) and potassium (trifluoromethyl)trimethoxyborgfe5-2) (265 mg, 1.25 mmol) affording
(5.5-3u) as a colorless solid; yield: 96 mg (54 #)p. 46 °C;*H-NMR (400 MHz, CDC}) & =
6.67 (s, 1 H), 6.33 (s, 1 H), 6.10-6.13 (m, 1 HP15(q,d = 6.7 Hz, 1 H), 3.67 (s, 3 H), 2.42 (br.
s, 1 H) ppm:**C-NMR (101 MHz, CDCJ) 6 = 125.6, 124.8, 124.1 (d,= 282.1 Hz), 109.3,
107.5, 66.3 (qJ = 33.3 Hz), 34.2 ppnF NMR (376 MHz, CDCI3)5 = —76.97 (dJ = 6.9 Hz)
ppm; MS: (El): m/z (%) = 179 (88) [M, 162 (36), 112 (19), 110 (100), 82 (95), 80 (387,
(32); IR (KBr): = 3525 (br, s), 2929 (w), 1653 (m)559 (m), 1497 (w) 1387 (w), 1260 (m),
1168 (s), 1182 (s), 1108 (m), 1064 (w), 862 (m)) 1d) cm’; Elemental analysis: Calcd: C,
46.93; H, 4.50; N, 7.82; Found: C, 46.81; H, 4M77.82.
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(E)-1,1,1-Trifluor-4-phenyl-3-buten-2-ol (5.5-3v) CAS: [89524-18-5]

Compound (5.5-3v) was prepared froi)-( cinnamaldehyde (5.5-1v) (132 mg, 1.00 mmol,
126ul) and potassium (trifluoromethyl)trimethoxyborat®.5-2) (265 mg, 1.25 mmol)
affording (5.5-3v) as a colorless solid; yield: 186 (77 %). m.p. 45 °C*H-NMR (400 MHz,
CDCly) 6 = 7.39-7.44 (m, 2 H), 7.34 (m, 3 H), 6.85Jd; 16.0 Hz, 1 H), 6.21 (dd,= 16.0 Hz,J

= 6.7 Hz, 1 H), 4.63 (m, 1 H), 2.68 (@= 4.3 Hz, 1 H) ppm™C-NMR (101 MHz, CDGCJ) & =
136.4, 135.4, 128.8, 128.8, 126.9, 120.6, J& 1.9 Hz), 124.3 (qJ =282.1 Hz), 71.7 (q,
J=32.4 Hz) ppm*F NMR (376 MHz, CDGJ): § = —78.99 (dJr = 6.9 Hz) ppm; MS: (EI): m/z
(%) = 202 (52) [M], 185 (16), 133 (100), 115 (35), 105 (15), 103)(Hb (19); IR (KBr): =
3306 (br, s), 2850 (w), 1961 (w), 1734 (w), 1659,(&579 (w), 1477 (m), 1452 (m), 1370 (m),
1269 (s), 1172 (s), 1129 (s), 1049 (s), 971 (sp @8), 814 (m), 753 (s) cm Elemental
analysis: Calcd: C, 59.41; H, 4.49; Found: C,59H,44.48.

9-Trifluoromethyl fluoren-9-ol (5.5-3w) CAS: [120747-41-3]

HO Fs
Compound (5.5-3w) was prepared from 9-fluorenoné-8w) (182 mg, 1.00 mmol) and
potassium (trifluoromethyl)trimethoxyborate (5.5{265 mg, 1.25 mmol) affording (5.5-3w) as
a colorless solid; yield: 182 mg (79 %). m.p. 80 Y@-NMR (400 MHz, CDC}) & = 7.50 (m, 4
H), 7.30 (t,J = 7.4 Hz, 2 H), 7.18 () = 7.4 Hz, 2 H), 2.83 (s, 1 H) ppriC-NMR (101 MHz,
CDCl) 6 = 141.1, 141.0, 130.9, 128.5, 125.2, J&; 1.9 Hz), 125.1 (gJ = 283.9 Hz), 120.4,
81.4 (q,J = 31.4 Hz) ppm*F NMR (376 MHz, CDGJ): § = —78.51 (s) ppm; MS: (El): m/z (%)
= 251 (8) [M], 250 (51), 233 (7), 182 (15), 181 (100), 153 (162 (21); IR (KBr): = 3413 (br,
s), 3068 (w), 1707 (s), 1609 (s), 178 (m), 1453 18y6 (m), 1261 (s), 1154 (s), 1110 (s), 1059
(s), 959 (m), 935 (m), 770 (m) émElemental analysis: Calcd: C, 67.20; H, 3.79; iebuC,
66.73; H, 3.79.
2-Hydroxy-2-phenyl-3,3,3-trifluoro-2-propanoic acid methyl ester(5.5-3x) CAS: [20445-36-
7]

Compound (5.5-3x) was prepared from benzoyl-formaid methyl ester (5.5-1x) (66 mg,

1.00 mmol, 144iL) and potassium (trifluoromethyl)trimethoxyboratés.5-2) (265 mg,

1.25 mmol) affording (5.5-3x) as a colorless oielg: 70.0 mg (30 %)'H-NMR (400 MHz,
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CDCly) § = 7.76-7.84 (m, 2 H), 7.39-7.46 (m, 3 H), 4.351(¢), 3.98 (s, 3 H) ppnm?C-NMR
(101 MHz, CDC}) & = 169.4, 129.6, 128.9, 128.4, 131.2Jq; 267.3 Hz), 126.70 (m), 78.0 (q,
J=30.5 Hz), 54.6 ppm;F NMR (376 MHz, CDGJ): § = —76.35 (s) ppm; MS: (El): m/z (%) =
232 (9), 231 (74), 230 (7), 175 (19), 106 (8), 1060), 77 (9); IR (KBr): = 2860 (br., s), 1697
(s), 1581 (s), 1559 (s), 1487 (s), 1449 (s), 14031385 (s), 1336 (s), 1276 (s), 1240 (s), 1200
(s), 1166 (s), 1114 (s), 1028 (s), 1002 (s), 992 854 (m), 808 (m), 776 (s), 726 (s) tm
Elemental analysis: Calcd: C, 51.29; H, 3.87; Fohdb0.91; H, 4.05.
2-Trifluoromethyl-4-phenylbutan-2-ol (5.5-3y) CAS: [120714-66-1]

OH

Compound (5.5-3y) was prepared from 4-phenyl-b@ame (5.5-1y) (148 mg, 1.00 mmol,
150puL) and potassium (trifluoromethyl)trimethoxyborgfe5-2) (265 mg, 1.25 mmol) affording
(5.5-3y) as a colorless oil; yield: 80.0 mg (37 %):NMR (400 MHz, CDC}) & = 7.31-7.38 (m,

2 H), 7.21-7.29 (m, 3 H), 2.74-2.87 (m, 2 H), 2(891 H), 2.03 (ddd] = 15.6 Hz,J = 11.2 HzJ
=5.7 Hz, 2 H), 1.48 (s, 3 H) ppiC-NMR (101 MHz, CDCJ) 6 = 141.2, 128.6, 128.3, 126.2,
126.4 (q,J = 285.8 Hz), 73.6 (qJ = 27.7 Hz), 36.9, 28.9, 20.2 ppriF NMR (376 MHz,
CDCly): § = —82.92 (s) ppm; MS: (EI): m/z (%) = 218 (10) V200 (44), 132 (12), 131 (100),
105 (27), 91 (45), 65 (11), 43 (12); IR (NaCl): 33® (br, s), 3027 (s), 2871 (m), 1705 (w), 1653
(w), 1603 (w), 1497 (m), 1455 (m), 1385 (m), 13&8,(1266 (m), 1168 (s), 1102 (s), 1068 (m),
1030 (w), 980 (w), 910 (w), 876 (w), 762 (w) ¢nElemental analysis: Calcd: C, 60.55; H, 6.00;
Found: C, 60.69; H, 6.20.

a,a-Di-(trifluormethyl)-benzyl-benzoate (5.5-3z) CAS: [40999-26-6]

OCF, cF,
SRS
Compound (5.5-3z) was prepared from 4-phenyl-b@ame (5.5-3z) (148 mg, 1.00 mmol,
150puL) and potassium (trifluoromethyl)trimethoxyborgfe5-2) (265 mg, 1.25 mmol) affording
(5.5-3z) as a colorless oil; yield: 80.0 mg (37 #)NMR (400 MHz, CDC}) § = 8.15 (m, 2 H),
7.65-7.72 (m, 1 H), 7.54 (11 = 7.9 Hz, 2 H), 7.40-7.50 (m, 5 H) ppiC-NMR (101 MHz,
CDCl) 6 =161.9, 134.4, 130.3, 130.2, 128.9, 128.6, 12®R7,1, 126.7, 121.9 (d,= 289.8 Hz)
83.6 (quint.,J = 30.7 Hz) ppm*°F NMR (376 MHz, CDGJ): 6 = —70.16 (s) ppm; MS: (El): m/z
(%) = 348 (7) [M], 331 (12), 227 (6), 106 (8), 105 (100), 77 (E0),(9); IR (NaCl): = 3071 (w),
2959 (w), 2855 (w), 1757 (s), 1599 (w), 1453 (nR7Q (s), 1240 (s), 1226 (s), 1192 (s), 1180
(s), 1104 (s), 1096 (s), 1082 (s), 1070 (s), 992 9448 (s), 722 (s), 700 (s) EmElemental
analysis: Calcd: C, 55.18; H, 2.89; Found: C, 54t833.14.
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