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Numbering of compounds

The present work mainly consists of original puidid manuscripts. Therein, all compounds
were numbered independently. For the sake of glatite numbers assigned within the
publications remain unchanged. However, in theesponding subchapters all compounds
were numbered individually. Compounds were newlsnbared if they are not mentioned in
the publications but are mentioned in the presexit tn order to avoid the same terminal
designation, especially in the experimental sectithe numbering is composed of the
corresponding chapter level followed by a secondseoutive number. For instance, the
number assigned to the third compound in the syiieha.1.2 is3.1.2-3 In the case of

strongly generalized schemes that are supposedéd bBght on reaction concepts, the
numbering is fully omitted. All intermediates prasén catalytic cycles were numbered with

roman numerals.
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Abstract

1. Abstract

In the present work the concept of decarboxylateeplings and the strategy to use
carboxylates as directing groups forkCfunctionalizations have been decisively improvwed
three ways. These concepts emphasize the mulefdeetture of aromatic carboxylic acids as
expedient starting materials in homogeneous casalgsconstruct highly desirable molecular

scaffolds in a straightforward fashion.

In the first project, the restriction of decarbatye biaryl synthesis to exclusively couple
aryl halides withortho-substituted benzoic acids has been overcome lbjistib optimization
of a Cu/Pd bimetallic catalyst syste@®cheme L Long ago postulated, this is now the proof
that decarboxylative cross-couplings are not istdally limited to different decarboxylation
propensities of benzoic acids or hampered by excalides, accessing for the first time the
entire spectrum of aromatic carboxylic acids astista materials for the decarboxylative
biaryl synthesis.

H 73
ACOK  Cl o [Cu/Pd] A I Fe

Fer | + [ pFe el T r cof
Sy “ FG

2

non-activated benzoates
Scheme 1Decarboxylative cross-coupling of nontho-substituted benzoates with aryl

chlorides.

The second project uses the carboxyl moiety astthigegroup for thertho-arylation with
aryl bromides and -chlorides catalyzed by compeaehti inexpensive ruthenium. The
carboxylic acid group remains untouched after trgho-functionalization giving the
possibility to a wealth of further diversificationsa decarboxylativeipso-substitutions.
Within the same project, a Cu/Ru bimetallic catalygstem was found to be able to switch
the decarboxylative biaryl coupling from tigso to theortho-position, complementing the
Cu/Pd system developed in the first proj&ti{eme 2

FG_ FG
I\\ H . Fo_ com Fo \ - COH
N _AfFC _ICURY @( . @ Ra L G ...~ decarboxylative
- = /: \.\ N ’ h o> i
@ Cco, o X @ o, couplings

X =Br, Cl

Scheme 2Carboxylate directedrtho-arylation with aryl bromides and -chlorides.



Abstract

In a third project, a redox neutra-C bond formation revealed the full synthetic potant
of the carboxyl group. The GB moiety acts as a classical directing group fa @rH
hydroarylation of internal alkynes to form highlgsirable 2-vinyl benzoic acidS¢heme
3A). With propargylic alcohols the hydroarylation fdlowed by anin situ esterification,
showing that after easing the-& cleavage, the directing group can be transforimnéal
another functional group, thus, acting as a transible directing groupScheme 3B) Most
importantly, a new fascinating reaction mode isvatéd by embedding the decarboxylation
within the C-H functionalization event. This mode of action ispable to solve
regioselectivity issues that inherently occur whimaling with carboxylates as directing
groups. A so-called deciduous directing group ist a#f simultaneously within the €H

functionalization event, resulting in an inherentipnoselective pathwag¢heme 3G.

FG " 0
COH -
A @\/ e o9 B
/Iﬁ/\Rl R‘XI‘.// /Il\(
R R

CO,H as classical
directing group

CO,H as transformable
directing group

H

H
e —— @
FG { FG /’ﬁ/\R'
R

R
CO,H as deciduous

key intermediate directing group

Scheme 3Multipurpose directing ability of a carboxylicidagroup.

These methods were developed with the permanemtofjensuring high sustainability.
They do require neither pre-functionalized startingterials nor additional oxidants and
provide access to a number of chemically relevavieaules from abundant, inexpensive and

toxicologically innocuous educts.



Structure of the thesis

2. Structure of the thesis

The present thesis is written in a cumulative forithe regioselective catalytic
transformation of aromatic carboxylic acids covérs main part of this work. Based on the
doctoral regulation of a cumulative dissertatidns twork contains 5 original and published
manuscripts. Sources cited in the present work elk ag the citations within the depicted
original publications are part of the correspondipgjects. A detailed statement of
contributions of each author is listed in frontloé depicted publications.

The introduction emphasizes the importance andacheristics of aromatic carboxylic
acids as well as their application in regioselextiransformations, ranging from classical to
modern synthetic approaches. Herein, the tremendmgsess experienced in this field over
the past decade exemplifies the multifaceted natfreromatic carboxylic acids as a
privileged starting material for a plethora of dgfia diversifications constituting an
advantageous alternative to preformed carbon npblks. Moreover, a new reaction concept
in carboxylate-directed €H functionalizations - carboxylates dsciduouddirecting groups -
is presented as a key technology for the cataklggioselective construction of complex

molecules from readily available precursors.

Subsequently, the section “research objectivessupposed to pinpoint the remaining
central challenges in catalytic transformationsbehzoic acids as well as the conceptual
strategies that have been applied to face them:'fEalt and discussion” chapter consists of
each elaborated project. They are briefly introduaad contain a depicted reprint of each
respective original and published work.

In the experimental section, all analytical andpgrative instruments as well as the
standard parallel reaction set-up are specifietl.pAdcedures for the synthesis of the used
starting material as well as all isolated compouau@sgiven. This part consists mainly of the
supporting information of each published work.

References and a brief CV are given in the endisfdocument.



Introduction

3. Introduction

The development of sustainable methods for theisermnstruction of complex organic
compounds from simple molecules is a major objectivmodern synthetic chemistfy”
Based on the founding works of Ullmainand Goldber§ in the early 28 century, the
synthesis of new €C or C-heteroatom bonds mostly rely on transition metédlgaed cross-
couplings of preformed organometallic reagentshsag organoboronates, Grignard reagents
or organotin compounds, with carbon electrophissheme 4left top)!"**! Back then, these
discoveries were at the forefront of the advancémémesearch and their significance was
certified with the Nobel Prize in Chemistry in 2016 “for palladium-catalyzed cross
couplings in organic synthediswarded to Negishi, Suzuki and HétR. Although highly
effective, these reactions have innate disadvaatageh as laborious preparation of sensitive
organometallic reagents and the production of aggpamounts of waste, which are reputed to
be ecologically as well as toxicologically alarmin®ue to the increasing level of
environmental awareness over the past decadeseé#uefor sustainable approaches to replace

these traditional coupling reactions gained incedaattentior:>**!

- traditional cross-couplings - cross-couplings of C-H reactive compounds

RM + RX —M _ RR o+ Mx RH Base | gy rx M, pro4 ox
R-M = R-B(OR"),, R-MgX, X=Cl, Br, I, R-H = terminal alkynes, allyls

R-ZnX, R-SnR"; OTf, OTs
e.g. Kumada, Corriu, Suzuki-Miaura, e.g. Sonogashira-Hagihara,
Negishi, Stille Tsuji-Trost
applied in this work

. - decarboxylative cross-couplings - cross-couplings via C-H activation
E . [T™] . [TM]
! R-COH + R-X - RR + HX RH + RX ——> RR + HX
! CO,

Scheme 4 Approaches for €C or C-heteroatom bond formations.

A major improvement regarding waste and toxicityuetion is withessed by Sonogashira-
Hagihara or Tsuji-Trost type reactiorScheme 4 right top)?°? Carbon nucleophiles are
generated from innately reactive compounds, suclCdd acidic compounds or allylic

scaffolds bearing leaving groups, avoiding predsgsis of organometallic reagents and
4



Introduction

accruing metal salts as waste. These systems @redpplied in numerous, highly valuable
transformations. However, these reactions are duhito the intrinsic reactivity of either
coupling partner and are therefore limited in scapée functional group tolerance. In the
meantime, two major strategies have been estalligteg diminish the major drawbacks of
traditional cross-coupling reactions to a certaxteed Scheme 4 bottom). Firstly, the
decarboxylative cross-coupling as one of the &itiera strategies is particularly worth
mentioning. Carboxylic acids or carboxylate salts eeadily available in great structural
diversity, are toxicologically harmless and candasily handled under ambient conditions.
Therefore, no laborious preparation compared tesatal carbon nucleophiles are required,
which additionally guarantees a certain qualitythed starting material. Moreover, innocuous
CQO; is released in the course of the reaction instéadoichiometric amounts of often toxic
metal salts. Decarboxylative couplings of aromatcboxylates allow thgso-substitution
with various carbon residues such as aryl, viniiyl @r heteroaryl groups, with alkoxy,
amino, halo and other functionalitié®*® The second strategy, which avoids preformed
organometallic coupling partners, is-I& activation §cheme 4 right bottom). GH bonds,
which are chemically inert under traditional cressipling conditions, are used as anchor
points for the generation of carbon nucleophiles e bond formation occurs with relatively
high atom economy* ¥ The G-H bond cleavage is triggered either by its intdnsiactivity
(e.g. acidic €H bonds), or is aided by strong coordinating megethat bring the metal into
their proximity. The nature of the directing grogpdecisive to keep the high atom economy
for which G-H activation reactions are designed. However, instmoases particularly
efficient directing groups need to be pre-instalied remove@ posteriorj thus deteriorating
the atom efficiency. In this context, aromatic caylic acids are ideal substrates as the
relatively small carboxylate group has shown theilitgab to trigger ortho-C-H
functionalizations and can be removed with paréicdase, maintaining high levels of atom

efficiency!*>>"

The following work consists in the development @hctions which apply the strategies of
decarboxylative cross-couplings and carboxylateeti@d CG-H functionalizations. Moreover,
it includes examples in which both approaches ageged into one to overcome selectivity
issues, which is a major limitation in-8 activation reactions. It gives an overview of fui
synthetic potential of aromatic carboxylic acidsmedern catalytic cross-coupling chemistry
to achieve inexpensive, waste-minimized, and regdgasive formation of new, chemically

relevant scaffolds.
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3.1. Aromatic carboxylic acids

3.1.1. Occurrence, application and characteristics of aratic carboxylic acids

Implementing aromatic carboxylic acids as versdtudding blocks in organic synthesis is
highly desirable because these acids are amongnthet privileged naturally occurring
structural motive&>* The so-called benzoic acid is the simplest exangfl@romatic
carboxylic acids. It contains a carboxyl group dile bound to a benzene ring and is a
colorless crystalline solid (m.p.: 122 °C) withrfgipleasant oddf® It naturally occurs in
numerous berries, such as cranberries, bilberndsawberries, is also a component in honey
and it is formed in yogurt and curdled milk as suteof microbial decomposition of hippuric
acid®®Y Benzoic acid was first described by Nostradamusl®%6 and obtained by
sublimation from gum benzoin, a resin from sevére¢s of the genuStyrax Despite that,
the right elemental composition was first reporedchost 300 years later by Woéhler and
Liebig in 1832°? With a K.-value of 4.20, benzoic acid is slightly more acithian acetic
acid (K, = 4.76), but less acidic than formic aciKfp= 3.77). Thus it is present in its
deprotonated form under physiological conditi§fisThe acidity of a benzoic acid derivative
can vary substantially depending on the electrpnoperties of a substituent. The Hammett
equation is a powerful tool to predict the aciditybenzoic acids carryingara-and meta

substituent&*°"

CO,Na o COH - COH ., GOM
C
(0]
sodium benzoate salicylic acid (SA)  acetylsalicylic acid (ASA) 2-(oxalylamino)-bezoic acid
food preservative anti-acne agent, analgesic, antipyretric, a potent competitive inhibitor
keratolytic, anti-seborrheic, anti-inflammatory, of protein-tyrosine
anti-psoriatic anti-couagulant, phosphatases

cancer prevention O,

fluorescein eosin Y

O,N " »
fluorescent tracer sensitizer for dye-sensitized

fluorescent dye for
. y solar cells (DSSCs) NO;

lasers, forensics organic photocatalyst

Scheme 5Selected examples for benzoic acid-based phamphaces and functional

materials.
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The pharmacological activity of carboxylic acid-edcompounds is usually enhanced as a
result of electrostatic interactions caused byitinerent polarity of the carboxyl group. This
aspect is often critical for sufficient binding arspecific targef® In fact, benzoic acid itself
already has antifungal properties and is therefaten used as a food preservative in
beverages as a sodium saicieme 557%"% |n general, aromatic carboxylic acids are
particularly popular among chemists as they shaxatgrersatility serving as potential biocide
as well as drug candidates, functional materiad®dfadditives and recently as organic
photocatalysts§cheme 5.!°3-°Y Derivatives of benzoic acids are known to be ljually
active and were used in ancient times for medicimaipose$>°* Even in the era of
Hippocrates (400 B.C.), people were advised to ctiewhe bark of white willow3alix albg
to treat fever and inflammations. The extract of thillow bark contains a cocktail of
compounds, some of which are still used today te taw back pains and osteoarthrits®”
One of these components is salicylic acid, whicls Wust discovered by Piria in 1838 as an
oxidation product of salicifi®! One year later Léwig and Weidmann, extracted gidiacid
directly from meadowsweé& Albeit its antipyretic and anti-inflammatory effesalicylic
acid as active ingredient became soon unpopulphammaceutical chemistry because of the
numerous documented adverse reactions by oralentakging from strong gastric irritation
to hearing 10s8°°7'%%! Despite this medical impairments, it is still armmonly used additive
in creams and solutions to treat athé® In mid to late 19 century, acetylsalicylic acid
(better known as Aspiri) became an increasingly famous, less irritatingogate of
salicylic acid. Initially commercialized by Bayett, is now one of the most consumed
pharmaceuticals worldwid&®*'%! compared to their pharmaceutical application, the
utilization of aromatic carboxylic acids in funatial materials is less common. Nevertheless,
due to the electron withdrawing effect of the cagdagroup and extended delocalizae
system, aromatic carboxylic acid derivatives areging as electron acceptors in sensitizers
for organic light emitting diodes (OLEDs) and dyansitized solar cells (DSSC&) 201061091
Moreover, the carboxyl moiety shows particular cemence in serving as anchor point for
the straightforward fixation of the dye to a Fi€emiconducting surfade®**® Beyond that,
the so-called xanthane dyes, such as eosin Y, nhioga fluoresceine and rose bengal, which
contain a benzoic acid moiety, are commonly usdtlasescent target agents or laser dyes as
well as organic photocatalysts™* ! The latter is recently emerging as a powerful

application to substitute expensive transition inedgalysts for cross-coupling chemistty”
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3.1.2. Synthesis of aromatic carboxylic acids

The wide spectrum of applications for aromatic oastic acids inspired chemists to
provide straightforward approaches for the synthe&di benzoic acid and its derivatives.
Traditionally, (hetero-)aromatic carboxylic acidse asynthesizedvia oxidation of the
corresponding alcohols or aldehydes. However, theessary strong oxidants, such as
potassium permanganate, potassium dichromate arsJoragent (a solution of CyOn
H,SO,) are ecologically questionabfé?! An alternative approach utilized within the
industry is to convert toluene prxylene into benzoic acid @r-phthalic acid, respectively, by
the oxidation of the benzylic position with moleauloxygen in the presence of cobalt,

manganese or vanadium catalysts (Amoco proSeseme 64.[121-123:126-130]

from toluene or p-xylene

with O3: Harries reaction
Og: Harries reactio Amoco-process

(ozonolysis) KMnQ,, HO

Ar-CHjs, _ .
or Ar-CHz-OH, 1) X2, HO™  Haloform reaction
1) O3, 2) H,0O, Ar-CHO 2) H*, H,0
Ar-HC=CH-R Ar-COR'
A
R-COzH H [0] B HCX3 X=Cl, Br, |
H,0 / HO®
COLHX g C orH,0/H*
Ar-MgX = S Ar-CO,H re Ar-CN
X=Cl, Br MgXa NH;
F HO \.D
E or HO"
1) CO,, 2) H* H*
ArH —C022) 2 2 Ar-COH
b Ar-CO,R
Ar=Ph-ONa Ar-CONR, Ar-CH,OH  Cannizzaro reaction
Kolbe-Schmitt reaction Ar-CO,AC
Ar-COCI

Scheme 6Traditional and industrial syntheses for aromea#idooxylic acids.

a-Acidic carbonyl compounds, e.g. ketones, reach wilides under basic conditions to
the corresponding carboxylic acids and chloro-ntwg or iodoform, depending on the used
halide (haloform reactiorScheme 6B.*****3Under both acidic or basic conditions, nitriles
as well as esters, amides, anhydrides and acidiaédp can be hydrolyzed to provide
carboxylic acids from various starting materigdeifeme 6CandE).***?? The Cannizzaro
reaction offers the possibility to convert two eguients of aldehydes into one equivalent of
the corresponding acid and alcohol, respectivbheme 60.2****/However, due to strong
basic conditions, scope and functional group tolegaare very limited. Aromatic carboxylic
acids can also be prepared by the direct implertientaf CQ, into a carbon nucleophile.

Grignard reagents offer the opportunity to formahgnsform a €X bond into a GCOH
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bond Scheme 6G.*?112213"However, multiple steps and stoichiometric metaiste are
major drawbacks of this approach. A more elegartiameylation reaction was discovered by
Hermann Kolbe in 1860 and later on improved by Ru@echmitt, commonly known as
Kolbe-Schmitt reactiongcheme 6§23 Sodium phenolate is treated with £@.4 bar)
at 135 °C and after hydrolysis exclusively yields @artho-hydroxy benzoic acid; also known
as salicylic acid**?! By increasing the temperature to 185 °C in comtivnawith NaH as
base, the reaction requires only 1 atm of,€8 To date, the exact mechanism remains
unclear, however, the high regioselectivity for thetho-substitution is presumed to be a
result of anin situ formed complex between the sodium phenolate amdonadioxide
(Scheme 71a) or of an intermediary formed carbonagciieme 71b).2%42 |t is worth
mentioning, that the corresponding potassium plateslreact to thpara-hydroxy benzoic
acids, which is expected for a/3-type reaction. The potassium cation is too laggyel
therefore not capable to form the correspondindathessisted intermedialle depicted in

Scheme 744
NaO.__0O
H
® 0
H Ib Na O~ 0 CO,Na
O *[ 5 F 0
135 °C
® 2D
4.4 bar Na \C‘\O I
”[ RS ]

Scheme 7 The Kolbe-Schmitt reaction.

This reaction is generally applicable to variouemtis including the ones with polycyclic
and even heterocyclic aromatic cores (usually alséelin considerable structural diversrig
Hantzsch condensatiolif>*?¥ and is (to this day) the industrially preferredpagach to
synthesize salicylic acid®®**?) More modern approaches for the direct implemeonatf
CO; into an aromatic &-H or Gypz-Halogen bond that allow more moderate reaction
temperatures, broader scope, and higher selegtreity on transition metal catalysts such as
Rh, Ni, Pd, or strong, Al-, Fe-, Cu- and Au-baseewls acid$!****® Albeit aliphatic
carboxylic acids constitute another highly impottelass of compounds, their preparation as
well as their diversification go beyond the scopéhe work and are therefore not included in

this thesis.
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3.2. Classical diversification of aromatic carboxylic aas

Traditional diversifications of aromatic carboxyliacids are mostly governed by
transformations of the reactive @dgroup. Due to the strong polarity of the carbooghd
and the relatively high acidity of the hydroxyl gm nucleophilic additions/substitutions as
well as acid/base reactions are very commonly ggathetic tools to derivatize benzoic acids

in a rather straightforward fashioB¢heme 8top)!*24*37]

COH  E*=NO,*, HSO;",

O E* via SgAr X* in combination
£ E with AlX;, FeX; etc.

. e z
nint Y O | I ¥y R, C an
d wries a0 N Z O an, dL/C/
Jic o £ (\\\.\'\ [N} Q >X 4.
e S 3 ™ T chloro
imides halo acid acid O aldehydes esters arenes ..o
benzene anhydrides chlorides ides & alkohols
~_ N
R-NH,

Scheme 80verview of classical diversifications of benzaimds.

As depicted in Scheme 8the carboxyl group offers numerous possibilities f
transformation§*>**” Apart from more conventional reactions, such ateriigation,
reduction or conversion into more reactive specieg,. acid chlorides or anhydrates,
carboxylic acids can be used as starting matefalsother valuable synthons in organic
chemistry™*1?2227with the Hunsdieker reaction, halo arenes candmmédd in a rather
efficient radical pathway, in which the halide fistalled selectively into thipso-position!**”!
Chlorobenzene on the other hand can also be acceissthe Kochi reactiof>” However,
due to the stoichiometric amounts of toxic Pb(QAed as an oxidant the synthetic utility of
this reaction is somewhat restricted. Likewise,divect amidation of acids can be achieved if
the acid is activateth situ via an active ester with, for instance, dicyclohexstoaliimide
(DCC). Very often, other additional reagents sushlshydroxybenzotriazole (HOBt), are
needed for an efficient amidation. Due to the patom economical balance, this reaction is
highly undesirable, yet it represents one of thetnestablished method for peptide coupling
in laboratory to dat€>® Another rather rudimentary way to form amides atise yet with
very restricted functional group tolerance, is thgorous thermal treatment of the acid and

amine precursors. The anodic oxidation of benzoid @a Kolbe electrolysis in presence of
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nitriles is one way to prepare imides. However,ahgjng on the nitrile used, the reaction can
also lead to the formation of anthranilic acid datives. %% Interestingly, in aqueous
solution Fichter and Uhl observed that, upon etettemical oxidation, benzoic acid forms a
mixture of hydroxybenzoic acid, hydroquinone antechol!*®*¥ Another important reaction
that will be explicitly discussed within the nextapters, is the metal promoted extrusion of
CO; to form the corresponding arer&s™”

The aromatic core on the other hand is traditignélinctionalizedvia electrophilic
aromatic substitutions (8r) (Scheme 8 top)*"**1 A wealth of electrophilic functional
groups can be installed this way. As a result efriagative mesomeric effect of the carboxyl
moiety, the electrophile is usually directed int@ tnetaposition. However, harsh reaction

conditions and often poor selectivity with resp@ciono-vs disubstitutions regularly occur.

3.3. Transition metal-catalyzed diversifications of aronatic carboxylic

acids

Reactions of benzoic acids in the presence ofraitian metal catalyst further display how
versatile these substrates are. Transformatiotiseafeactive CeH groups can be performed
much more gently if catalyzed by metals. For thatter, functional group tolerance as well
as chemo-, regio-, and enantioselectivity can galhiimproved. Furthermore, new synthetic
pathways can be accessed, leading to a greatetywari compounds, which were before
either inaccessible or only achievable after a fiabg multi-step preparation. Another
important feature that occurs when metals are welin the transformation of carboxylic
acids is the ability of the CB group to act as a chelating directing group tlifate CG-H
bond cleavage reactions in a specified position.iiroduced electrophile is then installed
into the proximalortho{osition, this way overriding the innateetadirecting effect of the
carboxyl moiety*®® Finally, the metal-catalyzed extrusion of £© give arytmetal species
to replace pre-synthesized organometallic compoundfier emphasizes how attractive

carboxylic acids are in contemporary chemistry.
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Chapter 3.3.2. neglected

carboxylates as | ' addition reactions
directing group ! :

Ar-COLFG |
FG '

CO,H as
reaction target N ...

\

e Nt o

U S . : COB\ E
: H FG : : Lo z i
' u A e / ! ! activator : : AM
E N M, . . activatorOH | , ;

: lfFG .
' decarboxylative ;

co ! i Ar-CO[M 4
b 2 Ar-H | r-COM] couplings  A-FG

o e I |
I @ merging C-H activation: ! 5 Chapter 3.3.1.
Z  with decarboxylation ' carboxylates as source!

Chapter 3.3.3. neglected

Scheme 9Multifaceted nature of aromatic carboxylic acidgransition metal catalysis.

Scheme 9gives an overview on the application of aromatcboxylic acids in highly
topical areas of homogeneous catalysis. This woitk mainly focus on the use of the
carboxyl moiety as leaving group for decarboxylkatoross-couplings (chapter 3.3.1.) and as
directing group for the €H functionalization of the aromatic core (chapte8.3.-3.3.3.).
Herein, the different modes of action of the ££COgroup will be elucidated in detail. The
combination of carboxylates as directing groups asdeaving groups will be particularly
stressed as a new approach for regioselectivel @inctionalizations (chapter 3.3.3.). It
should be mentioned, that there are also numereperts on metal-catalyzed addition
reactions of the CgH group onto unsaturated compounds such as alkeneskynes.
Likewise, transition metal-catalyzed transformasioof acytmetal species derived from
activated carboxylates are described in many titegaprecedents. However, for the sake of
clarity, and since these types of reaction do &y p detrimental role in the present work,
both will be omitted.

3.3.1. Carboxylates as leaving groups for catalytic ipsabstitutions (decarboxylative

cross-couplings)

Over the past decades carboxylic acids (and tl#s)shave been intensively studied as a
replacement of expensive organometallic reagentsrass-coupling reactions. Carboxylic
acids are inexpensive, readily available in greaictural diversity, toxicologically unharmful
and are easy to store and handle. However, formiagbon nucleophiles from

metal-carboxylatesvia CO, extrusion is usually energetically disfavored, ethimakes the

12



Introduction

development of catalytic processes highly challeggiNevertheless, owing to holistic
adjustments and tuning of catalyst systems, thenwa community was able to develop
numerous efficient reactions to form new@ and Cheteroatom bonds at the former

C-COyH position, producing COas waste instead of stoichiometric metal seftishéme
10) [23,26-29,47,166-192]

[M] = [Pd], [Cu]
Y=N,0,S,P As
Ar-Y-R
[M] = [Cu/Pd] H-Ar
x=cipr1 AV wr  [MI=[Pd] [Cul AL NI
-CO%’/* % -CO; -source
z (RO),B-Ar" or (MeO)3SiAr
vinyl-H Ar-CO,H [M] = [Pd]
/\ 1
Ar-vinyl -CO, + Co,| — Ar-Ar
H,0C-Ar
M] = [Pd], RN [CU]  vinylX [V cat BT I —
[Pd/Cu] cb,
X = Br, OMs o
o, X-Ar
Ar-alkyl HY [M] = [Cu/Pd], [Ag/Pd], [Pd], [Cu], [Ni], [Ru]
IM] = [Cu], [Pd] -Co, X =Cl, Br, I, OTf, OTs, OMs
X=Br Ar-H Ar-X
[M] = [Cu], [Ag], [Au] [M] = [Ag], [Pd], [Au]
[Pd], [Rh], [Ni] X=Cl, Br, I,CN

Scheme 100verview on decarboxylative cross-coupling reattiof aromatic carboxylic

acids.

The simplest decarboxylative cross-coupling reaci® the protodecarboxylation. This
reaction is particularly useful as it gives the ogipnity to a traceless removal of the £
functionality once it is not required anymore innlecular scaffold, e.g. for late stage
derivatization to enhance the bibliography of bgially active compounds or of Hantzsch
esters and analod$> " As early as 1930 Shepamt al described that halogenated
derivatives of furancarboxylic acid are more likdly decarboxylate in the presence of
stoichiometric amounts of copper than without a ahatresenc&®! Nilsson, Cohen,
Sheppard and others extended this reaction tyilistituted benzoic acids by combining
stoichiometric amounts of copper, bipyridine ligandnd nitrogen containing aromatic
solvents*®*2%! However, these protocols were efficiently applieabnly to “activated”
benzoic acids, namely the ones carrying electrahdrawing ortho substituents or few
heterocyclic aromatic carboxylates. The decarbdioreof non-activated aromatic carboxylic
acids was instead found to be rather difficult. 2007, Gool3eret al. performed intense
studies to identify more active decarboxylationabgts in order to access entire assortment

of benzoic acids. Finally, the same group was &blend a suitable copper-based catalyst

13



Introduction

system capable of catalytically defunctionalizirgnwrtho-substituted benzoic acids to give
the corresponding arenes at reasonably temperatlir€s°C)>°® Particularly efficient was
the implementation of phenanthroline-based ligafadscopper, and a specific, carefully

deoxygenated solvent mixture composed of NMP amaotjoe (Scheme 1)

+ligand:
COH H LR R R=R'=H
A, CuOlligand (10 mol%) I"; + coyl /RN N
FEU _J  NMPrquinoline 3:1),  FOU B SV S
170 °C, 12-24 h _ | H =
up to 90% yield | R=H, R = Ph

Scheme 11First truly catalytic protodecarboxylation of wtigated benzoic acids.

Later, long reaction times could be avoided by qrening the reaction under microwave
irradiation®®”! With a silver(l)-catalyzed protocol, numerous eated benzoic acids were
efficiently decarboxylated at temperatures arour@d120 °C, which was 50 °C below
previously reported copper-based methods. Moreaesy, electron-rich or halide containing
benzoic acids, were accessed for the first timenpiementing the copper catalyst
system?%82%% Other metals, such as rhodium, nickel or pallagiwere found to mediate the
CO, extrusion to form aryimetal species, which werm situ trapped by protoré™®
Nevertheless, these protocols were still restridiedactivated (hetero-)aromatic acids or
required reactions performed in gas phase at vigty temperature$**! More recently, the
group of Greaney described a silver-catalyzed edgimotodecarboxylation process, which is
applicable to both activated and non-activated atamacidd?*? Yet, over-stoichiometric
amounts of KS,0Og as oxidant are needed. One year later the groudotdn reported a
gold(l)-catalyzed C@ extrusion/protodemetallation sequence, in which-activatedmeta-
and parabenzoic acids were efficiently converted into therresponding arends?
Adamantylcarboxylic acids as the right proton seus@s crucial to achieve protodeauration

of the usually stable arytjold specie§:.’*14

The reason for a reluctant decarboxylation of benawids without activatingprtho
substituents lies within the electronic propertiéghe substituents. DFT calculations on the
copper(l)-catalyzed decarboxylation showed thatdbearboxylation is mostly governed by
short-range electron-withdrawing inductive effectsxductedvia the o-backbone, thus most
vehemently affected byrtho substituent&°® Moreover, other calculations showed that steric
repulsion facilitates the GOextrusion as welf*® Contrary to this, long-range mesomeric

effects transmittedia the n-system do not significantly reduce the free rescgnergy?®
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Based on experimental and computational resultstalytia cycle was proposeds¢heme
12).[201,206,207,209,216]

€O _~pe/= | X
N m FG protodemetallation
decarboxylation N\ /

O/ H
P
FG

Scheme 12Proposed mechanism for the protodecarboxylatatalyzed by a

coppet-phenanthroline system.

The coppefrphenanthrolinecarboxyl complex|() undergoes decarboxylatiora insertion
of the metal into the arylCO, bond (transition staté). CO, extrusion gives the arytopper
speciedlll which is protodemetallated by the newly introdusedbstrate to form again the
intermediatd along with the arene.

Arguably, a more valuable transformation in theteahof decarboxylative couplings is
the ipsoimplementation of other synthons apart from protomke carboxyl group of
activated benzoic acids can be cleaved to forrhalides and pseudo halides;N; C-O,
C-S, G-P etc. bond¥/173175.177-179.182.184-18R) st of these transformations are catalyzed by

copper, silver or palladium combined with stoich&int amounts of oxidants.

Decarboxylative cross-couplings strategies to famew C-C bonds are particularly
interesting because they offer the opportunitygi@at “synth-tactical” variety for the concise,
stepwise construction of organic scaffolds starfiogn readily available building blocks-”
The group of Goollen and many others developed iegfficmethods for theipso-
allylation, -vinylation, -alkylation and -arylatiosf aromatic carboxylic acid&® The latter is
particularly important because of the ubiquity @drls in pharmaceuticals and functional
materials?*®?*! The synthesis of this structural motifia transition metal-catalyzed
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decarboxylative cross-couplings constitutes a mpgit of this work and will be therefore
elucidated in detail.

3.3.1.1. Biaryl synthesis via decarboxylative oxidative csesouplings

The groups of Crabtré®Y Maiti,*"? Larrosa?®® Glorius?*?*? and other’7018¢l
reported that under oxidative conditions the -amgtal species, which is formed by
decarboxylation, can be trapped by simple arendsateroarenes to form biaryl scaffolds in
a rather straightforward fashion. However, thesactiens are either restricted to
(hetero)arenes bearing—B acidic positions or require comparatively harsiacation
conditions with over-stoichiometric amounts of sihor copper salts as oxidants. Moreover,
most aromatic acids need to be activated for deggthtion by c-electron-withdrawing

substituents in thertho-position Scheme 13A

FG

\_CO,H (M N
v \~ (het)Al
A ' + H-i-(het)Ar Ox \( CHAT + COzT
\.COH H. s M] )
= O 00— -0 -
Y Y = linker Y
FG
FG
\_CO,H M] " Ar
Cc . + RM-Ar Ox v + cozT + M-salts
R.M = (RO),B$ or (MeO)3Sis
[M]
. , Ox
D Ar"lCOZH R HOZC{"Ar‘ — ArAr + ArAr + Ar-Ar + 2C02T

Scheme 13Decarboxylative biaryl synthesis under oxidateaditions.

The versatility of functional groups is rather mavrand the cross-coupling occurs very
seldom intermolecularlyScheme 13B Oxidative decarboxylative biaryl syntheses cko a
be conducted between aCO,H moiety and an organometallic reagefitiieme 13 Yet
examples for these types of cross-coupling are. rditee group of Liu reported a
decarboxylative Suzuki reaction between highlyvadtad aromatic carboxylic acids and aryl
boronic ester€*! Nevertheless, this reaction is triggered by reddyi high loadings of
Pd(TFA) and over-stoichiometric amounts of expensive sitwadants. A major challenge

was to tune the decarboxylation rate with the tragtallation step. As a result, the choice of
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the right organoboron compound was crucial to aghien efficient coupling with specific
benzoic acids. In this context, trialkoxyarylsilangere also found to be suitable aryl sources
for the synthesis of biaryl&? This decarboxylative Hiyama coupling is catalyzeyl a
trimetallic palladium/silver/copper-system, with Peing the cross-coupling catalyst, silver as
the oxidant, and finally copper with a trifold rokes oxidant, as fluoride-source for the silane
activation, and as decarboxylation catalyst. Uraedative conditions the coupling between
two aromatic carboxylic acids is possibl@ double-decarboxylationScheme 13 The
Cary—Caryi bond is formed at the respective formetGD,H bond. Homocouplings as well as
heterocouplings are reported in literatlif&>% In all cases, the efficient conjunction was
only achieved with activated (hetero-)aromatic acidnd the chemoselectivity for

electronically similar acids is rather poor witlspect to homo- vs heterocoupliig.
3.3.1.2. Biaryl synthesis via decarboxylative redox-neut@bss-couplings

In contrast, redox-neutral decarboxylative biamgitheses have emerged as a particularly
preferred reaction strategy because it obviateghstonetric amounts of oxidants, thus
minimizing waste. In this casein situ formed arytmetal species generatedia

decarboxylation are trapped by aryl electrophiles.

N =
= |\;CozH X = | [Pd/Cu] or [Pd/Ag] Lre
FG— + +FG' > X
X - G base FG—/ m * COZT + HX
X
M Pd]—X
[M] [ 1 X
7N oxndatlve
FG@ addition |
CO,
decarboxylation
[M]*o‘ o]
decarboxylation . allat cross-coupling by
\ Cycle ransmetallation cycle [Pd]
salt metathesis _|_ /
[Pd] FG—
M]*X reductive
—FG' elimination
Pz
[M] = [Cu], [Ag] X=Cl, Br, I, OTs, OTf, OMs

Scheme 14Bimetallic catalytic decarboxylative biaryl syesis.
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All monometallic catalyst systems reported in btere are restricted to highly activated
(hetero-)aromatic acids. Instead, bimetallic catalgystems, in which a cross-coupling
catalyst is combined with a decarboxylation catalgse particularly effectiveScheme 1
The concept of a bimetallic system offers the uaigussibility for an extremely accurate
tuning of each catalyst to achieve maximum perforeeaTo date, combinations of Pd as the
cross-coupling catalyst with copper or silver as tlecarboxylation catalyst are the only
reported bimetallic systems to achieve efficieritlggic redox-neutral decarboxylative biaryl
couplings. It is highly challenging to achieve etfsynergistic performance of both metals
with regard to the two parallel occurring catalyticles (exemplified irScheme 13 which

coincide at the transmetallation step.

[Pd/Cu]
-CO,
frist time non-ortho-substituted
aromatic acids accessible

Ar'-CO,H + TfO-Ar? Ar'-Ar?

[Cu]

Ar-COzH o, Ar-H Ar'-CO,H + TfO- Ar2% Ar-Ar2| | extensive DFT studies on the

efficient decaboxylation first time catalytic in Pd and Ag Lln:é::r?)gljnl]ag\flepi/r glsjst_)gft‘z:'c

of non-activated acids low-temperature transformation y pling
< ~ |

| 2006 2007 2008 2009 2010 2014 >

Ar-COH + Brar YU art a2 | | Ar-copH + char PYCU p a2 | |ArCOH P9l arn|{overcoming the‘

-CO; CO, -CO, ! limitations of !

first truly catalytic first time Ar-Cl as electrophilic | | decarboxylation at decarboxylatlve

decarboxylative functionalization coupling partner lower temperatures| :cross-couplings:

Scheme 15Timeline of significant advancements of bimetatlecarboxylative biaryl

synthesis.

Scheme 15depicts the evolution of redox-neutral catalytiecarboxylative biaryl
syntheses over time. The seminal protocol was tegdsy GoofRen in 2008 For the first
time catalytic decarboxylation was used in crosgptiog catalysis, showing that in fact
carbon nucleophiles can be catalytically generatesitu and further trapped by electrophiles
other than just protons. However, it was mandatorfyne-tune the bimetallic catalyst system
for each substrate in order to compensate diffedentrboxylation propensities of aromatic
acids, which considerably alter decarboxylatioesatvioreover, this protocol was limited to
ortho-nitrobenzoic acids and aryl bromides as the elpbiha coupling partner. A second
generation Pd/Cu-bimetallic system extended thpesto the reputedly more challenging aryl
chlorides as electrophile sourcecheme 152008 bottom)'>*? It was crucial to identify a

suitable ligand environment on the palladium, withbampering the decarboxylation cycle.
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Unfortunately, this protocol was again mainly rieséd to ortho-nitro benzoic acids. Still,
accessing inexpensive and ubiquitous aryl chlorideproved the synthetic utility of
decarboxylative cross-couplings and gaining atbenfis a serious alternative to traditional
transformations. In 2007, Goofllen and Thiel exploexgberimental and computational
insights on copper-catalyzed protodecarboxylatiavisich finally proved to be the key to
efficient catalytic transformation of benzoic acidsyardless of their substitution patterns
(Scheme 1% These findings include that the decarboxylatisrhampered by additional
halide salts, particularly for noortho-substituted benzoic acids. In the course of a eross
coupling reaction with aryl halides, these anioresiacreasingly released, forming relatively
stable copper halide salts. As a consequenceotheafion of the required copper carboxylate
via salt metathesisScheme 13 is unfavored. As a matter of fact, northo-substituted
benzoic acids are efficiently converted solely he tpresence of aryl triflates as aryl

electrophiles $cheme 15 2008 top)?3

Hence, weakly coordinating
trifluoromethylsulfonate anions do not compete aghithe formation of the copper
carboxylate, which is required to close the deceylative catalytic cycle. However, two
major drawbacks are the relatively high reactiongeratures (170 °C) and that the reaction is
restricted to expensive aryl triflates. With masadiradjustments, this protocol was later
extended to more robust and less expensive arylates’>*¥ Instead, reputedly less active
aryl mesylates required a tailored imidazolyl phHosp ligand on the palladium to ensure an
efficient activation and were not suited as couplartner for norertho-substituted benzoic
acids®® For all, high reaction temperatures remained disathgeous. Shortly thereafter,
silver was found to be an efficient decarboxylatmatalyst, which is able to truncate the
aryl-CO,H bond at considerably lower temperatures compaocedopper-based systems
(Scheme 152009. Nevertheless, decarboxylative cross-couplingh aryl halides catalytic
in silver remained elusive because stable silvdidés are formed during the reaction
impeding catalytic turnovef$€:°%2% This was solved again by implementing aryl
electrophiles bearing leaving groups, such asatefi or tosylates, which generate poorly
coordinating anions at the transmetallation s&ghéme 152010.2" In order to shed light
on the mechanism of bimetallic catalyst system &mdind a recipe to overcome the
remaining challenges of efficiently converting namho-substituted benzoic acids with aryl
halides and lowering the high reaction temperajuG®i3en and van Willen examined the
entire Pd/Cu bimetallic catalytic cycle thoroug8cheme 152014.%8 They compared the
calculated energy barriers for the reactionoothofluoro benzoic acid angbarafluoro

benzoic acid. In accordance to previously reportattulations on the copper-catalyzed
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decarboxylation only, the Gxtrusion is energetically disfavored for baotttho- andpara-
fluoro benzoic acid, but not necessarily the highesenergy for each case in the entire
reaction profile. As a matter of fact, when consig the hole bimetallic cycle the highest
energy barrier fopara{fluoro benzoic acid was identified as the transiftedtan step and not
the decarboxylation. Interestingly, the salt metaif is, unexpectedly, for both cases equally
difficult. This step partially dictates the reacti@nly because its energy is added to the
decarboxylation, which is easier foortho-substituted than for noortho-substituted
benzoates. Concluding, the results show that depgrh the substrate, the rate-determinig
step lies either at the decarboxylation or at thegmetallation and not, as assumed before,
only at the CQ extrusion and preceding salt metathesis. Prelimiatempts to facilitate the
transmetallation by specifically customized bridgiR,N-ligands led to a system, which is
able to mediate the reaction at only 1002 .This demonstrates that holistically optimizing
all steps, it should in theory allow to efficienttpuple non-activated benzoic acids even in
the presence of excess halides at mitigated temypesa A success would be highly
rewarding by showing that the full range of cardaxyacids, as source of carbon
nucleophiles, can fully compete in terms of efficg with organometallic reagents, which

are traditionally used in transition metal-catalybgaryl synthesis.
3.3.2. Carboxylates as directing group for ortho-&l activations

Over the past decades, a tremendous progresseictadir GH activations was achieved.
This concept has established itself as an effictent to create complex molecules in a
straightforward fashion and can be regarded asxdafuental synthetic strate§g$?2*® The
numerous reported protocols range from the transfton of Gpz-H to G—H bonds with
pre-functionalized (€X or heteroatomX) as well as with non-pre-functionalized 8 or
heteroatomH) coupling partners, to form new—C or C-heteroatom bonds, just formally
releasing H, H,0, or HXB*5244-24%Iarenes are functionalized more efficiently by ajimd
catalyst systems, which are directed by strongatimgl directing groups (usually Lewis basic
moieties). Moreover, more extended, strong dirgcgjroups can be used to regiospecifically
and chemoselectively access all positions on thaed*?*!! However, protocols in which
the sole purpose of the directing group is to bangatalyst into proximity of a €+ bond
without being required as a functional group in fihal product, become as convenient as or
even less convenient than traditional cross-cogphii® Frequently, their removal is only
possiblevia laborious multi-step procedures and in certainuritstances the directing group

even needs to be introduced in an extra step fwitunctionalization. For these reasons, it is
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a major task in modern-day chemistry to seek foren@xpedient directing groups to enhance
synthetic freedom and step economy in modern toameftiong2>22%!

[M] = [Pd], [Fe] for alkyl CO,H Ar-CO,H COzH

[Re] for allyl X, alkyl /allyl + Y-R
FG+ _ [M] cat. FGr Y=0,N,S

2
%, %oe@ M= P, (04, IR
9, [Ir], [Ru]
CO.H
: alkene, alkyne -source ,\ X
_ x=8Br1
M] = [Pd]

S,
o“ %,
CO,H c;a“o \ CO.H
COR ~  ,-----mmezccoomccooocbooonnooaon, , D
ref S N Felt
Z o F & 3 g X Z
[M] = [Pd], [Ru], [Rh] ! < x| = g < [M] = [Pd]
+ [M] = [Rh], [Pd],
' in CO,H
X Ar

' FGr _
chapter 3.3.21.

Scheme 160verview of carboxylate-directemttho-C—H functionalization of benzoic acids.

In this context, carboxylates fulfill all requiremts for an ideal directing gro&ﬁ‘” They
are convenient, non-toxic, and commercially avd@dab substantial structural diversity. If the
carboxylate group is not required in the final prog it can be truncated and/or replaced by a
plethora of functional groupga decarboxylative cross-couplings, as shown in arapi3.1.
Another argument in favor of carboxylates as sigrtimaterials in directed -
functionalizations is their broad application asgmtial pharmaceuticals and other functional
materials. As a consequence, methods for their stieg waste-minimized atom economic
diversification are highly sought-aftéécheme 16gives an overview on carboxylate-directed
functionalizations of the aromatic core of benzawd derivatives, ranging from-C to
C-heteroatom bond formation under oxidative as weltealox-neutral conditions, catalyzed
by a number of transition metals. The following ptesis will put a strong focus on the state-
of-the-art synthesis of biaryls and vinylarengs carboxylate-directed €H activation. The
other transformations depicted $theme 16move beyond the scope of this work and will
therefore not be discussed. Nonetheless, thes¢iomma@are outstandingly important and
represent useful synthetic tools for the diveratimn of aromatic carboxylic acids and for the

synthesis of complex, otherwise inaccessible bugjdilocks.
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3.3.2.1. Carboxylate-directed arylation of aromatic carboxylacids

C-H arylations are evolving into a greener stratagytlie synthesis of biaryls compared to
traditional cross-couplings. These systems areicpdatly effective when aided by Lewis
basic directing groups, such as pyridine, pyrimagimmidazole, and others which guarantee
efficient binding of the metal and ease theHCcleavage process. However, these effective
directing groups are rarely needed after theHQunctionalization event and are mostly
difficult to remove. In contrast, carboxylates pedvto be highly attractive synthons, because
of their multipurpose potential. A poerdonating tendency and an intrinsic reactive charac
leading to undesired side reactions, however, eregnthetic challenges. Hence;-HC
arylations mediated by carboxylates as directingugs are difficult, making expedient
methods quite rare. Nonetheless, the groups ofLdtrosa, Daugulis, Goolien, and others,

were able to develop protocols for thrtho-C—H arylation of benzoic acidS¢heme 1Y!2%%-
264]

Daugulis, Yu,
Larrosa & others /Pd
Ar-X, Ar-B(OR),, K
1 \ +
COLH Ar'-BF 3K, Ar'p-l COH

Ay Lan & You, Li V) A e thenar
FGIC Rh Fol
_ (het)Ar'-H \‘ J

Ar'-N,* \‘

Daugulis: Lan & You: Gool3en:
Pd(OAc),, Pd(OAc),, (Cp*RhCly)y, (Cp*IrCly)y,
AgOAc -or-  PAd,Bu Ag,0 Ag,CO;
o A Ar'-Cl heteroAr'-H ArN,*
Pd(OAc),, Pd(OAc),,
Agch& BQ -or- air/Oz, BQ C.-J. Li
Ar'-B(OR), Ar'-BF;K [(NBD)RNCl,,
Larrosa: air, MnO,
Pd(OAc),, Pd(OAc),, CO,H
NMe,Cl, KOAc -Or-Ag,CO3 K,CO3 Ar'-H = “H
Ar'-l Ar'-l AR
FGT P
Zhao & Su: Zhou: Ren:
Pd(OAc),, Pd(OAc),, Pd(OAc),,
MPAA-ligand, Ar'y-I* AgTFA
Ag,CO3, HFIP Ar'-l
Ar'-l

Scheme 170verview on carboxylate-directed-8 arylations known in literature.
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Pioneering work was achieved by Daugulis and Yup wisclosed a Pd(OAgratalyzed
ortho-arylation of benzoic acids with aryl halides andylarboron reagents,
respectively?®>2%¢2%5 Daugulis presented two methods, of which one igliegh for aryl
iodides, and the second for aryl chlorides as edpbilic coupling partner. For the coupling
of aryl iodides, stoichiometric amounts of a sihgalt as halophile are needed to achieve
sufficient turnover by preventing the formation adtalytically inactive palladium iodide.
Aryl chlorides on the other hand present a diffedrallenge. Here, the oxidative insertion of
Pd into the reluctantly reactive aryl-chloride boisdfacilitated by electron-rich yet bulky
phosphine ligands. The scope is strongly restritdeglectron-rich benzoic acids and to non-
ortho-substituted aryl electrophiles. Moreover, in ortteavoid that botlortho-positions next
to the carboxylate group are functionalized, thezio&c acids need at least to be substituted at
the metaposition. Double-functionalization is often obseatvéor weakly coordinating
directing groups, of which carboxylates are inhdyeimcluded. In contrast, related reactions
with strong chelating directing groups usually l¢ada selective functionalization at one
ortho-C—H bond. The group of Yu discovered that under axreaconditions aryl boronates
are also suitable coupling partners for the amytatdf benzoic acid$>®2%*! An interesting
alternative to Daugulis’ protocol for the couplinfaryl iodides was described by Larrcsta
al.”>” There, a combination of a more convenient tetragi@mmonium salt with potassium
acetate replaced silver as scavenger for halidas. Way, intermediary formed Pedpecies
are convertedin situ to the active Pd(OAg) catalyst. Pd(OAg) combined with a
monoprotected amino acid ligand in HFIP as the esdhboosts the reaction to unlock the
coupling of benzoic acids with iodoarenes evenoanr temperaturé®® Kinetic studies
revealed that the amino acid ligand acceleratesrébetion rate to ensure higher catalyst
longevity. Further improvements include reactionsaqueous solvents either in only water
with aryliodonium salts as aryl source or when acidints are added in a combination with
iodoarenes as the electrophff&:?®¥ All ortho-arylations of benzoic acids, which are
catalyzed by expensive palladium precursors, afieiexft only with highly activated but
expensive aryl sources, such as iodoarenes, aoylioch salts and aryl boronates. Moreover,
most methods require the presence of stoichiomatriounts of expensive silver salts as

halide scavengers or oxidants.

Additionally, biaryls can be formed by carboxylatieected dehydrogenative couplings, as
disclosed by the groups of Lan, You and?f1:?%® with Rh(lll) and overstoichiometric
amounts of silver-based oxidants, simple heteroatisncompounds are coupled with benzoic

acids at their most acidic-El position. On the other hand, Rh(l) couples twozwéc acids to
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form diaryl diacids. The reaction is performed imter with air and Mn@ as oxidants.
Unfortunately, homocoupling is always preferred roveterocoupling, deteriorating the

synthetic utility of this protocol.

In order to replace expensive aryl iodides or &gfonates as the aryl source, GooBen
al. developed a method that allows implementing digkzonium salts as more convenient
surrogates for aryl halidé$? Aryl diazonium salts are often precursors to sgsite
iodoarenewia Sandmeyer halogenation, which is also an induistpaeferred process. Thus,
GoolRen’s method formally obviates one addition&ip stompared to the arylation with
iodoarenes. Moreover, in the course of the crosglotg reaction, only gaseous; Ns
released, reducing the amount of heavy waste. Eaetion is catalyzed by Ir(lll) and
performed at remarkably low reaction temperatus°C). Control experiments revealed
that the silver salt is likely to play a twofoldlean the catalytic cycle. One role is as halide
scavenger, to promote dissociation of the Ir-preaufacilitating the formation of the active
catalyst species. As a second role, silver is betido be involved as oxidant in one-electron-
transfer steps, for the stepwise oxidation to &v)Imtermediate, which should then readily

undergo reductive elimination to give the biaryihmxylate.
3.3.2.2. Carboxylate-directed alkenylation/alkynylation of@matic carboxylic acids

To introduce C=C doubleonds into thertho{osition of a carboxylate has been a highly
topical area over the past decade. All transformnatican be summarized into two main
strategies: First, Redox neutral reactions allowontucing an alkyne or alkene onto the
aromatic ring with minimum waste. These reactions extremely rare. In fact, only one
example of a transformation, that can be categdra such, was reported earlier to this
work. Second, oxidative Fujiwara-Moritani-type atkdations, instead, have the advantage to
obviate any pre-functionalization of either couglpartner. However, stoichiometric amounts
of oxidants are required for a catalytic transfaiora The versatility of these strategies is

displayed inScheme 18
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Scheme 18Transition metal-catalyzed reactions of benzeidawith alkynes and alkenes.

R = Z EWG
[M] = [Pd], [Ru], [Rh]

Pioneering work on this field was demonstratedh®ydroup of Miura. In the late 90s they
disclosed that in a palladium-catalyzed Fujiwararikdmi type oxidative coupling of benzoic
acids with styrenes or acrylates, a mixture of potsl formed arising from different
demetallative elimination mechanisnm8cheme 18 products of pathwa, C and D).1*®
With acrylates, intramolecular hydroacetoxylatidntlee vinylarene, which is formed after
reductive elimination, is preferred ov@rhydride elimination. Products arising from the
B-hydride elimination are observed when styrenesuaesl as coupling partners. The choice
of which specificB-hydride is eliminated to finally give the 5- or tlteemembered ring,
respectively, is apparently controlled by stericctéeass. As a consequence of poor
chemoselectivity, this protocol lacks synthetidiiyti Nevertheless, this is an early example
of a directortho-olefination of benzoic acids in catalytic Fujiwdvioritani reactions and
inspired many groups to further improve this reactinodd?®’ "% Before that, a comparable
reaction was only possibleia the palladium-catalyzed coupling of preformed ¢oxi
arylthallium reagents with olefins to give the @sponding isocoumarif€Y) Over the last
decade many groups focused their research on a@ugedss class of compoundgia
ortho-C-H functionalization of benzoic acids. The hydroatidn of internal alkynes with

concomitant intramolecular reductive-Q bond formation crystallized as a preferred stpate
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and was first published by Miura and Satoh in 2¢8Zheme 18D?"*?"® Rhodium and
iridium were found to be particularly efficient eatsts allowing the reaction for a number of
internal alkynes even in water and with reducedtiea times by microwave irradiatidf{*

27 More recently, ruthenium was used as a cheapeogate of Rh, Ir and Pd for the
ortho-C—H olefination of benzoic acidé’®?%1t is worth mentioning that the tendency of the
acid group to undergo Ru-catalyzed acetoxylatiorossc the C,C triple-bond vyielding
enolesters makes the combination of alkynes wittisaand ruthenium as catalyst to aim at a
competingortho-functionalization particularly challengin@’ 28! Nevertheless, the group of
Ackermann were the first to disclose a rutheniutalgaed protocol in which diaryl as well
as dialkyl alkynes were efficiently coupled to diedubstituted isocumarif€® In order to
achieve efficient turnover, it was essential to attidchiometric amounts of copper acetate to
the reaction medium. Another drawback is that umagtnically substituted alkyl,aryl alkynes
reacted sluggishly and with poor regioselectivitythe same year, the group of Jeganmohan
reported that the amount of copper can be reduc28 mol% when the reaction is performed
under aerobic conditions. Moreover, the regioseliggtof the reaction with unsymmetrical
alkynes was completely controlled when aided byherssalt'?”® Finally, with a designed
ruthenium catalyst bearing mesitylene carboxylatdigands, the group of Ackermann was
able to replace the copper salt as terminal oxidantirely by Q, formally producing
environmentally innocuous water as wd&t8.The strong tendency of the carboxylate group
to undergo intramolecular acetoxylation onto an eatk impedes theortho-C-H
alkenylations/alkynylations without cyclization inemsely Scheme 18 Only a handful of
aromatic acids, mostly heterocyclic, are reportetita undergo cyclization. These reactions
are catalyzed by rhodium combined with stoichiomesilver salts as oxidants and use
Michael-acceptors, such as acrylates, as couplarners?®>2%® |n all cases, the scope is
restricted toortho-substituted benzoic acids to avoid double-functiaation. Very recently,
Shishido disclosed an entirely waste-free0ond formatiorvia carboxylate-directedrtho-
hydroarylation of internal alkynes followed by iatnolecular hydroacetoxylatiors¢heme
18F). The reaction is aided by only catalytic amouwftbase, is catalyzed heterogeneously by
ruthenium coated on a ZgGsurface, and represents the first example of adaokfree

carboxylic acid directed functionalization withénnal alkyne®?

Another mentionable redox neutral carboxylate-deec alkenylation to form
3—alkylidenephthalides from benzoic acids (product Stheme 18 pathwayA’), was

reported by Gool3en and coworkers. The corresponglioduct is formedvia a rhodium-
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catalyzed acylatidff”! with anhydrides followed by cyclizing acylalizati@nd consecutive

elimination!?®!

Literature clearly shows that waste-free and oxidfiee carboxylate-directed-C bond
formations are highly needed. However, one majaallehge is to overcome the poor
selectivity towards mono- vs difunctionalization bath ortho{ositions, to allow accessing

also simple, unfunctionalized aromatic carboxybala.
3.3.3. Merging C-H activation with decarboxylation

The major advantage of carboxylates as directioggg is that, after the-El activation,
the CQH moiety constitutes a predetermined breaking peithier for defunctionalization by
protodecarboxylation or for functionalization by cdeboxylative cross-couplings. This
characteristic allows the potential regio- and cbsetective installation of a wealth of
functional groups, accessing diversely multi-detataarenes. As a matter of fact, this
approach was successfully applied by chemistsnmmaber of cases under different strategies
(Scheme 1%

A
CO, as transient
directing group

... {in-&-out) __
! E B
: FG{j : c
! ; CO, as deciduous
; [Mﬂl/ CO; 5 directing group CO, as traceless directing group
_(simuttaneous) (subsequent) ..
E i Hooom|l COAM1]
' (0] ' ! | i ! 2
foaN | ?" ol I . [M1]

1
M1] [ E1: ' E :
] e s
= i ' ' i
! wioj [M1] \t% [M1] [Mﬂ\‘ioj, [M1]§

1

FG— =EDG in ortho L ; R N

Scheme 19Different approaches for merging botkrk activation and decarboxylation for

the regioselective multi-functionalization of berzacids.

The strategy depicted iBcheme 19Cis the most commonly used approach for the
decoration of benzoic acidia subsequent €H and CG-CO,H bond cleavage events. In

contrast, the strategy depicted 3theme 19Arepresents a special feature of £Q@ is

27



Introduction

transiently introduced prior to the C—H activatiand removed from the aromatic skeleton
after functionalization. These two strategies Wil outlined in detail in the following two
subchapters. The third strategy, depicte8cheme 19Bwas developed within this work and
will be explained in detail in the “results and alission” section. Nevertheless, the
subchapter in this section aims at giving the cptad background and to show the potential
utility of carboxylates adeciduouslirecting groups.

3.3.3.1. Carboxylates as traceless directing group

The concept of a traceless directing group estaddistself as a powerful tool to formally
invert the intrinsic reactivity of a substrate tods a nucleophile or an electrophile by
overriding inherent electronic effedts? In this context, carboxylates are privileged spnth
because they can be installed and removed withicpkt ease to form an new organic
framework, releasing gaseous £Mliura was the first to show that the carboxyliwda
functionality can trigger the C2-selective alkeniglas of indoles with acrylic acids. In a
control experiment in which the carboxylate dinegtigroup is omitted, the acrylate reacts
selectively at the preferred C3-positiddcheme 2D?% The carboxylic acid thus affects the

inherent reactivity of indole4*!

R Pd(OAc), (5 mol%) H
AN H + /\COZBu Cu(Oéc)z.'Hgo (2 eq.) L \ .
N MS 4A, LiOAc (3 eq.) N COLBL
A DMA, 140 °C, 2 h \ 2
Me Me
R=H, COH R=H — 53%

R=CO,H 71% —

Scheme 20Effect of the carboxylate directing group on thgioselectivity of the vinylation.

The groups of Larrosa, Li, Chang, Su, Gool3en ahdrst which are particularly active on
the field of carboxylate-directed €&l functionalizations, disclosed examples for the
subsequent, and in some cases concomitant, pretdabeylation of benzoic acids, which
takes place after the-E& activation event§cheme 21 left)*32°" Moreover, Miura and
others showed examples ofthofunctionalization with subsequefpsofunctionalization

without the need for an interposed isolatiSelfeme 21right)[27292:2%]
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.
H . “Ph
FG \.OR |
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Scheme 21Examples for carboxylate-directedho-C—H functionalizations of benzoic acids

combined with decarboxylative couplings.

In most cases, the GB group is replaced by a proton consecutive to @eH
functionalization step. An early example was regarby Miura and Satoh, in which in a
Fujiwara-Moritani type reaction the carboxylate @woguides the terminal alkene into the
orthoposition before being removed by the excess silmgsent as oxidant and
decarboxylative mediaté®® However, the C@extrusion is so slow that the secaortho-
position needs to be blocked to avoid double alkgion. This is also an issue in nearly all
tandemorthofunctionalization fipso-defunctionalizations of benzoic acids. Nevertheldss
potential of this reaction sequence unfolds whenzbie acids bearing electron donating
ortho substituents are coupled with electrophiles. Trwugrof Larrosa disclosed ttwatho-
arylation of 2-substituted benzoic acids and aodides with concomitant Ag-mediated
decarboxylatiof?>*?*® The formedmetasubstituted arenes, which are difficult to obtajn b
the use of conventional synthetic approaches, areergted in good to excellent yields
regardless of their electronic properties. Thisatstgy was later extended to the cross-
dehydrogenative coupling with simple heteroaréfé$®”! GooRenet al showed that the
iridium-catalyzedortho-arylation of aromatic carboxylates with arene draam salts can be
combined with a subsequent copper mediated protmdexylation in one pdt®® Other
functionalities such as amides or sulfonamides vedse found to be accessible coupling
products which survive the subsequent protodecathtian steg?8’:298.2%]
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Examples for the tandeonrthofunctionalization ipsofunctionalization are very rare. An
excess of protons available in the reaction medmg®ds to be avoided in order to prevent
fast protodecarboxylation. This is a difficult tagkking in consideration that the starting
material itself can act as a proton source. Moreotlee literature exclusively contains
intramolecular examples of this reaction mode @tgrmolecularly, chemoselectivity as well
as the regioselectivity are rather hard to conthgl.a matter of fact, in the iridium-catalyzed
oxidative hydroarylation of benzoic acids with alleg, the product formed is strongly

dependent on thertho substituent present on the aromatic aSicheme 2p[?72274.292]

CO, O—{lr] Pz
Fe. 1
~ R
Fe I

Scheme 22Iridium-catalyzed oxidative coupling of benzoimds with alkynes reported by

Miura and SatoK"?

The reaction is presumed to oceta initial carboxylate-directedrtho-C—H metallation to
give intermediaté (Scheme 22 The following alkyne insertion gives the seveamiered
metallacycldl (Scheme 22 The concomitant decarboxylation gives intermedi , which
can undergo two competing pathways. The first pathis another prompt alkyne insertion,
which gives the corresponding naphthalene afteuatdee C-C bond formation, deriving
from a tandenortho-functionalization Apsofunctionalization sequenc&¢heme 22product
A). However, this is only possible when no functiogiups are adjacent to the carboxylate

directing group. The second competing reactiohesprotodemetallation to give intermediate
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IV. The steric pressure induced by a substituertieabrtho-position triggers a second-8
activation step, which is directedetato the former €CO,H group and leads to the five-
membered metallacycé. An additional alkyne insertion followed by redwet elimination
gives the productB depicted in Scheme 22 which results from a tanderortho-
functionalization fpso-defunctionalization process. More recently, Miura &atoh reported
the tandemortho-functionalization /ipsofunctionalization of diphenylmin€—-carboxylic
acid with internal alkynesScheme 23! They proposed a reaction mechanism that starts
with the ortho-C—H metallation at the benzoic acid residue to gitermediatd in Scheme
23. The alkyne insertion into the aryhetal bond forms the seven membered rhodadycle
Protodemetallation of the Rhlkenyl bond with concomitant decarboxylation gnse to the
aryl-rhodium intermediatdé! . This then undergoes intramolecular oxidativeadrgh, finally
yielding the alkenylated carbazol&cheme 23A The resulting Rh(l)-species is then re-
oxidized by copper to give the active catalyst ggeRh(lll).

; c:othx2 © 0O ~RhX Mo R
HN I8 Rix R—=—r PIO R RIXG
W e A
oS \E R0 T "
FG S

COH
702 l-HX

HN\@H -HX

RS H_R

FG 2CuX  2Cu'X, ©\th |
Rh'"X3 RhiX + '

Scheme 23Tandenortho-hydroarylation / decarboxylative intramolecuiso-arylation

reported by Miura and Satoh.

Interestingly, other directing groups such as-(ddsopropylsilyl}-pyridines and
—pyrimidines, 2-pyridyloxy groups and substituted triazenes are alde to mediate tandem
ortho{functionalization fipsofunctionalization $cheme 2433l However, these groups
need to be installed onto the aromatic backbonerbehey react with the corresponding
coupling partners. Moreover, their molecular weight much higher than simple GO

decreasing the total atom economy.
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Scheme 24Tandemorthofunctionalization dpsofunctionalization with other directing

groups.

3.3.3.2. Carboxylates as transient directing group

The strategy of transient directing groups hasntgemerged as a powerful tool to avoid
permanent covalently bonded directing groups, wimcimost cases need to be installed and
later on removed under conditions that are frequentt compatible with labile yet important
functionalities**”*°® Transient directing groups are usually formed bgdensing carbonyl
groups with amines to give reversibly linked imir@senamines. The Schiff-base is a strong
directing group, which is then able to guide thetah&o the adjacent €4 position*%-314
Another example of transient directing groups igegiby the reversible transesterification of

phenols with phosphiniteS¢heme 25A[312’313]

: (V)
A) transient directing group é/FG i COH, COR, OH

(ongé:L

B) transient mediator

X t pg! pgl  FG-X FG'
R H__cat base | pgll FG-X R FG
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functionalization

R=DG, X=H
meta
functionalization

ra-amino acid, XPR,
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" H FG Fo! HZNMCFS
C— — . Y=CH,CF
E 0

[Pd], [Rh]

Scheme 25Two different strategies to apply transient diirgg groups.

Transient directing groups can also be introducdd simple arenes as shown by the
cooperative catalysis of norbornene and palladitim, so-called Catellani reacti6f*=!
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Norbornene can also be regarded as a transienaitoedince in this case the substrate does
not have a predetermined anchor point such as egrigooup on which the transient group is
condensedScheme 25B. With extended directing groups it is also polkestb directly install
functional groups in thenetaposition’*¥ |n the context of carboxylate-directed-1&
functionalization reactions, the group of Larrosanbined a Kolbe-Schmitt reaction with
CO.H directed GH functionalization. CQis added to the aromatic backbone, triggers the
C-H cleavage process, and is then again removed takefunctionalization event is fully
completed®® This is the first example of GQ@s a transient mediator / directing group and in
this way the usual selectivity of the reaction bepols with electrophiles to givatho- and

para- instead ofmetasubstituted products has been overriddg&héme 2%

OH OH OH OH
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Scheme 26Larrosa’s strategy to use ¢@s transient directing group to accesa-

substituted phenols.

The reaction is performed in a three-step one-pqtience. It tolerates phenols bearing a
wealth of functional groups including electron vdtawing and donating moieties, which are
coupled with various aryl iodides as well as hetgybiodides. Later, the same group reported
a related transformation, in which salicylaldehydae converted intometaarylated
phenols®?!) Instead of introducing CQthe aldehyde is first oxidized to the correspogdi
salicylic acid, which then guides the transitiontaheatalyzedortho-arylation. Subsequent

protodecarboxylation gives the final product.
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3.3.3.3.

Carboxylates as deciduous directing group

The deciduous reaction mode of carboxylates astaigegroup has been developed within

the present doctoral work, and will be thereforglaxed in detail in the “results and

discussion” sections 5.3-5.4. This part is meargit® a short conceptual overview on this

reaction mode.

Apart from the generally challenging activationiértial C-H bonds, the major issue of

carboxylate-directed €H

cleavages is

the poor

difunctionalization $cheme 27turquoise pathway).

selectivity

toward mono-

H H
| |
FG o H products from a deciduous reaction mode Ho "o FC
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Scheme 27Reaction modes of a carboxylate-directedHGunctionalization combined with

decarboxylation.

This results from the weakdonating ability of the carboxy group, which déslizaes the

metallacycle formed after the-86 cleavage, making it a reversible eveBttfeme 27).12%2

VS

In the presence of a coupling partner on the dtaad, the metallacycle shows high reactivity

resulting in an irreversible insertion of a func@ group. Once one functionalization is

completed, the carboxylate group can then directhen reversible €H cleavage event
(Scheme 211), leading to usually unwanted doubly functionalizearboxylates. The €

activation process stops only at this point, maezigely, when no other adjacentibonds
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are presentJcheme 21711 ). However, carboxyl groups constitute a predeteeatibreaking
point, which in theory could be cleavada decarboxylation after each completedHC
functionalization stepScheme 27red pathway). Hence, the extrusion of the DG esalhbis
step to become irreversible as the metal cannguimked to the next proximal C—H position
anymore. However, the decarboxylation rate needsettast in order to cleave the directing
group before a second-8 activation can take place. This is a very chalieg task and can
be achieved only when aided by strong decarboxylatiatalysts. One rare example was
reported by GooReet al for the decarboxylative € etherification*® The insertion of an
alkoxy group further facilitates the decarboxylatimccurring in perfect synchrony to the
C-H functionalization. Theoretically, the-El cleavage of the secomatho{osition can also
be avoided by a decarboxylation occurring concértedth inserting a functional group into
the aryF-metal bond of the preceding five membered metatlec{cheme 27 intermediate

in dotted line). This pathway was already propobgdMiura and others for the iridium-
catalyzed naphthalene formatioBcheme 22 However, in his case the vinyl metal species
immediately undergoes cyclization steps beforeeeitieductive elimination or protonolysis
can take place. Forcing the intermediate in théeddine depicted itscheme 27o undergo
direct decarboxylation and protonolysis would okithe formation of doubly functionalized
arenes without the assistance of an additional rdegglation mediator. We refer to this
possible reaction mode as deciduous, because twxgéate group is shed from the
intermediate after it fulfilled its task. This semce can be compared to a leaf of a tree in fall,

which is cast off because it has served its purposes no longer required.
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4. Research objectives

The aim of this research was to rationally deved@pedient methods for a concise and

especially regioselective assembly of synthetievwaht products from readily available

aromatic carboxylic acids.- activation and decarboxylative cross-couplingsestée two

main strategies applied to ensure that our objestof high atom efficiency and a minimum

amount of waste are achieved. The major challenge & overcome the abovementioned

intrinsic limitations of these concepts, which @mcountered when dealing with aromatic

carboxylic acids as starting materials in homogesezatalysis. These framework conditions

define the following specified objectives:

The first goal was to unlock the last missing piatehe context of decarboxylative
biaryl couplings. The efficient redox neutral bilaigrmation starting from aryl chlorides
and benzoates, without activatiogho substituents, should be achieved for the firsetim
by holistic optimization of a bimetallic catalysgssem. It is a particularly challenging
target because both aryl chlorides and non-activaémzoic acids are reluctantly reactive
in cross-coupling reactions and because decarhbibxglacouplings are reputedly

additionally hampered by the presence of excesddzal

The second goal was the redox neutaho-arylation of benzoic acids with aryl
chlorides and bromides catalyzed by ruthenium. Sugmotocol would shift the biaryl
coupling from theipso- to the ortho-position highlighting the perfect orthogonality to
decarboxylative couplings. It is therefore impott#mat the carboxylate group remains
untouched after the reaction to give the potemjmdortunity for a stepwise synthesis of

multi-functionalized arenega a conceivable subsequépso-substitution.

The second goal was to circumvent the weak coadtidipability of carboxylic acids and
diminish the issues that come with it in a strefighward fashion. Our vision was to
embed the decarboxylation within the-KT functionalization to unlock the deciduous
reaction mode of the carboxylate group. That mehas the usually observed, but
unwanted, double-functionalization on botbrthopositions will be avoided by
concertedly extruding COduring one €H functionalization event. Additionally, this
reaction mode would override natural regioselestivdriven by intrinsic electronic

properties commanded by already installed substitue
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5. Results and discussion

The following chapters comprise a short overviewtlsd aims and challenges of each
project. Due to the cumulative form, every sectioontains a depicted copy of the
corresponding original publication in which allatibns and experimental data are included,
respectively. Moreover, strongly related work, whisas been published by other groups
simultaneously to or after the own projects, arewsh for comparison and as support for

conducted preliminary mechanistic experiments.

5.1. Catalytic Decarboxylative Cross-Coupling of Aryl CHorides and

Benzoates without Activatingortho Substituents

In continuation with the development of decarbottytacross-couplings for the synthesis
of biaryls, this project targeted at the elaboratad an extremely potent Cu/Pd bimetallic
catalyst system that would allow the efficient clingp of aryl chlorides with non-activated
benzoates§cheme 28 To date, such a transformation was not possiiile state-of-the-art
catalyst systems yet highly desirable, becauseoitldvrepresent a serious alternative to

traditional cross-couplings.

H =
_ ‘\:COZK Cl\/'/ [Cu/Pd] A - FG'

i ' IGFG' el | + corf
A H S S

non-activated benzoates

Scheme 28Decarboxylative biaryl synthesis from aryl chttgs and benzoates without
activatingortho substituents.

Highly active protodecarboxylation catalysts depeld by Gool3emt al proved that the
energy required to decarboxylate benzoic acidsawitlactivatingortho substituents can be
surmounted at acceptably low temperatures. Howewexa,cross-coupling reaction with aryl
halides, the halide salts formed after the tranghagion step would hamper the
decarboxylation because of the difficult precedsait metathesis, formally impeding the

benzoate to enter the catalytic cyckeljeme 2%

37



Results and discussion
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Scheme 29General decarboxylative cross-coupling reactanrtlie biaryl synthesis and

proposed reaction mechanism for a bimetallic cataystem.

Based on the postulated mechanism displaye8citeme 29t was tentatively assumed
that efficient turnover can only be achieved whaa galt metathesis between halide salts and
benzoates is aided by coordinatiogtho substituents. This hypothesis is supported by
comparative protodecarboxylation experimentsoehitrobenzoic acid angb—nitrobenzoic
acids, in which the reaction is shut down by addaktie salts, in the case pfnitrobenzoic

acid exclusively $cheme 39)[322]

on ©\1002H< [Cu], ligand o @l,\;H
SN + Ker ) NMP/quinoline, 170 °C, 6 h 2 X + co, 1

O,N— = ortho-NO, : 100% without KBr;  95% with KBr

Oy;N— =para-NO, : 52% without KBr; 0% with KBr

Scheme 30Influence of halides and substitution patternpmtodecarboxylations.

Another result which supports the theory of a digfad anion exchange is the efficient
coupling of nonertho-substituted benzoic acids with aryl electrophilesaring non-
coordinating leaving groups such as triflates @yfates, for which the salt metathesis is
reputedly unproblematié®*-2*>%7lyet, these aryl sources are expensive and onijaai@in
limited functional diversity. A connatural reactiovith substantially lower-priced and more
diverse aryl halides is therefore a main targettha context of decarboxylative biaryl

synthesis.
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Extensive mechanistic investigations confirmed disfavored salt metathesis. However,
in strong contrast to experimental results, thesswion patterns were found to be
surprisingly uninvolved in this step and the enebgyriers are for botlortho- and para-
substituted benzoic acids almost identit&l. The difference in reactivity lies within the rate
determining energy span which is only revealed wteing in consideration the entire
catalytic cycle and not each single step alone. driergy span foortho-substituted benzoic
acid is between the starting materials and therbegglation transition state, whereas for
non-ortho-substituted benzoic acids the rate determiningggngpan lies between the starting
materials and the transmetallation transition stdthis energy span is found to be
4-8 kcal mol* higher than in thertho case, just enough to enable decarboxylative cogsli
at manageable temperatures. Nevertheless, theyebargers for the transmetallation and
decarboxylation are so similar for both substitatmatterns that the actual rate determining
step of a decarboxylative cross-coupling is propalgpending on each individual substrate,
but not as originally assumed on intrinsic decaytettion propensities. The halide effect
observed is probably due to the higher stabilitycopper or silver halides shifting the
equilibrium so that less copper or silver carbote/las present, decreasing the entire
decarboxylation rate by additionally increasingatgergy span. These computational studies
indicate that an efficient decarboxylative arylatiof benzoates without activatingrtho
substituents with inexpensive aryl chlorides caty i@ achieved by thoroughly optimizing
each elementary catalytic step that is involvec @bjective of this project was to develop an
efficient catalyst system, which would confirm thgostulated feasibility of this

transformation.

Thus, we started our investigation by optimizing ttecarboxylation catalyst. It was soon
demonstrated that the G@xtrusion of norertho-substituted benzoic acids can even be done

in the presence of excess halid€ake 1).

Table 1. Optimization of the decarboxylation catalystle fpresence of excess halides.

0N ' .CO,H [Mlligand  o,N s H
\ additive .
\© solvent \©

# M] ligand additive solvent T/°C yield/%
1 CuO phen - NMP/quin=3/1 190 99
2 " " KCI " " 14

3 " Meyphen " " " 99

4 AgCO; - " " " -
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Reaction conditions: 3itro -benzoic acid (0.5 mmol), g0 (5 mol %), ligand (10 mol %), additive (0.5 mmol)
3 mL of solvent, 190 °C, 16 h. quin = quinoline; RM N-methyR2-pyrrolidone. Yields determined by GC
analysis using n-tetradecane as the internal statda

The cross-coupling was examined by thoroughly ogtimg the palladium co-catalyst
system in the presence of the copper co-catalystelsy State-of-the-art palladium cross-
coupling catalyst systems were found inefficierading to higher levels of unwanted
protodecarboxylated product instead of the desbigdlyl. Further extensive optimization
revealed that combining cationic palladium speeids bulky phosphines, such as XPhos
which reputedly activate aryl chlorides, gave tlestbresults. With the best conditions in
hands, benzoates, regardless of their substityp@terns, were smoothly coupled with

numerous readily available aryl chlorides.

We realized that it was difficult to steer the @ in favor of the desired biaryl product
when electron-rich aryl chlorides were implementedtead, protodecarboxylation was found
to be the predominant pathway, leading to a molectee formation of the corresponding
decarboxylated arene. The observation that theatixel addition negatively affects the
selectivity between cross-coupling and protonolysia be rationalized by the energy span
model®*! By assuming that 1) for nosrtho-substituted benzoic acids the transmetallation
transition state is the highest in energy but 2)as effected by the nature of the Pd-bound
aryl group, and 3) that the protodecarboxylatiowagis proceeds with the same rate, a
preceding oxidative addition of electron-rich sudigts, which occurs with lower rate
compared to electron poor electrophiles, wouldhierrtenhance the rate-determining energy
span. As a consequence, the protodecarboxylatitiralamces the transmetallation, leading to

simple arenes instead of the desired biaryls.

Despite this limitation it should be mentioned,ttki@s method is applicable to the full
range of benzoic acids and it considerably surgapseviously reported protocols for the
coupling of activated benzoic acids with aryl cides (Table 2). The reason for the high
performance of this catalyst system is probablgsult of a thorough optimization of each
elementary catalytic step. Whereas in previoughpred protocols the focus was to optimize

the decarboxylation alone, which was thought téhigeonly possible rate limiting step.
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Table 2 Direct comparison of this method with two otheeously reported protocols for

the exemplary coupling afrtho-, meta-or para-nitrobenzoic acid witlpara-tolyl

Me
. , [Cu]-system . ©/
| \\(COZK Cl-. [Pd]-system XN
OQN_, _ + OQN_| _
Me

51.1 5.1.-2 51.-3

chloride.

yield of biaryl 5.1.-3 for each method

Cul/MesPhen

# 51.-1 (MeCN)PA(OTR/XPh Cul/Phen Cul/Phen
e 0s
_ PdL/JohnPhd$®?  Pd(acac)yJohnPho&*!

(this method)
1 2-NO, 80% 71% 57%
2 3-NO, 61% - -
3 4-NO, 51% - -
Me,Phen = 3,4,7,8-tetramethyl-1,10-phenanthroline; X¥Ph =  2-dicyclohexylphosphino-2',4’,6'-

triisopropylbiphenyl; Phen = 1,10-phenanthrolineglihPhos = (2-biphenyl)di-tert-butylphosphine.

To summarize, the customized Cu/Pd bimetallic gatatystem depicte@cheme 31in
was found to enable the decarboxylative cross-aogipdf nonertho-substituted benzoates
with aryl chlorides, proving that the limitationgeanot intrinsic. This system is highly
performing and can be regarded as a true altemaiitraditional cross-coupling reactions for

the redox neutral synthesis of biaryls.

=
Cul (10 mol%), Me4phen (10 mol%), . TrFG'

ol N COK C"/l ) o, (MeCN)PA(OTH; (2 mol%). XPhos (5 mol%) AT
= * % NMP/quinoline (1:1), 190 °C, 16 h FG =

37 examples
up to 88% yield

Scheme 31Reaction conditions elaborated during this projec
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Catalytic Decarboxylative Cross-Coupling of Aryl Chlorides and
Benzoates without Activating ortho Substituents
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Abstract: The restriction of decarboxylative cross-coupling
reactions to ortho-substituted or heterocyclic carboxylate
substrates was overcome by holistic optimization of a bimetallic
Cu/Pd catalyst system. The combination of a Cul/Mepphen
decarboxylation catalyst and a [(MeCN),Pd](OTf)yXPhos
cross-coupling catalyst enables the synthesis of biaryls from
inexpensive aryl chlorides and potassium benzoates regardless
of their substitution pattern.

The past decade has witnessed tremendous progress in the
development of decarboxylative cross-coupling reactions.!!)
The key advantage of this reaction concept is that it is based
on inexpensive carboxylate salts as the source of carbon
nucleophiles instead of preformed organometallic reagents.
Various synthetic transformations have been developed based
on this strategy, including decarboxylative Heck-type vinyl-
ations,” redox-neutral cross-coupling reactions,” allyla-
tions,"** oxidative coupling reactions,”’ C—H arylations and
acylations,””’ and addition reactions.” Whereas aromatic
carboxylates are usually coupled through two-electron steps,
one-electron steps predominate in the activation of aliphatic
carboxylates.” A particularly topical development in this
field is the implementation of photoredox catalysts that
permit decarboxylatively coupling, for example, of aliphatic
carboxylic and amino acids.”)

The discovery of bimetallic Cu/Pd or Ag/Pd catalysts has
enabled the efficient coupling of various aromatic and
heteroaromatic carboxylates with aryl electrophiles.*!%
Initially, the reaction concept appeared to be limited to
certain heterocyclic and mono- or di-ortho-substituted car-
boxylates. In protodecarboxylations, improved catalysts soon
allowed the energetic barrier to decarboxylation to be
surmounted, even for meta- and para-substituted ben-
zoates."!! Unfortunately, the addition of halide salts, as they
form in cross-coupling reactions with aryl halides, completely
suppresses protodecarboxylations of such non-activated ben-
zoates (Scheme 1).*” Based on the mechanistic outline
depicted in Scheme 2, it was initially hypothesized that the
thermodynamically disfavored salt metathesis between
copper or silver halides (A) and the potassium carboxylate
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Scheme 1. Scope and limitations of known decarboxylative coupling
reactions. FG = functional group.
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Scheme 2. Decarboxylative cross-coupling reaction. M = Cu, Ag;
R= (hetero)aryl, vinyl, acyl; R'= (hetero)aryl; alkenyl.

(B) proceeds only when aided by coordinating groups in the
ortho position. This theory appeared to be supported by the
successful coupling of non-ortho-substituted carboxylates
with carbon electrophiles with noncoordinating sulfonate
leaving groups,'®¢ for which the salt metathesis step (I)
should be favorable. Unfortunately, the price and availability
of these electrophiles somewhat limit the practical utility of
these procedures.

Overcoming the restriction to ortho-substituted benzoates
for aryl halide substrates remained a prime target in the
development of decarboxylative arylations, because meta-
and para-substituted biaryls are otherwise difficult to access
from inexpensive precursors, whereas ortho-substituted biar-
yls can be synthesized in increasing diversity through ortho-
C—H arylation.

In-depth mechanistic studies confirmed the unfavorable
position of the upstream salt metathesis equilibrium (I), but
surprisingly revealed that it is almost unaffected by the
substitution pattern of the benzoates.'” Instead, the presence
of o-withdrawing groups in the ortho position enables
decarboxylative coupling reactions by reducing their rate-
determining energy span by 4-8 kcalmol™' overall, thus

Angew. Chem. Int. Ed. 2015, 54, 1313013133

43



Results and discussion

44

Angéwandte
ntemat Chemie
making them just feasible at manageable reaction temper-  Table 1: Optimization of the reaction conditions.”l
atures."” The transmetalation step (IIT) was found to have an CH; o
energy barrier in the same high range as the salt metathesis/ ON cooK Eﬁﬁ}f%’.’g&"ﬁ O,N O + :
decarboxylation process. Improving the decarboxylation \©/ " polCl “sovent ’ O @
catalysts by introducing ligands that strongly stabilize inter- 1 - et P
mediate D would facilitate its formation but reduce its
reactivity in step 111, once again disabling the overall process. =M [Cul N ligand [Pd] P ligand Yoield
Only a holistic optimization of all reaction steps together [S/I(;]a 4
might enable the desired decarboxylative cross-coupling of
non-activated benzoates with aryl halides using metal medi- ]:: Cu;0 Me,phen PdBr, JohnPhos 15 70
ators only in catalytic amounts. ZM il pizen PdEr, IshinPhios =&
. . 3 Cu,0 Ph,phen PdBr, JohnPhos 5 72
For the fievelopm?nt .of a decarboxy.latlve arylation of 4 Cu,0 (MeO),phen PdBr, JohnPhos 0 18
benzoates without activating ortho substituents, we set the 5 Cu,0 Me,phen PdBr, JohnPhos 16 40
focus on aryl chloride substrates, the most available and 6 CuBr Me,phen PdBr, JohnPhos 12 42
inexpensive of the aryl halides. Thus, we started by inves- 7 CuCl Me,phen PdBr, JohnPhos 14 38
tigating the protodecarboxylation of 3-nitrobenzoic acid. At 8 Cul  Mephen  PdBr, JohnPhos 19 30
190°C, quantitative conversion was observed in the presence 2 Cul  Mephen  PdBr, #Bu,P-HEF, 17 28
of the standard Cu,0/1,10-phenanthroline catalyst, but when 10 Cul - Mejphen PdBr, PGy 8§ 2
) e 7 N ’ n Cul  Me,phen PdBr, SPhos 14 34
1 equiv of potassium chloride was added, the yield droppedto 15 ¢y Me,phen PdBr, DavePhos 17 25
14%. The addition of other salts, for example, NaCl, 13  cul  Me,phen PdBr, XPhos 36 23
nBu,NCl, or CsCl, suppressed the protodecarboxylation to 14  Cul  Me,phen Pdl, XPhos 37 24
a comparably strong extent, whereas it was unaffected by the 15 Cul  Me,phen Pd(OAc), XPhos 42 40
presence of potassium salts with weakly coordinating anions 16~ Cul  Mesphen  [Pd;(dba);] XPhos 7025
such as KOTT. This confirms that it is mostly the anion and not 17 Cul - Me,phen [Pd(ally),Cl] XPhos 2 32
the cation that affects the decarboxylation step. However. 18 Cul Megphen  XPhos-Pd.G2 XPhos 2o
h LeChs U kyiation. Step. YEVEL, 19 Cul  Me,phen  [(MeCN),Pd](OTf), XPhos 58 50
after in-depth optimization, a quantitative yield was finally 204 ¢yl Me,phen [(MeCN),Pd](OTf), XPhos 67 38
achieved using a 3,4,78-tetramethyl-1,10-phenanthroline - — -
ligand in quinoline as the solvent (see the Supporting [2] Reaction Conodltlons.: 1b (06 mmool' 1.2 equiv), 2a (0.5 :nmonﬂcu
. . source (10 mol %), N ligand (10 mol %), Pd source (2 mol %), P ligand
Information). This result demonstrates that the decarboxyla- (5 1019, 3 mL of solvent (quinoline/NMP=1:1), 190°C, 16 h, yields
tion barrier of non-activated carboxylates can be overcome  determined by GC analysis using n-tetradecane as the internal standard
with customized catalysts, even when excess halide salt based on 2a, for abbreviations see Ref. [15]. [b] In quinoline. [c] 5 mL of
reduces the availability of copper carboxylate intermediates. ~ solvent.
Silver-based catalysts were ineffective under these con-
ditions. The proverbial stability of silver chloride shifts the
salt exchange equilibrium away from the silver carboxylates.  precursors with weakly coordinating counterions, that is,
Furthermore, the influence of ortho substituents is partic-  [(MeCN),Pd](OTf), (entry 19). Finally, the cross-coupling
ularly strong for silver, which catalyzes the decarboxylation of ~ catalyst was found to preserve its activity better at greater
2,6-dimethoxybenzoates under very mild conditions but is  dilution (entry 20). Control experiments showed that both
inactive for non-ortho-substituted benzoates.!'* ! metals are essential for this transformation and that the yields
Encouraged by the protodecarboxylation results, we sharply decrease at lower temperatures (38 % at 180°C, 30 %
searched for an effective decarboxylative cross-coupling at 170°C, and 0% at 150°C; see the Supporting Information
catalyst for the model reaction of potassium 3-nitrobenzoate  for details).
(1b) with 4-chlorotoluene (2a). Using a combination of the By using the optimal catalyst, a mixture of Cul, Me,phen,
optimal protodecarboxylation catalyst (Cu,0/Me,phen) with  [(MeCN),Pd](OTf),, and XPhos in 1:1 quinoline/NMP, the
a state-of-the-art cross-coupling system (PdBr,/JohnPhos), desired product 3ba was obtained in close to 70 % yield after
only 15 % yield of the desired product was detected (Table 1, 16 h at 190°C, along with unreacted aryl chloride and the
entry 1). The yield of 3ba was even lower with other protodecarboxylation product 4.
phenanthroline derivatives (entries 2-4). Remarkably, large Under these conditions, a wide variety of benzoic acids
amounts of protodecarboxylation product 4 were formed. were coupled with the model substrate 4-chlorotoluene (2a)
This indicates that the decarboxylation step proceeds effi- in good yields (Table?2). The yields obtained for ortho-
ciently and suggests that the transmetalation step has become  substituted carboxylates are significantly higher than those
limiting. The ratio of 3ba to 4 improved when shifting to  previously reported, thus confirming the superiority of the
a more polar solvent mixture of quinoline/NMP and to Cul as  new procedure. ortho-Methyl benzoate and ortho-phenyl
the copper source (entries 5 and 8). benzoate (3uf, 3vf), which have never before been converted
The key improvement in the overall yield was achieved by  in decarboxylative coupling reactions, gave reasonable yields.
optimizing the palladium co-catalyst. Among the electron-  Electron-withdrawing substituents, such as nitro, cyano,
rich, bulky phosphines known to activate aryl chlorides, fluoride, trifluoromethyl, trifluoromethoxy, sulfonyl, and
XPhos was by far the most effective (entry 13). Another sulfonamide may be present in any position of the aromatic
major improvement resulted from the use of palladium  ring. The catalyst reaches its performance limit for 3-phenoxy
Angew. Chem. Int. Ed. 2015, 54, 1313013133 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 13131
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Table 2: Scope with regard to the aromatic carboxylates."!

<

COOK p-tolCl Cul / Me,phen
4+ 28 [(MeCN),PA[OT), / XPhos
or quin / NMP (1:1)
FG p-CNCgH,CI 190°C -,
1a-v 2f 3aa-ta, 3uf-vf
Product Product
CH,

0-NO, = (3aa, 80%)
mNO, = (3ba, 61%)
p-NO, = (3ca, 51%)

CH,

0-CN = (3da, 76%)
mCN = (3ea, 70%)
P-CN = (3fa, 54%[)

CH,

0-CF; = (3ga, 50%)
m-CF, = (3ha, 50%)
p-CF, = (3ia, 76%"))

CH,

0-OCF; = (3ja, 80%)
m-OCF, = (3ka, 61%)
p-OCF, = (3la, 50%)

CH,

m-SO,Me = (3ma, 60%)
Pp-SO,Me = (3na, 88%(4)

CH,
PhO

FG = CH,, 3uf, 18%

30a, 50% FG = Ph, 3vf, 32%4

[a] Reaction conditions: Ta-v (0.6-0.75 mmol), 2a or 2 (0.5 mmol), Cul
(10 mol %), 3,4,7,8-tetramethyl-1,10-phenanthroline (10 mol %),
[(MeCN),Pd](OTf), (2 mol %), XPhos (5 mol %), 5 mL of solvent, 190°C,
16 h. Yields of isolated products. [b] 32 h. [c] GC yield. [d] 4-Chloroben-
zonitrile (2f) used as coupling partner.

benzoate (30a). Substrates that were even more electron rich
gave unsatisfactory yields. However, the formation of proto-
decarboxylation by-products indicates that the decarboxyla-
tion step is not limiting for any of the substrates.

The scope with regard to the electrophilic coupling
partner was explored with potassium 3-nitrobenzoate (1b).
As shown in Table 3, various aryl chlorides with common
functionalities such as cyano, fluoro, trifluoromethyl, ether,
sulfonyl, and ketone groups, as well as heterocyclic deriva-
tives react smoothly. Notably, electron-rich derivatives gave
lower ratios of decarboxylative coupling to protodecarbox-
ylation than electron-poor substrates. A rationale for the
observation that the oxidative addition becomes the selectiv-
ity-determining step can be derived from the energy span
model, if one assumes that 1) the transmetalation proceeds
via the highest-energy transition state in the reaction profile,
2) the protodecarboxylation always proceeds with the same

www.angewandte.org
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Table 3: Scope with regard to the aryl chlorides.?!

COOK Cul / Me,phen
[(MeCN)4F'd] OTf), / XPhos

quln/NMP 1:1)

FG 190 °C, 16h

b-o 0, 3bb-bo

Product Product

CF,

F
3bh, 52%

[a] Reaction conditions: 1b (0.6 mmol), 2b-o (0.5 mmol), Cul

(10 mol %), 3,4,7,8-tetramethyl-1,10-phenanthroline (10 mol %),
[(MeCN),Pd](OTf), (2 mol %), XPhos (5 mol %), 5 mL of solvent, 190°C,
16 h. Yields of isolated products.

speed, and 3)the transmetalation is unaffected by the
substituent on the Pd-bound aryl group. The oxidative
addition equilibrium, which should lie more on the side of
the starting materials for electron-rich compared to electron-
poor substrates, increases the rate-determining energy span
for the former, so that the decarboxylative cross-coupling is
more selective for the latter.

In conclusion, a customized bimetallic Pd"/Cu’ catalyst
system was found to enable the decarboxylative cross-
coupling of non-ortho-substituted aromatic carboxylates
with aryl chlorides. This confirms predictions by DFT studies
that the previously observed limitation to certain activated
carboxylates is not intrinsic. Since the decarboxylation step is
no longer limiting, further studies can now be directed
towards the development of a new generation of catalysts
with bridging ligands designed to facilitate the transmetala-
tion and allow catalytic turnover at strongly reduced temper-
atures.

Angew. Chem. Int. Ed. 2015, 54, 1313013133
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Results and discussion

5.2. ortho-C-H Arylation of Benzoic Acids with Aryl Bromides and
Chlorides Catalyzed by Ruthenium

For this project we envisioned to switch the arglaof benzoic acids from thpso- to the
orthoposition with retention of the carboxylate groupr fgotential orthogonal
decarboxylative cross-couplings. As shown in cha@t8.2.1., carboxylate-directed—8
arylations are catalyzed by expensive Pd-, Rhy-gatalysts and rely mostly on costly aryl
lodides or aryl boronates as the aryl source. Ma@go oxidative protocols require
stoichiometric amounts of silver-based oxidants. théxefore aimed at the challenging redox
neutral transformation of aryl bromides and aryloddes, the most inexpensive and most
available of the aryl electrophiles. This transfatibon should be mediated by a more
affordable ruthenium catalyst, outperforming knowrotocols and able to compete with
traditional biaryl synthesesa cross-coupling of preformed organometallic reag€dtheme
32).

COzH /FG'
_~OcH XA COzH/|
el T, /@FG' L B NS Y S ~  decarboxylative
X Z FG— || o = couplings
N -CO,

X =Br, C
Scheme 32Ruthenium-catalyzedrtho-C—H arylation of benzoic acids with aryl bromides

and aryl chlorides.

The decisive breakthrough was to implement a ligavidch is capable of facilitating the
oxidative insertion of the ruthenium into the anmglogen bond. Electron-rich phosphines and,
in rare cases, amino acids were already found loéalein analogous €H arylations of
arenes bearing strong directing grofip&:32* Intensive optimizations revealed that in fact the

ligands play a detrimental role.
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Method A for aryl bromides

[(p-cym)RuCl,], (4 mol%)

COzH PEty HBF,4 (8 mol%) COHF !
“H  Br/ 2 1-FG' ! H
2 DA KoCO3 (1.1€q.) AR D ve e
e |7+ [ Jre Y | Me” TR e
\ / NMP, 100 °C, 18 h, N, FG— | : L
A ' BFy Me
27 examples 5
up to 97% yield . PEtyHBF,

Method B for aryl chlorides

CO.H [(p-cym)RuCl,]; (4 mol%) :
H Cles DL-pipecolinic acid (8 mol%) CO,H e Q
~ | I— /]@—FG‘ K2CO5 (1.1 eq.) e 5
=

FG AN N COM
A NMP, 120 °C, 18 h, N FG— | : H
X » DL-pipecolinic
8 examples acld
up to 94% yield

Scheme 330ptimized conditions for the ruthenium-catalyzetho-C-H arylation of

benzoic acids with both aryl bromides (meti#gdand aryl chlorides (methds).

Bromoarenes are efficiently coupled when the rutimancatalyst is potentiated by small
electron-rich alkyl phosphines. Among them, triétpyaosphine particularly outperformed
other ligands and can conveniently be applied snHBF, salt Scheme 33 methodA).
Instead, aryl chlorides are preferentially conwértéhen the non-proteinogenic amino acid
DL—pipecolinic acid was used as ligand at slightlywated reaction temperatureéScheme
33, methodB). Control experiments revealed that the optimalditoons for aryl chlorides are
not efficient for aryl bromides, suggesting thdtatent reaction pathways might be involved
in this case. In contrast, the reaction conditieladorated for bromoarenes are applicable to
aryl chlorides. However, comparable yields can dmyachieved after substantially longer
reaction times of 48 h instead of 18 h. These twathiwds showed broad applicability and
comparable yields for both aryl bromides and ahybddes. As expected, double-arylation on
both sides of the carboxylate group could only b@ded when onertho-position is blocked
either by arortho- or sterically by anetasubstituent. Interestingly, a competitive expenie
in which an acetamido group is additionally presenthe benzoic acid revealed that the
ortho-C-H metallation is selectively guided by the carbatglrather than by the amide group
(Scheme 34 This feature is particularly remarkable becatheeC-H directing ability of the
amide groups reputedly exceeds that of carboxyidsaand could give the possibility for
orthogonal transformationga amide directed €H functionalizations and even furtheia

decarboxylativepsofunctionalizations.
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AcHN ‘WH COH g JIs FG s
S Br.’ Method A AcHN \Ph ----» AcHN Ph_ S AcHN Ph

H\—\\ FG'\

7 1%

untouched

Scheme 34Selectiveortho-C—H arylation in the presence of two competing diregcgroups

and potential further regioselective transformagion

To show the versatility of this reaction concepte telaborated biaryl synthesis was
combined with a concomitant protodecarboxylatiord an another with a subsequent

decarboxylativepso-arylation Scheme 3k

H COzH 1) method A Ph
A [RuCul, R_ S SH 2) [Pd/Cu], il
R\©« Ph base \© . Br Ph-Br R\i:‘x Ph
\ -— + Jph \
A A
-CO, -CO,
R = Me, 54% R=F, 55%

R=F 71%
Scheme 35Tandenortho-arylation /ipso-defunctionalization (left); tandewrtho-arylation /

ipso-arylation (right).

To our delight, only by adding catalytic amounts adpper as one of the reaction
ingredients and increasing the temperature to ©90the corresponding decarboxylated
biaryls were formed in good yields without any didial steps or ligandsS¢heme 35left).
This route can therefore be regarded as complemysiota decarboxylative cross-coupling of
aryl halides with benzoates without activatioigho substituents because it yields the same
products, but circumvents low decarboxylation pragiges of nomertho-substituted benzoic
acids. On the other hand, the combinationogho-arylation with decarboxylative cross-
couplings was only possible in a two-step, one-pobcedure $cheme 35 right).
Nevertheless, this is the first example for thetlsgsis of a terphenylia an intermolecular

tandemortho-arylation /ipso-arylation.

The method developed within this project highligthts multifaceted potential of aromatic
carboxylic acids in catalytic regioselective tramsfiations. With the implementation of
inexpensive aryl bromides and chlorides and a effettive ruthenium catalyst, this reaction
can be regarded as a serious alternative to wadititransition metal-catalyzed biaryl

syntheses.
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ortho-C—H Arylation of Benzoic Acids with Aryl Bromides and

Chlorides Catalyzed by Ruthenium

Agostino Biafora, Thilo Krause, Dagmar Hackenberger, Florian Belitz, and Lukas J. Gooflen*

Abstract: A system consisting of catalytic amounts of
[(p-cym)RuCL,]/PEt; HBF, K,COj as the base, and NMP
as the solvent efficiently mediates the ortho-C—H arylation of
benzoic acids with aryl bromides at 100°C. Replacing the
phosphine ligand with the amino acid DL-pipecolinic acid
enables the analogous transformation with aryl chlorides. The
key advantage of this broadly applicable transformation is the
use of an inexpensive ruthenium catalyst in combination with
simple carboxylates as directing groups, which can either be
tracelessly removed or used as anchor points for decarbox-
ylative ipso substitutions.

Biary[s are ubiquitous in pharmaceuticals, agrochemicals,
and functional materials, and efficient methods to access
these substructures are constantly sought after.!! Tradition-
ally, these structures are accessed by cross-coupling of
preformed organometallic reagents with aryl halides® or by
oxidative or reductive couplings of prefunctionalized sub-
strates.”

The discovery of directing groups that efficiently control
the regioselectivity of C—H arylations has recently revolu-
tionized this field, enabling the regiospecific introduction of
aryl groups in unfunctionalized positions.’ However, this
great conceptual advantage is often offset by the structural
complexity of the required directing groups.”’) Their intro-
duction and subsequent removal adds several steps to the
overall synthetic process. Only recently, abundant functional
groups with low coordinating ability, such as carboxylates,
have successfully been used as directing groups for ortho-
C—H arylations.”) The key benefit of carboxylate groups is
that they can be tracelessly removed by protodecarboxylation
or utilized as leaving groups in a rapidly growing number of
decarboxylative coupling reactions, with formation of C—C,
C—-0O, C-N, C-S, C-P, and C-halogen bonds, for example.m

The development of transformations based on carboxyl-
ate directing groups is highly challenging. The low o-donating
ability of the carboxylate limits their ability to direct metal
centers to one specific C—H bond and reduces the activity of
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the resulting metallacycle towards aryl electrophiles. ortho
Arylations of benzoic acids were first reported by the groups
of Daugulis,® Larrosa,” Su,'” and Yu/"! who employed
expensive palladium catalysts.'? With aryl iodides, these
transformations proceeded smoothly even at room temper-
ature."”’ The conversion of aryl bromides is possible only
under rather harsh conditions, and the coupling of aryl
chlorides has thus far required such high temperatures that
selective monoarylation could not be achieved.® With
arenediazonium salts as electrophiles, ortho arylation pro-
ceeds under mild conditions, but requires expensive iridium
catalysts.®) Oxidative arylations have been reported with
expensive aryl boronic acids and a limited set of heteroarenes
as arylating agents.!'"]

Despite the remarkable progress achieved in this highly
topical area, a broadly applicable carboxylate-directed C—H
arylation that is based on readily available aryl bromides or
chlorides and the use of a reasonably priced catalyst!' has not
yet been described. Ackermann and co-workers as well as our
group have recently demonstrated that simple and affordable
ruthenium catalysts efficiently promote regioselective hydro-
arylations of carboxylates."” We reasoned that the addition of
electron-rich ligands might activate the intermediary ruthena-
cycle towards oxidative insertion into Ar—Br or Ar—Cl bonds
by increasing its electron density, as outlined in Scheme 1.
This hypothesis was supported by results of Dixneuf,'”!
Larrosa,l'"” Ackermann,'” and others,” who demonstrated
that ruthenium catalysts can activate aryl chlorides or
bromides, and the observations by Daugulis,*) Dixneuf,?")

R R R R__.
Xy CO2H |i£;a|:1]d Xy CO2H o HIFG
| + ArBricl e (T, 1T
Z base 5 decarboxylative \ 2,

couplings

R
HO,C_~R I\\ CO,H
HBr/Cl + \| ot base
Ar

[Ru] C-H activation
H* baseH
(o}

R R [
N X
| N o BrCl | 0
Z Ry Z~[Rul
\
Ar L
oxidative o
addition R
X
Ar-Br/Cl [Rul=—L

Scheme 1. Carboxylate-directed C—H arylation of arenes with aryl
electrophiles assisted by electron-rich ligands.
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and Ackermann®'™ that such processes are facilitated by
electron-rich phosphine and amino acid ligands.

To confirm our hypothesis, we chose the reaction of
2-methylbenzoic acid (1a) and bromobenzene (2a) as
a model system and investigated various catalysts and
conditions (Table 1). Encouragingly, traces of the desired
product 3a were detected when [(p-cym)RuCl,], was used as

Table 1: Optimization of the ortho arylation reaction.”!

Me Me
CO,H _ COM
©/ . PhX Ru cat., ligand, base ©/
g NMP, 100 °C, N2,18 h .
7*Ph
1a 2 3aa

Entry Catalyst PhX Base Ligand Yield® [9%]

1 [(p-cym)RuCl,], PhBr GuanCO, - trace

2 [(p-cym)RuCl;], PhBr K,CO, - 13

3 [(p-cym)RuCll, PhBr K,CO; PPh; 35

4 [(CHgRuCL], PhBr K,CO, PPh, 34

5 [(CeMegRuCl], PhBr K,CO, PPh, 0

6 [(p-cym)Rul],  PhBr K,CO, PPh; 35

7 [(p-cym)RuCl;], PhBr K,CO, PPhCy, 59

8 [(p-cym)RuCl;], PhBr K,CO, PCy; 76

9 [(p-cym)RuCl,], PhBr K,CO, PPry 80
10 [(p-cym)RuCl], PhBr K,CO, PMe,-HBF, 73
1 [(pcym)RuCl], PhBr K,CO, PEt,-HBF, 90
129 [(p-cym)RuCly], PhBr K,CO, PEt, HBF, 93 (93)
139 [(p-cym)RuCl], PhCl K,CO, PEt,HBF, 12
149 [(p-cym)RuCl,], PhCl K,CO, PEt,-HBF, 12/75
15¢° [(p-cym)RuCly], PhCl K,CO, L-proline 47
169 [(p-cym)RuCl,], PhCl K,CO, pL-pipecolinic 80 (75)

acid

[a] Reaction conditions: T1a (1 equiv), 2a (4 equiv), [Ru] (4 mol %), ligand
(8 mol %), base (1.1 equiv), NMP (3 mL), 100°C, 18 h, N, atmosphere.
[b] Yields of the corresponding methyl esters determined by GC analysis
after esterification with K,CO; (2 equiv) and Mel (5 equiv) in NMP using
n-tetradecane as the internal standard; yields of isolated products are
given in parentheses. [c] PhX (1 equiv). [d] 120°C. [e] After 48 h.

Cy = cyclohexyl, GuanCO; = guanidine carbonate, NMP = N-methylpyr-
rolidone, p-cym = para-cymene.

the catalyst in combination with guanidine carbonate at
120°C (entry 1), conditions that had been highly effective for
our hydroarylation reaction.* A major increase in yield was
achieved upon switching to potassium carbonate as the base
(entry 2). As anticipated, the yields improved substantially
upon addition of a phosphine ligand (entry 3). Systematic
variation of the ruthenium precursor confirmed that [(p-
cym)RuClL], is the optimal precatalyst (entries 4-6). The
nature of the ligand had a decisive influence on the reaction
outcome. Among the ligands tested, electron-rich alkyl
phosphines turned out to be superior. The best yields were
achieved with triethylphosphine (entry 11), which can be
conveniently administered in the form of its HBF, salt. After
optimization of the reaction conditions (4 mol % [(p-cym)-
RuClL),, 8 mol% PEt;-HBF,, and 1.1 equiv K,CO; in 3mL
NMP at 100°C), high yields were obtained even when using
only one equivalent of the aryl bromide (entry 12). NMP is
uniquely effective as the solvent (see the Supporting Infor-
mation).
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When chlorobenzene was used as the electrophile, only
modest yields were observed under these conditions
(entry 13), even upon increasing the temperature to 120°C
(entry 14). Once again, the ligand turned out to be the
decisive factor in the reaction development. Phosphine
ligands were almost ineffective whereas amino acids strongly
promoted the desired transformation (entry 15). After
increasing the amount of aryl chloride, the monoarylated
product 3a was obtained in 80 % yield. Although pipecolinic
acid is a more efficient ligand than PEt;-HBF,, the latter gave
high yields when the reaction time was extended to 48 h,
indicating that the reaction proceeds through a similar
mechanism for aryl chlorides and bromides. Control experi-
ments revealed that the optimal system for aryl chlorides is
less effective for aryl bromides (33 % yield, see the Support-
ing Information).

With effective methods in hand for the conversion of both
aryl bromides and chlorides, we investigated the scope of the
transformation. The model substrate 2-methylbenzoic acid
(1a) was successfully coupled with various aryl bromides
using method A (Table 2). Electron-rich and electron-poor
substrates reacted similarly, and common functional groups,
such as CF;, CN, ester, halo, keto, alkyl, and methoxy moieties
as well as unprotected phenolic and benzylic hydroxy groups,

Table 2: Substrate scope of the direct arylation with various aryl
bromides and chlorides.”!

Me Me
CO,H [(p-cym)RuCl],,
C( ligand, KoCO3 COH
EST Ar-X NMP, A, N2,18 h .
X =Br, 2a-2r ““Ar
1a X =Cl, 2a'-2n" 3aa-3ar

R=0Me, 3abX=Br82%

X=Cl72%
R=Me, 3acX=Cl55%
R =NHAc, 3ad X = Br93%
R = CO,Et, 3ae X = Br 83%

R R=0H, 3af X = Br 52%]

R =COPh, 3ag X =Br81%
R=Cl, 3ah X =Br61%

CO,H

C(COZH
X =Br 93%

X =CI75%
Me

COH

CO,H R=0Me, 3aiX=Br87%

R=CFs, 3ajX=Br71%

=Bu, 3akX=Br79%

R CN, 3al X = Br 52%

DL

3am X=Br 40%

Me
CO,H COzH COzH

P
A

2-thiophenyl
3aq X = Br 86%

3an OMe 3ao 3ap 3-thiophenyl

X = Cl 68%[! X = Br 85%°! X = Br 52% -thiopheny

3ar X =Br68%

[a] Reaction conditions: Method A: Ta (0.5 mmol), ArBr (0.5 mmol),
[(p-cym)RuCl;], (4 mol %), PEt;-HBF, (8 mol %), K,CO; (1.1 equiv), NMP
(3 mL), 100°C, 18 h, N, atmosphere. Method B: 1a (0.5 mmol), ArCl
(0.75 mmol), [(p-cym)RuCl,], (4 mol %), pr-pipecolinic acid (8 mol %),
K,CO; (1.1 equiv), NMP (3 mL), 120°C, 18 h. Yields of the correspond-
ing methyl esters after esterification with K,CO; (2 equiv) and Mel

(5 equiv) in NMP. [b] Isolated as the methyl ether. [c] ArBr (1.5 equiv).
[d] Isolated as the free acid.

o
" Chemie

www.angewandte.org

53



Results and discussion

GDCh
~~

14754

54

were tolerated in the para or meta position. ortho Substituents
led to only moderate yields. It is noteworthy that under these
conditions, aryl halides bearing functional groups that would
be expected to be more efficient directing groups smoothly
reacted with the ortho position of the carboxylates. This opens
up welcome opportunities for polyfunctionalization. Products
3aa and 3ab demonstrate that comparable yields were
achieved starting from aryl chlorides using method B
(4mol% [(p-cym)RuCl,],, 8 mol% DL-pipecolinic acid,
1.1 equiv K,CO; in 3 mL NMP at 120°C).

The scope with regard to the aromatic carboxylate was
investigated with bromobenzene (2a) and chlorobenzene
(2a’; Table 3). Benzoic acids bearing electron-donating or
electron-withdrawing substituents, including methoxy, halo,
and acyl groups, were smoothly coupled. Heterocyclic car-
boxylates were also successfully converted into the desired
products. Unwanted double arylation could not be suppressed
with unsubstituted or para-substituted benzoic acids. How-
ever, a substituent in the 3-position was sufficient to direct the
arylation to the 6-position exclusively. This regioselectivity
towards the less hindered ortho position was also observed
with fused (hetero)aromatic quinoline 6-carboxylic acid (11)
and 2-naphthylcarboxylic acid (1i). A particularly remarkable
example is the coupling of 2-acetamidobenzoic acid with 2a.
The new bond is selectively formed in the ortho position of
the benzoic acid rather than in the ortho position of the amide

Table 3: Substrate scope of the direct arylation with various benzoic
acids.”!

FG [(p-cym)RuClyl,, FG,
Ny OO ligand, KCO, Ny OO
. +  Ph-X R A N i8h Ll
“'H X=Br,2a “"Ph
1b-1m X=Cl, 2a" 3ba-3ma
R R =OMe, 3baX=Br97% COH
cop R=F  3caX=Bres% > Ph
X = Cl 94%
: = - Ib]
Ypp ~ R=Ac,  3daX=Br62% 3ha
R = NHAc, 3ea X = Br 71%! X =Cl92%
X = Cl 58%
CO,H
R COH R =Me, 3fa X = Br 85%
\(j X =Cl59% o~ Ph
/“Ph R=Cl, 3faX=Br76%! 3ia
X = Br 88%
OMe s
t CO,H mCOzH S COzH
MeO /*Ph “Ph [N/Q/\ Ph
3ja 3ka 3la
X = Br 84%! X =Br54% X =Br40%

Ph

©/COZH
“Ph

[a] Reaction conditions: Method A: 1 (0.5 mmol), 2a (0.75 mmol),
[(p-cym)RuCl], (4 mol %), PEt;-HBF, (8 mol %), K,CO; (1.1 equiv), NMP
(3 mL), 100°C, 18 h. Method B: 1 (0.5 mmol), 2a’ (0.75 mmol),
[(p-cym)RuCl,], (4 mol %), pL-pipecolinic acid (8 mol %), K,CO,

(1.1 equiv), NMP (3 mL), 120°C, 18 h. Yields of the corresponding
methyl esters after esterification with K,CO; (2 equiv) and Mel (5 equiv)
in NMP. [b] ArBr (1 equiv). [c] Yield determined by GC analysis.

3ma X = Br 26% monoarylated!(©
3na X = Br 26% diarylated(!
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despite the C—H directing ability of the latter, which by far
exceeds that of carboxylic acids in related C—H functional-
izations. Four additional examples demonstrate that meth-
od B permits the coupling of aryl chlorides in comparable
yields.

We next probed whether the biaryl synthesis could also be
combined with concomitant protodecarboxylation.”” The
examples in Scheme 2 demonstrate that this process does
not even require an additional reaction step. By simply adding
a copper catalyst to the reaction medium and increasing the
temperature to 190°C, the corresponding biaryl products 4
were formed in good yields. The ortho arylation can also be
combined with decarboxylative cross-couplings,** as demon-
strated by the synthesis of terphenyl 5ca in 55% non-

optimized yield.
S R 1) std. cond.
“H [RuJ/[Cu] COzH 2) [Cu)/[Pd]

. < base .+ phBr —hBr
“Ph 8 7 H °

-CO, -CO,

R = Me, 4aa 54%
R=F, 4ca71%

R
@ P
/*Ph

R=F, 5ca55%

Scheme 2. ortho Arylations followed by decarboxylative reactions.

To shed light on the mechanism proposed in Scheme 1, we
synthesized ortho-ruthenated toluate 6a. The stoichiometric
reaction of 6a and PEt;HBF, with bromobenzene (2a)
yielded 3aa in 57% yield (Scheme 3), which supports the
intermediacy of an ortho-metalated species in the catalytic
cycle. In the presence of only pyridine as the ligand, no
product formation was observed, which confirmed the
necessity for a suitable ligand (see the Supporting Informa-
tion). In-depth mechanistic studies are underway to fully
clarify the reaction pathway.

Me o Me
CO,H
Lt Prbr :f/\t;}:g:zc N2 18h
g v N2y o~
I/Ru\ p-cym /“Ph
Py
6a 2a 3aa 57%

Scheme 3. Stoichiometric reaction of the ortho-ruthenated toluate 6a.

In conclusion, we have shown that cost-effective ruthe-
nium complexes are at least as effective and broadly
applicable as state-of-the-art palladium systems for catalyzing
the synthetically useful ortho arylation of benzoic acids. In
combination with subsequent decarboxylative ipso substitu-
tions, they promise to open up new perspectives for sustain-
able, regioselective arene (di)functionalization.

Experimental Section

An oven-dried 20 mL vessel was charged with [Ru(p-cym)CL,],
(12.2 mg, 0.02 mmol, 4 mol %), triethylphosphonium tetrafluorobo-
rate (8.3 mg, 0.04 mmol, 8 mol %, method A) or pL-pipecolinic acid
(5.2 mg, 0.04 mmol, 8 mol %, method B), K,CO; (76 mg, 0.55 mmol,
1.1 equiv), and benzoic acid 1 (0.50 mmol). After the vessel had been
subjected to three alternating vacuum and nitrogen purge cycles,
NMP (3 mL) and the aryl halide 2 (0.50 mmol, method A;0.75 mmol,
method B) were added via syringe. The resulting mixture was stirred
at 100°C for 18 h. After the reaction was complete, the mixture was

Angew. Chem. Int. Ed. 2016, 55, 1475214755
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allowed to cool to room temperature. NMP (2 mL), K,CO; (207 mg,
3 equiv), and Mel (156 pL, 5 equiv) were added, and the mixture was
stirred at 60°C for 2 h. The mixture was allowed to cool to room
temperature, ethyl acetate (20 mL) was added, and the resulting
mixture was washed with water, aqueous LiCl solution (20% ), and
brine (20 mL each). The organic layer was dried over MgSO,, filtered,
and the volatiles were removed under reduced pressure. The residue
was purified by column chromatography (SiO,, ethyl acetate/hexane
gradient), yielding the corresponding biaryl.
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Results and discussion

Independently to this project, the groups of Waigkermann and Larrosa reported almost
simultaneously alternative but related protocolsisTemphasizes how topical the research

area in carboxylate-directed ruthenium-catalyze# @unctionalizations isTable 3).3?"]

Table 3 Alternative protocols for the carboxylate-dirattetho-C—H arylation catalyzed by

ruthenium.

group Weix33H Ackermant?®?! Larros&>?
—cym)RuCl],, PCy, Ru(BuCN)](BF )2,
N [(p—cym) bl> ¥ [(p-cym)Ru(MesCQ)3], PCys [Ru( )l(BFJ)2]

conditions | K,CO,;, NMP, 100 °C, KOC(CFRy)s, K,COs, 'BUCN,
K,CO;, NMP, 120 °C, 16 h

24 h 140 °C, 16 h

aryl-source | Ar-I, Ar-Br, Ar-OTf Ar-Br Ar—1, Ar-Br, Ar-OTf

Weix: scope consists of 36 examples, up to 99% yiktlkermann scope consists of 30 examples, up to 93%
yield; Larrosa: scope consists of 90 examples, up to 99% yield.

The reaction conditions, scope, and yields repdmte@eix and Ackermann are somewhat
similar to the one reported in this work. AdditilgaWeix’s method can be applied to the
arylation of heteroaromatic carboxylates. Ackermarprotocol is not restricted tortho-
arylations. Instead, implementing bromoalkenes romwalkynes leads to the formation of
vinyl- as well as alkynyl arene carboxylic acitfé! The group of Larrosa disclosed reaction
conditions which rely on a cationic Ru(ll)-speciestead of adding electron-rich ligands.
They presented an impressive scope of 90 isolatsdlipts and highlighted the robustness of
his protocol by upscaling the reaction to 50 mmmogintaining excellent yields even with
very low 0.5 mol% catalyst loadings. It is impoftaim mention that in contrast to our
protocol, all these methods are, although imporgeat versatile, inefficient for the coupling
of aryl chlorides.

5.3. Regioselective C—-H Hydroarylation of Internal Alkynes with

Arenecarboxylates: Carboxylates as Deciduous Direiclg Groups

The ambitious objective of this project was the elegment of a catalytic carboxylate
directed G-H functionalization, which fully exploits the beitsfof aromatic carboxylic acids
as starting materials in homogeneous catalysianBsginal deviation of reaction conditions,
the carboxylate should reveal its manifold natueeviag as classicalScheme 36 left),
transformable $cheme 36 right), and cleavable directing groufcheme 36 bottom).

Especially in the latter case, we aimed at an @y selective pathway, which would
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circumvent often observed yet unwanted unselectdauble functionalization. The
carboxylate directing group is supposed to be diszhwithin the catalytic cycle during one
functionalization event. Since the directing grasiused only as long it is required to guide
one single functionalization before being cast toffprevent a second-El cleavage, this
reaction mode can be figuratively compared to addews tree in autumn, which sheds his

leafs after they fulfilled their purpose. Hence, aedine this reaction pathway dsciduous

CO,H as classical
directing group

CO,H as transformable
directing group

H
\/[M]
\ [ A
|
el R

CO,H as deciduous
key intermediate directing group

Scheme 36Multipurpose directing ability of a carboxylicidaroup.

As shown in section 3.3.2.2., alkynes proved to dbecient coupling partners in
carboxylate directed oxidative-C bond formations. These reactions ocdarintermediary
formed vinyl-metal species, which at this stage gdmately undergo uncontrollable oxidative
cyclization steps before a possible protonolysis ke place. In contrast, a redox neutral
alkenylationvia hydroarylation of alkynes obviates the presenceoxitlants, hampering
oxidative reaction channels, thus, keeping thetreacarboxylate group after the reaction
untouched. Another challenge enters into force whertendency of alkynes to react with the
nucleophilic carboxylate to form enol esters, rathan with the €H moiety, is enhanced by
electron-deficient transition metal catalysts othemium(ll)-species. This innate reactivity
emphasizes the arduous task associated with etatgprselective €H hydroarylations of

alkynes in the presence of a reactive carboxylate.

Scheme 37shows the reaction conditions which were developithin this project.
Screening experiments revealed that ruthenium esahly metal capable to catalyze this
transformation and that the reaction outcome styodgpends on the nature and the amount
of base. Interestingly, guanidine carbonate, a bdseh has never been used in analogous

transformation, was found to be crucial to achieesired high yields and high levels of
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regioselectivity. This base is ideally administesedbstoichiometrically in order to avoid the
absence of protons, thus, guaranteeing a prompiuptdorming protonolysis. However, the
reaction outcome is mostly manipulated by the sdhsystem. In dert-amyl alcohol/water

mixture, the carboxylate acts as a classical divgaroup Scheme 37A The reaction is as

expected not inherently monoselective. The seaotit position thus needs to be blocked in
order to avoid double functionalization. The reactshows high functional group tolerance.
Symmetrical diaryl alkynes as well as unsymmetiycalubstituted alkyl,aryl alkynes are

well-tolerated. The latter react with impressivgioselectivity for the alkyl branched product.

FG
[(p-cym)Rulzl; (2 mol%), COH R = alkyl, Ph = Ar
A guanidine carbonate (0.5 eq.),
tAMOH:H,0 (10:1), 100 °C, 12-24 h /j/\Ar 17 examples
up to 99% yield
. CO,H \ R
;h;)[ [(p-cym)Rul] (2 mol%), o
FGén/ H guanidine carbonate (0.5 eq.), ) R = CH(OH)-R'
. B |AcOH (1 eq.) f/.’“‘1| _(3_ R'= H, Me
t ° R P
(het) Ar——=—R AmOH, 100°C, 12-24 b FG™-.~ f\(\R‘ 21 examples
up to 90% yield
[(p-cym)RUCI, (4 mol%) oo (heDAr
gugnid?ne carbonate (0.2 eq.), s H R = Ar = Ph
c 2-picoline (0.2 eq.), AcOH (1 eq.) @ A 10 |
toluene, 120 °C, 24 h 2 examples
o, Fe 1(\” up to 96% yield

Scheme 37Carboxylate directed€H hydroarylation of benzoic acids with internal yalles
with the CQH moiety operating a8 classicalB transformable, an@ deciduous

directing group.

Under more acidic conditions and with propargylicoaols as coupling partner, benzoic
acids as well as acrylic acids react to fopalkylidenes-lactonesvia a tandenortho-C-H
vinylation/esterification process S¢heme 37B The carboxylate group acts as a
transformable directing group, complementing the merwous oxidative €H
vinylation/lactonizations which usually lead to éeamarins. Yields and functional group
tolerance for this case are also very high. Morea¥e in situ esterification deactivates the
directing ability of the carboxyl group so that tdeifunctionalization is completely omitted.
In the less polar solvent toluene the reaction detwl the exclusive formation of the
decarboxylated produc¢heme 37Q. The reaction is limited to symmetrical diarykyhes.
However, the key finding is that double-functiomali products were never observed under
these conditions which led wus to the assumption af concerted €H
vinylation/decarboxylation instead of a sequenpiacess. In our case, the-CO,H bond is
truncated within the catalytic cycle, which makeslauble functionalization impossible; a
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pathway that we define afeciduous A para- or ortho-substituted benzoic acid thus leads
exclusively to ametamonofunctionalized arene, whereasmetasubstituted benzoic acid
leads to grara-functionalized product. Hence, the fornmaéta or para-functionalization of
arenes, which are by far the most challenging postto manipulate selectivelya direct

C-H activation methods or electrophilic substitutiobscomes accessilfé”

The postulated deciduous pathway was further siggdry a control experiment in which
the products of the non-decarboxylative hydroaigtatvere submitted to the decarboxylative
hydroarylation conditionsScheme 38 In this case, the starting materials were rece

quantitatively.
[(p-cym)RuCl,]» (4 mol%),

+.CO,H guanidine carbonate (0.2 eq.), UG H
FG \ 2-picoline (0.2 eq.), AcOH (1 eq.) Fe— | + co.t
~>pp  toluene, 120 °C, 24 h NP ph

Ph Ph
not detected

Scheme 38Protodecarboxylation control experiment underadecxylative hydroarylation

conditions.

Based on preliminary mechanistic investigations gmeviously reported related
processe&/*?">?4\we proposed a tentative catalytic cycle for theidleous reaction mode,
which is depicted inScheme 39 The first step consists of a carboxylate-direc@eH
activation via a concerted metallation deprotonation (CMD) medmanto form the
ruthenacycléd. In the next step the alkyne inserts into the-autthenium bond, generating the
seven-membered intermedidte IntermediateV is formed after a direct decarboxylation,
preferentially in less polar solvenia transition statell . Protonolysis of the five-membered
ruthenacycldV regenerates the active catalyst species alongthéhmono-vinylated arene

product.
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deciduous

1 COy pathway
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! R

i

Scheme 39Proposed mechanism for the deciduous reactioremod

In conclusion, this project highlights the multiéded nature of a carboxylate opening up a
versatile, waste-free synthesis of 2-vinylbenzaitig or lactones from abundant precursors.
Additionally, the discovery of the carboxylic acidoiety to act as a deciduous directing
group is presented as an highly powerful reactiardento guarantee regioselective mono-
functionalizations. It bypasses the issues of akwdigecting group and overrules innate

regioselectivity which are unavoidably caused lgingic electronic properties.
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Regioselective C—H Hydroarylation of Internal Alkynes with
Arenecarboxylates: Carboxylates as Deciduous Directing Groups

Liangbin Huang, Agostino Biafora, Guodong Zhang, Valentina Bragoni, and Lukas J. Gooflen*

Dedicated to K. Peter C. Vollhardt on the occasion of his 70th birthday

Abstract: In the presence of catalytic [Ru(p-cym)L,], and the
base guanidine carbonate, benzoic acids react with internal
alkynes to give the corresponding 2-vinylbenzoic acids. This
alkyne hydroarylation is generally applicable to diversely
substituted electron-rich and electron-poor benzoic and acrylic
acids. Aryl(alkyl)acetylenes react regioselectively with forma-
tion of the alkyl-branched hydroarylation products, and
propargylic alcohols are converted into y-alkylidene-o-lac-
tones. The hydroarylation can also be conducted decarbox-
ylatively with a different choice of catalyst and reaction
conditions. This reaction variant, which does not proceed via
intermediate formation of 2-vinylbenzoic acids, opens up
a regioselective, waste-minimized synthetic entry to vinyl-
arenes.

Givcn the prevalence of vinylarene moieties in functional
materials, pharmaceuticals, and natural products,') efficient
methods for the construction of this structural motif are
constantly sought. Established synthetic approaches include
Mizoroki-Heck® and Fujiwara—Moritani reactions,”’ as well
as various catalytic cross-couplings of organometallic
reagents with alkynes.!*]

C—H hydroarylations of alkynes are advantageous over
these processes, because they require neither prefunctional-
ized substrates nor oxidants. Since the pioneering studies by
Murai and co-workers,*) various metals have been found to
efficiently catalyze the hydroarylation of alkynes, for example
Ru” Rh,™ Re,® Co” and others."” However, these C—H
functionalizations are highly regioselective only when
directed by ketone, pyridine, amide, sulfoxide, or other
strong directing groups, groups which need to be synthesized
in additional reaction steps and are not easily removed.

Arguably, the most advantageous directing groups in
ortho-functionalizations are carboxylates, because benzoic
acids are widely available in great structural diversity and at
low cost, and can subsequently be derivatized further, utilized
as leaving groups in decarboxylative couplings,'!) or removed
tracelessly by protodecarboxylation.”’ However, the weak
coordinating ability of this group poses additional challenges

in the development of regiospecific C—H-activating processes.
In recent years, substantial advances in carboxylate-directed
C—H activation have been made,'? for example, by the
groups of Yu,"! Miura,"” Ackermann,'” and Larrosa,!*? as
well as our own group.!'>*!7)

In this context, oxidative couplings of benzoic acids with
alkynes to form isocoumarins, naphthalenes, and other cyclic
structures have intensively been studied. These reactions
involve carboxylate-directed C—H activation to give vinyl-
metal intermediates, which immediately undergo cyclization
steps before either reductive elimination or protonolysis can
occur (Scheme 1a).'*'l Moreover, in the presence of elec-
tron-deficient transition-metal catalysts or ruthenium(II),
alkynes preferentially react with the nucleophilic carboxylate,
to form enol esters, rather than with the C—H moiety.!'”) This
reactivity points to the challenges associated with developing
selective C—H hydroarylations in the proximity of a reactive
carboxylate.*"!

In continuation of our research on the use of carboxylic
acids as substrates in transition-metal catalysis,'""?%7) we
explored whether carboxylate groups could be utilized as
directing groups in redox-neutral intermolecular hydroaryla-

(a) Previous work:
R)
COH R
T M)
-
FG 7 R
l—co2

R = OAlk, Ar,
R) vinyl, alkyl...

ﬁ[H

F&OR

(b) This work:
-~ COH

T
R
-COyH as -COyH as
transformable DG

[*] Dr. L. Huang, A. Biafora, G. Zhang, V. Bragoni, Prof. Dr. L. |. Goof3en
FB Chemie-Organische Chemie
Technische Universitit Kaiserslautern
Erwin-Schrodinger-Str. Geb. 54, 67663 Kaiserslautern (Germany)
E-mail: goossen@chemie.uni-kl.de
@ Supporting information and the ORCID identification number(s) for
@ the author(s) of this article can be found under http://dx.doi.org/10.
1002/anie.201600894.
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decarboxyjlative pathway

--//--»Fegéjg:l/ﬂm

-COyH as
deciduous DG

lassical DG

Scheme 1. Carboxylate-directed C—H activation and coupling with
alkynes. DG =directing group, FG = functional group.
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tions of alkynes (Scheme 1b). The desired process would have
to be initiated by a carboxylate-directed ortho-C—H alkyne
insertion step. The resulting vinyl-metal species would then
need to be forced towards a reductive elimination step to
yield alkenylbenzoic acids, despite the abundance of facile
pathways leading to cyclized products.

To probe the feasibility of this concept, we investigated
the reaction of 2-methylbenzoic acid (1a) with 1-phenyl-1-
propyne (2a) in the presence of various metal catalysts
(Table 1). Many complexes known for their ability to mediate

Communications ﬂf.g;ffmie

ability of guanidine to form stable ruthenium(II) com-
plexes.”! A thorough solvent screening revealed that a 10:1
mixture of ‘AmOH and H,O gives the highest yields and
selectivities (entry 10; see the Supporting Information).
Substrates 1a and 2a were best employed in a 1:1.5 ratio
(entries 11 and 12).

The scope of the hydroarylation reaction with regard to
the acid component was investigated using 1-phenyl-1-pro-
pyne (2a) as the coupling partner (Table 2). Benzoic acids

Table 1: Optimization of the directed hydroarylation conditions.?!

Me Me Me
CO,H Ph cat. [M] COH COH
. | | base,
solvent, Z “Ph Z "Me
Me 100°C Me Ph
1a 2a 3aa 3aa’
Entry [M] (mol %) Base Yield [%]
(3aa/
3aa)"
1 [Ru(p-cym)Cl,], (4) 0.3 equiv K,CO, 43:5
2 [Ru(p-cym)l;], (4) 0.3 equiv K,CO, 52:10
3 [Ru(p-cym)l;], (2) 0.3 equiv K,CO; 60:6
4 [Ru(p-cym)l;]; (2) 0.1 equiv K,CO; 397
5 [Ru(p-cym)l;]; (2) 0.5 equiv K,CO, 46:trace
6 [Ru(p-cym)l;]; (2) 1.0 equiv K,CO; nd.
7 [Ru(pcym)l (2) 0.5 equiv Cs,CO, 53:14
8 [Ru(pcym)l], (2) 0.5 equiv Li,CO, 449
9 [Ru(p-cym)l;], (2) 0.5 equiv guanidine carbonate 68:7
109 [Ru(p-cym)ly], (2) 0.5 equiv guanidine carbonate 74:5
1164 [Ru(p-cym)l,], (2) 0.5 equiv guanidine carbonate 73:6
1259 [Ru(p-cym)ly], (2) 0.5 equiv guanidine carbonate 90 (93):5

Table 2: Substrate scope of the directed hydroarylation.!

R R?
R
Ny COM Ru(p-cym)L; Xy COH
| P + | | guanidine carbonate, P
R!  'AmylOH/H,0, 100 °C 7 R?
1a-l 2a-f 3aa-af R!
R= Me (3aa 93%) Me
R R= Br (3ba 67%) Br COH
COH  R=Cl (3ca 66%)
R= CF; (3da 75%) P
A~pn R=Ac (3ea 52%) Ph
s R= OMe (3fa 71%) Me
© R=Ph (3ga 94%) 3ia91%
R= Et (3ha 91%)
MeO,C CO,H &l fle
=
s Ph Z>Ph  Me ZPh
3ja75% "° 3ka 67% Me 31a 88% Me

Me

COH
Zph

R‘\

R'= Et (3ab 70%) R'= (CH,);0H (3ae 66%)
R'="Bu (3ac 53%)  R'= Ph (3af 99%)l°!
R'= CH,OMe (3ad 83%)

[a] Reaction conditions: Ta (0.5 mmol), 2a (0.5 mmol), [M] (4 mol %),
base, 1,4-dioxane:H,0 (10:1, 1.1 mL), 100°C, 12 h. [b] Yields of
corresponding methyl esters determined by GC after esterification with
K,CO; (2 equiv) and Mel (5 equiv) in MeCN using n-tetradecane as the
internal standard. Yields of isolated products are given within paren-
theses. [c] '"AmOH/H,0=10:1 as solvent. [d] 0.6 mmol 1a.

[e] 0.75 mmol 2a. n.d. =not determined. cym =cymene.

C—H functionalizations, including Pd(OAc),, [{IrCp*CL},],
[{Ir(cod),Cl},], and [{Rh(cod),Cl},] were investigated, but
none of them gave the hydroarylation product 3aa in the
desired selectivity (see the Supporting Information for
details). However, the simple ruthenium complex [Ru(p-
cym)Cl,],, usually an efficient hydroacyloxylation catalyst,"”]
surprisingly furnished 3aa in an encouraging 48 % yield with
a high 7:1 regioselectivity in favor of the methyl-branched
stilbene derivative (entry 1). The iodine-bridged analogue
[Ru(p-cym)L,], proved to be an even more active and
selective catalyst (entries 2 and 3). The process requires the
presence of substoichiometric amounts of base, ideally
50 mol %, thus giving the best balance between conversion
and selectivity. If stoichiometric amounts of base are present,
the reaction is completely suppressed, thus indicating that
protons are required in the overall process (entries 4-6).
Carbonate bases, and guanidinium carbonate in particular,
were found to be most effective (entries 7-9). The remarkable
reactivity of the guanidinium base may result from the known

www.angewandte.org
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[a] Reaction conditions: 1a-l (0.5 mmol), 2a—f (0.75 mmol), [Ru(p-
cym)l;], (2 mol %), guanidine carbonate (0.5 equiv.), 'AmOH/
H,0=10:1 (1.1 mL), 100°C, 12-24 h. Yields of the corresponding
methyl ester isolated after derivatization with Mel. [b] 2f (0.5 mmol).

bearing various functional groups, including halides (1b—c),
electron-withdrawing groups such as CF;, Ac, CO,Me (1d-
ej), or electron-donating moieties (1a,f-g) all gave good to
moderate yields. Multisubstituted benzoic acids (1ik,l)were
also suitable substrates for this transformation. Next, several
alkynes were evaluated as coupling partners in combination
with toluic acid (1a). All gave reasonable yields, with best
results being obtained with diphenylacetylene (2f). Unpro-
tected hydroxy groups remained intact when at a distance
from the C—C triple bond (2e).

With propargylic alcohols (2g-k) as substrates, the C—H
hydroarylation was followed by intramolecular lactonization,
so that y-alkylidene-d-lactones were formed in high yields
(Table 3). This reaction nicely complements the oxidative C—
H functionalizations/lactonizations, which lead to endocyclic
C—C double bonds (Scheme 1). The broad scope spans from
electron-rich to electron-deficient benzoic acids bearing
a wealth of functional groups in the para-, ortho-, or meta-
position (Table 3; 1m-v). Various propargylic alcohols were
smoothly converted into the corresponding lactones (2h-k).
Not only benzoic acid, but also methacrylic acid (1w) was
successfully converted. During the optimization of the

Angew. Chem. Int. Ed. 2016, 55, 6933-6937
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Table 3: Substrate scope of benzoic acids for hydroarylation and
annulation.”!

HO.

[Ru(p-cym)lzl,
guanidine carbonate
I I AcOH, ‘AmylOH,
100°C
Ar_ Ar
1a-w 2g-j 4ag-wg, 4mh-mj

O R=H (4mg 90%)

R= NHAc (4ng 64%)

R= 'Bu (40g 76%)

R I R= OCF; (4pg 78%)
R= OMe (4qg 81%)

@

R= Me (d4ag 82%)
R= Cl (4cg 70%)
R= Ac (4eg 68%)
R= OMe (4fg 78%)
R= Ph (4gg 52%)
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Table 4: Scope with respect to benzoic acids for decarboxylative hydro-

Ph R=1 (4rg 60%)

0 R= CO,Me (4jg 87%) O2N
R= Ph (4sg 49%)
R= Br (4tg 76%)

4ug 45% Ph 4vg 82%
Ar=Ph (4mh 60%) (¢]
M Ar= P-FPh (4mi 56%) [
© Ar= p-OMePh (4mj 78%) |
Ph
[a] Reaction conditions: 1a-w (0.5 mmol), 2g-k (0.75 mmol), [Ru(p-

4wg 62%
cym)l,], (2 mol %), guanidine carbonate (0.5 equiv), HOAc (1.0 equiv),
‘AmOH (1 mL), 100°C, 12-24 h.

reaction conditions, we had occasionally observed the for-
mation of decarboxylation products.

Intrigued by this observation, we optimized the catalyst
and reaction conditions using the model reaction of 2 f with
1a until the decarboxylative reaction pathway became pre-
dominant (see the Supporting Information). In the presence
of [Ru(p-cym)ClL], (4mol%), guanidine carbonate
(0.2 equiv), 2-picoline (0.2 equiv), HOAc (1.0 equiv), and in
the nonpolar solvent toluene (2mL), the decarboxylative
coupling product 5af was finally obtained in 73 % yield at
120°C (Table 4). In this decarboxylative reaction variant,
various functional groups are tolerated including halides,
methoxy, and alkyl groups (Table4). It also extends to
heterocyclic substrates. The tolerance of chloro and even
iodo groups demonstrates the orthogonality of the present
transformation into traditional cross-coupling processes.
However, this prototype protocol does not presently allow
a high-yielding coupling of alkyl-substituted alkynes.

In a control experiment, we submitted the products 3 af,zf
of the non-decarboxylative hydroarylation to the decarbox-
ylative hydroarylation conditions (Scheme 2). These did not
decarboxylate, which suggests that the decarboxylated prod-

[Ru(p-cym)Cly], 4 mol%
R A COM guanidine car%)énate 0.2eq. R A H
g ——————#> q
= 2-picoline 0.2 eq. =
7 “Ph AcOH 1.0 eq., PhMe, 120 °C 7 “Ph

Ph Ph

R = 6-Me 3af 5af zf

R = 5-Me 3zf

Scheme 2. Protodecarboxylation experiment under standard reaction
conditions.
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arylation !
Ph
[Ru(p-cym)Cl,] H
Y- ~COH guanidine cafbgnale é
@ * | | ACOH, 2-picoline, =
R PhMe, 120 °C R Ph
Ph Ph
1 2f 5af-abf
R= Me (5af 73%)
R= Cl (5¢f 96%)
R= OMe (5ff 76%) =
A ph R= Et (5xf 84%) Ph
R= OH (5yf 41%) Ph
5mf 62%
m J@Hmh g _
R'= 1 (5rf 51%)
5zf 62% R'= morphollne (5aaf 66%) 5abf 63%

[a] Reaction conditions: 1a-ab (0.5 mmol), 2f (0.5 mmol), [Ru(p-
cym)Cl,], (4 mol %), guanidine carbonate (0.2 equiv), 2-picoline
(0.2 equiv), HOAc (1.0 equiv), toluene (2 mL), 120°C, 24 h.

ucts are not formed by a hydroarylation/protodecarboxyla-
tion sequence, but by an alternative mechanistic pathway. The
carboxylate group may thus be considered to act as a decid-
uous directing group, remaining in place for as long as it is
required to direct C—H functionalization, but being shed
tracelessly within the catalytic cycle.'” The key advantage of
the concept of deciduous directing groups is that the
unwanted formation of byproducts resulting from C-H
functionalization on both sides of the directing group is
impossible, because the directing group is removed in course
of the first C—H functionalization, and is no longer in place to
activate a second C—H bond.

Based on the above findings and mechanistic investiga-
tions for related processes,'* a tentative catalytic cycle for the
ruthenium-catalyzed C—H hydroarylation of alkynes can be
outlined (Scheme 3). It starts with formation of the cyclo-
metallated ruthenium complex I, which coordinates to the
alkyne substrate. Migratory insertion affords the seven-
membered alkenyl-ruthenium species II. In pathway a,
which predominates in polar solvents, protonolysis occurs
(or reductive elimination, if the proton resides at the
ruthenium), thus releasing the hydroarylation product 3aa.
The alternative pathway b, leading to the decarboxylated
product Sacf, becomes more favorable at higher temper-
atures, when protonolysis is slower, that is, in less polar
solvents, and when coordinating chloride ions are present.
These factors contribute to facilitate extrusion of CO, from II.
In-depth mechanistic studies are underway to fully clarify the
reaction pathways of this intriguing transformation.

In conclusion, the carboxylate-directed C—H hydroaryla-
tion of internal alkynes with benzoic or acrylic acids catalyzed
by the inexpensive, easy-to-handle [Ru(p-cym)L,], complex
opens up a convenient and waste-free entry to a wide variety
of 2-vinylbenzoic acids or aromatic d-lactones from abundant
precursors. In a less-polar solvent mixture and at higher
temperatures, the carboxylate group is removed directly
within the hydroarylation process. Beyond being removable,
the carboxylates thus become deciduous directing groups,

www.angewandte.org
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Scheme 3. Proposed mechanism for the ruthenium-catalyzed (decar-
boxylative) C—H hydroarylation of alkynes. ESI-MS results provided for
compounds where R=Me, R'=Ph.

intrinsically preventing disubstitution in this directed C—H
functionalization.
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Results and discussion

Independently to this work, the groups of Ackermamd Zhao together with Hartwig
disclosed decarboxylativertho-C-H hydroarylation processes leading to the sameyutsd
as those arising from a deciduous reaction patfi®ay’® The conditions reported by
Ackermannet al. comprise a customize@-Cym)Ru(MesCQ),-catalyst in toluene at 100 °C
and remarkably obviates any additional base. Howete benzoic acids chosen for the
decarboxylative hydroarylation beaselectron withdrawingrtho substituents and have thus
strong tendency to decarboxylate. Zhao and Harteqprt a catalyst system comprising a
(p-cym)Ru(OAc) catalyst in a sophisticated mixture of solventsoXdne/mesitylenet
heptane (2:2:1)). These conditions allow the demagrative hydroarylation of numerous
ortho-, meta, and parasubstituted benzoic acids at already 80 °C. Addilly,
implementing 20 mol% Cu(OAglunsymmetrically substituted alkyl,aryl alkynes wexlso
reacted to the corresponding vinylarenes with ragh@or regioselectivity for the alkyl
branched product. In this case, the reaction isemdely to occurvia a sequential
hydroarylation/decarboxylation process mediatedhigypresence of copper. It is important to
mention that none of the reported protocols, iniclgdur work, allow the hydroarylation of
terminal alkynes. In the case of phenyl acetyleeeolserved that the starting materials are

recovered entirely unreacted after the reaction.

Our initial preliminary mechanistic experiments dahd hypothesis of a deciduous reaction
mode were later confirmed by DFT-studies calculdigdhe group of Prof. Xin Hong®
Their investigations additionally showed that theciduous pathway is considerably
dependent on the ring size of intermediktalepicted inScheme 39 The seven-membered
ring seems to have the right geometry to allow @nmt decarboxylation directly from the
intermediary metallacycle. The decarboxylation frarfive- or eight-membered ring (n = 0 or
n = 2, respectively) entails an energy barrier alintewice as high as the corresponding seven-

membered metallacycl&¢heme 40A
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B .
B-H elimination protonolysis

+
| __[Ru] ¥ [Ru] " [Rul-. _H*

= -~ ‘-H 7

(j) wrul | T ! ’ | i

N \ AG'=-12.9 kcal mol™! ' AG = -6.2 kcal mol™' | i

A N
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:/kcaAlfqol'1 10.8 n- ? ?‘2113 5 experimentally
E n=2 19.9

Scheme 40Calculated Gibbs free energies for decarboxytaliarriers in a deciduous
reaction mode depending on the intermediate strei¢®). Calculated energy

barriers for competing protonolysis ageH elimination pathwaysR).

On the other hand, the vinyl functionality does seém to play a detrimental role. The
decarboxylation barrier of the saturated seven-neeetbmetallacycle (n = 1), which would
derive from an alkene insertion rather than alkireertion, is only 2 kcal mdl higher and
should therefore be in theory also feasible. A easful reaction would be highly desirable
because alkyl arenes are otherwise difficult toawbtHowever, Xin Hong and coworkers
have calculated, that after the decarboxylatiof-laydride elimination is preferred over
protodemetallation, yielding again the correspogdivinylarenes %$cheme 40B
Interestingly, very recently the group of Baidyaoded the decarboxylative hydroarylation
of maleimides using carboxylate as deciduous dirgcgroup®*® In this particular case,
protodemetallation is preferred ovBrhydride elimination leading to the alkylated arene
instead of the Heck-producs¢heme 4L The authors do not comment on the reason fer thi
selectivity. After the alkene insertion, the canpogroup on the maleimide probably interacts
with the ruthenium center hampering the confornmatstrictly required for successf(s-

hydride elimination.
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o)
COH o [(p-cym)RUCl,], (5 mol%), ! O o
5N Cy3PO (10 mol%), oo . oo "
HY(/ - . [ N-r NaHCO;(1eq) HY AN NR Ho o R
A DCE, 100 °C, 4-12 h o 5 “ o
FG % FG
45 examples Heck-product
up to 95% vyield not observed

Scheme 41Ruthenium-catalyzed-«H hydroarylation of maleimides using carboxylates a

deciduous directing groups.

The group of Xin Hong further calculated the solveffiect. We observed a strong impact
on the reaction outcome depending on the natutbBeokolvent. In our case the polar protic
solvent tert-amyl alcohol steers the reaction towards the rewarboxylative pathway,
whereas the aprotic and less polar solvent tolfeva's the deciduous pathway. These trends

were confirmed by the theoretical stu@cbeme 4

[Ru,] \
> Ph + COy
deciduous “~
pathway

* = -
CO,H 1) C-H activation AGitoluene) = 13.8 kcal mol !
|

Ph 2) alkyne insertion O O~Ru] Ph AGfMeOH) = 19.7 kcal mol’
= -
U | s R T— J
N Ph
N

Ph AG{toluene) = 18.2 kcal mol'!
AG{eoH) = 11.3 kcal mol”

non-decarboxylative
pathway

Scheme 42Gibbs free energies calculated under the inflaesfche solvent.

In toluene, the energy barrier for the deciduousiay is 13.8 kcal mdl On the other
hand, the energy barrier for the stepwise protaislin the same solvent is 4.4 kcal thol
higher in energy, showing that in toluene this cetmy pathway is improbable. Instead, in
the polar protic solvent methanol the non-decartaiikse reaction is favored, showing an
energy barrier of only 11.3 kcal migl which is 8.4 kcal mdl lower than the competing

deciduous pathway.
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5.4. Doubly Regioselective C—H Hydroarylation of Unsymratrical Alkynes
Using Carboxylates as Deciduous Directing Groups

In continuation with regioselective carboxylateediied GH functionalizations and our
findings on the new reaction mode of the carboeylabiety to act as a deciduous directing
group, we aimed toward a more potent catalyst systavhich would allow the

decarboxylative €H hydroarylation of all sorts of internal alkynes.

R

! COQHH R’ [Ru] 'Il |

A O - NS B A
S <

FG FG/\

R

high regio- and
chemoselectivity

Scheme 43Envisioned carboxylate directed decarboxylativéi®ydroarylation of

unsymmetrical alkynes using carboxylates as decislgirecting groups.

Especially unsymmetrically substituted alkyl,arykymes were found to be reluctantly
reactive in previous reports and required the preseof copper promoting the
decarboxylation in order to avoid double functioration. That means that in this case the
reaction occurvia a sequential vinylation/decarboxylation procesberathan a deciduous
reaction mode. We were therefore eager to findtalyst system based on one single metal

capable of activating the deciduous character@ttrboxylate directing group.

Due to the numerous parameters that had to be taitenaccount, this reaction was
particularly challenging to optimize. The majorkasgas to avoid double functionalization by
activating the deciduous pathway. Moreover, thetrea had to take place regioselectively in
favor of the alkyl-branched formabrtho-vinylation and with high levels ofE/Z
stereoselectivity as well. The ruthenium-precurigbexamethylbenzene)Rufd was found
to be more efficient in terms of conversion andesVity instead of thestate-of-the-art
catalyst [p-cym)RuC}],. The greater selectivity performance of this gatials probably due
to the more bulky hexamethylbenzene ligand, whareds the alkyne insertion to occur in a
specified trajectory. Moreover, the steric pressum@uced by the ligand could ease the
decarboxylation step by expelling the carboxyl grolio ensure a prompt protonolysis, the
right proton source (mesitylene carboxylic acid)swaarticularly decisive. This additive is

required to steer the reaction in favor of the decus pathway and diminishes competing
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non-decarboxylative routes. Additionally, in orderachieve high conversions, the reaction
medium needed to be buffered by a base systemstimigsof catalytic amounts of potassium
carbonate and guanidine carbonate. Under convertiggating (120 °C) the reaction time is
16 h. However, the desired transformation can bedected under microwave irradiation
within 5 minutes only, which is particularly dedita for drug discovery. With both reaction
conditions §cheme 44 the corresponding vinyl-arenes were formed irhhig quantitative

yields, with exclusive formation of thE-isomer and with impressive regioselectivities in

favor of the alkyl-branched product (up to 99:1).

[(CeMeg)RUCH], (4 mol%),
K2003 (10 mol%)

COH Ar unanidine carbonate (5 mol% H Ar 33 example§
H /I H g1esitylene carboxylic ;cid (1 :;L’.) H ' | up to 9.9% y'.eld
T\;ﬁ/ + |l NVP_120°C 161 \:(/ alkyl + COZT exclusive E-isomer
s ' ' Y up to >99:1 regioselectivity
FG alkyl of G S

MW 180 °C, 5 min
Scheme 44Doubly regioselective €H hydroarylation of unsymmetrical alkynes using

carboxylates as deciduous directing group.

To summarize, a second-generation catalyst eladmbnatthin this project allows for the
first time the doubly regioselective decarboxylatimono-hydroarylation of unsymmetrical
alkynes. The protocol requires only low loadings iokxpensive and easy-to-handle
[(CsMes)RUCE], and no additional decarboxylation catalyst. Witle thew system, the
extrusion of CQ occurs along with the €C bond formation even for alkyl aryl alkynes, so
that double functionalization, a side reaction widencountered irortho-C—-H activation, is
fully suppressed. The new protocol is generallyliapple to both electron-rich and -deficient
(hetero-)arylcarboxylic acids bearing a broad rawmfiesubstituents, in combination with
diversely functionalized alkynes. In most caseghhjields and remarkable regioselectivities
were achieved even for products that were inadoleswith the first-generation catalysts. The
diaryl alkene products are key functionalities undtional materials, pharmaceuticals and
natural products and the provided reaction variamder microwave irradiation offers the

opportunity of a fast and cost-efficient drug disexy.
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Unsymmetrical Alkynes Using Carboxylates as Decigubirecting Groups*?! Copyright
2017 American Chemical Society." An additional tise is not provided by this journal and
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cat. [(CgMeg)RuCl],

COH Ar  mesitoic acid, K,CO3 H U B o
H guanidine carbonate | & exa.mples, u !.D &L /" peld
X + | | = e N R 4 T - exclusive mono-vinylation
|/ 2 1 NMP, 120 ((:: 16 h |/ o COy [ . CO,H as deciduous directing group
or yW 180 °C, 5 min
FG FG

ABSTRACT: A catalyst system composed of [(CsMes)RuCl],, potassium carbonate/guanidine carbonate, and mesitoic acid
efficiently promotes the doubly regioselective C—H hydroarylation of unsymmetrical alkynes. The process involves carboxylate-
directed ortho-C—H bond activation followed by regioselective addition to the alkyne C—C triple bond with concerted
decarboxylation. This action of the carboxylate as a deciduous directing group ensures exclusive monovinylation with high
selectivity for the (E)-1,2-diarylalkene.

tyrenes are prevalent structures often encountered in directing groups'® that stay in place just long enough to direct
functional materials, pharmaceuticals, and natural and one group into their ortho-position further improves the
synthetic products.” Stoichiometric methods to access this versatility of this group. A deciduous-type reaction pathway, in
structural motif, including Wittig” or Peterson olefinations® and which the CO, is released concomitantly to C—C bond
insertions of alkynes into organometallic reagents," are waste- formation, intrinsically prevents unwanted double functionaliza-
intensive and require prefunctionalized substrates. Catalytic tion, a typical side reaction in ortho-C—H functionalizations
alternatives such as the Mizoroki—Heck reaction® and olefin (Scheme 1).*
metathesis’ are more atom-economic but also require
prefunctionalized arenes. C—H vinylations of the Fujiwara— Scheme 1. CO,H as Deciduous vs Removable Directing

Moritani type” have emerged as a powerful alternative but rely on Group (DG) in Catalytic Hydroarylations
stoichiometric oxidants.

C—H hydroarylations of alkynes compare favorably to the CO?H M oM
above concepts, especially when the regioselectivity is controlled [ ] AT/
effectively, e.g., by chelation assistance. Following early reports 1
on ruthenium-catalyzed carbonyl-directed hydroarylations of Rul | Ar—=
alkynes,® several transition-metal catalysts, including pre- -COzl

cious”'? and first-row metals,'>"* have been found to efficiently
promote the insertion of alkynes into the C—H bond ortho to
various directing groups. However, most of these directing

groups, including phenol, ketone, pyridine, amide, and sulfoxide,

require additional chemical steps for their synthesis, removal, or E;ﬁ,i::ﬁ?.f,ﬁ”;iﬁy.mn 53.32:{,': '/e dﬂ:ﬁ,?xy.aﬁm
modification.

In this context, the use of carboxylates as directing groups is
particularly desirable because they are easily accessible at low cost The development of carboxylate-directed regiospecific C—H
and in great structural diversity, can be transformed into a wealth hydroarylations is challenging because of the weak coordinating
of other compound classes, may serve as leaving groups in ability of the carboxylate group and the known reactivity of
decarboxylative couplings, and are tracelessly removable by a alkynes to under§o carboxylate addition to the enol esters in the
subsequent protodecarboxylation step.'”'® Over the years, presence of Ru'™" and because carboxylate groups reduce the
extensive research has led to the discovery of carboxylate- electron density at the arene ring, thereby lowering its reactivity.
directed substitutions of ortho-C—H atoms with (hetero)aryl,
alkyl, acyl allyl, alkoxy, olefin, amine, amide, and halogen Received: January 30, 2017
groups.'” The discovery that carboxylates can act as deciduous Published: February 14, 2017
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The Ackermann group, the group of Hartwig and Zhao, and
our own group have independently developed Ru-catalyzed
carboxylate-directed C—H hydroarylations of internal alkyne-
5.7 All of these processes allow the decarboxylative
hydroarylation of diarylalkynes in high yields. However,
examples with alkylarylalkynes as coupling partners were
provided only by Hartwig and Zhao, and these reactions did
not proceed via a deciduous-type pathway. Selectivity for the
monovinylated, decarboxylated product was achieved by using a
2-fold excess of the arenecarboxylate and a powerful copper
protodecarboxylation catalyst. Satisfactory yields and selectivities
were obtained merely for a few substrates.'*

We herein report a catalyst system that requires only low Ru
loadings and no copper mediator to promote the regioselective
decarboxylative monovinylation using unsymmetrical alkynes. In
the search for an efficient protocol for the desired transformation,
we used the reaction of p-methoxybenzoic acid 1a and 1-phenyl-
1-propyne 2a as a model (Table 1).

Table 1. Optimization of the Reaction Conditions”

[Ru] cat.
GOH - Me base, acid
+ | | additive
Sovent
Ph 120°C, 16 h
OMe C OMe 4-6
1a 2 3 “ X = H, phenyl(methyl)vinyl
Y =H, COH
# [Ru] base (mol %) acid additive yield (%)
(mol %)
3aa  3'aa 46
1 [Rul] - Cu(OAc), 59 5 nd.”
(20)
2 13 2 8
3¢ [Ru2] GuanCOs (20) AcOH 2-picoline 25 nd. 21
(20)
5 [Ru3| " " " 38 " 20
5 " " " " 53 3 23
6 " " " _ 53 3 29
8 L K>CO; (20) " - 31 16 8
9 " Cs>COs (20) " - 23 9 8
10 " K>CO; (10) " - 39 3 5
11 " GuanCO; (5) " - 60 9 13
+KyCO; (10)
12 " " TMBA - 71 2 nd.
13¢ " GuanCO; (10) " - 76 9 nd.

“Method A: 1a (0.5 mmol), 2a (0.7S mmol), [Ru] (4 mol %), base,
acid (1 equiv), additive, NMP (1 mL), 120 °C, 16 h. “Method A: 1a
(1 mmol), 2a (0.5 mmol), [Rul] (10 mol %) in dioxane/mesitylene/
n-heptane (2:2:1), 80 °C, 48 h. “Method A: 2a (0.5 mmol) in PhMe.

Method B: 1a (1 mmol), 2a (0.5 mmol), [Ru] (4 mol %), guanidine
carbonate (10 mol %), TMBA (0.5 equiv), NMP (2 mL), 180 °C uW,
S min. Yields were determined by GC analysis after esterification with
Mel/K,CO; using n-tetradecane as internal standard. [Rul] = (p-
cym)Ru(OAc),, [Ru2] = [(p-cym)RuCL], [Ru3] = [(CeMey)-
RuClL],. GuanCO; = guanidinium carbonate. TMBA = 2,4,6-
trimethylbenzoic (mesitoic) acid.

When Hartwig and Zhao’s conditions were used, i.e.,
treatment a 2-fold excess of la with 2a in the presence of
[Rul] and 20 mol % Cu(OAc), in dioxane/mesitylene/n-
heptane at 80 °C for 48 h,"% the desired styrene 3aa was formed
in 59% yield and a 3aa/3’aa regioselectivity of 12:1 (Table 1,
entry 1). Unsatisfactory results and formation of products 4—6 in
notable amounts were observed without the copper mediator
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(entry 2). Our conditions previously optimized for diarylalkynes,
namely 1la (0.5 mmol), 2a (1 equiv), [(p-cymene)RuClL], (4
mol %, [Ru2]), guanidine carbonate (20 mol %), AcOH (1
equiv), and 2-picoline (20 mol %) in toluene, provided 3aa in
25% yield along with 21% of 4aa—6aa, which are products arising
from a competing nondeciduous directing mode of the
carboxylate group (entry 3). Screening of various catalysts,
additives, and solvents showed that the combination of a
[(C¢Meg)RuCl,], ([Ru3]) catalyst and the polar aprotic solvent
NMP gave greater conversion and good regioselectivity (entry 4
and Table S1). Increasing the amount of 2a to 1.5 equiv further
improved the yield (entry S). Interestingly, 2-picoline, which was
an important component of our original conditions, did not affect
the outcome here (entry 6). Higher yields were obtained when
the acetic medium was buffered with S mol % of guanidine
carbonate and 10 mol % of potassium carbonate (entries 8—11).
Substituting acetic by mesitoic acid shifted the reaction
completely toward the desired pathway, so that products 4—6
arising from competing pathways were no longer detected.
Within 16 h under optimal conditions, i.e., 1a (0.5 mmol), 2a
(0.78 mmol), [(CgMeg)RuCl, ], (4 mol %), guanidine carbonate
(5 mol %), K,CO4 (10 mol %), and mesitoic acid (1 equiv) in
NMP (1 mL) at 120 °C, the monovinylated product 3aa was
obtained exclusively and with an impressive 3aa/3’aa
regioselectivity of 36:1 in favor of the less sterically hindered
alkyl-branched product (entry 12, method A). The regiochemical
preference is in agreement with findings by Fagnou, Miura,
Rovis, Li, Ackermann, Larock, and others on mechanistically
related oxidative annulation reactions.”'

When a preformed o-vinylbenzoic acid (4ba) was subjected to
the reaction conditions, no decarboxylation was observed (see
the Supporting Information), which confirms that C—C bond
formation and decarboxylation indeed occur concertedly.
Further control experiments established that both base and
acid additive are required (Table S1).

The only drawback of this protocol was the long reaction time.
However, this can be shortened to only 5 min by employing
microwave irradiation (method B) after small adjustments to the
catalyst system (10 mol % of guanidine carbonate as the only
base and with the amount of mesitoic acid reduced to 0.5
equiv)‘22

With two effective sets of conditions in hand, the scope and
selectivity of the ruthenium-catalyzed decarboxylative C—H
hydroarylation of 2a with substituted benzoic acids 1 were
evaluated (Scheme 2). The scope extends from electron-rich to
electron-poor benzoic acids with various functional groups in the
ortho, meta, or para positions, as well as heterocyclic carboxylates.
Benzoic acids bearing ortho substituents generally gave excellent
yields (3ba—ka). Para-substituted benzoic acids afforded
monofunctionalized products (3aala—oa) exclusively and in
good yields. p-Toluic acid (1m) afforded 30% of non-
decarboxylated product 4ma along with 3ma, which presumably
result from a competing nondeciduous pathway. Extending the
reaction time to 48 h did not shift the product distribution further
toward 3ma (see the SI). This clearly indicates that the
decarboxylated product results from a concerted C—C bond
formation/decarboxylation process, and that once the non-
decarboxylated product is released, it does not re-enter the
catalytic cycle. The reactivity of meta-substituted acids was lower
(3pa,qa). Deactivating substituents such as nitro groups reduced
the yields (3wa). With 2-allyl benzoate, the side-chain double
bond isomerized into conjugation under the reaction conditions
(3da). The efficiency of the microwave method was generally

DOI: 10.1021/acs.orglett.7b00300
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Scheme 2. Scope with Respect to the Benzoic Acids”

COH Ve

I Method A o oM
‘ + Method B 7z ] Me Z ] PR, Me
A h Y S
FG FG FG
1a-z 2a 3aa-za 3'aa-za 4aa-za
R=Me, 3ba A:72% (90%, 13:1:1) R = OMe, 3aa A: 71% (73%, 36:1:-) Ph H Ph 5 va 55%
B 71% (T11%,7:15) ‘ Ph B: 76% (85%, 8:1:-) R Me. | A 64%, 7:1)
Me Me
R=Et 3ca  A:80% (98%,29:3:1) R=0OH,3la A:80% (88%, 20:1:-)
Me d R=OH,3ra A:82% (91% 141-)
=vi . - . . . ' ON Ph
R=vinyl,3da A: 61% (80%, 6:1:1) R=Me, 3ma A: 62% (96%, 21: R = OMe, 3sa A: 62% (65%, 12:1:
on R=0Me, 3ea A:79% (91%,26:3:1) B: 64% (75%, 6:1:-) R=Me, 3ta A:84% (84%, >99:1: -)
Ho [ R=OPh3fa A 99%(09%, >09:1:) R=F,3na A 56% (84%, 10:1:1) OO 3xa 89%

R Me B: 84% (99%, 6:1:-) B: 71% (71%, >99:1:-) Ph (89%, >99:1:-)
R=0H 3ga  A:83%(90%, 9:1:-) R=Br,30a A:57% (65%, 19:1:2) ‘ Ph
R=Ac,3ha A 77% (96%, 23:1:5) o Me

=Bz 3 . . M
R=Bz3ia  A:88% (99%, 29:1:2) o 3ya A: 40% mono (59%, 8:1:3) OMe © §
R = SO,Me, 3ja A: 95% (99%, >99:1:-) Me 32% di-functionalized OMe AX( 50/3“:‘9‘301&)

) ) 3za 60% 6
B:66% (71%, 13:17) R=Br,3pa A:43% (@43%,>09:1) ~ B:60%mono (0%, 7:0:) ) CEE R R | R oX XN dva
R=F,3ka A 81% (96%,22:1:1) R=CN, 3qa A: 42% (42%, >99:1:-) 0% drfunctonalized o A: (36%, >68:1:)
=F, N )y o = 5 . a /o, 1)

“Isolated yields. GC yields and product ratios of 3:3":4, in parentheses, after esterification using n-tetradecane as internal standard.

comparable, although the higher reaction temperature somewhat
affected the regioselectivity. Only for unsubstituted benzoic acid
(1y) was nondecarboxylative hydroarylation a major side
reaction under thermal conditions, leading to the formation of
substantial amounts of disubstituted products. However, under
microwave conditions, the carboxylate acted as a deciduous
directing group again, and only monovinylated product 3ya was
observed.

We next investigated the alkyne substrate scope in
combination with p-anisic (1a), p-fluorobenzoic (In), and o-
toluic acid (1b) (Scheme 3). For alkylarylalkynes 2b—f, high

Scheme 3. Scope with Respect to the Alkynes“

COzH
z Method A GOM(
N || _MethodB_
| +
[
FG Ph
1a,b,n 2b-f

R = COzEt, R' = OMe, 3'ab
PR A 72% (74%, 1:36:)
H ‘ B: 41% (48%, 1:6:-)
R/Ph R = CH;0H, R' = OMe, 3ac
A: 80% (82%, 40:1:-)

Me.

R = Et, 3bd
A 70%(91% 10:1:2)

H lph’R A:so%(99%,11:1:2)

R = CH,0H, 3be
RIPh  A: 66% (96%, 3:-1)

B: 52% (55%, 1 E-)
R =CH,0H, R'=F, 3nc
A: 73% (75%, 38:1:-)
B: 66% (68%, 33:1:)

R = CH,0Me, 3bf

A: 55% (55%, >99:1:-)
R = CO.Et, 3'bb

A: 44% (44%, 1:>99:)

“Isolated yields. GC yields and product ratios of 3:3:4, in parentheses,
after esterification using n-tetradecane as internal standard.

yields and excellent regioselectivities of the desired products
were achieved. Electron-poor propiolates (2b) were successfully
converted to f3,f-diaryl acrylates, which are valuable synthons for
further decarboxylative couplings."®** Terminal alkynes did not
react under the reaction conditions.

A plausible reaction pathway derived from mechanistic
experiments (see the SI) is outlined in Scheme 4. Following
C—H activation, the ortho-ruthenated complex A coordinates the
alkyne substrate. Migratory insertion leads to the seven-
membered ruthenacycle B. Possible next steps involve either
decarboxylation to intermediate C, which is then protodemeta-
lated to product 3aa, or early protodemetalation of B, resulting in
the nondecarboxylated compound 4aa. Ruthenium is not

1234

Scheme 4. Proposed Mechanism for the Ruthenium-
Catalyzed Decarboxylative Hydroarylation

[Cuor .-~ N
[Ag].~* 3aa [Ru] 1a + Base
COoy~.
! [Ru]
co, BaseH
; jfi Ph
oM P Ru { Q
Ru!
Me Me [Ru].
c
4aa A
OMe OMe

capable by itself of decarboxylating 4aa under these conditions.
CO, extrusion can occur only in the presence of copper or silver
decarboxylation catalysts, as previously reported."

In conclusion, an effective and broadly applicable C—H
hydroarylation of unsymmetrical alkynes has been developed on
the basis of the inexpensive and easy-to-handle catalyst
[(C¢Meg)RuCl,],. The concerted C—C bond formation/CO,
extrusion process ensures nearly exclusive formation of
monovinylated products and obviates a subsequent protode-
carboxylation step.
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Abstract The widely available carboxylate groups have recently
emerged as advantageous leaving groups for regioselective ipso substi-
tutions and directing groups for ortho-C-H functionalizations in transi-
tion-metal catalysis. In the latter reactions, they can subsequently be
transformed into a wealth of functionalities through decarboxylative
ipso substitutions, or tracelessly removed through protodecarboxyl-
ation. The latest development in this field are reactions in which carbox-
ylic acids function as deciduous directing groups, unlocking their
unique potential for achieving regioselective monofunctionalization of
a single ortho-C-H position. A deciduous directing group stays in place
just long enough to direct an incoming reagent into a specific position
and is then shed tracelessly as soon as the new C-C or C-heteroatom
bond has formed. This inherently prevents unwanted double function-
alization. This account discusses characteristics and synthetic opportu-
nities of reactions with carboxylates as deciduous directing groups.

Key words C-H activation, deciduous directing groups, catalysis,
benzoic acids, decarboxylation

1 Introduction

The development of methods for the regioselective
functionalization of (hetero)arenes occupies a pivotal posi-
tion in contemporary organic chemistry given the broad
application of substituted aromatic compounds in func-
tional materials, pharmaceuticals, and agrochemicals.! In
this context, transition-metal-catalyzed functionalizations
of aromatic C-H and C-C bonds are key technologies that
enable the efficient and environmentally benign construc-
tion of new C-C and C-heteroatom bonds.? The regioselec-
tivity of C-H functionalizations is usually governed by elec-
tronic and/or steric factors. However, these can be overrid-
den by the action of directing groups, which guide the

CO; as deciduous directing group

transition metals into specific positions at the aromatic
ring. Substitution mostly occurs ortho to the coordinating
group, but with particularly large directing groups, even
meta and para positions have been functionalized selective-
ly (Scheme 1, a).2

A)  ortho-, meta-, and para-C-H functionalizations aided by directing groups
or transient mediators
EDG Fo DG rg
cat. Au, Ag, Fe, etc. J ° ( cat. Pd, Ru, Rh, Ir, etc.
para-C—H activation m ortho-C—H activation
FG e
FG DG
EDG = DG cat. Cu, Ru,Ir, Pd meta-C-H €O,
activation as transient FG
DG & mediator
FG o
[Pd]
B)  removable / substitutable directing groups
DG DG Et E
FG -k-
(_cat.Pd. Ag,ih Ejm Aﬁ' @/FG
DG
(\ E=FG,H
b= || i
XN =N
h‘{Si(’F‘r)g 04
X=CH,N
4R,
C) transient directing groups
R R
FG PR N
FG _PR'">
(__cat Rh, Pd, Ir @/ . 2 i
via  Ap or
cat. transient DG ! Ar oM

R = OH, CHO, COR' transient DG = XPR";, «-amino acid, etc

Scheme 1 Regiospecific arene functionalization controlled by direct-

ing groups (DG = directing group, EDG = electron-donating group, FG =
functional group)
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The key problems associated with the use of directing
groups are that (1) they need several steps to be installed,
(2) it is hard to avoid double functionalization of two simi-
lar ortho positions, and (3) only few can be tracelessly re-
moved under mild conditions or used as anchor points for
further ipso substitution. Scheme 1, b gives an overview
over state-of-the-art directing groups, for which these key
issues have partially been addressed. These include 2-(di-
isopropylsilyl)-pyridines and -pyrimidines by Gevorgyan,
2-pyridyloxy groups by Chatani, and substituted triazenes
by Bréise and others.*

Recently, arene ortho-C-H functionalization was also
achieved with transient directing groups, which are formed
and removed in situ by reversible condensation of a func-
tional group of the substrate with an added reagent
(Scheme 1, ¢).®

Our work has focused on carboxylic acids as directing
groups in ortho-C-H functionalization reactions. Their use
has significant advantages.® For one, no additional synthetic
steps are needed for their preparation, as they are cheap
and readily available in great structural diversity. In addi-
tion, carboxylate groups can be tracelessly removed by lib-
eration of innocuous CO,. Moreover, they can be utilized as
leaving groups in a rapidly growing number of decarboxyl-
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1T

X :
PG ¥ PG A NHSO:R
[Rh], Cu salt,
R-NCO 1) [Ir], R-SOzN3
2) [Pd], AOH
H H

PN [Pd], Ag salt 20eA [Ah], Ag sall PG (hetjary
P A , Ag sal ki , Ag sal 3~ (hetjary
G\©\: , Al PG H O (hetaryl-H \©

1) 1], ArNz*

or [Ru], ArGI/Br

2) [Pd)[Ag] or [Pd}/[Cu], Ar-Hal
or [Cu]

H
PG A

Scheme 2 Carboxylate-directed ortho and ipso substitutions with
traceless removal of the carboxylate (PG = protecting group)

Carboxylate groups have also been shown to act as tran-
sient directing groups in the synthesis of meta-substituted
phenols.'? The reaction proceeds through sequential Kolbe
ortho-C-H carboxylation, followed by carboxylate-directed
ortho-C-H functionalization, and thermal decarboxylation.

FG

substituent-triggered
decarboxylation

2 The Concept of Deciduous Directing
Groups

In the attractive and dynamic field of carboxylate-di-
rected transformations, our vision was to fully exploit the
benefits of the broad availability and traceless removability
of COOH directing groups by seeking an inherently selective
mechanistic pathway leading to a single product. Two prin-
cipal strategies were considered. (1) Installing a c-electron-
withdrawing ortho substituent by C-H functionalization
activates the carboxylate group towards decarboxylation.
DFT and mechanistic studies have shown that the activa-
tion energy for the decarboxylation step is reduced by up to
10 kcal/mol by introducing nitro, alkoxy, or fluoro groups.
Bulky ortho substituents also facilitate the decarboxylation
step.”® Therefore, a newly introduced functional group in
the ortho position may trigger decarboxylation of a sub-
strate under conditions where the starting benzoate was
perfectly stable (Scheme 3, left). (2) CO, extrusion takes
place exclusively in an intermediate metallacycle formed
within the catalytic cycle (Scheme 3, right). In either case,
the carboxylate directing group is discarded immediately
after C-H functionalization takes place, preventing substi-
tution at the second available position. We refer to reaction
mode 2 as deciduous, because the directing group may be
compared to the leaf of a tree that is shed in autumn after it
has fulfilled its purpose.

Our carboxylate-directed Ag/Cu-catalyzed C-H alkoxyl-
ation is one early example for a substituent-triggered de-
carboxylation.' Protodecarboxylation of the benzoate sub-

double functionalization

AN
>
~ 5 "
4 classical directing
3 group
COH
Ao
\ i FG
M
E' FG COM
] H 2 H

concerted substitution and
decarboxylation

Scheme 3 Left: decarboxylation occurs only after insertion of a functional group: substituent-triggered decarboxylation. Right: decarboxylation oc-
curs only within the catalytic cycle: decarboxylation via intermediate metallacycle (E* = electrophile, including protons)

© Georg Thieme Verlag Stuttgart - New York — Synlett 2017, 28, A-F

82



Results and discussion

Synlett A. Biafora et al.

strate is negligible under the reaction conditions. Once the
electron-rich alkoxide group is introduced in the ortho po-
sition, it destabilizes the C~-COOH bond to an extent that no
further substitution of the second ortho-C-H bond occurs,
and the aryl monoether is the only detectable product
(Scheme 4). This proves the viability of substituent-trig-
gered decarboxylations (reaction mode 1) for achieving se-
lective monosubstitution. However, the arylcopper inter-
mediates have not yet successfully been trapped with elec-
trophiles other than protons.

COzK [CulAg] [Cu]
H H B(OR)s H OR H* H OR
= X 5 x
3 | DMF, O I |
S e A P S
FG 140°C FG FG

FG = p-OMe, OR = OMe
p-NO,, QO"Pr
H O"Bu ...

Scheme4 Synthesis of aryl ethers from benzoates by C-H alkoxylation
with concomitant substituent-triggered protodecarboxylation

Carboxylate-directed redox-neutral intermolecular hy-
droarylations of internal alkynes are a particularly versatile
reaction type because of the variety of possible products
(Scheme 5),'> which bear the potential for further derivat-
ization at the carboxylate or alkenyl groups. In the pathway
A, the carboxylate group serves as a classical directing
group, and the reaction possesses no inherent monoselec-
tivity. To obtain a single ortho-vinyl arene product, the sec-
ond ortho position needs to be blocked or made sterically
inaccessible. In pathway B, COOH is used as a transformable
directing group: ortho-C-H vinylation with a propargylic
alcohol, followed by in situ esterification, leads to a lactone
product. Pathway C entails a concerted vinylation and de-
carboxylation. The C-COOH bond is broken only within the
intermediate metallacycle and is no longer in place to acti-
vate a second C-H bond, resulting in an inherently monose-
lective transformation. The carboxylate group may thus be

6 Ar [Ru] COzH

2!

/K/[ Ar—=——R' x)\/” R'= CH(OH)-R"
- X

X \

A

L FG
FG X=C-PG Ar
—CO,H as ~CO:Has
classical DG —co, | ||| Rul transformable DG

o

R'=Ar
—COH as
deciduous DG

F& y_cw
key intermediate

Scheme 5 COOH as classical, transformable, and deciduous directing
group for the regioselective synthesis of vinylarenes

considered a deciduous directing group, which is removed
after it has fulfilled its assigned task. To date, the 5-mem-
bered ruthenacycle intermediate has been trapped only by
protons.

A)

base +
CO-H

H\[|/E|/H
FG/ # (Ru]
baseH

(o}
0
H. = ]
S
FG
Ar
I‘I \
R

R = alkyl, aryl

B)
[¢) =~
9 N Ph—=—Me H -
. N resia e . I "
NMP, 120 °C, 16 h | 4
o
FG
OMe 49%
1Rl P Ar
© stand. cond. H ‘
| X R
-CO, .
FG
n.d.
" [Ru}/{Cu] H Ar
stand. cond. \(\5/[
R
~co, I
AP
FG

47%

Scheme 6 (A) Proposed mechanism for the decarboxylative hydroary-
lation. (B) A presynthesized ruthenacycle leads to product formation,
supporting the presence of such intermediates during the reaction. (C)
Ruthenium alone does not decarboxylate the ortho-vinyl benzoic acid.
(D) CO, extrusion from the nondecarboxylated vinyl arene product re-
quires [Cu] as a dedicated decarboxylation catalyst.

The initial reaction conditions applied only to diaryl
alkynes, but were later extended to alkyl aryl alkynes.'® Al-
kyl-branched monosubstitution products were obtained
with excellent yields and selectivities. The reaction is medi-
ated by ruthenium, and is completed after 16 hours under
conventional heating or within 5 minutes under microwave
irradiation. Mechanistic experiments outlined in Scheme 6
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showed that the decarboxylation occurs immediately after
C-C bond formation, confirming the deciduous reaction
mode.

Coincidentally, the groups of Ackermann and
Hartwig/Zhao almost simultaneously discovered decarbox-
ylative ortho hydroarylation processes leading to the same
products.'” Hartwig and Zhao propose a consecutive hy-
droarylation/protodecarboxylation pathway, which we
ruled out for our catalyst system based on experiment C in
Scheme 6. Ackermann observed decarboxylative hydroary-
lation exclusively, which may be a result of his choice of
substrates that all have a strong tendency to decarboxylate.

Applied to Heck reactions, the concept of deciduous di-
recting groups showed additional benefits: Instead of the
linear alkenes typically obtained when starting from aryl
halides and terminal alkenes, the strategy presented in
Scheme 7 led to a de facto inversion of the regioselectivity
in favor of the branched products (Scheme 7).'® The process
starts with cinnamic acid substrates. Palladation occurs se-
lectively in the B position of the cinnamate due to electron-
ic factors, so that the new C-C bond is also formed at the B
carbon. This arylation activates the cinnamate towards de-
carboxylation, preventing further arylation and leading to
branched, monoaryl alkene products.

Ar=X LzPd® HX
2 €O,

Al
R)(\/ICM

\ o profode-
Pz carboxyl-
X H* ation
o Al
B-hydride U
elimination Z
[CulO R cu
Pd'L, o Ar "
-0 R
LoPdX

c

(o]

R

Ki
[Cy] *4}09

decarboxylative
couplings

Scheme 7 Selective formation of branched aryl alkenes from cin-
namates using the carboxylate as a deciduous directing group

3 Summary and Perspectives

The flexibility of carboxylic acids in catalytic cross-cou-
pling reactions is remarkable. They are able to undergo di-
verse catalytic ipso substitutions and ortho-C-H functional-
izations with release of environmentally innocuous CO,,
and the potential follow-up reactions of this functionality

are abundant. Consequently, stepwise multifunctionaliza-
tions of arenes may be built around carboxylate substrates.
They may be employed as classical, transformable, or decid-
uous ortho-directing groups in C-H functionalization.

The concept of deciduous directing groups is a particu-
larly powerful tool for the expedient, regioselective mono-
functionalization of arenes. This is possible because the car-
boxylate group is shed simultaneously with the formation
of a new bond, which prevents any further C-H activation.
The full synthetic potential of using carboxylates as decidu-
ous directing groups would be unleashed by future meth-
ods combining the decarboxylation with concerted ipso
functionalizations with substituents other than protons.
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6. Conclusion and outlook

This work demonstrates new sustainable methodsh#regioselective functionalization
of aromatic carboxylic acids for the straightfordlasynthesis of chemically relevant

scaffolds.

Decarboxylative cross-couplings and-K activation were the two concepts applied to
reveal the full synthetic potential of benzoic adlérivatives as starting materials in
homogeneous catalysis. Both aspects were mergedthiet novel concept of deciduous
directing groups, improving significantly the expatty of the carboxyl group as a synthetic
target. The tremendous catalytic performance of deseloped methods certifies that
decarboxylative cross-couplings and carboxylateai’d CG-H functionalizations can fully
compete with traditional cross-coupling reactioasg that aromatic carboxylic acids can be
regarded as a worthwhile and beneficial alternativepreformed organometallic starting
materials.Scheme 45ummarizes all methods for the diversificationracdmatic carboxylic
acids that were developed within this doctoral work

H /< H CO,Has
U leaving group

Ar T H
[Cu/Pd]

-5- ArCl R +Ar COyH as
U alkyl Rr=H U traceless DG
2nd gen. [Ru] ‘ [Cu/Ru]/
— A Ar-Br
alkyl———"Ar | RAH
CO,H as R=H G B
deciduous DG S _QQzH
1St gen.[Ru] _F_ U [Ru] COH [Cu/Pd] Ar
Ar —=—Ar T Ar-CI/Br . k-
H Ar Ar Br
H “1o | / R H E D REFH ™. U -
=  CAr
NS
[Ru]l OH [Ru] CO,H as
R' R_:H R' R?H Ar classical DG

OYO \\ coH A
H NG R
CO5H as Z2 N Z BN TR
transformable DG U U
Scheme 450verview on the cross-coupling reactions of bénacid derivatives developed

within this work.
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Based on theoretical insights on the bimetallicadleoxylative cross-coupling catalysis,
we developed a new generation of Cu/Pd-catalysh wihthanced catalytic performance
(Scheme 45A. This system allows for the first time the decaydative biaryl synthesis
starting from aryl chlorides and benzoates withamiivatingortho substituents. As postulated
at an early stage, this reaction is the experinhgmtef that decarboxylative cross-couplings
are not intrinsically limited. Further studies shibaim at reducing the admittedly high
reaction temperature, which is still required fbrstprocess. One very promising strategy
could involve the implementation of P,N-ligands &lale of aiding the reputedly energetically

disfavored transmetallation-step by bridging arel@rganizing the two catalysts involved.

In a second project, an inexpensive ruthenium-gsitakas used for thertho-arylation
under retention of the carboxylic acid moie§cheme 45¢ Aryl bromides were used as
coupling partners when the Ru-precursor is aidea Iynall electron-rich phosphine ligand.
More remarkably, with DL-pipecolinic acid as ligatide more challenging aryl chlorides
were also efficiently coupled. Within the same pobja Cu/Ru bimetallic catalyst system was
found to shift the decarboxylative arylation froheipso to theortho position by using the
carboxyl group as a traceless directing group amdptementing the Cu/Pd catalyst system
developed in the first projec6¢heme 45B Additionally, in a sequentiabrtho-arylation /
ipso-arylation process, we demonstrated for the firsetthat merging €H activation and
decarboxylative couplings can be an expedient ambrdor the regioselective synthesis of

multi-decorated arenes.

In a third project, under redox neutral conditiomgernal alkynes were used as coupling
partners for theortho-vinylation via C-H hydroarylation. In this case the carboxyl group
revealed even more reaction modes. As a classiadtithig group, the carboxylate moiety
was used to trigger the efficieattho-vinylation yielding the 2-vinyl benzoic acids withigh
functional group tolerance and regioselectiviti8sheme 45[). Despite the importance of
this protocol, the scope is restricted dadho-substituted benzoic acids in order to avoid
double functionalization. However, when the carbaypup is used as a transformable
directing group in a tandemrtho-vinylation/esterification process, the directinilidy is
immediately deactivated after the reaction yieldthg j~alkylidened-lactones exclusively
(Scheme 45 Another and within this doctoral work newly déy@ed reaction concept is
the deciduous reaction mode of the carboxyl mqi&theme 45k Theortho-vinylation and
decarboxylation occur in one step leading to areri@htly monoselective pathway. Double

functionalization is impossible because the dirgctjroup is shed within the catalytic cycle

87



Conclusion and outlook

after it fulfilled its purpose and is then no londgkere to trigger a second-B activation

event. The first generation catalyst system wasicésd to diphenylacetylene only. Finally,
the second generation catalyst system, which waslajged within the fourth project of this
doctoral work, was applicable for the coupling aisymmetrically substituted internal
alkynes, vyielding the corresponding vinylareneshigh yields and impressive regio- and

stereoselectivities, optionally within just five mites reaction timeS¢heme 45G

The newly discovered deciduous reaction mode ofctmboxyl group has tremendous
synthetic potential. It is capable of overridingeatonic effects of an already existing
substitution pattern on the arene, formally guidengoupling partner regiospecifically in a
position which is usually inaccessible by convemtioelectrophilic substitutions of simple
arenes. This new concept can be viewed as the ggptew advanced synthetic
transformations, extending and diversifying the tioio of carboxylate directed C-H

functionalizations.

A) Decarboxylative hydroarylation reactions using carboxylates as deciduous directing groups

H HH [ + H j
Ty - @ Ty T
N -CO, S -[T™] N

Possible products:

E'= H'
- Ny Ng Cs R N
- = R’ C\O R C\\S R C\\O R/\/ R” "Cx
; s B
H A R H / N R H~ R H i R H_~» R
H H
A X NS N A
Cpre— .
E+_ + XJJ\R
R R ROC_ R

B) Migration of the carboxyl group using carboxylates as deciduous directing groups

HO" / H,0

D L -] 1 e ] 'ﬂ
@ "CO,R"-source Rt:f\ OR| n* Rt:[ R co,R"source R@H +CO T
_Cmm PR )
NNy o, NNy | TME S Sy T N"coRr
oﬂho- meta- para-
substituted substituted substituted

Scheme 46Potential future applications of the deciduowsct®n mode.
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Scheme 46displays potential transformations enabled by dkeiduous reaction mode.
Part A shows that pursuing the strategy of hydroarylatieactions is worthwhile to install
numerous coupling partners, including iso(thio)atas, allenes, ketenes, and simple alkenes
regioselectively into the formeortho-position of a benzoic acid. It is a straightfordar
approach to synthesize (thio)amides, ketones, #isawealkylated and alkenylated aromates.
Moreover, a possible electrophile introduced in tlagalytic cycle at the decisive moment
could allow the inherently regioselective multi-ttionalization of benzoic acids in one
single process. Unfortunately, we were not ableap the intermediary metallacycle by any
coupling partners other than just protons, to dateh a reaction would be complementary to
the Catellani reaction, but would obviate the dadditof transient mediators such as
norbornene. PaB in Scheme 46hows that with the deciduous reaction mode thieocg!
group itself can migrate along the aromatic skeleformally transforming anortho-
substituted benzoic acid inta@eta or para-substituted one. More abundanétasubstituted
benzoic acids can be transformed this way pdaca-substituted benzoic acids which are not
easily accessiblevia conventional electrophilic substitutions. Furthetudies should aim
exactly at these improvements in order to fullyabksh carboxylic acids not only as
surrogates for organometallic reagents but as & motent and versatile starting material for

the synthesis of complex and otherwise inaccesg#ile@nportant building blocks.
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7. Experimental Section

7.1. General annotations

7.1.1. Chemicals and solvents

Commercially available chemicals and solvents withurity of>95% were used directly
or otherwise first purified by standard techniqtfé8.Air and moisture sensitive compounds
were handled and stored under nitrogen or argonosgthere using standard Schlenk
techniques. Liquid substances including reactiodienevere saturated with argon to exclude
atmospheric oxygen. Toluene, 4dloxane and mesitylene were dried over
sodium/benzophenone. NMP and DMF were dviedazeotrope distillation with toluene. All
solvents were stored over molecular sieves (3 Aiciwwere heated before in a microwave
oven (2x2 min, 600 W) and cooled under vacuum Ytbar) to room temperature. The
benzoates were dried under vacuum {hbar) at room temperature for 1 h before using. Al
other organic salts were dried overnight under uat10°> mbar) at 60 °C. Inorganic salts

were dried overnight under vacuum {ithbar) at 160 °C.
7.1.2. Parallel reaction set-up

If not stated otherwise, a set of 10 parallel neast were carried out in oven-dried
20 mL headspace-vials for gas chromatography. élidscompounds were weighted under
air, the reaction vessel were equipped with a 20 Teflon-coated stirring bar and closed
with a vacuum-tight aluminum crimp-cap with Teflonated butyl rubber septa. Parallel
vacuum/nitrogen flushing cycles of the reactionsets (3 times) were carried out using a
vacuum distributor, which was connected to the &uhlline. Each distributor had 10
vacuum-tight Teflon-tubing equipped with adapter fimounting Luer-Lock syringe needles.
Extremely air and moisture sensitive compounds wezighted in the glovebox with nitrogen
as inert gas. Liquid reaction components were tagega syringe through the Teflon-coated
butyl rubber septum. The vials were placed in dyical holes (7 cm deep with a diameter of
2.27 cm), which were drilled in a cylindrical alumaim block (height 8 cm, diameter 15 cm)

with one additional hole for the temperature sensor
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After the reaction, the aluminum block was allowedcool down to room temperature.
The reaction vessels were carefully vented throthgh septum with a hollow needle. A
suitable internal standard was added to the reactiexture and diluted with a suitable
organic solvent and water after which the reacti@ was shaken and the cap carefully
opened. The reaction was either analyzed direutly ‘H- or *F-NMR or via gas
chromatography by filtering 1.5 mL of the organitage in a 2 mL GC-vial through a glass

pipette containing a pad of 0.3 mL anhydrous magnesulfate.
7.1.3. Analytical methods

Mass spectra were recorded oWarian GC-MS Saturn 2100 dr on anAgilent GC-MS
5973N Systenionization was performeda electron impact ionization (EIl). High resolution

mass analyses were performed witWaters GTC Premier

Thin layer chromatography was performed using ailgel TLC-plates Polygram SIL
G/UV254 from Macherey-Nagel The Substances were detected either by quendiing

254 nm or by fluorescence at 366 nm.

Separation of substance mixtures were performiadcolumn chromatography with a
Combi Flash Companion-Chromatography-System frtsno-Systems Readily packed
RediSepand Grace Revelerisilica gel cartridges orelos cartridges with basic aluminum

oxide (0.063—-0.200 mm, activity level I) were usedstationary phase.

Gas chromatographic analyses were performed ldavdett Packards890 equipped with
HP-5-columns with 5% phenyl-methyl-siloxane (30 m 038n x 1.0 um) fromAgilent,
Macherey-Nageblnd Perkin Elmer Injector temperature was set at 220 °C and thectte
temperature was set at 330 °C. The standard measatestarted with 2 min at 60 °C,
followed by a linear temperature increase up to ¥Avith a rate of 30 °C/min after which

the oven temperature was kept at 300 °C for additi8 min.

Mass spectra were recorded oWarian GC-MS Saturn 2100 dr on anAgilent GC-MS
5973N Systenionization was performeda electron impact ionization (EI). High resolution

mass analyses were performed witWaters GTC Premier

Infrared spectroscopy was performed dpeakin EImerSpectrum 100 FT-IRpectrometer

with Universal ATR Sampling Accessory

ESI-MS data were generatei electrospray ionization (ESI) from an acetonitatgdution

with a concentration of approximately 0.1 mm ardequired, acidified with 5 uL of formic
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acid. The solutions were infused continuously it ES| chamber with a syringe pump at a
flow rate of 2 uL/min. We used nitrogen as nebuligas at a pressure of 7 to 8 psi and as a
drying gas with a temperature of 200 °C and a ftate of 1 to 2 L/min. The electrospray
needle was held at 4.5 kV. The mass spectra wemgded using a Paul-type ion trap mass
spectrometerAmaZon ETDBruker Daltonic$. The ion source was operated in the positive
and negative electrospray ionization mode. The spaed was 32500 m/z per second with a
resolution of 0.3 FWHM, the scan range was at l&ash 50 to 1500 m/z. The Instrument
was controlled by BrukerTrapControl 7.2 software, data analysis was done with

BrukerDataAnalysis 4.2oftware.

NMR spectra were recorded on Bruker AMX 400 system using chloroforad,
methanotd, and dimethylsulfoxideds as solvents, with proton, carbon, fluor and phosph
resonances at 400 MHz, 101 MHz, 376 MHz and 162 MHespectively. Some
measurements were performed orBruker FT-NMR DPX 20Qund Avance 600and are
marked as such. Processing the raw-data was dotie AGD-Labs 12 software. The
multiplicity of the signals is abbreviated with ssinglet, d = doublet, dd = doublet of a

doublet, dt = doublet of a triplet, t = tripletceAll coupling constants are given in Hertz.

Elemental analyses were performed ddamau Elemental Analyzer vario Micro cubal

melting points were determined withviettler FP61.

7.2. Catalytic Decarboxylative Cross-Coupling of Aryl CHorides and

Benzoates without Activatingortho Substituents

7.2.1. General Methods

Chemicals and solvents were either purchased @pris.) from commercial supplier or
purified by standard techniqué® All reactions, if not stated otherwise, were perfed in
oven-dried glassware under a nitrogen atmosphericing a Teflon-coated stirring bar and
dry septum. Reaction media were saturated withratgoexclude atmospheric oxygen. All
reactions were monitored by GC usimgetradecane as internal standard. Response fadftors
the products with regard totetradecane were obtained experimentally by anajyknown
quantities of the substances. The palladium cagldeCN)Pd(OTfy, (MeCNLPd(OTs),
(MeCN)Pd(OMs) and ligand 4,7-dimethoxyl-1,10-phenanthroline wprepared according
to the literature procedures and identified by cangon of their spectra with those of
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authentic sampled**3%! The aromatic carboxylates were prepared from treesponding
aromatic carboxylic acids following the procedulbesow and were directly used.

A 250 mL, two-necked, round-bottomed flask was gbdr with the carboxylic acid
(20.0 mmol) and ethanol (20.0 mL). To this, a solutof potassiuntert-butoxide (2.24 g,
20.0 mmol) in ethanol (20.0 mL) was added dropwvaiger 2 h. After complete addition, the
reaction mixture was stirred for another 1 h atmoemperature. A gradual formation of a
white precipitate was observed. The resulting soligls collected by filtration washed
sequentially with ethanol (2 x 10.0 mL) and cold®(@) diethyl ether (10.0 mL), and dried in

vacuum to provide the corresponding potassium sélise carboxylic acids.
7.2.2. Catalyst development

7.2.2.1. Protodecarboxylation experiments

Table 4 Evaluation of the protodecarboxylation catalystdarboxylates without activating

ortho substituents.
I S oty
solvent

# [Cu] ligand additive solvent T/°C Yield/%

1 CuyO phen - NMP/quin=3/1 190 99

2 " " KCI " " 14
3 " " KOTf " " 99
4 " Phphen " " " 50
5 " " LiCl " " -

6 " " NacCl " " 16

7 " " CsCl " " 30

8 " " MgCl, " " -

9 " " CaC} " " trace
10 " " "BusNCI " " trace
11 " " KCI quin " 99
12 " Mephen " " " 99
13 " " "BusNCI " " trace
14 " " KCI " 170 50
15 AgCO; - " " 190 -

Reaction conditions: 3-nitro-benzoic acid (0.5 mmeiuO (5 mol %), ligand (10 mol %), additive (0.5 mmol)
3 mL of solvent, 190 °C, 16 h. quin = quinoline; RM N-methyl-2-pyrrolidone. Yields determined by GC
analysis using n-tetradecane as the internal statda
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Ph Ph Me Me
<—§ \>/ \> <\—§ 2/ \/> " %M
= = TN =T

Phen Ph,phen Me,phen

7.2.2.2. Cross-coupling experiments

Table 5. Evaluation of the bimetallic catalyst systemtloe cross-coupling reaction.

Me
O,N COH Cl [CulN-igand
\©/ . \©\ [PdJP-igand 2 \©/
Me solvent

7.2.2.1 7.2.2.-2 7 2.2.-3 7.2.2.-4
# [Cu] N-ligand [Pd] P-ligand solvent Yield/%
7.22.7.2.2.--
-3 4
1 CuO MesPhen PdBr JohnPhos quin 15 70
2 " Phen " " " 4 60
3 " PhPhen " " " 5 72
4 " (MeO)Phen " " " - 18
quin/NMP
5 " MesPhen " " 16 40
(1:2)
6 CuBr " " " " 12 42
7 CuCl " " " " 14 38
8 Cul " " " " 19 30
9 " " " 'Bu,P-HBF, " 17 28
10 " " " PCy " 8 28
11 " " " SPhos " 14 34
12 " " " DavePhos " 17 25
13 " " " XPhos " 36 23
14 " " Pdb " " 37 24
15 " " Pd(OAc) " " 42 40
16 " " Pd(dba) " " 7 25
17 " " Pd(allyl}Cl, " " 29 32
18 " " XPhos-Pd-G2 " " 12 27
19 " " (MeCN),Pd(OTf) " " 58 50
209 " " " " " 67 38
271k " " " " 38 36
22ad " " " " 30 33
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23l " " " " " . 6
244 " " " " " - trace
254 " " - - " - 25
26" - - (MeCN),Pd(OTf), XPhos " - trace
27" - - - - " - -

Reaction conditions7.2.2.-1(0.6 mmol),7.2.2.-2(0.5 mmol), Cu-source (10 mol%), N-ligand (10 myl#d-
source (2 mol%), P-ligand (5 mol%), 3 mL of solyet® °C, 16 h. Yields determined by GC analysiagisi-
tetradecane as the internal standard. NMP =nhethyR2—pyrrolidone; quin = quinoline. [a] 5 mL of solvent.
[b] 180 °C. [c] 170 °C. [d] 150 °C. [e] 100 °C.

® L. O UGN
Ph Ph P(Bu), PCy, PCy, PCy, P:d‘C'
—/ 72\ MeO OMe NMe, 'Pr iPr NH,
WS O DEN®
ipr

Ph,phen Johnphos SPhos Davephos XPhos XPhos-Pd-G2

7.2.3. Synthesis of the biaryls via decarboxylative crassipling

=
o @‘(C°2K+ C"/@ o ?hzj;c“nNe)jEZ%Tf)z, XPhos N X yre
= = quin/NMP (1:1), 190 °C, 16 h =

Standard procedure An oven-dried, nitrogen-flushed 20 mL crimp capssel was
charged with the potassium carboxylate (0.60 mh@,equiv.), (MeCNPd(OTf), (5.7 mg,
0.01 mmol, 2.0 mol%), XPhos (12.3 mg, 0.025 mmdD, r5ol%), copper(l) iodide (9.7 mg,
0.05 mmol, 10.0 mol %), 3,4, ~&tramethytl,10-phenanthroline (11.9 mg, 0.05 mmol,
10.0 mol%), and aryl chloride (0.5 mmol). A degasssaixture of NMP (2.5 mL) and

quinoline (2.5 mL) was addeda syringe. The resulting solution was then stirred 20 °C

for 16 h. After the reaction was complete, the om&twas cooled to room temperature,
diluted with 1 N HCI and extracted with ethyl atetd3 x 50 mL). The combined organic
layers were washed with water and brine, dried MgbQ,, filtered, and concentratad

vacua The residue was purified by column chromatograf®i®,, ethyl acetate/cyclohexane

gradient) yielding the corresponding biaryl.

95



Experimental Section

7.2.3.1. Synthesis of 44methyl-2nitrobiphenyl

NO, ©/Me

[CAS: 70680-21-6]

The title compound was prepared following generakthod from potassium
2-nitrobenzoate (154 mg, 0.75 mmol) andcHlorotoluene (64 mg, 60 puL, 0.5 mmol) in a
mixture of NMP (2.5 mL) and quinoline (2.5 mL). Aftthe reaction, compourneas obtained
by column chromatography as a yellow liquid (85 8@%6).

'H NMR (400 MHz, CDC4): § = 7.84 (ddJ = 8.0, 1.1 Hz, 1H), 7.61 (td, = 7.5, 1.2 Hz,
1H), 7.49-7.44 (m, 2H), 7.2%7.22 (m, 4H), 7.00 (dJ = 8.5 Hz, 1H), 2.41 ppm (s, 3H);
13C NMR (101 MHz, CDCY): § = 149.38 (s), 138.15 (s), 136.26 (s), 134.36 X32.16 (s),
131.90 (s), 129.43 (s, 2C), 127.88 (s), 127.72@), 124.00 (s), 21.22 ppm (3R (ATR): ¥

= 3027, 2922, 1614, 1522, 1475, 1353, 748:chiS (EI, 70 eV) m/z (%): 213 (75) [}, 196
(60), 185 (100), 168 (86), 152 (50), 115 (44RMS (EI-TOF) calcd for GsHuNO:
213.0790; found: 213.0787.

7.2.3.2.  Synthesis of 44methyl-3nitrobiphenyl

Me
OoN \©/\\/©/

[CAS: 53812-68-3]

The title compound was prepared following generakthmd from potassium
3-nitrobenzoate (124 mg, 0.6 mmol) andcHlorotoluene (64 mg, 60 puL, 0.5 mmol) in a
mixture of NMP (2.5 mL) and quinoline (2.5 mL). Aftthe reaction, the title compound was

obtained by column chromatography as a yellow 4@%mg, 61%).

'H NMR (400 MHz, CDCJ): 6 = 8.45 (t,J = 1.7 Hz, 1H), 8.18 (dd] = 8.2, 2.0 Hz, 1H), 7.91
(d,J=7.8 Hz, 1H), 7.60 (1) = 8.0 Hz, 1H), 7.54 (d] = 8.2 Hz, 2H), 7.32 (d] = 8.0 Hz, 2H),
2.44 ppm (s, 3H)**C NMR (101 MHz, CDC}): 6 = 148.69 (s), 142.75 (s), 138.53 (s), 135.72
(s), 132.77 (s), 129.84 (s, 2C), 129.60 (s), 126932C), 121.67 (dJ = 3.6 Hz, 2C),
21.13 ppm (s)IR (ATR): ¥ = 3029, 2922, 1528, 1511, 1345, 1294, 804, 738 vt (EI,
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70 eV) m/z (%): 213 (100) [M, 167 (16), 152 (19), 139 (3), 115 (4RMS (EI-TOF) calcd
for C13H11NO,: 213.0790; found: 213.07861.p.: 76-77 °C.

7.2.3.3.  Synthesis of 4methyl-4’ —nitrobiphenyl

~ ion
O,N

[CAS: 2143-88-6]

The title compound was prepared following generakthmd from potassium
4-nitrobenzoate (135 mg, 0.6 mmol) andcHlorotoluene (64 mg, 60 pL, 0.5 mmol) in a
mixture of NMP (2.5 mL) and quinoline (2.5 mL). Aftthe reaction, the title compound was
obtained by column chromatography as a yellow g&l&dmg, 51%).

'H NMR (400 MHz, CDC}): § = 8.29 (dt,J = 12.0, 4.0 Hz, 2H), 7.73 (di,= 8.0, 4.0 Hz,
2H), 7.54 (dt,J = 8.0, 4.0 Hz, 2H), 7.32 (d, = 8.0 Hz, 2H), 2.44 ppm (8H); *C NMR
(101 MHz, CDC}): 6 = 147.56 (s), 139.07 (s), 135.83 (s), 129.87 (), 427.47 (s, 2C),
127.21 (s, 2C), 124.09 (s, 2C), 121.34 (s), 2121 ffs); IR (ATR): ¥ = 3080, 2921, 1594,
1509, 1484, 1337, 1325, 821 ¢nMS (EI, 70 eV)m/z(%): 213 (100) [M], 183 (38), 165
(12), 155 (16), 115 (5}RMS (EI-TOF) calcd for GH1iNO,: 213.0790; found: 213.0787:
m.p.: 139-140 °C.

7.2.3.4. Synthesis of 4methylbipheny2-carbonitrile

CN /©/Me

[CAS: 2143-88-6]

The title compound was prepared following generakthud from potassium
2-cyanobenzoate (139 mg, 0.75 mmol) and 4-chlorot@u@4 mg, 60 pL, 0.5 mmol) in a
mixture of NMP (2.5 mL) and quinoline (2.5 mL). Aftthe reaction, the title compound was

obtained by column chromatography as a yellow §Gdmg, 76%).

'H NMR (400 MHz, CDCY): ¢ = 7.76 (dd,J = 7.8, 1.0 Hz, 1H), 7.64 (id, = 7.6, 1.3 Hz,
1H), 7.52 (dd,J = 7.8, 0.7 Hz, 1H), 7.48-7.46 (m, 2H), 7.43 (cs 7.6, 1.2 Hz, 1H), 7.31 (d,
J = 8.0 Hz, 2H), 2.43 ppm (s, 3HC NMR (101 MHz, CDCY): § = 145.57 (s), 138.67 (S),
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135.30 (s), 133.67 (s), 132.67 (s), 129.95 (s),.4Rqgs, 2C), 128.59 (s, 2C), 127.22 (s),
118.77 (s), 111.28 (s), 21.18 ppm (43; (ATR): v = 3059, 3022, 2916, 2225, 1595, 1517,
1478, 1441, 1184, 761 ¢mMS (EI, 70 eV)m/z(%): 193 (100) [M], 165 (31), 113 (3), 91
(4); HRMS (EI-TOF) calcd for GsH1:N: 193.0891; found: 193.0888).p.: 81-82 °C.

7.2.3.5.  Synthesis of 4methylbiphenyk3—carbonitrile

Me
NC\©)\/©/

[CAS: 133909-96-3]

The title compound was prepared following generakthud from potassium
3-cyanobenzoate (111 mg, 0.6 mmol) anethlorotoluene (64 mg, 60 pL, 0.5 mmol) in a
mixture of NMP (2.5 mL) and quinoline (2.5 mL). Aftthe reaction, the title compound was

obtained by column chromatography as a white g6dmg, 70%).

'H NMR (400 MHz, CDCY): 6 = 7.86 (t,J = 1.8 Hz, 1H), 7.81 (dt] = 7.9, 1.4 Hz, 1H), 7.62
(dt,J= 7.6, 1.2 Hz, 1H), 7.54 (§,= 8.0 Hz, 1H), 7.47 (d] = 8.0 Hz, 2H), 7.30 (d] = 8.0 Hz,
2H), 2.42 ppm (s, 3H)**C NMR (101 MHz, CDCY): 6 = 142.34 (s), 138.38 (s), 135.96 (s),
131.26 (s, 2C), 130.47 (s), 130.38 (s), 129.82 189.52 (s), 126.88 (s, 2C), 118.94 (s),
112.86 (s), 21.14 ppm (dR (ATR): v = 3033, 2919, 2228, 1515, 1474, 1386, 1263, 794 cm
1 'MS (El, 70 eV)m/z(%): 193 (100) [M], 178 (10), 165 (17), 140 (4), 91 (7), 75 (BRMS
(EI-TOF) calcd for G4H11N: 193.0891; found: 193.08881.p.: 63-64 °C.

7.2.3.6.  Synthesis of 4methylbiphenyt4d—carbonitrile

cre
Be
[CAS: 50670-50-3]

The title compound was prepared following generakthmd from potassium
4-cyanobenzoate (111 mg, 0.6 mmol) anetilorotoluene (64 mg, 60 pL, 0.5 mmol) in a
mixture of NMP (2.5 mL) and quinoline (2.5 mL). Aftthe reaction, the title compound was

obtained by column chromatography as a white ¢8lBdmg, 54%).
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'H NMR (400 MHz, CDCY): 6 = 7.70 (qJ = 8.0 Hz, 4H), 7.50 (d] = 8.0 Hz, 2H), 7.30 (d]

= 8.0 Hz, 2H), 5.625.60 (m, 1H), 2.43 ppm (s, 3H’C NMR (101 MHz, CDCY): 6 =
145.57 (s), 138.73 (s), 136.23 (s), 132.54 (s, 2@9,.81 (s, 2C), 127.44 (s, 2C), 127.03 (s,
2C), 119.03 (s), 110.49 (s), 21.47 ppm (8); (ATR): » = 3026, 2918, 2224, 1644, 1603,
1494, 1396, 808 cilh MS (EI, 70 eV)m/z(%): 193 (100) [M], 178 (8), 165 (19), 91 (6), 75
(5), 63 (8)HRMS (EI-TOF) calcd for GuHiN: 193.0891; found: 193.0885m.p.
101-102 °C.

7.2.3.7.  Synthesis of 4methyl-2'<(trifluoromethyl)biphenyl

CF; /©/Me

[CAS: 145486-55-1]

The title compound was prepared following generakthod from potassium
2-trifluoromethylbenzoate (171 mg, 0.75 mmol) and-cHlorotoluene (64 mg, 60 uL,
0.5 mmol) in a mixture of NMP (2.5 mL) and quindi2.5 mL). After the reaction, the title
compound was obtained by column chromatographycasoaless liquid (59 mg, 50%).

'H NMR (200 MHz, CDC)): § = 7.76 (d,J = 7.6 Hz, 4H), 7.60-7.42 (m, 2H), 7.34 (didz

7.5, 0.6 Hz, 1H), 7.24 (s, 4H), 2.43 ppm (s, 35¢ NMR (50 MHz, CDCY): 6 = 141.46 (q,
J=1.8 Hz, 1C), 137.30 (s), 136.96 (s), 132.12¢), 131.23 (s), 128.80 (d,= 1.5 Hz, 1C),
128.44 (s, 2C), 127.11 (s), 126.89 J& 2.6 Hz, 1C), 126.01 (d,= 5.2 Hz, 1C), 120.06 (d,
= 142.6 Hz, 1C), 21.20 ppm (s)F NMR (376 MHz, CDC}): & = -56.83 ppm (s)IR

(ATR): ¥ = 3030, 2924, 1488, 1448, 1313, 1167, 1125, 11090, 1035, 767 cih MS (El,

70 eV) m/z (%): 236 (100) [M], 215 (8), 196 (7), 167 (14), 91 (HRMS (EI-TOF) calcd
for C14H11F3: 236.0813; found: 236.0818.

7.2.3.8.  Synthesis of 4methyl-3'<(trifluoromethyl)biphenyl

Me
F3C\©/\\/©/

[CAS: 97067-19-1]

The title compound was prepared following generakthud from potassium

3-trifluoromethylbenzoate (137 mg, 0.6 mmol) and-cHlorotoluene (64 mg, 60 L,
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0.5 mmol) in a mixture of NMP (2.5 mL) and quindi2.5 mL). After the reaction, the title
compound was obtained by column chromatographywasta solid (58 mg, 50%).

'H NMR (200 MHz, CDCY): 6 = 7.83 (s, 1H), 7.797.74 (m, 1H), 7.629.49 (m, 4H), 7.29
(d, J = 8.2 Hz, 2H), 2.42 ppm (s, 3HJC NMR (50 MHz, CDC}): 6 = 141.92 (s), 137.94 (s),
136.87 (s), 131.10 (d, = 32.1 Hz, 1C), 130.20 (s), 129.70 (s, 2C), 129s1@C), 127.00 (s,
2C), 123.87 (dJ = 232.7 Hz, 1C), 123.70 (d, = 4.1 Hz, 1C), 21.11 ppm (s)’F NMR
(376 MHz, CDC}): 6 = -62.57 ppm (s)IR (ATR): ¥ = 3029, 2925, 1333, 1261, 1163, 1124.
1074, 796 ciif; MS (El, 70 eV)m/z (%): 236 (100) [M], 167 (27), 152 (3), 91 (4), 69
(7); HRMS (EI-TOF) calcd for G4H11F3: 236.0813; found: 236.0816.p.: 35-36 °C.

7.2.3.9. Synthesis of 4methyl-4' <(trifluoromethyl)biphenyl

o
Fgc/©

[CAS: 97067-18-0]

The title compound was prepared following generakthud from potassium
4-trifluoromethylbenzoate (137 mg, 0.6 mmol) and-cHlorotoluene (64 mg, 60 pL,
0.5 mmol) in a mixture of NMP (2.5 mL) and quindi2.5 mL). After the reaction, the title
compound was obtained by column chromatographyesta solid (90 mg, 76%).

'H NMR (400 MHz, CDCY): 6 = 7.69 (s, 4H), 7.51 (d} = 8.0 Hz, 2H), 7.29 (d] = 8.0 Hz,
2H), 2.42 ppm (s, 3H)*C NMR (101 MHz, CDCY): 6 = 144.63 (s), 138.14 (s), 136.85 (s),
129.69 (s, 2C), 129.02 (d,= 32.7 Hz, 1C), 127.15 (s, 2C), 127.08 (s, 2C5.62 (q,J = 3.6,
2C), 124.34 (s), 21.13 ppm (3JF NMR (376 MHz, CDC}): 6 = —62.33 ppm (s)IR (ATR):

¥ = 2960, 2925, 1606, 1323, 1166, 1120, 1111, 1809.cm™; MS (El, 70 eV)m/z(%): 236
(100) [M'], 217 (4), 167 (39), 91 (4), 69 (IHRMS (EI-TOF) calcd for G4H11Fs: 236.0813;
found: 236.0809m.p.: 130-131 °C.
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7.2.3.10. Synthesis of 4methyl-2—(trifluoromethoxy)biphenyl
OCF3©/M6

[CAS: 1809242-81-6]

The title compound was prepared following generakthud from potassium
2-trifluoromethoxybenzoate (147 mg, 0.6 mmol) anecHorotoluene (64 mg, 60 L,
0.5 mmol) in a mixture of NMP (2.5 mL) and quindi2.5 mL). After the reaction, the title
compound was obtained by column chromatographycadoaless liquid (101 mg, 80%).

'H NMR (200 MHz, CDCJ): 6 = 7.66 (ddJ = 7.9, 0.9 Hz, 1H), 7.6€7.42 (m, 2H), 7.34(d]

= 7.8 Hz, 1H), 7.24 (s, 4H), 2.43 ppm (s, 3HE NMR (50 MHz, CDC}): = 148.26 (d,) =
1.8 Hz, 1C), 137.43 (s), 135.28 (s), 133.91 (s}.8B (s), 129.07 (s, 2C), 128.99 (s, 2C),
128.33 (s), 126.97 (s), 123.02 (s), 121.24 Xd& 1.5 Hz, 1C), 21.19 ppm (s}’F NMR
(376 MHz, CDC}): 6 =-57.03 ppm (s)IR (ATR): v = 3030, 2925, 2861, 1485, 1248, 1218,
1198, 1164, 817 cth MS (El, 70 eV) m/z (%): 252 (100) [M], 183 (4), 167 (14), 69
(9); HRMS (EI-TOF) calcd for GH11F30: 252.0762; found: 252.0746.

7.2.3.11. Synthesis of 4methyl-3—(trifluoromethoxy)biphenyl

Me
F3CO\©/\/©/

[CAS: 1809242-82-7]

The title compound was prepared following generakthod from potassium
3-trifluoromethoxybenzoate (147 mg, 0.6 mmol) anechlorotoluene (64 mg, 60 pL,
0.5 mmol) in a mixture of NMP (2.5 mL) and quindi2.5 mL). After the reaction, the title
compound was obtained by column chromatographwesta solid (77 mg, 61%).

'H NMR (400 MHz, CDCY): 6 = 7.53-7.43 (m, 5H), 7.28 (d,= 8.0 Hz, 2H), 7.19 (dt) =
8.1, 1.0 Hz, 1H), 2.42 ppm (s, 3HYC NMR (101 MHz, CDC}): = 149.67 (s), 143.26 (s),
137.90 (s), 136.77 (s), 129.98 (s), 129.65 (s, ARK.95 (s, 2C), 125.25 (s), 121.80 (s),
119.50 (s), 119.22 (s), 21.11 ppm (SF NMR (376 MHz, CDCY): 6 = -57.66 ppm (s)IR
(ATR): v = 2925, 2867, 1606, 1588, 1474, 1262, 1203, 1180,cm"; MS (El, 70 eV)m/z
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(%): 252 (100) [M], 167 (3), 152 (2), 69 (3HRMS (EI-TOF) calcd for GuHi1F:O:
252.0762; found: 252.0756).p.: 39-40 °C.

7.2.3.12. Synthesis of 4methyl-4’ <(trifluoromethoxy)biphenyl

- are
FsCO

[CAS: 1546954-83-9]

The title compound was prepared following generakthud from potassium
4-trifluoromethoxylbenzoate (147 mg, 0.6 mmol) anecHlorotoluene (64 mg, 60 L,
0.5 mmol) in a mixture of NMP (2.5 mL) and quindi2.5 mL). After the reaction, the title
compound was obtained by column chromatographyesta solid (63 mg, 50%).

'H NMR (400 MHz, CDCY): § = 7.617.57(m, 2H), 7.47 (d) = 8.0Hz, 2H), 7.297.26 (m,
4H), 2.42 ppm (s, 3H)*C NMR (101 MHz, CDC}) 6 = 148.42 (d,J) = 1.5 Hz, 1C), 139.90
(s), 137.51 (s), 136.95 (s), 129.59 (s, 2C), 128212C), 126.92 (s, 2C), 121.19 (s, 2C),
120.52 (d,J = 127.5 Hz, 1C), 21.08 ppm (sfF NMR (376 MHz, CDC}): 6 = -57.81 ppm
(s); IR (ATR): ¥ = 3033, 2925, 1738, 1609, 1493, 1207, 1152, 806 ¢S (El, 70 eV)m/z
(%): 252 (100) [M], 183 (11), 167 (19), 155 (9), 115 (3), 69 MRMS (EI-TOF) calcd for
C14H11F30: 252.0762; found: 252.076@1.p.: 98-99 °C.

7.2.3.13. Synthesis of 4methyl-3’' {(methylsulfonyl)biphenyl

Me
M602S\©/\\/©/

[CAS: 1809242-83-8]

The title compound was prepared following generakthud from potassium
3—-methylsulfonylbenzoate (143 mg, 0.6 mmol) and-cHorotoluene (64 mg, 60 pL,
0.5 mmol) in a mixture of NMP (2.5 mL) and quindi2.5 mL). After the reaction, the title
compound was obtained by column chromatographyesta solid (74 mg, 60%).

'H NMR (400 MHz, CDCY): 6 = 8.16 (t,J = 1.8 Hz, 1H), 7.90 (dt] = 7.7, 1.4 Hz, 1H), 7.87

(dt,J=7.8, 1.3 Hz, 1H), 7.64 (@,= 8.0 Hz, 1H), 7.557.52 (m, 2H), 7.30 (d] = 8.0 Hz, 2H),

3.11 (s, 3H), 2.43 ppm (s, 3HY*C NMR (101 MHz, CDC)): § = 142.66 (s), 141.08 (s),
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138.39 (s), 136.07 (s), 131.99 (s), 129.81 (s, 229,78 (s), 126.99 (s, 2C), 125.59 (s, 2C),
44.55 (s), 21.14 ppm (SRR (ATR): # = 3008, 2926, 1469. 1321, 1297, 1146, 958, 775 cm
MS (El, 70 eV)m/z(%): 246 (100) [M], 167 (27), 152 (12), 44 (9HRMS (EI-TOF) calcd
for C14H140,S: 246.0715; found: 246.071d;p.; 118-119 °C.

7.2.3.14. Synthesis of 4methyl4’ (methylsulfonyl)biphenyl

- are
MeO,S

[CAS: 893738-58-4]

The title compound was prepared following generakthud from potassium
4-methylsulfonylbenzoate (143 mg, 0.6 mmol) and-chlorotoluene (64 mg, 60 pL,
0.5 mmol) in a mixture of NMP (2.5 mL) and quindi2.5 mL). After the reaction, the title
compound was obtained by column chromatographyesta solid (108 mg, 88%).

'H NMR (400 MHz, CDCJ): 6 = 8.00 (m, 2H), 7.76 (m, 2H), 7.74.72 (m, 2H), 7.31 (d] =

7.8 Hz,2H), 3.10 (s, 3H), 2.43 ppm (s, 3H}C NMR (101 MHz, CDC}): § = 146.63 (s),
138.77 (s), 138.71 (s), 136.18 (s), 129.81 (s, 22Y,.87 (s, 2C), 127.69 (s, 2C), 127.20 (s,
2C), 44.63 (s), 21.17 ppm (IR (ATR): v = 3010, 2927, 1317, 1297, 1148, 1093, 954,
807 cm'; MS (El, 70 eV)m/z(%): 246 (100) [M], 230 (30), 183 (36), 167 (22), 152 (12), 63
(8); HRMS (EI-TOF) calcd for G4H140,S: 246.0715; found: 246.071d.p.: 197198 °C.

7.2.3.15. Synthesis of 44methyl-3—phenoxybiphenyl

Me
Ph0\©\/©/

[CAS: 1809242-84-9]

The title compound was prepared following generakthod from potassium
3—-phenoxybenzoate (151mg, 0.6 mmol) ara@orotoluene (64 mg, 60 puL, 0.5 mmol) in a
mixture of NMP (2.5 mL) and quinoline (2.5 mL). Aftthe reaction, the title compound was
obtained by column chromatography as a colorlegsdi(65 mg, 50%).

'H NMR (400 MHz, CDCJ): 6 = 7.47 (d,J = 8.0 Hz, 2H), 7.447.32 (m, 4H), 7.267.23(m,
3H), 7.12 (t,J = 8.0 Hz, 1H), 7.087.06 (m, 2H), 6.98 (dddJ = 16.0, 8.0, 1.1 Hz, 1H),
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2.40 ppm (s, 3H)!*C NMR (101 MHz, CDC}) § = 157.60 (s), 157.22 (s), 143.02 (s), 137.60
(s), 137.41 (s), 129.96 (s), 129.76 (s, 2C), 12942C), 126.93 (s, 2C), 123.24 (s), 121.86
(s), 118.89 (s, 2C), 117.43 (s), 117.34 (s), 2p® (s);IR (ATR): v = 3027, 2920, 1582,
1567, 1488, 1478, 1219, 903 ¢nMS (EI, 70 eV)m/z(%): 260 (100) [M], 232 (8), 217 (7),
165 (5), 152 (7), 77 (7HRMS (EI-TOF) calcd for GoH1¢0: 260.1201; found: 260.1199.

7.2.3.16. Synthesis of 2methoxy-4'-methylbiphenyl

OMe OMe

[CAS: 92495-53-9]

The title compound was prepared following generakthmd from potassium
2-methoxybenzoate (143 mg, 0.75 mmol) ardhorotoluene (64 mg, 60 uL, 0.5 mmol) in
a mixture of NMP (2.5 mL) and quinoline (2.5 mL)fté& the reaction, the title compound

was obtained by column chromatography as a yeltdid §79 mg, 79%).

'H NMR (400 MHz, CDCJ): § = 7.45 (d,J = 8.0 Hz, 2H), 7.347.30 (m, 2H), 7.24 (d) =

7.9 Hz, 2H), 7.04 (td)J = 7.5, 1.2 Hz, 1H), 7.00 (d,= 8.5 Hz, 1H), 3.82 (s, 3H), 2.41 ppm (s,
3H); °C NMR (101 MHz, CDC}): 6 = 156.47 (s), 136.58 (s), 135.55 (s), 130.771(3).66
(s), 129.37 (s, 2C), 128.72 (s, 2C), 128.34 (), 22 (s), 111.11 (s), 55.50 (s), 21.19 ppm (S);
IR (ATR): v = 3014, 2964, 2920, 1907, 1596, 1484, 1455, 1220, 757 cnl; MS (El,

70 eV) m/z (%): 198 (100) [M], 183 (15), 155 (24}RMS (EI-TOF) calcd for G4H140:
198.1045; found: 198.1044m.p.: 81-82 °C.

7.2.3.17. Synthesis of N,Ndiethyl-4'-methylbiphenyt2-carboxamide

Et,NOC @/ Me

[CAS: 937166-55-7]

The title compound was prepared following generakthud from potassium
2—(diethylcarbamoyl)benzoate (195 mg, 0.75 mmol) &kdhlorotoluene (64 mg, 60 L,
0.5 mmol) in a mixture of NMP (2.5 mL) and quindi2.5 mL). After the reaction, the title
compoundvas obtained by column chromatography as a yeligwd (114 mg, 85%).
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'H NMR (400 MHz, CDCY): 6 = 7.44-7.42 (m, 1H), 7.39-7.36 (m, 5H), 7.19 (= 7.9 Hz,
2H), 3.78-3.72 (m, 1H), 3.043.01 (m, 1H), 3.062.94 (m, 1H), 2.782.64 (m, 1H), 2.38 (s,
3H), 0.93 (tJ = 7.1 Hz, 3H), 0.75 ppm (@,= 7.1 Hz, 3H)*C NMR (101 MHz, CDC}): 6 =
170.66 (s), 138.31 (s), 137.26 (s), 136.89 (s),.286€s), 129.36 (s), 128.96 (s), 128.86 (s),
128.67 (s), 127.26 (s), 126.96 (s), 42.22 (s), B&s3, 21.14 (s), 13.38 (s), 11.99 ppm (B);
(ATR): ¥ = 2920, 2932, 2871, 1623, 1456, 1425, 1288, 12089, 757 cit; MS (El, 70 eV)
m/z (%): 266 (100) [M], 195 (89), 165 (25), 152 (21), 72 (18)RMS (EI-TOF) calcd for
Ci18H21NO: 267.1623; found: 267.1614.

7.2.3.18. Synthesis of 3fluoro -4'-methylbiphenyl

Me
os T

[CAS: 72093-42-6]

The title compound was prepared following generakthod from potassium
3—-fluorobenzoate (109 mg, 0.6 mmol) andchlorotoluene (64 mg, 60 pL, 0.5 mmol) in a
mixture of NMP (2.5 mL) and quinoline (2.5 mL). Aftthe reaction, the title compound was
obtained by column chromatography as a white gdkdmg, 48%).

'H NMR (400 MHz, CDCY): 6 = 7.49 (d,J = 8.0 Hz, 2H), 7.427.35 (m, 2H), 7.367.26 (m,
3H), 7.076.99 (m, 1H), 2.42 ppm (s, 3HY’C NMR (101 MHz, CDC}) ¢ = 164.20 (dJ =
245.7 Hz, 1C), 143.44 (d,= 8.1 Hz, 1C), 137.71 (s), 137.07 (& 1.5 Hz, 1C), 130.12 (d,

= 8.8 Hz, 1C), 129.58 (s, 2C), 126.92 (s, 2C), 322d,J = 2.9 Hz, 1C), 113.84 (dl =
6.0 Hz, 1C), 113.66 (d] = 6.0 Hz, 1C), 21.11 ppm (s)’F NMR (376 MHz, CDCY): ¢ =
-113.27 ppm (s)IR (ATR): v = 3032, 2919, 1611, 1588, 1567, 1485, 1473, 11880,
875 cm®; MS (El, 70 eV)m/z (%): 186 (100) [M], 171 (9), 165 (31), 133 (6), 91 (8), 74
(6); HRMS (EI-TOF) calcd for GzH11F: 186.0845; found: 186.084a1.p.: 40-41 °C.
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7.2.3.19. Synthesis of 4methyl-N,N-dipropylbiphenyH-sulfonamide

- o
PerOQS

[CAS: 1809242-85-0]

The title compound was prepared following generakthod from potassium
4-(N,N—-dipropylsulfamoyl)benzoate (194 mg, 0.6 mmol) andchlorotoluene (64 mg,
60 pL, 0.5 mmol) in a mixture of NMP (2.5 mL) andimpline (2.5 mL). After the reaction,
the title compound was obtained by column chronrafolgy as a white solid (147 mg, 88%).

'H NMR (400 MHz, CDCY): 6 = 7.86 (dJ = 8.0 Hz, 2H), 7.69 (d] = 8.0 Hz, 2H), 7.52 (d]

= 8.0 Hz, 2H), 7.29 (dJ = 8.0 Hz, 2H), 3.133.10 (m, 4H), 2.43 (s, 3H), 1.64.54 (m, 4H),
0.90 ppm (t,J) = 8.0 Hz, 6H)**C NMR (101 MHz, CDCY): J = 144.98 (s), 138.38 (s), 138.35
(s), 136.46 (s), 129.73 (s, 2C), 127.53 (s, 2C}.22 (s, 2C), 127.09 (s, 2C), 50.11 (s, 2C),
22.10 (s, 2C), 21.16 (s), 11.21 ppm (s, 2®):(ATR): ¥ = 2965, 2873, 1468, 1332, 1324,
1151, 1092, 992, 807 cmMS (EI, 70 eV)m/z(%): 331 (100) [M], 302 (100), 231 (74), 183
(8), 167 (14), 152 (5HRMS (EI-TOF) calcd for GeHosNO,S: 331.1606; found: 331.1610:;
m.p.: 116-117 °C

7.2.3.20. Synthesis of 2p-tolylnaphthalene

o

[CAS: 59115-49-0]

The title compound was prepared following generathond from potassium-2aphthoate
(126 mg, 0.6 mmol) and—hlorotoluene (64 mg, 60 pL, 0.5 mmol) in a metwf NMP

(2.5 mL) and quinoline (2.5 mL). The yield (17%) smdetermined by GC analysis using
tetradecane as the internal standard.
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7.2.3.21. Synthesis of 22methylbiphenyr4—carbonitrile

CN
Me /©/

[CAS: 189828-30-6]

The title compound was prepared following general method from potassiu
2-methylbenzoate (131 mg, 0.75 mmol) aneclorbenzonitrile (70 mg, 0.5 mmol) in a
mixture of NMP (2.5 mL) and quinoline (2.5 mL). Aftthe reaction, the title compound was

obtained by column chromatography as a yellow gdi&img, 18%).

'H NMR (400 MHz, CDC}): 6 = 7.74-7.71 (m, 2H), 7.467.43 (m, 2H), 7.337.26 (m, 3H),
7.20 (d,J = 7.3 Hz, 1H), 2.26 ppm (s, 3H)*C NMR (101 MHz, CDCY): 6 = 146.77 (s),
139.97 (s), 135.02 (s), 131.95 (s, 2C), 130.64 189.98 (s, 2C), 129.40 (s), 128.27 (s),
126.08 (s), 118.95 (s), 110.69 (s), 20.30 ppm IR)(ATR): v = 3062, 2924, 2853, 2227,
1608, 1482, 842, 759 ¢mMS (El, 70 eV)m/z(%): 193 (100) [M], 178 (11), 165 (22), 74
(6), 50 (10)HRMS (EI-TOF) calcd for G4H;;N: 193.0891; found: 193.0890m.p.:
64-65 °C.

7.2.3.22. Synthesis of 2phenylbiphenyl-4—-carbonitrile

Ph /©/CN

[CAS: 1071036-11-7]

The title compoundwas prepared following general method from potassiu
biphenytk2—-carboxylate (177 mg, 0.75 mmol) andchlorbenzonitrile (70 mg, 0.5 mmol) in
a mixture of NMP (2.5 mL) and quinoline (2.5 mL)fté& the reaction, the title compound
was obtained by column chromatography as a yeltdid $41 mg, 32%).

'H NMR (400 MHz, CDC}): 6 = 7.52-7.40 (m, 6H), 7.267.24 (m, 5H), 7.127.08 ppm (m,
2H). **C NMR (101 MHz, CDC)): § = 146.45 (s), 140,65 (s), 140.60 (s), 138.6013),.69
(s, 2C), 130.85 (s), 130.53 (s, 2C), 130.23 (sP.22 (s, 2C), 128.56 (s), 128.16 (s, 2C),
127.75 (s), 126.95 (s), 118.95 (s), 110.22 ppmIB)(ATR): ¥ = 3063, 2923, 2225, 1927,
1604, 1473, 1447, 830, 744 ¢nMS (El, 70 eV)m/z(%): 255 (100) [M], 240 (11), 227 (5),
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215 (4), 113 (7), 50 (8HRMS (EI-TOF) calcd for GoH1gN: 255.1048; found: 255.1047;
m.p.; 118-119 °C.

7.2.3.23. Synthesis of 3nitrobiphenyl

NO, @

[CAS: 2113-58-8]

The title compoundwas prepared following general method from potassiu
3-nitrobenzoate (124 mg, 0.6 mmol) and chlorobenz@&¥mg, 52 puL, 0.5 mmol) in a
mixture of NMP (2.5 mL) and quinoline (2.5 mL). Aftthe reaction, the title compounas
obtained by column chromatography as a white g6i8dmg, 63%).

'H NMR (400 MHz, CDCY): ¢ = 8.47 (t,J = 2.0 Hz, 1H), 8.22 (ddd] = 8.0, 1.6, 1.0 Hz,
1H), 7.93 (ddd,J = 8.0, 1.6, 1.0 Hz, 1H), 7.68.61 (m, 3H), 7.547.49 (m, 2H),
7.47-7.43 ppm (m, 1H)*C NMR (101 MHz, CDCY): § = 148.70 (s), 142.86 (s), 138.66 (s),
133.03 (s), 129.69 (s), 129.15 (s, 2C), 128.521(2].15 (s, 2C), 122.02 (s), 121.95 ppm (s);
IR (ATR): # = 3084, 2923, 1738, 1531, 1522, 1500, 1347, 1298,cni; MS (El, 70 eV)
miz (%): 199 (100) [M], 152 (28), 141 (8), 115 (5), 76 (6JRMS (EI-TOF) calcd for
C12HoNO,: 199.0633; found: 199.0630).p.: 57-58 °C.

7.2.3.24. Synthesis of 4butyl-3-nitrobiphenyl

"Bu
02N \©/\\/©/

[CAS: 1809242-86-1]

The title compound was prepared following generakthod from potassium
3-nitrobenzoate (124 mg, 0.6 mmol) and-blityl-4-chlorobenzene (86 mg, 86 uL,
0.5 mmol) in a mixture of NMP (2.5 mL) and quindi2.5 mL). After the reaction, the title
compound was obtained by column chromatographycasoaless liquid (73 mg, 57%).

'H NMR (200 MHz, CDCJ): 6 = 8.46 (t,J = 1.9 Hz, 1H), 8.18 (ddd] = 8.2, 2.2, 0.9 Hz,
1H), 7.92 (dtJ = 7.7, 1.3 Hz, 1H), 7.60 (8 = 8.0 Hz, 1H), 7.5%7.55 (m, 2H), 7.32 (dJ =
8.2 Hz, 2H), 2.69 () = 8.0 Hz, 2H), 1.691.62 (m, 2H), 1.451.36(m, 2H), 0.96 ppm (@ =
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7.3 Hz, 3H).*C NMR (50 MHz, CDC}): § = 148.71 (s), 143.58 (s), 142.84 (s), 135.95 (s),
132.82 (s), 129.61 (s), 129.22 (s, 2C), 126.92@), 121.72 (s), 121.70 (s), 35.28 (s), 33.55
(s), 22.36 (s), 13.94 ppm (IR (ATR): ¥ = 2956, 2928, 2858, 1529, 1515, 1346, 1101,
801 cm'; MS (El, 70 eV) m/z (%): 255 (73) [M], 212 (100), 165 (10), 152 (3), 89
(2); HRMS (EI-TOF) calcd for GgH1/NO,: 255.1259; found: 255.1263.

7.2.3.25. Synthesis of 44ert-butyl-3-nitrobiphenyl

'Bu
02N \©)\/©/

[CAS: 1809242-87-2]

The title compound was prepared following generakthud from potassium
3-nitrobenzoate (124 mg, 0.6 mmol) andtert—butyl-4-chlorobenzene (86 mg, 86 L,
0.5 mmol) in a mixture of NMP (2.5 mL) and quindi2.5 mL). After the reaction, the title
compound was obtained by column chromatographycasoaless liquid (84 mg, 68%).

'H NMR (400 MHz, CDC}): 6 = 8.46 (t,J = 1.9 Hz, 1H), 8.19 (ddd] = 8.2, 2.2, 0.9 Hz,
1H), 7.92 (dddJ = 8.0, 1.6, 1.0 Hz, 1H), 7.63-7.57 (m, 3H), #3462 (m, 2H), 1.39 ppm (s,
3H). **C NMR (101 MHz, CDCY): § = 151.76 (s), 148.70 (s), 142.69 (s), 135.721(32.83
(s), 129.62 (s), 126.79 (s, 2C), 126.12 (s, 2C), 22 (s, 2C), 34.65 (s), 31.27 ppm (s, 3B);
(ATR): v = 2962, 2867, 1739, 1528, 1515, 1347, 832"cMS (El, 70 eV)m/z(%): 255 (4)
[M?], 240 (100), 212 (15), 194 (3), 165 (3), 152 (8}, (2);HRMS (EI-TOF) calcd for
Ci16H17NO,: 255.1259; found: 255.1262.

7.2.3.26. Synthesis of 3itrobiphenyl-3—-carbonitrile

O2N \©/\©\CN

[CAS: 192699-67-5]

The title compound was prepared following generakthod from potassium
3-nitrobenzoate (124 mg, 0.6 mmol) and-cBlorobenzonitrile (70 mg, 0.5 mmol) in a
mixture of NMP (2.5 mL) and quinoline (2.5 mL). Aftthe reaction, the title compound was
obtained by column chromatography as a yellow g@tdimg, 60%).

109



Experimental Section

'H NMR (400 MHz, CDCJ): 6 = 8.45 (t,J = 2.0 Hz, 1H), 8.30 (ddj = 8.2, 1.4 Hz, 1H),
7.92-9.90 (m, 2H), 7.88 (d,= 7.9 Hz, 1H), 7.75 (d] = 7.7 Hz, 1H), 7.70 (] = 8.0 Hz, 1H),
7.65 ppm (tJ = 8.0 Hz, 1H)*C NMR (101 MHz, CDC})): 6 = 148.78 (s), 140.47 (s), 139.92
(s), 132.95 (s), 131.91 (s), 131.48 (s), 130.691(39.21 (s), 130.08 (s), 123.12 (s), 121.98 (8),
118.28 (s), 113.48 ppm (SR (ATR): v = 3067, 2922, 2226, 1520, 1491, 1346, 1266,
892 cmi; MS (El, 70 eV) m/z (%): 224 (100) [M], 178 (29), 166 (11), 151 (18), 75
(7); HRMS (EI-TOF) calcd for GsHgN2O,: 224.0586; found: 224.058#).p.: 176-177 °C.

7.2.3.27. Synthesis of 3itrobiphenyl-4-carbonitrile

CN
O,N \©/\/©/

[CAS: 39117-72-1]

The title compound was prepared following generakthud from potassium
3-nitrobenzoate (124 mg, 0.6 mmol) aneéchlorobenzonitrile (69.5 mg, 0.5 mmol) in a
mixture of NMP (2.5 mL) and quinoline (2.5 mL). Aftthe reaction, the title compound was

obtained by column chromatography as a yellow g@Ifdmg, 67%).

'H NMR (400 MHz, CDCY): 6 = 8.48 (t,J = 1.9 Hz, 1H), 8.30 (dd] = 8.2, 1.3 Hz, 1H), 7.94
(d,J = 7.8 Hz, 1H), 7.83-7.81 (m, 2H), 77674 (m, 2H), 7.70 ppm (8 = 8.0 Hz, 1H);°C
NMR (101 MHz, CDCY): 6 = 148.81 (s), 142.98 (s), 140.80 (s), 133.05132.95 (s, 2C),
130.20 (s), 127.88 (s, 2C), 123.33 (s), 122.141(63,.38 (s), 112.38 ppm (4R (ATR): ¥ =
3083, 2924, 2225, 1607, 1519, 1506, 1350, 1293,cB04 MS (El, 70 eV)m/z (%): 224
(100) [M'], 178 (32), 166 (9), 151 (20), 75 ()RMS (EI-TOF) calcd for GsHgN2Ox:
224.0586; found: 224.058M.p.; 164-165 °C.

7.2.3.28. Synthesis of 44luoro -3-nitrobiphenyl
F
OzN\©/‘\\/©/

[CAS: 10540-32-6]

The title compound was prepared following generakthud from potassium

3-nitrobenzoate (124 mg, 0.6 mmol) and-chloro-4—fluorobenzene (67 mg, 54 uL,
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0.5 mmol) in a mixture of NMP (2.5 mL) and quindi2.5 mL). After the reaction, the title

compound was obtained by column chromatographyyati@av solid (73 mg, 66%).

'H NMR (400 MHz, CDC}): ¢ = 8.42 (t,J = 1.9 Hz, 1H), 8.22 (ddd] = 8.0, 2.0, 0.9 Hz,
1H), 7.89-7,87 (m, 1H), 7.647.59 (m, 3H), 7.237.17 ppm (m, 2H)**C NMR (101 MHz,
CDCly): § = 164.33 (s), 161.86 (s), 148.70 (s), 141.841(3%.81 (s), 132.86 (s), 129.79 (s),
128.88 (d,J = 8.2 Hz, 1C), 122.04 (s), 121.80 (s), 116.28 196.04 ppm (s)}*F NMR
(376 MHz, CDC4): 6 = -133.42 ppm (s)iR (ATR): v = 3087, 1606, 1528, 1508, 1476, 1346,
1228, 1165, 831 cth MS (El, 70 eV)m/z(%): 217 (100) [M], 170 (29), 159 (15), 151 (3),
74 (4);HRMS (EI-TOF) calcd for GHgFNO,: 217.0539; found: 217.0544).p.: 66-67 °C.

7.2.3.29. Synthesis of 2fluoro =3’ -nitrobiphenyl

02N @/\/@

F
[CAS: 80254-88-2]

The title compound was prepared following generagéthmd from potassium 3-
nitrobenzoate (124 mg, 0.6 mmol) and 1-chloro-®ftibenzene (66 mg, 53 pL, 0.5 mmol) in
a mixture of NMP (2.5 mL) and quinoline (2.5 mL)fté& the reaction, the title compound
was obtained by column chromatography as a yeltdid §56 mg, 52%).

'H NMR (400 MHz, CDCY): 6 = 8.44 (t,J = 2.5 Hz, 1H), 8.25 (ddd] = 8.3, 2.3, 1.0 Hz,
1H), 7.91 (dqJ = 7.7, 1.4 Hz, 1H), 7.64 (8 = 8.0 Hz, 1H), 7.49 (td) = 7.7, 1.8 Hz, 1H),
7.45-7.39 (m, 1H), 7.29 (td) = 7.5, 1.3 Hz, 1H), 7.22 ppm (dd#i= 10.7, 8.2, 1.1 Hz, 1H);
13C NMR (101 MHz, CDC}) § = 160.85 (s), 158.38 (s), 148.37 (s), 137.391(3%5.04 (dJ =
3.7 Hz, 1C), 130.48 (dl = 2.9 Hz, 1C), 130.34 (d,= 8.1 Hz, 1C), 129.37 (s), 126.60 (t=
13.2 Hz, 1C), 124.31 (dd,= 89.5. 3.7 Hz, 1C), 122.49 (s), 116.40 ppmJ(d,22.7 Hz, 1C);
F NMR (376 MHz, CDCJ): 6 = -117.91 ppm (s)IR (ATR): v = 3091, 2922, 2851, 1961,
1525, 1496, 1469, 1347, 1204, 741%5mS (El, 70 eV)m/z(%): 217 (100) [M], 170 (41),
159 (11), 151 (6), 133 (5), 85 (PIRMS (EI-TOF) calcd for GHgFNO,: 217.0539; found:
217.0540m.p.: 62-63 °C.
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7.2.3.30. Synthesis of 3nitro 4" —(trifluoromethyl)biphenyl

CF3
02N \©/\\/©/

[CAS: 1138479-19-2]

The title compound was prepared following generakthod from potassium
3-nitrobenzoate (124 mg, 0.6 mmol) anechlorobenzotrifluoride (92 mg, 68 pL, 0.5 mmol)
in a mixture of NMP (2.5 mL) and quinoline (2.5 mlAfter the reaction, the title compound
was obtained by column chromatography as a yeltdid 680 mg, 60%).

'H NMR (200 MHz, CDC)): 6 = 8.48 (t,J = 1.9 Hz, 1H), 8.28 (ddd] = 8.0, 1.6, 0.9 Hz,
1H), 7.94 (dt,J = 7.7, 1.3 Hz, 1H), 7.79-7.74 (m, 4H), 7.68 ppmJ(E 8.0 Hz, 1H);**C
NMR (50 MHz, CDC}): 6 = 148.78 (s), 142.13 (s), 141.37 (s), 133.141(3).79 (s), 130.47
(s), 130.04 (s), 127.56 (s), 126.14 (g= 3.6 Hz, 1C), 125.33 (s), 122.93 (s), 122.62 (s),
122.15 ppm (s)**F NMR (376 MHz, CDCJ): 6 = -62.60 ppm (s)IR (ATR): v = 3081,
2923, 1618, 1531, 1514, 1346, 1322, 1159, 11108,1867 crit; MS (El, 70 eV)m/z (%):
267 (100) [M], 248 (9), 221 (3), 209 (9), 201 (21), 152 (18J,(3); HRMS (EI-TOF) calcd

for C13HgF3NO,: 267.0507; found: 267.04961.p.: 59-60 °C.

7.2.3.31. Synthesis of (3vitrobiphenyl-4-yl) {phenyl)-methanone

COPh
O,N @/\O

[CAS: 63242-13-7]

The title compound was prepared following generakthod from potassium
3-nitrobenzoate (124 mg, 0.6 mmol) andchlorobenzophenone (109 mg, 0.5 mmol) in a
mixture of NMP (2.5 mL) and quinoline (2.5 mL). Aftthe reaction, the title compound was
obtained by column chromatography as a yellow 4al@2 mg, 68%).

'H NMR (400 MHz, CDC}): ¢ = 8.53 (t,J = 2.0 Hz, 1H), 8.28 (ddd] = 8.2, 2.2, 1.0 Hz,

1H), 7.99 (ddd) = 8.0, 2.0, 1.0 Hz, 1H), 7.97.94 (m, 2H), 7.87-7.84 (n2H), 7.78-7.85

(m, 2H), 7.69 (tJ = 8.0 Hz, 1H), 7.667.62 (m, 1H), 7.56-7.51 ppm (m, 2HYC NMR

(101 MHz, CDCY): § = 196.02 (s), 148.77 (s), 142.40 (s), 141.6513),42 (s), 137.34 (s),

133.15 (s), 132.66 (s), 130.91 (s, 2C), 130.0R@), 129.99 (s), 128.40 (s, 2C), 127.08 (s,
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2C), 122.84 (s), 122.13 ppm (3R (ATR): # = 3088, 3066, 1651, 1603, 1522, 1511, 1347,
1279, 695 crit; MS (El, 70 eV)m/z (%): 303 (100) [M], 286 (13), 226 (65), 152 (8), 105
(31), 77 (30)HRMS (EI-TOF) calcd for GoHi3NOg: 303.0895; found: 303.0901m.p.:
139-140 °C.

7.2.3.32. Synthesis of 4{methylsulfonyl)}-3—nitrobiphenyl

SOzMe
O,N @/\@

[CAS: 1809242-88-3]

The title compound was prepared following generakthud from potassium
3-nitrobenzoate (124 mg, 0.6 mmol) anechlorophenylmethylsulfone (97 mg, 0.5 mmol) in
a mixture of NMP (2.5 mL) and quinoline (2.5 mL)fté& the reaction, the title compound
was obtained by column chromatography as a yeltdid §69 mg, 50%).

'H NMR (400 MHz, CDC)): 6 = 8.50 (t,J = 1.9 Hz, 1H), 8.32 (ddd] = 8.2, 2.1, 0.9 Hz,
1H), 8.118.08 (m, 2H), 7.96 (ddd] = 7.8, 1.5, 1.1 Hz, 1H), 7.88.82 (m, 2H), 7.71 (tJ =

8.0 Hz, 1H), 3.13 ppm (s, 3H}*C NMR (101 MHz, CDC}) 6 = 148.83 (s), 144.05 (s),
140.79 (s), 140.49 (s), 133.24 (s), 130.21 (s),.328&s, 2C), 128.19 (s, 2C), 123.39 (s),
122.30 (s), 44.57 ppm (R (ATR): v = 3083, 3016, 2930, 1927, 1597, 1525, 1342, 1306,
1291, 1144, 1087, 967 cmMS (El, 70 eV)m/z(%): 277 (100) [M], 262 (43), 214 (72), 198
(36), 152 (31), 43 (38KHRMS (EI-TOF) calcd for GsH11NO,4S: 277.0409; found: 277.0408;
m.p.: 118-119 °C.

7.2.3.33. Synthesis of 4methoxy-3-nitrobiphenyl

OMe
O,N @/\@

[CAS: 53059-31-7]

The title compound was prepared following generakthud from potassium
3-nitrobenzoate (124 mg, 0.6 mmol) anecHloroanisole (73 mg, 63 puL, 0.5 mmol) in a
mixture of NMP (2.5 mL) and quinoline (2.5 mL). Aftthe reaction, the title compound was

obtained by column chromatography as a yellow qdixdmg, 40%).
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'H NMR (400 MHz, CDCY): ¢ = 8.42 (t,J = 1.9, Hz, 1H), 8.16 (ddd] = 8.0, 1.6, 1.0 Hz,
1H), 7.88 (d,J = 7.8 Hz, 1H), 7.617.57 (m, 3H), 7.057.02 (m,2H), 3.89 ppm (s, 3H);
13C NMR (101 MHz, CDCJ): § = 160.04 (s), 148.72 (s), 142.46 (s), 132.51%8),.06 (s),
129.62 (s), 128.27 (s, 2C), 121.39 (s), 121.361(k3,58 (s, 2C), 55.41 ppm ($R (ATR): ¥

= 3085, 2964, 2838, 1607, 1527, 1509, 1475, 1324711022, 804 cih MS (El, 70 eV)m/z

(%): 229 (100) [M], 183 (20), 168 (17), 139 (14), 128 (17), 74 BRMS (EI-TOF) calcd
for C13H11NO3: 229.0739; found: 229.0748y.p.: 75-76 °C.

7.2.3.34. Synthesis of methy(3' -nitrobiphenyl-4-yl) —sulfane

SMe
°2”©‘©

[CAS: 1355247-56-1]

The title compound was prepared following generakthod from potassium
3-nitrobenzoate (124 mg, 0.6 mmol) anechlorothioanisole (81 mg, 66 pL, 0.5 mmol) in a
mixture of NMP (2.5 mL) and quinoline (2.5 mL). Aftthe reaction, the title compound was
obtained by column chromatography as a yellow g8lidmg, 42%).

'H NMR (400 MHz, CDCJ): ¢ = 8.44 (tJ = 1.9 Hz, 1H), 8.19 (ddd,= 8.0, 1.6, 1.0 Hz,

1H), 7.90 (ddd) = 8.0, 1.6, 1.1 Hz, 1H), 7.61 (t= 8.0 Hz, 1H), 7.597.55 (m,2H),
7.39-7.36 (m, 2H), 2.55 ppm (s, 3HYC NMR (101 MHz, CDC}): § = 148.70 (s), 142.12
(s), 139.58 (s), 135.06 (s), 132.58 (s), 129.711(&.36 (s, 2C), 126.72 (s, 2C), 121.84 (s),
121.48 (s), 15.49 ppm (4R (ATR): # = 3074, 2922, 2852, 1594, 1525, 1497, 1344, 1102,
739 cm'; MS (EI, 70 eV)m/z(%): 245 (100) [M], 199 (18), 187 (3), 152 (32), 139 (5), 63
(3); HRMS (EI-TOF) calcd for GsH1:NO,S: 245.0511; found: 245.0513.p.: 95-96 °C.

7.2.3.35. Synthesis of H3-nitrophenyl)naphthalene

02N @/\/‘

[CAS: 94064-81-0]

The title compound was prepared following generakthud from potassium

3-nitrobenzoate (124 mg, 0.6 mmol) anechloronaphthalene (83 mg, 70 pL, 0.5 mmol) in a
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mixture of NMP (2.5 mL) and quinoline (2.5 mL). Aftthe reaction, the title compound was
obtained by column chromatography as a yellow 468 mg, 43%).

'H NMR (400 MHz, CDCY): 6 = 8.39 (t,J = 1.9 Hz, 1H), 8.32 (ddd] = 8.0, 1.6, 1.0 Hz,
1H),7.95 (ddJ = 7.9, 4.6 Hz, 2H), 7.85 (df = 7.6, 1.3 Hz, 1H), 7.78 (d] = 8.4 Hz, 1H),
7.69 (t,J = 8.0 Hz, 1H), 7.597.44 ppm (m, 4H)**C NMR (101 MHz, CDC}): § = 148.29
(s), 142.39 (s), 137.47 (s), 136.14 (s), 133.761(3).05 (s), 129.22 (s), 128.79 (s), 128.55 (s),
127.23 (s), 126.71 (s), 126.17 (s), 125.32 (s),.A27%s), 124.85 (s), 122.25 ppm ($R
(ATR): v = 3060, 2922, 1737, 1524, 1508, 1345, 799:cMS (El, 70 eV)m/z (%): 249
(100) [M7, 232 (14), 202 (42), 101 (6), 88 (3), 50 (WRMS (EI-TOF) calcd for
Ci16H11NO;: 249.0790; found: 249.0789.

7.2.3.36. Synthesis of &(3-nitrophenyl)quinoline

[CAS: 1809242-89-4]

The title compound was prepared following generakthod from potassium
3-nitrobenzoate (124 mg, 0.6 mmol) anecBloroquinoline (83 mg, 0.5 mmol) in a mixture
of NMP (2.5 mL) and quinoline (2.5 mL). After theaction, the title compound was obtained
by column chromatography as a yellow solid (90 #@$).

'H NMR (400 MHz, CDCJ): § = 8.99 (dd,J = 4.2, 1.6 Hz, 1H), 8.61 (i = 1.9 Hz, 1H),
8.29-8.24 (m, 3H), 8.09 (dJ = 2.0 Hz, 1H), 8.06 (dJ = 7.8 Hz, 1H), 8.01 (ddJ = 8.8,
2.1 Hz, 1H), 7.70 (tJ = 8.0 Hz, 1H), 7.50 ppm (dd] = 8.3, 4.2 Hz, 1H);'°C NMR
(101 MHz, CDC4): 6 = 151.16 (s), 148.83 (s), 148.03 (s), 142.02135.71 (s), 136.36 (),
133.29 (s), 130.59 (s), 129.96 (s), 128.52 (s),4®8s), 126.18 (s), 122.48 (s), 122.27 (s),
121.92 ppm (SR (ATR): ¥ = 3028, 2970, 1740, 1523, 1500, 1342, 1291, 838 &A% (EI,

70 eV)m/z(%): 250 (100) [M], 204 (18), 176 (6), 150 (2), 88 (4), 75 (BIRMS (EI-TOF)
calcd for GsHioNLOy: 250.0742; found: 250.074i.p.; 169-170 °C.
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7.3. ortho-C-H Arylation of Benzoic Acids with Aryl Bromides and
Chlorides Catalyzed by Ruthenium

7.3.1. General Methods

Chemicals and solvents were either purchased @pris.) from commercial supplier or
purified by standard techniqu&&® All reactions, if not stated otherwise, were parfed in
oven-dried glassware under a nitrogen atmospher&icing a Teflon-coated stirrer bar and
dry septum. All reactions were monitored by GC gdietradecane as an internal standard.
Response factors of the products with regard-tetradecane were obtained experimentally
by analyzing known quantities of the substancesaBG&lyses were carried out using an-8P
capillary column (Phenyl methyl siloxane, 30 m %320.25, 100/2.3-30-300/3, 2 min at
60 °C, heating rate 30 °C/min, 3 or 10 min at 300 °Column chromatography was
performed using a Combi Flash Companion-Chromapyr&ystem I§co-Systemsand
Revelerispacked columns (12 g). NMR spectra were recordedmuker Avance 40Gt
ambient temperature using CRG@s solvent, with proton, carbon, and fluorine neswes at
400, 101, and 376 MHz respectively.

7.3.2. Catalyst development

7.3.2.1. Cross-coupling experiments

Table 6. Screening experiments for tbeho-arylation ofo-tolyl benzoic acid with

iodobenzene and bromobenzene.

Me
Iy CO.H COH
©/ 2 X [Ru], ligand, base y
* solvent, 100 °C, 18 h, O
N2
7.3.21.1 7.3.21.-2 7.3.21.-3
ligand
# [Ru] /mol% PhX/eq. base /eq. solvent/mL Y@/o6
/mol%
1 [Ru(MeCN)(OTf),] /4 Phi/1 K,CO; /1 - PhMe/3 -
2 - Dioxane/3 trace
3 " " " - ‘AmylOH/3 5
4 - C,HsCN/3 trace
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\l

o o

10
11
12
13
14
15
16
17
1

o]

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

[(p—cym)Ru Ci], /4
(COD)RuUC} /8
[(CsHe)RUCH)], /4

[(p—cym)Rulb], /4
RuC} x 3H,0 /8
(COD)RuCp*Cl /8
Ru(metallyl)(COD) /8
RuCh(PPh); /8
(NBD)RuC} /8
[(CsMes)RUCl), /4

[(p—cym)RuUC}], /4
Ru(metallyl)(COD) /8
(NBD)RuC} /8
[Ru(MeCN)(OTf),] /4
[(CeHe)RUC], /4
[(p—cym)RuUCl], /4

Phl/4

PhBr/4 GuanCg@/0.5

PhBr/2
PhBr/1

GuanCQ@/1
K,CGO; /1.1

PPRL /8
PBu; /8
P(Ad)Ph /8
P(Mes) /8
PCy /8
Xphos /8
XantPhos /8
P@-Tol); /8
PCy/8

PEtPh /8

H,O/3 -
NMP/3 12
25

16
15
20
trace
12
trace
16
trace
34
18
24
33
35

trace

13
35

trace

trace

76

trace
73
20
65
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36 " " " POct /8 " 78
37 " " " PMe; /8 " 3
38 " " " PPr; /8 " 43
39 " " " PMe-HBF, /8 " 73
40 " " " PEt'HBF, /8 " 93
41 " " CsCO;/1.1 " " 84
42 " " CaCQ/11 " " -
43 " " NaCO; /1.1 " " 84
44 " " GuanCQ@/1.1 " " -
45 " " Li,CO;/1.1 " " 13
46 " " NH,CO; /1.1 " " -
47 " " K,CO; /1 " " 89
48 " " K,C0O;/0.8 " " 85
49 ; " K>CO; /0.5 " " 60
50 ; " K,CO; /1.1 " NMP/3+1eq. kD 89
51 " " " " NMP/3+0.1eq. HO 89
52 " " " " NMP/3 -
53 " " " " DMSO/3 25
54 " " " " DMF/3 trace
55 " " " " ‘AmylOH/3 trace
56 " " " " Dioxane/3 trace
57 " " " " PhMe/3 trace
58 [Cp*IrCl,], /14 " " " NMP/3 -
59 Pd(OAc) /8 " " " " -

Reaction conditions7.3.2.1.-1 (0.5 mmol),7.3.2.1.-2 [M], ligand, base, solvent, 100 °C, 18 h undes N
atmosphere. [a] Yields of corresponding methylrsstietermined by GC after esterification withGO; (2 eq.)
and Mel (5 eq.) in NMP using n-tetradecane as titernal standard; [c] under air atmosphere.
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Table 7: Screening experiments for tbeho-arylation ofo-tolyl benzoic acid with

chlorobenzene.

Me

COH cCl
NS

[Ru], ligand, base /

solvent, 120 °C, 18 h,

Nz
7.3.21.1 7.3.21.-2 7.3.21.-3

# [Ru] /mol% base /eq. ligand /mol% PhClleq. Y¥/%
1 [(p—cym)RuC}], /4 K,COs/1.1 - 4 7

2 ! ! PPh /8 ! trace
3 " " XPhos /8 " trace
4 " " PCy; /8 " trace
5 " " P(Ad)CH,Ph /8 " trace
6 " " PPr; /8 " trace
7 " " PBuyHBF, /8 " trace
8 " " PEt-HBF, /8 " 12
gl " ; " " 75
10 " " DL-Phe-OH /8 " 16
11 " " N—Cbz-L—Phe-OH /8 " 11
12 " " N-Boc-L—Phe-OH /8 " 17
13 " ! N-Cbz-L-Asn—OH /8 ! trace
14 " " L—-Pro-OH /8 " 47
15 " " DL-Val-OH /8 " 24
16 " ! N-Boc-L—Asn—OH /8 ! trace
17 " " N-Bz-DL-Pro—OH /8 " 15
18 " " N—-Cbz-DL-Val-OH /8 " 18
19 " " L-lle-OH /8 " 26
20 " " L—-Pyroglutamic acid /8 " trace
21 " " N-Boc-L—-Pro-OH /8 ! 18
22 " " L—-Ala—OH /8 " 11
23 " " DMPU /8 " 6
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24 " " N-Cbz-L-lle-OH /8 " 18
25 " " DL—pipecolinic acid /8 ! 80
26 " " ! 3 72
27 " " " 2 57
28 " " " 1.5 48
29 " " ! 1 32
30 " : " " 23
31 " " " " 12
32¢ " " " " 80

Reaction conditions7.3.2.1.-1(0.5 mmol),7.3.2.1.-2(2 mmol),[(p cym)RuC]] » (4 mol%), KCO; (1.1 eq.),
NMP (3 mL), 120 °C, 18 h. [a] Yields of correspamgimethyl esters determined by GC after esteriticatvith
K,CO; (2 eq.) and Mel (5eq.) in NMP using n-tetradecasethe internal standard; [b] 48 h; [c] 1.5 eq.
7.3.2.1.-2[d] 2 eq.7.3.2.1.-2[e] 140 °C.

7.3.2.2. Protodecarboxylation experiments

Table 8 Screening experiments for the protodecarboxytatior.3.2.1.-1In situand

sequential one-pot procedure.

Me [(p-cym)RuCl5], (4 mol%), CO,H
PEt;-HBF4 (8 mol%), Ko.CO3 (1.1 eq.),

CO,H  Br /
Cu-source, N-ligand % + y
+ NMP, temp., 18 h, N, \© ,\©

7.3.2.2.1 7.3.2.2.-2 7.3.2.2.-3 7.3.2.2.-4
Y®/%
# [M] /mol% T/°C N-ligand/mol% t/h
7.3.22-3 7.322.-4

1 Cu0O /10 100— 170 - 18 +12 76 9

2 " 170 - 18 70 10

3 " 180 - " 41 46
4 CuwO /20 " - " 37 51

5 CuO /50 " - " 40 44

6 CuO /10 " 1,10-phen/20 " trace -
7" " 100— 180 " 18 + 12 77 9
gl " " " " 87 trace
9l " " DL—pipecolinic acid/20 " 88 trace
10° " " Pyridine/20 " 67 20
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11 CuBr /20 180 - 18 49 32
12 Ag0 /10 " - " 45 33
134 " 100— 180 - 18 + 12 69 4
14 " 160 - 18 68 11
15° Cu,0 /10 180 - " 71 11
16" " 100— 180 - 18 + 12 87 4

17 " 190 - 18 19 (23) 61 (54)
189 " " - " 10 (13) 63 (71)

Reaction conditions:7.3.2.2.-1 (0.5 mmol), 7.3.2.2.-2 (0.5 mmol), [(p-cym)RuC}], (4 mol%), PEf:HBF,
(8 mol%), KCO; (1.1 eq.), 100 °C for 18 h followed by T for 1@rhr for 18 h, 3 mL NMP. [a] GC yields after
esterification with KCOs; (2 eq.) and Mel (5 eq.) in NMP using n-tetradecasehe internal standard, isolated
yields in parenthesis; [b] GO and 1,16phen were added after 18 h; [c] N-ligand was adaégr 18 h; [d]
AgO and was added after 18 h; [e] 1 eqOH was added; [f] CeO was added after 18 h; [g] with
2-fluorobenzoic acid.

7.3.3. Synthesis of [Ru(2Me-benzoaté-C° O")(p—cymene)(pyridine)]

Me o

0
/R(j\
~ N/ p
\ Y

[CAS: 2036084-13-4]

The title compound was synthesized following theréture reported proceduf&! starting
from potassium 2methyl benzoate (261 mg, 1.5 mmol), [Bafym)ChL]. (312 mg,
0.5 mmol), pyridine (79 mg, 8.1uL, 1 mmol) and tettmylamine (715 mg, 983 pL, 7 mmol).
The title compound was isolated as a red wax (8237gp).

'H NMR (400 MHz, CDC}): 6 = 8.54-8.60 (m, 2H), 7.867.91 (m, 1H), 7.46 (it) = 7.7,
1.5 Hz, 1H), 7.10 (&) = 7.3 Hz, 1H), 6.997.04 (m, 2H), 6.73 (dd] = 6.9, 0.6 Hz, 1H), 5.52
(dd,J = 5.8, 1.0 Hz, 1H), 5.45 (dd,= 6.0, 0.8 Hz, 1H), 5.22 (dd,= 5.9, 1.1 Hz, 1H), 4.79
(dd,J = 5.8, 1.0 Hz, 1H), 2.46 (s, 3H), 2.36 (quinF 6.9 Hz, 2H), 1.70 (s, 1H), 0.99 ppm
(dd,J = 6.8, 1.5 Hz, 6H)**C NMR (101 MHz, CDC}): 6 = 181.3 (s), 177.5 (s), 153.6 (s),
140.0 (s), 136.6 (s), 135.5 (s), 134.5 (s), 129)6126.6 (s), 124.3 (s), 101.8 (s), 97.9 (s), 87.9
(s), 87.2 (s), 84.3 (s), 80.2 (s), 30.7 (s), 28)622.2 (S), 19.9 (S), 17.9 ppm (B; (ATR): v =
3050, 2965, 2926, 2872, 1600, 1468, 1443, 12131,10008, 907, 759, 692 cMHRMS
(ESI): m/z= calcd. for GsHosO-NRu+H": 450.1007; found 450.1001.
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4501
simulated

401 =1

447.14481
441 A 4531
[\ #5161 LR

4501

measured

7.3.3.1. Mechanistic control experiment

Table 9 Stoichiometric reaction of preformed ruthenacytl®3.1.-1with bromobenzene.

M
© 9 Me
o Bro _ CO.H
/RG\ + ’ © —»IIgand ’
N NMP, 100 °C, 3
S0 2 e
Y
7.3.3.1.1 7.3.31.-2 7.3.31.-3
# ligand /mol% Yoo
1 PE$- HBF, (100) 57
2 - 0

Reaction conditions7.3.3.1.-1(0.1 mmol),7.3.3.1.-2(0.1 mmol), 100 °C for 18 h, 3 mL NMP. [a] GC I
after esterification with KCOs; (2 eq.) and Mel (5 eq.) in NMP using n-tetradecaséhe internal standard.

7.3.4. Synthesis of the corresponding 1:Biphenyl-2—carboxylic acids via ortho-GH

arylation
COZH y [(p-cym)RuClo, o COH
PEtHBF4 KiCO5 FG— het
FG .het het FG ¥
NMP, A, 18 h, N, ) |h;—FG'
=

X =Br, ClI

Standard procedure A — coupling of aryl bromides:An oven-dried 20 mL vessel was
charged with [p—cym)RuChl, (12.2 mg, 0.02 mmol, 4 mol%), triethylphosphonium
tetrafluoroborate (8.3 mg, 0.04 mmol, 8 mol%}CK; (76 mg, 0.55 mmol, 1.1 eq.), and the
benzoic acid (0.50 mmol). After the vessel was Heds with 3 alternating vacuum and
nitrogen purge cycles, NMP (3 mL) and the aryl bisen(0.50 mmol) were addeda

syringe. The resulting mixture was stirred at 1G0fGr 18 h. After the reaction was complete,
122



Experimental Section

the mixture was allowed to cool to room temperati¥®P (2 mL), KCO; (207 mg, 3 eq.)
and Mel (156uL, 5 eq.) were added and the mixture was stirre@D&C for 2 h. The mixture
was allowed to cool to room temperature, ethyl @&ee20 mL) was added and the resulting
mixture was washed with water, aqueous LiCl sofui{@0%) and brine (20 mL each). The
organic layer was dried over Mg%Qiltered, and the volatiles were removed undeiuoed
pressure. The residue was purified by column chtogmaphy (SiQ, ethyl acetate/hexane
gradient) yielding the corresponding biaryl.

Standard procedure B — coupling of aryl chlorides:An oven-dried 20 mL vessel was
charged with [Ryg—cym)Ch]. (12.2 mg, 0.02 mmol, 4 mol%), DL-pipecolinic a¢&l17 mg,
0.04 mmol, 8 mol%), KCOs; (76 mg, 0.55 mmol, 1.1 eq.), and the correspondarpoxylic
acid (0.50 mmol, 1 eq.). After the vessel was faublvith 3 alternating vacuum and nitrogen
purge cycles, NMP (3 mL) and the corresponding enjdride (2.00 mmol, 4 eq.) were added
via syringe. The resulting mixture was stirred at 1€0for 18 h. After the reaction was
completed, the mixture was allowed to cool to roteamperature. NMP (2 mL), IO
(207 mg, 3 eq.) and Mel (158., 5 eq.) were added and the mixture was stirre®DetC for
2 h. The mixture was allowed to cool to room terapse, ethyl acetate (20 mL) was added
and the resulting mixture was washed with wateyeags LiCl solution (20%) and brine
(20 mL each). The organic layer was dried over MgSiitered, and the volatiles were
removed under reduced pressure. The residue wideg@ury column chromatography (SiO
ethyl acetate/hexane gradient) yielding the cowedmg biaryl.

7.3.4.1. Synthesis of methy3-methylbiphenyl2-carboxylate

[CAS: 941320-77-0]

The title compound was prepared following the gaherethod A from 2—methylbenzoic acid
(68.8 mg, 0.50 mmol) and bromobenzene (79.3 m@, 5B, 0.50 mmol). The title compound
was isolated as colorless oil (105 mg, 93%).

The title compound was prepared following the gaherethod B from 2—methylbenzoic acid
(68.8 mg, 0.50 mmol) and chlorobenzene (227 mg,d052.00 mmol). The title compound

was isolated as colorless oil (85 mg, 75%).
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'H NMR (400 MHz, CDC}): & = 7.30-7.45 (m, 6H), 7.24 (d) = 7.5 Hz, 2H), 3.60 (s, 3H),
2.42 ppm (s, 3H)*C NMR (101 MHz, CDCJ): 6 = 170.3 (s), 140.9 (s), 140.2 (s), 135.5 (s),
133.2 (s), 129.5 (s), 129.1 (s), 128.3 (s), 128)2127.4 (s), 127.3 (s), 51.9 (s), 19.7 ppm (S);
IR (ATR): v = 3062, 2950, 1726, 1463, 1436, 1267, 1122, 1868 MS (El, 70 eV)m/z
(%): 226 (100) [M], 195 (90), 165 (22). The analytical data matctemase reported in the

literaturel?%?

7.3.4.2.  Synthesis of methy#4' -methoxy-3-methylbipheny2—carboxylate

Me
CO,Me

\©\0Me
[CAS: 1097018-19-3]

The title compound was prepared following the gaherethod A from 2—methylbenzoic acid
(68.8 mg, 0.50 mmol) and -#romoanisole (93.5mg, 62.8 uL, 0.50 mmol). Thde tit
compound was isolated as colorless solid (105 r2%)8

The title compound was prepared following the gaherethod B from 2—methylbenzoic acid
(68.8 mg, 0.50 mmol) and-éhloroanisole (291 mg, 251 uL, 2.00 mmol). Thet@bmpound
was isolated as colorless solid (92 mg, 72%).

'H NMR (400 MHz, CDCJ): 6 = 7.28-7.37 (m, 3H), 7.1%7.23 (m, 2H), 6.946.97 (m, 2H),
3.85 (s, 3H), 3.64 (s, 3H), 2.40 ppm (s, 3t NMR (101 MHz, CDCY): 6 = 170.5 (s),
159.0 (s), 139.6 (s), 135.3 (s), 133.3 (s), 138)1129.3 (s), 129.3 (s), 128.7 (s), 127.2 (8),
113.7 (s), 55.2 (s), 51.9 (s), 19.7 ppm (B);(ATR): v = 2946, 2839, 1726, 1609, 1512, 1440,
1247, 1183 cit; MS (El, 70 eV)m/z (%):256 (100) [M], 225 (62), 209 (15), 181 (9), 153
(8); HRMS (EI-TOF) calcd. for @H1603: 256.1099; found: 256.109in.p.: 69-70 °C. The

analytical data matched those reported in theglitee'?%?
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7.3.4.3. Synthesis of methy3,4’-dimethylbipheny2-carboxylate

Me
CO,Me

L,
[CAS: 1097018-21-7]

The title compound was prepared following the gaherethod B from 2—methylbenzoic acid
(68.8 mg, 0.50 mmol) and —éhlorotoluene (258 mg, 241 pL, 2.00 mmol). The etitl
compound was isolated as colorless oil (66 mg, 55%)

'H NMR (400 MHz, CDC}): 6 = 7.32-7.38 (m, 1H), 7.257.29 (m, 2H), 7.187.24 (m, 4H),
3.63 (s, 3H), 2.40 (s, 3H), 2.39 ppm (s, 3t NMR (101 MHz, CDCY): § = 170.5 (s),
140.0 (s), 137.9 (s), 137.0 (s), 135.3 (s), 138)1129.4 (s), 129.0 (s), 128.9 (s), 128.0 (s),
127.2 (s), 51.8 (s), 21.2 (s), 19.7 ppm [B);(ATR): v = 2949, 1725, 1265, 1122, 1088, 1067,
783 cm'; MS (El, 70 eV)m/z (%): 240 (100) [M], 209 (55), 165 (17). The analytical data
matched those reported in the literatafé.

7.3.4.4. Synthesis of methy#' |acetylamino)}>3-methylbiphenyl2-carboxylate

Me
CO,Me

: NHAc

[CAS: 1809272-64-7]

The title compound was prepared following the gaherethod A from 2methylbenzoic acid
(68.8 mg, 0.50 mmol) antl—-(4-bromophenyhacetamide (109 mg, 0.50 mmol). The title
compound was isolated as colorless solid (131 18%0)9

'H NMR (400 MHz, CDCY): 6 = 7.52 (mJ = 8.5 Hz, 2H), 7.297.40 (m, 4H), 7.187.24 (m,
2H), 3.64 (s, 3H), 2.40 (s, 3H), 2.17 ppm (s, 3B NMR (101 MHz, CDCJ): § = 170.5 (s),
168.3 (s), 139.4 (s), 137.3 (s), 136.7 (s), 135)4133.1 (s), 129.5 (s), 129.0 (s), 128.8 (s),
127.2 (s), 120.0 (s), 119.4 (s), 51.9 (s), 24.6 19)7 ppm (s); IR (ATR)$ = 3322, 3275,
1679, 1532, 1456, 1320, 1288, 1257 ¢S (El, 70 eV)m/z(%): 283 (100) [M], 252 (11),
241 (43), 235 (12), 209 (50m.p.: 189-190 °C. The analytical data matched thoserteg in
the literaturé?®?
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7.3.4.5. Synthesis of 4ethyl-2-methyl-3-methylbipheny}2,4'-dicarboxylate

Me
COzMe

: “CO,Et

[CAS: 2040483-22-3]

The title compound was prepared following the gaherethod A from 2—methylbenzoic acid
(68.8 mg, 0.50 mmol) and ethyl 4—bromobenzoate (dg682.6 uL, 0.50 mmol). The title
compound was isolated as colorless oil (124 mg,)83%

'H NMR (400 MHz, CDC}): 6 = 8.08 (s, 2H), 7.42—7.46 (m, 2H), 7.36-7.41 (i), I7.21—
7.29 (m, 2H), 4.41 (q) = 7.0 Hz, 2H), 3.59 (s, 3H), 2.42 (s, 3H), 1.42 pim) = 7.2 Hz,
3H); *C NMR (101 MHz, CDCJ): § = 169.9 (s), 166.4 (s), 145.5 (s), 139.2 (s), 835),
133.0 (s), 129.8 (s), 129.6 (s, 2C) 129.4 (s), 428), 127.1 (s), 61.0 (s), 51.9 (s), 19.7 (s),
14.3 ppm (s)IR (ATR): v = 2982, 2951, 1714, 1461, 1438, 1269, 1180, 1193 MS (El,

70 eV)m/z(%):298 (100) [M], 266 (14), 253 (41), 239 (11), 195 (29), 165 (HRMS (El-
TOF) calcd. for GgH1804: 298.1205; found: 298.1203.

7.3.4.6. Synthesis of methy¥4' -methoxy-3-methylbipheny2-carboxylate

Me
COzMe

\©\0Me
[CAS: 1097018-19-3]

The title compound was prepared following the gaherethod A from 2—methylbenzoic acid
(68.8 mg, 0.50 mmol) and 4—-bromophenol (87.4 mg5 timol). The title compound was
isolated as the methyl ether after treatment witll &hd KCO; in NMP. yellow oil (67 mg,
52%).

'H NMR (400 MHz, CDC}): ¢ = 7.28-7.37 (m, 2H), 7.17-7.23 (m, 2H), 6.92—196 2H),
3.85 (s, 2H), 3.64 (s, 2H), 2.40 ppm (s, 2H¢ NMR (101 MHz, CDCY): 6 = 170.5 (s),
159.0 (s), 139.6 (s), 135.3 (s), 133.3 (s), 138)1129.3 (s), 129.3 (s), 128.7 (s), 127.2 (8),
113.7 (s), 55.2 (s), 51.8 (s), 19.6 ppm (B);(ATR): v = 2946, 2839, 1726, 1609, 1512, 1440,
1247, 1183 cit; MS (El, 70 eV)m/z (%):256 (100) [M], 225 (62), 209 (15), 181 (9), 153
(8); m.p.: 69—70 °C. The analytical data matched those tegan the literatur&°?
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7.3.4.7.  Synthesis of methy#' -benzoyF3-methylbiphenyF2—carboxylate

Me
CO,Me

: COPh

[CAS: 2051922-37-1]

The title compound was prepared following the gaherethod A from 2—methylbenzoic acid
(68.8 mg, 0.50 mmol) and (4-bromopheryhenyl}methanone (135 mg, 0.50 mmol). The
title compound was isolated as colorless solid (8¢ 81%).

'H NMR (400 MHz, CDCJ): 6 = 7.80-7.90 (m, 3H), 7.58-7.65 (m, 1H), 7.47—7155 3H),
7.41 (t,J = 7.7 Hz, 1H), 7.24-7.31 (m, 3H), 3.63 (s, 3H),2ppm (s, 3H);**C NMR
(101 MHz, CDCY}): 6 = 196.4 (s), 170.0 (s), 145.2 (s), 139.1 (s), 63%), 136.4 (s), 135.9
(s), 133.0 (s), 132.5 (s), 130.3 (s), 130.0 (s9.92s), 129.7 (s), 128.4 (s), 128.2 (s), 127.2
(s), 52.0 (s), 19.8 ppm (S)R (ATR): v = 3066, 2949, 1721, 1655, 1599, 1400, 1315,
1124 cm'; MS (El, 70 eV)m/z (%): 330 (100) [M], 315 (54), 299 (22), 253 (66), 195 (8),
165 (13), 105 (60HRMS (EI-TOF) calcd. for gH1505: 330.1256; found: 330.1258.p.:
83-84 °C.

7.3.4.8.  Synthesis of methy#' —chloro-3-methylbiphenyl2-carboxylate

[CAS: 1809272-61-4]

The title compound was prepared following the gaherethod A from 2—methylbenzoic acid
(68.8 mg, 0.50 mmol) and 4—chloro bromobenzene7(8ty, 58uL, 0.50 mmol). The title
compound was isolated as colorless oil (80 mg, 61%)

'H NMR (400 MHz, CDCY): § = 7.34-7.40 (m, 3H), 7.28-7.33 (m, 2H), 7.22—7126 1H),
7.16-7.21 (m, 1H), 3.63 (s, 3H), 2.41 ppm (s, 3F%; NMR (101 MHz, CDCJ): 6 = 170.0
(s), 139.3 (s), 138.8 (s), 135.6 (s), 133.5 (sB.13s), 129.5 (s), 129.5 (s), 129.4 (s), 128.5
(s), 127.1 (s), 51.9 (s), 19.7 ppm (H} (ATR): v = 2948, 1725, 1494, 1459, 1395, 1265,
1121, 835 cnt; MS (El, 70 eV)m/z (%):260 (88) [M], 229 (100), 193 (22), 165 (20). The
analytical data matched those reported in theslitee!*®?
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7.3.4.9. Synthesis of methy3' -methoxy-3-methylbipheny2—carboxylate

Me
CO,Me

/\©/OM6

[CAS: 2040483-23-4]

The title compound was prepared following the gaherethod A from 2—methylbenzoic acid
(68.8 mg, 0.50 mmol) and 3-bromo anisole (95.4 r64,5 puL, 0.50 mmol). The title
compound was isolated as colorless solid (111 m%)3

'H NMR (400 MHz, CDC}): 6 = 7.36 (t,J = 7.8 Hz, 1H), 7.28 - 7.33 (m, 1H), 7.21-7.26 (m,
2H), 6.87-6.99 (m, 3H), 3.83 (s, 3H), 3.63 (s, 3M%1 ppm (s, 3H)**C NMR (101 MHz,
CDCl): 6 = 170.3 (s), 159.4 (s), 142.2 (s), 139.9 (s),435), 133.1 (s), 129.4 (s), 129.3 (S),
129.2 (s), 127.1 (s), 120.6 (s), 113.5 (s), 118)355.2 (s), 51.9 (s), 19.7 ppm (H}; (ATR):

7 = 2948, 2835, 1725, 1576, 1466, 1433, 1267, 1228 8/S (El, 70 eV)m/z(%):256 (94)
[M™], 224 (100), 182 (12), 153 (MMRMS (EI-TOF) calcd. for @H1603: 256.1099; found:
256.1082.

7.3.4.10. Synthesis of methy3-methyl-3’ «(trifluoromethyl)biphenyl-2-carboxylate

[CAS: 2022197-28-8]

The title compound was prepared following the gaherethod A from 2—methylbenzoic acid
(68.8 mg, 0.50 mmol) and 1-bromo-3—(trifluoromeyigenzene (114 mg, 70.6 pL,
0.50 mmol). The title compound was isolated asrbeds oil (105 mg, 71%).

'H NMR (400 MHz, CDCY): 6 = 7.59-7.67 (m, 2H), 7.49-7.58 (m, 2H), 7.4 7.7 Hz,
1H), 7.26-7.30 (m, 1H), 7.21-7.25 (m, 1H), 3.62 3Hl), 2.42 ppm (s, 3H)*C NMR
(101 MHz, CDC}): 6 = 169.9 (s), 141.7 (s), 138.6 (s), 135.9 (s), 238), 131.6 (s), 131.6
(s), 130.7 (q), 129.9 (s), 129.7 (s), 128.8 (s),.12s), 125.1 (q), 124.1 (g), 123.8 (q), 51.9 (s),
19.8 ppm (s)!*F NMR (376 MHz, CDC}): 6 = —62.59 ppm (S)IR (ATR): ¥ = 2953, 1728,
1433, 1335, 1263, 1164, 1120, 1067cwIS (El, 70 eV)m/z(%):294 (68) [M], 263 (100),
215 (8), 165 (13)HRMS (EI-TOF) calcd. for gH13F30,: 294.0868; found: 294.0870.
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7.3.4.11. Synthesis of methy3' -tert-butyl-3-methylbipheny2-carboxylate

Me
CO,Me

/\©/tBu

[CAS: 2051922-36-0]

The title compound was prepared following the gaherethod A from 2—methylbenzoic acid
(68.8 mg, 0.50 mmol) and 1-bromo+&+butylbenzene (107 mg, 85.2 pL, 0.50 mmol). The
title compound was isolated as colorless oil (11 #9%).

'H NMR (400 MHz, CDCY): 6 = 7.30-7.46 (m, 4H), 7.17-7.28 (m, 3H), 3.60 4),2.42 (s,
3H), 1.35 ppm (s, 9H)?°C NMR (101 MHz, CDCY): 6 = 170.4 (s), 151.1 (s), 140.6 (s), 140.5
(s), 135.4 (s), 133.2 (s), 129.4 (s), 128.9 (sB.14s), 127.2 (S), 125.4 (s), 125.3 (s), 124.2
(s), 51.8 (s), 34.7 (s), 31.4 (s), 19.7 ppm [B);(ATR): v = 2952, 2867, 1727, 1589, 1463,
1436, 1365, 1117 ch MS (El, 70 eV)m/z (%):282 (67) [M], 235 (100), 207 (16), 193
(42); HRMS (EI-TOF) calcd. for: @H2,0,: 282.1620; found: 282.1624.

7.3.4.12. Synthesis of methy3' -cyano-3-methylbiphenyl2-carboxylate

Me
CO,Me

/©/CN

[CAS: 2051922-35-9]

The title compound was prepared following the gaherethod A from 2—methylbenzoic acid
(68.8 mg, 0.50 mmol) and 3—cyanobromobenzene {@#,00.50 mmol). The title compound
was isolated as colorless oil (65 mg, 52%).

'H NMR (400 MHz, CDCY): § = 7.62—7.68 (m, 2H), 7.57—7.62 (m, 1H), 7.48-7154 1H),
7.37-7.43 (m, 1H), 7.29 (d,= 7.5 Hz, 1H), 7.18 (dJ = 7.5 Hz, 1H), 3.63 (s, 3H), 2.42 ppm
(s, 3H);*C NMR (101 MHz, CDC}): § = 169.6 (s), 142.2 (s), 137.8 (s), 136.0 (s), 38),
132.7 (s), 131.7 (s), 131.0 (s), 130.2 (s), 129)7 X29.1 (s), 127.0 (s), 118.6 (s), 112.5 (),
52.0 (s), 19.7 ppm (S)R (ATR): ¥ = 2949, 2231, 1726, 1591, 1460, 1436, 1120, 1068 c
MS (El, 70 eV)m/z(%):251 (64) [M], 220 (100), 190 (9), 165 (IRMS (EI-TOF) calcd.
for C16H13NO,: 251.0946; found: 251.0950.
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7.3.4.13. Synthesis of 4methoxy-2',3-dimethylbipheny2-carboxylate

Me
CO,Me

Me/\©\OMe
[CAS: 2051922-34-8]

The title compound was prepared following the gaherethod A from 2—methylbenzoic acid
(68.8 mg, 0.50 mmol) and 1-bromo-4—methoxy—2—-mbéndene (104 mg, 114 plL,
0.50 mmol). The title compound was isolated asoyebil (54.0 mg, 40%).

'H NMR (400 MHz, CDC}): 6 = 7.31 (tJ = 8.0 Hz, 1H), 7.20 (d] = 7.3 Hz, 1H), 7.01-7.08
(m, 2H), 6.79 (dJ = 2.5 Hz, 1H), 6.72 (dd] = 8.3, 2.8 Hz, 1H), 3.83 (s, 3H), 3.52 (s, 3H),
2.40 (s, 3H), 2.12 ppm (s, 3HC NMR (101 MHz, CDCJ): J = 169.9 (s), 158.8 (s), 139.6
(s), 137.5(s), 135.0 (s), 134.2 (s), 132.6 (sP.238s), 128.9 (s), 128.7 (s), 127.6 (S), 115.2 (S)
110.3 (s), 55.1 (s), 51.6 (s), 20.4 (s), 19.7 ppinIR (ATR): v = 2948, 2835, 1728, 1608 ,
1573, 1461, 1266, 1237 EmMMS (El, 70 eV)m/z (%): 270 (100) [M], 238 (55), 223 (10),
195 (25), 152 (6)HRMS (EI-TOF) calcd. for &H1503: 270.1256; found: 270.1257.

7.3.4.14. Synthesis of 3',5-dimethoxy-3-methylbiphenyl2-carboxylate

Me
CO,Me

OMe

OMe
[CAS: 1261980-73-7]

The title compound was prepared following the gaherethod B from 2—methylbenzoic acid
(68.8 mg, 0.50 mmol) and 5—chloro—-1,3—dimethoxylkerz(356 mg, 2.00 mmol). The title
compound was isolated as colorless oil (97 mg, 68%)

'H NMR (400 MHz, CDC}): 6 = 7.38 (t,J = 7.8 Hz, 1H), 7.25 (d] = 7.8 Hz, 2H), 6.60 (dJ

= 2.3 Hz, 2H), 6.48 (t) = 2.3 Hz, 1H), 3.78 (s, 6H), 2.46 ppm (s, 3HE NMR (101 MHz,
CDCl): 0 = 174.9 (s), 160.6 (s), 142.5 (s), 139.9 (s), 335), 132.1 (s), 129.7 (s), 129.3 (s),
127.2 (s), 106.4 (s), 100.1 (s), 55.3 (s), 19.7 gpmR (ATR): v = 2962, 2937, 2838, 1695,
1584, 1456, 1421, 1204, 1153, 1063, 907, 727, 695 @he analytical data matched those
reported in the literaturé®
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7.3.4.15. Synthesis of methy3—-phenylnaphthalene2—-carboxylate

Me
CO,Me

’
1
’

[CAS: 2051922-33-7]

The title compound was prepared following the gaherethod A from 2—methylbenzoic acid
(68.8 mg, 0.50 mmol) and 1-bromonaphthalene (158 d@% pL, 0.75 mmol). The title
compound was isolated as colorless oil (117 mg,)85%

'H NMR (400 MHz, CDCY): § = 7.82-7.92 (m, 2H), 7.63-7.69 (m, 1H), 7.46—7152 2H),
7.39-7.45 (m, 2H), 7.29-7.37 (m, 2H), 7.23-7.271Hh), 3.27 (s, 3H), 2.47 ppm (s, 3HJC
NMR (101 MHz, CDCY): ¢ = 169.6 (s), 138.7 (s), 138.4 (s), 135.7 (s), 434), 133.4 (),
131.9 (s), 129.4 (s), 129.0 (s), 128.4 (s), 128)0X27.8 (s), 126.6 (s), 126.2 (s), 125.9 (s),
125.7 (s), 124.9 (s), 51.5 (s), 19.9 ppm (B);(ATR): ¥ = 3053, 2948, 1726, 1587, 1508,
1435, 1394, 1111 ch MS (El, 70 eV)m/z (%):276 (100) [M], 245 (50), 202 (12), 107
(6); HRMS (EI-TOF) calcd. for: gH160,: 276.1150; found: 276.1138.

7.3.4.16. Synthesis of methyR2’ «(hydroxymethyl)-3-methylbiphenyk2-carboxylate

Me
CO,Me

HO\D

[CAS: 2051922-32-6]

The title compound was prepared following the gaherethod A from 2—methylbenzoic acid
(68.8 mg, 0.50 mmol) and 3—bromobenzyl alcohol49Bg, 0.50 mmol). The title compound
was isolated as colorless oil (66 mg, 52%).

'H NMR (400 MHz, CDC}): 6 = 7.53 (dd,J = 7.7, 1.1 Hz, 1H), 7.32-7.42 (m, 2H), 7.23-
7.32 (m, 2H), 7.10 (ddd] = 12.4, 7.6, 0.9 Hz, 2H), 4.46—4.54 (m, 1H), 4.3304(m, 1H),
3.53 (s, 3H), 2.40 ppm (s, 3H'C NMR (101 MHz, CDC}): 6 = 170.4 (s), 139.2 (s), 138.8
(s), 138.6 (s), 135.1 (s), 133.7 (s), 129.4 (sP.22s), 129.1 (s), 129.1 (s), 128.3 (s), 127.2
(s), 127.2 (s), 63.1 (s), 52.0 (s), 19.7 ppm IR)(ATR): v = 3420, 2949, 1727, 1589, 1438,
1110, 1066, 1012 ch MS (El, 70 eV)m/z (%): 239 (29) [M—OH], 224 (100), 206.0 (60),
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195 (59), 181 (38), 165 (25%RMS (EI-TOF) calcd. for @HiO,: 238,0994: found:
238.0998 [M—(H,0)].

7.3.4.17. Synthesis of methy2 -methyl-6—(thiophen—2-yl)benzoate

[CAS: 2051922-31-5]

The title compound was prepared following the gaherethod A from 2—methylbenzoic acid
(68.8 mg, 0.50 mmol) and 2-bromothiophene (83.2 @@5 puL, 0.50 mmol). The title
compound was isolated as orange oil (100 mg, 86%).

'H NMR (400 MHz, CDCY): § = 7.30-7.36 (m, 3H), 7.18-7.24 (m, 1H), 7.08—qrh] 1H),
7.03-7.07 (m, 1H), 3.76 (s, 3H), 2.38 ppm (s, 3B, NMR (101 MHz, CDC}): 6 = 170.2
(s), 141.9 (s), 135.3 (s), 133.3 (s), 132.0 (s¥.32s), 129.3 (s), 127.5 (s), 127.4 (s), 125.9
(s), 52.1 (s), 19.5 ppm ()R (ATR): v = 2948, 2920, 1727, 1589, 1432, 1266, 1119,
1072 cnit; MS (El, 70 eV)m/z(%):232 (100) [M], 200 (70), 171 (12), 129 (6HRMS (El-
TOF) calcd. for: GgH110,S: 231.0480; found: 231.0490 [MH].

7.3.4.18. Synthesis of methy2 -methyl-6—<(thiophen-3-yl)benzoate

[CAS: 2022197-36-8]

The title compound was prepared following the gaherethod A from 2—methylbenzoic acid
(68.8 mg, 0.50 mmol) and 3-bromothiophene (84 m§,3 4L, 0.50 mmol). The title
compound was isolated as orange oil (79.0 mg, 68%).

'H NMR (400 MHz, CDC}): d = 7.28-7.32 (m, 2H), 7.20-7.25 (m, 2H), 7.13—1rh7 1H),
7.10-7.13 (m, 1H), 3.66 (s, 3H), 2.33 ppm (s, 3R NMR (101 MHz, CDCJ): 6 = 170.5
(s), 140.9 (s), 135.2 (s), 134.3 (s), 133.0 (sB.42s), 129.0 (s), 127.9 (s), 126.8 (s), 125.6
(s), 122.3 (s), 52.0 (s), 19.5 ppm (H} (ATR): v = 2948, 1723, 1591, 1461, 1437, 1265,
1119, 1090 cil;, MS (El, 70eV) m/z (%):232 (100) [M], 200 (85), 171 (13),
129.(7);HRMS (EI-TOF) calcd. for gH;1,0,S: 232.0558; found: 232.0564.
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7.3.4.19. Synthesis of methy3-methoxylbiphenyl2-carboxylate

OMe
COQMe

[CAS: 773134-32-0]

The title compound was prepared following the gaharethod A from 2—methoxylbenzoic
acid (76.8 mg, 0.50 mmol) and bromobenzene (119079.8 uL, 0.75 mmol). The title
compound was isolated as colorless solid (117 m#)9

'H NMR (400 MHz, CDCJ): & = 7.32—7.45 (m, 6H), 7.01 (dd= 7.7, 0.9 Hz, 1H), 6.95 (dd,
J=8.3, 0.8 Hz, 1H), 3.90 (s, 3H), 3.64 ppm (s, 3% NMR (101 MHz, CDC}): & = 168.5
(s), 156.4 (s), 141.2 (s), 140.0 (s), 130.5 (sB.32s), 128.2 (s), 127.6 (s), 123.0 (s), 122.0
(s), 109.8 (s), 56.0 (s), 52.1 ppm (H} (ATR): v = 2947, 2839, 1730, 1570, 1462, 1257,
1128, 1108 cr; MS (El, 70 eV)m/z (%):242 (63) [M], 211 (100), 168 (12), 139 (8x.p.:
84-85 °C. The analytical data matched those repantéhe literaturé?®®

7.3.4.20. Synthesis of methy3-fluorobiphenyl-2-carboxylate

F

@COzMe
[CAS: 1528793-42-1]

The title compound was prepared following the gaherethod A from 2—fluorobenzoic acid
(119 mg, 0.50 mmol) and bromobenzene (119.0 mg8 7B, 0.75 mmol). The title
compound was isolated as colorless oil (102 mg,)88%

The title compound was prepared following the gaherethod B from 2—fluorobenzoic acid
(119 mg, 0.50 mmol) and chlorobenzene (227.0 m§, 1240 2 mmol). The title compound
was isolated as colorless oil (108 mg, 94%).

'H NMR (400 MHz, CDC}): § = 7.35-7.50 (m, 6H), 7.21 (dd,= 7.9, 0.9 Hz, 1H), 7.14
(ddd,J = 9.3, 8.3, 1.0 Hz, 1H), 3.69 ppm (s, 3t NMR (101 MHz, CDC}): § = 166.2 (s),
159.7 (d,J = 251.6 Hz) 142.5 (d] = 2.7 Hz) 139.3 (dJ = 2.7 Hz) 131.2 (dJ = 8.2 Hz) 128.5
(s), 128.1 (s), 127.9 (s), 125.5 @= 2.7 Hz) 121.4 (dJ = 16.3 Hz) 114.7 (s), 114.5 (s),
52.4 ppm (s)°F NMR (376 MHz, CDC}): 6 = —115.3 ppm (S)IR (ATR): v = 2952, 1732,
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1612, 1568, 1462, 1261, 1239, 1115%mIS (EI, 70 eV)m/z(%):230 (79) [M], 199 (100),
170 (16). The analytical data matched those regantéhe literaturé*®!

7.3.4.21. Synthesis of methy3-acetylbiphenyt2-carboxylate

Ac
C02 Me

[CAS: 1097018-12-6]

The title compound was prepared following the gaherethod A from 2—acetylbenzoic acid
(82.9 mg, 0.50 mmol) and bromobenzene (119 mg, 80,.75 mmol). The title compound
was isolated as yellow solid (79 mg, 62%).

'H NMR (400 MHz, CDCJ): 6 = 7.81-7.86 (m, 1H), 7.53—7.59 (m, 2H), 7.34—{@4 5H),
3.67 (s, 3H), 2.65 ppm (s, 3H}C NMR (101 MHz, CDCJ): § = 198.3 (s), 169.7 (s), 141.1
(s), 135.9 (s), 134.2 (s), 132.9 (s), 129.2 (sB.87%s), 128.3 (s), 127.9 (s), 127.9 (s), 52.3 (9),
27.6 ppm (s)jR (ATR): ¥ = 2952, 1727, 1677, 1578, 1454, 1428, 1193, 1125 1S (EI,

70 eV)m/z(%): 254 (10) [M], 239 (100), 207 (7), 179 (6), 152 (BYRMS (EI-TOF) calcd.

for C16H1403: 254.0943; found: 254.094/).p.: 92-93 °C. The analytical data matched those

reported in the literaturé®

7.3.4.22. Synthesis of methy3-acetamidobipheny2—carboxylate

NHAc
C02 Me

[CAS: 2051922-30-4]

The title compound was prepared following the gaherethod A fromN-acetylanthranilic
acid (90.5 mg, 0.50 mmol) and bromobenzene (91.0003® mmol). The title compound was
isolated as colorless solid (95 mg, 71%).

The title compound was prepared following the gaherethod b fromN-acetylanthranilic
acid (90.5 mg, 0.50 mmol) and chlorobenzene (227 2@p pL, 2.00 mmol). The title
compound was isolated as colorless solid (78 m&)58

'H NMR (400 MHz, CDC}): 6 = 9.32 (br. s., 1H), 8.39 (d, = 8.3 Hz, 1H), 7.51 (t) =
7.9 Hz, 1H), 7.31-7.43 (m, 3H), 7.24-7.30 (m, 3M)10-7.17 (m, 1H), 3.44 (s, 3H),
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2.22 ppm (s, 3H*C NMR (101 MHz, CDCJ): 6 = 169.9 (s), 168.6 (s), 143.0 (s), 141.9 (s),
137.8 (s), 131.6 (s), 128.2 (s), 127.9 (s), 128)2 125.6 (s), 120.5 (s), 119.6 (s), 51.9 (s),
25.1 ppm (s)jR (ATR): v = 3236, 3037, 2949, 1722, 1548, 1466, 1369, 126§ 81S (EI,

70 eV) m/z (%):269 (62) [M], 227 (68), 195 (100), 168 (22), 139 (BIRMS (EI-TOF)
calcd. for GeH1sNOs: 269.1052; found: 269.1068).p.: 162—163 °C.

7.3.4.23. Synthesis of methy3—-phenylnaphthalene2-carboxylate

[CAS: 68376-11-4]

The title compound was prepared following the gahenethod A from naphthalene—2—
carboxylic acid (70.8 mg, 0.50 mmol) and bromobeez€119.0 mg, 79.8 pL, 0.75 mmol).
The title compound was isolated as colorless dib(thg, 88%).

'H NMR (400 MHz, CDCJ): 6 = 8.39-8.44 (m, 1H), 7.93-7.99 (m, 1H), 7.86—7192 1H),
7.84 (s, 1H), 7.52-7.65 (m, 2H), 7.34-7.49 (m, 58157—-3.76 ppm (m, 3H)**C NMR
(101 MHz, CDCY¥): 6 = 169.0 (s), 141.4 (s), 138.8 (s), 134.4 (s), 33%), 131.0 (s), 129.7
(s), 129.1 (s), 128.6 (s), 128.5 (s), 128.2 (s8.02s), 127.8 (s), 127.1 (s), 126.7 (s), 52.1 ppm
(s); IR (ATR): ¥ = 3055, 3020, 2948, 1717, 1491, 1441, 1276, 1&ik MS (El, 70 eV)m/z
(%):262 (100) [M], 231 (49), 202 (14). The analytical data matchmuse reported in the

literature?%®!

7.3.4.24. Synthesis of methy-methylbiphenyl2-carboxylate

Me\©\/COZMe

[CAS: 152620-33-2]

The title compound was prepared following the gaherethod A from 3—methylbenzoic acid
(68.8 mg, 0.50 mmol) and bromobenzene (119.0 mg8 R, 0.75 mmol). The title
compound was isolated as colorless oil (96 mg, 85%)

The title compound was prepared following the gaherethod B from 3—methylbenzoic acid
(68.8 mg, 0.50 mmol) and chlorobenzene (227 mg,1d050.75 mmol). The title compound
was isolated as colorless oil (67 mg, 59%).
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IH NMR (400 MHz, CDCY): 6 = 7.65 (d,J = 0.5 Hz, 1H), 7.27—7.44 (m, 7H), 3.64 (s, 3H),
2.44 ppm (s, 3H**C NMR (101 MHz, CDCJ): 6 = 169.4 (s), 141.3 (s), 139.6 (s), 137.1 (s),
130.7 (s), 130.6 (s), 130.3 (s), 128.4 (s), 128)0127.1 (s), 51.9 (s), 21.0 ppm (); (ATR):

v = 3027, 2949, 1717, 1482, 1434, 1296, 1243, 1089 MS (El, 70 eV)m/z(%):226 (100)
[M*], 195 (67), 165 (13). The analytical data matcthede reported in the literatufé®

7.3.4.25. Synthesis of methy-methylbiphenyl2-carboxylate

C|\©002Me

[CAS: 1092775-67-1]

The title compound was prepared following the gaherethod A from 3—chlorobenzoic acid
(79.1 mg, 0.50 mmol) and bromobenzene (79.3 m@, 5B, 0.50 mmol). The title compound
was isolated as colorless oil (93.3 mg, 76%).

'H NMR (400 MHz, CDC}): 6 = 7.80-7.85 (m, 1H), 7.51 (dd,= 8.2, 2.4 Hz, 1H), 7.35—
7.45 (m, 3H), 7.33 (dJ = 8.3 Hz, 1H), 7.27-7.31 (m, 2H), 3.66 ppm (s, 3HE NMR
(101 MHz, CDCY}): 6 = 167.8 (s), 140.9 (s), 140.1 (s), 133.2 (s), 138), 132.0 (s), 131.2
(s), 129.7 (s), 128.2 (s), 128.1 (s), 127.5 (s)2%5Dm (s);IR (ATR): v = 3064, 2950, 1721,
1472, 1396, 1142, 1107, 1009 ¢nMS (El, 70 eV)m/z (%): 246 (94) [M], 215 (100), 152
(40), 76 (11). The analytical data matched thopented in the literaturé?"!

7.3.4.26. Synthesis of methy3,5-dimethoxybipheny2-carboxylate

OMe
CO,Me

MeO ©

[CAS: 131035-40-0]

The title compound was prepared following the gehemethod A from 2,4-
dimethoxybenzoic acid (92.9 mg, 0.50 mmol) and kobemzene (79.3 mg, 53.2 uL,
0.50 mmol). The title compound was isolated as lpurp (114 mg, 84%).

'H NMR (400 MHz, CDC)): 6 = 7.30-7.43 (m, 5H), 6.50 (s, 2H), 3.87 (s, 3H353(s, 3H),
3.58 ppm (s, 3H)!*C NMR (101 MHz, CDC}): 6 = 168.4 (s), 161.3 (s), 158.1 (s), 142.7 (s),
140.5 (s), 128.3 (s), 128.0 (s), 127.6 (s), 116)0 106.1 (s), 97.5 (s), 56.0 (s), 55.5 (s),

51.9 ppm (s)IR (ATR): % = 2942, 2841, 1726, 1598, 1456, 1415, 1339, 12612 MS (EI,
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70 eV)m/z(%):272 (71) [M], 241.2 (100). The analytical data matched thepened in the

literaturel®*®!

7.3.4.27. Synthesis of methy3—{phenyl-1-benzothiophene2—carboxylate

s—_CO,Me
| /

[CAS: 58878-44-7]

The title compound was prepared following the gaherethod A from 1-benzothiophene—2—
carboxylic acid (89.1 mg, 0.50 mmol) and bromobeezg19 mg, 79.8 uL, 0.75 mmol). The
title compound was isolated as colorless solidnif3 54%).

'H NMR (400 MHz, CDCJ): § = 7.88-7.92 (m, 1H), 7.34-7.57 (m, 8H), 3.80 ppm3H);
13C NMR (101 MHz, CDCY): § = 162.9 (s), 144.2 (s), 140.4 (s), 134.5 (s), 629), 128.1
(s), 128.0 (s), 127.8 (s), 127.2 (s), 125.3 (sh.82s), 122.5 (s), 120.0 (s), 52.2 ppm (B);
(ATR): ¥ = 2943, 2845, 1700, 1516, 1440, 1291, 1177, 1085 dVS (El, 70 eV) m/z
(%):268 (100) [M], 237 (72), 208 (7), 165 (15)).p.: 65-66 °C. The analytical data matched
those reported in the literatufé”

7.3.4.28. Synthesis of methyl7 phenylquinoline-6-carboxylate

NS II
N ) ©

[CAS: 2051922-29-1]

The title compound was prepared following the gaherethod A from 6—quinolinecarboxylic
acid (89.3 mg, 0.50 mmol) and bromobenzene (79.3532 pL, 0.50 mmol). The title
compound was isolated as orange oil (53 mg, 40%).

'H NMR (400 MHz, CDC}): 6 = 9.03 (ddJ = 4.3, 1.8 Hz, 1H), 8.36 (s, 1H), 8.25-8.29 (m,
1H), 8.13 (s, 1H), 7.39-7.50 (m, 6H), 3.71 ppm3(d); *C NMR (101 MHz, CDCJ): § =
168.6 (s), 152.6 (s), 148.8 (s), 142.5 (s), 146)6136.6 (s), 131.1 (s), 130.7 (s), 130.1 (s),
128.4 (s), 128.2 (s), 127.5 (s), 126.5 (s), 128)852.2 ppm (S)R (ATR): v = 2948, 1720,
1623, 1456, 1430, 1342, 1268, 1200°cmIS (El, 70 eV)m/z(%):263 (100) [M], 232 (86),
204 (14), 176 (9 HRMS (EI-TOF) calcd. for &H13NO,: 263.0936; found: 263.0941.
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7.3.4.29. Synthesis of methy2 phenylnaphthalenel—carboxylate

MeO,C @

[CAS: 109251-89-0]

The title compound was prepared following the gahenethod B from naphthalene—1-
carboxylic acid (87.8 mg, 0.50 mmol) and chlorokmrez (227 mg, 205 pL, 2.00 mmol). The
titte compound was isolated as colorless solid (120 92%).

'H NMR (400 MHz, CDC}): 6 = 7.98 (d,J = 8.3 Hz, 2H), 7.89-7.94 (m, 1H), 7.37-7.63 (m,
8H), 3.71 ppm (s, 3H)*C NMR (101 MHz, CDC}): § = 170.0 (s), 140.9 (s), 138.0 (s), 132.3
(s), 130.0 (s), 129.9 (s), 128.5 (s), 128.4 (sB.12s), 127.6 (s), 127.5 (s), 127.4 (s), 126.3
(s), 125.0 (s), 52.2 ppm (s)R (ATR): v = 3051, 2997, 2946, 1716, 1427, 1371, 1341,
1036 cn; MS (El, 70 eV)m/z(%): 262 (100) [M], 231 (85), 202 (15)m.p.: 75-76 °C. The
analytical data matched those reported in theslitee!*®®

7.3.5. Synthesis of the corresponding biaryls via ortho4@ arylation with in situ

protodecarboxylation

FG

FG
\ , [(p-cym)RuCl], “WH
COH  Br, PEts-HBF,, Cu,0, K,COj3 '
Ay T NMP, 180 °C, 18 h, N \©
FG=Me, F

Standard procedure An oven—dried 20 mL vessel was charged wit-¢fym)RuC}].
(12.2 mg, 0.02 mmol, 4 mol%), triethylphosphoniwetrafluoroborate (8.32 mg, 0.04 mmaol,
8 mol%), KCO; (76 mg, 0.55 mmol, 1.1 eq.), & (7.23 mg, 0.05 mmol, 10 mol%) and the
ortho-substituted benzoic acid (0.50 mmol). After thessat was flushed with 3 alternating

vacuum and nitrogen purge cycles, NMP (3 mL) andmwbenzene (79.3 mg, 53.2 uL,
0.50 mmol) were addedia syringe. The resulting mixture was stirred at 180for 18 h.
After the reaction was complete, the mixture wdswad to cool to RT, then ethyl acetate
(20 mL) was added and the resulting mixture washedswith water, aqueous LiCl solution
(20%) and brine (20 mL each). The organic layer dsd over MgSQ filtered, and the
volatiles were removed under reduced pressure. rBselue was purified by column

chromatography (Si§) ethyl acetate/hexane gradient) yielding the apoading biaryl.
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7.3.5.1.  Synthesis of 3methyl-1,1'-biphenyl

Me
“WH

[CAS: 643-93-6]

The title compound was prepared following the gaherethod for then situ ortho-C—H
arylation and protodecarboxylation, starting from-ni&thylbenzoic acid (68.8 mg,
0.50 mmol). The title compound was isolated asrbeds oil (45 mg, 54%).

'H NMR (400 MHz, CDCY): § = 7.58-7.65 (m, 2H), 7.39-7.49 (m, 4H), 7.33-7189 2H),
7.19 (d,J = 7.3 Hz, 1H), 2.45 ppm (s, 3HYC NMR (101 MHz, CDC}): 6 = 141.3 (s), 141.2
(s), 138.3 (s), 128.7 (s), 128.6 (s), 128.0 (s),.24s), 127.1 (s), 124.2 (s), 21.5 ppm (B);
(ATR): v = 3057, 3031, 2916, 1601, 1481, 791, 752, 698,dvS (El, 70 eV)m/z(%): 168
(100) [M'], 165 (19), 153 (15), 152 (18). The analyticaladatatched those reported in the

literature®>!

7.3.5.2.  Synthesis of 3fluoro -1,1'-biphenyl

F
o
[CAS: 2367-22-8]

The title compound was prepared following the gahaerethod for then situ ortho-C—H
arylation and protodecarboxylation, starting fronfl@orobenzoic acid (70.8 mg, 0.50 mmol).
The title compound was isolated as colorless dilr(f), 71%).

'H NMR (400 MHz, CDC}): § = 7.58-7.65 (m, 2H), 7.40-7.49 (m, 5H), 7.32—7189 2H),
7.19 (d,J = 7.3 Hz, 1H), 2.45 ppm (s, 3HPC NMR (101 MHz, CDC}): 6 = 113.89 (d,J =
1.82 Hz, 1C), 114.12 (s), 122.75 ®z 2.73 Hz, 1C), 127.08 (s, 2C), 127.82 (s), 12886
2C), 130.18 (dyJ = 8.18 Hz, 1C), 139.92 (d,= 2.73 Hz, 1C), 143.49 (d,= 7.27 Hz, 1C),
164.39 ppm (d,) = 246.14 Hz, 1C)**F NMR (376 MHz, CDC}): 6 = —113.16 ppm ()R
(ATR): v = 3065, 3035, 1576, 1474, 1422, 1260, 1186, 11686, 877, 788, 755, 695 &m
MS (El, 70 eV)m/z(%): 172 (100) [M], 154 (4), 98 (6), 85 (12), 74 (11). The analytidata
matched those reported in the literafdré.
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7.3.6. Synthesis of 34luoro-1,1'2',1" terphenyl via ortho-GCH arylation followed by a

one-pot decarboxylative cross-coupling

F F
[(p-cym)RuCl,],, \.CO,H Pd(acac),, XPhos,
@( COMH  Bry PEt,HBF,, K,CO3 @ 2 G0, PhBr
Ky T NMP, 100 °C, O NMP, 180 °C,
18 h, N, 6h, N,
An oven—dried 20 mL vessel was charged wit-¢ym)RuC}], (12.2 mg, 0.02 mmol,
4 mol%), triethylphosphonium tetrafluoroborate @rig, 0.04 mmol, 8 mol%), KOs
(76 mg, 0.55 mmol, 1.1 eq.), and 2—fluorobenzoid &60.8 mg, 0.50 mmol). After the vessel

was flushed with 3 alternating vacuum and nitrogamrge cycles, NMP (3 mL) and

bromobenzene (79.3 mg, 53.2 pL, 0.50 mmol) wereedde syringe. The resulting mixture
was stirred at 100 °C for 18 h. After the reactiome, the mixture was allowed to cool to RT,
then a stock solution of Pd(acaq)’.62 mg, 25.0 pumol, 5 mol%) and XPhos (12.0 mg,
25.0 pmol, 5 mol%) in NMP (1 mL), a slurry of &u (7.16 mg, 0.05 mmol, 10 mol%) in
NMP (0.5 mL) and bromobenzene (64.0 puL, 0.6 mm@0 ®q.) were addeda syringe. The
vessel was heated at 180 °C for 6 h, then allowezbbl to room temperature. Ethyl acetate
(20 mL) was added and the resulting mixture washedswith water, aqueous LiCl solution
(20%) and brine (20 mL each). The organic layer dasd over MgSQ filtered, and the
volatiles were removed under reduced pressure. rBselue was purified by column

chromatography (Si§) cyclohexane isocratic) yielding the title compduas colorless oil

(68 mg, 55%).
ﬁF:[
[CAS: 2036084-12-3]

'H NMR (400 MHz, CDC}): § = 6.97—7.35 ppm (m, 13H}*C NMR (101 MHz, CDCJ): 6
=160.0 (dJ = 246.1 Hz), 143.3 (d] = 2.7 Hz), 140.2 (d) = 2.7 Hz), 134.2 (s), 130.9 (d~
1.9 Hz), 129.8 (s), 128.6 (d= 9.1 Hz), 128.2 (d) = 15.4 Hz), 127.8 (s), 127.8 (s), 127.1 (3),
126.7 (s), 126.0 (d] = 3.5 Hz), 114.6 ppm (d} = 23.6 Hz);"*F NMR (376 MHz, CDC}): 6

= —115 ppm;IR (ATR): v = 3053, 3021, 2916, 1601, 1487, 792, 752, 698:ckiS (EI,

70 eV) m/z (%): 248 (100) [M], 228 (5);HRMS (EI-TOF) calcd. for gHisF: 248.1001,
found: 248.0994.
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7.4. Regioselective C—-H Hydroarylation of Internal Alkynes with
Arenecarboxylates: Carboxylates as Deciduous Direicig Groups

7.4.1. General Methods

Chemicals and solvents were either purchased gpris.) from commercial supplier or
purified by standard techniqué® All reactions, if not stated otherwise, were perfed in
oven-dried glassware under a nitrogen atmospheargicing a Teflon-coated stirrer bar and
dry septum. All reactions were monitored by GC gdietradecane as an internal standard.
Response factors of the products with regard-tetradecane were obtained experimentally
by analyzing known quantities of the substancesa@#&lyses were carried out using an-8P
capillary column (Phenyl methyl siloxane, 30 m %320.25, 100/2.3-30-300/3, 2 min at
60 °C, heating rate 30 °C/min, 3 or 10 min at 300 °Column chromatography was
performed using a Combi Flash Companion-Chromapdyr&ystem Isco-Systemsand
Revelerispacked columns (12 g). NMR spectra were recordedmruker Avance 40Gt
ambient temperature using CRG@s solvent, with proton, carbon, and fluorine neswes at
400, 101, and 376 MHz respectively.

7.4.2. Catalyst development
7.4.2.1. Optimization of the non-decarboxylative hydroaryiamn

Table 10 Catalyst screening for the hydroarylation witpltgnylacetylene.

Me Me

Ph [M],
CO,H CO,H
@( cl Ghemero @f 2
“H dioxane/H,0 (1:1), /j/\Ph

100 °C, 12 h, N
Ph 2 Ph

7.4.2.1.1 7.4.21.-2 7.4.21.-3

[M] /4 mol% Yield/% P

[(COD)RhCI} -
RhOACc, -
RhCL -
[RhCp*Ch], -
[IrCp*Cl,], -
[Ir(COD)], 23

o o~ W N PP H
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7 Ru(CO)CI(PP¥H -
8 RuCh(PPh); -
9 RuCk -
10 [(p—cym)RuUC}]. 96

Reaction conditions7.4.2.1.-1(0.5 mmol),7.4.2.1.-2(0.5 mmol), [M]-catalyst (4 mol%), &O; (0.3 eq.) and
dioxane/HO = 10:1 (1.1 mL), 100 °C, 12 h. [a] Yields of cesponding methyl esters determined by GC after
esterification with KCOs (2 eq.) and Mel (5 eq.) in NMP using n-tetradecaaehe internal standard.

Table 11 Solvent screening for the hydroarylation withttBpylacetylene.

Me Me Me
e, e Koo A
o solvent, 100 °C, 12 h, N, / /
H N szf/\Ph flf\Ph
74.2.1.1 7.4.21.-2 7.4.21.-3 74.21.-4
# solvent (10/1) /1.1 mL Yield/9%"
7.4.2.1.-3 7.4.2.1.-4
1 dioxane/HO 96 -
2 NMP/H,O 32 34
3 DMSO/H0O - -
4 DMF/H,O - -
5 MeCN/HO 8 -
6 toluene/HO 64 29
7 'PrOH/H,0 100 -
8 ‘AMOH/H,0 100 -
9 quin/HO 2 8
10 HO 25 9
11 toluene 11 20
12 'PrOH 64 -
13 ‘AmOH 88 12

Reaction conditions7.4.2.1.-1(0.5 mmol),7.4.2.1.-2(0.5 mmol), [(pcym)RuC]], (4 mol%), KCO; (0.3 eq.)
and solvent (1.1 mL), 100 °C, 12 h. [a] Yields afrresponding methyl esters determined by GC after
esterification with KCO; (2 eq.) and Mel (5 eq.) in NMP using n-tetradecaséhe internal standard.
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Table 12 Catalyst screening for the hydroarylation wittpphenyt1-propyne.

Me

M Me Me
CO,H e [M] CO,H CO,H
N | | K,CO3 (0.3 eq.) R
H dioxane/H,0 (1:1), N ph P Me
Me Ph

Ph 100 °C, 12 h, Ny

7.4.21.1 7.4.21.-5 7.4.2.1.-6 7.4.21.-7

# [M] /4 mol% Yield/% @

74.21-6 7.4.21.-7

1 [(COD)RNCI} - -
2 RhOAc, - -
3 RhCk - -
4 [RhCp*Ch], - -
5 [IrCp*Cl], - -
6 [Ir(COD)l, 28 4
7 Ru(CO)CI(PPHH ; ]
8 RuCL(PPh); - -
9 RuCk 6 -
10 Ru(acag) 11 6
11 (COD)Ru(2-methylallyl), 26 10
12 (NBD)RUC} 37 10
13 [(CsHe)RUCH], 43 17
14 [(p—cym)RuCl), 43 5
15 [(p—cym)Rub], 52 10
16" " 60 6

Reaction conditions7.4.2.1.-1(0.5 mmol),7.4.2.1.-5(0.5 mmol), [M]-catalyst (4 mol%), &O; (0.3 eq.) and
dioxane/HO = 10:1 (1.1 mL), 100 °C, 12 h. [a] Yields of cesponding methyl esters determined by GC after
esterification with KCO; (2 eq.) and Mel (5 eq.) in NMP using n-tetradecasdhe internal standard. [b] [M]-
catalyst (2 mol%).
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Table 13 Base screening for the hydroarylation wittphenyt1-propyne.

Me

) Me Me
Co,H  Me [(p-cymRulz]; (2 mol%), CO,H COH
R || base .
"H dioxane/H,0 (1:1), A Ph N Me
Me Ph

Ph 100°C, 12 h, N,

74.2.1.1 7.4.21.-5 7.4.2.1.-6 74.21.-7
# base /eq. Yield/9%"
7.4.2.1.-6 7.4.2.1.-7

1 K,C0O;/0.3 60 6

2 Li,CO;/0.3 46 8

3 NaCO; /0.3 50 7

4 CsC0; /0.3 57 5

5 guanidine carbonate /0.3 61 6

6 (NH;).C0; /0.3 - -

7 TBAOAC /0.3 51 6

8 NH,OAc /0.3 - -

9 KOAc /0.3 47 19
10 KsP0O, /0.3 54 15
11 KOPiv /0.3 52 6
12 KOTf/0.3 - -
13 KOH /0.3 54 15
14 guanidine carbonate /0.5 68 7
15 guanidine carbonate /1.0 - -
16" guanidine carbonate /0.5 74 5

Reaction conditions7.4.2.1.-1(0.5 mmol),7.4.2.1.-5(0.5 mmol), [(pcym)Ruj], (2 mol%), base (0.3 eq.) and
dioxane/HO = 10:1 (1.1 mL), 100 °C, 12 h. [a] Yields of cesponding methyl esters determined by GC after
esterification with KCO; (2 eq.) and Mel (5 eq.) in NMP using n-tetradecasethe internal standardb]
'AMOH/HO = 10:1 (1.1 mL) as the solvent.
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Table 14 Screening of the amount of base, temperaturgatalof the reactants.

Me Me Me

O, [ s o o

74211 74215 7.4.2.1.6 7.4.2.1.7
# eq. guanidine carbonate T/°C Yield/o!

7.4.2.1.-6 7.4.2.1.-7

1 0.1 100 48 9
2 0.5 " 74 5
3 0.7 " - -
4 0.1 90 47 4
5 0.5 " 56 3
6 0.7 " - -
7 0.5 110 70 13
g"! " 100 73 6
oicl " " 90(93) 5

Reaction conditions:7.4.2.1.-1 (0.5 mmol), 7.4.2.1.-5 (0.5 mmol), [(pcym)Ruj], (2 mol%), guanidine
carbonate as the base addmOH/HO = 10:1 (1.1 mL), 12 h. [a] Yields of correspongimethyl esters
determined by GC after esterification withGO; (2 eq.) and Mel (5 eq.) in NMP using n-tetradecasethe
internal standard. [b]7.4.2.1.-5(0.6 mmol). [c]7.4.2.1.-5(0.75 mmol).

71.4.2.2.

Optimization of the decarboxylative hydroarylation

Table 15 Evaluation of the catalyst system for the decaytadive hydroarylation.

Me Me Me
\.CO,H  Ph [(p-cymRuICly] (4 mol%), COH H
: . |‘| base, additive, ligand N &
o toluene/H,0 (1:1), P N
Ph A, 12h, N22 Ph o lf\Ph
7.4.2.2.1 7.4.2.2.-2 7.4.2.2.-3 7.4.2.2.-4
# base /eq. ligand/0.2 eq.  additive /eq. T/°C Yighb'™
7.4.22.-3 7.422.-4

1 K.C0O;/0.3 - - 100 64 29
2 " L1 - " - 22
3 guanidine carbonate /0.3 " - ! trace 29
4 guanidine carbonate /0.2 " - ! ; 34
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5 " L2 - " " 31

6 " L3 - " " 26

7 " L4 - " " 32

8 " L5 - " " 28

9 " L6 - " " 28
10 " L7 - " 5 32
11 ! L8 - " trace 32
12 " L1 HOAC/1 eq. " 15 37
13" " " " " 21 53
14! " - " " 28 52
15" " - HOAC/2 eq. " 11 50
16" " - PivOH/1 eq. " 18 50
17" " - TFA/1 eq. " . .
18" " L1 HOAc/l1eq. 120 <5 80
19" " - " " 13 78
20 " L1 " " <5 87(73)

Reaction conditions7.4.2.2.-1(0.5 mmol),7.4.2.2.-2(0.5 mmol), [(pcym)RuC]], (4 mol%), base, ligand and
toluene/BO = 10:1 (1.1 mL), 12 h. [a] Yields of correspongimethyl esters determined by GC after
esterification with KCO; (2 eq.) and Mel (5 eq.) in NMP using n-tetradecasethe internal standardb]
Toluene (1 mL) was used as the solvent. [c] Tol{@maL) was used as the solvent.

Ac Bu
S STNS! YO OO
Nid Nid N” Ac N” > Bn ©©“ Nid
L1 12 L3 L4 Ls L6 L7 L8

7.4.3. Mechanistic control experiments for the decarboxiflae hydroarylation

7.4.3.1. H/D-scrambling experiments

n.d.
1) [(p-cym)RuCl5], (4 mol%), 6% D-incorp. 5% D-incorp.
Me guanidine carbonate (0.2 eq.),
\_CO,H Ph  2-picoline ((:.2 eq.), AcOD (10 eq.), COzMe H/D
: .l PhMe, 100 °C, 12 h, N, H,D < H/D
"H 2) Mel/K,CO3
Ph
7.431.1  7.4.3.1.-2 (d)-7.4.3.1.-3 (d)-7.4.3.1.-4
33% 20%

Scheme 47H/D-scrambling experiment in the presence of e&ied acetic acid.
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23 cocl,

0.9
0.8+

0.7=
CO,Me

H/D
(A)

Ph Ph
(d)-7.4.3.1.-3

0.6

0.5+

0.4~

0.3

0.2+

0.1

55
Chemical Shift (ppm)

Figure 1: *H-NMR profile of (d)-7.4.3.1.-3after the H/D-scrambling experiment in the

presence deuterated acetic acid.

1.0
; Me (B)
09 H/D
E H/D (A)
0.8 055 =
E 050 Ph
073 CDCl3 Ph
045
E (d)-7.4.3.1.-4
0.6 0.40
E 035
05 - (B)
E (A)
025
/
020
0.3= 0.15
0.10
0.2+ 005
o
0.1-= . 3.80 . , 3 548 . , 21 087
7.40 735 7.30 725 720 715 710 7.05 7.00 6.95 6.90
o 3 Chemical Shift (ppm) .
P e
3.803.055.482.130.67 3.00
L L | 11
T T T T T T T T T T T T T T T T T T T T T
7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25

Chemical Shift (ppm)

Figure 2: 'H-NMR profile of (d)-7.4.3.1.-4after the H/D-scrambling experiment in the

presence of deuterated acetic acid.
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n.d.
neglect
Me [(p-cym)RuCl,], (4 mol%), Me
\_CO,H Ph  guanidine carbonate (0.2 eq.), < H/D i
\ . || 2-picoline (0.2 eq.) . H/D
H AcOH (1 eq.), PhMe-dg, >
Ph  120°C,12h, N, ! Ph
Ph
7.4.3.1.1 74.3.1.-2 (d)-7.4.3.1.-4
73%

Scheme 48H/D-scrambling experiment in the presence of eeaiéed toluene.

1.0
0.9
Me (B)
0.8 H/D
. H/D(A)
07 o Pz Ph
d)-7.4.3.1.-4
06 0e (d) Ph
o7
0.5 06 CDCI3
05
04 os (A)
0.3 o3 (B)
02
0.2 01
)
01 \ 337 \ \ 300 u 6.04 , \ 2.06 o 1.03 |
7.50 7.45 7.40 735 7.30 725 720 715 710 705 7.00 695 69 685
Chemical Shift (ppm) 0
03 |
373.006.042.06 1.03 3.00

7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0
Chemical Shift (ppm)

Figure 3: '"H-NMR profile of (d)-7.4.3.1.-4after the H/D-scrambling experiment in the

presence of deuterated toluene.

F [(p-cym)RuCl]; (4 mol%), F
\_CO,H Ph  guanidine carbonate (0.2 eq.), . H/D
: . | | 2-picoline (0.2 eq.), AcOD (10 eq.) @
. PhMe, 100 °C, 12 h, N .
/H ) ) » N2 SN
P 7P
Ph
74315 7.4.31.-2 (d)-7.4.3.1.-6

34% as an E/Z
isomeric mixture

Scheme 49H/D-scrambling experiment afF-fluoro benzoic acid in the presence of

deuterated acetic acid.
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3JF-D =4.7Hz
F
1.0

D F
0.9- H
e “Y7 Ph

o Ph (d)-(E)(d)-7.4.3.1.6
074 o

0.6+
0.5+

0.4- 003:

0.3

0.2+

0.1+

A e a a AR o  a  AARARANNA
137 1138 1139 <1140 <1141 -1142 1143 -1144 - 1146 1147
Chemical Shift (ppm) 11

45

Figure 4: **F-NMR (H-decoupled) profile ofd)-7.4.3.1.-6 after the H/D-scrambling
experiment in the presence of deuterated acetic B&Z isomeric mixture is

caused by the excess of AbO

F [(p-cym)RuCly], (4 mol%), F
\_CO,H Ph  guanidine carbonate (0.2 eq.), «_H/D
g . |‘| 2-picoline (0.2 eq.) <
o AcOH (1 eq.), PhMe-dg, !
H NS
Ph  120°C, 12 h, N, P
Ph
7431.-5 7.4.31.-2 (d)-7.4.3.1.-6

46%
Scheme 50H/D-scrambling experiment @kfluoro benzoic acid in the presence of

deuterated toluene.
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-113.80 -113.85 -113.90 -113.95 -114.00 -114.05 -114.10 -114.15 -114.20 -114.25 -114.30 -114.35 -114.40 -114.45
Chemical Shift (ppm)

Figure 5: **F-NMR (H-decoupled) profile ofd)-7.4.3.1.-6 after the H/D-scrambling
experiment in the presence of deuterated tolueaesi¢yhal for the F-Bino

coupling was detected.

7.4.3.2. ESI-MS measurements

Me [(p-cym)RuCl2]> (4 mol%), Me

\_CO,H Ph  guanidine carbonate (0.2 eq.), “H
: | | 2-picoline (0.2 eq.) @

AcOH (1 eq.), PhMe,
Ph  25°C-120°C,0h-3h, N,

"7 “Ph
Ph

Scheme 51Standard decarboxylative hydroarylation reacietzup forin situ ESI-MS

experiments.
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Figure 6: ESI-MS measurement of the reaction mixture (f oOm temperature).
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Figure 7. ESI-MS measurement of the reaction mixture (f 22D °C).
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Figure 8: ESI-MS measurement of the reaction mixture (ths 320 °C).

7.4.4. Synthesis of the corresponding vinylarene carbogyliacids via non-

decarboxylative ortho-GH hydroarylation

CO-H R [(P'Cym)RU|2]2, AN COzH
FoL X 2 guanidine carbonate FG_O\/'
! N + || t N N = ,
'AmylOH/H,0, 100 °C, fj/\R
R

H 1
R" 18h, N,

Standard procedure An oven—dried 20 mL vessel was charged with-¢ym)Rub],
(9.8 mg, 0.01 mmol, 2 mol%), guanidine carbonaté nfy, 0.25 mmol, 0.5 eq.) and the
benzoic acid (0.50 mmol). After the vessel was Hadg with 3 alternating vacuum and
nitrogen purge cycles, a degassed mixturéAafylOH (1 mL) and HO (0.1 mL), and the
alkyne (0.75 mmol, 1.5 eq.) was added syringe. The resulting mixture was stirred at
100 °C for 18 h. After the reaction was complebe mixture was allowed to cool to room
temperature. MeCN (2 mL), &O; (1 mmol) and Mel (2.5 mmol) were added and the
mixture was stirred at 50 °C for another 2 h. Thetune was allowed to cool to room
temperature, brine (20 mL) was added and the reguihixture was extracted with ethyl
acetate (3 x 20 mL). The combined organic layersevadeied over MgSQ) filtered, and the
volatiles were removed under reduced pressure. rBselue was purified by column
chromatography (Si§) ethyl acetate/hexane gradient) yielding the hgdrdation products in
the form of its methyl ester.
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7.4.4.1. Synthesis of (Eymethyl-2-methyl-6<1-phenylprop-1-en-2-yl)-benzoate

Me
CO,Me

%\ Ph

Me

[CAS: 1642792-71-9]

The title compound was prepared starting from 2hgikénzoic acid (68.8 mg, 0.5 mmol)
and 1-phenyl-1—propyne (94.3 mg, 0.75 mmol). Tthe tompound was isolated as yellow
liquid (124 mg, 93%).

'H NMR (400 MHz, CDCY): § = 7.37-7.29 (m, 5H), 7.25-7.22 (m, 1H), 7.17-7h2 2H),
6.40 (d,J = 0.8 Hz, 1H), 3.80 (s, 3H), 2.37 (s, 3H), 2.26mpfl, J = 1.2 Hz, 3H)*C NMR
(101 MHz, CDC}): 6 = 170.3 (s), 143.9 (s), 138.1 (s), 137.8 (s), 435), 132.5 (s), 129.2
(s), 129.2 (s), 128.8 (s), 128.7 (s), 128.2 (sh.G4s), 125.3 (s), 52.0 (s), 19.8 (s), 19.7 ppm
(s); IR (ATR): ¥ = 2922, 1727, 1438, 1265, 1098, 1069, 787, 730,089"; MS (El, 70 eV)
m/z (%): 266 (100) [M], 234 (85), 191 (15MRMS (EI-TOF) calcd. for GH1g0::
266.1307; found: 266.1322.

7.4.4.2. Synthesis of (E¥methyl-2-bromo-6—-1-phenylprop-1-en-2-yl)-benzoate

Br
CO,Me

%\ Ph

Me
[CAS: 1914996-24-9]

The title compound was prepared starting from 2rmoenzoic acid (104 mg, 0.5 mmol)
and 1-phenyl-1-propyne (94.3 mg, 0.75 mmol). Tihee ¢dompound was isolated as colorless
solid (111 mg, 67%).

'H NMR (400 MHz, CDCY): § = 7.52 (ddJ = 7.2 Hz, 1.2 Hz, 1H), 7.38 (,= 7.2 Hz, 2H),
7.31-7.27 (m, 5H), 6.48 (s, 1H), 3.86 (s, 3H), 2pf (d,J = 1.2 Hz, 3H);**C NMR
(101 MHz, CDC}): ¢ = 168.3 (s), 145.6 (s), 137.3 (s), 136.5 (s), 634), 131.1 (s), 130.5
(s), 130.4 (s), 128.9 (s), 128.3 (s), 126.91 (85.87 (s), 119.4 (s), 52.5 (s), 19.6 ppm (B);
(ATR): ¥ = 2950, 1729, 1436, 1265, 1117, 1061, 866, 78B.cT%"; MS (El, 70 eV)m/z(%):
331 (82) [M], 329 (78) [M], 300 (65), 299 (100), 298 (65), 297 (93), 191)(HHRMS (El-
TOF) calcd. for GH1sBrO,: 332.0235/330.0255; found: 332.0237/330.0267.: 74-76 °C.

153



Experimental Section

7.4.4.3. Synthesis of (E¥methyl-2-chloro-6—1-phenylprop-1-en-2-yl)-benzoate

Cl
COzMe

1/\ Ph

Me
[CAS: 1914996-27-2]

The title compound was prepared starting from Zsrctlenzoic acid (79.9 mg, 0.5 mmol)
and 1-phenyl-1-propyne (94.3 mg, 0.75 mmol). Tthe tompound was isolated as yellow
solid (95 mg, 66%).

'H NMR (400 MHz, CDC}): d = 7.32—7.26 (m, 4H), 7.24-7.23 (m, 1H), 7.22—7120 1H),
7.19-7.17 (m, 2H), 6.40 (s, 1H), 3.78 (s, 3H), Dpeh (d,J = 1.2 Hz, 3H);**C NMR
(101 MHz, CDCY}): 6 = 167.7 (s), 145.5 (s), 137.3 (s), 136.5 (s), 338), 130.9 (s), 130.4
(s), 130.2 (s), 128.9 (s), 128.3 (s), 127.9 (sh.94s), 126.3 (s), 52.5 (s), 19.5 ppm (B);
(ATR): v = 2952, 1731, 1438, 1263, 1188, 1117, 1063, 987, 754, 698 ciit MS (El,
70 eV) m/z (%): 286 (100) [M], 256 (36), 255 (62), 254 (66), 227 (32), 219 (4091
(40); HRMS (EI-TOF) calcd. for &H1sClO,: 286.0761; found: 286.07667.p.: 73—75 °C.

7.4.4.4. Synthesis of
(E) methyl-2«1—-phenylprop-1-en-2-yl) 6—(trifluoromethyl)benzoate

CFs
©\/002Me
%\ Ph
Me
[CAS: 1914996-28-3]

The title compound was prepared starting from #k(tromethyl)benzoic acid (97 mg,
0.5 mmol) and 1-phenyl-1—propyne (94.3 mg, 0.75 hhnibe title compound was isolated
as yellow liquid (120 mg, 75%).

'H NMR (400 MHz, CDCY): § = 7.64 (ddJ = 8.8 Hz, 4.0 Hz, 1H), 7.57-7.54 (m, 2H), 7.39
(t, J = 7.6 Hz, 2H), 7.32—7.26 (m, 4H), 6.46 (s, 1HB53(s, 3H), 2.22 ppm (d, = 1.2 Hz,
3H); **C NMR (101 MHz, CDCJ): 6 = 167.9 (s), 145.0 (s), 137.2 (s), 136.2 (s), 13d,J =

1 Hz, 1C), 130.9 (d) = 2 Hz, 1C), 130.8 (s), 129.4 (s), 128.8 (s), 328), 127.5 (s), 127.0
(s), 124.6 () = 4 Hz, 1C), 123.44 (d, = 278 Hz, 1C), 52.7 (s), 19.8 ppm (83; (ATR): ¥ =
2952, 1738, 1321, 1168, 1128, 1066, 806, 733, 698 8IS (El, 70 eV)m/z (%): 321 (23)
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[M™], 320 (100), 289 (8), 288 (12), 269 (12), 268 (12§7 (9):HRMS (EI-TOF) calcd. for
C13H15F302: 320.1024; found: 320.1017.

7.4.45. Synthesis of (Eymethyl-2-acetyH6-{1—-phenylprop-1-en-2-yl)-benzoate

Ac
COzMe

1/\ Ph

Me
[CAS: 1914996-32-9]

The title compound was prepared starting from 2ty#flmenzoic acid (82.9 mg, 0.5 mmol)
and 1-phenyl-1-propyne (94.3 mg, 0.75 mmol). Tihee dompound was isolated as colorless
solid (77 mg, 52%).

'H NMR (400 MHz, CDC}): 6 = 77.76 (ddJ = 6.0 Hz, 2.8 Hz, 1H), 7.54-7.49 (m, 2H),
7.40-7.36 (m, 2H), 7.32—-7.31 (m, 2H), 7.29-7.241h), 6.43 (s, 1H), 3.85 (s, 3H), 2.63 (s,
3H), 2.20 ppm (dJ = 1.2 Hz, 3H);**C NMR (101 MHz, CDC}): § = 198.5 (s), 169.8 (s),
144.8 (s), 137.4 (s), 136.21 (s), 136.20 (s), 1804132.3 (s), 130.5 (s), 129.1 (s), 128.9 (s),
128.2 (s), 127.5 (s), 126.8 (s), 52.4 (s), 27.6 19)8 ppm (s)IR (ATR): v = 2953, 1728,
1683, 1443, 1261, 1122, 1072, 800, 761, 702;cMS (El, 70 eV)m/z (%): 294 (8) [M],
263 (30), 262 (100), 247 (39), 219 (46), 191 (2 ,12), 43 (24)HRMS (EI-TOF) calcd.
for C19H1803: 294.1256; found: 294.12786).p.. 95-96 °C.

7.4.4.6. Synthesis of (Exmethyl-2-methoxy-6—<1-phenylprop-1-en-2-yl)-benzoate

OMe
COzMe

1/\ Ph

Me
[CAS: 1914996-34-1]

The title compound was prepared starting from 2hoetbenzoic acid (76.8 mg,
0.5 mmol) and 1-phenyl-1—-propyne (94.3 mg, 0.75 hhribe title compound was isolated
as yellow liquid (101 mg, 71%).

'H NMR (400 MHz, CDCY): § = 7.29-7.27 (m, 2H), 7.26 d,= 2.0 Hz, 1H), 7.23-7.21 (m,

2H), 7.18-7.14 (m,1H), 6.86 (dd,= 7.6 Hz, 0.8 Hz, 1H), 6.79 (d,= 8.0 Hz, 1H), 6.39 (s,

1H), 3.78 (s, 3H), 3.74 (s, 3H), 2.11 ppmJd 1.6 Hz, 3H):*C NMR (101 MHz, CDCY): 6

= 168.5 (s), 156.4 (s), 145.1 (s), 137.7 (s), 133)1130.3 (s), 129.6 (s), 128.9 (s), 128.1 (s),
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126.6 (s), 122.4 (s), 120.1 (s), 109.4 (s), 56)052.2 (s), 19.5 ppm (SR (ATR): v = 2954,
1727, 1573, 1428, 1252, 1102, 1050, 867, 795, 699 MS (El, 70 eV)m/z(%): 283 (20),
281 (100) [M], 267 (20), 251 (56), 250 (39), 223 (35), 221 (FRMS (EI-TOF) calcd. for
Ci1gH1803: 282.1256; found: 282.1257.

7.4.4.7. Synthesis of (Eymethyl-3—«(1-phenylprop-1-en-2-yl)biphenyl-2—-carboxylate

Ph
CO,Me

%\ Ph

Me
[CAS: 1914996-37-4]

The title compound was prepared starting from highe€—carboxylic acid (101 mg,
0.5 mmol) and 1-phenyl-1—propyne (94.3 mg, 0.75 hnibe title compound was isolated
as yellow liquid (155 mg, 94%).

'H NMR (400 MHz, CDCY): § = 7.47 (t,J = 4.0 Hz, 1H), 7.42-7.41 (m, 4H), 7.38-7.36 (m,
3H), 7.34-7.31 (m, 4H), 7.27-7.23 (m, 1H), 6.46 1(8), 3.56 (s, 3H), 2.27 ppm (d,=

1.6 Hz, 3H);™*C NMR (101 MHz, CDC}): 6 = 170.0 (s), 144.2 (s), 140.6 (s), 140.3 (s), 137.
(s), 137.7 (s), 132.2 (s), 129.6 (s), 129.2 (sB.97s), 128.4 (s), 128.3 (s), 128.27 (s), 128.2
(s), 127.5 (s), 127.0 (s), 126.6 (s), 51.9 (s)91mm (s);IR (ATR): v = 2984, 1725, 1436,
1260, 1120, 1068, 869, 759, 7025rMS (El, 70 eV)m/z(%): 328 (61) [M], 297 (24), 296
(28), 281 (24), 207 (62), 44 (100), 40 (4BRMS (EI-TOF) calcd. for GaH»00,: 328.1463;
found: 328.1461.

7.4.4.8. Synthesis of (Eymethyl-2-ethyl-6+1-phenylprop-1-en-2-yl)-benzoate

Et
@\/COZMe
1/\ Ph
Me
[CAS: 1914996-39-6]

The title compound was prepared starting from 2db#énzoic acid (75.1 mg, 0.5 mmol)
and 1-phenyl-1-propyne (94.3 mg, 0.75 mmol). Tthe tompound was isolated as yellow
liquid (127 mg, 91%).

'H NMR (400 MHz, CDCY): 6 = 7.39-7.32 (m, 3H), 7.34-7.31 (m, 2H), 7.27—-T2 (H),
7.21-7.18 (m, 2H), 6.42 (s, 1H), 3.81 (s, 3H), AGL) = 7.6 Hz, 2H), 2.22 (dJ = 1.2 Hz,
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3H), 1.26 ppm (tJ = 7.6 Hz, 3H);**C NMR (101 MHz, CDC}): § = 170.4 (s), 143.9 (s),
141.6 (s), 138.1 (s), 137.8 (s), 132.1 (s), 129s32129.29 (s), 128.9 (s), 128.2 (s), 127.2 (s),
126.6 (s), 125.3 (s), 52.0 (s), 26.8 (s), 19.815)6 ppm (s)IR (ATR): ¥ = 2968, 1726, 1444,
1246, 1076, 729, 698 ¢cMMS (El, 70 eV)m/z (%): 280 (61) [M], 248 (24), 233 (28), 219
(24), 189 (62), 178 (100), 115 (46), 91 (MRMS (EI-TOF) calcd. for GH2¢Oy: 280.1463;
found: 280.1471.

7.4.4.9. Synthesis of
(E) methyl-3-bromo-2-methyl-6{(1—-phenylprop-1-en-2-yl) -benzoate

Me
Br\ﬁ:(cone
1/\ Ph
Me
[CAS: 1914996-41-0]

The title compound was prepared starting from 3rare2—methylbenzoic acid (111 mg,
0.5 mmol) and 1-phenyl-1—-propyne (94.3 mg, 0.75 hhribe title compound was isolated
as colorless liquid (158 mg, 91%).

'H NMR (400 MHz, CDC}): 6 = 7.55 (d,J = 8.0 Hz, 1H), 7.33 () = 7.2 Hz, 2H), 7.27-7.20
(m, 3H), 7.00 (dJ) = 7.2 Hz, 1H), 6.39 (d] = 8.4 Hz, 1H), 6.33 (s, 1H), 3.78 (s, 3H), 2.39 (s
3H), 2.15 ppm (s, 3H);°C NMR (101 MHz, CDCY): 6 = 169.4 (s), 142.9 (s), 137.4 (s), 136.9
(s), 134.7 (s), 134.5 (s), 133.2 (s), 129.8 (s8.84s), 128.2 (s), 126.8 (s), 126.7 (s), 124.0
(s), 52.2 (s), 20.4 (s), 19.6 ppm (83; (ATR): v = 2949, 1728, 1434, 1251, 1153, 1089, 1017,
814, 732, 698 cify MS (El, 70 eV)m/z (%): 346 (100) [M], 344 (99) [M], 314 (63), 313
(45), 312 (53), 233 (57), 206 (53)RMS (EI-TOF) calcd. for &H1sBrO,: 344.0412; found:
344.0418.

7.4.4.10. Synthesis of (E¥Xdimethyl-<4—<1-phenylprop-1-en-2-yl)-sophthalate
MeOZC\C(COZMe
/ﬁ/\Ph
Me
[CAS: 1914996-44-3]

The title compound was prepared starting fromone-methyl isophthalate (92.9 mg,
0.5 mmol) and 1-phenyl-1—-propyne (94.3 mg, 0.75 hhriibe title compound was isolated
as yellow liquid (116 mg, 75%).
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'H NMR (400 MHz, CDCJ): 6 = 8.50 (d,J = 2.0 Hz, 1H), 8.16 (dd] = 8.0 Hz, 1.6 Hz, 1H),
7.44 (d,J = 8.0 Hz, 1H), 7.39-7.38 (m, 4H), 7.30—7.24 (m),16439 (d,J = 1.2 Hz, 1H), 3.96
(s, 3H), 3.89 (s, 3H), 2.23 ppm @z= 1.2 Hz, 3H);"*C NMR (101 MHz, CDCY): § = 167.7
(s), 166.1 (s), 151.3 (s), 138.5 (s), 137.5 (sp.43s), 131.3 (s), 130.1 (s), 129.6 (s), 129.0
(s), 128.81 (s), 128.80 (s), 128.2 (s), 126.858)35 (s), 52.32 (S), 19.8 ppm (B} (ATR): ¥

= 2952, 1722, 1435, 1306, 1235, 1114, 990, 769.0688 MS (EI, 70 eV)m/z(%): 310 (99)
[M*], 279 (49), 278 (100), 251 (82), 219 (82), 207)(291 (35)HRMS (EI-TOF) calcd. for
CigH1504: 310.1205; found: 310.1217.

7.4.4.11. Synthesis of (Eymethyl-2,3-dichloro-6—(1-phenylprop-1-en-2-yl) -benzoate

cl
cl CO,Me

%\ Ph

Me
[CAS: 1914996-46-5]

The title compound was prepared starting from Zgdrobenzoic acid (97.5 mg,
0.5 mmol) and 1-phenyl-1—-propyne (94.3 mg, 0.75 Hhriibe title compound was isolated
as yellow liquid (77 mg, 67%).

'H NMR (400 MHz, CDCY): 6 = 7.46 (dJ = 8.4 Hz, 1H), 7.36-7.233 (m, 2H), 7.27-7.22 (m,
3H), 7.17 (d,J = 8.4 Hz, 1H), 6.45 (s, 1H), 3.83 (s, 3H), 2.15mpd, J = 1.2 Hz, 3H);™*C
NMR (101 MHz, CDCY): 6 = 166.9 (s), 143.5 (s), 137.0 (s), 135.5 (s), 434), 131.7 (s),
130.9 (s), 130.8 (s), 129.3 (s), 128.8 (s), 128)3127.3 (s), 127.1 (s), 52.7 (s), 19.4 ppm (s);
IR (ATR): ¥ = 2951, 1735, 1433, 1243, 1149, 1105, 966, 750,ch0"; MS (El, 70 eV)m/z
(%): 322 (73) [M], 320 (100) [M], 290 (45), 289 (62), 288 (55), 261 (72), 253 (4BRMS
(EI-TOF) calcd. for ¢H14Cl>0,: 320.0371; found: 320.0362.
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7.4.4.12. Synthesis of (Eymethyl-2,4-dimethyl-6<1—phenylprop-1-en-2-yl)-benzoate

Me
CO,Me

Me %\ Ph
Me
[CAS: 1914996-48-7]

The title compound was prepared starting from Zpethylbenzoic acid (76.6 mg,
0.5 mmol) and 1-phenyl-1—propyne (94.3 mg, 0.75 hnibe title compound was isolated
as yellow liquid (124 mg, 88%).

'H NMR (400 MHz, CDCY): 6 = 7.34-7.28 (m, 4H), 7.21-7.18 (m, 1H), 6.94Xd,10.8 Hz,
2H), 6.38 (s, 1H), 3.75 (s, 3H), 2.33 (s, 3H), 2(30 3H), 2.18 ppm (s, 3H)}’C NMR
(101 MHz, CDC}): 6 = 170.3 (s), 144.1 (s), 139.1 (s), 138.2 (s), 83%), 135.5 (s), 129.6
(s), 128.8 (s), 128.77 (s), 128.1 (s), 126.4 (8%.4 (s), 51.8 (s), 21.1 (s), 19.7 (s), 19.6 ppm
(s); IR (ATR): ¥ = 2949, 1724, 1603, 1439, 1264, 1080, 856, 759,089"; MS (El, 70 eV)
m/z(%): 281 (27), 280 (100) [K4, 279. (7), 249 (11), 248 (8), 233 (10), 189 (ARMS (El-
TOF) calcd. for GgH2002: 280.1463; found: 280.1456.

7.4.4.13. Synthesis of (Eymethyl-2-methyl-6—1-phenylbut-1-en-2-yl) -benzoate

Me
CO,Me

%\ Ph

Et
[CAS: 1914996-51-2]

The title compound was prepared starting from 2hgibénzoic acid (68.8 mg, 0.5 mmol)
and 1-butinylbenzene (99.6 mg, 0.75 mmol). The wbmpound was isolated as colorless
liquid (98.3 mg, 70%).

'H NMR (400 MHz, CDC}): 6 = 7.33 (t,J = 7.6 Hz, 2H), 7.27 () = 7.6 Hz, 3H), 7.24-7.20
(m, 1H), 7.14 (tJ = 7.2 Hz, 2H), 6.39 (s, 1H), 3.77 (s, 3H), 2.62Xg 7.2 Hz, 2H), 2.36 (s,
3H), 1.02 ppm (tJ = 7.2 Hz, 3H):"*C NMR (101 MHz, CDC}): § = 170.3 (s), 143.9 (s),
141.9 (s), 137.8 (s), 135.3 (s), 133.4 (s), 129)1X28.9 (s), 128.7 (s), 128. 6 (s), 128.2 (s),
126.6 (s), 125.4 (s), 51.8 (s), 25.4 (s), 19.818)9 ppm (s)IR (ATR): ¥ = 2970, 1726, 1437,
1263, 1105, 1070, 785, 698 ¢mMS (El, 70 eV)m/z (%): 280 (70) [M], 249 (30), 248
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(100), 233 (51), 205 (26), 189 (93), 157 (29RMS (EI-TOF) calcd. for GHz00x:
280.1463; found: 280.1461.

7.4.4.14. Synthesis of (Eymethyl-2-methyl-6{(1—-phenylhex-1-en-2-yl)benzoate
Me
COzMe
j/\ Ph
"Bu

[CAS: 1914996-53-4]

The title compound was prepared starting from 2hgikénzoic acid (68.8 mg, 0.5 mmol)
and 1-phenyl-1-hexin (119 mg, 0.75 mmol). The ttenpound was isolated as yellow
liquid (81 mg, 53%).

'H NMR (400 MHz, CDCY): 6 = 7.35 (t,J = 7.6 Hz, 2H), 7.31-7.28 (m, 2H), 7.26-7.22 (m,
2H), 7.18-7.14 (m, 2H), 6.42 (s, 1H), 3.80 (s, 3B}9 (t,J = 8.0 Hz, 2H), 2.38 (s, 3H),
1.44-1.38 (m, 2H), 1.33-1.27 (m, 2H), 0.85 ppmJ ¢ 8.0 Hz, 3H):**C NMR (101 MHz,
CDCl): 6 = 170.3 (s), 142.8 (s), 142.2 (s), 137.8 (s), 338), 133.3 (s), 129.4 (s), 128.9 (s),
128.7 (s), 128.6 (s), 128.2 (s), 126.6 (s), 125)451.8 (s), 32.1 (s), 30.5 (s), 22.9 (s), 19.8
(s), 13.8 ppm (S)R (ATR): v = 2955, 1728, 1437, 1264, 1109, 1070, 785, 738,088"; MS

(El, 70 eV)m/z (%): 308 (28) [M], 234 (34), 233 (8), 219 (16), 218 (21), 217 (10185
(48); HRMS (EI-TOF) calcd. for @H»40,: 308.1776; found: 308.1779.

7.4.4.15. Synthesis of
(Z2) methyl-2«3-methoxy-1—phenylprop-1-en-2-yl) -6-methylbenzoate
Me
COzMe
A ph
OMe

[CAS: 1914996-55-6]

The title compound was prepared starting from 2hgikénzoic acid (68.8 mg, 0.5 mmol)
and (3—-methoxyprop—1-ynyl)-benzene (110 mg, 0.7®Pamrlhe title compound was
isolated as yellow liquid (123 mg, 83%).

'H NMR (400 MHz, CDCJ): 6 = 7.41-7.35 (m, 4H), 7.32—7.29 (m, 3H), 7.20—7rh7 1H),
6.71 (s, 1H), 4.29 (s, 2H), 3.83 (s, 3H), 3.343(8), 2.40 ppm (s, 3H)-*C NMR (101 MHz,

CDCly): § = 170.3 (s), 140.8 (s), 138.3 (s), 136.6 (s), 338), 133.9 (s), 132.8 (s), 129.14 (s),
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129.13 (s), 128.9 (s), 128.3 (s), 127.4 (s), 126)271.3 (s), 58.4 (s), 52.0 (s), 19.9 ppm (s);
IR (ATR): v = 2934, 2225, 1724, 1443, 1266, 1070, 757, 706: 8 (El, 70 eV)m/z (%):
264 (100) [M—OMe], 249 (88), 237 (68), 234 (68), 221 (66), 15%), 162 (90)HRMS (El-
TOF) calcd. for GoH2¢03: 296.1412; found: 296.1416.

7.4.4.16. Synthesis of
(E) methyl-2<5-hydroxy-1-phenylpentl-en-2-yl) -6 ——benzoate

Me

C[cozme
/\;:Ph

OH

[CAS: 1914996-58-9]

The title compound was prepared starting from 2hgibénzoic acid (68.8 mg, 0.5 mmol)
and 5—phenylpent—-4—yn-1-ol (120 mg, 0.75 mmol). Tile compound was isolated as
colorless liquid (103 mg, 66%).

'H NMR (400 MHz, CDC)): 6 = 7.33 (t,J = 7.6 Hz, 2H), 7.29-6.20 (m, 4H), 7.14 Jt=

7.6 Hz, 2H), 6.44 (s, 1H), 3.79 (s, 3H), 3.53)(t 5.6 Hz, 2H), 2.66 (1) = 8.0 Hz, 2H), 2.35
(s, 3H), 1.68-1.61 ppm (m, 2H}}C NMR (101 MHz, CDC}): § = 170.4 (s), 141.8 (s), 141.7
(s), 137.6 (s), 135.4 (s), 133.3 (s), 130.1 (s9.0Zs), 128.9 (s), 128.6 (s), 128.3 (s), 126.7
(s), 125.3 (s), 62.6 (s), 51.9 (s), 31.3 (s), 48)419.8 ppm ()R (ATR): v = 3391, 2949,
1725, 1439, 1265, 1069, 920, 787, 698'ciS (El, 70 eV)m/z (%): 311 (100) [M], 278
(88), 234 (68), 189 (68), 115 (66), 91 (SHRMS (EI-TOF) calcd. for GH2:0s: 310.1569;
found: 310.1570.

7.4.4.17. Synthesis of (Eymethyl-2—<1,2-diphenylvinyl)-6-benzoate

Me
COzMe

1/\ Ph

Ph
[CAS: 1914996-60-3]

The title compound was prepared starting from 2hgikénzoic acid (68.8 mg, 0.5 mmol)
and diphenylacetylene (90 mg, 0.5 mmol). The tdenpound was isolated as colorless solid
(162 mg, 99%).
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'H NMR (400 MHz, DMSO-g): 6 = 7.35-7.24 (m, 5H), 7.17-7.13 (m, 3H), 7.10-7(09
2H), 7.06-7.01 (m, 3H), 6.58 (s, 1H), 3.52 (s, 3MR7 ppm (s, 3H)**C NMR (101 MHz,
DMSO-as): 6 = 169.2 (s), 142.0 (s), 141.4 (s), 139.5 (s), 636), 134.8 (s), 133.2 (s), 129.8
(s), 129.7 (s), 129.30 (s), 129.28 (s), 129.018R.4 (s), 128.1 (s), 127.6 (s), 127.1 (s), 127.1
(s) 51.8 (s), 19.3 ppm (SR (ATR): ¥ = 2950, 1720, 1443, 1263, 1109, 1066, 918, 769,
696 cm'; MS (El, 70 eV)m/z (%): 328 (82) [M], 295 (78), 269 (65), 252 (100), 165 (65),
126 (93), 105 (64), 77 (23RMS (EI-TOF) calcd. for @H00»: 328.1463; found:
328.1450m.p.: 104-105 °C.

7.4.5. Synthesis of the corresponding  y-alkylidene-d-Hactones via
ortho-C—H hydroarylation followed by in situ esterificationwith propargylic

alcohols

o] H\_\.O R [(p-cym)Rulzl, o

- ¥ ' guanidine carbonate, .- —\ﬂ)l,_’o

/-~) /OH o
FG- ' ||, s || A FGno

Sy TR

{AmylOH, 100 °C,
(Het)-Ar 18 h, N,
(Het)-Ar

Standard procedure An oven—dried 20 mL vessel was charged with—¢ym)Rub].
(9.8 mg, 0.01 mmol, 2 mol%), guanidine carbonatny, 0.25 mmol, 0.5 eq.) and the acid
(0.50 mmol). After the vessel was flushed with 8emdating vacuum and nitrogen purge
cycles, degasse®mylOH (1 mL), AcOH (28.9 pL, 0.5 mmol, 1 eq.) atide propargylic
alcohol (0.75 mmol, 1.5 eq.) was added syringe. The resulting mixture was stirred at
100 °C for 18 h. After the reaction was complele mixture was allowed to cool to room
temperature. Brine (20 mL) was added and the iiaguthixture was extracted with ethyl
acetate (3 x 20 mL). The combined organic layereevagied over MgSgQ) filtered, and the
volatiles were removed under reduced pressure. rEselue was purified by column
chromatography (Si§) ethyl acetate/hexane gradient) vyielding the poeding

isochromanones.
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7.4.5.1. Synthesis of (Z)-4—benzylideneisochroman-1-one

%,
/ f

Ph
[CAS: 90992-13-5]

The title compound was prepared starting from bienaoid (123 mg, 1.0 mmol) and 3-
phenyl-2—propyn—1-ol (198 mg, 1.5 mmol). The titenpound was isolated as yellow solid
(212 mg, 89%).

'H NMR (400 MHz, CDC)): ¢ = 8.13 (dd,) = 7.6 Hz, 0.4 Hz, 1H), 7.67-7.60 (m, 2H), 7.47—
7.39 (m, 3H), 7.36-7.32 (m, 1H), 7.23Jtz 4.8 Hz, 3H), 5.29 ppm (d,= 1.2 Hz, 2H);**C
NMR (101 MHz, CDCY): 0 = 164.1 (s), 138.2 (s), 135.0 (s), 133.9 (s), 238), 129.7 (s),
129.1 (s), 128.7 (s), 128.5 (s), 128.2 (s), 128)7 123.4 (s), 123.3 (s), 66.9 ppm (B}
(ATR): ¥ = 1709, 1600, 1270, 1091, 890, 704, 684'tMS (EI, 70 eV)m/z (%): 236 (100)
[M™], 207 (85), 178 (15), 105 (45), 76 (2BRMS (EI-TOF) calcd. for GH1.0,: 236.0837;
found: 236.0832m.p.: 122-123 °C.

7.4.5.2. Synthesis of (Z)-N—(4—benzylidene—1—oxoisochroman#AB-acetamide

Ph
[CAS: 1914996-65-8]

The title compound was prepared starting from 4taaciglobenzoic acid (90.5 mg,
0.5 mmol) and 3-phenyl-2—propyn-1-ol (99 mg, O.7ath. The title compound was

isolated as colorless solid (93.3 mg, 64%).

'H NMR (400 MHz, CDCY): 6 = 8.23 (d,J = 0.8 Hz, 1H), 8.20 (s, 1H), 8.06 (@= 8.4 Hz,
1H), 7.44-7.34 (m, 4H), 7.19 (d,= 7.2 Hz, 2H), 5.29 (d] = 1.2 Hz, 2H), 2.26 ppm (s, 3H);
13C NMR (101 MHz, CDCY): § = 169.2 (s), 164.4 (s), 143.5 (s), 139.9 (s), A35), 131.6
(s), 130.6 (s), 129.2 (s), 128.6 (), 128.4 (sY.8%s), 119.5 (s), 118.6 (s), 113.3 (s), 67.2 (S),
24.8 ppm (s)IR (ATR): # = 3296, 1706, 1680, 1586, 1538, 1368, 1262, 11004, 777,
694 cnit; MS (El, 70 eV)m/z (%): 293 (100) [M], 164 (85), 222 (15), 194 (45), 165 (27),
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105 (13);HRMS (EI-TOF) calcd. for gH1sNOs: 293.1052; found: 293.1048).p.: 196—
197 °C.

7.4.5.3. Synthesis of (Z)-4—benzylidene—6—tert—butylisochesrml—one

Ph

[CAS: 1914996-67-0]

The title compound was prepared starting fromted—butylbenzoic acid (90 mg,
0.5 mmol) and 3-phenyl-2—propyn-1-ol (99 mg, O.7Bot)h. The title compound was
isolated as yellow solid (111 mg, 76%).

'H NMR (400 MHz, CDC}): 6 = 8.09 (d,J = 8.0 Hz, 1H), 7.67 (d] = 1.6 Hz, 1H), 7.54 (dd,
J=8.0 Hz, 1.6 Hz, 1H), 7.44 (,= 7.2 Hz, 2H), 7.39-7.35 (m, 1H), 7.27Jt 7.2 Hz, 3H),
5.31 (d,J = 1.2 Hz, 2H), 1.41 ppm (s, 9HYC NMR (101 MHz, CDC}): 6 = 164.4 (s), 157.9
(s), 138.1 (s), 135.2 (s), 130.2 (s), 129.4 (s9.22s), 128.60 (s), 128.58 (s), 128.3 (s), 126.5
(s), 120.9 (s), 120.0 (s), 67.1 (s), 35.4 (s), 3p (s);IR (ATR): v = 2963, 1711, 1601,
1247, 1094, 1006, 698 cMMS (El, 70 eV)m/z (%): 263 (100) [M-2CH;], 231 (76), 203
(68), 101 (45)HRMS (EI-TOF) calcd. for gH200,: 292.1463; found: 292.1478).p.: 127—
129 °C.

7.4.5.4. Synthesis of (Z2)-4-benzylidene—6—(trifluoromethoxy}-one

Ph
[CAS: 1914996-70-5]

The title compound was prepared starting from #hk(tromethoxy)—benzoic acid
(107 mg, 0.5 mmol) and 3—phenyl-2—propyn—-1—ol (20 675 mmol). The title compound

was isolated as colorless solid (125 mg, 78%).

'H NMR (400 MHz, CDCJ): 6 = 8.23 (d,J = 8.8 Hz, 1H), 7.49-7.44 (m, 3H), 7.42—7.38 (m,
1H), 7.33-7.29 (m, 2H), 7.26-7.25 (m, 2H), 5.35 pfunJ = 1.2 Hz, 2H);**C NMR
(101 MHz, CDC}): 6 = 163.1 (s), 153.3 (d] = 1.8 Hz, 1C), 140.7 (s), 134.6 (s), 132.97 (s),
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131.5 (s), 129.3 (s), 128.8 (s), 128.76 (s), 126s91121.8 (s), 120.7 (s), 119.8 (s 89 Hz,
1C), 115.0 (s), 67.1 ppm (4R (ATR): ¥ = 3053, 1708, 1211, 1162, 1007, 886, 773, 703 cm
1 MS (El, 70 eV)m/z (%): 320 (100) [M], 291 (76), 214 (68), 165 (45), 105 (2HRMS
(EI-TOF) calcd. for €H11F303: 320.0660; found: 320.06681.p.: 147-148 °C.

7.4.5.5. Synthesis of (Z)-4-benzylidene—6—methoxyisochrontarene

Ph
[CAS: 1914996-72-7]

The title compound was prepared starting from 4hmetbenzoic acid (152 mg,
1.0 mmol) and 3-phenyl-2—propyn—1-ol (198 mg, 1ndaf). The title compound was
isolated as yellow solid (216 mg, 81%).

'H NMR (400 MHz, CDCJ): 6 = 8.06 (d,J = 8.8 Hz, 1H), 7.43-7.39 (m, 2H), 7.36—7.32 (m,
1H), 7.24-7.21 (m, 3H), 7.08 (d= 2.4 Hz, 1H), 6.95 (dd} = 8.4 Hz, 2.4 Hz, 1H), 5.25 (d,

= 1.2 Hz, 2H), 3.90 ppm (s, 3HY)C NMR (101 MHz, CDC}): 6 = 164.0 (s), 163.9 (s), 140.2
(s), 134.9 (s), 132.4 (s), 129.6 (s), 129.0 (sB.44s), 128.2 (s), 128.1 (s), 116.1 (s), 115.1
(s), 107.4 (s), 66.8 (s), 55.5 ppm (B}, (ATR): v = 2848, 1700, 1596, 1341, 1260, 1226,
1103, 993, 869, 694 clm MS (El, 70 eV) m/z (%): 266 (100) [M], 237 (76), 165
(45); HRMS (EI-TOF) calcd. for ¢H1403: 266.0943; found: 266.0948).p.: 115-117 °C.

7.4.5.6. Synthesis of (Z)-4—-benzylidene—6—-iodoisochroman-+ie-o

Ios;

| //

f
Ph

[CAS: 1914996-74-9]

The title compound was prepared starting from 4el@hzoic acid (253 mg, 1.0 mmol)
and 3-phenyl-2—propyn-1-ol (198 mg, 1.5 mmol). Tile compound was isolated as
colorless solid (218 mg, 60%).

'H NMR (400 MHz, CDCJ): 6 = 8.05 (d,J = 0.8 Hz, 1H), 7.85-7.80 (m, 2H), 7.46—7.36 (m,
3H), 7.24 (tJ = 7.2 Hz, 3H), 5.30 ppm (d,= 1.2 Hz, 2H)*C NMR (101 MHz, CDCY): §
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= 163.7 (s), 139.6 (s), 137.9 (s), 134.6 (s), 138)5131.5 (s), 131.0 (s), 129.1 (s), 128.6 (S),
128.6 (s), 126.4 (s), 122.6 (s), 102.1 (s), 6618 f§);IR (ATR): % = 1702, 1582, 1247, 1009,
773, 751, 697, 679 ¢l MS (EI, 70 eV)m/z (%): 361 (100) [M], 333 (76), 178 (45), 127
(33), 105 (15)HRMS (EI~TOF) calcd. for GH110,: 361.9804; found: 361.980Tn.p.
169-170 °C.

7.4.5.7. Synthesis of (Z)-4—benzylidene—8—methylisochromaretie

/
p'e)

/
/.
Al

Ph
[CAS: 1914996-77-2]

The title compound was prepared starting from 2hgikénzoic acid (68.8 mg, 0.5 mmol)
and 3—-phenyl-2—propyn-1-ol (99 mg, 0.75 mmol). Tile compound was isolated as
yellow solid (103 mg, 82%).

'H NMR (400 MHz, CDCY): § = 7.50-7.48 (m, 2H), 7.45-7.40 (m, 2H), 7.38-7184 1H),
7.31-7.29 (m, 1H), 7.25-7.23 (m, 3H), 5.20Jd; 1.2 Hz, 2H), 2.74 ppm (d,= 0.8 Hz, 3H);
13C NMR (101 MHz, CDCY): § = 163.5 (s), 142.9 (s), 139.9 (s), 135.2 (s), 938), 132.3
(s), 129.6 (s), 129.2 (s), 129.0 (s), 128.5 (s8.1%s), 122.0 (s), 121.9 (s), 66.1 (s), 22.4 ppm
(s); IR (ATR): v = 1704, 1593, 1470, 1257, 1074, 989, 779, 69%;dwS (El, 70 eV)m/z
(%): 250 (23) [M], 232 (85), 178 (74), 115 (100), 89 (2HRMS (EI-TOF) calcd. for
C17H1402: 250.0994; found: 250.10167.p.: 111-112 °C.

7.4.5.8. Synthesis of (Z)-4—-benzylidene—8—chloroisochromaneiie

%
Ph

[CAS: 1914996-80-7]

The title compound was prepared starting from 4el@hzoic acid (160 mg, 1.0 mmol)
and 3—-phenyl-2—propyn-1-ol (198 mg, 1.5 mmol). Tile compound was isolated as
yellow solid (189 mg, 70%).
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'H NMR (400 MHz, CDC}): = 7.56—7.50 (m, 3H), 7.45-7.41 (m, 2H), 7.38—71185 1H),
7.28 (s, 1H), 7.23 (d] = 7.2 Hz, 2H), 5.18 ppm (d, = 0.8 Hz, 2H):**C NMR (101 MHz,
CDCly): 6 = 160.7 (s), 141.6 (s), 136.7 (s), 134.7 (s), 338), 132.0 (s), 131.3 (s), 129.1 (s),
128.6 (s), 128.5 (s), 128.1 (s), 122.8 (s), 121(3%866.1 ppm (S)R (ATR): v = 1717, 1588,
1220, 1110, 1066, 1007, 796, 703tnVS (El, 70 eV)m/z (%): 270 (100) [M], 241 (76),
207 (45), 178 (33), 151 (15), 105 (1B)RMS (EI-TOF) calcd. for @H:.CIO,:
270.0448/272.0423; found: 270.0423/272.048%.: 159-160 °C.

7.4.5.9. Synthesis of (Z2)-8-acetyl-4—benzylideneisochromare+ie

,
h'e)

,
,
"l

Ph
[CAS: 1914996-82-9]

The title compound was prepared starting from 2ty#lmenzoic acid (166 mg, 1.0 mmol)
and 3-phenyl-2—propyn-1-ol (198 mg, 1.5 mmol). Tile compound was isolated as
yellow solid (189 mg, 68%).

'H NMR (400 MHz, CDC}): = 7.74-7.66 (m, 2H), 7.46—7.36 (m, 3H), 7.33—1124 4H),
5.31 (d,J = 1.5 Hz, 2H), 2.57 ppm (s, 3HYC NMR (101 MHz, CDC}): § = 204.0 (s), 162.9
(s), 146.0 (s), 139.2 (s), 134.74 (s), 133.9 (8).4 (s), 129.1 (s), 128.7 (s), 128.6 (s), 127.3
(s), 126.0 (s), 124.4 (s), 120.2 (s), 66. 8 (s)83Pm (s)]R (ATR): v = 1695, 1580, 1359,
1266, 1116, 1067, 752, 695 ¢mMS (El, 70 eV)m/z (%): 278 (100) [M], 178 (33), 151
(15), 105 (10)HRMS (EI-TOF) calcd. for @H1403: 278.0943; found: 278.0936).p.: 167—
168 °C.

7.4.5.10. Synthesis of (Z2)-4—benzylidene—8—methoxyisochroniarene

OMe O
h'e)

,
,
"l

Ph
[CAS: 1914996-85-2]

The title compound was prepared starting from 2hmetbenzoic acid (154 mg,
1.0 mmol) and 3-phenyl-2—propyn—-1-ol (198 mg, 1ndaf). The title compound was

isolated as colorless solid (207 mg, 78%).
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'H NMR (400 MHz, CDCY): § = 7.47 (d,J = 8.0 Hz, 1H), 7.35-7.22 (m, 3H), 7.19-7.10 (m,
4H), 6.92 (d,J = 8.4 Hz, 1H), 5.05 (d) = 0.8 Hz, 2H), 3.87 ppm (s, 3H}*C NMR
(101 MHz, CDC}): 6 = 161.0 (s), 160.8 (s), 141.0 (s), 134.8 (s), 338), 129.9 (s), 128.8
(s), 128.7 (s), 128.2 (s), 127.9 (s), 115.6 (s}.8Xs), 111.7 (s), 65.7 (s), 55.9 ppm (B);
(ATR): v = 2838, 1717, 1577, 1466, 1256, 1212, 1063, 982, 876, 692 cit MS (El,

70 eV) m/z (%): 266 (100) [M], 237 (76), 165 (45), 115 (30), 76 (2B)RMS (EI-TOF)
calcd. for G/H1403: 266.0943; found: 266.094fn.p.: 129-130 °C.

7.4.5.11. Synthesis of (Z)-4—benzylidene—8—phenylisochromaretie

,
h'e)

,
,
"l

Ph
[CAS: 1914996-87-4]

The title compound was prepared starting from 2hémylcarboxylic acid (198 mg,
1.0 mmol) and 3-phenyl-2—propyn—1-ol (198 mg, 1ndaf). The title compound was
isolated as yellow solid (162 mg, 52%).

'H NMR (400 MHz, CDCY): § = 7.71-7.64 (m, 2H), 7.50-7.41 (m, 9H), 7.37 ), I7.32—
7.30 (m, 2H), 5.31 ppm (dl = 1.2 Hz, 2H):**C NMR (101 MHz, CDC}): § = 162.6 (s),
145.7 (s), 141.1 (s), 140.1 (s), 135.0 (s), 138)7 131.9 (s), 130.4 (s), 129.0 (s), 128.5 (s),
128.3 (s), 128.2 (s), 127.9 (s), 127.2 (s), 128)9 121.8 (s), 66.1 ppm (IR (ATR): ¥ =
1716, 1573, 1466, 1252, 1220, 1107, 994, 752, 695 84S (El, 70 eV)m/z (%): 312 (66)
[M*], 294 (100), 265 (45), 178 (30), 105 (2BRMS (EI-TOF) calcd. for GH10:
312.1150; found: 312.1125).p.; 184-185 °C.

7.4.5.12. Synthesis of (Z)-methyl-4—benzylidene—1-oxoisochaor—carboxylate

Ph
[CAS: 1914996-90-9]

The title compound was prepared starting fromone-methyl isophthalate (186 mg,
1.0 mmol) and 3-phenyl-2—propyn—1-ol (198 mg, 1ndaf). The title compound was

isolated as colorless solid (256 mg, 87%).
168



Experimental Section

'H NMR (400 MHz, CDCJ): 6 = 8.61 (d,J = 1.2 Hz, 1H), 8.11 (dd] = 8.4 Hz, 2.0 Hz, 1H),
7.60 (d,J = 8.0 Hz, 1H), 7.33-7.29 (m, 2H), 7.27—7.23 (m),2H12 (d,J = 6.8 Hz, 2H), 5.20
(d, J = 1.6 Hz, 2H), 3.80 ppm (s, 3HC NMR (101 MHz, CDCY): § = 164.4 (s), 159.7 (s),
138.7 (s), 134.0 (s), 130.7 (s), 130.3 (s), 128)6128.6 (s), 127.7 (s), 126.2 (s), 123.4 (s),
123.2 (s), 114.1 (s), 67.2 (s), 55.3 ppm (B);(ATR): # = 2960, 1730, 1712, 1605, 1428,
1305, 1218, 1091, 767, 688 ¢mMS (EI, 70 eV)m/z (%): 294 (66) [M], 265 (100), 178
(45), 152 (30), 105 (25HRMS (EI-TOF) calcd. for GH1O4: 294.0892; found: 294.0903;
m.p.: 115-117 °C.

7.4.5.13. Synthesis of (Z)-4—benzylidene—7—phenylisochromaretie

o)

Ph /.
CLS
If

Ph
[CAS: 1914996-93-2]

The title compound was prepared starting from highe8—carboxylic acid (198 mg,
1.0 mmol) and 3-phenyl-2—propyn—1-ol (198 mg, 1ndaf). The title compound was
isolated as yellow solid (154 mg, 49%).

'H NMR (400 MHz, CDCJ): 6 = 8.43 (d,J = 2.0 Hz, 1H), 7.92 (ddl = 8.0 Hz, 2.0 Hz, 1H),
7.78 (d,J = 8.4 Hz, 1H), 7.70-7.67 (m, 2H), 7.52—7.44 (m),4H44-7.37 (m, 4H), 7.33 (s,
1H), 7.28-7.27 (m, 2H), 5.38 ppm (d,= 1.2 Hz, 2H);**C NMR (101 MHz, CDC})): §
=164.3 (s), 141.8 (s), 139.1 (s), 137.1 (s), 185)2132.5 (s), 129.7 (s), 129.2 (s), 129.0 (s),
128.7 (s), 128.6 (s), 128.4 (s), 128.1 (s), 12%8)7 126.9 (s), 124.1 (s), 123.8 (s), 67.2 ppm
(s); IR (ATR): ¥ = 3031, 1713, 1449, 1221, 1096, 1004, 831, 763,089"; MS (El, 70 eV)
m/z(%): 312 (65) [M], 294 (100), 265 (55), 178 (30), 105 (2BRMS (EI-TOF) calcd. for
CooH160,: 312.1150; found: 312.1136.p.: 185-186 °C.
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7.4.5.14. Synthesis of (Z)—-4-benzylidene—7-bromoisochromaresie-

o)

B /L
r\©\)l, (0]
/ f

Ph
[CAS: 1914996-96-5]

The title compound was prepared starting from 3mmtoenzoic acid (205 mg, 1.0 mmol)
and 3-phenyl-2—propyn-1-ol (198 mg, 1.5 mmol). Tile compound was isolated as
colorless solid (239 mg, 76%).

'H NMR (400 MHz, CDCJ): 6 = 8.31 (d,J = 2.0 Hz, 1H), 7.77 (dd] = 8.4 Hz, 2.0 Hz, 1H),
7.57 (d,J = 8.4 Hz, 1H), 7.48-7.37 (m, 3H), 7.29 (s, 1HR57(d,J = 7.6 Hz, 2H), 5.34 ppm
(d, J = 1.2 Hz, 2H);**C NMR (101 MHz, CDCJ): 6 = 163.0 (s), 137.2 (s), 137.0 (s), 134.8
(s), 133.1 (s), 130.6 (s), 129.2 (s), 128.7 (sB.82s), 127.0 (s), 125.2 (s), 124.9 (s), 122.9
(s), 67.1 ppm (SR (ATR): # = 2924, 1713, 1590, 1422, 1233, 1093, 1007, 821 i
(El, 70 eV)m/z(%): 314 (65) [M], 269 (100), 207 (55), 178 (30), 152 (25), 105)(HRMS
(EI-TOF) calcd. for GsH1:BrO,: 313.9942/315.9924; found: 313.9934/315.990f).; 140—
141 °C.

7.4.5.15. Synthesis of (Z)-4—-benzylidene—6—methoxy—7—nitrolsoman—-1-one

MeO /f
Ph

[CAS: 1914996-99-8]

The title compound was prepared starting from 4hmet—3—nitrobenzoic acid (201 mg,
1.0 mmol) and 3-phenyl-2—propyn—1—-ol (198 mg, 1nsaf). The title compound was
isolated as yellow solid (139 mg, 45%).

'H NMR (400 MHz, CDCJ): & = 8.58 (s, 1H), 7.50-7.38 (m, 4H), 7.30~7.24 (ir),3.33
(d,J = 1.2 Hz, 2H), 4.11 ppm (s, 3HC NMR (101 MHz, CDCY): § = 162.2 (s), 156.6 (s),
144.0 (s), 139.6 (s), 134.2 (s), 133.4 (s), 129)3129.2 (s), 128.8 (s), 128.4 (s), 126.5 (S),
115.9 (s), 107.5 (s), 66.9 (s), 57.0 ppm (B);(ATR): # = 2929, 1705, 1603, 1520, 1294,
1237, 1026, 691 cih) MS (EI, 70 eV)m/z(%): 311 (100) [M], 282 (76), 235 (55), 178 (30),
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105 (13);HRMS (EI-TOF) calcd. for @H1sNOs: 311.0794; found: 311.0807.p.; 161—
163 °C.

7.4.5.16. Synthesis of (Z2)-4—benzylidene—6—fluoro—8—methydtsmman—1—-one

Ph
[CAS: 1914997-02-6]

The title compound was prepared starting from &ffiu2—methylbenzoic acid (156 mg,
1.0 mmol) and 3-phenyl-2—propyn—1—-ol (198 mg, 1nsaf). The title compound was

isolated as colorless solid (220 mg, 82%).

'H NMR (400 MHz, CDCY): 6 = 7.45-7.35 (m, 3H), 7.25-7.22 (m, 3H), 7.16 (/d,9.6 Hz,
2.4 Hz, 1H), 6.99 (dd] = 9.6 Hz, 2.0 Hz, 1H), 5.19 (d,= 1.2 Hz, 2H), 2.72 ppm (s, 3HYC
NMR (101 MHz, CDCY): 6 = 165.9 (s), 163.3 (s), 162.8 (s), 147.1J¢ 7 Hz, 1C), 142.7
(d,J =9 Hz, 1C), 134.8 (s), 130.8 (s), 129.1 (s), 28s), 128.58 (s), 128.4 (s), 119.3 ¢
21 Hz, 1C), 118.6 (dJ = 3 Hz, 1C), 108.5 (d) = 22 Hz, 1C), 66.0 (s), 22.8 ppm ($R
(ATR): v = 2342, 1704, 1585, 1495, 1239, 1093, 881, 750,088"; MS (El, 70 eV)m/z(%):
268 (100) [M], 239 (76), 196 (55), 133 (30), 107 (1BRMS (EI-TOF) calcd. for
C17H14FOs: 268.0900; found: 268.0886).p.: 153—155 °C.

7.4.5.17. Synthesis of (Z)-4—-benzylidene—3—methylisochromareiie

0
CL
O
Ph
[CAS: 334872-10-5]
The title compound was prepared starting from benaoid (61.7 mg, 0.5 mmol) and 4—

phenylbut—-3—-yn—-2—ol (113 mg, 0.75 mmol). The titbenpound was isolated as yellow solid
(75.3 mg, 60%).

'H NMR (400 MHz, CDCJ): 6 = 8.16 (d,J = 8.0 Hz, 1H), 7.68—7.67 (m, 2H), 7.52—7.42 (m,
3H), 7.40-7.36 (m, 1H), 7.30-7.27 (m, 2H), 7.141¢d), 5.75 (qJ = 6.8 Hz, 1H), 1.64 ppm
(d, J = 6.8 Hz, 3H);**C NMR (101 MHz, CDCY): § = 163.7 (s), 137.3 (s), 135.2 (s), 134.2
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(s), 132.9 (s), 130.0 (s), 129.0 (s), 128.8 (sB.12s), 128.2 (s), 124.4 (s), 123.6 (s), 73.9 (S),
21.8 ppm (s)JR (ATR): ¥ = 2980, 1705, 1599, 1372, 1238, 1094, 1043, 938, 701 crif;

MS (El, 70 eV)m/z (%): 250 (23) [M], 207 (85), 178 (74), 152 (100), 77 (2HRMS (El-
TOF) calcd. for GH1402: 250.0994; found: 250.0996.p.: 160-162 °C.

7.4.5.18. Synthesis of (Z)-4—(4—fluorobenzylidene)—isochromdrone

,
"0
Y
/

F
[CAS: 1914997-05-9]

The title compound was prepared starting from benaoid (61.7 mg, 0.5 mmol) and 3—
(4—fluorophenyl)—prop—2—-yn—1—ol (113 mg, 0.75 mmadhe title compound was isolated as
yellow solid (71 mg, 56%).

'H NMR (400 MHz, CDCY): § = 8.17 (d,J = 8.0 Hz, 1H), 7.68-7.66 (m, 2H), 7.53-7.48 (m,
1H), 7.25-7.22 (m, 3H), 7.16-7.12 (m, 2H), 5.30 psm2H);*C NMR (101 MHz, CDCY):

0 =164.1 (s), 163.7 (s), 161.2 (s), 138.2 (s), 134), 131.2 (dJ = 4 Hz, 1C), 130.9 (d] =

8 Hz, 1C), 130.4 (s), 129.0 (s), 128.6 (s), 128€)1 123.4 (s), 115.7 (dl = 21 Hz, 1C),
66.9 ppm (s)IR (ATR): # = 1709, 1596, 1505, 1224, 1099, 873, 759-cMS (El, 70 eV)
m/z(%): 254 (100) [M], 225 (85), 196 (74), 145 (75), 102 (45)RMS (EI-TOF) calcd. for
CieH11FO,: 254.0739; found: 254.0748).p.; 139141 °C.

7.4.5.19. Synthesis of (Z)—-4—(4—methoxybenzylidene)—isochrarib-one

o]

,
h'e)
y
/

OMe

[CAS: 1914997-08-2]

The title compound was prepared starting from benaoid (61.7 mg, 0.5 mmol) and 3—
(4—methoxyphenyl)—prop—2-yn—1—ol (122 mg, 0.75 mmbhe title compound was isolated
as yellow solid (104 mg, 78%).
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'H NMR (400 MHz, CDCJ): 6 = 8.80 (d,J = 8.0 Hz, 1.6 Hz, 1H), 8.29 (dd,= 1.6 Hz, 1H),
7.76 (d,J = 8.4 Hz, 1H), 7.47—7.44 (m, 2H), 7.41-7.38 (m),2H26 (dJ = 7.6 Hz, 2H), 5.35
(d,J = 1.2 Hz, 2H), 3.96 ppm (s, 3HIC NMR (101 MHz, CDC}): 6 = 164.4 (s), 159.7 (s),
138.7 (s), 134.0 (s), 130.7 (s), 130.3 (s), 129)6128.6 (s), 127.8 (s), 126.3 (s), 123.4 (s),
123.2 (s), 114.1 (s), 67.2 (s), 55.4 ppm (B);(ATR): # = 2840, 1711, 1599, 1510, 1256,
1234, 1092, 985, 828, 756, 687 tnMS (EI, 70 eV)m/z(%): 266 (100) [M], 237 (72), 219
(82), 165 (39), 108 (45), 69 (28RMS (EI-TOF) calcd. for §H140s: 266.0943; found:
266.0943m.p.: 118-119 °C.

7.4.5.20. Synthesis of (Z)-5-benzylidene—3—methyl-5,6—dihy@td—pyran—2—one

(0]
M )
e o

a4

'I

Ph

The title compound was prepared starting from nwthia acid (86.1 mg, 1.0 mmol) and
3—phenyl-2—propyn-1-ol (198 mg, 1.5 mmol). Thesttbmpound was isolated as yellow
solid (124 mg, 62%).

'H NMR (400 MHz, CDCY): § = 7.41-7.37 (m, 2H), 7.33-7.29 (m, 1H), 7.15Xd, 7.6 Hz,
2H), 6.92-6.91 (m, 1H), 6.62 (s, 1H), 5.33 Jd; 2.0 Hz, 2H), 2.02 ppm (s, 3HY’C NMR
(101 MHz, CDCY): 0 = 164.4 (s), 141.4 (s), 134.9 (s), 132.0 (s), 928), 128.86 (s), 128.7
(s), 128.3 (s), 125.9 (s), 67.8 (s), 17.2 ppmIB)(ATR): v = 1701, 1451, 1212, 1114, 1042,
929, 761, 698 cili MS (El, 70 eV) m/z (%): 200 (100) [M], 171 (76), 128 (55), 105
(13); HRMS (EI-TOF) calcd. for gH1,0,: 200.0837; found: 200.085M.p.: 146-147 °C.

7.4.5.21. Synthesis of (Z2)-4—(thiophen—2—ylmethylene)—-isoaman—1-one

[CAS: 1914997-10-6]

The title compound was prepared starting from benaoid (61.7 mg, 0.5 mmol) and 3—
(thiphen—2—yl)—prop—2—yn—-1-ol (104 mg, 0.75 mmdhe title compound was isolated as
yellow solid (61 mg, 51%).
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'H NMR (400 MHz, CDC}): 6 = 8.17 (dd,) = 8.4 Hz, 0.8 Hz, 1H), 7.68-7.62 (m, 2H), 7.49—
7.45 (m, 2H), 7.32 (s, 1H), 7.14-7.12 (m, 2H), 5% (d,J = 1.2 Hz, 2H);**C NMR
(101 MHz, CDC}): 6 = 164.0 (s), 138.1 (s), 137.9 (s), 134.0 (s), 836), 130.1 (s), 128.7
(s), 127.9 (s), 127.8 (s), 125.5 (s), 123.02 (82.97 (s), 121.1 (s), 67.2 ppm (8%, (ATR): ¥

= 1712, 1460, 1254, 1098, 978, 757, 718'tMS (EI, 70 eV)m/z(%): 242 (100) [M], 213
(72), 197 (82), 184 (39), 152 (45), 130 (AARMS (EI-TOF) calcd. for @H1,SO:
242.0402; found: 242.039i.p.; 154-156 °C.

7.4.6. Synthesis of the corresponding vinylarenes via ddoxylative ortho-

C-H hydroarylation

Ph [(p-cym)Rulz]o,
Y +COH guanidine carbonate, Y .H
' AcOH, 2-picoline ‘
FG , * : FG ;
@LH I PhMe, 120 °C, @% Ph
Ph 18h,N; Ph

Standard procedure An oven—dried 20 mL vessel was charged witr-¢fym)RuC}]-
(12.2 mg, 0.02 mmol, 4 mol%), guanidine carbonat®.2 mg, 0.1 mmol, 0.2 eq.), the
(hetero)—arenecarboxylic acid (0.50 mmol) and digtecetylene (90 mg, 0.5 mmol, 1 eq.).
After the vessel was flushed with 3 alternatinguan and nitrogen purge cycles, degassed
toluene (2 mL), AcOH (28.9 pL, 0.5 mmol, 1 eq.) d@gicoline (9.9 pL, 0.1 mmol, 0.2 eq.)
was addedia syringe. The resulting mixture was stirred at 12Cor 18 h. After the reaction
was complete, the mixture was allowed to cool tomotemperature. Brine (20 mL) was
added and the resulting mixture was extracted etilyl acetate (3 x 20 mL). The combined
organic layers were dried over Mgg@ltered, and the volatiles were removed undduoced
pressure. The residue was purified by column chtogmaphy (SiQ, ethyl acetate/hexane

gradient) yielding the corresponding vinylarenes.

7.4.6.1. Synthesis of (E)-(1-m—tolylethene—1,2—diyl)—dibemze
Me
“.H
/’%Ph
Ph
[CAS: 70603-13-3]

The title compound was prepared starting from 2hgibénzoic acid (68.8 mg, 0.5 mmol)
and diphenylacetylene (89.1 mg, 0.5 mmol). Thes tdbmpound was isolated as colorless
liquid (99 mg, 73%).
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'H NMR (400 MHz, DMSO-g): 6 = 7.43-7.37 (m, 3H), 7.23 (,= 7.6 Hz, 1H), 7.15-7.10
(m, 7H), 7.07-7.05 (m, 2H), 7.01-6.99 (m, 2H), 20p8n (s, 3H);*C NMR (101 MHz,
DMSO-d): 6 = 142.5 (s), 141.8 (s), 140.0 (s), 137.4 (s), 936), 129.7 (s), 129.2 (s), 128.9
(s), 128.3 (s), 128.2 (s), 128.0 (s), 127.6 (sJ,.82(s), 126.9 (s), 124.4 (s), 21.09 ppm IR);
(ATR): v = 1600, 1492, 1444, 782, 692 ¢nirhe analytical data matched those reported in
the literaturé>?

7.4.6.2. Synthesis of (E)-(1-(3—chlorophenyl)-ethene—1,2bdigibenzene

cl
Ctf
j/\ Ph
Ph
[CAS: 1892558-41-6]

The title compound was prepared starting from Zerctlenzoic acid (79.9 mg, 0.5 mmol)
and diphenylacetylene (89.1 mg, 0.5 mmol). Thes tdbmpound was isolated as colorless
liquid (140 mg, 96%).

'H NMR (400 MHz, CDCY): § = 7.30-7.26 (m, 4H), 7.20-7.17 (m, 2H), 7.15-7rh] 3H),
7.09-7.05 (m, 3H), 6.97-6.95 (m, 2H), 6.90 ppm1{s); *C NMR (101 MHz, CDC}): ¢

= 145.3 (s), 141.3 (s), 139.6 (s), 136.9 (s), 134)2130.3 (s), 129.6 (s), 129.4 (s), 129.2 (s),
128.8 (s), 128.0 (s), 127.7 (s), 127.6 (s), 128)4127.1 (s), 125.8 ppm (4R (ATR): v =
1590, 1472, 14445, 1076, 873, 779, 706, 690;dwS (El, 70 eV)m/z (%): 292 (75) [M],
290 (10);HRMS (EI-TOF) calcd. for gH15Cl: 290.0862; found: 290.0860.

7.4.6.3. Synthesis of (E)-(1-(3—methoxyphenyl)—ethene-1,¢hddibenzene

OMe
“.H

j/\ Ph

Ph
[CAS: 479206-43-4]

The title compound was prepared starting from 2hmetbenzoic acid (76.1 mg,
0.5 mmol) and diphenylacetylene (89.1 mg, 0.5 mmbhje title compound was isolated as
colorless liquid (109 mg, 76%).

'H NMR (400 MHz, CDCY): 6 = 7.39-7.35 (m, 3H), 7.29-7.28 (m, 1H), 7.26-724 2H),
7.20-7.14 (m, 3H), 7.08-7.06 (m, 2H), 7.02 (s, 16498-6.95 (m, 1H), 6.93 (§ = 2.1 Hz,
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1H), 6.90-6.87 (m, 1H), 3.83 ppm (s, 3t NMR (101 MHz, CDCJ): § = 159.4 (s), 144.9
(s), 142.4 (s), 140.2 (s), 137.2 (s), 130.3 (s9.84s), 129.1 (s), 128.6 (s), 128.3 (s), 127.9
(s), 127.4 (s), 126.7 (s), 120.2 (s), 113.4 (sR.8Xs), 55.1 ppm (S)R (ATR): ¥ = 1594,
1484, 1267, 1209, 1045, 870, 776, 691 ciThe analytical data matched those reported in the

literaturel®>3!

7.4.6.4. Synthesis of ethane—1,1,2—triyltribenzene

CI:
j/\ Ph
Ph

[CAS: 58-72-0]

The title compound was prepared starting from 2hmetbenzoic acid (76.1 mg,
0.5 mmol) and diphenylacetylene (89.1 mg, 0.5 mmbhje title compound was isolated as

colorless liquid (109 mg, 76%).

IH NMR (400 MHz, CDCY): 6 = 7.39-7.31 (m, 8H), 7.26-7.23 (m, 2H), 7.19—7rh3 3H),
7.08-7.05 (m, 2H), 7.00 ppm (s, 1HJC NMR (101 MHz, CDCY): § = 143.4 (s), 142.6 (s),
140.3 (s), 137.4 (s), 130.4 (s), 129.5 (s), 128)6 128.2 (s), 128.1 (s), 127.4 (s), 127.6 (),
127.5 (s), 127.4 (s), 126.7 ppm ($R (ATR): # = 3022, 1598, 1491, 1444, 1074, 758,
690 cm'. The analytical data matched those reported ifitératuret>>*

7.4.6.5. Synthesis of (E)-(1-(3—-iodophenyl)-ethene—1,2—diglbenzene
o
| //j/\Ph
Ph
[CAS: 1914997-23-1]

The title compound was prepared starting from 4el@hzoic acid (127 mg, 0.5 mmol)
and diphenylacetylene (89.1 mg, 0.5 mmol). Thes tdbmpound was isolated as colorless
solid (98.2 mg, 51%).

'H NMR (400 MHz, CDCY): 6 = 7.72 (t,J = 1.2 Hz, 1H), 7.62 (dt] = 7.6 Hz, 1.2 Hz, 1H),
7.36-7.33 (m, 3H), 7.26-7.23 (m, 1H), 7.20-7.18 ZH), 7.15-7.12 (m, 3H), 7.06-7.01 (m,
3H), 6.94 ppm (s, TH}C NMR (101 MHz, CDCY): 6 = 145.8 (s), 141.1 (s), 139.6 (s), 136.9
(s), 136.3 (s), 130.3 (s), 129.8 (s), 129.6 (sP.22s), 128.8 (s), 128.0 (s), 127.7 (s), 127.1
(s), 127.0 (s), 94.4 ppm (dR (ATR): ¥ = 1580, 1487, 1064, 869, 780, 759, 690'cMS
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(El, 70 eV)m/z(%): 382 (75) [M], 256 (10), 179 (100%IRMS (EI-TOF) calcd. for gHs:
382.0219; found: 382.0206).p.: 97-98 °C.

7.4.6.6. Synthesis of (E)-(1-(3—ethylphenyl)—ethene—1,2-diglbenzene

Et
H

j/\ Ph

Ph
[CAS: 1914997-22-0]

The title compound was prepared starting from 2db#nzoic acid (75.1 mg, 0.5 mmol)
and diphenylacetylene (89.1 mg, 0.5 mmol). Thes tdbmpound was isolated as colorless
liquid (119 mg, 84%).

'H NMR (400 MHz, CDCY): § = 7.36—7.34 (m, 3H), 7.26-7.21 (m, 4H), 7.17-71h2 5H),
7.06-7.04 (m, 2H), 6.99 (s, 1H), 2.65 {g= 7.6 Hz, 2H), 1.25 ppm (8 = 7.6 Hz, 3H);**C
NMR (101 MHz, CDCY): 6 = 144.1 (s), 143.4 (s), 142.8 (s), 140.4 (s), 338), 130.4 (s),
129.5 (s), 128.6 (s), 128.1 (s), 128.0 (s), 128)9127.3 (), 127.1 (S), 126.6 (S), 125.2 (S),
28.9 (s), 15.7 ppm (S)R (ATR): v = 2964, 1599, 1492, 1444, 1075, 793, 753, 691; vt
(El, 70 eV)m/z(%): 284 (64) [M], 269 (88), 154 (100¥4RMS (EI-TOF) calcd. for gHaq:
284.1565; found: 284.1570.

7.4.6.7. Synthesis of (E)-3—-(1,2—diphenylvinyl)-phenol
OH
“.H
/’ﬁ/\Ph
Ph
[CAS: 1892558-46-1]

The title compound was prepared starting from 2féwybenzoic acid (64.7 mg,
0.5 mmol) and diphenylacetylene (89.1 mg, 0.5 mmbhle title compound was isolated as
colorless liquid (83 mg, 63%).

'H NMR (400 MHz, CDCY): § = 7.36—7.32 (m, 3H), 7.22-7.19 (m, 3H), 7.17-7rh1 3H),
7.03-7.01 (m, 2H), 6.98 (s, 1H), 6.97-6.94 (m, 1B4J9-6.76 (m, 2H), 4.66 ppm (s, 1
NMR (101 MHz, CDCJ): 6 = 155.3 (s), 145.2 (s), 142.0 (s), 140.1 (s), 238), 130.3 (s),
129.6 (s), 129.4 (s), 128.7 (s), 128.4 (s), 128)0X27. 5 (s), 126.8 (s), 120.2 (s), 114.4 ppm
(s); IR (ATR): ¥ = 1596, 1578, 1492, 1444, 1271,1191, 695-cMS (El, 70 eV)m/z (%):
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255 (100) [M-OH], 178 (55)HRMS (EI-TOF) calcd. for gH:160: 270.1201; found:
270.1202.

7.4.6.8. Synthesis of (E)-(1—p—tolylethene—1,2—diyl)-dibemze
Me\©\[\.\H
j/\ Ph
Ph

[CAS: 84224-86-2]

The title compound was prepared starting from 3hgikénzoic acid (68.8 mg, 0.5 mmol)
and diphenylacetylene (89.1 mg, 0.5 mmol). Thes tdbmpound was isolated as colorless
solid (83.6 mg, 62%).

IH NMR (400 MHz, CDCY): 6 = 7.35-7.32 (m, 3H), 7.24-7.20 (m, 4H), 7.16-T0 5H),
7.04-7.02 (m, 2H), 6.95 (s, 1H), 2.37 ppm (s, 38T NMR (101 MHz, CDCY): & = 142.4
(s), 140.6 (), 140.5 (s), 137.5 (s), 137.4 (sP.43s), 129.5 (s), 128.9 (s), 128.6 (s), 127.9
(s), 127.5 (s), 127.3 (s), 126.6 (s), 21.1 ppmIB)(ATR): # = 1597, 1491, 1442, 1072, 807,
754, 693 crit; HRMS (EI-TOF) calcd. for GHig 270.1409; found: 270.1406n.p.; 69—

70 °C. The analytical data matched those reportél literaturé®?!

7.4.6.9. Synthesis of (E)-4—(3—(1,2—diphenylvinyl)-phenyl)erpholine

.H
N/© Z “Ph

[CAS: 1914997-24-2]

The title compound was prepared starting from 4-gholinobenzoic acid (107 mg,
0.5 mmol) and diphenylacetylene (89.1 mg, 0.5 mmbhle title compound was isolated as
yellow liquid (112 mg, 66%).

'H NMR (400 MHz, CDCY): § = 7.34-7.32 (m, 3H), 7.23-7.20 (m, 3H), 7.16—7rh] 3H),
7.04-7. 02 (m, 2H), 6.96 (s, 1H), 6.91-6.83 (m,,33Y5 (t,J = 4.8 Hz, 4H), 3.14 ppm (@,=

4.8 Hz, 4H):**C NMR (101 MHz, CDC}): 6 = 151.2 (s), 144.6 (s), 143.0 (s), 140.3 (s), 437.
(s), 130.4 (s), 129.5 (s), 128.9 (s), 128.5 (s§.12s), 127.9 (s), 127.4 (s), 126.7 (s), 119.9
(s), 115.2 (s), 114.9 (s), 66.9 (s), 49.4 ppmIR)(ATR): v = 1592, 1488, 1444, 1254, 1119,
930, 779, 692 cilt MS (El, 70 eV) m/z (%): 341 (25) [M], 313 (55), 269 (42), 255
(100); HRMS (EI-TOF) calcd. for gH,3NO: 341.1780; found: 341.1781.
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7.4.6.10. Synthesis of (E)-3—(1,2—diphenylethenyl)-thiophene

Ph
[CAS: 93080-10-5]

The title compound was prepared starting from 2phenecarboxylic acid (64.7 mg,
0.5 mmol) and diphenylacetylene (89.1 mg, 0.5 mmbhje title compound was isolated as

colorless liquid (83 mg, 63%).

1H NMR (400 MHz, CDCJ): 6 = 7.41-7.36 (m, 3H), 7.34-7.31 (m, 2H), 7.29-7188 2H),
7.16-7.11 (m, 3H), 7.06 (s, 1H), 7.00 (dd= 8.0 Hz, 2 Hz, 2H), 6.92 ppm (4,= 2.4 Hz,
1H); 3C NMR (101 MHz, CDCY): 6 = 145.1 (s), 140.2 (s), 137.3 (s), 137.0 (s), 849),
129.4 (s), 128.7 (s), 127.9 (), 127.5 (s), 126)6126.6 (s), 125.9 (s), 125.6 (s), 123.0 ppm
(s): IR (ATR): # = 1597, 1493, 1444, 1072, 864, 779, 752, 691.cfihe analytical data
matched those reported in the literatdre.

7.5. Doubly Regioselective C-H Hydroarylation of Unsymmiical

Alkynes Using Carboxylates as Deciduous Directing iGups

7.5.1. General Methods

Chemicals and solvents were either purchased gpris.) from commercial supplier or
purified by standard techniqu&&® All reactions, if not stated otherwise, were parfed in
oven-dried glassware under a nitrogen atmospheargicing a Teflon-coated stirrer bar and
dry septum. All reactions were monitored by GC gdietradecane as an internal standard.
Response factors of the products with regard-tetradecane were obtained experimentally
by analyzing known quantities of the substancesaB&yses were carried out using an-8P
capillary column (Phenyl methyl siloxane, 30 m %320.25, 100/2.3-30-300/3, 2 min at
60 °C, heating rate 30 °C/min, 3 or 10 min at 300 °Column chromatography was
performed using a Combi Flash Companion-Chromapyr&ystem I§co-Systemsand
Revelerispacked columns (12 g). NMR spectra were recordedmuker Avance 40t
ambient temperature using CRG@s solvent, with proton, carbon, and fluorine neswes at
400, 101, and 376 MHz respectively.
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7.5.2.

7.5.2.1.

Catalyst development

Optimization of the regioselective decarboxylativ®H hydroarylation with

unsymmetrical alkynes and conventional heating

Table 16 Screening experiments for the regioselective diecglative CG-H hydroarylation

with 1-phenyt1-propyne.

' .CO,H Me Ll\g]se additive A, CO,H
Me0/©f['£H | ::s’l:: ?20 °C, Me0/© j/\Ph Me0/© j/\Me MeO/C( Ph
Ph 16 h, N,
1 2 5

# [M]/4 mol% solvent base/eq. add. Aleq. add. Bleq.  1:2 Yield//™

3 4 5
1 [(p—cym)RuC}], PhMe GuanCg0.2 AcOH/1 2-picoline/0.2 11 25 nd. 21
2 [(p—cym)Rub], 29 " 19
3 [(CeMeg)RuCh, 6 " 32
4 [(CeMez)RUCH, 13 " 29
5  [(GHeRUCL], 8 " 23
6 [(p—cym)RuC}], NMP " ! " ! 22 trace 27
7 [(p—cym)Rub]» 22 " 23
8  [(CeMeg)RUCh], 3 " 20
9  [CoMey)RUCH], 15 " 16
10  [(CeHe)RUCH], 9 " 16
11  [(CeMegRuChl,  CeMes " " " " 15 " 30
12 DMF " " " " n.d. " n.d.
13 DMAc " " " " 21 " 23
14 NCyP " " " " 18 " 23
15 PC " " " " 18 " trace
16 NMP " " " 1:15 53 3 23
17 PivOH/1 " " 42 " 33
18 AdCO,H/1 " " 44 " 36
19 TFA/1 " " nd. nd. n.d.
20 MesCOH/1 " " 62 trace 27
21 AcOH/1 - " 64 A 32
22 - " - " nd. nd. nd.
23 GuanCQ/0.2 - -
24 Li,CG4/0.2 AcOH/1 - " 16 14 13
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25 " " K,COy/0.2 " - " 31 16 18
26 " " Cs,C0y/0.2 " - " 23 9 8
27 " " K,C04/0.05 " - " 16 9 9
28 " " K,CG,/0.1 " - " 39 3 5
29 " " K,CG4/0.3 " - " 23 25 6
30 " " K,COy/0.5 " - " 21 22 4
31 " " K,CGy/1 " - " 24 17 3
32 " " K,CG,/0.1 " GuanC@0.2 " 43 7 25
33 " " " " GuanCQ/0.05 " 60 9 13
34 " " " MesCO,H/0.5 - " 80 13 4
35 " " " MesCOH/1 - " 50 11 5
36 " " " MesCO,H/0.5 GuanC@0.05 " 63 12 8
37 ! ! " MesCQH/1 " ! 71 2 n.d.
38 ! ! DABCO/1 ! ! ! 12 trace 45
39 " ! NEt/1 ! " ! 15 " 18
40 " ! Quinuclidine/1 " " " 11 " 40

Reaction conditionsl (0.5 mmol)2, [M] (4 mol%), base, solvent, 120 °C, 16 h undefaimosphere. [a] Yields
of corresponding methyl esters determined by G€ afiterification with KCO; (2 eq.) and Mel (5 eq.) in NMP
using n-tetradecane as the internal standard.

Table 17 Evaluation of organic bases for the decarboxytaliydroarylation with

1-phenytl1-propyne.

Me [(p- cym)RuCI2]2 (4 mol%)

*CO2H CO.H
O e T e Q
MeO "H PhMe, 120°C,  \e0 j/\Ph MeO j/\Me MeO Ph

Ph 16 h, N,
1 2 3 4 5
# base /1 eq. Yield/&
3 4 5
1 triethylamine 13 n.d. a7
2 TMEDA 9 " 14
3 diisopropylethylamin 15 ! 26
4 N-Me—tetramethylpiperidine 16 ) 38
5 Quinuclidine 11 " 54
6 DBU 5 ! 10
7 N-Me—pyrrolidine 10 ) 10
8 TBAOH-30H,O 41 3 24
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9 TBAOAC 40 11 8

Reaction conditionsl (0.5 mmol).2 (0.75 mmol), [(pcym)RuC]] , (4 mol%), base, PhMe (2 mL), 120 °C, 16 h
under N-atmosphere. [a] Yields of corresponding methykestdetermined by GC after esterification with
K,COs (2 eq.) and Mel (5 eq.) in NMP using n-tetradecas¢he internal standard.

7.5.2.2. Optimization of the microwave conditions for thegi®selective decarboxylative

C-H hydroarylation with unsymmetrical alkynes

Table 18 Screening of microwave conditions for simple b@ozacid.

Ph

H [(CsMeg)RUCl], (4 mol%), Me\/

I .COH  Me MesCO:H (0.5eq.), “H “H U H
@[, . | | guanidine carbonate (10 mol%) @ . @ . @[

NMP, W, t, N  Z P
H L 2 j/\Ph \|/\Me %\Ph
Me Ph Me
7.5.2.2.1 7.5.2.2.-2 7.5.2.2.-3 7.5.2.2.-4 7.5.2.2.-5
# t /min HW T /°C Yield/9%8!

7.5.2.2.-3 7.5.2.2.-4 7.5.2.2.-5

200 53 18 trace
180 44 13
1 0.5
170 45 15
160 44 9
200 52 14 8
2 1 180 51 11 trace
170 48 11
200 56 13 7
3 3 180 51 12 7
170 50 12 7
200 56 14 trace
180 60 8 n.d.
180" 40 16 12
170 50 11 trace
4 5
160 47 10
150 51 10
140 29 trace
130 15 N n.d.
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120 10 15 trace
180 55 11
170 27 7
5 10 160 50 12
150 45 8
140 18 trace
180 25 7
6 15 150 43 9
120 20 22
7 30 180 29 6

Reaction conditions:7.5.2.2.-1 (0.5 mmol), 7.5.2.2.-2 (0.75 mmol), [(GMe&)RUCL], (4 mol%), KCO;
(10 mol%), NMP (1 mL), pW-irradiation, t, under-Btmosphere. [a] Yields of corresponding methykuest
determined by GC after esterification withGO; (2 eq.) and Mel (5 eq.) in NMP using n-tetradecasethe
internal standard. [c] conventional heating afte .

7.5.3. Mechanistic control experiments for the deciduousaracter of the CGH group

[(CeMeg)RUCls]» (4 mol%),
Me K2003 (01 eq.), Me Me
\.CO,H guanidine carbonate (0.05 eq.), “H COH
\ mesitoic acid (1 eq.) . +
/N pn NMP, 120 °C, 16 h, N, N Ph N2 Ph
7.5.3.1 7.5.3.-2 7.5.3.-3

not detected 100% recovered

Scheme 52Standard decarboxylative hydroarylation reactierzup.

Me Me Me
\.COH (p-cym)Ru(OACc), (10 mol%), “_H CO,H
. Cu(OAc), (0.2 eq.) . +
/Y\ph dioxane/mesitylene/n-heptane, '/j/\ Ph ,’/ Z >Ph
80°C,48h
Me Me Me
7.5.3.1 7.5.3.-2 7.5.3.-3

47% 50% recovered

Scheme 53Decarboxylative reaction set-up reported by Hayand Zhad**®!
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[(CGMGG)RUC|2]2 (4 mol%),

K>CO3 (0.1 eq.),
+.CO,H guanidine carbonate (0.05 eq.), \_H \_H CO.H
/@[\\ mesitoic acid (1 eq.) /@[\\ + /@[\\ + /@(
Me /7 PhNMP, 120°C, 16 -48h, N2 e /Y Ph Me "7 "Me Me 7 Ph
Me Me Ph Me
7.5.3.4 reaction time 7.5.3.5 7.5.3.6 7.5.3.7
16 h 62% 4% 30%
48 h 62% 4% 30%

Scheme 54 Standard reaction condition vs prolonged readiioe.

7.5.4. Synthesis of [Ru(4OMe-benzoat6-C° 0" (hexamethylbenzene)(pyridine)]

o)

Cre
MeO Ru

~ N/ )
L jé

[CAS: 2079114-43-3]

The title compound was synthesized following therditure reported proceduf&” starting
from potassium 4methoxy benzoate (285 mg, 1.5 mmol), [Reamethylbenze)@,],
(334 mg, 0.5 mmol), pyridine (79 mg, 8.1uL, 1 mmahd trimethylamine (715 mg, 983 L,
7 mmol). The title compound was isolated as a yeHBolid (148 mg, 60%).

H NMR (400 MHz, CDCY): 6 = 8.29-8.42 (m, 2H), 7.46 (tt) = 7.7, 1.6 Hz, 1H), 7.38 (d,

= 2.5 Hz, 1H), 7.35 (dJ = 8.3 Hz, 1H), 6.987.09 (m, 2H), 6.44 (dd] = 8.3, 2.5 Hz, 1H),
3.86 (s, 3H), 1.94 ppm (s, 18HFC NMR (101 MHz, CDCY): 6 = 181.3 (s), 160.6 (s), 153.2
(s), 136.4 (s), 131.0 (s), 129.1 (s), 124.4 (sp.QZs), 112.7 (s), 106.1 (s), 93.4 (s), 54.9 (s),
15.2 ppm (s)iR (ATR): ¥ = 2917, 1600, 1573, 1445, 1430, 1385, 1308, 12222, 1207,
1167, 1144, 1067, 1026, 855, 777, 761, 696:dARMS (ESI): m/z = calcd. for
CasH29g0sNRU+H': 494.1276; found 494.0038.p.: 144 °C, decomposition.
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measured ¢ simulated «
494.0033 494.1276
193.0048 496.0006 493.1288 496.1285
491.9954 492.1280
490.9968 491.1288
495.1305
488.0008 488.1302 497 1312
A "89;\3&@0;\290 49813489 1370
486 492 489 492 495 498
m/z m/z
7.5.4.1. Mechanistic control experiments
(0]
Me
L \H
/@f«p + | | mesitoic acid (1 eq.) \
MeO Ry NMP, 120 °C, 16 h,Na  p1e0 ’/W/\Ph
<N’ ) Ph
Me
\ 7 1eq.
7.5.41.1 7.5.4.1.-2 49%, 7.5.4.1.-3
Scheme 55Reaction starting from a preformed ruthenacycle.
7.5.5. ESI-MS measurements
[(CeMeg)RUCl,], (4 mol%),
K2003 (0.1 eq.),
\CO,H Me guanidine carbonate (0.05 eq.), “_H
/@\ . | | mesitoic acid (1 eq.) /@\
M NF NMP, 120 °C, 16 h, N, ,’I Z
e0 N7 Ph b MeO Ph
Me Me
7.5.5.1 7.5.5.-2 7.5.5.-3
Scheme 56Standard decarboxylative hydroarylation reactetrup for ESI-MS
experiments.
© =120
— * measured z simulated
298.8709 - 299.0139
3.50+07 @
| 90
3.0e+07 - 300.8830 301.0137
.Ru
2.5e+07 Cl
297.7631 60 298.0150
2.0e+07 4
1.50+07 205, 7700813 sop 0 2T 0144
99.8657| 30 300.0146
10e+071 302.8500 050125
292.7666 293.0173
5.0e+064 2050148 302.0172
| ‘ | | . 2942209 A\ | A J\Wg@@s 0188
291 294 297 300 294 297 300 303 e

Scheme 57ESI-MS measurement of the reaction mixture (t o@m temperature).
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(%)
(@)

406.941

40498006

measured
415.0007

417.0024

405

55
50
45

MeO

40

3.54

30

254

20

157 560.1365

571.1

104 570.1269

054

Me

O +H*
@)
Ru

Ph

574.1275

573.1241

303,

measured
575.1310

577.1248

570

573

576 579

r.int. (%)

90

60

30

measured
Ph 601.1272
\ -7 B —\\\
Ru
»—Ph Me
Meo Me 600.1337 603.1341
599 1302
02.1306
598.1267
604 1276
5951263
05.1311
560 663 666
miz

=120
= .
< simulated
f 415.0852
90|
601 414.0865 417.0862
413.0856
412.0866
30
416.0883
09.0880
418.0891
210,00 4110865 A\
419.09
, A\ ] . | 0 ?@20‘094
411 414 417 420
miz
=120
£ simulated
£
- 575.1982
90
5741994
60 577.1992
573.1987
572.1993
576.2010
30
550,205 5782018
570.20811.1999
. ‘ D 579 Imgéo 2078
570 573 576 579
miz
5120 .
g simulated
E 601.2055
90
600.2067
60 603.2065
599 2060
508 2064 602.2082
30
604 2090
595.2077
506 21597 2073 605.2124
'}, 606.2156
0 . : , :
597 600 603 606
m/z

Scheme 59ESI-MS measurement of the reaction mixture (h=120°C).
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7.5.6. Synthesis of the corresponding vinylarenes via dboxylative ortho-C-
H hydroarylation of unsymmetrical alkynes

[(CeMeg)RuClo]o,

A~ COzH R guanidine carbonate, U H
FG—O[ , + | | K>CO3, mesitoic acid FG_(j[:
X-"H NMP, 120 °C, 16 h, X /’j/\Ar
Ar  or uW 180 °C, 5 min., R

N>

Standard procedure A — conventional hating:/An oven-dried 20 mL vessel was charged
with [(hexamethylbenze)ieuCh], (13.4 mg, 0.02 mmol, 4 mol%), guanidine carbonate
(4.6 mg, 0.025 mmol, 5 mol%), 2,4,6-trimethylberzacid (82.9 mg, 0.5 mmol, 1 eq.),
potassium carbonate (6.98 mg, 0.05 mmol, 10 mold)the benzoic acid (0.5 mmol). After
the vessel was flushed with 3 alternating vacuunh r@trogen purge cycles, degassed NMP
(1 mL) and the internal alkyne (0.75 mmol) were edidia syringe. The resulting mixture
was stirred at 120 °C for 16 h. After the reactwas complete, the mixture was allowed to
cool to room temperature. Lithium chloride (20%)swadded and the resulting mixture was
extracted with ethyl acetate (3 x 20 mL). The org#ayers were washed with brine (20 mL).
The combined organic layers were dried over MgSidered, and the volatiles were removed
under reduced pressure. The residue was purifiedobymn chromatography (SiOethyl

acetate/pentane or cyclohexane gradient) yieldiagorresponding vinylarenes.

Standard procedure B — microwave conditions:An oven-dried 2 mL microwave vial
was charged with flexamethylbenzejRRuCh], (13.4 mg, 0.02 mmol, 4 mol%), guanidine
carbonate (9 mg, 0.05 mmol, 10 mol%), 2,4,6-tripktdnzoic acid (41 mg, 0.25 mmol,
0.5eq.), and the benzoic acid (1 mmol). After tlessel was flushed with 3 alternating
vacuum and nitrogen purge cycles, degassed NMA_j2and the internal alkyne (0.5 mmol)
were addedvia syringe. The resulting mixture was first stirreda water bath at 50 °C for
10 minutes then irradiated in the microwave at AB0dor 5 minutes at a maximum power of
50 W, the air-jet cooled. Lithium chloride (20%) svadded and the resulting mixture was
extracted with ethyl acetate (3 x 20 mL). The org#ayers were washed with brine (20 mL).
The combined organic layers were dried over MgSfitered, and the volatiles were
removed under reduced pressure. The residue wideg@ury column chromatography (SiO

ethyl acetate/pentane or cyclohexane gradient)liyiglthe corresponding vinylarenes.
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7.5.6.1. Synthesis of H(E)-2—3-methoxyphenyl}prop-1-enyl)-benzene
I
MeO j/\ Ph
Me

[CAS: 721428-17-7]

The title compound was prepared following genersdcedure A, starting from 4—
methoxybenzoic acid (90 mg, 0.5 mmol) and 1-phehlypropyne (88 mg, 95.7 pL,
0.75 mmol). The title compound was isolated asreds liquid (80 mg, 71%).

The title compound was prepared following generedcpdure B, starting from 4—
methoxybenzoic acid (180 mg, 1 mmol) and 1-phemyprdpyne (59 mg, 64 uL, 0.5 mmol).
The title compound was isolated as colorless lig8&img, 76%).

'H NMR (400 MHz, CDCJ): 6 = 7.32—7.39 (m, 4H), 7.19-7.30 (m, 2H), 7.08—7{rh3 1H),
7.03-7.06 (m, 1H), 6.79-6.85 (m, 2H), 3.83 (s, 3H25 ppm (dJ) = 1.3 Hz, 3H);*C NMR
(101 MHz, CDC}): 6 = 159.6 (s), 145.5 (s), 138.2 (s), 137.3 (s), 229), 129.1 (s), 128.2
(s), 127.8 (s), 126.5 (s), 118.6 (s), 112.4 (sR.QXs), 77.3 (s), 76.7 (s), 55.3 (s), 17.5 ppm
(s); IR (ATR): v = 3022, 2996, 2941, 2834, 1597, 1576, 1485 ,14284, 1219, 1170, 852,
775 cmb; MS (El, 70 eV)m/z (%): 225 (19), 224 (100) [, 223 (13), 209 (63), 208 (15),
194 (24), 193 (14HRMS (EI-TOF) calcd. for gH160: 224.1201; found: 224.1209.

7.5.6.2.  Synthesis of 1-methyl-3—((E)-1-phenylprop—1-en—2-gnzene

Me
“.H

j/\ Ph

Me
[CAS: 58662-09-2]

The title compound was prepared following genersdcedure A, starting from 2—
methylbenzoic acid (69.5 mg, 0.5mmol) and 1-phebypropyne (88 mg, 95.7 uL,
0.75 mmol). The title compound was isolated asrteds liquid (75 mg, 72%).

The title compound was prepared following generadcpdure B, starting from 2—
methylbenzoic acid (140 mg, 1 mmol) and 1-phenypdpyne (59 mg, 64 pL, 0.5 mmol).
The title compound was isolated as colorless ligd&img, 71%).
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'H NMR (400 MHz, CDC}Y): § = 7.33-7.42 (m, 6H), 7.24-7.31 (m, 2H), 7.13Xd, 7.0 Hz,
1H), 6.84 (d,J = 1.3 Hz, 1H), 2.42 (s, 3H), 2.30 ppm @,= 1.3 Hz, 3H);**C NMR
(101 MHz, CDC}): 6 = 144.0 (s), 138.4 (s), 137.8 (s), 137.5 (s), 129), 128.2 (s), 128.1
(s), 127.9 (s), 127.5 (s), 126.8 (s), 126.4 (sB.12s), 77.3 (s), 76.7 (s), 21.6 (s), 17.5 ppm
(s); IR (ATR): ¥ = 3023, 2958, 2927, 2871, 1601, 1493, 1455 ,138%, 698 crit; MS (El,

70 eV) m/z (%): 209 (16), 208 (100) [M, 194 (13), 193 (85), 178 (27), 115 (21), 89
(12); HRMS (EI-TOF) calcd. for gHie 208.1243; found: 208.1252.

7.5.6.3.  Synthesis of 1-ethyl-3—((E)-1-phenylprop—1-en—-2-ydnzene

Et
\.H

j/\ Ph

Me

[CAS: 2079113-53-2]

The title compound was prepared following genersdcpedure A, starting from 2—
ethylbenzoic acid (75.1 mg, 0.5mmol) and 1-phebypropyne (88 mg, 95.7 uL,
0.75 mmol). The title compound was isolated asrteds liquid (89 mg, 80%).

'H NMR (400 MHz, CDC)): 6 = 7.23-7.33 (m, 6H) 7.21 (d,= 8.0 Hz, 1H) 7.15 (s, 1H)
7.05 (s, 1H) 6.74 (dJ = 1.3 Hz, 1H) 2.60 (dJ = 7.5 Hz, 2H) 2.19 (dJ = 1.5 Hz, 3H)
1.18 ppm (tJ = 7.5 Hz, 3H);*C NMR (101 MHz, CDC}): 6 = 144.2 (s), 144.0 (s), 138.4 (s),
137.6 (s), 129.1 (s), 128.3 (s), 128.1 (s), 128)5126.8 (s), 126.4 (s), 125.6 (s), 123.4 (s),
77.3 (s), 76.7 (s), 29.0 (s), 17.6 (s), 15.7 ppmI& (ATR): v = 3023, 2958, 2927, 2871,
1601, 1493, 1455 ,1377, 781, 698%nvIS (El, 70 eV)m/z (%): 223 (21), 222 (100) [,
208 (9), 207 (44), 193 (14), 129 (10), 115 (26),(88); HRMS (EI-TOF) calcd. for @Hag:
222.1400; found 222.1409.
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7.5.6.4. Synthesis of 1—((Z)-1—-phenylprop-1-en—2—yl)-3—(Epg-1-enyl)—benzene

Me
=

. H
j/\ Ph
Me
[CAS: 2079113-54-3]

The title compound was prepared following genersdcedure A, starting from 2—
allylbenzoic acid (83 mg, 0.5 mmol) and 1-phenybfbpyne (88 mg, 95.7 uL, 0.75 mmol).

The title compound was isolated as colorless ligd®img, 61%).

'H NMR (400 MHz, CDCJ): 6 = 7.48 (t,J = 2.0 Hz, 1H), 7.34-7.41 (m, 5H), 7.22—7.34 (m,
4H), 6.84 (dJ = 1.5 Hz, 1H), 6.42-6.51 (m, 1H), 6.30 (dds 15.7, 6.7 Hz, 1H), 2.29 (d,=

1.5 Hz, 3H), 1.92 ppm (dd,= 6.5, 1.8 Hz, 3H)**C NMR (101 MHz, CDC}): 6 = 143.9 (s),
138.0 (s), 137.6 (s), 137.2 (s), 130.7 (s), 128)8128.1 (s), 127.8 (s), 127.3 (s), 126.1 (s),
125.6 (s), 124.3 (s), 124.2 (s), 123.4 (s), 76)97B.7 (s), 76.4 (s), 18.2 (s), 17.2 ppm [B);
(ATR): v = 3021, 2913, 1700, 1597, 1576, 1491 ,1443, 198%, 771 crit; MS (El, 70 eV)
m/z (%): 235 (19), 234 (100) [K, 220 (8), 219 (45), 204 (9), 191 (10), 115 (IBRMS
(EI-TOF) calcd. for @Hig: 234.1407; found 234.14009.

7.5.6.5. Synthesis of 1-methoxy—3—((Z)-1-phenylprop—1—-enb2benzene

OMe
\H

j/\ Ph

Me
[CAS: 721428-17-7]

The title compound was prepared following genersdcedure A, starting from 2—
methoxybenzoic acid (77 mg, 0.5mmol) and 1-phelpropyne (88 mg, 95.7 uL,
0.75 mmol). The title compound was isolated asreds liquid (88 mg, 79%).

'H NMR (400 MHz, CDCJ): 6 = 7.28 (d,J = 2.3 Hz, 4H), 7.12-7.23 (m, 2H), 7.01-7.06 (m,
1H), 6.95 —6.99 (m, 1H), 6.72-6.78 (m, 2H), 3.753(), 2.18 ppm (dJ = 1.3 Hz, 3H);*°C
NMR (101 MHz, CDCY): 6 = 159.6 (s), 145.5 (s), 138.2 (s), 137.3 (s), 229), 129.1 (s),
128.2 (s), 127.8 (s), 126.5 (s), 118.6 (s), 118} 112.0 (s), 77.3 (S), 76.7 (S), 55.3 (),
17.5 ppm (s)iR (ATR): ¥ = 3022, 2996, 2941, 2834, 1597, 1576, 1485 ,14284, 1219,

1170, 852, 775 cify MS (El, 70 eV)m/z (%): 225 (19), 224 (100) [{, 223 (13), 209 (63),
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208 (15), 194 (24), 193 (14HiRMS (EI-TOF) calcd. for @H;60: 224.1201; found
224.1208.

7.5.6.6. Synthesis of 1-phenoxy—3—((Z)-1-phenylprop—1-enH2bgenzene

OPh
L H

j/\ Ph

Me
[CAS: 2079113-55-4]

The title compound was prepared following genersdcedure A, starting from 2—
phenoxybenzoic acid (109 mg, 0.5 mmol) and 1-phdmpropyne (88 mg, 95.7 uL,
0.75 mmol). The title compound was isolated asreds liquid (130 mg, 99%).

The title compound was prepared following generedcpdure B, starting from 2—
phenoxybenzoic acid (218 mg, 1 mmol) and 1-phemygrdpyne (59 mg, 64 pL, 0.5 mmol).
The title compound was isolated as colorless ligliD mg, 84%).

'H NMR (400 MHz, CDCY): 6 = 7.30-7.42 (m, 8H), 7.27-7.30 (m, 1H), 7.22 () 1.10-
7.15 (m, 1H), 7.06 (d] = 8.3 Hz, 2H), 6.88-7.00 (m, 1H), 6.86 (s, LHR72ppm (s, 3H)*°C
NMR (101 MHz, CDCY): § = 157.3 (s), 157.1 (s), 145.9 (s), 138.1 (s), 136), 129.7 (s),
129.5 (s), 129.1 (s), 128.2 (s), 128.2 (s), 128)1126.6 (s), 125.3 (s), 123.1 (s), 121.0 (s),
118.7 (s), 117.6 (s), 116.8 (s), 77.3 (s), 77.276)7 (s), 17.4 ppm (IR (ATR): ¥ = 3052,
3021, 2915, 1591, 1572, 1485, 1431, 127, 1218, 1083, 1086, 916, 749 cmMMS (EI,

70 eV)m/z(%): 287 (19), 286 (100) [f, 271 (40), 193 (20), 178 (20), 77 (LHRMS (El—
TOF) calcd. for G;H1g0: 286.1358; found 286.1358.

7.5.6.7.  Synthesis of 1-hydroxy—3—((Z)-1—phenylprop—1-en42-henzene

OH
L H

j/\ Ph

Me
[CAS: 2079113-56-5]

The title compound was prepared following genersdcpdure A, starting from 2—
hydroxybenzoic acid (90 mg, 0.5 mmol) and 1-phehybropyne (88 mg, 95.7 uL,

0.75 mmol). The title compound was isolated as rteds liquid as the corresponding
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methylether after treatment with Mel (5 eq.) angCR; (2 eq.) at 60 °C in NMP (93 mg,
83%).

'H NMR (400 MHz, CDCY): § = 7.32-7.39 (m, 4H), 7.19-7.30 (m, 2H), 7.08—7rh3 1H),
7.03-7.06 (m, 1H), 6.79-6.85 (m, 2H), 3.83 (s, 3H25 ppm (d)) = 1.3 Hz, 3H);*C NMR
(101 MHz, CDC}): 6 = 159.6 (s), 145.5 (s), 138.2 (s), 137.3 (s), 249), 129.1 (s), 128.2
(s), 127.8 (s), 126.5 (s), 118.6 (s), 112.4 (sR.QXs), 77.3 (s), 76.7 (s), 55.3 (s), 17.5 ppm
(s); IR (ATR): v = 3022, 2996, 2941, 2834, 1597, 1576, 1485 ,14284, 1219, 1170, 852,
775 cmb; MS (El, 70 eV)m/z (%): 225 (19), 224 (100) [, 223 (13), 209 (63), 208 (15),
194 (24), 193 (14HRMS (EI-TOF) calcd. for GH10: 224.1201; found 224.1209.

7.5.6.8.  Synthesis of 1—(3—((E)-1—phenylprop—1—-en—2-yl)—pfiprethanone

Ac
\H

j/\ Ph

Me
[CAS: 568572-33-8]

The title compound was prepared following genersdcpdure A, starting from 2—
acetylbenzoic acid (83mg, 0.5mmol) and 1-phenryprdpyne (88 mg, 95.7 pL,
0.75 mmol). The title compound was isolated asreds liquid (91 mg, 77%).

'H NMR (400 MHz, CDCY): 6 = 8.10-8.18 (m, 1H), 7.89 (dt= 7.6, 1.5 Hz, 1H), 7.74 (d,

= 8.1, 1.5 Hz, 1H), 7.49 (8= 7.7 Hz, 1H), 7.37-7.43 (m, 4H), 7.29 @& 6.0, 2.9 Hz, 1H),
6.88-6.92 (m, 1H), 2.66 (s, 3H), 2.33 ppmJ&; 1.5 Hz, 3H)°C NMR (101 MHz, CDCY):

0 =198.3 (s), 144.5 (s), 137.9 (s), 137.2 (s), 336), 130.6 (s), 129.1 (s), 128.7 (s), 128.6 (s),
128.2 (s), 128.2 (s), 127.1 (s), 126.7 (s), 125)7 17.3 (s), 77.0 (s), 76.7 (s), 26.8 (S),
17.5 ppm (s)iR (ATR): » = 3061, 3022, 1681, 1596, 1577, 1491, 1423, 13383, 1259,
1228, 792, 750, 692 ¢ MS (EI, 70 eV)m/z (%): 237 (26), 236 (100) [K], 221 (64), 193
(54), 178 (39), 50 (13), 43 (5HIRMS (EI-TOF) calcd. for GH160: 236.1200; found
236.1201.
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7.5.6.9.  Synthesis of phenyl—(3—((E)-1-phenylprop—1-en—2—henyl)-methanone

COPh
H

j/\ Ph

Me
[CAS: 2079113-61-2]

The title compound was prepared following genersdcpdure A, starting from 2—
benzoylbenzoic acid (83 mg, 0.5mmol) and 1-pheypropyne (88 mg, 95.7 uL,
0.75 mmol). The title compound was isolated asneds solid (131 mg, 88%).

'H NMR (400 MHz, CDC}): 6 = 7.99 (tJ = 1.9 Hz, 1H), 7.86 (ddl = 8.4, 1.4 Hz, 2H), 7.76
(dt,J = 7.8, 1.6 Hz, 1H), 7.70 (di,= 7.7, 1.4 Hz, 1H), 7.59-7.65 (m, 1H) 7.47-7.54 Biv),
7.35-7.41 (m, 4H), 7.24-7.30 (m, 2H), 6.90Jd, 1.5 Hz, 1H), 2.32 ppm (d,= 1.5 Hz, 3H);
13C NMR (101 MHz, CDCY): § = 196.9 (s), 144.2 (s), 137.9 (s), 137.7 (s), 63%), 136.5
(s), 132.5 (s), 130.1 (s), 129.9 (s), 129.9 (s9.12s), 128.9 (s), 128.7 (s), 128.3 (s), 128.2
(s), 128.2 (s), 127.4 (s), 126.7 (s), 77.3 (s)273), 76.7 (s), 17.5 ppm (4R (ATR): ¥ =
3059, 3024, 1656, 1595, 1576, 1491, 1446, 13377,18284, 1239, 1177, 1144, 1074, 948,
912 cmi™; MS (El, 70 eV)m/z (%): 299 (22), 298 (100) [}, 280 (23), 221 (10), 178 (72),
105 (67), 77 (48)HRMS (EI-TOF) calcd. for gHg0: 298.1351; found 298.135&).p.:
64—67 °C.

7.5.6.10. Synthesis of 1—(methylsulfonyl)-3—((E)-1—phenylprdp-en—2yl)-benzene

SOgMe
\oH

j/\ Ph

Me
[CAS: 2079113-62-3]

The title compound was prepared following genersdcpedure A, starting from 2—
methylsulfonylbenzoic acid (83.2 mg, 0.5 mmol) dr¢phenyl-1-propyne (88 mg, 95.7 uL,
0.75 mmol). The title compound was isolated asreds liquid (130 mg, 95%).

The title compound was prepared following generadcpdure B, starting from 2—
methylsulfonylbenzoic acid (168 mg, 1 mmol) and Heqyl-1-propyne (59 mg, 64 pL,
0.5 mmol). The title compound was isolated as ¢edsrliquid (90 mg, 66%).
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'H NMR (400 MHz, CDCY): 6 = 8.10 (t,J = 1.9 Hz, 1H), 7.87 (dt] = 7.8, 1.6 Hz, 1H), 7.81
(dt,J = 8.1, 1.5 Hz, 1H), 7.59 (8,= 7.8 Hz, 1H), 7.34—7.44 (m, 4H), 7.30 {cs 6.8 Hz, 1H),
6.90-6.96 (m, 1H), 3.11 (s, 3H), 2.32 ppmJ¢&; 1.5 Hz, 3H);*C NMR (101 MHz, CDCY):

0 =145.4 (s), 140.7 (s), 137.4 (s), 135.5 (s), 134), 129.8 (s), 129.4 (s), 129.1 (s), 128.3 (8),
127.0 (s), 125.7 (s), 124.7 (s), 77.3 (S), 76.7448)5 (s), 17.4 ppm (shR (ATR): v = 3059,
3021, 2927, 1297, 1142,1097, 1086, 955, 760, 74% &% (El, 70 eV)m/z(%): 272 (100)
[M*], 85 (63), 68 (47), 57 (46), 54 (68), 43 (61), &2);HRMS (EI-TOF) calcd. for
C16H160,S: 272.0871; found 272.0861.

7.5.6.11. Synthesis of 1-fluoro—3—((Z)—1—phenylprop—1-en-3—pkenzene

F
Cif
j/\ Ph
Me
[CAS: 2079113-63-4]

The title compound was prepared following genersdcedure A, starting from 2—
fluorobenzoic acid (71 mg, 0.5 mmol) and 1-phenypsbpyne (88 mg, 95.7 uL,
0.75 mmol). The title compound was isolated asrteds solid (86 mg, 81%).

'H NMR (400 MHz, CDC}): = 7.31-7.43 (m, 6H), 7.27-7.31 (m, 1H), 7.20-7126 1H),
6.95-7.03 (m, 1H), 6.87 (s, 1H), 2.28 ppmJd; 1.3 Hz, 3H);*C NMR (101 MHz, CDC}):
6 =162.9 (dJ = 244.3 Hz), 146.2 (d = 7.3 Hz), 137.9 (s), 136.2 (d= 2.7 Hz), 129.7 (d)
= 8.2 Hz), 129.1 (s), 128.5 (s), 128.2 (s), 12&) 121.6 (dJ = 2.7 Hz), 113.9 (dJ =
20.89 Hz), 112.9 (dJ = 21.8 Hz), 17.4 ppm (s)'*F NMR (376 MHz, CDC}): ¢ =-
113.55 ppmiR (ATR): ¥ = 2980, 1718, 1371, 1207, 1157 ,1029, 781'cMS (El, 70 eV)
m/z (%): 213 (15), 212 (100) [f, 197 (62), 196 (19), 177 (16), 115 (13), 50 (KRMS
(EI-TOF) calcd. for @H3F: 212.1005; found 212.1005.

7.5.6.12. Synthesis of H(E)2—3-hydroxyphenyl-prop—-1-enyl)-benzene
o
HO //j/\Ph
Me
[CAS: 2079113-56-5]

The title compound was prepared following genersdcpdure A, starting from 4—

hydroxybenzoic acid (70 mg, 0.5 mmol) and 1-phehypropyne (88 mg, 95.7 uL,
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0.75 mmol). The title compound was isolated as rteds liquid as the corresponding
methylether after treatment with Mel (5 eq.) angCRs; (2 eq.) at 60 °C in NMP (79 mg,
80%).

'H NMR (400 MHz, CDCY): § = 7.35-7.42 (m, 4H), 7.21-7.34 (m, 2H), 7.11-7h6 1H),
7.05-7.09 (m, 1H), 6.82—6.90 (m, 2H), 3.86 (s, 328 ppm (dJ = 1.3 Hz, 3H);*C NMR
(101 MHz, CDC}): 6 = 159.6 (s), 145.5 (s), 138.2 (s), 137.3 (s), 228), 129.1 (s), 128.2
(s), 127.8 (s), 126.5 (s), 118.6 (s), 112.4 (sR.QXs), 77.3 (s), 76.7 (s), 55.3 (s), 17.5 ppm
(s); IR (ATR): ¥ = 3022, 2996, 2941, 2834, 1597, 1576, 1485 ,14284, 1219, 1170, 852,
775 cmi'; MS (El, 70 eV)m/z (%): 225 (19), 224 (100) [, 223 (13), 209 (63), 208 (15),
194 (24), 193 (14¥RMS (EI-TOF) calcd. for gH1¢0: 224.1201; found 224.1208.

7.5.6.13. Synthesis of H(E)-2-m-tolylprop-1-enyl)-benzene
\\_H
Me” :/’%Ph
Me

[CAS: 58662-09-2]

The title compound was prepared following genersdcpedure A, starting from 4—
methylbenzoic acid (75.1 mg, 0.5mmol) and 1-phebypropyne (88 mg, 95.7 uL,
0.75 mmol). The title compound was isolated asrteds liquid (65 mg, 62%).

The title compound was prepared following generadcpdure B, starting from 4—
methylbenzoic acid (150.2 mg, 1 mmol) and 1-phebyropyne (59 mg, 64 pL, 0.5 mmol).

The title compound was isolated as colorless liga&img, 64%).

'H NMR (400 MHz, CDC}): 6 = 7.21-7.32 (m, 6H), 7.13-7.20 (m, 2H), 7.02Xd; 7.0 Hz,
1H), 6.73 (d,J = 1.3 Hz, 1H), 2.30 (s, 3H), 2.18 ppm @,= 1.5 Hz, 3H);**C NMR
(101 MHz, CDC}): 6 = 144.0 (s), 138.4 (s), 137.8 (s), 137.5 (s), 128), 128.2 (s), 128.1
(s), 127.9 (s), 127.5 (s), 126.8 (s), 126.4 (sB.12s), 77.3 (s), 76.7 (s), 21.5 (s), 17.5 ppm
(s); IR (ATR): v = 3021, 2917, 1600, 1582, 1499, 1442, 1376, 889, 754, 694 ciy MS
(El, 70 eV)m/z (%): 209 (16), 208 (100) [\, 194 (13), 193 (85), 178 (27), 115 (21), 89
(12); HRMS (EI-TOF) calcd. for gH16: 208.1243; found 208.1250.
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7.5.6.14. Synthesis of H(E)-2~3-fluorophenyl)-prop-1-enyl)-benzene
\\_\H
F :I’%Ph
Me
[CAS: 2079113-63-4]

The title compound was prepared following genersdcpdure A, starting from 4—
fluorobenzoic acid (71 mg, 0.5mmol) and 1-phenyprbpyne (88 mg, 95.7 uL,
0.75 mmol). The title compound was isolated asreds liquid (60 mg, 56%).

The title compound was prepared following generedcpdure B, starting from 4—
fluorobenzoic acid (142 mg, 1 mmol) and 1-phenyptpyne (59 mg, 64 puL, 0.5 mmol).
The title compound was isolated as colorless ligd®img, 71%).

'H NMR (400 MHz, CDC}): 6 = 77.39-7.43 (m, 1H), 7.35-7.39 (m, 3H), 7.30-{r842H),
7.20-7.30 (m, 3H), 6.95-7.04 (m, 1H), 6.88 (s, 128 ppm (dJ) = 1.3 Hz, 3H);*C NMR
(101 MHz, CDCY): 6 = 162.9 (d,J) = 244.3 Hz), 146.2 (dl = 7.3 Hz), 137.9 (s), 136.2 (d=
2.7 Hz), 129.7 (dJ = 8.2 Hz), 129.1 (s), 128.5 (s), 128.2 (s), 148)7121.6 (d,) = 2.7 Hz),
113.9 (d,J = 20.89 Hz), 112.9 (d] = 21.8 Hz), 17.4 ppm (s)*F NMR (376 MHz, CDC)): ¢
=-113.55 ppm;IR (ATR): v = 2980, 1718, 1371, 1207, 1157 ,1029, 781cMS (EI,

70 eV) m/z (%): 213 (15), 212 (100) [M, 197 (62), 196 (19), 177 (16), 115 (13), 50
(12); HRMS (EI-TOF) calcd. for gH13F: 212.1005; found 212.1000.

7.5.6.15. Synthesis of H(E)-2<3-bromophenylyprop-1-enyl)-benzene
jo
Br //j/\Ph
Me
[CAS: 1361147-98-9]

The title compound was prepared following genersdcpedure A, starting from 4—
bromobenzoic acid (103 mg, 0.5 mmol) and 1-phemp+dpyne (88 mg, 95.7 pL,
0.75 mmol). The title compound was isolated asrteds liquid (78 mg, 57%).

'H NMR (400 MHz, CDCY): 6 = 7.68 (t,J = 1.9 Hz, 1H), 7.41-7.47 (m, 2H), 7.34-7.41 (m,
4H), 7.22-7.31 (m, 2H), 6.84 (s, 1H), 2.27 ppmJ& 1.3 Hz, 3H):**C NMR (101 MHz,
CDCL): 6 = 146.1 (s), 137.8 (s), 136.1 (s), 130.0 (s), 829), 129.1 (s), 128.8 (s), 128.2 (s),
126.8 (s), 124.6 (s), 122.5 (s), 77.3 (s), 76.7 18)4 ppm (s)IR (ATR): ¥ = 3060, 3021,
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1589, 1558, 1474 ,1441, 1247, 1062, 863, 777, 882,cm®; MS (El, 70 eV)m/z (%): 275
(18), 274 (100) [M], 273 (18), 272 (96), 259 (18), 193 (33), 178 (BRMS (EI-TOF)
calcd. for GsHis™"Br: 272.0201; found 272.0189. calcd. fogs:5>'Br: 274.0180; found
274.0163.

7.5.6.16. Synthesis of H(E)-2-(4-bromophenylyprop-1-enyl)-benzene
Br\C\[\_\H
//j/\Ph
Me
[CAS: 580002-13-7]

The title compound was prepared following genersdcpdure A, starting from 3—
bromobenzoic acid (103 mg, 0.5 mmol) and 1-phemyp+dpyne (88 mg, 95.7 pL,
0.75 mmol). The title compound was isolated asneds solid (58 mg, 43%).

'H NMR (400 MHz, CDCY): § = 7.44-7.51 (m, 2H), 7.31-7.40 (m, 5H), 7.22-728 1H),
6.81 (s, 1H), 2.24 ppm (d,= 1.3 Hz, 3H);*C NMR (101 MHz, CDC}): 6 = 142.8 (s), 137.9
(s), 136.2 (s), 131.3 (s), 129.1 (s), 128.2 (s8.12s), 127.6 (Ss), 126.7 (s), 121.0 (s), 17.3 ppm
(s); IR (ATR): ¥ = 3060, 3021, 1589, 1558, 1474 ,1441, 1247, 18623, 777, 742, 692 ci

MS (El, 70 eV)m/z (%): 275 (18), 274 (100) [k}, 273 (18), 272 (96), 259 (18), 193 (33),
178 (60);HRMS (EI-TOF) calcd. for GHi3'"Br: 272.0201; found 272.0201. calcd. for
CisH13>'Br: 274.0180; found 274.0206.p.: 79-80 °C.

7.5.6.17. Synthesis of 4((E)-1-phenylprop-1-en-2-yl)-benzonitrile
NC\C\[\,\H
//j/\Ph
Me
[CAS: 2079113-70-3]

The title compound was prepared following genersdcpdure A, starting from 3—
cyanobenzoic acid (75.1 mg, 0.5mmol) and 1-phdmyropyne (88 mg, 95.7 uL,
0.75 mmol). The title compound was isolated asrteds solid (46 mg, 42%).

'H NMR (400 MHz, CDC}): § = 7.60—7.69 (m, 4H), 7.36=7.44 (m, 4H), 7.27—1183 1H),
6.93 (s, 1H), 2.30 ppm (d,= 1.3 Hz, 3H);*C NMR (101 MHz, CDC}): 6 = 148.4 (s), 137.4
(s), 135.7 (s), 132.2 (s), 130.4 (s), 129.1 (s§.32s), 127.1 (s), 126.6 (s), 119.0 (s), 110.5
(s), 17.1 ppm (s)IR (ATR): v = 2950, 2226, 1598, 1501, 1444, 1407, 1377, 118Q7,
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1080, 1062, 842, 827, 758, 711, 696 ¢S (El, 70 eV)m/z(%): 220 (25), 219.(100) [,
218 (15), 204 (78), 203 (14), 115 (14), 50 (HMRMS (EI-TOF) calcd. for @His Br:
272.0201; found 272.0201. calcd. fofg813N: 219.1048; found 298.1058).p.: 35-36 °C.

7.5.6.18. Synthesis of 1,2dihydroxy-5—(E)-1-phenylprop-1-enyl)-benzene

OH
‘H

HO /ﬁ4’\Ph
Me
[CAS: 2079113-73-6]

The title compound was prepared following genenadcedure A, starting from 2,4—
dihydroxybenzoic acid (103 mg, 0.5 mmol) and 1-pheh-propyne (88 mg, 95.7 pL,
0.75 mmol). The title compound was isolated as rteds liquid as the corresponding
methylether after treatment with Mel (5 eq.) angCR; (2 eq.) at 60 °C in NMP (104 mg,
82%).

'H NMR (400 MHz, CDCY): § = 7.34—7.50 (m, 4H), 7.22-7.30 (m, 1H), 6.79—-§99 1H),
6.69 (d,J = 2.3 Hz, 2H), 6.37-6.50 (m, 1H), 3.85 (s, 6HR2ppm (d,J = 1.5 Hz, 3H):C
NMR (101 MHz, CDCY): 6 = 161.0 (s), 146.6 (s), 138.4 (s), 137.7 (s), 329), 128.5 (s),
128.2 (s), 126.8 (s), 104.8 (s), 99.4 (s), 77.6T®)5 (s), 77.3 (s), 55.7 (s), 17.9 ppm (B);
(ATR): ¥ = 2997, 2943, 2837, 1588, 1454 ,1421, 1348, 13203, 1152, 1067, 1048, 833,
751, 699 crit; MS (El, 70 eV)m/z (%): 255 (19), 254 (100) [K], 253 (32), 239 (56), 224
(14), 223 (12), 208 (14HRMS (EI-TOF) calcd. for GH:105: 254.1307; found 254.1319.

7.5.6.19. Synthesis of 1,2dimethoxy-5—((E) -1—-phenylprop-1-enyl)-benzene

OMe
‘H

MeO /ﬁ4’\Ph
Me
[CAS: 2079113-76-9]

The title compound was prepared following genenadcedure A, starting from 2,4—
dimethoxybenzoic acid (93 mg, 0.5 mmol) and 1-phelmypropyne (88 mg, 95.7 uL,
0.75 mmol). The title compound was isolated asrteds liquid (78 mg, 61%).

'H NMR (400 MHz, CDCY): § = 7.34-7.50 (m, 4H), 7.22-7.30 (m, 1H), 6.79-§199 1H),

6.69 (d,J = 2.3 Hz, 2H), 6.37—6.50 (m, 1H), 3.85 (s, 6HR72ppm (d,J = 1.5 Hz, 3H):*C
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NMR (101 MHz, CDCY): 0 =161.0 (s), 146.6 (s), 138.4 (s), 137.7 (s), 349), 128.5 (s),
128.2 (s), 126.8 (s), 104.8 (s), 99.4 (s), 77.64%)5 (s), 77.3 (S), 55.7 (s), 17.9 ppm [B);
(ATR): v = 2997, 2943, 2837, 1588, 1454 ,1421, 1348, 13203, 1152, 1067, 1048, 833,
751, 699 crit; MS (El, 70 eV)m/z (%): 255 (19), 254 (100) [K, 253 (32), 239 (56), 224
(14), 223 (12), 208 (14HRMS (EI-TOF) calcd. for gH150,: 254.1307; found 254.13186.

7.5.6.20. Synthesis of 1,3dimethyl-5—(Z) -1henylprop-1-en-2-yl)benzene

Me
o
Me j/\ Ph
Me
[CAS: 2079113-76-2]

The title compound was prepared following genenadcedure A, starting from 2,4—
dimethylbenzoic acid (76 mg, 0.5 mmol) and 1-pheiwpropyne (88 mg, 95.7 uL,
0.75 mmol). The title compound was isolated asrteds liquid (93 mg, 84%).

'H NMR (400 MHz, CDC}): 6 = 7.28 (d,J = 1.8 Hz, 4H), 7.14 (s, 1H), 7.06 (s, 2H), 6.86 (s
1H), 6.72 (d,J = 1.3 Hz, 1H), 2.27 (s, 6H), 2.18 ppm @@,= 1.5 Hz, 3H);*C NMR
(101 MHz, CDC}): § = 144.1 (s), 138.4 (s), 137.7 (s), 137.6 (s), 128), 128.8 (s), 128.8
(s), 128.5 (s), 128.1 (s), 127.8 (s), 127.4 (s§.32s), 126.0 (s), 125.7 (s), 123.9 (s), 77.3 (3),
76.7 (s), 21.4 (s), 21.3 (s), 17.6 ppm (B):(ATR): ¥ = 3021, 2916, 2861, 1599, 1493, 1443,
1375, 841, 749, 696 clnMS (El, 70 eV)m/z (%): 223 (19), 222 (100) [k}, 208 (9), 207
(52), 192 (17), 115 (14), 91 (IRMS (EI-TOF) calcd. for §Hig 222.1409; found
222.1413.
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7.5.6.21. Synthesis of 2((E)-1-phenylprop-1-en-2-yl)-naphthalene
\_\H
’/j/\Ph
Me
[CAS: 52520-45-3]

The title compound was prepared following genersdcedure A, starting from 2—
naphthoic acid (88 mg, 0.5 mmol) and 1-phenyl-1pyme (88 mg, 95.7 pL, 0.75 mmol).
The title compound was isolated as colorless g6lidmg, 40%).

'H NMR (400 MHz, CDCY): 6 = 7.97 (d,J = 1.3 Hz, 1H), 7.83-7.92 (m, 3H), 7.71-7.78 (m,
1H), 7.40-7.54 (m, 6H), 7.30 (td= 6.0, 2.9 Hz, 1H), 7.04 (d,= 1.0 Hz, 1H), 2.42 ppm (d,

J = 1.3 Hz, 3H);™®*C NMR (101 MHz, CDC}): 6 = 141.1 (s), 138.4 (s), 137.2 (s), 133.5 (s),
132.7 (s), 129.3 (s), 128.3 (s), 128.2 (s), 128)2127.8 (s), 127.6 (s), 126.6 (s), 126.2 (s),
125.8 (s), 124.7 (s), 124.4 (s), 17.5 ppm (B);(ATR): v = 3055, 1595, 1571, 1486, 1444,
1386, 1275, 1130, 1072, 853, 810, 742, 716, 695 &4S (El, 70 eV)m/z(%): 245 (24), 244
(100) [M'], 243 (11), 230 (11), 229 (61), 228 (20), 115 (RMS (EI-TOF) calcd. for
CioH16 244.1252; found 244.124¢.p.: 137139 °C.

7.5.6.22. Synthesis of H(E)-1-phenylprop-1-en-2-yl)-quinoline
L,
SN //j/\Ph
Me
[CAS: 2079113-84-9]

The title compound was prepared following genersdcpdure A, starting from 6—
quinolinecarboxylic acid (89.3 mg, 0.5 mmol) andplienyl-1-propyne (88 mg, 95.7 pL,
0.75 mmol). The title compound was isolated as geasvolid (44 mg, 36%).

'H NMR (400 MHz, CDC}): 6 = 8.93 (dd,J = 4.1, 1.6 Hz, 1H), 8.24 (d, = 1.0 Hz, 1H),
8.16 (dddJ = 8.3, 1.5, 0.8 Hz, 1H), 7.82 (d= 1.3 Hz, 2H), 7.36—7.45 (m, 5H), 7.30 (i

5.8, 2.8 Hz, 1H), 7.10 (dJ = 1.3 Hz, 1H), 2.43 ppm (d) = 1.3 Hz, 3H);**C NMR
(101 MHz, CDC}): 6 = 150.7 (s), 148.4 (s), 144.7 (s), 138.0 (s), 336), 135.7 (s), 129.3
(s), 129.2 (s), 128.2 (s), 127.5 (s), 127.4 (s§.82s), 126.0 (s), 125.1 (s), 120.8 (s), 17.3 ppm
(s); IR (ATR): v = 3021, 2917, 2340, 1740, 1614, 1593, 1495, 14383, 1320, 835, 826,
753, 714, 693 cili MS (El, 70 eV)m/z(%): 245 (25), 244 (100) [}, 229 (12), 202 (3), 115

(4); HRMS (EI-TOF) calcd. for ggH1sN: 245.1204; found 245.1176).p.: 50-51 °C.
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7.5.6.23. Synthesis of H(E)-1<3-methyl-4-nitrophenyl)-prop-1-enyl)-benzene

Me
O5N s H

j/\ Ph

Me

[CAS: 2079113-87-2]

The title compound was prepared following generacedure A, starting from 2—methyl-
3-nitrobenzoic acid (91 mg, 0.5mmol) and 1-phebypropyne (88 mg, 95.7 pL,
0.75 mmol). The title compound was isolated as geasolid (69 mg, 55%).

'H NMR (400 MHz, CDCY): § = 8.01-8.08 (m, 1H), 7.46—7.50 (m, 2H), 7.36—7#5 4H),
7.31 (d,J = 6.8 Hz, 1H), 6.91-6.97 (m, 1H), 2.68 (s, 3HR12ppm (dJ = 1.5 Hz, 3H);**C
NMR (101 MHz, CDCY): 0 = 148.9 (s), 147.6 (s), 137.4 (s), 135.5 (s), A34), 130.6 (s),
130.2 (s), 129.1 (s), 128.3 (s), 127.1 (s), 125)) 124.3 (s), 77.3 (s), 76.7 (s), 21.0 (s),
17.3 ppm (s)IR (ATR): ¥ = 3025, 2997, 2915, 2858, 1599, 1578, 1510, 14885, 1337,
1813, 1207, 1184, 1069, 870, 827, 760, 753, 70, &48 (El, 70 eV)m/z(%): 254 (19), 253
(100) [M"], 238 (9), 236 (15), 206 (8), 192 (18), 191 (HMRMS (EI-TOF) calcd. for
Ci16H1sNO,: 253.1103; found 253.11167.p.: 61-62 °C.

7.5.6.24. Synthesis of 2((E) -1-phenylprop-1-en-2-yl)-naphthalene

j/\ Ph
Me

[CAS: 52520-45-3]

The title compound was prepared following genersdcedure A, starting from 1—
naphthoic acid (88 mg, 0.5 mmol) and 1-phenyl-1pyme (88 mg, 95.7 pL, 0.75 mmol).
The title compound was isolated as colorless £al® mg, 89%).

'H NMR (400 MHz, CDC}): 6 = 7.94-7.99 (m, 1H), 7.82—-7.91 (m, 3H), 7.74 (@; 8.5,
2.0 Hz, 1H), 7.49 (ddd] = 7.6, 5.5, 1.8 Hz, 2H), 7.39-7.45 (m, 4H), 7.@9)(= 2.8 Hz, 1H),
7.03 (d,J = 1.3 Hz, 1H), 2.42 ppm (dl = 1.5 Hz, 3H);"*C NMR (101 MHz, CDC}): ¢
=141.1 (s), 138.3 (s), 137.2 (s), 133.4 (s), 138)/129.2 (s), 128.2 (s), 128.2 (s), 128.1 (S),
127.8 (s), 127.5 (s), 126.5 (s), 126.2 (s), 125)8 124.7 (s), 124.4 (s), 77.3 (s), 76.7 (s),
17.5 ppm (s)IR (ATR): v = 3055, 1595, 1571, 1486, 1444, 1386, 1275, 11802, 853,
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810, 742, 716, 695 cfh MS (El, 70 eV)m/z (%): 245 (24), 244 (100) [K}, 243 (11), 230
(11), 229 (61), 228 (20), 115 (HYRMS (EI-TOF) calcd. for GHis 244.1252; found
244.1246m.p.: 137-138 °C.

7.5.6.25. Synthesis of (E}1,2-diphenylprop-1-ene
CI
//j/\Ph
Me
[CAS: 833-81-8]

The title compound was prepared following generalcedure A, starting from benzoic
acid (61 mg, 0.5 mmol) and 1-phenyl-1-propyne (&3 86.7 puL, 0.75 mmol). The title
compound was isolated as colorless liquid (39 gy

The title compound was prepared following generadcpdure B, starting from 4—
fluorobenzoic acid (150.2 mg, 1 mmol) and 1-phelypropyne (59 mg, 64 uL, 0.5 mmol).

The title compound was isolated as colorless liga&img, 60%).

'H NMR (400 MHz, CDC}): 6 = 7.49-7.60 (m, 2H), 7.20-7.45 (m, 8H), 6.85)d, 1.0 Hz,
1H), 2.30 ppm (dJ = 1.3 Hz, 3H);"*C NMR (101 MHz, CDC}): 6 = 144.0 (s), 138.4 (s),
137.4 (s), 129.1 (s), 128.3 (s), 128.1 (s), 123)7127.2 (s), 126.4 (s), 126.0 (s), 17.5 ppm (S).

The analytical data matched those reported initieture!3>¢H35713581

7.5.6.26. Synthesis of 1,2 8rimethoxy-3—(E) -1-phenylprop-1-en-2-yl)-benzene

OMe
“.H

MeO j/\ Ph
OMe Me

[CAS: 2079113-93-0]

The title compound was prepared following generalcedure A, starting from 2,4,5—
trimethoxybenzoic acid (107 mg, 0.5 mmol) and 1+ghel—propyne (88 mg, 95.7 uL,
0.75 mmol). The title compound was isolated asrteds solid (86 mg, 60%).

'H NMR (400 MHz, CDC}): 6 = 7.35-7.45 (m, 4H), 7.21-7.31 (m, 2H), 6.59X¢, 1.5 Hz,
1H), 6.48 (d,J = 3.0 Hz, 1H), 6.40 (d] = 3.0 Hz, 1H), 3.88 (s, 3H), 3.83 (s, 3H), 3.763d),
2.28 ppm (d,J = 1.5 Hz, 3H);**C NMR (101 MHz, CDC}): 6 = 156.1 (s), 153.7 (s), 140.5
(s), 138.3 (s), 137.5 (s), 129.7 (s), 129.3 (sB.22s), 126.8 (s), 104.8 (s), 99.3 (s), 77.6 (),
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77.3 (s), 61.2 (s), 56.2 (s), 55.9 (s), 19.5 ppn IR (ATR): # = 2939, 2837, 1588, 1482,
1463, 1419, 1338, 1274, 1224, 1199, 1174, 115711880, 1006, 830, 773, 749, 698tm
MS (El, 70 eV)m/z (%): 285 (20), 284 (100) [}, 269 (48), 253 (15), 241 (10), 103 (9), 91
(14); HRMS (EI-TOF) calcd. for GHoOs: 284.1412; found 284.1416.p.;: 71-73 °C.

7.5.6.27. Synthesis of ethyl-(2E)—-3—(3—methoxyphenyl)-3—pHprmyp—2—enoate
I
MeO /’ﬁ/\cozEt
Ph

[CAS: 329968-30-1]

The title compound was prepared following genersdcedure A, starting from 4—
methoxybenzoic acid (90 mg, 0.5 mmol) and ethylH&rRylpropiolate (133 mg, 127 uL,
0.75 mmol). The title compound was isolated asreds liquid (102 mg, 72%).

The title compound was prepared following generedcpdure B, starting from 4—
methoxybenzoic acid (180 mg, 1 mmol) and ethyl-&Agtpropiolate (88.7 mg, 84.7 pL,
0.5 mmol). The title compound was isolated as ¢e$srliquid (58 mg, 41%).

'H NMR (400 MHz, CDCJ): § = 7.28-7.46 (m, 6H), 7.01-7.12 (m, 3H), 6.90 (d¢; 8.2,
2.6 Hz, 1H), 4.29 (g) = 7.0 Hz, 2H), 3.85 (s, 3H), 1.22 ppm Jt= 7.0 Hz, 3H)°C NMR
(101 MHz, CDC4): 6 = 169.5 (s), 159.7 (s), 138.3 (s), 135.6 (s), 135), 131.3 (s), 129.7
(s), 128.4 (s), 128.3 (s), 128.2 (s), 118.9 (sB.81s), 112.0 (s), 61.3 (s), 55.3 (s), 13.9 ppm
(s); IR (ATR): ¥ = 2967, 2836, 1603, 1718, 1596, 1578, 1488, 18287, 1215, 1184, 1156,
1023, 691 crit; MS (El, 70 eV)m/z (%): 283 (19), 282 (100) [f], 237 (11), 209 (30), 194
(10), 135 (12), 107 (L1HRMS (EI-TOF) calcd. for GH1402: 282.1256; found 282.1249.

7.5.6.28. Synthesis of (Z2)—2—(3—Methoxyphenyl)-3—phenylpropef—1—ol

MeO J/\ Ph

[CAS: 1694650-56-0]

HO

The title compound was prepared following genersdcpdure A, starting from 4—
methoxybenzoic acid (90 mg, 0.5 mmol) and 1-(3-tygorop—1-ynyl)-benzene (105 mg,
110 pL, 0.75 mmol). The title compound was isolaedolorless liquid (96 mg, 80%).
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The title compound was prepared following generadcpdure B, starting from 4—
methoxybenzoic acid (180 mg, 1 mmol) and 1—(3—hygooop—1-ynyl)-benzene (70 mg,
73.3 pL, 0.5 mmol). The title compound was isolasdolorless liquid (63 mg, 52%).

'H NMR (400 MHz, CDCY): § = 7.29-7.49 (m, 7H), 7.17-7.21 (m, 1H), 7.13-7h6 1H),
6.99 (s, 1H), 6.90 (ddd, = 8.2, 2.6, 1.0 Hz, 1H), 4.71 (s, 2H), 3.87 (s),3H62 ppm (br. s,
1H); °C NMR (101 MHz, CDCJ): 6 = 159.9 (s), 142.1 (s), 140.0 (s), 136.8 (s), 433%),
129.7 (s), 128.9 (s), 128.4 (s), 127.4 (s), 118)01(13.1 (s), 112.5 (s), 60.4 (S), 55.3 ppm (s);
IR (ATR): ¥ = 3392, 3023, 2938, 2834, 1713, 1597, 1576, 14827, 1286, 1266, 1228,
1169, 1033, 1010, 862, 777, 755, 694'%cmS (El, 70 eV)m/z (%): 241 (16), 240 (100)
[M*], 223 (30), 135 (19), 121 (7THRMS (EI-TOF) calcd. for @H:60,: 240.1150; found
240.1156.

7.5.6.29. Synthesis of ethyl—-(2E)-3—(3—methylphenyl)-3—ph@mngp—2—enoate

Me
Ci!
/ﬁ/\cozEt
Ph
[CAS: 329968-28-7]

The title compound was prepared following genersdcedure A, starting from 2—
methoxybenzoic acid (69 mg, 0.5 mmol) and ethylH&Rylpropiolate (133 mg, 127 pL,
0.75 mmol). The title compound was isolated asrteds liquid (59 mg, 44%).

'H NMR (400 MHz, CDC}): 6 = 7.34-7.43 (m, 4H), 7.28-7.34 (m, 4H), 7.18 (dild, 4.6,
3.5, 1.5 Hz, 1H), 7.05 (s, 1H), 4.30 (4= 7.0 Hz, 2H), 2.40 (s, 3H), 1.22 ppmJt= 7.2 Hz,
3H); **C NMR (101 MHz, CDC}): 6 = 169.7 (s), 138.3 (s), 136.8 (s), 135.8 (s), 435),
130.9 (s), 129.1 (s), 128.6 (s), 128.4 (s), 128)21(28.2 (s), 127.0 (s), 123.5 (s), 61.3 (s), 21.5
(s), 13.9 ppm (S)IR (ATR): v = 2981, 1717, 1602, 1495, 1446, 1371, 1286,, 12087,
1094, 1029, 782, 752, 692 &mMS (El, 70 eV)m/z(%): 267 (19), 266 (100) [, 219 (11),
193 (43), 178 (12), 135 (21), 107 (1BRMS (EI-TOF) calcd. for GH1g0.: 266.1307;
found 266.1294.
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7.5.6.30. Synthesis of 1—((E)-3—hydroxy—1—phenylprop—1—en+42-3rmethylbenzene

Me
“.H

©f\ Ph

HO
[CAS: 335267-58-8]

The title compound was prepared following genersdcedure A, starting from 2—
methylbenzoic acid (69 mg, 0.5 mmol) and 1—(3-hygpoop—1-ynyl)-benzene (105 mg,
110 pL, 0.75 mmol). The title compound was isolasedaolorless liquid (79 mg, 70%).

'H NMR (400 MHz, CDC}): 6 = 7.37-7.47 (m, 6H), 7.29-7.36 (m, 2H), 7.17X&, 7.5 Hz,
1H), 6.97 (s, 1H), 4.72 (s, 2H), 2.42 (s, 3H), 1pBn (s, 1H)*C NMR (101 MHz, CDCJ):
d=140.3 (s), 138.3 (s), 137.0 (s), 131.1 (s), 928), 128.6 (s), 128.5 (s), 128.4 (s), 127.4 (S),
127.3 (s), 123.7 (s), 120.0 (s), 60.4 (s), 21.6 gMR (ATR): ¥ = 3360, 3052, 3021, 2921,
1601, 1493, 1445, 1010, 999, 966, 782, 754, 692 &S (El, 70 eV)m/z(%): 225 (12), 224
(100) [M'], 209 (15), 195 (13), 178 (11), 119 (70), 105 (&M (36), 77 (20)HRMS (El-
TOF) calcd. for GgH160: 224.1201; found 224.1212.

7.5.6.31. Synthesis of 1-methyl-3—((Z)-1-phenylbut-1-en—2-y¥nzene

Me
Ci!
j/\ Ph
Et

[CAS: 2079114-98-8]

The title compound was prepared following genersdcpedure A, starting from 2—
methylbenzoic acid (69 mg, 0.5 mmol) and 1—(butrAihybenzene (97 mg, 109 puL,
0.75 mmol). The title compound was isolated asneds solid (80 mg, 70%).

'H NMR (400 MHz, CDCY): § = 7.32-7.41 (m, 4H), 7.29-7.31 (m, 1H), 7.25-7129 3H),
7.09-7.15 (m, 1H), 6.69 (s, 1H), 2.75 (= 7.4 Hz, 2H), 2.40 (s, 3H), 1.07 ppm Jt=
7.5 Hz, 3H);*C NMR (101 MHz, CDCJ): § = 144.6 (s), 142.7 (s), 138.3 (s), 137.9 (s), 428.
(s), 128.7 (s), 128.2 (s), 127.9 (s), 127.8 (s),.4%s), 126.5 (s), 123.7 (s), 23.3 (s), 21.6 (s),
13.5 ppm (s)iR (ATR): v = 3020, 2965, 1601, 1494, 1445, 1376, 864, 788, 898 cn;

MS (El, 70 eV)m/z(%): 223 (21), 222 (100) [k, 208 (9), 207 (44), 193 (14), 129 (10), 115
(26); HRMS (EI-TOF) calcd. for &Hig: 222.1409; found 298.140M).p.: 46—47 °C.
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7.5.6.32. Synthesis of 1-methyl-3—((Z)-1-phenylpent-1-en—R-hdnzene

Me
“.H

j/\ Ph

"Pr
[CAS: 2079115-31-2]

The title compound was prepared following genersdcpedure A, starting from 2—
methylbenzoic acid (69 mg, 0.5mmol) and 1-phenyehtyne (110 mg, 115 pL,
0.75 mmol). The title compound was isolated asrteds liquid (95 mg, 80%).

'H NMR (400 MHz, CDC}): = 7.30-7.40 (m, 4H), 7.22—7.30 (m, 4H), 7.09—7rh5 1H),
6.69 (s, 1H), 2.63-2.72 (m, 2H), 2.40 (s, 3H), £1462 (m, 2H), 0.91 ppm (§ = 7.4 Hz,
3H); **C NMR (101 MHz, CDC}): § = 143.4 (s), 143.2 (s), 138.4 (s), 137.8 (s), 848),
128.2 (s), 128.2 (s), 128.1 (s), 127.9 (s), 128)4126.4 (s), 123.7 (8), 77.3 (S), 76.7 (s), 32.2
(s), 22.0 (s), 21.6 (s), 14.1 ppm (83; (ATR): v = 3023, 2958, 2927, 1601, 1493, 1455, 1377,
1088, 781, 698 cih MS (El, 70 eV)m/z (%): 237 (21), 236 (100) [}, 208 (9), 207 (44),
193 (14), 129 (10), 115 (26){RMS (EI-TOF) calcd. for gHzo: 236.1565; found 236.1576.

7.5.6.33. Synthesis of 1—((E)-3—methoxy—1—-phenylprop—1—-enf23ymethylbenzene

Me

/J/\ Ph

[CAS: 2079115-01-6]

MeO

The title compound was prepared following genersdcpedure A, starting from 2—
methylbenzoic acid (69 mg, 0.5 mmol) and 1-(3—methoop—-1-ynyl)-benzene (110 mg,
115 pL, 0.75 mmol). The title compound was isolaedolorless liquid (66 mg, 56%).

'H NMR (400 MHz, CDCY): § = 7.37-7.45 (m, 6H), 7.28-7.35 (m, 2H), 7.12—7h5 1H),
7.05 (s, 1H), 4.39 (s, 2H), 3.40 (s, 3H), 2.41 pan3H); *C NMR (101 MHz, CDC}): 6
=141.5 (s), 138.0 (s), 138.0 (s), 137.2 (s), 138)4129.0 (s), 128.3 (s), 128.3 (s), 128.2 (s),
127.2 (s), 127.1 (s), 123.4 (s), 70.1 (s), 58.129)6 ppm (s)IR (ATR): v = 3022, 2922,
1603, 1493, 1446, 1193, 1094, 952, 785, 692:adS (El, 70 eV)m/z(%): 238 (100) [M],
237 (59), 223 (75), 207 (21), 206 (21), 115 (34, @2);HRMS (EI-TOF) calcd. for
Ci17H180: 238.1358; found 238.1363.
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7.5.6.34. Synthesis of (2)—-2—(3—fluorophenyl-3—phenylprop—h—&—ol)

F /’J/\Ph

[CAS: 2079115-04-9]

HO

The title compound was prepared following genersdcedure A, starting from 4—
fluorobenzoic acid (71.5 mg, 0.5 mmol) and 1—-(3+byglprop—1-ynyl)—-benzene (105 mg,
110 pL, 0.75 mmol). The title compound was isolasdaolorless liquid (83 mg, 73%).

The title compound was prepared following generadcpdure B, starting from 4—
fluorobenzoic acid (143 mg, 1 mmol) and 1—(3-hygmwep-1-ynyl)-benzene (70 mg,
73.3 pL, 0.5 mmol). The title compound was isolasdolorless liquid (75 mg, 66%).

'H NMR (400 MHz, CDCY): 6 = 7.29-7.50 (m, 8H), 6.97—7.10 (m, 2H), 4.70 ppm2H);

13C NMR (101 MHz, CDC}): 6 = 163.1 (d,) = 246.1 Hz), 143.0 (d = 7.3 Hz), 138.9 (d] =

2.7 Hz), 136.5 (s), 132.2 (s), 130.1 Jc 8.2 Hz), 128.9 (s), 128.5 (s), 127.7 (s), 128,d =

2.7 Hz), 114.5 (dJ = 21.8 Hz), 113.5 (dJ = 22.7 Hz), 60.3 ppm (s}*F NMR (376 MHz,
CDCly): 6 =-112.95 ppmiR (ATR): ¥ = 3333, 3024, 2338, 1741, 1609, 1580, 1484, 1443,
1263, 1229, 1174, 1158, 1011, 968, 902, 864, 786, 894 crit; MS (El, 70 eV)m/z (%):

228 (15), 227 (100) [N, 211 (32), 123 (10), 105 (33), 91 (1BRMS (EI-TOF) calcd. for
C1sH150F: 228.0950; found 228.0964.
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