Springer Theses
Recognizing Outstanding Ph.D. Research

Rui Shang

New Carbon—Carbon
Coupling Reactions
Based on Decarboxylation . ..

and Iron- Catalyzed€éh|=
Actlvatlon

_m;

Springer



Springer Theses

Recognizing Outstanding Ph.D. Research



Aims and Scope

The series “Springer Theses” brings together a selection of the very best Ph.D.
theses from around the world and across the physical sciences. Nominated and
endorsed by two recognized specialists, each published volume has been selected
for its scientific excellence and the high impact of its contents for the pertinent field
of research. For greater accessibility to non-specialists, the published versions
include an extended introduction, as well as a foreword by the student’s supervisor
explaining the special relevance of the work for the field. As a whole, the series will
provide a valuable resource both for newcomers to the research fields described,
and for other scientists seeking detailed background information on special
questions. Finally, it provides an accredited documentation of the valuable
contributions made by today’s younger generation of scientists.

Theses are accepted into the series by invited nomination only
and must fulfill all of the following criteria

e They must be written in good English.

e The topic should fall within the confines of Chemistry, Physics, Earth Sciences,
Engineering and related interdisciplinary fields such as Materials, Nanoscience,
Chemical Engineering, Complex Systems and Biophysics.

The work reported in the thesis must represent a significant scientific advance.
If the thesis includes previously published material, permission to reproduce this
must be gained from the respective copyright holder.

e They must have been examined and passed during the 12 months prior to
nomination.

e Each thesis should include a foreword by the supervisor outlining the signifi-
cance of its content.

e The theses should have a clearly defined structure including an introduction
accessible to scientists not expert in that particular field.

More information about this series at http://www.springer.com/series/8790



Rui Shang

New Carbon—Carbon
Coupling Reactions Based
on Decarboxylation

and Iron-Catalyzed C—H

Activation

Doctoral Thesis accepted by
the University of Science and Technology of China,
Hefei, China

@ Springer



Author

Dr. Rui Shang

Department of Chemistry

University of Science and Technology
of China

Hefei, Anhui

China

Supervisor

Prof. Yao Fu

Department of Chemistry

University of Science and Technology
of China

Hefei, Anhui

China

ISSN 2190-5053

Springer Theses

ISBN 978-981-10-3192-2

DOI 10.1007/978-981-10-3193-9

ISSN 2190-5061 (electronic)

ISBN 978-981-10-3193-9  (eBook)

Library of Congress Control Number: 2016958988

© Springer Nature Singapore Pte Ltd. 2017

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made.

Printed on acid-free paper
This Springer imprint is published by Springer Nature

The registered company is Springer Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #22-06/08 Gateway East, Singapore 189721, Singapore



I dedicate this thesis to my parents,

Jun Shang, and Sufen Qi, who offered me
unconditional love and support that have
always been there. Thank you so much!



Supervisor’s Foreword

I am very pleased to see the doctoral thesis of my former student Dr. Rui Shang
being published as a part of the Springer Theses. The thesis is very fruitful, con-
taining a lot of achievements Rui made during his Ph.D. study. It includes the first
part conducted at the University of Science and Technology of China about tran-
sition metal-catalyzed decarboxylative cross-couplings and the second part con-
ducted in Japan under the supervision of Prof. Eiichi Nakamura, describing the
development of catalytic uses of iron for C—H functionalization.

The development of new methodologies and new catalysts for catalytic carbon—
carbon bond formation reactions is the central goal in modern synthetic organic
chemistry. Despite the established methodologies that significantly improved the
capability of human beings to create complex chemicals and also to solve envi-
ronmental and energy-related problems, new versions of C—C coupling reaction
utilizing easily available, environmentally friendly reagents and abundant, sustain-
able catalysts are still highly required. The first part of this thesis focuses on the
developments of new catalytic C—C bond formation methods using easily accessible
carboxylate salts through catalytic decarboxylation with good atom economy.
Traditional cross-coupling methodologies largely rely on the use of organometallic
reagents. Usually, the organometallic reagents are expensive and sensitive to air and
moisture, which makes them difficult to prepare and store on a large scale, and they
generate metal wastes as the side products. Although the use of carboxylic acid as
surrogates through extrusion of carbon dioxide to generate carbon nucleophiles in
cross-coupling has been reported by Nilson in 1960s, it was buried in the literatures
without further development until 2000s. Myers and co-workers reported decar-
boxylative Heck reaction, and Goossen and co-workers reported Cu/Pd co-catalyzed
biaryl synthesis, which reinvigorated interest in this area. Until recently, this
research area is still expanding, and many cost-effective reactions are being devel-
oped. This part of Rui’s Ph.D. work contributed to the development in the versatility
of novel and practical decarboxylative cross-couplings. He ingeniously discovered a
series of decarboxylative couplings using easily accessible and cheap carboxylate
salts such as oxalate salts, cyanoacetate salts, and perfluorobenzoates to synthesize
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viii Supervisor’s Foreword

high value-added chemicals. Mechanistic studies to understand the elementary step
of metal-catalyzed decarboxylation were also carried out through the collaboration
with theoretical chemists. The second part of this thesis was conducted in
Prof. Eiichi Nakamura’s laboratory at the University of Tokyo. I was pleased to see
Rui performed well under the guidance of Prof. Nakamura. Iron is the most suitable
element conforms to the pirit of the “Elements Strategy Initiative” for catalysis due
to its ubiquity and non-toxicity. This part of research is devoted to exploring the
catalytic reactivity of organoiron species and hence to developing synthetically
useful carbon—carbon formation reactions through direct activation of C—H bonds.
The key achievements of this part of research are the discoveries of several methods
to tame the catalytic reactivity of organoiron, which enable various types of C-H
transformations. The detailed achievements include the following: (1) discovery of
bisphosphine ligand in combination with a bidentate auxiliary, which enables the
first example of iron-catalyzed C(sp”)-H functionalization through ferracycle inter-
mediate and (2) discovery of a B-Zn transmetalation reaction to enable the direct use
of organoboronate reagents in iron-catalyzed C—H functionalization to achieve
versatility and efficiency rivaling precious metal catalysis. These discoveries and
ensuing research activities brought Rui many honours, such as a Research
Fellowship from the Japan Society for the Promotion of Science (2014); Student
Presentation Award of the 94th CSJ Annual Meeting; Presidential Award of Chinese
Academy of Sciences (2014); and Hundred Excellent Doctoral Thesis of the Chinese
Academy of Sciences (2015). He was awarded the 7th National Award for Youth in
Science and Technology by the Chinese government in the Great Hall of the People
in Beijing. He is currently a researcher under the JSPS fellowship at the Department
of Chemistry, the University of Tokyo, with Prof. Eiichi Nakamura.

On behalf of the Department of Chemistry at the University of Science and
Technology of China, I would like to congratulate him on the Springer Theses
Award, and I believe he will continue exploring new facets of chemistry and
become a successful scientist in the future.

Hefei, China Prof. Yao Fu
September 2016
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Based on Decarboxylation



Chapter 1

Transition Metal-Catalyzed
Decarboxylation and Decarboxylative
Cross-Couplings

Abstract Transition metal-catalyzed decarboxylative cross-coupling reactions have
recently emerged as a new and important category of organic transformations that find
versatile applications in the construction of carbon—carbon and carbon-heteroatom
bonds. The use of relatively cheap and stable carboxylic acids to replace
organometallic reagents enables the decarboxylative cross-coupling reactions to
proceed with good selectivities and functional group tolerance. In the present review,
we summarize the various types of decarboxylative cross-coupling reactions cat-
alyzed by different transition metal complexes. The scope and applications of these
reactions are described. The challenges and opportunities in the field are discussed.

1.1 Introduction

Transition metal-catalyzed cross-coupling reactions have fundamentally changed the
strategies in organic synthesis. They have greatly enhanced our ability to synthesize
complex organic molecules and found extensive applications in the preparation of
natural products and functional materials [1]. Nonetheless, in most of the transition
metal-catalyzed cross-coupling reactions there is a need to use prefunctionalized
organometallic reagents, which are usually expensive, highly toxic, and unstable.
This creates an important challenge to develop more stable and less expensive
reagents that are applicable to transition metal-catalyzed cross-coupling reactions.
As a reaction appeared in basic organic chemistry, decarboxylation reaction has
been extensively studied in the past. However, metal-catalyzed decarboxylation of
carboxylic acid compounds to produce metal-carbon bonds as d-synthon equiva-
lent, which subsequently participates in the new bonds forming process, has not
received enough attention until the inspiring works of Myers [2] and GooBen [3] in
recent years. Such reactions use stable carboxylic acids (or their salts) as substrates
and generate organometallic intermediates through the removal of CO,. An
important advantage of the decarboxylative cross-coupling reactions is the avoid-
ance of using any strong base for transmetalation. Thus these reactions often show
good tolerance to many functional groups. After intensive studies in recent years,

© Springer Nature Singapore Pte Ltd. 2017 3
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4 1 Transition Metal-Catalyzed Decarboxylation ...

decarboxylative cross-coupling reactions have become an important category of
transformations in organic synthesis. In this part, we briefly survey the scope of this
type of reaction. Note that we focus on the decarboxylative cross-coupling reactions
that proceed through the formation of carbon—metal bonds.

1.2 Metal-Catalyzed Decarboxylation Reactions

Decarboxylation catalyzed by transition metal complex to form C—M bond is the
critical step in decarboxylative cross-coupling reactions. At present, several metals
have been proved to be able to catalyze redox-neutral decarboxylation, such as Cu,
Ag, Pd, Au, and Rh.

1.2.1 Cu-Catalyzed Protodecarboxylation

Copper complexes have the ability to promote decarboxylation of carboxylic acids.
Since the 1960s, Nilsson [4], Cohen [5], Shepard [6], and others reported that some
Cu complexes promoted the protodecarboxylation of aromatic carboxylic acids
(Scheme 1.1).

More recent studies by GooBen et al. confirmed the earlier findings [7], showing
that Cu(I) complexes with phenanthroline as supporting ligand can catalyze the
protodecarboxylation of many aromatic acids under relatively mild conditions
(Scheme 1.2). Moreover, the use of microwave heating can further accelerate the
protodecarboxylation process [8].

Another type of acid that can undergo protodecarboxylation in the presence of
copper catalyst is alkynyl carboxylic acid. As shown in Scheme 1.3, these acids can
be converted to alkynes under fairly mild conditions [9].

1.2.2 Ag-Catalyzed Protodecarboxylation

The GooBlen group [10] and Larrosa group [11] independently reported the Ag(I)-
catalyzed protodecarboxylation of aromatic acids and heteroaryl acids. These

L

+C" \+CIu/

Cb BB e ) A

#0—CCa—L

DO L

CD" Yo o Y
L =ligand

Scheme 1.1 Copper complex promoted decarboxylation



1.2 Metal-Catalyzed Decarboxylation Reactions 5
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Scheme 1.2 Copper/Phenanthroline complex catalyzed protodecarboxylation of Ar—COOH
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Scheme 1.3 Copper-catalyzed protodecarboxylation of alkynyl carboxylic acids

10 mol% AgOAc
15 mol% K2003
—_—

Ar-COOH AcH  + CO,
NMP, 120 °C
10 mol% Ag,CO3;
(\\:[COOH 5 mol% AcOH S o co
> 2
NP~coo  DMSO, 120°C -

Scheme 1.4 Silver-catalyzed protodecarboxylation of aromatic carboxylic acids

reactions proceed under milder conditions as compared to their Cu(I)-catalyzed
counterparts, indicating that the Ag(l) salts are more effective in activating the
decarboxylation of some carboxylic acids (Scheme 1.4). This conclusion is
consistent with the results of a theoretical study carried out by GooBlen et al. [12].

1.2.3 Au-Catalyzed Protodecarboxylation

Au is in the same group with Cu and Ag. However, Au complexes have been
regarded as inert in the past several decades as catalyst for organic synthesis and
few studies have been carried out to examine whether gold complexes can catalyze
decarboxylation due to its high cost. Very recently Nolan et al. reported the first
example of the Au(I)-mediated decarboxylation of aromatic acids [13].
Surprisingly, the products are not protonated because the reaction stops at the
metalation (i.e., auration) stage (Scheme 1.5). This observation may be explained
by the high stability of the carbon—Au bond.
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Au(Pr)OH) + @COOH—.1-“ i @\/ R e 1 @
— 110 °C OMe H,0 i i-Pr
¢ Ligand: IPr
Scheme 1.5 Gold(I) mediated decarboxylative auration reported by Nolan et al.
1.0 eq Ag,O
(-Bu)sPAUCI + Ar-COOH £ > ArAuP(t-Bu); + CO,
DMF, 60-110 °C
Scheme 1.6 Gold(I) mediated decarboxylative auration reported by Larrosa et al.
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Scheme 1.7 Palladium-catalyzed protodecarboxylation reported by Kozlowiski et al.

Larrosa et al. [14] also reported similar decarboxylative auration reactions
mediated by (z-Bu);PAuCl (Scheme 1.6).

1.2.4 Pd-Catalyzed Protodecarboxylation

Decarboxylation catalyzed by palladium complexes also has been reported.
Kozlowski et al. reported Pd(Il)-catalyzed protodecarboxylation of aromatic car-
boxylic acid under 70 °C (Scheme 1.7) [15]. Unfortunately, this reaction requires
the use of a fairly large amount of Pd catalyst, and the substrate scope of the
reaction is also very limited.

A related study by Myers and coworkers showed the formation of the Pd(II)
carboxylate complex with the carboxylate sodium salt. This complex undergoes
decarboxylative metalation to generate an aryl-Pd(I) intermediate as shown in
Scheme 1.8 [16].

1.2.5 Rh-Catalyzed Protodecarboxylation

Recently, Zhao et al. reported the Rh (I)-catalyzed decarboxylative protonation
reactions of activated carboxylic acids to cleave C(spz)—COOH or C(sp3 )>-COOH
bonds in nonpolar toluene solvent under relatively mild conditions (Scheme 1.9) [17].
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Scheme 1.8 Decarboxylative palladation reported by Myers and coworkers
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Scheme 1.9 Rh-catalyzed protodecarboxylation reported by Zhao and coworkers

1.3 Decarboxylative C-C Cross-Coupling Reactions
1.3.1 Cross-Coupling Between C-COOH and C-X Bonds

1.3.1.1 Biaryl Formation (Suzuki and Stille Type Decarboxylative
Cross-Coupling Reactions)

Biaryls are important structural motifs in many biologically active compounds.
Reports have shown that biaryls can be obtained through decarboxylative
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cross-coupling of aromatic carboxylic acids with aryl halide [18]. A number of
catalyst systems have been developed to accomplish the reaction. These reactions
include:

1. Pd/Cu bimetallic systems

In 2006 Gooflen et al. reported Pd/Cu-catalyzed decarboxylative cross-couplings of
ortho-substituted aromatic carboxylic acids with aryl halides [3]. Two catalyst
systems were examined. The first system contains a catalytic amount of Pd with a
stoichiometric amount of Cu. This system can catalyze decarboxylative
cross-coupling reaction of a series of 2-substituted aryl and alkenyl carboxylic acids
with aryl halides (chloro, bromo) at 120 °C. The second catalytic system is com-
posed of catalytic amount of palladium salt and copper salt, but the reaction tem-
perature is higher (160 °C) due to the reduced amount of copper (Scheme 1.10).

In the subsequent studies, Goossen et al. optimized the catalysts and ligands, and
extended the above reaction to aryl chlorides [19], triflates [20], and tosylates [21]
(Scheme 1.11). It was found that the chloride or bromide anion generated in the
reaction hampers the Cu-catalyzed decarboxylation process [22]. Therefore, when
aryl triflates are used, the substrate scope can be extended to some less reactive
aromatic carboxylates carrying no ortho-substituent.

As to the mechanism of the bimetallic catalytic system, Goossen et al. proposed
that Cu plays a key role in the decarboxylation step (Scheme 1.11). An aryl-Cu
intermediate is generated through decarboxylation, which participates in the
Pd-catalyzed cross-coupling with aryl halide to generate new C—C bonds through
transmetalation and reductive elimination. A Pd(0) complex is regenerated after the
reaction, which can reenter the catalytic cycle through oxidative addition with aryl
halides (Scheme 1.12).

2. Pd/Ag bimetallic systems

Becht et al. reported the Pd(Il)-catalyzed decarboxylative cross-coupling of sub-
stituted aromatic carboxylates with aryl iodides [23] or diaryliodonium salts [24].
This reaction requires the use of a stoichiometric amount of Ag,COj3 (Schemes 1.13
and 1.14).
A similar reaction was also reported in 2009 by Wu et al. (Scheme 1.15) [25].
In 2010 Greaney et al. reported the decarboxylative cross-coupling reaction of
substituted oxazole- or thiazole-5-carboxylic acids with aryl bromides and iodides.

+ CUCO3 + KF, - COz, - H20

- Cu*/K*/F/Br-
Pd catalyst, 120 °C ‘
@/COOH B h N\ <
+ —
5 X0 + K,CO;4 O
R Br R - CO,, - H,0, - K*Br / .

Pd/Cu catalyst, 160 °C

Scheme 1.10 Cu-Pd decarboxylative biaryl synthesis reported by Goossen et al.
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Scheme 1.11 Cu-Pd decarboxylative biaryl synthesis using Ar-Cl, Ar-OTf, Ar-OTs as
electrophile
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Scheme 1.12 Proposed mechanism for Cu—Pd-catalyzed decaboxylative biaryl synthesis

Again a Pd/Ag bimetallic catalyst system was used. This reaction produces
S-arylated oxazoles and thiazoles (Scheme 1.16) [26].

The above Pd/Ag bimetallic catalyst systems require a stoichiometric amount of
Ag salt. This may be explained by the formation of insoluble and therefore, cat-
alytically inactive silver halides in the reaction. To overcome this problem, Goossen
et al. used aryl triflates as the electrophiles and successfully developed the first
examples of the decarboxylative cross-coupling reactions catalytic in both Pd and
Ag [27]. Because for some substrates, silver complexes possess a higher decar-
boxylating activity than copper complexes, the Pd/Ag-catalyzed decarboxylative
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Scheme 1.13 Pd-catalyzed, silver-promoted decarboxylative biaryl coupling reported by Becht
and Wagner et al.

OMe OMe

COOH cat PdCl,, DPE-Phos a
+  Phyl*OTF -
Ag,CO, DMSO, 150 °C. 1 h

OMe OMe

Scheme 1.14 Pd-catalyzed, silver-promoted decarboxylative biaryl coupling using diaryliodo-
nium triflates

PdCl, (10 mol%)
. COOH \ ! | N g BINAP (10 mol%) O R;
g J 2 Ag,CO4(3.0 equiv)
e = 2 3 .
DMA.1509C.052h 1

Scheme 1.15 Pd-catalyzed, silver-promoted decarboxylative biaryl coupling reported by Wu
et al.

PdCl, (5 mol%)
PPh; (10 mol%)

\ | Ag,CO5 (1 equiv) \r“
Nl\g—COOH /Y loluene /DMA9 - 1. N_/ \ /

135°C, 16 h

X =1, Br
W=0.8 Y =CH.N

Scheme 1.16 Decarboxylative coupling of azoyl carboxylic acids with aryl halides

cross-coupling reactions can proceed under milder conditions as compared to the
Pd/Cu-catalyzed ones (Scheme 1.17).

3. Pd-only systems

Since many Pd complexes are good catalysts for the decarboxylative reactions, and
also have high ability to catalyze the bond formation. As a result, using palladium
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Scheme 1.17 Ag/Pd-catalyzed decarboxylative biaryl coupling reported by Goossen et al.

OMe
HPrO

1 equiv Pd(OAc),
2 equiv PPhy
MeCN/Et;N (3:1)
80 min, 150 °C

Br

Scheme 1.18 Palladium mediated intermolecular biaryl synthesis reported by Steglich et al.

complex only can accomplish some decarboxylative cross-coupling reactions.
Steglich and coworkers first reported the intramolecular decarboxylative
cross-coupling in their total synthesis of lamellarin L using an equivalent amount of
palladium salt (Scheme 1.18) [28].

Forgione and Bilodeau et al. studied the reactions of a number of heteroaromatic
carboxylic acids (furoic carboxylic acid, thiophene carboxylic acid, and N-methyl
pyrrole carboxylic acid) with aryl halides (Scheme 1.19) [29]. The mechanism of
the reaction was proposed to involve the following steps. First, the Pd(0) catalyst
reacts with aryl halides via oxidative addition to generate an aryl-Pd(II) interme-
diate. Then this Pd(Il) intermediate forms a coordination complex with the car-
boxylate. Through decarboxylative palladation a bisarylated Pd(II) complex is
produced. The final step is reductive elimination to form the desired C—C bond and
regenerate the Pd(0) catalyst (Scheme 1.20).

In Forgione and Bilodeau’s study, they found that the decarboxylative
cross-coupling reactions show selectivity over C—H activation. For instance, when
3-methylthiophene is treated with an aryl halide under Pd catalysis, both 2- and
S-arylated products are obtained. In comparison, when 3-methylthiophene-
2-carboxylic acid is treated with an aryl halide, the arylation only occurs at the
2-position, when 3-methylthiophene-5-carboxylic acid is tested, arylation at the
5-position is observed (Scheme 1.21).

Liu et al. found that polyfluorinated benzoic acids can undergo Pd-catalyzed
decarboxylative cross-coupling with aryl bromides, chlorides, and even triflates
[30]. It is critical to the success of the reaction that ortho position should be
replaced by fluorine group or other electron-withdrawing groups (CI', CF;7).
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Scheme 1.19 Pd-catalyzed decarboxylative arylation of heteroaromatic carboxylic acids with

PhBr

Scheme 1.20 Mechanism
postulated by Forgione and
Bilodeau et al.
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The reaction first undergoes an oxidative addition step, then carboxylate anion
exchanges, and decarboxylation occurs in the divalent palladium complexes con-
taining a phosphine ligand, and thus the reductive elimination process will take
place. Through theoretical calculations, the author found that decarboxylative
palliations constitute the rate-limiting step of the catalytic cycle (Scheme 1.22).
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Scheme 1.21 Regioselectivity in decarbocylative arylation of heteroaromatic carboxylic acids
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Scheme 1.22 Decarboxylative arylation of potassium perfluorobenzoates reported by Liu et al.

Miura et al. reported that 2-aryl-indole-3-carboxylic acids underwent
Pd-catalyzed decarboxylative cross-coupling with aryl bromides (Scheme 1.23)
[31].

Reynolds et al. showed that Pd can also catalyze the decarboxylative
cross-coupling of pyrrole-2-carboxylic acids with aryl bromides (Scheme 1.24)
[32].
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Scheme 1.23 Decarboxylative arylation of indole-3-carboxylic acid
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Scheme 1.24 Decarboxylative cross-coupling involving a 3,4-dioxypyrrole reported by Reynolds
et al.

CO,
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Scheme 1.25 Pioneering studies of Cu-mediated decarboxylative biaryl couplings by Nilsson
et al.

4. Cu-only systems

In the 1960s Nilsson et al. found that Cu salts can promote decarboxylation of
aromatic carboxylic acids to produce the aryl-Cu complexes, which are able to react
with an aryl iodide to produce a biaryl [4] (Scheme 1.25).

This early example is stoichiometric in the presence of copper catalyst, whereas
the first catalytic example for the use of Cu in decarboxylative cross-coupling was
reported by Shang and Liu et al. in 2009. This is an efficient way to prepare the
asymmetric polyfluorinated biaryls from polyfluorinated benzoic acids and aryl
halides (aryl bromides and iodides) [33]. But to fluorinated acid, only the
2,6-difluoro acid or the 2,6-bis(trifluoromethyl) acid can get a satisfying yield
(Scheme 1.26a). Through theoretical analysis, Liu et al. proposed that decarboxy-
lation occurs with the Cu(I) complex of the polyfluorinated aromatic acid, gener-
ating an aryl-Cu(l) intermediate. This aryl-Cu(I) intermediate then reacts with the
aryl halide through oxidative addition to form a bisarylated Cu(IIl) complex.
Finally, reductive elimination takes place to produce the biaryl and regenerate the
Cu(]) catalyst. It should be noted that the mechanism of Cu-catalyzed reactions and
Pd-catalyzed reactions are totally different (Scheme 1.26b).
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Scheme 1.26 a Cu-catalyzed decarboxylative coupling of potassium polyfluorobenzoates with

aryl halides, b Mechanism (DFT) study on Cu-catalyzed decarboxylative coupling of potassium
polyfluorobenzoates with aryl halides
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Scheme 1.27 One-pot synthesis of diarylalkynes using Pd-catalyzed Sonogashira reaction and
decarboxylative coupling

1.3.1.2 Aryl Alkyne Formation

Lee et al. described that aryl propiolic acid can be formed though propiolic acid
with aryl iodides and bromides via Sonogashira coupling reaction, and then, the
Pd-catalyzed decarboxylative cross-coupling of aryl propiolic acid with elec-
trophilic reagent occurs to produce nonsymmetric alkynes (Scheme 1.27) [34].

By optimizing the ligand, Li et al. extended the Pd-catalyzed decarboxylative
cross-coupling reaction of aryl iodides and bromides to aryl chlorides and benzyl
halides (Scheme 1.28) [35].

In 2010 You et al. also reported that the decarboxylative cross-coupling of
alkynyl carboxylic acids with aryl bromides and iodides can be accomplished using
the Cu(I) catalyst and 10% 1,10-Phen to form nonsymmetric alkynes
(Scheme 1.29) [36].
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Scheme 1.28 Decarboxylative coupling of alkynyl carboxylic acids with aryl or benzyl halids
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Scheme 1.29 Cu-catalyzed decarboxylative coupling of alkynyl carboxylic acids with aryl halids

1.3.1.3 Aryl Ketone Formation

Goossen et al. extended the concept of decarboxylative cross-coupling to 2-ketone
carboxylic acids (Scheme 1.30) [37]. An acyl-anion equivalent is generated in the
reaction, and the product is an aryl ketone. Note that this reaction involves a Pd/Cu
bimetallic catalyst system.

1.3.1.4 Aryl Ester Formation

Liu et al. reported the Pd-catalyzed decarboxylative cross-coupling of aryl iodides,
bromides, and chlorides with potassium oxalate monoesters [38]. This method only
needs 1% Pd catalyst and 1.5% dppp (with NMP at 150 °C), and it can realize the
conversion of the aryl bromides to the aromatic esters with great compatibility of
various functional groups. When using DCyPP (an electron-rich ligand with large
steric hindrance), aryl electrophilic reagent can be extended to aryl chlorides.
Mechanism study pointed out that the aryl halide underwent oxidative addition on
the Pd(0) complexes, then aryl-Pd(II) complexes were formed, and then potassium
oxalate anions and halide anions would exchange the anions. The acid decar-
boxylated on the Pd(I) complexes; thus followed by the reductive elimination, the
Pd(0) regeneration and the aromatic ester can be obtained as final product.
Theoretical studies indicated that potassium oxalate monoesters on dppp aryl pal-
ladium complexes need to overcome the energy barrier of 29.5 kcal to decar-
boxylate, which is corresponding to the reaction temperature. The theoretical
calculation results also supported the proposed mechanism (Scheme 1.31).
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Scheme 1.30 Decarboxylative ketone synthesis reported by Goossen et al.
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Scheme 1.31 Decarboxylative ester synthesis reported by Liu et al.

1.3.1.5 Decarboxylative Cross-Coupling of C(sp*)~COOH and C-X

Although a lot of studies were related to palladium-catalyzed decarboxylative
coupling reaction of aryl halides, most of the reactions were limited in aromatic
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Scheme 1.32 Pd-catalyzed decarboxylative arylation of 2-(2-azaaryl)acetates reported by Liu
et al.

carboxylic acids, alkenyl and alkynyl carboxylic acids. Decarboxylative coupling
reaction for C(sp>)—~COOH carboxylic acid has not been reported. In 2010 Liu et al.
reported the first examples of the Pd-catalyzed decarboxylative cross-couplings of
2-(2-azaaryl) acetates with aryl halides and triflates (Scheme 1.32) [39]. This
reaction is potentially useful for the synthesis of functionalized pyridines, quino-
lines, pyrazines, benzoxazoles, and benzothiazoles. This observation is consistent
with the theoretical analysis that the nitrogen atom at the 2-position of the
heteroaromatics directly coordinates to Pd(II) in the decarboxylation transition state
(Scheme 1.33).

Recently, Liu et al. showed that Pd can catalyze the decarboxylative
cross-coupling of a cyanoacetate salt and its substituted derivatives with aryl
chlorides, bromides, and even triflates (Scheme 1.34) [40]. Note that cyanoacetate
salts bearing one or two o-substituents are allowed in the reaction, so that the
reaction is potentially useful for the preparation of diverse a-aryl nitriles from
readily accessible reactants. The authors also described the synthesis of 2-phenyl
acetate using the decarboxylative cross-couplings of a potassium malonic acid
monoester. Decarboxylation a-arylation reaction avoids the use of the strong base,
which is air sensitive and expensive. The absence of strong base in the reaction
system avoids the undesired side reaction and renders better functional group
compatibility (Scheme 1.35).

1.3.1.6 Other Examples

Miura et al. reported Pd-catalyzed decarboxylative cross-coupling of alkenyl car-
boxylic acids with vinyl bromides (Scheme 1.36) [41]. This reaction can be used
for the preparation of conjugated dienes.

Pd-catalyzed decarboxylative cross-coupling of aromatic carboxylic acids with
allyl halides has also been reported, and this reaction can be used for synthesizing
some of the allyl-substituted aromatic hydrocarbon derivatives (Scheme 1.37) [42].
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Scheme 1.33 Mechanistic (DFT) study on Pd-catalyzed decarboxylative coupling of potassium
2-(2-azaaryl)acetates with aryl halides

Liu et al. found a very intriguing example for the decarboxylative cross-coupling
of pentafluorobenzoic acid with 1-bromoadamantane (Scheme 1.38) [33].

1.3.2  Decarboxylative Heck Couplings

In 2002 Myers et al. reported decarboxylative Heck reaction of ortho-substituted
arene carboxylates in a mixed solvent composed of DMF and DMSO (v/v = 20:1)
[43]. This reaction is different from the above decarboxylative cross-coupling
reactions because it requires three equiv of oxidant such as Ag,CO3. Myers et al.
had drawn a conclusion that DMSO served as a ligand of Pd, and this effect could
make the reaction faster (Scheme 1.39).

Mechanistic studies showed that Pd(I)-mediated decarboxylative palladation
constitutes the first step of the catalytic cycle. This step generates an aryl-Pd
intermediate, which can react with an alkene through olefin insertion followed by
B-hydride elimination to produce the aryl alkene product and a Pd(0) complex.
Finally, Pd(0) is oxidized to Pd(I) and reenters the catalytic cycle (Scheme 1.40)
[44]. However, a limitation of Myer’s decarboxylative Heck coupling is the need to
use relatively expensive Ag salts as the oxidant. To solve the problem, Su et al.
found that benzoquinone and molecular oxygen can also be used as the oxidant
(Scheme 1.41) [45, 46].
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Scheme 1.34 Pd-catalyzed decarboxylative arylation of cyanoacetate salts and derivatives

2 mol% Ru-Phos
Ar-Cl  + COOR - A + CO
KOJ\/ 120-140 °C, mesitylene = ERon 2

Scheme 1.35 Pd-catalyzed decarboxylative coupling of potassium malonate monoesters with aryl
chlorides

Liu et al. researched the reaction mechanism of this decarboxylative Heck
reaction with a theoretical chemistry method. They found that the rate-determining
step was decarboxylation and formation of the Pd—C bond. Another progress was a
DMSO will dissociate from Pd(DMSO),(OTfa), and the product can get a lower
energy (Scheme 1.42) [47].
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Scheme 1.36 Pd-catalyzed decarboxylative coupling of cinnamic acids with vinyl bromides

10 mol% Pd(OAc),

0 R, R,

= . X A Ry 1moi%Cu0 o A IS R
OH Ny 3 equiV A92C03

X=ClBr| 5% DMSO/Tol, 110 °C

Scheme 1.37 Pd-catalyzed decarboxylative allylation of arenes

F, F F, F
20 mol% Cul
F COOK + Br » F
130 °C, diglyme
F F

98%

Scheme 1.38 Cu-catalyzed decarboxylative cross-coupling of potassium pentafluorobenzoate
with 1-bromoadamantane

0 20 mol% Pd(O,CCF3),,
MeO. OH ) \/@ 3 equiv Ag,CO;, _ MeO - ‘
= 5% DMSO-DMF,
MeO OMe MeO

1.5 equiv 80°C OMe
o 20 mol% Pd(O,CCF),, L
elon oy TIREED e D)
+
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* . 1.5 equiv 120°C MeO NO,
85%

Scheme 1.39 Pd-catalyzed decarboxylative Heck-type olefination of arene carboxylates

Zhao et al. described Rh-catalyzed decarboxylative Heck coupling of aromatic
carboxylic acids with acrylate esters [17]. The results showed that only
2,6-difluorinated arene carboxylic acids can afford the desired products in good
yields. Furthermore, the ligand plays a key role in determining the chemoselectivity
of the reaction. When (R,R)-DIOP is used, the product corresponds to the decar-
boxylative Heck coupling. When rac-BINAP is used, the product corresponds to the
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Scheme 1.40 Mechanism of the Pd-catalyzed decarboxylative olefination of arene carboxylic
acids

5-10 mol% Pd(O,CCF3),,

COOH A N R2
x 1.2 equiv BQ
11 = 1
L P + 2R o TAdcoon R L
DMSO/DMF/dioxane
120°C
Ry cat. Pd(OAc),. Ry R,
]
i COO"‘:. AR 02 - xR
s ) Ry 5% DMSO-DMF R,
Ry = Electron-donating group
R, R, R
COOH cat. Pd(OAc),/SIPr, ! !: R,
\' AR 0, _ R
DMF - A

R4 = Electron-withdrawing group

Scheme 1.41 Pd-catalyzed decarboxylative olefination reported by Su and coworkers
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Scheme 1.42 Mechanistic study (DFT) on the decarboxylation step in decarboxylative olefina-
tion of arene carboxylic acids



1.3 Decarboxylative C—C Cross-Coupling Reactions 23

) 0
k 0 1.5 mol% [(cod)Rh(OH)].,
COOH 3.3 mol% (R.R)-DIOP X~ “0"By
* oM >
¢ : 1.0 equiv NaOH,- CO,, F
3.0equiv 491 toluene-H,0, 120 °C oo
Ligand: ><Of ’
0", PPh;
(R,R)-DIOP

Scheme 1.43 Rh(I)-catalyzed decarboxylative Heck—Mizoroki-type coupling of arenecarboxylic
acids

1,4-addition reaction. Note that three equiv of the acrylate ester is used in the
reaction, because this substrate also serves as the oxidant (Scheme 1.43).

1.3.3 Decarboxylative Cross-Coupling of Activated
C-H/C-COOH

Since the C—H bond is ubiquitous in organic molecules, activation of C—H bond for
direct cross-coupling is a simple and efficient manner for efficient bond formations

10 mol% Pd(OAc),,
20 mol% 'Bu-XPhos

Ar-COOH + Ar-H » Ar—Ar + Ar-H + CO,
1.25 equiv Ag,CO5,
1 -9 DMSO/DMF, 4A MS ‘ Ligand:
5 min mw 200 °C
MeO OMe  MeO ‘ OMe P "P(Bu)
p ¢ MPr HPr
= y :
MeoL | () U
= :
! HPr
%(p:m=3:1 9 '
SN pmESE) G : t- Bu-XPhos
o ¢ .
MeO OMe  MeO OMe O
AcHN I Ac O
31% 25% 44%

Scheme 1.44 Pd-catalyzed decarboxylative/C—H activate coupling reported by Crabtree and
coworkers
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that meets the requirement of green chemistry. There has been increasing interest in
developing methods for transition metal-catalyzed C—C coupling based on C-H
activation. In this context, we discuss recently reported decarboxylative dehydro-
genative cross-coupling reactions.

1.3.3.1 Pd-Catalyzed Versions

In 2009 Crabtree et al. reported the first examples of the Pd(Il)-catalyzed decar-
boxylative dehydrogenative cross-coupling of aromatic acids with unactivated
arenes using the Buchwald-type ligand [48]. This reaction requires fairly harsh
conditions (e.g., microwave heating to 200 °C), but the yield is only modest (36—
72%). However, this work points out that decarboxylation reaction can cascade
with palladium-catalyzed C—H bond activation, and achieve many useful chemical
conversions (Scheme 1.44).

Later Glorius et al. developed an intramolecular decarboxylative dehydrogena-
tive cross-coupling reaction of 2-phenoxybenzoic acids [49]. Pd(TFA), was used as
the catalyst and the reaction afforded dibenzofurans as the product (Scheme 1.45).
The authors proposed that decarboxylative metalation occurs first to generate an
aryl-Pd intermediate. Through directed, intramolecular C—H activation, the aryl-Pd
intermediate is converted to a palladacycle. Reductive elimination then takes place
to provide the desired product and Pd(0). Pd(0) is oxidized to Pd(II) by the Ag salts
and reenters the catalytic cycle (Scheme 1.46).

Yu et al. developed an N-oriented C—H bond arylation reaction with benzoyl
peroxide as the aryl source. In this reaction, pyridyl, oxazolyl, and methoxy-oxime
can be used as the N-orienting group. And this C—H activated reaction possesses a
good tolerance of various functional groups. The mechanism which the authors
proposed is benzoyl peroxide decompose and decarboxylate first, and the product
(aryl radical) will react with palladacycle and go through the reductive elimination
to get the final product. Benzoyl peroxide also serves as the oxidant (Scheme 1.47)
[50].

As to intermolecular decarboxylative dehydrogenative cross-coupling, Su et al.
developed reactions occurring at the 2- or 3-C—H bonds of the indole derivatives
[51]. Interestingly, for aromatic carboxylic acids carrying electron-donating groups,
the cross-coupling takes place at the 2-position of the indole ring. On the other

COMH 15 mol% Pd(0,CCF3), ,
- X 2 5 3 equiv Ag,CO4 - R'R
LA 0" X I 5% DMSO-dioxane, 0
150 °C

Scheme 1.45 Pd-catalyzed synthesis of dibenzofuran derivatives by tandem decarboxylation/
C-H activation
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Scheme 1.46 Mechanism proposed by Glorius and coworkers
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Scheme 1.47 Decarboxylative arylation of aromatic C—H bond using aryl acylperoxides reported
by Yu and coworkers

Me 7.5 mol% Pd(0,CCFy),,

2 equiv Ag,CO4
m HOOC Me N O OMe
N 0.25 equiv EtCOOH N
A 1.5 equiv TMSO, A

¢ c OMe

dioxane,80°C 64%

ON 7.5 mol% Pd(0,CCF3), O

m + HOOCO 2 equiv Ag,CO3
N ®70.25 equiv EtCOOH, N / CHs
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dioxane,80°C
55%

Scheme 1.48 Pd-catalyzed C2/C3 selective arylation of indoles using benzoic acids as arylating
reagents
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hand, for aromatic carboxylic acids carrying electron-withdrawing groups the major
products are 3-arylated indoles (Scheme 1.48).

The author thought that the regioselectivities are determined by different
decarboxylation mechanisms. For electron-rich aromatic carboxylic acids Pd cat-
alyzes the decarboxylation (path A), whereas for electron-poor aromatic carboxylic
acids Ag promotes the decarboxylation (path B). The transmetalation from aryl-Ag
to aryl-Pd may change the regioselectivity (Scheme 1.49).

Larrosa et al. described that intermolecular decarboxylative cross-coupling
reaction of electron-poor aromatic carboxylic acids with substituted indoles. Pd
(MeCN),Cl, was used as the catalyst and Ag,CO5; was used as the oxidant in the
reaction (Scheme 1.50) [52].

In 2010, Ge et al. reported the intermolecular decarboxylative dehydrogenative
cross-coupling of N-phenylacetamides with 2-ketone acids [53]. This reaction was
proposed to proceed through the amide-directed formation of a palladacycle.
Surprisingly, the reaction proceeds at room temperature, which contrasts dramati-
cally with most of the decarboxylative cross-coupling reactions. A possible reason
is the use of the strong oxidant (i.e., (NH4),S,Og) in the reaction, which may cause
the formation of higher oxidation states of Pd promoting a different type of
decarboxylation process (Scheme 1.51).

Nonetheless, Ge et al. also reported the intermolecular decarboxylative dehy-
drogenative cross-coupling of 2-phenylpyridines with 2-ketone acids. Although
K,S,0g was also used in this directed C—H activation reaction, it is surprising that
the reaction temperature became 120 °C (Scheme 1.52) [54].

Nh N H coy 9
T
H
P
o Path A Path B ©\)§ . %
Rk 'NXAg"'
R
N N

C2-Arylation C3-Arylation

a

Scheme 1.49 Mechanism and C2/C3 selectivity explained by Su et al.

cl
NO, 20 mol% Pd(MeCN),Cly, O
@\/\> + HO.C s ida -ty N/ O
N 2 DMSO/DMF, 110°C . 0N
M8y cl Bu NO
0 76%

2

Scheme 1.50 Decarboxylative C3 arylation of indole reported by Larrosa et al.
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HN’LO o 10 mol% Pd(O,CCF3), OJ\NH 0

HO 2 equiv {NH4}25208
+ R - - R
diglyme, R.T.

Scheme 1.51 Room temperature Pd-catalyzed decarboxylative ortho-acylation of acetanilides
with 2-oxocarboxylic acids

=
Z 0 10 mol% Pd(PhCN),Cl, |
Il | HO. 2 equiv Ag,0, 1 equiv K;S,04 N
5 >
s B 1,4-dioxane/HOAC/DMSO (7.5/1.5/1), 0
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Scheme 1.52 Pd-catalyzed decarboxylative acylation of 2-phenylpyridine with 2-oxocarboxylic
acids

N R 20 mol% PdCl,/2PPh,
N — 3 equiv Ag,CO
@:x) * HoOC i q 92 3 @: >_z:> + CO,
#r1  DMSO, 130 °C
X=80

Scheme 1.53 Pd-catalyzed decarboxylative arylation of thiazole and benzoxazole reported by
Tan et al.

F, F
15 mol% Pd(0,CCFj),, 0.45 equiv PCys,
F. + HOOC@OMB 3.5 equiv Ag,CO4, 1.5 equiv K;PO,
MeO 3A MS, 7% DMSO/dioxane, 140 °C
3 equiv
15 mol% Pd(0,CCF5),, 0.45 equiv PCy,,
F + HOOC 3.5 equiv AgyCO4, 15 equiv K;POy
3A MS, 7% DMSO/dioxane, 140 °C

3 equiv

Scheme 1.54 Decarboxylative coupling of arene carboxylic acids with polyfluoroarenes

Tan et al. described the reactions of aromatic carboxylic acids with benzoxazole,
benzothiazole, and polyfluorinated benzenes (Scheme 1.53) [55]. Similar reactions
were also reported by Su et al. (Scheme 1.54) [56].
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Scheme 1.55 Pd-catalyzed decarboxylative formal [4 + 2] annulation of 2-phenylbenzoic acids
with alkynes reported by Glorius et al.

CO,H
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R MS 4A/(additive)
Y @ 120 °C,DMAc =,
SNy~ COH -CO, &
Y =NMeorO

Scheme 1.56 Pd-catalyzed oxidative coupling of heteroarene carboxylic acids with alkynes
reported by Miura et al.

To extend the concept of Pd-catalyzed decarboxylative dehydrogenative
cross-coupling, Glorius et al. added alkynes into the reaction system. They pro-
posed that 2-phenylbenzoic acid can undergo decarboxylative palladation to gen-
erate the aryl-Pd intermediate I, and then the intermediate inserts into the alkyne
and is subsequently converted to a palladacycle through intramolecular C—H
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Scheme 1.57 Pd-catalyzed decarboxylative/dehydrogenative couplings of arene carboxylic acids
with nitroethane
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Scheme 1.58 Cu-catalyzed decarboxylative cross-couplings of propiolic acids and terminal
alkynes reported by Jiao and coworkers

activation. Finally, reductive elimination takes place to generate phenanthrene as
the product (Scheme 1.55) [57].

Miura et al. described decarboxylative dehydrogenative coupling reactions of
pyrrole-3-carboxylic acids and furan-3-carboxylic acids with alkynes. Two mole-
cules of alkynes are inserted during the catalytic cycle generating benzopyrroles and
benzofurans as the products (Scheme 1.56) [58].

Finally, an interesting reaction was described by Su et al. In the reaction
nitroethane reacts with an aromatic carboxylic acid to produce a 2-nitrovinyl arene
(Scheme 1.57) [59].

1.3.3.2 Cu-Catalyzed Versions

Much less examples have been reported for Cu-catalyzed decarboxylative dehy-
drogenative cross-couplings, compared to the Pd-catalyzed versions. For unsatu-
rated carboxylic acids, Jiao et al. once described Cu(I)-catalyzed decarboxylative
dehydrogenative cross-coupling of alkynyl carboxylic acids with alkynes. This
reaction produces nonsymmetric 1,3-diynes (Scheme 1.58) [60].
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Scheme 1.59 Cu-catalyzed decarboxylative coupling of a-amino acids by Li et al.
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Liang and Li et al. described the Cu-catalyzed cross-coupling of amino acids
with alkynes or related nucleophiles. It should be noted that N-alkyl-substituted
amino acids is critical to this reaction. The nucleophile reagents may be terminal
alkyne, indoles, and nitromethane. The method can be used to synthesize various
propargyl amine, indole-3-pyrrolidine, indole-3-piperidine, and B-Nitroamine
structure  (Scheme 1.59) [61]. This reaction is proposed to involve a
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Scheme 1.61 Aldehyde-induced tandem decarboxylation-coupling a-amino acids and alkynes
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Scheme 1.62 Fe-catalyzed decarboxylative coupling of proline derivatives with naphthol

peroxide-mediated oxidative decarboxylation process. Iminium ions are generated
as the intermediates which are then subjected to the attack of nucleophiles to give
the target product (Scheme 1.60).

The same authors later showed that the condensations of a carbonyl compound
with a proline derivative can also induce the decarboxylation. Subsequent nucle-
ophilic addition again generates the cross-coupling products (Scheme 1.61) [62].

1.3.3.3 Fe-Catalyzed Versions

Liang and Li et al. described that tertiary proline derivatives can be substituted by
other nucleophilic reagents (e.g., naphthol) to produce a tertiary amine structure
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with substituted by naphthol in the presence of Fe(Il)-catalyst [63]. The reaction
mechanism is similar to the previously reported Cu-catalyzed process
(Scheme 1.62).

1.3.4 Cross-Coupling Between C-COOH and C-M Bonds

In addition to the functionalization of C-X and C-H bonds, decarboxylative
cross-coupling can also be conducted between a C—-COOH moiety and an
organometallic reagent.

For example, Liu et al. described decarboxylative cross-coupling of aromatic
carboxylic acids with aryl boronic esters. The results showed that the balance
between the rate of decarboxylation and transmetalation is critical to the success of
the cross-coupling. As a result, different aryl boronic esters must be used in the
reactions with acids with different decarboxylation propensities (Scheme 1.63)
[64].

Loh et al. described the Pd-catalyzed decarboxylative cross-coupling of alkynyl
acids with aryl boronic acids. Ag,O was used as the oxidant in the reaction and the
reaction took place at room temperature (Scheme 1.64) [65].

Recently, Ge et al. reported decarboxylative cross-coupling of trifluoro(organo)
borates with 2-ketone acids [66], oxalate monoesters [67], and 2-amino-
2-oxoacetates [67] to afford aryl ketones, esters, and amides as the products at
room temperature (Scheme 1.65).

1.3.4.1 Cross-Coupling Between C—-COOH and C-COOH Bonds

The decarboxylative cross-coupling of two acids is also reported. For example,
Larrosa et al. reported the Pd-catalyzed decarboxylative homocoupling between

0
20 mol% Pd(TFA),
Ar'-COOH B-Ar2 » Al-A2 + CO
J ® >{0, " FequivAg,CO, DMSO <

120°C

Scheme 1.63 Pd-catalyzed decarboxylative coupling of arene carboxylic acids with aryl
boronates

5 mol% Pd(OAc),
1.5 equiv Ag,0

ArB(OH), + HOOC—=—Ph 1.5 equiv KOAc > Ar—=——Ph

_ 4AMS, CH.Cl,, rt, air

Scheme 1.64 Pd-catalyzed decarboxylative coupling of alkynyl carboxylic acids with aryl
boronic acids
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Scheme 1.65 Pd-catalyzed decarboxylative coupling of potassium aryltrifluoroborates with
2-oxocarboxylic acids and oxamic acids reported by Ge et al.

Cl NO, 7.5 mol% Pd(TFA),

: cl NO,
1.0 equiv Ag,CO4
COOH + HOOC > Q O + 200,
95:5 DMF/DMSO
0, cl 120°C 0, cl

Scheme 1.66 Decarboxylative homocoupling of (hetero) aromatic carboxylic acids reported by
Larrosa et al.

5 mol% Pd(PPhs),
2< >—: cooH —22WVAGCO; | /N — — /N
DMF. 130 °C = =

Scheme 1.67 Pd-catalyzed decarboxylative homocouplings of propiolic acids

aromatic carboxylic acids. This reaction is a coupling reaction between two sub-
stituent benzoic acid molecules with Pd(TFA), and equivalent Ag,CO;5. This
method can be used in the synthesis of some symmetrical aryl compounds without
aryl halides and metal organic reagent (Scheme 1.66) [68].

As we all know, in the Glaser Hay reaction, alkyne acid is easy to decarboxylate.
The Pd-catalyzed decarboxylative homocoupling of alkynyl carboxylic acids has
also been described (Scheme 1.67) [69].
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Scheme 1.68 Cu-catalyzed decarboxylative oxidative amidation of propiolic acids

1.4 Decarboxylative Carbon—-Heteroatom Cross-Coupling

1.4.1 Decarboxylative C-N Cross-Coupling

Jiao et al. reported the first examples of the Cu-catalyzed decarboxylative C—N
cross-coupling of alkynyl carboxylic acids with amides and N-heterocycles
(Scheme 1.68) [70]. Air was used as the oxidant in the reaction. This reaction is
also a decarboxylative dehydrogenative cross-coupling. Noteworthily, except for
this example, no report is available for the decarboxylative C-N cross-coupling that
breaks a Cy,z—COOH or C,: —COOH bond.

1.4.2 Decarboxylative C-S Cross-Coupling

Liu et al. described an example for catalytic decarboxylative C—S cross-coupling of
electron-deficient aromatic acids and heteroaromatic acids with thiol and disulfide
in the presence of palladium acetate as catalyst and stoichiometric amount of copper
salt as oxidant [71]. The method can be used to synthesize alkyl aryl thioethers and
diaryl thioethers (Scheme 1.69).

Liu et al. also reported the decarboxylative C—S cross-coupling of alkynyl car-
boxylic acids with thiols [72]. It is interesting that the products of the reaction are
vinyl thioethers favored with Z-selectivity (Scheme 1.70).
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Scheme 1.69 Synthesis of aryl sulfides via decarboxylative C—S couplings

5 4.0 mol% Cul R's i\
" ; s 4
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Scheme 1.70 Cu-catalyzed synthesis of vinyl sulfides by decarboxylative coupling of arylpro-
piolic acids with thiols

1.4.3 Decarboxylative C-P Cross-Coupling

Recently, Yang and Liang et al. reported the first examples of the catalytic
decarboxylative C—P cross-coupling of alkynyl and alkenyl carboxylic acids with
phosphorous acid derivatives (Scheme 1.71) [73].

5 mol% Cu,0
10 mol% 1,10-phenanthroline
ﬁ 5 mol% Pd(acac),, 10 mol% PPh, 0
R COOH + H-P-R! > R—=P-R!
R2 3.0 equiv AgOAc, NMP, 120 °C R2
10 mol% Cu,0
___LOOH | H_ﬁ_R1 10 mol% 1,10-phenanthroline A
A R2 3.0 equiv Ag,0, NMP, 120 °C p-0

R‘ ‘R2

Scheme 1.71 Decarboxylative Cy,—P coupling reported by Liang and Yang et al.
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COOH 10 mol% Ag2003 x X

: R—L
i viv1:1DMF/DMSO b

=CLBr  KOH, 0,, 130 - 140 °C

Scheme 1.72 Silver-catalyzed decarboxylative halogenation of carboxylic acids reported by
Wu et al.

Scheme 1.73 Halogenation 1) 1 equiv {t'BUhPAUCl
of (hetero)aromatic carboxylic 1 equiv Ag,0

acids via decarboxylative
DMF, 100 - 110 °C = RX =+ CO;

auration R-COOH
2) 1.1 equiv NXS
DMF, 50 °C
F

o Cr, X

v NO, NZ>Cl
X = Br, 98% X =Br, 62% X=Br, 1%
X=1,97% X=182% X=168%

1.4.4 Decarboxylative C-Halide Cross-Coupling

Wu et al. reported a very interesting example for catalytic decarboxylative C—Cl
and C—Br cross-couplings of aromatic carboxylic acids [74]. CuCl, and CuBr, were
used as the reactants, whereas Ag,CO3; was proposed to be the optimal catalyst
(Scheme 1.72).

In a related study Larrosa et al. showed that a decarboxylative auration process
can be combined with the halogenation reaction using NXS (I, Br). This trans-
formation produces aryl halides from aromatic carboxylic acids. However, a stoi-
chiometric amount of Au and Ag has to be used in the reaction (Scheme 1.73) [75].

1.5 Decarboxylative Addition Reactions

1.5.1 Additions to Aldehydes and Imines

Wau et al. described the first example of Pd-catalyzed decarboxylative 1,2-addition
of aromatic carboxylic acids to aldehydes or imines. This reaction was performed
under milder conditions, but the substrate scope of the reaction remains limited to
2,6-dimethoxybenzoic acids (Scheme 1.74) [76].

As to Cu catalysis, Shair et al. reported decarboxylative addition of the
monothioester of malonic acid to aldehydes [77]. Using chiral ligands, this reaction
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i A 10 mol% PdCl,
R = cooH H N o2 20 mol% AgOTf
i + Nl >
% 2 OMe I - . DMSO / DMF =120
80 °C
Selected examples
OMe OH ClI OMe NHTsBr
O OM MeO O OM F
57% 65%
OMe OH OMe NHTs
‘ :OMe‘c “NO, CFji
87% 57%

Scheme 1.74 Pd-catalyzed decarboxylative 1,2-addition of carboxylic acids to aldehydes or
imines reported by Wu et al.

o o 0 20 mol% Cu(2-eth), - O OH

ansJ\)LOH ' HJLR 22 mol% 1 an)l\)\n

wel THF, air, 23 °C

[} N OMe
“ CL! = </
00 N

H
Cu(2-eth), 1

0%0
0 0 0 10 mol% Cu(OTH), O OH Q,h n}{
R pK h

+ - H
PhSMOH H J\R 13 mol% chiral ligand 2 phs/lKh‘d/'\

9:1 tol/acetone, Ar, 23 °C
Me e chiral ligand 2

Scheme 1.75 Mild catalytic decarboxylative thioester aldol reaction reported by Shair et al.

can produce [-hydroxy acid derivatives in an enantioselective fashion
(Scheme 1.75) [78].

Furthermore, Shibasaki and coworkers reported the Cu-catalyzed enantioselec-
tive decarboxylative addition reactions [79]. 2,2-Disubstituted cyanoacetic acids
were used as the substrates, which decarboxylated and then were added to imines
under the promotion of CuOAc and chiral phosphine ligands. Two chiral centers are
generated in the reaction. The reaction shows good diastereoselectivity and enan-
tioselectivity (Scheme 1.76).
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Q pp 5 mol % CuOAc- O‘\P,Ph
R , HooC_ CN (R)-DTBM-SEGPHOS H-y~ Ph

N
o Ph R2 RS THF, 0 °C, |

R! H R1

i RZ Rs
Selected examples:
H q"P’ph ields  d o
—pgel =~ lelds il ee ' i
Me N Ph y E < Ar= AL
62 52:1 93 | © PAr,
‘ @] O PAfz
: < OMe
Q. ph . O
H. Pl !
N “Ph | (R)}-DTBM-SEGPHOS

83 25:1 85 |
Ph CN '

Ph Me

Scheme 1.76 Catalytic asymmetric decarboxylative Mannich-type reactions reported by
Shibasaki et al.

5 mol% Pd(OAc);

3 equiv LiOAc R
Al & /R HOOC\_%\A 5 1.5 equiv LiCl N R ~ = Ar2
R i DMF, 100 - 140 °C Arl

Ph P OMe

OH

Me
72%

Scheme 1.77 Synthesis of 1,4-diarylbuta-1,3-dienes through Pd-catalyzed decarboxylative
coupling

1.5.2 Additions to Alkynes

Miura et al. reported Pd-catalyzed decarboxylative coupling of unsaturated car-
boxylic acids with internal alkynes and aryl iodides. Insertion of the decarboxylated
intermediate into the alkyne triple bond led to the formation of a
1,4-diarylbuta-1,3-diene as the product (Scheme 1.77) [80].
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20 mol% Pd(OTFA), 0
24 mol Ligand
Ar-COOH  + RCN -
: 200 4l H,0 A’/IL R
0.5 mmol 2mL

Selected examples:

e T L6

94% 63% 67% 57%

Scheme 1.78 Synthesis of aryl ketones by Pd-catalyzed decarboxylative addition of arene
carboxylic acids to nitriles

o 1.5 mol% {(cod)Rh(OH)}, 0
COOH 3.0 mol% rac-BINAP N OBy
Fnl xS omy : Fndl
! 1.0 equiv NaOH, 120 °C ! s

toluene / H,0 (1.0 mL /100 mL)

Selected examples

F o] OMe 0

/fj\/u\ ﬁ\/&\ R 0"Bu /@\/\)LO”BU

F F MeO OMe
80% 48% 55%

Scheme 1.79 Rh-catalyzed decarboxylative conjugate addition of fluorinated benzoic acids
reported by Zhao et al.

1.5.3 Additions to Nitriles

In 2011 Larhed et al. reported Pd-catalyzed decarboxylative addition of aromatic
carboxylic acids to nitriles [81]. Imines were proposed as the intermediates, which
are hydrolyzed to produce aromatic ketones. The reaction can be applied to
2-methoxybenzoic acids, benzoic acids carrying electron-withdrawing groups, and
some heteroaromatic carboxylic acids. A limitation of the reaction is that the nitrile
must be used as the solvent (Scheme 1.78).

1.5.4 1,4-Additions

Zhao et al. reported the Rh-catalyzed decarboxylative 1,4-addition of substituted
benzoic acids to acrylate esters [82]. The presence of two fluorine atoms at the
2- and 6-positions was found to be necessary for the reaction. The author reported
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that Rh(I)-catalyzed decarboxylation of a carboxylic acid occurred first to form the
aryl-Rh(I) complex, and then, the aryl-Rh(I) complex reacted with acrylic acid
derivatives via 1,4-addition. Finally, conjugate addition product was delivered after
hydrolysis (Scheme 1.79).

1.6 Other Intramolecular Decarboxylative Coupling
Reactions

1.6.1 Decarboxylative Coupling Reaction of Allyl
Carboxylates

Some activated allyl carboxylates with electron-withdrawing groups can
intramolecularly release carbon dioxide to generate a new C—C bond under Pd
catalysis. This transformation was initially reported by Tsuda and Saegusa et al.
After that, Tunge, Trost, and Stoltz et al. have greatly extended this approach to
different types of substrates [83]. This method can provide access to various sp—sp°,
sp’—sp°, sp'—sp° C—C bonds under neutral and mild conditions without using

/L N 5 mol% Pd(PPhy),
0~ ~Ar > Ar
7 toluene, 110 °C, 15 h R/

88% 79% 93%

2.5 mol% Pd,dba o
R.I)%LO/\Ar 10 mol% PBu, - R.IJK\Ar
Ry Ry 110 °C, toluene, 15 h Ry Ry

/
93% 91% 7%

Scheme 1.80 Palladium-catalyzed decarboxylative benzylations of alkynes and ketones
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organometallic reagents. Recently, Tunge et al. have reported that various
pi-extended benzyl propiolates and benzyl B-ketoesters undergo intramolecular
decarboxylative coupling in the presence of a palladium catalyst. The suitable
substrates are naphthalen-2-ylmethyl and benzoheterocyclic methyl carboxylate that
can achieve a satisfactory yield. Simple benzyl carboxylates are not suitable sub-
strates in this reaction (Scheme 1.80) [84].

1.6.2 Intramolecular Decarboxylative Cyclization

Hayashi et al. described a Pd-catalyzed decarboxylative lactamization of racemic
y-methylidene-J-valerolactones with isocyanates under mild conditions. Asym-
metric lactams can be obtained with high enantioselectivity using this method
(Scheme 1.81) [85].

1.7 Application of Decarboxylative Coupling Method
in the Synthesis of Important Molecules

Since the decarboxylative coupling reaction methods have many advantages, such
as using cheap raw materials that are easy to store and operate, easy to scale up, also
environmentally friendly. Several decarboxylarive couplings have been success-
fully tested in the production of molecules used as pesticides and medicinal
compounds.

Goossen et al. developed a new efficient method for synthesis of the angiotensin
II inhibitor valsartan through a Cu/Pd bimetallic catalyzed system [86]. In the
presence of a catalyst system consisting of copper(Il) oxide, 1,10-phenanthroline,
and palladium(II) bromide, 2-cyanocarboxylic acid decarboxylatively coupled with

Ar
o PdCp(y3-C4Hs) (5 mol%) N
0 + Ar—Nco  ligand (10 mol%) 0
COOt-Bu THF, 20°C, 24 h ~COOt-Bu
OMe
OO 0O -«Me

P-N
I
OMe

Scheme 1.81 Palladium-catalyzed asymmetric decarboxylative lactamization

ligand =
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OMe O COOH

MeO OHC n-BuOJJ\ N)""’i-Pr

Br Pd/Cu ‘
+

—— =

base
HOOC NC
I) N: valsartan
NC W-NH

Scheme 1.82 Synthesis of valsartan by Pd/Cu-cocatalyzed decarboxylative coupling reaction

1-bromo (4-dimethoxymethyl)benzene to give 2-cyano-4'-formylbiphenyl. The
valsartan synthesis was completed in four steps overall with a total yield of 39%.
They pointed out that this method possesses substantial economical and ecological
advantages over the traditional process (Scheme 1.82).

Goossen et al. also synthesized angiotensin I receptor antagonist telmisartan using
decarboxylative cross-coupling of isopropyl phthalate with 2-(4-chlorophenyl)-
1,3-dioxolane as the key step (Scheme 1.83) [87]. Goossen’s group also synthesized
the key intermediate of Boscalid (a kind of pesticides) using the same method
(Scheme 1.84).

Liu et al. applied the decarboxylative coupling method to synthesize the key
intermediate of anastrozole, which is a drug used to treat breast cancer, as well as
flurbiprofen, which is a nonsteroidal anti-inflammatory drug [88]. As for anastro-
zole, the decarboxylative coupling of potassium 2-cyano-2-methylpropanoate with
3,5-dibromotoluene affords the key nitrile intermediate in high yield
(Scheme 1.85). For flurbiprofen, the decarboxylative coupling of potassium
2-cyanopropanoate with 4-bromo-2-fluorobiphenyl affords the nitrile intermediate,
and then hydrolysis of this nitrile intermediate gives the target compound in high
yield (Scheme 1.86).

+
o o | -y
N |
COOI-Pr \ N/\\n.p,
—-
g ®
N &—H-Pt telmisartan
@[ ) NH COOH
N _
\ H,

Scheme 1.83 Synthesis of telmisartan by Cu/Pd-cocatalyzed decarboxylative coupling reaction
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NO, Br base O)jl\/ﬁ
CI- N7

Cl

No2
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Scheme 1.84 Synthesis of Boscalid by Pd/Cu-cocatalyzed decarboxylative coupling reaction

Br,
NN
\ N

B {8 0.5 mol% Pd(Allyl)>Cl,
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24eq.

Scheme 1.85 Synthesis of anastrozole by Pd-catalyzed decarboxylative coupling reaction

Br
Ph
0.5 mol% Pd(Allyl),Cl,
1eq. 1.5mol% Xant-Phos CN hydrolysis COOH
-+ L —_—
140°C,3 h Ph Ph
J\ Mesitylene flurbiprofen
NC~ “COOK
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Scheme 1.86 Synthesis of flurbiprofen by Pd-catalyzed decarboxylative coupling reaction

1.8 Conclusions and Perspectives

In summary, we have briefly reviewed transition metal-catalyzed decarboxylative
cross-coupling  reactions.  Transition = metal-catalyzed  decarboxylative
cross-coupling reactions have emerged as a powerful means for the formation of
new bonds in organic synthetic chemistry after several decades of development. As
shown by the examples in this chapter, catalytic decarboxylative cross-coupling
reactions exhibit a number of advantages including the avoidance of using air
sensitive or expensive organometallic reagents. They have demonstrated good
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functional group compatibility, and good chemo- and stereo-selectivities. It is our
belief that the transition metal-catalyzed decarboxylative cross-coupling reactions
will constitute an important category of organic transformations.

To further expand the scope of transition metal-catalyzed decarboxylative

cross-coupling reactions, we need to overcome the following challenges:

1.

The substrate scope of the reactions needs to be expanded. More types of
aromatic carboxylic acids need to be tested in the reactions. More efforts need to
be directed toward the investigation of reactions involving Cs —COOH.

. The reaction conditions need to be optimized to meet the demands of various

synthetic tasks. For instance, the reaction temperature needs to be lowered and
the catalyst loading needs to be reduced.

. Most of the previous decarboxylative cross-coupling reactions are catalyzed by

Pd, Cu, Ag, and Rh. The use of less expensive transition metals like Fe, Ni, and
Co in these reactions needs to be studied.

. New types of decarboxylative cross-coupling reactions need to be developed.

The use of these new reactions in the synthesis of natural products or phar-
maceutical intermediates needs to be examined.

. It is important to figure out the detailed mechanism of these reactions, which can

guide us to design the new catalysts and reactions.

The above issues are still the remaining challenges and opportunities in organic

chemistry research, and this will be an important direction for future research on
decarboxylative cross-coupling reactions.
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Chapter 2

Palladium-Catalyzed Decarboxylative
Coupling of Potassium Oxalate Monoester
with Aryl and Alkenyl Halides

Abstract Pd-catalyzed decarboxylative cross-couplings of aryl iodides, bromides,
and chlorides with potassium oxalate monoesters have been discovered. This
reaction is potentially useful for laboratory-scale synthesis of aryl and alkenyl
esters. Pd catalyst with bidentate phosphine ligands was found as the optimal
catalyst, and unlike other reported decarboxylative couplings, copper is not needed
as support catalyst in this reaction. The theoretical calculation shows that the
decarboxylation on Pd(Il) is the rate-determining step, with a transition state where
Pd(Il) has a five-coordination state. The calculated energy barrier of rate-
determining step is about ~ 30 kcal/mol, which is in accordance with the opti-
mized reaction temperature.

o Pd(TFA), 0
d or dC

X=1BrCl NMP, 150 °C
: ) R=We, El) 40 examples

: \Pd/ P 0 H
1 P, X ~ = P E
i Npg? o B Oxne0. P \Pd)LOR:
P’ MAr o v ZPd(in) PN !
0 p Moo P’ CAr
R RO o Ar

rate-limiting step

2.1 Introduction

Aromatic esters are important structural elements and synthetic intermediates.
Transition metal-catalyzed synthesis of aromatic esters from aryl halides has been
studied mainly in the frame of Pd-catalyzed carbonylation [1, 2]. The drawback of
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handling toxic CO gas and, under many circumstances, the requirement for high
pressure reaction conditions often limit the scope of this reaction, especially on a
laboratory scale [3]. With an inspiration of decarboxylative coupling, we noticed
that we might use some carboxylate salts as d-synthon equivalent, of which the
corresponding organometallics are unstable and difficult to prepare. At this juncture,
we noticed that potassium oxalate monoesters may be used as an ester synthetic
equivalent if this is easily accessible and stable salt can be smoothly decarboxylated
in the presence of a metal catalyst. Here we report a novel, practical synthesis of
aromatic esters via Pd-catalyzed decarboxylative coupling of oxalate monoester
salts with aryl halides (Scheme 2.1).

This study was inspired by the recent seminal work of Goossen and coworkers
[3], who discovered the decarboxylative cross-couplings of a-oxocarboxylates
giving rise to ketones. Related elegant studies on decarboxylative cross-coupling
reactions of aromatic carboxylates have also been reported recently by Myers [4],
Forgione [5], Goossen [6], and several other groups [7-11].

2.2 Results and Discussion

2.2.1 Investigation of the Reaction Conditions

Our investigation started by examining the coupling between potassium
2-ethoxy-2-oxoacetate and bromobenzene (Table 2.1). A series of palladium salts
and phosphine ligands were examined [12]. When using palladium trifluoroacetate
with dppp as the catalyst and phosphine ligands, we got the best results of the
reaction. Under the optimal conditions [1 mol% Pd(TFA),, 1.5 mol% dppp], the
desired product was obtained in 85% yield. Not only aryl bromide, aryl iodide as
the substrate can also have good results (entry 20). When aryl iodide was used, we
found that the desired product can be obtained in 85% yield in the absence of a
phosphine ligand, but for aryl chlorides (entry 21), only trace amounts of the
desired product can be obtained. It should be mentioned that potassium
2-ethoxy-2-oxoacetate is a stable, crystalline salt, which can be readily made from
diethyl oxalate, KOAc, and H,O [13]. Thus, the present protocol is operationally
simpler than the previous Pd-catalyzed carbonylation method (usually conducted at
100-150 °C with 1 mol % Pd catalyst [1]) because it avoids the use of toxic CO.
This feature is advantageous especially for laboratory-scale synthesis.

o) 0]

Pd
arx + o M — M+ cost+ kx
RO~ ~COK 2
(X =1, Br, Cl) 2 Are O

Scheme 2.1 Decarboxylative coupling of potassium oxalate monoesters with aryl halides



2.2 Results and Discussion 51

Table 2.1 Decarboxylative coupling under various conditions®

JOJ\ . PheX Pd sourcelligand j\

Et0” ~COK 150 °C, 24 h, NMP Ph~” ~OEt
Entry X Pd source Ligand Yield %°
1 Br Pd(OAc), - <5
2 Br Pd(OAc), PPh; 27
3 Br Pd(OAc), P(0-Tol); 51
4 Br Pd(OAc), P(0-MeOPh); 62
5 Br Pd(OAc), PCyj; 9
6 Br Pd(OAc), dppf 23
7 Br Pd(OAc), dppp 81
8 Br Pd(OAc), dppe 68
9 Br Pd(OAc), dppm 21
10 Br Pd(OAc), S-BINAP 36
11 Br Pd(OAc), X-Phos 61
12 Br Pd(OAc), JohnPhos 56
13 Br PdCl, dppp 80
14 Br Pd(TFA), dppp 85
15 Br Pd(acac), dppp 75
16 Br Pd,(dba)} dppp 81
17 Br Pd(dppf)Cl, dppp 79
18 Br Pd(PPh3),Cl, dppp 80
19 Br Pd(PPh3), dppp 77
20 I Pd(TFA), dppp 83
21 Cl Pd(TFA), dppp <5

#Conditions 1 mol% Pd, 3 mol% monodentate ligand or 1.5 mol% bidentate ligand, aryl
halide/potassium 2-ethoxy-2-oxoacetate = 1:1.5, 1.0 ml of N-methylpyrrolidone (NMP) solvent.
All of the reactions were carried out at 0.5 mmol scale. 0.5 mol%. ‘GC yields based on PhX
bold Optimal conditions

The reaction is distinct from reported palladium-catalyzed decarboxylative
coupling reactions, such as decarboxylative alkenylation reaction reported by
Myers et al. [4] in which oxidative addition of palladium to aryl halide is not
involved. It is worth mentioning that in Myers’ reaction, addition of phosphine as
ligand is detrimental while phosphine ligands play a crucial role in this decar-
boxylative ester synthesis. Compared with the decarboxylative biaryl synthesis
reported by Goossen et al. [6], which was catalyzed by a catalyst composed of
copper catalyst for decarboxylation and palladium catalyst for coupling, only a
palladium catalyst is used in this reaction, and the Cu catalyst is not necessary,
which means both the decarboxylation and coupling took place on palladium.
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2.2.2 Exploration of the Substrate Scope

After optimizing the catalyst system, we tested the generality of the reaction with
regard to both coupling partners (Table 2.2). It was found that both electron-rich
and electron-poor aryl bromides can be successfully converted across a range of

Table 2.2 Decarboxylative cross-coupling with diverse aryl bromides®

o 1 mol% Pd(TFA), B : Ph Ph
J\ 1.5 mol% dppp :
+ Ar—Br ——  » P p
RO CO K NMP (2 mL) RDJLAI Phl ~—TS Ph
(R=Me, Et) 0 » :
11-1.5mmol® 1.0mmol 120 °C.16-24h ; dppp
: COOEt : COOEt C[COOEI /@,COOEI : COOEt
83% 95% 92% 95% ?9%
COOEt <O COOEt COOE! COOEt COOEt
~
0 : S : 0,N” C
6 7 8 9 10
90% 89% 75% 82% 64%
COOEt COOEt COOE! COOE! COOEt
c~ : EIOOC/: /@l T@ @NHA:
h
67% ?8% 35% 93% 2%
/@COOE‘ COOEt COOE! cooa COOEt
19 20
30% 94% 30% 82% 81%
COOEt
COOEt COOEt COOMe COOMe
o O O O™
21
62% 94% 31% 54% 55%
COOMe COOMe COOMe
NG~ C C/@ Meooc/:
26 27 28
70% 77% 81%

[solated yields based on aryl bromides. "See the supporting information



2.2 Results and Discussion 53

1 mol% Pd(TFA),
+ KO OEt  1.5mol% dppp "“0FE1
NMP, 150 °C, 10 h

1e 1.1eq 89%

Scheme 2.2 Synthesis of trans-acrylate derivatives

1 mol% PA(TFA),

0
0
KO 1.5 mol% dppp 0
NMP, 150 °C, 16 h

1.1eq 31%

Scheme 2.3 Casade cross-coupling/cyclization

functional groups [including ether (entries 4, 5, 7), thioether (entry 8), aldehyde
(entry 11), ketone (entries 10, 14), amide (entry 15), nitro (entry 9), nitrile (entry
13), ester (entry 12), trifluoromethyl (entries 16, 17, 18), halogen (entries 22, 23)
and heterocycle (entry 19)]. Importantly, ortho substitution can be tolerated in the
transformation (entries 3, 5, 15). In addition to the ethyl esters, potassium
2-methoxy-2-oxoacetate can be used to produce methyl esters (entries 24-28).
Furthermore, the method can be used to synthesize trans-acrylate derivatives in
high yields from vinyl bromides (Scheme 2.2), and in a special case (Scheme 2.3),
we observed cascade cross-coupling/cyclization.

The above protocol can be applied to both aryl bromides and iodides (Table 2.1,
entry 20) but not to aryl chlorides (entry 21). Use of bulky, electron-rich ligands
may solve the problem, but our experiments with good Ar—Cl activation ligands
such as #-BusP, S-Phos, DavePhos, X-Phos, and JohnPhos [14] failed to couple
PhCl with potassium 2-ethoxy-2-oxoacetate. We reasoned that the use of a bulky,
electron-rich ligand similar in structure to dppp might provide a solution. To our
delight, dCypp proved to successfully promote the decarboxylative coupling with
various aryl chlorides (Table 2.3). However, ortho substitution would inhibit the
reaction due to the bulky steric hindrance of the dCypp (Table 2.3, entry 3).

2.2.3 Mechanistic Study

Standard density functional theory methods were used to understand the mechanism
of the new decarboxylative cross-coupling reaction (Fig. 2.1) [15]. First, a Pd(0)
complex was proposed to activate the aryl halide. When 1,3-diphosphinopropane
was used as a model ligand, the Pd(0) complex formed a n? complex with PhBr
(IN1), which should undergo oxidative addition through TS1 to produce a
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Table 2.3 Decarboxylative cross-coupling with aryl chlorides

1.5 mmol

1.0 mmol

0
Cl
=
EIOJ\H/OK * O/
R//

3 mol% Pd(TFA),
6 mol% dCypp
NMP (2 mL)
150°C, 24 h

N

O/cozm

66%

: CO,E : CO,Et : CO,E! UcozEt /@ﬁozﬂ
1 2
T0%

M CO.Et /©/002El /@co
o F
6

< 5% 73%

4%

CO,Et /@,0025‘
MeOC~ : Et0,C
92% 7% 80% 36% 75%
“Isolated yields based on aryl chlorides
$aG in THF "
(kcal/mol) P Br +
Ha < Pd
s “o.r 2
! P OMOP’} _
/Pd(O) is v _Pd =
P STST X7 Bn
JH +#39 7 4114, MeO 0152
PhBr  _--""INq '.. - "_-‘[
00 P \ 1.4
Cral | ;o
P/ , |l. :: .‘
X { 295 "
1IN2 #|kcal/imol’, . _.C(O)OMe
s ; . Pd:” :
210 N ; ' P
P Br ' Prss o
Cr Ty |4 T 12
P Ph IN3 h '.‘ /‘-26. .
p4 NS
i i o’ " PhCO,Me
o -38.0 \ i
:S=o P_ COOMe '\  p
MeO ( “Pd] \ (\Pd
P’ “Ph Y \p”
+ CO, \
Reaction coordinate (B3LYP, Lanl2dz for Pd and P; 6-311+G(d,p) for C, H, O, and Br atoms)

—-57.0
Fig. 2.1 Proposed mechanism of decarboxylative cross-coupling. Reprinted with the permission
from J. Am. Chem. Soc. 2009, 131, 5738. Copyright 2011 American Chemical Society
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four-coordinate Pd(II) intermediate (IN2). The energy barrier for oxidative addition
was +11.4 kcal/mol. IN2 then exchanged the anion to form IN3. From IN3, the
decarboxylation transition state (TS2) was indentified as a five-coordinate Pd(Il)
species [16]. In TS2, the Pd(II) coordinated to the leaving CO, moiety through one
of its oxygens and to the other carbonyl group in an n* mode. From IN3 to TS2, the
free energy increased by 29.5 kcal/mol, a value whose magnitude is consistent with
the experimental temperature required for the reaction (~ 150 °C). Thus, decar-
boxylation is the rate-limiting step in the catalytic cycle. The immediate product of
decarboxylation was a four-coordinate acyl-Pd complex (IN4), which readily
underwent reductive elimination to produce the ester product through TS3 with a
low barrier of ~12 kcal/mol. In IN4, the Pd center is coordinatively saturated,
preventing decarbonxylation to form an inactive Pd—CO complex. This may explain
why bidentate phosphine ligands are favored for the present decarboxylative
cross-coupling reactions. A related phenomenon has been discussed for
Pd-catalyzed carbonylation [17], where the use of bulky, electron-rich bidentate
ligands has also been found to be important [2].

2.3 Conclusion

Pd-catalyzed decarboxylative cross-coupling of aryl iodides, bromides, and chlo-
rides with potassium oxalate monoesters has been discovered. This reaction is
potentially useful for laboratory-scale synthesis of aryl and alkenyl esters [18].
Bulky, electron-rich bidentate phosphine ligands are preferred in the reaction,
whereas Cu is not needed for decarboxylation. Theoretical calculations suggest a
five-coordinate Pd(II) transition state for decarboxylation with an energy barrier of
~ 30 kcal/mol.

2.4 Experimental Section and Compound Data

2.4.1 General Information

All reactions were carried out in oven-dried Schlenk tubes under Argon atmosphere
(purity 2 99.999%). The NMP solvent was bought from Alfa Aesar (sealed under
argon) without further purification. All aryl halides were purchased from Alfa Aesar
or Acros and used directly. All phosphine ligands were bought from Sigma-Aldrich,
Strem, or Alfa Aesar and sealed under Argon. All the other reagents and solvents
were bought from Sinopharm Chemical Reagent Co. Ltd or Alfa Aesar and were
purified when necessary.

"H-NMR, "*C-NMR spectra were recorded on a Bruker Advance 400 spec-
trometer at ambient temperature in CDCl; unless otherwise noted. Data for
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"H-NMR are reported as follows: chemical shift (5 ppm), multiplicity, integration,
and coupling constant (Hz). Data for '*C-NMR are reported in terms of chemical
shift (5 ppm). Gas chromatographic (GC) analysis was acquired on a Shimadzu
GC-2014 Series GC System equipped with a flame ionization detector. GC-MS
analysis was performed on Thermo Scientific AS 3000 Series GC-MS System. MS
analysis was performed on Finnigan LCQ advantage Max Series MS System.
Elementary Analysis was carried out on Elementar Vario EL III elemental analyzer.
Organic solutions were concentrated under reduced pressure on a Buchi rotary
evaporator. Flash column chromatographic purification of products was accom-
plished using forced-flow chromatography on Silica Gel (200-300 mesh).

2.4.2 Experimental Procedure

General procedure A: the synthesis of aromatic esters from aryl bromides

Palladium(Il) trifluoroacetate (0.01 mmol), 1,3-bis(diphenylphosphino)-propane
(0.015 mmol), appointed amount of ethyl (or methyl) potassium oxalate (1.1—
1.5 mmol, see Page S8-16 for detailed quantities) and the aryl bromide
(1.00 mmol) (if solid) were placed in an oven-dried 20 ml Schlenk tube. The
reaction vessel was evacuated and filled with argon for three times. Then aryl
bromide (1.00 mmol) (if liquid) and NMP (2 ml) were added with a syringe under a
counter flow of argon. The vessel was sealed, connected to the Schlenk line which
was full with argon and stirred at 150 £ 5 °C for the appointed time. Upon
completion of the reaction, the mixture was cooled to room temperature and diluted
with diethyl ether (20 ml). It was then filtered through a short silica column to
remove the deposition. The organic layers were washed with water (20 ml X 3),
and then with brine, dried over Na,SOy, and filtered. The solvents were removed.
Purification of the residue by column chromatography (silica gel, ethyl
acetate/hexane gradient) yielded the corresponding aryl ester.

General procedure B: the synthesis of aromatic esters from aryl chlorides

Palladium(Il) trifluoroacetate (0.03 mmol), appointed amount of ethyl potassium
oxalate and the aryl chloride (1.00 mmol) (if solid) were placed in an oven-dried
20 ml Schlenk tube. The reaction vessel was evacuated and filled with argon for
three times. Aryl chloride (1.00 mmol) (if liquid), 1,3-bis(dicyclohexylphosphino)
propane (0.06 mmol, 108 pl") (as a solution, 250 mg in 2 ml NMP) and NMP
(2 ml) were added with a syringe under a counter flow of argon, the vessel was
sealed, connected to the Schlenk line which was full with argon and stirred at
150 £ 5 °C for the appointed time. Upon completion of the reaction, the mixture
was cooled to room temperature, diluted with diethyl ether (20 ml) and filtered

11,3—bis(dicyclohexylphosphino)propane was bought from Sigma-Aldrich as a colorless oil
(250 mg Package), and 2 ml NMP was directly added to the bottle to dissolve it before use.
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through a short silica column to remove the deposition. The organic layers were
washed with water (20 ml X 3) and then with brine, dried over Na,SO,, and fil-
tered. The solvents were removed. Purification of the residue by column chro-
matography (silica gel, ethyl acetate/hexane gradient) yielded the corresponding
aryl ester.

2.4.3 Characterization of the Products

Compound name benzoic acid ethyl ester
O
0
A\
colorless liquid (125 mg, 83% yield). IH-NMR (400 MHz, CDCI3): 6 1.40 (t, 3H,
J=17.2Hz), 438 (q, 2H, J =7.1 Hz), 7.41-7.46 (m, 2H), 7.52-7.57 (m, 1H),

8.03-8.06 (m, 2H). 13C-NMR (100 MHz, CDCI3, 6 ppm): 14.3, 60.9, 128.3,
129.5, 130.6, 132.8, 166.6.

Compound name Benzo [1,3] dioxole-5-carboxylic acid ethyl ester

0]

O
6]

\
yellow liquid (173 mg, 89% yield). Spectral data matched literature description
(Ref. Lee, A. S.; Wu, C.C; Lin, L.S.; Hsu, H.F. Synthesis. 2004, 4, 568). IH-NMR
(400 MHz, CDCI3): & 1.37 (t, 3H, J = 7.0 Hz), 4.33 (q, 2H, J = 7.2 Hz), 6.02
(s, 2H), 6.82 (d, 1H, J =84 Hz), 7.46 (d, 1H, J= 1.6 Hz), 7.65 (dd, 1H,
J1 =1.6 Hz, J2 = 8.0 Hz). 13C-NMR (100 MHz, CDCI3, & ppm): 14.4, 60.9,
101.8, 107.9, 109.5, 124.6, 125.3, 147.7, 151.5, 166.0.

Compound name 4-methylthiobenzoic acid ethyl ester

yellow acicular solid (147 mg, 75% yield). Spectral data matched literature
description (Ref. Lu, X.; Rodriguez, M.; Gu, W.; Silverman, R. B. Bioorg. Med.
Chem. 2003, 11, 4423). 1H-NMR (400 MHz, CDCI3): é 1.38 (t, 3H, J = 7.2 Hz),
2.51 (s, 3H), 4.35 (q, 2H, J =7.1 Hz), 7.24 (d, 2H, J = 8.40 Hz), 7.93 (d, 2H,
J = 8.8 Hz). 13C-NMR (100 MHz, CDCI3, ¢ ppm): 14.4, 14.9, 60.9, 125.0, 126.7,
129.9, 145.3, 166.6.
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Compound name 4-(trifluoromethyl)benzoic acid ethyl ester

Fﬁ—@—(e
-

colorless liquid (175 mg, 80% yield). Spectral data matched literature description
(Ref. Bromilow, J.; Brownlee, R.; Craik, D. J.; Sadek, M.; Taft, R. W. J. Org.
Chem. 1980, 45, 2429). 1H-NMR (400 MHz, CDCI3): 6 1.42 (t, 3H, J = 7.2 Hz),
441 (q, 2H, J=7.1 Hz), 7.69 (d, 2H, J = 8.4 Hz), 8.15 (dd, 2H, J1 = 0.4 Hz,
J2 = 8.8 Hz). 13C-NMR (100 MHz, CDCI3, & ppm): 14.3, 61.6, 123.8 (q,
J =271 Hz), 1254 (q, J = 3.5 Hz), 130.0, 133.8, 134.4 (q, J = 32.4 Hz), 165.4.

Compound name 4-trifluoromethoxy-benzoic acid ethyl ester

colorless liquid (187 mg, 80% yield). IH-NMR (400 MHz, CDCI3): § 1.40 (t, 3H,
J=172Hz), 439 (q, 2H, J = 7.1 Hz), 7.26 (d, 2H, J = 8.8 Hz), 8.09 (d, 2H,
J = 8.4 Hz). 13C-NMR (100 MHz, CDCI3, & ppm): 14.3, 61.4, 120.4 (q, J = 257),
120.3, 129.0, 131.6, 152.6, 165.5.

Compound name 3-pyridinecarboxylic acid ethyl ester

N o]
O
= 0
\
colorless liquid (124 mg, 82% yield). IH-NMR (400 MHz, CDCI3): § 1.42 (t, 3H,
J=7.0 Hz), 442 (q, 2H, J = 7.1 Hz), 7.39 (m, 1H), 8.31 (m, 1H), 8.78 (m, 1H),
9.23 (d, 1H, J = 2.0 Hz). 13C-NMR (100 MHz, CDCI3, § ppm): 14.2, 61.3, 123.2,
126.3, 136.9, 150.8, 153.2, 165.1.

Compound name naphthalene-1-carboxylic acid ethyl ester

o
asl

yellow liquid (124 mg, 62% yield). IH-NMR (400 MHz, CDCI3): § 1.44 (t, 3H,
J=72Hz), 446 (q, 2H, J = 7.2 Hz), 7.44-7.52 (m, 2H), 7.57-7,61 (m, 1H),
7.83-7.87 (d, 1H, J = 8.4 Hz), 7.96-7.98 (d, 1H, J = 8.4 Hz), 8.16-8.18 (dd, 1H,
J1 =72 Hz, J2 = 1.2 Hz), 8.91-8.93 (d, 1H, J = 8.4 Hz). 13C-NMR (100 MHz,
CDCI3, & ppm): 14.4, 61.1, 124.5, 125.9, 126.2, 127.6, 127.7, 128.6, 130.1, 131.4,
133.2, 133.9, 167.6.
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Compound name 4-acetylbenzoic acid ethyl ester

o] o]

O

white solid (123 mg, 64% yield). Spectral data matched literature description (Ref.
Cai, C.; Rivera, N. R.; Balsells, J.; Sidler, R. R.; McWilliams, J. C.; Shultz, C. S.;
Sun, Y. Org. Lett. 2006, 8, 5161). 1H-NMR (400 MHz, CDCI3): & 1.42 (t, 3H,
J =7.0 Hz), 2.64 (s, 3H), 4.41 (q, 2H, J = 7.0 Hz), 8.01 (m, 2H), 8.12 (m, 2H).
13C-NMR (100 MHz, CDCI3, 5 ppm): 14.4, 26.9, 61.5, 128.2, 129.8, 134.4, 140.2,
165.8, 197.6.

Compound name 4-cyanobenzoic acid ethyl ester

o]
(0
(0]

-\

yellow solid (150 mg, 86% yield). IH-NMR (400 MHz, CDCI3): & 1.42 (t, 3H,
J=172Hz), 442 (q, 2H, J =72 Hz), 7.74 (d, 2H, J = 8.0 Hz), 8.14 (d, 2H,
J = 8.0 Hz). 13C-NMR (100 MHz, CDCI3, & ppm): 14.3, 61.9, 116.4, 118.0,
130.1, 132.2, 134.4, 165.0.

Compound name 4-ethoxycarbonylbenzophenone

0, 0O

W), i

yellow oil (249 mg, 98% yield). Spectral data matched literature description (Ref.
Duplais, C.; Bures, F.; Sapountzis, I.; Korn, T. J.; Cahiez, G.; Knochel, P. Angew.
Chem. 2004, 116, 3028; Angew. Chem, Int. Ed. 2004, 43, 2968). 1H-NMR
(400 MHz, CDCl13): 6 1.42 (t,3H, J = 7.2 Hz), 4.42 (q, 2H, J = 7.2 Hz), 7.48-7.52
(m, 2H), 7.59-7.64 (m, 1H), 7.79-7.85 (m, 4H), 8.14-8.17 (m, 2H). 13C-NMR
(100 MHz, CDCI3, 6 ppm): 14.4, 61.5, 128.5, 129.5, 129.8, 130.2, 133.0, 133.7,
137.1, 141.3, 165.9, 196.1.

Compound name 3-methylidene-3H-isobenzofuran-1-one

(0]

white solid (45 mg, 31% yield). Spectral data matched literature description (Ref.
Yamamoto, H.; Pandey, G.; Asai, Y.; Nakano, M.; Kinoshita, A.; Namba, K;
Imagawa, H.; Nishizawa, M. Org. Lett. 2007, 9, 4029) 1H-NMR (400 MHz,
CDCI3): 6 5.23 (dd, 2H, J1 = 3.2 Hz, J2 = 4.0), 7.55-7.62 (m, 1H), 7.72-7.73 (m,
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2H), 7.90-7.92 (m, 1H). 13C-NMR (100 MHz, CDCI3, é ppm): 91.3, 120.7, 125.2,
125.4, 130.5, 134.5, 139.1, 151.9, 166.9.

Compound name 2-acetylamino benzoic acid ethyl ester

0
Q:("ﬂ
_<O

pale yellow solid (108 mg, 52% yield). IH-NMR (400 MHz, CDCI3): & 1.42 (t,
3H, J=7.0 Hz), 2.24 (s, 3H), 438 (q, 2H, J = 7.2 Hz), 7.05-7.09 (m, 1H),
7.51-7.56 (m, 1H), 8.03-8.05 (m, 1H), 8.69-8.71 (m, 1H), 11.09 (s, br, 1H).
13C-NMR (100 MHz, CDCI3, § ppm): 14.3, 25.6, 61.5, 115.2, 120.4, 122.4, 130.8,
134.6, 141.7, 168.4, 169.1.
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Chapter 3

Synthesis of Polyfluorobiaryls

via Copper-Catalyzed Decarboxylative
Couplings of Potassium
Polyfluorobenzoates with Aryl Bromides
and lodides

Abstract In this chapter, we report a copper-catalyzed decarboxylative cross-
coupling of potassium polyfluorobenzoates with aryl iodides and bromides. This
reaction can be used for the preparation of polyfluoroaromatic compounds and
polyfluorostilbene. The reactants used in the reaction are easily accessible non-
volatile polyfluorobenzoate salts. Mechanistic studies suggest that decarboxylation
occurs at first on copper(I) to generate a polyfluorophenylcopper(I) intermediate,
which then undergoes oxidative addition with aryl halides and reductive elimination
to produce the coupling products.

— Cu catalyst only! O
COOK + ArX _— . Ar + CO
F @ 62 examples Fn% / 21

n (X=1,Br)
reductive
l Cuth efrmma!mnT
: o]
: t t i
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/ % Cu / Y Ar__ ] ~L Ar” [ ~N /i
L 1| L [N x
s o, R i

decarboxylation oxidative addition
rate-imiting step

3.1 Introduction

Transition metal-catalyzed decarboxylative cross-coupling using carboxylic acids as
aryl sources is of contemporary interest [1]. This method avoids the use of expensive
and sensitive organometallic reagents, and generates CO, instead of toxic metal
halides. Early studies showed that a stoichiometric quantity of copper could promote
the decarboxylative coupling of aromatic carboxylic acids with aryl iodides [2].
Until recently, Goossen et al. reported Pd/Cu-catalyzed decarboxylative coupling of
benzoic acids and a-oxocarboxylates with aryl halides and triflates [3]. Related
studies by the groups of Myers [4], Forgione [5], and others [6-9] showed that
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Cu catalyst
\ | )—COOK + ArX —————= (| )—Ar + CO} + KX
(X =1,Br)
n n

Scheme 3.1 Decarboxylative coupling of potassium polyfluorobenzoate with aryl halides

palladium by itself could also catalyze the decarboxylative coupling of aromatic
carboxylic acids. We reported a palladium-catalyzed decarboxylative coupling of
oxalate monoesters with aryl halides [10], and related decarboxylative reactions
were also reported by the groups of Tunge, Li, Chruma, and others recently [11].

In order to further expand the scope of decarboxylation coupling reaction, herein
we describe the first, copper-only systems that catalyze the decarboxylative cou-
pling of potassium polyfluorobenzoates with aryl iodides and bromides
(Scheme 3.1) [12]. The importance of the study is twofold: (1) The new reactions
can replace the use of expensive but often less reactive [13] fluorobenzene orga-
nometallics in the synthesis of polyfluorobiaryls, which are important molecules in
medicinal chemistry [14] and material science [15]. They also provide a method
complementary to that reported by Fagnou [16] and Daugulis [17] for fluorobiaryl
synthesis through C-H arylation of a polyfluoroarene. (2) Recently Goossen et al.
reported the copper-catalyzed protodecarboxylation of aromatic carboxylic acids
[18]. Nonetheless, there has been no example for copper-catalyzed decarboxylative
coupling of acids with aryl halides. Therefore, the reactions reported herein rep-
resent a novel type of copper-catalyzed cross-coupling reactions [19, 20].

3.2 Results and Discussion

3.2.1 Investigation of Reaction Condition

Our work started with the decarboxylative coupling of C¢FsCOOK with Phl. When
10 mol% of Cul/1,10-phenanthroline was used as the catalyst, decarboxylation
could proceed rapidly in NMP at 160 °C, we could observe a lot of bubbles from
the solution, but unfortunately the yield of the desired product was only around
10%. We suspected this might be caused by the too fast decarboxylation rate to
match the rate of the coupling reaction at this temperature. To improve the yield, we
lowered the reaction temperature and found that the best compromise between the
reaction rate and yield is achieved at 130 °C. However, the optimal yield remained
at about 40% after we examined many combinations of solvents and ligands.
A breakthrough was then made when diglyme was used as the solvent, and the
optimal yield obtained was 99% with or even without the ligand. Apparently
without the addition of 1,10-phenanthroline as ligand under the reaction conditions,
diglyme solvent itself acted as a ligand for copper catalyst. A possible explanation
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for the outstanding performance of diglyme is that diglyme can coordinate to K™,
thereby facilitating the complexation between Cul and C¢FsCO, ™.

3.2.2 Exploration of the Substrate Scope

Extending the model reaction to other substrates showed that both electron-rich and
electron-poor aryl iodides could be successfully converted and a range of functional
groups (such as methoxy, chlorine, nitro, ester, trifluoromethyl, cyano) were tol-
erated (Table 3.1, entries 2—12). The reaction yields range from good to excellent.
Importantly, ortho substitution can be well tolerated in the transformation
(Table 3.1, entries 13-16). In addition to phenyl iodides, other aryl substrates
including naphthyl, perfluorophenyl, and heteroaryl iodides can also be used to
produce the corresponding polyfluorobiaryls (Table 3.1, entries 18-24).

The above protocol can be applied to aryl iodides but not aryl bromides. To
solve this problem 1,10-phenanthroline was used as a ligand. As shown in
Table 3.2, copper-catalyzed decarboxylative cross-couplings between potassium
pentafluorobenzoate and a variety of aryl bromides display high yields ranging from
88 to 95%. These coupling reactions can tolerate both electron-rich and
electron-poor substrates (Table 3.2, entries 1-9) and can also tolerate ortho sub-
stitution (Table 3.2, entries 14—16). In addition, heteroaryl bromides are suitable
substrates in the reaction (Table 3.2, entries 17-20).

Notably, copper-catalyzed decarboxylative cross-coupling of potassium
pentafluorobenzoate with 1-bromoadamantane produces a C(sp”)-C(sp®) bond
(Scheme 3.2). Moreover, the method can be used to synthesize polyfluorostilbene
in high yields from vinyl bromides (Scheme 3.3).

The scope of the reaction with respect to fluoroarene is presented in Table 3.3.
Although diglyme is important for the reactions with potassium pentafluorobenzoate,
dimethyl acetamide (DMA) affords better results for fluoroarenes containing fewer
fluorine atoms. Under the optimized reaction conditions, potassium monofluoroben-
zoate cannot be efficiently converted, unless an ortho-CF; group is added (Table 3.3,
entries 1-3). Once two F atoms are placed at each of the ortho positions, the decar-
boxylative coupling of potassium bis(fluorobenzoate) can proceed smoothly with both
electron-rich and electron-poor aryl iodides (Table 3.3, entries 4-7). 2,6-
difluorobenzoate can also react with 2-methoxy-iodobenzene which has ortho steric
hindrance in 89% yield. Similar reactions are also observed with tri- and
tetrafluorobenzoates having two ortho-F atoms (Table 3.3, entries 10-18). Such as
2,3,6-trifluorobenzoate, 2,4,6-trifluorobenzoate, 2,3,5,6-tetrafluorobenzoate, and
4-methyl-2,3,5,6-tetrafluorobenzoate can react with a variety of electron-rich and
electron-deficient aryl iodides smoothly. A series of functional groups, such as cyano,
ester, nitro, trifluoromethyl can successfully be compatible with the reaction. In entries
14 and 15 of Table 3.3 some diarylated by-products are also observed. This means
that the direct arylation of acidic C—H bonds of polyfluoroarenes [16, 17] is a side
reaction in the copper-catalyzed decarboxylative coupling of polyfluorobenzoates.
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Table 3.1 Copper-catalyzed decarboxylative cross-coupling between potassium polyfluoroben-
zoates and aryl iodides®

F F FE F
10 mel% Cul
F COOK + Arl F Ar
£ T30 240 vEey R
10eq diglyme
15eq
Entry Product Yield% | Entry Product Yield%
99 13° 96
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“Reactions carried out at 0.5 mmol scale in 0.5 ml diglyme. Isolated yields were calculated from
aryl iodides. b12 eq. C¢FsCO,K was used. 20 mmol% Cul was used. 41 4-di-iodobenzene was
used as substrate

3.2.3 Mechanistic Study

Goossen et al. previously conducted a theoretical study on the mechanism of
copper-mediated decarboxylation of benzoic acids [21]. For the copper-catalyzed
decarboxylative coupling described herein, there is a key mechanistic question as to
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Table 3.2 Copper-catalyzed decarboxylative cross-coupling between potassium polyfluoroben-
zoates and aryl bromides®

FF FF
= a5 = 20 mol% Cul/phen
K+ ArBr — = F Ar
130 °C, 24-36 h el A
10eq diglyme
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Entry Product Yield% | Entry Product Yield%

1 cars@ 88 1 9%
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“Reactions were carried out at 0.5 mmol scale in 0.5 ml diglyme. Isolated yields were calculated
from bromides
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Scheme 3.2 Decarboxylative coupling of potassium pentafluorobenzoate with 1-bromoadamantane



68 3 Synthesis of Polyfluorobiaryls via Copper-Catalyzed Decarboxylative ...
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Scheme 3.3 Decarboxylative coupling of potassium pentafluorobenzoate with vinyl bromides

Table 3.3 Copper-catalyzed decarboxylative cross-coupling between aryl iodides and other
polyfluorobenzoates®
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whether decarboxylation occurs on copper(I) before oxidative addition, or at the
copper(Ill) stage. To solve the problem DFT calculations were performed to
compare the two plausible mechanisms (Fig. 3.1) [22]. In pathway I, the initial
copper(I) complex 1 reacts with perfluorobenzoate to form 2, which then undergoes
decarboxylation via the four-membered-ring transition state TS(_3) (Fig. 3.1),
which has an energy barrier of +20.3 kcal mol '. This step produces a new copper
(I) complex 3 which can react with PhBr through oxidative addition [23] (transition
state TSz_4)). The energy barrier of oxidative addition is +30.0 kcal mol ! and
therefore, oxidative addition constitutes the rate-limiting step in pathway I. Finally,
reductive elimination is found to be a facile step and it finishes the reaction pro-
ducing C¢FsPh.

In pathway II, oxidative addition takes places first on the complex 1. This step
has a relatively low energy barrier of +18.9 kcal/mol. After oxidative addition the
resulting copper(Ill) species is pentacoordinated and therefore, decarboxylation at
copper(IIl) has to pass through a hexacoordinated transition state. As a result of the
strong steric repulsion in the hexacoordinated species, the energy barrier for
decarboxylation is calculated to be +51.1 kcal mol™". Therefore, decarboxylation
constitutes the rate-limiting step in pathway II. By comparing pathways I and II, we
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Fig. 3.1 Comparing two plausible mechanisms for Cu-catalyzed decarboxylative cross-coupling
(B3LYP method. SDD basis set for I, 6-31G(d) for C, H, O, F, Cu, and Br.
Solvation = CPCM/bondi). Reproduced from Angew. Chem. Int. Ed. 2009, 48, 9350 by
permission of John Wiley & Sons Ltd
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conclude that decarboxylation likely occurs on copper(I) before oxidative addition.
This conclusion is consistent with the observation by Sheppard et al. [23a, b].

3.3 Conclusion

In summary, the decarboxylative cross-coupling of potassium polyfluorobenzoates
with aryl iodides and bromides mediated by a copper-only system was discovered.
This reaction represents both a new type of copper-catalyzed cross-coupling reac-
tion and a new type of transition metal-catalyzed decarboxylative coupling reaction.
The reaction is practical for the preparation of polyfluorobiaryls from readily
accessible and nonvolatile polyfluorobenzoate salts. In contrast to the previously
reported decarboxylative coupling reactions, palladium is not required for the
present transformation, meaning that both decarboxylation and cross-coupling steps
are catalyzed solely by copper in the newly discovered process. Theoretical anal-
yses suggest that decarboxylation should occur at first on copper(I) to generate a
polyfluorophenylcopper(I) intermediate, which then reacts with aryl halides through
oxidative addition and reductive elimination to produce the coupling products.

3.4 Experimental Section and Compound Data

3.4.1 General Information

All reactions were carried out in oven-dried Schlenk tube under Argon atmosphere
(purity = 99.999%). The diglyme solvent was bought from Alfa Aesar without
further purification. Dimethylacetamide (DMA) solvent was bought from
Sinopharm Chemical Reagent Co. Ltd and dried on 4 A molecular sieve, degassed
with Argon before use. All aryl halides were bought from Alfa Aesar or Acros and
used as is. All the perfiuorobenzoic acids were purchased from Sigma Aldrich.
Copper(I) iodide was purchased from Sinopharm Chemical Reagent Co. Ltd as an
off-white powder and refluxed in THF overnight using a Soxhlet-Dean-Stark
extractor for further purification. Anhydrous 1,10-phenanthroline was bought from
Acros. All the other reagents and solvents mentioned in this text were bought from
Sinopharm Chemical Reagent Co. Ltd or Alfa Aesar and purified when necessary.

lH-NMR, lBC-NMR, YF_NMR spectra were recorded on a Bruker Avance 400
spectrometer at ambient temperature in CDCIl; unless otherwise noted. Data for
'"H-NMR are reported as follows: chemical shift (6 m), multiplicity, integration, and
coupling constant (Hz). Data for '>*C-NMR are reported in terms of chemical shift
(6 ppm), multiplicity, and coupling constant (Hz). '"F-NMR were recorded in
CDCl; solutions and trifluorotoluene (TFT) (6 = —67.73 ppm) was employed as an
external standard. Data for '"F-NMR are reported as follows: chemical shift (0 m),
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multiplicity, integration, and coupling constant (Hz). Gas chromatographic
(GC) analysis was acquired on a Shimadzu GC-2014 Series GC System equipped
with a flame ionization detector. GC-MS analysis was performed on Thermo
Scientific AS 3000 Series GC-MS System. HRMS analysis was performed on
Finnigan LCQ advantage Max Series MS System. Elementary Analysis was carried
out on Elementar Vario EL III elemental analyzer. Organic solutions were con-
centrated under reduced pressure on a Buchi rotary evaporator. Flash column
chromatographic purification of products was accomplished using forced-flow
chromatography on Silica Gel (200-300 mesh).

3.4.2 General Procedure

The coupling of potassium pentafluorobenzoate with various aryl iodides:

Copper(I) iodide (0.05 mmol, 9.5 mg) appointed amount of potassium
pentafluorobenzoate (0.6—0.75 mmol, See Part 3) and the aryl iodides (0.50 mmol)
(if solid) were placed in an oven-dried 10 ml Schlenk tube, the reaction vessel was
evacuated and filled with argon for three times. Then aryl iodide (0.50 mmol) (if
liquid) and diglyme (0.5 ml) were added with a syringe under a counter flow of
argon, the vessel was sealed with a screw cap, stirred at room temperature for
10 min, and connected to the Schlenk line which was full of argon, stirred at
130 °C for the appointed time. Upon completion of the reaction, the mixture was
cooled to room temperature and diluted with ethyl acetate or petroleum ether
(20 ml) and filtered through a short silica gel column to remove the deposition. The
organic layers were washed with water (20 ml X 3), and then with brine, dried over
Na,S0y, and filtered, the solvents were removed via rotary vapor. Purification of
the residue by column chromatography (silica gel, ethyl acetate/hexane gradient)
yielded the corresponding fluoroarene.

3.4.3 Characterization of the Products

Compound name 2,3,4,5,6-pentafluorobiphenyl

FF
RO
122 mg (99%) of a white solid was obtained. This compound is known. Reference:
Korenaga, T.; Kosaki, T.; Fukumura, R.; Ema, T.; Sakai, T. Org. Lett. 2005, 7,
4915-4918. 'H-NMR (400 MHz, CDCl; 293 K, TMS): 6 7.39-7.42 (m, 2H),

7.44-7.48 (m, 3H). *C-NMR (100 MHz, CDCls;, 293 K, TMS): § 115.9 (td,
Jg = 3.8, 17.5 Hz), 126.4, 128.7, 129.3, 130.1, 137.8 (dm, Jr = 253.2 Hz), 140.4
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(dm, Jg = 253.2 Hz), 144.2 (dm, Jg = 252.4 Hz). ""F-NMR (377 MHz, CDCl;,
293 K, TFT): —162.3 (m, 2F), —155.6 (t, Jg = 21.1 Hz, 1F), —143.2 (dd, Jg = 23.0,
8.3 Hz, 2F).

Compound name ethyl 2',3",4',5',6’-pentafluorobiphenyl-4-carboxylate

FF
FCOOEI

158 mg (99%) of a white solid was obtained. This compound is known. Reference:
Lafrance, M.; Rowley, C. N.; Woo, T. K.; Fagnou, K. J. Am. Chem. Soc. 2006,
128, 8754-8756. "H-NMR (400 MHz, CDCl;,293 K, TMS): 6 1.42 (t, J = 7.2 Hz,
3H), 4.42 (q, J = 7.2 Hz, 2H), 7.50-7.52 (m, 2H), 8.16-8.18 (m, 2H). *C-NMR
(100 MHz, CDCls, 293 K, TMS): ¢ 14.2, 61.2, 115.0 (td, Jg = 4.2, 17.6 Hz),
129.8, 130.2, 130.8, 131.3, 137.9 (dm, Jg = 251.4 Hz), 140.8 (dm, Jr = 253.3 Hz),
144.1 (dm, Jp = 247.4 Hz), 165.8. "’F-NMR (377 MHz, CDCl;, 293 K, TFT):
—161.6 (m, 2F), —154.2 (t, Jr = 20.7 Hz, 1F), —142.7 (dd, Jg = 22.2, 8.3 Hz, 2F).

Compound name 2,3,4,5,6-pentafluoro-4'~(trifluoromethyl)biphenyl

FF
# Niiptis

156 mg (99%) of a white solid was obtained. This compound is known. Reference:
Lafrance, M.; Rowley, C. N.; Woo, T. K.; Fagnou, K. J. Am. Chem. Soc. 2006, 128,
8754-8756. "H-NMR (400 MHz, CDCl;, 293 K, TMS): 6 7.55-7.57 (m, 2H), 7.76
—7.78 (m, 2H). >*C-NMR (100 MHz, CDCls, 293 K, TMS): 6 114.6 (td, J = 3.9,
16.5 Hz), 123.8 (q, Jg = 270.7 Hz), 125.7(q, Jr = 3.6 Hz), 130.2, 130.7, 131.6
(q, Jg = 32.6 Hz), 138.0 (dm, Jg = 251.6 Hz), 141.0 (dm, Jg = 253.8 Hz), 144.2
(dm, Jg = 247.5 Hz). ""F-NMR (377 MHz, CDCls, 293 K, TFT): —161.5 (m, 2F),
—153.8 (t, Jg = 20.7 Hz, 1F), —142.9 (dd, Jg = 21.9, 8.3 Hz, 2F), —63.0 (s, 3F).

Compound name 2-(perfluorophenyl)pyridine

122 mg (99%) of a pale yellow solid was obtained. This compound is known.
Reference: Do, H. Q.; Daugulis, O. J. Am. Chem. Soc. 2008, 130, 1128-1129.
'"H-NMR (400 MHz, CDCl;, 293 K, TMS): ¢ 7.37-7.40 (m, 1H), 7.46-7.49
(m, 1H), 7.82-7.86 (m, 1H), 8.76-8.78 (m, 1H). ">*C-NMR (100 MHz, CDCls,
293 K, TMS): ¢ 1154 (td, Jg = 3.8, 16.8 Hz), 123.8, 125.9, 136.6, 137.7
(dm, Jg =251.1 Hz), 141.2 (dm, Jg = 253.5 Hz), 144.6 (dm, Jr = 244.7 Hz),
146.8, 150.1. "’F-NMR (377 MHz, CDCls, 293 K, TFT): —161.9 (m, 2F), —153.8
(t, Jg = 20.4 Hz, 1F), —143.2 (dd, Jg = 23.4, 7.5 Hz, 2F).
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Compound name 2,2'.3.4.4"5,6-heptafluorobiphenyl

FOF
Q5

132 mg (94%) of a white solid was obtained. This compound is new. "H-NMR
(400 MHz, CDCl;, 293 K, TMS): 6 6.97-7.05 (m, 2H), 7.31-7.36 (m, 1H).
BC-NMR (100 MHz, CDCls, 293 K, TMS): § 104.7 (t, Jg = 25.4 Hz), 115.5
(td, Jr = 3.4,18.4 Hz), 110.4 (dd, Jr = 1.8, 16.7 Hz), 112.0 (dd, Jr = 3.6, 21.7 Hz),
132.9 (d, Jg = 9.6 Hz), 137.8 (dm, Jg = 251.3 Hz), 141.3 (dm, Jg = 253.5 Hz),
144.4 (dm, Jg = 247.7 Hz), 160.4 (d, Jr = 251.7 Hz), 164.1 (d, Jgr = 251.0 Hz).
"YFE-NMR (377 MHz, CDCl;, 293 K, TFT): —161.7 (m, 2F), —153.6
(t, Jr = 20.4 Hz, 1F), —140.3 (m, 2F), —108.1 (dd, Jr = 1.0, 20.4 Hz, 1F), —106.7
(d, Jg = 8.7 Hz, 1F). HRMS calcd for C{,H;F; (M+) 280.0123; found: 280.0121.

Compound name 6-(perfluorophenyl)-2,3-dihydrobenzo[b][1,4]dioxine
FF
F Q O )
o)
151 mg (99%) of a tan solid was obtained. This compound is new. 'H-NMR
(400 MHz, CDCl;, 293 K, TMS): ¢ 4.31 (t, J = 0.8, Hz 4H), 6.88-6.91 (m, 1H),
6.94-6.98 (m, 2H). '>*C-NMR (100 MHz, CDCls, 293 K, TMS): 6 64.3, 64.4, 115.5
(td, Jgp = 3.8, 16.8 Hz), 117.5, 119.1, 123.3, 123.5, 137.8 (dm, Jr = 250.4 Hz),
140.1 (dm, Jr = 252.0 Hz), 144.2 (dm, Jp = 245.4 Hz), 143.6, 144.5. "’F-NMR
(377 MHz, CDCl;, 293 K, TFT): —162.5 (m, 2F), —156.3 (t, Jg = 21.1 Hz, 1F),

~143.3 (dd, Jg = 23.3, 8.3 Hz, 2F). HRMS calcd for C,,H,F50, (M+) 302.0366;
found: 302.0361.

Compound name 2-nitro-5-(perfluorophenyl)thiophene
F

[ F
O,N" S

90 mg (61%) of a yellow solid was obtained. This compound is new. 'H-NMR
(400 MHz, CDCl;, 293 K, TMS): 6 7.47-7.48 (m, 1H), 7.96-7.97 (m, 1H).
3C-NMR (100 MHz, CDCl3, 293 K, TMS): 6 107.9 (td, Jr = 4.4, 15.0 Hz), 128.1,
129.4, 133.4, 138.0 (dm, Jg = 249.5 Hz), 141.4 (dm, Jg =257.3 Hz), 144.5
(dm, Jg = 244.3 Hz), 153.3. ""F-NMR (377 MHz, CDCl, 293 K, TFT): —160.1
(m, 2F), —150.9 (t, Jg = 20.7 Hz, 1F), —138.3 (dd, Jg = 20.0, 4.8 Hz, 2F). HRMS
caled for CoH,FsNO,S (M+) 294.9726; found: 294.9730.
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Compound name 2,6-difluoro-4'-(trifluoromethyl)biphenyl

56 mg (86%) of a white solid was obtained. This compound is new. "H-NMR
(400 MHz, CDCl;, 293 K, TMS): 6 6.98-7.05 (m, 2H), 7.30-7.307 (m, 1H), 7.59
(d,J = 8.4,2H),7.72 (d, J = 8.4, 2H). '*C-NMR (100 MHz, CDCl5, 293 K, TMS):
0 111.8 (dd, Jg = 6.6, 19.3 Hz), 117.2 (t, Jr = 18.3 Hz), 124.1(q, Jr = 270.5 Hz),
125.2 (q, Jr = 3.8 Hz), 129.8 (t, Jg = 10.2 Hz), 130.3 (q, Jr = 32.3 Hz), 130.7,
133.0, 160.0 (dd, Jr = 6.8, 248.1 Hz). '"F-NMR (377 MHz, CDCl5, 293 K, TFT):
—114.5 (s, 2F), —62.8 (s, 3F). HRMS calcd for C;3H;F5 (M+) 258.0468; found:
258.0464.

Compound name 3-(2,6-difluorophenyl)pyridine
F

42 mg (88%) of a yellow oil was obtained. This compound is new. 'H-NMR
(400 MHz, CDCl;, 293 K, TMS): ¢ 7.02 (t, J = 8.4 Hz, 2H), 7.31-7.38 (m, 1H),
7.41 (dd, J = 4.8, 7.6 Hz, 2H), 7.81 (d, J = 8.0 Hz, 1H), 8.64 (d, J = 4.0 Hz, 1H),
8.73 (s, 1H). >*C-NMR (100 MHz, CDCls, 293 K, TMS): § 111.8 (dd, Jg = 6.7,
19.3 Hz), 115.0 (t, Jr = 18.4 Hz), 123.3, 125.6, 129.9 (t, Jg = 10.3 Hz), 137.8,
149.0, 150.6, 160.1 (dd, Jp = 6.7, 248.2 Hz). "’"F-NMR (377 MHz, CDCl;,
293 K, TFT): —114.5 (s, 2F). HRMS calcd for C;;H;F,N (M+) 191.0547; found:
191.0540.

Compound name 2,3,5,6-tetrafluoro-4'-methoxy-4-methylbiphenyl

FF
43O
\
66 mg (97%) of a white crystal was obtained. This compound is new. 'H-NMR
(400 MHz, CDCl;, 293 K, TMS): 6 2.31 (t, Jr = 2.0 Hz, 3H), 3.86 (s, 3H), 7.00 (d,
J=88Hz, 2H), 739 (d, J=8.8Hz 2H). "C-NMR (100 MHz, CDCl;,
293 K, TMS): 6 7.44, 55.2, 114.0, 114.4 (t, Jg = 19.1 Hz), 117.6 (t, Jr = 16.5 Hz),
119.8, 131.4, 143.7 (dm, Jg = 243.3 Hz), 1453 (dm, Jg = 242.3 Hz), 160.0.
"F-NMR (377 MHz, CDCls, 293 K, TFT): —146.0 (dd, Jr = 12.4, 22.2 Hz, 2F),

—144.4 (dd, Jg = 12.8, 22.6 Hz, 2F). HRMS calcd for C4H;(F4O (M+) 270.0668;
found: 270.0666.
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Compound name ethyl 2',3',5',6'-tetrafluoro-4’-methylbiphenyl-4-carboxylate

N ;
CDOEI

74 mg (95%) of a yellow solid was obtained. This compound is new. "H-NMR
(400 MHz, CDCl;, 293 K, TMS): ¢ 1.42 (t, J = 7.2 Hz, 3H), 2.33 (t, Jg = 2.0 Hz,
3H), 4.41 (q, J = 7.2 Hz, 2H), 7.53 (d, J = 8.0 Hz, 2H), 8.15 (d, J = 8.4 Hz, 2H).
C.NMR (100 MHz, CDCl;, 293 K, TMS): ¢ 7.6, 14.3, 61.2, 115.9
(t, Jg = 20.0 Hz), 117.0 (t, Jg = 16.4 Hz), 129.6, 130.2, 130.8, 132.2, 143.5 (dm,
Jp = 245.4 Hz), 145.3 (dm, Jg = 243.1 Hz), 166.0. "’F-NMR (377 MHz, CDCl;,
293 K, TFT): —145.2 (dd, Jg = 12.4,21.5 Hz, 2F), —143.6 (dd, Jg = 13.2, 22.6 Hz,
2F). HRMS calcd for CgH,F40, (M+) 312.0773; found: 312.0768.

Compound name 1-(perfluorophenyl)adamantane

F, F
F: :

148 mg (98%) of a white crystalline solid was obtained. This compound is known.

Reference: Cairncross; Sheppard. J. Am. Chem. Soc. 1968, 90, 2186. '"H-NMR
(400 MHz, CDCl;, 293 K, TMS): 6 1.75-1.83 (m, 6H), 2.01 (s. 3H), 2.22 (s, 6H).
BC.NMR (100 MHz, CDCl;, 293 K, TMS): 6 28.9, 36.5, 40.5, 4l.1
(t, Jg=52Hz), 122.3-122.6 (m), 1379 (dm, Jg=246.0Hz), 139.0
(dm, Jg = 250.2 Hz), 146.3 (dm, Jp = 247.3 Hz). "F-NMR (377 MHz, CDCls,
293 K, TFT): —163.0 (m, 2F), —158.5 (t, Jr = 21.9 Hz, 1F), —138.1 (m, 2F).

Crystal data and structure

Single crystals of C3,H30F were recrystallised from CHCl; mounted in inert oil
and transferred to the cold gas stream of the diffractometer.

Crystal structure determination of 1-(perfluorophenyl)adamantane

Crystal Data. C5,H;0F o, M = 302.16, Triclinic, a = 6.535(5) A, b = 10.087(5) A,
c =11.094(5) A, a = 106.463(5)°, B = 105.428(5)°, y = 98.691(5)°, U = 655.4(7)
A3 T= 295(2), space group P-1 (no. 2), Z = 2, w(Mo-Ka) = 0.138, 7264 reflec-
tions measured, 2844 unique (R;,; = 0.0166) which were used in all calculations.
The final wR(F,) was 0.0590 (all data).
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Chapter 4
Palladium-Catalyzed Decarboxylative
Couplings of Potassium

Polyfluorobenzoates with Aryl Bromides,
Chlorides, and Triflates

Abstract Pd-catalyzed decarboxylative cross-coupling of potassium polyfluoroben-
zoates with aryl bromides, chlorides, and triflates is achieved using diglyme as the
solvent. The reaction is useful for synthesis of polyfluorobiaryls from readily
accessible and nonvolatile polyfluorobenzoate salts. Different from the Cu-catalyzed
decarboxylation cross-coupling where oxidative addition is the rate-limiting step, in
the Pd-catalyzed version decarboxylation is the rate-limiting step.
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4.1 Introduction

Consideration the guidelines of green chemistry as well as the synthetic effi-
ciency, transition metal-catalyzed decarboxylative coupling reactions that use
carboxylic acids as aryl sources have unique advantages [1]. Decarboxylaitve
couplings avoid the use of expensive and/or sensitive organometallic reagents
and generate CO, without producing toxic metal halides. Goossen et al. showed
the decarboxylative coupling of some benzoic acids and a-oxo carboxylates with
aryl halides and triflates could be achieved through a Pd/Cu bimetallic catalysis
[2]. Myers [3], Forgione [4], and other groups [5] found that Pd could catalyze
the decarboxylative cross-coupling of some carboxylic acids with olefins and aryl
iodides or bromides. Other recent studies by Tunge, Li, Miura, Chruma, and
other groups also highlighted the synthetic utility of related decarboxylative
reactions [6].
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In the previous chapter, we described that a Cu-only catalyst system is capable of
catalyzing the decarboxylative coupling of potassium polyfluorobenzoates with aryl
iodides and bromides [7]. Here we report that a catalyst system based on solely
palladium, which can also catalyze the similar decarboxylative cross-couplings, but
importantly, with aryl bromides, chlorides, and even triflates. Resembling the
Cu-catalyzed versions [7], the newly developed Pd-catalyzed reactions can also
replace the use of expensive but often less reactive [8] fluorobenzene organome-
tallics in the synthesis of polyfluorobiaryls, which are of interest in materials sci-
ence [9] and medicinal chemistry [10]. The new reactions also provide a practical
method complementary to direct arylation reported independently by Fagnou [11]
and Daugulis [12] fluorobiaryl synthesis through direct C—H arylation of poly-
fluoroarene. Furthermore, through theoretical analysis we revealed that the
palladium-catalyzed decarboxylative cross-coupling is distinct in the mechanism
compared with the similar reaction catalyzed by copper catalyst.

4.1.1 Investigation of the Reaction Conditions

Our work started with the decarboxylative coupling of potassium pentafluoroben-
zoate with o-tolyl chlorides. We chose o-tolyl chloride as a model substrate aiming
to optimize the reaction with tolerance to steric effect. Aryl chlorides are cheap and
relatively inert compared with corresponding iodide and bromide and it cannot be
used in the copper-catalyzed reaction discussed in the previous chapter. It should be
noted there were two examples in literatures [5d, 5g] for Pd-catalyzed decar-
boxylative coupling of pentafluorobenzoic acid with 4-iodoanisole. However, the
aryl bromides, chlorides, and triflates have not successfully used in this reaction.
After extensive experimentation, (Table 4.1) it was found that the coupling reaction
did not proceed well in many solvents (entries 1-4), while it worked smoothly when
diglyme was used as solvent. The reaction took place readily (yield 88%) using a
simple ligand (PCy;) in diglyme solvent (entry 5). The use of more popular Ar—Cl
activation ligands such as ‘BusP, S-Phos, and Dave-Phos [13] did not produce a
better result (entries 6-9), and the use of other palladium salts (entries 10-12) gave
similar results to the reaction using Pd(OAc),. Decreasing the loading of palladium
catalyst to 1 mol% (entry 13) resulted in a slightly lower yield of 86%. Moreover,
the same catalyst system can also be applied to o-tolylbromide (entry 14). It is
interesting that a less electron-rich ligand (P(o-Tol);) is more effective for
o-tolylbromide than PCy; (entry 15).

4.1.2 Exploration of the Substrate Scope

Extending the model reaction to various substrates showed that both electron-rich
and electron-poor aryl bromides and chlorides can be successfully converted,
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Table 4.1 Pd-catalyzed decarboxylative cross-coupling of potassium Pentafluorobenzoate with
o-Tolylhalide®

F, F
0 2 mol% [Pd] F F
- X 4 mol% ligand O o
+ —_— + +
0K ;@ solvent F 2
F 130°C, 24 h

1.5 equiv 1.0 equiv
Entry X Pd source Ligand Solvent Yield%®
1 Cl Pd(OAc), P(Cy); NMP Trace
2 Cl Pd(OAc), P(Cy)s3 DMA Trace
3 Cl Pd(OAc), P(Cy); DMF 11
4 Cl Pd(OAc), P(Cy); Mesitylene n.r.
5 Cl Pd(OAc), P(Cy); Diglyme 88
6 Cl Pd(OAc), P(t-Bu); Diglyme 79
7 Cl Pd(OAc), S-Phos Diglyme 85
8 Cl Pd(OAc), Dave-Phos Diglyme 28
9 Cl Pd(OAc), JohnPhos Diglyme 15
10 Cl Pd,(dba); P(Cy); Diglyme 84
11 Cl Pd(TFA), P(Cy); Diglyme 85
12 Cl Pd(MeCN),Cl, P(Cy)s Diglyme 73
13° Cl Pd(OAc), P(Cy); Diglyme 86
14 Br Pd(OAc), P(Cy)s3 Diglyme 87
15 Br Pd(OAc), P(o-Tol); Diglyme 91

2All the reactions were carried out at 0.25 mmol scale in 0.5 ml solvents. "GC yields using
biphenyl as the internal standard. °1 mol% Pd(OAc), and 2 mol% ligand were used

tolerating a range of functional groups (Table 4.2). In several cases (entries 1, 4,
and 15), aryl triflates (but not aryl tosylates, see entry 13) can also be successfully
converted. Ortho-substitution can be tolerated in the transformation (entries 3, 5, 7,
and 8). It is worth mentioning that the desired product can be obtained in 81% for
2-bromo-m-xylene which has large ortho steric hindrance. In addition, some het-
eroaryl bromides and chlorides can be used to produce the corresponding
polyfluorobiaryls (entries 21 and 22). The yield of 3-bromopyridine was 81%, but
for 2-bromopyridine the reaction did not take place possible due to catalyst poi-
soning by the substrate. The yield of 2-Chlorothiophene is 75%, while the yield of
3-chlorothiophene is only moderate (52%).

The scope of the reaction with respect to fluoroarene is shown in Table 4.3.
Considering the different propensities for decarboxylation of benzoate with different
fluorine substitutions, a higher loading of palladium catalyst (4 mol%) was applied
in the scope studies in Table 4.3. Under the optimized conditions, potassium
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Table 4.2 Pd-catalyzed decarboxylative cross-coupling of CgFsCOOK with aryl bromides,
chlorides, and triflates®

1-2mol% Pd(OAc), F F

F, F
[0} 2-4 mol% PCy,
F +  ArX orPlotol)y _ f Ar + COy+ KX
OK 130°C, 24 h
F (X=Cl, Br, OTf)  diglyme F
1.2-1.5 equiv 1.0 equiv
Enlry Sbustrate Yield® Entry Sbustrate Yield?
cl 91 : X
1 @x Br 89 R @\ cl 86
oTf 76 F
cl 96 cl 96
2 @X . 13 TsO X
Br 92 Br 92
cl 84 Ph
3 X P14 }@x Br 93
Br 86 o
....................................................... T R IE LT T B I B Rt
oTf 79 : OTf 89
4 c 85 ; QG cl a7
....................... X ,
5 @[ cl 94 i 16 X—@—Cﬁ cl 83
o~ :

CN .
9 \s—Q—x Br 93 20 E102C—@—X c 95
cl 89 | x 3-Br 81

_< >._ x
10, B 0 Br 84 L Ne 2-Br frace
S 2-Cl 75

X 0 : 5
: 2
11 \©:0> Br o7 ;& Uk 3¢ 82

Al the reactions were carried out at 0.25 mmol scale in 0.5 ml of diglyme. ®Isolated yields were
calculated based on the quantity of aryl halide
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4.1 Introduction
Table 4.3 Pd-catalyzed decarboxylative cross-coupling of various potassium polyfluoroben-
zoates”
4 mol % Pd(OAc),
NG o X 8 mol % PCyzor P(o-Tol);  Tni%
KA . \©\ mol y3 or P(o-Tol)s @Ar+COZ+KX
=/ ok OMe 140-160°C, 24 h =
diglyme
(X=Cl, Br)
1.2-1.5 equiv 1.0 equiv
Enlry Product Yield® i Entry Product Yield®
F F
1 Crn’ Cl trace 7 o Br 73
F
4 |
F Ar
2 Ar Br 68 8 cl frace
: F F
cl :
F F
Ar Cl 81 : Ar
3 pooe cl 14
e & 7 : F F
F § £
Ar cl 85 : F. Ar
4 P08 cl 31
F Br 82 : F
F : F
Ar  Cl 96 F. Ar ¢l 89
5 1
_— £ Br 92 F Br 96
F
] 51 12 Cl 85

2All the reactions were carried out at 0.25 mmol scale in 0.5 ml diglyme. Isolated yields were

calculated based on the quantity of aryl halide. “Di- and tri-arylations were observed
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monofluorobenzoate cannot be efficiently converted, unless an ortho-Cl or ortho-
CF; group is presented (entries 1-3). 2-Chloro-6-fluorobenzoate can react to deliver
desired product in 68% yield (entry 2). In the presence of two ortho-fluorine
substituents, decarboxylative coupling of potassium perfluorobenzoate proceeded
smoothly with both 4-methoxyphenyl bromide and chloride (entries 4-7). The
reactions were also successful when tri- and tetrafluorobenzoates with two ortho-F
atoms were applied (entries 9-12), while unsuccessful for substrate possessing only
one side of ortho-fluorine substitution (entry 8). Note that in entries 9 and 10 some
di- or triarylated by-products were observed. For entry 9, the yields for mono-, di-,
and triarylated products were 14, 21, and 49%, respectively. For entry 10, the yields
for mono- and diarylated products were 31 and 58%. These results revealed that the
direct arylation of acidic C—H bonds of polyfluoroarenes [11, 12] is a side reaction
in Pd-catalyzed decarboxylative coupling of polyfluorobenzoates.

4.1.3 Mechanistic Study

To understand the mechanism of the Pd-catalyzed decarboxylative cross-coupling,
we carried out DFT calculations [14] (Fig. 4.1). Through the analysis, we first
concluded that it is Pd(I), but not Pd(0) which does not have the ability to catalyze
decarboxylation of carboxylic acid, that promotes the decarboxylation of the car-
boxylic acid. Accordingly, we proposed that in a catalytic cycle a monocoordinated
Pd(0) complex first undergoes oxidative addition with the aryl halide [15, 16].
When PMe; is used as a model ligand, the Pd(0) complex forms a complex with
PhCl (IN1), which undergoes oxidative addition to produce a Pd(I) intermediate
(IN2) through TS1. The energy barrier for oxidative addition is +14.5 kcal/mol.
IN2 then exchanges the anionic ligand to form IN3 and its coordination isomer
IN4. Note that the barrier between IN3 and IN4 is only +16.8 kcal/mol meaning

123 @
221 &g =119

in di i o4
AG in Qg]\rme L—Pd—CIT? & ¥ 202
(kealimol) “J 0. 01t 2320 e
L= PMe, b i 4 7 36,
T80 { N L—Pd—Cefs| = & 201 o
+36 0 4145 o_ Lefs h 1 "
00 7T IN1 _pd TS3 k
... L-Pd b [}
IND L=Pd—CI Bh —— 'é
L-Pd(0) R L 128 JLt7 gy il i
Phel =/ N2 . FR e T \ :
L-Pd-CI. % /OE// kcal/mal IL-F’&!-_----,Cst l
ho T -284 L—;’d— Fs Fh
IN3 h L a3q TTSE
el 4 B S e i 3 R 5 L=
0__Cefs - IN5_ .- 21.4 ?0!0)
L-Pd— L-Pd-Cqf s  Ph-Cefs
-4 ", -48.0
Reaction coordinate (BILYP method. Lanl2dz basis set for Pd and P. and 6-3114G{d p) for the rest. Solvation = CPCM/bondi) ING

Fig. 4.1 Proposed mechanism for Pd-catalyzed decarboxylative cross-coupling. Reprinted with
the permission from Org. Lett. 2010, 12, 1000. Copyright 2011 American Chemical Society
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F X S

4 mol% Pd(OAc),

9 ° ¢
" 8 m;l a{la ligand O O 0 <
iglyme
9K 160 °C, 24 h O
1.5 equiv e 1 2
' (X=Cl, ?f] X = Br, ligand = P(o-Tol);, 1(82%), 2 (trace)
1.0 equiv X = Br, ligand = P(Cy);. 1(40%).1:.2=48:1

X = Cl, ligand = P{Cy)s, 1(85%). 2 (lrace)

Scheme 4.1 Effects of the ligands on the cross-coupling. Reprinted with the permission from
Org. Lett. 2010, 12, 1000. Copyright 2011 American Chemical Society

that they can readily isomerize each other. From IN4, the decarboxylation transition
state (TS3) is identified as a four-coordinate Pd(Il) species. From IN3 to TS3, the
free energy increases by 24.0 kcal/mol, and therefore, decarboxylation is the
rate-limiting step. The immediate product of decarboxylation is a three-coordinate
Pd(Il) complex (INS), which undergoes reductive elimination to form the biaryl
product through TS4 with a low barrier of 11.7 kcal/mol.

The above results reveal a major difference between Cu- and Pd-catalyzed
decarboxylative couplings. In Cu-catalyzed versions in previous chapter, the
rate-limiting step is oxidative addition of the Cu(I) intermediate to aryl halide [§].
This conclusion is consistent with the observation that aryl chlorides cannot be
converted by the copper catalyst. By comparison, in Pd-catalyzed versions the
rate-limiting step should be decarboxylation. To support this mechanistic proposal,
we compared the Pd-catalyzed decarboxylative couplings of potassium
2,6-difluorobenzoate with 4-methoxyphenyl bromide and chloride (Scheme 4.1).
For the bromide, the more electron-rich ligand (PCy;3) affords a worse result due to
the side reaction, whereas the less electron-rich ligand P(o-Tol); does not show this
problem. The explanation is presumably that the more electron-rich ligand causes a
faster oxidative addition and therefore produces the aryl-Pd(I) intermediate too
rapidly to be effectively consumed by the benzoate. On the other hand, for the aryl
chloride that will undergo oxidative addition less rapidly, the use of the PCyj; ligand
does not cause much side reaction. Thus, a good balance between the decarboxy-
lation and oxidative addition steps is critical to the success of decarboxylative
cross-couplings. Goosen et al. use a bimetallic catalyst (e.g., Pd for oxidative
addition and Cu for decarboxylation) to control the balance [3]. We show here that
under some circumstances a strategic change of ligand can also control the balance.

4.1.4 The Cross-Coupling Controlled by the Ligands

Note that the ligand effects can be wused for selective decarboxylative
cross-couplings. A good example is shown in Scheme 4.2, two different
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F 4 mol% Pd(OAc),

Cl
COOK O 8 mol% P(o-Tol)s
+ - -
~o Br diglyme

F 160 °C, 24 h

F,  COOK
F F

F F F
OO
4 mol% Pd(OAc),
F

8 mol% P(Cy);
diglyme, 140 °C, 24 h 85%

Scheme 4.2 Selective decarboxylative cross-couplings. Reprinted with the permission from Org.
Lett. 2010, 12, 1000. Copyright 2011 American Chemical Society

polyfluorophenyl groups are sequentially coupled to an aryl halide containing both
aryl bromides and aryl chlorides bond.

4.2 Conclusion

In summary, we report Pd-catalyzed decarboxylative cross-coupling of potassium
polyfluorobenzoates with aryl bromides, chlorides, and triflates. The reaction is
practical for synthesis of polyfluorobiaryls from readily accessible and nonvolatile
polyfluorobenzoate salts. Unlike the Cu-catalyzed decarboxylation cross-coupling
where oxidative addition is the rate-limiting step, in the Pd-catalyzed version
decarboxylation is the rate-limiting step.

4.3 Experimental Section and Compound Data

4.3.1 General Information

All the reactions were carried out in oven-dried Schlenk tubes under Argon
atmosphere (purity = 99.999%). The diglyme solvent was bought from
Sigma-Aldrich (Sure/Seal) without further purification. All aryl halides were bought
from Alfa Aesar or Acros and used as is. Aryl triflates and tosylates were syn-
thesized according to the literature methods. All the polyfiuorobenzoic acids were
purchased from Sigma-Aldrich. Palladium(Il) acetate was purchased from Alfa
Aesar (99.98% purity). All phosphine ligands were bought from Sigma-Aldrich,
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Strem or Alfa Aesar and used as is. All the other reagents and solvents mentioned in
this text were bought from Sinopharm Chemical Reagent Co. Ltd or Alfa Aesar and
purified when necessary.

IH-NMR, 13C-NMR, 1YF.NMR spectra were recorded on a Bruker Avance 400
spectrometer at ambient temperature in CDCl; unless otherwise noted. Data for
'"H-NMR are reported as follows: chemical shift (6 m), multiplicity, integration, and
coupling constant (Hz). Data for '>*C-NMR are reported in terms of chemical shift
(6 ppm), multiplicity, and coupling constant (Hz). '’F-NMR was recorded in CDCl;
solutions and trifluorotoluene (TFT) (6 = —67.73 ppm) was employed as an
external standard. Data for '"F-NMR are reported as follows: chemical shift (0 m),
multiplicity, integration, and coupling constant (Hz).

Gas chromatographic (GC) analysis was acquired on a Shimadzu GC-2014
Series GC System equipped with a flame ionization detector. GC-MS analysis was
performed on Thermo Scientific AS 3000 Series GC-MS System. HRMS analysis
was performed on Finnigan LCQ advantage Max Series MS System. Elementary
Analysis was carried out on Elementar Vario EL III elemental analyzer. Organic
solutions were concentrated under reduced pressure on a Buchi rotary evaporator.
Flash column chromatographic purification of products was accomplished using
forced-flow chromatography on Silica Gel (200-300 mesh).

4.3.2 General Procedures

The coupling of potassium pentafluorobenzoate with aryl chlorides, bromides, and
triflates:

A 10 ml oven-dried Schlenk tube was charged with Pd(OAc), (1-2% mol),
ligand (2-4% mol PCy; or P(o-Tol);), appointed amount of potassium
pentafluorobenzoate (0.30-0.375 mmol) and the corresponding aryl electrophile
(0.25 mmol) (if solid). The tube was evacuated and filled with argon (this procedure
was repeated three times). Then aryl electrophile (0.25 mmol) (if liquid) and
diglyme (0.5 ml) were added with a syringe under a counter flow of argon. The tube
was sealed with a screw cap, stirred at room temperature for 10 min, and connected
to the Schlenk line which was full of argon, stirred in a preheated oil bath (130 °C)
for the appointed time (24 h). Upon completion of the reaction, the mixture was
cooled to room temperature, diluted with diethyl ether (20 ml), and filtered through
a short silica gel column to remove the deposition. The organic layers were washed
with water (20 ml X 3), and then with brine, dried over Na,SO,, and filtered, the
solvents were removed via rotary vapor. Purification of the residue by column
chromatography (silica gel, ethyl acetate/hexane gradient) yielded the correspond-
ing fluoroarene.
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4.3.3 Characterization of the Products

Compound name 2,3.4,5,6-pentafluorobiphenyl
£ F
<30
F F
54 mg (89%) of a white solid was obtained. This compound is known. Reference:
Korenaga, T.; Kosaki, T.; Fukumura, R.; Ema, T.; Sakai, T. Org. Lett. 2005, 7,
4915-4918. 'H-NMR (400 MHz, CDCl; 293 K, TMS): 6 7.39-7.42 (m, 2H),
7.44-748 (m, 3H). "C-NMR (100 MHz, CDCl;, 293 K, TMS): ¢ 115.9
(td, Jg = 3.8, 17.5 Hz), 126.4, 128.7, 129.3, 130.1, 137.8 (dm, Jg = 253.2 Hz),
140.4 (dm, Jp = 2532 Hz), 144.2 (dm, Jp = 252.4 Hz). ""F-NMR (377 MHz,

CDCl3, 293 K, TFT): —162.3 (m, 2F), —155.6 (t, Jg = 21.1 Hz, 1F), —143.2 (dd,
Jr=23.0, 8.3 Hz, 2F).

Compound name 2,3.4,5,6-pentafluoro-2'-methoxybiphenyl
F

64 mg (94%) of a white solid was obtained. This compound is known. Reference:
Lafrance, M.; Shore, D.; Fagnou, K. Org. Lett. 2006, 8, 5097-5100. 'H-NMR
(400 MHz, CDCl;, 293 K, TMS): ¢ 3.80 (s, 3H), 7.01-7.07 (m, 2H), 7.21-7.23
(m, 1H), 7.43-7.46 (m, 1H). >*C-NMR (100 MHz, CDCls, 293 K, TMS): J 55.6,
111.3, 112.8 (t, Jg=194Hz), 115.3, 120.6, 131.1, 131.7, 137.6
(dm, Jg =249.3 Hz), 140.5 (dm, Jg = 251.1 Hz), 144.5 (dm, Jr = 248.3 Hz),
157.2. "F-NMR (377 MHz, CDCl;, 293 K, TFT): —163.2 (m, 2F), —156.2
(t, Jg = 20.7 Hz, 1F), —140.3 (dd, Jg = 23.0, 8.3 Hz, 2F).

Compound name 2,3.4,5,6-pentafluoro-3’-methoxybiphenyl

F F
-Q
FF o—
65 mg (96%) of a white solid was obtained. This compound is known. Reference:
Lafrance, M.; Rowley, C. N.; Woo, T. K.; Fagnou, K. J. Am. Chem. Soc. 2006,
128, 8754-8756. "H-NMR (400 MHz, CDCl3, 293 K, TMS): J 3.84 (s, 3H), 6.94
(s, 1H), 6.98-7.01 (m, 2H), 7.38-7.42 (t, J = 8.0 Hz, 1H). "C-NMR (100 MHz,
CDCl3, 293 K, TMS): 0 55.2, 114.8 (td, Jg = 3.4, 17.2 Hz), 114.8, 115.8, 122.4,
127.5, 129.7, 137.8 (dm, Jg = 250.8 Hz), 140.4 (dm, Jg = 252.0 Hz), 144.2

(dm, Jg = 246.4 Hz), 159.7. ">F-NMR (377 MHz, CDCl;, 293 K, TFT): —162.2
(m, 2F), —155.6 (t, Jr = 20.7 Hz, 1F), —142.8 (dd, Jg = 23.0, 8.3 Hz, 2F).
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Compound name 5-(perfluorophenyl)benzo[d][1,3] dioxole
E

E
Sages
FoF 0’Il
63 mg (87%) of a white solid was obtained. This compound is known. Reference:
Shang, R.; Fu, Y.; Wang, Y.; Xu, Q.; Yu, H. Z.; Liu, L. Angew. Chem. 2009, 121,
9514-9518; Angew. Chem. Int. Ed. 2009, 48, 9350-9354. '"H-NMR (400 MHz,
CDCl;, 293K, TMS): 6 6.04 (s, 2H), 6.88-6.95 (m, 3H). '*C-NMR (100 MHz,
CDCl;, 293 K, TMS): 6 101.5, 108.6, 110.3, 115.7 (td, Jg = 3.8, 17.2 Hz), 119.4,
124.2, 137.8 (dm, Jg=250.8 Hz), 140.2 (dm, Jg=252.0Hz), 1442
(dm, Jg = 245.6 Hz), 148.0, 148.5. "F-NMR (377 MHz, CDCl;, 293K, TFT):
—162.3 (m, 2F), —156.0 (t, Jg = 20.7 Hz, 1F), —143.2 (dd, Jg = 23.4, 8.3 Hz, 2F).
HRMS calcd for C3H5FsO, (M+) 288.0210; found: 288.0212.

Compound name 1-(perfluorophenyl) naphthalene
F

E F

OOO

71 mg (97%) of a white solid was obtained. This compound is known. Reference:
Do, H. Q.; Daugulis, O. J. Am. Chem. Soc. 2008, 130, 1128-1129; '"H.NMR
(400 MHz, CDCl;, 293 K, TMS): 6 7.45-7.63 (m, 5H), 7.94-8.04 (m, 2H).
3C-NMR (100 MHz, CDCls, 293K, TMS): § 144.4 (td, Jg = 3.1, 19.5 Hz), 123.8,
1245, 125.2, 1264, 127.1, 128.6, 129.0, 130.1, 131.5, 133.7, 137.8
(dm, Jg =251.7 Hz), 1409 (dm, Jg =252.5 Hz), 144.6 (dm, Jg = 246.1 Hz).
YE.NMR (377 MHz, CDCl;, 293 K, TFT): —161.9 (m, 2F), —154.7
(t, Jr = 20.7 Hz, 1F), —139.4 (dd, Jr = 22.6, 7.9 Hz, 2F).

Compound name 2,3,4,5,6-pentafluoro-4'-nitrobiphenyl

FF
FF

70 mg (97%) of a pale yellow solid was obtained. This compound is known.
Reference: Korenaga, T.; Kosaki, T.; Fukumura, R.; Ema, T.; Sakai, T. Org. Lett.
2005, 7, 4915-4918. 'H-NMR (400 MHz, CDCl; 293K, TMS): § 7.64-7.66
(m, 2H), 8.35-8.38 (m, 2H). *C-NMR (100 MHz, CDCls, 293 K, TMS): § 113.8
(td, Jg = 3.4, 17.2 Hz), 123.8, 131.3, 132.9, 138.0 (dm, Jg = 252.4 Hz), 141.3
(dm, Jg =254.8 Hz), 144.0(dm, Jg = 259.0 Hz), 148.2. "F-NMR (377 MHz,
CDCl;, 293 K, TFT): —160.8 (m, 2F), —152.5 (t, Jg = 20.7 Hz, 1F), —142.5
(dd, Jg = 22.6, 8.7 Hz, 2F).
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Compound name 2',3"'4',5',6'-pentafluorobiphenyl-4-carbonitrile

FF
FoF

66 mg (98%) of a pale yellow solid was obtained. This compound is known.
Reference: Lafrance, M.; Shore, D.; Fagnou, K. Org. Lett. 2006, 8, 5097-5100.

'"H-NMR (400 MHz, CDCl5_ 293 K, TMS): § 7.55-7.57 (m, 2H), 7.79-7.81
(m, 2H). *C-NMR (100 MHz, CDCls, 293K, TMS): § 113.3, 114.1 (td, Jp = 3.1,
17.7 Hz), 118.0, 130.9, 131.1, 1324, 1379 (dm, Jg=251.8 Hz), 141.1
(dm, Jg = 254.9 Hz), 144.0 (dm, Jg = 247.4 Hz). "’F-NMR (377 MHz, CDCl;,
293K, TFT): —160.9 (m, 2F), —152.8 (t, Jr = 21.5 Hz, 1F), —142.7 (dd, Jr = 22.6,
7.2 Hz, 2F).

Compound name 2-fluoro-4'-methoxy-6-(trifluoromethyl) biphenyl
F

50 mg (74%) of a colorless liquid was obtained. This compound is known.
Reference: Shang, R.; Fu, Y.; Wang, Y.; Xu, Q.; Yu, H. Z.; Liu, L. Angew. Chem.
2009, 121, 9514-9518; Angew. Chem. Int. Ed. 2009, 48, 9350-9354. 'H-NMR
(400 MHz, CDCl;, 293K, TMS): ¢ 3.86 (s, 3H), 6.95-6.98 (dm, J = 8.8 Hz, 2H),
7.21 (d, J=8.8 Hz, 2H), 7.31 (t, J=8.8 Hz, 1H), 7.40-7.46 (m, 1H), 7.55
(d, J = 7.6 Hz, 1H). 3C-NMR (100 MHz, CDCl;, 293 K, TMS): J 55.2, 113.4,
119.0 (d, Jg = 23.5 Hz), 121.6 (m), 123.4 (qd, Jg = 3.6, 272.7 Hz), 123.8, 128.8
(d, Jr = 8.7 Hz), 129.0 (d, Jg = 16.0 Hz), 130.9, 131.1 (qd, Jr = 2.7, 29.4 Hz),
159.6, 160.5 (d, Jr = 243.8 Hz). '"F-NMR (377 MHz, CDCl;, 293 K, TFT):
—111.7 (s, 1F), =57.3 (s, 3F). HRMS calcd for C;4H;oF4O (M+) 270.0668; found:
270.0672.

Compound name 2,3,6-trifluoro-4’-methoxybiphenyl

F F
age
F

30 mg (51%) of a white solid was obtained. This compound is known. Reference:
Shang, R.; Fu, Y.; Wang, Y.; Xu, Q.; Yu, H. Z.; Liu, L. Angew. Chem. 2009, 121,
9514-9518; Angew. Chem. Int. Ed. 2009, 48, 9350-9354. '"H-NMR (400 MHz,
CDCl;, 293K, TMS): 6 3.86 (s, 3H), 6.87-6.93 (m, 1H), 6.99-7.02(m, 2H), 7.04—
7.12 (m, 1H), 7.39-7.42 (m, 2H). ">*C-NMR (100 MHz, CDCls, 293 K, TMS):
0 55.3, 110.7 (dm, Jg = 25.5 Hz), 1139, 115.1 (qd, Jr = 1.1, 9.4 Hz), 120.0
(dd, Jg = 14.9, 20.4 Hz), 120.4 (d, Jg = 2.0 Hz), 131.4, 147.45 (dd, Jr = 3.6,
2429 Hz), 1479 (dq, Jg = 7.4, 2479 Hz), 155.3 (dm, Jr = 242.7 Hz), 159.8.
YF.NMR (377 MHz, CDCls, 293 K, TFT): —142.2 (dd, Jr = 15.1, 21.9 Hz, 1F),
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—138.2 (dd, Jg = 3.8, 21.5 Hz, 1F), —120.0 (dd, Jg = 4.1, 15.1 Hz, 1F). HRMS
calcd for C;3HoF50 (M+) 238.0605; found: 238.0600.

Compound name 2,3,5,6-tetrafluoro-4'-methoxy-4-methylbiphenyl
FE F
-
\
FF
65 mg (96%) of a white solid was obtained. This compound is known. Reference:
Shang, R.; Fu, Y.; Wang, Y.; Xu, Q.; Yu, H. Z; Liu, L. Angew. Chem. 2009, 121,
9514-9518; Angew. Chem. Int. Ed. 2009, 48, 9350-9354. 'H-NMR (400 MHz,
CDCl;, 293K, TMS): 6 2.31 (t, Jg = 2.0 Hz, 3H), 3.86 (s, 3H), 7.00 (d, J = 8.8 Hz,
2H), 7.39 (d, J = 8.8 Hz, 2H). >C-NMR (100 MHz, CDCls, 293 K, TMS): 0 7.44,
55.2, 114.0, 1144 (t, Jg = 19.1 Hz), 117.6 (t, Jgp = 16.5 Hz), 119.8, 131.4, 143.7
(dm, Jg = 243.3 Hz), 1453 (dm, Jg = 242.3 Hz), 160.0. '’F-NMR (377 MHz,

CDCl3, 293K, TFT): —146.0 (dd, Jg = 12.4, 22.2 Hz, 2F), —144.4 (dd, Jg = 12.8,
22.6 Hz, 2F). HRMS calcd for C4H(F,O (M+) 270.0668; found: 270.0666.

Compound name 2,3,5,6-tetrafluoro-4'-methoxybiphenyl-4-amine

F F
FOF

58 mg (85%) of a yellow solid was obtained. This compound is new. "H-NMR

(400 MHz, CDCl;, 293K, TMS): ¢ 3.85 (s, 3H), 3.99 (s, br, 2H), 6.98

(d, J = 8.8 Hz, 2H), 7.35 (d, J = 8.8 Hz, 2H), "*C-NMR (100 MHz, CDCl;, 293K,

TMS): 6 55.3, 108.1 (t, Jg = 17.1 Hz), 114.0, 120.1, 124.7-125.0 (m), 131.5, 136.9

(dm, Jg = 236.6 Hz), 144.1 (dm, Jp = 240.5 Hz), 159.5. "F-NMR (377 MHz,

CDCl;, 293K, TFT): —162.4 (m, 2F), —146.9 (m, 2F). HRMS calcd for C4H;(F,O
(M+) 271.0620; found: 271.0627.

Compound name 1,3-di-(p-methoxyphenyl)-2,4,6-trifluorobenzene

F O F

18 mg (21%) of a white solid was obtained. This compound is known. Reference:
Shang, R.; Fu, Y.; Wang, Y.; Xu, Q.; Yu, H. Z.; Liu, L. Angew. Chem. 2009, 121,
9514-9518; Angew. Chem. Int. Ed. 2009, 48, 9350-9354. 'H-NMR (400 MHz,
CDCl;, 293K, TMS): ¢ 3.85 (s, 6H), 6.84 (td, Jp =2.4, 9.6 Hz, 1H), 7.00
(d, J = 8.8 Hz, 4H), 7.38 (d, J = 8.4 Hz, 4H). ">C-NMR (100 MHz, CDCl;, 293K,
TMS): 6 55.3, 100.2 (td, Jg = 4.4, 15.5 Hz), 113.9, 114.8 (m), 120.8, 131.5, 158.5
(dm, Jp = 246.4 Hz), 158.7 (dm, Jg = 246.4 Hz), 159.5. "F-NMR (377 MHz,
CDCl;, 293K, TFT): —115.4 (t, Jr = 6.8 Hz, 1F), —113.8 (d, Jg = 6.4 Hz, 2F).
HRMS calcd for CyoH;sF;0, (M+) 344.1024; found: 344.1023.
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Chapter 5

Construction of C(sp3)—C(sp2) Bonds Via
Palladium-Catalyzed Decarboxylative
Couplings of 2-(2-Azaaryl)Acetate Salts
with Aryl Halides

Abstract Pd-catalyzed decarboxylative cross-couplings of 2-(2-azaaryl)acetates
with aryl halides and triflates have been discovered. This reaction is potentially
useful for the synthesis of some functionalized pyridines, quinolines, pyrazines,
benzoxazoles, and benzothiazoles. Theoretical analysis shows that the nitrogen
atom at the 2-position of the heteroaromatics directly coordinates to Pd(Il) in the
decarboxylation transition state.

R“ql Pdy(dba)yXant-Phos
ArX g
f - k‘hf COOK ——350eC, digyme °C, diglyme Ar
(X = Br, Cl, OTf) %
" Cuur COOH

5.1 Introduction

Transition metal-catalyzed decarboxylative cross-coupling has received widespread
attention in synthetic chemistry because the method uses carboxylic acids as alter-
native reagents over organometallic compounds [1]. Myers [2], Forgione [3], and
others [4-7], including what we discussed in previous chapters [8] found that Pd
could catalyze the decarboxylative coupling of aromatic, alkenyl, and alkynyl car-
boxylic acids. Goossen et al. developed excellent procedures for the Pd/Cu-
catalyzed decarboxylative coupling of benzoic acids and alfa-oxocarboxylates [9].
Our group described the Cu-catalyzed decarboxylative coupling of polyfluoroben-
zoic acids [10] (In Chap. 3). Related decarboxylative reactions of some aliphatic
esters were described recently by Tunge, Trost, Stoltz, and others [11, 12]. Here we
report a new example for breaking the Cy3—~COOH bond: the Pd-catalyzed
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decarboxylative couplings of 2-(2-azaaryl)acetates with aryl halides and triflates.
This study was inspired by the recent fascinating work of Oshima et al. on
chelation-assisted activation of CCy,3—CCygp,s bonds [13].

5.2 Results and Discussion

5.2.1 Investigation of the Reaction Conditions

Our study began by testing the Pd-catalyzed decarboxylative coupling of potassium
2-(2-pyridyl)acetate with bromobenzene (Table 5.1). We examined a series of Pd
salts and phosphine ligands. We found the Xant-Phos was the best ligand in this
reaction (entry 12). The desired product was obtained in 96% yield using Xant-Phos.
Chlorobenzene could not be efficiently converted under the same conditions (entry
16), whereas phenyl triflate affords the desired product in 84% yield (entry 17). It is
interesting to note that the related potassium salts of 2-(3-pyridyl)-, 2-(4-pyridyl)-,
and 2-phenyl acetic acids could not undergo this coupling reaction [14]. It is also

Table 5.1 Decarboxylative coupling under various conditions®

4 mol% Pd Source

m @ 6-8 mol% Ligand fm GOt KX
T1s0°C. 24k, Sn# 2

solvent

12eq 10eq
Entry X Pd source Ligand Solvent Yield® (%)
1 Br Pd(OAc), P(Cy)s Diglyme 28
2 Br Pd(OAc), S-Phos Diglyme 37
3 Br Pd(OAc), Dave-Phos Diglyme 36
4 Br Pd(OAc), X-Phos Diglyme 29
5 Br Pd(OAc), S-BINAP Diglyme 68
6 Br Pd(OAc), Tol-BINAP Diglzyme 65
7 Br Pd(OAc), DPPP Diglyme 4
8 Br Pd(OAc), Xant-Phos Diglyme 74
9 Br Pd(OAc), DPE-Phos Diglyme 72
10 Br Pd(OAc), DPPF Diglyme 26
11 Br Pd(acac), Xant-Phos Diglyme 37
12° Br Pd,(dba); Xant-Phos Diglyme 96 (96°)
13 Br Pd(TFA), Xant-Phos Diglyme 48
14 Br Pd(MeCN),Cl, Xant-Phos Diglyme 53
15° Br [PACl(allyl)], Xant-Phos Diglyme 82
16° Cl Pd,(dba); Xant-Phos Diglyme Trace
17° OTf Pd,(dba); Xant-Phos Mesitylene 87 (84°)

?GC yields (average of two runs) with naphthalene as internal standard. All the reactions were
carried out at 0.25 mmol scale in 0.5 mL solvent with 6 mol% bidentate ligand or 8 mol%
monodentate ligand. "Use of 2 mol% Pd salt.“Isolated yields
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important to point out that the intramolecular decarboxylative coupling of cinnamyl
2-(2-pyridyl)acetate esters was reported previously by Waetzig and Tunge [11b].

5.2.2 Exploration of the Substrate Scope

With the optimized conditions in hand, we explored the scope of this reaction with
various aryl halides and triflates (Table 5.2). We found that both electron-rich and
electron-deficient aryl bromides can be successfully converted across a range of
functional groups. The yields of aryl triflates are similar to those for aryl bromides.

Table 5.2 Decarboxylative coupling of potassium 2-(2-Pyridyl)acetate®

X 0.5-2 mol% Pdy{dba) ~
(j\,cc:ox + AX 156 mol% Xanl-Phos (j\)

N7 2a-x. leq 150 °C, 16-24 h N7 4
X =Br, CIOTI 0.6 mL Diglyme

1a, 12 eq 3aa-3ax
N7 N7 w NC &
3aa. -Br T0% 3ab, -Br 84% Jac, -Br 73% 3ad, -Br 86%
-OTf 78% -OTE 76%
N? N & 2 o— Z
N
3ae, -Br 73% 3af, -Br 85% 3ag, -Br 81% 3ah, -Br 93%
-OTI 72%
N CN
N? Z N? N .
3ai, -Br 68% 3aj. Bré1h 3ak. -Br 82% 3al, -Br 95%
-OTf 87%
I\ Bt
s
-0 QLD UG
5 ) AL ®
3am, -Br 78% 3an, -Br 87% 3ao, -Br 83% Jap, -Br 92%
7N
|
OOl IR, LI
3aq, -Br 87% 3ar, -Br 72% 3as, -Br 98% 3at, -Br 89%
-OTf 84%
I e - J - 4
3au, -Br 82% Jav, -Br 84% 3aw, -Br 79% 3ax, -Br 88%

*Solvent = Mesitylene -Cl 66%

Reprinted with the permission from J. Am. Chem. Soc., 2010, 132, 14391. Copyright 2011
American Chemical Society

“Isolated yields. All the reactions were carried out at 0.30 mmol scale in 0.6 mL solvents
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Table 5.3 Decarboxylative cross-coupling of 2-(2-Pyridyl)acetic acid derivatives®

x Br. 0.5-2 mol% Pdy{dba)y
RAL Z DR 15-6 mol% Xant-Phos e Z AR
Ly cook * ) R';:.‘: - -
N 150 °C, 16-24 h N
1b-i, 12 eq 2. 1eq 0.6 mL diglyme 3
= = -
Y0 TTO LU
- S N
3bz, Trace 3cz, 62% R=H 3dz,92% Jez, 91%

R = OMe 3dc, 71%
R =CF3 3dw, 67%

3hz, 65% in digyme 3 & - 'L £ pre
70%in mesitylene 3 R = 3,5.di-Me 84%

Solvent = mesitylene

3fz, 78% in mesitylene 3gz, 86%

Reprinted with the permission from J. Am. Chem. Soc., 2010, 132, 14391. Copyright 2011
American Chemical Society

“Tsolated yields. All the reactions were carried out at 0.30 mmol scale in 0.6 mL solvent

An activated aryl chloride (in the case of 3aw) may also be used in the reaction. The
yield of product is 66%.

Moreover, many derivatives of 2-(2-pyridyl)acetate can be successfully con-
verted (Tables 5.3 and 5.4) to functionalized pyridines, quinolines, pyrazines,
benzoxazoles, and benzothiazoles. Recently Fagnou’s work showed that benzylic
arylation of pyridine derivatives could be accomplished through picoline N-oxide
sp> arylation followed by deoxygenation [15]. The decarboxylative cross-coupling
described here provides an alternative approach to synthesize related heterocyclic
compounds that may be useful in medicinal chemistry.

5.2.3 Mechanistic Study

To understand how the pyridyl group assisted the decarboxylative coupling, we
conducted standard DFT calculations [16] (Fig. 5.1). First of all, a bis-ligated Pd(0)
complex is proposed to activate the aryl halide to produce a Pd(II) intermediate
(CP2) through TS1 [17]. The energy barrier for oxidative addition is
+21.2 kcal/mol. CP2 then exchanges the anion to form CP3 and its isomer CP4.
From CP4, the decarboxylation transition state (TS2) was identified as a
four-coordinate Pd(II) species. In TS2, the Pd(II) coordinates to the pyridyl nitro-
gen, but not to the leaving CO, moiety. From CP2 to TS2 the free energy increases
by +33.9 kcal/mol, a value consistent with the temperature of the reaction (Note: a
first-order reaction with a half-life of 12 h at 150 °C should have a barrier of
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yl-acetate®

99
Qs
ok *

1-2 mol% Pd,(dba),
Ar-Br
ONa

Table 5.4 Decarboxylative cross-coupling of benzooxazol-2-yl-acetate and Benzothiazol-2-
0.36mmol X =0, 1m

3.6 mol% Xant-Phos ": Pl
140 °C, 10-16 h {

0.30 mmal 1.0 mL mesitylene

5, 1n

Q0 Q..Q,, Cs

3mi, 56%

3nz, B6%

3mb, 85%
Qo °> Q‘j\/@ Qj\/@ QS OMe
N’/\/Q:O NZ N CN N/IK/Q,
Imx, B8%

3nd, 72%
American Chemical Society

Inc, 61%

Reprinted with the permission from J. Am. Chem. Soc., 2010, 132, 14391. Copyright 2011

“Isolated yields. All the reactions were carried out at 0.30 mmol scale in 1.0 mL solvents

‘other possible Iransition states for decarboxylation
e t
o B

" '
T 0
pa” HH b 1 D=0
pn’  CL.0 “*P/d,j_"_.‘
72
: TS2-iso1 TS2-is02
- ; (+33.9) (+43.6)
4 Free energy \\ ____________________________________________________
in THF 0 ¢
(keal/mol) P “f\ N t
t P‘u. JIII CHZ ) P\ /P
P_ P I\ 2
\Ed/ Ph J P(.(;H2
PH—--Br Y 152 (+23.1) 6
T$1(+212) P. P ey
(P\Pd i ‘/pd’ CHCd; Y . CP5 STUTS3(4227)
. r . 4 ’ % S
K \ Ph » LA+171) i '
P/ .—'" .'\ @ a2 ‘_‘\ ," v
/CP1 | CPA | Pl CHyY I
1+13.9) v <7 (+14.0) o4 ;
; ) o\ . o Vi
: iy o — \.p P
_ } 7 E:‘g) CP6 (+4.1) e
$0.0) 4N keatrmot K P L o
P\ m v ’f p\ P \Pd/ ‘.‘ pl‘lCHZPy
/Pd(O) Spd” "_.L'r______-_EC_I:____________‘___ Ph/ \CH
P ks PR’ 0,CCH Py Nl 2
+ PhBr CP2(-108)

—

B, %
™~ iy
Pd(0) +,
(p" \
Reaction Coordinate (B3LYP/CPCM, basis set = 6-311+G(d,p) for C. H, O. N, and P, or SDD for Pd)

PhCH,Py (-314)
Fig. 5.1 Proposed mechanism. Reprinted with the permission from J. Am. Chem. Soc., 2010,
132, 14391. Copyright 2011 American Chemical Society
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+34.3 kcal/mol). Subsequent reductive elimination through TS3 affords the desired
product. In the catalytic cycle, the decarboxylation step is rate-limiting. The
coordination of nitrogen to Pd(Il) is crucial to reducing the energy barrier of
decarboxylation, which may be attributed to a stabilized anion effect analogous to
the enolate chemistry described by Tunge and others [11, 18]. Also, much higher
energies were calculated for the other two possible transition states (i.e., TS2-isol
in which Pd(Il) interacts with the a-carbon atom, and TS2-iso2 in which Pd(II)
interacts with both the a-carbon atom and CO, moiety). Furthermore, it is important
to note that a transition state corresponding to decarboxylation through chelation of
Pd with O and N atoms in the substrate could not be found.

5.3 Conclusion

In summary, Pd-catalyzed decarboxylative cross-coupling of 2-(2-azaaryl)acetates
with aryl halides and triflates is discovered. This reaction is potentially useful for
the synthesis of various functionalized azaarenes. Theoretical analysis indicates that
the nitrogen atom at the 2-position of the heteroaromatics directly coordinates to
Pd(Il) in the decarboxylation transition state.

5.4 Experimental Section and Compound Data

5.4.1 General Information

All the reactions were carried out in oven-dried Schlenk tubes under Argon
atmosphere (purity = 99.999%). The diglyme solvent was bought from
Sigma-Aldrich (Sure/Seal) and used without further purification. The mesitylene
solvent was bought from Sigma-Aldrich and used without further purification. All
aryl halides were bought from Alfa Aesar or Acros and used as is. Aryl triflates
(Ref. J. Org. Chem. 2004, 69, 1137) and tosylates (Ref. J. Am. Chem. Soc., 2008,
130, 2754.) were synthesized according to the literature methods. Potassium
2-azaaryl acetates were synthesized by saponification of the corresponding methyl
ester. The methyl 2-azaaryl acetates were synthesized according to the literature
methods. (Ref. J. Am. Chem. Soc., 1953, 75, 3843.) Tris(dibenzylideneacetone)
dipalladium(0) was purchased from Alfa Aesar. All phosphine ligands were bought
from Sigma-Aldrich, Strem, or Alfa Aesar and used as is. All the other reagents and
solvents mentioned in this text were bought from Sinopharm Chemical Reagent Co.
Ltd or Alfa Aesar and purified when necessary.

"H-NMR, ""C-NMR spectra were recorded on a Bruker Avance 400 spec-
trometer at ambient temperature in CDCl; unless otherwise noted. Gas chromato-
graphic (GC) analysis was acquired on a Shimadzu GC-2014 Series GC System
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equipped with a flame ionization detector. GC-MS analysis was performed on
Thermo Scientific AS 3000 Series GC-MS System. HRMS analysis was performed
on Finnigan LCQ advantage Max Series MS System. Elementary Analysis was
carried out on Elementar Vario EL III elemental analyzer. Organic solutions were
concentrated under reduced pressure on a Buchi rotary evaporator. Flash column
chromatographic purification of products was accomplished using forced-flow
chromatography on Silica Gel (200-300 mesh).

5.4.2 General Procedure

The decarboxylative couplings of potassium pyridyl-2-acetates with diverse aryl
bromides, triflates, and activated chlorides.

A 10 ml oven-dried Schlenk tube was charged with Pd,(dba); (0.5-2% mol 3),
ligand (1.5-6% mol Xant-Phos), potassium pyridyl-2-acetates (0.36 mmol, 63 mg),
and the corresponding aryl electrophile (0.30 mmol) (if solid). The tube was
evacuated and filled with argon (this procedure was repeated three times). Then aryl
electrophile (0.30 mmol) (if liquid) and diglyme solvent (0.6 mL) were added with
a syringe under a counter flow of argon. The tube was sealed with a screw cap,
stirred at room temperature for 10 min, and connected to the Schlenk line which
was full of argon, stirred in a preheated oil bath (150 °C) for the appointed time
(16-24 h). Upon completion of the reaction, the mixture was cooled to room
temperature, diluted with ethyl acetate (20 mL) and filtered through a short silica
gel column to remove the deposition. The organic layers were washed with water
(30 ml X 3), and then with brine, dried over Na,SQ,, and filtered, the solvents were
removed via rotary vapor. Purification of the residue by column chromatography
(silica gel, ethyl acetate/hexane gradient) yielded the corresponding products.

5.4.3 Characterization of the Products

Compound name 2-benzylpyridine

(2 O

N

49 mg (96%) of a yellow liquid was obtained. This compound is known. Reference:

Niwa, T.; Yorimitsu, H.; Oshima, K. Angew. Chem. Int. Ed. 2007, 46, 2643-2645.
"H-NMR (400 MHz, CDCl5 293K, TMS): ¢ 4.16 (s, 2H), 7.08-7.11 (m, 2H),

7.19-7.31 (m, 5H), 7.56 (td, J = 1.6, 7.6 Hz, 1H), 8.54 (dd, J = 1.6, 5.6 Hz, 1H).

BC-NMR (100 MHz, CDCls, 293 K, TMS): J 44.5, 121.2, 123.1, 126.3, 128.5,

129.0, 136.6, 139.3, 149.1, 160.8.
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Compound name 2-(naphthalen-2-ylmethyl)pyridine
o
(A
57 mg (87%) of a yellow liquid was obtained. This compound is known. Reference:
Trost, B. M.; Thaisrivongs, D. A. J. Am. Chem. Soc. 2009, 131, 12056-12057.
"H-NMR (400 MHz, CDCl; 293K, TMS): 6 4.30 (s, 2H), 7.06-7.11 (m, 2H),
7.36-7.44 (m, 3H), 7.52 (td, J = 1.6, 7.6 Hz, 1H), 7.70-7.78 (m, 4H), 8.55 (d,
J = 4.4 Hz, 1H). >C-NMR (100 MHz, CDCls, 293 K, TMS): 6 44.8, 121.2, 123.2,

125.4, 125.9, 127.4, 127.50, 127.54, 127.55, 128.1, 132.2, 133.6, 136.5, 136.9,
149.3, 160.8.

Compound name 2-(4-(1,3-dioxolan-2-yl)benzyl)pyridine

“3 H
2 N
0

R
63 mg (87%) of a yellow liquid was obtained. This compound is new. 'H-NMR
(400 MHz, CDCl;, 293K, TMS): 6 4.00—4.04 (m, 2H), 4.05-4.11 (m, 2H), 4.16 (s,
2H), 5.78 (s, 1H), 7.06-7.10 (m, 2H), 7.27 (d, J = 8.4 Hz, 2H), 7.41 (d, J = 8.0 Hz,
2H), 7.54 (td, J = 2.0, 8.0 Hz, 1H), 8.53 (d, J = 4.4 Hz, 1H). ">*C-NMR (100 MHz,
CDCl;, 293K, TMS): 6 44.3, 65.2, 103.5, 121.2, 123.0, 126.6, 129.0, 136.0, 136.5,
140.4, 149.2, 160.6. HRMS calcd for C;5H;sNO, (M*) 241.1103; found: 241.1109.

Compound name 2-(thiophen-3-ylmethyl)pyridine

44 mg (83%) of a yellow liquid was obtained. This compound is known. Reference:
Trost, B. M.; Thaisrivongs, D. A. J. Am. Chem. Soc. 2009, 131, 12056-12057.
'"H-NMR (400 MHz, CDCl;, 293K, TMS): ¢ 4.16 (s, 2H), 6.96-6.98 (m, 1H),
7.02-7.03 (m, 1H), 7.09-7.13 (m, 2H), 7.24 (dd, J = 2.8, 4.8 Hz, 1H), 7.57 (td,
J =20, 80 Hz, 1H), 8.53 (d, J = 4.4 Hz, 1H). >C-NMR (100 MHz, CDCl;,
293K, TMS): 6 39.1, 121.2, 121.7, 122.8, 125.6, 128.4, 136.6, 139.4, 149.2, 160.3.

Compound name 2-(4-(trifluoromethoxy)benzyl)pyridine

=
|l

N
= OCF;

70 mg (92%) of a yellow liquid was obtained. This compound is new. '"H-NMR
(400 MHz, CDCl;, 293 K, TMS): 6 4.15 (s, 2H), 7.10-7.14 (m, 4H), 7.27
(d, J=8.4 Hz, 2H), 7.58 (td, J = 2.0, 8.0 Hz, 1H), 8.55 (d, J = 4.4 Hz, 1H).
BC-NMR (100 MHz, CDCls, 293K, TMS): § 43.8, 120.5 (q, Jr = 255.1 Hz),
121.0, 121.4, 123.1, 130.3, 136.6, 138.2, 147.8, 149.4, 160.2. HRMS calcd for
C3H,oFsNO (M™) 253.0714; found: 253.0708.
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Compound name 2-(benzo[d][1,3] dioxol-5-ylmethyl)pyridine

= o]

QL
56 mg (88%) of a yellow liquid was obtained. This compound is known. Reference:
Bradsher,C.K.; Jones,J.H. J. Org. Chem. 1960, 25, 293-294. '"H-NMR (400 MHz,
CDCl;, 293K, TMS): 6 4.06 (s, 2H), 5.89 (s, 2H), 6.73 (m, 3H), 7.08-7.11 (m, 2H),
7.56 (td, J=20, 8.0 Hz, 1H), 8.52-8.54 (dm, J = 4.4 Hz, 1H). C-NMR
(100 MHz, CDCl3, 293K, TMS): J 44.2, 100.8, 108.2, 109.4, 121.2, 121.9, 122.9,
133.2, 136.5, 146.0, 147.7, 149.2, 161.0.

Compound name 2-benzyl-4-methylpyridine

ifir

~ N
34 mg (62%) of a yellow liquid was obtained. This compound is known. Reference:
Khatib, S.; Tal, S.; Godsi, O.; Peskin, U.; Eichen, Y. Tetrahedron, 2000, 56, 6753—
6762. "H-NMR (400 MHz, CDCl; 293 K, TMS): 6 2.27 (s, 3H), 4.13 (s, 2H),
6.93-6.95 (m, 2H), 7.19-7.23 (m, 1H), 7.25-7.31 (m, 4H), 8.38 (d, J = 5.2 Hz,
1H).

3C-NMR (100 MHz, CDCls, 293 K, TMS): § 21.0, 44.2, 122.4, 124.1, 126.4,
128.6, 129.1, 139.5, 148.1, 148.7, 160.6.

Compound name 2-methyl-6-(4-(trifluoromethyl)benzyl)pyridine

M
]
F4C =

50 mg (67%) of a yellow liquid was obtained. This compound is new. 'H-NMR
(400 MHz, CDCl;, 293K, TMS): 6 2.56 (s, 3H), 4.18 (s, 2H), 6.87 (d, J = 7.6 Hz,
1H), 7.00 (d, J = 7.6 Hz, 1H), 7.37 (d, J = 8.0 Hz, 2H), 7.48 (t, J = 7.6 Hz, 1H),
7.54 (d, J = 8.0 Hz, 2H). *C-NMR (100 MHz, CDCls, 293 K, TMS): § 24.3, 44.2,
120.1, 121.2, 1243 (q, Jr=270.0 Hz), 1254 (q, Jr=3.7 Hz), 128.6 (q,
Jr=32.0 Hz), 129.4, 137.0, 143.6, 158.1, 159.1. HRMS caled for C;4H;,F5N
(M*) 251.0922; found: 251.0915.

Compound name 2-benzyl-3-methylpyridine

M

=

==

47 mg (86%) of a yellow liquid was obtained. This compound is known. Reference:
Walter et al. J. Heterocycl. Chem. 1977, 14, 47-49. '"H-NMR (400 MHz, CDCl;,
293 K, TMS): 6 2.23 (s, 3H), 4.19 (s, 2H), 7.05-7.08 (m, 1H), 7.14-7.19 (m, 3H),
7.23-7.26 (m, 2H), 7.40 (d, J = 7.6 Hz, 1H), 8.42 (d, J = 3.6 Hz, 1H). >*C-NMR
(100 MHz, CDCls;, 293 K, TMS): 6 18.9, 42.2, 121.7, 126.0, 128.3, 128.6, 131.7,
138.0, 139.0, 146.7, 158.7.
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Compound name 2-(bis(4-nitrophenyl)methyl)pyridine

NO,

ON

38 mg (77%) of a yellow oil was obtained. (No monoarylated product was
observed.) 'H-NMR (400 MHz, CDCl; 293 K, TMS): § 5.83 (s, 1H), 7.17 (d,
J =8.0 Hz, 1H), 7.24-7.28 (m, 1H), 7.38 (d, J = 8.8 Hz, 4H), 7.71 (td, J = 2.0,
8.0 Hz, 1H), 8.18 (d, J = 8.8 Hz, 4H), 8.63 (d, J = 4.0 Hz, 1H). "*C-NMR
(100 MHz, CDCl3, 293K, TMS): J 58.4, 122.6, 123.9, 124.0, 130.2, 137.3, 147.0,
148.7, 150.1, 160.0.

Compound name 2-(naphthalen-2-ylmethyl)benzo[d]oxazole

Qs o0

44 mg (56%) of a yellow liquid was obtained. This compound is known. Reference:
Kumar, R.; Selvam, C.; Kaur, G.; Chakraborti, A. K. Synlett, 2005, 9,
1401-1404.

"H-NMR (400 MHz, CDCl;, 293 K, TMS): § 4.43 (s, 2H), 7.27-7.30 (m, 2H),
7.44-7.51 (m, 4H), 7.69-7.71 (m, 1H), 7.79-7.83 (m, 4H). *C-NMR (100 MHz,
CDCl;, 293 K, TMS): ¢ 354, 110.5, 119.8, 124.2, 124.8, 125.9, 126.3, 126.9,
127.6, 127.7, 127.8, 128.6, 132.1, 132.6, 133.5, 141.2, 151.0, 165.2.

Compound name 3-(benzo[d]thiazol-2-ylmethyl)benzonitrile

Qs Q.

54 mg (72%) of a yellow oil was obtained. This compound is new. 'H-NMR
(400 MHz, CDCl;, 293K, TMS): ¢ 4.46 (s, 2H), 7.37 (t, J=8.4 Hz, 1H),
7.43-7.50 (m, 2H), 7.56-7.62 (m, 2H), 7.67 (s, 1H), 7.82 (d, J = 8.0 Hz, 1H), 8.01
(d, J = 8.4 Hz, 1H). 3 C-NMR (100 MHz, CDCls, 293K, TMS): § 39.8, 113.0,
118.5, 121.6, 123.0, 125.2, 126.3, 129.6, 131.1, 132.6, 133.6, 135.5, 138.6, 153.2,
168.6. HRMS calcd for CysH oN,S (M™¥): 250.3183; found: 250.3187.
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Chapter 6

Synthesis of a-Aryl Nitriles and a-Aryl
Acetate Esters Via Palladium-Catalyzed
Decarboxylative Couplings of a-Cyano
Aliphatic Carboxylate Salts and Malonate
Monoester Salts with Aryl Halides

Abstract Palladium-catalyzed decarboxylation coupling reaction between a-cyano
aliphatic carboxylate salts with aryl chlorides, aryl bromides, or aryl triflates has
been discovered. The reaction is competent for the synthesis of secondary, tertiary,
and quaternary a-aryl nitriles utilizing cheap and low-toxic starting materials. This
reaction is demonstrated to be useful to synthesize two drug molecules,
Flurbiprofen and Anastrozole in gram scale, showcasing its applicability as an
alternative choice of the Buchwald—Hartwig a-arylation reaction. The concept of
decarboxylative a-arylation reaction was also extended to the synthesis of a-aryl
acetate from malonate monoester salt.

Ry. R, Pdy(allyl),Cl»/S-Phos R, R :
Ar=X + or Pdy(allyl),ClyXant-Phos " 'Ns 2 4+ CO,1:
MOOC” ~CN s >  ArPSCN ot

120-140 °C, mesit lene
{(X=ClBr,OT)  (X=Na,K) = emmp,esy

0 :
Pd(allyl)oCl/Ru-Phos :
I 2802 I
- + KOOC » Ar + CO,7:
A= OR 140 °C, mesitylene \)\OR 21 :

19 examples

6.1 Introduction

a-Aryl nitriles compounds are versatile intermediates in synthetic organic chem-
istry, because cyano functional group can easily be converted to acid and amide,
reduced to primary amine or aldehyde, and form heterocycles via cyclization
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(Fig. 6.1) [1]. Also, some a-aryl nitriles compounds possess biological activity,
such as Anastrozole, which is used to treat breast cancer, as well as Ariflo,
Verapamil [2]. In materials science, some molecules that form liquid crystal also
contain a-aryl nitriles as structural motifs, as demonstrated by the molecule struc-
ture of NCB 807 (Fig. 6.2). Traditional methods to synthesize a-aryl nitrile include
the nucleophilic substitution reaction of benzyl halide or benzyl alcohol using
potassium cyanide [3], Friedel-Crafts reaction [4], and a-aryl amides dehydration
reaction [5]. Recently, Hartwig [6] and Verkade [7] developed new methods to use
palladium catalysis to direct a-arylation of nitriles (including 2-cyanoacetate esters)
with aryl chlorides and bromides (Fig. 6.3). The requirement of a strong base (e.g.,
NaN(SiMej3), used to deprotonate the a—C—H bond) in these palladium-catalyzed
a-arylation reactions limits the functional group tolerance, and monoarylation is
difficult to achieve for acetonitrile and primary nitriles. To solve these two prob-
lems, Hartwig and co-workers [8] described improved methods that use relatively
expensive o-silyl nitriles and zinc cyanoalkyl reagents to couple with aryl bromides
(but not chlorides) (Fig. 6.3). However, for this method, the cost of the coupling is
relative high and toxic fluoride is necessary to be used, making the method not
suitable for large-scale production. 2-Cyano alkyl zinc reagent is sensitive to air and
moisture). We hypothesized that if a palladium (II) intermediate generated after
oxidative addition with aryl halide can promote the decarboxylation of
a-cyanoacetate smoothly to generate a-cyanomethyl organometallic intermediate
in situ, this intermediate may deliver a-aryl nitriles after reductive elimination.
Thus, it is possible to achieve a palladium-catalyzed decarboxylative arylation of
2-cyano aliphatic carboxylate salt to synthesize a-aryl nitriles (Fig. 6.4). In this
chapter, we report a new type of decarboxylative coupling reaction, namely
palladium-catalyzed decarboxylative coupling of aryl bromides, aryl chloride, and
aryl triflate with a variety of 2-cyano aliphatic carboxylate salts [9]. 2-Cyano ali-
phatic carboxylate salts are generally cheap, easily accessible solids that can be
easily prepared from corresponding ester via basic hydrolysis. Though Myers [10],

Fig. 6.1 Synthetic chemical NH,»

conversion of a-aryl nitrile ,e\r>(J§ Ar

compounds 0 >(\NH2
P Ry R, Ry Ry

o) ~
Ar, (CN Ar COOH
Ar <":] 4 |::>
R?JRJ:R R2><R1 R2><R1

7 N

N-NH Ar_ _CHO
I N .
Ar N’) R2><R :
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a-aryl niftrile structures in pharmaceuticals and materials

Fig. 6.2 Some drug molecules and molecular materials containing o-aryl nitrile structure

R
Ri R, Pd. Cat/ Ligand LRy
A+ e Strong Base Af)(CN Harbwig of. al

X =Cl, Br Such as : NaN(SiMes); Verkade et. al.
R;=H or Ry = Ry = H, Poor Mono/Di Arylation Selectivity

T \SiXCN R1 = R2 =H
o \ R1 - H, R2= Me

R1, Rz = Cyclohexyl F'd.Cal / Ligand R1 R2

Ar-Br — A’ VeN
Rz R4 Harlwig et.al.
Ls X207y Ry =Ry = Alkyl
This Work:
Ri R Pd.Cat
Ar-X + MOOC)(CN — X + co,4
X = Cl, Br Ar” CN
R‘ = R2 =H
Ry =H, Ry =Alkyl M =Na, K
R'l' R2 - Alkyl

Fig. 6.3 Reported methods for the synthesis of a-aryl nitriles
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T — ~ NC”Alkyly NCTNkvlz :
i+ Hydrolysis/Decarboxylative protonation : lkyly !
cooEt  AlkylyX COOEt AlkylyX  COOE! 1

NC = NCJ\R, = Ik;\llkvh :
2

- 1 e |
; NC NC~ Alkyl, NC—l—A"wlz
secondary tertiary kyly quaternary !

Fig. 6.4 Acid promoted decarboxylative protonation (decarboxylation) and a hypothesis for
palladium-catalyzed decarboxylation arylation

Forgione [11], Goossen [12], and the other groups [13—15] have reported a series of
decarboxylative coupling reactions, example of decarboxylative arylation to create
a tertiary or a quaternary carbon centers is still rare. This work demonstrates that for
some synthetic purposes decarboxylative cross-coupling not only provides a con-
ceptually alternative method, but also can be practically favored in terms of both
reagent accessibility and reaction scope.

6.2 Results and Discussion

6.2.1 Investigation of the Reaction Conditions

Our study began by testing the coupling of chlorobenzene with sodium or potas-
sium cyanoacetate (Table 6.1). A series of palladium salts, phosphine ligands, and
solvents were examined. Under the optimal reaction conditions using
[Pd,Cl,(allyl),]/S-Phos as the catalyst (entry 9), the desired monoarylated product
was selectively obtained in 86% yield without the use of any extra base or additives.
Interestingly, using potassium cyanoacetate led to the generation of 10% yield of
diarylated product 2, while when sodium cyanoacetate was used, generation of
monoarylated product was preferred 1 (entry 8 and 9). The same conditions can also
be used for cross-coupling with aryl bromides (entry 15). Under the optimal
reaction conditions, without addition of any aryl halide, decarboxylation of
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Table 6.1 Decarboxylative coupling under various reaction conditions®
6 mol% Ligand Ph___CN
X + MOOC”NCN ————m  ppNCN + T
0.375 mmol Of 4?'508 °5in 7 1 h
oS M=LiNaK — 2
Entry X, M [Pd] Ligand Solvent Yield
1 2
1 Cl, K Pd,(dba); P(Cy); Mesitylene Trace 16
2 Cl, K Pd,(dba); P(t-Bu); Mesitylene Trace Trace
3 Cl, K Pd,(dba); X-Phos Mesitylene 10 28
4 Cl, K Pd,(dba); Cy-JohnPhos Mesitylene Trace 21
5 Cl, K Pd,(dba); Dave-Phos Mesitylene 33 18
6 Cl, K Pd,(dba); Ru-Phos Mesitylene 65 7
7 Cl, K Pd,(dba); t-BuX-Phos Mesitylene 18 8
8 Cl, K Pd,(dba); S-Phos Mesitylene 69 10
9P Cl, Na [PdCl(allyD)], S-Phos Mesitylene 86 Trace
10 Cl, Li Pd,(dba); S-Phos Mesitylene Trace Trace
11 Cl, Na Pd,(dba); S-Phos DMA 9 23
12 Cl, Na Pd,(dba); S-Phos Diglyme 80 6
13¢ Cl, Na Pd(OAc), S-Phos Mesitylene 57 13
14¢ Cl, Na Pd(TFA), S-Phos Mesitylene 63 4
15 Br, Na [PACl(allyD)], S-Phos Mesitylene 88 2

GC yields (average of two runs) using benzophenone as the internal standard. *87% isolated yield.
4 mol% [Pd]

MeO—@—Br + NCCOOK  + ©/\cu

1 mmol

5 mmol

5 mmol

e MeO

MeO oM
AT
N

0.01 mmol

(a)

2 mol% Pdofallyl),Cl,

6 mol%

-Phos

3 mL mesitylene
140°C, 5 h,

MeO

0.67 mmol

(b)

N
0.24 mmol

()

Scheme 6.1 A competition reaction (the amount of product is determined by GC method; which
is the average of two runs)
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cyanoacetic acid salt to generate acetonitrile was detected (adding acetic acid as a
source of protons). In the absence of palladium catalyst, sodium cyanoacetate did
not decarboxylate to decompose even at 150 °C. The results of these control
experiments indicate the essential role of palladium catalyst for the decarboxylation
of cyanoacetate. Moreover, a competition reaction (Scheme 6.1) was conducted, in
which 2-phenylacetonitrile was added to the reaction mixture containing
4-bromoanisole and potassium cyanoacetate. We added 2-phenyl acetonitrile to the
decarboxylation coupling reaction of potassium cyanoacetate and 4-methoxy bro-
mobenzene, and it was found the main product was product b, which was formed
via the decarboxylation coupling reaction between potassium cyanoacetate and
4-methoxy bromobenzene. We detected a small amount of diarylated product a, we
also detected product ¢, formed by the direct a-arylation of phenylacetonitrile with
4-bromoanisole. From the result of this control experiment, it can be concluded the
diarylated byproduct shown in Table 6.1 may be formed through the deprotonative
arylation of the decarboxylative coupling product.

6.2.2 Exploration of the Substrate Scope

With the optimized reaction condition in hand, we explored the scope of this
reaction with respect to aryl halides (Table 6.2). Since the palladium-catalyzed
monoarylation of acetonitrile is difficult to achieve due to the uncontrollable ary-
lation, we first focused on decarboxylative arylation of cyanoacetate salt to syn-
thesize o-aryl acetonitriles. The result of the scope studies showed both
electron-rich and electron-deficient aryl chlorides react smoothly. A series of
electron-rich and electron-deficient aryl bromides can also achieve decarboxylative
coupling with sodium cyanoacetate. The functional group compatibility of the
reaction is excellent. The reaction is compatible with ether, thioether, fluorine,
carbonyl, amide, trimethyl silyl, nitro, cyano, ester, and even the terminal C—C
double bond and unprotected amino. Ortho steric hindrance of aryl halides coupling
partner is well tolerated, as demonstrated by 1c and 1I. Heteroaryl halides (1t and
1x) are also good substrates. Most significantly, base-sensitive functional groups
(e.g., ketones and esters with enolizable hydrogen atoms) can be well tolerated in
this reaction (1 k, 1r, 1y). Finally, it is interesting to observe that olefins that can
undergo Heck coupling reaction (1z) and unprotected amines that are subject to
Buchwald amination reaction (laa) can survive the present reaction conditions,
showing the orthogonal reactivity of this decarboxylative coupling with traditional
cross-coupling reactions.

We further tested the scope of this reaction using tertiary cyanoacetate salts.
However, by use of the above protocol, decarboxylative coupling of the
2-cyanopropanoate salt with 4-bromobiphenyl gave the desired product,
2-(biphenyl-4-yl)propanenitrile, in a relatively low yield (47%). Careful analysis of
the reaction mixture revealed the formation of biphenyl (40%), thus suggesting the
possible occurrence of B-hydride elimination. To solve this problem we changed the
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Table 6.2 Decarboxylative coupling of sodium cyanoacetate®

2 mol% Pdy(allyl),Cl,

Ar—X + NaOOC- ™CN 6 mol% S-Phos - APNCN + CO, T
05mmol  (.6~0.75 mmol 140 °C, 5 h, 1.0 mL mesitylene

X = Cl, Br
O T L
Me,Si F
ke B Bwous B e
-Br 84% -Cl 92% - % (o-Me ) )
-C186% ° 97% (m-OMe) OV T1% ik L

92% (p-OMe)

11 1g 1h 1i 1j
-Cl 98% 2 9 -Br 89% : % -C196%
Br 95% Br 87% Bl
CNT CN
CN
F4C F
1 Et00 1k 1n 1o
-Br 88% -Br 89% -c:| 50% -C191% -C181%
0o
/(j\ /©/\ (\N CN
Et0,C CN \)
1s
'C| 53% CI ??% -cl 47% .Cl 87%
0
N7 CN CN g 1’
1t 1u v 1w 1x
-Br 64% -C1 86% -Br68% -Br 56% -C1 78%
S
\N \@/\
12 1aa 1bb
-B 90%
21939 -C185% -C178% -Cl 48%

Reproduced from Angew. Chem. Int. Ed. 2011, 50, 4470 by permission of John Wiley & Sons
Ltd.

*Yields based on isolation (%)
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ligand to Xantphos, which has been shown to effectively inhibit B-hydride elimi-
nation in C-N cross-couplings [16]. To our gratification, the modified protocol can
be used to accomplish decarboxylative coupling of tertiary and even quaternary
(including cyclic) cyanoacetate salts in good to excellent yields (Tables 6.3 and
6.4). Selective monoarylation is successfully achieved for tertiary cyanoacetate
salts, which compares favorably with palladium-catalyzed a-arylation of nitriles
under highly basic conditions. Also, base-sensitive groups such as ketones with
enolizable hydrogen atoms can survive the reaction conditions. It is important to
point out that the tertiary and quaternary cyanoacetate salts can be easily prepared
from ethyl cyanoacetate, whereas the corresponding zinc and silicon cyanoalkyl
reagents are relatively more expensive to obtain [8]. Furthermore, for decar-
boxylative arylation of quaternary cyanoacetate salts, it is impossible to proceed via
deprotonative arylation followed by decarboxylation. This feature distinguishes the
present decarboxylative coupling reaction from the palladium-catalyzed arylation of
ethyl cyanoacetate [6, 7].

Table 6.3 Decarboxylative coupling of tertiary cyanoacetates®

R 1-2 mol% Pd,(allyl),Cl,
3-6 mol% Xant-Phos
Ar—B + - +
0 5rmmr°| KOOC/'\CN 140 °C, 10-16 h A,)\CN co, 1
' 0.55~0.75 mmol 1.0 mL mesitylene
R
@)‘CN /@J\CN CN CN
2a Me “éi
R = Me, 86% 2b | 2c 2d
Et, 90% 92% 86% 87%
"Bu, 98%
93% 89% 66% 91 %
: CN —
74% 9?% 82% 95%

Reproduced from Angew. Chem. Int. Ed. 2011, 50, 4470 by permission of John Wiley & Sons
Ltd.

“Isolated yields (%). Note that the potassium salts were used for the reactions, because some
sodium salts of tertiary cyanoacetates are hygroscopic and are difficult to be obtained as solid
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Table 6.4 Decarboxylative coupling of quaternary cyanoacetates®

1-2 mol% Pdo(allyl),Cl,
Ry Ra 3-6 mol% Xant-Phos Ri_ Rz

(XArB_XCI} * kooc” eN T40°C, 10-16h A + co '}
= Br, :
0.5 mmol 0.75 mmol 1.0 mL mesitylene
@A(CN <OD)(CN /Q)(CN /@)(CN
0 Ph FiC
3a 3b 3c 3d
X =Br, 90% X =Br, 78% X =Br, 96% X =Br, 89%
(91%0) (84%b) (87%P)
X= Br 91% X= Br 71% X= Br 63% X= Br 88%
o)
(0]
3i 3 3k MeOOC 3l
X = Br, 93% X =Br, 75% X = Br, 95% X =Br, 92%
Boc
/©>< j)@/\) é RN
~
3n N 3o
X = CI, 90% X =Cl, 97% X = Br, 72% X= Br 91%

Reproduced from Angew. Chem. Int. Ed. 2011, 50, 4470 by permission of John Wiley & Sons
Ltd.

“Tsolated yields (%). Note that the potassium salts were used for the reactions, because some
sodium salts of quaternary cyanoacetates are hygroscopic and difficult to prepare as solid.
"NaOOCCMe,CN was used

Notably, in the previously reported o-arylation of nitriles [6, 7] as well as
arylation of a-silyl nitriles and zinc cyanoalkyl reagents [8], only aryl halides were
used as arylation agents. In the present decarboxylative coupling, we were delighted
to find that aryl triflates can also be used as the arylation reagents (Table 6.5). This
feature additionally expands the utility of the new reaction for the synthesis of
a-aryl nitrile, because aryl triflates are more readily accessible from phenols.
Interestingly, a slightly lower temperature (120 °C) can be used for the
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Table 6.5 Decarboxylative coupling with aryl triflates®

Ry R, 1-2 mol% PdZ(aIIyI)ZCIE’ Ry R,
Ar—OTf + )( 3-6 mol% S-Phos or Xanl-Phos +CO,
05 amol. FOOC CN 120-140 °C, 10-16 h AfxCN T
. 0.55-0.75 mmol 1.0 mL mesitylene
CN
S
é 4d
33 /o 42% 68% 61%b
~0
N q\CN /@Xclﬂ
Ph MeOOC
83%° 84%¢ ?% 2%
NC
4i 4k
90%" 1% 85%b a%

Reproduced from Angew. Chem. Int. Ed. 2011, 50, 4470 by permission of John Wiley & Sons Ltd.

“Tsolated yields (%). ®Xant-Phos was used. °S-Phos was used as ligand

decarboxylative coupling with aryl triflates. The reaction can tolerate ortho sub-
stitution (4e and 4f) and base-sensitive groups (4b). Both electron-rich and
electron-poor aryl triflates can be well tolerated, whereas secondary, tertiary, and
quaternary cyanoacetate salts are all acceptable coupling partners. In addition, the
chloro substitution can be tolerated in the transformation (4j), making it possible to
accomplish selective sequential cross-coupling reactions.

6.2.3 Application of the Method

In our study, we demonstrated the application of this decarboxylation coupling
reaction. We used this decarboxylative coupling reaction to synthesize the
Flurbiprofen [17], which is a non-steroidal anti-inflammatory drug (Scheme 6.2).
We also used this method to synthesize Anastrozole [2], which is a medicine for the
treatment of breast cancer (Scheme 6.3). For the synthesis of Flurbiprofen, the
decarboxylation coupling of 2-cyanopropanoate with commercially available
4-bromo-2-fluorobiphenyl affords the nitrile intermediate in 95% yield. Hydrolysis
of this nitrile intermediate gives the target compound in 82% yield. For the
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Br
Ph 1. NaOH
0.5 mol% Pdy(allyl),Cl, H,0, EtOH
10 mmol 1.5 mol% Xant-Phos CN Rgf!ux 5h COOH
1 " EXTTd
140°C, 3 h Ph 2.H;S04  Ph
Mesitylene
/L 199
NC~ ~COOK et A
95% flurbiprofen
12 mmol
Scheme 6.2 Synthesis of flurbiprofen
Br
0.5 mol% Pd(allyl),Cl, NC 1. BPO, NBS Ne (;—R
10mmol 4 5 1o1% Xant-Phos idbion
+ 140°C, 3 h N
y Mesitylene NC 2 Nr; "Ne NE  NC
KOOC™ CN 19g g anastrozole
24 mmol 84% nae

Scheme 6.3 Synthesis of anastrozole. Reproduced from Angew. Chem. Int. Ed. 2011, 50, 4470
by permission of John Wiley & Sons Ltd.

synthesis of Anastrozole, first of all, the decarboxylative coupling of potassium
2-cyano-2-methylpropanoate with commercially available 3,5-dibromotoluene
affords the key nitrile intermediate in 84% yield. This intermediate can be readily
converted to the target compound through previously established benzylic bromi-
nation and substitution reactions [2].

6.2.4 Extending the Concept of Decarboxylative a-Arylation
to the Synthesis of a-Aryl Acetates

Finally, it is pointed out that the concept of decarboxylative a-arylation reaction is
not limited to nitriles, but also can be extended to carbonyl compounds [18]. For
example, in Table 6.6, we demonstrated the palladium-catalyzed decarboxylative
coupling of malonate monoester salts with aryl chlorides. This new reaction pro-
vides an alternative approach for the synthesis of a-arylated esters that complements
the previous palladium-catalyzed o-arylation of esters [19]. This method is also
compatible with a series of functional groups, such as ether, thioether, fluorine,
amide, nitro, tosyl, cyano, double bond, amines, and heterocyclic groups. No
additional base or additive is required in this decarboxylative coupling, while
palladium-catalyzed a-aryltion reaction of ester often needs to use strong base (such
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Table 6.6 Decarboxylative coupling of malonate monoesters®

2 mol% Pd,(allyl),;Cl,
6 mol% Ru-Phos

120-140°C, 1020 h
1 mL mesilylene

@/\cooa COOEt 02“ COOEt /Q/\COOE‘
NC

Ar-Cl  + ROOC”™COOK
0.5 mmol 0.75 mmol

Ar™COOR

6a, 83% 6b, 71% 6c, 45% 6d, 36%
(T1%)
/g‘cooa /g\woa Mes\@/“COOEi\/Q/\COOEI
F3C F =
Ge, 57% 6f, 82% 6g, 61% 6h, 38%¢
COOE!
COOEt COOEt (@_/ J\FOOE
OMe TsO =
6i, 83%° 6j, 51% 6k, 65% 61, 88%
0 NEI
N/‘::-‘l 2
VN\O/\COOB )’ COOE /©/\coom
v ’
6m, 7% 6n, 60% 60, 63%
& o ,
mOBu
m m \T/ | NZ
6p, 73% 6q, 85% ~6r, 84% 6s, 93%

Reproduced from Angew. Chem. Int. Ed. 2011, 50, 4470 by permission of John Wiley & Sons Ltd.

*Yields based on isolation (%). °6 mol% S-Phos was used as ligand. °0.6 mmol potassium 3-ethoxy-
3-oxopropanoate was used. 1.5 mmol potassium 3-ethoxy-3-oxopropanoate was used, 36 h

as LiHMDS or LiNCy,) to deprotonate C—H bonds [19]. We believe that the
reaction can be expanded to a series of decarboxylative a-arylation reactions, such
as the synthesis of a-aryl ketones and o-aryl amides.

6.3 Conclusion

In this chapter, we show the palladium-catalyzed decarboxylative coupling reaction
of a-cyanoacetate salt and its derivatives with aryl chlorides, bromides, and even
triflates. The reaction use cheap, easily available cyanoacetate salt as raw material
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for the preparation of diverse o-aryl nitriles with high yield and selectivity. In
comparison to the previous methods that use either nitriles or zinc and silicon
cyanoalkyl reagents, there are several important advantages of the new reaction
including good selectivity towards monoarylation, good functional group tolerance,
and good availability of the reactants. Moreover, the concept of a-carbon decar-
boxylative coupling was extended to carbonyl compounds as an alternative
approach for the synthesis of, for instance, a-arylated esters.

6.4 Experiment Section and Compound Data

6.4.1 General Information

All the reactions were carried out in oven-dried Schlenk tubes under argon atmo-
sphere (purity 2 99.999%). The mesitylene solvent was bought from
Sigma-Aldrich and used without further purification. All aryl halides were bought
from Alfa Aesar or Acros and used as is. Aryl triflates and tosylates (Ref.:J. Am.
Chem. Soc., 2008, 130, 2754) were synthesized according to the literature methods.
Potassium cyanoacetate derivatives were synthesized by saponification of the cor-
responding ethyl ester. The ethyl cyanoacetate derivatives were synthesized by
treating ethyl cyanoacetate with corresponding alkyl bromides according to the
literature methods (Ref.: Tetrahedron Lett. 1997, 38, 7713-7716). Allyl palladium
(IT) chloride dimer was purchased from Sigma-Aldrich. All phosphine ligands were
bought from Sigma-Aldrich, Strem, Sinocompound, or Alfa Aesar and used as is.
All the other reagents and solvents mentioned in this text were bought from
Sinopharm Chemical Reagent Co. Ltd or Alfa Aesar and purified when necessary.

"H-NMR, '>C-NMR spectra were recorded on a Bruker Avance 400 spec-
trometer at ambient temperature in CDCl; unless otherwise noted. Gas chromato-
graphic (GC) analysis was acquired on a Shimadzu GC-2014 Series GC System
equipped with a flame-ionization detector. GC-MS analysis was performed on
Thermo Scientific AS 3000 Series GC-MS System. HRMS analysis was performed
on Finnigan LCQ advantage Max Series MS System. Elementary Analysis was
carried out on Elementar Vario EL III elemental analyzer. Organic solutions were
concentrated under reduced pressure on a Buchi rotary evaporator. Flash column
chromatographic purification of products was accomplished using forced-flow
chromatography on Silica Gel (200-300 mesh).

6.4.2 General Procedures

The decarboxylative couplings of metal cyanoacetates with phenylhalides.

A 10 mL oven-dried Schlenk tube was charged with Pd source (see Table 6.1),
ligand (see Table 6.1), and metal cyanoacetate (see Table 6.1, 0.375 mmol). The
tube was evacuated and filled with argon (this procedure was repeated three times).
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Then phenyl halide (0.25 mmol) and solvent (0.5 mL, see Table 6.1) were added
with a syringe under a counter flow of argon. The tube was sealed with a screw cap,
stirred at room temperature for 10 min, and connected to the Schlenk line that was
full of argon, stirred in a preheated oil bath (140 °C) for the appointed time (5 h).
Upon completion of the reaction, the mixture was cooled to room temperature and
diluted with diethyl ether, and the yields were determined by gas chromatography
using benzophenone as the internal standard.

6.4.3 Characterization of the Products

Compound name 2-phenylacetonitrile

©/\Q:‘N

51 mg (87%) of a colorless liquid was obtained. This compound is known.
Reference: Kosugi, M.; Ishiguro, M.; Negishi, Y.; Sano, H.; Migita, T. Chem. Lett.
1984, 13, 1511-1512. "H-NMR (400 MHz, CDCl;, 293 K, TMS): 8 3.71 (s, 2H),
7.30-7.38 (m, 5H). *C-NMR (100 MHz, CDCls, 293 K, TMS): § 23.4, 117.8,
127.8, 127.9, 129.0, 129.8. HRMS caled for CgH;N (M+) 117.0578; found:
117.0575.

Compound name 2-(4-(trifluoromethyl)phenyl)acetonitrile

0
CF
56 mg (60%) of a colorless liquid was obtained. This compound is known.
Reference: Wu, L.; Hartwig, J. F. J. Am. Chem. Soc. 2005, 127, 15824-15832.
"H-NMR (400 MHz, CDCl;, 293 K, TMS): 6 3.83 (s, 2H), 7.47 (d, J = 8.0 Hz, 2H),
7.65 (d,J = 8.0 Hz, 2H). 3C-NMR (100 MHz, CDCl;, 293 K, TMS): §23.4, 116.9,

123.7 (q, Jr = 270.5 Hz), 126.1 (q, Jr = 3.8 Hz), 128.3, 130.5 (q, Jr = 33.0 Hz),
133.9. HRMS caled for CoHgF3N (M+) 185.0452; found: 185.0455.

3

Compound name isopropyl 3-(cyanomethyl)benzoate

Wo

92 mg (91%) of a colorless oil was obtained. This compound is new. "H-NMR
(400 MHz, CDCl;, 293 K, TMS): 6 1.38 (d, J = 6.0 Hz, 6H), 3.81 (s, 2H), 5.22—
5.31 (m, 1H), 7.47 (t, J = 7.6 Hz, 1H), 7.54 (d, J = 8.0 Hz, 1H), 7.98 (s, 1H), 8.00
(d, J = 7.6 Hz, 1H). *C-NMR (100 MHz, CDCl;, 293 K, TMS): 21.8, 23.4, 68.8,
117.3, 129.0, 129.15, 129.19, 130.2, 131.8, 132.0, 165.3. HRMS calcd for
C1,H13NO, (M+) 203.0946; found: 203.0947.
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Compound name 2-(3-(morpholine-4-carbonyl)phenyl)acetonitrile

o]
N=
r (
0
100 mg (87%) of a colorless oil was obtained. This compound is new. 'H-NMR
(400 MHz, CDCl;, 293 K, TMS): & 3.44-3.78 (br, 8H), 3.80 (s, 2H), 7.35-7.46
(m, 4H). >C-NMR (100 MHz, CDCl;, 293 K, TMS): & 23.2, 42.4, 48.0, 66.6,

117.3, 126.4, 126.6, 129.2, 130.6, 136.0, 169.3. HRMS calcd for C;3H;4N,O,
(M+) 230.1055; found: 230.1058.

Compound name 2-(thiophen-3-yl)acetonitrile

NZ S
S
48 mg (78%) of a yellow liquid was obtained. This compound is known.
Reference: Campaigne; McCarthy; J. Am. Chem. Soc. 1954, 76, 4466. '"H.NMR
(400 MHz, CDCl;, 293 K, TMS): & 3.73 (s, 2H), 7.02 (dd, J;, = 5.2 Hz,
J, = 1.2 Hz, 1H), 7.25-7.26 (m, 1H), 7.36 (dd, J; = 5.2 Hz, J, = 3.2 Hz, 1H).
BC-NMR (100 MHz, CDCl5, 293 K, TMS): & 18.8, 117.6, 123.1, 127.0, 127.2,
129.4. HRMS caled for C¢HsNS (M+) 123.0143; found: 123.0143.

Compound name 4-(1-cyanoethyl)phenyl 4-methylbenzenesulfonate

N/,)\O R ,©/
o’sx\o

134 mg (89%) of a yellow solid was obtained. This compound is new. 'H-NMR
(400 MHz, CDCl;, 293 K, TMS): 61.61 (d, J = 7.2 Hz, 3H), 2.46 (s, 3H), 3.89
(q, J =7.2 Hz, 1H), 7.00 (d, J = 8.4 Hz, 2H), 7.28 (d, J = 8.8 Hz, 2H), 7.33
(d, J=8.0Hz, 2H), 7.70 (d, J = 8.0 Hz, 2H). "*C-NMR (100 MHz, CDCl;,
293 K, TMS): 6 21.2, 21.6, 30.6, 121.0, 123.0, 128.0, 128.4, 129.8, 132.1, 135.9,
145.6, 149.1. HRMS calcd for C1gH;sNO3S (M+) 301.0773; found: 301.0771.

Compound name ethyl 4-(2-cyanobutan-2-yl)benzoate

73 mg (63%) of a yellow oil was obtained. This compound is new. 'H-NMR
(400 MHz, CDCl;, 293 K, TMS): 8 0.96 (t, J = 7.4 Hz, 3H), 1.40 (t, J = 7.2 Hz,
3H), 1.73 (s, 3H), 1.99 (m, 2H), 4.39 (q, J = 7.2 Hz, 2H), 7.51 (d, J = 8.8 Hz, 2H),
8.06 (d, J = 8.8 Hz, 2H). >C-NMR (100 MHz, CDCl3, 293 K, TMS): § 9.8, 14.3,
27.2,35.2,43.4,61.1, 122.8, 125.7, 130.12, 130.15, 145.0, 166.0. HRMS calcd for
C14H7NO, (M+) 231.1259; found: 231.1260.
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Compound name 1-(4-trifluoromethyl-phenyl)-cyclohexanecarbonitrile

SN

108 mg (85%) of a yellow liquid was obtained. '"H-NMR (400 MHz, CDCls,
293 K, TMS) 6 1.22-1.34 (m, 1H), 1.74-1.93 (m, 7H), 2.16 (d, J = 11.4 Hz, 2H),
7.60-7.68 (m, 4H). ">*C-NMR (100 MHz, CDCl;, 293 K, TMS) & 23.4, 24.8, 37.2,
44,5, 121.9, 123.8 (q, Jrp=272.1 Hz), 1259 (q, Jr = 3.7 Hz), 126.1, 130.2
(q, JFr=32.6 Hz), 145.3. HRMS calcd for C;4H4FsN (M+) 253.1078; found:
253.1072.

Compound name 1-(4-(trimethylsilyl)phenyl)cyclohexanecarbonitrile

4

N

Si

|
117 mg (91%) of a yellow solid was obtained. "H-NMR (400 MHz, CDCls, 293 K,
TMS) & 0.25-0.28 (m, 9H), 1.23-1.34 (m, 1H), 1.73-1.88 (m, 7H), 2.14
(d, J = 11.6, 2H), 7.45-7.49 (m, 2H), 7.52-7.56 (m, 2H). *C-NMR (100 MHz,
CDCl3, 293 K, TMS) 6 -1.2, 23.6, 25.0, 37.2, 44.3, 122.6, 124.9, 133.9, 140.2,
141.9. HRMS calcd for C¢H,3NSi (M+) 257.1600; found: 257.2597.

Compound name (4-trimethylsilanyl-phenyl)acetonitrile

67 mg (71%) of a yellow liquid was obtained. "H-NMR (400 MHz, CDCl5, 293 K,
TMS) & 0.27 (s, 9H), 3.73 (s, 2H), 7.31 (d, J = 8.0 Hz, 2H), 7.53 (d, J = 8.0 Hz,
2H). '*C-NMR (100 MHz, CDCls, 293 K, TMS) & -1.3, 23.5, 117.7, 127.2, 130.3,
134.1, 140.6. HRMS calcd for C;;H;sNSi (M+) 189.0974; found: 189.0968.

Compound name (4-cyanomethyl-phenyl)-acetic acid ethyl ester

—
-
EtOOC\/©/\ N

90 mg (89%) of a yellow liquid was obtained. '"H-NMR (400 MHz, CDCl5, 293 K,
TMS) & 1.25 (t, J = 7.1 Hz, 3H), 3.61 (s, 2H), 3.71 (s, 2H), 4.14 (q, J = 7.1 Hz,
2H), 7.26-7.31 (m, 4H). >*C-NMR (100 MHz, CDCls, 293 K, TMS) & 14.0, 23.1,
40.8 60.8, 117.7, 128.0, 128.6, 129.9, 134.0, 171.1. HRMS calcd for C;,H,3NO,
(M+) 203.0946; found: 203.0941.
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Compound name (3-imidazol-1-yl-phenyl)-acetic acid ethyl ester

\O/\cooa

89 mg (77%) of a yellow liquid was obtained. "H-NMR (400 MHz, CDCl;) & 1.27
(t, J = 7.1 Hz, 3H), 3.68 (s, 2H), 4.18 (q, J = 7.2 Hz, 2H), 7.20 (s, 1H), 7.27-7.36
(m, 4H), 7.43 (t, J = 7.8 Hz, 1H), 7.86 (s, 1H). >*C-NMR (100 MHz, CDCl;) &
14.1, 40.9, 61.0, 118.1, 120.1, 122.3, 128.3, 129.9, 130.3, 135.5, 136.1, 1374,
170.8. HRMS calcd for C,3H,4N,O, (M") 230.1055; found: 230.1052.

N,
N
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Chapter 7

Palladium-Catalyzed Decarboxylative
Couplings of Nitrophenyl Acetate Salts
and Its Derivatives with Aryl Halides

Abstract In this chapter, we report the palladium-catalyzed decarboxylative
cross-coupling of 2-nitrophenyl acetates and 4-nitrophenyl acetates with aryl bro-
mides and chlorides. Because the nitro group can be easily converted to many other
functional groups in synthetic organic chemistry, this reaction provides a new path
for the synthesis of diverse functionalized 1,1-diaryl methanes and their derivatives.

H NO, ik caiaisi NO, '
e catalys S ]
i A + (Het)ArX : | Va + oot
L _cook mesitylene _A_ _Ar(Het) :
20 140 °C
R} R, (X =ClI, Br) R} R,
O?g:ffh%z ¥ Aduclion & Sandmeyer
| = Ar(Het)
R1 2 l:Sub = NHz, OH I, eic)
substituted

1,1-diaryl methanes

7.1 Introduction

Transition-metal-catalyzed decarboxylative cross-coupling has emerged as a useful
method for C—C bond formation recently [1]. Using carboxylic acids as alternative
reagents over organometallic compounds, this type of transformation avoids strong
basic reaction conditions and generates nontoxic CO, as the byproduct. Pioneering
studies by Myers [2], Forgione [3], and Goossen [4] focused on the intermolecular
decarboxylative coupling reactions of aromatic, alkenyl, and alkynyl acids [5].
Tunge [6], Trost [7], Stoltz [8], and others [9] studied palladium-catalyzed
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intramolecular decarboxylative allylation and benzylation reactions. Although this
type of the reaction has been widely reported in the last few years, most studies
focused on C(sp?)-COOH, relatively less example has been reported on the inter-
molecular decarboxylative coupling of aliphatic carboxylic acids [10].

In Chaps. 5 and 6, we described Pd-catalyzed decarboxylative couplings of the
alkali salts of 2-(2-azaaryl) acetates [11] and cyanoacetates [12] with aryl halides.
These reactions not only provide conceptually alternative methods for the prepa-
ration of functionalized azaarenes and 2-arylnitriles, but also demonstrate the
practical value in decarboxylative coupling reactions in terms of both reagents
availability and reaction scopes. In this chapter, we report a new example of this
family of reactions, namely, the decarboxylative cross-coupling of potassium 2- and
4-nitrophenyl acetates with aryl halides. Due to the versatile conversion of the nitro
group to many other functional groups in the synthetic chemistry [13], this reaction
provides a useful method for the preparation of diverse 1,1-diaryl methanes and
their derivatives [14, 15]. Note that Waetzig and Tunge previously described the
Pd-catalyzed decarboxylative allylation of nitrophenyl acetates [6e].

7.2 Results and Discussion

7.2.1 Investigation of the Reaction Conditions

Our work started with testing decarboxylative coupling of potassium 2-nitrophenyl
acetate with chlorobenzene as model reaction to search the optimal reaction con-
dition (Table 7.1). Using [PdCl(allyl)], and P(Ad)5Bu as the ligand, the desired
transformation took place readily to give the coupling product 1 in good yield
(entry 1), while simultaneously decarboxylative protonation of 2-nitrophenyl
acetate also occurred to produce byproduct 2. Interestingly, when P(Bu); or
"BuX-Phos was chosen as the ligand, this reaction does not proceed (entries 2-3),
which may be caused by the large steric hindrance exerted by the tert-butyl group
on the ligand. S-Phos, Dave-Phos, DCyPF, and Brett-Phos promoted the coupling
to various extents (entries 4—7). The optimal ligand turned out to be X-Phos, and the
corresponding yield was 91% (entry 8). Note that X-Phos can also be used with
Pd,(dba); as the catalyst in the decarboxylative coupling reaction and the yield was
87% (entry 9), but when Pd(OAc), was used, the decarboxylative coupling could
not proceed smoothly generating mainly product of decarboxylative protonation
(entry 10). Testing potassium 4-nitrophenyl acetate under the optimized reaction
condition revealed potassium 4-nitrophenyl acetate was also amenable (entry 11).
However, if potassium 3-nitrophenyl acetate was used as the substrate, neither
decarboxylative coupling nor decarboxylative protonation took place, indicating
that decarboxylation of potassium 3-nitrophenylacetate cannot occur under the
optimal condition (entry 12). Furthermore, bromobenzene can be used in the
decarboxylative coupling with the potassium salts of both 2- and 4-nitrophenyl
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Table 7.1 Pd-catalyzed decarboxylative coupling of potassium nitrophenyl acetates with phenyl
halides®

0,
%” 02 X szn;(I)"!lei[gF::\]d “02
o "O S A0
X = O Br 140°C,5h
1.2 equiv 10 aq.uiv
Entry X Position [Pd] Ligand GC yield (%)
1 2
1 Cl 2-NO, [PdCl(allyl)], P(Ad);Bu 83 18
2 Cl 2-NO, [PdCl(ally])], P('Bu)s <5 61
3 Cl 2-NO, [PACl(allyD)], t-BuX-Phos <5 74
4 Cl 2-NO, [PdCl(allyl)], S-Phos 85 16
5 Cl 2-NO, [PdCl(allyD)], Dave-Phos 83 17
6 Cl 2-NO, [PdCl(allyD)], DCyPF 51 43
7 Cl 2-NO, [PACl(allyD)], Brett-Phos 56 36
8 Cl 2-NO, [PdCl(allyD)], X-Phos 91 16
9 Cl 2-NO, Pd,(dba); X-Phos 87 21
10° Cl 2-NO, Pd(OAc), X-Phos 7 73
11 Cl 4-NO, [PdCl(allyl)], X-Phos 89 16
12 Cl 3-NO, [PdCl(allyD)], X-Phos n.r. <5
13 Br 2-NO, [PdCl(allyD)], X-Phos 85 18
14 Br 4-NO, [PdCl(allyD)], X-Phos 87 19

“All the reactions were carried out in 0.25 mmol scale in 0.5 mL mesitylene. GC yields are
measured as average of two runs, using benzophenone as internal standard. 4% mol [Pd]

acetates (entries 13—14). Note that addition of radical scavenger, such as
1,1-diphenylethylene, to the reaction system did not inhibit the reaction, suggesting
the reaction does not proceed via a radical mechanism.

7.2.2 Exploration of Substrate Scope

To further explore the substrate scope, we examined decarboxylative coupling
between a variety of aryl halides and nitrophenyl acetate (Table 7.2). Both
electron-rich and electron-poor aryl chlorides as well as bromides can be suc-
cessfully converted across a wide range of functional groups including ether (3e, 4g,
4i), ester (3¢, 3r), tosyl (3a), fluoro (3d), trifluoromethyl (3f), thioether (3p), silyl
(31, 4h), nitrile (3b, 3h, 3n), olefin (3k), acetal (3q), and amine (3g, 3i). The isolated
yields ranged from modest to excellent (>80%). It is notable that, for some
electron-poor aryl halides, S-Phos has to be used to replace X-Phos to improve the
reaction yields. Substitution at the ortho-position (4d) can be tolerated. Halogenated
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Table 7.2 Aryl halide scope®
1-2 mol% Pd,(allyl),Cl,

ON ' - N
XNVCOOK + (Heparx o mol% X-Phos | FE6 (Hetar
| P 1 mL mesitylene | o
140 °C, 5-10 h

0.6 mmol 0.5 mmol

O NO; CN
NO N
3a R =0Ts®, 80% N0z~ 10Me 2 @
3b, R = CN", 63% 3h, X = CI, 72%" 3i, X = CI, 88%
O 3c. R = COEI°, 68% ' ' ' '
3d, R = F, 94%
R 3e.R=0Me 95%

31, R = CF4®, 76%
S NO, NO;NZ ~F

3g. R = NMe,, 86%

3j, X=Br, 91% 3k, X = Cl, B2%
Q- -
Me
y,
s '
NO; NO, NO,
31, X = Br, 89% Im, X =Cl, 92% In, X = Cl BG%L
S SMe o]
SR, QLI
NO, NO, NO;~70
Jo, X = Cl, 42% 3p, X = Cl, 94% 3q, X = Br, 95%
(L cose
.\/N:’\/ Y Me O,N Ph
3r, X = Br, 86% 4a, X = Cl, 94% 4b, X = Cl, 96%
OMe
we <)
N 3 NBoc ON O,N cl
4c, X = Br. 63% 4d. X = Cl, 55% 4e, X = Br, 58%
o
ozn 02N 0N ™S
OMe
Af, X = Br, 55% 4g, X = Cl, B3% 4h, X = Br, 85%

ozu ‘ ozn Nozu
OMs .

4i X = Br, 75% 4j. X = Cl, 64% 4k, X = Cl, 55%

Reprinted with the permission from Org. Lett. 2011, 13, 4240. Copyright 2011 American
Chemical Society

#All the reactions were carried out at 0.50 mmol scale in 1.0 mL mesitylene. The yield (average of
two runs) of the isolated product was calculated based on the quantity of the aryl halide. *S-Phos
was used as ligand
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heteroarenes, especially those containing nitrogen atoms such as benzothiazole
(3m), thiophene (30), indole (4¢), pyridine (4k), and quinoline (4f, 4j) are also good
substrates. Finally, for those substrates that possess both the aryl-Cl bond and the
aryl-Br bond, the aryl-Br bond can be selectively cross-coupled in the presence of
the aryl-CI bond (4e).

In the above reactions, the carboxylate reagents are easily generated from
commercially available 2- and 4-nitrophenyl acetic acids. According to the previous
studies [16], the potassium salts of a-alkylated 2- and 4-nitrophenyl acetates can
also be readily prepared through the simple alkylation reactions of 2- and
4-nitrophenyl acetate esters. Gratifyingly, we found that these substituted potassium
carboxylates can also react with various aryl halides through decarboxylative
cross-coupling (Table 7.3). In Table 7.3, we can see that both a-alkylated and
a-benzyl nitrophenyl acetates could be the suitable substrates. These reactions again
tolerate diverse functional groups including ether, ester, fluoro, trifluoromethyl,
nitrile, acetal, and amine and heterocycles such as pyridine and benzothiazole. It is
interesting to notice that a-dialkylated substrates (5i, 5j, Sk) can also undergo the
decarboxylative coupling to generate quaternary carbon centers. The reactions of
these particular substrates suggest that decarboxylation takes place prior to
cross-coupling.

7.2.3 Application of the Reaction in Synthesis of 4-Aryl
Quinolines and Dihydroquinolinones

The above decarboxylative coupling reactions can be used to synthesize a variety of
nitro-substituted 1,1-diarylmethanes. The synthetic utility of this method may be
substantially increased when the NO, substituent is converted to other groups [13].
Scheme 7.1 shows a new synthesis of 4-aryl quinolines and dihydroquinolinones.
By reducing NO, to NH, using either SnCl, or Zn/HCI, followed by condensation,
4-aryl quinolines and dihydroquinolinones could be readily synthesized. In the
previous catalytic allylation of nitropheny lacetates, Tunge et al. also showed that
decarboxylative coupling could be followed by reductive cyclization to afford
dihydroquinolones or quinolones [6e].

7.2.4 Transformation of -NO, by Sandmeyer Reaction

Importantly, NH,, which is reduced from NO,, can be further converted to many
other groups through the Sandmeyer reaction. Therefore, the above decarboxylative
coupling reactions can be used to prepare a variety of 1,1-diaryl methanes.
Scheme 7.2 shows that a 2-benzylated phenol can be synthesized by using the
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Table 7.3 Coupling of R-Alkylated Substrates®

Ry Ry 2 mol% Pd,(allyl),CI Ry Ry
O,N 2l ? ON
|\\. COOK  + (Het)Ar-X % @X(Het)ﬁf
= 0.5 mmol rqdomo%sllgﬁne =
0.6 mmol
oS eUe eV
|SUsRa U< inasUsH
5a, X = Br, 73%" 5b, X = Br, 63%" 5¢, X = Br, 55%®
ON O:N 0 ON CO,EL
0>
Bn Bn Bn
34, X =Cl, 95% Se, X = Br, 95% 51, X = CI, 73%
X = Br, 95%"
OMe

<<
Hn

5g. X = Br, 95% 5h. X = Cl, 89%
~0
0N OMe
O™ oy
SRS Ve sia g YeH
Ph \ |
5, X = Cl, 32% 5j. X = Br, 48 % 5k, X = Cl. 28%
Qreee Qe Qe
W), Q) Yo
6a, X = Cl, 95% .
- 6c, X = Cl, 85%
et i 6b, X = CI, 70% c
p ey
o— Bn' O Bn Q CO4EL
6d, X = Cl, 94% 6e, X =Cl, 92% 6f, X = Br, 87%
Qe o 5o e
al 9
Bn p— Bn
6g. X = Cl, 80% 6h, X =Cl,91%

Reprinted with the permission from Org. Lett. 2011, 13, 4240. Copyright 2011 American
Chemical Society

#All the reactions were carried out at 0.50 mmol scale in 1.0 mL mesitylene. The yield (average of
two runs) of the isolated product was calculated based on the quantity of the aryl halide.
"Xant-Phos was used as ligand. °S-Phos was used as ligand
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1) KO'Bu
18-crown-6
THF -8 °C SnCI2
MeOH
reflux

THF, 78 °C ot R H e Ph
=H, R = H, 86%
R=CF3 51% R = CF3, 83%

1) KO'Bu

Zn/HCI O
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Scheme 7.1 New synthesis of 4-Aryl quinolines and dihydroquinolinones. Reprinted with the
permission from Org. Lett. 2011, 13, 4240. Copyright 2011 American Chemical Society

1) NaNO O
05N 2 HO
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QD" T OO OO
s
66%
1) NaNO, | 10 mol%
ZnﬂNH cl HCUHZO Pd[OH}j‘C .
z}m “KOAc O
F DMA 145°C
70% F
Scheme 7.2 Further transformations by using Sandmeyer reaction

decarboxylative cross-coupling. Furthermore, by reduction of -NO, to -NH,, and
followed by the Sandmeyer iodination reaction, functionalized fluorene could be
synthesized from the iodide in the presence of a palladium catalyst [17].

7.3 Conclusion

In summary, we reported a practical protocol for the palladium-catalyzed decar-
boxylative cross-coupling of potassium 2- and 4-nitrophenyl acetates with aryl
chlorides and bromides. This reaction adds a new example to the repertoire of
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catalytic decarboxylative cross-coupling of activated aliphatic carboxylic acids
[18]. Because the nitro group can be readily converted to various other functional
groups, the new reaction provides a useful method for the preparation of diverse
1,1-diaryl methanes and their derivatives.

7.4 Experimental Section and Compound Data

7.4.1 General Information

All the reactions were carried out in oven-dried Schlenk tubes under Argon
atmosphere (purity = 99.999%). The mesitylene solvent was bought from TCI and
used without further purification. All aryl halides were bought from Alfa Aesar or
TCI and used as is. Nitro phenylacetic acids were purchased from TCI. Allyl
palladium chloride dimer was purchased from Sigma-Aldrich and Sinocompound.
All phosphine ligands were bought from Sinocompound, Sigma-Aldrich, Strem or
Alfa Aesar and used as is. All the other reagents and solvents mentioned in this text
were bought from Sinopharm Chemical Reagent Co. Ltd or Alfa Aesar and purified
when necessary.

'"H-NMR, ">C-NMR spectra were recorded on a Bruker Avance 400 spec-
trometer at ambient temperature in CDCl; unless otherwise noted. Data for
"H-NMR are reported as follows: chemical shift (§ ppm), multiplicity, integration,
and coupling constant (Hz). Data for '>C-NMR are reported in terms of chemical
shift (6 ppm), multiplicity, and coupling constant (Hz). Gas chromatographic
(GC) analysis was acquired on a Shimadzu GC-2014 Series GC System equipped
with a flame-ionization detector. GC-MS analysis was performed on Thermo
Scientific AS 3000 Series GC-MS System. HRMS analysis was performed on
Finnigan LCQ advantage Max Series MS System. Organic solutions were con-
centrated under reduced pressure on a Buchi rotary evaporator. Flash column
chromatographic purification of products was accomplished using forced-flow
chromatography on Silica Gel (200-300 mesh).

7.4.2 General Procedures

The decarboxylative coupling of potassium nitrophenyl acetates with
phenylhalides:

A 10 mL oven-dried Schlenk tube was charged with Pd source (see Table 7.4),
phosphine ligand (see Table 7.4), and potassium nitropheny] acetates (see Table 7.4,
0.30 mmol). The tube was evacuated and filled with argon (this procedure was
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repeated three times). Then phenylhalide (0.25 mmol) and mesitylene (0.5 mL)
were added with a syringe under a counter flow of argon. The tube was sealed with a
screw cap, stirred at room temperature for 1 min, and connected to the Schlenk line
that was full of argon, stirred in a preheated oil bath (140 °C) for 5 h. Upon com-
pletion of the reaction, the mixture was cooled to room temperature and diluted with
ethyl acetate, the yields were determined by gas chromatography using benzophe-
none as internal standard.
Some structures of the ligands mentioned in Table 7.4 are shown in Fig. 7.1.

Control Experiments
We performed the radical trap experiments (see Scheme 7.3). The results rule out
the involvement of a radical mechanism.

Table 7.4 Pd-catalyzed decarboxylative cross-coupling of potassium nitrophenyl acetates with
phenyl halide®

2 mol% Pd cat.

X
=2 ; =
OzN_O/\COOK " 6 mol% Ligand O2N—©/\© , OZN—C[/
% 140 °C. 5 h 5 #
2

12eqo, m, p-NO, 1.0 eq, X = Cl, Br mesitylene 1
Entry X 0, m, p Pd source Ligand Yield %"
1 2

1 Cl o [PdCl(allyl)], P(Ad); Bu 83 18
2 Cl o [PdCl(allyl)], P("Bu)s <5 61
3 Cl o [PdCl(allyD)], X-Phos 91 16
4 Cl o [PdCl(allyl)], t-BuX-Phos <5 74
5 Cl o [PdCl(allyl)], S-Phos 85 16
6 Cl o [PdCl(allyl)], Dave-Phos 83 17
7 Cl o [PdCl(allyD)], DCyPF 51 43
8 Cl ) [PdCl(allyl)], Brett-Phos 56 36
9 Cl P [PdCl(allyl)], X-Phos 89 16
10 Cl m [PdCl(allyl)], X-Phos n.r. <5
11 Br o [PdCl(allyl)]» DPPF 80 22
12 Br o [PdCl(allyD)]» BINAP 86 18
13 Br o [PdCl(allyl)], Xant-Phos 81 23
14 Br o [PdCl(allyl)], DPE-Phos 53 46
15 Br o [PdCl(allyl)], DPPP 37 48
16 Br P [PdCl(allyD)], BINAP 88 17
17° Cl o Pd(OAc), X-Phos 7 73
18 Cl o Pd,(dba); X-Phos 87 21

#All the reactions were carried out in 0.25 mmol scale in 0.5 mL mesitylene. GC yields, average of
two runs, using benzophenone as internal standard. 4% mol Pd source
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Fig. 7.1 Some structures of the ligands mentioned in Table 7.4
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none 89%
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20% BHT 69%

OH

40% BHT 67%

Scheme 7.3 Radical trap experiments

Our control experiments showed that in the absence of Pd, the reaction does not
take place (Scheme 7.4). Specifically, the potassium salt does not decarboxylate at
140 °C in the absence of Pd. It must be noted that the aryl-acetic acid can undergo
the protodecarboxylation reaction, but the potassium salt does not decarboxylate
without a metal catalyst.
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O5N Cl
N 140°C,5h No Coupling Product
COOK m No Decarboxylation

1.2 mmol 1.0 mmol (anhydrous)
O,N
\Q\J —"—*14000'5[1 No Decarboxylati
COOK 2 mL mesitylene o Decarboxylation
1.2 mmol (anhydrous)

Scheme 7.4 Control experiments oC in the absence of Pd

7.4.3 Characterization of the Products

Compound name 1-benzyl-2-nitrobenzene

NO,

94 mg (88%) of a yellow oil was obtained. This compound is known. Reference:
Lu, F.; Chi, S.; Kim, D. H.; Han, K. H.; Kuntz, I. D.; Guy, R. K. J. Comb. Chem.
2006, 8, 315. 'H NMR (400 MHz, CDCls) ¢ 7.90 (dd, J = 8.1, 1.3 Hz, 1H), 7.48
(td, J = 7.6, 1.4 Hz, 1H), 7.34 (td, J = 8.1, 1.4 Hz, 1H), 7.30-7.23 (m, 3H), 7.21
(d, J = 6.8 Hz, 1H), 7.16-7.11 (m, 2H), 4.29 (s, 2H). "*C NMR (100 MHz, CDCl5)
0 149.29, 138.62, 135.62, 132.85, 132.32, 128.93, 128.54, 127.31, 126.52, 124.65,
38.20.

Compound name 4-(2-nitrobenzyl)phenyl 4-methylbenzenesulfonate

sVerisy

N02

153 mg (80%) of a yellow oil was obtained. This compound is new. 'H NMR
(400 MHz, CDCl3) 6 7.90 (dd, J = 8.1, 1.2 Hz, 1H), 7.65 (d, J = 8.3 Hz, 2H), 7.52
td, J=7.6, 1.3 Hz, 1H), 7.41-7.34 (m, 1H), 7.32-7.22 (m, 3H), 7.04
(d, J = 8.7 Hz, 2H), 6.91-6.83 (m, 2H), 4.24 (s, 2H), 2.42 (s, 3H). *C NMR
(100 MHz, CDCl3) ¢ 149.01, 148.07, 145.30, 137.68, 134.75, 133.04, 132.36,
132.09, 129.86, 129.63, 128.28, 127.63, 124.75, 122.25, 37.63, 21.52 . HRMS
calcd for CooH7NOs S (M+) 383.0822; found: 383.0819.
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Compound name 4-(2-nitrobenzyl)benzonitrile

Q0"

NO,

75 mg (63%) of a yellow solid was obtained. This compound is known. Reference:
Lu, F.; Chi, S.-W.; Kim, D.-H.; Han, K.-H.; Kuntz, I. D.; Guy, R. K. J. Comb.
Chem. 2006, 8, 315. '"H NMR (400 MHz, CDCls) 6 8.01 (dd, J = 8.2, 1.3 Hz, 1H),
7.62-7.55 (m, 3H), 7.48-7.42 (m, 1H), 7.30 (dd, J = 7.7, 1.0 Hz, 1H), 7.27-7.23
(m, 2H), 4.37 (s, 2H). '*C NMR (100 MHz, CDCl3) § 149.10, 144.30, 133.91,
133.38, 132.63, 132.35, 129.48, 128.18, 125.21, 118.71, 110.57, 38.70 . HRMS
caled for C14H;gN,O, (M+) 238.0737; found: 238.0733.

Compound name ethyl 4-(2-nitrobenzyl)benzoate

! lI COOEt

NO,

97 mg (68%) of a yellow oil was obtained. This compound is new. 'H NMR
(400 MHz, CDCl3) 6 7.99-7.94 (m, 3H), 7.54 (td, J = 7.6, 1.4 Hz, 1H), 7.44-7.38
(m, 1H), 7.27 (dd, J=7.8, 1.1 Hz, 1H), 7.21 (d, J = 8.5 Hz, 2H), 4.39-4.32
(m, 4H), 1.38 (t, J = 7.1 Hz, 3H). '*C NMR (100 MHz, CDCls) 6 166.35, 149.23,
143.87, 134.76, 133.11, 132.46, 129.85, 128.92, 128.83, 127.75, 124.95, 60.85,
38.43, 14.29 . HRMS calcd for C;cH;sNO, (M+) 285.0996; found: 285.0994.

Compound name 1-nitro-2-(4-(trifluoromethyl)benzyl)benzene

NO,

107 mg (76%) of a yellow oil was obtained. This compound is new. 'H NMR
(400 MHz, CDCl3) 6 7.96 (dd, J = 8.1, 1.3 Hz, 1H), 7.56 (dd, J = 7.5, 1.3 Hz,
1H), 7.52 (d, J = 7.5 Hz, 2H), 7.44-7.37 (m, 1H), 7.29 (dd, J = 7.7, 0.9 Hz, 1H),
7.26 (d, J = 8.0 Hz, 2H), 4.36 (s, 2H). >*C NMR (100 MHz, CDCl3) ¢ 149.15,
142.88, 134.48, 133.23, 132.31, 129.10, 128.84 (q, Jr = 32.0 Hz), 127.88, 125.44
(q, Jp.=4.0 Hz), 124.99, 121.44 (q, Jr = 254.5 Hz), 38.25. HRMS calcd for
C14H oF3NO, (M+) 281.0658; found: 281.0661.

Compound name N,N-dimethyl-4-(2-nitrobenzyl)aniline
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110 mg (86%) of an orange solid was obtained. This compound is new. '"H NMR
(400 MHz, CDCl3) 6 7.87 (dd, J = 8.1, 1.2 Hz, 1H), 7.46 (td, J = 7.6, 1.3 Hz, 1H),
7.35-7.28 (m, 1H), 7.28-7.23 (m, 1H), 7.02 (d, J = 8.7 Hz, 2H), 6.70-6.64
(m, 2H), 4.19 (s, 2H), 2.91 (s, 6H). '*C NMR (100 MHz, CDCls) 6 149.34, 136.75,
132.70, 132.11, 129.73, 126.94, 126.45, 124.47, 112.83, 40.62, 37.16 . HRMS
caled for C5HgN,O, (M+) 256.1206; found: 256.1201.

Compound name 1-nitro-2-(4-vinylbenzyl)benzene

98 mg (82%) of a yellow oil was obtained. This compound is new. 'H NMR
(400 MHz, CDCl3) 6 7.91 (dd, J = 8.1, 1.3 Hz, 1H), 7.49 (td, J = 7.6, 1.3 Hz, 1H),
7.39-7.23 (m, 4H), 7.10 (d, J = 8.1 Hz, 2H), 6.67 (dd, J = 17.6, 10.9 Hz, 1H), 5.70
(dd, J = 17.6, 0.8 Hz, 1H), 5.20 (dd, J = 10.9, 0.7 Hz, 1H), 4.28 (s, 2H). °C NMR
(100 MHz, CDCl3) ¢ 149.28, 138.25, 136.38, 135.97, 135.57, 132.91, 132.30,
129.12, 127.37, 126.42, 124.72, 113.56, 37.99. HRMS calcd for C;sH3NO;, (M+)
239.0941; found: 239.0936.

Compound name trimethyl(4-(2-nitrobenzyl)phenyl)silane
|

127 mg (89%) of a brownish oil was obtained. This compound is new. 'H NMR
(400 MHz, CDCl3) 6 7.92 (dd, J = 8.1, 1.3 Hz, 1H), 7.50 (td, J = 7.6, 1.3 Hz, 1H),
7.44 (d, J = 8.0 Hz, 2H), 7.40-7.33 (m, 1H), 7.28 (dd, J = 7.7, 0.8 Hz, 1H), 7.14
(d, J =7.9 Hz, 2H), 4.29 (s, 2H), 0.24 (s, 9H). >*C NMR (100 MHz, CDCl3) §
149.33, 139.21, 138.43, 135.60, 133.63, 132.91, 132.43, 128.34, 127.35, 124.72,
38.23, —1.14 . HRMS calcd for C16H;oNO,Si (M+) 285.1180; found: 285.1183.

Compound name 2-methyl-6-(2-nitrobenzyl)benzo[d]thiazole

S
QLI

2

131 mg (92%) of a brownish solid was obtained. This compound is new. '"H NMR
(400 MHz, CDCl3) 6 7.94 (dd, J = 8.1, 1.3 Hz, 1H), 7.71 (d, J = 8.2 Hz, 1H), 7.67
(d, J=09 Hz, 1H), 7.50 (td, J =7.6, 1.3 Hz, 1H), 7.40-7.33 (m, 1H), 7.30
(dd, J =7.7,0.9 Hz, 1H), 7.18 (dd, J = 8.2, 1.6 Hz, 1H), 4.43 (s, 2H), 2.79 (s, 3H).
3C NMR (100 MHz, CDCl3) d 167.41, 153.70, 149.13, 136.90, 135.35, 133.77,
132.96, 132.44, 127.47, 125.82, 124.79, 122.34, 121.28, 38.14, 20.00 . HRMS
caled for C5H;,N>O,S (M+) 284.0614; found: 284.0608.
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Compound name tert-butyl 5-(4-nitrobenzyl)-1H-indole-1-carboxylate

111 mg (63%) of a yellow oil was obtained. This compound is new. '"H NMR
(400 MHz,CDCl3)67.99 (d,J = 8.0 Hz,3H), 7.49 (d,J = 3.6 Hz, 1H),7.23 (s, 1H),
7.21 (d, J = 8.7 Hz, 2H), 7.00 (dd, J = 8.5, 1.6 Hz, 1H), 6.40 (d, J = 3.6 Hz, 1H),
4.03 (s, 2H), 1.56 (s, 9H). '*C NMR (100 MHz, CDCl5) 6 149.55, 149.42, 146.33,
133.97, 133.44, 130.95, 129.47, 126.37, 125.19, 123.57, 121.01, 115.34, 106.95,
83.66,41.51,28.07 . HRMS calcd for CooH,gN,O4 (M+) 352.1418; found: 352.1414.

Compound name 1-nitro-4-(1-phenylethyl)benzene

83 mg (73%) of a yellow oil was obtained. This compound is known. Reference:
Inoh, J.-1.; Satoh, T.; Pivsa-Art, S.; Miura, M.; Nomura, M. Tetrahedron Lett. 1998,
39, 4673. '"H NMR (400 MHz, CDCl3): § 8.13 (d, J=9.2 Hz, 2H), 7.36
(d, J=84Hz, 2H), 731 (t, J=7.2Hz, 2H), 7.25-7.16 (m, 3H), 4.25
(q, J =72 Hz, 1H), 1.67 (d, J = 7.2 Hz, 3H). *C NMR (100 MHz, CDCl5): ¢
154.17, 146.53, 144.66, 128.85, 128.57, 127.68, 126.84, 123.83, 44.88, 21.63.
HRMS calcd for C14H;3NO, (M+) 227.0941; found: 227.0931.

Compound name 3-(2-nitrophenyl)-1-phenyl-3-(4-(trifluoromethyl)phenyl)propan-

1-one
0 ‘ NO,
O,

colorless oil. 'H NMR (400 MHz, CDCl3) 6 7.96-7.91 (m, 2H), 7.87-7.81 (m, 1H),
7.57-7.49 (m, 4H), 7.47-7.40 (m, 4H), 7.39-7.33 (m, 2H), 5.53 (1, J = 7.3 Hz,
1H), 3.84 (dd, J = 17.0, 6.8 Hz, 1H), 3.78 (dd, J = 17.0, 6.4 Hz, 1H). HRMS calcd
for C22H16F3NO3 (M+) 3991082, found: 399.1077.
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Chapter 8

Palladium-Catalyzed Decarboxylative
Benzylation of a-Cyano Aliphatic
Carboxylate Salts with Benzyl
Electrophiles

Abstract The palladium-catalyzed decarboxylative benzylation of a-cyano ali-
phatic carboxylate salts with benzyl electrophiles was discovered. This reaction
exhibits good functional group compatibility and proceeds under relatively mild
conditions. A diverse range of quaternary, tertiary, and secondary B-aryl nitriles can
be conveniently prepared by this method with good to excellent yield, and many of
them are difficult to be synthesized by strong base-mediated nucleophilic
substitution.

CN ) CO?T CN

Ar  [Pd(allyl)CI]/S-Phos /i\/ i

+ -/ —_—

RzﬁTCOOM A reflux oluene . 2 4
M=K, Na

Ry.Ry=H. X =Cl, OTFA 4° 3% 294 . aryl nitriles |
: functionalized alkyl OPO(OE1), 40 examples

8.1 Introduction

Transition metal-catalyzed decarboxylative cross-coupling has represented a useful
strategy for carbon—carbon bond construction in modern synthetic organic chem-
istry [1]. Inspired by the seminal work of Myers [2] and GooBen [3] catalytic
decarboxylative coupling reactions of aromatic [4], alkenyl [5], and alkynyl [6]
carboxylic acids have been intensively studied. More recently, our group, Studer,
and Kwong et al. developed a palladium-catalyzed decarboxylative arylation of
some aliphatic carboxylate salts with aryl halides [7]. Tunge et al. reported excellent
studies on intramolecular decarboxylative allylations of some activated carboxylate
allylic esters [8], and an intramolecular decarboxylative benzylation of f-keto
esters, but the benzyl groups participating in this chemistry were limited to benzyls
with extend conjugations (Fig. 8.1) [9]. To the best of our knowledge, inter-
molecular decarboxylative benzylation of aliphatic carboxylates has not been
explored. Because catalytic reactions involving n-benzyl-Pd intermediates are
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Tunge' Work:
Intramolecular decarboxylative coupling of benzyl p-ketoesters

Ry Ry Pd cat. Ry Ry 5 COZT
r

This Work:
Intermolecular decarboxylative benzylation of ¢-cyano aliphatic carboxylate salts

5 CN CN

' Ar Pd cat.

: R1’)\COOM t X Rﬂk/ﬁ‘r + CO;

i R

! £ 2 p-aryl nitriles

R4, Ry =H, alkyl X = OTfa, CI, Br, OPO(OEt), Ar = various simple aryls

Fig. 8.1 Decarboxylative benzylation of Csp*>-COOR

important and have drawn broad attention [10], after developing the decarboxyla-
tive arylation of activated alkyl carboxylate, we were interested in the inter-
molecular decarboxylative benzylation of acyano aliphatic carboxylates.
Traditionally, the p-aryl nitrile structures were constructed by strong
base-mediated nucleophilic substitution of nitrile’s o—~C—H with benzyl halides [11].
Using strong bases largely limits the substrate scope and ruins base-sensitive
functional groups. In addition, for acetonitrile and primary nitriles, monobenzyla-
tion is often complicated due to the formation of multiply benzylated by-products.
Benzylation of ethyl cyanocaetate followed by hydrolysis and decarboxylation can
be used for the synthesis of some secondary and tertiary B-aryl nitriles efficiently,
but is unable to give the quaternary ones [12]. Due to the importance of func-
tionalized nitriles in both synthetic and medicinal chemistry [13], we now report an
intermolecular Pd-catalyzed decarboxylative benzylation reaction of a-cyano ali-
phatic carboxylate salts with benzyl electrophiles [-Cl, —OTfa, -OPO(OEt),]. This
reaction provides an efficient approach to construct a diverse range of functionalized
quaternary, tertiary and secondary B-aryl nitriles, and has a wide substrate scope of
carboxylate salts with benzyl electrophiles. The reaction also represents the first
example of intermolecular decarboxylative benzylation of aliphatic carboxylates,
and expands the synthetic utility of the decarboxylative coupling methodology.

8.2 Results and Disscussion

8.2.1 Investigation of the Reaction Conditions

We initially chose benzyl chloride and potassium 2-cyano-2-methylpropanoate as
the model substrates for screening the decarboxylative benzylation conditions
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Table 8.1 Decarboxylative benzylation under various conditions

CN 2 msm% gdﬁ;lhlfl]z CN CN
Ph-ClL o+ Mooc’l\\ ﬁ" Bn+ + Bnooc)(\
0.25 mmol 0.375 mmol T.5h, 1 2
M =Li, Na, K

Entry M T (°C) Ligand Solvent Yield

1 2
1 K 140 Xant-Phos Mesitylene 8 53
2 K 140 BINAP Mesitylene 54 9
3 K 140 DPPF Mesitylene 80 Trace
4 K 140 DPE-Phos Mesitylene 56 Trace
5 K 140 DPPPent Mesitylene 71 -
6 K 140 CataCXium A Mesitylene 18 -
7 K 140 Ph-Dave-Phos Mesitylene 78
8 K 140 t-BuX-Phos Mesitylene 32 -
9 K 140 Ru-Phos Mesitylene 95 -
10 K 140 X-Phos Mesitylene 94 -
11 K 140 S-Phos Mesitylene 98 -
12 K 140 IPr-HCl Mesitylene 74 -
13 Na 140 S-Phos Mesitylene 94 -
14* Li 140 S-Phos Mesitylene Trace -
15 K 140 S-Phos Diglyme 95 -
16 K 140 S-Phos DMA 51 -
17 K 140 S-Phos NMP 57 -
18 K 140 S-Phos DMSO 20 6
19 K 110 S-Phos Mesitylene 95 -
20 K 100 S-Phos Mesitylene 95 -
21 K 110 S-Phos Toluene’ 95 -

“Recovery of benzyl chloride in 90% yield

(Table 8.1). Firstly, we tested the catalyst composed of [Pd(allyl)Cl], and
Xant-Phos, which have been shown to be the best choice for our previously
reported decarboxylative arylation process, but the formation of benzyl ester was
observed (entry 1). Further experiments showed that the ratio of the decarboxylative
benzylation product and benzyl ester was largely affected by the choice of the
ligand. By screening the ligands, we found that when 1’-Bis(diphenylphosphino)
ferrocene (dppf) was used as the ligand, the decarboxylative benzylation product
was obtained in 80% yield, accompanied with only a trace amount of the benzyl
ester by-product (entry 3). Inspired by this result, we screened the ligands exten-
sively, and found that Buchwald phosphines were the best choice. When S-Phos
was chosen as the ligand, the desired transformation took place efficiently (98%
yield) without detection of the benzyl ester. X-Phos and Ru-Phos, which posses the
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0 2 mol% [Pd(allyl)Cl],
< -
NC)%LO 6 mol% S-Phos  NC " 002]
0.5 mL mesitylene

0.25 mmol 140 °C, 5 h,

Not Formed, Recovery of the Starting Material

Scheme 8.1 Control experiment for intramolecular ester decarboxylative benzylation

Table 8.2 Survey of the benzyl electrophiles

2 mol% [Pd(allyl)Cl],
6 mol% S-Phos

e >( _— |

Ph™ X+ Koot CN 0.5 mL toluene CN

025 mmol 0375 mmol 110°C, 5 h,
Entry X Yield (GC) % Entry X Yield (GC) %
1 Cl 95 5 OTFA 86
2 Br 73 6 OPO(OE), 93
3 OAc 0 7 OB, 12
4 OTs 64 8 OCO(OEY) 3

Reproduced from Adv. Syn. Catal. 2012, 354, 2465 by permission of John Wiley & Sons Ltd.

same structure with S-Phos, were also the effective ligands for the reaction. We
found that sodium salts can also serve as good substrates (entry 13), but the lithium
salts failed to give any desired product (entry 14). Screening of the solvents
revealed that the reaction had a strong solvent effect, and non-polar arene solvents
were good choices. When diglyme was used as the solvent, the product was
obtained in 95% yield (entry 15). Polar solvents, such as amides and sulfones, were
less effective (Entrise 16, 17, 18). To our delight, the reaction can take place under
relatively mild conditions (entry 20) and can proceed well in refluxing toluene
(entry 21). Finally, we tested the intramolecular decarboxylative benzylation of
benzyl 2-cyano-2-methylpropanoate under the optimized conditions but failed to
obtain the benzylated product (Scheme 8.1) [14].

After finding the optimal conditions, we tested the scope of the leaving groups of
the benzyl electrophiles (Table 8.2). Experiment results showed that benzyl bro-
mide, chloride, tosylate, trifluoroacetate, and diethyl phosphate could serve as
suitable electrophiles under the optimal conditions. Benzyl carbonates such as
—0OBoc and —OCO(OEt), gave low yields, while benzyl acetate could not be acti-
vated under the optimized conditions with total recovery of the starting material.

8.2.2 Study of the Substrate Scope

Next, we evaluated the scope of the various substituted benzyl electrophiles
(Table 8.3). From the perspective of convenience, the stable benzyl chlorides can
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Table 8.3 Decarboxylative benzylation of 2-cyano-2-methylpropanoate salts®

CN . 2 mol% [Pd(allyl)CI], CN
ook v Ny Smmsths L g Ll o ool
050 75mmol  05mmol 110 °C, 1 mL toluene,
1 2 5-12h 3a-z

X = Cl, OTfa. OPO(OE1)5

CI
3a.0.94% - Cl. 3d. 60% -Cl, 3e 68% 3f, -OPO(OE1);, 33%
3b. m, 95% -Cl, 57%
3e, p. 52%

ph‘0/©\>(m p/©\>(CN s CN ph/Q\XCN
-Cl, 3g, T1% -Cl, 3h, 83% -Cl. 31, 80% - Cl, 3. 93%
= =
= CN CN ™~ CN FiC CN
- OPO(OEL),, 3k, 30% -Cl, 31, 87% -Cl, 3m, 91% -Cl.3n, 73%
ngljoocfx\/©\xcﬂ ph/vg\xcn O%N CN
-Cl, 30, 89% -Cl. 3p, 75% -Cl, 3g91%

ORBJ/\LOQ\XC /@\Xeu Elooc/‘*o’©\>(cu
>§Fd -Cl, 3r. 89% -Cl, 3s,85% -Cl, 3195%

Me h

-Cl, 3u, 89%  -OPO(OEt),, 3v, 78% 3w-OTfa, 0%

ol o% -Cl, 3x, < 5%

Reproduced from Adv. Syn. Catal. 2012, 354, 2465 by permission of John Wiley & Sons Ltd.

“Reactions were carried out on a 0.5 mmol scale. Yields are isolated yields based on the quantity
of benzyl electrophiles

be easily prepared from the corresponding benzyl alcohol. For this reason, we
decided to evaluate the scope of substituted benzyl electrophiles mainly using
benzyl chlorides. To our delight, a variety of functionalized benzyl electrophiles
could be used for the benzylation of potassium 2-cyano-2-methylpropanoate under
the optimized conditions achieving good to excellent yields. The electrophiles
carrying substituents on ortho (3a, 3e), meta- (3b, 3d), and para- (3c) positions of
the benzyl ring are all amenable substrates. The para-methyl substitution on the
benzyl ring results in a relatively low yield (3c) [15]. Benzyl electrophiles carrying
either electron-withdrawing or electron-donating functional groups including alkyl
(3a-3d), aryl (3e, 3j), alkoxy (3r, 3s, 3t), aryloxy (3g), fluoro (3h), chloro (3i),
trifluoromethyl (3n), ester (3 m), electron-rich and electron-deficient C=C double
bond (30, 3p), and amine (3q) can all react with good yields.
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3-Chloromethylthiophene can react and the product (3 1) was obtained in 87%
yield. Pyridine-3-methanol-derived phosphate can also react, albeit in relatively
lower yield (3k, 30%). It is important to note that alkyl pinacol boronate and alkyl
chloride functionality can be well tolerated in the present transformation (3r, 3 s),
which can be further transformed via other alkyl cross-coupling reactions [16]. The
presence of base-sensitive, enolizable acidic C—H bond on the benzyl electrophiles
can be well tolerated (3t), and the product can be further modified via reactions on
enolizable C—H bond [17]. Note that this product (3t) is difficult to synthesize via
strong base-mediated deprotonation/nucleophilic substitution pathways due to the
presence of the acidic C—H moiety. Benzyl electrophiles with extended conjuga-
tions can also react, such as l-chloromethyl naphthalene (3u) and 2-naphthyl
methanol-derived phosphate (3v). Unfortunately, a-substituted benzyl electrophiles
failed to react under the present catalytic conditions (3w, 3x).

We next explored the scope of the 2-cyano aliphatic carboxylate salts
(Table 8.4). Potassium cyanoacetate can react well with benzyl electrophiles to
form B-arylpropanenitriles cleanly without forming any dibenzylated by-product
(4a, 4b) [18]. Tertiary o-cyano aliphatic carboxylate such as potassium
2-cyanopropanoate (4c, 4d), potassium 2-cyano-4-phenylbutanoate (4e), potassium
2-cyanohexanoate (4f, 4 g), and potassium 2-cyanooctanoate (4i, 4j) were all
amenable to the decarboxylative benzylation reaction, and the tertiary B-aryl nitrile
products were obtained in moderate to good yields. Potassium
2-cyano-3-methylbutanoate gave a low yield (28%, 4h). This is possibly due to the
steric hindrance of the adjacent methyl group. Next, we examined the quaternary
salt substrates particularly. The benzylation of this kind of substrate can be used to
synthesize quaternary o-cyanide. Sodium 2-cyano-2-methylhexanoate can react
well with 3-methoxybenzyl chlorides to afford the corresponding product (41) with
73% yield. Quaternary a-cyano aliphatic carboxylate salts carrying aryl substitution
on the aliphatic chain also serve as suitable substrates. The aryl substituents on
aliphatic chain expand the scope of quaternary a-cyano aliphatic carboxylate salts
(4q, 4r, 4 s). Some other substituents on the aliphatic chain of the a-cyano aliphatic
carboxylates were also investigated. The results show that pinacol boronate func-
tionality on the aliphatic chain can be well tolerated. This example illustrates that
the alkyl decarboxylative benzylation shows selectivity toward traditional alkyl
Suzuki coupling thus giving the further possibility of modification via transfor-
mations of alkyl boronate (4k) [16]. a-Cyclic and oxygen containing cyclic car-
boxylate salts also serve as good substrates (4m, 4n, 4t). It is important to note that
cyano and ketone functionalities on the aliphatic chain were well tolerated (4o, 4p,
4u). The decarboxylative benzylation took place regiospecifically replacing the
carboxylate moiety to form a quaternary carbon center without any benzylation on
enolizable C-H bond. These examples highlight the synthetic utility of the
Pd-catalyzed decarboxylative benzylation processes.

During our optimization study for the coupling of benzyl chloride with potas-
sium 2-cyano-2-methylpropanoate, we observed a by-product that showed equal
molecular weight with the desired product by GC-MS analysis. NMR analysis
indicated that the by-product is 2-methyl-2-(p-tolyl)propanenitrile. Further



8.2 Results and Disscussion 147

Table 8.4 Decarboxylative benzylation of various o-cyano aliphatic carboxylate salts®

CN X 2 mol% [Pd{allyl)Cl], CN
o
COOK  + A nos;:no:“up':us A oot
2 X = I, OPO(OEM), ferroiatl
0.5-0.75 mmol 0.5 mmol
NC o™
CI 85% -Cl. 4b, 87% 4c,-CI, 78%
opomlznJ 72% -OPO(OEL),, 70%
Z~ph  Ph COOEL o-Fh
- Cl, 4d, 78% -Cl, de. 65% -Cl, 4f, 66% X-phos
\/\)Ci/@\/\ . \/\/\)Ci/@
Z~C00™Bu Ph cl
-Cl, 4g. 43% - Cl. 4h, 28% -Cl, 4i,72%
W\/'\/@\ mmoa\/\/}\/@
. Sodium Sall
- Cl, 4j, 45% -Cl, 4k, 40% 4, 73%
Ph
N N N
-Cl, 4m, 78% - Cl, 4n, 62% -Cl, do, 88%
I0 CN
Ph Z~C00™Bu
-Cl, dp, 73% -Cl, 4q, 45% -Cl, 4r, 52%
Ph N&O N Sodium Salt
-Cl, 4s, 65% -Cl, 41, 80% -Cl, 4u, 66%

Reproduced from Adv. Syn. Catal. 2012, 354, 2465 by permission of John Wiley & Sons Ltd.

“Reactions were carried out on a 0.5 mmol scale. Isolated yields based on the quantity of benzyl
electrophiles

investigation showed the ratio of the by-product is largely affected by the choice
of the solvent (Scheme 8.2). Although the detailed mechanism and the
solvent-induced selectivity for the formation of the arylated product are not clear,
the by-product formation process may involve a dearomatization of the Pd-benzyl
intermediate according to the literature [19].

We tried the decarboxylative alkylation of alkyl bromides with potassium
2-cyano-2-methylpropanoate, however, no alkylation product was determined
under the optimal conditions. NMR analysis showed that the attempted coupling
reaction led to the formation of alkyl ester in high yield (Scheme 8.3). Interestingly,
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2 mol% Pda(allyl),Cl,

X
6 mol% S-Phos CN
+ Ry <4 > NC "
KOOC”CN ~ 1400C, 5h

0.2 mmol 0.3 mmol 1 mL Solvent a b
X =0Tfa
Cl
X=CI X = 0Tfa
Solvent 2 %) b (%) 2 (%) b %)
mesitylene 3 95 2 95
NMP 50 45 34 53

Scheme 8.2 Solvent effect on reaction selectivity

2 mol% Pd,(allyl),Cl,

o)
B 6 mol% S-Phos
PRt KOOC‘>'(CN 140°C 5h NC><\/Ph + NC)%LOI\/PI"
0.25 mmol 0.375 mmol 0.5 mL mesitylene
Not Formed 91%

Scheme 8.3 Tentative decarboxylative coupling of primary alkyl bromides

2 mol% [Pd(allyl)Cl],

X 6 mol% X-Phos O .Ph
El0oc~~cook *  BnCl > E{00C ~

140 °C, mesitylene, 10 h
0.75 mmol 0.5 mmol
90%

Scheme 8.4 Tentative decarboxylative benzylation of potassium 3-ethoxy-2,2-dimethyl-3-
oxopropanoate

when the above reaction was carried out in the absence of palladium catalyst, no
alkyl ester was formed. This observation indicates that the alkyl ester formation is
not a simple SN2 type reaction, but is catalyzed by palladium under the reaction
condition. We also tried the decarboxylative benzylation of benzyl chloride with
potassium 3-ethoxy-2, 2-dimethyl-3-oxopropanoate, but obtained the benzyl ester
without decarboxylation in high yield (Scheme 8.4). The formation of benzyl ester
from the a-ester salt is possibly ascribed to the different mechanism of decar-
boxylation under palladium catalysis compared with the a-cyano substrate and
merits further investigation.

8.2.3 Proposed Reaction Mechanism

Although the detailed mechanism of the decarboxylative benzylation is not clear at
present, based on the observations above and our previous studies [20], we consider
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Fig. 8.2 Proposed mechanism of the decarboxylative benzylation. Reproduced from Adv. Syn.
Catal. 2012, 354, 2465 by permission of John Wiley & Sons Ltd.

that the outlined mechanism may contain the following steps (Fig. 8.2). First,
oxidative addition of benzyl electrophile forms a phosphine ligated benzyl-Pd
complex II. The carboxylate replaces the halide through anion exchange to form
intermediate III. Intermediate III isomerizes to intermediate IV, in which the pal-
ladium coordinates to the cyano nitrogen. The carboxylate decarboxylates on IV to
form a nitrile-nitrogen coordinated intermediate V. V isomerizes to C-coordinated
style VI followed by reductive elimination to give the desired product. Notably, in
intermediate V, the a-carbon of the nitrile could attack the para site of the benzyl
group to produce a dearomatized product VIII followed by rearomatization to
generate the observed by-product. The formation of the arylation by-product may
give evidence that palladium interacts with the nitrile-nitrogen in the catalytic
process.

8.3 Conclusion

In summary, an efficient and practical palladium-catalyzed decarboxylative ben-
zylation of a-cyano aliphatic carboxylate salts with benzyl electrophiles has been
developed. This reaction avoids the use of sensitive reagents, proceeds under rel-
atively mild conditions, and is compatible to various functional groups. A diverse
range of quaternary, tertiary, and secondary [B-aryl nitriles can be conveniently
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prepared using this reaction. Many of these nitriles are difficult to synthesize via
traditional base-mediated nucleophilic substitutions. Further efforts to elucidate the
detailed mechanism and achieve an asymmetric decarboxylative benzylation of
quaternary substrates will be the future goal of our research.

8.4 Experimental Section and Compound Data

8.4.1 General Information

All the reactions were carried out in oven-dried Schlenk tubes under Argon
atmosphere (purity 299.999%). The toluene and mesitylene solvents were bought
from TCI and used without further purification. Benzyl electrophiles were bought
from Alfa Aesar and TCI or synthesized according to literature procedures. Allyl
palladium chloride dimer was purchased from Sigma-Aldrich and Sinocompound.
All phosphine ligands were bought from Sinocompound, Sigma-Aldrich, Strem, or
Alfa Aesar and used as is. All the other reagents and solvents mentioned in this text
were bought from Sinopharm Chemical Reagent Co. Ltd or Alfa Aesar and purified
when necessary.

'"H-NMR, ""C-NMR spectra were recorded on a Bruker Avance 400 spec-
trometer at ambient temperature in CDCl; unless otherwise noted. Data for
"H-NMR are reported as follows: chemical shift (5 ppm), multiplicity, integration,
and coupling constant (Hz). Data for 13C-NMR are reported in terms of chemical
shift (6 ppm), multiplicity, and coupling constant (Hz). Gas chromatographic
(GC) analysis was acquired on a Shimadzu GC-2014 Series GC System equipped
with a flame-ionization detector. GC-MS analysis was performed on Thermo
Scientific AS 3000 Series GC-MS System. HRMS analysis was performed on
Finnigan LCQ advantage Max Series MS System. Organic solutions were con-
centrated under reduced pressure on a Buchi rotary evaporator. Flash column
chromatographic purification of products was accomplished using forced-flow
chromatography on Silica Gel (200-300 mesh).

8.4.2 Experimental Procedure

Optimization of the Reaction Conditions and Survey of the Benzyl
Electrophiles

A 10 mL oven-dried Schlenk tube was charged with [PdCl(allyl)], (2% mol),
ligand (6% mol, see SI Table 8.5), a-cyano aliphatic carboxylate salts (see
Table 8.5, 0.375 mmol), and the corresponding benzyl electrophile (0.25 mmol, if
solid, See Table 8.5). The tube was evacuated and filled with argon (this procedure
was repeated for three times). Then benzyl electrophile (0.25 mmol, if liquid, see
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Table 8.5 Pd-catalyzed decarboxylative benzylation of benzyl chloride with
2-cyano-2-methylpropanoate®

151

potassium

CN 2 m5 ol% ||3P{,d|f‘a“y|§:“2 CN CN
G MOOC/’T\ 0 r::nL S::gI::nl En & B“OOC/\\
0.375 mmol 5h, 1 2

Entry M T (°C) Ligand Solvent Yield

1 2
1 K 140 Xant-Phos Mesitylene 8 53
2 K 140 BINAP Mesitylene 54 9
3 K 140 DPPF Mesitylene 80 Trace
4 K 140 DPE-Phos Mesitylene 56 Trace
5 K 140 DPPPent Mesitylene 71 -
6 K 140 CataCXium A Mesitylene 18 -
7 K 140 Ph-Dave-Phos Mesitylene 78 -
8 K 140 t-BuX-Phos Mesitylene 32 -
9 K 140 Ru-Phos Mesitylene 95 -
10 K 140 X-Phos Mesitylene 94 -
11 K 140 S-Phos Mesitylene 98 -
12 K 140 IPr-HCl Mesitylene 74 -
13 Na 140 S-Phos Mesitylene 94 -
14° Li 140 S-Phos Mesitylene Trace -
15 K 140 S-Phos DMA 51 -
16 K 140 S-Phos Diglyme 95 -
17 K 140 S-Phos NMP 57 -
18 K 140 S-Phos DMSO 20 6
19 K 110 S-Phos Mesitylene 95 -
20 K 100 S-Phos Mesitylene 95 -
21 K 110 S-Phos Toluene’ 95 -

3GC vyields using biphenyl as the internal standard (average of two runs). ®recovery of the benzyl

chloride in 90% yield

Table 8.5) and solvent (0.50 mL, see Table 8.5) were added with a syringe under a
counter flow of argon. The tube was sealed with a screw cap, stirred at room
temperature for 1 min, and connected to the Schlenk line, which was filled with
argon, stirred in a preheated oil bath at mentioned temperature (see Table 8.5) for
5 h. Upon completion of the reaction, the mixture was cooled to room temperature
and diluted with ethyl acetate. The yields were determined by gas chromatography
using biphenyl as internal standard.
The structures of the ligands mentioned in Table 8.5 are shown in Fig. 8.3.
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; I P(Cy) I P('Bu), ~ C
i-Pr. i-Pr i-Pr Pr o o~
© YT gt o
1-Pr i-Pr

CataCXium A X-Phos t-BuX-Phos S-Phos

» (
—N
P(Cy) S pph, g@ PPh,
=l OO 3
<P PPhy
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Ru-Phos Ph-Dave-Phos DPPF BINAP
i-Pr i-Pr.
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Xant-Phos DPE-Phos IPr DPPPent

Fig. 8.3 Structures of the ligands mentioned in Table 8.5

0 2 mol% [Pd(allyl)Cl},
% S
NC)%LO 6 mol% S-Phos NC _—— T
0.5 mL mesitylene
140°C,5h
0.25 mmol "7 not formed, recovery of the starting material
Q 2 mol% [Pd(allyl)Cl]
2
NC\)'LO 6 mol% S-Phos 5 NC + cO, T
0.5 mL mesitylene
0.25 mmol 140°C,5h,

<10%

Scheme 8.5 Tentative intramolecular decarboxylative benzylation of benzyl esters

Control Experiments and Some Unexpected Results
Control experiment to test the intramolecular decarboxylative coupling of benzyl
2-cyanoacetate was unsuccessful under the optimized conditions (Scheme 8.5).
This reaction absolutely requires a palladium catalyst (Scheme 8.6).

When 4-fluorobenzyl chloride was used as the substrate, the expected decar-
boxylative benzylation product was detected in only trace amount, while
2-methyl-2-(p-tolyl)propanenitrile, a product formed through C-H activation and
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0 140°C, 5h 0
0.5 mL mesilylene NC

Mook ¢ pnNer TS ><\© : XLO’\@

0.375 mmol 0.25 mmol no formed no formed

0 140 °C, §h o

NC)%LOK + Ph"Br 05mL mesﬂylene + NC%LO

0.375 mmol 0.25 mmol ><\© /\O

no formed trace

o]
140°C, 5h o}
NC A~
\)LOK + Ph”™Cl  05mL mesm,rlene + NC\)J\O

0.375 mmol 0.25 mmol
no formed no formed

Scheme 8.6 Control experiments in the absence of palladium catalyst

2 mol% Pd(allyl),Cl,
cl N __6mol%S-Phos © CN
F—@—/ +  KOOC”“CN ~ja0ecsh > *< >—<
51%

0.5 mL mesitylene
0.50 mmol 0.75 mmol Y <5%

cl 2 mol% Pd(allyl),Cly
Ph@ > & mol% é Phos Ph Mo CN
+ KOOC” "CN 140 °C. 5 h + P

0.5 mL mesitylene
0.50 mmol 0.75 mmol y 89% nol observed

Scheme 8.7 Some unexpected results

dechlorination was detected in 51%. When 4-phenyl benzyl chloride was used as
the substrate, only dehalogenation took place to generate 4-methyl-biphenyl
(Scheme 8.7).

8.4.3 Characterization of the Products

Compound name 2,2-dimethyl-3-(o-tolyl)propanenitrile

2

81 mg (94%) of a yellow oil was obtained. This compound is known. Reference: U.
S. Pat. Appl. Publ. (2010), US 20100137178 Al 20100603. '"H NMR (400 MHz,
CDCl3) 6 7.29-7.25 (m, 1H), 7.19-7.14 (m, 3H), 2.85 (s, 2H), 2.36 (s, 3H), 1.37 (s,
6H). '3C NMR (101 MHz, CDCl3) & 136.96, 134.15, 130.99, 130.74, 127.30,
125.83, 124.97, 42.35, 33.83, 26.79, 20.19.

N
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Compound name 2,2-dimethyl-3-(3-nitrophenyl)propanenitrile

Na +
N
m ‘o

34 mg (33%) of a yellow solid was obtained. This compound is known. Reference:
Journal of Organic Chemistry (2002), 67(26), 9428-9438. 'H NMR (400 MHz,
CDCl3) 6 8.18 (d, J = 8.2 Hz, 1H), 8.12 (s, 1H), 7.69 (d, J = 7.6 Hz, 1H), 7.56 (t,
J =17.9 Hz, 1H), 2.94 (s, 2H), 1.40 (s, 6H). >*C NMR (101 MHz, CDCl;) 5 148.22,
137.69, 136.28, 129.54, 124.99, 123.92, 122.58, 46.13, 33.49, 26.47.

Compound name 3-(3-fluorophenyl)-2,2-dimethylpropanenitrile

74 mg (83%) of a yellow oil was obtained. This compound is new. 'H NMR
(400 MHz, CDCl3) 6 7.34-7.27 (m, 1H), 7.07 (d, J = 7.6 Hz, 1H), 7.03-6.96 (m,
2H), 2.80 (s, 2H), 1.36 (s, 6H). '>)C NMR (101 MHz, CDCl3) & 162.66 (d,
Jr =246.2 Hz), 138.09 (d, Jr = 7.3 Hz), 129.90 (d, Jr = 8.3 Hz), 12591 (d,
Jr =29 Hz), 124.44, 117.09 (d, Jg = 21.3 Hz), 114.35 (d, Jr = 20.9 Hz), 46.30
(d, Jg = 1.7 Hz), 33.41, 26.52. HRMS calcd for C;;H;,FN (M+) 177.0948; found:
177.0939.

N

Compound name 2,2-dimethyl-3-(pyridin-3-yl)propanenitrile

N
=

Z =,

=N

24 mg (30%) of a yellow oil was obtained. This compound is new. 'H NMR
(400 MHz, CDCl3) & 8.58-8.55 (m, 1H), 8.49 (s, 1H), 7.70 (d, J = 7.8 Hz, 1H),
7.30 (dd, J = 7.8, 4.8 Hz, 1H), 2.82 (s, 2H), 1.38 (s, 6H). '°C NMR (101 MHz,
CDCl;) o 151.10, 148.93, 137.49, 131.28, 124.11, 123.44, 43.82, 33.41, 26.42.
HRMS calcd for CoH,N, (M+) 160.1000; found: 160.0996.

Compound name 2,2-dimethyl-3-(thiophen-3-yl)propanenitrile

SR

72 mg (87%) of a yellow oil was obtained. This compound is new. 'H NMR
(400 MHz, CDCl;) 6 7.28 (dd, J = 4.9, 3.0 Hz, 1H), 7.15-7.12 (m, 1H), 7.05 (dd,
J =49, 1.3 Hz, 1H), 2.85 (s, 2H), 1.33 (s, 6H). >°C NMR (101 MHz, CDCl3) &
136.02, 129.10, 125.55, 124.93, 123.75, 41.05, 33.28, 26.38. HRMS calcd for
CoH; NS (M+) 165.0607; found: 165.0604.

N
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Compound name 2,2-dimethyl-3-(3-(trifluoromethyl)phenyl)propanenitrile

FYQ\K
oy
F SN

F

83 mg (73%) of a yellow oil was obtained. This compound is new. 'H NMR
(400 MHz, CDCl3) 6 7.57 (d, J = 7.3 Hz, 1H), 7.52-7.45 (m, 3H), 2.87 (s, 2H),
1.36 (s, 6H). °C NMR (101 MHz, CDCl3) & 136.65, 133.56 (d, Jr = 1.1 Hz),
130.80 (q, Jg=324Hz), 129.01, 12690 (q, Jr=3.8Hz), 12433 (q,
Jr = 3.8 Hz), 124.06 (q, Jr = 272.3 Hz), 124.20, 46.38, 33.47, 26.46. HRMS calcd
for C;oH,FsN (M+) 227.0916; found: 227.0911.

Compound name (E)-butyl 3-(3-(2-cyano-2-methylpropyl)phenyl)acrylate

Na
Wom

127 mg (89%) of a yellow oil was obtained. This compound is new. "H NMR
(400 MHz, CDCl5) 6 7.68 (d, J = 16.0 Hz, 1H), 7.47 (d, J = 7.5 Hz, 1H), 7.41 (s,
1H), 7.36 (t, J = 7.6 Hz, 1H), 7.31 (d, J = 7.6 Hz, 1H), 6.45 (d, J = 16.0 Hz, 1H),
421 (t,J = 6.7 Hz, 2H), 2.82 (s, 2H), 1.73-1.65 (m, 2H), 1.49 — 1.39 (m, 2H), 1.36
(s, 6H), 0.96 (t, J = 7.4 Hz, 3H). >*C NMR (101 MHz, CDCls) 8 166.94, 144.18,
136.47, 134.67, 131.98, 129.83, 128.98, 126.98, 124.44, 118.75, 64.43, 46.45,
33.45, 30.78, 26.51, 19.19, 13.74. HRMS calcd for C;gH,3NO, (M+) 285.1723;
found: 285.1716.

Compound name 2,2-dimethyl-3-(3-((5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)pentyl)oxy)phenyl)propanenitrile

N ?'K<

165 mg (89%) of a yellow oil was obtained. This compound is new. 'H NMR
(400 MHz, CDCl3) & 7.22 (t, J=17.7 Hz, 1H), 6.86-6.78 (m, 3H), 3.94 (t,
J = 6.6 Hz, 2H), 2.77 (s, 2H), 1.78 (p, J = 6.8 Hz, 2H), 1.52-1.43 (m, 4H), 1.34 (s,
6H), 1.24 (s, 12H), 0.81 (t, J = 7.3 Hz, 2H). >*C NMR (101 MHz, CDCls) &
159.11, 137.04, 129.25, 124.85, 122.33, 116.47, 113.35, 82.90, 67.89, 46.70,
33.38, 29.08, 28.73, 26.58, 24.83, 23.80, 11.12. HRMS calcd for C,,H34BNO3; (M
+) 371.2626; found: 371.2616.

Compound name 3-(3-(3-chloropropoxy)phenyl)-2,2-dimethylpropanenitrile

cl/\\/‘olg\&

107 mg (85%) of a yellow oil was obtained. This compound is new. 'H NMR
(400 MHz, CDCl3) 6 7.26-7.21 (m, 1H), 6.87-6.81 (m, 3H), 4.12 (t, J = 5.8 Hz,
2H), 3.74 (t, J = 6.4 Hz, 2H), 2.78 (s, 2H), 2.26 — 2.20 (m, 2H), 1.35 (s, 6H). '°C

N
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NMR (101 MHz, CDCl3) 6 158.68, 137.26, 129.37, 124.80, 122.83, 116.43,
113.40, 64.27, 46.67, 41.52, 33.44, 32.29, 26.59. HRMS calcd for C4H;3CINO
(M +) 251.1071; found: 251.1074.

Compound name 4-benzyltetrahydro-2H-pyran-4-carbonitrile

o
LIl
N
78 mg (78%) of a yellow oil was obtained. This compound is new. 'H NMR
(400 MHz, CDCl3) 6 7.39 — 7.26 (m, 5H), 3.94 (dd, J = 12.0, 4.0 Hz, 2H), 3.67 (td,
J =122, 2.2 Hz, 2H), 2.87 (s, 2H), 1.78 (dd, J = 13.6, 1.2 Hz, 2H), 1.68 (td,
J =128, 4.4 Hz, 2H). '3C NMR (101 MHz, CDCl;) & 134.19, 130.29, 128.48,

127.54, 122.16, 64.63, 46.20, 38.13, 35.30. HRMS calcd for C;3H;sNO (M+)
201.1154; found: 201.1150.

Compound name (E)-butyl 3-(3-(2-cyano-2-methyl-4-ox0-4-phenylbutyl)phenyl)
acrylate

N
O /OW
(o]

142 mg (73%) of a yellow oil was obtained. This compound is new. '"H NMR
(400 MHz, CDCl3) 6 7.90 (d, J = 7.2 Hz, 2H), 7.63 (d, J = 16.0 Hz, 1H), 7.59 (tt,
J =17.6,1.2 Hz, 1H), 7.49-7.40 (m, 4H), 7.38 — 7.31 (m, 2H), 6.38 (d, J = 16.0 Hz,
1H), 4.19 (t, J = 6.7 Hz, 2H), 3.30-3.14 (m, 3H), 3.04 (d, J = 13.5 Hz, 1H), 1.74 -
1.61 (m, 2H), 1.54 (s, 3H), 1.49 — 1.35 (m, 2H), 0.96 (m, J = 7.4 Hz, 3H). '°C
NMR (101 MHz, CDCl3) § 195.44, 166.89, 144.01, 136.50, 135.94, 134.79,
133.74, 132.18, 129.97, 129.11, 128.82, 127.92, 127.20, 123.35, 118.82, 64.43,
44.93, 43.84, 35.05, 30.76, 24.45, 19.18, 13.74. HRMS calcd for C;5sH,7;NO3 (M+)
389.1985; found: 389.1988.

Compound name ethyl 2-(3-(2,7-dicyano-2-methylheptyl)phenoxy)acetate

N
N Il
x
= O/IO\'/

113 mg (66%) of a yellow oil was obtained. This compound is new. '"H NMR
(400 MHz, CDCl3) 8 7.28 — 7.23 (m, 1H), 6.91 (d, J = 7.7 Hz, 1H), 6.87 — 6.80 (mm,
2H), 4.62 (s, 2H), 4.27 (q, J = 7.2 Hz, 2H), 2.88 (d, J = 13.5 Hz, 1H), 2.71 (d,
J=13.5Hz, 1H), 2.36 (t, J=7.0 Hz, 2H), 1.78 — 1.39 (m, 8H), 1.30 (t,
J=7.0 Hz, 3H), 1.27 (s, 3H). '*C NMR (101 MHz, CDCl;) & 168.82, 157.84,
137.01, 129.52, 123.79, 123.70, 119.51, 116.85, 113.49, 65.43, 61.38, 45.41,
39.04, 37.73, 28.61, 25.17, 24.38, 23.88, 17.10, 14.17. HRMS calcd for
CaoHagN>O5 (M +) 342.1938; found: 342.1930
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Chapter 9

Recent Developments of Iron-Catalyzed
Directed C-H Activation/C-C Bond
Formation Reactions

Abstract Driven by the interest in chemical utilization of ubiquitous metals that
are abundant and non-toxic, iron catalysis has become a rapidly growing area of
research, and iron-catalyzed C—H activation is actively explored in recent years. In
this chapter, I summarize the developments of iron-catalyzed C—H activation that
emerged recently.

9.1 Introduction

It is an ideal way to construct a C—C bond by selective C—H bond activation. First,
compared with the traditional cross-coupling concept, direct activation of C-H
bond to build the C—C bond avoids the prefunctionalization, which meets the need
of economic and atomic economy. Second, because C—H bonds are widely existed
in the organic molecules, the highly selective C—H bond activation methods leads to
the highly selective C—C bond formation, which provides direct and highly
regioselective ways to build C—C bonds, thus will significantly improve the ability
to access complex molecules in organic chemistry. In the past two decades, the
noble metal (palladium, ruthenium, rhodium, and iridium) catalyzed C—H bond
activation reactions have received intensive attentions by chemist worldwide. Since
early reports reported that many noble metals have the ability to cleave the C—H
bonds, the majority of the C—H bond activation and C—C bond formation research
are in the frame of using catalyst based on noble metals [1]. However, most of these
precious metals are rather toxic, rare, and are nonrenewable resources. Standing on
the time scale of centuries, the consumption of precious metals resources will
inevitably lead to the scarce of the precious metals resources, followed by rising
price. The global distribution of precious metal resources is uneven, the price is also
affected by political and economic factors, as Japanese government approved the
program of “Elements Strategy Initiative” [2]. With these problems in mind, iron is
nontoxic and the most abundant transition-metal elements on earth to conform the
criteria for sustainable catalysis. However, research about iron-catalysis is still rare
compared with precious metal catalysis [3]. Development of novel iron-based

© Springer Nature Singapore Pte Ltd. 2017 161
R. Shang, New Carbon—Carbon Coupling Reactions Based on Decarboxylation

and Iron-Catalyzed C—H Activation, Springer Theses,

DOI 10.1007/978-981-10-3193-9_9



162 9 Recent Developments of Iron-Catalyzed Directed C-H Activation ...

catalyst to realize C—H conversion reaction in place of the noble metal catalysis,
exploring the unknown catalytic activity of iron and achieving unprecedent new
transformations are the challenges but also opportunities for chemists. In the first
chapter of the second part of the thesis, we summarize the current development of
iron-catalyzed C-H bond activation and C-C bond formation reactions. The dis-
cussion is classified by different types of C—C bond formed after C—H activations.
The problems need to be solved and opportunities in this area are also discussed.

9.2 TIron-Catalyzed Direct Arylation of the C-H Bonds
with Aryl Halides as the Arylation Reagents

In 2010, Charette reported the iron-catalyzed arylation of aryl C—H bond with aryl
iodides and aryl bromides [4] (Scheme 9.1). The reaction does not require
organometallic reagents and the assistance of directing group. Aromatic C—H bonds
can be directly arylated by the aryl iodides in high yield generating biaryl
compounds. In this report, Fe(OAc), was selected as the catalyst and
4,7-bathophenanthroline as optimal ligand for this reaction.

Aryl bromides also can be used in this reaction, while the yield is moderate.
Arene substrates in this reaction are used as the solvent, thus severely limited the
scope of arenes applicable. The regioselectivity of arylation for substituted arenes
are moderate. For example, when trimethylsilyl substituted benzene was used as
substrate, the arylation product was observed in low yield as a mixture of regioi-
somers (o:m:p = 1.0:1.4:2.0). Considering the separation issue, the reaction is only
synthetically useful for arylation of symmetric arenes that possess identical C—-H
bond (Scheme 9.2).

Mechanistic studies by the same authors disclosed that C—H bond cleavage is not
the rate-determining step in this reaction, and the radical scavenger, such as
TEMPO, suppresses this reaction. Based on their results of mechanistic studies, the
authors proposed a possible mechanism for this reaction. The authors indicated that
this reaction proceeds through iron-catalyzed hemolytic radical substitution
(Scheme 9.3). First, Fe(I) catalyst (A) interact with the aryl halides through a
single electron transfer (SET) to form Fe(IIl) and an aryl radical intermediates (B),
radical intermediates (B) adds to arene to give a new radical that may be stabilized
by Fe(IIl) center (C). Potassium tert-butoxide acts as a base to deprotonate inter-
mediate (C), and oxidation of the carbon radical by Fe(Ill) produces biaryl

Fe(OAc), (5 mol%)

N X bathophenanthroline (10 mol%)
R'—O % @ KO™Bu (2.0 equiv) R
benzene, 80°C, 20 h =
X =Br, | solvent 40-93%

Scheme 9.1 Iron-catalyzed direct arylation of benzene with aryl halides
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Fe(OAc), (5 mol%)

| bathophenanthroline (10 mol%)
/©/ * /©/ KO*Bu (2.0 equiv) Q O

130°C,20 h
solvent 81%
Fe(OAc), (5 mol%)
| TMS  bathophenanthroline (10 mol%) Z ™S
/©/ * ©/ KOtBu (2.0 equiv) i ) S l
130°C, 20 h

solvent 28% (0:m:p = 1.0:1.4:2.0)

Scheme 9.2 Iron-catalyzed direct arylation of arenes with 4-tolyl iodide

Scheme 9.3 Possible Ar-l
mechanism of iron-catalyzed
direct arylation of arenes with Ar-Ph FellX L
aryl iodide n
+ A
- I
! |
ArtFel'X L,
B
“BuO- )
H |
Ar—la .’"Ile'"anm
H
i c i Ph-H

compounds and regenerates iron catalyst. According to this proposed mechanism,
this process involves iron intermediates possessing radical property or simply an
outsphere carbon radical is involved. The mechanism of this iron-catalyzed aryla-
tion is distinct from Pd or Ru-catalyzed similar processes.

Lei et al. subsequently reported a similar iron-catalyzed C—H arylation reaction
[5]. In Lei’s work, FeCl; was chosen as optimal catalyst that is distinct from
Charette’s system using Fe(I). The authors also found that N,N'-dimethylethyle-
nediamine (DMEDA) acts as a ligand to promote this reaction (Scheme 9.4). In
Lei’s report, boht aryl iodides and aryl bromides can be used to obtain good yields,
but the use of a stronger and moisture sensitive base, hexamethyldisilazide lithium
amide (LiIHMDS), is necessary (Scheme 9.5). It is possible that the base reduces Fe
(IIT) to generate Fe(Il) as catalyst through single electron transfer in the reaction
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| FeCl3 (15 mol%) Ph
R S N DMEDA (30 mol%) R =
T KO*Bu (3.0 equiv) I
80°C,48h
solvent
Ph Ph Ph Ph
ICANNO AR AN
79% 80% 73% 62%

Scheme 9.4 FeCl;/DMEDA-catalyzed direct arylation of benzene with aryl iodides

FeCl; (15 mol%)

o N Eir+ DMEDA (30 mol%) R b L
+ LIHMDS, (2.0 equiv) ~F
80°C,48h
solvent

Ph Bh & i
w JOI 1Y

5 @L N HZ

7% [ 45% Ié‘h 72% 51%

Scheme 9.5 FeCl;/DMEDA-catalyzed direct arylation of benzene with aryl bromides

system. Aryl chlorides were proved to be reactive, while the yields are much lower
compared with other halides (Br and I). Aryl halides containing ortho substitution
are amenable in Lei’s catalytic system. The applicability of the reaction was also
limited by the necessity of using a large excess of arene. The reaction delivers a
mixture of regioisomers with low regioselectivity when arylation of substituted
arenes are required.

It is worth mentioning that although the C—H arylation reaction is reported to
proceed in the presence of and iron catalyst, Shi [6], Lei [7], and Hayashi [8] later
pointed out that the iron catalyst is not necessary for this process to take place.
Subsequent studies revealed this type of reaction proceeded well when only
TMEDA or 1,10-Phenanthroline was used as catalyst in the presence of a base.
Thus, it is more likely this type of reaction is actually a radical type homolytic
aromatic substitution rather than proceeds through organometallic intermediate
possessing Fe—C bonds.
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9.3 Iron-Catalyzed Direct Activation of C-H Bond Using
Organometallic Reagents

Except for the iron-catalyzed arylation reaction using aryl halides, iron-catalyzed
direct C—H bond arylation reaction using organometallic reagents have also been
developed. In 2008, Nakamura and co-workers reported a novel iron-catalyzed
direct C-H bond arylation reaction using arylzinc reagent (Scheme 9.6). Using
organozinc reagent prepared from Grignard reagent, arylation of a-benzoquinoline
can be achieved with a high selectivity at the C10 position in high yield [9].
Obviously, an oxidant is necessary for this reaction. In this report, the authors
disclosed that 1,2-dichloroisobutane (DCIB) is efficient to promote the turnover of
iron catalyst. 1,2-dihaloalkane was previously reported to be an effective oxidant for
iron-catalyzed oxidative coupling reactions. The authors screened various types of
ligands and pointed out dinitrogen ligands, such as 1,10-phenanthroline, are most
effective for this reaction. Compared with ruthenium or palladium-catalyzed reac-
tions, this reaction can occur at much lower temperature. The optimal result
demonstrated that the arylation product can be obtained in 99% yield at 0 °C after
reaction for 16 h, indicating the high reactivity of organoiron catalyst to cleave C-H
bond. The drawback of the reaction is that excess amount of organometallic
reagents is used, which lowers the functional group compatibility. The author
revealed that only one phenyl group in the diaryl Zinc reagent can participate in the
reaction, since the reaction was entirely failed when PhZnBr was used. Among the
three equivalents of diarylzinc reagent, one equivalent of diphenyl zinc acts as base
to deprotonate C—H bond and the other two equivalents act as coupling partner to
form C-aryl bond. The excess amount of diarylzinc reagent is necessary due to the
concurrence of undesired homocoupling of organometallic reagent. The reaction
opens a new window for iron-catalysis and reveals the future opportunity to use
sustainable iron catalyst in step-efficient C—H transformations.

For the scope of substrates (Scheme 9.7), Nakamura et al. demonstrated that this
reaction is applicable for a variety of 2-aryl-pyridines containing both
electron-withdrawing and electron-donating substituents. The ester groups are
compatible in the reaction. For the 2-aryl-pyridine with a steric substitution at the
8-position, the reaction delivers mono- and di-arylated products as a mixture. The
reaction is very sensitive to steric hindrance, as for 2-(3-tolyl)pyridine, only
mono-arylated product was obtained. Sterically hindered aryl zinc reagent such as
o-tolylzinc reagent is unreactive, revealing a organoiron intermediate that is

: Fe(acac); (10 mol%) x
N 3
‘ PhMgBr (6.0 equiv)[ 1 10-phenanthroline (10 mol%) ‘ P
NZ 4+ + e N
O ZnCl,« TMEDA ol X,Cl (2.0 equiv) -
H (3.0 equiv) THF,0°C, 16 h

Scheme 9.6 Iron-catalyzed direct arylation of a-benzoquinoline with phenylzinc reagent
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Fe(acac); (10 mol%)

N DG ArMgBr (6.0 equiv) | 1 10-phenanthroline (10 mol%) N DG
R@: + + - R_}_
Z~H ZnClye TMEDA CIX/CI (2.0 equiv) ANAr
(3.0 equiv) THE, 0°C

DG = pyridine, pyrazole, pyrimidine

= == | =
| _N | _N _N
(Ph)H Ph  (Ph)H Ph  (Ph)H Ph
OOEt Me

mono: 80% mono: 77% mono: 65% 0%
di: 20% di- 13% di: 21%
(Ph)H Ph (Ph)H. i %
82% mono: 81% mono: 59% 18%
di: 9% di: 10%

Scheme 9.7 Iron-catalyzed nitrogen directed arylation using arylzinc reagent

PhMgBr (5.0-6.0 equiv)

ZnClyeTMEDA
(2.5-3.0 equiv)
3y A Fe(acac); (10 mol%) ‘
/(;ILN dtbpy (10 mol%) - hydroi‘,rsw: 0
i = 4-M 01-:: H CI>/\/CI (2.0 equiv) X Ph
r=4-MeOCgH, THF,0°C, 16 h 83-92% yields

X =Br, Cl, OTf, OTs etc.

Scheme 9.8 Iron-catalyzed direct arylation of (pseudo) halogen-bearing ketimine with phenylzinc
reagent

sensitive to steric hindrance may be involved. The authors also show that besides
2-aryl-pyridine, 2-phenyl pyrimidine and the N-phenyl pyrazole are also suitable
substrates. This reaction is general for nitrogen atom directed C—H bond func-
tionalization. For 4-phenylpyrimidine, the desired product can also be obtained, but
the yield is low.

At present, the mechanism of this reaction (Scheme 9.7) is not clear yet, even the
valence of iron in the catalytic cycle are still under debate. Further, efforts are still
necessary to clarify the reaction mechanism.
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In the following study, Nakamura and co-workers realized the nitrogen atom in
aromatic ketimine and aldimine can also direct ortho-C—H bond arylation with aryl
zinc reagents [10] using a similar catalyst system (Scheme 9.8). The author has
shown the compatibility of C—H bond activation with aryl chloride, aryl bromide,
aryl triflate, and aryl tosylate.

Daugulis and co-workers reported iron-catalyzed direct C—H alkylation reaction
(Scheme 9.9) [11]. A strong base is used to deprotonate C—H bonds on the aromatic
ring to generate organometallic reagents. The formed aryl organometallic reagent
further cross couples with alkyl halide catalyzed by iron catalyst. The reaction can
be understood as a combination of C-H deprotonative metalation with
iron-catalyzed cross-coupling reaction [12].

Yu and co-workers from Sichuan University has reported one interesting
example of iron-mediated C—H arylation using aryl boronic acid as the aryl source
[13] (Scheme 9.10). In this reaction, the authors used a reaction system composed
of heptahydrate iron sulfate and 1,4,7,10-tetraazacyclododecane. The reaction
system also contains potassium phosphate as base and pyrazole as an additive. The
disadvantage of this reaction is that arenes is used as solvent. Compared with other
organometallic reagent, aryl boronic acid is a preferred aryl source due to its
stability, diversity, and commercial availability. The reaction mechanism is not
clear, but the reaction is likely to proceed though iron-mediated radical substitution.

Yu and co-workers also realized similar reaction later [14] (Scheme 9.11). Aryl
boronic acid can couple with pyrrole to produce aryl substituted pyrrole in the
presence of catalytic amount of iron oxalate dihydrate as catalyst and MCPA as

FeClz (10 mol %)

NHMe
(25 mol %) OMe
| NP cyclohexyl bromide, THF N7
H TMPMgCle LiCl, rt
83%

Scheme 9.9 Iron-catalyzed deprotonative alkylation of arene C—H bonds

Fey(SOy)3 ¢ TH,0 (1.0 equiv)
p O/BEOH)z @ cyclen. (1.0 equiv) . OPh NH H
T + Iy
Z K4PO4 (4.0 equiv) g~ E j
3P Uy
solvent pyrazole (2.0 equiv) - N\H H/N
benzene, 48 h, 80 °C S0 cyclen.

1,4,7,10-tetraazacyclododecane

Scheme 9.10 Iron-mediated arylation of benzene with arylboronic acid
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FeC,04  2H,0 (0.2 equiv) HN—.R
B(OH), 3R d . X ¢
R'—:@/ % H@ MCPA ligand (0.2 equiv) e N ~ =
~ N air, 10 h, 130-150 °C . C
30 equiv excess 28-84% N\HHN;
b{ H H MCPA ligand
N N HNA
|y W, ), »
83% 57% 47% lrace

Scheme 9.11 Iron-catalyzed arylation of pyrroles with arylboronic acids

ligand. Air was used as oxidant in this reaction. The reaction can tolerate steric
hindrance at ortho-position to some extent. It is noteworthy that the authors reported
that the reaction only occured mainly at the 2-position of pyrrole. If the C2 position
was substituted, then the reaction cannot take place at the C3-position of the pyrrole
ring.

Nakamura and co-workers also reported iron-catalyzed nitrogen directed
syn-arylation of alkenyl C—H bond [15] (Scheme 9.12). The homocoupling of
Grignard reagent can be largely suppressed using slow addition method. The aro-
matic co-solvent effect was discovered to determine the syn-selectivity. When a
mixed solvent of chlorobenzene and ether was used, the reaction of 2-(prop-1-
en-2-yl)pyridine with phenyl magnesium bromide delivered the arylation product
with high Z-selectivity (E/Z = 3:97) without stereo isomerization, when tetrahy-
drofuran was used as solvent, the reaction generated mainly the E- product
(E/Z = 95:5). The co-solvent effect maybe explained by the coordination of
aromatic solvent to low-valent iron species to inhibit an iron-catalyzed olefin
Z/E isomerization. The syn- selectivity observed in this reaction rules out a
mechanism of Heck process and supports a ferracycle intermediate.

Xy Fe(acac); (10 mol %) =
dtbpy (15 mol %) PhMgBr (3.0 equiv) I L

; 0 °C, 5 min
C!X/CI (2.0 equiv) Ph

solvent = PhCIVELO  91% (E/Z = 3:97)
solvent = THF 94% (E/Z = 95:5)

Fe(acac); (10 mol %) )
| dtbpy (15 mol %) PhMgBr (3.0 equiv) |
-~ oy

N , 0 °C, 5 min N
CIX/G (2.0 equiv) | -

solvent = PhCI/Et,0  99% (E/Z = < 1:99)

Scheme 9.12 Control of selectivity in iron-catalyzed oxidative phenylation of 1-substituted
vinylpyridines
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Scheme 9.13 Iron-catalyzed directed oxidative arylation of olefins with organozinc reagents

Nakamura and co-workers reported iron-catalyzed oxidative arylation of 2-
(dimethyl(vinyl)silyl)pyridine using aryl zinc reagent to generate olefin product
[16]. The olefin product generated in this reaction is exclusive E-isomer
(Scheme 9.13). Based on this result, the authors believe that the reaction pro-
ceeds through a mechanism resembling palladium-catalyzed Mizoroki—Heck reac-
tion, in which insertion of alkene to aryliron species followed by B-hydride
elimination exists. The iron hydride species generated after B-hydride elimination is
oxidized by 1,2-dihaloalkane to regenerate active iron catalyst. One interesting
observation in this report is that the choice of 1,2-dihaloalkane as oxidant affects the
chemoselectivity of the reaction (A, B). Compared with 1,2-dichloroisobutane,
1-bromo-2-chloroethane acts as a better oxidant to give Heck type product (A) in
higher yield suppressing hydrogenation side product. This oxidant-induced
chemoselectivity may be related to the rate to convert iron hydride species that
cause the hydrogenation side product.

Nakamura and co-workers also reported iron-catalyzed activation of C—H bonds
followed by reaction with alkynes to generate cyclization product [17]
(Scheme 9.14). 2-Biaryl Grignard reagents react with alkynes in the presence of a

R2

R2 MgBr O Fe(acac); (10 mol %) R!
/ ; dtbpy (10 mol %) “
3 ® ‘
></C| (2.0 equiv) O

THFJ’E120 i, 1h =R2=Ph. 96%

(2.2 equiv)
R, RZ=aryl, alkenyi alkyl, S|M93 H etc.

5o o [ad

possible intermediate

Scheme 9.14 Iron-catalyzed [4 + 2] benzannulation
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catalytic amount of iron salt, a dinitrogen ligand, and a 1,2-dichloroalkane as
oxidant to produce phenanthrene derivatives which are of interest in materials
science. The authors pointed out that the reaction might proceed via two types of
organoiron intermediates. Alkenyl iron species (A) generated through carbometa-
lation of aryliron with alkynes to direct ortho-C—H bond ferration to generate
seven-membered ring ferracycle intermediate is proposed. On the other hand, a
five-membered ring ferracycle B formed by direct C—H activation to react with
alkyne followed by reductive elimination upon interacting with dichloroalkane to
deliver phenanthrene product is a preferred mechanism.

The above-discussed iron-catalyzed C-H bond functionalization using
organometallic reagents all occurred on sp” hybridized carbon atoms. Nakamura
and co-workers also reported iron-catalyzed arylation of C(sp”)-H [18] of amines
with an intramolecular trigger (Scheme 9.15). The authors reported that in the
presence of an iron catalyst, 1-(2-iodobenzyl)pyrrolidine reacts with aryl Grignard
reagents or aryl zinc reagents to generate C—H arylation at the C2-position on
pyrrolidine with contemporary reduction of the C-I bond. Although the detailed
mechanism of this reaction is still not clear, the reactivity and substrate scope
clearly indicate this reaction proceeds through a distinct pathway compared with
iron-catalyzed nitrogen directed C(sp”)—H arylation discussed above. For elucida-
tion of the reaction mechanism, the authors proposed that first a low-valent orga-
noiron species interacts with aryl iodide to generate aryl radical (A) through single
electron reduction of the aryl iodide. The aryl radical formed abstracts the C-H
adjacent to nitrogen to generate a more stable o-aminoalkyl radical (B) via
1,5-hydrogen transfer. Finally, the alkyl radical rebinds to iron (C) and reductive
elimination takes place to form carbon—carbon bond delivering the arylation
product. The reaction utilized both the radical characteristic and the reactivity of

s

_CH, RMgBr or { N’CH
N I 2RMgBr/ZnCl, « TMEDA H
Fe(acac); (2.5-5 mol %)

f-

t-BuOMe, Et,0 or THF
rt or 50 °C, 15-30 min

R[Fe] l T {Fell

H H R
7 R[Fe]l [ ¥
L ¢ Hl’R[Fe]I %H . [::eil

A B C

Scheme 9.15 Tron-catalyzed o-functionalization of aliphtic amine via C(sp®)-H activation
through 1,5-hydrogen transfer
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organoiron intermediates as d-block organometallics. The development of this
reaction provides some strategies for radical chemistry, such as radical transloca-
tion, which can be combined with organometallic reactivity of iron to develop new
transformations.

The substrate scope of the iron-catalyzed 1,5-hydrogen transfer/C—H bond
arylation reactions is very broad (Scheme 9.16). The reaction proceeded well not
only for cyclic amine, but also for other tertiary acyclic amines. For example, when
N-(2-iodobenzyl)-N-methylbutan-1-amine was used as substrate, C—H arylation
took place on both the methyl and the a-C—H of the butyl chain. The arylation
reaction on the a-C—H of the butyl chain (67%) is significantly faster than on
methyl (8%), which is consistent with the stability of the generated alkyl radical
intermediate. Besides aryl organometallic reagents, heteroaryl organometallic
reagent, such as pyridin-3-ylmagnesium bromide, is also a suitable coupling part-
ner. Alkenyl Grignard reagent and alkyl Grignard reagent can also be used to
produce alkenylation and alkylation products.

The result of an isotope labeling experiments reported by Nakamura and
co-workers confirms the intermolecular 1,5-hydrogen transfer mechanism
(Scheme 9.17). When an 1:1 mixture of the piperidine substrates and the
tetra-deuterated  N,N-diethylamine was treated with 2.0 equivalents of
4-fluorophenyl magnesium bromides, two arylation products were generated
quantitatively while the deuterium was only detected in the ortho-position of N,N-
diethylamine products in 100% incorporation without any H-D scrambling.

Recently, Nakamura et al. reported an interesting example of iron-catalyzed
arylation of allylic C—H bond with aryl Grignard reagents [19] (Scheme 9.18). In
this reaction, the low-valent iron species generated by reduction with Grignard

N N““Ph Ph™ N L
N
ol ¢
84% 67% 8% 88%
LN <N LN l\N/k/\/\/
Bn U Bn Bn

54% 70% 47%

Scheme 9.16 Scope of iron-catalyzed o-functionalization of aliphtic amine via C(sp’)-H
activation
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Scheme 9.17 Isotope labeling experiment for iron-catalyzed a-functionalization of aliphtic amine
via C(sps)—H activation
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Scheme 9.18 Iron-catalyzed arylation of cyclohexene with PhMgBr in the presence of mesityl
iodides

reagent activated C—H bond at the allylic position, and formed a new C-aryl bond
through reductive elimination on iron. A catalyst composed of Fe(acac); and 4,5-bis
(diphenylphosphino)-9,9-dimethylxanthene was selected as the optimal catalyst.
2,4,6-Trimethyl-iodobenzene was found to be an efficient oxidant for this reaction.
However, in this reaction, a large excess of allylic substrates has to be used and the
efficiency of this reaction is low due to the undesired consumption of Grignard
reagent by deportonation and homocouplings.

From the examples discussed above, it is clear that compared with ruthenium
and palladium catalysis, the catalytic reactivity of iron is to a large extent still
unknown, especially the catalytic reactivity of low-valent iron species has not been
well exploited yet. The mechanisms of discovered reactions are mainly unclear. For
iron-catalyzed C—H activation and C—C bond formation reactions, great opportu-
nities are still in front of us. Considering the significance and impact of
iron-catalysis, as well as the lack of precedent studies, there will be a great
opportunity for synthetic chemists, especially the new generation to make new
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discoveries. From the examples in literatures, we may find most of the
iron-catalyzed functionalizations of saturated C—H bonds proceed through iron
participated radical pathways, and in low-valent iron-catalyzed C-H activation
reactions, Grignard reagent and Girgnard-derived organozinc reagents have to be
used as the coupling partners. With these problems in mind, we discovered a new
facet of catalytic reactivity of organoiron species, that is, to catalyze a direct C(sp>)—
H functionalization through the formation of a C(sp®) ferracycle intermediate,
which is a type of intermediate widely utilized in precious metal catalyzed C-H
functionalizations. In Chap. 11 of this thesis, we disclosed a novel and practical
iron-catalyzed C-H functionalization that uses commercially available organobor-
onate as coupling partner to create new C—C bond. The mechanism of this reaction
has been studied and the key enabling factors for the successful utilization of a
broad scope of boronate reagents were disclosed. The reaction scope is unprece-
dentedly broad, even rivaling the reported similar transformations catalyzed by
precious metals. Thus, it reveals iron-catalyzed C—H activation process is not only
an interesting scientific issue, but already showed high practicality. We also
demonstrated in this work that iron-catalyzed C—H activation is not an alternative
method for precious metal catalysis, but it can be used to solve the difficult prob-
lems in precious metal catalysis, such as to construct a conjugated diene and triene
through C-H activation.
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Chapter 10
B-Arylation of Carboxamides Via
Iron-Catalyzed C(sp3 )-H Bond Activation

Abstract Directed C(sp”)-H bond functionalization has been studied mainly by
using precious metal catalysts, such as Pd, Ru, Rh, and Ir under harsh conditions.
Generally, these metal-catalyzed C—H functionalization reactions are based on the
formation of a C(sp’)-metallacycle. Iron-catalyzed C(sp)-H functionalization has
been studied mainly using radical processes. Functionalization of an unactivated
C(sp*)-H bond via formation of a ferracycle intermediate is limited to stoichio-
metric reactions. We report here an iron/biphosphine-catalyzed directed arylation of
a C(sp”)-H bond in an aliphatic carboxamide with an organozinc reagent in high
yield under mild oxidative conditions. The choice of the directing group and of the
biphosphine ligand was crucial for the success of this reaction. This reaction shows
selectivity for a primary C—H over a secondary one and is sensitive to steric factors
on both the amide and the Grignard reagent. Various B-arylated aliphatic carbox-
amides can be readily prepared by using this method.

ArMgBr (7 equiv)

0 = ZnBr,*TMEDA (3 equw)
\ | Fe(acac) (10 mol
Ph H N/ dlphOSphlr‘IE (10 mol J::) Ph A"zp PAr,
H * X/CI (2 equiv) Ar = Ph dppBz
[o]] . Ar = p-anisole
1.22 g, 4.0 mmol THF, 50 *C Ar = p-MeOCgH, ] MeO-dppBz

dppBz 85% (1.40 g) MeO-dppBz 96%

10.1 Introduction

Because of the potential economic and environmental merits [1] compared with
precious metals, iron catalysis [2] for C(spz)—H bond activation [3] to create a C—C
bond has recently seen tremendous development [4], and iron catalysis for C(sp®)—
H activation [5, 6] is expanding as well [7, 8]. Except for a few examples, these
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(a) Ary,Zn+MgBr, (3 equiv)
ArMgBr (1 equiv)

(0] Fe(acac)z (10 mol %)
dppbz (10 mol %)
Ph N~ N
Ho o\
H X ></C| 2 equiv)

THF 50 °C Ar = p—MeOCGH4 2:85% (1.40 g)

=Ph 3:80%;1: 14%

[Fe] —Nx
(b)
(90% recovery) (87% recovery) (99% recovery)
(c)
©\PPh2
—\ Fe
Ph,P  PPh, Ph,P  PPh,  Php” "pph, & PPN
dppbz dppe dppp dppf
3:80%; 1:14% 3:9%; 1:87% 3:0%; 1:99% 3:0%; 1:98%
e 489
PPh
SO
PPh, PPh, 2 PPh,
rac-BINAP Xantphos dtbpy
3:0%; 1:99% 3:0%; 1:95% 3:0%; 1:95%  3:0%; 1:98%

Fig. 10.1 Iron-catalyzed arylation of the B-methyl group of 2,2-disubstituted propionamide.
a Representative example of conversion of 1 to 2 or 3 and a possible intermediate
A. b Representative unreactive substrates under the conditions shown in (a). The recovery of
the starting material is shown in parentheses. ¢ Representative ligands examined as an illustration
of the unique effectiveness of dppbz. The yield of phenylated product 3 and the recovery of 1 are
shown. Reprinted with the permission from J. Am. Chem. Soc. 2013, 135, 6030. Copyright 2011
American Chemical Society

reactions may be categorized as remote functionalization of the C—H bond, where
an organometallic intermediate is stabilized by chelation to the nearby directing
group (e.g., chelated metal homoenolate A in Fig. 10.1a). Having been interested in
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homoenolate chemistry for sometime [9], we conjectured that A in Fig. 10.1a may
serve as a viable intermediate for the conversion of an aliphatic acid derivative,
such as carboxamide 1 to a B-functionalized product (2 or 3). We report here an
iron-catalyzed arylation of the P-methyl position of a 2,2-disubstituted propi-
onamide bearing an 8-aminoquinolinyl group (NH-Q) [6a, 10], as the amide moiety
in the presence of an organic oxidant [11] under mild thermal conditions. The
reaction has less of the radical character previously observed in iron catalysis [7]
and a more organometallic character [12], as the reaction is sensitive to the choice
of the ligand and shows a complete preference for C—H bond activation on the
methyl group over the benzyl group of 1(Fig. 10.1a).

10.2 Results and Discussion

10.2.1 Investigation of the Reaction Conditions

A typical procedure optimized after considerable experimentation is described first
(Fig. 10.1a). The NH-Q amide 1(1.22 g, 4 mmol) was added to a tetrahydrofuran
(THF) solution of freshly prepared ArMgBr (Ar = p-anisyl) (7 equiv) and
ZnBr, - TMEDA (3 equiv). A solution of Fe(acac); (10 mol%) and 1,2-bis
(diphenylphosphino)benzene (dppbz) (10 mol%) in THF and 1,2-dichloroisobutane
[13] (DCIB) (2 equiv) were added, and the mixture was heated at 50 °C for 36 h.
Aqueous workup followed by column chromatography gave 1.40 g (85% yield) of
arylated product 2 (Fig. 10.1a) together with the recovery of 1. Out of the 7 equiv
of ArMgBr, 6 equiv forms 3 equiv of Ar,Zn and 1 equiv deprotonates the amide
proton. A small amount of the Ar group must have been consumed upon reaction
with Fe(acac);. The use of a smaller amount of organometallic reagent resulted in a
lower yield (45% with 2 equiv of organozinc reagent) and slower reaction.
Omission of the zinc salt resulted in no formation of the desired product. For
reasons yet to be probed, increasing the amounts of the zinc reagent and the catalyst
and using a longer reaction time did not result in higher conversion. Addition of a
catalytic amount of water or the use of old Grignard reagent significantly lowered
the reaction yield, suggesting that the presence of alkoxide impedes the reaction.

Under similar conditions, the reaction of phenylmagnesium bromide gave 3 in
80% yield together with recovered 1 (14%) and biaryl (15% based on PhMgBr)
resulting from iron-mediated homocoupling [14]. Interestingly, most of the biaryl
was formed after the product formation stopped. We found no products from either
arylation at the benzylic position 7a of 1, further reaction of the product 2 or 3, or
arylation of the carboxamide nitrogen [15]. This demonstrates the highly regional
and chemical selectivity of the reaction.

The NH-Q directing group and the dppbz ligand were found to be uniquely
effective for the reaction (Fig. 10.1). For instance, a 2-methyl group on the
quinoline entirely stopped the reaction, and a 2-picoline analog and a simple
N-phenylcarboxamide did not take part in the reaction at all (Fig. 10.1b). The



178 10 B-Arylation of Carboxamides Via Iron-Catalyzed C(sp®)-H Bond Activation

N-methylated derivative of 4 did not react at all (Fig. 10.1b). The importance of the
ligand is illustrated in Fig. 10.1c. The reaction did not proceed at all in the absence
of a ligand. The bidentate ligand 1,2-bis(diphenylphosphino)-ethane (dppe), which
is similar to dppbz except for its slightly larger bite angle and a more flexible
backbone, gave the product in 9% yield. Other bidentate phosphine ligands with
larger bite angles and various degrees of flexibility were entirely inefficient.

Bipyridine-type ligands that are the ligand of choice for iron-catalyzed C(sp?)-H
bond activation were ineffective, and monophosphine ligands such as PPh; were
also ineffective. Such high sensitivity to the ligand structure is less consistent with
either a pure radical mechanism or sole inclusion of organozinc species than with a
chelated iron intermediate [16, 17] such as A.

10.2.2 Exploration of the Substrate Scope

We found that except for the structures of the directing group and the ligand, the
reaction was also sensitive to the structure of the substrate, as summarized in
Table 10.1, at the bottom of which unreactive substrates are listed. Carboxamides
possessing 3-aryl- and 3-naphthyl-2,2-dimethylpropionamide reacted exclusively
on one of the two methyl groups (entries 1-6) with retention of fluorine, chlorine,
and bromine groups. Pivalamide 4 (entry 7) gave a mixture of monoarylated and
diarylated products (1 and 3), and no further arylation of 3 occurred. Replacement
of one methyl group in the pivalamide with an ethyl group (entry 8) resulted in
selective monoarylation, but replacement with a phenyl group shut off the reaction
(bottom of Table 10.1). Cyclohexanecarboxamide 5 (entry 9) and cyclopen-
tanecarboxamide 6 (entry 10) reacted well, whereas the corresponding cyclobutane-
and cyclopropanecarboxamides 7 and 8 did not give the desired product at all. One
key feature that might be considered crucial for efficient C—H activation may be the
CH;-C-C(O) bond angle (0 in Fig. 10.2): this angle is much wider for the unre-
active substrates 7 and 8 than for 5 and 6, making the distance between the -H and
amide nitrogen (1) longer and thus the formation of a chelate intermediate A less
feasible. However, a smaller & may not be sufficient, as most of the reactive sub-
strates, such as 1 and 4 as well as unreactive substrates including 2, 3, and pro-
pionamide (Table 10.1 bottom) have 8 ~ 107-109° (data not shown). We note that
cyclopropanecarboxamide 8 was completely recovered, and a ring-opened product
was not produced at all. Cyclohexanecarboxamides not possessing the o-methyl
group did not give the desired product, as shown at the bottom of Table 10.1.

Para-substituted arylzinc reagents (Table 10.1, entries 12, 13, 16, and 18)
reacted well, and meta-substitution (entries 14 and 17) resulted in satisfactory
yields, while ortho substitution totally shut off the reaction (entry 15).
Electron-deficient organometallic reagents (entries 16 and 17) tended to give lower
yields than electron-rich reagents (entries 12, 13, and 18). A 2-naphthylzinc reagent
also gave a satisfactory yield (entry 19). Alkyl- and alkenylzinc reagents did not
react under these reaction conditions.
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Table 10.1 Iron-catalyzed arylation of 2,2-disubstituted propionamides with organozinc reagent®

entry substrate® product® yield (%)¢
1 2 X=H 79
2 NH.-Q X=F 74
3 X=Cl 71
4 X P-MeOCeHy y _ g, 73
5
MeOCeH4
-MeOCgH,
o] o}
7d %NH-Q %NH -Q Ph% NH-q 33+
H 4 1
o} o}
8 /Aﬁj\NH-Q /Afk NH-Q 53
H p-MeOCgH,
o] o]
9 %NH-Q Wk NH-Q 75
H 5 p-MeOCgH,
0 o}
10 AEU\ NH-Q Aﬁk NH-Q 69
H 6 -MeOCgH,

11 o o 2 Ar=Ph 80
12 Ph&EU\ NH-Q Ph&f‘\NH-Q = p-Tol 78
13 = p-t-BuCgH,; 85
14 H Ar Ar = m-Tol 78
15 Ar = o-Tol 0
16 Ar = p-FCgH, 56
17 Ar = m-FCgH,4 51
18 Ar = p-Me,NCgH, 80
19 Ar = 2-Naphthyl 69

o) o o) o) o)
fJ\NH-Q Cﬁj\NH-Q Ph%NH-Q OﬁJ\NH-Q AEJ\NH-Q
H H H H o, o>y
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Reprinted with the permission from J. Am. Chem. Soc. 2013, 135, 6030. Copyright 2011
American Chemical Society

“The reaction was performed under the conditions in Fig. 10.1a using 0.5 mmol of substrate.
Unreactive substrates (<5% yield) are shown at the bottom. °Q = 8-quinolinyl. “Determined by
isolation. “Determined by GC in the presence of tridecane as an internal standard. 20 mol% of
catalyst was used

o 5:(H,C); 6=106.13%/=1.905 A
(HoO)nrr -, ,-Q  6:(HyC), ©=108.03° /=1.956 A
8N 7:(H,C); 0=111.00%/=2.163 A
Hf/ 8:(H,C), 6=116.12°;/=2.187 A

Fig. 10.2 Bond angle and atomic distance for cycloalkylcarboxamides 5-8. MMFF-optimized
with H-C-C-C = N fixed in the plane

(0] (0]
ArsZn (3equiv)
NH-Q ArMgBr (1 equiv) NH-Q [ +5-D
Fe(acac); (10 mol %) >99% d
CDs dppbz (10 mol %) I:)ZC\Ar
5-D (>99% d) » 9-D (>99% d)
e} DCIB (2 equivl) o)
THF, 50 °C
NH-Q NH-Q
Ar = p-MeOCgH H,C
5 CHs P 64 9 2bsa,
KIE determined from two parallel reactions: 2.4+0.3 (at 50.0+1.5) °C

KIE determined from an intermolecular competition: 4.0 (19% conversion)

Scheme 10.1 KIE experiments. Reprinted with the permission from J. Am. Chem. Soc. 2013,
135, 6030. Copyright 2011 American Chemical Society

10.2.3 Deuterated Experiments

Kinetic isotope effect (KIE) experiments indicated that the cleavage of the C—H
bond is the rate-determining step of the reaction. As depicted in Scheme 10.1,
competition experiments between 5 and the deuterated substrate 5-D showed a
primary KIE of 2.4 when the reactions were performed in parallel and an inter-
molecular KIE of 4.0 (at 19% conversion). The organometallic reagent takes up the
B-hydrogen, as demonstrated by partial deuterium incorporation into the recovered
organometallic reagent for the reaction of 5-D. Deuterium scrambling in the product
9-D or the recovered 5-D was not observed.
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10.3 Conclusion

In summary, we report the Fe-catalyzed arylation reaction of replacing a C(sp’>-H
bond with a new C-aryl bond at the B-position of a 2,2-disubstituted carboxamide,
where the quinolinamide group acts as a uniquely effective directing group. The
overwhelmingly higher reactivity of a methyl group over a benzylic group excludes
a radical mechanism, and the high sensitivity of the yield to the structure of the
substrate and the ligand suggests involvement of organoiron intermediates in some
crucial steps. Further understanding of the reaction parameters in the present
reaction will uncover guidelines for designing efficient iron catalysts.

10.4 Experimental Section and Compound Data

10.4.1 General Information

All the reactions dealing with air- or moisture-sensitive compounds were carried out
in a dry reaction vessel under a positive pressure of argon. Air- and
moisture-sensitive liquids and solutions were transferred via syringe or Teflon
cannula. Analytical thin-layer chromatography was performed using glass plates
pre-coated with 0.25-mm 230—400 mesh silica gel impregnated with a fluorescent
indicator (254 nm). Thin-layer chromatography plates were visualized by exposure
to ultraviolet light (UV). Organic solutions were concentrated by rotary evaporation
at ca. 15 Torr (evacuated with a diaphragm pump). Flash column chromatography
was performed as described by Still et al. (J. Org. Chem. 1978, 43, 2923-2924),
employing Kanto Silica gel 60 (spherical, neutral, 140-325 mesh). Gas-liquid
chromatographic (GLC) analysis was performed on a Shimadzu 14A or 14B
machine equipped with glass capillary column HR-1 (0.25-mm i.d. X 25 m). Gel
permeation column chromatography was performed on a Japan Analytical Industry
LC-908 (eluent: toluene) with JAIGEL 1H and 2H polystyrene columns.

Proton nuclear magnetic resonance (1IH NMR) and carbon nuclear magnetic
resonance (13C NMR) spectra were recorded with JEOL ECA-500 NMR spec-
trometers. Chemical data for protons are reported in parts per million (ppm, ¢ scale)
downfield from tetramethylsilane and are referenced internally to tetramethylsilane.
Carbon nuclear magnetic resonance spectra (‘>*C NMR) were recorded at 125 MHz.
Chemical data for carbons are reported in parts per million (ppm, J scale) and are
referenced to the carbon resonance of the solvent (CDCls: = 77.0). The data is
presented as follows: chemical shift, multiplicity (s = singlet, d = doublet, t =
triplet, q = quartet, m = multiplet and/or multiplet resonances, br = broad), cou-
pling constant in Hertz (Hz), and integration. Mass spectra (GS MS) were taken at
SHIMADZU Parvum 2 gas chromatograph mass spectrometer.

Commercial reagents were purchased from Tokyo Kasei Co., Aldrich Inc., and
other commercial suppliers and were used after appropriate purification. Anhydrous
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ethereal solvents (stabilizer-free) were purchased from WAKO Pure Chemical and
purified by a solvent purification system (GlassContour) equipped with columns of
activated alumina and supported copper catalyst (Q-5) prior to use (Organometallics
1996, 15, 1518-1520). The content of water in the solvents or the substrates were
confirmed to be less than 30 ppm by Karl Fischer moisture titrator. The Grignard
reagents were prepared from the corresponding bromide and magnesium turnings in
anhydrous tetrahydrofuran (THF), and were titrated prior to use. Fe(acac)3 (99.9+
%) was purchased from Aldrich Inc. and used as received. Iron salts from other
sources are mentioned in the text where appropriate. 1,2-bis(Diphenylphosphino)
benzene (dppbz) was purchased from Aldrich Inc. and used as received.
1,2-Dichloroisobutane (DCIB) was purchased from Tokyo Kasei Co. and used as
received. ZnBr, - TMEDA was prepared according to the literature procedure
(Chem. Lett. 1977, 679-682).

The geometries of cycloalkanecarboxamides 5-8 were optimized using the
Spartan ‘06 package (Wavefunction, Inc. Irvine, CA) using the Merck Molecular
Force Field (MMFF) (Thomas A. Halgren, J. Comp. Chem.; 1996; 490-519),
where the reactive H, the beta-C, the alpha-C and the C(O)N of the directing group
were fixed in the same plane.

Caution We observed that contamination of the reaction mixture by atmospheric
moisture significantly reduces the yield, and Grignard reagents stored for a long
time gave lower yields than freshly prepared ones. We sometimes observed com-
plete suppression of the reaction when using an old Grignard reagent or incom-
pletely anhydrous conditions, and we ascribe this to the poisoning of the iron
catalyst by hydroxide species. For best results, all the experiments described herein
must be performed under rigorous anhydrous conditions with good quality
(preferably freshly prepared) organometallic reagents.

10.4.2 Investigation of the Key Reaction Parameters

General Procedure for the Optimization Study

Table 10.2 shows a typical procedure for the optimization study: A solution of
PhMgBr in THF (1.02 mol/L, 0.7 mmol) was slowly added to a mixture of N-
(quinolin-8-yl) aliphatic amide (0.1 mmol) and ZnBr, - TMEDA (0.3 mmol) using
a gastight syringe under argon. The resulted mixture was stirred at r.t. for 30 min,
then a solution of Fe(acac); (0.01 mmol) and 1,2-bis(diphenylphosphino)benzene
(dppbz, 0.01 mmol) in 1.0 mL anhydrous THF was added. The resulted black
mixture was stirred at r.t. for 10 min, and then 1,2-dichloroisobutane (0.2 mmol)
was added. The mixture was stirred at 50 °C for 36 h. After cooling to r.t., tridecane
(0.1 mmol) was added as an internal standard. Aqueous Rochelle’s salt was then
added, and the organic layer was extracted with diethyl ether and passed over a
Florisil column. The mixture was analyzed by GC using tridecane as an internal
standard.



10.4 Experimental Section and Compound Data 183

Table 10.2 Optimization of the reaction conditions

(0] NH-8-Q
Ph-MgBr Fe(acac);(10 mol%) o

NH-8-Q
Oy -NH-8-Q (7 equiv) dppbz (10 mol%) Ph\rI
Ph\_JJ\,H * * e Ph _Ph Ph

ZnBr,*TMEDA DCIB (2 equiv)

4 THF, 50 °C, 36 h 3 not formed
(3 equiv)
0.1mmol 84% (nmr yield) fo) NH-8-Q
8-Q = 8-quinolinyl Ph%?h
modification from the optimal condition yield of 32 (%) recovery of 12 (%) Ph
not formed
1. Optimal Condition 84 19 (15% Ph-Ph)® "
2. ZnCly instead of ZnBr,*TMEDA 32 66 0._N-8Q
Ph H
3. ZnCl,* TMEDA instead of ZnBr,*TMEDA 75 23 ‘l/
t formed
4. without Zinc Source 0 28 netfiorm
5. ZnCl,*TMEDA and PhMgCl instead 0 99
6. PhMgCl instead 2 94
7. dppe instead of dppbz 9 87
8. dppp instead of dppbz 0 99
9. dppf instead of dppbz 0 98
10. rac-BINAP instead of dppbz 0 99
11. Xant-Phos instead of dppbz 0 95
12. Fe(acac), instead of Fe(acac), 55 43
13. FeF, instead of Fe(acac), trace 97
14. no Fe 0 99
15. 5.0 eq of PhMgBr 45 52
and 2.0 eq of ZnBry,*TMEDA
16. added 1ul water 34 65

Based on 1, estimated by GC using tridecane as an internal standard. "Based on PhMgBr

A solution of PhMgBr in THF (1.02 mol/L, 1.1 mmol) was slowly added using a
gastight syringe to a mixture of N-(quinolin-8-yl)pivalamide (0.1 mmol) and
ZnBr, - TMEDA (0.5 mmol) under argon (Scheme 10.2). The resulted mixture
was stirred at r.t. for 30 min, then a solution of Fe(acac); (0.1 mmol) and dppbz
(0.1 mmol) in 2.0 mL anhydrous THF was added. The resulted black mixture was
stirred at r.t. for 10 min, and then 1,2-dichloroisobutane (0.4 or 0 mmol) was
added. The mixture was stirred at 50 °C for 24 h. After cooling to r.t., tridecane
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PhMgBr (11 equiv)

ZnBry*TMEDA (5 equiv)
o Fe(acac); (1 equiv) 0 0
.Q  dppbz (1 equiv) Q .Q
H - > H + H + recovery
DCIB (n equiv) Ph
H THF, 50 °C, 24 h Ph Ph
n=4 1:33% 2: 42% 28%
Q= “ n=0 <5% 0% 81%

Scheme 10.2 Reaction with 1.0 equiv of iron and ligand

= =
P p-Anisole-MgBr |  Fe(acac);(10 mol%) -
N (7 equiv) dppbz (10 mol%) N
NH

0 + + O
. DCIB (2 equi
4 5 ZnBr,*TMEDA (2 equiv) Ph p-Anisole
. THF, 50 °C
(3 equiv)

1.40 g, 85 %
Prhg DCIB = ></0|
dppbz = Cl

PPh,

Scheme 10.3 Directed C-H arylation of 2,2-dimethyl-3-phenyl-N-(quinolin-8-yl)propanamide

(0.1 mmol) was added as an internal standard. Aqueous Rochelle’s salt was then
added, and the organic layer was extracted with diethylether and passed over a
Florisil column. The mixture was analyzed by GC using tridecane as an internal
standard.

Iron-Catalyzed Arylation of Aliphatic Carboxamide
Scheme 10.3 shows the directed C-H arylation of 2,2-dimethyl-3-phenyl-N-
(quinolin-8-yl)propanamide on gram scale.

A freshly prepared solution of (4-methoxyphenyl)magnesium bromide in THF
(0.5 mol/L, 28.0 mmol, 56 mL) was slowly added using a gastight syringe to a
mixture of 2,2-dimethyl-3-phenyl-N-(quinolin-8-yl)propanamide (1, 4.0 mmol,
1.22 g) and ZnBr, - TMEDA (12.0 mmol, 4.08 g) under argon. The resulted
mixture was stirred at r.t. for 30 min, then a solution of Fe(acac); (0.4 mmol,
140 mg) and dppbz (0.4 mmol, 184 mg) in anhydrous THF (5.0 mL) was added.
The resulted black mixture was stirred at r.t. for 10 min, then 1,2-dichloroisobutane
(8 mmol, 920 pL) was added via syringe. The mixture was stirred at 50 °C for
36 h. After cooling to r.t., aqueous Rochelle’s salt was added (20 mL), and the
organic layer was extracted with diethyl ether (30 mL X 3). The combined organic
layers were washed with brine, passed through a pad of Florisil, dried over MgSOy,
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and concentrated under reduced pressure. The crude mixture was purified by col-
umn chromatography on silica gel (hexane:ethyl acetate = 10:1) to afford
2-benzyl-3-(4-methoxyphenyl)-2-methyl-N-(quinolin-8-yl)propanamide as a pale
yellow oil (1.40 g, 85% yield).

General Procedure for Table 10.1

A freshly prepared solution of an arylmagnesium bromide in THF (7.0 equiv,
3.5 mmol, titrated before use) was slowly added using a gastight syringe to a
mixture of the corresponding carboxamide (1.0 equiv, 0.50 mmol) and
ZnBr, - TMEDA (3.0 equiv, 1.5 mmol, 510 mg) under argon. The resulted mixture
was stirred at r.t. for 30 min, then a solution of Fe(acac); (10 mol%, 0.05 mmol,
17 mg) and dppbz (10 mol%, 0.05 mmol, 23 mg) in anhydrous THF (2.0 mL) was
added. The resulted black mixture was stirred at r.t. for 10 min. Then
1,2-dichloroisobutane (1.00 mmol, 115 uL) was added via syringe and the mixture
was stirred at 50 °C for 36 h. After cooling to r.t., aqueous Rochelle’s salt was
added (5 mL), and the organic layer was extracted with diethyl ether (15 mL X 3).
The combined organic layers were washed with brine, passed through a pad of
Florisil, dried over MgSO,, and concentrated under reduced pressure. The crude
mixture was purified by column chromatography on silica gel (hexane:ethyl acet-
ate = 20:1-10:1) to afford the corresponding arylated product.

10.4.3 Characterization of Compounds
2-Benzyl-3-(4-Methoxyphenyl)-2-Methyl-V-(Quinolin-8-yl)Propanamide

~

(0]

"H NMR (500 MHz, CDCI3) 6 9.95 (s, 1H), 8.92 (d, J = 4.6 Hz, 1H), 8.66-8.54
(m, 1H), 8.05 (dd, J=8.1, 2.4 Hz, 1H), 7.56 (t, J=8.0 Hz, 1H), 7.46 (d,
J=8.2Hz, 1H), 7.32 (dd, J = 8.2, 4.1 Hz, 1H), 7.25 (d, J = 7.1 Hz, 2H), 7.22-
7.08 (m, 5H), 6.72 (d, J = 8.1 Hz, 2H), 3.66 (s, 3H), 3.49 (dd, J = 28.1, 13.2 Hz,
2H), 2.78 (dd, J = 19.0, 13.5 Hz, 2H), 1.35 (s, 3H).

3C NMR (126 MHz, CDCI3) § 174.55, 158.07, 147.93, 138.54, 137.63,
135.92, 134.14, 131.18, 130.26, 129.52, 127.90, 127.66, 127.20, 126.27, 121.29,
116.12, 113.31, 54.92, 49.96, 46.40, 45.74, 19.54 (two aromatic carbon signals are
overlapping).
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GC MS (EI) m/z (relative intensity): 410 (M+, 2), 319 (61), 175 (100), 171 (40),
144 (30), 121 (91), 91 (48), 77 (11).

2-Benzyl-3-(4-Methoxyphenyl)-2-Methyl-N-(Quinolin-8-yl)Propanamide ob-
tained in 79% yield as a white viscous liquid.

MeO | N
g 7 N
NH

O

"H NMR (500 MHz, CDCI3) § 9.95 (s, 1H), 8.92 (d, J = 4.6 Hz, 1H), 8.66-8.54
(m, 1H), 8.05 (dd, J=8.1, 2.4 Hz, 1H), 7.56 (t, J=8.0 Hz, 1H), 7.46 (d,
J=8.2Hz, 1H), 7.32 (dd, J = 8.2, 4.1 Hz, 1H), 7.25 (d, J = 7.1 Hz, 2H), 7.22-
7.08 (m, 5H), 6.72 (d, J = 8.1 Hz, 2H), 3.66 (s, 3H), 3.49 (dd, J = 28.1, 13.2 Hz,
2H), 2.78 (dd, J = 19.0, 13.5 Hz, 2H), 1.35 (s, 3H).

3C NMR (126 MHz, CDCI3) § 174.55, 158.07, 147.93, 138.54, 137.63,
135.92, 134.14, 131.18, 130.26, 129.52, 127.90, 127.66, 127.20, 126.27, 121.29,
116.12, 113.31, 54.92, 49.96, 46.40, 45.74, 19.54 (two aromatic carbon signals are
overlapping).

GC MS (EI) m/z (relative intensity): 410 (M+, 2), 319 (61), 175 (100), 171 (40),
144 (30), 121 (91), 91 (48), 77 (11).

2-(4-Fluorobenzyl)-3-(4-Methoxyphenyl)-2-Methyl-V-(Quinolin-8-yl)
Propanamide obtained in 74% yield as a white viscous liquid.

OO0
CC
NH

'H NMR (500 MHz, CDCI3) §9.91 (s, 1H), 8.87 (dd, J = 7.6, 1.3 Hz, 1H), 8.61
(dd, J = 4.2, 1.7 Hz, 1H), 8.08 (dd, J = 8.3, 1.6 Hz, 1H), 7.55 (t, J = 8.0 Hz, 1H),
747 (dd, J = 8.3, 1.2 Hz, 1H), 7.34 (dd, J = 8.2, 4.2 Hz, 1H), 7.16 (dd, J = 8.5,
5.5 Hz, 2H), 7.13 (d, J=8.5Hz 2H), 6.84 (, J=8.7 Hz, 2H), 6.71 (d,
J = 8.5 Hz, 2H), 3.66 (s, 3H), 3.44 (dd, J = 23.2, 13.4 Hz, 2H), 2.72 (dd, J = 13.7,
13.7 Hz, 2H), 1.31 (s, 3H).

3C NMR (126 MHz, CDCI3) 6 174.39, 161.57 (d, JF = 244.3 Hz), 158.14,
148.03, 138.57, 136.02, 134.04, 133.34 (d, JF = 3.3 Hz), 131.61 (d, JF = 7.8 Hz),
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131.21, 129.40, 127.73, 127.22, 121.46, 121.39, 116.19, 114.71 (d, JF = 21.0 Hz),
113.37, 54.97, 50.00, 45.79, 45.53, 19.50.

GC MS (EI) m/z (relative intensity): 428 (M+, 2), 319 (56), 175 (100), 144 (29),
121 (83), 109 (38).

2-(4-Chlorobenzyl)-3-(4-Methoxyphenyl)-2-Methyl-V-(Quinolin-8-yl)
Propanamide obtained in 71% yield as a white viscous liquid.

MeO\O\ | T
- N/
NH

N ©

=

Cl

"H NMR (500 MHz, CDCI3) § 9.89 (s, 1H), 8.85 (dd, J = 7.6, 1.2 Hz, 1H), 8.62
(dd, J =4.2, 1.6 Hz, 1H), 8.08 (dd, J = 8.2, 1.5 Hz, 1H), 7.55 (t, J = 7.9 Hz, 1H),
7.48 (dd, J = 8.3, 1.2 Hz, 1H), 7.36 (dd, J = 8.2, 4.2 Hz, 1H), 7.15-7.09 (m, 6H),
6.70 (d, J = 8.5 Hz, 2H), 3.66 (s, 3H), 3.43 (dd, J = 29.6, 13.4 Hz, 2H), 2.71 (dd,
J =240, 13.0 Hz, 2H), 1.30 (s, 3H).

13C NMR (126 MHz, CDCI3) & 174.26, 158.16, 148.06, 138.57, 136.20,
136.03, 134.03, 132.16, 131.55, 131.22, 129.31, 128.07, 127.74, 127.22, 121.49,
121.42, 116.21, 113.38, 55.00, 49.95, 45.85, 45.61, 19.52.

GC MS (EI) m/z (relative intensity): 444 (M+, 1), 319 (56), 175 (100), 144
(127), 121 (75), 91 (8).

2-(4-Bromobenzyl)-3-(4-Methoxyphenyl)-2-Methyl-N-(Quinolin-8-yl)
Propanamide obtained in 73% yield as a pale yellow viscous liquid.

MeO |\ x
O NN

NH

N
Br

'H NMR (500 MHz, CDCI3) 6 9.90 (s, 1H), 8.87 (dd, J = 8.9, 7.9 Hz, 1H), 8.61
(dd, J =4.2,1.6 Hz, 1H), 8.06 (dd, J = 8.2, 1.5 Hz, 1H), 7.55 (t, J = 8.0 Hz, 1H),
747 (d, J = 8.2 Hz, 1H), 7.34 (dd, J = 8.2, 4.2 Hz, 1H), 7.26 (d, J = 8.4 Hz, 2H),
7.13 (d, J = 8.6 Hz, 2H), 7.07 (d, J = 8.3 Hz, 2H), 6.71 (d, J = 8.7 Hz, 2H), 3.65
(s, 3H), 3.43 (dd, J = 22.7, 13.3 Hz, 2H), 2.71 (dd, J = 33.0, 13.3 Hz, 2H), 1.31 (s,
3H).
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3C NMR (126 MHz, CDCI3) & 174.19, 158.13, 148.03, 138.51, 136.68,
135.97, 133.97, 131.92, 131.18, 130.98, 129.24, 127.69, 127.16, 121.47, 121.38,
120.31, 116.17, 113.36, 54.95, 49.86, 45.82, 45.62, 19.49.

GC MS (EI) m/z (relative intensity): 489 (M+, 1), 488 (M+, 1), 320 (14), 319
(61), 175 (100), 144 (29), 121 (70), 191 (10).

2-(3-Methoxybenzyl)-3-(4-Methoxyphenyl)-2-Methyl-NV-(Quinolin-8-yI)
Propanamide obtained in 71% yield as a pale white viscous liquid.

MeO | N
‘ \)\N/

NH

SN
MeO

'H NMR (500 MHz, CDCI3) 5 9.93 (s, 1H), 8.87 (dd, J = 7.6, 1.1 Hz, 1H), 8.62
(dd, J = 4.2, 1.6 Hz, 1H), 8.09 (dd, J = 8.3, 1.6 Hz, 1H), 7.54 (t, J = 8.0 Hz, 1H),
7.47 (dd, J = 8.3, 1.2 Hz, 1H), 7.36 (dd, J = 8.2, 4.2 Hz, 1H), 7.12 (d, J = 8.6 Hz,
2H), 7.07 (t, J = 7.9 Hz, 1H), 6.79 (d, J = 7.3 Hz, 1H), 6.75 (s, 1H), 6.70 (d,
J = 8.5 Hz, 2H), 6.64 (dd, J = 8.2, 2.5 Hz, 1H), 3.67 (s, 3H), 3.55 (s, 3H), 3.44
(dd, J = 21.2, 13.3 Hz, 2H), 2.73 (dd, J = 13.3, 6.6 Hz, 2H), 1.31 (s, 3H).

BC NMR (126 MHz, CDCI3) & 174.75, 159.17, 158.11, 148.04, 139.22,
138.63, 136.03, 134.17, 131.25, 129.58, 128.83, 127.74, 127.25, 122.76, 121.42,
121.40, 116.23, 115.26, 113.37, 112.33, 55.02, 54.85, 50.03, 46.58, 45.82, 19.60.

GC MS (EI) m/z (relative intensity): 440 (M+, 2), 319 (58), 175 (100), 144 (28),
121 (98), 91 (19), 77 (12).

2-Benzyl-2-Methyl-3-Phenyl-N-(Quinolin-8-yl)Propanamide

"H NMR (500 MHz, CDCI3) 6 9.93 (s, 1H), 8.90 (dd, J = 7.7, 1.2 Hz, 1H), 8.61
(dd, J = 4.2, 1.6 Hz, 1H), 8.08 (dd, J = 8.2, 1.5 Hz, 1H), 7.56 (t, J = 8.0 Hz, 1H),
7.48 (dd, J = 8.3, 1.2 Hz, 1H), 7.34 (dd, J = 8.2, 4.2 Hz, 1H), 7.22 (d, J = 8.0 Hz,
4H), 7.17 (dd, J = 8.1, 6.8 Hz, 4H), 7.12 (ddd, J = 8.3, 2.5, 1.2 Hz, 2H), 3.51 (d,
J =13.2 Hz, 2H), 2.80 (d, J = 13.2 Hz, 2H), 1.33 (s, 3H).

BC NMR (126 MHz, CDCI3) ¢ 174.52, 148.00, 138.63, 137.59, 136.01,
134.17, 130.32, 127.96, 127.73, 127.29, 126.34, 121.36, 116.21, 49.91, 46.56,
19.59(two aromatic carbon signals are overlapping).
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GC MS (EI) m/z (relative intensity): 380 (M+, 4), 289 (87), 171 (100), 145 (73),
117 (27), 91 (94).

1-(4-Methoxybenzyl)-N-(Quinolin-8-yl)Cyclohexanecarboxamide the crude
mixture was purified by column chromatography on silica gel (n-hexane:
EtOAc = 15:1) to afford the titled compound in 75% yield as a white liquid.

MeO

'"H NMR (500 MHz, CDCI3) § 10.02 (s, 1H), 8.82 (dd, J = 7.6, 1.3 Hz, 1H),
8.68 (dd, J = 4.2, 1.6 Hz, 1H), 8.10 (dd, J = 8.3, 1.6 Hz, 1H), 7.53 (t, J = 7.9 Hz,
1H), 7.46 (dd, J = 8.3, 1.2 Hz, 1H), 7.38 (dd, J = 8.2, 4.2 Hz, 1H), 7.01 (d,
J =9.0 Hz, 2H), 6.62 (d, J = 8.5 Hz, 2H), 3.60 (s, 3H), 2.91 (s, 2H), 2.29-2.20 (m,
2H), 1.80-1.66 (m, 2H), 1.64-1.45 (m, SH), 1.38-1.24 (m, 1H).

3C NMR (126 MHz, CDCI3) § 174.61, 158.04, 147.98, 138.63, 136.00,
134.41, 130.92, 129.04, 127.74, 127.30, 121.31, 121.04, 116.12, 113.15, 54.91,
49.55, 34.07, 25.86, 23.06 (two aliphatic carbon signals are overlapping).

GC MS (EI) m/z (relative intensity): 374 (M+, 14), 206 (17), 171 (59), 144 (83),
121 (100), 109 (10), 77 (10).

1-(4-Methoxybenzyl)-N-(Quinolin-8-yl)Cyclopentanecarboxamide obtained in
69% yield as a white oil.

MeO

N

'"H NMR (500 MHz, CDCI3) 6 9.98 (s, 1H), 8.78 (dd, J = 7.6, 1.3 Hz, 1H), 8.71
(dd, J = 4.2, 1.6 Hz, 1H), 8.12 (dd, J = 8.2, 1.6 Hz, 1H), 7.53 (t, J = 7.9 Hz, 1H),
7.47 (dd, J = 8.2, 1.3 Hz, 1H), 7.40 (dd, J = 8.2, 4.2 Hz, 1H), 7.07 (d, J = 8.6 Hz,
2H), 6.65 (d, J = 8.6 Hz, 2H), 3.64 (s, 3H), 3.05 (s, 2H), 2.29-2.18 (m, 2H), 1.89—
1.75 (m, 6H).

BC NMR (126 MHz, CDCI3) 6 175.63, 158.09, 148.04, 138.62, 136.10,
134.54, 130.61, 130.38, 127.82, 127.37, 121.40, 121.08, 116.09, 113.42, 57.73,
55.00, 43.80, 35.23, 23.94.

GC MS (EI) m/z (relative intensity): 360 (M+, 14), 239 (18), 188 (23), 171 (51),
144 (100), 121 (95), 95 (11), 77 (12).
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2-Benzyl-2-Methyl-3-Phenyl-N-(Quinolin-8-yl)Propanamide the crude mixture
was purified by gel permeation column chromatography (toluene) to afford the title
compound in 80% yield as a pale white viscous liquid.

o)

NH

N N*-

~ =

"H NMR (500 MHz, CDCI3) 6 9.93 (s, 1H), 8.90 (dd, J = 7.7, 1.2 Hz, 1H), 8.61
(dd, J = 4.2, 1.6 Hz, 1H), 8.08 (dd, J = 8.2, 1.5 Hz, 1H), 7.56 (t, J = 8.0 Hz, 1H),
7.48 (dd, J = 8.3, 1.2 Hz, 1H), 7.34 (dd, J = 8.2, 4.2 Hz, 1H), 7.22 (d, J = 8.0 Hz,
4H), 7.17 (dd, J = 8.1, 6.8 Hz, 4H), 7.12 (ddd, J = 8.3, 2.5, 1.2 Hz, 2H), 3.51 (d,
J =13.2 Hz, 2H), 2.80 (d, J = 13.2 Hz, 2H), 1.33 (s, 3H).

13C NMR (126 MHz, CDCI3) & 174.52, 148.00, 138.63, 137.59, 136.01,
134.17, 130.32, 127.96, 127.73, 127.29, 126.34, 121.36, 116.21, 49.91, 46.56,
19.59.

GC MS (EI) m/z (relative intensity): 380 (M+, 4), 289 (87), 171 (100), 145 (73),
117 (27), 91 (94).

2-Benzyl-3-(4-(Tert-Butyl)Phenyl)-2-Methyl-N-(Quinolin-8-yl)Propanamide
the crude mixture was purified by gel permeation column chromatography (toluene)
to afford the title compound in 85% yield as a pale white viscous liquid.

l 0

NH
N
™y
L
"H NMR (500 MHz, CDCI3) §9.93 (s, 1H), 8.92 (dd, J = 7.7, 1.1 Hz, 1H), 8.60
(dd, J = 4.2, 1.6 Hz, 1H), 8.06 (dd, J = 8.3, 1.6 Hz, 1H), 7.57 (t, J = 8.0 Hz, 1H),
7.47 (dd, J = 8.3, 1.1 Hz, 1H), 7.32 (dd, J = 8.2, 4.2 Hz, 1H), 7.25 (d, J = 7.1 Hz,
2H), 7.22-7.15 (m, 6H), 7.15-7.10 (m, 1H), 3.54 (d, J = 13.2 Hz, 1H), 3.47 (d,
J = 13.3 Hz, 1H), 2.81 (dd, J = 13.3, 4.4 Hz, 2H), 1.35 (s, 3H), 1.20 (s, 9H).
3C NMR (126 MHz, CDCI3) & 174.60, 149.01, 147.89, 138.57, 137.72,
135.95, 134.38, 134.22, 130.31, 129.96, 127.92, 127.68, 127.27, 126.28, 124.80,
121.29, 121.26, 116.17, 49.93, 46.38, 46.17, 34.17, 31.19, 19.66.

GC MS (EI) m/z (relative intensity): 436 (M+, 3), 345 (85), 289 (22), 201 (36),
171 (99), 145 (100), 117 (36), 91 (66).
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2-Benzyl-3-(4-Fluorophenyl)-2-Methyl-N-(Quinolin-8-yl)Propanamide the
crude mixture was purified by gel permeation column chromatography (toluene) to
afford the titled compound in 56% yield as a pale white viscous liquid.

-~

Z 0
NH
SN
|/| =

F

'"H NMR (500 MHz, CDCI3) 6 9.89 (s, 1H), 8.85 (dd, J = 7.6, 1.2 Hz, 1H), 8.61
(dd, J = 4.2, 1.6 Hz, 1H), 8.09 (dd, J = 8.2, 1.6 Hz, 1H), 7.55 (t, J = 7.9 Hz, 1H),
7.48 (dd, J = 8.3, 1.3 Hz, 1H), 7.36 (dd, J = 8.2, 4.2 Hz, 1H), 7.23-7.19 (m, 2H),
7.19-7.09 (m, SH), 6.83(t, J = 8.8 Hz, 2H), 3.47 (dd, J = 13.3, 3.3 Hz, 2H), 2.75
(dd, J = 33.7, 13.3 Hz, 2H), 1.30 (s, 3H).

3C NMR (126 MHz, CDCI3) 6 174.31, 161.64 (d, JF = 244.2 Hz), 148.08,
138.64, 137.47, 136.08, 134.08, 133.28 (d, JF = 3.2 Hz), 131.66 (d, JF = 7.8 Hz),
130.33, 128.02, 127.78, 127.29, 126.42, 121.50, 121.44, 116.25, 114.76 (d,
JF = 21.0 Hz), 49.94 (d, JF = 1.1 Hz), 46.62, 45.69, 19.54.

GC MS (EI) m/z (relative intensity): 398 (M+, 3), 307 (34), 289 (34), 171 (100),
144 (37), 163 (27), 109 (55), 91 (51).

10.4.4 Deuterium-Labeling and KIE Experiments

Preparation of 1-Methyl-d3-N-(Quinolin-8-yl)Cyclohexanecarboxamide

A solution of LDA (30 mmol) in THF was prepared from diisopropylamine
(32 mmol) and n-BuLi in hexane (1.6 M, 19 mL). To the LDA solution, ethyl
cyclohexanecarboxylate (30 mmol) was added dropwise at —78 °C and the mixture
was stirred at —78 °C for 1 h. lodomethane-d3 (40 mmol) was then added to the
solution. The mixture was warmed to r.t. and stirred for 10 h before quenching at
0 °C with water. The mixture was extracted with Et,O, and the combined organic
layers were washed with brine. The organic layer was dried over MgSQOy,, then
evaporated in vacuo to give the crude ester.

To the ester was added a solution of sodium hydroxide (20 mL, 2 M) and methanol
(30 mL). The mixture was stirred at 60 °C overnight. After removal of the
methanol in vacuo, the pH of the mixture was adjusted to 2 with HCI (3 M). The
product was extracted with Et,O. The aqueous layer was saturated with NaCl and
extracted again with Et,O. The combined organic layers were washed with brine,
dried over MgSO, and concentrated under vacuum to give the crude carboxylic
acid, which was purified by silica gel chromatography (hexane: ethyl acetate =
5:1). The amide was prepared according to the following procedure: in a 100-mL
flask was placed a carboxylic acid (11 mmol). SOCI, (10 mL) was slowly added to
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the solution. The reaction mixture was refluxed for 3 h at 85 °C, then the excess
SOCI, was removed under vacuo to give the crude acid chloride. The crude acid
chloride was diluted with dry dichloromethane (20 mL). A solution of
8-aminoquinoline (10 mmol) and NEt; (11 mmol) in dichloromethane (20 mL)
was added dropwise to the acid chloride solution at O °C. The resulting mixture was
allowed warm to r.t., and then stirred overnight. The mixture was quenched with
saturated NaHCOs solution and extracted with CH,Cl, three times. These extracts
were combined and dried over MgSO,. After evaporation under vacuo, the crude
amide product was purified by silica gel chromatography (hexane: ethyl acetate =
10:1). (Reference: J. Am. Chem. Soc. 2009, 131, 6898-6899.)

1-Methyl-d3-N-(Quinolin-8-yl)Cyclohexanecarboxamide the amide was purified

by column chromatography on silica gel (n-hexane:EtOAc = 10:1) to afford the

title compound as a yellow liquid. (Reference: J. Am. Chem. Soc. 1981, 103, 436.)
D¢ 0

A

NH
N

e

T

'"H NMR (500 MHz, CDCI3) 6 10.28 (s, 1H), 8.82(dd, J = 7.6, 1.2 Hz, 1H),
8.78 (dd, J = 4.2, 1.7 Hz, 1H), 8.08 (dd, J = 8.3, 1.6 Hz, 1H), 7.50 (t, / = 7.9 Hz,
1H), 7.43 (dd, J = 8.2, 1.2 Hz, 1H), 7.38 (dd, J = 8.2, 4.2 Hz, 1H), 2.24-2.13 (m,
2H), 1.69-1.45 (m, 7H), 1.44-1.32 (m, 1H).

13C NMR (126 MHz, CDCI3) & 176.46, 148.06, 138.64, 136.11, 134.67,
127.77, 127.27, 121.36, 120.97, 116.03, 44.00, 35.56, 25.72, 22.84.

GC MS (EI) m/z (relative intensity): 271 (M+, 9), 171 (100), 144 (53), 116 (10).

Deuterium Labeling Experiment (Scheme 10.4)

A freshly prepared solution of (4-methoxyphenyl)magnesium bromide in THF (7.0
equiv, 3.5 mmol, 0.51 M) was slowly added using a gastight syringe to a mixture
of 1-methyl-d3-N-(quinolin-8-yl)cyclohexanecarboxamide (1.0 equiv, 0.50 mmol)
and ZnBr, - TMEDA (3.0 equiv, 1.5 mmol, 0.51 g) under argon. The resulted
mixture was stirred at r.t. for 30 min, then a solution of Fe(acac); (10 mol%,
0.05 mmol, 17 mg) and dppbz (10 mol%, 0.05 mmol, 23 mg) in anhydrous THF
(2.0 mL) was added. The resulted black mixture was stirred at r.t. for 10 min. Then
1,2-dichloroisobutane (1.0 mmol, 115 pL) was added via syringe and the mixture
was stirred at 50 °C for 22 h. After cooling to r.t., aqueous Rochelle’s salt was
added (5 mL), and the organic layer was extracted with diethyl ether (15 mL X 3).
The combined organic layer was analyzed via GC and GC-MS, and then washed
with brine, filtered through a pad of Florisil, dried over MgSQ,, and concentrated
under reduced pressure. The crude mixture was analyzed by NMR using
1,1,2,2-tetrachloroethane as an internal standard and then purified by column
chromatography on silica gel (hexane:ethyl acetate = 20:1-10:1) to afford the
corresponding arylated product and the recovered starting material. The deuterium
incorporation in the isolated product and recovered starting material was estimated
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o}
Y_//—%)\ NH-Q
D,C | s
7 OMe
9-D 34% (GC yield)
Fe(acac)y(10 mol%) 53
(o] MeO 3
MgBr dppbz (10 mol%) 0
NH-Q + (7 equiv) .
CD, + DCIB (2 equiv) NH-Q
5D ZnBr, TMEDA THF, 50 °C, 22h CD,
- ini % p 5-D recovery
d-containing >99% (3 equiv) 5o (a5 yield)
0.5 mmol
+
31% (GC yield)
H(D) 108.0 100 108.0 100 +
109.0 7.58 109.0 12.38 (D)H-@—OME
110.0 0.46 110.0 0.72
oM " 608% (GC yield)
i MS abundance MS abundance of anisole from 5-D
of anisole from 5 (34% yield of 9-D)

Scheme 10.4 Deuterium labeling experiment

by '"H NMR. Deuterium incorporation into the recovered anisole was observed by
GC MS.

1-(2D-(4-methoxyphenyl)methyl)-N-(quinolin-8-yl)cyclohexanecarboxamide:
the amide was purified by column chromatography on silica gel (n-hexane:
EtOAc = 10:1) to afford the titled compound as a white liquid.

Meo{"\ Dbo
N
_ -~
CLJ

"H NMR (500 MHz, CDCI3) ¢ 10.01 (s, 1H), 8.81 (dd, J = 7.6, 1.3 Hz, 1H),
8.69 (dd, J = 4.2, 1.7 Hz, 1H), 8.12 (dd, J = 8.3, 1.6 Hz, 1H), 7.53 (t, J = 7.9 Hz,
1H), 7.47 (dd, J=28.3, 1.3 Hz, 1H), 7.40 (dd, J = 8.2, 4.2 Hz, 1H), 7.01(d,
J = 8.5 Hz, 2H), 6.61(d, J = 9.0 Hz, 2H), 3.61 (s, 3H), 2.27-2.18 (m, 2H), 1.78-
1.67 (m, 2H), 1.63-1.45 (m, 5H), 1.38-1.27 (m, 1H).

13C NMR (126 MHz, CDCI3) & 174.70, 158.08, 148.02, 138.70, 136.05,
134.46, 130.94, 129.04, 127.80, 127.37, 121.36, 121.07, 116.18, 113.19, 54.97,
49.44, 34.05, 25.91, 23.09.

GC MS (EI) m/z (relative intensity): 376 (M+, 16), 171 (57), 145 (64), 123
(100), 100 (14), 79 (10), 73 (10).
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Intermolecular KIE experiment (Scheme 10.5) A freshly prepared solution of
(4-methoxyphenyl)magnesium bromide in THF (7.0 equiv, 3.5 mmol, 0.51 M) was
slowly added using a gastight syringe to a mixture of I-methyl-d3-N-
(quinolin-8-yl)cyclohexanecarboxamide (0.5 equiv, 0.25 mmol, 68 mg), 1-methyl-
N-(quinolin-8-yl)cyclohexanecarboxamide (0.5 equiv, 0.25 mmol, 67 mg) and
ZnBr, - TMEDA (3.0 equiv, 1.5 mmol, 0.51 g) under argon. The resulted mixture
was stirred at r.t. for 30 min, then a solution of Fe(acac); (10 mol%, 0.05 mmol,
17 mg) and dppbz (10 mol%, 0.05 mmol, 23 mg) in anhydrous THF (2.0 mL) was
added. The resulted black mixture was stirred at r.t. for 10 min, then
1,2-dichloroisobutane (1.0 mmol, 115 pl) was added via syringe. The mixture was
stirred at 50 °C for 1 h and then it was quenched by adding aqueous Rochelle’s salt
(5 mL). The organic layer was extracted with diethyl ether (15 mL X 3). The
combined organic layer was analyzed via GC and GC-MS, and then washed with
brine, passed through a pad of Florisil, dried over MgSQO,, and concentrated under
reduced pressure. The crude mixture was analyzed by NMR using
1,1,2,2-tetrachloroethane as an internal standard and then purified by column
chromatography on silica gel (hexane:ethyl acetate = 20:1-10:1) to afford the
corresponding arylated products. The isolated products were further analyzed by 'H
NMR to determine the ratio of 9 and 9-D.

'"H NMR (500 MHz, CDCI3) ¢ 10.00 (s, 1H), 8.80 (dd, J = 7.6, 1.0 Hz, 1H),
8.69 (dd, J = 4.2, 1.6 Hz, 1H), 8.12 (dd, J = 8.2, 1.5 Hz, 1H), 7.53 (t, J = 7.9 Hz,
1H), 7.47 (dd, J = 8.2, 1.1 Hz, 1H), 7.40 (dd, J = 8.2, 4.2 Hz, 1H), 7.00 (d,
J = 8.6 Hz, 2H), 6.61 (d, J = 8.6 Hz, 2H), 3.61 (s, 3H), 2.90 (s, 1.60H), 2.33-2.18
(m, 2H), 1.83-1.66 (m, 2H), 1.62-1.45 (m, 5H), 1.38-1.25 (m, 1H).

KIE for Two Parallel Reactions (Scheme 10.6)

A freshly prepared solution of (4-methoxyphenyl)magnesium bromide in THF (7.0
equiv, 3.5 mmol, 0.51 M) was slowly added using a gastight syringe to a mixture
of 1-methyl-d3-N-(quinolin-8-yl)cyclohexanecarboxamide (1.0 equiv, 0.50 mmol)

(o)

o}
WLNH—Q
OM

5-D (>99% d) 2 %
MeO @—MgBr Fe(acac)y(10 mol%) 8D (»09%d)
. dppbz (10 mol%
0.25 mmol (7 equiv) ppbz ( o) .
+ + + DCIB (2 equiv)
ZnBry*TMEDA THF, 50 °C, 1h o}

0

(3 equiv) (19% conversion to 9 and 9-D ) W]\NH_Q
%HLNH-O g HeC
5 CHi \©\
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Scheme 10.5 Intermolecular KIE experiment
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MeO

o " —@—Mgar Fe(acac),(10 mol%) 0

w\ NHQ | 7 e+quw1 dppbz (10 mol%) ‘(le)LNH_Q
—

i D.C
%Bg ZnBry* TMEDA DCIB (2 equiv) 2 \@\
o, » 0
5-D (>99% d) (3 equiv) THF, 50 °C, 1h -
0.5 mmol 9-D (>99% d)
+
0 MeO —MgBr Q
g Fe(acac)s(10 mol%)
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+ + _— H.C
CH i DCIB (2 equiv) 2
5 3 ZnBry* TMEDA
i i THF, 50 °C, 1h
0.5 mmaol (3 equiv) 9 OMe

Scheme 10.6 KIE for two parallel reactions

and ZnBr, - TMEDA (3.0 equiv, 1.5 mmol, 0.51 g) under argon. Another freshly
prepared solution of (4-methoxyphenyl)magnesium bromide in THF (7.0 equiv,
3.5 mmol, 0.51 M) was slowly added using a gastight syringe to a mixture of
1-methyl-N-(quinolin-8-yl)cyclohexanecarboxamide (1.0 equiv, 0.5 mmol), and
ZnBr, - TMEDA (3.0 equiv, 1.5 mmol, 0.51 g) under argon. Under otherwise
identical reaction conditions, the two reaction mixtures were stirred at r.t. for
30 min, then a solution of Fe(acac); (10 mol%, 0.05 mmol, 17 mg) and dppbz
(10 mol%, 0.05 mmol, 23 mg) in 2.0 mL anhydrous THF were added to each
reaction. The resulted black mixtures were stirred at r.t. for 10 min, then
1,2-dichloroisobutane (1.0 mmol, 115 pL) and tridecane (0.5 mmol, 125 pL, as an
internal standard) were added via syringe to each reaction. The mixtures were
stirred at 50 &= 1.5 °C. The reactions were sampled every 10 min and analyzed by
GC. The GC yield was calculated after calibrating the response of GC. The average
ratio of the two target products (9 and 9-D) for the first 60 min reaction is reported
as the KIE value.
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Chapter 11

Iron-Catalyzed Directed C(spz)—H Bond
Functionalization with Organoboron
Compounds

Abstract Iron, the most abundant transition metal on earth, has so far not received
enough attention in catalytic organic synthesis because the catalytic activity of
organoiron species is often difficult to control, resulting in narrow applicability. We
report here that an iron-catalyzed C—H functionalization reaction allows the cou-
pling of a wide variety of combinations of aromatic, heteroaromatic and olefinic
substrates, and alkenyl, alkyl and aryl boron compounds among the reactions cat-
alyzed by precious metals such as palladium. We rationalize these results by the
involvement of an organoiron(Il) reactive intermediate that is responsible for the
C-H bond activation process, and a metal-to-ligand charge transfer that enables
smooth catalytic turnover via an iron(I) intermediate.

DG
Aryl
DG cat. Fe(lll) )“\“]’ DG
. _H (cat.) Zn(ll) R e

™ . H‘BJ(rOH)z ® N Alkyl
l‘:\‘:'_' base oxidant DG U\‘___'—'
ST 70°C X Alkenyl

heteroarene L 3
alkene R

11.1 Introduction

Efficiency and sustainability are two requirements in modern synthetic organic
chemistry, and therefore functionalization of an intrinsically unreactive C—H bond
has received wide attention for its synthetic efficiency and the production of
potentially less waste than the classical substitution reactions [1]. C-H function-
alization catalyzed by palladium [2—7] and other precious metals [8§—11] has found
widespread use for coupling of a hydrocarbon bearing a directing group and an
organoboron compound, which is shelf-stable, readily available and tolerant of a
variety of functional groups. These reactions, however, are not without limitations;
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for instance, they are unsuitable for alkenyl-alkenyl and alkenyl-arene couplings
(Fig. 11.1a) where the diene and styrene products are prone to isomerize [8] or to
undergo further transformations [4]. One probable reason for this limitation is the
preferred interaction of these metals with the -bonds in the product rather than with
the C(sp®)-H o-bond in the starting material. Hence, we conjectured that a tran-
sition metal with a minimum n-back donation ability prefers C—H bond activation
via 6-bond metathesis [12] over interaction with the n-bonds. We report here that
iron catalysis [13—17] complements or surpasses precious metal catalysis for

(a)

|
/,8_& —B, ~  catM ’
+
0G ’ /8_8\ ~ DG

alkenes, arenes, etc.

C-H bond\ / reductive
activation elimination
DG M

/8_8\ M = Pd(Il), Ru(ll), Rh(lll)
Fe(Ill) (this work)

0 |
1) BuLi (400 mol%) NH-8-Q | KC'
. 2) Fe cat., Zn cat. ; Cl DCIB
(pi)B—\ " DCIB (200 mol%) \ :
THF, 70 °C, 24 h pnp PP,
2 (400 mol%) 3: 90% dppen
ZIE =937 ZZIZE=82:18

Fe cat. = Fe(acac)3 (10 mol%); ligand = dppen (10 mol%)
Zn cat. = ZnBr,>TMEDA (100 mol%)

(o] 2
( ) (0]
NH-8-Q 0 + PhH

BulLi NH-8-Q
10 (400 mol%) 5(1.319g) o o (ca. 300 mol%)
O‘B Ph <25°C Fe cat., Zn cat. + B-Bu
oxidant (0] + Ph—Ph
THF, 70 °C, 24 h (<5%)
4 (Ph-BPin) 6: 96% Bu—-BPin °
(400 mol%) (1.62 g) (ca. 400 mol%)

Fe cat. = Fe(acac)3 (10 mol%); ligand = dppen (10 mol%)
Zn cat. = ZnBr,> TMEDA (20 mol%); oxidant = DCIB (200 mol%)

Fig. 11.1 C(sp®)-H functionalization with organoboronate ester under iron—zinc cooperative
catalysis. a General scheme for C(sp®)-H functionalization with organoboron compound.
b Stereospecific diene synthesis. ¢ Procedure for ortho-functionalization of aromatic amide
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substrate scope and applicability. Iron also benefits from advantages over precious
metals, such as abundance in nature, low cost, and lack of toxicity [18].

Despite the prevalent view that a low-valent iron complex is required for C-H
bond activation [19-21], we found that an organoiron(Ill) intermediate effectively
performs stereo- and chemoselective C(sp?)-H functionalization when it is gener-
ated properly without contamination with low-valent iron species. The reaction
reported here utilizes catalytic amounts of Fe(acac); and a zinc halide [22], a
bidentate diphosphine ligand ((Z)-1,2-bis(diphenylphosphino)ethene: dppen), an
alkene or arene substrate possessing a directing group, an organic pinacol boronate
(R-Bpin) and 1,2-dichloroisobutane (DCIB) that keeps the reaction conditions
mildly oxidative (Fig. 11.1b and c). R-Bpin is activated in situ with a stoichio-
metric amount of butyllithium (BuLi) [23] and an essentially catalytic amount of
zinc halide for the transfer of the R group to the substrate (Fig. 11.1c). This new
preparation of organozinc species from organoboronates allows selective formation
of organoiron(Ill) intermediates, and hence is much superior to the use of
organomagnesium or zinc reagents that cause uncontrollable reduction of the iron
(IIT) species and ensuing side reactions [24-26]. Thus, the iron—zinc cooperative
catalysis cross couples efficiently a variety of aromatic, heteroaromatic and olefinic
substrates with a variety of alkenyl, alkyl and aryl boron compounds, as highlighted
by the synthesis of a (ZZ)-diene 3 by coupling of an E-alkenylamide 1 and
Z-boronate ester 2 (Fig. 11.1b, ¢). The reaction requires the use of a one-
electron-accepting ligand such as dppen. This experimental observation together
with a computational study suggests that a metal-to-ligand charge transfer (MLCT)
process facilitates the catalytic turnover of iron(I) species that forms at the end of
the catalytic cycle.

11.2 Results and Discussion

11.2.1 Investigation of the Reaction Conditions

The experimental procedure optimized for the reaction of 3-methyl-N-(quinolin-8-yl)
benzamide (5) and phenylboronic acid pinacolester (Ph—Bpin, 4) (Fig. 11.1c) is the
following: a solution of BuLi (slightly less than 20 mmol) in hexane was slowly
added to 4 (20 mmol) in THF at —78 °C, the mixture was allowed to warm to room
temperature and then a solution of Fe(acac); (0.5 mmol), dppen (0.5 mmol),
ZnBr, - TMEDA (1.0 mmol), and 5 (1.31 g, 5.0 mmol) in THF was added. DCIB
(10 mmol) was added and the reaction mixture was stirred at 70 °C for 24 h to obtain
an ortho-phenylated amide 6 in 96% yield (1.62 g) after purification by column
chromatography on silica gel. Careful exclusion of moisture was needed to ensure
reproducibility. The overall stoichiometry of the reaction is as follows (Fig. 11.1c):
the 4 equiv of the butyl group originating from BuLi stays quantitatively on the boron
atom to liberate 4 equiv of an anionic phenyl group, 2 equiv are consumed for
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removal of two hydrogen atoms from the substrate, and 1 equiv for delivery of a
phenyl group. We can save 1 equiv of Ph—Bpin/BuLi by prior removal of the amide
proton with a Grignard reagent at the expense of ca. 30% decrease of the product
yield. We noted that for both catalytic and stoichiometric reactions (vide infra), the
fourth equivalent is necessary for complete conversion. The benefit of the use of the
quinolylamide was shown by an experiment in which we used a nonchelating
N-methylbenzamide and obtained the ortho-phenylated product in 40% yield and
biphenyl in 52% yield.

The study on the reaction parameters includes the variation of iron salt, zinc(Il)
salt, oxidant, and ligand (Fig. 11.2a). The most notable is the success of the reaction
using stoichiometric iron(IIl) without additional oxidant (entry 1). We thus utilized
1 equiv of the quinolylamide 5, 4 equiv of Ph—Bpin 4/BuL.i, and 1 equiv each of Fe
(acac)s, dppen and ZnBr, - TMEDA without any oxidant, and obtained the desired
product 6 in 95% yield together with biphenyl in 12% yield and Bu-Bpin in
quantitative yield. At the end of the reaction, iron was recovered as black precip-
itates. When we decreased the amount of Ph—Bpin 4 to 3 equiv, the yield decreased
to 58%, and 36% of the amide 5 was recovered (entry 2). The necessary use of
excess phenyl donor suggests the formation of an iron(Ill) species bearing more
than one phenyl group. The reaction without dppen and TMEDA gave back 5 and
produced biphenyl (44%) (entry 3). Therefore, dppen is crucial for C-H activation
and suppression of the decomposition of the diphenyliron(Ill) intermediate. The use
of Fe(Il) instead of Fe(Ill) afforded 6 in only 38% yield with 56% recovery of 5
(entry 4). Taking these results together, we consider that a diphenyliron(III) species
chelated to the anion of 5 (Fig. 11.2a) is a reactive intermediate of the C-H
functionalization, which then forms an iron(I) species (D and E) as a product. Thus,
we may need to revise our previous hypothesis that a reduced iron species cleaves
the C-H bond [27, 28].

Under the catalytic conditions (10 mol% Fe(acac);), we need DCIB to recycle
the reduced iron(I) species back to iron(IIl) reactive species. Thus, catalytic con-
ditions using 10 mol% of Fe(acac);, 20 mol% of ZnBr, - TMEDA and excess
DCIB gave 6 in 96% yield and a trace amount of biphenyl (entry 5). The use of a
larger amount of a zinc salt entirely suppressed the biphenyl formation (entries 6—
9), and we therefore used 100 mol% ZnBr, - TMEDA for the study of the reaction
scope (Fig. 11.3). Without a zinc salt or without Fe(acac);, no reaction took place
(entries 10 and 11). We found that a catalytic amount of Fe(acac), fails entirely
(entry 12). With this result, taken together with the poor yield in entry 4, we
conclude that an organoiron(II) species is not a reactive species of C—H bond
activation. The reaction without dppen ligand gave 6 in low yield (entry 13).
Without DCIB, the catalytic turnover number was essentially one (entry 14).
1,2-Dichloroethane (DCE), which is typically used as a solvent in organic syn-
thesis, also promotes the catalytic cycle, albeit in slightly lower yield (entry 15).

The effect of the ligand is described in Fig. 11.2b. Among the ligands investi-
gated, dppen, dppBz, 1,10-Phen (1,10-phenanthroline), and dtbpy (4,4'-di-tert-
butyl-2,2'-bipyridine) are much better than others, affording the desired product 6 in
85-99% yield.
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(a)
entry Fe (mol%) Zn (Mol%) oxidant (mol%) ligand (mol%) 6 (%)@ 5 (%)? Ph-Phb
1 Fe(acac)3(100)  ZnBr, TMEDA (100) none dppen (100) 95 0 12
2¢ Fe(acac)3(100)  ZnBr, TMEDA (100) none dppen (100) 58b 36 13
3 Fe(acac)3(100)  ZnBr, (100) none none 0 91d 44
4¢ Fe(acac),(100)  ZnBr, TMEDA (100) none dppen (100) 38b 56 7
5 Fe(acac) (10) ZnBr, TMEDA (20) DCIB (200) dppen (10) 96 0 <5
6 Fe(acac);(10)  ZnBry»TMEDA (50)  DCIB (200) dppen (10) 99 0 0
7 Fe(acac)(10)  ZnBr,TMEDA (100) DCIB (200) dppen (10) 99 0 0
8 Fe(acac)3(10)  ZnCl,TMEDA (50)  DCIB (200) dppen (10) 99 0 0
9 Fe(acac);(10)  ZnBr, (50) DCIB (200) dppen(10) 95 0 0
10  Fe(acac);(10)  none DCIB (200) dppen (10) 0 962 0
1 none ZnBr,TMEDA (100)  DCIB (200) dppen (10) 0 982 0
12 Fe(acac),(10)  ZnBryTMEDA (50)  DCIB (200) dppen (10) 0 64 <5
13 Fe(acac)3(10) ZnBrTMEDA (100)  DCIB (200) none 27 724 6
14 Fe(acac)3(10) ZnBr,»TMEDA (100) none dppen (10) 13 84a 0
15  Fe(acac);(10)  ZnBr,-TMEDA (100) DCE®(200) dppen (10) 87 1 0

aYield determined by NMR using 1,1,2,2-tetrachloroethane as an internal standard. © Yield determined by GC
using tridecane as an internal standard. ¢ With 300 mol% Ph—Bpin/BuLi; ca 300 mol% Bu—Bpin was generated
(GC). 9 Upon quenching with D,0, no D was incorporated into the ortho site of 5 (GC-MS).¢ DCE =1,2-
dichloroethane.

(b)

/TN / \

Ph,P PPh, Ar,P PAr, Ph,P PPh,
dppen dppBz (Ar = Ph): 96% dppe
99% TMS-SciOPP (Ar = 3,5-bis(trimethylsilyl)phenyl): 47% 8%

@\ Bu Bu

/ \ / \

PPh2 PPh, <= PPhe \ IV \ V' N7
XantPhos dppf 1,10-Phen dtbpy
26% <5% 85% 93%

Reaction conditions: Fe(acac)sfligand (10 mol%), ZnBry* TMEDA (50 mol%) and DCIB (200 mol%)

Fig. 11.2 a Effect of several key parameters on the stoichiometric and catalytic ortho-phenylation
of 5 with Ph-Bpin/BuLi. b Effect of ligand on the yield of product 6

11.2.2 Exploration of the Substrate Scope

The procedure optimized for the phenylation of amide 5 is applicable with little
modification to the coupling of alkenyl, aryl and heteroaryl compounds bearing the
quinolylamide group, and alkenyl, alkyl and aryl Bpin derivatives (Fig. 11.3).
Thus, the iron catalysis rivals the hydrocarbon—boronate coupling using precious
metals for the formation of aryl-aryl and aryl-alkyl bonds, and it is a unique
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<« Fig. 11.3 Reaction scope. a Alkenyl-alkenyl, alkenyl-aryl and aryl-alkenyl coupling using
alkenyl Bpin compounds. b Aryl-aryl and aryl-alkyl coupling using aryl and alkyl Bpin
compounds. ¢ Substrates bearing a pyridine and pyrazole directing group. “Stereochemical purity
of the starting organoboron was E:Z = 7:93. *At 50 °C. “Using sec-BuLi as a base. “At 30 °C

catalytic system that is effective for stereospecific aryl-alkenyl and alkenyl-alkenyl
coupling for the synthesis of diene, triene and styrene derivatives. The iron(IIl)
catalysis circumvented the major side reactions encountered in the precious
metal-catalyzed C—H functionalization, such as positional isomerization [§8] and
cyclization of the initial olefin product [4].

Figure 11.3a illustrates the syn-selective C—H functionalization of olefins bear-
ing a quinolylamide, which can be carried out with tolerance of diene, triene, ether,
silylether, and chloride groups. The stereochemistry of E-boronates was entirely
retained, while that of (Z)-1-propenylboronate 2 (E:Z = 7:93) was retained to an
extent of 80-90%, as illustrated by the synthesis of (Z,Z)-2,3-dimethylhexa-
2,4-dienoic acid amide 3 with 100% selectivity for the 2Z bond and 82% selectivity
for the 3Z bond (88% retention). (Z,E,E)-Trienes 14 and 15 were similarly prepared
in good yield with 100% retention of the E-geometry in the dienylboronate.
Alkenylamides were also arylated with arylboronates (e.g., 16 and 17). While a
tiglic amide 1 gave the product 16 with 100% Z selectivity, an acrylic acid amide
gave a cinnamic acid amide 18 with only 27% Z selectivity because of in situ
isomerization of the initial Z-product. An electron-transfer mechanism of isomer-
ization is suspected [26]. The bottom of Fig. 11.3a shows the synthesis of styrene
derivatives, including the synthesis of (Z)-1-propenyl product 22 from 2 (84%
Z from 93% Z-boronate) as well as a trans-stilbene product 19 (starting from 100%
E styrene boronate) and a 2-propenylated product 20. We did not observe any
ring-opening side reactions in the synthesis of vinylcyclopropane product 23.

Figure 11.3b summarizes the reactions of aryl and heteroaryl substrates with aryl
and alkyl boronate esters. When unsubstituted or para-substituted benzeneamides
were used as a substrate, mono- and diarylation occurred to give 25a,b and 26a,b,
respectively. A meta-substituent in the benzeneamide shut off the arylation in the
nearby ortho-position, resulting in the exclusive formation of monoarylated prod-
ucts 6, 28—41. Ortho-steric hindrance in the aryl boronate partner was tolerated as
illustrated for ortho-tolyl boronate, which gave 39 in 51% yield.

Functional group tolerance is an asset of the boron reagents over more reactive
Grignard and zinc reagents, as highlighted in Fig. 11.3b. For instance, aryl fluoride
(33), chloride (34), bromide (35), amine (38), nitrile (31), and ester (32) are tol-
erated. Interestingly, the reaction also tolerates a sulfide group (37)—a typical
catalyst poison. Heteroatom-containing thiophene and indole also served as a good
substrate to give amides 42 and 43 in ca. 90% yield. We could introduce a butyl
group to obtain 44 in 83% yield with little evidence of competitive B-elimination,
and also a cyclopropyl group to obtain 45 in 73% yield (Fig. 11.3b). The ortho-
methoxybenzamide 46 may serve as a precursor for the synthesis of lunularic acid
natural products [29].
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We can couple Ph—Bpin with arene and alkene substrates bearing a pyridine or a
pyrazole directing group in good to excellent yield (Fig. 11.3c, compounds 47-50).
These substrates are, however, prone to give a larger amount of the biphenyl side
product, suggesting that anionic chelation by the quinolylamide anion provides a
uniquely effective environment for the iron(Ill) catalysis. The biphenyl formation
was suppressed to a synthetically viable level by carrying out the reaction at 30 °C
instead of the standard 70 °C.

11.2.3 Mechanistic Study

The BuLi-mediated process for the phenyl transfer from Ph-Bpin to zinc was
probed first (Fig. 11.4a). ''B NMR studies showed that addition of BuLi in hexane

(a)

BuLi Li* ZnBr, TMEDA
o) (1equiv) | Ph _0O (1 equiv) o
Ph—B, — |Bu-B ——— PhZnBr-TMEDA + Bu—B,
© o THF, 70°C, 1 h o)
6=231.3 ppm 6=7.0 ppm single signal at 6 = 33.1 ppm
(100% vyield by B-NMR)
(b) homocoupling
o] "R-Zn" fB-elimination 1
Fe(acac)s/ (0] R
N -Q dppen N ’ 4 ) \
H N /N NS
Felll
H H/:__
DCIB R :
5 "RZn" L a

-R-H
- @& %
elll Ny

reductlve
elimination

R L D Cc

(c)

Fe L Qn NCO Ar R

spin density 3.83 0.85 0.23 0.03 0.01 0.05
charge 0.66 —0.59 -0.20 -0.42 —-0.06 —-0.39

Fig. 11.4 Mechanistic information. a Boron-zinc exchange reaction. b A rationale for the iron
(IIT)—iron(I) catalytic cycle. ¢ Spin density and charge in D for the sextet (L = dppen, R = Me)
calculated at the B3LYP/SVP level of theory
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to Ph—Bpin in THF (6 = 31.3 ppm) resulted in quantitative formation of the cor-
responding lithium borate (6 = 7.0 ppm). Upon addition of a Zn(II) salt, the borate
signal disappeared [30] and a single signal due to Bu-Bpin at ¢ = 33.1 ppm
appeared, indicating quantitative transfer of the phenyl group to the zinc atom [31].
Because the 33.1-ppm chemical shift is the same as that of pure Bu—Bpin, we
consider that there is little interaction between the Bu-Bpin and the phenyl zinc
reagent.

We obtained several lines of information on the mechanism of the iron catalysis.
First, the stoichiometric reactions discussed for Fig. 11.1c and the superiority of the
quinolylamide over a monodentate donor (cf. Fig. 11.3c) indicate that a chelated
organoiron(Ill) intermediate is responsible for the C—H functionalization. Second,
the required use of excess R—Bpin/BuLi in both stoichiometric and catalytic reac-
tions suggests that more than one organic group on the iron atom is required for
either the C—H bond cleavage and/or the C-R bond formation. Third, a m-accepting
ligand (e.g., dppen and 1,10-Phen) is necessary. Taken together, these observations
suggest an active role of a chelated diorganoiron(IIl) species in the C-H func-
tionalization and stabilization of an iron(I) intermediate by the ligand in the late
stage of the catalytic cycle.

A mechanistic rationale is shown in Fig. 11.4b. A plausible first intermediate is a
trigonal bipyramidal iron(III) species A that has one R group in an apical position
and another in an equatorial position. The rigid bidentate quinolylamide anion [32,
33] probably prevents decomposition of this organoiron(Ill) intermediate [34]
through homocoupling and B-elimination pathways. A then goes to a transition state
B, where only one of the R groups can react with the C(sp®)-H bond for stereo-
electronic reasons. We expect that this R—Fe(Ill) species removes the ortho-
hydrogen via o-bond metathesis (i.e., proton removal without change of the
oxidation state) to form a trichelate iron(IIT) C [35, 36]. We may consider that the
excess R anion source in the reaction mixture produces an iron(I)ate complex
D after reductive elimination so that it can readily react further with 5, DCIB and a
zinc reagent to regenerate A. We expect that MLCT with dppen creates a formal
resonance involving iron(I) D and iron(Il) species E. This conjecture was corrob-
orated by DFT calculations at the B3LYP/SVP level of theory. A sextet state is
more stable than doublet (+15.7 kcal/mol) and quartet (+8.0 kcal/mol) states
(Fig. 11.4¢), and it shows considerable spin density (0.85) and charge (—0.59) on
the dppen ligand as well as on the quinolylamide moiety (0.23 and —0.20,
respectively), making D behave as iron(I) E (the same was found for doublet and
quartet; see SI for details). The stabilizing role of dppen would be much larger
during the catalytic turnover where the quinolylamide ligand is detached from the
iron(I) atom.
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11.3 Conclusion

The iron-catalyzed C—H functionalization reported here allows us to synthesize the
widest variety of C—H functionalization products among comparable methods
catalyzed by precious metals. The versatility of the method is illustrated by the
synthesis of dienes, trienes, and styrene derivatives with retention of stereochem-
istry in the starting materials, as enhanced by the commercial availability of a
variety of organoboronate compounds because of the popularity of the Suzuki—
Miyaura coupling reactions [37]. Experimental and theoretical studies revealed
several key mechanistic features of the new iron catalysis. The new method for
in situ generation of an organozinc reagent from R—Bpin effects selective formation
of R—Fe(Ill), and together with the use of a bidentate quinolylamide directing group
excludes the reduction of iron species that is so prone to occur under previously
reported conditions. We obtained experimental evidence for a decisive role of iron
(IIT) intermediates in the C—H bond activation via o-bond metathesis, and also the
MLCT stabilization of the iron(I) species by dppen, which will facilitate catalytic
turnover [38]. The effectiveness of DCIB in oxidizing an iron(I) product back to an
iron(IIl) catalyst is also responsible for the tolerance of sensitive olefin-rich prod-
ucts as well as a variety of functional groups. An example of product isomerization
during the reaction of an acrylic amide suggests undesired electron transfer from
iron(I) to the product, the suppression of which will be the subject of future studies.
Overall, the reaction reported in this article represents a rare demonstration of the
synthetic advantage of organoiron catalysis over catalysis with precious metals.

11.4 Experimental Section and Compound Data

11.4.1 General Information

All the reactions dealing with air- or moisture-sensitive compounds were carried
out in a dry reaction vessel under a positive pressure of argon. Air-and moisture-
sensitive liquids and solutions were transferred via syringe or Teflon cannula.
Analytical thin-layer chromatography was performed using glass plates precoated
with 0.25-mm 230-400 mesh silica gel impregnated with a fluorescent indicator
(254 nm). Thin-layer chromatography plates were visualized by exposure to
ultraviolet light (UV). Organic solutions were concentrated by rotary evaporation at
ca. 15 Torr (evacuated with a diaphragm pump). Flash column chromatography
was performed as described by Still et al. (J. Org. Chem. 1978, 43, 2923-2924),
employing Kanto Silica gel 60 (spherical, neutral, 140-325 mesh). Gas-liquid
chromatographic (GLC) analysis was performed on a Shimadzu 14A or 14B
machine equipped with glass capillary column HR-1 (0.25-mm i.d. X 25 m). Gel
permeation column chromatography was performed on a Japan Analytical Industry
LC-908 (eluent:toluene) with JAIGEL 1H and 2H polystyrene columns.
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Proton nuclear magnetic resonance (IH NMR) and carbon nuclear magnetic
resonance (13C NMR) spectra were recorded with JEOL ECA-500 NMR or JEOL
ECX-400 spectrometers. Chemical data for protons are reported in parts per million
(ppm, ¢ scale) downfield from tetramethylsilane and are referenced internally to
tetramethylsilane. Carbon nuclear magnetic resonance spectra ("3C NMR) were
recorded at 125 or 100 MHz. Chemical data for carbons are reported in parts per
million (ppm, J scale) and are referenced to the carbon resonance of the solvent
(CDCl5: = 77.0). The data is presented as follows: chemical shift, multiplicity
(s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet and/or multiplet
resonances, br = broad), coupling constant in Hertz (Hz), and integration. Mass
spectra (GS MS) are taken at SHIMADZU Parvum 2 gas chromatograph mass
spectrometer.

Commercial reagents were purchased from Tokyo Kasei Co., Aldrich Inc., and
other commercial suppliers and were used after appropriate purification. Anhydrous
ethereal solvents (stabilizer-free) were purchased from WAKO Pure Chemical and
purified by a solvent purification system (GlassContour) equipped with columns of
activated alumina and supported copper catalyst (Q-5) prior to use (Organometallics
1996, 15, 1518-1520). The content of water in the solvents or the substrates was
confirmed to be less than 30 ppm by Karl-Fischer moisture titrator. The boronate
reagents were directly purchased from Aldrich Inc. or prepared from the corre-
sponding boronic acids using the method reported in the literature (J. Am. Chem.
Soc. 2013, 135, 2552-2559), and were dried over molecular sieves (4 A) prior to
use. Fe(acac)s (99.9+%) was purchased from Aldrich Inc. and used as received.
Iron salts from other sources are mentioned in the text where appropriate. (Z)-
1,2-bis (diphenylphosphino)ethene (dppEn) was purchased from Aldrich Inc. and
used as received. 1,2-Dichloroisobutane (DCIB) was purchased from Tokyo Kasei
Co. and dried over molecular sieves prior to use. ZnBr, - TMEDA and
ZnCl, - TMEDA were prepared according to the literature procedure (Chem. Lett.
1977, 679-682).

Caution: we observed that contamination of the reaction mixture by atmospheric
moisture significantly reduces the yield. We sometimes observed complete sup-
pression of the reaction when using incompletely anhydrous conditions, and we
ascribe this to the poisoning of the iron catalyst by hydroxide species. For best
results, all the experiments described herein must be performed under rigorous
anhydrous and air free conditions.

11.4.2 Experimental Procedures

11.4.2.1 Investigation of the Key Reaction Parameters

Scheme 11.1 shows the standard procedure for the optimization study.
Under an argon atmosphere, a solution of BuLi in hexane (1.6 mol/L
0.40 mmol, 025 mL) was slowly added to a solution of dry
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0._NH-8-Q 0._NH-8-Q
O ._NH-8-Q Li* Fe(acac)s/dppen (10 mol%) Ph n-Bu
Ph -0 ZnBry TMEDA (50 mol%)
+ n-Bu-B
o DCIB (2 equiv) 99% 1%
THF, 70 °C, 24 h
0.1 mmol (4.0 equiv)
<1% 0%

Scheme 11.1 Standard procedure for the optimization study

4,4,5,5-tetramethyl-2-phenyl-1,3,2-dioxaborolane (PhBPin, 0.40 mmol, 82 mg) in
THF (0.5 mL) using a gastight syringe at —78 °C. The resulted mixture was stirred
at —78 °C for 10 min and then allowed to warm to room temperature, where it was
stirred for an additional 20 min to form the lithium borate salt. Next, a solution of
Fe(acac); (0.01 mmol, 3.5 mg), (Z)-1,2-bis(diphenylphosphino)ethene (dppen,
0.01 mmol, 4 mg), ZnBr, - TMEDA (0.05 mmol, 17 mg) and 3-methyl-N-
(quinolin-8-yl)benzamide (0.10 mmol, 26.2 mg) in THF (0.5 mL) was transferred
to the borate solution via cannula or gastight syringe at r.t. under argon. The
resulted orange mixture was stirred at r.t. for 10 min, then 1,2-dichloroisobutane
(0.2 mmol, 23 pL) was added. The mixture was stirred at 70 °C for 24 h (after
heating for 20-30 min, the color of the mixture became black). After cooling to r.t.,
tridecane (0.1 mmol) was added as an internal standard. Aqueous potassium
sodium tartrate was then added, and the organic layer was extracted with diethyl
ether and passed over a Florisil column. The mixture was analyzed by GC using
tridecane as an internal standard, or analyzed by 'H-NMR using
1,1,2,2-tetrachloroethane as internal standard.

Effect of Moisture and Air Contamination
For the reaction on a small scale (0.1-0.2 mmol scale), moisture contamination can
completely stop this reaction, presumably by poisoning the iron catalyst. For
reproducible results, it is recommended that the reagents and glassware used to be
thoroughly dried, and the reaction performed under a rigorous argon atmosphere.
NOTE: Usually, the reaction color turns black after heating at 70 °C for
10—20 min. When moisture contaminated the reaction mixture, the color of the
reaction mixture failed to turn black upon heating (remained orange, see the picture
below), and in that case no desired product was formed.

Investigation of the Additive

The reactions were performed according to the General Procedure using various
additives (Scheme 11.2). After aqueous work up, the crude mixture was analyzed
by '"H-NMR in the presence of 1,1,2,2-tetrachloroethane as an internal standard.

Investigation of the Amount of Zinc Additive
The reactions were performed according to the General Procedure using different
amounts of ZnBr, - TMEDA (Scheme 11.3). After aqueous work up, the crude
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0 NH-8-Q Ph Li* Fe(acac)s/dppen (10 mol%) O ._NH-8-Q
.\ \I;O additive
n-Bu—B Ph
o}

DCIB (2 equiv)

THF, 70 °C, 24 h

(4.0 equiv)

additive = ZnBr,TMEDA (20 mol%) 96%
ZnBry*TMEDA (50 mol%) 99%
ZnBry*TMEDA (100 mol%)  99%
ZnCly* TMEDA (50 mol%) 99%
ZnBr; (50 mol%) 95%
Zn(OTf),*TMEDA (100 mol%) 0%
MgBr,+Et,0 (300 mol %) 0%
none 0%

Scheme 11.2 Investigation of the additive

O NH-8-Q Li* Fe(acac),/dppen (10 mol%) O . _NH-8-Q 0._NH-8-Q
. Ph -0 ZnBr,» TMEDA (xx mol%)
n-Bu-B Ph + n-Bu

o DCIB (2 equiv)
THF, 70 °C, 24 h

0.1 mmol (4.0 equiv) sm-Ph sm-Bu
sm-Ph sm-Bu recovery Ph-Ph

ZnBr,»TMEDA (20 mol%) 96% <5% 0% <5%

ZnBr, TMEDA (30 mol%) 98% <5% 0% <5%

ZnBryTMEDA (40 mol%) 99% <1% 0% 0%

ZnBr,sTMEDA (50 mol%) 99% <1% 0% 0%

ZnBr,TMEDA (100 mol%) 99% <1% 0% 0%

for sm-Bu and Ph-Ph, yields are GC yields based on calibration

Scheme 11.3 Investigation of the amount of zinc additive

mixture was analyzed by 1H-NMR in the presence of 1,1,2,2-tetrachloroethane as
an internal standard.

Investigation of the Iron Precatalyst

The reactions were performed according to the General Procedure using several
iron salts (Scheme 11.4). After aqueous work up, the crude mixture was analyzed
by '"H-NMR in the presence of 1,1,2,2-tetrachloroethane as an internal standard.

Investigation of the Ligand

The reactions were performed according to the General Procedure using various
ligands (Scheme 11.5). After aqueous work up, the crude mixture was analyzed by
'"H-NMR in the presence of 1,1,2,2-tetrachloroethane as an internal standard.
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O._NH-8-Q Li+ catalyst/dppen (10 mol%) 0._NH-8-Q

Ph. -0 ZnBr,TMEDA (50 mol%)
n-Bu-B Ph

0 DCIB (2 equiv)
THF, 70 °C, 24 h
(4.0 equiv)
catalyst = Fe(acac); 99%
Fe(acac), 0%
none 0%

Scheme 11.4 Investigation of the iron precatalyst

0 _NH-8-Q Li+ Fe(acac)sligand (10 mol%) O . _NH-8-Q
. Ph.-0 ZnBr,»TMEDA (50 mol%)
n-Bu-B - Ph
0 DCIB (2 equiv)
THF, 70 °C, 24 h

(4.0 equiv)
/N /\ Fe
Php’  PPh, Ph?  PPh, AP PAr, PhpP  PPh, b "Phe
99% 96% 47% 8% <5%

TMS-SciOPP

O 0 O 2 PPh,

PPh,  PPh,
26% <5%

Scheme 11.5 Investigation of the ligand

0._NH-8-Q Lit

. Ph. -0 ZnBr,s TMEDA (50-100 mol%)
n-Bu—B Ph
0 oxidant (2 equiv)

THF, 70 °C, 24 h

Fe(acac)s/dppen (10 mol%) O._NH-8-Q

Zn (mol%)
(4.0 equiv)
oxidant = DCIB 99% 50%
DCE 87% 50%
O, (ballon) trace ~ 100%
none 13%  100%

Scheme 11.6 Investigation of different oxidants
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Investigation of Different Oxidants

The reactions were performed according to the General Procedure using different
oxidants (Scheme 11.6). After aqueous work up, the crude mixture was analyzed by
'"H-NMR in the presence of 1,1,2,2-tetrachloroethane as an internal standard.

Investigation of Temperature

The reactions were performed according to the General Procedure at different
temperatures (Scheme 11.7). After aqueous work up, the crude mixture was ana-
lyzed by '"H.NMR in the presence of 1,1,2,2-tetrachloroethane as an internal
standard.

Investigation of the Amount of Boronate

The reactions were performed according to the General Procedure using different
amounts of boronate (Scheme 11.8). After aqueous work up, the crude mixture was
analyzed by '"H.NMR in the presence of 1,1,2,2-tetrachloroethane as an internal
standard.

Investigation of the Effect of Organometallic Base for Activating the Boronate
The reactions were performed according to the General Procedure using different
bases to activate PhBPin (Scheme 11.9). After aqueous work up, the crude mixture
was analyzed by '"H.NMR in the presence of 1,1,2,2-tetrachloroethane as an
internal standard.

0 NH-8-Q Li* Fe(acac)s/dppen (10 mol%) (0] NH-8-Q
Ph -0 ZnBry» TMEDA (50 mol%)
+ n-Bu-B Ph
o DCIB (2 equiv)
THF, temp, 24 h
(4.0 equiv)
temp = 70°C  99%
25°C 0%
Scheme 11.7 Investigation of temperature
0 NH-8-Q L Fe(acac)s/dppen (10 mol%) O ._NH-8-Q
Ph -0 ZnBry»TMEDA (50 mol%)
+ n-Bu-B > Ph
0 DCIB (2 equiv)
THF, 70 °C, 24 h
(n equiv)
n= 6 99%
4 99%
3 71%

Scheme 11.8 Investigation of the amount of boronate
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Fe(acac)s/dppen (10 mol%) O .__NH-8-Q
ZnBry»TMEDA (50 mol%)
> Ph

DCIB (2 equiv)
THF, 70 °C, 24 h

base = n-BulLi 99%
s-Buli 99%
EtMgBr 0%
n-PrMgBr 0%

Scheme 11.9 Investigation of the effect of organometallic base for activating the boronate

O ._NH-8-Q

+

Li+
Ph -
nBu’B )

(4 equiv)

Fe(acac)s/dppen (10 mol%) NH-8-Q
ZnBry* TMEDA (50 mol%)

DCIB (2 equiv)
THF, 70 °C, 24 h

Li+
Ph -0 Ph 7o
n-Bu ’B n-Bu — k
o
99% ) 96%
K+
Ph ?F Ph .~ o
N . B/
& o
F o)
0% - trace -

Scheme 11.10 Investigation of different borate reagents

Investigation of Different Borate Reagents

The reactions were performed according to the General Procedure using different
borate sources (Scheme 11.10). After aqueous work up, the crude mixture was
analyzed by "H-NMR in the presence of 1,1,2,2-tetrachloroethane as an internal

standard.

11.4.2.2 General Procedure for Iron-Catalyzed Cross-Coupling
of C(sp?)-H Substrate with Organoboronate

Under an argon atmosphere, a solution of BuLi in hexane (1.6 mol/L, 1.6 mmol,
1.0 mL) was slowly added to a solution of dried R—BPin (1.6 mmol) in THF



11.4  Experimental Section and Compound Data 213

(1.0 mL) using a gastight syringe at —78 °C. The resulted mixture was stirred at
—78 °C for 10 min and stirred at r.t. for 20 min to form the lithium borate salt, then
a red solution of Fe(acac); (0.04 mmol, 14 mg), (Z)-1,2-bis(diphenylphosphino)
ethene (dppen, 0.04 mmol, 16 mg), ZnBr, - TMEDA (0.4 mmol, 136 mg) and
corresponding quinolinyl carboxamide (0.4 mmol) in anhydrous THF (1.0 mL) was
transferred to the borate solution via cannula or gastight syringe at r.t. under argon.
The resulted orange mixture was stirred at r.t. for 10 min, then
1,2-dichloroisobutane (0.8 mmol, 92 pL) was added via syringe. The mixture was
stirred at 70 °C for 16-24 h (always after heating for 20-30 min, the color of the
mixture becomes black). After cooling to r.t., aqueous Rochelle’s salt was added
(1.0 mL), and the organic layer was extracted with diethyl ether (5 mL X 3). The
combined organic layers were washed with brine, passed through a pad of Florisil,
dried over MgSO,, and concentrated under reduced pressure. The crude mixture
was purified by column chromatography on silica gel (hexane:ethyl acetate = 15:1—
30:1) to afford the corresponding product.

11.4.2.3 General Procedure for the Stoichiometric Experiments

Under an argon atmosphere, a solution of BuLi in hexane (1.6 mol/L, 0.80 mmol,
0.50 mL) was slowly added to a solution of dried 4,4,5,5-tetramethyl-2-phenyl-
1,3,2-dioxaborolane (PhBPin, 0.80 mmol, 164 mg) in THF (1.0 mL) using a
gastight syringe at —78 °C. The resulted mixture was stirred at —78 °C for 10 min
and stirred at r.t. for 20 min to form the lithium borate salt, then a red solution of

S

recovery

\ O,

. Fe(acac);(100 mol%) N 36%
N7 o o dppen (100 mol%) \? | nBuBPin

0. NH + BB ZnBryTMEDA (100 mol%) [ 307%
0 Ph-Ph
THF, 70 °C, 24 h Ph 4%
i PhBPin
(3.0 equiv) )

0.2 mmol 58% butylation
4%
A recovery
. Fe(acac) (100 mol%) ~ 0%
N on o dppen (100 mol%) N© | n-BuBPin
o . 9 409%
O. NH + n-Bu-B ZnBry* TMEDA (100 mol%) 0. NH
0 Ph-Ph
THF, 70 °C, 24 h Ph 13%
i PhBPin
(4.0 equiv) pr o)
0.2 mmol 95% butylation

4%

-

Scheme 11.11 Reaction using stoichiometric amount of Fe(III) without oxidant
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X
Z Li* F 100 mol%
N Ph. -0 ZE(Baca'I?lzllsE(DA 10% ) 1%
N . 01%
O._NH + n-Bu-B nBr; mol%)
o THF, 70 °C, 16 h
(4.0 equiv)
0.2 mmol
X
Z Li* Fe 100 mol%)
N Ph -0 Z Sca%so( o)
0. NH 4 Bu (B nBr; ( mol%)
o THF, 70 °C, 16 h
(4.0 equiv)
0.2 mmol
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A
/
N recovery
O ._NH 68%
Ph Ph-Ph
26%
23%
X
~
N recovery
O._NH 93%
Ph Ph-Ph
44%
0%

D,0 quenching showed no D incorporation in the recovered 93% starting material

Scheme 11.12 Stoichiometric experiment in the absence of ligand (TMEDA and dppen)

Ph—B’

(e}

31.3 ppm

one signal at 33.1 ppm (''B-NMR)

GC-MS confirmed n-BuBpin

Li+
Ph -0 O
n-Bu-B n-Bu—B
(e]
7.0 ppm 33.1 ppm
Li+
Ph -0 THF, 70 °C, 1 h
ZnBry» TMEDA n-Bu /B‘
(¢]
(1.0 equiv)
(1.0 equiv)
X
Li+ _
Ph.-.0 N" THE 700C,1h
ZnBry TMEDA + | n-Bu~ 5 + O - .
(1.0 equiv)
(1.0 equiv)
(1.0 equiv)
X
Li+ N/
Ph -0 o N THF,70°C,1 h
-B R
n-Bu—R +
Ne
(1.0 equiv)
(1.0 equiv)

Scheme 11.13 '"B-NMR study

one signal at 33.1 ppm (1'B-NMR)

GC-MS confirmed n-BuBpin

GC-MS showed tiny peak of amide

minor peak at 33.1 ppm

major peak at 7.5 ppm
(1"B-NMR)
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Fe(acac); (0.20 mmol, 71 mg), (Z)-1,2-bis(diphenylphosphino)ethene (dppen,
0.20 mmol, 80 mg), ZnBr, - TMEDA (0.20 mmol, 68 mg) and 3-methyl-N-
(quinolin-8-yl)benzamide (0.2 mmol, 52.4 mg) in anhydrous THF (1.0 mL) was
transferred to the borate solution via cannula or gastight syringe at r.t. under argon.
The resulted black mixture was stirred at r.t. for 10 min and then it was stirred at
70 °C for 24 h. After cooling to r.t., tridecane (0.2 mmol, 49 pL) was added as an
internal standard. Aqueous Rochelle’s salt was then added, and the organic layer
was extracted with diethyl ether and passed over a Florisil column. The mixture was
analyzed by GC using tridecane as an internal standard or analyzed by 'H-NMR
using 1,1,2,2-tetrachloroethane as internal standard (Schemes 11.11 and 11.12).

11.4.2.4 "B-NMR Study

"B NMR spectra were recorded at 96.3 MHz. Chemical shifts for boron are
reported in parts per million (ppm) and are referenced to the external standard boron
signal of BF; - OEt, (THF-d8, = 0.00 ppm) (Scheme 11.13).
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