Dissertation zur Erlangung des Doktorgrades
der Fakultat fur Chemie und Pharmazie
der Ludwig-Maximilians-Universitat Minchen

Benzylic Arylation of Heterocycles Using TMP-Baseand
Cross-Coupling Reactions between Aromatic Halidesmal

Aromatic Grignard Reagents Catalyzed by AlternativeMetals

von

Andreas Karl Steib

aus Dillingen an der Donau

2014



Erklarung

Diese Dissertation wurde im Sinne von § 7 der Pt@wneordnung vom 28. Novemver 2011

von Herrn Prof. Dr. Paul Knochel betreut.

Eidesstattliche Versicherung

Diese Dissertation wurde selbstdndig und ohne aunbtt Hilfe erarbeitet.

Minchen, am 24. April 2014

Andreas K. Steib

Dissertation eingereicht am 02. Mai 2014

1. Gutachter: Prof. Dr. Paul Knochel

2. Gutachter: Prof. Dr. Manfred Heuschmann

Mundliche Prifung am 08. Juli 2014



This work was carried out from January 2011 to Ap@14 under the guidance of Prof. Dr.
Paul Knochel at the Department Chemie und Pharmatie¢he Ludwig-Maximilians-
Universitat, Munich.

Firstly, I would like to express my appreciationReoof. Dr. Paul Knochel for giving me the
great opportunity to do my Ph.D. in his group aadHis guidance and support in the course
of my scientific research.

| am also very grateful to Prof. Dr. Manfred Heuselmn for agreeing to be my
“Zweitgutachter” as well as Prof. Dr. Anja HoffmaRdder, Prof. Dr. Heinz Langhals, Prof.
Dr. Konstantin Karaghiosoff and Dr. Thomas Magatmr their interest shown in this
manuscript by accepting to be referees.

| really would like to thank Robert Greiner andiduNafe for the careful correction of this
manuscript.

| thank all past and present co-workers | haveim#te Knochel group for their kindness and
their help. Special thanks to my actual and fortabr mates Dr. Coura Diene, Dr. Tobias
Thaler, Dr. Stephanie Seel, Dr. Christoph SamamnAbdreas Unsinn, Dr. Andreas Wagner,
Dr. llaria Tirotta, Dr. Cora Dunst, Dr. Sophia Mdikaekes, Julia Nafe, Nadja Barl and Olesya
Kuzmina.

| would like to thank Dr. Tobias Thaler, Dr. Kimibi Komeyama, Dr. John Markiewicz and
especially Olesya Kuzmina for the fruitful collabton in the field of organo-iron chemistry
and Dr. Stephanie Duez for their great supporténarea of benzylic metalations.

| would also like to thank Dr. Vladimir MalakhovjrBon Matthe, Renate Schréder and Yulia
Tsvik for their help in organizing everyday life the lab and in the office, as well as the
analytical team of the LMU for their invaluable pel

| thank Mario Ellwart, Min Zhang, Andreas Hader dpatrick Justel for their contributions to
this work in course of their internship in the Khetgroup.

| would like to thank my parents and grandparentstiieir great support, throughout my
studies and my Ph.D.



Parts of this Ph.D. thesis have been published

1)

2)

3)

4)

5)

Steib, A. K., Kuzmina, O. M., Fernandez, S., Flum¢ D. & Knochel, P., Efficient
Chromium(ll)-Catalyzed Cross-Coupling Reactionsaleein Csp-CentersJ. Am. Chem.
So0c.135(2013), 15346.

Kuzmina, O. M., Steib, A. K., Markiewicz, J. T.,ublacher, D. & Knochel, P., Ligand-
Accelerated Fe- and Co-Catalyzed Cross-Couplingctte®s betweenN-Heterocyclic
Halides and Aryl Magnesium Reagemsigew. Chem. Int. E&2 (2013), 4945.

Kuzmina, O. M., Steib, A. K., Flubacher, D. & Knath P., Iron-Catalyzed Cross-
Coupling ofN-Heterocyclic Chlorides and Bromides with Arylmaginen Reagent<rg.
Lett. 14 (2012), 4818.

Duez, S., Steib, A. K. & Knochel, P., Benzylic Aatibn of 2-Methyl-5-membered
Heterocycles Using TMP-Base3rg. Lett.14 (2012), 1951.

Duez, S., Steib, A. K., Manolikakes, S. M. & KnotHe., Lewis Acid Promoted Benzylic
Cross-Coupling of Pyridines with Aryl Bromidesngew. Chem. Int. E&0 (2011), 7686.



Meinen Eltern



Table of Contents

Abbreviations
A. INTRODUCTION

1.
2.

2.1.
2.2.
2.3.
2.4.

3.
4.
5.

Overview
Preparation of Functionalized Organometallic geeds
Introduction
Oxidative Insertion of Magnesium Metal intog@nic Halides
Halogen-Magnesium Exchange Reaction
Directed Metalation
Iron-Catalyzed Unsymmetrical Aryl-Aryl Cross-Gaimgs
Cobalt-Catalyzed Unsymmetrical Aryl-Aryl Crossuplings

Objectives

B. RESULTS AND DISCUSSION

1.

1.1.
1.2.
1.3.

2.1.

2.2.

2.3.

2.4.

2.5.

3.2.

Benzylic Arylation of Heterocycles
Introduction
Benzylic Cross-Coupling of Pyridines with ABromides
Benzylic Arylation of 2-Methyl-5-Membered Hedcycles Using
TMP-Bases

Aryl-Aryl Cross-Coupling Reactions Using Altetive Metal Catalysts
Introduction
Iron-Catalyzed Cross-CouplinghfHeterocyclic Chlorides and
Bromides with Arylmagnesium Reagents UsiBgOMe as Solvent
Ligand-Accelerated Fe- and Co-Catalyzed C@mgpling Reactions
betweerN-Heterocyclic Halides and Arylmagnesium Reagents
Chromium(ll)-Catalyzed Cross-Coupling Reatsibetween
Csp-Centers
Regio- and Chemoselective Chromium(ll)-CatetlyCross-Coupling
Reactions of Dihalogenated Heteroaromatics witbnatic Grignard
Reagents

Summary and Outlook
Lewis-Acid Promoted Benzylic Cross-Couplimg$yridines with
Aryl Bromides
Benzylic Arylation of 2-Methyl-5-Membered Hebcycles using
TMP-Bases

11
12
13
13
14
16
18
20
24
28
30
31
31
32

38

43

43

43

58

64

69

69

71



3.3.

3.4.

3.5.

Iron-Catalyzed Cross-CouplinghdfHeterocyclic Chlorides and
Bromides with Arylmagnesium Reagents UsiBgOMe as Solvent
Ligand-Accelerated Fe- and Co-Catalyzed C@mspling Reactions
betweerN-Heterocyclic Halides and Arylmagnesium Reagents
Chromium(ll)-Catalyzed Cross-Coupling &ems between
Csp-Centers

C. EXPERIMENTAL SECTION

1.

1.1.
1.2.
1.3.
1.4.
1.5.

2.

2.1.

2.2.

2.3.

2.4,

2.5.

2.6.

2.7.

2.8.

General Considerations

Solvents

Reagents

Content Determination of Organometallic Reage
Chromatography

Analytical Data

Typical Procedures (TP)

Typical Procedure of the Metalation of Mefilwidines and
Related\-Heterocycles with TMPZndliCl (7) (TP1)

Typical Procedure for Fe-Catalyzed Cross-Goggreactions of

N-Heterocyclic Chlorides and Bromides with Arylmaginen Reagents

UsingtBuOMe as Solvent (TP2)

Typical Procedure for Fe- or Co-CatalyzedsSrGoupling Reactions

with Isoquinoline (TP3)

72

74
77
78
78
78
80
80
80
81

81

81

81

Typical Procedure for Cr-Catalyzed Crossydling Reactions between

Aryl Halides and Aromatic Grignard Reagents (TP4)

Typical Procedure for Cr-Catalyzed Crossyiling Reactions with

Imine47 (TP5)

Typical Procedure for Cr-Catalyzed Crossyiliog Reactions with
Alkenyl lodidd9 (TP6)

Typical Procedure for Cr-Catalyzed Regio- @h@moselective

Cross-Coupling Reactions in THF as Solvent (TP7)

Typical Procedure for Cr-Catalyzed Regio- @h@moselective

Cross-Coupling Reactions in CPME as Solvent (TP8)

Benzylic Cross-Coupling of Pyridines with Aryt@nides
Benzylic Arylation of 2-Methyl-5-Membered Heteseles Using TMP-Bases

82

82

82

83

83

84
112



6.1.
6.2.

7.1
7.2
7.3.
7.3.

Iron-Catalyzed Cross-Coupling MfHeterocylic Chlorides and Bromides

with Arylmagnesium Reagents UsitBuOMe as Solvent 132
Ligand Accelerated Fe- and Co-Catalyzed Cfossgpling Reactions between
N-Heterocyclic Halides and Arylmagnesium Reagents 150
Preparation of the Starting Materials 015
Preparation of the Title Compounds Using TP3 157
Efficient Chromium(ll)-Catalyzed Cross-CoupliRgactions Between
Csp-Centers 180
Preparation of the Title Compounds Using TP4 180
Preparation of the Title Compounds Using TP5 194
Preparation of the Title Compounds Using TP6 196
Preparation of the Title Compounds Using aRd TP8 199



Abbreviations

Ac acetyl LDA lithium diisopropylamide
acac acetylacetonate M molarity
aqg. aqueous m meta
Ar aryl m multiplet
BINAP 2,2'-bis(diphenylphosphino)-1,1'- Me methyl
binaphthyl Met/M metal
Bn benzyl min minute
Boc t-butyloxycarbonyl mmol millimole
br broad m.p. melting point
Bu butyl MS mass spectroscopy
nBu n-butyl NEP N-ethyl-2-pyrrolidone
tBu t-butyl NMP N-methyl-2-pyrrolidone
calc. calculated NMR nuclear magnetic resonance
conc. concentrated o] ortho
Cy cyclohexyl p para
o) chemical shifts in parts per Ph phenyl
million Piv pivaloyl
d doublet iPr iso-propyl
Davephos 2-dicyclohexylphosphino-®,N- q quartet
dimethylamino)biphenyl R organic substituent
dba trans,transdibenzylideneacetone r.t. room temperature
DME dimethoxyethane sat. saturated
DMPU 1,3-dimethyltetrahydropyrimidin- S singulet
2(1H)-one S-Phos 2-dicyclohexylphosphino-2',6'-
dppe diphenylphosphinoethane dimethoxybiphenyl
dppf 1,1-bis(diphenylphosphino) TBS t-butyldimethylsilyl
ferrocene Tf triflate
E electrophile tfp tri-2-furylphosphine
El electron-impact ionization THF tetrahydrofuran
ESI electrospray ionization TIPS triisopropyilsilyl
equiv equivalent TLC thin layer chromatography
Et ethyl TMEDA tetramethylethylenediamine
FG functional group TMHD 2,2,6,6-tetramethyl-3,&pitane-dionate
GC gas chromatography TMS trimethylsilyl
h hour TMP 2,2,6,6-tetramethylpiperidyl
Hal halogene Tol tolyl
(Het)Ar heteroaryl TP typical procedure
HRMS high resolution mass spectroscopy Ts 4-tedaalionyl



IR infra-red X halide or pseudohalide
J coupling constant (NMR) Xanthphos  4,5-bis(dipHphgsphino)-9,9-

dimethylxanthene
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1. Overview

The United States Census Bureau (USCB) estimaedavdrld population to number 7.152
billion in April 2014} Facing this immense number and keeping in mindt the world
population will reach eight billion by 2027, a trendous increase in global energy
consumption is obvious. Besides the need to inwenel energy producing processes, the
development of energy saving techniques offergthatest chances to meet our energy needs
in the long run. In the field of industrial and pim&aceutical chemistry, one of the most
important branches of the German economy, catalyse of the key technologies to save
energy. Modern research in catalysis has to achmergy aspects, such as broad applicability,
high selectivity, environmental sustainability arzbst effectiveness. Organometallic
chemistry has shown in the past that it is abllfdl most of these criteria and a variety of
powerful concepts have been developed and repuiiteéh the last 40 yearsJust in 2010,
the importance of organometallic chemistry was onu@e highlighted by awarding the
Nobel price in Chemistry tRichard F. HeckEi-ichi NegishiandAkira Suzukior their work

on palladium-catalyzed cross-coupling reactidr®ven if palladium-based catalysts have
certainly revolutionized organic syntheses, itseptial to furnish even more complex
molecules has certainly not been exploit y/&tevertheless, palladium has some drawbacks
that cannot be ignored in our modern society of 248 century. Besides the fact, that
palladium is a rare and expensive matiljs also toxicologically very critical. Also, en
must consider that palladium-salts undergo catalgtiupling reactions in general in the
presence of ligands, that could be even more exgemsd toxic, than the palladium-salt
itself. Interestingly, very abundant and low-togiternative transition metals, such as iron or
cobalt were shown to react without the need oftamithl ligands in exceptional reaction rates

at low temperatures, often even surpassing relaadiddium-catalyzed coupling reactiohs.

! www.census.gavApril 4™ 2014.

2 Halpern, JPure Appl. Chen2001, 73, 209.

3 www.nobelprize.org/nobel_prizes/chemistry/laure/@@sQq April 4™ 2014.

* (a) Cross-Coupling reactions. A Practical Gujdiyaura, N., Ed.; Springer, Berlin, 2002. (b)etal-
Catalyzed Cross-Coupling Reactiorde Meijere, A., Diederich, F., Eds.; Wiley-VCH, Whaeim, 2004. (c)
Organotransition Metal ChemistrHartwig, J. F., Ed.; University Science Booksu&aito, California, 2010.

® One ounce (about 31 gramm) of palladium-metal sos655 € www.wallstreet-
online.de/rohstoffe/palladiumpreiapril 4™ 2014).

®(a) Bolm, C.; Legros, J.; Le Paih, J.; Zanidhem. Rev2004 104, 6217. (b) Shinokuo, H.; Oshima, Eur. J.
Org. Chem 2004 2081. (c) Yorimitsu, H.; Oshima, KRure Appl. Chem2006 78, 441. (d)lron Catalysis in
Organic Chemistry: Reactions and Applicatipfdietker, B., Ed.; Wiley-VCH, Weinhein008 (e) Enthaler,
S.; Junge, K.; Beller, MAngew. Chem. Int. EQ008 47, 3317. (f) Sherry, B. D.; Firstner, Acc. Chem. Res.
2008 41, 1500. (g) Bolm, CNature Chem2009 1, 420. (h) Furstner, AAngew. Chem. Int. E@009 48, 1364.
(i) Czaplik, W. M.; Mayer, M.; Cvengros, J.; Jacolmn Wangelin, A.ChemSusCher2009 2, 396. (j)
Nakamura, E.; Yoshikai, Nl. Org. Chem201Q 75, 6061. (k) Sun, C.-L.; Li, B.-J.; Shi, Z.-Chem. Rew2011,
111, 1293.
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The replacement of palladium in transition metahly@ed reactions by alternative metals like
iron or cobalt is certainly one of the big challeagor organometallic chemists of the®21

century.

2. Preparation of Functionalized Organometallic Regents

2.1. Introduction

The cradle of organometallic chemistry is a Pariigary pharmacy in 1760. It was there that
Cadetworked on sympathetic inks based on cobalt datistheir preparation, he used cobalt
minerals which contain arserfidn 1827,Zeiseisolated Na[PtGC,H,], called Zeise's salt,
the first olefin complex in history.Another milestone in organometallic chemistry was
first synthesis of diethyl zinc biyranklandin 1849° He prepared diethyl zinc by reaction of
zinc metal with ethyliodide. About 50 years lat&rignard prepared organomagnesium
compounds for the very first time and paved the feaynodern organometallic chemistfy.
Today, almost all metals play a more or less ingodrtole in organometallic chemistry. The
polarity of the carbon-metal bond of an organontietakagent displays its reactivity.
Therefore, organolithium reagents feature very higctivity due to their strongly polarized
carbon-lithium bond. This high reactivity makes amglithium reagents very nucleophilic,
but also incompatible with sensitive functional gps'? In contrast, organoboron reagents
possess almost covalent carbon-boron bonds andreetarsh reaction conditions or
sophisticated catalytic systems for successful tima with appropriate electrophil&s.
Organomagnesium, -copper and -zinc reagents ar@od @alance between these two
extremes, as they show high reactivity and broadtfanal group compatibility-**

There exist various ways to prepare organometahgents. In this work, the attention should
be focused on oxidative insertion of magnesium met organic halides, halogen-

magnesium exchange reactions and direct metalation.

" OrganometallicsElschenbroich, C., Ed.; Wiley-VCH, Weinheifr992

8 (a) Zeise, W. CPoggendorf's Ann. Phy4827 9, 632. (b) Zeise, W. CPoggendorf's Ann. Phy&831, 21,
497. (c) Zeise, W. (Roggendorf's Ann. Phy$837, 40, 234.

° (a) Frankland, EAnn. Chem1849 71, 171. (b) Frankland, Ann. Chem1849 71, 213.

1 Grignard, V.Compt. Rend. Acad. Sci. Pari®0q 130, 1322.

" Handbook of Functionalized Organometalligochel, P., Ed.; Wiley-VCH, Weinheir2p05

2\Wu. G.; Huang, MChem. Re\v2006 106, 2596.

13 Miyaura, N.; Suzuki, AChem. Rev1995 95, 2457.

14 Knochel, P.; Dohle, W.; Gommermann, N.; Kneisel,FE Kopp, F.; Korn, T.; Sapountzis, I.; Vu, V. A.
Angew. Chem. Int. EQ003 42, 4302.
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2.2.  Oxidative Insertion of Magnesium Metal into Oganic Halides

The most common preparation method for organomagmesompounds is the direct
insertion of magnesium metal into organic halitfeEven if the entire mechanism of this
reaction has still not been elucidated completedgical pathways are generally accepfed.
The direct insertion of magnesium metal into orgdmalides usually proceeds under reflux
conditions, which limits its functional group contibgity and its application in plant scale,
due to safety issué$ Riekeand coworkers observed that the reaction of lithiaphthalide
with magnesium salts furnishes highly reactive nesggm powder (Mg so called Rieke
magnesium) that can undergo oxidative insertiomti@as into organic halides at very low
temperatures, tolerating many sensitive functigralips, such as esters or nitriles (Scheme
1)_18

CO,tBu CO,tBu CO,tBu
Mg (3 equiv), THF PhCHO (1.1 equiv)
B — e
78 °C, 15 min -78°Ct0-40°C,2h

MgBr CH(OH)Ph
76% yield
CN  PhCOCI (1.1 equi CN
CN ""9 (8 equiv), THF cul (1(() ho‘la‘goL)W)
_ cur@omol%) - py
78°C,15min  BrMg 78 °C 10 -40 °C, 2 h

62% yield

Scheme 1Low-temperature formation of functionalized Grighaeagents.

Even if this method proved to be very efficient foe preparation of functionalized Grignard
reagents, it still has some drawbacks, namely @yimgconditions and separate preparation of
the highly active magnesiurknocheland coworkers could bypass these drawbacks elggantl
by adding stoichiometric amounts of LiCl to theart®on reaction of magnesium metal into
organic halides® LiCl not only accelerates the insertion progrégsificantly, it also leads to

higher solubility and reactivity of the organomasjnen reagent in organic solverfsUsing

5 Handbook of Grignard ReagenSilverman, G. S.; Rakita, P. E., Eds.; Marcel kkNew York,200Q

16 (@) Walborsky, H. MAcc. Chem. Red.99Q 23, 286. (b) Garst, J. Acc. Chem. Red991, 24, 95. (c) Garst,
J. F.; Soriaga, M. RCoord. Chem. Re2004 248 623.

7 Jones, M. CPlant and Operations Progress989 8, 200.

18 (a) Rieke, R. DScience1989 246, 1260. (b) Rieke, R. D.; Hanson, M. Retrahedron1997, 53, 1925. (c)
Lee, J.; Velarde-Ortiz, R.; Guijarro, A.; WurstRl; Rieke, R. DJ. Org. Chem200Q 65, 5428. (d) Rieke, R. D.
Aldrichchim. Acta200Q 33, 52.

9 (@) Piller, F. M.; Appukkuttan, P.; Gavryushin,; Aelm, M.; Knochel, PAngew. Chem. Int. EQ008§ 47,
6802. (b) Piller, F. M.; Metzger, A.; Schade, M,; AMlaag, B. A.; Gavryushin, A.; Knochel, Bhem. Eur. J.
2009 15, 7192.

2 3olvents and Solvent Effects in Organic Chemi&gjchardt, C., Ed.; Wiley-VCH, Weinhei2003
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this LiCl-mediated magnesium insertion, functiometl aryl and heteroaryl magnesium

compounds can be prepared under mild reaction tongliin high yields (Scheme 2).

Mg (2.5 equiv)

A LiCl (1.25 equiv
FG—l/\—x (1:2 equ) N
U J _— FG MgX-LiCl
v THF, -20 to 25 °C, A
10minto 3 h
Y =CH,N
X =Cl, Br

FG = ester, OPiv, OBoc, CN, Hal, CF, ether

Selected examples:

OMe
PIVO MgBr-LiCl MgBr-LiCl o Megrticl MO MgBr-LiCl
v oy
BocO N
PivO
86% yield 91% yield 90% yield 89% yield

Scheme 2LiCl-mediated insertion of magnesium metal intot@ne)aromatic halides.

Knochel and coworkers could also perform highly regioslec magnesium-directed
insertion reactions using this LiCl-mediated inggrtreaction. Reaction dakert-butyl (2,4-
dibromophenyl) carbonate with Mg/LICI (THF, -20 °dg¢d to magnesium insertion
exclusively in thepara-position (Scheme 3). Related Zn insertion reastipnovide the
respectiveortho-metalated compourfd.This behavior can be explained by assuming timat zi
insertion requires coordination to the directingugr, whereas magnesium metal, which has a
much stronger reducing power, does not needottie-coordination site and prefers to insert

into the least sterically hindered carbon-brominad'®

OBoc
i Br
Mg (2.5 equiv) Br 2 o
Br LiCl (1.25 equiv) tfo (4 mol%)
THF, -10 °C, 30 min
Br MgBr-LiCl '@COZE‘
(0.93 equiv)
THF, 25 °C, 3 h COE
97% yield

Scheme 3Regioselective LiCl-mediated magnesium insertion.

% Boudet, N.; Sase, S.; Sinha, P.; Liu, C.-Y.; Kkesbdy, A.; Knochel, PJ. Am. Chem. So2007 129 12358.
15



2.3. Halogen-Magnesium Exchange Reaction

An alternative, very straightforward way to prepam@anomagnesium reagents from the
respective halides is to use another organomagnesiagent that undergoes a halogen-
magnesium exchange reaction with the halide. Theindr force for this kind of
transformation is the higher stability of the prodd organomagnesium compound compared
to the exchange reagent itself. The order of stalaif organometallic reagents with respect to
the hybridization of the connected carbon atomhés following: Gp > Cspving > Cspanyl >
Cspprimary > Cspsecondany > The first example of a bromine-magnesium exchaegetion was
reported byPrévostin 1931% Cinnamyl bromide was reacted with ethylmagnesiuamtide

to furnish cinnamylmagnesium bromide in low yieRtheme 4).

Br EtMgBr, EtZO Xx_-MgBr
+ EtBr
20 C 12h

14% yield

Scheme 4First example of halogen-magnesium exchange remactio

Over the last decades, this kind of reaction waslistl intensively and nowadays several
applications, even on industrial scale eXi€ven if the detailed mechanism of these halogen-
magnesium exchange reactions is still not complatederstood, a halogen ate complex is
assumed to be operative in this prod&s3he nature of the halide and the electronic
properties of the organic substrate play importatgs for the rate of halogen-magnesium
exchange reactiorfs.In general, iodides undergo the halogen-magnesixchange reaction
faster than bromides, and bromides exchange fd#sder chlorides. Furthermore, the rate is
higher, if the organic substrate bears electromavawing groupsKnocheland coworkers
could establish the reagen®rMgBr and PhMgCl as widely used halogen-metal arge
reactions in organic synthe<fs’° These reagents tolerate various functional graumpisallow
the preparation of a broad range of organomagnesaagents from the respective iodides
(Scheme 5).

% Hauk, D.; Lang, S.; Murso, Arg. Process Res. De®006 10, 733.

23 prévost, CBuUll. Soc. Chim. Fr1931, 49, 1372,

24 (a) Hoffmann, R. W.; Bronstrup, M.; Miiller, MDrg. Lett.2003 5, 313. (b) Bshm, V. P. W.; Schulze, V.;
Bronstrup, M.; Muller, M.; Hoffmann, R. WOrganometallic003 22, 2925.

% Tamborski, C.; Moore, G. J. Organomet. Chem971, 26, 153.

% (a) Boymond, L.; Rottlander, M.; Cahiez, G.; KnethP. Angew. Chem. Int. Ed1998 37, 1701. (b)
Sapountzis, I.; Knochel, Rngew. Chem. Int. EQ002 41, 1610.
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CH(OH)Ph

! PrigB (1.05 equiv) /©/""90' PHCHO (1.2 equiv)
-40 °C 1 h, THF EtO,C -40 °C 30 min, THF EtO,C

EtO,C
90% vyield
NO, NO, NO,
| PhMgCI (1.05 equiv) MgCl PHCHO (1.2 equiv) CH(OH)Ph
—_— _ >
-40 °C, 5 min, THF -40 °C, 30 min, THF
EtO,C EtO,C EtO,C
94% yield

Scheme 5Examples of halogen-magnesium exchange reactiong illsMgBr and PhMgCI.

Knochelfurther improved the halogen-magnesium exchangetiogaby introducing the so
called Turbo-Grignard reagemPrMgCl-LiCl. Stoichiometric amounts of LiCl are abto
break aggregates d?rMgCl and lead to an increased reactivity andlsliy of the Grignard

reagent by formation of a magnesium-lithium ate ptaxe (Scheme 6.

cl cl

AR +21LiCl RN °c o

Mg M94< Mg Li LS >7Mg Li
\Cl/ -PrMgCI-LiCI CI/ cl

Scheme 6Effect of LiCl oniPrMgCl aggregates.

Using the Turbo-Grignard reager®rMgCl- LiCl, now highly functionalized aromatic and
heteroaromatic bromides undergo very efficiently balogen-magnesium exchange reaction

to furnish the corresponding magnesiated reag&utsefme 75°

N PMgCI-LiCI N E* =
FG_:/\_Br FG—:/\—MQCI-LiCI — FG—:/\—E
T J e > 7
Y Y Y

Y=CH,N

FG = ester, CN, Hal, CF,, ether

Selected examples:

Q OH 0
MeO ben Br N Br A M
)i e il s o llas
=
c N Br
85% yield 93% yield 89% yield 88% yield

Scheme 7Bromine-magnesium exchange reactions uginlyigCl- LiCl.

27 Krasovskiy, A.; Knochel, PAngew. Chem. Int. E@004 43, 3333.
% Barl, N. M.; Werner, V., Samann, C.; KnochelHeterocycles2014 88, 827.
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2.4. Directed Metalation

A third way to produce magnesiated compounds ire®lthe direct metalation of organic
substrates. No halide like iodide or bromide isassary for this kind of reaction. Simply a
C-H bond having a pkvalue lower than the metalation agent is requicedhis reaction to
be operative. Historically, lithium-reagents likBuLi®® or EtLi*® have been used to metalate
organic substrates. In the following decades, lassleophilic sterically hindered lithium
amide bases like LDA and TMPLi have been develdopedthough many organic molecules
were lithiated successfully with these lithium-amidases, the high reactivity of these bases
has precluded the use of many functionalized satestr The resulting highly reactive
aryllithium compounds obtained after metalation aseally only stable at low temperature
and react with important functional groups suclesters or nitriles even under these mild
conditions® Therefore, respective magnesium amide bases lemredstablished that display
a much higher functional group tolerarf¢édowever, due to aggregation of the magnesium
amides low solubility in organic solvents and loiwekic basicity was observed. To overcome
these problemKnocheland coworkers broke these aggregates by additicoathiometric
amounts of LiCl. The most prominent example of saclmonomeric highly active mixed
Mg/Li-base is TMPMgCI-LIiCl, that can be prepared bgaction of TMPH with
iPrMgCl- LiCl ** Besides outstanding advantages like high solyllip to 1.3v in THF) and
excellent kinetic basicity, TMPMgCI-LiCl is stab& room temperature for many months
under an inert atmosphere. Using this magnesiund@niiase, various functionalized
(hetero)aromatic systems can be magnesiated withllert regio- and chemoselectivity at
convenient temperatures (Schemé®s).

Recently,Knocheland coworkers further improved the scope of dinregagjnesiation reactions
by establishing TMfMg- 2LiCl as a chemoselective base for less activatstrated®

? Gilman, H.; Bebb, R. LJ. Am. Chem. So&939 61, 109.

%0 Schlenk, W., Bergmann, Bnn. Chem1928 463, 98.

31 (a) Snieckus, VChem. Rev199Q 90, 879. (b) Schlosser, Mingew. Chem. Int. E@005 44, 376.

% Haag, B.; Mosrin, M.; lla, H.; Malakhov, V.; Knoeh P.Angew. Chem. Int. EQ011, 50, 9794.

3 (a) Hauser, C. R.; Walker, H. W. Am. Chem. So&947, 69, 295. (b) Eaton, P. E.; Lee. C.-H.; Xiong, X.
Am. Chem. Sod 989 111, 8016. (c) Schlecker, W.; Huth A.; Ottow, E.; MeifzJ.J. Org. Chem1995 60,
8414.

3 Krasovskiy. A.; Krasovskaya, V.; Knochel, Magew. Chem. Int. EQ006 45, 2958.

% (a) Lin, W.; Baron, P.; Knochel, ®rg. Lett.2006 8, 5673. (b) Boudet, N.; Lachs, J. R.; KnochelCrg.
Lett.2007, 9, 5525. (c) Mosrin, M.; Knochel, ®rg. Lett.2008 10, 2497.

% (a) Clososki, G. C.; Rohbogner, C. J.; KnochelARgew. Chem. Int. EQ007, 46, 7681. (b) Rohbogner, C.
J.; Clososki, G. C.; Knochel, Rngew. Chem. Int. E@008 47, 1503.
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TMPMgCI-LiCl E*
(He)Ar—H  —————  (He)A—MgCILICI —>  (HetAr—E
THF

(Het)Ar = different functionalized (hetero)aromatic compounds

Selected examples:

HQ o SN CO,Et
. / BocO. CO,Et N ', COtBu | NYBr
A\ . |
/@\ N B 7"
Br CO,Et r
0 2 CO,Et SiMe,
83% yield 90% yield 81% yield 93% yield

Scheme 8Regio- and chemoselective functionalizations u3ikPMgClI- LiCl.

Organic compounds that contain very sensitive fonal groups like nitro or aldehyde
functionalities could not be compatible with magatsn conditions. Therefore, milder
bases, like TMPZnCl- LiGl (Scheme 9) and TM#£n-2MgC}- 2LiCI*® have been developed.
Zinc-amide bases also offer the advantage, tha¢ ¢ime substrates are zincated, they can
undergo directly palladium-catalyzed cross-couptieagctions with aromatic halidés.

The concept of mixed Li/metal amide bases was énréixtended to alternative metals like Al,
Mn, Fe, Zr and L&

TMPZnCI-LiCl E*
R—H ———> R—2ZnCIlLCIl —> R—E
THF

R = various functionalized unsaturated compounds

Selected examples:

(0] }we OMe
Me-, N PhOC, . COCF, a /@
N - A .
T O L
0P N N Me,N |
|
Me O
84% yield 74% yield 80% yield 93% yield

Scheme 9Regio -and chemoselective functionalizations uSikgPZnClI- LiCl.

37 (@) Mosrin, M.; Knochel, POrg. Lett.2009 11, 1837. (b) Bresser, T.; Knochel, Rngew. Chem. Int. Ed.
2011 50, 1914. (c) Klier, L.; Bresser, T.; Nigst, T. A.aakaghiosoff, K.; Knochel, Rl. Am. Chem. So2012
134, 13584.

3 (a) Wunderlich, S. H.; Knochel, Rngew. Chem. Int. EQ007, 46, 7685; (b) Dong, Z.; Clososki, G. C.;
Wunderlich, S. H.; Unsinn, A.; Li, J.; Knochel, @hem. Eur. J2009 15, 457.
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3. Iron-Catalyzed Unsymmetrical Aryl-Aryl Cross-Couplings

Palladium, nickel and copper constitute the medélshoice, if chemists aim to synthesize
complex and functionalized organic molecules inir@vcross-coupling reactions. Numerous
applications document their advantageous use wg&peact to generality and functional-group
tolerance Nevertheless, the high prize of palladium and denplexes, as well as
toxicological issues associated with nickel and pesp’ have prompted the search for
alternative metals that combine ecological and esvcal aspects with high catalytic activity
and chemical selectivity.

Iron-catalyzed carbon-carbon bond-forming reactioage emerged from exotic phenomenas
to indispensable tools in organic synthesis overlaist decadésWhereas alkyl-aryt® alkyl-

|4l |4lb,4lc,4lk,42
1 )

alkeny! aryl-alkeny as well as alkynyl coupling reactions are well

% (a) Handbook of the Toxikology of MetalBriberg, L.; Nordberg, G. F.; Vouk, V. B.; Ed€jsevier,
Amsterdam,1986 (b) Hughes, M. NCompr. Coord. Cheni.987, 67, 643. (c)Nickel and the Skin: Absorption,
Immunology, Epidermology, and Metallurgdostynek, J.J.; Maibach, H. I.; Eds.; CRC Prdé¥s¢a Raton,
2002

“0 (@) Furstner, A.; Leitner, AAngew. Chem. Int. EQ002 41, 609. (b) Fiirstner, A.; Leitner, A.; Méndez, M.;
Krause, HJ. Am. Chem. So2002 124, 13856. (c) Martin, R.; Furstner, Angew. Chem. Int. EQ004 43,
3955. (d) Nagano, T.; Hayashi, Org. Lett.2004 6, 1297. (e) Nakamura, M.; Ito, S.; Matsuo, K.; Nakaa, E.
J. Am. Chem. So2004 126 3686. (f) Bedford, R. B.; Bruce, D. W.; Frost, R.; Goodby, J. W.; Hird, M.
Chem. CommurR004 40, 2822. (g) Nakamura, M.; Ito, S.; Matsuo, K.; Nakaa, E.Synlett2005 11, 1794.
(h) Bedford, R. B.; Betham, M.; Bruce, D. W.; Dawoofps, A. A.; Frost, R. M.; Hird, MJ. Org. Chem2006
71, 1104. (i) Cahiez, G.; Habiak, V.; Duplais, C.; ax, A. Angew. Chem. Int. EQR007, 46, 4364. (j)
Flrstner, A.; Martin, R.; Krause, H.; Seidel, Goddard, R.; Lehmann, C. W. Am. Chem. So200§ 130,
8773. (k) Czaplik, W. M.; Mayer, M.; Jacobi von Wgatin, A. Angew. Chem. Int. EQR009 48, 607. (l)
Bedford, R. B.; Huwe, M.; Wilkinson, M. @Chem. Commun2009 45, 600. (m) Cahiez, G.; Foulgoc, L.;
Moyeux, A.Angew. Chem. Int. EQ009 48, 2969. (n) Noda, D.; Sunada, Y.; Hatakeyama, Bkawnura, M.;
Nagashima, HJ. Am. Chem. So@009 131, 6078. (o) Ito, S.; Fujiwara, Y.-i.; Nakamura, Blakamura, M.
Org. Lett.2009 11, 4306. (p) Gagsig, T. M.; Lindhardt, A. T.; Skryds, T.Org. Lett.2009 11, 4886. (q)
Kawamura, S.; Ishizuka, K.; Takaya, H.; Nakamura,iem. CommurR01Q 46, 6054. (r) Hatakeyama, T.;
Hashimoto, T.; Kondo, Y.; Fujiwara, Y.; Seike, H.akaya, H.; Tamada, Y.; Ono, T.; Nakamura, MAm.
Chem. Soc201Q 132, 10674. (s) Steib, A. K.; Thaler, T.; Komeyama, Mayer, P.; Knochel, PAngew. Chem.
Int. Ed. 2011, 50, 3303. (t) Yamaguchi, Y.; Ando, H.; Nagaya, M.nlgo, H.; Ito, T.; Asami, MChem. Lett.
2011 40, 983. (u) Jin, M.; Nakamura, MChem. Lett2011, 40, 1012. (v) Hatakeyama, T.; Fujiwara, Y.-i.;
Okada, Y.; Itoh, T.; Hashimoto, T.; Kawamura, Sgafa, K.; Takaya, H.; Nakamura, i@hem. Lett2011, 40,
1030. (w) Kawamura, S.; Kawabata, T.; Ishizuka Kgkamura, M.Chem. Commun2012 48, 9376. (x)
Silberstein, A. L.; Ramgren, S. D.; Garg, N.@tg. Lett.2012 14, 3796. (y) Agrawal, T.; Cook, S. Prg. Lett.
2013 15, 96.

1 (@) Tamura, M.; Kochi, J. KI. Am. Chem. Sod971, 93, 1487. (b) Fabre, J.-L.; Julia, M.; Verpeaux, J.-N
Tetrahedron. Lett1982 23, 2469. (c) Scheiper, B.; Bonnekessel, M.; Kralt$e,Furstner, AJ. Org. Chem.
2004 69, 3943. (d) Cahiez, G.; Duplais, C.; Moyeux,@rg. Lett.2007, 9, 3253. (e) Guérinot, A.; Reymond, S;
Cossy, JAngew. Chem. Int. E@0Q7, 46, 6521. (f) Cahiez, G.; Habiak, V.; Gager,@g. Lett.2008 10, 2389.
(g) Hatakeyama, T.; Nakagawa, N.; Nakamura,Qvlg. Lett.2009 11, 4496. (h) Li, B.-J.; Xu, L.; Wu, Z.-H.;
Guan, B.-T.; Sun, C.-L.; Wang, B.-Q.; Shi, Z.d1. Am. Chem. SoQ009 131, 14656. (i) Nishikado, H.;
Nakatsuji, H.; Ueno, K.; Nagase, R.; Tanabe,Synlett201Q 14, 2087. (j) Hashimoto T.; Hatakeyama T.;
Nakamura M.J. Org. Chem2012 77, 1168. (k) Cahiez, G.; Gager, O.; Buendia, J.rne&di, C.Chem. Eur. J.
2012 18, 5860.

“2 (a) Molander, G. A.; Rahn, B. J.; Shubert, D.Bbnde, S. ETetrahedron Lett1983 24, 5449. (b) Itami, K.;
Higashi, S.; Mineno, M.; Yoshida, J.@rg. Lett.2005 7, 1219.
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documented® the corresponding aryl-aryl cross-coupling reaxtioare much more
challenging due to unsufficient catalytic activiby the iron-catalyst and due to undesired
homo-coupling side-reaction of the organometafiiecses’*

The first example of an unsymmetrical biaryl-formoat mediated by an iron-catalyst was
reported by Fiirstner in 2002 Heteroaromatic chlorides were treated with non-
functionalized (hetero)aryl Grignard reagents @j8iv) at low temperatures (-30 °C) in the
presence of 5 mol% of Fe(aca@) THF. Interestingly, this reaction reached ftdinversion

in only 10 min reaction time, revealing the highidty of the iron-catalyst. The excess of
Grignard reagent was found to be necessary, as mrgpunts of homo-coupling byproducts

resulting from the Grignard reagent are observeti¢®e 10).

PhMgBr (2.3 equiv)

R N Fe(acac); (5 mol%) R N
> >

N~ Cl THF, -30 °C, 10 min N "Ph

R = Me, OMe, Ph, SMe up to 82% yield

Selected examples:

P
|

h
Ph
b NN PY N._%.Ph
co. O W QL e
. N

PR \ ~ —
N~ 7 ph ' Me N~ sMe N

71% yield 57% yield 60% yield 53% yield 64% yield

Scheme 10lron-catalyzed aryl-aryl bond-formation reportedfiyrstner et af®

Figaderé”® andPlé *° further investigated this iron-catalyzed aryl-azgbss-coupling reaction
betweenN-heterocyclic halides and simple unfunctionalizednzatic Grignard reagents by
testing various solvents and additives, showing tte conditions reported ¥iirstnerwere
indeed optimum. LateKnochelreported an example using catalytic amounts of powder

for efficient cross-coupling between 2-chloroquinel and phenylmagnesium bromide

3 (a) Hatakeyama, T.; Yoshimoto, Y.; Gabriel, T.ksmura, M.Org. Lett.2008 10, 5341. (b) Czaplik, W. M.;
Mayer, M.; Jacobi von Wangelin, £hemCatChen2011, 3, 135. (c) Hatakeyama, T.; Okada, Y.; Yoshimoto,
Y.; Nakamura, MAngew. Chem. Int. E@011, 50, 10973.

*4 For Fe-catalyzed homo-coupling reactions, seekkayasch, M. S.; Fields, E. K. Am. Chem. So&941, 63,
2316. (b) H. Felkin, H.; Meunier, B. Organomet. Chem978 146 169. (c) Nagano, T.; Hayashi, Org. Lett.
2005 7, 491. (d) Cahiez, G.; Chaboche, C.; Mahuteau-Befze Ahr, M. Org. Lett.2005 7, 1943. (e) Xu, X.;
Cheng, D.; Pei, WJ. Org. Chem200§ 71, 6637. (f) Liu, W.; Lei, A.Tetrahedron Lett2007, 49, 610. (g)
Cahiez, G.; Moyeux, A.; Buendia, J.; Duplais, . Am. Chem. SoQ007 129 13788. (h) Kiefer, G.;
Jeanbourquin, L.; Severin, Kngew. Chem. Int. EQ013 52, 6302. (i) Toummini, D.; Ouzzani, F.; Taillefer,
M. Org. Lett.2013 15, 4690.

> Quintin, J.; Franck, X.; Hocquemiller, R.; FidagéB. Tetrahedron Lett2002, 43, 3547.

“°Boully, L.; Darabantu, M.; Turck, A. Plé, Nl. Heterocycl. Chen2005 42, 1423.
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(Scheme 11§’ This observation supports the involvement of reduferrate species in this

cross-coupling.

PhMgBr (2.3 equiv)
Fe powder (5 mol%) X
@ EtZO rt,12h N= ph
86% vyield

Scheme 11Heteroaryl-aryl bond-formation catalyzed by irormpuler.

Knocheland coworkers also demonstrated that the undesmenb-coupling side-reaction can
be suppressed by using organocopper reagents dnsbéaaryl Grignard reagents.
Transmetalation of functionalized Grignard reagemigh CuCN-2LIiCl furnishes the
respective arylcopper reagents that undergo irtayzaed coupling reactions with various
aromatic iodides in the presence of Fe(acecYHF/DME at elevated temperatures (Scheme
12)%8

/
q N | . N Cu(CN)MgClI Fe(acac); (10 mol%) ~ -R2
— L _—
R t R . o X
= = THF/DME , 80 °C, 3h R\
/

(1.2 equiv)
up to 98% yield

R'2 = various functions including esters and nitriles
Selected examples:

CN

EtO,C N
N Etozc@ ©
©j§—cogt /@ pCeH4OMe
N

O
\\Ph CO,Et TIPSO

85% yield 96% yield 62% yield 96% yield

Scheme 120rganocopper reagents in iron-catalyzed aryl-aig$s-coupling reactions.

In 2007,Nakamura et alshowed that aromatic Grignard reagents can inuadergo iron-

catalyzed cross-coupling reactions with aromatilidea by using a novel catalytic system

“"Korn, T. J.; Cahiez, G.; Knochel, 8ynlett2003 1892.
8 (a) Sapountzis, I.; Lin, W.; Kofink, C. C.; Desppbulou, C.; Knochel, PAngew. Chem. Int. EQ005 44,
1654. (b) Kofink, C. C.; Blank, B.; Pagano, S.; gdt.; Knochel, PChem. Commur2007, 1954.
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based on FeF3H,0O andN-heterocyclic carbene ligand$Under optimized conditions, the
iron-catalyst Fek3H,0 (3 mol%) and the carbene ligand precursor SIPr-@@G-bis-(2,6-
diisopropylphenyl)-4,5-dihydroimidazolium chlorid8; mol%) have to be pre-treated with
EtMgBr to produce the active iron species. Subseityethe electrophile and the desired
aromatic Grignard reagent have to be added andethetion mixture has to be stirred at
60-120 °C for 24 h to produce the respective biaoylpling product with negligible amounts
of homo-coupling byproducts (Scheme 13).

Ar'-Cl (1 equiv)

FeF3-3H,0 (3 mol%) EtMgBr (18 mol%)  Ar>-MgBr (1.2 equiv)
+ Ar'-Ar2

SIPr-HCI (9 mol%) THF,0°Ctort,4h  THE §0-120 °C, 24 h
up to 96% yield

Ar' = F-, alkyl-, OMe-, NMe,-, acetal- and SMe-substituted (hetero)aromatics
ArZ = Me-, OMe-, and F-substituted (hetero)aromatics

jPr iPr
[e,)
NvN
CI@
iPr iPr

SIPr-HCI

Selected examples:

F

ol § o

QG Y& Oy

81% yield 90% yield 93% yield 94% yield 74% yield

Scheme 13Iron-carbene catalyst for unsymmetrical biaryl fatian reactions.

Even if the authors could improve the iron-catatiyzaryl-aryl cross-coupling reaction
dramatically by suppressing the undesired homodaaypeaction significantly, this method
suffers some disadvantages. First, an expemsilieterocyclic carbene ligand has to be used
in combination with toxic iron fluoride salts. Sexh the reaction requires high temperatures

of up to 120 °C and long reaction times. And thile substrate scope is rather limited.

9 (a) Hatakeyama, T.; Nakamura, W.Am. Chem. So007, 129, 9844. (b) Hatakeyama, T.; Hashimoto, S.;
Ishizuka, K.; Nakamura, Ml. Am. Chem. So2009 131, 11949.
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4. Cobalt-Catalyzed Unsymmetrical Aryl-Aryl Cross-Couplings

The first report on a cobalt-catalyzed cross-couplreaction goes back to 1939, when
Gilman and Lichtenwalter described the nearly quantitative formation of beroupling
products from aromatic Grignard reagents by tregatthem with cobalt chlorid
Comparable to iron-catalysis, the formation of thhb®mo-coupling products is undesired, if
on attempts to perform a cobalt-catalyzed crosglany reaction between an aromatic halide
and an aromatic organometallic reagéfgmuradescribed the first cobalt-catalyzed synthesis
of unsymmetrical biaryls via reaction of diaryltgides with aromatic organomagnesium

reagents (Scheme 12).

CoCly(PPhs), (5 mol%)
MeO@Te + PhMgBr MeO@Ph
2 THF, 15 °C, 20 min
40% yield

Scheme 14Cobalt-catalyzed cross-coupling reaction betwearyttelurides and aromatic

Grignard reagents.

KnochelandCabhiezsignificantly improved this reaction by couplingtizated heteroaromatic
halides with arylmagnesium reagents in the presehcatalytic amounts of cobalt chloride.
Interestingly, stericially hindered Grignard reatgetike mesitylmagnesium bromide react

smoothly under the described conditions (Schemé&15)

ArMgBr (2.3 equiv)

RL S CoCly (5 mol%) RL S
Lz Lz

N~ Cl Et,0, -40 °C, 1-96 h N™ Ar

R =H, OMe, Ph up to 91% yield
Ar = Ph, p-tolyl, o-anisyl, mesityl, 4-(¢-BuCOO)CgH,4

Selected examples:

. 0
/ N
N/ ,/\©\ | X N, \©\
N
MeO N™ /~Ph OMe

76% yield 85% yield 40% yield 55% yield
Scheme 15CoClh-catalyzed cross-coupling reactions between hetdrolalorides and

aromatic Grignard reagents.

0 Gilman, G.; Lichtenwalter, Ml. Am. Chem. So&939 61, 957.
°l (a) Uemura, S.; Fukuzawa, SFetrahedron Lett1982 23, 1181. (b) Uemura, S.; Fukuzawa, S.-1.; Path,.S. R
J. Organomet. Chem983 243 9.
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The same authors also reported that cobalt povaterbe used as catalyst in some cé5es.
Furthermore Knochel has shown that alsortho-bromo orortho-chloro aromatic ketones,
esters and even aldehydes can be coupled usinggt catalyst. Regarding this, the aromatic
Grignard reagent has to be transmetalated to thpective organocopper reagent using
CuCN-2LIiCl. To reach full conversion, a THF/DME/DMPsolvent mixture has to be
prepared and additives like Bl and 4-fluorostyrene were found to be cruéfaNumerous
polyfunctional biaryls could be synthesized follogithis procedure (Scheme 16).

Co(acac), (7.5 mol%)
BuyNI (1 equiv)

X O Vi < > F Ar O
(20 mol%)
R + ArCu(CN)MgClI R
. DME/THF/DMPU (3:2:1)
(3 equiv) 80 °C, 15 min

up to 98% yield

X=Cl, Br
R = ester, ketone, aldehyde
Ar = various functionalized (hetero)aromatics

Selected examples:

OMe

CN
@ @ O A -———
CO,Et e S N
| / »
N Cl

79% yield 77% yield 74% yield 82% yield
Scheme 16Cobalt-catalyzed cross-coupling of polyfunctionall @opper reagents with aryl

bromides and chlorides.

This cobalt-catalyzed reaction could also be ex@dntlb aromatic tosylates and even
fluorides®® Noteworthy, especially aryl fluorides are usualhpt very reactive using
traditional metals like palladium or nickel, duette inherent strength of the C-F bond that
prevents metal insertion into this bond. Using p#abrobenzophenones, the tvestho-
fluorides could be functionalized selectively usamgexcess of arylcopper reagents (Schemes
17 and 18§*

*2Korn, T. J.; Knochel, PAngew. Chem. Int. EQ005 44, 2947.

3 Korn, T. J.; Schade, M. A.; Wirth, S.; Knochel G¥g. Lett.2006 8, 725.

* Korn, T. J.; Schade, M. A.; Cheemala, M. N.; Wirgh; Guevara, S. A.; Cahiez, G.; Knochel,Synthesis
2006 3547.
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X (e}
e X R2 + ArCu(CN)MgClI
R —
F (3 equiv)
X=F, OTs
R'=H, F, OEt

R2 = ester, ketone
Ar = various functionalized (hetero)aromatics

Selected examples:

OMe

S
Y

hd Y. 0

CO,Et
Ph
51% yield 94% yield
X=F X=F

Co(acac), (7.5 mol%)
BugNI (1 equiv)

O

(20 mol%)

DME/THF/DMPU (3:2:1)
rt. to 80 °C, 15 minto 16 h

up to 98% yield

9,

~ /@)}\

78% yield
X=0Ts

21,

78% yield
X=0Ts

Scheme 17Cobalt-catalyzed cross-couplings of aryl fluoridesl tosylates.

F 0] cl

F (6 equiv)

F
Ph
+ m@—cwcmMgm
F

Co(acac), (15 mol%)
Bu4NI (1 equiv)

/

DME/THF/DMPU (3:2:1)
r.t., 30 min

(40 mol%)

higher yields are obtained using aryl chlorides.

% Cahiez, G.; Moyeux, AChem. Rev201Q 110, 1435.
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50% yield

Scheme 18Example for cobalt-catalyzed cross-coupling of plabrobenzophenone.

Nakamurasmethod using metal fluorides amtheterocyclic carbene ligands could also be
applied to cobalt, resulting in various aryl-arglupling products via reaction of an aromatic
Grignard reagent with aromatic halides (Scheme'fa)ith cobalt fluoride, better results are

obtained with aromatic iodides and bromides astrphiles, whereas with iron fluoride

In 2013, Duan presented a novel cobalt-catalyzed cross-coupleagtion between aryl
halides and aromatic magnesium and lithium reagédims presence of 40 mol% of Ti(OkEt)

was found to suppress undesired homo-coupdidg-products from the organometallic



Ar'-X (1 equiv)

CoF,-4H,0 (3 mol%) EtMgBr (18 mol%)  Ar?-MgBr (1.2 equiv)
+ Ar'-Ar2

SIPr-HCI(6mol%)  THF,0°Ctort,4h  ThF 60-120°C, 24 h
up to 99% yield
X =Cl,Br, |
Arl = F-, alkyl-, OMe-, NMe,- and acetal-substituted (hetero)aromatics
Ar? = Me-, OMe-, and F-substituted (hetero)aromatics

jPr iPr
N@,N
A
CI@
iPr iPr
SIPr-HCI
Selected examples:
F OMe
F
PV X
| A
. L
’ N
O\ N
OMe /
97% yield 84% yield 95% yield 99% yield
X=Cl X=Br X=Br X=Br

Scheme 19Cobalt-carbene catalyst for unsymmetrical biaryihfation reactions.

reagent. Interestingly, the reaction can also falkee in the presence of a free carboxylic
acid, a hydroxyl or an amide residue (Scheme®2@)yven if this reaction displays a broad

functional group tolerance, a large excess of Tisga present in the reaction mixture and

toxicological anxious PByis used.

CoCl, (7.5 mol%)
PBuU3 (15 mol%)
Ti(OEt)4 (0.56 - 0.96 equiv)
(Het)Art—X +  (Het)Ar—M (Het)Arl—(Het)Ar2

THF, rt, 4 h )
(1.4 - 2.4 equiv) up to 98% yield

(Het)Ar'2 = various substituted (hetero)aromatics
X=F,Cl, Br
M = MgBr, MgCl, Li

Selected examples:

MeO,C,

Ph . /@\
o} cN HO i
HO,C \
Ve S el Ay
i _ / TN\
! MezN

o} N
72% yield 80% yield 87% yield 81% yield

Scheme 20Co/Ti cooperatively catalyzed biaryl couplings.

% Zeng, J.; Liu, K. M.; Duan, X. FOrg. Lett.2013 15, 5342,
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5. Objectives

The benzylic arylation of pyridines and relatBheterocycles is an important synthetic
challenge due to their important biological or mialeproperties’ So far, the arylation of
methyl-substituted 5- and 6-membered heterocysles iunsolved problem. Hence, benzylic
metalation of a range of methyl-substituted hetgelas should be developed, using the direct
metalation method described in Chapter 2.4. Sules#qaross-coupling reactions of the
resulting benzylic organometallic reagents shouldhih benzylic arylated heterocycles
(Scheme 21%®

Ar
> N
R K /) Me R /)
N N
1) TMPM
or —_— or
2) Ar-Hal, [Pd]
R ) R~ X
7\ 7\ AT
kx)\Me kx)\/\
R = various substituents
X=N,S,0
Y=CH,N
M = ZnCl, MgCl, Li
Hal =1, Br, Cl

Scheme 21Iintended benzylic arylation of heterocycles.

Furthermore, the regioselectivity of benzylic matiain of lutidines should be investigated.
Examination of Lewis acidic additives should be emaken and the effect of these additives
on the regioselectivity of the metalation shouldshelied (Scheme 22).

Another project should focus on iron- and cobatalsaed aryl-aryl cross-coupling reactions.
As described in Chapter 3 and 4, the formationnsfymmetrical biaryls is still dominated by
palladium and nickel catalysts. Due to ecological aconomical reasons, the replacement of

these metals by more abundant metals like irorobalt is highly desired. Previous reports on

" Nicolaou, K. C.; Scarpelli, R.; Bollbuck, B.; Wetkun, B.; Pereira, M. M. A.; Wartmann, M.; Altmarit.-
H.; Zaharevitz, D.; Gussio, R.; Giannakakou@kem. Biol.200Q 7, 593. (b) Oliva, B.; Miller, K.; Caggiano,
N.; O'Neill, A. J.; Cuny, G. D.; Hoemann, M. Z.; tiske, J. R.; Chopra, Antimicrob.Agents Chemothe2003
47, 458. (c) Bouillon, A.; Voisin, A. S.; Robic, ALancelot, J.-C.; Collot, V.; Rault, 8. Org. Chem2003 68,
10178. (d) Nolan, E. M.; Jaworski, J.; Okamoto,| KHayashi, Y.; Sheng, M.; Lippard, S.JJ.Am. Chem. Soc.
2005 127, 16812. (e) Hayashi, A.; Arai, M.; Fujita, M.; Kayashi, M.Biol. Pharm. Bull.2009 32, 1261. (f)
Quiroga, J.; Trilleras, J.; Insuasty, B.; Abonia, Rogueras, M.; Marchal, A.; Cobo, Tetrahedron Lett201Q
51, 1107. (g) Laird, TOrg. Process Res. De2006 10, 851. (h) Yurovskaya, M. A.; Karchava, A. Chem.
Heterocycl. Compdl994 30, 1331. (i) Baxter, P. N. W.; Lehn, J.-M.; Fisché&r, Youinou, M.-TAngew. Chem.
Int. Ed.1994 33, 2284. (j) Lehn J.-MScience2002 295, 2400. (k) Chen, X.; Engle, K. M.; Wang, D.-H.; Yl
Q. Angew. Chem. Int. E@009 48, 5094. (I) Burton, P. M.; Morris, J. Drg. Lett.201Q 12, 5359.

%8 This project was developed in cooperation with D& and Manolikakes, S. M.
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| i

Me 1) Lewis acid Me

2) TMPM
AN - X or AN
| _ 3) ArHal, [Pd] | _ Ar | _
N Me N
M = ZnCl, MgCl, Li

Hal =1, Br, Cl

Scheme 22Regioselective benzylic arylation of 2,4-lutidine.

these CspCspf cross-coupling reactions using iron or cobaltsshéive shown that the key to
success is the suppression of undesired homo-ogugilile products arising from the organo-
metallic reagent. Therefore, conditions for effidi@on- and cobalt-catalyzed cross-coupling
reactions betweerN-heterocyclic halides and aromatic Grignard reagyeshould be
developed. The Grignard reagents should be prepacedrding to Chapters 2.2 and 2.3
(Scheme 235°

f AN [Fe] or [Co] { X
R~ ArMgHal R
T _ A >
N Hal " N Ar
conditions
R = various functions up to 82% yield
Hal = Cl, Br

Scheme 23Attempted iron- and cobalt-catalyzed cross-coupteastions.

Furthermore, this coupling reaction should be ektein to aromatic halides like 2-
chlorobenzophenone or 2-halogenated protected limtgales as well as to alkenyl halides.
Alternative metal salts like chromium-, vanadiun-neolybdenum-chlorides and -bromides

should also be tested for their efficiency in siamilCspg-Csgf cross-coupling reactions.

¥ This project was developed in cooperation with iirm, O. M.; Markiewicz, J. T.; Flubacher, D. and
Fernandez, S.
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1. Benzylic Arylation of Heterocycles

1.2.  Introduction

The functionalization of pyridines and related hetgcles is very important due to their
biological or material properti€é. Especially, the benzylic arylation of pyridines &s
challenging synthetic problem. Pd-catalyzed argtati of 2-picoline involving a direct C-H
activatior?’ have no generality and only scarce examples hegg keported. Thus, azaarenes
bearing electron-withdrawing groups may be arylaed00 °C with a Pd-cataly$tSeveral
alternative procedures involving the fragmentatba 2-(2-pyridyl)ethandl? the arylation of
N-oxide$® or N-iminopyridinium ylide§* have been described. These methods, although
displaying now a good generality, require modiftedheterocyclic precursors. Also, whereas
2-picoline (La) can be functionalized in this way, no arylatiom 4-picoline 2a) has been
described. The difficulty for forming a new carbcarbon bond with metalated 2-picolir® (
(or 4-picoline) may be due to the nature of thegotaim complexe® (4a-c) resulting from a
reaction with ArPdX (Scheme 24). All these possgiteictures would be reluctant to undergo
a reductive elimination due to the chelation of tieterocyclic nitrogen with the Pd-center.
Hartwig has already shown that Pd-catalyzed aminationsaecelerated by a Lewis-Acid
(BEt:).°° Nolan has also reported that reductive eliminationsdtBmplexes are accelerated
by AICI5.®” The presence of an appropriate Lewis-Acid (LA) péewing this heterocyclic
nitrogen should lead to a new Pd-intermediate sis&hwhich will now be prone to undergo a
fast reductive elimination leading to the crossglmg product6. A similar behavior may be
expected for the arylation of 4-picoline (Schemg ZBhe beneficial effect of Lewis-acids for
performing additions of 2-picoline to imines agmbnes has already been demonstr&t&y.

% (a) Alberico, D.; Scott, M. E.; Lautens, Mhem. Rev2007, 107, 174. (b) For a special issue on Selective
Functionalization of C-H Bond€Chem. Rev201Q 110 575. (c) Kalyani, D.; Deprez, N. R.; Desai, L.; V.
Sanford, M. SJ. Am. Chem. So@005 127, 7330. (d)Activation of Unreactive Bonds and Organic Synthesi
Murai, S., Ed.; Springer-Verlag, Berlin Heidelbet®99 (e) Dick, A. R.; Sanford, M. S.etrahedron2006 62,
2439; (f) Schlosser, M.; Mongin, Ehem. Soc. ReR007 36, 1161. (g) Niwa, T.; Yorimitsu, H.; Oshima, K.
Org. Lett.2007, 9, 2373.

®1 Burton, P. M.; Morris, J. AOrg. Lett.201Q 12, 5359.

%2 Niwa, T.; Yorimitsu, H.; Oshima, KAngew. Chem. Int. E@007, 46, 2643.

83 (a) Campeau, L.-C.; Schipper, D. J.; FagnouJKAm. Chem. So2008 130, 3266. (b) Schipper, D. J.;
Campeau, L.-C.; Fagnou, Ketrahedror?2009 65, 3155.

® Mousseau, J. J.; Larivée, A.; Charette, AOBg. Lett.2008 10, 1641.

% For structures of palladium picolyl derivativeges (a) Onishi, M.; Hiraki, K.; Maeda, K.; ltoh, T.
Organomet. Cheml98Q 188 245. (b) Isobe, K.; Nakamura, Y.; KawaguchiBall. Chem. Soc. Jpri989 62,
1802. (c) Qian, B.; Guo, S.; Shao, J.; Zhu, Q.;¢/dn; Xia, C.; Huang, HJ. Am. Chem. So201Q 132 3650.

® Shen, Q.; Hartwig, J. B. Am. Chem. So2007, 129, 7734.

®"Huang, J.; Haar, C. M.; Nolan, S.®rganometallics1999 18, 297.

% For additions to imines, see: (a) Qian, B.; Guo,)X@a, Huang, HAdv. Synth. Catal01Q 352, 3195. (b)
Rueping, M.; Tolstoluzhsky, NOrg. Lett.2011, 13, 1095.

% For additions to enones, see: Komai, H.; YoshihpMatsunaga, S.; Kanai, Mdrg. Lett.2011, 13, 1706.
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X Met-base X X
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N CH,Met N" "Me N
3 1a

¢ ArPdX ¢ Met-base
| X . @ - @ CHyMet

P - - N

" ) T O

PdA
4a PdAr 4b PaAr 4c ' N/
| | | ArPAX ¢ LA

l LA = MgCIQ, ZnClz, BF3'OEt2, SC(OTf)3
PdAr

reductive
| N elimination | N | X
[E— .
N/ “ —
II_A PdA fast ’i‘
5 r 6 A LA

Scheme 24Lewis-acid (LA) promoted benzylic cross-coupling.

Thus, the use of bases (Met-base) bearing a Lesids+aetal centre for performing the
metalation was attempted to be investigated. TMR4nCl (7) displays a high

chemoselectivity in various directed zincations asbmatics and heterocycleBesides,

TMPZnCI-LiCl (7) proved to be an excellent base for the generationitrile and ester

enolates?’* Moreover, TMPZnClI-LiCl is compatible with additidnatrong Lewis-acids

(MgCl,, BRs-OEb) forming frustrated Lewis paifé.The goal of the following investigation
was to examine, if Lewis-acids such as Zn®gCl,, BF;- OEb or Sc(OTf} can be combined
with TMPZnCI-LiCl to promote efficiently the Negishross-coupling® of various methyl-

substitutedN-heterocycles.

1.2. Benzylic Cross-Coupling of Pyridines with ArylBromides
At first, it was examined, if TMPZnCI-LiCl is abte metalate picolines. Thus, the zincation
of 2-picoline (La) with TMPZnClI-LiCl (7: 2.0 equiv}” gives the zincated picolir@a (THF,

0 (@) Hlavinka, M. L.; Hagadorn, J. Retrahedron Lett2006 47, 5049. (b) Hlavinka, M. L.; Hagadorn, J. R.
Organometallics2007, 26, 4105.

" Duez, S.; Bernhardt, S.; Heppekausen, J.; Flerfing,; Knochel, POrg. Lett.2011, 13, 1690.

2 (@) Jaric, M.; Haag, B. A.; Unsinn, A.; Karaghiffsi.; Knochel, P.Angew. Chem. Int. EQ01Q 49, 5451.
(b) For an excellent review see: Stephan, D. WkeEIG.Angew. Chem. Int. EQ01Q 49, 46.

3 (a) Erdik, E.Tetrahedron1992 48, 9577. (b) Negishi, E.-i.; Valente, L. F.; Kobalggdv. J. Am. Chem. Soc.
1980 102 3298; (c) Negishi, E.-Acc. Chem. Re4982 15, 340.

" Usually, 1.5 equiv of bas@)is used. In this case, 2.0 equiv of base are dsedo the presence of the indole
NH-group.
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25 °C, 1 h). Its cross-coupling with 5-bromoind@®z 0.8 equiv) using 2% Pd(OAcand
2-4% SPho% (50 °C, 7 h) affords the desired pyridid@in 86% yield (Scheme 25).

B
m
N

TMPZnCI-LiCl H
X X
Q (7: 2.0 equiv) | (9a: 0.8 equiv) SN H
NT NoH, ——————> N — | _ /
THF,25°C, 1 h el 2% Pd(OAc), N
2-4% SPhos
1a 8a 50°C,7h 6a: 86% yield
Br. o) O,
CH ZnCl O> >
®  TMPZnCI-LiCl , Y
| X (7: 1.5 equiv) N (9e: 0.8 equiv) Q
IR | PN
N~ THF,25°C,1h 7 2% Pd(OAC), U >
2-4% SPhos
2a 8b 50°C,1h 10a: 95% yield

Scheme 25Pd-catalyzed direct cross-coupling of picolidesand2a.

Such cross-coupling reactions can be extended riougasubstituted aryl bromideSktd)
leading to product$€b-d in 66 to 95% vyield (Table 1, entries 1-3). Alsosubstituted
pyridines such asb-c are metalated with TMPZnCI- LiCF) under the same conditions and
provide the desired productée&f) with 4-bromoanisole9b) in very high yields (92-99%,
entries 4-5).No arylation of 4-picoline Za) has been reported in the literature so far.
However, with TMPZnCI-LIiCl T: 1.5 equiv), a smooth zincation @& proceeds readily
(25 °C, 1 h) and the Pd-catalyzed cross-couplingboivith various aryl bromide<9p, 9e-)
furnishes the 4-substituted pyriding8a-fin 70 to 98% yield (Scheme 25 and entries 6-10).
Also, 2-chloro-4-methylpyridine2p) similarly reacts and produces the arylated prisii@g
and10hin 69% vyield (entries 11-12). Cross-coupling af thsubstituted pyridinelQb) with
4-bromoanisol€9b) leads to the desired produd0di) in high yield (entry 13).

These smooth cross-couplings may be explained éydle that ZnGl plays as Lewis-acid.
Interestingly, the use of TMPZnCl- Mg€&2LICl (prepared from TMPMgCI-LiCl and Zng}l
leads to even faster cross-couplings (at leastntedifaster). However, the reaction is

complicated by increased amounts of bis-aryldfiomaking a general use of this Lewis-acid

5 (a) Walker, S. D.; Barder, T. E.; Martinelli, J.; Buchwald, S. LAngew. Chem. Int. EQ004 43, 1871. (b)
Barder, T. E.; Walker, S. D.; Martinelli, J. R.; &wald, S. LJ. Am. Chem. So2005 127, 4685. (c) Altman,
R. A.; Buchwald, S. LNat. Protocol2007, 2, 3115. (d) Martin, R.; Buchwald, S. Acc. Chem. Re2008 41,
1461.

® Pd-catalyzed arylation of 2-picolineld) with 3-chlorobromobenzene9d) proceeds in 1 h using
TMPZnCI-MgC)- LiCl instead of 6 h when using TMPZnCI- LiGl) (but led to less produéd (61%) due to the
formation of 17% of di-arylated product.
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Table 1: Direct benzylic cross-coupling of 2- and 4-picoline

Entry Picoline? Aryl-Br Product Yield (%) °
| A 5 —XR | A = e
N/ Me \ / N/ X I
1 la(3) 9b:R = 4-OMe 6b:R = 4-OMe 95
la(6) 9CcR =4-F 6CR =4-F 78
3 la(6) 9d:R = 3-Cl 6d:R = 3-Cl 66
X AN OMe
P B
N N
Ph Ph
4 1b (20) 9b 6e 99
| N | N OMe
N N
T8S TBS
5 1c(11) 9b 6f 92
N N 2
@\ l Pz Sk
Me
6 la(1) 9b 10b: R = 4-OMe oF
7 2a(1) of: R = 3-Me 10cR = 3-Me 82
8 2a(1) 9gR =4-NMe  10d:R = 4-NMe 70
9 2a(1) oh:R = 4-OH 10eR = 4-OH 84°
10 2a(1) 9i: R =4-OPiv  10fR = 4-OPiv 81°
Cl Cl
Z Me | Z Me
11 2b (1) of 10g 69"
Cl
H
N N
12 2b (1) 9a 10h 69
N X OMe
L P
p-OMe-CgH, p-OMe-CgHy
13 10k (3) 9b 10i 93

(a) Reaction time (h) for the arylation in brackefs) Isolated yield of analytically pure
product. (c) Pd(OCOGJ, was used as the Pd-source. (d) 2% Pd(QA€» PCywas used.
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undesirable. A further hint showing the importarmmie Lewis-acids via a tentative Pd-
intermediate of typ®& (Scheme 24is found in the cross-coupling reaction of picofir(ea or

2a) with electron-deficient aryl bromides. Such suligts like 4-bromobenzonitrilej) or
ethyl 4-bromobenzoat®k) gave disappointing results in the presence oflZn€MgCL as
Lewis-acids. Therefore, we have screened other golvalternative Lewis-acid$ such as
ScCh, Sc(OTf),"® Yb(OTf)s,”® Y(OTf)s.'’® Thus, the direct cross-coupling of zincated
2-picoline 8a) with 4-bromobenzonitrile9j) gave no product (even after an additional Pd-
ligand screeningy (Scheme 26). However, in the presence of 10% S¢0dn efficient Pd-
catalyzed cross-coupling took place and affordesl ¢bupling producg in 87% vyield
(Scheme 26). Similarly, 4-picolin@&) gave the cross-coupling prodddj only in 41% vyield
without Sc(OTf}, but the addition of 10% Sc(OEf)ncreased the cross-coupling yield to
78% (Scheme 26). The effect of Sc(QTay be best explained by an acceleration of the

1) TMPZnCI-LiCl (7: 1.5 equiv)
THF,25°C,1h

X 2) 10% Sc(OTf)s B N CN
| _ . P POAT | _
N “Me . . | N
BrOCN (9j: 0.8 equiv) Sc(0Th)3
1a 2% Pd(OACc),, 4% SPhos 11a 6g: 87% yield
50°C,1h without Sc(OTf)s: 0%
1) TMPZnCI-LiCI (7: 1.5 equiv) PAAr
CO,Et
Me THF,25°C,1h
N 2) 10% Sc(OTf); | A
| > N/ —
—
| X
N Br—@—COZEt Sc(OTH; |
(9k: 0.8 equiv) N
2% Pd(OACc),, 4% SPhos D00/
2a 50°C. 1 h 11b 10j: 78% yield

without Sc(OTf)s: 41%

Scheme 26Sc(OTf) catalyzed cross-coupling of 2-picolinkgf and 4-picolineZa) with
electron-withdrawing substituted aryl bromid8sK).

" (a) Lewis Acid reagents: a practical approgcfiamamoto, H.; Ed.; Oxford University Press, Newrk,
1999 (b) Selectivities in Lewis acid promoted reactioBshinzer, D.; Ed.; Kluwer Academic, Dordrech®89
(c) Lanthanides: Chemistry and Use in Organic SyntheKisbayashi, S.; Ed.; Springer-Verlag, Berlin
Heidelberg,1999 (d) Acid Catalysis in Modern Organic Synthesis, Val.Shibasaki, M.; Matsunaga, S.;
Kumagai, N.; Eds.; Wiley: Weinheim, Germa2@08 p. 635.

'8 (a) Acid Catalysis in Modern Organic Synthesis, VoDBawa, C.; Gu, Y.; Boudou, M.; Kobayashi, S.; Eds.;
Wiley-VCH Weinheim, Germany2008 p. 589. (b)Lewis Acids in Organic Synthesis, Vo|.Kbbayashi; S.;
Ed.; Wiley: Weinheim, Germany200Q p. 883. (c) Kobayashi, S.; Hachiya, I.; Araki, ;Mshitani, H.
Tetrahedron Lett1993 34, 3755.

9 (a) Transition Metals for Organic Synthesis, VolKbbayashi, S.; Ed.; Wiley: Weinheim, Germaf998 p.
285. (b) Kobayashi, S.; Sugiura, M.; Kitagawa, lkhm, W. L.Chem. Rev2002, 102, 2227.

8 Screenings of various Pd sources such as PdgRd}iba, Pd(OCOCE), in combination with ligands like
SPhos, Xantphos, Davephos, BINAP, tfp, B@Bu; as well as PEPPSI, Pd(Rh PdCL(dppf) have been
examined without giving satisfactory results.
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cross-coupling reductive elimination step due toc@mplexation of Sc(OT§$) at the
heterocyclic nitrogen (segélab, Scheme 26). It is anticipated that electron-wididng
substituents lead to Pd-intermediates of #g&cheme 24) which are especially reluctant to
undergo a reductive elimination. The effect of avlseacid seems to be crucial in these cases.
Thus, the cross-couplings of picolinksand2a with various electron-deficient aryl bromides
(9j-1) are dramatically improved by the presence of 10%0%f; affording the cross-
coupling product$h and 10k-l in 75-85% yield. In the absence of Sc(QTthe yields of
cross-coupling lay between 0-51% (Table 2, entti&3.

Table 2: Effect of Sc(OTf)on the benzylic cross-coupling of 2- and 4-picolvith electron-
deficient electrophiles.
Entry Picoline® Aryl-Br Product °

~ CO,Et
—
N “Me N

1 1a 6h: 85% (31%)

ok
2 2a 9 10k: 75% (0%
)
CFs4
ol

Nl\
/Me

| Z l Z CF3
3 2a 10l: 78% (51%)
(a) Conditions: 50 °C, 1 h. (b) Isolated yield ofagytically pure product. (c)

Isolated yield of reaction performed without Sc(@Tf

Me

The mild zincation of picolines and efficient sutpgent cross-coupling allows now to tackle
regioselectivity issues in the arylation of dimegyyidines. Thus, the arylation of 2,3-, 3,4-
and 2,4-lutidines12a-9 was examined. With 2,3-lutidindZa), an exclusive zincation with
TMPZnCI-LiCl (7) occurs at position 2 leading after Pd-catalyzedation with 4-bromo-
N,N-dimethylaniline 9g) to the disubstituted pyridinel8a) in 85% vyield (Scheme 27).
Further arylations proceed in excellent yields areldescribed in Table 3, entries 1-3. In the
case of 3,4-lutidine1@2b), a complete regioselective metalation is obseraegosition 4
leading after a cross-coupling with 4-bromoanis@b) to the disubstituted pyriding4 in
92% vyield (Scheme 27). The regioselective arylatibg,4-lutidine (20 is more challenging
since a direct zincation with TMPZnCI-LiCF)( produces a 2:1 mixture of regioisomers.
However, the addition of BFOEb'??prior to TMPZnClI- LiCl {) directs the zincation only at
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position 4 since the complexation H2c with BF;- OEt at the heterocyclic nitrogen hampers

the metalation by TMPZnCI- LiCI7] at position 2 for steric factors. Therefore tlcation

occurs at position 4 leading after cross-couplinghvethyl 4-bromobenzoate9K) to the

pyridine (153 in 82% vyield. This behavior is general and sevéypical aryl bromides,

chlorides and a triflatedp, i, j, n-q) undergo regioselective arylations at positioeading to

productsl5b-g in 77-98% vield (entries 4-167.

1) TMPZnCI-LiCl (7: 1.5 equiv)

M THF:NEP (10:1), 25 °C, 15 min
» >~
2) Br—{_)—NMe;
12a

(9g: 0.8 equiv)
2% Pd(OAc), 4% SPhos

50 °C, 2 h
@ 1) TMPZnCI-LiClI (7: 1.5 equiv)
- Me THF, 25 °C, 15 min
» -
N 2) Br—@OMe
12b (9b: 0.8 equiv)
2% Pd(OAc),, 4% SPhos
50°C,2h
@ 1) BF3-OFEty, 0 °C, THF
2) TMPZnCI-LiCl (7: 1.5 equiv)
| = -78°C,1h _
_ -
N Me g Br—@cozEt
12c

(9k: 0.8 equiv)
2% Pd(OAc); 4% SPhos
50 °C,2h

=
N

13a: 85%
OMe

Me

\

14: 92%

CO,Et

X

Pz
N Me

15a: 82%

Scheme 27Selective cross-couplings of lutidinek2é-129.%

Table 3: Selective benzylic cross-couplings of lutidineshaarious aryl bromides, chlorides

and a triflate.

Entry Lutidine ® Aryl-X Product Yield (%) ®
N Me —/R N Me Z
12a 9b 13b: R = 4-OMe 90
2 12a of 13c: R = 3-Me 91

8 Interestingly, a less hindered ba#erpNZnCl-LiCl is not compatible with the Lewis-acid BBES, since it
forms a stable complexXxRr,NBFs;ZnCl which does not dissociate reversibly under rs&ction conditions,

unlike the frustrated Lewis-acid pair TMPERCI."®

8 the presence df-ethylpyrrolidinone (NEP) leads to shorter reactiones (3 times faster).
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3 12a Im: R =4-Ck 13d: R = 4-Ck 88

N7 N =z

©\ _/R @\/@R
= Me X \ / = X
12¢ 9b 15k R = 4-OMe 9
12¢ 9i 15¢: R = 4-OPiv 82
12¢ 9j 15d: R = 4-CN 77

12¢c on: X = OTf, R =4-OMe 15b: R=4-OMe 98
12c 9a: X =Br, R = 2-OMe 15¢. R = 2-OMe 95
12¢ 9p: X=Cl,R=3-OMe  15f R = 3-OMe 86°
10 12c 9g: X =Cl, R = 4-CR 15¢: R= 4-Ck 88

© 0 N o o b~

(a) Isolated yield of the analytically pure produ¢b) BFR-OEt was added prior to
TMPZnCI- LiCl.

1.3. Benzylic Arylation of 2-Methyl-5-Membered Heteocycles Using TMP-Bases

Next, the arylation of methyl-substituted 5-membleheterocycles was envisioned, as this
remained by far an unsolved probl&hiThe arylation of 1,2-dimethylimidazold &) occurs
usually at position 5 ando “benzylic” C-H activation followed by cross-cdungs has been
reported?*®> Only alkylation reactions on the methyl group haeen performed successfully
after deprotonation withBuLi.®® Also, the benzylic metalation and subsequent toylaf 2-

methylbenzothiophen&sand 2-methylbenzofuraf§ has not yet been described. Therefore, a

8 (a) Trost, B. M.; Thaisrivongs, D. A.; Hartwig, J. Am. Chem. So@011, 133 12439. (b) Ackermann, L.;
Barflusser, S.; Kornhaass, C.; Kapdi, A. ®g. Lett.2011 13, 3082. (c) Fleming, P.; O'Shea, D. F.Am.
Chem. Soc2011, 133 1698. (d) Lei, A.; Liu, W.; Liu, C.; Chen MDalton Trans.201Q 39, 10352. (e)
Ackermann, L.Modern Arylation MethodsWiley-VCH Weinheim, Germany2002 (f) Ackermann, L.;
Vincente, R.; Kapdi, A. RAngew. Chem. Int. EQ009 48, 9792.

8 (a) Aoyagi, Y.; Inoue, A.; Koizumi, I.; Hashimot®,; Miyafuji, A.; Kunoh, J.; Honma, R.; Akita, YOtha, A.
Heterocyclesl992 33, 257. (b) Pivsa-Art, S.; Satoh, T.; Kawamura, Miura, M.; Nomura, M.Bull. Chem.
Soc. Jpnl1998 71, 467. (c) Chiong, H. A.; Daugulis, Org. Lett.2007, 9, 1449. (d) Bellina, F.; Cauteruccio,
S.; Mannina, L.; Rossi, R.; Viel, 8. Org. ChenR005 70, 3997. (e) Bellina, F.; Cauteruccio, S.; Di Fiofe;
Rossi, REur. J. Org. Chem2008 5436. (f) Bellina, F.; Cauteruccio, S.; Di Fiof; Marchetti, C.; Rossi, R.
Tetrahedron2008 64, 6060. (g) Toure, B. B.; Lane, B. S.; SamesQrg. Lett.2006 8, 1979. (h) Liégaut, B.;
Lapointe, D.; Caron, L.; Vlassova, A.; Fagnou, X.Org. Chem2009 74, 1826. (i) Roger, J.; Doucet, H.
Tetrahedror2009 65, 9772. (j) Laidaoui, N.; Miloudi, A.; El Abed, DDoucet, HSynthesi01Q 15, 2553.

8 Song, G.; Su, Y.; Gong, X.; Han, K.; Li, ®rg. Lett.2011, 13, 1968.

% (a) Field, L. D.; Messerle, B. A.; Vuong, K. Q.uffier, P.Dalton Trans.2009 18, 3599. (b) Oxenford, S. J.;
Wright, J. M.; O'Brien, P.; Panday, N.; Shipton, R.. Tetrahedron Lett2005 46, 8315. (¢) Sagae, T.; Ogawa,
S.; Furukawa, NBull. Chem. Soc. Jpri991, 64, 3179.

87 For benzylic functionalization of 2-methylbenzafarsee: (a) Setoh, M.; Kouno, M.; Miyanohana, YoriK
M. (Takeda Pharmaceutical Company Limited), US 201891,201Q (b) Ellingboe, J. W.; Alessi, T. R,;
Dolak, T. M.; Nguyen, T. T.; Tomer, J. D.; Guzzo; Bagli, J. F.; McCaleb, M. LJ. Med. Chem1992 35,
1176. (c) Alvarez, M.; Bosch, J.; Feliz, M.Heterocycl Chenl978 15, 1089.
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direct benzylic arylation on a variety of differenhethyl-substituted 5-membered
heterocycles, including 2-methyl-imidazoles, -bahmphenes and -benzofurans and related
5-membered heterocycles using TMP-bases shouldnbestigated. Thus, by using the
magnesium base TMPMgICI (17) and subsequent transmetalation with Zn@Gle were
able to zincate 1,2-dimethylimidazol&g] selectivelyat the 2-methyl position. The resulting
zincated reagent8 was used successfully to perform cross-coupliragtiens with various
aryl bromides of typ® affording 2-benzylated imidazole$9) in 71-91% yield (Table 4). For
example, the magnesiation of 1,2-dimethylimidaz¢les) with TMPMQgCI-LICI (7

1.5 equiv) in THF is complete within 3 h at 25 ¥CAfter transmetalation with Zngl
(1.5 equiv, 25 °C, 15 min), the zincated imidazderivative (8) is treated with ethyl
4-bromobenzoatedk: 0.8 equiv) in the presence of 2% Pd(dlaad 4% SPhos to provide the
desired arylated 1,2-dimethylimidazol&9g) at 50 °C within 2 h in 85% yield without the
formation of a 5-arylated imidazole derivative (Tabt, entry 1). Similarly, cyano and
trifluoromethyl substituted aryl bromide8j{l) can be successfully converted leading to the
imidazole derivatives10b-¢ 71-77%, entries 2 and 3). Also, electron-richl dyomides
bearing alkoxy, pivaloxy, methyl or amino substiitee undergo the cross-coupling in
excellent yields (71-91% vyields, entries 4-8) shayhe broad scope of this arylation.

Efforts were made to extend this method to eves #&esdic methyl-substituted 5-membered
heterocycles. It was found that 2-methyl benzothée 20) was readily metalated with
TMPLi® (21: 1.15 equiv, -78 °C, 15 min) in TH®.After transmetalation with Zng|lthe
resulting heterocyclic benzylic reage@2( was smoothly arylated with various aryl bromides
using 2% Pd(OAg)and 4% SPhos (50 °C, 2 h) leading to the benzpli@ones Z3a-h) in
68-98% vyield (Table 5, entries 1-8). Interestinglge 2,3-dimethylbenzothiophen20p)
undergoes an exclusive lithiation at position 2vpitmg after cross-coupling the 2-benzylated
product @3i) in 87% vyield (entry 9).

8 The direct zincation with TMPZnCI- LiCFJ is too sluggish at 25 °C.

8 (a) Mulvey, R. EAcc. Chem. Re®009 42, 743.(b) Whisler, M. C.; MacNeil, S.; Snieckus, V.; Bedk
Angew. Chem. Int. EQ004 43, 2206.

% Metalation with TMPMgCI-LiCl {7) can only proceed at elevated temperatures andyitld of the
subsequent cross-coupling proved to be less haghpared to initial metalation with TMPL2{).
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Table 4: Pd-catalyzed benzylic arylation of 1,2-dimethylieudle (6) leading to products

of type19.
1) TMPMgCI-LiCl
N (17: 1.5 equiv) N Arvl-Br (9 N

B B ry-Br (9)

(e (3~ e L
| THF,25°C, 3 h | Yo 2% Pd(dba), L Ayl
Me 2) ZnCl, Me 4% SPhos Me

16 18 50°C,3h 19: 71-91%
Entry Aryl-Br 2 Product Yield (%)?
S\QR
Br _/R q\ =
\ 7 de
1 9k 1% R = 4-CQEt 85
2 9j 18b R = 4-CN 71
3 9l 18cR =3-CK 77
4 9b 18d R = 4-OMe 74
5 9i 1%eR = 4-OPiv 91
6 of 19f R = 3-Me 83
7 99 199 R = 4-NMe 79
)
3 S
N
x
Me
8 %e 19h 71

(a) Isolated yield of analytically pure product.

A further extension to the 2-methylbenzofuran swdffwas successful using similar
conditions. The lithiation of 2-methylbenzofura®4) was complete within 1 h at -78 °C.
After transmetalation with Zngland cross-coupling with various aryl bromides, hykt
substituted benzofuran2fa-d were obtained in 52-75% yield (Table 6). In these of
cyano-substituted aryl bromide$j @nd9r) we have found, that the addition of 10% Sc(@Tf)
improves the cross-coupling yield.

The generality of this approach is demonstratedésforming the arylation of other related 5-
membered heterocycles such as the 2-methyl-indelévative 27°* and the 2-methyl-
benzimidazole28. In these cases, TMPZnCI-LiCl)(proved to be the suitable base and a

complete zincation could be obtained within 1 R&fC. Thus, cross-coupling of 2-methyl-

L For preparation a7, see: Macor, J. E.; Ryan, K.; Newman, MJEOrg. Chem1989 54, 4785.
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Table 5: Benzylic cross-coupling of 2-methylbenb{thiophene 20).

1) TMPLi
(21: 1.15 equiv)

Me  THF, -78 °C, 15 min

S

O

Aryl -Br (9)

2% Pd(OAc),

=y

2) ZnCl, ZnCl 4% SPhos
20 50°C, 2 h 23: 68- 98%
Entry Substrate® Aryl-Br Product Yield (%) ®
Qj\ . R
v Rz
S
1 20a 9k 23aR; = COEt 86
R=H
2 20a om 23Ry = CRy 90
R=H
3 20a 9b 23c Ry = OMe 98
R=H
4 20a 9r R; = OMe; 23d R; =OMe 78
R, =CN R =CN
5 20a 9i 23 R; = OPiv 97
R=H
6 20a 99 23f R, = NMe; 93
R=H
Ve 7
oW S\ -
7 20a 9s 239 68
O,
Q. S
S
8 20a 9e 23h 87
Me Me
%\Me O \ O
S
9 20b 9b 23i 86

(a) Isolated yield of analytically pure product.
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Table 6: Benzylic arylation of 2-methylbenzofura4).

1) TMPLi
@ (21: 1.5 equiv) Aryl-Br (9)
\ — > —_— < z \
o~ "Me THF,-78°C,1h o 2% Pd(OAc), o
2) ZnCl, ZnCl 2% XantPhos Aryl
24 25 50°C,12h 26: 52-75%
Entry Aryl-Br @ Product Yield (%)?
B —R 7 R
Y/ N
O
9k 26a R = 4-CQEt 64
9j 26b R = 4-CN 52
or 26cR = 3-CN 74
4-OMe
4 9b 26d R = 4-OMe 78

(a)lsolated yield of analytically pure product. % Sc(OTf} was added. (c)
2% Pd(dba) and 4% SPhos was used. (d) 2% Pd(daad 2% Xantphos was

used.

indole 27 with 4-bromoanisole9b gave the indole29 in 57% vyield (Scheme 28). This

example represents the first benzylic cross-cogptin a 2-methyl-indole. Also, 2-methyl-

benzimidazole48) can be arylated successfully after zincation WikhPZnCILICl (7) with

4-bromoanisole9b) to yield the benzoimidazole derivati@8 in 68% yield (Scheme 28).

: CONEt,
\
Me

1) TMPZnCI-LiCl (7: 1.5 equiv)
THF, 25°C, 1 h

2) 9b (1 equiv)
4% Pd(OAc),
8% SPhos
50°C,12h

29: 57% yield

OMe

1) TMPZnCI-LiCl (7: 1.5 equiv)
THF, 25°C, 1 h

Cy”
2) 9b (0.9 equiv) N

5% Pd(OAC), \\O
8% SPhos
50 °C, 12 h

\
Me

30: 68% yield

Scheme 28Benzylic cross-coupling of indo7 and benzaj]imidazole28.
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2. Aryl-Aryl  Cross-Coupling Reactions Using Alterrative Metal
Catalysts

2.1. Introduction

Iron-catalyzed cross-coupling reactions have atitha lot of attention during the last decade,
especially because of their economic and ecologidabntages over other transition metal-
catalyzed couplings. Moreover, iron catalysts réveaaracteristic reactivities and
selectivities, which cannot be easily obtained wiiibre classical Ni- or Pd-catalysts. Whereas
iron salts have been employed successfully in uarkinds of coupling reactions, “sg’
cross-coupling reactions remain a major challengetd the formation of symmetrical biaryls
via undesired homocoupling as by-products. Theegf@onditions for iron- and related
cobalt-catalyzed coupling reactions betweédieterocyclic halides and aromatic Grignard

reagents should be examined.

2.2. lron-Catalyzed Cross-Coupling ofN-Heterocyclic Chlorides and Bromides with
Arylmagnesium Reagents UsingBuOMe as Solvent
In preliminary experiments, the cross-coupling lestw 2-chloropyridine3(1la) and PhMgClI
(329 was examined. Thus, catalytic amounts (5 mol%yaofous iron salts like Fe(acagc)
Fe(acaq) or the related Fe(TMHR)(entries 1-3 of Table 7) and iron halides suclr@Sh,
FeCk, FeBp or FeBg (entries 4-7) as well as Fe(O3 {entry 8) gave only moderate yields of
the desired cross-coupling proddda (46-63%) in THF at room temperature. Also, the use
of iron fluorides and iodide led to only tracespsbduct at room temperature (entries 9-11).
Polar co-solvents like NMP hampered the cross-déogplentry 12). Unpolar solvents like
n-hexane or toluene did not display any considerabiprovement (entries 13-1#3.
However, ethereal solvents such as diethyl etheB@®Me dramatically increased the GC-
yield up to 87% affording after isolation the atglh pyridine33a in 84% vyield (entries
15-16). Since comparable yields are obtained udBug@Me or EtO, we have pursued our
investigations using the industry-friendly solvéBtOMe.
The use of such ethereal solvents proved to bg déterminant and allowed us to extend this
cross-coupling to various othBkheterocycles. In order to study the reaction scoygehave
first varied theN-heterocyclic chlorides or bromides and determitteeir reactions with

PhMgCI (23 in tBuOMe at room temperatur®&. Thus, we observed that 2-bromopyridine

%2 The low yields in entries 1-14 of Table 7 are tlu¢he fact that the reaction conversion neverhead00%
for these substrates.

% Since PhMgCl is prepared in THF, the cross-cogpiiEaction is in fact performed in a mixture of TiHRd
tBuOMe (ca. 2:5).
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(1b) reacted with PhMgCI at a faster rate for completthan 2-chloropyridine (70 min
instead of 90 min) and produc88ain the same yield (83%, entry 2 of Table 8). Stnsd
bromo- or chloro-pyridines such as 2-chloro-4-pmm®|@1¢ and 2-bromo-5-chloropyridine
(31d) reacted smoothly with similar reaction times legdto the pyridines33b and33c in
78-84% vyield (entries 3 and 4). Interestingly, fresence of gert-butoxycarbonyl group in

position 3 81e dramatically increased the reaction ratadileg to full conversion within

Table 7: Optimization of the conditions for reaction of iyl chloride 818 with PhMgCl

(329) in the presence of various Fe-salts.

1) Fe-salt (5 mol%)

B 2) PhMgClI (32a, 2.3 equiv) @
NT >l solvent, rt N~ Ph
31a 33a

Entry Fe-salt® Solvent Reaction tim&  Yield (%)°©
1 Fe(acag) THF 2h 46
2 Fe(acag) THF 2h 55
3 Fe(TMHDY) THF 2h 53
4 FeC} THF 5h 56
5 FeC}k THF 2h 55
6 FeBsp THF 2h 62
7 FeBg THF 15h 63
8 Fe(OTf) THF 5h 60
9 Fek THF 20 h traces
10 Fek THF 20 h traces
11 Fep THF 20 h traces
12 FeBg THF/INMP® 2h traces
13 FeBsg n-hexane 2h 53
14 FeBsg toluene 1.5h 14
15 FeBg EtO 1.5h 73, 8784
16 FeBg t-BuOMe 1.5h 75, 85(82

(&) 5 mol% of Fe-salt was used. (b) Reaction tim& veaction completion according to GC
analysis. (c) Calibrated GC-yield using undecangH¢) as internal standard. Numbers in
brackets indicate isolated yields. (d) Startingenat was not consumed even after 20 h. (e) A
mixture of THF/NMP (5:1) was used. The reactiorPbiMgCl with NMP was dominant. (f)

3 mol% of FeBg was used.
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5 min (entry 5). The cross-coupling prodi83d was isolated in 60% vyield. No starting
chloride was detected and the relatively moderattl ynay be due to a polymerization of
31e The annulation of the pyridine ring with a bernzenoiety also accelerated the reaction
rate and the cross-couplings of PhMgCI with 2-abdprinoline @1f) or 1-chloroisoquinoline
(319 were completed in 5 min and gave the expectedyaedN-heterocycle83eand33f

in 88-90% vyield (entries 6 and 7). The cross-coypWas also extended to diazines. Whereas
the 2-chloropyrimidine derivative1lh reacted with PhMgCI within 2 h providing the atgd
pyrimidine 33gin 76% yield (entry 8), the more sensitive chlpyoidazine3li and pyrazine
31j required 3-5 h for the reaction to go to completibut led to the phenylated products in
only 22-24% yield (entries 9 and 1Y).

Table 8: Scope of iron-catalyzed cross-coupling\bheteroarylchlorides and -bromida%a
31j with PhMgCl @2a).

Entry? Substrate Reaction time Product Yield (%)b
X X
L ®
N X N Ph
3la: X =ClI 15h 33a 82
2 31b: X =Br 70 min 33a 83
Me Me
X X
| = | ~
N Cl N Ph
3 31c 2h 33b 84
Cl N Cl N
» L
N Br N Ph
4 31d 70 min 33c 78
N CO,tBu N CO,tBu
| Z | =
N Cl N Ph
5 3le 5 min 33d 60
X X
L L
N Cl N Ph
6 31f 5 min 33e 88
X X
| P | A
Cl Ph

% The use of other heterocyclic halides, like 3- arzhloropyridine, 2-chlorothiophene or 2-bromofues well
as standard haloarenes resulted in only low yields.
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7 31g 5 min 33f 90

Me Me
B B
Me N/)\CI Me N/)\Ph
8 31h 2h 33g 76
Cl Ph
\N \N
| A | A
OMe OMe
9 31i 5h 33h 2Z
N Cl N Ph
AN AN
L Ly
10 31j 3h 33i 2L

(a) The reaction was performed on a 1 mmol scale 8vmol% of FeByin THF:tBuOMe (ca.

2:5) at room temperature. (b) Isolated yield. (€-@eld.

Next, the nature of the Grignard reagéntas varied using typical-heterocyclic chlorides
and bromides3lb, 31f, 31g as electrophiles (Table 9). In all cases, the&talyzed cross-
couplings were fast (2 min to 5 h) and led to cat®lconversion. Both electron-rich and
electron-poor substituents can be present in thgn@md reagent. First, the substitution
pattern of the arylmagnesium reagent was examinddtavas found thabrtho-, meta and
para-substituted Grignard reagents can be used. Whemed@sIMgBr-LIiCl (32b) and
p-TolMgBr-LIiCl (320 react in similar rates as the unsubstituted msigne reagent, the
presence of anrtho-methyl substituent i-TolMgBr-LiCl (32d) reduced the reaction rate
(compare entry 3 of Table 9 with entry 6 of TabjeBowever, in all cases excellent yields
(80-93%; entries 1-3 of Table 9) were obtained.idMas electron-poor substitutents like a
trifluoromethyl group (like in 3-trifluoromethylmagsium bromide32e and in 3,5-
ditrifluoromethylphenylmagnesium bromide&2f; entries 4-6), a fluorine-group (as in 4-
fluorophenylmagnesium bromid®2g entries 7 and 8) or a chlorine-goupe (likeih; entry

9) were well tolerated in the cross-couplings pdow the expected products in 66-92% vyield
(entries 4-9). Interestingly, also electron-riclbstituents such as methoxy- (see reagais
and 32j; entries 10-12), methylenedioxy- (see reagé2it; entry 13) and pivalate-groups
(OPiv; see reager®2l; entry 14) were compatible with rapid iron-catagizcross-couplings.

The more sensitive Boc-protected Grignard reag@nt also smoothly underwent the cross-

% The Grignard reagents were prepared by LiCl-medisg insertion.
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coupling with 2-chloroquinoline leading to the 3Aated quinoline33x in 84% vyield (entry
15). An amino-substituent did not disturb the crosspling and the Grignard reage3ftn
reacted witt81f within 5 min providing the produ@&3yin 82% yield (entry 16).

Table 9: Iron-catalyzed cross-couplings Nfheteroarylchlorides and -bromides with various
Grignard reagents.

Entry ? Grignard reagent Substrate; Product; Yield®

Reaction time

® B
m-TolMgBr- LiCl N7 e N Me
1 32b 31b;1.5h 33j; 80%

N
! g

p-TolMgBr- LiCl Me
2 32¢c 31g; 2 min 33k; 93%
. | — N/
o-TolMgBr- LiCl N el O
3 32d 31f; 45 min 33l; 84%
MgBr-LiCl B A
Q/ | Z | Pz CF;
N el N O
CF,
4 32e 31f; 15 min 33m; 92%
X
N | NG CF,
| s
N Br
5 32e 31b; 2 h
F;C MgBr-LiCl X
LA
CFs cl
6 32f 31g;5h

MgBr-LiCl X |
—
oy L N
F N Br



10

11

12

13

14

15

329

329

/©/MgBr-LiCI
cl

32h

/©/MgBr-LiCI
MeO

32i

32i

MeO. MgBr-LiCl

32]

0 MgBr-LiCl
el

32k

/©/MgBr-LiCI
PivO’

32

MgBr-LiCl

OBoc

32m

31b; 5 min

31¢; 5 min
X
P

N

Cl

31f; 5 min

31b; 10 min

A/

Cl

31f; 5 min

31g; 15 min

X

=
N Cl

31f; 15 min

48

33p; 68%

I
=

=z

-I-IO

330; 90%

99
—
T
Cl

33r; 84%

%

bz

N

OMe

33s; 82%

99
P

O
OMe

33t; 87%
X
I

MeO ‘ oM

33u; 71%

® .
o>

33v; 81%

e

33x; 84%



MgBr-LiCl O |
/©/ g @ N
Me,N NMe,

16 31f; 5 min 33y; 82%

(a) The reaction was performed on a 1 mmol scdle 8vmol% of FeByin THF:tBuOMe (ca.

2:5) at room temperature. (b) Isolated yield.

Even though the mechanism of this cross-couplingdcoot yet be elucidated, we noticed
that the use of Fe(ll) or Fe(lll) salt led to siamiresults. Reducing the Fe(lll)-catalystsitu

with iPrMgCl prior to cross-coupling, desactivated théalgéic system and hampered the
coupling reaction. The use of an apolar co-solliet tBuOMe was found to be vital to

achieve high yields mainly by avoiding homo-couglproducts.

2.3. Ligand-Accelerated Fe- and Co-Catalyzed CrogSoupling Reactions between
N-Heterocyclic Halides and Arylmagnesium Reagents
In Chapter 2.2 one can see that the iron-catalyaeds-coupling reaction between 2-
chloroquinoline 81f) and PhMgCI 828 proceeds much faster than the related coupling
reaction using 2-chloropyridin81a) as electrophile. Therefore, we were wonderingh&
quinoline moiety that is certainly responsible tbese fast couplings, could be used as a
separate ligand, and if this ligand could acceéenain-catalyzed cross-coupling reactions of
related substrates with arylmagnesium reagents.
The cross-coupling of 2-chloroquinolin@1f) with PhMgCIl 323 in the presence of 3%
FeBr; in tBuOMe:THF is completed at Z% in 5 min (producing the phenylated prodd8e
in 88% yield; Scheme 29), the cross-coupling of 2hehloropyrimidine31h under the same
reaction conditions requires 2 h for completion @novides the arylated pyrimidir&3g in
76% vyield. However, carrying out the same reactiorthe presence of 7 mol% quinoline
leads to a reaction completion within 5 min (ca.t®@es faster reaction!) and an increased
yield of 339 (89% isolated yield, Scheme 29).
Prompted by these results, a ligand-screening wdsrtaken. NMP and TMEDA that have
been traditionally used for Fe-catalysis had a imheintal effect under our conditions
(compare entries 1-4 of Table 10). We systemayicakamined substituted quinolines.
Erosion of the rate enhancement occurs when a ingttbyp is attached to either the 2- or 8-

position (entries 5 and 6), and only a slight iny@mment can be seen when a methyl group is
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N PhMgClI (32a, 2 equiv) N
— —
N Cl N Ph

tBuOMe/THF .
31f 25 G 33e: 5 min, 88%
Me Me
SN PhMgClI (32a, 2 equiv) NN
0,
| /)\ FeBr; (3 mol%) | /)\
Me N Cl Me N Ph
tBuOMe/THF
31h 25°C 33g:

without quinoline, 2 h, 76%
with 7 % quinoline, 5 min, 89%

Scheme 29Rate acceleration and improved yield of Fe-catdyaross-couplings in the

presence of quinoline.

placed at position 6 (entry 7). Benhfgjuinoline and acridine led even to a decreaseelly
(entries 8 and 9). Electron-donating groups hapesitive effect while electron-withdrawing
groups decrease the catalytic activity of the glimeocore (compare entries 10-14). Finally, it
was discovered that isoquinoline gave the bestiteesith a 92% yield after 15 min (entry
15). 1-Methyl isoquinoline had a similar catalysictivity as isoquinoline, but surprisingly,
electron-rich 1-benzyl-6,7-dimethoxyisoquinolinafpemed very poorly (compare entries 16

and 17). Two nitrogen-containing heterocycles hiadehe reaction (entries 18 and 19).

Table 10:Screening of different additives for Fe-catalyzedss-coupling reaction of 2-
chloropyridine 818 with PhMgCl 323).

N 32a (2 equiv), 3% FeBr; N
| — | —

N~ >l 7% additive, tBuOMe N~ Ph
31a 25 °C, 15 min 33a
Entry Additive Yield of 33a (%)’
1 without additive 40
2 quinoline 75
3 NMP 0
4 TMEDA 32
5 2-methylquinoline 67
6 8-methylquinoline 48
7 6-methylquinoline 82
8 benzoh]quinoline 30
9 acridine 32
10 4-methoxyquinoline 73
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11 6-methoxyquinoline 82
12 4-(tert-butyldimethylsilyl)oxy)quinoline 75
13 6-(tert-butyldimethylsilyl)oxy)quinoline 83
14 quinoline-3-carbonitrile 43
15 isoquinoline 92 (89
16 1-methylisoquinoline 91
17 1-benzyl-6,7-dimethoxyisoquinoline 28
18 2,9-diphenyl-1,10-phenanthroline 27
19 4-(dimethylamino)pyridine 25
20 styrene 40
21 1-methoxy-3-vinylbenzene 67
22 1-methoxy-4-vinylbenzene 68
23 2-vinylpyridine 37

(&) Yield determined after 15 min by integration @f GC-chromatogram and

comparison against undecane as a calibrated ihtstaadard. (b) Isolated vyield

after purification by flash column chromatography.

Knochel and coworkers have shown that 4-fluorostyrene ptemm&o-catalyzed coupling

reactions® However, styrene had no effect (entry 20), andiouar substituted styrene

derivatives caused only a moderate rate enhancefaetnies 21-23). Lastly, the amount of

isoquinoline was varied from 1-100% and it was fbtimat 10% of the ligand was optimum.

It was also noted that isoquinoline (or quinolinggas not consumed during the cross-
coupling. With isoquinoline, the ability of otheretallic salts to undergo rate-enhanced cross-
coupling reactions was tested. In response touhemt debate as to whether trace impurities
of Cu in commercial samples of Fe salts can becthese of catalytic activity, CuBr was
tested and none to minimal activity was found (carmepentries 1-2 with 3-4 of Table 11). A
mixture of FeBg and CuBj displayed no synergistic benefit, as the yield essentially the
same as when no Cu is added (entry 5). Vanadiuts alglo had very little catalytic activity

(entries 6-9). But, isoquinoline can also be usedadigand to enhance the yield of Co-

% (a) Jensen, A. E.; Knochel, P. Org. Chem2002 67, 79. (b) Rohbogner, C. J.; Diéne, C. R.; KornJT.
Knochel, PAngew. Chem. Int. E@01Q 49, 1874.

" For the role of metal contaminants in iron catislysee: a) Buchwald, S. L.; Bolm, &ngew. Chem. Int. Ed.
2009 48, 5586. (b) Larsson, P.-F.; Correa, A.; Carril, Magrrby, P.-O.; Bolm, CAngew. Chem., Int. E@009
48, 5691. (c) Thomé, I.; Nijs, A.; Bolm, ©€hem. Soc. Re2012 41, 979.
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catalyzed reactions (entries 12 and *3¥ince both Fe and Co had similar activity, both of
these transition metals were utilized, while exipigithe scope of this new catalytic system.
Using isoquinoline as a ligand (10 mol%), it is gibe to obtain the expected cross-coupling
products with a variety of chloro- or bromo-suhggd pyridines as well as with a fair range
of Grignard reagents. Good vyields of the substtupgridines 34a-34h (65-91%) were
obtained especially with electron-rich Grignardgesats (entries 1-6 of Table 12) as well as
with electron-poor 4-fluorophenylmagnesium bromigeg to give pyridine34g (77-79%
yield, entry 7). It is possible to couple the paly€tional pyridine85h with the sensitive ester-
substituted Grignard compourg®l to produce pyridiné84h in 65% yield (entry 8). Often
both Co- and Fe-catalyzed couplings proceed wittmparable yield, and it is difficult to
favour one metallic salt as a superior catalyst dbbrsubstrates. Pyrimidines, which are
common motifs in pharmaceuticals, can be produoaa the same set of Grignard reagents
to yield functionalizedN-heterocycle84h-34nin 60-95% vyield (entries 11-14). Triazines are
of great importance as material building blocks @sdagrochemicals. This new method
allows various chlorotriazines to be cross-coupath magnesium reagents, leading to the
desired products3édo-34r) in 61-84% yield (entries 15-18).

Table 11:Performance of different transition metals with gsmoline-promoted cross-
coupling reactions.

N 32a (2 equiv), 3% metal salt N
W (g e @
Entry Metal salt Isoquinoline (mol%) Yield of 33a (%)’
1 FeBg 0 40
2 FeBr; 10 92 (89)
3 CuBE* 0 0
4 CuBp 10 2
5 FeBg + CuBp 10 89
6 VCls 0 0

% (a) Ohmiya, H.; Yorimitsu, H.; Oshima, KChem. Lett2004 33, 1240. (b) Amatore, A.; Gosmini, Bngew.
Chem. Int. Ed2008 47, 2089. (c) Gosmini, C.; Bégouin, J.-M.; Moncombfe,Chem. CommurR008 3221.
(d) Moncomble, A.; Le Floch, P.; Gosmini, Chem.—Eur. J2009 15, 4770. (e) Cahiez, G.; Chaboche, C,;
Duplais, C.; Moyeux, AOrg. Lett.2009 11, 277. (f) Murakami, K.; Yorimitsu, H.; Oshima, Krg. Lett, 2009

11, 2373. (g) Gosmini, C.; Moncomble, BKr. J. Chem201Q 50, 568. (h) Bégouin, J.-M.; Rivard, M.; Gosmini,
C. Chem. Commug01Q 46, 5972.(i) Qian, X.; Auffrant, A.; Felouat, A.; Gosmini, @ngew. Chem. Int. Ed.
2011 50, 10402. (j) Moncomble, A.; Le Floch, P.; Lledos,, osmini, C.J. Org. Chem2012 77, 5056. (k)
Nicolas, L.; Angibaud, P.; Stansfield, I.; Bonnet; Meerpoel, L.;Reymond, S.; CossyAdigew. Chem. Int. Ed.
2012 51,11101.
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7 VCls 10 2

VCl, 0 5
VCl, 10
10 MnCh 0 28
11 MnCh 10 14
12 CoC} 0 46
13 CoCb 10 90

(@) Yield determined after 15 min by integration afGC-chromatogram and comparison
against undecane as a calibrated internal stan@andolated yield after purification by flash

column chromatography. (€O was also used and gave the same results.

Table 12:Scope of Co- and Fe-catalyzed cross-coupling @astitilizing isoquinoline as a

ligand.
ArMgX-LiCl (2 equiv),
3% FeBrs or CoCl,
N 10% isoquinoline X
R4 R
\N/ X {BuOMe: THF KN/ Ar
25°C, 15 min
Entry Starting material Grignard reagent Product®
N TMS
VS MgBr-LiCl N
| ol
N/ Br MeO OMe
1 35a 32i 34¢; Fe: 91%
Co: 85%
(o]
Cl N O
MgBr-LiCl |
® o O
s Me,N NMe,
2 35b 32n 34b; Fe: 82%
Co: 77%
— d
SNGZ
X
| N MgBr-LiCl | _
N
N/ Br /©/
™S ™S
3 35c 320 34¢, Fe: 65%
Co: 70%
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6C

Br:

TBSO. : _MgBr-LiCl

32p
Me
MgBr-LiCl
Me Me
32q
Me
\
N
T
MgBr-LiCl
32r
/©/MgBr-LiCI
F
329

: MgBr-LiCl
PivO’

32

: _MgBr-LiCl
MeO

32i

54

O >
| Z
N

34d; Fe: 71%
Co: 79%

Br: l
Cl
| N Me
7
10
Me M

34¢; Co: 82%

e

B
—
MeO N \
N
\
Me

34f; Co: 65%

MeO.
ﬁl
7
T
F

34c¢;, Fe: 77%
Co: 79%

F
Cl | N
—
0
OPiv

34h; Fe: 65%
O OMe

OMe

34i; Co: 78%



MeO. | MgBr-LiCl
pZ
MeO N Cl F/©/

35j 329 34j; Fe: 82%
Co: 67%

Me

Me
Me,N MgBr-LiCl N
AN
| N \©/ | P NMe,
/)\ Me N

Me' N Cl

31h 32s 34k; Fe: 78%
Co: 63%

TBSO. MgBr-LiCl
N Cl \©/

35k 32p 34l; Fe: 95%
cl
cl
F
NN
F MgBr-LiCl | _
N
| \)N\ Meo\(©/ OMe
—
N Br OMe OMe
35I| 32t 34m; Co: 68%
CF,
CF,
F SN OF
NN /©/MgBr-LiCI | N/)\@
|
N/)\Br cl Cl
35m 32u 34n; Fe: 61%
Co: 60%

N
A I
MgBr-LiCl 7
N)§N /©/ g Ph)\N
l Pz
Ph N Cl MeO OMe

35n 32i 34c¢; Fe: 81%
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Co: 79%

L

N
”|)§” W)%“
O\IJ\N/ O\IJ\N/)\Ph
16 350 32a 34p; Fe: 76%
OFEt
OEt
N7 N
N)§N S )l\ Pz S
| P gMgCl EtO N \
Et0” >N~ c \_/ /
17 35p 32v 34q; Fe: 84%
Co: 79%
SEt
N7 N
SEt MgBr-LiCl Eis )l\N/
N7 N MeO. OMe
A AT
Ets” N7 OMe OMe
18 35q 32t 34r; Fe: 61%

(a) Isolated yield after purification by flash colo chromatography. (b) Reaction run at
25 °C for 5 h. (c) Reaction run at 2& for 1 h. (d) Reaction run at 2& for 30 min. (e)

4 equivalents 082p were used. (f) Reaction run at 9D for 12 h. (g) Reaction run at 2&

for 12 h.

The synthesis of heteroaryl-heteroaryl couplingdpiats is often challenging. In the case of
Pd- or Ni-catalysis, deactivation of the catalysiobserved due to chelation of the product
with the catalys?’ However, it was noted that both Fe- and Co-catslgsomoted by 10%
isoquinoline allow smooth cross-couplings with ertthe 3-magnesiated benzothiophdaw

or the 2-magnesiated heterocy8[x to afford heterobyaryl84sand 34t in 61-66% isolated
yield (Scheme 30).

% (a) Hanan, G. S.; Schubert, U. S.; Volkmer, Dyi&e, E.; Lehn, J.-M.; Kyritsakas, N.; FischerCan. J.
Chem 1997, 75, 169. (b) Kaes, C.; Katz, A.; Hosseini, M. Bhem. Rev200Q 100, 3553. (c) Bedel, S.; Ulrich,
G.; Picard, C.; Tisnes, PSynthesis2002 1564. (d) Comprehensive Coordination Chemistry Nol 1;
McCleverty, J. A.; Meyer, T. J.; Eds.; Elsevier,faxl, 2004 1.

56



MgBr-LiCl

A\
S
32w (2 equiv)
T™S T™S
| A 3% FeBrs or CoCly || =
N/ . z _ Fe: 64‘;/0
' 10% isoquinoline N | Co: 66%
35a tBuOMe:THF 34s S
25 °C,24 h
S,
) —MgClI-LiCl
™S 32x (2 equiv)
| N 3% FeBr; or CoCl,
_ Fe: 61%*
. 0,
NTBr 10% isoquinoline Co: 66%
35a tBuOMe:THF *reaction
25 °C,12h run at 50 °C

Scheme 30Heteroaryl-heteroaryl cross-coupling reactions leetwvbromopyridin@5aand

benzothiophene.

Sensitive functional groups such as alkynes, wlaidh prone to undergo carbometallation
with Fe-catalysi$® gave poor yields of cross-coupling products. Hoeveit was found that
the use of 3% Cogland 10% isoquinoline improved the yield and allatws isolation of
pyridine34uin 62% yield (Scheme 31).

™S T™S
| | 32i (2 equiv) | |
3% FeBr3 or CoCl,
| A | X Fe: 38%
Pz 10% isoquinoline _ Co: 62%
N© Br tBuOMe: THF N
35r 25 °C, 30 min 34u OMe

Scheme 31Cross-coupling reactions of acetylene-containingdaye 35r.

In order to probe the mechanism of Fe- and Co-gzedl cross-coupling reactions, we have
prepared radical clocR5s*®* Treatment of this unsaturated pyridiB®swith PhMgCl 32a),
using either FeBror CoC}, produces a 4:1 mixture of the expected cross-cogroduct
34v and the cyclized pyriding86 indicative of radical intermediates. The additioh

190 3) Hojo, M.; Murakami, Y.; Aihara, H.; Sakura,; Baba, Y.; Hosomi, AAngew. Chem. Int. E@001, 40,
621. (b) Zhang, D.; Ready, J. M. Am. Chem. So2006 128 15050. (c) Shirakawa, E.; lkeda, D.; Masui, S.;
Yoshida, M.; Hayashi, TJ. Am. Chem. So@012 134, 272. (d) llies, L.; Yoshida, T.; Nakamura, E.Am.
Chem. Soc2012 134, 16951.

101 (@) Wakabayashi, K.; Yorimitsu, H.; Oshima, &. Am. Chem. So®001, 123 5374. (b) Ohmiya, H.;
Yorimitsu, H.; Oshima, KJ. Am. Chem. So2006 128 1886. (c) Manolikakes, G.; Knochel, Magew. Chem.
Int. Ed.2009 48, 205. (d) Guisan-Ceinos, M.; Tato, F.; Bunuel,&lle, P.; Cardenas, D.Ghem. Sci2013 4,
1098.
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isoquinoline did not change the product ratio, last expected, it improved the vyields
(compare entries 1-4 of Table 13). These resultiscate that both Fe- and Co-catalyzed
cross-couplings undergo the radical pathway, atstlepartially. Interestingly, the
corresponding Pd- and Ni-catalyzed cross-couplinggig 3% Pd(Pi®), or 3% NiCh(dppe)

provided much less, if any, of cyclized products.

Table 13:Cyclization reactions dd5sindicative for radicals.
32a (2 equiv)

N N 3% FeBrs or CoCly N N B
| Pz | Z * N/
N~ “Br 10% isoquinoline N" "Ph Ph
tBuOMe: THF
35s 25°C,1h 34v 36
Entry Catalyst 34v:36 Yield (%)

1 FeBg 80:20 47
2 FeBg /isoquinoline 80:20 62
3 CoCb 80:20 72
4 CoCy} /isoquinoline 80:20 78
5° Pd(PhP) 100:0 64
6 NiClx(dppe) 95:5 67

(a) Isolated yield after purification by flash cola chromatography. (b) Reaction was
performed at 50 °C.

2.4.  Chromium(ll)-Catalyzed Cross-Coupling Reactios between CspCenters

In the search for alternative metal catalysts hgvam acceptable low toxicity, we have
examined the potential use of chromium s&ftsAlthough CY' is highly toxic (ORL-RAT
LDso = 50-150 mg/kg), Crhas a much lower toxicity (ORL-RAT L= 1870 mg/kg), also

192 For key coupling reactions using chromium(ll)-salee: (a) Okude, Y.; Hirano, S.; Hiyama, T.; Nozslk
J. Am. Chem. S0d977 99, 3179. (b) Okude, Y.; Hiyama, T.; Nozaki, Hetrahedron Lett1977 3829. (c)
Takai, K.; Kimura, K.; Kuroda, T.; Hiyama, T.; NddaH. Tetrahedron Lett1983 24, 5281. (d) Jin, H.;
Uenishi, J.-l.; Christ, W. J.; Kishi, Y0. Am. Chem. So&986 108 5644. (e) Takai, K.; Tagashira, M.; Kuroda,
T.; Oshima, K.; Utimoto, K.; Nozaki, Hl. Am. Chem. S04986 108 6048. (f) Matsubara, S.; Horiuchi, M.;
Takai, K.; Utimoto, K.Chem. Lett1995 259. (g) Furstner, A.; Shi, N. Am. Chem. Sot996 118 12349. (h)
Takai, K.; Matsukawa, N.; Takahashi, A.; Fujii, Angew. Chem., Int. Ed. Endl998 37, 152. (i) Furstner, A.
Chem. Rev1999 99, 991. (j) Takai, K.; Toshikawa, S.; Inoue, A.; Kokai, R.J. Am. Chem. So2003 125,
12990. (k) Takai, K.; Toshikawa, S.; Inoue, A.; Kiokai, R.; Hirano, MJ. Organomet. Chen2007, 692, 520.
() Murakami, K.; Ohmiya, H.; Yorimitsu, H.; Oshim#&. Org. Lett. 2007, 9, 1569. (m) Holzwarth, M. S;
Plietker, B.ChemCatChergz013 5, 1650.
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compared to other metals: ORL-RAT LJNiCl,) = 105 mg/kg, (PdG) = 2700 mg/kg,
(CoCb) = 766 mg/kg, (MnG)) =1480 mg/kg, (FeG) = 450 mg/kg-*®

Preliminary experiments showed that chromium-cagdy cross-couplings between &sp
centers proceed quite smoothly and lead to sigmflg lower amounts of homo-coupling
side-products compared to iron or cobalt. Thus, fbaction of 2-chloropyridine3(a
1.0 equiv) with PhMgCl32a 2.3 equiv) in THF in the presence of 3% Gr@lurity 99.99%)

is complete within 15 min at 25 °C, affording thesdtled cross-coupling produg8ain 90%
yield. GC-analysis of the crude reaction mixturdigated that less than 1% of the homo-
coupling product (biphenyl) is obtained (Scheme B2Zrforming the same reaction with 3%
FeBr or 3% CoCJ under optimized conditions leads to about 15%hef homo-coupling
product. A solvent screening (THR;hexane, toluene anduOMe) showed that THF was
the optimal solvent. The optimization of the reag&nichiometry indicated that only a small
excess of Grignard reagent (1.2 equiv) was requifed all subsequent reactions standard
grade CrQ (purity 97%) was used, since no difference wittClgi(purity 99.99%) was
observed. Also, performing the cross-coupling wifb MnCL leads, under optimum
conditions, to only 58% vyield &3a°* compared to 90% yield obtained with 3% GrCl

©/M9C' 3Cc,
—
N Ph

THF, 25 °C
31a 32a (2.3 equiv) 15 min 33a: 90% yield
(less than 1% of biphenyl)
Scheme 32Chromium-catalyzed cross-coupling between 2-chignidme 318 and

PhMgCl.

The reaction scope of this new cross-coupling potce be quite broad. Thus, a range of
N-heterocyclic chlorides and bromides can be readilgd (Table 14). PhMgCB2a also
undergoes a smooth cross-coupling with 2-bromot®-8sen-1-yl)pyridine 355 25 °C,
15 min), leading to the 2,3-disubstituted pyridi®dv in 95% vyield (entry 1 of Table 14).
Interestingly, no radical cyclization product issebved in this cross-coupling (similar iron
and cobalt cross-couplings produce 20% of radigalization product). Both electron-rich
and electron-poor Grignard reagents can be useslfdr cross-couplings. Thus, the sterically
hindered bromo-pyridin&5b reacts with 4N,N-dimethyl-aminophenylmagnesium bromide
(32n) within 1.5 h at 25 °C, producing the 2,3-diarglatpyridine34b (80% yield; entry 2).

103 according to IFA (Institut fir Arbeitsschutz deelischen Gesetzlichen Unfallversicherung; July 2013
194 Rueping, M.; leawsuwan, VBynlett2007, 247.
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Also, the electron-poor Grignard reag@2y reacts with 2-bromo-3-chloropyridin@5t) in

15 min at 25 °C, leading to the pyridirs§a in 76% yield (entry 3). The similar cross-
coupling performed with 3% of FeBgives only traces of product and significant amewoft
homo-coupling. 2-Chloro-5-fluoropyridine%u) also undergoes the cross-coupling reaction
with the sensitive ester-substituted Grignard reag2l to give the pyridin&7bin 66% yield
(entry 4). FurtherN-heterocyclic halides such as the 2-chloroquinoldtg and the 4-
chloroquinoline35y, react well with Grignard reagend2k and 32n, affording the expected
products37cand37d (74-78%; entries 5 and 6). In contrast, the cpwading iron-catalyzed
cross-coupling with the 4-chloroquinoli@&v fails, indicating that this Cr(ll)-catalyzed cross-
coupling may have a broader reaction scope tharcdnesponding Fe- and Co-catalyzed
cross-couplingdalogenated diazenes, such as the 2-chloropyriesdibh and35m as well

as the 2-chloropyrazinglj, rapidly react with the magnesium organometalii2g 32p and
32i to provide the substituted diazerdd®e g (71-85%; entries 7-9).

Table 14:Room-temperature Cr-catalyzed cross-coupling reastibetweerN-heterocyclic
halides and arylmagnesium reagents.
ArMgX-LiCl (1.2 equiv),

N 3% CrCl, N
R4 R _
SN X THF, 25 °C SN A
15 min-2h
Entry Starting material Grignard reagent Product®
X X
%
N Br ©/
1 35s 32a 34v; 95%; 15 min
Cl
Cl AN O
MgBr-LiCl |
(\IQ 0 “C
N7 er eat NMe,
2 35b 32n 34b; 80%; 90 min
A X Cl
SN Cl MgBr-LiCl |
; £ ¢
N Br F3C
CF,
3 35t 32y 37¢; 76%; 15 min
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9

MeO.

MeO N

31h

CF,3

LA

N Br

35m
C

31

Cl

: MgBr:LiCl
PivO

32

0 MgBr-LiCl
sl

32k

/©/M9Br-LiC|
Me,N

32n

/©/MgBr-LiCI
F,CO

32z

TBSO\©/MgBr-LiCI

32p

: MgBr:LiCl
MeO

32i

\

OPiv

37b; 66%: 15 min

37¢ 74%:; 1 h

NMe,

\
L
N”  "Ph

37d; 78%: 15 min

Me

ﬁ”

| =

Me N)\©\
OCF,

37¢ 71%:; 2 h

CF3

SN

| /)\©/OTBS
N

37f; 85%; 15 min

OMe
N
AN
[ TQ
N

37¢g; 72%; 30 min

(a) Isolated yield after purification by flash colan chromatography.
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Table 15:Cr-catalyzed cross-coupling reactions between @robenzophenone3®) and
phenylmagnesium reagents.
0 ArMgX:-LiCl (1.2 equiv) 0

L L,
Ph > Ph
Cl THF, 25 °C Ar
38 15 min-2 h 4a-e
Entry Grignard reagent Product Yield®
(o}
EtO,C MgCl Ph O
1 39 41a 79%; 15 min
o
Ph
NC. Mg NG O
oL (J
2° 40 41b 71%; 2 h
o

3

MgBr-LiCl Ph O
FaC” : O
FaC

3 32y 41c 93%; 15 min
o
/©/MgBr-LiCI P O
Me,N o O
4 32n 41d 94%; 15 min
o
MgBr Ph O
N §
S O
5° 32w 41e 89%; 2 h

(a) Isolated yields after purification by flash weln chromatography. (b) 0.7 equiv 40

were used. (c) Reaction run at 50 °C for 2 h.
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Remarkably, 2-halogenated aromatic ketones als@®rgndthe chromium-catalyzed cross-
coupling at room temperature within 15 min to 2 HRaffle 15)'° Thus, 2-
chlorobenzophenone3®) reacts with a range of aryl- and heteroaryl-magme reagents
(32n, 32w, 32y, 39, 40) yielding the corresponding polyfunctional ketordsa-e (71-94%;
entries 1-5 of Table 15).

Interestingly, the (2-bromophenyl)(6-chloropyriddayl)-methanone 42) reacts with the
Grignard reagenB2a with complete regioselectivity (no chloride-subsgion occurs) and
gives the pyridyl ketond3in 72% vyield (Scheme 33). Heterocyclic ketoneshsas44, also
couple well with 3-thienylmagnesium chloridé& affording the new ketoné6 in 90% vyield
(Scheme 33). These reactions show a remarkabldidnat group tolerance, since ester,

nitriles and ketones are compatible with this Galsaed cross-coupling.

PhMgCI (32a, 1.2 equiv)

Br O 3% CICly Ph O
N > A
| THF, 15 min »
N e 25 °C N e
42 43 72% yield
MgClI-LiCl
I\
s (0]
Q (45, 1.2 equiv) s
S 3% CrCl, |/
) — " >
Br THF, 15 min /
25°C s
44 46: 90% yield

Scheme 33Cr-catalyzed cross-coupling reactions between batgksubstituted ketones and

Grignard reagents.

Interestingly, the imine-protected 2-chlorobenzhidte 47 reacts readily with various
Grignard reagents3Ra, 32i, 45) at 25 °C. Acidic work-up provides the aldehyd&a-cin
69-84% vyield (Scheme 34). The presence of the isatfntaining Grignard reagem5
extends considerably the reaction-rate and 16 btiegatime is required to complete the
cross-coupling leading t@l8c Thus, this cross-coupling constitutes a simpley viar

functionalizing aromatic aldehydes in thetho-position.

195 For related Mn-catalyzed reactions see: (a) Cal@iezLepifre, F.; Ramiandrasoa, Bynthesis1999 2138.
(b) Cahiez, G.; Luart, D.; Lecomte, ®rg. Lett.2004 6, 4395.
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MgCI-LiCl

3

ArMgX:LiCl S
(32a, 32i; 1.2 equiv) (45, 1.2 equiv)
@CHO 3% CrCl, ©\A\N/Ph 3% CrCly CHO
B —————

Ar THF, 15 min Cl THF, 16 h %

25°C 25°C \ g

Ar=Ph; 48a: 84% yield 47 Coros
=p-CoHaOMe; 48b: 69% yield 48c: 75% yield

Scheme 34Cr-catalyzed cross-coupling reactions between impna¢ected aldehydé7 and

Grignard reagents.

Finally, alkenyl iodides, such a9, also undergo a fast stereoselective chromium-cagdly

arylation with a range of Grignard reagern®2i( 32n, 32p, 32t affording in all cases the
functionalized styrenes0a-din 69-80% yield with arkE:Z ratio better than 99:1. Remarkably,

all reactions were performed at 25 °C and were d¢etag within 15 min (Scheme 35).

/\/l
Hex +  ArMgBr (1.5 equiv)
49 32n: Ar=p-CgHsN(Me),
32i: =p-C6H4OMe
32p: =m-C.3H4OTBS

32t: =p-CGH4CH(OMe)2

N(Me),

Hex

50a: 70% vyield 50b: 75% yield

50c: 80% vyield

3% CrCl, A

» Hex
THF, 15 min

50: 69-80% vyield

25°C E:Z>99:1

OMe MeO OMe
OTBS
A
X X 3 S
Hex
Hex Hex

50d: 69% yield

Scheme 35Cr-catalyzed cross-coupling reactions between glkedide 49 and Grignard

reagents.

2.5. Regio- and Chemoselective Chromium(ll)-Catalyad Cross-Coupling Reactions

of Dihalogenated Heteroaromatics with Aromatic Grighard Reagents

After having found that unexpectedly Cs@atalyzes very efficiently the coupling-reaction

betweenN-heterocyclic chlorides and (hetero)aromatic Grign@agents with only traces of

homo-coupling by-products, we aimed to expand ttapes of this cross-coupling reaction.

Malhotra reported in 2013 an iron-catalyzed chemoselesj#esp’ cross-coupling involving
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alkylmagnesium reagent®® As the pharmaceutical industry is searching faragh efficient
and nonhazardous ways to form aryl-aryl bonds clseteatively, the potential to perform
regio- and chemoselective Cr(ll)-catalyzed crosgptings of dihalogenatel-heterocycles
with aromatic Grignard reagents should be investija

Preliminary results showed that the coupling reactof 2,4-dichloropyridine 518 with
PhMgCI 323, using our optimized isoquinoline-acceleratedpFaocol, led to an exclusive
formation of the 2-arylated produd&2a in 58% isolated yield (see Scheme 36). In
comparison, the related chromium(ll) chloride omat reaction using less equivalents of
32a(1.2 instead of 2 equiv) furnished regioselectitbe same coupling produsfain much
higher yield (80% instead of 58% isolated yield)s@ only trace amounts of homo-coupling
resulting from the Grignard reagent were detecsdguCrC} as catalyst.

for Fe: PhMgCI (32a; 2 equiv)
FeBrs (3 mol%)
isoquinoline (10 mol%)

X X
| _ tBuOMe, 25 °C, 15 min | _
[ ] N Ph
51a 52a
significant amounts of homo-coupling
58% yield
cl for Cr: PhMgCI (32a; 1.2 equiv) al
CrCl, (3 mol%)
X X
| pZ THF, 25 °C, 15 min | pZ
N Cl N Ph
51a 52a
traces of homo-coupling
80% yield

Scheme 36Comparison of FeBrand CrC} in catalyzed regioselective cross-coupling
reactions of 2,4-dichloropyridin®1a) with PhMgCl 323).

The scope of this regioselective chromium-catalyeesss-coupling was examined next. It
was found, that a range of dichloxbheterocycles can be phenylated at 25 °C withinh0.5
Thus, 2,3-dichloropyridineS{Lb) as well as 2,5-dichloropyridiné10 react within minutes
with 32ato produce regioselectively the 2-arylated prosi62b (76% vyield, entry 1 of Table
16) and52c (87% vyield, entry 2). The sterically more demawgdiacetal-protected 2,4-
dichloropyridiness1d-e react within 30 min witl82ato furnish the products2d-e in isolated
yields of 67% and 76% respectively (entries 3-4).

1% Malhotra, S.; Seng, P. S.; Koenig, S. G.; Deesd, Aord, K. AOrg. Lett.2013 15, 3698.
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Table 16: Regioselective CSpCsff cross-coupling reactions between dichlorinateddinyes
51b-e and PhMgCl323a).

Entry Substrate Product Reaction time Yield®
SN Cl N Cl
® (X
N Cl N Ph
1 51b 52b 15 min 76%
Cl N Cl N
| 7 | —
N Cl N Ph
2 51c 52c 15 min 87%
Cl O Cl O
S S
| = | =
N Cl N Ph
3 51d 52d 30 min 67%
L0 L)
X 0~ ~o A 0~ "o
| 7 | 7
N Cl N Ph
4 5le 52e 30 min 76%

(a) Isolated yields after purification by flash wain chromatography.

Next, CrCh-catalyzed biaryl formations on 1,3-dichloroisoquline 51f and 2,6-
dichloroquinolines1g(see Scheme 37) were investigated. Using the stamdatocol in THF
resulted in low conversions of starting materiatiesired coupling product. Thuslf reacts
with 32a at position 1, but no complete conversion couldréached. A careful solvent
screening revealed that CPME (cyclopentyl methyggtleads to much higher conversions in
this CrCh-catalyzed cross-coupling reaction. The desireplog product52f was obtained
in 71% vyield after only 1 h reaction time at rooemperature, using 3 mol% of CgGh
CPME as solvent. An analog behavior is observethéregioselective coupling reaction
betweerblgand Grignard reageB@k. Whereas in THF, only low conversion is observed,
CPME full-conversion is reached after 1 h at ro@mperature, furnishing the 2-arylated

compoundb2gin 82% yield (Scheme 37).
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c1  PhMgCI (32a; 1.2 equiv) cl

A CrCl, (3 mol%) =
N N
solvent, 25 °C
Cl Ph
51f 52f

in THF: even after 24 h only partial conversion
in CPME: after 1 h reaction time full-conversion;

71% yield
BrMig o)
o
(32k;1.2equiv)
cl N CrCl, (3 mol%) A

> N/ o)
N cl solvent, 25 °C O >

51g o

52g

in THF: even after 24 h only partial conversion
in CPME: after 1 h reaction time full-conversion;
82% yield

Scheme 37Rate-acceleration in Cr(ll)-catalyzed cross-caugsiof isoquinolind1f and

quinoline51gwith aromatic Grignard reagents using CPME asestlv

Subsequently, various aromatic Grignard reagente weeparedand used in chromium(Il)
chloride catalyzed chemoselective cross-couplingctrens with various dichlorinated
N-heterocycles (see Table 17). Electron-rich  Grignarreagents, like (3-
methoxyphenyl)magnesium bromidg3), the methylenedioxy-arylmagnesium bromigk

or 4-(dimethylamino)phenyl magnesium bromi@2rf) reacted smoothly with dihalogenated
pyridines5laand51¢ as well as with quinolinegslgand51h. The coupling products2h-k
were all obtained in good yields (71-77%, entried) In a complete regioselective manner. 5-
Magnesiated indol82r reacts with 2,3-dichloro-5-(trifluoromethyl)pyricen®1i) within 1 h

to furnish the 2-arylated coupling produs?l in 56% vyield (entry 5). TBS-protected 3-
hydroxyphenylmagnesium bromidg2p) and the acetal-substituted arylmagnesium devieati
54 undergo the CrGicatalyzed cross-coupling reaction with dichlorethpyridiness1b, 51e
and51iregioselectively in position 2 in yields from 669824 entries 6-8). Also electron-poor
Grignard reagents reacted smootly in this crosplooy reaction. E.g. 4-
fluorophenylmagnesium bromide33g) or 4-(trifluoromethyl)phenylmagnesium bromide
(32y) undergo fast couplings with pyridine€sla or 51d to produce the substituted
heterocycle$2p (79% vyield, entry 9) an82q (92% vyield, entry 10). Even the electron-poor
chloro-substituted Grignard reageri5 can be coupled with quinolineslg and
trifluoromethylated 2,3-dichloropyridinBli to furnish52r and52s (entries 11-12). For the
first time, the sensitive ester-substituted arom@rignard reagen®9 can perform well in

CrCly-catalyzed cross-couplings wiltheterocyclic halides (entry 13).
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Table 17: Chemoselective C&Csg cross-coupling reactions between dichlorinated

heterocycles and various Grignard reagents.

Entry Starting material Grignard reagent Product®
Cl N MeO MgBr-LiCl
SN &
N Cl
1 51c 53 52h; 71%; 30 min
L,
Cl N/ Cl
2 51h 53 52i; 72%; 2 h
Cl
. X
N <o:©/MgBr-LlCI N/ o
| N/ O O>
3 5la 32k 52j; 77%; 15 min
Cl N
mm MgBr-LiCl
| IO ®
N Me,N NMe,
4 51g 32n 52k; 71%; 3 h
FsC o C
|
SN Me\ N/
e L
N \ N—Me
MgBr-LiCl —
5 51i 32r 521; 56%; 1 h
SN Cl
O TBSO MgBr.LiCl | N OTBS
® Ty
N Cl
6 51b 32p 52m; 82%; 15 min
FsC N Cl
|
MgBr-LiCl =
FsC Cl N
| j O\K©/ TI@\/O
N Cl </O O\>
7 51i 54 52n; 71%; 15 min
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cl O MgBr-LiCl
| N 0~ o o\)/©/
- Q
N

0]

8 Sle 54

| N (] MgBr-LiCl
N/ Cl /©/
F

9 51d 329 52p; 79%; 30 min
Cl
MgBr-LiCl pz
> > “

N cl FsC CF3

10 5la 32y 52¢q; 92%; 30 min
Cl N
cl N FsC MgBr-LiCl | N CF3

SUNS O >
N Cl Cl Cl

11 519 55 52r; 87%; 1 h

cl ~CFs
FiC | O F3CI>/MgBr-LiCI \(NI@CFQ,
—
N el cl cl
55

12 51i 52¢ 66%: 30 min

Cl | N CF;
F3C. | N Cl EtOZC\©/MgC| N/ CO,Et
=
N Cl
39

13 51i 52t: 70%:; 15 min

(a) Isolated yield after purification by flash cola chromatography.

3. Summary and Outlook
3.1. Lewis-Acid Promoted Benzylic Cross-CouplingsfdPyridines with Aryl Bromides

In this work, the direct benzylic metalation of iaurs methylpyridines was developed using
various TMP-bases. Subsequent cross-coupling ogectiwith the resulting benzylic
metalated heterocycles were performed. In genBigatalyzed cross-couplings with these
laterally metalated methylpyridines are difficulued to the high stability of the Pd-
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intermediates of typ@& which are reluctant to undergo reductive elimimatdue to chelate
stabilization. A general solution to this problemasMound by the addition of a Lewis-acid
(LA) which competitively complexes the heterocycintrogen leading to the tentative
intermediateB. This facilitates the reductive elimination leaglito the arylated produ@ in

good yields (Scheme 38).

| X Lewis-acid (LA) | reductive elimination | N

X
N/ - N/ N/ Ar
(a
B

PdAr PdAr

A Cc

Scheme 38Positive effect of Lewis-acids in benzylic cross#plbing reactions of

methylpyridines.

Although ZnC} is in most cases an effective Lewis-acid, for ietaedeficient aryl bromides,
the use of catalytic amounts of Sc(QTfL0 mol%) leads by far to the best results. Under
these Lewis-acid assisted conditions, a generahadetor the arylation of various methyl-

substituted pyridines and related heterocyclesesgablished (Scheme 39).

1) TMPZnCI-LiCl (1.5 equiv)
THF,25°C,1h

N 2) 10% Sc(OT) Eﬁ\/ N CN
| _ NP PO |

= >

N Me | N
Br@CN (0.8 equiv) Sc(OTh,

2% Pd(OAc),, 4% SPhos
50°C,1h

87% yield
without Sc(OTf)3: 0%

Scheme 39Efficient arylation of 2-picoline promoted by Sc(QF

Furthermore, it was shown for the first time, thgticoline can be metalated efficiently with
TMPZnCI-LiCl in benzylic position. SubsequeNegishi cross-coupling reactions furnish

several benzylic arylated 4-picoline derivativesh{@ne 40).

Br o)
CH, ZnCl \©: > o>
TMPZnCI-LiCl Y
| X (1.5 equiv) E:j (0.8 equiv) N
N"  THF,25°C,1h N 2% PdOAS), | 7
2-4% SPhos
50°C, 1h 95% yield

Scheme 40First arylation of 4-picoline.
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It was also found that a Lewis-acid such ass;-BEL promotes highly regioselective

metalations in the case of 2,4-lutidine (Scheme 41)

@ 1) BF5-OEty, 0 °C, THF CO,Et
2) TMPZnCI-LiCl (1.5 equiv)
| = -78°C,1h _
P >
NToMe g Br—QCOZEt | N
—
(0.8 equiv) N Me

2% Pd(OAC),, 4% SPhos 82% yield
50°C, 2h

Scheme 41BF;- OEb promoted regioselective zincation of 2,4-lutidine.

3.2.  Benzylic Arylation of 2-Methyl-5-Membered Heteocycles using TMP-Bases

So far, the arylation of methyl-substituted 5-memaldeheterocycles has been an unsolved
problem. For example, no benzylic C-H activatiotiolwed by cross-coupling has been
reported for 1,2-dimethylimidazole and only alkidat reactions have been performed
successfully after initial deprotonation with-butyllithium. Furthermore, no benzylic
metalation and subsequent arylation of 2-methylbénaphenes and 2-methylbenzofurans
has been described. In this work, it was shown shah a direct benzylic arylation can be
performed on various methyl-substituted 5-membdreterocycles using TMP-bases and
subsequentegishicross-coupling reactions.

Thus, 1,2-dimethylimidazole can be metalated selegt at the 2-methyl position using the
mild magnesium base TMPMgCI- LiCl. Subsequent tratatation with ZnCl and palladium
catalyzed cross-coupling reaction with various dmgmides yields 2-benzylated imidazoles
in high yields (Scheme 42).

1) TMPMgCI-LiCl A (N
N (1.5 equiv) N Bf‘@*‘”” / . )
[»\ THF, 25°C, 3 h [\ |
N Me N Me
| 2) ZnCl, | Yncl 2% Pd(dba),
Me Me 4% SPhos
50°C, 3 h OPiv
91% yield

Scheme 42Efficient arylation of 1,2-dimethylimidazole.

Efforts were made to extend this method to eves #&sdic methyl-substituted 5-membered
heterocycles. It was found that 2-methylbenzothesghand 2-methylbenzofuran is readily
metalated with TMPLI. After treatment with ZnClthe resulting heterocyclic benzylic

reagent was smoothly arylated with aryl bromidedenrpalladium catalysis (Scheme 43).
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1) for X= O: 10% Sc(OTf)3

2) TMPLI (1.15 equiv) BrO—OMe oM
THF, -78 °C O
\ \ —_— \
Me  3)ZnCl, X

X X Pd-catalysis

ZnCl .
X=SorO X=S; 98% yield

X=0O; 75% yield

Scheme 43Benzylic arylation of 2-methylbenzothiophene ana&hylbenzofuran.

The generality of this approach is demonstrateddsforming the arylation of other related 5-
membered heterocycles such as 2-methyl-indole ametBylbenzimidazole. In these cases,
the mild and selective zinc base TMPZnClI- LiCl waSfisient for benzylic zincation (Scheme
44).

OMe

1) TMPZnCI-LiCI coNgt, 1) TMPZnCI-LiCl
N THF, 25°C, 1 h THF, 25°C, 1 h
L . Q" mr=en
Me
N\\ 2) BrCgH4-OMe N N 2) BrCgH4-OMe
Q 5% Pd(OAc), - Me 4% Pd(OAc),
\ o .
Me 8% SPhos 1 8% SPhos
50 °C, 12 h Me 50°C, 12 h
68% yield 57% yield

Scheme 44Benzylic cross-coupling of protected 2-methylbemdazole and a 2-

methylindole.

3.3. Iron-Catalyzed Cross-Coupling ofN-Heterocyclic Chlorides and Bromides with
Arylmagnesium Reagents UsingBuOMe as Solvent
An extension to previously described iron-catalyzembss-coupling reactions between
aromatic halides and aromatic Grignard reagentdbanr achieved. It was found that apolar
ethereal solvents likeBuOMe suppress significantly the undesired formmatad homo-
coupling by-products that result from the Grignaedgent. A wide range of functionalized
Grignard reagents was prepared using direct magmesgisertion into the aromatic C-Br
bond, and was cross-coupled with varidlibeterocyclic halides in the presence of 3% EeBr
in a THFtBuOMe solvent mixture (Scheme 45).
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3% FeBr;
HetAr—x +  Ar-MgBr-LiCl e —— HetAr—Ar
THF:tBuOMe (2:5)
20°C,2minto5h up to 93% yield

HetAr= substituted pyridines and pyrimidines,
quinolines, isoquinolines

Ar= various substituted aromatics

X=Cl, Br

Selected examples:

=N Me
X
= )\O
N
OMe OPiv
82% yield 92% yield 80% yield 76% yield

I
cl =N

82% yield 78% yield 84% yield 75% yield

A
Z
N

Scheme 45Fe-catalyzed C$gCsif coupling reactions itBuOMe as solvent.

3.4. Ligand-Accelerated Fe- and Co-Catalyzed CrosSeupling Reactions betweerN-
Heterocyclic Halides and Arylmagnesium Reagents

Iron- as well as cobalt-catalyzed cross-coupliractiens betweeil-heterocyclic halides and

aromatic Grignard reagents were optimized by thtbtiah of isoquinoline as practical ligand.

It was found that isoquinoline can accelerate $icgmtly these cross-coupling reactions and

is able to suppress the formation of homo-coupéiug-products. Furthermore, the scope of

such coupling reactions was extended to heteracy@rignard reagents that reacted

previously in lower efficiency (Scheme 46).
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RMgX:LiCl (2 equiv)
3% FeBr; or CoCl,

FG_:\ 10% isoquinoline FG_:\
= Lz

N tBuOMe:THF N R

FG= various functional groups
Ar= various substituted (hetero)aromatics
X=ClI, Br

Selected examples:

F
® C\
Cl | X | X
Z Z
N O fBu N
O/&O T™MS
82% yield using CoCl, 65% yield using FeBrs 70% yield using CoCl,
L
TMS A
N N N
| )l\ =
N/ Ph N
|
S OMe
66% yield using CoCl, 82% vyield using FeBrs 81% yield using FeBrs

Scheme 46Ligand-accelerated Fe- and Co-catalyzed crosshogupeactions.

Future work could focus on optimizing this ligangstem. Preliminary results indicate that
more electron-rich quinolines and isoquinolinesdl¢a even faster reactions betweln
heterocyclic halides and (hetero)aromatic Grigrmaajents. Future extensions could involve
coupling reactions with non-activated aromaticdesiinstead dfi-heterocyclic halides.

3.5.  Chromium(ll)-Catalyzed Cross-Coupling Reactios between CspCenters

Against common wisdom, toxicological data indicttat CrC} is a chromium-salt of low
toxicity, compared to other commonly used salte RdC}, NiCl, or even CoGl Therefore
CrCl, is sold as a low-toxic chemical by major interaaél suppliers. In this work it was
shown, that unexpectedly CgClan undergo very efficiently aryl-aryl cross-caogl
reactions between a range of aromatic halides amdadic Grignard reagents, using a very
simple procedure. No ligand or additive is requif@dcoupling reactions to proceed at room
temperature in the presence of Gr@ith THF as solvent. Using this novel methodology,
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various unsymmetrical biaryls are formed frolvheterocyclic halides and aromatic Grignard

reagents (Scheme 47).

ArMgX:LiCl (1.2 equiv)

(j\ 3% CrCl, (i
FGI- > G-
& THF, 25 °C W

N X N Ar
15 min-2 h

up to 95% yield
FG= various functional groups
Ar= various substituted aromatics
X=Cl, Br

Selected examples:

p-CeH4CF3
Cl

F. OMe
ﬁw L L ST
N/)\ oTBS N \©\ N \©\ 0 [Nj
\©/ CFs oJ\tBu N7

85% yield; 15 min 76% yield; 15 min 66% yield; 15 min 72% yield; 30 min

Scheme 47CrClh-catalyzed cross-coupling reactions betwlemeterocyclic halides and
aromatic Grignard reagents.

It was found that also aromatic chloro-and bromtmkes as well as chloro-imines react

smoothly under these Cr&tatalyzed conditions (Scheme 48).

CIMg CO,Et MgCl
j®] 3

o (1.2 equiv) o} S” (1.2 equiv) cHO
3% CrCl, (:ﬁkph Ny -Ph 3% CrCl,
Ph > , ; /
(:fl\ THF, 15 min, 25 °C COEt ©:;l THF, 16 h, 25 °C AT
Cl

75% yield

79% yield
Scheme 48CrClh-catalyzed coupling reactions of aromatic chlortekes and chloro-

imines.

Furthermore, also alkenyliodides are able to urm€gCh-catalyzed coupling reactions with

aromatic Grignard reagents in a stereoselectiveneraischeme 49).
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3% CrCl,

H eX/\/' +  ArMgBr —_ > H ex/\/Ar
: THF, 15 min
1.5 equiv ’
( quiv) 25°C up to 80% yield
E/Z = >99:1
OMe
NMe, OMe
r oy QL
Hex/\) N Hex/\> N Hex/\> A OTBS Hex/\> AN
70% yield 75% yield 80% yield 69% yield

Scheme 49E-Alkenyl iodides undergo stereoselective Cr(ll)atated cross-couplings.

This chromium-catalysis protocol was also appliedrégio- and chemoselective cross-
coupling reactions of dihalogenated heteroaromatitts aromatic Grignard reagents. Similar

coupling reactions of more electron-rich dihalogedaguinolines or isoquinolines proceed
much faster in CPME than in THF (Scheme 50).

ArMgX:LiCl (1.2 equiv)

A 3% CrCl, A
ci—- » CH-
N\@~q THForCPME, 25 °C 7

N Ar
15 min-2 h

up to 92% vyield

Ar= various substituted aromatics

Selected examples:

FsC cl

X
CO,Et

N 2
70% yield; 15 min 87% yield; 1 h in CPME 66% yield; 30 min
Cl
X Cl N O
Z
N N/ OMe (:((\N(

CF3 Ph
92% yield; 30 min 71% vyield; 30 min 71% yield; 1h in CPME

Scheme 50Regio- and chemoselective Cs@htalyzed CspCsyf coupling reactions.
After having made the unexpected discovery thatl£o@n serve as a catalyst in cross-

coupling reactions, future work could focus on exliag the scope of chromium-catalysis to

other potential reactions like aminations, C-H\atibns and carbometalation reactions.
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C. Experimental Section
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1. General Considerations
All reactions were carried out with magnetic stigiand, if the reagents were air or moisture
sensitive, in flame-dried glassware under argonting§gs which were used to transfer

reagents and solvents were purged with argon fwriase.

1.1. Solvents

Solvents were dried according to standard procedoyedistillation over drying agents and
stored under argon.

tBuOMe was predried over Cagfand distilled from Cald

CPME was predried over Cag£and distilled from Cal

Et,O was predried over calcium hydride and dried with slolvent purification system SPS-
400-2 from INNOVATIVE TECHNOLOGIES INC.

Hexanewas predried over Cagand distilled from Cald

NEP was heated to reflux for 14 h over Gaahd distilled from Cak

NMP was heated to reflux for 14 h over Gakhd distilled from Cakd

THF was continuously refluxed and freshly distilledrr sodium benzophenone ketyl under
nitrogen.

Toluenewas predried over Cag£and distilled from Cakd

Solvents for column chromatography were distille@dmpto use.

1.2. Reagents
All reagents were obtained from commercial sout@ed used without further purification
unless otherwise stated. Following compounds werepgred according to literature

procedures: compour¥,** compound4,*®’ 7408 9,109

compound47--"and compound
BF3- OEt; was distilled under Ar prior to use.

nBuLi solution in hexane was purchased from Rockwodiluih GmbH.
iPrMgClI-LiCl solution in THF was purchased from Rockwood LithiGmbH.
PhMgCI solution in THF was purchased from Rockwood LithiGmbH.
TMPH was distilled under Ar prior to use.

TMPLIi was prepared in the following way:

197 8ui, Y.-Z.; Zhang, X.-C.; Wu, J.-W.; Li, S.; Zhodi;N.; Li, M.; Fang, W.; Chan, A. S. C.; Wu,Chem. Eur.
J.2012 18, 7486.

198 4a Silva-Filho, L. C.; Lacerda Junior, V.; Gomemn&tantino, M.; da Silva, G. V. Synthesi2008 2527.

19 Ren, H.; Krasovskiy, A.; Knochel, Prg. Lett.2004 6, 4215.
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A dry and argon flushed 250 m&chlenkflask, equipped with a magnetic stirrer and a
septum, was charged with freshly distiled TMPH .2ZLnL, 60 mmol)dissolved in THF
(60 mL). This solution was cooled to -40 °C aglLi (2.4 M in hexane25 mL, 60 mmol)
was added dropwise. After the addition was compligte reaction mixturevas allowed to
warm up slowly to -10 °C for 1 h. The solvents weren removed under vacuum affording a
yellowish solid.Freshly distilled THF was then slowly added undgoxous stirring until the
salts werecompletely dissolved. The freshly prepared TMPUugon was titrated prior to
use at -10 °C with benzoic acid using 4-(phenyldiptlenylamine as indicator. A
concentration of ca. 1.0 M in THF was obtained. TMR stored at -78 °C under an argon
atmosphere.

TMPMgCI-LIiCl was prepared in the following way:

A dry and argon flushed 250 mL flask, equipped véatimagnetic stirrer and a septum, was
charged with freshly titratedPrMgCI-LiCl (100 mL, 1.2 M in THF, 120 mmol). TMPH (19.8
g, 126 mmol, 1.05 equiv) was added dropwise at rtemperature. The reaction mixture was
stirred at r.t. until gas evolution was completech.(48 h). The freshly prepared
TMPMgCI-LIiCI solution was titrated prior to use 36 °C with benzoic acid using 4-
(phenylazo)diphenylamine as indicator. A conceitradf ca. 1.1 M in THF was obtained.
TMPZnCI-LiCl was prepared in the following way:

A dry and argon flushed 250 m&chlenkflask, equipped with a magnetic stirrer and a
septum, was charged with freshly distilled TMPH .2LénL, 60 mmol) dissolved in THF
(60 mL). This solution was cooled to -40 °C a®&lLi (2.4 M in hexane, 25 mL, 60 mmol)
was added dropwise. After the addition was complite reaction mixture was allowed to
warm up slowly to -10 °C for 1 h. Zn£[(1.0 M in THF, 66 mL, 66 mmol) was added
dropwise and the resulting solution was stirred3rmin at -10 °C and then for 30 min at
25 °C. The solvents were then removed under vacaffionding a yellowish solid. Freshly
distilled THF was then slowly added under vigoratisring until the salts were completely
dissolved. The freshly prepared TMPZnCI-LiCl sauatiwas titrated prior to use at 25 °C
with benzoic acid using 4-(phenylazo)diphenylamaseindicator. A concentration of about
1.3 M in THF was obtained.

ZnCl, solution (1.0m) was prepared by drying Zn{(100 mmol, 13,6 g) in &chlenkidask
under vacuum at 140 °C for 5 h. After cooling, 10D dry THF were added and stirring was

continued until the salt was dissolved.
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1.3. Content Determination of Organometallic Reagds

Organzinc and organomagnesiunreagents were titrated againsin THF.

Organolithium reagents were titrated against menthol using ftfehanthroline as indicator
in THF.

TMPLi , TMPMgCI-LiClI and TMPZnCI-LiCl were titrated against benzoic acid using 4-
(phenylazo)diphenylamine as indicator in THF.

1.4. Chromatography
Flash column chromatographywas performed using silica géd (0.040-0.063 mm) from
Merck.
Thin layer chromatography was performed using Si(re-coated aluminium platéslerck
60, F-254). The chromatograms were examined undfelight at 254 nm and/or by staining
of the TLC plate with one of the solutions givendvefollowed by heating with a heat gun:

- KMnO4 (3.0 g), 5 drops of conc..80, in water (300 mL).

- Phosphomolybdic acid (5.0 g), Ce(§£(2.0 g) and conc. {50, (12 mL) in water

(230 mL).

1.5. Analytical Data

NMR spectra were recorded on VARIAN Mercury 200, BRUXKEXR 300, VARIAN VXR
400 S and BRUKER AMX 600 instruments. Chemicaltshéfre reported advalues in ppm
relative to the residual solvent peak of CEI(d;: 7.25,a:: 77.0). For the characterization of
the observed signal multiplicities the following papviations were used: s (singlet), d
(doublet), t (triplet), g (quartet), quint (quintesept (septet), m (multiplet) as well as br
(broad).

Mass spectroscopy High resolution (HRMS) and low resolution (MS)esfra were recorded
on a FINNIGAN MAT 95Q instrument. Electron impachization (EI) was conducted with
an electron energy of 70 eV.

For the combination of gas chromatography with mgssctroscopic detection, a GC/MS
from Hewlett-Packard HP 6890 / MSD 5973 was used.

Infrared spectra (IR) were recorded from 4500 tmo 650 cm' on a PERKIN ELMER
Spectrum BX-59343 instrument. For detection a SMSTBETECTION DuraSamfR |l
Diamond ATR sensor was used. The absorption baed®ported in wavenumbers (¢n

Melting points (M.p.) were determined on a BUCHI B-540 apparaius are uncorrected.
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2.  Typical Procedures (TP)

2.1. Typical Procedure for the Metalation of Methypyridines and Related
N-Heterocycles with TMPZnCI-LiCl (7) (TP1).

In a dry and argon flushed 10 n8chlenktube, equipped with a magnetic stirring bar and a

septum, the respective methylpyridine (1.00 equig} dissolved in dry THF (2 mL). Then,

TMPZnCI-LiCl (7; 1.5 equiv) was added dropwise and the reactiotiura was stirred at the

desired temperature for 10 min. The completiorhefzincation was checked by GC-analysis

of reaction aliquots quenched with a solution,ahldry THF.

2.2. Typical Procedure for Fe-Catalyzed Cross-Couplg Reactions ofN-Heterocyclic
Chlorides and Bromides with Arylmagnesium ReagentsUsing tBuOMe as
Solvent (TP2).

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a

septum, the appropriate halogenatédheterocycle (1.0 mmol, 1.0 equiv.) and iron (llI)

bromide (3 mol%) were dissolved in dnBuOMe (5 mL). Then, the appropriate Grignard

reagent (2.3 mmol, 2.3 equiv) dissolved in THF wdsled dropwise at room temperature
while stirring the reaction mixture. When the corsien was complete it was quenched with
brine or with a mixture of aqueous saturated sotutof NH,C| and ammonia (10:1) and
extracted with EtOAc. The organic phase was separaind dried over N&Q,. The product
was obtained after purification by flash chromaggdny.

2.3. Typical Procedure for Fe- or Co-Catalyzed Crss-Coupling Reactions with
Isoquinoline (TP3).
A solution of the appropriate Grignard reagent ¢amration in THF varying depending on
the identity of the Grignard reagent, 1.0 mmol, &jdiv) was added dropwise to a suspension
of FeBg (4.4 mg, 0.015 mmol, 0.03 equiv) or CeCL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), ahd aryl halide (0.5 mmol, 1.0 equiv) in
tBuOMe (2.5 mL) at 28C. The suspension was stirred at°’25for the indicated time before
being quenched with NaHGQat. aq. The mixture was diluted with &Hb and an EDTA
(2.0 M, HO) solution was added. The mixture was stirred5at@ for 15 min, before being
filtered through a pad of Celite®. After washing tpad of Celite® with CkCl,, NaCl sat.
ag. was added, and the mixture was extracted WH}CG. The organic layer was dried with
MgSQ,, filtered, and concentrated in vacuo to yield ¢hede compound, which was purified
by column chromatography to yield the final compdas an analytically pure substance.
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2.4. Typical Procedure for Cr-Catalyzed Cross-Couphg Reactions between Aryl
Halides and Aromatic Grignard Reagents (TP4).
A solution of the appropriate Grignard reagent (mortration in THF varying depending on
the nature of the Grignard reagent, 1.2 mmol, &8¢ was added dropwise to a suspension
of anhydrous CrGl(3.7 mg, 0.03 mmol, 0.03 equiv.; 97% purity) and #nyl halide (1 mmaol,
1.0 equiv) in THF (5 mL) at 2%C. The suspension was stirred at’€5for the indicated time
before being quenched with brine and extracted #iAc. The organic layer was dried with
MgSQ,, filtered, and concentrated vacuoto yield the crude compound, which was purified
by column chromatography to yield the final compdas an analytically pure substance.

2.5. Typical Procedure for Cr-Catalyzed Cross-Couphg Reactions with Imine 47
(TP5).
A solution of the appropriate Grignard reagent (@ntration in THF varying depending on
the nature of the Grignard reagent, 1.2 mmol, &8¢ was added dropwise to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) andrie7 (1 mmol,
1.0 equiv) in THF (5 mL) at 2%C. The suspension was stirred at’€5for the indicated time
before being quenched with an aq. solution of HEM) and extracted with EtOAc. The
organic layer was dried with MgQCfiltered, and concentrated vacuoto yield the crude
compound, which was purified by column chromatobsai yield the final compound as an

analytically pure substance.

2.6. Typical Procedure for Cr-Catalyzed Cross-Couphg Reactions with Alkenyl
lodide 49 (TP6).

A solution of the appropriate Grignard reagent ¢aration in THF varying depending on
the nature of the Grignard reagent, 1.5 mmol, fji5\@ was added dropwise to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) andeald iodide 49

(2 mmol, 1.0 equiv) in THF (5 mL) at 28C. The suspension was stirred at °Z5 for the
indicated time before being quenched with brine extdacted with EtOAc. The organic layer
was dried with MgSQ filtered, and concentrateéd vacuoto yield the crude compound,
which was purified by column chromatography to ¢itle final compound as an analytically

pure substance.
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2.7. Typical Procedure for Cr-Catalyzed Regio- andChemoselective Cross-Coupling
Reactions in THF as Solvent (TP7).

A solution of the appropriate Grignard reagent ¢aration in THF varying depending on
the nature of the Grignard reagent, 1.2 mmol, fjiiv@ was added dropwise to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) and ditealogenated halide
(2 mmol, 1.0 equiv) in THF (5 mL) at 28C. The suspension was stirred at °Z5 for the
indicated time before being quenched with brine extdacted with EtOAc. The organic layer
was dried with MgSQ filtered, and concentrateéd vacuoto yield the crude compound,
which was purified by column chromatography to ¢itle final compound as an analytically

pure substance.

2.8. Typical Procedure for Cr-Catalyzed Regio- andChemoselective Cross-Coupling
Reactions in CPME as Solvent (TP8).
A solution of the appropriate Grignard reagent (@ntration in THF varying depending on
the nature of the Grignard reagent, 1.2 mmol, fjiivy was added dropwise to a suspension
of anhydrous CrGIl(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) and ditealogenated halide
(2 mmol, 1.0 equiv) in CPME (5 mL) at 2&. The suspension was stirred at°25for the
indicated time before being quenched with brine extdacted with EtOAc. The organic layer
was dried with MgSQ filtered, and concentrateéd vacuoto yield the crude compound,
which was purified by column chromatography to githle final compound as an analytically
pure substance.
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3. Benzylic Cross-Coupling of Pyridines with Aryl Bomides

Synthesis of 5-(pyridine-2-ylmethyl)-H-indole (6a):

TMPZnCI-LiCl (7: 1.30 M in THF, 2.00 mL, 2.60 mmol) was added tsdadution of 2-
methylpyridine {a: 121 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) &t°Z and the reaction
mixture was then stirred at this temperature fon according toTP1. Pd(OAc)» (5 mg,

2 mol%), SPhos (16 mg, 4 mol%) and 5-bromoind8& (96 mg, 1.00 mmol, 0.80 equiv)
were added to the reaction mixture. The resultingture was stirred for 7 h at 50 °C. The
reaction mixture was then quenched with a mixturesaiurated aqueous NEI and NH
(10:1, 2 mL), extracted with ethyl acetate (3 x B)rand dried over anhydrous MgaQ\fter
filtration, the solvent was evaporated under redugeessure. Purification by flash-
chromatography i{hexane/ether, 3:2) furnished 5-(pyridine-2-yiméiiH-indole (6a
180 mg, 86%) as a slightly yellow oil.

'H-NMR (300 MHz, CDCk): 8/ ppm = 8.58 (dJ = 4.89 Hz, 1H), 8.22 (s, 1H), 7.57 (dt=
7.62, 1.88 Hz, 1H), 7.57-7.56 (m, 1H), 7.35 Jd; 8.69 Hz, 1H), 7.21 () = 2.96 Hz, 1H),
7.16-7.09 (m, 3H), 6.53-6.51 (m, 1H), 4.29 (s, 2H).

¥C-.NMR (CDCl;, 75 MHz): & = 162.1, 149.1, 136.5, 134.7, 130.8, 128.2, 12128.5,
123.1, 121.0, 120.9, 111.1, 102.5, 44.8.

IR (Diamond-ATR, neat): v / cmi* = 3114, 3097, 3028, 2852, 2361, 1739, 1592, 1474,
1344, 1218, 1138, 1093, 998, 889, 793, 755, 736, 65

MS (El, 70 eV): m/z(%) = 208 (M, 70), 207 (100), 130 (48), 127 (18), 44 (62).

HRMS for C14H12N,: calc.: 208.1000; found: 208.0933 (M

Synthesis of 2-(4-methoxybenzyl)pyridine (6b):

OMe

\
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TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added tsdadution of 2-
methylpyridine La: 121 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) &t°Z and the reaction
mixture was then stirred at this temperature fon according toTP1. Pd(OAc)» (5 mg,

2 mol%), SPhos (16 mg, 4 mol%) and 4-bromoanisete {87 mg, 1.00 mmol, 0.80 equiv)
were added to the reaction mixture. The resultingture was stirred for 3 h at 50 °C. The
reaction mixture was then quenched with a mixturesaiurated aqueous NEI and NH
(10:1, 2 mL), extracted with ethyl acetate (3 x B)rand dried over anhydrous MgaQ\fter
filtration, the solvent was evaporated under redugeessure. Purification by flash-
chromatographyi{hexane/ether7:3) furnished 2-(4-methoxybenzyl)pyridir{éb: 190 mg,
95%) as a slightly yellow oil.

'H-NMR (300 MHz, CDCL): 8/ ppm = 8.52 (ddJ = 5.80, 1.92 Hz, 1H), 7.54 (di= 7.49,
2.02 Hz, 1H), 7.16 (d] = 8.76 Hz, 2H), 7.07 (dl = 7.49 Hz, 2H), 6.83 (d] = 8.76 Hz, 2H),
4.08 (s, 2H), 3.76 (s, 3H).

¥C-.NMR (CDCl;, 75 MHz): & = 161.4, 158.2, 149.3, 136.5, 131.6, 130.1, 128A1,.1,
114.0, 55.2, 43.8.

IR (Diamond-ATR, neat): v / cm® = 3004, 2951, 2931, 2833, 1737, 1609, 1587, 1508,
1470, 1433, 1300, 1243, 1175, 1032, 993, 850, 824, 781, 748, 725.

MS (El, 70 eV): m/z(%) = 199 (M, 57), 198 (100), 184 (52), 167 (12), 156 (15), ().
HRMS for C13H13NO: calc.: 199.0997; found: 199.0975 (M

Synthesis of 2-(4-fluorobenzyl)pyridine (6¢):

\

TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added tsdaution of 2-
methylpyridine La: 121 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) &t°Z and the reaction
mixture was then stirred at this temperature fon according toTP1. Pd(OAc) (5 mg,
2 mol%), SPhos (16 mg, 4 mol%) and 1-bromo-4-flbermene 4c. 175 mg, 1.00 mmol,
0.80 equiv) were added to the reaction mixture. fdseilting mixture was stirred for 6 h at
50 °C. The reaction mixture was then quenched withixture of saturated aqueous XH
and NH (10:1, 2 mL), extracted with ethyl acetate (3 xn&) and dried over anhydrous

MgSQ. After filtration, the solvent was evaporated undeduced pressure. Purification by
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flash-chromatography-pexane/ether, 4:1) furnished 2-(4-fluorobenzylijgiypie (6¢. 147 mg,
78%) as a slightly yellow oil.

'H-NMR (300 MHz, CDCk): 8/ ppm = 8.55 (ddJ = 4.63, 1.92 Hz, 1H), 7.58 (di= 7.82,
2.02 Hz, 1H), 7.22 (dd] = 8.68, 5.57 Hz, 2H), 7.13-7.09 (m, 2H), 6.98J¢; 8.68, 5.57 Hz,
2H), 4.12 (s, 2H).

3C-NMR (CDCls, 75 MHz): 6 = 161.5 tJc.r = 253.4 Hz), 160.8, 149.4, 136.6, 135.2, 130.4
(Je.r = 7.9 Hz), 123.0, 121.3, 1153{.r = 21.4 Hz), 43.8.

IR (Diamond-ATR, neat): v / cm® = 3068, 3008, 2924, 2362, 1892, 1738, 1600, 1588,
1570, 1506, 1472, 1434, 1298, 1098, 994, 846, 798, 628.

MS (El, 70 eV): m/z(%) = 187 (M, 22), 186 (100), 109 (8), 93 (10), 83 (8).

HRMS for C1,H1gFN: calc.: 187.0797; found: 187.0742 (M

Synthesis of 2-(3-chlorobenzyl)pyridine (6d):

TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added tsdadution of 2-
methylpyridine {a: 121 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) &t°Z and the reaction
mixture was then stirred at this temperature fon according toTP1. Pd(OAc)» (5 mg,

2 mol%), SPhos (16 mg, 4 mol%) and 1-bromo-3-chllenzene 9d: 191 mg, 1.00 mmol,
0.80 equiv) were added to the reaction mixture. f@saillting mixture was stirred for 6 h at
50 °C. The reaction mixture was then quenched withixture of saturated aqueous NXH
and NH (10:1, 2 mL), extracted with ethyl acetate (3 xnk) and dried over anhydrous
MgSQ,. After filtration, the solvent was evaporated undeduced pressure. Purification by
flash-chromatography i-bexane/ether, 7:3) furnished 2-(3-chlorobenzylgige 6d:
134 mg, 66%) as a slightly yellow oil.

'H-NMR (300 MHz, CDCk): &/ ppm = 8.58 (ddd] = 4.88, 1.86, 0.91 Hz, 1H), 7.61 (dt=
7.39, 2.02 Hz, 1H), 7.28-7.12 (m, 6H), 4.14 (s, 2H)

3C-NMR (CDCls, 75 MHz): & = 160.1, 149.5, 141.5, 136.6, 134.3, 129.8, 12927.3,
126.6, 123.1, 121.5, 44.3.
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IR (Diamond-ATR, neat): v / cmi* = 3061, 2924, 1737, 1668, 1588, 1568, 1471, 1428,
1303, 1077, 994, 865, 775, 769, 694, 681.

MS (El, 70 eV): m/z(%) = 203 (M, 22), 202 (100), 167 (71), 139 (4), 84 (11).

HRMS for C1,H10CIN: calc.: 203.0502; found: 203.0471 (M

Synthesis of 2-((4-methoxyphenyl)(phenyl)methyl)pydine (6e):

TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added tsdadution of 2-
(benzyl)pyridine L{b: 220 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) & 2C and the
reaction mixture was then stirred at this tempeeafor 1 h according t@P1. Pd(OAc)

(5 mg, 2 mol%), SPhos (16 mg, 4 mol%) and 4-brorsmd@® @b: 187 mg, 1.00 mmol,
0.80 equiv) were added to the reaction mixture. fdselting mixture was stirred for 20 h at
50 °C. The reaction mixture was then quenched withixture of saturated aqueous XH
and NH (10:1, 2 mL), extracted with ethyl acetate (3 xn&) and dried over anhydrous
MgSQO. After filtration, the solvent was evaporated undeduced pressure. Purification by
flash-chromatographyi-hexane/ether7:3) furnished 2-((4-methoxyphenyl)(phenyl)methyl)-
pyridine (6e 272 mg, 99%) as a slightly yellow oll.

'H-NMR (300 MHz, CDCkL): &/ ppm = 8.62 (ddd] = 4.88, 1.86, 0.95 Hz, 1H), 7.62 (dt=
7.76, 1.97 Hz, 1H), 7.34-7.05 (m, 9H), 6.86 (H 8.78, 2.98 Hz, 2H), 5.67 (s, 1H), 3.80 (s,
3H).

3C-NMR (CDCl3, 75 MHz): 6 = 163.6, 158.2, 149.5, 143.1, 136.4, 135.0, 13023.3,
128.6, 126.4, 123.7, 121.3, 113.8, 58.6, 55.2.

IR (Diamond-ATR, neat): v / cm® = 3004, 2951, 2931, 2876 1737, 1609, 1587, 1504,
1465, 1427, 1300, 1241, 1177, 1032, 993, 850, 833, 781, 748, 725.

MS (El, 70 eV): m/z(%) = 275 (M, 100), 260 (31), 243 (8), 230 (12), 197 (32), 183),

153 (23).

HRMS for C19H1/NO: calc.: 275.1310; found: 275.1305 (M
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Synthesis of 2-(ert-butyldimethylsilyl)(4-methoxyphenyl)methyl)pyridin e (6f):

Nk
= Si

N ~

OMe

TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added teodution of 2-(ert-
butyldimethylsilyl)pyridine {c. 269 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) & Z and
the reaction mixture was then stirred at this temajpee for 1 h according toP1. Pd(OAc)

(5 mg, 2 mol%), SPhos (16 mg, 4 mol%) and 4-bramsmwde Qb: 187 mg, 1.00 mmol,
0.80 equiv) were added to the reaction mixture. f#selting mixture was stirred for 11 h at
50 °C. The reaction mixture was then quenched withixture of saturated aqueous NXH
and NH (10:1, 2 mL), extracted with ethyl acetate (3 xn&) and dried over anhydrous
MgSQ,. After filtration, the solvent was evaporated undeduced pressure. Purification by
flash-chromatography i-hexane/ether, 95:5) furnished 2-{ért-butyldimethylsilyl)(4-
methoxyphenyl)methyl)pyridingsf: 288 mg, 92%) as a slightly yellow oil.

'H-NMR (300 MHz, CDCk): &/ ppm = 8.55 (ddd] = 4.89, 1.92, 0.91 Hz, 1H), 7.47 (d&
7.58, 2.03 Hz, 1H), 7.42 (di,= 8.66, 2.15 Hz, 2H), 7.16 (d1,= 7.76, 2.07 Hz, 1H), 6.98
(ddd,J = 7.52, 4.85, 1.18 Hz, 1H), 6.80 (dtz 8.66, 2.15 Hz, 2H), 3.78 (s, 4H), 0.72 (s, 9H),
0.05 (s, 6H).

¥C-.NMR (CDCl;, 75 MHz): & = 163.6, 157.4, 148.9, 135.9, 134.2, 129.9, 12822.0,
113.5, 55.2, 45.0, 27.0, 17.8, -6.0.

IR (Diamond-ATR, neat): v / cmt = 2948, 2927, 2852, 1583, 1504, 1465, 1427, 1240,
1181, 1031, 869, 857, 824, 807, 778, 692.

MS (El, 70 eV): m/z(%) = 313 (M, 14), 298 (9), 256 (100), 242 (10), 225 (23), 212),
198 (10), 182 (11), 167 (13), 154 (8), 120 (3)(43).

HRMS for C19H,/NOS:i: calc.: 313.1862; found: 313.1855 (M

Synthesis of 4-(pyridin-2-ylmethyl)benzonitrile (69:

CN
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TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added tsdadution of 2-
methylpyridine La: 121 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) &t°Z and the reaction
mixture was then stirred at this temperature fan according toTP1. Sc(OTf} (64 mg,
0.13 mmol, 0.10 equiv) was added at 25 °C. Aftendpastirred for 15 min, Pd(OAg)X5 mg,

2 mol%), SPhos (16 mg, 4 mol%) and 4-bromobenz@if{9j: 183 mg, 1.00 mmol,
0.80 equiv) were added to the reaction mixture. fdseilting mixture was stirred for 1 h at
50 °C. The reaction mixture was then quenched withixture of saturated aqueous NXH
and NH (10:1, 2 mL), extracted with ethyl acetate (3 xn&) and dried over anhydrous
MgSQ,. After filtration, the solvent was evaporated undeduced pressure. Purification by
flash-chromatographyi-hexane/etherl:1) furnished 4-(pyridin-2-ylmethyl)benzonitril@g:

170 mg, 87%) as a colorless oil.

'H-NMR (300 MHz, CDCkL): &/ ppm = 8.58 (ddd] = 4.84, 1.86, 0.81 Hz, 1H), 7.65 (dtz
7.77, 1.77 Hz, 1H), 7.60 (d,= 8.55, 2.06 Hz, 2H), 7.39 (di,= 8.55, 2.06 Hz, 2H), 7.21-
7.14 (m, 2H), 4.22 (s, 2H).

3C-NMR (CDCl3, 75 MHz): 6 = 159.2, 149.6, 145.0, 136.9, 132.3, 129.8, 12823,.8,
118.9, 110.4, 44.5.

IR (Diamond-ATR, neat): v / cmi* = 3061, 3044, 3005, 2932, 2226, 1737, 1670, 1585,
1504, 1470, 1433, 1310, 1153, 1048, 994, 865, BDY, 749, 691.

MS (El, 70 eV): m/z(%) = 194 (M, 23), 193 (100), 166 (4), 140 (2), 89 (3).

HRMS (ESI) for C13H10N>: calc.: 195.0922; found: 195.0916 ([M+Hi]

Synthesis of ethyl 4-(pyridin-2-yImethyl)benzoategh):

COOEt

TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added tsdaution of 2-
methylpyridine {a: 121 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) &t°Z and the reaction
mixture was then stirred at this temperature fan according toTP1. Sc(OTfy (64 mg,
0.13 mmol, 0.10 equiv) was added at 25 °C. Aftendpastirred for 15 min, Pd(OAg)X5 mg,
2 mol%), SPhos (16 mg, 4 mol%) and ethyl 4-bromabate 9k: 227 mg, 1.00 mmol,

0.80 equiv) were added to the reaction mixture. fdseilting mixture was stirred for 1 h at
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50 °C. The reaction mixture was then quenched withixture of saturated aqueous NXH
and NH (10:1, 2 mL), extracted with ethyl acetate (3 xn&) and dried over anhydrous
MgSQ,. After filtration, the solvent was evaporated undeduced pressure. Purification by
flash-chromatographyi-bexane/etherl:1) furnished ethyl 4-(pyridin-2-ylmethyl)benzoate
(6h: 206 mg, 85%) as a slightly yellow oil.

'H-NMR (300 MHz, CDCk): &/ ppm = 8.57 (dJ = 5.13 Hz, 1H), 8.00 (d} = 8.62 Hz, 2H),
7.61 (dt,J = 7.71, 1.94 Hz, 1H), 7.35 (d,= 8.62 Hz, 2H), 7.18-7.11 (m, 2H), 4.38 (=
7.10 Hz, 2H), 4.23 (s, 2H), 1.39 {t= 7.10 Hz, 3H).

¥C-.NMR (CDCl;, 75 MHz): & = 166.5, 160.0, 149.5, 144.7, 136.7, 129.9, 1292R.7,
123.2,121.5, 60.8, 44.6, 14.3.

IR (Diamond-ATR, neat): v / cm® = 3059, 2904, 1710, 1709, 1585, 1472, 1434, 1415,
1366, 1270, 1176, 1100, 1020, 752, 702.

MS (El, 70 eV): m/z(%) = 241 (M, 32), 240 (100), 212 (26), 196 (15), 167 (41).

HRMS (ESI) for C15H1sNO5: calc.: 242.1181; found: 242.1175 ([M+1]

Synthesis of 4-(benza][1,3]dioxol-5-yImethyl)pyridine (10a):

TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added tsdaution of 4-
methylpyridine Ra: 121 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) &t°Z and the reaction
mixture was then stirred at this temperature fon according toTP1. Pd(OAc) (5 mg,

2 mol%), SPhos (16 mg, 4 mol%) and 5-bromobenztiib8ol (9e¢ 199 mg, 1.00 mmol,
0.80 equiv) were added to the reaction mixture. fdseilting mixture was stirred for 1 h at
50 °C. The reaction mixture was then quenched withixture of saturated aqueous XH
and NH (10:1, 2 mL), extracted with ethyl acetate (3 xn&) and dried over anhydrous
MgSQ. After filtration, the solvent was evaporated undeduced pressure. Purification by
flash-chromatography  (G€l,/MeOH, 99:1) furnished 4-(benzd]1,3]dioxol-5-
ylmethyl)pyridine(10a 203 mg, 95%) as a slightly yellow oil.
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'H-NMR (300 MHz, CDCL): 8/ ppm = 8.51 (dJ = 6.06 Hz, 2H), 7.11 (dl = 6.06 Hz, 2H),
6.78 (d,J = 8.45 Hz, 1H), 6.68-6.65 (m, 2H), 5.95 (s, 2HBRB(s, 2H).

¥C-.NMR (CDCl;, 75 MHz): & = 150.1, 149.9, 147.9, 146.3, 132.6, 124.0, 12208.4,
108.4, 101.0, 40.9.

IR (Diamond-ATR, neat): 7 / cmi® = 3066, 3024, 2982, 2854, 1596, 1485, 1440, 1413,
1244, 1186, 1109, 1033, 925, 868, 814, 799, 763, 723.

MS (El, 70 eV): m/z(%) = 213 (M, 100), 183 (17), 154 (22), 135 (36), 127 (10)(¥T).

HRMS for C13H1;NOy: calc.: 213.0790; found: 213.0784 (M

Synthesis of 4-(4-methoxybenzyl)pyridine (10b):

MeO

)

N

TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added tsdaution of 4-
methylpyridine Ra: 121 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) &t°Z and the reaction
mixture was then stirred at this temperature fordccording torP1. Pd(OCOCE); (12 mg,

2 mol%), SPhos (16 mg, 4 mol%) and 4-bromoaniséte 187 mg, 1.00 mmol, 0.80 equiv)
were added to the reaction mixture. The resultimgure was stirred for 1 h at 50 °C. The
reaction mixture was then quenched with a mixturesaiurated aqueous NEI and NH
(10:1, 2 mL), extracted with ethyl acetate (3 x B)rand dried over anhydrous MgaQ@\fter
filtration, the solvent was evaporated under redugeessure. Purification by flash-
chromatographyi{thexane/ether]:1) furnished 4-(4-methoxybenzyl)pyridiri2Ob: 195 mg,
98%) as a slightly yellow oil.

'H-NMR (300 MHz, CDCkL): &/ ppm = 8.50 (dJ = 5.53 Hz, 2H), 7.13-7.08 (m, 4H), 6.88
(dt,J=8.71, 3.05 Hz, 2H), 3.98 (s, 2H), 3.81 (s, 3H).

3C-NMR (CDCls, 75 MHz): § = 158.4, 150.5, 149.8, 130.9, 130.0, 124.1, 118513, 40.4.

IR (Diamond-ATR, neat): v / cm® = 3065, 3027, 2954, 2907, 2834, 1737, 1598, 1509,
1413, 1245, 1176, 1152, 1107, 1030, 993, 796, 759.

MS (El, 70 eV): m/z(%) = 199 (M, 100), 184 (23), 168 (17), 154 (11), 121 (54).

HRMS for C13H13NO: calc.: 199.0997; found: 199.0977 (M
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Synthesis of 4-(3-methylbenzyl)pyridine (10c):

TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added tesdadution of 4-
methylpyridine Ra: 121 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) &t°Z and the reaction
mixture was then stirred at this temperature fon according toTP1. Pd(OAc) (5 mg,

2 mol%), SPhos (16 mg, 4 mol%) and 1-bromo-3-métytene 4f: 169 mg, 1.00 mmol,
0.80 equiv) were added to the reaction mixture. f@sallting mixture was stirred for 1 h at
50 °C. The reaction mixture was then quenched withixture of saturated aqueous XH
and NH (10:1, 2 mL), extracted with ethyl acetate (3 xn&) and dried over anhydrous
MgSQ. After filtration, the solvent was evaporated undeduced pressure. Purification by
flash-chromatographyi-bexane/etherl:1 then 2:3) furnished 4-(3-methylbenzyl)pyridine
(10c 150 mg, 82%) as a colorless oll.

'H-NMR (300 MHz, CDCkL): &/ ppm = 8.52 (dJ = 5.53 Hz, 2H), 7.25-6.97 (m, 6H), 3.95
(s, 2H), 2.35 (s, 3H).

¥C-.NMR (CDCl;, 75 MHz): & = 150.1, 149.8, 138.8, 138.4, 129.8, 128.6, 12724.0,
124.2,41.2, 21.4.

IR (Diamond-ATR, neat): 7 / cmi® = 3023, 2920, 2854, 1737, 1720, 1597, 1558, 1490,
1413, 1284, 1247, 1217, 1110, 993, 800, 778, 798, 6

MS (El, 70 eV): m/z(%) = 183 (M, 100), 168 (58), 152 (4), 141 (5), 128 (4), 11§ (B5

(6), 91 (7).

HRMS for C13H13N: calc.: 183.1048; found: 183.1047 (M

Synthesis ofN,N-dimethyl-4-(pyridine-4-ylmethyl)aniline (10d):
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TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added tsdadution of 4-
methylpyridine Ra: 121 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) &t°Z and the reaction
mixture was then stirred at this temperature fon according toTP1. Pd(OAc)» (5 mg,

2 mol%), SPhos (16 mg, 4 mol%) and 4-brolbl-dimethylaniline 8g: 199 mg, 1.00 mmol,
0.80 equiv) were added to the reaction mixture. f@saillting mixture was stirred for 1 h at
50 °C. The reaction mixture was then quenched withixture of saturated aqueous XH
and NH (10:1, 2 mL), extracted with ethyl acetate (3 xn&) and dried over anhydrous
MgSQO. After filtration, the solvent was evaporated undeduced pressure. Purification by
flash-chromatographyi-hexane/etherl:1 then 2:3) furnishedN,N-dimethyl-4-(pyridine-4-
ylmethyl)aniline(10d: 149 mg, 70%) as a slightly yellow oil.

'H-NMR (300 MHz, CDCL): 5/ ppm = 8.49 (ddJ = 4.63, 1.54 Hz, 2H), 7.12 (d,= 6.03

Hz, 2H), 7.06 (dtJ = 9.25, 2.41 Hz, 2H), 6.71 (di,= 9.25, 2.41 Hz, 2H), 3.89 (s, 2H), 2.95
(s, 6H).

3C-NMR (CDCls, 75 MHz): 6 = 151.1, 149.7, 149.4, 129.7, 126.7, 124.1, 1409, 40.3.

IR (Diamond-ATR, neat): v / cm® = 3020, 2894, 2808, 2338, 2360, 1739, 1611, 1597,
1518, 1484, 1445, 1420, 1410, 1346, 1230, 1170, 10485, 945, 914, 827, 787, 720.

MS (El, 70 eV): m/z(%) = 212 (M, 100), 195 (4), 167 (14), 134 (60), 118 (14).

HRMS for C14H16N>: calc.: 212.1313; found: 212.1323 (M

Synthesis of 4-(pyridin-4-ylmethyl)phenol (10e):

HO

TMPZnCI-LiCl (7: 1.30 M in THF, 2.00 mL, 2.60 mmol) was added tsdaution of 4-
methylpyridine Ra: 121 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) &t°Z and the reaction
mixture was then stirred at this temperature fordccording torP1. Pd(OCOCE); (12 mg,
2 mol%), SPhos (16 mg, 4 mol%) and 4-bromo-phe@lal {72 mg, 1.00 mmol, 0.80 equiv)
were added to the reaction mixture. The resultingture was stirred for 1 h at 50 °C. The
reaction mixture was then quenched with a mixturesaiurated aqueous NEI and NH
(10:1, 2 mL), extracted with ethyl acetate (3 mb) and dried over anhydrous Mga@fter

filtration, the solvent was evaporated under redugeessure. Purification by flash-
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chromatography (C¥Cl./MeOH, 97:3) furnished 4-(pyridin-4-ylmethyl)pher(@0e 155 mg,
84%) as a colorless oil.

IH-NMR (300 MHz, DMSO): &/ ppm = 9.24 (s, 1H), 8.43 (dd= 4.49, 1.56 Hz, 2H), 7.19
(dd,J = 4.33, 1.66 Hz, 2H), 7.03 (d= 8.46 Hz, 2H), 6.69 (dl = 8.46 Hz, 2H), 3.83 (s, 2H).
13C-NMR (CDCl3, 75 MHz): 6 = 156.2, 151.1, 149.9, 130.2, 130.0, 124.3, 113077.

IR (Diamond-ATR, neat): v / cmt = 2997, 2925, 2883, 2794, 2673, 2594, 2360, 2339,
1602, 1513, 1455, 1420, 1430, 1380, 1245, 1217/5,18007, 919, 845, 804.

MS (EI, 70 eV): m/z(%) = 185 (M, 100), 167 (8), 156 (9), 128 (7), 107 (43), 77)(14

HRMS for C1,H1;NO: calc.: 185.0841; found: 185.0840 (M

Synthesis of 4-(pyridin-4-ylmethyl)phenyl pivalate(10f):

TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added tesdadution of 4-
methylpyridine Ra: 121 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) &t°Z and the reaction
mixture was then stirred at this temperature fordccording torP1. Pd(OCOCE); (12 mg,

2 mol%), SPhos (16 mg, 4 mol%) and 4-bromophenyalpte Qi: 256 mg, 1.00 mmol,
0.80 equiv) were added to the reaction mixture. fdseilting mixture was stirred for 1 h at
50 °C. The reaction mixture was then quenched withixture of saturated aqueous NXH
and NH (10:1, 2 mL), extracted with ethyl acetate (3 xn&) and dried over anhydrous
MgSQ,. After filtration, the solvent was evaporated undeduced pressure. Purification by
flash-chromatographyi-hexane/ether2:3) furnished 4-(pyridin-4-ylmethyl)phenyl pivaéat
(10f: 218 mg, 81%) as a colorless oail.

'H-NMR (300 MHz, CDCk): &/ ppm = 8.52 (ddJ = 5.75, 1.61 Hz, 2H), 7.18 (d,= 8.63
Hz, 2H), 7.11 (d) = 5.75 Hz, 2H), 7.03 (d} = 8.63 Hz, 2H), 3.98 (s, 2H), 1.36 (s, 9H).
3C-NMR (CDCls, 75 MHz): § = 177.1, 149.9, 149.8, 149.7, 135.1, 129.9, 121217,
40.6,39.1, 27.1.
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IR (Diamond-ATR, neat): v / cmt = 3069, 3033, 3017, 2933, 2973, 2872, 1741, 1595,
1505, 1477, 1411, 1277, 1294, 1112, 1030, 899, Bo®,

MS (El, 70 eV): m/z(%) = 269 (M, 26), 226 (4), 185 (100), 156 (12), 128 (10), {07), 85

(8), 57 (50).

HRMS for C17H10NO: calc.: 269.1416; found: 269.1425 (M

Synthesis of 2-chloro-4-(3-methylbenzyl)pyridine (Qg):

Me

TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added sohution of 2-chloro-
4-methylpyridine 2b: 165 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) & 2C and the
reaction mixture was then stirred at this tempeeator 1 h according t@P1. Pd(OAc)
(5mg, 2 mol%), PGy (12 mg, 4 mol%) and 1-bromo-3-methylbenze®& (169 mg,
1.00 mmol, 0.80 equiv) were added to the reactiotiure. The resulting mixture was stirred
for 1 h at 50 °C. The reaction mixture was thennghed with a mixture of saturated aqueous
NH4Cl and NH (10:1, 2 mL), extracted with ethyl acetate (3 xmk) and dried over
anhydrous MgS@ After filtration, the solvent was evaporated undeduced pressure.
Purification by flash-chromatographyi-i{exane/ether, 4:1) furnished 2-chloro-4-(3-
methylbenzyl)pyriding10g 150 mg, 69%) as a colorless oil.

'H-NMR (300 MHz, CDCk): &/ ppm = 8.26 (dJ = 5.05 Hz, 1H), 7.22 () = 7.22, 1H),
7.14 (dd,J = 1.47, 0.72 Hz, 1H), 7.08 (d,= 7.61 Hz, 1H), 7.03 (d] = 5.05 Hz, 1H), 6.98-
6.95 (m, 2H), 3.91 (s, 2H), 2.33 (s, 3H).

¥C-.NMR (CDCl;, 75 MHz): & = 153.6, 151.7, 149.5, 138.6, 137.9, 129.8, 128%,7,
126.0, 124.4, 123.0, 40.9, 21.4.

IR (Diamond-ATR, neat): v / cmi* = 3052, 2920, 2863, 1740, 1720, 1589, 1558, 1490,
1413, 1381, 1284, 1247, 1217, 1110, 1084, 993, BO®, 750, 715, 698.

MS (El, 70 eV): m/z(%) = 217 (M, 100), 202 (42), 182 (32), 166 (35), 152 (9), (BY).

HRMS (ESI) for C13H13CIN: calc.: 218.0737; found: 218.0732 ([M+}]
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Synthesis of 5-((2-chloropyridine-4-yl)methyl)-H-indole (10h):

TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added sohution of 2-chloro-
4-methylpyridine 2b: 165 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) & 2C and the
reaction mixture was then stirred at this tempeeator 1 h according t@P1. Pd(OAc)
(5 mg, 2 mol%), SPhos (16 mg, 4 mol%) and 5-bromali® @a: 195 mg, 1.00 mmol, 0.80
equiv) were added to the reaction mixture. Thelt@esumixture was stirred for 1 h at 50 °C.
The reaction mixture was then quenched with a mexai saturated aqueous NEH and NH
(10:1, 2 mL), extracted with ethyl acetate (3 x B)rand dried over anhydrous MgaQ\fter
filtration, the solvent was evaporated under redugeessure. Purification by flash-
chromatographyithexane/ether3:2) furnished 5-((2-chloropyridine-4-yl)methylHiindole
(10h: 167 mg, 69%) as a slightly yellow oil.

'H-NMR (300 MHz, CDCk): &/ ppm = 8.23 (dJ = 5.26 Hz, 1H), 8.16 (s, 1H), 7.42 (s, 1H),
7.34 (dd,J = 8.36 Hz, 1H), 7.23-7.14 (m, 2H), 7.06 {5 5.12 Hz, 1H), 6.96 (d = 8.36 Hz,
1H), 6.51-6.49 (m, 1H), 4.04 (s, 2H).

¥C-.NMR (CDCl;, 75 MHz): & = 155.2, 151.4, 149.1, 134.8, 129.2, 128.3, 121256,
123.2,123.1, 121.0, 111.5, 102.5, 41.1.

IR (Diamond-ATR, neat): 7 / cmi® = 3052, 3022, 2920, 2863, 1740, 1589, 1545, 1464,
1381, 1216, 1119, 1084, 989, 835, 785, 745, 71h, 69

MS (El, 70 eV): m/z(%) = 242 (M, 100), 205 (21), 178 (10), 151 (8), 130 (79).

HRMS (ESI) for C14H1,CIN,: calc.: 243.0689; found: 243.0683 ([M+H]

Synthesis of 4-(bis(4-methoxyphenyl)methyl)pyridin€10i):

N7 OMe
‘/

OMe
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TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added tecdution of 4-(4-
methoxybenzyl)pyridinel0b: 259 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) &t T and
the reaction mixture was then stirred at this temjpee for 1 h according toP1. Pd(OAc)

(5 mg, 2 mol%), SPhos (16 mg, 4 mol%) and 4-brorsmd@® @b: 187 mg, 1.00 mmol,
0.80 equiv) were added to the reaction mixture. fdseilting mixture was stirred for 3 h at
50 °C. The reaction mixture was then quenched withixture of saturated aqueous XH
and NH (10:1, 2 mL), extracted with ethyl acetate (3 xn&) and dried over anhydrous
MgSQO. After filtration, the solvent was evaporated undeduced pressure. Purification by
flash-chromatography i-bexane/ether, 7:3) furnished 4-(bis(4-methoxyphenyl)methyl)-
pyridine (10i: 283 mg, 93%) as a slightly yellow oil.

'H-NMR (300 MHz, CDCLk): &/ ppm = 8.52 (dd) = 4.44, 1.60 Hz, 2H), 7.06-6.99 (m, 6H),
6.89-6.83 (m, 4H), 5.42 (s, 1H), 3.81 (s, 6H).

3C-NMR (CDCls, 75 MHz): 6 = 158.4, 153.4, 149.8, 134.6, 130.2, 124.3, 11553®, 54.6.

IR (Diamond-ATR, neat): v / cm® = 3066, 3032, 2995, 2833, 1608, 1594, 1581, 1506,
1491, 1457, 1441, 1412, 1303, 1240, 1177, 11110,1910.

MS (El, 70 eV): m/z(%) = 305 (M, 61), 274 (23), 227 (100), 212 (6), 198 (7), 189 (154
(14).

HRMS for C,0H1gNO3: calc.: 305.1416; found: 305.1411 (M

Synthesis of ethyl 4-(pyridin-4-ylmethyl)benzoate ©(10j):

EtOOC

C
N

TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added tsdaution of 4-
methylpyridine Ra: 121 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) &t°Z and the reaction
mixture was then stirred at this temperature fan according toTP1. Sc(OTf} (64 mg,
0.13 mmol, 0.10 equiv) was added at 25 °C. Aftendpastirred for 15 min, Pd(OAg)X5 mg,
2 mol%), SPhos (16 mg, 4 mol%) and ethyl 4-bromabate 9k: 227 mg, 1.00 mmol,
0.80 equiv) were added to the reaction mixture. fdseilting mixture was stirred for 1 h at

50 °C. The reaction mixture was then quenched withixture of saturated aqueous NH
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and NH (10:1, 2 mL), extracted with ethyl acetate (3 xn&) and dried over anhydrous
MgSQ,. After filtration, the solvent was evaporated undeduced pressure. Purification by
flash-chromatographyi-bexane/etherl:1) furnished ethyl 4-(pyridin-4-ylmethyl)benzoate
(10j: 188 mg, 78%) as a slightly yellow oil.

'H-NMR (300 MHz, CDCk): 5/ ppm = 8.49 (ddJ = 4.45, 1.68 Hz, 2H), 7.97 (di= 8.37,
1.93 Hz, 2H), 7.26-7.05 (m, 4H), 4.35 (b 7.08 Hz, 2H), 4.01 (s, 2H), 1.36 Jt= 7.08 Hz,
3H).

3C-NMR (CDCl3, 75 MHz): 6 = 166.3, 149.7, 149.5, 143.8, 130.0, 130.0, 129232,
60.9, 41.2, 14.3.

IR (Diamond-ATR, neat): v / cmi® = 3028, 2981, 2931, 1710, 1597, 1413, 1365, 1270,
1177, 1100, 1020, 994, 870, 786, 754, 704,

MS (El, 70 eV): m/z(%) = 241 (M, 31), 213 (32), 196 (100), 167 (43), 139 (10), (45

HRMS (ESI) for C15H16NO5: calc.: 242.1181; found: 242.1173 ([M+H]

Synthesis of 4-(pyridin-4-ylmethyl)benzonitrile of(10Kk):

NC

TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added tsdadution of 4-
methylpyridine Ra: 121 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) &t°Z and the reaction
mixture was then stirred at this temperature fdn &ccording toTP1. Sc(OTf} (64 mg,
0.13 mmol, 0.10 equiv) was added at 25 °C. Aftendpstirred for 15 min, Pd(OAg)X5 mg,

2 mol%), SPhos (16 mg, 4 mol%) and 4-bromobenztii{®j: 183 mg, 1.00 mmol,
0.80 equiv) were added to the reaction mixture. f@saillting mixture was stirred for 1 h at
50 °C. The reaction mixture was then quenched withixture of saturated aqueous XH
and NH (10:1, 2 mL), extracted with ethyl acetate (3 xnk) and dried over anhydrous
MgSQ. After filtration, the solvent was evaporated undeduced pressure. Purification by
flash-chromatography i-fexane/ether,1:1) furnished 4-(pyridin-4-ylmethyl)benzonitrile
(10k: 146 mg, 75%) as a colorless oll.
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'H-NMR (300 MHz, CDCL): &/ ppm = 8.53 (ddJ = 4.55, 2.00 Hz, 2H), 7.60 (di,= 8.30,
1.93 Hz, 2H), 7.30-7.23 (m, 2H), 7.12 (& 6.05 Hz, 2H), 4.05 (s, 2H).

3C-.NMR (CDCl;, 75 MHz): & = 149.8, 148.5, 144.2, 132.5, 129.8, 124.2, 119169,
41.2.

IR (Diamond-ATR, neat): UV / cmi* = 3064, 3016, 226, 1739, 1597, 1554, 1506, 148641
1426, 1223, 993, 927, 865, 840, 783, 722.

MS (El, 70 eV): m/z(%) = 194 (M, 100), 166 (9), 140 (9), 116 (10), 89 (7), 63 (5).
HRMS (ESI) for C13H1gN2: calc.: 195.0922; found: 195.0916 ([M+M]

Synthesis of 4-(3-(trifluoromethyl)benzyl)pyridine (10l):

F3C

TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added tsdaution of 4-
methylpyridine Ra: 121 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) &t°Z and the reaction
mixture was then stirred at this temperature fdn according toTP1. Sc(OTf} (64 mg,
0.13 mmol, 0.10 equiv) was added at 25 °C. Aftendpstirred for 15 min, Pd(OAg)X5 mg,

2 mol%), SPhos (16 mg, 4 mol%) and 1-bromo-3-(tafbmethyl)benzenedl; 224 mg,
1.00 mmol, 0.80 equiv.) were added to the reaatiotiure. The resulting mixture was stirred
for 1 h at 50 °C. The reaction mixture was thennghed with a mixture of saturated aqueous
NH4Cl and NH (10:1, 2 mL), extracted with ethyl acetate (3 xmk) and dried over
anhydrous MgS@Q After filtration, the solvent was evaporated undeduced pressure.
Purification by  flash-chromatography i-H{exane/ether, 2:3)  furnished  4-(3-
(trifluoromethyl)benzyl)pyridineX0l: 185 mg, 78%) as a slightly yellow oil.

'H-NMR (300 MHz, CDCL): 3/ ppm = 8.55 (ddJ = 6.23, 1.72 Hz, 2H), 7.55-7.36 (m, 4H),
7.11 (d,J = 6.23, 2H), 4.05 (s, 2H).

¥C-NMR (CDCls, 75 MHz): 5 = 150.1, 148.8, 139.8, 132.4, 13121 = 32.2 Hz), 129.2,
125.7 8Jc.r = 3.8 Hz), 124.1, 124.0JcF = 272.2 Hz), 123.6%)c.F = 3.8 Hz), 40.9.

IR (Diamond-ATR, neat): v / cm® = 3070, 3028, 2992, 1737, 1673, 1598, 1449, 1414,
1327, 1160, 117, 1071, 919, 880, 791, 701, 663.

MS (El, 70 eV): m/z(%) = 237 (M, 100), 218 (6), 167 (18), 159 (7), 139 (3).
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HRMS for C13H10F3N: calc.: 237.0765; found: 237.0760 (M

Synthesis ofN,N-dimethyl-4-((3-methylpyridin-2-yl)methyl)aniline (13a)

Me NMe,

\

TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added tscdution of 2,3-
lutidine (12a 139 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) & 2ZC and the reaction
mixture was then stirred at this temperature formiif according torP1. NEP (0.2 mL),
Pd(OAc) (5 mg, 2 mol%), SPhos (16 mg, 4 mol%) and 4-braid-dimethylaniline 9g:
199 mg, 1.00 mmol, 0.80 equiv.) were added to #aetion mixture. The resulting mixture
was stirred for 2 h at 50 °C. The reaction mixtwas then quenched with a mixture of
saturated aqueous NEI and NH (10:1, 2 mL), extracted with ethyl acetate (3 mb) and
dried over anhydrous MgSOAfter filtration, the solvent was evaporated undeduced
pressure. Purification by flash-chromatographyhgxane/EtOAc, 1:1) furnishedN,N-
dimethyl-4-((3-methylpyridin-2-yl)methyl)anilinelBa 192 mg, 85%) as a slightly yellow
oil.

'H-NMR (300 MHz, CDCl3): &/ ppm = 8.43 (dJ = 4.13 Hz, 1H), 7.40 (dl = 7.27 Hz, 1H),
7.01-7.15 (m, 3H), 6.67 (d,= 8.75 Hz, 2H), 4.11 (s, 2H), 2.90 (s, 6H), 2.263(3).

3C-NMR (75 MHz, CDCls): & / ppm = 159.5, 149.0, 146.5, 137.9, 131.6, 12928.9,
121.4,112.8, 41.2, 40.7, 18.9.

IR (Diamond-ATR, neat): 7 (cm') = 2917, 2874, 2797, 1613, 1517, 1442, 1342, 1212,
1161, 946, 804, 781.

MS (El, 70 eV): m/z (%) = 226 (M, 100), 225 (39), 211 (18), 209 (11), 181 (22), {34),

120 (20), 112 (17), 104 (13).

HRMS for C15H1gN,: calc. 226.1470; found: 226.1452 (M

Synthesis of 2-(4-methoxybenzyl)-3-methylpyridinel@b)

Me OMe

A
pZ
N
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TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added tscdution of 2,3-
lutidine (12a 139 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) & 2C and the reaction
mixture was then stirred at this temperature formiif according torP1. NEP (0.2 mL),
Pd(OAc)» (5 mg, 2 mol%), SPhos (16 mg, 4 mol%) and 4-bramsmde Ob: 187 mg, 1.00
mmol, 0.80 equiv.) were added to the reaction mé&tlhe resulting mixture was stirred for
2 h at 50 °C. The reaction mixture was then quethahi¢gh a mixture of saturated aqueous
NH4Cl and NH (10:1, 2 mL), extracted with ethyl acetate (3 xmk) and dried over
anhydrous MgS@Q After filtration, the solvent was evaporated undeduced pressure.
Purification by flash-chromatographiti{exane/ether, 1:1) furnished 2-(4-methoxybenzyl)-3
methylpyridine(13b: 192 mg, 90%) as a slightly yellow oil.

'H-NMR (300 MHz, CDCl3): &/ ppm = 8.42 (dJ = 3.81 Hz, 1H), 7.41 (dl = 7.34 Hz, 1H),
7.03-7.17 (m, 3H), 6.81 (d,= 8.66 Hz, 2H), 4.14 (s, 2H), 3.76 (s, 3H), 2.253(4).

3C-NMR (75 MHz, CDCl3): 8 / ppm = 159.0, 157.9, 146.6, 138.0, 131.6, 13129.5,
121.6, 113.8, 55.1, 41.2, 18.9.

IR (Diamond-ATR, neat): 7 (cm') = 2952, 2931, 2833, 1610, 1573, 1508, 1440, 1301,
1244, 1175, 1110, 1033, 816, 785.

MS (El, 70 eV): m/z (%) = 213 (M, 57), 212 (100), 198 (78), 196 (11), 170 (16), {53),

121 (14), 78 (12), 44 (10).

HRMS for C14H1sNO: calc. 213.1154; found: 213.1129 (M

Synthesis of 3-methyl-2-(3-methylbenzyl)pyridine (3c)

Me
Me

®
N
TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added tscdution of 2,3-
lutidine 12a 139 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) & 2C and the reaction
mixture was then stirred at this temperature forniif according torP1. NEP (0.2 mL),
Pd(OAc) (5 mg, 2 mol%), SPhos (16 mg, 4 mol%) and 1-br@wuoethylbenzene9g:
171 mg, 1.00 mmol, 0.80 equiv) were added to tlaetren mixture. The resulting mixture
was stirred for 2 h at 50 °C. The reaction mixtwas then quenched with a mixture of
saturated aqueous NEI and NH (10:1, 2 mL), extracted with ethyl acetate (3 mb) and
dried over anhydrous MgSOAfter filtration, the solvent was evaporated undeduced
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pressure. Purification by flash-chromatographligxane/ether, 1:1) furnished 3-methyl-2-(3-
methylbenzyl)pyriding13c 179 mg, 91%) as a slightly yellow oil.

'H-NMR (300 MHz, CDCls): 8/ ppm = 8.45 (dJ = 3.96 Hz, 1H), 7.43 (d] = 7.43Hz, 1H),
6.98-7.19 (m, 5H), 4.18 (s, 2H), 2.30 (s, 3H), A273H).

3C-NMR (75 MHz, CDCls): 5 / ppm = 158.8, 146.6, 138.8, 138.0, 137.9, 13170.4,
128.2, 126.8, 125.7, 121.6, 42.1, 21.4, 18.9.

IR (Diamond-ATR, neat): 7 (cm') = 2971, 2921, 2862, 1606, 1584, 1573, 1447, 1438,
1422, 1104, 786, 765, 715, 694.

MS (El, 70 eV): m/z (%) = 197 (M, 30), 196 (100), 194 (10), 182 (15), 181 (25), (8D),

167 (6), 98 (6), 84(6), 77 (7).

HRMS for C14H1sN: calc. 197.1204; found: 197.1187 (M

Synthesis of 3-methyl-2-(4-(trifluoromethyl)benzylpyridine (13d)

Me CF,4

\

TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added tscdution of 2,3-
lutidine 12a 139 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) & 2C and the reaction
mixture was then stirred at this temperature formii according torP1. NEP (0.2 mL),
Pd(OAc) (5 mg, 2 mol%), SPhos (16 mg, 4 mol%) and 1-brai(trifluoromethyl)benzene
(9m: 225 mg, 1.00 mmol, 0.80 equiv) were added to rdection mixture. The resulting
mixture was stirred for 2 h at 50 °C. The reactixture was then quenched with a mixture
of saturated aqueous NEI and NH (10:1, 2 mL), extracted with ethyl acetate (3 mb)
and dried over anhydrous MggaQ\fter filtration, the solvent was evaporated unceduced
pressure. Purification by flash-chromatographiigxane/ether, 1:1) furnished 3-methyl-2-(4-
(trifluoromethyl)benzyl)pyriding13d: 221 mg, 88%) as a slightly yellow oil.

'H-NMR (300 MHz, CDCl3): 3/ ppm = 8.44 (dJ = 3.96 Hz, 1H), 7.52 (ml = 8.09 Hz, 2H),
7.45 (d,J = 7.27 Hz, 1H), 7.31 (m] = 7.93 Hz, 2H), 7.11 (dd} = 7.60, 4.95 Hz, 1H), 4.25 (s,
2H), 2.25 (s, 3H).

3C-NMR (75 MHz, CDCl3): &/ ppm = 157.8, 146.9, 143.1, 138.2, 131.7, 128285 {Jc.r
= 32.3 Hz), 125.3%0c.F = 3.9 Hz), 124.3'0c.F = 271.8 Hz), 122.0, 41.8, 18.9.
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IR (Diamond-ATR, neat): vV (Cm'l) = 1618, 1574, 1444, 1415, 1321, 1160, 1109, 1065,
1018, 818, 788, 715.

MS (El, 70 eV): miz (%) = 251 (M, 100), 250 (39), 248 (21), 236 (22), 235 (15), 189),

167 (12), 65 (8).

HRMS for C14H1,F3N: calc. 251.0922; found: 251.0911 (M

Synthesis of 4-(4-methoxybenzyl)-3-methylpyridinel@)
OMe

Me

\

TMPZnCI-LiCl (7: 1.30 M in THF, 1.50 mL, 1.95 mmol) was added tscdution of 3,4-
lutidine 12b: 139 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) & 2C and the reaction
mixture was then stirred at this temperature fomiid according torP1. Pd(OAc) (5 mg,

2 mol%), SPhos (16 mg, 4 mol%) and 4-bromoanisate {87 mg, 1.00 mmol, 0.80 equiv)
were added to the reaction mixture. The resultimgure was stirred for 2 h at 50 °C. The
reaction mixture was then quenched with a mixtureaiurated aqueous NEI and NH
(10:1, 2 mL), extracted with ethyl acetate (3 x B)rand dried over anhydrous MgaQ\fter
filtration, the solvent was evaporated under redugeessure. Purification by flash-
chromatographyi{hexane/ether, 1:1) furnished 4-(4-methoxybenzyi&hylpyridine (14:
196 mg, 92%) as a slightly yellow oil.

'H-NMR (300 MHz, CDCls): 3/ ppm = 8.31-8.38 (m, 2H), 7.02 (= 8.66 Hz, 2H), 6.95
(d,J=4.99 Hz, 1H), 6.83 (m] = 8.66 Hz, 2H), 3.88 (s, 2H), 3.77 (s, 3H), 2.233(4).

¥C-NMR (75 MHz, CDCl3): 5 / ppm = 158.1, 150.5, 148.3, 147.5, 131.9, 13049.7,
124.1,114.0, 55.1, 37.7, 16.2.

IR (Diamond-ATR, neat): 7 (cm?) = 2953, 2931, 2834, 1610, 1593, 1510, 1453, 1441,
1301, 1245, 1176, 1032, 814, 775, 758.

MS (El, 70 eV): m/z (%) = 213 (M, 100), 198 (15), 182 (13), 167 (8), 121 (73), (95 108
(43), 105 (79), 78 (25), 77 (13).

HRMS for C14H1sNO: calc. 213.1154; found: 213.1158 (M
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Synthesis of ethyl 4-((2-methylpyridin-4-yl)methylpenzoate (15a)

CO,Et

\

In a dry and argon flushed 10 n8chlenktube, equipped with a magnetic stirring bar and a
septum, 2,4-lutidinel@c 139 mg, 1.30 mmol, 1.00 equiv) was dissolvedrinTHF (5 mL).
BF;3[OEL (163 mg, 1.43 mmol, 1.10 equiv) was added dropwaise °C and the mixture was
stirred at 0 °C for 15 min. Then, TMPZnlOCl (7: 1.50 mL, 1.30 M in THF, 1.95 mmol,
1.50 equiv.) was added dropwise at -78 °C and #astion mixture was stirred at that
temperature for 1 h. Pd(OAc)Y5 mg, 2 mol%), SPhos (16 mg, 4 mol%) and ethyl 4-
bromobenzoate9k: 227 mg, 1.00 mmol, 0.80 equiv) were added andrélaetion mixture
was warmed slowly to 50 °C and was stirred at tdaiperature for 2 h. The reaction mixture
was then quenched with a mixture of saturated aguédH,Cl and NH (10:1, 2 mL),
extracted with ethyl acetate (3 x 5 mL) and driedraanhydrous MgSp After filtration, the
solvent was evaporated under reduced pressureficBtion by flash-chromatography
(i-hexane/EtOAc, 1:1) furnished ethyl 4-((2-methyldyr-4-yl)methyl)benzoate (15a
209 mg, 82%) as a slightly yellow oil.

'H-NMR (300 MHz, CDCl3): 8/ ppm = 8.38 (dJ = 5.14 Hz, 1H), 7.98 (ml = 8.25 Hz, 2H),
7.23 (m,J = 8.07 Hz, 2H), 6.94 (s, 1H), 6.89 (= 5.14 Hz, 1H), 4.36 (q] = 7.15 Hz, 2H),
3.96 (s, 2H), 2.50 (s, 3H), 1.37 Jt= 7.15 Hz, 3H).

3C-NMR (75 MHz, CDCl3): 8 / ppm = 166.3, 158.5, 149.3, 149.1, 144.1, 12929.2,
128.9, 123.6, 121.2, 60.9, 41.1, 24.2, 14.3.

IR (Diamond-ATR, neat): UV (cm?) = 2979, 1711, 1600, 1415, 1366, 1271, 1177, 1099,
1020, 749, 705.

MS (El, 70 eV): m/z (%) = 255 (M, 40), 227 (36), 211 (18), 210 (100), 182 (30), (32),

167 (15), 115 (7), 90 (6).

HRMS for C16H17/NOy: calc. 255.1259; found: 255.1247 (M
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Synthesis of 4-(4-methoxybenzyl)-2-methylpyridinelGb)

OMe

\

In a dry and argon flushed 10 n8chlenktube, equipped with a magnetic stirring bar and a
septum, 2,4-lutidinel@c 139 mg, 1.25 mmol, 1.00 equiv) was dissolvedrinTHF (5 mL).
BF;3[OEL (163 mg, 1.43 mmol, 1.10 equiv) was added dropwaise °C and the mixture was
stirred at 0 °C for 15 min. Then, TMPZnlOCl (7: 1.50 mL, 1.30 M in THF, 1.95 mmol,
1.50 equiv) was added dropwise at -78 °C and tlaetien mixture was stirred at that
temperature for 1 h. Pd(OAc)5 mg, 2 mol%), SPhos (16 mg, 4 mol%) and 4-bramsme
(9b: 187 mg, 1.00 mmol, 0.80 equiv) were added andréaetion mixture was warmed
slowly to 50 °C and was stirred at that temperafare2 h. The reaction mixture was then
guenched with a mixture of saturated aqueougtdnd NH (10:1, 2 mL), extracted with
ethyl acetate (3 x 5 mL) and dried over anhydrousSRa. After filtration, the solvent was
evaporated under reduced pressure. Purificatiorfldsh-chromatographyi-hexane/ether,
1:1) furnished 4-(4-methoxybenzyl)-2-methylpyridigg5b: 196 mg, 92%) as a slightly
yellow oil.

'H-NMR (300 MHz, CDCl3): &/ ppm = 8.36 (dJ = 5.01 Hz, 1H), 7.08 (d] = 8.61 Hz, 2H),
6.80-6.99 (m, 4H), 3.86 (s, 2H), 3.78 (s, 3H), A&MBH).

3C-NMR (75 MHz, CDCls): & / ppm = 158.2, 150.7, 148.9, 131.0, 129.9, 123A.,.2,
114.0, 55.2, 40.2, 24.2.

IR (Diamond-ATR, neat): 7 (cm?) = 2931, 2834, 1601, 1510, 1463, 1440, 1300, 1245,
1176, 1033, 928, 815, 769.

MS (El, 70 eV): m/z (%) = 213 (M, 100), 212 (20), 198 (29), 182 (9), 170 (6), 188 (21
(62), 77 (7).

HRMS for C14H1sNO: calc. 213.1154; found: 213.1157 (M
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Synthesis of 4-((2-methylpyridin-4-yl)methyl)phenylpivalate (15c)

OPiv

\

In a dry and argon flushed 10 n8chlenktube, equipped with a magnetic stirring bar and a
septum, 2,4-lutidinel@c 139 mg, 1.30 mmol, 1.00 equiv) was dissolvedrinTHF (5 mL).
BF;3[OEL (163 mg, 1.43 mmol, 1.10 equiv) was added dropwaise °C and the mixture was
stirred at 0 °C for 15 min. Then, TMPZnlOCl (7: 1.50 mL, 1.30 M in THF, 1.95 mmol,
1.50 equiv) was added dropwise at -78 °C and tlaetien mixture was stirred at that
temperature for 1 h. Pd(OAc)5 mg, 2 mol%), SPhos (16 mg, 4 mol%) and 4-brameop!
pivalate Qi: 257 mg, 1.00 mmol, 0.80 equiv) were added andréaetion mixture was
warmed slowly to 50 °C and was stirred at that terajure for 2 h. The reaction mixture was
then quenched with a mixture of saturated aqueddgCNand NH (10:1, 2 mL), extracted
with ethyl acetate (3 x 5 mL) and dried over anloydr MgSQ. After filtration, the solvent
was evaporated under reduced pressure. Purificatlon flash-chromatography
(i-hexane/ether, 1:1) furnished 4-((2-methylpyridighmethyl)phenyl pivalatelcc 232 mg,
82%) as a slightly yellow solid.

'H-NMR (300 MHz, CDCl3): &/ ppm = 8.37 (dJ = 4.95 Hz, 1H), 7.15 (d] = 8.44 Hz, 2H),
6.86 - 7.04 (m, 4H), 3.90 (s, 2H), 2.50 (s, 3H341(s, 9H).

3C-NMR (75 MHz, CDCls): & / ppm = 177.0, 158.3, 150.0, 149.7, 149.0, 13628.8,
123.6, 121.6, 121.2, 40.4, 38.9, 27.0, 24.2.

IR (Diamond-ATR, neat): 7 (cm') = 2976, 2963, 1743, 1602, 1505, 1276, 1196, 1162,
1115, 1016, 894, 818, 759, 731.

MS (El, 70 eV): m/z (%) = 283 (M, 4), 199 (34), 198 (8), 107 (12), 85 (31), 77 ),(100),

41 (13).

HRMS for C1gH,1NO3: calc. 283.1572; found: 283.1570 (M

M.p. (°C): 72.0-73.4 °C.
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Synthesis of 4-((2-methylpyridin-4-yl)methyl)benzoitrile (15d)

CN

\

In a dry and argon flushed 10 n8chlenktube, equipped with a magnetic stirring bar and a
septum, 2,4-lutidinel@c 139 mg, 1.30 mmol, 1.00 equiv) was dissolvedrinTHF (5 mL).
BF;3[OEL (163 mg, 1.43 mmol, 1.10 equiv) was added dropwaise °C and the mixture was
stirred at 0 °C for 15 min. Then, TMPZnlOCl (7: 1.50 mL, 1.30 M in THF, 1.95 mmol,
1.50 equiv) was added dropwise at -78 °C and tlaetien mixture was stirred at that
temperature for 1 h. Pd(OAc)5 mg, 2 mol%), SPhos (16 mg, 4 mol%) and 4-
bromobenzonitrileqj: 182 mg, 1.00 mmol, 0.80 equiv) were added anddhetion mixture
was warmed slowly to 50 °C and was stirred at tdaiperature for 2 h. The reaction mixture
was then quenched with a mixture of saturated aguédH,Cl and NH (10:1, 2 mL),
extracted with ethyl acetate (3 x 5 mL) and driedraanhydrous MgSp After filtration, the
solvent was evaporated under reduced pressureficBtion by flash-chromatography
(i-hexane/EtOAc, 1:1) furnished 4-((2-methylpyridirimethyl)benzonitrile 15d: 160 mg,
77%) as a slightly yellow oil.

'H-NMR (300 MHz, CDCl3): &/ ppm = 8.42 (dJ = 4.95 Hz, 1H), 7.61 (d] = 8.25 Hz, 2H),
7.24 - 7.32 (m, 2H), 6.95 (s, 1H), 6.90 J&; 5.14 Hz, 1H), 3.99 (s, 2H), 2.53 (s, 3H).
3C-NMR (75 MHz, CDCls): 5 / ppm = 158.8, 149.3, 148.4, 144.5, 132.4, 1292R.6,
121.2, 118.6, 110.7, 41.1, 24.3.

IR (Diamond-ATR, neat): v (cm') = 2227, 1677, 1599, 1560, 1504, 1407, 1287, 1177,
1021, 858, 816, 770.

MS (El, 70 eV): m/z (%) = 208 (M, 100), 207 (26), 193 (9), 192 (9), 166 (7), 14} (16

(4), 89 (3).

HRMS for C14H1.N,: calc. 208.1000; found: 208.0994 (M
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Synthesis of 4-(4-methoxybenzyl)-2-methylpyridinelGb)

OMe

\

In a dry and argon flushed 10 n8chlenktube, equipped with a magnetic stirring bar and a
septum, 2,4-lutidinel@c 139 mg, 1.30 mmol, 1.00 equiv) was dissolvedrinTHF (5 mL).
BF;3[OEL (163 mg, 1.43 mmol, 1.10 equiv) was added dropwaise °C and the mixture was
stirred at 0 °C for 15 min. Then, TMPZnlOCl (7: 1.50 mL, 1.30 M in THF, 1.95 mmol,
1.50 equiv) was added dropwise at -78 °C and tlaetien mixture was stirred at that
temperature for 1 h. Pd(OAQ)B mg, 2 mol%), SPhos (16 mg, 4 mol%) and 4-metphbznyl
trifluoromethanesulfonatef: 256 mg, 1.00 mmol, 0.80 equiv) were added anddhetion
mixture was warmed slowly to 50 °C and was stiethat temperature for 2 h. The reaction
mixture was then quenched with a mixture of satgraiqueous Nkl and NH (10:1, 2 mL),
extracted with ethyl acetate (3 x 5 mL) and driedraanhydrous MgSp After filtration, the
solvent was evaporated under reduced pressureficBtion by flash-chromatography
(i-hexane/ether, 1:1) furnished 4-(4-methoxybenzyixe&thylpyridine(15b: 209 mg, 98%) as
a slightly yellow oil.

'H-NMR (300 MHz, CDCls3): 8/ ppm = 8.35 (dJ = 4.95 Hz, 1H), 7.02 - 7.14 (m, 2H), 6.79 -
7.00 (m, 4H), 3.85 (s, 2H), 3.77 (s, 3H), 2.508(4).

3C-NMR (75 MHz, CDCls): & / ppm = 158.3, 158.2, 150.9, 148.8, 131.0, 129238.6,
121.2, 114.0, 55.2, 40.3, 24.1.

IR (Diamond-ATR, neat): 7 (cm') = 2931, 2834, 1601, 1510, 1440, 1300, 1245, 1176,
1106, 1033, 815, 769, 760.

MS (EIl, 70 eV): m/z (%) = 213 (M, 100), 212 (20), 198 (34), 182 (13), 168 (9), (28 121
(76), 77 (186).

HRMS for C14H1sNO: calc. 213.1154; found: 213.1150 (M
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Synthesis of 4-(2-methoxybenzyl)-2-methylpyridinelGe)

MeO.

\

In a dry and argon flushed 10 n8chlenktube, equipped with a magnetic stirring bar and a
septum, 2,4-lutidinel@c 139 mg, 1.30 mmol, 1.00 equiv) was dissolvedrinTHF (5 mL).
BF;3[OEL (163 mg, 1.43 mmol, 1.10 equiv) was added dropwaise °C and the mixture was
stirred at 0 °C for 15 min. Then, TMPZnlOCl (7: 1.50 mL, 1.30 M in THF, 1.95 mmol,
1.50 equiv) was added dropwise at -78 °C and tlaetiem mixture was stirred at that
temperature for 1 h. Pd(OAc)5 mg, 2 mol%), SPhos (16 mg, 4 mol%) and 2-bramsme
(90: 187 mg, 1.00 mmol, 0.80 equiv) were added andréaetion mixture was warmed
slowly to 50 °C and was stirred at that temperafare2 h. The reaction mixture was then
guenched with a mixture of saturated aqueougtdnd NH (10:1, 2 mL), extracted with
ethyl acetate (3 x 5 mL) and dried over anhydrousSRa. After filtration, the solvent was
evaporated under reduced pressure. Purificatiorfldsh-chromatographyi-hexane/ether,
1:1) furnished 4-(2-methoxybenzyl)-2-methylpyridiig5e 196 mg, 92%) as a slightly

yellow oil.

'H-NMR (300 MHz, CDCl3): 8/ ppm = 8.36 (dJ = 5.14 Hz, 1H), 7.25 (td] = 7.89, 1.83
Hz, 1H), 7.10 (dd) = 7.34, 1.28 Hz, 1H), 6.99 (s, 1H), 6.85-6.96 (iiH),33.92 (s, 2H), 3.80
(s, 3H), 2.51 (s, 3H).

3C-NMR (75 MHz, CDCls): & / ppm = 157.9, 157.2, 150.4, 148.7, 130.4, 121295,
123.5,121.2, 120.5, 110.4, 55.2, 35.3, 24.1.

IR (Diamond-ATR, neat): 7 (cm?) = 2956, 2923, 2835, 1601, 1492, 1462, 1438, 1291,
1242, 1178, 1106, 1027, 816, 751.

MS (El, 70 eV): m/z (%) = 213 (M, 100), 198 (26), 182 (17), 180 (9), 121 (15), {D6), 91
(12).

HRMS for C14H1sNO: calc. 213.1154; found: 213.1157 (M
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Synthesis of 4-(3-methoxybenzyl)-2-methylpyridinel(f)

OMe
X
N/ Me
In a dry and argon flushed 10 n8chlenktube, equipped with a magnetic stirring bar and a
septum, 2,4-lutidinel@c 139 mg, 1.30 mmol, 1.00 equiv) was dissolvedrinTHF (5 mL).
BF;3[OEL (163 mg, 1.43 mmol, 1.10 equiv) was added dropaise °C and the mixture was
stirred at 0 °C for 15 min. Then, TMPZnlOCl (7: 1.50 mL, 1.30 M in THF, 1.95 mmol,
1.50 equiv) was added dropwise at -78 °C and tlaetien mixture was stirred at that
temperature for 1 h. Pd(OAc5 mg, 2 mol%), SPhos (16 mg, 4 mol%) and 3-cldonreole
(9p: 143 mg, 1.00 mmol, 0.80 equiv) were added andréaetion mixture was warmed
slowly to 50 °C and was stirred at that temperafare2 h. The reaction mixture was then
guenched with a mixture of saturated aqueougtdnd NH (10:1, 2 mL), extracted with
ethyl acetate (3 x 5 mL) and dried over anhydrougSRa. After filtration, the solvent was
evaporated under reduced pressure. Purificatiorfldsh-chromatographyi-hexane/ether,
1:1) furnished 4-(3-methoxybenzyl)-2-methylpyridi@i&f: 183 mg, 86%) as a slightly yellow
oil.

'H-NMR (300 MHz, CDCls): 3/ ppm = 8.37 (dJ = 5.14 Hz, 1H), 7.23 (] = 7.89 Hz, 1H),
6.97 (s, 1H), 6.92 (d] = 5.14 Hz, 1H), 6.73-6.81 (m, 2H), 6.71 (s, THBB(s, 2H), 3.77 (s,
3H), 2.51 (s, 3H).

3C-NMR (75 MHz, CDCls): 8 / ppm = 159.8, 158.2, 150.2, 148.8, 140.4, 129748.7,
121.3,121.3,114.9, 111.6, 55.1, 41.1, 24.1.

IR (Diamond-ATR, neat): 7 (cm’) = 2921, 2834, 1596, 1584, 1488, 1453, 1435, 1258,
1147, 1048, 1041, 763, 746, 695.

MS (El, 70 eV): m/z (%) = 213 (M, 100), 212 (17), 182 (11), 170 (8), 128 (6), 121)( 91

(5), 77 (5).

HRMS for C14H1sNO: calc. 213.1154; found: 213.1144 (M
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Synthesis of 2-methyl-4-(4-(trifluoromethyl)benzylpyridine (159)

CF;

\

In a dry and argon flushed 10 n8chlenktube, equipped with a magnetic stirring bar and a
septum, 2,4-lutidinel@c 139 mg, 1.30 mmol, 1.00 equiv) was dissolvedrinTHF (5 mL).
BF;3[OEL (163 mg, 1.43 mmol, 1.10 equiv) was added dropwaise °C and the mixture was
stirred at 0 °C for 15 min. Then, TMPZnlOCl (7: 1.50 mL, 1.30 M in THF, 1.95 mmol,
1.50 equiv) was added dropwise at -78 °C and tlaetien mixture was stirred at that
temperature for 1 h. Pd(OAc]5 mg, 2 mol%), SPhos (16 mg, 4 mol%) and 1-chibro
(trifluoromethyl)benzene9g: 181 mg, 1.00 mmol, 0.80 equiv) were added andr¢laetion
mixture was warmed slowly to 50 °C and was stimethat temperature for 2 h. The reaction
mixture was then quenched with a mixture of satdraiqueous Nl and NH (10:1, 2 mL),
extracted with ethyl acetate (3 x 5 mL) and driedraanhydrous MgSp After filtration, the
solvent was evaporated under reduced pressureficBtion by flash-chromatography
(i-hexanel/ether, 1:1) furnished 2-methyl-4-(4-(taflamethyl)benzyl)pyridinelcg 221 mg,
88%) as a slightly yellow oil.

'H-NMR (300 MHz, CDCl3): 8/ ppm = 8.41 (dJ = 5.14 Hz, 1H), 7.57 (ml = 8.07 Hz, 2H),
7.29 (m,J = 7.89 Hz, 2H), 6.97 (s, 1H), 6.91 (@i= 5.14 Hz, 1H), 3.98 (s, 2H), 2.53 (s, 3H).
3C-NMR (75 MHz, CDCl3): 5/ ppm = 158.6, 149.1, 143.1, 143.0, 129.3, 128980H= 32.5
Hz), 125.6 Uc.r = 3.9 Hz), 124.1%0c.F = 272.1 Hz), 123.7, 121.2, 40.9, 24.2.

IR (Diamond-ATR, neat): 7 (cm‘) = 1602, 1561, 1418, 1321, 1161, 1119, 1105, 1065,
1018, 857, 815, 773.

MS (El, 70 eV): m/z (%) = 251 (M, 100), 250 (15), 236 (4), 182 (15), 181 (9), 18Y, (59

(3), 141 (3).

HRMS for C14H1,F3N: calc. 251.0922; found: 251.0911 (M
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4. Benzylic Arylation of 2-Methyl-5-Membered Heteraycles Using
TMP-Bases

Synthesis of ethyl 4-((1-methyl-#H-imidazol-2-yl)methyl)benzoate (19a):
COOEt

oy 3
L)
Me

TMPMgCI-LiCl (17: 1.15 M in THF, 1.70 mL, 1.95 mmol) was added tsotution of 1,2-
dimethylimidazole 16: 125 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) & ZC and the
reaction mixture was then stirred at this tempeeafor 3 h. Pd(dba)(15 mg, 2 mol%),
SPhos (21 mg, 4 mol%) and ethyl 4-bromobenzodke 229 mg, 1.00 mmol, 0.80 equiv)
were added to the reaction mixture. The resultimgure was stirred for 3 h at 50 °C. The
reaction mixture was then quenched with a mixturesaiurated aqueous NEI and NH
(10:1, 2 mL), extracted with ethyl acetate (3 x B)rand dried over anhydrous MgaQ\fter
filtration, the solvent was evaporated under redugeessure. Purification by flash-
chromatography (DCM/MeOH, 99:1) furnished ethyl 1#tethyl-H-imidazol-2-
yl)methyl)benzoatel©@a 208 mg, 85%) as a pale yellow oil.

'H-NMR (300 MHz, CDCL): &/ ppm = 7.98 (dtJ = 8.36, 1.91 Hz, 2H), 7.25 (d,= 8.36
Hz, 2H), 7.00 (dy) = 1.36 Hz, 1H), 6.84 (d] = 1.36 Hz, 1H), 4.37 (q] = 7.08 Hz, 2H), 4.18
(s, 2H), 3.45 (s, 3H), 1.38 (= 7.08 Hz, 2H).

3C-NMR (CDCl3, 75 MHz): 6 = 166.4, 145.9, 142.3, 130.0, 129.1, 128.3, 12723,.2,
60.9, 33.5, 32.9, 14.3.

IR (Diamond-ATR, neat): 7 / cm® = 3060 (vw), 3030 (vw), 3028 (vw), 2978 (s), 2930
(vw), 2853 (vw), 1710 (s), 1609 (m), 1587 (m), 14vlv), 1449 (w), 1417 (w), 1392 (w),
1366 (M), 1273 (s), 1179 (m), 1104 (s), 1021 (rO)aL(m), 937 (vw), 851 (w), 746 (s), 697
(S).

MS (El, 70 eV): m/z(%) = 244 (M, 100), 229 (11), 215 (53), 199 (27), 171 (26), {5B),
81 (40).

HRMS (C14H16N20,): calc.: 244.1212; found: 244.1220 (M
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Synthesis of 4-((1-methyl-H-imidazol-2-yl)methyl)benzonitrile (19b):
CN
[IE\Q
N
Me

TMPMgCI-LIiCl (17: 1.15 M in THF, 1.70 mL, 1.95 mmol) was added tsotution of 1,2-
dimethylimidazole 16: 125 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) & ZC and the
reaction mixture was then stirred at this tempeeafor 3 h. Pd(dba)(15 mg, 2 mol%),
SPhos (21 mg, 4 mol%) and 4-bromobenzonit@je182 mg, 1.00 mmol, 0.80 equiv) were
added to the reaction mixture. The resulting mixtwas stirred for 3 h at 50 °C. The reaction
mixture was then quenched with a mixture of saaaraiqueous N}l and NH (10:1, 2 mL),
extracted with ethyl acetate (3 x 5 mL) and driedraanhydrous MgSp After filtration, the
solvent was evaporated under reduced pressureficBtion by flash-chromatography
(DCM/MeOH, 99:1) furnished 4-((1-methyHtimidazol-2-yl)methyl)benzonitrile 10b:
141 mg, 71%) as a pale yellow oil.

'H-NMR (300 MHz, CDCL): &/ ppm = 7.61 (dJ = 8.02 Hz, 2H), 7.31 (d] = 8.02 Hz, 2H),
7.00 (d,J = 1.25 Hz, 1H), 6.86 (d = 1.25 Hz, 1H), 4.18 (s, 2H), 3.49 (s, 3H).

3C-NMR (CDCl3, 75 MHz): 6 = 145.2, 142.6, 132.5, 129.2, 127.6, 121.3, 1181D0.8,
33.4, 32.9.

IR (Diamond-ATR, neat): 7 / cm® = 3359 (w), 3143 (w), 3112 (w), 2947 (w), 2852 Jyw
2226 (s), 1607 (s), 1496 (s), 1470 (m), 1416 (@B11(s), 1170 (m), 1126 (s), 1084 (w), 1021
(w), 934 (w), 854 (m), 823 (m), 781 (s), 735 (H41{m).

MS (El, 70 eV): m/z(%) = 208 (M, 70), 207 (100), 130 (48), 127 (18), 44 (62).

HRMS (C1,H11N3): calc.: 197.0953; found: 197.0928 (M

Synthesis of 1-methyl-2-(3-(trifluoromethyl)benzylj1H-imidazole (19c):
0y
N
Me

TMPMgCI-LiCl (17: 1.15 M in THF, 1.70 mL, 1.95 mmol) was added tsotution of 1,2-
dimethylimidazole 16: 125 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) & ZC and the
reaction mixture was then stirred at this tempeeafor 3 h. Pd(dba)(15 mg, 2 mol%),
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SPhos (21 mg, 4 mol%) and 1-bromo-3-trifluoromdtleyizene 4l: 225 mg, 1.00 mmol,
0.80 equiv) were added to the reaction mixture. fdseilting mixture was stirred for 3 h at
50 °C. The reaction mixture was then quenched withixture of saturated aqueous XH
and NH (10:1, 2 mL), extracted with ethyl acetate (3 xn&) and dried over anhydrous
MgSQ. After filtration, the solvent was evaporated undeduced pressure. Purification by
flash-chromatography (DCM/MeOH, 99:1) furnished &thyl-2-(3-(trifluoromethyl)benzyl)-
1H-imidazole (9c 186 mg, 77%) as a pale yellow oil.

'H-NMR (300 MHz, CDCkL): &/ ppm = 7.53-7.32 (m, 4H), 6.98 (@~ 1.33 Hz, 1H), 6.83
(d,J=1.33 Hz, 1H), 4.16 (s, 2H), 3.47 (s, 3H).

¥C-NMR (CDCls, 75 MHz): & = 145.7, 138.1, 134Jcr = 32.2 Hz), 131.8, 129.2, 127.4,
125.0 8Jc.r = 3.8 Hz), 124.0%0c.F = 274.5 Hz), 123.6c.r = 3.8 Hz), 121.2, 32.2, 32.9.

IR (Diamond-ATR, neat): v / cmi® = 3357 (vw), 3110 (vw), 2931 (vw), 1711 (vw), 1677
(vw), 1615 (vw), 1496 (m), 1448 (w), 1330 (s), 12482), 1160 (s), 1116 (s), 1074 (s), 917
(w), 972 (w), 775 (m), 734 (m), 700 (s), 663 (W).

MS (El, 70 eV): m/z(%) = 239 (M, 100), 225 (27), 205 (16), 171 (16), 81 (49).

HRMS (C12H11F3No): calc.: 240.0874; found: 240.0901 (M

Synthesis of 2-(4-methoxybenzyl)-1-methylH-imidazole (19d):
OMe
[’E\Q
N
Me

TMPMgCI-LiCl (17: 1.15 M in THF, 1.70 mL, 1.95 mmol) was added tsotution of 1,2-
dimethylimidazole 16: 125 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) & ZC and the
reaction mixture was then stirred at this tempeeafor 3 h. Pd(dba)(15 mg, 2 mol%),
SPhos (21 mg, 4 mol%) and 4-bromoaniséle (87 mg, 1.00 mmol, 0.80 equiv) were added
to the reaction mixture. The resulting mixture ve&sred for 3 h at 50 °C. The reaction
mixture was then quenched with a mixture of saagraiqueous Nkl and NH; (10:1, 2 mL),
extracted with ethyl acetate (3 x 5 mL) and drisdraanhydrous MgSp After filtration, the
solvent was evaporated under reduced pressureficBtion by flash-chromatography
(DCM/MeOH, 98:2) furnished 2-(4-methoxybenzyl)-14m@-1H-imidazole (@9d: 150 mg,
74%) as a pale yellow oil.
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'H-NMR (300 MHz, CDCL): &/ ppm = 7.09 (dJ = 8.84 Hz, 2H), 6.97 (s, 1H), 6.85-6.79
(m, 3H), 4.07 (s, 2H), 3.77 (s, 3H), 3.45 (s, 3H).

3C-.NMR (CDCls, 75 MHz): § = 158.3, 147.0, 129.3, 128.8, 126.6, 121.0, 115512, 33.0,
32.6.

IR (Diamond-ATR, neat): v / cm' = 3362 (vw), 3110 (vw), 3001 (vw), 2934 (w), 2836
(vw), 1609 (m), 1584 (m), 1510 (s), 1498 (m), 1468, 1442 (m), 1410 (w), 1302 (w), 1281
(m), 1244 (s), 1176 (m), 1123 (m), 1108 (m), 1084, (L029 (s), 932 (w), 835 (m), 821 (m),
782 (s), 736 (s), 705 (w), 661 (vw).

MS (El, 70 eV): m/z(%) = 202 (M, 65), 187 (58), 170 (5), 159 (9), 121 (100).

HRMS (C12H14N,0): calc.: 202.1106; found: 202.1093 (M

Synthesis of 4-((1-methyl-H-imidazol-2-yl)methyl)phenyl pivalate (19e):
OPiv

O3
L)
Me

TMPMgCI-LIiCl (17: 1.15 M in THF, 1.70 mL, 1.95 mmol) was added tsdution of
1,2-dimethylimidazoleX6: 125 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) &t and the
reaction mixture was then stirred at this tempeeafor 3 h. Pd(dba)(15 mg, 2 mol%),
SPhos (21 mg, 4 mol%) and 4-bromophenylpival@e 258 mg, 1.00 mmol, 0.80 equiv)
were added to the reaction mixture. The resultimgure was stirred for 3 h at 50 °C. The
reaction mixture was then quenched with a mixturesaiurated aqueous NEI and NH
(10:1, 2 mL), extracted with ethyl acetate (3 x B)rand dried over anhydrous MgaQ@\fter
filtration, the solvent was evaporated under redugeessure. Purification by flash-
chromatography (DCM/MeOH, 9:1) furnished 4-((1-mgthH-imidazol-2-yl)methyl)phenyl
pivalate (9e 249 mg, 91%) as a pale yellow oil.

'H-NMR (300 MHz, CDCk): &/ ppm = 7.16-7.01 (m, 3H), 6.95 (@= 8.17 Hz, 2H), 6.82
(d,J=1.36 Hz, 1H), 4.18 (s, 2H), 3.43 (s, 3H), 1.35¢4).

3C-NMR (CDCl3, 75 MHz): 6 = 177.1, 149.9, 146.8, 133.7, 129.1, 126.7, 12172..3,
57.1, 39.0, 35.2, 33.2, 27.6, 27.1.

IR (Diamond-ATR, neat): 7 / cm* = 3117 (vw), 3037 (vw), 2973 (w), 2935 (w), 2873
(vw), 1744 (s), 1605 (w), 1594 (w), 1546 (vw), 1508B), 1478 (m), 1461 (m), 1420 (w),
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1396 (w), 1366 (vw), 1278 (m), 1250 (vw), 1199 (rh)66 (m), 1113 (s), 1029 (w), 1017
(w), 894 (w), 773 (m), 758 (m), 737 (m), 703 (w).

MS (El, 70 eV): m/z(%) = 272 (M, 100), 187 (73), 173 (17), 159 (14), 107 (29)(8%), 57
(71).

HRMS (C16H20N20,): calc.: 272.1525; found: 272.1516 (M

Synthesis of 1-methyl-2-(3-methylbenzyl)H-imidazole (19f):
e
N
Me

TMPMgCI-LIiCl (17: 1.15 M in THF, 1.70 mL, 1.95 mmol) was added tsdution of
1,2-dimethylimidazoleX6: 125 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) &t and the
reaction mixture was then stirred at this tempeeafor 3 h. Pd(dba)(15 mg, 2 mol%),
SPhos (21 mg, 4 mol%) and 3-bromotoluedfe 172 mg, 1.00 mmol, 0.80 equiv) were added
to the reaction mixture. The resulting mixture vasred for 3 h at 50 °C. The reaction
mixture was then quenched with a mixture of saaaraiqueous N}l and NH (10:1, 2 mL),
extracted with ethyl acetate (3 x 5 mL) and drisdraanhydrous MgSp After filtration, the
solvent was evaporated under reduced pressureficBtion by flash-chromatography
(DCM/MeOH, 99:1 (500 mL) then 98:2) furnished 1-imgt2-(3-methylbenzyl)-H-
imidazole (9f: 155 mg, 83%) as a pale yellow oil.

'H-NMR (300 MHz, CDCk): &/ ppm = 7.16 (tJ = 7.53, 1H), 7.04-6.93 (m, 4H), 6.79 ,
= 1.55 Hz, 1H), 4.06 (s, 2H), 3.44 (s, 3H), 2.293(4).

3C-NMR (CDCl3, 75 MHz): 6 = 146.8, 138.3, 137.0, 129.0, 128.5, 127.4, 12725.3,
121.0, 33.4, 32.9, 21.4.

IR (Diamond-ATR, neat): 7 / cm* = 3363 (vw), 3137 (vw), 3108 (vw), 2947 (w), 2921
(w), 1644 (w), 1606 (m), 1590 (w), 1494 (s), 1461),(1431 (m), 1410 (m), 1379 (vw), 1281
(s), 1219 (vw), 1168 (vw), 1122 (s), 1089 (w), 1¢29, 998 (w), 936 (w), 886 (vw), 760 (s),
693 (s), 656 (W).

MS (El, 70 eV): m/z(%) = 185 (M, 100), 171 (30), 156 (10), 105 (21), 81 (18).

HRMS (C12H14Ny): calc.: 186.1157; found: 186.1142 (M
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Synthesis ofN,N-dimethyl-4-((1-methyl-1H-imidazol-2-yl)methyl)aniline (199):
NMez
[IE\Q
N
Me

TMPMgCI-LIiCl (17: 1.15 M in THF, 1.70 mL, 1.95 mmol) was added tsdution of
1,2-dimethylimidazoleX6: 125 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) &t and the
reaction mixture was then stirred at this tempeeafor 3 h. Pd(dba)(15 mg, 2 mol%),
SPhos (21 mg, 4 mol%) and 4-bromMgN-dimethylaniline 9g: 200 mg, 1.00 mmol, 0.80
equiv) were added to the reaction mixture. Thelt@esumixture was stirred for 3 h at 50 °C.
The reaction mixture was then quenched with a mexai saturated aqueous NEH and NH
(10:1, 2 mL), extracted with ethyl acetate (3 x B)rand dried over anhydrous MgaQ\fter
filtration, the solvent was evaporated under redugeessure. Purification by flash-
chromatography (DCM/MeOH, 98:2) furnishédiN-dimethyl-4-((1-methyl-H-imidazol-2-
yl)methyl)aniline (9g 171 mg, 79%) as a pale yellow oil.

'H-NMR (300 MHz, CDCk): &/ ppm = 7.13-6.96 (m, 3H), 6.80 (@= 1.55 Hz, 1H), 6.68
(m, 2H), 4.06 (s, 2H), 3.44 (s, 3H), 2.92 (s, 6H).

3C-.NMR (CDCls, 75 MHz): & = 149.4, 147.8, 129.0, 126.8, 124.8, 120.9, 11409, 33.0,
32.5.

IR (Diamond-ATR, neat): 7 / cm* = 3279 (w), 3135 (w), 3009 (w), 2889 (w), 2811 (w)
1696 (w), 1619 (s), 1527 (s), 1491 (s), 1447 (4111(m), 1363 (m), 1281 (m), 1236 (w),
1187 (w), 1174 (w), 1123 (m), 1006 (m), 1087 (W)7Q (w), 951 (m), 933 (m), 848 (w), 827
(w), 808 (m), 775 (s), 749 (s), 705 (m), 656 (w).

MS (El, 70 eV): m/z(%) = 215 (M, 100), 200 (47), 184 (6), 170 (17), 156 (16), 188),
118 (16).

HRMS (C13H17N5): calc.: 215.1422; found: 215.1416 (M

Synthesis of 2-benza]][1,3]dioxol-5-ylmethyl)-1-methyl-1H-imidazole (19h):

O/\O
[L@
N
Me
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TMPMgCI-LIiCl (17: 1.15 M in THF, 1.70 mL, 1.95 mmol) was added tsdution of
1,2-dimethylimidazole 6. 125 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) &t Z and the
reaction mixture was then stirred at this tempeeafor 3 h. Pd(dba)(15 mg, 2 mol%),
SPhos (21 mg, 4 mol%) and 5-bromo-benzo[1,3]diox@e201 mg, 1.00 mmol, 0.80 equiv)
were added to the reaction mixture. The resultingture was stirred for 3 h at 50 °C. The
reaction mixture was then quenched with a mixturesaiurated aqueous NEI and NH
(10:1, 2 mL), extracted with ethyl acetate (3 x B)rand dried over anhydrous MgaQ\fter
filtration, the solvent was evaporated under redugeessure. Purification by flash-
chromatography (DCM/MeOH, 99:1) furnished 2-bemi}{d],3]dioxol-5-ylmethyl)-1-methyl-
1H-imidazole (9h: 154 mg, 71%) as a pale yellow oil.

'H-NMR (300 MHz, CDCLk): &/ ppm: 6.98 (d,J = 1.36 Hz, 1H), 6.84-6.59 (m, 4H), 5.93 (s,
2H), 4.04 (s, 2H), 3.48 (s, 3H).

¥C-.NMR (CDCl3, 75 MHz): & = 147.9, 146.7, 146.3, 130.8, 127.1, 121.2, 12108.8,
108.3, 101.0, 33.2, 32.9.

IR (Diamond-ATR, neat): V / cmi* = 3269 (w), 3142 (vw), 3069 (vw), 2905 (w), 2788
(vw), 1697 (w), 1605 (w), 1500 (s), 1490 (s), 144y, 1413 (w), 1349 (w), 1282 (m), 1255
(s), 1214 (m), 1188 (w), 1113 (s), 1038 (s), 949, @23 (s), 856 (M), 863 (m), 781 (s), 753
(m), 700 (m), 661 (m).

MS (El, 70 eV): m/z(%) = 216 (M, 100), 201 (16), 187 (11), 157 (30), 135 (76).

HRMS (C12H1.N,0,): calc.: 216.0899; found: 216.0887 (M

Synthesis of ethyl 4-(benzdijjthiophen-2-yImethyl)benzoate (23a):
CO,Et

B8
S

TMPLi (21 1.25 M in THF, 1.20 mL, 1.15 equiv) was added &osolution of 2-
methylbenzdj]thiophene 20a 193 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) @ -~C and
the reaction mixture was then stirred at this terapee for 15 min. A solution of Zng(1 M

in THF, 1.56 mL, 1.20 equiv) was added and the unectvas allowed to warm up to 25 °C.
Pd(OAc) (6 mg, 2 mol%), SPhos (21 mg, 4 mol%) and ethgr@mobenzoatedk: 229 mg,
1.00 mmol, 0.8 equiv) were added to the reactioxtume. The resulting mixture was stirred

for 2 h at 50 °C. The reaction mixture was thennghed with a mixture of saturated aqueous
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NH4Cl and NH (10:1, 2 mL), extracted with ethyl acetate (3 xmh) and dried over
anhydrous MgS@Q After filtration, the solvent was evaporated undeduced pressure.
Purification by flash-chromatographiti{exane/E{, 20:1) furnished 4-(benzgfhiophen-2-

ylmethyl)benzoateA3a 255 mg, 86%) as a white powder.

Melting point (°C): 91.3 — 92.8.

'H-NMR (300 MHz, CDCl): 8/ ppm: 8.02 (mJ = 8.22 Hz, 2H), 7.74 (d] = 7.92 Hz, 1H),
7.67 (dJ=7.78 Hz, 1H), 7.37 (m] = 8.22 Hz, 2H), 7.30 - 7.33 (m, 1H), 7.25 - 7.28 (iH),
7.01 (s, 1H), 4.38 (g} = 7.04 Hz, 2H), 4.28 (s, 2H), 1.40 Jt= 7.12 Hz, 3H).

¥C-NMR (CDCl;, 75 MHz): & / ppm = 166.4, 144.6, 143.8, 139.9, 139.8, 12929.1,
128.7, 124.2, 123.8, 123.0, 122.1, 122.0, 60.9,361.3.

IR (Diamond-ATR, neat): v / cm® = 2971, 2360, 2340, 1737, 1714, 1366, 1277, 1252,
1230, 1217, 1205, 1108, 1102, 834, 744, 726, 712.

MS (El, 70 eV): m/z(%) = 296 (M, 100), 295 (17), 251 (24), 223 (44), 147 (52), (2B).

HRMS (C1gH160,S): calc.: 296.0871; found: 296.0866 (M

Synthesis of 2-(4-(trifluoromethyl)benzyl)benzdp]thiophene (23b):
CF,

O
(LS

TMPLi (21 1.25 M in THF, 1.20 mL, 1.15 equiv) was added &osolution of 2-
methylbenzdj]thiophene 20a 193 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) @ -~C and
the reaction mixture was then stirred at this terafpee for 15 min. A solution of Zng(1 M

in THF, 1.56 mL, 1.20 equiv) was added and the unextvas allowed to warm up to 25 °C.
Pd(OAc) (6 mg, 2 mol%), SPhos (21 mg, 4 mol%) and 1-brani{trifluoromethyl)benzene
(9m: 225 mg, 1.00 mmol, 0.8 equiv) were added to tha&ction mixture. The resulting
mixture was stirred for 2 h at 50 °C. The reactiomture was then quenched with a mixture
of saturated aqueous NEI and NH (10:1, 2 mL), extracted with ethyl acetate (3 rmb)
and dried over anhydrous MggaQ\fter filtration, the solvent was evaporated unceduced
pressure.  Purification by  flash-chromatographyi-hgxane)  furnished  2-(4-

(trifluoromethyl)benzyl)benzdithiophene 23b: 263 mg, 90%) as a white powder.
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Melting point (°C): 83.7 — 85.3.

'H-NMR (300 MHz, CDCLk): &/ ppm: 7.78 (dJ = 7.99 Hz, 1H), 7.71 (d] = 7.87 Hz, 1H),
7.61 (m,J = 8.11 Hz, 2H), 7.42 (m] = 8.11 Hz, 2H), 7.33 - 7.37 (m, 1H), 7.28 - 7.32 (m
1H), 7.05 (s, 1H), 4.29 (s, 2H).

3C-NMR (CDCls, 75 MHz): & / ppm = 143.5, 143.5 (d,= 1.4 Hz), 139.9, 139.8, 129.1 (@,
= 32.5 Hz), 129.0, 125.5 (4,= 3.9 Hz), 124.3, 124.2 (4,= 272.1 Hz), 123.9, 123.1, 122.2,
122.2, 36.7.

IR (Diamond-ATR, neat): 7 / cmi® = 2359, 2340, 1739, 1719, 1700, 1418, 1372, 1366,
1320, 1229, 1217, 1207, 1123, 1114, 1102, 10673,1884, 836, 749, 727.

MS (El, 70 eV): m/z(%) = 292 (M, 100), 291 (51), 223 (17), 221 (21), 147 (57).

HRMS (C16H11F3S): calc.: 292.0534; found: 292.0525 (M

Synthesis of 2-(4-methoxybenzyl)benzbfthiophene (23c):
OMe

O
(L

TMPLi (21 1.25 M in THF, 1.20 mL, 1.15 equiv) was added &osolution of 2-
methylbenzdj]thiophene 20a 193 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) @ -~C and
the reaction mixture was then stirred at this terafpee for 15 min. A solution of Zng(1 M

in THF, 1.56 mL, 1.20 equiv) was added and the unextvas allowed to warm up to 25 °C.
Pd(OAc)» (6 mg, 2 mol%), SPhos (21 mg, 4 mol%) and 1-br@mmethoxybenzenedb:
187 mg, 1.00 mmol, 0.8 equiv) were added to theti@amixture. The resulting mixture was
stirred for 2 h at 50 °C. The reaction mixture whaesn quenched with a mixture of saturated
aqueous NECI and NH (10:1, 2 mL), extracted with ethyl acetate (3 mb) and dried over
anhydrous MgS@Q After filtration, the solvent was evaporated undeduced pressure.
Purification by flash-chromatography i-H{exane/BEO, 20:1) furnished 2-(4-
methoxybenzyl)benzo]thiophene 23c 249 mg, 98%) as a white powder.

Melting point (°C): 117.6 — 118.6.
'H-NMR (300 MHz, CDCk): &/ ppm: 7.75 (dJ = 7.70 Hz, 1H), 7.67 (d] = 7.52 Hz, 1H),
7.23-7.35(m, 4H), 7.01 (s, 1H), 6.90 {d&; 8.62 Hz, 2H), 4.19 (s, 2H), 3.83 (s, 3H).
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¥C-NMR (CDCl;, 75 MHz): & / ppm = 158.4, 145.8, 140.1, 139.8, 131.7, 129®i.1,
123.6,122.9,122.1, 121.3, 114.0, 55.3, 36.1.

IR (Diamond-ATR, neat): v / cm* = 2359, 2341, 1739, 1719, 1700, 1610, 1508, 1490,
1472, 1463, 1456, 1436, 1420, 1374, 1366, 13007,1PX31, 1218, 1206, 1181, 1174, 1162,
1150, 1103, 1034, 1010, 838, 823, 813, 757, 748, 72

MS (El, 70 eV): m/z(%) = 254 (M, 39), 253 (26), 223 (11), 147 (15), 74 (76), 5901

HRMS (C16H140S): calc.: 254.0765; found: 254.0762 (M

Synthesis of 5-(benzdg]thiophen-2-yImethyl)-2-methoxybenzonitrile (23d):
OMe

CN
O\
S

TMPLi (21 1.25 M in THF, 1.20 mL, 1.15 equiv) was added &osolution of 2-
methylbenzdp]thiophene 20a 193 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) @ -C and
the reaction mixture was then stirred at this terapee for 15 min. A solution of Zng(1 M

in THF, 1.56 mL, 1.20 equiv) was added and the unextvas allowed to warm up to 25 °C.
Pd(OAc) (6 mg, 2 mol%), SPhos (21 mg, 4 mol%) and 5-br@&woethoxybenzonitrile9t:
212 mg, 1.00 mmol, 0.8 equiv) were added to theti@amixture. The resulting mixture was
stirred for 2 h at 50 °C. The reaction mixture whaasn quenched with a mixture of saturated
agueous NECI and NH (10:1, 2 mL), extracted with ethyl acetate (3 mab) and dried over
anhydrous MgS@Q After filtration, the solvent was evaporated undeduced pressure.
Purification by flash-chromatography-iexane/BIO, 5:1) furnished 5-(benzojthiophen-2-
ylmethyl)-2-methoxybenzonitrile2@d: 218 mg, 78%) as a slightly yellow powder.

Melting point (°C): 93.9 — 95.2.

'H-NMR (300 MHz, CDCk): &/ ppm: 7.74 (dJ = 7.80 Hz, 1H), 7.68 (d] = 7.60 Hz, 1H),
7.42 - 7.48 (m, 2H), 7.25 - 7.36 (m, 2H), 7.001(d), 6.91 (d,J = 8.38 Hz, 1H), 4.15 (s, 2H),
3.90 (s, 3H).

3C-NMR (CDCl3, 75 MHz): 6 / ppm = 160.0, 143.7, 139.8, 139.7, 134.6, 1333®.1,
124.3,123.9, 123.0, 122.1, 121.9, 116.3, 111.4,7,(56.0, 35.4.
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IR (Diamond-ATR, neat): v / cm® = 2361, 2341, 2224, 1739, 1701, 1608, 1580, 1496,
1471, 1457, 1435, 1417, 1366, 1292, 1280, 1265),1P317, 1182, 1152, 1134, 1123, 1108,
1092, 1064, 1017, 941, 899, 870, 832, 819, 760, 754, 728, 720.

MS (EI, 70 eV): m/z(%) = 279 (M, 100), 278 (45), 264 (8), 248 (10), 147 (27).

HRMS (C17H1aNOS): calc.: 279.0718; found: 279.0712 (M

Synthesis of 4-(benzdd]thiophen-2-yImethyl)phenyl pivalate (23e):
OPiv

O
(S

TMPLi (21 1.25 M in THF, 1.20 mL, 1.15 equiv) was added &osolution of 2-
methylbenzdj]thiophene 20a 193 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) @ -~C and
the reaction mixture was then stirred at this terafpee for 15 min. A solution of Zng(1 M

in THF, 1.56 mL, 1.20 equiv) was added and the unectvas allowed to warm up to 25 °C.
Pd(OAc) (6 mg, 2 mol%), SPhos (21 mg, 4 mol%) and 4-brameogy| pivalate 9i: 257 mg,
1.00 mmol, 0.8 equiv) were added to the reactioxtumé. The resulting mixture was stirred
for 2 h at 50 °C. The reaction mixture was thennghed with a mixture of saturated aqueous
NH4Cl and NH (10:1, 2 mL), extracted with ethyl acetate (3 xmk) and dried over
anhydrous MgS@Q After filtration, the solvent was evaporated undeduced pressure.
Purification by flash-chromatographiti{exane/E{O, 20:1) furnished 4-(benzgfhiophen-2-
ylmethyl)phenyl pivalateA3e 315 mg, 97%) as a white powder.

Melting point (°C): 100.0 — 101.1.

'H-NMR (300 MHz, CDCL): &/ ppm: 7.75 (dJ = 7.96 Hz, 1H), 7.67 (d] = 7.96 Hz, 1H),
7.29 - 7.33 (m, 3H), 7.25 - 7.28 (m, 1H), 7.04Jd; 8.51 Hz, 2H), 7.00 (s, 1H), 4.23 (s, 2H),
1.37 (s, 9H).

¥C-NMR (CDCl3, 75 MHz): & / ppm = 177.1, 149.8, 144.8, 140.0, 139.8, 1362R.7,
124.1,123.7,122.9, 122.1, 121.8, 121.6, 39.(8,3&.1.

IR (Diamond-ATR, neat): v / cmt = 2971, 2360, 2340, 1739, 1507, 1489, 1475, 1457,
1444, 1433, 1420, 1394, 1366, 1279, 1229, 1217312064, 1128, 1105, 1062, 1034, 1016,
938, 901, 868, 854, 820, 796, 764, 745, 727, 676.

MS (El, 70 eV): m/z(%) = 324 (M, 100), 241 (22), 240 (30), 239 (61), 221 (9), 120).
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HRMS (C,gH2¢02S): calc.: 324.1184; found: 324.1179 (M

Synthesis of 4-(benzdg]thiophen-2-yImethyl)-N,N-dimethylaniline (23f):
NM62

TMPLi (21 1.25 M in THF, 1.20 mL, 1.15 equiv) was added &osolution of 2-
methylbenzdp]thiophene 20a 193 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) @ -C and
the reaction mixture was then stirred at this terapee for 15 min. A solution of Zng(1 M

in THF, 1.56 mL, 1.20 equiv) was added and the onexivas allowed to warm up to 25 °C.
Pd(OAc) (6 mg, 2 mol%), SPhos (21 mg, 4 mol%) and 4-brawid-dimethylaniline 9g:
200 mg, 1.00 mmol, 0.8 equiv) were added to theti@a mixture. The resulting mixture was
stirred for 2 h at 50 °C. The reaction mixture wlasn quenched with a mixture of saturated
agueous NECI and NH (10:1, 2 mL), extracted with ethyl acetate (3 mab) and dried over
anhydrous MgSQ After filtration, the solvent was evaporated undeduced pressure.
Purification by flash-chromatographiti{exane/E{, 20:1) furnished 4-(benzgfhiophen-2-
ylmethyl)N,N-dimethylaniline 23f: 249 mg, 93%) as a white powder.

Melting point (°C): 91.1 —92.8.

'H-NMR (300 MHz, CDCLk): &/ ppm: 7.77 (dJ = 7.96 Hz, 1H), 7.69 (d] = 7.96 Hz, 1H),
7.30 - 7.36 (m, 1H), 7.25 - 7.30 (m, 1H), 7.22 (s, 8.78 Hz, 2H), 7.03 (s, 1H), 6.78 (th=
8.51 Hz, 2H), 4.18 (s, 2H), 2.97 (s, 6H).

¥C-.NMR (CDCl;, 75 MHz): & / ppm = 149.3, 146.6, 140.1, 139.8, 129.4, 12174.0,
123.4,122.8, 122.1, 121.0, 112.9, 40.7, 36.0.

IR (Diamond-ATR, neat): 7 / cmi® = 2359, 2340, 1739, 1719, 1700, 1615, 1519, 1508,
1498, 1489, 1474, 1464, 1456, 1447, 1436, 1419%,1B862, 1338, 1311, 1228, 1217, 1206,
1192, 1160, 1149, 1127, 1062, 820, 805, 746, 726.

MS (El, 70 eV): m/z(%) = 267 (M, 100), 266 (51), 223 (15), 221 (11), 147 (6), (BB

HRMS (C17H17NS): calc.: 267.1082; found: 267.1078 (M
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Synthesis of 3-(benzdijthiophen-2-yImethyl)pyridine (239):

I °N

—

TMPLi (21 1.25 M in THF, 1.20 mL, 1.15 equiv) was added &osolution of 2-
methylbenzdp]thiophene 20a 193 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) @ -C and
the reaction mixture was then stirred at this terapee for 15 min. A solution of Zng(1 M

in THF, 1.56 mL, 1.20 equiv) was added and the onexivas allowed to warm up to 25 °C.
Pd(OAc) (6 mg, 2 mol%), SPhos (21 mg, 4 mol%) and 3-broyridme ©s 158 mg,
1.00 mmol, 0.8 equiv) were added to the reactioxtume. The resulting mixture was stirred
for 2 h at 50 °C. The reaction mixture was thennghed with a mixture of saturated aqueous
NH4Cl and NH (10:1, 2 mL), extracted with ethyl acetate (3 xmh) and dried over
anhydrous MgS@Q After filtration, the solvent was evaporated undeduced pressure.
Purification by flash-chromatography-iexane/BIO, 1:1) furnished 3-(benzojthiophen-2-
ylmethyl)pyridine 23g 153 mg, 68%) as a slightly yellow powder.

Melting point (°C): 71.9 — 73.8.

'H-NMR (300 MHz, CDCL): &/ ppm: 8.62 (dJ = 1.66 Hz, 1H), 8.54 (d] = 3.59 Hz, 1H),
7.59 - 7.85 (m, 3H), 7.24 - 7.38 (m, 3H), 7.041(d), 4.26 (s, 2H).

3C-NMR (CDCl3, 75 MHz): & / ppm = 149.5, 147.8, 143.2, 139.9, 139.8, 13635.2,
124.3, 124.0, 123.6, 123.1, 122.2, 122.2, 34.1.

IR (Diamond-ATR, neat): 7 / cmi® = 2360, 2340, 1572, 1478, 1454, 1428, 1420, 1299,
1235, 1182, 1147, 1130, 1122, 1104, 1092, 10644,10212, 940, 909, 860, 841, 813, 787,
748, 728, 714, 699, 676, 668.

MS (El, 70 eV): m/z(%) = 225 (M, 100), 224 (54), 223 (11), 148 (6), 147 (49), (@R

HRMS (C14H11NS): calc.: 225.0612; found: 225.0603 (M

Synthesis of 5-(benzdijthiophen-2-yImethyl)benzo[d][1,3]dioxole (23h):

O\
S
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TMPLi (21 1.25 M in THF, 1.20 mL, 1.15 equiv) was added &osolution of 2-
methylbenzdp]thiophene 20a 193 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) @ -C and
the reaction mixture was then stirred at this terafpee for 15 min. A solution of Zng(1 M

in THF, 1.56 mL, 1.20 equiv) was added and the omnectvas allowed to warm up to 25 °C.
Pd(OAc) (6 mg, 2 mol%), SPhos (21 mg, 4 mol%) and 5-broenab[d][1,3]dioxole 9e
201 mg, 1.00 mmol, 0.8 equiv) were added to theti@amixture. The resulting mixture was
stirred for 2 h at 50 °C. The reaction mixture wlasn quenched with a mixture of saturated
agueous NECI and NH (10:1, 2 mL), extracted with ethyl acetate (3 mab) and dried over
anhydrous MgS@Q After filtration, the solvent was evaporated undeduced pressure.
Purification by flash-chromatography i-H{exane) furnished 5-(benajthiophen-2-
ylmethyl)benzofl][1,3]dioxole 23h: 233 mg, 87%) as a slightly orange powder.

Melting point (°C): 93.8 — 95.6.

'H-NMR (300 MHz, CDCk): &/ ppm: 7.74 (dJ = 7.96 Hz, 1H), 7.67 (d] = 7.96 Hz, 1H),
7.31 (t,J = 7.14 Hz, 1H), 7.24 - 7.27 (m, 1H), 7.01 (s, 161}8 (s, 3H), 5.94 (s, 2H), 4.14 (s,
2H).

3C-NMR (CDCl3, 75 MHz): & / ppm = 147.8, 146.3, 145.4, 140.0, 139.8, 133&1.1,
123.6,122.9, 122.1, 121.7, 121.5, 109.2, 108.8,9.(86.7.

IR (Diamond-ATR, neat): v / cmi* = 2360, 2340, 1737, 1719, 1498, 1485, 1456, 1436,
1419, 1398, 1373, 1362, 1235, 1218, 1205, 11884,11512, 1096, 1036, 1014, 943, 924,
865, 828, 814, 806, 773, 746, 726, 720, 662.

MS (El, 70 eV): m/z(%) = 268 (M, 100), 267 (54), 238 (17), 210 (11), 208 (24), 153),
147 (40), 104 (13).

HRMS (C16H1,0,S): calc.: 268.0558; found: 268.0549 (M

Synthesis of 2-(4-methoxybenzyl)-3-methylbenzofthiophene (23i):
OMe

TMPLi (21: 1.25 M in THF, 1.20 mL, 1.15 equiv) was added aosolution of 2,3-
dimethylbenzadp]thiophene 20b: 211 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) @8-°C
and the reaction mixture was then stirred at thsperature for 15 min. A solution of ZnCl
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(2 M in THF, 1.56 mL, 1.20 equiv) was added and ritigture was allowed to warm up to
25 °C. Pd(OAg) (6 mg, 2 mol%), SPhos (21 mg, 4 mol%) and 1-braloethoxybenzene
(9b: 187 mg, 1.00 mmol, 0.8 equiv) were added to &aetion mixture. The resulting mixture
was stirred for 2 h at 50 °C. The reaction mixtwas then quenched with a mixture of
saturated aqueous NEI and NH (10:1, 2 mL), extracted with ethyl acetate (3 mb) and
dried over anhydrous MgSOAfter filtration, the solvent was evaporated undeduced
pressure. Purification by flash-chromatographyhdxane/EO, 20:1) furnished 2-(4-
methoxybenzyl)-3-methylbenzathiophene 23i: 231 mg, 86%) as a slightly yellow oil.

'H-NMR (300 MHz, CDCLk): &/ ppm: 7.80 (dJ = 7.70 Hz, 1H), 7.71 (d] = 7.89 Hz, 1H),
7.40 - 7.46 (m, 1H), 7.31 - 7.37 (m, 1H), 7.24 (h% 8.62 Hz, 2H), 6.92 (m] = 8.62 Hz,
2H), 4.22 (s, 2H), 3.84 (s, 3H), 2.45 (s, 3H).

3C-NMR (CDCls, 75 MHz): & / ppm = 158.2, 140.9, 138.6, 138.4, 131.8, 12927.2,
123.8,123.6, 122.1, 121.4, 113.9, 55.2, 33.5,.11.6

IR (Diamond-ATR, neat): v / cmi* = 3058, 2997, 2970, 2912, 2833, 1739, 1719, 1610,
1584, 1509, 1460, 1436, 1379, 1366, 1317, 13013,1P743, 1175, 1152, 1127, 1108, 1073,
1033, 1016, 933, 820, 784, 752, 728, 708, 674, 668.

MS (El, 70 eV): m/z(%) = 268 (M, 85), 253 (100), 237 (8), 221 (9), 161 (26), 180)(

HRMS (C17H160S): calc.: 268.0922; found: 268.0915 M

Synthesis of ethyl 4-(benzofuran-2-ylmethyl)benzoat(26a):
COOEt

TMPLi (21: 1.30 M in THF, 1.50 mL, 1.5 equiv) was added tosalution of 2-
methylbenzofuran24: 172 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) @B-°C and the
reaction mixture was then stirred at this tempeeator 1 h. A solution of ZnGI(1 M in
THF, 1.95 mL, 1.5 equiv) was added and the mixiues allowed to warm up to 25 °C.
Pd(OAc)» (6 mg, 2 mol%), Xantphos (15 mg, 2 mol%) and etbromobenzoate9k:
229 mg, 1.00 mmol, 0.80 equiv) were added to tlaetren mixture. The resulting mixture
was stirred for 12 h at 50 °C. The reaction mixtwas then quenched with a mixture of
saturated aqueous NEI and NH (10:1, 2 mL), extracted with ethyl acetate (3 mb) and
dried over anhydrous MgSOAfter filtration, the solvent was evaporated undeduced
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pressure. Purification by flash-chromatograplhexane/E{, 10:1) furnished ethyl 4-
(benzofuran-2-ylmethyl)benzoat26a 179 mg, 64%) as a yellow oil.

'H-NMR (300 MHz, CDCk): &/ ppm: 8.03 (dtJ = 8.46 Hz, 2H), 7.50 (dd] = 6.42, 1.72
Hz, 1H), 7.46-7.34 (m, 3H), 7.27-7.16 (m, 2H), 6(821H), 4.39 (gJ = 7.10 Hz, 2H), 4.18
(s, 2H), 1.41 (tJ = 7.10 Hz, 3H).

¥C-.NMR (CDCl;, 75 MHz): & = 166.4, 156.6, 155.0, 142.4, 129.9, 129.1, 1282%.6,
123.6,122.6, 120.4, 110.9, 103.7, 60.9, 35.0,.14.3

IR (Diamond-ATR, neat): v / cmi* = 3063 (vw), 3037 (vw), 2981 (w), 2934 (w), 17X}, (
1611 (m), 1586 (m), 1474 (m), 1453 (s), 1416 (n®6EL(m), 1271 (s), 1250 (s), 1176 (m),
1101 (s), 1021 (m), 1010 (m), 951 (m), 924 (w), &9, 826 (m), 794 (m), 749 (s), 720 (s),
686 (w).

MS (El, 70 eV): m/z(%) = 280 (M, 100), 251 (26), 235 (35), 207 (89), 178 (45), ().
HRMS (C1gH1603): calc.: 280.1099; found: 280.1081 (M

Synthesis of 4-(benzofuran-2-ylmethyl)benzonitrilg¢26b):

CN

Sc(OTfs (49 mg, 0.10 mmol) was added to a solution of 2hylbenzofuran Z4: 172 mg,
1.30 mmol, 1.00 equiv) in THF (2 mL) at 25 °C. Tleaction mixture was stirred at 25 °C for
15 min then cooled to -78 °C. TMPL2Z 1.30 M in THF, 1.50 mL, 1.5 equiv) was added to
the solution. After 1 h at -78 °C, a solution of&@n (1 M in THF, 1.95 mL, 1.5 equiv) was
added and the mixture was allowed to warm up t6@5After 30 min at 25 °C, Pd(OAL)
(6 mg, 2 mol%), Xantphos (15 mg, 2 mol%) and 4-bwbenzonitrile 9j: 183 mg,
1.00 mmol, 0.80 equiv) were added to the reactiotdure. The resulting mixture was stirred
for 12 h at 50 °C. The reaction mixture was therrmhed with a mixture of saturated
aqueous NECI and NH (10:1, 2 mL), extracted with ethyl acetate (3 mb) and dried over
anhydrous MgS@ After filtration, the solvent was evaporated undeduced pressure.
Purification by flash-chromatographyi-Hexane/BEO, 10:1) furnished 4-(benzofuran-2-
ylmethyl)benzonitrile 26b: 121 mg, 52%) as a yellow oil.
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'H-NMR (300 MHz, CDCkL): 5/ ppm: 7.64 (dt]) = 8.39, 1.87 Hz, 2H), 7.52 (dd,= 6.42,
2.14 Hz, 1H), 7.46-7.40 (m, 3H), 7.27-7.19 (m, 26i47 (s, 1H), 4.19 (s, 2H).

¥C-.NMR (CDCl;, 75 MHz): & = 155.6, 155.0, 142?78, 132.4, 129.6, 128.5, 12R2,8,
120.6, 118.8, 111.0, 110.8, 104.1, 35.0.

IR (Diamond-ATR, neat): v / cmi = 3062 (w), 3037 (w), 2918 (vw), 2229 (s), 1600,(m
1583 (m), 1482 (m), 1453 (s), 1432 (m), 1315 (i289 (vw), 1251 (s), 1191 (m), 1164 (m),
1145 (m), 1104 (w), 1007 (w), 955 (s), 932 (m), 4], 864 (vw), 797 (s), 738 (s), 707 (w),
682 (s).

MS (El, 70 eV): m/z(%) = 233 (M, 100), 214 (7), 204 (15), 190 (4), 176 (8), 133)(5
HRMS (C16H11NO): calc.: 233.0841; found: 233.0815 (M

Synthesis of 5-(benzofuran-2-ylmethyl)-2-methoxyberonitrile (26c):

OMe
7
\ S CN

Sc(OTfs (49 mg, 0.10 mmol) was added to a solution of 2hylbenzofuran Z4: 172 mg,
1.30 mmol, 1.00 equiv) in THF (2 mL) at 25 °C. Teaction mixture was stirred at 25 °C for
15 min then cooled to -78 °C. TMPL2Z 1.30 M in THF, 1.50 mL, 1.5 equiv) was added to
the solution. After 1 h at -78 °C, a solution of&@n (1 M in THF, 1.95 mL, 1.5 equiv) was
added and the mixture was allowed to warm up t6@5After 30 min at 25 °C, Pd(da)
(15 mg, 2 mol%), SPhos (21 mg, 4 mol%) and 2-metHsBiromobenzonitrileqr: 212 mg,
1.00 mmol, 0.80 equiv) were added to the reactiotdure. The resulting mixture was stirred
for 12 h at 50 °C. The reaction mixture was therrmhed with a mixture of saturated
aqueous NECI and NH (10:1, 2 mL), extracted with ethyl acetate (3 mb) and dried over
anhydrous MgS@Q After filtration, the solvent was evaporated undeduced pressure.
Purification by flash-chromatographyi-Hexane/BEO, 10:1) furnished 5-(benzofuran-2-
ylmethyl)-2-methoxybenzonitrile26c 197 mg, 75%) as a yellow oil.

'H-NMR (300 MHz, CDCL): & / ppm: 7.53-7.37 (m, 4H), 7.24-7.15 (m, 2H), 6(@2J =
8.46 Hz, 1H), 6.40 (d] = 1.02 Hz, 1H), 4.05 (s, 2H), 3.92 (s, 3H).

3C-NMR (CDCls, 75 MHz): § = 160.2, 156.4, 155.0, 134.8, 133.8, 129.9, 12823.7,
122.7,116.3, 111.5, 110.9, 103.7, 101.9, 56.5.33.
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IR (Diamond-ATR, neat): 7 / cmi* = 3057 (vw), 3036 (vw), 2947 (w), 2929 (w), 2228)(
1711 (w), 1609 (m), 1584 (m), 1501 (s), 1453 (8B7(s), 1266 (s), 1251 (s), 1181 (m), 1158
(m), 1121 (m), 1019 (m), 952 (m), 894 (w), 813 &2 (S).

MS (El, 70 eV): m/z(%) = 263 (M, 100), 248 (21), 232 (16), 220 (11), 190 (16), 165),
131 (29).

HRMS (C17H1aNO,): calc.: 263.0946; found: 263.0947 (M

Synthesis of 2-(4-methoxybenzyl)benzofuran (26d):

OMe
7

N

TMPLi (21: 1.30 M in THF, 1.50 mL, 1.5 equiv) was added tosealution of 2-
methylbenzofuran24: 172 mg, 1.30 mmol, 1.00 equiv) in THF (2 mL) @B-°C and the
reaction mixture was then stirred at this tempeeator 1 h. A solution of ZnGI(1 M in
THF, 1.95 mL, 1.5 equiv) was added and the mixiues allowed to warm up to 25 °C.
Pd(dba) (15 mg, 2 mol%), Xantphos (15 mg, 2 mol%) and dnrtw-4-methoxybenzen®lg:
187 mg, 1.00 mmol, 0.8 equiv) were added to theti@amixture. The resulting mixture was
stirred for 12 h at 50 °C. The reaction mixture wsn quenched with a mixture of saturated
aqueous NECI and NH (10:1, 2 mL), extracted with ethyl acetate (3 mb) and dried over
anhydrous MgS@Q After filtration, the solvent was evaporated undeduced pressure.
Purification by flash-chromatography i-H{exane/BEO, 50:1) furnished 2-(4-
methoxybenzyl)benzofura2¢d: 178 mg, 75 %) as a yellow oil.

'H-NMR (300 MHz, CDCk): & / ppm: 7.52-7.38 (m, 2H), 7.29-7.15 (m, 4H), 6(86 J =
8.79, 2.39 Hz, 2H), 6.39-6.37 (m, 1H), 4.08 (s, 282 (s, 3H).

¥C-.NMR (CDCl;, 75 MHz): & = 158.5, 158.3, 155.0, 129.9, 129.3, 128.9, 128225,
120.4, 114.0, 110.9, 103.1, 55.4, 55.3, 34.1.

IR (Diamond-ATR, neat): v / cmi* = 3063 (vw), 3037 (vw), 2981 (w), 1711 (s), 161 (
1586 (w), 1453 (m), 1416 (w), 1271 (s), 1250 (nf)74 (m), 1101 (s), 1021 (m), 951 (m),
854 (w), 826 (w), 794 (m), 749 (s), 720 (s), 686.(w

MS (El, 70 eV): m/z(%) = 238 (M, 100), 223 (17), 207 (29), 194 (8), 178 (7), 166)( 131
(13).

HRMS (C16H11NO): calc.: 238.0994; found: 238.0967 (M
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Synthesis ofN,N-diethyl-2-(4-methoxybenzyl)-1-methyl-H-indole-3-carboxamide (29):

CONEt,
s

N
)

OMe

TMPZnCI-LiCl (7: 1.37 M in THF, 0.55 mL, 1.50 equiv) was addedatgolution ofN,N-
diethyl-1,2-dimethyl-H-indole-3-carboxamide2{: 122 mg, 0.5 mmol, 1.00 equiv) in THF
(2 mL) at 25 °C and the reaction mixture was tlsérred at this temperature for 1 h.
Pd(OAc) (5 mg, 4 mol%), SPhos (16 mg, 8 mol%) and 1-br@rmethoxybenzeneb:

94 mg, 0.5 mmol, 1.0 equiv) were added to the r@achixture. The resulting mixture was
stirred for 12 h at 50 °C. The reaction mixture wrzen quenched with a mixture of saturated
agueous NECI and NH (10:1, 2 mL), extracted with ethyl acetate (3 mab) and dried over
anhydrous MgS@ After filtration, the solvent was evaporated undeduced pressure.
Purification by flash-chromatography-i{exane/EtOAc, 3:2) furnished\,N-diethyl-2-(4-
methoxybenzyl)-1-methylH-indole-3-carboxamide2@: 100 mg, 57%) as an orange oil.

'H-NMR (300 MHz, CDCk): &/ ppm: 7.49 (dJ = 7.25 Hz, 1H), 7.11 - 7.32 (m, 5H), 6.81
(d,J = 8.58 Hz, 2H), 4.26 (s, 2H), 3.77 (s, 3H), 3.3670 (m, 7H), 1.16 (s, 6H).

3C-NMR (CDCl3, 75 MHz): & / ppm = 167.6, 158.1, 139.4, 136.3, 130.3, 12925.2,
121.5,120.2, 119.1, 113.9, 110.7, 109.2, 55.8,480.4, 29.9, 13.8.

IR (Diamond-ATR, neat): v / cmi* = 2970, 2933, 2360, 2341, 1740, 1735, 1609, 1585,
1570, 1558, 1541, 1510, 1465, 1457, 1436, 14249,1B977, 1366, 1328, 1302, 1275, 1242,
1218, 1176, 1152, 1129, 1121, 1099, 1068, 103%,1888, 846, 816, 779, 741, 720.

MS (El, 70 eV): m/z(%) = 350 (M, 18), 279 (13), 277 (100), 262 (30), 247 (26), 234),

218 (15), 206 (11).

HRMS (C22H26N20,): calc.: 350.1994; found: 350.1990 (M
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Synthesis of 2-(4-methoxybenzyl)-1-(methoxymethyl)H-benzold]imidazole (30):
OMe

TMPZnCI-LiCl (7: 1.37 M in THF, 1.10 mL, 1.50 equiv) was addedatsolution of 1-
(methoxymethyl)-2-methylH-benzofllimidazole 8. 176 mg, 1.0 mmol, 1.00 equiv) in
THF (2 mL) at 25 °C and the reaction mixture waant stirred at this temperature for 1 h.
Pd(OAc)» (11 mg, 5 mol%), SPhos (33 mg, 8 mol%) and 1-brdamethoxybenzenedb:
168 mg, 0.9 mmol, 0.9 equiv) were added to theti@aenixture. The resulting mixture was
stirred for 12 h at 50 °C. The reaction mixture wsn quenched with a mixture of saturated
aqueous NECI and NH (10:1, 2 mL), extracted with ethyl acetate (3 mab) and dried over
anhydrous MgS@ After filtration, the solvent was evaporated undeduced pressure.
Purification by flash-chromatographist{exane/EtOAc, 1:1) furnished 2-(4-methoxybenzyl)-
1-(methoxymethyl)-H-benzofllimidazole @0: 173 mg, 68%) as a slightly yellow oil.

'H-NMR (300 MHz, CDCLk): &/ ppm: 7.74 - 7.80 (m, 1H), 7.36 - 7.43 (m, 1HR3- 7.29
(m, 2H), 7.20 (mJ = 8.57 Hz, 2H), 6.82 (m] = 8.85 Hz, 2H), 5.31 (s, 2H), 4.31 (s, 2H), 3.75
(s, 3H), 3.16 (s, 3H).

¥C-NMR (CDCl;, 75 MHz): & / ppm = 158.6, 153.8, 142.3, 135.5, 129.5, 12822.8,
122.4,119.5, 114.2, 109.4, 74.3, 56.1, 55.2, 33.5.

IR (Diamond-ATR, neat): v / cm® = 2998, 2933, 2835, 2360, 2340, 1735, 1718, 1652,
1612, 1585, 1510, 1456, 1425, 1410, 1387, 13648,1B202, 1279, 1244, 1203, 1176, 1153,
1118, 1094, 1062, 1031, 1009, 966, 917, 846, 888, B75, 741, 725, 704.

MS (El, 70 eV): m/z(%) = 282 (M, 71), 268 (12), 251 (36), 239 (100), 237 (38), 221),
219 (27), 131 (58), 121 (88).

HRMS (C17H1gN,0,): calc.: 282.1368; found: 282.1366 (M
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5. Iron-Catalyzed Cross-Coupling of N-Heterocylic Chlorides and

Bromides with Arylmagnesium Reagents UsingBuOMe as Solvent

Synthesis of2-phenylpyridine (33a):

\

In a dry and argon flushed 10 n8chlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloro- or 2-bromo-pyridin@1@ or 31b; 1.0 mmol, 1.0 equiv) and iron (Il
bromide (3 mol%) were dissolved in dritBuOMe (5 mL) following TP2. Then,
phenylmagnesium chlorid8Za 2.3 equiv, 1.7 M) dissolved in THF was added drnsp at
room temperature while stirring the reaction migtdor 1.5 h (for 2-chloropyridine) or
70 min (for 2-bromopyridine). The reaction mixtuas quenched with brine and extracted
with EtOAc. The organic phase was separated ared dwwver NaSO,. The product was
obtained in 82% vyield (for 2-chloropyridine) or 88% vyield (for 2-bromopyridine) as a
colorless oil after purification by flash chromataghy (silica gel, 6:1-hexane/ethyl acetate

+ 0.5% triethylamine)

'H NMR (300 MHz, CDCls) &/ppm: 7.23 (m, 1 H), 7.45 (m, 3 H), 7.75 (m, 2 BI1 (m, 2
H), 8.70 (d,J=4.7 Hz, 1 H).

13C NMR (75 MHz, CDCl3) 8/ppm: 120.60 (s, 1 C), 122.10 (s, 1 C), 126.92 (§), 128.74
(s,1C), 128.99 (s, 1 C), 136.84 (s, 1 C), 13924 C), 149.53 (s, 1 C), 157.39 (s, 1 C).

MS (70 eV, El) m/z (%) 155 (100) [M], 154 (60), 128 (10), 127 (10), 77 (9), 59 (10), 43
(7).

IR ATR v (cm™): 3062, 3036, 3008, 2927, 1586, 1580, 1564, 14689,1¥4R4, 1293, 1152,
1074, 1020, 988, 800, 737, 692.

HRMS (EI) for C1iHoN (155.1735)M]*: 155.1731.

Synthesis of 4-methyl-2-phenylpyridine (33b):

\
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In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloro-4-methylpyridine31c 1.0 mmol, 1.0 equiv) and iron (Ill) bromide
(3 mol%) were dissolved in driyBuOMe (5 mL) followingTP2. Then, phenylmagnesium
chloride B2a 2.3 equiv, 1.7 M) dissolved in THF was added dige at room temperature
while stirring the reaction mixture for 2 h. Theac#on mixture was quenched with brine and
extracted with EtOAc. The organic phase was separaind dried over N&QO,. The product
was obtained in 84% vyield as a colorless oil gtaification by flash chromatography (silica

gel, 6:1i-hexane/ethyl acetate + 0.5% triethylamine).

'H NMR (300 MHz, CDCl3) &/ppm: 2.41 (s, 3 H), 7.06 (d=4.1 Hz, 1 H), 7.44 (m, 3 H),
7.55 (s, 1 H), 7.98 (d=7.2 Hz, 2 H), 8.55 (d]=4.7 Hz, 1 H).

13C NMR (75 MHz, CDCls) 8/ppm: 21.24 (s, 1 C), 121.59 (s, 1 C), 123.14 (€)1126.94
(s, 1 C), 128.68 (s, 1 C), 128.88 (s, 1 C), 139426l C), 147.99 (s, 1 C), 149.18 (s, 1 C),
157.21 (s, 1 C).

MS (70 eV, El) m/z (%) 169 (100) [M], 168 (38), 128 (10), 167 (18), 154 (27), 115 ),
3).

IR ATR v (cm®): 3058, 2921, 1601, 1582, 1557, 1472, 1446, 14006,1B877, 1073, 1030,
989, 866, 826, 774, 734, 692.

HRMS (EI) for C1,H ;N (169.0891)YM] *: 169.0884.

Synthesis of 5-chloro-2-phenylpyridine (33c):
Cl XN

L

N

In a dry and argon flushed 10 n8chlenktube, equipped with a magnetic stirring bar and a
septum, 2-bromo-5-chloropyridine3Xd; 1.0 mmol, 1.0 equiv) and iron (lll) bromide
(3 mol%) were dissolved in driyBuOMe (5 mL) followingTP2. Then, phenylmagnesium
chloride B2a 2.3 equiv, 1.7 M) dissolved in THF was added dige at room temperature
while stirring the reaction mixture for 70 min. Theaction mixture was quenched with brine
and extracted with EtOAc. The organic phase wasrs¢gd and dried over pBO,. The
product was obtained in 78% yield as a white satidr purification by flash chromatography

(silica gel, 30:1i-hexane/ethyl acetate + 0.5% triethylamine).
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m.p.: 65.1 — 66.8 °C.

'H NMR (300 MHz, CDCl3) &/ppm: 7.47 (m, 3 H), 7.71 (m, 2 H), 7.95 (s, 1 RP8 (d,
J=1.4 Hz, 1 H), 8.65 (d]=1.9 Hz, 1 H).

¥%C NMR (75 MHz, CDClg) 8/ppm: 121.17 (s, 1 C), 126.82 (s, 1 C), 128.84.(€), 129.33
(s,1C), 130.63 (s, 1 C), 136.60 (s, 1 C), 1380Q C), 148.34 (s, 1 C), 155.48 (s, 1 C).
MS (70 eV, EI) m/z (%) 189 (100) [M], 188 (18), 154 (37), 153 (8), 127 (13), 126 (7), 7
(8).

IR ATR v (Cm'l): 3059, 3033, 2921, 1573, 1554, 1459, 1442, 1365),1PB36, 1111, 1074,
1006, 920, 835, 774, 730, 691.

HRMS (EI) for C1;HgCIN (189.0345)M] *: 189.0339.

Synthesis oftert-butyl 2-phenylnicotinate (33d):
O

| N Ot-Bu

\

In a dry and argon flushed 10 n8chlenktube, equipped with a magnetic stirring bar and a
septum, tert-butyl 2-chloronicotinate 31e 1.0 mmol, 1.0 equiv) and iron (Ill) bromide
(3 mol%) were dissolved in driyBuOMe (5 mL) followingTP2. Then, phenylmagnesium
chloride B2a 2.3 equiv, 1.7 M) dissolved in THF was added drsp at room temperature
while stirring the reaction mixture for 5 min. Theaction mixture was quenched with brine
and extracted with EtOAc. The organic phase wasrs¢gd and dried over PO, The
product was obtained in 60% yield as a white satidr purification by flash chromatography
(silica gel, 8:li-hexane/ethyl acetate + 0.5% triethylamine).

m.p.: 70.2 - 72.2 °C.

'H NMR (300 MHz, CDCls) &/ppm: 1.29 (s, 9 H), 7.31 (dd=7.7, 4.7 Hz, 1 H), 7.42 (m, 3
H), 7.52 (m, 2 H), 8.07 (dd=7.7, 1.7 Hz, 1 H), 8.73 (dds5.0, 1.7 Hz, 1 H).

¥%C NMR (75 MHz, CDCls) &/ppm: 27.51 (s, 1 C), 82.17 (s, 1 C), 121.54 (€),1128.03 (s,

1 C), 128.38 (s, 1 C), 128.67 (s, 1 C), 128.93 @), 137.73 (s, 1 C), 140.64 (s, 1 C), 150.68
(s,1C), 158.75 (s, 1 C), 167.20 (s, 1 C).

134



MS (70 eV, EI) m/z (%) 255 (19) [M] , 200 (23), 199 (100), 198 (40), 182 (28), 155)(62
154 (26), 127 (16), 57 (10).

IR ATR v (cm®): 2977, 2362, 2349, 1701, 1580, 1560, 1428, 1369118193, 1255, 1168,
1128, 1077, 1056, 850, 792, 755, 732, 701.

HRMS (El) for C1gH17NO, (255.1259)M] *: 255.1247.

Synthesis of 2-phenylquinoline (33e):

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloroquinoline8tf; 1.0 mmol, 1.0 equiv) and iron (Ill) bromide (3 1) were
dissolved in dryt-BuOMe (5 mL) following TP2. Then, phenylmagnesium chloridd2g

2.3 equiv, 1.7 M) dissolved in THF was added drgawat room temperature while stirring
the reaction mixture for 5 min. The reaction migtwvas quenched with brine and extracted
with EtOAc. The organic phase was separated ared dwver NaSQO,. The product was
obtained in 88% yield as a beige solid after pcatiion by flash chromatography (silica gel,

10:1i-hexane/ethyl acetate + 0.5% triethylamine).

m.p.: 81.9 — 83.6 °C.

'H NMR (300 MHz, CDCl3) &/ppm: 7.50 (m, 4 H), 7.75 (m, 1 H), 7.86 (m, 2 BIR2 (m, 4
H).

13C NMR (75 MHz, CDCls) d/ppm: 119.04 (s, 1 C), 126.38 (s, 1 C), 127.14.(§), 127.45
(s, 1 C), 127.65 (s, 1 C), 128.85 (s, 1 C), 12944l C), 129.52 (s, 1 C), 129.81 (s, 1 C),
137.03 (s, 1 C), 139.35 (s, 1 C), 147.98 (s, 1167,27 (s, 1 C).

MS (70 eV, El) m/z (%) 206 (20),205 (100) [M], 204 (70), 203 (13), 175 (12), 169 (15),
102 (9), 84 (8), 44 (27).

IR ATR v (cm'™): 2923, 2853, 2362, 1740, 1596, 1490, 1446, 1314012213, 1186, 1126,
1050, 1024, 923, 829, 770, 747, 690, 676.

HRMS (El) for CysH1:N (205.0891)M]*: 205.0884.
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Synthesis of 1-phenylisoquinoline (33f):
X
_N

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 1-chloroisoquinoliné1g 1.0 mmol, 1.0 equiv) and iron (Ill) bromide (3 ¥4
were dissolved in dry-BuOMe (5 mL) following TP2. Then, phenylmagnesium chloride
(328 2.3 equiv, 1.7 M) dissolved in THF was added #rge at room temperature while
stirring the reaction mixture for 5 min. The reaatimixture was quenched with brine and
extracted with EtOAc. The organic phase was separaind dried over N&Q,. The product
was obtained in 90% yield as a white solid aftenfwation by flash chromatography (silica

gel, 10:1li-hexane/ethyl acetate + 0.5% triethylamine).

m.p.: 97.6 — 99.5 °C.

'H NMR (300 MHz, CDCl3) &ppm: 7.53 (m, 4 H), 7.69 (m, 4 H), 7.89 (8.3 Hz, 1 H),
8.12 (d,J=8.6 Hz, 1 H), 8.62 (d]=5.5 Hz, 1 H).

3C NMR (75 MHz, CDCls) &/ppm: 120.01 (s, 1 C), 126.68 (s, 1 C), 126.94 (€), 127.26
(s, 1 C), 127.64 (s, 1 C), 128.36 (s, 1 C), 12§69l C), 129.93 (s, 1 C), 130.16 (s, 1 C),
136.93 (s, 1 C), 139.23 (s, 1 C), 141.86 (s, 169,60 (s, 1 C).

MS (70 eV, El) m/z (%) 206 (7),205 (46) [M], 204 (100), 203 (13), 176 (7), 102 (8).

IR ATR v (cm'™): 3053, 2921, 2364, 2337, 1618, 1582, 1552, 1500),14380, 1352, 1319,
1304, 1167, 1020, 973, 954, 875, 823, 803, 798, 764, 706, 699, 675.

HRMS (El) for CysH1:N (205.0891)M]*: 205.0864.

Synthesis of 4,6-dimethyl-2-phenylpyrimidine (33g):
CHs
~N

»
H,C N)\©
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In a dry and argon flushed 10 n8chlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloro-4,6-dimethylpyrimidin@1h; 1.0 mmol, 1.0 equiv) and iron (lll) bromide
(3 mol%) were dissolved in driyBuOMe (5 mL) followingTP2. Then, phenylmagnesium
chloride B2a 2.3 equiv, 1.7 M) dissolved in THF was added dige at room temperature
while stirring the reaction mixture for 2 h. Theacion mixture was quenched with brine and
extracted with EtOAc. The organic phase was separaind dried over N&QO,. The product
was obtained in 76% yield as a white solid afteiffmation by flash chromatography (silica

gel, 10:li-hexane/ethyl acetate + 0.5% triethylamine).

m.p.: 82.8 — 84.0 °C.

'H NMR (300 MHz, CDCls) &/ppm: 2.54 (s, 6 H), 6.92 (s, 1 H), 7.47 (m, 3843 (d,J=1.9
Hz, 1 H), 8.45 (dJ=4.4 Hz, 1 H).

¥%C NMR (75 MHz, CDCl3) &/ppm: 24.11 (s, 1 C), 117.97 (s, 1 C), 128.24 (€),1128.42
(s,1C), 130.31 (s, 1 C), 137.94 (s, 1 C), 164s08 C), 166.77 (s, 1 C).

MS (70 eV, EI) m/z (%) 185 (16),184 (100) [M[ , 169 (20), 104 (19), 103 (27), 77 (6).

IR ATR v (Cm'l): 3068, 2924, 2853, 2361, 1595, 1574, 1550, 15342144134, 1379, 1364,
1342, 1173, 1025, 932, 854, 749, 693, 662.

HRMS (EI) for C;,H1,N2 (184.1000)M] *: 184.0995.

Synthesis of 24fn-tolyl)pyridine (33)):

N

X
~ CH3

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-bromopyridine3gb; 1.0 mmol, 1.0 equiv) and iron (lll) bromide (3 %) were
dissolved in dryt-BuOMe (5 mL) followingTP2. Then, m-tolyl-magnesium bromide3eb;

2.3 equiv, 1.1 M) dissolved in THF was added drgawat room temperature while stirring
the reaction mixture for 1.5 h. The reaction migtuwas quenched with brine and extracted
with EtOAc. The organic phase was separated ared dsver NaSQO,. The product was
obtained in 80% vyield as a yellow oil after purdion by flash chromatography (silica gel,

5:1i-hexane/ethyl acetate + 0.5% triethylamine).
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'H NMR (300 MHz, CDCls) 8/ppm: 2.44 (s, 3 H), 7.22 (m, 2 H), 7.37 7.6 Hz, 1 H),
7.73 (m, 3 H), 7.85 (s, 1 H), 8.69 (4.7 Hz, 1 H).

13C NMR (75 MHz, CDCls) d/ppm: 21.51 (s, 1 C), 120.61 (s, 1 C), 121.61 (€)1123.99
(s, 1 C), 127.64 (s, 1 C), 128.62 (s, 1 C), 129</0L C), 136.67 (s, 1 C), 138.39 (s, 1 C),
139.35 (s, 1 C), 149.58 (s, 1 C), 157.63 (s, 1 C).

MS (70 eV, EI) m/z (%) 170 (14), 168 (52), 167 (23), 154 (10), 115 (5).

IR ATR v (cm™): 3049, 3008, 2918, 2860, 1584, 1565, 1473, 1460114302, 1293, 1152,
1087, 1043, 991, 883, 804, 762, 742, 724, 694.

HRMS (EI) for C1,H1:N (169.0891)YM+H]*: 169.0886.

Synthesis of 14-tolyl)isoquinoline (33Kk):

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 1-chloroisoquinoliné81g 1.0 mmol, 1.0 equiv) and iron (Ill) bromide (3 ¥4
were dissolved in drg-BuOMe (5 mL) following TP2. Then, p-tolyl-magnesium bromide
(32b; 2.3 equiv, 1.2 M) dissolved in THF was added drigpe at room temperature while
stirring the reaction mixture for 2 min. The reaatimixture was quenched with brine and
extracted with EtOAc. The organic phase was separamnd dried over N&QO,. The product
was obtained in 93% yield as a yellow oil afterification by flash chromatography (silica

gel, 12:1li-hexane/ethyl acetate + 0.5% triethylamine).

'H NMR (300 MHz, CDCl3) 8/ppm: 2.47 (s, 3 H), 7.35 (d=8.0 Hz, 2 H), 7.54 (1)=7.6 Hz,

1 H), 7.66 (m, 4 H), 7.88 (d=8.0 Hz, 1 H), 8.14 (d]=8.6 Hz, 1 H), 8.61 (d]=5.8 Hz, 1 H).
13C NMR (75 MHz, CDCls) d/ppm: 21.35 (s, 1 C), 119.77 (s, 1 C), 126.72 (€)1126.96
(s, 1 C), 127.13 (s, 1 C), 127.74 (s, 1 C), 12994l C), 129.87 (s, 1 C), 130.07 (s, 1 C),
136.37 (s, 1 C), 136.94 (s, 1 C), 138.58 (s, 11€}..86 (s, 1 C), 160.66 (s, 1 C).

MS (70 eV, El) m/z (%) 219 (80) [M], 218 (100), 217 (21), 216 (20), 205 (11), 204 (59)
203 (11), 175 (9), 108 (13), 43 (13).
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IR ATR V (cm'l): 3049, 2919, 2852, 1618, 1583, 1552, 1497, 14524 18865, 1320, 1305,
1182, 1166, 1138, 1111, 1021, 974, 873, 848, 829, 787, 749, 722, 677.

Synthesis of 2-¢-tolyl)quinoline (33l):

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloroquinolined¢f; 1.0 mmol, 1.0 equiv) and iron (Ill) bromide (3 %) were
dissolved in dryt-BuOMe (5 mL) followingTP2. Then,o-tolyl-magnesium bromide3gb;

2.3 equiv, 0.9 M) dissolved in THF was added drgawat room temperature while stirring
the reaction mixture for 45 min. The reaction migetwas quenched with brine and extracted
with EtOAc. The organic phase was separated ared dsver NaSQO,. The product was
obtained in 84% vyield as a beige solid after pcatiion by flash chromatography (silica gel,
5:1i-hexane/ethyl acetate + 0.5% triethylamine).

m.p.: 78.3 — 80.4 °C.

'H NMR (300 MHz, CDCls) 8/ppm: 2.43 (s, 3 H), 7.34 (s, 3 H), 7.54 (m, 3 HY5 (,J=7.7
Hz, 1 H), 7.87 (dJ=8.3 Hz, 1 H), 8.21 (m, 2 H).

13C NMR (75 MHz, CDCls) d/ppm: 20.34 (s, 1 C), 122.37 (s, 1 C), 126.01 (€)1126.44
(s, 1 C), 126.73 (s, 1 C), 127.49 (s, 1 C), 12§54 C), 129.50 (s, 1 C), 129.68 (s, 1 C),
129.70 (s, 1 C), 130.86 (s, 1 C), 136.00 (s, 118$.18 (s, 1 C), 140.56 (s, 1 C), 147.75 (s, 1
C), 160.22 (s, 1 C).

MS (70 eV, EI) m/z (%) 218 (100) [M-H[, 217 (27), 216 (8), 85 (27), 83 (35).

IR ATR v (cm™): 2951, 2921, 2852, 1740, 1602, 1592, 1553, 15015,14465, 1420, 1378,
1334, 1311, 1276, 1264, 1238, 1217, 1204, 11187,10314, 976, 941, 836, 798, 772, 762,
754, 722, 688, 674.

HRMS (EI) for CigH13N (219.1048)M+H] *: 219.0957.
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Synthesis of 2-(3-(trifluoromethyl)phenyl)quinoline (33m):
(L, ~
N/ CF3

In a dry and argon flushed 10 n8chlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloroquinoline8tf; 1.0 mmol, 1.0 equiv) and iron (Ill) bromide (3 1) were
dissolved in dry t-BuOMe (5 mL) following  TP2 Then, (3-
(trifluoromethyl)phenyl)magnesium bromid82g 2.3 equiv, 0.9 M) dissolved in THF was
added dropwise at room temperature while stirring teaction mixture for 15 min. The
reaction mixture was quenched with brine and etgchwith EtOAc. The organic phase was
separated and dried over 48&,. The product was obtained in 92% vyield as a bem&l
after purification by flash chromatography (siligel, 5:1i-hexane/ethyl acetate + 0.5%

triethylamine).

m.p.: 76.5 - 78.5 °C.

'H NMR (300 MHz, CDCl3) d/ppm: 7.56 (tJ=7.5 Hz, 1 H), 7.64 (t}=7.7 Hz, 1 H), 7.75 (m,
2 H), 7.86 (m, 2 H), 8.22 (dd=15.5, 8.6 Hz, 2 H), 8.36 (d=7.7 Hz, 1 H), 8.48 (s, 1 H).

13C NMR (75 MHz, CDCls) d/ppm: 118.52 (s, 1 C), 124.16 (@272.65 Hz), 124.39 (q,
J=3.92 Hz), 125.84 (q1=3.93 Hz), 126.74 (s, 1 C), 127.37 (s, 1 C), 12744 C), 129.27 (s,
1C), 129.81 (s, 1 C), 129.94 (s, 1 C), 130.66 (8), 131.23 (qJ=32.26 Hz), 137.11 (s, 1 C),
140.35 (s, 1 C), 148.24 (s, 1 C), 155.52 (s, 1 C).

MS (70 eV, El) m/z (%) 274 (19),273 (100) [M], 272 (29), 252 (10), 204 (21), 203 (6).
IR ATR v (cm™): 3060, 2362, 1741, 1592, 1509, 1483, 1466, 142818374, 1261, 1236,
1168, 1142, 1115, 1096, 1074, 1051, 806, 786, 764, 693, 652.

HRMS (El) for CigH10F3N (273.0765)M] *: 273.0763.

Synthesis of 2-(3-(trifluoromethyl)phenyl)pyridine (33n):

N

X
~ CF3

In a dry and argon flushed 10 n8chlenktube, equipped with a magnetic stirring bar and a
septum, 2-bromopyridine3tb; 1.0 mmol, 1.0 equiv) and iron (lll) bromide (3 ¥ were

140



dissolved in dry t-BuOMe (5 mL) following  TP2. Then, (3-
(trifluoromethyl)phenyl)magnesium bromid82g 2.3 equiv, 0.9 M) dissolved in THF was
added dropwise at room temperature while stirrimgreaction mixture for 2 h. The reaction
mixture was quenched with brine and extracted WtthAc. The organic phase was separated
and dried over N&QO,. The product was obtained in 66% vyield as a yellov after
purification by flash chromatography (silica gel;15i-hexane/ethyl acetate + 0.5%
triethylamine).

'H NMR (300 MHz, CDCls) 8/ppm: 7.28 (m, 1 H), 7.58 (§=7.7 Hz, 1 H), 7.67 (m, 1 H),
7.78 (m, 2 H), 8.18 (dI=7.7 Hz, 1 H), 8.29 (s, 1 H), 8.72 (#4.7 Hz, 1 H).

13C NMR (75 MHz, CDCls) d/ppm: 120.55 (s, 1C), 122.79 (s, 1C), 123.76J&8.93 Hz),
124.16 (q,J=272.36 Hz), 125.50 (q1=3.93 Hz), 129.18 (s, 1C), 130.01 (s, 1C), 13120 (
J=32.54 Hz), 136.95 (s, 1C), 140.10 (s, 1C), 14¢s84C), 155.81 (s, 1C).

MS (70 eV, El) m/z (%) 224 (10),223 (100) [M], 222 (12), 202 (7), 154 (21).

IR ATR v (cm'™): 3074, 3054, 3011, 1586, 1464, 1437, 1418, 133,12762, 1163, 1117,
1094, 1073, 1064, 1040, 991, 919, 826, 811, 773, 636, 662.

HRMS (EI) for C1,HgFsN (223.0609M] *: 223.0509.

Synthesis of 1-(3,5-bis(trifluoromethyl)phenyl)isoginoline (330):

In a dry and argon flushed 10 n8chlenktube, equipped with a magnetic stirring bar and a
septum, 1-chloroisoquinoliné81g 1.0 mmol, 1.0 equiv) and iron (Ill) bromide (3 ¥4
were dissolved in dry t-BuOMe (5mL) following TP2. Then, (3,5-
bis(trifluoromethyl)phenyl)magnesium bromid#2(; 2.3 equiv, 1.0 M) dissolved in THF was
added dropwise at room temperature while stirriregreaction mixture for 5 h. The reaction
mixture was quenched with brine and extracted WtthAc. The organic phase was separated
and dried over N&O,. The product was obtained in 75% yield as a beigld after
purification by flash chromatography (silica gelD:1 i-hexane/ethyl acetate + 0.5%

triethylamine).
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m.p.: 75.0 — 76.6 °C.

'H NMR (300 MHz, CDCls) &/ppm: 7.63 (tJ=7.9 Hz, 1 H), 7.76 (m, 2 H), 7.95 (88.3
Hz, 2 H), 8.03 (s, 1 H), 8.20 (s, 2 H), 8.65Jd5.8 Hz, 1 H).

13C NMR (75 MHz, CDCl3) &/ppm: 121.17 (s, 1C), 122.38 (m), 123.27 Jg272.72 Hz),
126.07 (s, 1C), 126.32 (s,1C), 127.44 (s, 1C), 128s, 1C), 130.14 (m), 130.52 (s, 1C),
131.83 (qJ=37.59 Hz), 136.95 (s, 1C), 141.56 (s, 1C), 14229C), 157.22 (s, 1C).

MS (70 eV, El) m/z (%) 342 (62), 341 (100) [M], 320 (8), 272 (15), 271 (7).

IR ATR v (cm'™): 3059, 2360, 1623, 1567, 1368, 1335, 1275, 1184411823, 1107, 1069,
898, 877, 846, 829, 746, 714, 703, 690, 678.

HRMS (EI) for C,7HgFgN (341. 0639M] *: 341.0549.

Synthesis of 2-(4-fluorophenyl)pyridine (33p):

~

N

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-bromopyridine3tb; 1.0 mmol, 1.0 equiv) and iron (lll) bromide (3 ¥ were
dissolved in dry-BuOMe (5 mL) followingTP2. Then, (4-fluorophenyl)magnesium bromide
(32g 2.3 equiv, 1.0 M) dissolved in THF was added #ngp at room temperature while
stirring the reaction mixture for 5 min. The reaatimixture was quenched with brine and
extracted with EtOAc. The organic phase was separaind dried over N&QO,. The product
was obtained in 68% yield as a beige solid afteifipation by flash chromatography (silica

gel, 6:1i-hexane/ethyl acetate + 0.5% triethylamine).

m.p.: 40.6 — 41.8 °C.

'H NMR (300 MHz, CDCls) &/ppm: 7.20 (m, 3 H), 7.72 (m, 2 H), 7.98 (m, 2 B)7 (d,
J=4.4 Hz, 1 H).

13C NMR (75 MHz, CDCl3) &/ppm: 115.62 (dJ=21.63 Hz), 120.17 (s, 1C), 122,00 (s, 1C),
128.65 (d,J=8.26 Hz), 135.54 (d}=4.4 Hz), 136.77 (s, 1C), 149.66 (s, 1C), 156.441(),
163.47 (d,J=248.25 Hz).

MS (70 eV, El) m/z (%) 174 (11),173 (100) [M], 172 (50), 146 (7), 145 (5).

IR ATR v (cm'™): 3053, 2924, 2854, 1599, 1584, 1567, 1510, 1466414409, 1393, 1297,
1219, 1160, 1152, 1098, 989, 844, 826, 818, 778, 724, 706.
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HRMS (El) for C11HgFN (173.0641)M] *: 173.0641.

Synthesis of 1-(4-fluorophenyl)isoquinoline (33q):
X
_N

F

In a dry and argon flushed 10 n8chlenktube, equipped with a magnetic stirring bar and a
septum, 1-chloroisoquinoliné81g 1.0 mmol, 1.0 equiv) and iron (Ill) bromide (3 ¥4
were dissolved in dry-BuOMe (5 mL) followingTP2. Then, ((4-fluorophenyl)magnesium
bromide 82g 2.3 equiv, 1.0 M) dissolved in THF was added #ngp at room temperature
while stirring the reaction mixture for 5 min. Theaction mixture was quenched with brine
and extracted with EtOAc. The organic phase wasrs¢gd and dried over PO, The
product was obtained in 90% yield as a beige sdtiel purification by flash chromatography
(silica gel, 8:li-hexane/ethyl acetate + 0.5% triethylamine).

m.p.: 79.8 — 81.5 °C.

'H NMR (300 MHz, CDCl3) 8/ppm: 7.22 (tJ=8.7 Hz, 2 H), 7.54 (t}=7.6 Hz, 1 H), 7.68 (m,

4 H), 7.88 (d,J=8.3 Hz, 1 H), 8.06 (d]=8.6 Hz, 1 H), 8.60 (d]=5.8 Hz, 1 H).

%C NMR (75 MHz, CDCls) 8/ppm: 115.37 (dJ=21.64 Hz), 120.00 (s, 1C), 126.64 (s, 1C),
127.06 (s, 1C), 127.24 (s, 1C), 127.30 (s, 1C),d8(s, 1C), 131.70 (d=8.26 Hz), 135.65
(d, J=3.41 Hz), 136.88 (s, 1C), 142.17 (s, 1C), 15954.C), 163.08 (d]=247.96 Hz).

MS (70 eV, EI) m/z (%) 223 (100) [M+H], 202 (7), 194 (4), 111 (3), 83 (22).

IR ATR v (cm™): 3056, 2924, 2854, 1795, 1604, 1582, 1553, 1509,14384, 1353, 1233,
1221, 1159, 975, 877, 844, 834, 804, 798, 757, @24,

HRMS (EI) for CisH1gFN (223.0797)M+H] *: 223.0701.

Synthesis of 2-(4-chlorophenyl)quinoline (33r):
(L,
—
T
Cl
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In a dry and argon flushed 10 n8chlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloroquinoline8tf; 1.0 mmol, 1.0 equiv) and iron (Ill) bromide (3 1) were
dissolved in dryt-BuOMe (5 mL) followingTP2. Then, (4-chlorophenyl)magnesium bromide
(32h; 2.3 equiv, 1.2 M) dissolved in THF was added drige at room temperature while
stirring the reaction mixture for 5 min. The reaatimixture was quenched with brine and
extracted with EtOAc. The organic phase was separaind dried over N&Q,. The product
was obtained in 84% yield as a white solid afteiffmation by flash chromatography (silica

gel, 10:li-hexane/ethyl acetate + 0.5% triethylamine).

m.p.: 114.8 — 116.2 °C.

'H NMR (300 MHz, CDCls) &/ppm: 7.52 (m, 3 H), 7.76 (m, 3 H), 8.15 (m, 4 H).

¥C NMR (75 MHz, CDClg) 8/ppm: 118.49 (s, 1 C), 126.47 (s, 1 C), 127.2A (€), 127.47
(s, 1C), 128.79 (s, 1 C), 129.99 (s, 1 C), 1295/ C), 129.81 (s, 1 C), 135.53 (s, 1 C),
136.91 (s, 1 C), 138.02 (s, 1 C), 148.22 (s, 1165,93 (s, 1 C).

MS (70 eV, El) m/z (%) 241 (5),239 (100) [M], 203 (2), 102 (1).

IR ATR v (Cm'l): 3055, 2361, 2338, 1596, 1588, 1577, 1552, 1484),14399, 1285, 1089,
1050, 1008, 939, 815, 788, 770, 752, 732, 715, 652,

HRMS (EI) for CysH1¢CIN (239.0502)M] *: 239.0507.

Synthesis of 2-(4-methoxyphenyl)pyridine (33s):

N

—

N
OMe

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-bromopyridine3gb; 1.0 mmol, 1.0 equiv) and iron (lll) bromide (3 ¥4 were
dissolved in dryt-BuOMe (5 mL) following TP2. Then, (4-methoxyphenyl)magnesium
bromide B2i; 2.3 equiv, 1.3 M) dissolved in THF was added @nsp at room temperature
while stirring the reaction mixture for 10 min. Theaction mixture was quenched with brine
and extracted with EtOAc. The organic phase wasrs¢gd and dried over PO, The
product was obtained in 82% yield as a white satidr purification by flash chromatography

(silica gel, 5:li-hexane/ethyl acetate + 0.5% triethylamine).

m.p.: 58.7 — 60.4 °C.
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'H NMR (300 MHz, CDCl3) &ppm: 3.86 (s, 3 H), 7.00 (d=8.8 Hz, 2 H), 7.18 (m, 1 H),
7.71 (m, 2 H), 7.95 (dl=8.8 Hz, 2 H), 8.66 (d]=4.4 Hz, 1 H).

3C NMR (75 MHz, CDCls) 8/ppm: 55.34 (s, 1 C), 114.14 (s, 1 C), 119.91 (€)1121.42
(s, 1 C), 128.21 (s, 1 C), 131.71 (s, 1 C), 13871 C), 149.28 (s, 1 C), 156.98 (s, 1 C),
160.53 (s, 1 C).

MS (70 eV, El) m/z (%) 186 (13),185 (100) [M], 142 (26), 141 (16), 115 (5).

IR ATR v (cm'™): 3062, 2997, 2963, 2837, 1601, 1586, 1579, 15623,1K58, 1431, 1407,
1306, 1302, 1272, 1243, 1176, 1151, 1113, 1058,10®1, 1005, 838, 776, 736, 718.
HRMS (EI) for C1,H1;NO (185.0841)YM]*: 185.0840.

Synthesis of 2-(4-methoxyphenyl)quinoline (33t):
O A

“C
OMe

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloroquinolined¢f; 1.0 mmol, 1.0 equiv) and iron (Ill) bromide (3 %) were
dissolved in dryt-BuOMe (5 mL) following TP2. Then, (4-methoxyphenyl)magnesium
bromide B2i; 2.3 equiv, 1.3 M) dissolved in THF was added @ngp at room temperature
while stirring the reaction mixture for 5 min. Theaction mixture was quenched with brine
and extracted with EtOAc. The organic phase wasrs¢gd and dried over PO, The
product was obtained in 87% yield as a white satidr purification by flash chromatography

(silica gel, 7:li-hexane/ethyl acetate + 0.5% triethylamine).

m.p.: 123.7 — 125.6 °C.

'H NMR (300 MHz, CDCl3) &/ppm: 3.87 (s, 3 H), 7.05 (d=8.8 Hz, 2 H), 7.49 (t}=7.5 Hz,

1 H), 7.75 (m, 3 H), 8.16 (m, 4 H).

13C NMR (75 MHz, CDCls) d/ppm: 55.37 (s, 1 C), 114.23 (s, 1 C), 118.51 (€)1125.90
(s, 1 C), 126.90 (s, 1 C), 127.43 (s, 1 C), 12§89l C), 129.49 (s, 1 C), 129.57 (s, 1 C),
132.18 (s, 1 C), 136.63 (s, 1 C), 148.24 (s, 1165,85 (s, 1 C), 160.84 (s, 1 C).

MS (70 eV, El) m/z (%) 235 (100) [M], 220 (18), 192 (17), 191 (18), 95 (3).

IR ATR v (cm™): 3047, 2961, 2841, 1603, 1595, 1582, 1497, 1468),14&1, 1290, 1284,
1247, 1175, 1156, 1124, 1112, 1028, 1013, 948, 834, 816, 789, 770, 761, 748, 726, 678.
HRMS (El) for C16H13NO (235.0997)M] *: 235. 0993.
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Synthesis of 1-(3,5-dimethoxyphenyl)isoquinoline &):

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 1-chloroisoquinoline81g 1.0 mmol, 1.0 equiv) and iron (1) bromide (3 ¥1)
were dissolved in dry t-BuOMe (5mL) following TP2. Then, (3,5-
dimethoxyphenyl)magnesium bromid@2(; 2.3 equiv, 1.2 M) dissolved in THF was added
dropwise at room temperature while stirring thectiem mixture for 5 min. The reaction
mixture was quenched with brine and extracted &ithAc. The organic phase was separated
and dried over N&QO,. The product was obtained in 71% vyield as a yello after
purification by flash chromatography (silica gelQ:1 i-hexane/ethyl acetate + 0.5%

triethylamine).

'H NMR (300 MHz, CDCls) 8/ppm: 3.84 (s, 6 H), 6.61 (@=2.3 Hz, 1 H), 6.83 (d}=2.4 Hz,

2 H), 7.52 (m, 1 H), 7.67 (m, 2 H), 7.86 (8.3 Hz, 1 H), 8.14 (d}=8.6 Hz, 1 H), 8.59 (d,
J=5.7 Hz, 1 H).

13C NMR (75 MHz, CDCls) d/ppm: 55.48 (s, 1 C), 101.04 (s, 1 C), 107.98 (€)1120.08
(s, 1 C), 126.66 (s, 1 C), 126.91 (s, 1 C), 12718l C), 127.57 (s, 1 C), 130.05 (s, 1 C),
136.80 (s, 1 C), 141.39 (s, 1 C), 141.99 (s, 169,55 (s, 1 C), 160.66 (s, 1 C).

MS (70 eV, El) m/z (%) 266 (13),265 (100) [M], 264 (91), 250 (19), 235 (14), 234 (22),
206 (11), 191 (13).

IR ATR v (cm™): 3051, 3000, 2936, 2838, 1591, 1585, 1557, 14534,14283, 1358, 1318,
1203, 1151, 1061, 1051, 1003, 927, 824, 799, 758, 700, 686, 654.

HRMS (EI) for C,7H15NO, (265.1103)M] *: 265.1090.

Synthesis of 2-(benza][1,3]dioxol-5-yl)quinoline (33v):
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In a dry and argon flushed 10 n8chlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloroquinoline8tf; 1.0 mmol, 1.0 equiv) and iron (Ill) bromide (3 1) were
dissolved in dry-BuOMe (5 mL) followingTP2. Then, benza][1,3]dioxol-5-yImagnesium
bromide B2k; 2.3 equiv, 1.2 M) dissolved in THF was added @ige at room temperature
while stirring the reaction mixture for 5 min. Theaction mixture was quenched with brine
and extracted with EtOAc. The organic phase wasrs¢gd and dried over pBO,. The
product was obtained in 81% yield as a white satidr purification by flash chromatography

(silica gel, 10:1i-hexane/ethyl acetate + 0.5% triethylamine).

m.p.: 97.9 — 99.1 °C.

'H NMR (300 MHz, CDClg) 8/ppm: 6.03 (s, 2 H), 6.95 (d=8.3 Hz, 1 H), 7.50 (t}=7.0 Hz,

1 H), 7.72 (m, 5 H), 8.14 (dds=8.4, 4.0 Hz, 2 H).

¥%C NMR (75 MHz, CDClg) 8/ppm: 101.35 (s, 1 C), 107.91 (s, 1 C), 108.43.(€), 118.56
(s, 1 C), 121.73 (s, 1 C), 126.03 (s, 1 C), 12698l C), 127.39 (s, 1 C), 129.54 (s, 1 C),
129.62 (s, 1 C), 134.11 (s, 1 C), 136.64 (s, 11@8.17 (s, 1 C), 148.38 (s, 1 C), 148.82 (s, 1
C), 156.62 (s, 1 C).

MS (70 eV, EI) m/z (%) 250 (15),249 (100) [M[, 248 (15), 191 (12), 190 (9), 163 (2).

IR ATR v (Cm'l): 3051, 3008, 2895, 2780, 1594, 1494, 1486, 145431445, 1353, 1290,
1251, 1245, 1233, 1222, 1206, 1116, 1108, 10975,1930, 916, 906, 892, 837, 826, 813,
799, 782, 742, 718, 682.

HRMS (EI) for C1¢H1:NO, (249. 0790]M] *: 249.0782.

Synthesis of 4-(isoquinolin-1-yl)phenyl pivalate (3w):
X
N

OPiv

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 1-chloroisoquinoliné81g 1.0 mmol, 1.0 equiv) and iron (Ill) bromide (3 8%
were dissolved in dry t-BuOMe (5mL) following TP2. Then, (4-
(pivaloyloxy)phenyl)magnesium bromida2(; 2.3 equiv, 0.8 M) dissolved in THF was added

dropwise at room temperature while stirring thectiem mixture for 15 min. The reaction
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mixture was quenched with brine and extracted WtthAc. The organic phase was separated
and dried over N&O,. The product was obtained in 80% vyield as a whkiéd after
purification by flash chromatography (silica gel;14i-hexane/ethyl acetate + 0.5%

triethylamine).

m.p.: 97.1 — 96.3 °C.

H NMR (300 MHz, CDClg) &/ppm: 1.41 (s, 9 H), 7.25 (d=8.6 Hz, 2 H), 7.54 (t}=7.2 Hz,

1 H), 7.70 (m, 4 H), 7.88 (d=8.0 Hz, 1 H), 8.11 (d]=8.3 Hz, 1 H), 8.60 (dJ=5.5 Hz, 1 H).

¥%C NMR (75 MHz, CDCls) &/ppm: 27.16 (s, 1 C), 39.17 (s, 1 C), 120.19 (€),1121.50 (s,

1 C), 126.71 (s, 1 C), 127.01 (s, 1 C), 127.34 (), 127.52 (s, 1 C), 130.23 (s, 1 C), 131.01
(s, 1 C), 136.59 (s, 1 C), 136.93 (s, 1 C), 14X80L C), 151.58 (s, 1 C), 159.77 (s, 1 C),
177.00 (s, 1 C).

MS (70 eV, EI) m/z (%) 305 (68) [M] , 222 (12), 221 (70), 220 (100), 204 (22), 192)(20
191 (35), 110 (26), 57 (32).

IR ATR v (cm™): 3469, 2974, 2872, 1749, 1740, 1554, 1498, 14787 14884, 1354, 1275,
1199, 1164, 1111, 1026, 1016, 974, 900, 882, 858, 834, 820, 798, 788, 754, 726, 678.
HRMS (EI) for C,H19NO, (305. 1416]M]*: 305. 1409.

Synthesis oftert-butyl 3-(quinolin-2-yl)phenyl carbonate (33x):
(L,
Z OBoc

T

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloroquinolined¢f; 1.0 mmol, 1.0 equiv) and iron (Ill) bromide (3 %) were
dissolved in dry tBuOMe (5mL) following TP2. Then, (3tert-
butoxycarbonyloxy)phenyl)magnesium bromid&2if;, 2.3 equiv, 0.7 M) dissolved in THF
was added dropwise at room temperature while rsgirtihe reaction mixture for 15 min. The
reaction mixture was quenched with brine and etgchwith EtOAc. The organic phase was
separated and dried over 48&,. The product was obtained in 84% vyield as a whdkd
after purification by flash chromatography (siligel, 4:1i-hexane/ethyl acetate + 0.5%
triethylamine).

m.p.: 95.1 — 96.3 °C.
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'H NMR (300 MHz, CDCl3) 8/ppm: 1.60 (s, 9 H), 7.29 (m, 1 H), 7.5317.9 Hz, 2 H),
7.73 (m, 1 H), 7.83 (m, 2 H), 8.04 (diE4.1, 2.2 Hz, 2 H), 8.19 (m, 2 H).

13C NMR (75 MHz, CDCls) &/ppm: 27.75 (s, 1 C), 83.58 (s, 1 C), 118.80 (€),1120.43 (s,

1 C), 122.23 (s, 1 C), 124.80 (s, 1 C), 126.50 (8), 127.30 (s, 1 C), 127.45 (s, 1 C), 129.71
(s, 1 C), 129.77 (s, 1 C), 136.93 (s, 1 C), 141s13l C), 148.12 (s, 1 C), 151.67 (s, 1 C),
151.83 (s, 1 C), 156.03 (s, 1 C).

MS (70 eV, El) m/z (%) 321 (9) [M[, 222 (13), 221 (100), 220 (82), 204 (22), 191 (55)
(26).

IR ATR v (cm™): 3496, 3076, 2982, 1747, 1598, 1454, 1445, 136%,12874, 1264, 1252,
1242, 1183, 1142, 1083, 1047, 928, 869, 825, 884, 780, 769, 742, 692, 686.

HRMS (EI) for C,0H1gNO3 (321. 1365)]M]*: 321. 1360.

N,N-dimethyl-4-(quinolin-2-yl)aniline (3y) (CAS Number._ 16032-41-0):
(L,
=
T
N CHa

|
CHs

In a dry and argon flushed 10 n8chlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloroquinolined¢f; 1.0 mmol, 1.0 equiv) and iron (Ill) bromide (3 %) were
dissolved in dry t-BuOMe (5mL) following  TP2 Then, (4-
(dimethylamino)phenyl)magnesium bromid&2(; 2.3 equiv, 1.3 M) dissolved in THF was
added dropwise at room temperature while stirring teaction mixture for 5 min. The
reaction mixture was quenched with brine and etdrhwith EtOAc. The organic phase was
separated and dried over 48&,. The product was obtained in 82% yield as a réid sdter
purification by flash chromatography (silica gel;19i-hexane/ethyl acetate + 0.5%

triethylamine).

m.p.: 175.8 — 177.5 °C.

'H NMR (300 MHz, CDCls) &/ppm: 3.04 (s, 6 H), 6.84 (d=8.8 Hz, 2 H), 7.46 (t)=7.2 Hz,
1 H), 7.69 (m, 1 H), 7.77 (3=7.9 Hz, 1 H), 7.83 (d}=8.6 Hz, 1 H), 8.12 (dd}=8.5, 6.6 Hz,
4 H).
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13C NMR (75 MHz, CDCls) d/ppm: 40.34 (s, 1 C), 112.24 (s, 1 C), 118.26 (€)1125.33
(s, 1 C), 126.69 (s, 1 C), 127.33 (s, 1 C), 127871 C), 128.46 (s, 1 C), 129.33 (s, 1 C),
136.26 (s, 1 C), 148.41 (s, 1 C), 151.35 (s, 167,33 (s, 1 C).

MS (70 eV, El) m/z (%) 248 (100) [M], 247 (35), 204 (11), 124 (4).

IR ATR v (cm'™): 3058, 2887, 2809, 1595, 1564, 1545, 1539, 1498414360, 1326, 1286,
1226, 1198, 1168, 1140, 1130, 1120, 947, 811, 782,

HRMS (EI) for Cy/H 16N, (248. 1313)]M]*: 248.1309.

6. Ligand-Accelerated Fe- and Co-Catalyzed Cross-@pling Reactions
betweenN-Heterocyclic Halides and Arylmagnesium Reagents

6.1. Preparation of the Starting Materials

Synthesis of 2-bromo-3-(4-chlorophenyl)pyridine (3b):
Cl

\

Diisopropylamine (1.0 equiv, 20 mmol) in THF (50 jnlvas cooled to -78 °C, andBulLi
(2.0 equiv, 20 mmol) was added dropwise at -78 Pz reaction mixture was stirred for
15 min at -78 °C, slowly warmed up to -5 °C andntlweoled to -95 °C. A solution of 2-
bromo-pyridine (1 equiv, 20 mmol) in THF (20 mL) svadded dropwise, and the reaction
mixture was stirred for 4 h at -95 °C. A solutiodnZmCl, (1.1 equiv, 22 mmol, 1 M in THF)
was added dropwise and the reaction mixture wasme@rup to 25 °C. 1-Chloro-4-
iodobenzene (0.75 equiv, 15 mmol) and Pdfph(5 mol%) were added and the reaction
mixture was heated to 50 °C for 2 h. The reactiarture was quenched with brine and
extracted with EtOAc. The organic phase was drigtd NaSO, and the crude material was
purified by column chromatography (silica gel, 180iexane/ethyl acetate) to furnish 2.01 g
(50%) of the product as a pink solid.

m.p.: 136 — 139 °C.
'H NMR (300 MHz, CDCl3) &/ppm: 7.29 - 7.48 (m, 5 H), 7.59 (d#57.46, 1.66 Hz, 1 H),
8.38 (dd,J=4.56, 1.52 Hz, 1 H).
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13C NMR (75 MHz, CDCls) &/ppm: 122.74 (s, 1 C), 128.56 (s, 1 C), 130.6A (€), 134.56
(s, 1C), 137.24 (s, 1 C), 138.60 (s, 1 C), 138590 C), 142.21 (s, 1 C), 149.01 (s, 1 C)
MS (70 eV, El) m/z (%): 267 (48), 190 (27), 188 (100), 153 (52), 152 (426 (15).

IR ATR v (cm™): 3045, 3036, 2000, 1911, 1572, 1554, 1494, 14423 14876, 1301, 1098,
1090, 1053, 1020, 997, 833, 822, 803, 778, 744, 706.

HRMS (El) for C11H,BrCIN (266.9450) [M[: 266.9444.

Synthesis of 2-bromo-4-(3-bromophenyl)-5-chloropydine (35e):
Br

Cl

\

Diisopropylamine (1.1 equiv, 16.5 mmol) in THF (%) was cooled to -78 °C andBulLi
(1.1 equiv, 16.5 mmol) was added dropwise at -78T1& reaction mixture was stirred for 15
minutes at -78 °C, slowly warmed up to -5 °C anentltooled to -78 °C. A solution of 2-
bromo-5-chloropyridine (1 equiv, 15 mmol) in THF (7L) was added dropwise, and the
reaction mixture was stirred for 2 h. A solution&iCk (1.2 equiv, 18 mmol, 1 M in THF)
was added at -78 °C and the reaction mixture wagvat to warm up to 25 °C. 1-Bromo-3-
iodobenzene (1.1 equiv, 16.5 mmol) and PdPRh(5 mol%) were added, and the reaction
mixture was heated to 50 °C over night. The reactioxture was quenched with brine and
extracted with EtOAc. The organic phase was drigtd NaSO, and the crude material was
purified by column chromatography (silica gel, 1i-iexane/ethyl acetate) to furnish 3.6 g

(68%) of the product as a yellow solid.

m.p.: 109 — 111 °C.

'H NMR (300 MHz, CDCls) &/ppm: 7.34 - 7.42 (m, 2 H), 7.47 (s, 1 H), 7.58657(m, 2 H),
8.45 (s, 1 H).

13C NMR (75 MHz, CDCls) &/ppm: 122.60 (s, 1 C), 127.47 (s, 1 C), 129.13(€), 129.74
(s, 1 C), 130.11 (s, 1 C), 131.68 (s, 1 C), 132451 C), 137.09 (s, 1 C), 140.03 (s, 1 C),
148.61 (s, 1 C), 150.05 (s, 1 C).

MS (70 eV, El) m/z (%): 345 (18), 268 (20), 267 (16), 187 (47), 152 (12).

IR ATR v (cm™): 3045, 2361, 1564, 1512, 1443, 1412, 1322, 1282211095, 1067, 1023,
995, 920, 890, 880, 784, 746, 730, 691, 664.
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HRMS (EI) for C11HeBr-CIN (344.8556) [M]: 344.8541.

Synthesis of 2-bromo-5-chloro-4-(4-fluorophenyl)pyidine (35h):
F

Cl

\

Diisopropylamine (1.1 equiv, 16.5 mmol) in THF (B%.) was cooled to -78 °C andBuLli
(2.1 equiv, 16.5 mmol) was added dropwise at -78TIi& reaction mixture was stirred for
15 minutes at -78 °C, slowly warmed up to -5 °C #reh cooled to -78 °C. A solution of 2-
bromo-5-chloropyridine (1 equiv, 15 mmol) in THF (iL) was added dropwise, and the
reaction mixture was stirred for 2 h. A solution&iCh (1.2 equiv, 18 mmol, 1 M in THF)
was added at -78 °C and reaction mixture was alioteewarm up to 25 °C. 1-Fluoro-4-
iodobenzene (1.1 equiv, 16.5 mmol) and PdPRh(5 mol%) were added. The reaction
mixture was heated to 50 °C over night. The reactioxture was quenched with brine and
extracted with EtOAc. The organic phase was drigtd NaSO, and the crude material was
purified by column chromatography (silica gel, 10:Aexane/ethyl acetate) to furnish 3 g
(70%) of the product as a white solid.

m.p.: 130 — 132 °C.

'H NMR (300 MHz, CDClg) 8/ppm: 11.25 (tJ=8.67 Hz, 2 H), 11.51 - 11.56 (m, 3 H), 12.50
(s, 1 H).

%C NMR (75 MHz, CDCl3) 8/ppm: 115.78 (dJ=21.88 Hz, 1 C) 129.22 (s, 1 C), 129.83 (s, 1
C), 130.82 (dJ=8.45 Hz, 1 C), 131.18 (d=3.07 Hz, 1 C), 139.99 (s, 1 C), 149.15 (s, 1 C),
149.99 (s, 1 C), 163.30 (#:250.29 Hz, 1 C).

MS (70 eV, EI) m/z (%): 285 (34), 206 (37), 171 (50), 144 (13), 73 (29)(510).

IR ATR v (cm™): 3076, 3041, 2362, 1907, 1773, 1604, 1569, 1504614334, 1234, 1223,
1159, 1109, 1098, 1020, 886, 843, 832.

HRMS (EI) for C1;HeBrCIFN (284.9356) [M]: 284.9332.
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Synthesis of 2-bromo-3-(4-methoxyphenyl)quinoline36i):

O OMe
949
7

N Br

Diisopropylamine (1.1 equiv, 8.8 mmol) in THF (13.)nwas cooled to -78 °C ana-BuLi
(2.1 equiv, 8.8 mmol) was added dropwise at -78 P& reaction mixture was stirred for
15 minutes at -78 °C, slowly warmed up to -5 °C #reh cooled to -90 °C. A solution of 2-
bromoquinoline (1 equiv, 8 mmol) in THF (4 mL) wadded dropwise, and the reaction
mixture was stirred for 4 h. A Solution of ZnCGL.2 equiv, 9.6 mmol, 1 M in THF) was
added at -90 °C and reaction mixture was allowedwsrm up to 25 °C. 1-lodo-4-
methoxybenzene (1.1 equiv, 8.8 mmol) and PsRRH5 mol%) were added. The reaction
mixture was heated to 50 °C over night. The reactioxture was quenched with brine and
extracted with EtOAc. The organic phase was drigtd WaSO,, and the crude material was
purified by column chromatography (silica gel, 1Pfiexane/ethyl acetate) to produce 0.5 g
(20%) of the product as a white solid.

m.p.: 91 - 95 °C.

'H NMR (300 MHz, CDCls) 8/ppm: 3.89 (s, 3 H), 7.01 (m, 2 H), 7.44 (m, 2 A8 (ddd,
J=8.11, 6.91, 1.19 Hz, 1 H), 7.73 (dd&8.52, 6.97, 1.43 Hz, 1 H), 7.81 (d&8.11, 1.19 Hz,
1 H), 8.03 (s, 1 H), 8.06 - 8.12 (m, 1 H).

3C NMR (75 MHz, CDCls) 8/ppm: 55.34 (s, 1 C), 113.64 (s, 1 C), 127.32 (€)1127.34
(s, 1 C), 127.52 (s, 1 C), 128.41 (s, 1 C), 13q=R2L C), 130.94 (s, 1 C), 131.39 (s, 1 C),
136.77 (s, 1 C), 137.80 (s, 1 C), 143.23 (s, 187,35 (s, 1 C), 159.67 (s, 1 C).

MS (70 eV, El) m/z (%): 313 (31), 234 (22), 219 (14), 191 (11), 190 (14).

IR ATR v (cm™): 3044, 2965, 2914, 2839, 1608, 1584, 1512, 14840,18340, 1285, 1238,
1177, 1133, 1078, 1027, 1014, 958, 878, 827, 834, 781, 767, 656.

HRMS (El) for C16H1,BrNO (313.0102) [M]: 313.0091.
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Synthesis of 2-bromo-4-(4-chloro-2-fluorophenyl)pyimidine (35I):
Cl

2-Bromopyridine (1 equiv, 6 mmol) in THF (6 mL) wasgacted with a solution of
TMPMgCILICI (1.1 equiv, 6.6 mmol, 1.00 M in THF) at -55 “Gr 1.5 h. A solution of
ZnCl, (1.2 equiv, 7.2 mmol, 1 M in THF) was added, arelbaction mixture was allowed to
warm up to 25 °C. 4-Chloro-2-fluoro-1-iodobenzerie3( equiv, 7.8 mmol), Pd(dba)
(3 mol%) and R¢-furyl)s (6 mol%)were added, and the reaction mixture was heat&0 &
over night. The reaction mixture was quenched witine and extracted with EtOAc. The
organic phase was dried with )£, and the crude material was purified by column
chromatography (silica gel, 5iihexane/ethyl acetate) to furnish 1.7 g (78%) ef phoduct

as a white solid.

m.p.: 125 - 127 °C.

'H NMR (300 MHz, CDCls) &8/ppm: 7.22 - 7.35 (m, 2 H), 7.83 (d#55.36, 1.55 Hz, 1 H),
8.23 (1,J=8.46 Hz, 1 H), 8.62 (dI=5.25 Hz, 1 H)

¥C NMR (75 MHz, CDCls) &/ppm: 117.32 (d, J=26.37 Hz, 1 C), 119.33 (d, J4a3}z, 1
C), 125.55 (s, 1 C), 131.84 (s, 1 C), 138.74 (40384 Hz, 1 C), 153.29 (s, 1 C), 159.84 (s, 1
C), 161.19 (d, J=256.93 Hz), 161.63 (s, 1 C), 181561 C).

MS (70 eV, El) m/z (%): 285 (1), 88 (5), 73 (5), 70 (10), 61 (17).

IR ATR v (cm): 3112, 3101, 3032, 2360, 1612, 1561, 1527, 14833,14402, 1348, 1345,
1340, 1212, 1191, 1172, 1086, 901, 858, 845, 828, 771, 706, 661.

HRMS (EI) for C10HsBrCIFN , (285.9309) [M]: 285.9307.

Synthesis of 2-bromo-4-(4-(trifluoromethyl)phenyl)yrimidine (35m):
CF3



2-Bromopyridine (1 equiv, 6 mmol) in THF (6 mL) wasgacted with a solution of
TMPMgCILICI (1.1 equiv, 6.6 mmol, 1.00 M in THF) at -55 “Gr 1.5 h. A solution of
ZnCl, (1.2 equiv., 7.2 mmol, 1 M in THF) was added arelbaction mixture was allowed to
warm up to 25 °C. 1-lodo-4-(trifluoromethyl)benze(®.3 equiv, 7.8 mmol), Pd(dka)
(3 mol%) and Ri-furyl); (6 mol%)were added and the reaction mixture was heate@ €5
over night. The reaction mixture was quenched witine and extracted with EtOAc. The
organic phase was dried with ##, and thecrude material was purified by column
chromatography (silica gel, 4ithexane/ethyl acetate) to furnish 1.3 g (70%) ef phoduct

as a white solid.

m.p.: 89 — 93 °C.

'H NMR (300 MHz, CDCl3) &/ppm: 7.73 (dJ=5.24 Hz, 1 H), 7.78 (mJ=8.23 Hz, 2 H),
8.20 (m,J=8.04 Hz, 2 H), 8.65 (dI=5.05 Hz, 1 H).

3C NMR (75 MHz, CDCl3) 8/ppm: 115.87 (s, 1 C), 123.67 (q, J=272.36 Hz, 11€5.07 (q,
J=3.93 Hz, 1 C), 127.80 (s, 1 C), 133.46 (q, J=8Ri8, 1 C), 138.27 (s, 1 C), 153.80 (s, 1 C),
160.03 (s, 1 C), 165.32 (s, 1 C).

MS (70 eV, El) m/z (%): 223 (4), 171 (1), 88 (4), 73 (4), 70 (9).

IR ATR v (cm™): 3132, 3060, 2362, 2332, 1563, 1430, 1320, 11801 11162, 1119, 1077,
1055, 1018, 982, 842, 830, 816, 770, 764, 740, 702.

HRMS (EI) for C11HgBrF 3N, (301.9666) [M]: 303.9646.

Synthesis of 2-chloro-4,6-bis(ethylthio)-1,3,5-trizine (35q):
SEt

)
EtS)\ N/)\CI

BuLi (2.2 equiv, 475 mmol) was added to a solutdrEtSH (2.5 equiv, 534 mmol) in THF
(200 mL) at -78°C. The mixture was immediately warmed to Z5. The milky-white
mixture was transferred via syringe to a solutibeyanuric chloride (1 equiv, 216 mmol) in
THF (50 mL) at -78C. The mixture was immediately warmed to°Z5and quenched with
NH4CIl sat. aq. The mixture was extracted with@Gtdried with MgSQ, filtered, and
concentrated in vacuo to yield the crude substascan orange oil, which was composed of
the title compound mixed with 2,4,6-tris(ethylthib)3,5-triazine. Purification was
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accomplished using vacuum distillation (bp 97-98, 0.001 mbar) to provide the titled
compound as a pale yellow oil that was 18.7 g (3@ébe by GC analysis.

'H NMR (300 MHz, CDCls) &/ppm: 1.35 (td,J=7.26, 2.90 Hz, 6 H), 2.93 - 3.26 (11%57.36,
7.36, 7.26, 2.90 Hz, 4 H).

13C NMR (75 MHz, CDCl3) &/ppm: 14.03 (s, 1 C), 25.13 (s, 1 C), 167.95 (§),1182.82 (s,
1C).

MS (70 eV, El) m/z (%): 235 (100), 206 (18), 202 (23), 172 (40), 146 (68)(30).

IR ATR v (cmil): 2972, 2930, 2873, 1499, 1453, 1412, 1374, 1279319852, 1135, 1056,
966, 838, 787, 750.

HRMS (EI) for C7H14CIN5S; (235.0005) [M]: 234.9994.

Synthesis of 2-bromo-4-((trimethylsilyl)ethynyl)pyndine (35r):
T™S

Triethylamine (60 mL) and toluene (30 mL) were atitle 2-bromo-4-iodopyridine (1 equiv,
9 mmol). Pd(P§P)x (5 mol%) and Cul (10 mol%) were added and theti@aenixture was
cooled to 0 °C. Trimethylsilylacetylene (1 equivn®nol) was added and the reaction mixture
was stirred at room temperature over night. Theti@a mixture was quenched with brine
and extracted with EtOAc. The organic phase wasddrith NaSO, and thecrude material
was purified by column chromatography (silica dg&ll i-hexane/ethyl acetate) to furnish

1.37 g (60%) of the product as a slightly yelloguid.

'H NMR (300 MHz, CDCls) &/ppm: 0.26 (s, 9 H), 7.24 (dds5.11, 1.24 Hz, 1 H), 7.51 (s, 1
H), 8.30 (d,J=4.98 Hz, 1 H).
13C NMR (75 MHz, CDCls) 8/ppm: -0.43 (s, 1 C), 100.32 (s, 1 C), 101.96 (€)1124.71 (s,
1 C), 130.03 (s, 1 C), 133.74 (s, 1 C), 142.13 @), 149.82 (s, 1 C).
MS (70 eV, El) m/z (%): 252 (5), 240 (63), 239 (10), 144 (5), 131 (4),(8D
IR ATR v (cm™): 2960, 2900, 2172, 1580, 1570, 1518, 1456, 1365),12512, 1077, 983,
873, 835, 759, 710.
HRMS (EI) for C10H1,BrNSi (252.9922) [M]: 253.9824.
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Synthesis of 2-bromo-3-(but-3-en-1-yl)pyridine (39s
X X

7

N Br

2-Bromo-3-(bromomethyl)pyridine (1 equiv, 1 mmolasvdissolved in THF (3 mL) and a
solution of allyl magnesium chloride (1.1 equiv,l Immol, 1.2 M in THF) was added
dropwise at -78 °C. The reaction mixture was alldw® warm up to room temperature over
night. The reaction mixture was quenched with band extracted with EtOAc. The organic
phase was dried with N&O, and thecrude material was purified by column chromatogyaph
(silica gel, 6:1li-hexane/ethyl acetate) to furnish 81 mg (38%) ef phoduct as a colorless

liquid.

'H NMR (300 MHz, CDCl3) &/ppm: 2.40 (gJ=7.31 Hz, 2 H), 2.81 (§)=7.75 Hz, 2 H), 4.84
- 5.22 (m, 2 H), 5.73 - 5.96 (nd=16.96, 10.28, 6.65, 6.65 Hz, 1 H), 7.18 (dd7.39, 4.77

Hz, 1 H), 7.48 (ddj=7.39, 1.43 Hz, 1 H), 8.21 (d&4.53, 1.67 Hz, 1 H).

13C NMR (75 MHz, CDCl3) &/ppm: 33.08 (s, 1 C), 34.59 (s, 1 C), 115.86 (§),1122.72 (s,

1 C), 136.82 (s, 1 C), 138.18 (s, 1 C), 138.32 (8), 144.37 (s, 1 C), 147.63 (s, 1 C).

MS (70 eV, El) m/z (%): 170 (100), 132 (82), 131 (39), 91 (24), 90 (18).

IR ATR v (cmi'): 3077, 2979, 2930, 2862, 1641, 1578, 1557, 1446114180, 1088, 1064,
1049, 994, 912, 796, 740, 674, 6509.

HRMS (EI) for CeH1oBrN (210.9997) [M]: 211.0013.

6.2. Preparation of the Title Compounds Using TP3:

Synthesis of 4,6-dimethyl-2-phenylpyrimidine (339):
CH;
)

~
H4C N)\©

A solution of32ain THF (1.0 mmol, 2.0 equiv, 1.7 M) was added avige to a suspension
of FeBg (4.4 mg, 0.015 mmol, 0.03 equiv), isoquinoline5(ng, 0.05 mmol, 0.10 equiv),
and31h (0.5 mmol, 1.0 equiv) inlBuOMe (2.5 mL) at 25C. The suspension was stirred at
25 °C for 5 min before being quenched with NaHCSat. aq. The mixture was diluted with
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CH.CI, and an EDTA (1.0 M, bD) solution was added. The mixture was stirredsst for
15 min, before being filtered through a pad of @@&i After washing the pad of Celite® with
CH.Cl,, NaCl sat. aq. was added, and the mixture waseenl with CHCI,. The organic
layer was dried with MgSgfiltered, and concentratad vacuoto yield the crude compound,

which was purified by column chromatography to ¢i&@Bgas a white powder.

Isolated yield: with FeBgi: 89% (82 mg).

Reaction time:5 min.

Solvent for purification: 10:1li-hexane/ethyl acetate + 0.5 % triethylamine.

m.p.: 82.8 — 84.0 °C.

'H NMR (300 MHz, CDCls) 8/ppm: 2.54 (s, 6 H), 6.92 (s, 1 H), 7.47 (m, 3843 (d,J=1.9
Hz, 1 H), 8.45 (dJ=4.4 Hz, 1 H).

%C NMR (75 MHz, CDCl3) &/ppm: 24.11 (s, 1 C), 117.97 (s, 1 C), 128.24 (€),1128.42
(s,1C), 130.31 (s, 1 C), 137.94 (s, 1 C), 164s08 C), 166.77 (s, 1 C).

MS (70 eV, El) m/z (%} 185 (16),184 (100) [M] , 169 (20), 104 (19), 103 (27), 77 (6).
IR ATR v (Cm'l): 3068, 2924, 2853, 2361, 1595, 1574, 1550, 15342,1¥4134, 1379, 1364,
1342, 1173, 1025, 932, 854, 749, 693, 662.

HRMS (EI) for C;oH1,N2 (184.1000)M]*: 184.0995.

Synthesis of 2-phenylpyridine (33a):

\

A solution of32ain THF (1.0 mmol, 2.0 equiv, 1.7 M) was added avige to a suspension
of FeBg (4.4 mg, 0.015 mmol, 0.03 equiv), isoquinolines(ng, 0.05 mmol, 0.10 equiv),
and31a (0.5 mmol, 1.0 equiv) ilBuOMe (2.5 mL) at 25C. The suspension was stirred at
25°C for 15 min before being quenched with NaH(&at. aq. The mixture was diluted with
CH.Cl, and an EDTA (1.0 M, kD) solution was added. The mixture was stirredsat@ for

15 min, before being filtered through a pad of @@&i After washing the pad of Celite® with
CH.Cl,, NaCl sat. aq. was added, and the mixture waseenl with CHCI,. The organic
layer was dried with MgSgfiltered, and concentratex vacuoto yield the crude compound,

which was purified by column chromatography to ¢i@Baas a colorless oil.

Isolated yield: with FeBg: 89% (69 mg).
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Reaction time: 15 min.

Solvent for purification: 6:1i-hexane/ethyl acetate + 0.5 % triethylamine.

H NMR (300 MHz, CDCl3) 8/ppm: 7.23 (m, 1 H), 7.45 (m, 3 H), 7.75 (m, 2 BY1 (m, 2
H), 8.70 (dJ=4.7 Hz, 1 H).

¥%C NMR (75 MHz, CDCls) 8/ppm: 120.60 (s, 1 C), 122.10 (s, 1 C), 126.92 (€), 128.74
(s,1C),128.99(s,1C), 136.84 (s, 1 C), 13924 C), 149.53 (s, 1 C), 157.39 (s, 1 C).
MS (70 eV, El) m/z (%) 155 (100) [M], 154 (60), 128 (10), 127 (10), 77 (9), 59 (10), 43
(7).

IR ATR v (Cm'l): 3062, 3036, 3008, 2927, 1586, 1580, 1564, 1468),1¥44, 1293, 1152,
1074, 1020, 988, 800, 737, 692.

HRMS (EI) for Cy;HgN (155.1735)M] " 155.1731.

Synthesis of 2-(4-methoxyphenyl)-3-(trimethylsilypyridine (34a):

o TMS

7

N
OMe

A solution of32iin THF (1.0 mmol, 2.0 equiv, 1.3 M) was added dvige to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv) or CeQlL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &&h (0.5 mmol, 1.0 equiv) inBuOMe
(2.5 mL) at 25°C. The suspension was stirred at’@5for 15 min before being quenched with
NaHCG; sat. ag. The mixture was diluted with &H, and an EDTA (1.0 M, D) solution
was added. The mixture was stirred af€5or 15 min, before being filtered through a pad o
Celite®. After washing the pad of Celite® with gF,, NaCl sat. ag. was added, and the
mixture was extracted with GBl,. The organic layer was dried with Mgf@iltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel@84aas a colorless oil.

Isolated yield: with FeBg: 91% (117 mg).
with Cogl85% (109 mg).
Reaction time: 15 min.

Solvent for purification: 4:1i-hexane/ethyl acetate + 0.5 % triethylamine.

159



'H NMR (300 MHz, CDCl3) &/ppm: 0.05 (s, 9 H), 3.84 (s, 3 H), 6.94 (8.85 Hz, 2 H),
7.20 (dd,J=7.46, 4.70 Hz, 1 H), 7.34 (nd=8.57 Hz, 2 H), 7.89 (ddl=7.60, 1.80 Hz, 1 H),
8.59 (dd,J=4.70, 1.94 Hz, 1 H).

13C NMR (75 MHz, CDCl3) 8/ppm: 0.25 (s, 1 C), 55.29 (s, 1 C), 113.29 (s),1121.02 (s, 1
C), 130.11 (s, 1 C), 133.30 (s, 1 C), 136.29 (€),1143.17 (s, 1 C), 148.91 (s, 1 C), 159.62
(s, 1C), 165.10 (s, 1 C).

MS (70 eV, El) miz (%): 257 (91), 242 (100), 227 (23), 211 (6), 199 (13).

IR ATR v (cmi'): 3045, 2954, 2898, 2836, 1609, 1548, 1515, 14028,1P45, 1172, 1038,
1025, 832, 809, 787, 753, 731, 688, 656.

HRMS (EI) for C1sH1gNOSi (257.1236) [M]: 257.1222.

Synthesis of4-(3-(4-chlorophenyl)pyridin-2-yl)-N,N-dimethylaniline (34b):

g8
X

b
0
NM62

A solution of32nin THF (1.0 mmol, 2.0 equiv, 1.2 M) was added avige to a suspension
of FeBg (4.4 mg, 0.015 mmol, 0.03 equiv) or CeGL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), @%b (0.5 mmol, 1.0 equiv) inBuOMe
(2.5 mL) at 25°C. The suspension was stirred at’@5for 15 min before being quenched with
NaHCG; sat. ag. The mixture was diluted with &y, and an EDTA (1.0 M, kD) solution
was added. The mixture was stirred af€5or 15 min, before being filtered through a pad o
Celite®. After washing the pad of Celite® with gF,, NaCl sat. ag. was added, and the
mixture was extracted with GBl,. The organic layer was dried with MggQiltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel@4b as a slightly yellow oil.

Isolated yield: with FeBg: 82% (127 mg)
with Cogl77% (119 mg)
Reaction time: 15 min.
Solvent for purification: 9:1 dichloromethane/ethyl acetate + 0.5% trietmytee.
'H NMR (300 MHz, CDCls) &/ppm: 2.95 (s, 6 H), 6.59 (d=8.85 Hz, 2 H), 7.08 - 7.35 (m, 7
H), 7.61 (ddJ=7.74, 1.66 Hz, 1 H), 8.65 (dd4.70, 1.66 Hz, 1 H).
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3C NMR (75 MHz, CDCls) 8/ppm: 40.28 (s, 1 C), 111.63 (s, 1 C), 120.91 (€),1127.49
(s, 1 C), 128.56 (s, 1 C), 130.75 (s, 1 C), 13851 C), 132.97 (s, 1 C), 133.96 (s, 1 C),
138.32 (s, 1 C), 139.32 (s, 1 C), 148.51 (s, 116),10 (s, 1 C), 157.19 (s, 1 C).

MS (70 eV, El) m/z (%): 308 (100), 307 (45), 291 (19), 153 (9), 136 (12).

IR ATR v (cm™): 3037, 2885, 2855, 2801, 1606, 1576, 1524, 1488511394, 1353, 1193,
1168, 1090, 999, 945, 834, 821, 799, 778, 758, 728, 704.

HRMS (EI) for C1gH17CIN; (308.1080) [M]: 308.1060.

4-(thiophen-2-yl)-2-(4-(trimethylsilyl)phenyl)pyrid ine (34c):

S
XX

»

N

TMS

A solution of320in THF (1.0 mmol, 2.0 equiv, 1.2 M) was added avige to a suspension
of FeBg (4.4 mg, 0.015 mmol, 0.03 equiv) or CeCL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &@ft (0.5 mmol, 1.0 equiv) inBuOMe
(2.5 mL) at 25°C. The suspension was stirred at’@5for 15 min before being quenched with
NaHCG; sat. ag. The mixture was diluted with &H, and an EDTA (1.0 M, D) solution
was added. The mixture was stirred af€5or 15 min, before being filtered through a pad o
Celite®. After washing the pad of Celite® with gF,, NaCl sat. ag. was added, and the
mixture was extracted with GBl,. The organic layer was dried with Mgf@iltered, and
concentratedin vacuo to yield the crude compound, which was purified glumn

chromatography to yiel@84cas a slightly yellow oil.

Isolated yield: with FeBg: 65% (101 mg).

with Cogl70% (108 mg).
Reaction time: 15 min.
Solvent for purification: 9:1i-hexane/ethyl acetate + 0.5 % triethylamine.
'H NMR (300 MHz, CDCls) d/ppm: 0.33 (s, 9 H), 7.17 (dd=5.13, 3.70 Hz, 1 H), 7.44 (d,
J=5.25 Hz, 2 H), 7.54 - 7.60 (m, 1 H), 7.67 (8%8.11 Hz, 2 H), 7.92 (s, 1 H), 8.02 (m,
J=8.11 Hz, 2 H), 8.68 (dI=5.01 Hz, 1 H).
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3C NMR (75 MHz, CDCl3) 8/ppm: -1.12 (s, 1 C), 117.00 (s, 1 C), 118.52 (€),1125.31 (s,

1 C), 126.19 (s, 1 C), 127.10 (s, 1 C), 128.43 @), 133.79 (s, 1 C), 139.57 (s, 1 C), 141.53
(s, 1C), 141.67 (s, 1 C), 142.16 (s, 1 C), 150s28 C), 158.32 (s, 1 C).

MS (70 eV, EI) m/z (%): 309 (20), 296 (9), 295 (27), 294 (100).

IR ATR v (cm™): 3073, 3021, 2953, 2895, 1593, 1554, 1467, 14086,12107, 989, 837,
815, 799, 785, 759, 754, 720, 699, 679.

HRMS (EI) for C1gH1oNSSi(309.1007) [M]: 309.0977.

Synthesis of 2-(3-((tert-butyldimethylsilyl)oxy)pheyl)-4-(4-fluorophenyl)pyridine (34d):

A solution of32p in THF (1.0 mmol, 2.0 equiv, 1.05 M) was addedpavise to a suspension
of FeBg (4.4 mg, 0.015 mmol, 0.03 equiv) or CeCL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &&d (0.5 mmol, 1.0 equiv) inBuOMe
(2.5 mL) at 25°C. The suspension was stirred at’@5for 15 min before being quenched with
NaHCG; sat. ag. The mixture was diluted with &3y, and an EDTA (1.0 M, kD) solution
was added. The mixture was stirred af€5or 15 min, before being filtered through a pé&d o
Celite®. After washing the pad of Celite® with gH,, NaCl sat. ag. was added, and the
mixture was extracted with GBl,. The organic layer was dried with MggQiltered, and
concentratedin vacuo to yield the crude compound, which was purified glumn
chromatography to yiel@4d as a slightly yellow oil.

Isolated yield: with FeBg: 71% (131 mg).

with Cogl79% (145 mg).
Reaction time: 15 min.
Solvent for purification: 9:1i-hexane/ethyl acetate + 0.5 % triethylamine.
'H NMR (300 MHz, CDCls) 8/ppm: 0.26 (s, 6 H), 1.03 (s, 9 H), 6.93 (dd7.99, 1.79 Hz, 1
H), 7.21 (t,J=8.58 Hz, 2 H), 7.31 - 7.44 (m, 2 H), 7.54 §¢2.15 Hz, 1 H), 7.58 - 7.74 (m, 3
H), 7.84 (s, 1 H), 8.73 (d=5.25 Hz, 1 H).
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13C NMR (75 MHz, CDCls) &/ppm: -4.32 (s, 1 C), 18.23 (s, 1 C), 25.73 (§)1116.15 (d,
J=21.60 Hz, 1 C), 118.63 (s, 1 C), 118.88 (s, 112).08 (s, 1 C), 120.69 (s, 1 C), 128.85 (d,
J=8.41 Hz, 1 C), 129.70 (s, 1 C), 134.63 (s, 1 G%.88 (s, 1 C), 140.94 (s, 1 C), 148.18 (s, 1
C), 150.11 (s, 1 C), 156.15 (s, 1 C), 157.99 (8),1163.42 (d, J=249.08 Hz, 1 C).

MS (70 eV, El) m/z (%): 322 (100), 281 (41), 209 (13), 207 (83), 97 (12).

IR ATR v (cm™): 3064, 2955, 2930, 2895, 2858, 1597, 1581, 1518418444, 1270, 1253,
1233, 1204, 1160, 948, 825, 779, 724, 693, 666.

HRMS (EI) for CasH2sFNOSi (379.1768) [M]: 379.1756.

Synthesis of 4-(3-bromophenyl)-5-chloro-2-mesitylpydine (34e):

A solution 0f32q in THF (1.0 mmol, 2.0 equiv, 1.1 M) was added avige to a suspension
of CoCh (1.9 mg, 0.015 mmol, 0.03 equiv), isoquinolines(hg, 0.05 mmol, 0.10 equiv),
and35e (0.5 mmol, 1.0 equiv) inBuOMe (2.5 mL) at 25C. The suspension was stirred at
25 °C for 5 h before being quenched with NaHC€at. ag. The mixture was diluted with
CH.CI, and an EDTA (1.0 M, bD) solution was added. The mixture was stirredsst for

15 min, before being filtered through a pad of @@&i After washing the pad of Celite® with
CH.Cl,, NaCl sat. aq. was added, and the mixture waseenl with CHCI,. The organic
layer was dried with MgSgfiltered, and concentrated vacuoto yield the crude compound,
which was purified by column chromatography to gigfleas a slightly yellow oil.

Isolated yield: with CoCb: 82% (159 mg).

Reaction time:5 h.

Solvent for purification: 10:1li-hexane/ethyl acetate + 0.5 % triethylamine.

'H NMR (300 MHz, CDCls) &/ppm: 2.04 - 2.13 (m, 6 H), 2.34 (s, 3 H), 6.95X${), 7.21 -

7.24 (m, 1 H), 7.33 - 7.41 (m, 1 H), 7.44 - 7.51, (nH), 7.55 - 7.65 (m, 1 H), 7.65 - 7.73 (m,

1 H), 8.76 - 8.81 (m, 1 H).

13C NMR (75 MHz, CDCls) &/ppm: 20.33 (s, 1 C), 21.18 (s, 1 C), 122.53 (6),1126.20 (s,

1C), 127.80 (s, 1 C), 128.01 (s, 1 C), 128.54 @), 130.06 (s, 1 C), 132.01 (s, 1 C), 135.59
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(s, 1 C), 135.69 (s, 1 C), 136.29 (s, 1 C), 13798l C), 138.58 (s, 1 C), 146.11 (s, 1 C),
150.09 (s, 1 C), 158.85 (s, 1 C).

MS (70 eV, El) m/z (%): 386 (100), 384 (74), 255 (5), 230 (24), 127 (8).

IR ATR v (cmil): 2966, 2918, 2858, 1612, 1577, 1563, 1525, 1478514355, 1106, 1093,
1073, 1025, 996, 907, 881, 851, 840, 786, 732, 689, 658.

HRMS (EI) for CoH17BrCIN (385.0233) [M]:384.0152.

Synthesis of 5-(6-methoxypyridin-2-yl)-1-methyl-H-indole (34f):

AN
»
MeO™ N N\
N
Me

A solution of32r in THF (1.0 mmol, 2.0 equiv, 0.9 M) was added dvige to a suspension
of CoCb (1.9 mg, 0.015 mmol, 0.03 equiv), isoquinolines(hg, 0.05 mmol, 0.10 equiv),
and 35f (0.5 mmol, 1.0 equiv) inBuOMe (2.5 mL) at 25C. The suspension was stirred at
25 °C for 1 h before being quenched with NaHC&t. ag. The mixture was diluted with
CH.Cl, and an EDTA (1.0 M, kD) solution was added. The mixture was stirredset@ for

15 min, before being filtered through a pad of @@&i After washing the pad of Celite® with
CH.Cl,, NaCl sat. aq. was added, and the mixture waseenl with CHCI,. The organic
layer was dried with MgSgfiltered, and concentrataed vacuoto yield the crude compound,

which was purified by column chromatography to gigdf as a slightly yellow solid.

Isolated yield: with CoCL: 65% (77 mg).

Reaction time:1 h.

Solvent for purification: 4:1i-hexane/ethyl acetate + 0.5 % triethylamine.

m.p.: 99 — 108 °C.

'H NMR (300 MHz, CDCl3) 8/ppm: 3.83 (s, 3 H), 4.10 (s, 3 H), 6.59 (dd3.04, 0.83 Hz, 1
H), 6.65 (ddJ=8.16, 0.69 Hz, 1 H), 7.09 (d73.04 Hz, 1 H), 7.37 - 7.43 (m, 2 H), 7.63 (dd,
J=8.02, 7.46 Hz, 1 H), 7.99 (d&=8.57, 1.66 Hz, 1 H), 8.37 (d&:1.66, 0.55 Hz, 1 H).

13C NMR (75 MHz, CDCls) &/ppm: 32.93 (s, 1 C), 53.17 (s, 1 C), 101.85 (€),1107.76 (s,
1C), 109.18 (s,1 C), 112.39 (s, 1 C), 119.54 @), 120.79 (s, 1 C), 128.77 (s, 1 C), 129.51
(s,1C), 130.75 (s, 1 C), 137.32 (s, 1 C), 13904 C), 156.15 (s, 1 C), 163.63 (s, 1 C).

MS (70 eV, El) m/z (%): 238 (64), 237 (48), 209 (12), 207 (13), 104 (5).
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IR ATR v (cmi®): 3001, 2944, 1591, 1580, 1566, 1463, 1446, 14289,18410, 1335, 1321,
1278, 1243, 1178, 1150, 1081, 1061, 1020, 986, 8B, 859, 788, 767, 735, 726, 662.
HRMS (EI) for C1sH14N,0 (238.1106) [M]:238.1097.

Synthesis of 2-(4-fluorophenyl)-3-(2-methoxyphenybyridine (349):

MeO O
| X

—
T
F

A solution of32gin THF (1.0 mmol, 2.0 equiv, 1.05 M) was addedpavise to a suspension
of FeBg (4.4 mg, 0.015 mmol, 0.03 equiv) or CeGL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &f&h (0.5 mmol, 1.0 equiv) inBuOMe
(2.5 mL) at 25°C. The suspension was stirred at’@5for 15 min before being quenched with
NaHCG; sat. ag. The mixture was diluted with &y, and an EDTA (1.0 M, kD) solution
was added. The mixture was stirred af€5or 15 min, before being filtered through a pad o
Celite®. After washing the pad of Celite® with gF,, NaCl sat. ag. was added, and the
mixture was extracted with GBl,. The organic layer was dried with MggQiltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel@84gas a slightly yellow oil.

Isolated yield: with FeBg: 77% (108 mg).

with Cogl79% (110 mg).
Reaction time: 15 min.
Solvent for purification: 9:1i-hexane/ethyl acetate + 0.5 % triethylamine.
'H NMR (300 MHz, CDCl3) 8/ppm: 3.42 (s, 3 H), 6.78 (d=8.22 Hz, 1 H), 6.84 - 7.05 (m, 3
H), 7.16 (dd,J=7.40, 1.53 Hz, 1 H), 7.23 - 7.41 (m, 4 H), 7.68,(@7.63, 1.53 Hz, 1 H),
8.67 (ddJ=4.75, 1.47 Hz, 1 H).
3C NMR (75 MHz, CDCls3) 8/ppm: 54.96 (s, 1 C), 111.05 (s, 1 C), 114.42®21.35 Hz, 1
C), 120.84 (s, 1 C), 121.87 (s, 1 C), 128.75 (€),1129.36 (s, 1 C), 130.54 (#8.26 Hz, 1
C), 131.14 (s, 1 C), 132.73 (s, 1 C), 137.06 (€),1139.10 (s, 1 C), 148.21 (s, 1 C), 155.98
(s,1C), 157.02 (s, 1 C), 162.36 §d246.54 Hz, 1 C).
MS (70 eV, EI) m/z (%): 279 (15), 278 (15), 264 (4), 248 (9), 235 (4).
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IR ATR v (cm®): 3050, 2958, 2936, 2836, 1895, 1599, 1580, 15106,14862, 1436, 1420,
1273, 1220, 1181, 1157, 1124, 1107, 1094, 10505,10215, 999, 839, 824, 811, 802, 780,
751, 718, 678.

HRMS (EI) for C1gH14FNO (279.1059) [M]: 278.0958.

Synthesis of 4-(5-chloro-4-(4-fluorophenyl)pyridin2-yl)phenyl pivalate (34h):
F

X

~
N O fBu
0/&0

A solution of32l in THF (1.0 mmol, 2.0 equiv, 0.8 M) was added davige to a suspension of

Cl

FeBr (4.4 mg, 0.015 mmol, 0.03 equiv), isoquinolines(fg, 0.05 mmol, 0.10 equiv), and
35h (0.5 mmol, 1.0 equiv) itlBuOMe (2.5 mL) at 28C. The suspension was stirred at’€5
for 15 min before being quenched with NaH{at. aq. The mixture was diluted with &Hp
and an EDTA (1.0 M, kD) solution was added. The mixture was stirredsai@for 15 min,
before being filtered through a pad of Celite®.ekftvashing the pad of Celite® with GEl»,
NaCl sat. ag. was added, and the mixture was dégttagith CHCl,. The organic layer was
dried with MgSQ, filtered, and concentratad vacuoto yield the crude compound, which

was purified by column chromatography to yi8kh as a white thick oil.

Isolated yield: with FeBg: 65% (125 mg).

Reaction time: 15 min.

Solvent for purification: 15:1i-hexane/ethyl acetate + 0.5 % triethylamine.

'H NMR (300 MHz, CDCls) 8/ppm: 1.39 (s, 9 H), 7.12 - 7.25 (m, 4 H), 7.48567(m, 2 H),
7.64 -7.69 (m, 1 H), 8.02 (d=8.57 Hz, 2 H), 8.72 (s, 1 H).

3C NMR (75 MHz, CDCl3) &/ppm: 27.13 (s, 1 C), 39.15 (s, 1 C), 115.600&21.64 Hz, 1
C), 121.93 (s, 1 C), 127.45 (s, 1 C), 127.91 (€),1128.03 (s, 1 C), 128.71 (s, 1 C), 130.86
(d,J=8.26 Hz, 1 C), 132.74 (s, 1 C), 132.79 (s, 1 GH.47 (s, 1 C), 147.19 (s, 1 C), 149.83
(s,1C), 152.19 (s, 1 C), 155.15 (s, 1 C), 168d)3=249.10 Hz, 1 C), 176.88 (s, 1 C).

MS (70 eV, EI) m/z (%): 383 (14), 300 (18), 299 (100), 264 (11), 85 (14).
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IR ATR v (cmiY): 2975, 2874, 1747, 1606, 1507, 1480, 1460, 13686,12231, 1200, 1163,
1102, 1022, 1014, 908, 895, 856, 836, 816, 800, TBB, 729.
HRMS (EI) for C»H1sCIFNO,(383.1088) [M]: 383.1083.

Synthesis of 2,3-bis(4-methoxyphenyl)quinoline (34i

O OMe
9%
~
T
OMe

A solution of32iin THF (1.0 mmol, 2.0 equiv, 1.3 M) was added dvige to a suspension of
CoChk (1.9 mg, 0.015 mmol, 0.03 equiv), isoquinolines(fg, 0.05 mmol, 0.10 equiv), and
35i (0.5 mmol, 1.0 equiv) ilBBuOMe (2.5 mL) at 28C. The suspension was stirred at’€5
for 15 min before being quenched with NaH{at. aq. The mixture was diluted with gHp
and an EDTA (1.0 M, kD) solution was added. The mixture was stirredset@for 15 min,
before being filtered through a pad of Celite®.ekftvashing the pad of Celite® with GEl»,
NaCl sat. ag. was added, and the mixture was e&ttagith CHCl,. The organic layer was
dried with MgSQ, filtered, and concentratad vacuoto yield the crude compound, which
was purified by column chromatography to yi8il as a slightly yellow oil.

Isolated yield: with CoCb: 78% (133 mg).

Reaction time: 15 min.

Solvent for purification: 4:1i-hexane/ethyl acetate + 0.5 % triethylamine.

'H NMR (300 MHz, CDCls) &/ppm: 3.81 (s, 3 H), 3.82 (s, 3 H), 6.77 - 6.90 GH), 7.16 -
7.19 (m, 2 H), 7.42 - 7.44 (m, 2 H), 7.54 (ddd8.04, 6.97, 1.17 Hz, 1 H), 7.70 - 7.75 (m, 1
H), 7.84 (ddJ=8.19, 1.17 Hz, 1 H), 8.14 (s, 1 H).

3C NMR (75 MHz, CDCl3) &/ppm: 59.35 (s, 1 C), 59.42 (s, 1 C), 117.57 (€),1117.90 (s,
1C), 130.74 (s, 1 C), 131.28 (s, 1 C), 131.42 @), 132.80 (s, 1 C), 133.76 (s, 1 C), 134.89
(s,1C), 135.63 (s, 1 C), 136.24 (s, 1 C), 1379 C), 138.23 (s, 1 C), 141.91 (s, 1 C),
147.53 (s, 1 C), 159.32 (s, 1 C), 163.00 (s, 1163.84 (s, 1 C).

MS (70 eV, EI) m/z (%): 340 (100), 326 (11), 297 (14), 254 (12), 163 (5).

IR ATR v (Cm'l): 2999, 2955, 2945, 2917, 2835, 1607, 1511, 14833,18455, 1422, 1402,
1370, 1289, 1242, 1173, 1144, 1109, 1027, 965, 829, 792, 782, 757, 746, 731, 714, 666.
HRMS (El) for CoaH1oNO, (341.1416) [M]:340.1336.
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Synthesis of 2-(4-fluorophenyl)-6,7-dimethoxy-4-métlquinoline (34j):

A solution of32gin THF (1.0 mmol, 2.0 equiv, 1.05 M) was addedpavise to a suspension
of FeBg (4.4 mg, 0.015 mmol, 0.03 equiv) or CeGL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &g (0.5 mmol, 1.0 equiv) inBuOMe
(2.5 mL) at 25°C. The suspension was stirred at’@5for 15 min before being quenched with
NaHCG; sat. ag. The mixture was diluted with &3, and an EDTA (1.0 M, kD) solution
was added. The mixture was stirred af@5or 15 min, before being filtered through a pad o
Celite®. After washing the pad of Celite® with gF,, NaCl sat. ag. was added, and the
mixture was extracted with GBl,. The organic layer was dried with MggQiltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel@4j as a slightly yellow solid.

Isolated yield: with FeBg: 82% (122 mg).

with Cogl67% (100 mg).
Reaction time: 15 min.
Solvent for purification: 9:1i-hexane/ethyl acetate + 0.5 % triethylamine.
m.p.: 164 — 168 °C.
'H NMR (300 MHz, CDCls) 8/ppm: 2.70 (s, 3 H), 4.05 (s, 3 H), 4.06 (s, 3H).2 - 7.23 (m,
3 H), 7.54 (dJ=2.76 Hz, 2 H), 8.09 (dd)=8.98, 5.39 Hz, 2 H).
3C NMR (75 MHz, CDCls) &/ppm: 19.26 (s, 1 C), 56.02 (s, 1 C), 56.17 (5),110G1.46 (s, 1
C), 108.56 (s, 1 C), 115.64 (@21.64 Hz, 1 C), 117.99 (s, 1 C), 122.38 (s, 1129.06 (d,
J=8.54 Hz, 1 C), 135.88 (s, 1 C), 143.36 (s, 1 @%.19 (s, 1 C), 149.46 (s, 1 C), 152.36 (s, 1
C), 153.96 (s, 1 C), 163.48 (@5247.96 Hz, 1 C).
MS (70 eV, EI) m/z (%): 297 (100), 282 (14), 254 (24), 252 (6), 211 (10).
IR ATR v (cm™): 2923, 2854, 2833, 1623, 1597, 1503, 1489, 1463314422, 1399, 1353,
1260, 1246, 1208, 1189, 1166, 1150, 1096, 10654,10314, 1000, 994, 910, 862, 850, 836,
808, 771, 726, 668.
HRMS (El) for C1gH16FNO; (297.1165) [M]:297.1165.
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Synthesis of 3-(4,6-dimethylpyrimidin-2-yl)N,N-dimethylaniline (34k):

A solution of32sin THF (1.0 mmol, 2.0 equiv, 1.15 M) was addedpavise to a suspension
of FeBg (4.4 mg, 0.015 mmol, 0.03 equiv) or CeCL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &ith (0.5 mmol, 1.0 equiv) inBuOMe
(2.5 mL) at 25°C. The suspension was stirred at°’25for 30 min before being quenched with
NaHCG; sat. ag. The mixture was diluted with &H, and an EDTA (1.0 M, D) solution
was added. The mixture was stirred af€5or 15 min, before being filtered through a pé&d o
Celite®. After washing the pad of Celite® with gH,, NaCl sat. ag. was added, and the
mixture was extracted with GBl,. The organic layer was dried with Mgf@iltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn
chromatography to yiel@4k as a brownish solid.

Isolated yield: with FeBg: 78% (89 mg).

with Cogl63% (72 mg).
Reaction time: 30 min.
Solvent for purification: 9:1i-hexane/ethyl acetate + 0.5 % triethylamine.
m.p.: 105 - 108 °C.
'H NMR (300 MHz, CDCls) 8/ppm: 2.54 (s, 6 H), 3.05 (s, 6 H), 6.92 (s, 2 H}5 (t,J=7.88
Hz, 1 H), 7.77 - 7.92 (m, 2 H).
13C NMR (75 MHz, CDCl3) 8/ppm: 24.18 (s, 1 C), 40.91 (s, 1 C), 112.49 (€),1114.95 (s,
1 C), 117.16 (s, 1 C), 117.79 (s, 1 C), 129.13 @), 138.86 (s, 1 C), 150.82 (s, 1 C), 164.71
(s,10C), 166.57 (s, 1 C).
MS (70 eV, EI) m/z (%): 227 (100), 212 (53), 184 (18), 114 (7), 43 (55).
IR ATR v (cm™): 2986, 2918, 2887, 2800, 1600, 1586, 1570, 15394,12486, 1436, 1414,
1396, 1362, 1345, 1319, 1233, 1177, 1064, 996, 855, 775, 766, 697.
HRMS (El) for C14H17N3 (227.1422) [M]:227.1417.
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Synthesis of 4,6-bis(3-{ért-butyldimethylsilyl)oxy)phenyl)pyrimidine (34l):

A solution of32p in THF (2.0 mmol, 4.0 equiv, 1.1 M) was added avige to a suspension
of FeBg (4.4 mg, 0.015 mmol, 0.03 equiv), isoquinoline5(ng, 0.05 mmol, 0.10 equiv),
and 35k (0.5 mmol, 1.0 equiv) inlBuOMe (2.5 mL) at 25C. The suspension was stirred at
25 °C for 15 min before being quenched with NaH(&at. aq. The mixture was diluted with
CH.Cl;, and an EDTA (1.0 M, kD) solution was added. The mixture was stirredset@ for

15 min, before being filtered through a pad of @@&i After washing the pad of Celite® with
CH.Cl,, NaCl sat. aq. was added, and the mixture waseenl with CHCI,. The organic
layer was dried with MgSgfiltered, and concentratex vacuoto yield the crude compound,

which was purified by column chromatography to ¢ig#l as a red liquid.

Isolated yield: with FeBg: 95% (234 mg).

Reaction time: 15 min, using 4 equiv of Grignard reagent.

Solvent for purification: 9:1i-hexane/ethyl acetate + 0.5 % triethylamine.

MS (70 eV, El) m/z (%):492 (11), 436 (36), 435 (100), 393 (19), 379 (8P 123).

'H NMR (300 MHz, CDCls) &ppm: 0.27 (s, 12 H), 1.03 (s, 18 H), 7.01 (d7.87, 1.83 Hz,
2 H), 7.40 (tJ=7.97 Hz, 2 H), 7.65 (d]=1.83 Hz, 2 H), 7.72 (d]=7.87 Hz, 2 H), 8.02 (s, 1
H), 9.32 (s, 1 H).

13C NMR (75 MHz, CDCl3) &/ppm: -4.32 (s, 1 C), 18.24 (s, 1 C), 25.72 (s)11@2.98 (s, 1
C), 118.89 (s, 1 C), 120.17 (s, 1 C), 122.56 (€),1129.99 (s, 1 C), 138.58 (s, 1 C), 156.37
(s,1C), 159.14 (s, 1 C), 164.47 (s, 1 C).

IR ATR v (cm™): 2955, 2943, 2886, 2858, 1572, 1521, 1491, 1478111277, 1252, 1229,
1199, 1001, 968, 939, 870, 833, 777, 734, 708, 684,

HRMS (EI) for CogH4oN20,Si> (492.2628) [M]:492.2615.
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Synthesis of  4-(4-chloro-2-fluorophenyl)-2-(4-(diminoxymethyl)phenyl)pyrimidine
(34m):

Cl
F
B
~
N
OMe
OMe

A solution of32tin THF (1.0 mmol, 2.0 equiv, 0.9 M) was added dvige to a suspension of
or CoC} (1.9 mg, 0.015 mmol, 0.03 equiv), isoquinolines(hg, 0.05 mmol, 0.10 equiv),
and 35! (0.5 mmol, 1.0 equiv) inBuOMe (2.5 mL) at 25C. The suspension was stirred at
25°C for 15 min before being quenched with NaH(&at. aq. The mixture was diluted with
CH.CI, and an EDTA (1.0 M, bD) solution was added. The mixture was stirredsst for

15 min, before being filtered through a pad of @@&i After washing the pad of Celite® with
CH.Cl,, NaCl sat. aq. was added, and the mixture waseenl with CHCI,. The organic
layer was dried with MgSgfiltered, and concentratex vacuoto yield the crude compound,

which was purified by column chromatography to gig#m as a white solid.

Isolated yield: with CoCb: 68% (122 mg).

Reaction time: 15 min.

Purification: purified by HPLC with a column Chromolith SemiPiep-18e, 100-10 nm;

15 % HO/85 % CHCN; flow rate 8 ml/min.

m.p.: 89 — 91 °C.

'H NMR (300 MHz, CDCl3) &/ppm: 3.36 (s, 6 H), 5.49 (s, 1 H), 7.18 - 7.30 (nH), 7.34
(dddd,J=8.48, 6.38, 2.00, 0.68 Hz, 1 H), 7.60 Jd8.19 Hz, 1 H), 7.66 - 7.81 (m, 1 H), 7.95 -
8.09 (m, 1 H), 8.36 (td]=8.38, 2.53 Hz, 1 H), 8.48 - 8.59 (m, 1 H), 8.687%6 (m, 1 H), 8.87
(dd,J=17.45, 5.36 Hz, 1 H).

3C NMR (75 MHz, CDCls) &/ppm: 52.61 (s, 1 C), 102.69 (s, 1 C), 117.24)&21.77 Hz,
1C), 125.39 (s, 1 C), 127.02 (s, 1 C), 128.11 6),1128.76 (s, 1 C), 129.88 (s, 1 C), 137.75
(s,1C), 140.72 (s, 1 C), 142.91 (s, 1 C), 15813 C), 159.27 (s, 1 C), 161.31 (d, J=255.47
Hz, 1C), 163.38 (s, 1 C), 164.26 (s, 1 C).

MS (70 eV, EI) m/z(%): 358 (1), 327 (100), 311 (18), 283 (8), 154 (1B30(5).
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IR ATR v (cm™): 2980, 2959, 2932, 2830, 1607, 1584, 1576, 1558315484, 1432, 1407,
1380, 1348, 1286, 1207, 1189, 1099, 1078, 10508,1982, 900, 851, 822, 810, 786, 738,
722,712, 665.

HRMS (EI) for C1gH16CIFN,0, (358.0884) [M]:358.0872.

Synthesis of 2-(4-chloro-2-fluorophenyl)-4-(4-(triluoromethyl)phenyl)pyrimidine (34n):
CF;

A solution of32u in THF (1.0 mmol, 2.0 equiv, 1.0 M) was added avige to a suspension
of FeBg (4.4 mg, 0.015 mmol, 0.03 equiv) or CeCGL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &@%m (0.5 mmol, 1.0 equiv) inBuOMe
(2.5 mL) at 25°C. The suspension was stirred at’@5for 15 min before being quenched with
NaHCG; sat. ag. The mixture was diluted with &3, and an EDTA (1.0 M, kD) solution
was added. The mixture was stirred af€5or 15 min, before being filtered through a pad o
Celite®. After washing the pad of Celite® with gF,, NaCl sat. ag. was added, and the
mixture was extracted with GBl,. The organic layer was dried with Mgf@iltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel@84n as a white solid.

Isolated yield: with FeBg: 61% (108 mg).

with Cogl60% (106 mg).
Reaction time: 15 min.
Solvent for purification: 4:1i-hexane/ethyl acetate + 0.5 % triethylamine.
m.p.: 120 — 122 °C.
'H NMR (300 MHz, CDCls) 8/ppm: 7.24 - 7.32 (m, 2 H), 7.67 (@5.28 Hz, 1 H), 7.79 (m,
J=8.14 Hz, 2 H), 8.20 (1]=8.36 Hz, 1 H), 8.30 (mJ=8.14 Hz, 2 H), 8.94 (dI=5.28 Hz, 1 H).
3C NMR (75 MHz, CDCls) &/ppm: 114.93 (s, 1 C), 117.71 (d, J=26.19 Hz, 11Q}.86 (q,
J=272.44, 1 C), 124.64 (d, J=3.99 Hz, 1 C), 124d92=8.83 Hz, 1 C), 125.96 (q, J=3.70 Hz,
1C), 127.60 (s, 1 C), 132.71 (s, 1 C), 132.78. @), 132.81 (q, J=32.74 Hz, 1 C), 137.12 (d,
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J=10.25 Hz, 1 C), 139.83 (g, J=1.14 Hz, 1 C), 28s, 1 C), 161.33 (d, J=260.48 Hz, 1 C),
162.60 (s, 1 C), 162.75 (s, 1 C), 162.82 (s, 1 C).

MS (70 eV, EI) m/z (%): 354 (31), 352 (100), 197 (34), 170 (36), 157 (10).

IR ATR v (cm): 1607, 1576, 1558, 1550, 1488, 1414, 1374, 13233,18285, 1278, 1218,
1191, 1172, 1142, 1106, 1087, 1065, 1038, 1014, 8®2, 838, 820, 792, 768, 718, 711.
HRMS (EI) for C17/HsCIF4N; (352.0390) [M]:352.0383.

Synthesis of 2-(4-methoxyphenyl)-4,6-diphenyl-1,3f6iazine (340):
Ph

|
Ph)\N/)\©\
OMe

A solution of32iin THF (1.0 mmol, 2.0 equiv, 1.3 M) was added dvige to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv) or CeQlL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &&h (0.5 mmol, 1.0 equiv) inBuOMe
(2.5 mL) at 25°C. The suspension was stirred at’@5for 15 min before being quenched with
NaHCG; sat. ag. The mixture was diluted with &H, and an EDTA (1.0 M, D) solution
was added. The mixture was stirred af€5or 15 min, before being filtered through a pad o
Celite®. After washing the pad of Celite® with gF,, NaCl sat. ag. was added, and the
mixture was extracted with GBl,. The organic layer was dried with Mgf@iltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel@84oas a white solid.

Isolated yield: with FeBg: 81% (137 mg).

with Cogl79% (134 mg).
Reaction time: 15 min.
Solvent for purification: 10:1li-hexane/ethyl acetate + 0.5 % triethylamine.
m.p.: 144 — 146 °C.
'H NMR (300 MHz, CDCl3) 8/ppm: 3.94 (s, 3 H), 7.08 (d=8.79 Hz, 2 H), 7.39 - 7.81 (m, 6
H), 8.62 - 9.07 (m, 6 H).
13C NMR (75 MHz, CDCls) d/ppm: 55.45 (s, 1 C), 113.94 (s, 1 C), 128.55 (€)1128.77
(s,1C), 128.87 (s, 1 C), 130.85 (s, 1 C), 132311 C), 136.40 (s, 1 C), 163.31 (s, 1 C),
171.18 (s, 1C), 171.38 (s, 1 C).
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MS (70 eV, El) m/z (%):339 (63), 214 (44), 199 (35), 171 (12), 133 (408 (24).

IR ATR v (cm™): 3312, 3038, 3015, 2958, 2840, 2362, 2331, 16089,14438, 1274, 1249,
1183, 1040, 1012, 823, 809, 781, 770, 690.

HRMS (EI) for CxH17N30 (339.1372) [M]:339.1366.

2-phenyl-4,6-di(pyrrolidin-1-yl)-1,3,5-triazine (34p):

N
N&N
)l\N/)\Ph

<

A solution of32ain THF (1.0 mmol, 2.0 equiv, 1.7 M) was added avige to a suspension
of FeBg (4.4 mg, 0.015 mmol, 0.03 equiv), isoquinolines(ng, 0.05 mmol, 0.10 equiv),
and 350 (0.5 mmol, 1.0 equiv) ilBuOMe (2.5 mL) at 25C. The suspension was stirred at
50 °C for 12 h before being quenched with NaHCSat. aq. The mixture was diluted with
CH.Cl;, and an EDTA (1.0 M, kD) solution was added. The mixture was stirredset@ for

15 min, before being filtered through a pad of @@&i After washing the pad of Celite® with
CH.Cl,, NaCl sat. aq. was added, and the mixture waseenl with CHCI,. The organic
layer was dried with MgSgfiltered, and concentratex vacuoto yield the crude compound,

which was purified by column chromatography to ¢igp as a white solid.

Isolated yield: with FeBg: 76% (112 mg).

Reaction time: 12 h at 50 °C.

Solvent for purification: 10:1li-hexane/ethyl acetate + 0.5 % triethylamine.

m.p.: 137 — 139 °C.

'H NMR (300 MHz, CDCl3) &/ppm: 1.96 (dddJ=6.28, 3.48, 3.26 Hz, 8 H), 3.61 (br. s., 4
H), 3.72 (br. s., 4 H), 7.35 - 7.52 (m, 3 H), 8:3850 (m, 2 H).

¥%C NMR (75 MHz, CDCls) &/ppm: 25.35 (s, 1 C), 45.98 (s, 1 C), 127.97 (€),1128.21 (s,
1C), 130.69 (s, 1 C), 138.07 (s, 1 C), 163.62 @), 169.50 (s, 1 C).

MS (70 eV, EI) m/z (%): 295 (88), 267 (100), 253 (25), 239 (19), 226 (39 (13).

IR ATR v (cm™): 2969, 2871, 2361, 1557, 1540, 1507, 1491, 14744 ,1#383, 1338, 1293,
1279, 1238, 1221, 1180, 1167, 1154, 1008, 863, Bd%5, /80, 702.

HRMS (EI) for C17HNs (295.1797) [M[:295.1792.
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Synthesis of 2,4-diethoxy-6-(thiophen-2-yl)-1,3,5+azine (34Q):
OEt
SN

N
A A s

EtO N
|

A solution of32vin THF (1.0 mmol, 2.0 equiv, 0.8 M) was added avige to a suspension
of FeBg (4.4 mg, 0.015 mmol, 0.03 equiv) or CeGL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &8%p (0.5 mmol, 1.0 equiv) inBuOMe
(2.5 mL) at 25°C. The suspension was stirred at°’5for 12 h before being quenched with
NaHCG; sat. ag. The mixture was diluted with &3y, and an EDTA (1.0 M, kD) solution
was added. The mixture was stirred af€5or 15 min, before being filtered through a pad o
Celite®. After washing the pad of Celite® with gF,, NaCl sat. ag. was added, and the
mixture was extracted with GBl,. The organic layer was dried with Mgg@iltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel@4qas a yellow solid.

Isolated yield: with FeBg: 84% (105 mg).
with Cogl79% (99 mg).
Reaction time: 12 h.
Solvent for purification: 10:1li-hexane/ethyl acetate + 0.5 % triethylamine.
m.p.: 79 — 81 °C.
'H NMR (300 MHz, CDCl3) &ppm: 1.33 - 1.55 (m, 6 H), 4.52 (@;7.08 Hz, 4 H), 7.14 (dd,
J=4.97, 3.80 Hz, 1 H), 7.56 (dd&4.97, 1.27 Hz, 1 H), 8.14 (dd:3.80, 1.27 Hz, 1 H).
13C NMR (75 MHz, CDCls3) 8/ppm: 14.29 (s, 1 C), 64.22 (s, 1 C), 128.27 (€),1131.71 (s,
1C),132.29(s,1C), 140.81 (s, 1 C), 170.59 @), 172.03 (s, 1 C).
MS (70 eV, EI) m/z (%): 251 (6), 207 (6), 110 (10), 71 (35), 61 (14).
IR ATR v (cm™): 3102, 2983, 2927, 1531, 1490, 1466, 1439, 141B8,18346, 1324, 1290,
1233, 1218, 1121, 1100, 1078, 1044, 1034, 1008, &6 811, 754, 714, 692, 671.
HRMS (El) for C11H13N30,S(251.0728) [M]:251.0725.
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Synthesis of 2-(4-(dimethoxymethyl)phenyl)-4,6-bisthylthio)-1,3,5-triazine (34r):

SEt
N™ N
M
EtS N
OMe
OMe

A solution of32tin THF (1.0 mmol, 2.0 equiv, 0.9 M) was added avige to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv), isoquinolines(fg, 0.05 mmol, 0.10 equiv), and
35 (0.5 mmol, 1.0 equiv) iBBuOMe (2.5 mL) at 28C. The suspension was stirred at’€5
for 15 min before being quenched with NaH{at. ag. The mixture was diluted with &Hbp
and an EDTA (1.0 M, kD) solution was added. The mixture was stirredsgi@for 15 min,
before being filtered through a pad of Celite®.ekftvashing the pad of Celite® with GQEl,,
NaCl sat. ag. was added, and the mixture was égttagith CHCl,. The organic layer was
dried with MgSQ, filtered, and concentrated vacuoto yield the crude compound, which

was purified by column chromatography to yi8it as a colorless oil.

Isolated yield: with FeBg: 61% (107 mg).

Reaction time: 15 min.

Solvent for purification: 6:1i-hexane/ethyl acetate + 0.5 % triethylamine.

'H NMR (300 MHz, CDCls) &/ppm: 1.45 (tJ=7.46 Hz, 6 H), 3.22 (gl=7.46 Hz, 4 H), 3.34
(s, 6 H), 5.47 (s, 1 H), 7.56 (88.29 Hz, 2 H), 8.45 (dI=8.57 Hz, 2 H).

%C NMR (75 MHz, CDClg) 8/ppm: 14.39 (s, 1 C), 24.85 (s, 1 C), 52.63 (s),1102.51 (s, 1
C), 126.95 (s, 1 C), 128.88 (s, 1 C), 135.21 (€),1142.59 (s, 1 C), 167.94 (s, 1 C), 181.30
(s,1C).

MS (70 eV, EI) m/z (%): 351 (43), 320 (53), 230 (6), 146 (11), 75 (11).

IR ATR v (cm™): 2962, 2947, 2829, 1483, 1410, 1377, 1348, 1308412235, 1205, 1098,
1051, 1018, 984, 971, 912, 898, 847, 832, 796, 733, 690.

HRMS (EI) for C16H2:N30,S; (351.1075) [M]:351.1061.

Synthesis of 2-(benzdi]thiophen-3-yl)-3-(trimethylsilyl)pyridine (34s):

o TMS



A solution of32w in THF (1.0 mmol, 2.0 equiv, 0.8 M) was added avige to a suspension
of FeBg (4.4 mg, 0.015 mmol, 0.03 equiv) or Ce(L.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &%h (0.5 mmol, 1.0 equiv) inBuOMe
(2.5 mL) at 25°C. The suspension was stirred at°’25for 24 h before being quenched with
NaHCG; sat. ag. The mixture was diluted with &H, and an EDTA (1.0 M, D) solution
was added. The mixture was stirred af€5or 15 min, before being filtered through a pé&d o
Celite®. After washing the pad of Celite® with gH,, NaCl sat. ag. was added, and the
mixture was extracted with GBl,. The organic layer was dried with Mgf@iltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel@84sas a yellow oil.

Isolated yield: with FeBg: 64% (90 mg).

with Cogl66% (93 mg).
Reaction time: 24 h.
Solvent for purification: 9:1i-hexane/ethyl acetate + 0.5 % triethylamine.
'H NMR (300 MHz, CDCls) 8/ppm: 0.00 (s, 9 H), 7.28 - 7.42 (m, 4 H), 7.4955/(m, 1 H),
7.87 -7.93 (m, 1 H), 7.99 (di=7.74, 1.52 Hz, 1 H), 8.72 (d}73.04, 1.52 Hz, 1 H).
3C NMR (75 MHz, CDCls) &ppm: -0.15 (s, 1 C), 121.89 (s, 1 C), 122.43 (€),1123.43 (s,
1C), 124.42 (s,1 C), 124.55 (s, 1 C), 125.39 @), 135.44 (s, 1 C), 138.94 (s, 1 C), 139.48
(s,1C), 139.68 (s, 1 C), 143.21 (s, 1 C), 14948 C), 159.75 (s, 1 C).
MS (70 eV, El) m/z (%): 283 (36), 268 (100), 250 (10), 227 (21), 126 (14).
IR ATR v (cm™): 3051, 3028, 2952, 2896, 1564, 1550, 1458, 14399,18338, 1262, 1248,
1221, 1041, 953, 833, 797, 782, 752, 731, 712, 696.
HRMS (EIl) for C16H1/NSSi(283.0851) [M]:283.0840.

Synthesis of 2-(benzdg]thiophen-2-yl)-3-(trimethylsilyl)pyridine (34t):

o TMS

|
N7 \S

A solution of32x in THF (1.0 mmol, 2.0 equiv, 0.8 M) was added avize to a suspension

of FeBg (4.4 mg, 0.015 mmol, 0.03 equiv) or CeCL.9 mg, 0.015 mmol, 0.03 equiv),

isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &&®h (0.5 mmol, 1.0 equiv) inBuOMe
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(2.5 mL) at 25°C. The suspension was stirred at°®&for 12 h (for FeBy) or at 25 °C for
12 h (for CoCJ) before being quenched with NaHg€&xat. aq. The mixture was diluted with
CH.CI, and an EDTA (1.0 M, bD) solution was added. The mixture was stirredsst for
15 min, before being filtered through a pad of @@&i After washing the pad of Celite® with
CH.Cl,, NaCl sat. aq. was added, and the mixture waseenl with CHCI,. The organic
layer was dried with MgSgfiltered, and concentrataad vacuoto yield the crude compound,

which was purified by column chromatography to ¢ig4t as a yellow oil.

Isolated yield: with FeBg: 61% (86 mg).

with Cogl66% (93 mg).
Reaction time:for FeBg: 12 h at 50 °C.

for Cogl12 h at 25 °C.
Solvent for purification: 4:1i-hexane/ethyl acetate + 0.5 % triethylamine.
'H NMR (300 MHz, CDCl3) 8/ppm: 0.23 (s, 9 H), 7.25 - 7.30 (m, 1 H), 7.35417(m, 2 H),
7.42 (s, 1 H), 7.78 - 7.84 (m, 1 H), 7.86 - 7.91 {nH), 7.96 (ddJ=9.40, 1.11 Hz, 1 H), 8.66
(dd,J=3.04, 1.11 Hz, 1 H).
13C NMR (75 MHz, CDCls) &/ppm: 0.28 (s, 1 C), 122.01 (s, 1 C), 122.29 (6),1123.88 (s,
1C), 124.20 (s, 1 C), 124.37 (s, 1 C), 124.71. @), 134.24 (s, 1 C), 139.61 (s, 1 C), 140.62
(s,1C), 143.54 (s,1C), 145.80 (s, 1 C), 14923 C), 158.26 (s, 1 C).
MS (70 eV, EI) m/z (%):283 (32), 270 (10), 268 (100), 252 (8), 238 (12} 17).
IR ATR v (cm™): 3052, 3027, 2953, 2896, 1561, 1548, 1458, 13948,1P166, 1156, 1129,
1041, 958, 835, 829, 798, 783, 743, 725, 709, 685.
HRMS (EI) for C1H1/NSSi(283.0851) [M]:283.0837.

Synthesis of 2-(4-methoxyphenyl)-4-((trimethylsilylethynyl)pyridine (34u):
TMS

OMe

A solution of32iin THF (1.0 mmol, 2.0 equiv, 1.3 M) was added dvige to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv) or CeQlL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), @&t (0.5 mmol, 1.0 equiv) inBuOMe
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(2.5 mL) at 25°C. The suspension was stirred at’25for 30 min before being quenched with
NaHCG; sat. ag. The mixture was diluted with &H, and an EDTA (1.0 M, D) solution
was added. The mixture was stirred af€5or 15 min, before being filtered through a pé&d o
Celite®. After washing the pad of Celite® with gF,, NaCl sat. ag. was added, and the
mixture was extracted with GBl,. The organic layer was dried with Mgf@iltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel@84u as a slightly yellow oil.

Isolated yield: with FeBg: 38% (53 mg).

with Cogl62% (87 mg).
Reaction time: 30 min.
Solvent for purification: 8:1i-hexane/ethyl acetate + 0.5 % triethylamine.
'H NMR (300 MHz, CDCl3) 8/ppm: 0.29 (s, 9 H), 3.86 (s, 3 H), 6.98 (d48.82, 1.19 Hz, 2
H), 7.18 (dtJ=5.01, 1.43 Hz, 1 H), 7.70 (d50.72 Hz, 1 H), 7.95 (dd)=8.58, 1.19 Hz, 2 H),
8.58 (d,J=5.01 Hz, 1 H).
3C NMR (75 MHz, CDCl3) 8/ppm: -0.26 (s, 1 C), 55.34 (s, 1 C), 99.26 (s)1102.51 (s, 1
C), 114.12 (s, 1 C), 122.00 (s, 1 C), 123.33 (€),1128.17 (s, 1 C), 131.31 (s, 1 C), 131.72
(s,1C), 149.43 (s,1C), 157.15 (s, 1 C), 16058 C).
MS (70 eV, EI) m/z (%): 281 (68), 266 (100), 251 (6), 223 (8), 133 (12).
IR ATR v (cm™): 2958, 2900, 2837, 2160, 1609, 1592, 1578, 1536415466, 1422, 1385,
1274, 1247, 1219, 1196, 1174, 1112, 1031, 890, 838,800, 758, 728, 700.
HRMS (EI) for C17H1gNOSI (281.1236) [M]:281.1220.

Synthesis of 3-(but-3-en-1-yl)-2-phenylpyridine (34):
X X

7

N Ph

A solution of32ain THF (1.0 mmol, 2.0 equiv, 1.7 M) was added avige to a suspension
of FeBg (4.4 mg, 0.015 mmol, 0.03 equiv) or Ce(L.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &@fss (0.5 mmol, 1.0 equiv) inBuOMe
(2.5 mL) at 25°C. The suspension was stirred at°25for 1 h before being quenched with
NaHCG; sat. ag. The mixture was diluted with &H, and an EDTA (1.0 M, D) solution
was added. The mixture was stirred af@5or 15 min, before being filtered through a pé&d o
Celite®. After washing the pad of Celite® with gF,, NaCl sat. ag. was added, and the
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mixture was extracted with GBl,. The organic layer was dried with MggQiltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn
chromatography to yiel@84v as a colorless oil.

Isolated yield: with FeBg: 62% (65 mg).

with Cogl78% (81 mg).
Reaction time:1 h.
Solvent for purification: 4:1i-hexane/ethyl acetate + 0.5 % triethylamine.
'H NMR (300 MHz, CDCls) 8/ppm: 2.18 - 2.34 (m, 2 H), 2.71 - 2.83 (m, 2 HBM- 5.02
(m, 2 H), 5.63-5.79 (m, 1 H), 7.21 - 7.28 (m, }, A.36 - 7.52 (m, 5 H), 7.61 (dd=7.88,
1.80 Hz, 1 H), 8.53 (dd=4.70, 1.66 Hz, 1 H).
13C NMR (75 MHz, CDCl3) 8/ppm: 31.81 (s, 1 C), 34.57 (s, 1 C), 115.34 (€),1122.13 (s,
1C),127.84 (s,1 C), 128.17 (s, 1 C), 128.74 G), 129.09 (s, 1 C), 134.60 (s, 1 C), 137.30
(s, 1C), 140.62 (s, 1 C), 146.97 (s, 1 C), 15892 C).
MS (70 eV, EI) m/z (%): 209 (42), 208 (51), 180 (15), 168 (25). 167 (100),
IR ATR v (cm™): 3060, 3027, 2977, 2925, 2860, 1640, 1579, 156d51#453, 1433, 1421,
1019, 995, 912, 791, 749, 732, 699.
HRMS (EI) for CysH1sN (209.1204) [M]:208.1126.

7. Efficient  Chromium(ll)-Catalyzed Cross-Coupling Reactions

Between Csp-Centers
7.1. Preparation of the Title Compounds Using TP4

Synthesis of2-phenylpyridine (33a):

\

A solution of32ain THF (1.2 mmol, 1.2 equiv, 1.7 M) was added avige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) @81t (1 mmol, 1.0 equiv)
in THF (5 mL) at 25°C. The suspension was stirred at €5 for 15 min before being
guenched with brine and extracted with EtOAc. Thgaaic layer was dried with MgS0O
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filtered, and concentratemh vacuoto yield the crude compound, which was purified by

column chromatography to yieBBaas a colorless oil.

Isolated yield: 90% (140 mg)

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 6:1 (+0.5% R)Et

H NMR (300 MHz, CDClg) 8/ppm: 7.23 (m, 1 H), 7.45 (m, 3 H), 7.75 (m, 2 BY1 (m, 2
H), 8.70 (dJ=4.7 Hz, 1 H).

3¢ NMR (75 MHz, CDCl3) &/ppm: 120.6, 122.1, 126.9, 128.7, 128.9, 136.8,2,3P49.5,
157.4.

MS (70 eV, El) m/z (%) 155 (100) [M], 154 (60), 128 (10), 127 (10), 77 (9), 59 (10), 43
(7).

IR ATR v (Cm'l): 3062, 3036, 3008, 2927, 1586, 1580, 1564, 1468),1¥44, 1293, 1152,
1074, 1020, 988, 800, 737, 692.

HRMS (EI) for Cy;HgN (155.1735)M]*: 155.1731.

Synthesis of 3-(but-3-en-1-yl)-2-phenylpyridine (34):

A solution of32ain THF (1.2 mmol, 1.2 equiv, 1.7 M) was added avige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) 8%k (1 mmol, 1.0 equiv)

in THF (5 mL) at 25°C. The suspension was stirred at Z5 for 15 min before being
guenched with brine and extracted with EtOAc. Thgaaic layer was dried with MgS0O
filtered, and concentratemh vacuoto yield the crude compound, which was purified by

column chromatography to yieB#lv as a colorless oil.

Isolated yield: 95% (199 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 6:1 (+0.5% R)Et

'H NMR (300 MHz, CDCls) &/ppm: 2.18 - 2.32 (m, 2 H), 2.68 - 2.84 (m, 2 HB64- 5.00
(m, 2 H), 5.63 - 5.80 (m, 1 H), 7.21 (dt57.76, 4.77 Hz, 1 H), 7.32 - 7.54 (m, 5 H), 7.57 -
7.64 (m, 1 H), 8.53 (ddi=4.86, 1.31 Hz, 1 H).
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3C NMR (75 MHz, CDCls) &/ppm: 31.8, 34.6, 115.4, 122.1, 127.9, 128.2, 1283%}.6,
137.3, 140.6, 147.0, 159.0.

MS (70 eV, El) m/z (%): 209 (42), 208 (51), 180 (15), 168 (25). 167 (100).

IR ATR v (cm™): 3060, 3027, 2977, 2925, 2860, 1640, 1579, 156d5,11453, 1433, 1421,
1019, 995, 912, 791, 749, 732, 699.

HRMS (El) for C1sH1sN (209.1204) [M]:209.1191.

Synthesis of 4-(3-(4-chlorophenyl)pyridin-2-yl)N,N-dimethylaniline (34b):

] Cl
X

=
NMe,

A solution of32nin THF (1.2 mmol, 1.2 equiv, 1.2 M) was added avige to a suspension
of anhydrous CrGIl(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &%b (1 mmol, 1.0 equiv)

in THF (5 mL) at 25°C. The suspension was stirred at Z5 for 90 min before being
guenched with brine and extracted with EtOAc. Thgaaic layer was dried with MgS0©
filtered, and concentratemh vacuoto yield the crude compound, which was purified by
column chromatography to yieB#ib as a slightly yellow oil.

Isolated yield: 80% (247 mg).

Reaction time: 90 min.

Solvent for purification: dichloromethane/ethyl acetate 9:1 (+0.5% {)Et

'H NMR (300 MHz, CDCl3) 8/ppm: 2.95 (s, 6 H), 6.59 (d=8.85 Hz, 2 H), 7.08 - 7.35 (m, 7
H), 7.61 (dd,J=7.74, 1.66 Hz, 1 H), 8.65 (dd4.70, 1.66 Hz, 1 H).

13C NMR (75 MHz, CDCl3) &ppm: 40.3, 111.6, 120.9, 127.5, 128.6, 130.8, 9,3032.9,
133.9, 138.3, 139.3, 148.5, 150.1, 157.2.

MS (70 eV, EI) m/z (%): 308 (100), 307 (45), 291 (19), 153 (9), 136 (12).

IR ATR v (Cm'l): 3037, 2885, 2855, 2801, 1606, 1576, 1524, 1488514394, 1353, 1193,
1168, 1090, 999, 945, 834, 821, 799, 778, 758, 728, 704.

HRMS (El) for C19H17CIN, (308.1080) [M]: 308.1060.
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Synthesis of 3-chloro-2-(4-(trifluoromethyl)phenylpyridine (37a):

\CI

bz
N

CF;

A solution 0f32y in THF (1.2 mmol, 1.2 equiv, 0.9 M) was added avige to a suspension
of anhydrous CrGl(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &%t (1 mmol, 1.0 equiv)

in THF (5 mL) at 25°C. The suspension was stirred at Z5 for 15 min before being
guenched with brine and extracted with EtOAc. Thganic layer was dried with MgS0O
filtered, and concentratemh vacuoto yield the crude compound, which was purified by
column chromatography to yieBVaas a white solid.

Isolated yield: 76% (195 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 8:1 (+0.5% R)Et

m.p.: 53.0-54.0 °C.

'H NMR (300 MHz, CDCl3) &/ppm: 7.27 (dd,J=8.02, 4.70 Hz, 1 H), 7.69 - 7.78 (m, 2 H),
7.79-7.92 (m, 3 H), 8.62 (dd=4.70, 1.66 Hz, 1 H).

3C NMR (75 MHz, CDCl3) d/ppm: 123.7, 124.0 (qJ=272.1 Hz), 125.0 (qJ=3.9 Hz),
129.8, 130.3, 130.8 (§=32.5 Hz), 138.3, 141.6, 147.8, 155.1.

MS (70 eV, EI) m/z (%) 257 (46), 237 (28), 222 (98), 81 (13), 71 (16,(200).

IR ATR v (Cm'l): 3052, 1616, 1564, 1436, 1428, 1402, 1324, 11642,11108, 1090, 1066,
1040, 1026, 1012, 848, 792, 768, 758, 736, 690.

HRMS (El) for C1-H-CIF3N (257.0219) [M]: 257.0219.

Synthesis of 4-(5-fluoropyridin-2-yl)phenyl pivalae (37b):

F

Z
N

OPiv

A solution of32l in THF (1.2 mmol, 1.2 equiv, 0.8 M) was added dvige to a suspension of
anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) 8%l (1 mmol, 1.0 equiv) in
THF (5 mL) at 25°C. The suspension was stirred at°25for 15 min before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgSg) filtered, and
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concentratedin vacuo to yield the crude compound, which was purified bglumn

chromatography to yiel@7b as a white solid.

Isolated yield: 66% (180 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 6:1 (+0.5% R)Et

m.p.: 76.6-76.8 °C.

'H NMR (300 MHz, CDCls) 8/ppm: 1.38 (s, 9 H), 7.16 (m, 2 H), 7.46 ({d8.43, 3.32 Hz, 1
H), 7.69 (dd,=8.85, 4.42 Hz, 1 H), 7.95 (m, 2 H), 8.53 Jd2.76 Hz, 1 H)

3C NMR (75 MHz, CDCl3) &ppm: 27.1, 39.1, 121.1, 121.2, 121.8, 123.5, 12827.8,
135.8, 137.5, 137.8, 151.8, 152.9, 152.9, 157.0,516.76.9.

MS (70 eV, EI) m/z (%) 273 (9), 190 (11), 189 (100), 160 (4), 159 (3).

IR ATR v (cm™): 2982, 2966, 2932, 2908, 2890, 1750, 1742, 16000,14416, 1396, 1382,
1368, 1276, 1264, 1224, 1198, 1166, 1112, 10260,1974, 960, 942, 924, 898, 834, 826,
810, 796, 750.

HRMS (El) for C1H16FNO; (273.1165) [M]: 273.1154.

Synthesis of 2-(benza][1,3]dioxol-5-yl)-6,7-dimethoxy-4-methylquinoline(37c):

/o D
Pz

\O N O 0>
(¢)

A solution of32k in THF (1.2 mmol, 1.2 equiv, 1.1 M) was added avige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &% (1 mmol, 1.0 equiv)
in THF (5 mL) at 25°C. The suspension was stirred at°’25for 1 h before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgSg) filtered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel@87cas a yellow solid.

Isolated yield: 74% (239 mg).

Reaction time:1 h.

Solvent for purification: i-hexane/ethyl acetate 3:1 (+0.5% R)Et
m.p.: 195-221 °C.
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'H NMR (300 MHz, CDCls) &/ppm: 2.67 (s, 3 H), 4.04 (9=5.53 Hz, 6 H), 6.02 (s, 2 H),
6.92 (d,J=8.29 Hz, 1 H), 7.13 (s, 1 H), 7.50 ®5.81 Hz, 2 H), 7.59 (dd}=8.16, 1.80 Hz, 1
H), 7.65 (d,J=1.94 Hz, 1 H).

13c NMR (75 MHz, CDCls) &/ppm: 19.2, 56.0, 56.1, 101.2, 101.5, 107.7, 10808.6,
117.9, 121.3, 122.2, 134.3, 143.0, 144.8, 148.2,41449.3, 152.2, 154.5.

MS (70 eV, El) m/z (%) 323 (100), 308 (18), 280 (15), 278 (6), 161 (9).

IR ATR v (cmi®): 2922, 2898, 2834, 1618, 1604, 1592, 1494, 14866,14466, 1450, 1432,
1416, 1382, 1352, 1336, 1240, 1222, 1206, 11668,11814, 1066, 1048, 1028, 998, 926,
876, 862, 852, 834, 808.

HRMS (EI) for C1gH17NO, (323.1158) [M]: 323.1149.

Synthesis ofN,N-dimethyl-4-(2-phenylquinolin-4-yl)aniline (37d):

A solution of32nin THF (1.2 mmol, 1.2 equiv, 1.1 M) was added avige to a suspension
of anhydrous CrGIl(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) 8% (1 mmol, 1.0 equiv)

in THF (5 mL) at 25°C. The suspension was stirred at €5 for 15 min before being
guenched with brine and extracted with EtOAc. Thganic layer was dried with MgS0©
filtered, and concentratemh vacuoto yield the crude compound, which was purified by

column chromatography to yieB¥d as a red solid.

Isolated yield: 78% (253 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 8:1 (+0.5% R)Et

m.p.: 152.0-154.0 °C.

'H NMR (300 MHz, CDCls) &/ppm: 3.06 (s, 6 H), 6.89 (dd=8.71, 1.80 Hz, 2 H), 7.43 -
7.59 (m, 6 H), 7.70 - 7.77 (m, 1 H), 7.83 J&1.66 Hz, 1 H), 8.09 (dl=8.29 Hz, 1 H), 8.19 -
8.30 (m, 3 H).

3C NMR (75 MHz, CDCls) d/ppm: 40.4, 112.2, 113.1, 119.1, 125.9, 126.1, 1,2727.6,
128.8, 129.2, 129.3, 130.0, 130.6, 139.9, 148.9,51450.6, 156.9.
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MS (70 eV, EI) miz (%) 324 (100), 323 (42), 307 (16), 280 (13), 240 (635 (23), 161
(15), 119 (14).

IR ATR v (cmil): 2922, 2866, 2806, 1610, 1592, 1542, 1524, 1504218460, 1442, 1424,
1414, 1402, 1356, 1226, 1196, 1162, 1138, 11204,1984, 818, 808, 788, 772, 762, 694,
680.

HRMS (EI) for CosH2oN; (324.1626) [M]: 324.1621.

Synthesis of 4,6-dimethyl-2-(4-(trifluoromethoxy)plenyl)pyrimidine (37e):

A solution 0f32zin THF (1.2 mmol, 1.2 equiv, 0.8 M) was added dvige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &ih (1 mmol, 1.0 equiv)
in THF (5 mL) at 25°C. The suspension was stirred at°’€5for 2 h before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgSg) filtered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel@7eas a white solid.

Isolated yield: 71% (190 mg).

Reaction time:2 h.

Solvent for purification: i-hexane/ethyl acetate 6:1 (+0.5% R)Et

m.p.: 66.0-67.4 °C.

'H NMR (300 MHz, CDCls) &/ppm: 2.53 (s, 6 H), 6.93 (s, 1 H), 7.29 {&8.29 Hz, 2 H),
8.48 (d,J=8.57 Hz, 2 H).

%C NMR (75 MHz, CDCl3) 8/ppm: 24.1, 118.2, 120.5, 120.5 (5257.6 Hz), 129.9, 136.6,
150.9, 162.8, 166.9.

MS (70 eV, EI) m/z (%) 269 (13), 268 (100), 253 (12), 189 (15), 187 (20)

IR ATR v (Cm'l): 1602, 1582, 1544, 1504, 1434, 1368, 1288, 12565,11948, 1102, 1030,
1012, 958, 920, 874, 866, 852, 810, 786, 734, 680.

HRMS (EI) for C13H11FsN,0 (268.0823) [M]: 268.0803.
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Synthesis of 2-(3-((tert-butyldimethylsilyl)oxy)pheayl)-4-(4-(trifluoromethyl)-phenyl)-
pyrimidine (37f):

CF3

SN
| /J\©/0TBS
N

A solution of32p in THF (1.2 mmol, 1.2 equiv, 1.0 M) was added avige to a suspension
of anhydrous CrGl (3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) aB8m (1 mmol,
1.0 equiv) in THF (5 mL) at 28C. The suspension was stirred at°25for 15 min before
being quenched with brine and extracted with EtOAke organic layer was dried with
MgSQ,, filtered, and concentrated vacuoto yield the crude compound, which was purified

by column chromatography to yieB¥f as a slightly yellow oil.

Isolated yield: 80% (366 mg)

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 8:1 (+0.5% R)Et

'H NMR (300 MHz, CDCl3) 8/ppm: 0.29 (s, 6 H), 1.05 (s, 9 H), 7.02 (dd7.60, 2.07 Hz, 1
H), 7.40 (t,J=7.88 Hz, 1 H), 7.63 (dJ}=5.25 Hz, 1 H), 7.81 (mJ=8.02 Hz, 2 H), 8.08 (dd,
J=2.21, 1.66 Hz, 1 H), 8.17 - 8.22 (d%7.78, 1.11, 0.81, 0.81 Hz, 1 H), 8.33 (I”B.02 Hz,
2 H), 8.90 (dJ=5.25 Hz, 1 H).

3C NMR (75 MHz, CDCls3) 8/ppm: -4.3, 18.3, 25.7, 107.6, 108.4, 112.6, 11418,9, 121.4,
122.9, 123.9 (9J=272.6 Hz), 125.9 (qJ=3.9 Hz), 127.6, 129.6, 129.9, 132.4, 140.3, 156.1,
156.7, 158.0, 162.5, 164.5.

MS (70 eV, EI) m/z (%) 430 (7), 374 (26), 373 (100), 224 (4), 167 (23).

IR ATR v (cm™): 2958, 2932, 2860, 1712, 1566, 1550, 1452, 1426),14382, 1362, 1326,
1284, 1272, 1256, 1220, 1168, 1146, 1128, 1094),1960, 838, 810, 784.

HRMS (EIl) for C3H,5F3N20Si(430.1688) [M]: 430.1682.

Synthesis of 2-(4-methoxyphenyl)pyrazine (379):

OMe
N
AN
[ TQ

N
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A solution of32iin THF (1.2 mmol, 1.2 equiv, 1.3 M) was added dvige to a suspension of
anhydrous CrGl(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &81j (1 mmol, 1.0 equiv) in
THF (5 mL) at 25°C. The suspension was stirred at°25for 30 min before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgSg) filtered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yield7gas a white solid.

Isolated yield: 72% (134 mg).

Reaction time:30 min.

Solvent for purification: i-hexane/ethyl acetate 6:1 (+0.5% R)Et

m.p.: 93.8-95.2 °C.

H NMR (300 MHz, CDCls) &/ppm: 3.87 (s, 3 H), 6.98 - 7.07 (m, 2 H), 7.95618(m, 2 H),
8.43 (d,J=2.49 Hz, 1 H), 8.58 (dd=2.49, 1.38 Hz, 1 H), 8.97 (d:1.38 Hz, 1 H).

3C NMR (75 MHz, CDCl3) d/ppm: 55.4, 114.5, 128.3, 128.8, 141.5, 141.9, 0,4452.5,
161.2.

MS (70 eV, EI) m/z (%) 186 (19), 149 (7), 133 (7), 109 (6), 83 (8), 8}, 69 (24).

IR ATR v (Cm'l): 2956, 2914, 2836, 1604, 1586, 1516, 1474, 14584 12400, 1302, 1246,
1178, 1148, 1108, 1078, 1034, 1014, 834, 818, 750.

HRMS (EI) for C11H10N,0 (186.0793) [M]: 186.0785.

Synthesis of Ethyl 2'-benzoyl-[1,1'-biphenyl]-3-cabboxylate (41a):

EtO,C O
0

A solution 0of39 in THF (1.2 mmol, 1.2 equiv, 0.8 M) was added dvize to a suspension of
anhydrous CrGl(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) é8&l(1 mmol, 1.0 equiv) in
THF (5 mL) at 25°C. The suspension was stirred at°25for 15 min before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgS§) filtered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yieldlaas a white solid.

Isolated yield: 79% (261 mg).
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Reaction time: 15 min.

Solvent for purification: i-hexane/diethyl ether 9:1.

m.p.: 65.1-66.7 °C.

'H NMR (300 MHz, CDCl3) &/ppm: 7.98 (tJ=1.7 Hz, 1 H), 7.85 (dt}=7.8, 1.5 Hz, 1 H),
7.69 —7.38 (m, 8 H), 7.32 - 7.23 (m, 3 H), 4.32)&¥.2 Hz, 2 H), 1.33 (1}=7.1 Hz, 3 H).

13C NMR (75 MHz, CDCls) &/ppm: 198.3, 166.1, 140.3, 140.2, 138.9, 137.3,3,3832.9,
130.5, 130.5, 130.1, 129.9, 129.8, 128.9, 128.8,21228.1, 127.4, 60.9, 14.2.

MS (70 eV, El) m/z (%) 330 (100), 285 (37), 257 (53), 253 (30), 207 (9452 (30), 105
(83), 77 (45).

IR ATR v (cm™): 3054, 2971, 2912, 1714, 1662, 1595, 1580, 15647,11440, 1428, 1306,
1283, 1264, 1238, 1180, 1167, 1153, 1120, 11126,11075, 1054, 1033, 1023, 1000, 937,
923, 894, 882, 861, 805, 768, 747, 712, 704, 669, 6

HRMS (El) for C,2H1g05 (330.1256) [M]: 330.1247.

Synthesis of 2'-benzoyl-[1,1'-biphenyl]-3-carbonitie (41b):

NC!
o

A solution of40in THF (0.7 mmol, 0.7 equiv, 0.5 M) was added avige to a suspension of
anhydrous CrGl(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) é8&l(1 mmol, 1.0 equiv) in
THF (5 mL) at 25°C. The suspension was stirred at’@5for 2 h before being quenched with
brine and extracted with EtOAc. The organic layeaswdried with MgSQ filtered, and
concentratedin vacuo to yield the crude compound, which was purified glumn

chromatography to yield1b as colorless oil.

Isolated yield: 71% (261 mg).
Reaction time:2 h.
Solvent for purification: i-hexane/ethyl acetate 95:5.
'H NMR (300 MHz, CDCls) &/ppm: 7.68 — 7.51 (m, 6H), 7.50 — 7.41 (m, 4H)97-37.22
(m, 3H).
3C NMR (75 MHz, CDCl3) d/ppm: 197.8, 141.5, 138.9, 138.8, 137.2, 133.4,3,3832.2,
130.9, 130.8, 130.1, 129.9, 129.2, 129.0, 128.8,,218.5, 112.5.
MS (70 eV, El) m/z (%) 283 (98), 282 (28), 206 (79), 151 (25), 105 (100) (53).
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IR ATR v (cm®): 3061, 3028, 2230, 1661, 1595, 1579, 1470, 1448211314, 1284, 1276,
1264, 1177, 1152, 1110, 1074, 1026, 1000, 928, 846, 802, 757, 727, 707, 690.
HRMS (EI) for CoH1sNO (283.0997) [M]: 283.0988.

Synthesis of phenyl(4'-(trifluoromethyl)-[1,1'-biphenyl]-2-yl)methanone (41c):

CF,

I 0]

A solution 0f32y in THF (1.2 mmol, 1.2 equiv, 0.9 M) was added avige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &8&I(1 mmol, 1.0 equiv)

in THF (5 mL) at 25°C. The suspension was stirred at Z5 for 15 min before being
guenched with brine and extracted with EtOAc. Thgaaic layer was dried with MgS0©
filtered, and concentratemh vacuoto yield the crude compound, which was purified by

column chromatography to yieftl.cas colorless oll.

Isolated yield: 93% (305 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 96:4.

'H NMR (300 MHz, CDCls) &/ppm: 7.71 - 7.66 (m, 2 H), 7.65 - 7.43 (m, 7 HRZ- 7.26

(m, 4 H).

3C NMR (75 MHz, CDCls) &/ppm: 198.1, 143.9, 139.9, 138.9, 137.3, 133.2,6,3030.1,

129.9, 129.4 (qJ=32.5 Hz), 129.3, 128.9, 128.3, 127.7, 125.2 J3.9 Hz), 124.1 (q,
J=272.1 Hz).

MS (70 eV, EI) m/z (%) 326 (100), 325 (27), 249 (91), 201 (34), 152 (20b (74), 77 (42).
IR ATR v (cm™): 3063, 1663, 1618, 1597, 1581, 1450, 1405, 1322119260, 1162, 1120,
1114, 1068, 1020, 1006, 926, 843, 806, 764, 739, G98.

HRMS (EI) for CyH13F30 (326.0918) [M]: 326.0904.
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Synthesis of (4'-(dimethylamino)-[1,1'-biphenyl]-2yl)(phenyl)methanone (41d):

NM62

l 0

A solution of32nin THF (1.2 mmol, 1.2 equiv, 1.1 M) was added avige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &8&®I(1 mmol, 1.0 equiv)

in THF (5 mL) at 25°C. The suspension was stirred at Z5 for 15 min before being
guenched with brine and extracted with EtOAc. Thgaaic layer was dried with MgS0O
filtered, and concentratemh vacuoto yield the crude compound, which was purified by

column chromatography to yiefdd as an orange solid.

Isolated yield: 94% (282 mg).

Reaction conditions:15 min.

Solvent for purification: i-hexane/ethyl acetate 97:3 (+ 4%NBt

m.p.: 112.4-113.8 °C.

'H NMR (300 MHz, CDCl3) &/ppm: 7.75 - 7.68 (m, 2 H), 7.58 - 7.45 (m, 3 H}47- 7.35
(m, 2 H), 7.33 - 7.24 (m, 2 H), 7.21 - 7.14 (m, R 6162 - 6.53 (m, 2 H), 2.87 (s, 6 H).

3C NMR (75 MHz, CDCl3) d/ppm: 199.3, 149.7, 141.2, 138.6, 137.5, 132.7,2,3[r9.9,
129.8, 129.8, 128.6, 128.1, 128.1, 126.0, 112.31.40

MS (70 eV, EI) m/z (%) 302 (21), 301 (100), 300 (36), 77 (12).

IR ATR v (cm™): 2924, 2854, 2802, 1663, 1611, 1594, 1580, 1578515479, 1447, 1349,
1315, 1293, 1281, 1247, 1222, 1204, 1168, 11610,11530, 1104, 1062, 1028, 945, 938,
932, 921, 879, 823, 804, 775, 766, 726, 720, 793, 676.

HRMS (EI) for Cx:H1oNO (301.1467) [M]: 301.1452.

Synthesis of (2-(benzdg]thiophen-3-yl)phenyl)(phenyl)methanone (41e):
Qs
7 0

A solution of32w in THF (1.2 mmol, 1.2 equiv, 0.9 M) was added avige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &8&I(1 mmol, 1.0 equiv)
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in THF (5 mL) at 25°C. The suspension was stirred at®80for 2 h before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgS§) filtered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yieldleas a red solid.

Isolated yield: 89% (305 mg).

Reaction conditions:2 h, 50 °C.

Solvent for purification: i-hexane/ethyl acetate 96:4.

m.p.: 121.2-123.1 °C.

'H NMR (300 MHz, CDCls3) 8/ppm: 7.75 - 7.49 (m, 8 H), 7.38 - 7.20 (m, 3 HL&(s, 1 H),
7.05-7.13 (m, 2 H).

13C NMR (75 MHz, CDCls) d/ppm: 198.5, 140.1, 139.9, 138.3, 137.2, 135.6,5,3432.4,
130.4, 130.3, 129.1, 129.1, 127.8, 127.7, 126.8,31A424.3, 122.7, 122.5.

MS (70 eV, EI) m/z (%) 314 (100), 313 (21), 285 (19), 234 (76), 165 (0P (21), 77 (27).
IR ATR v (Cm'l): 1663, 1593, 1577, 1448, 1424, 1316, 1285, 1278512210, 1183, 1163,
1147, 1062, 944, 926, 836, 808, 764, 758, 733, 704,

HRMS (El) for C»1H140S (314.0765) [M]: 314.0755.

Synthesis of [1,1'-biphenyl]-2-yl(6-chloropyridin-3yl)methanone (43):

A solution of32ain THF (1.2 mmol, 1.2 equiv, 1.7 M) was added avige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) af#l(1 mmol, 1.0 equiv)

in THF (5 mL) at 25°C. The suspension was stirred at Z5 for 15 min before being
guenched with brine and extracted with EtOAc. Thgaaic layer was dried with MgS0O
filtered, and concentratemh vacuoto yield the crude compound, which was purified by
column chromatography to yiet8 as white crystals.

Isolated yield: 72% (211 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/diethyl ether 2:1.
m.p.: 108.6-111.2 °C.

192



'H NMR (300 MHz, CDCls) 8/ppm:8.42 (ddJ=2.5, 0.6 Hz, 1 H), 7.81 (dd=8.3, 2.5 Hz, 1
H), 7.68 - 7.48 (m, 4 H), 7.24 - 7.12 (m, 6 H).

3C NMR (75 MHz, CDCl3) d/ppm: 196.3, 154.8, 151.2, 141.2, 139.6, 138.9,6,3131.8,
131.4, 130.1, 129.1, 129.0, 128.6, 127.8, 127.3,8.2

MS (70 eV, El) m/z (%) 293 (97), 292 (100), 266 (11), 264 (26), 182 (1®H3 (30), 152
(50), 151 (13), 140 (18).

IR ATR v (cm™): 1671, 1594, 1576, 1564, 1478, 1460, 1448, 14336,18363, 1289, 1276,
1266, 1251, 1139, 1115, 1100, 1076, 1052, 10410,10208, 970, 961, 926, 918, 884, 844,
786, 774, 752, 744, 715, 699.

HRMS (EI) for C1gH1,CINO (293.0613) [M]: 293.05609.

Synthesis of thiophen-2-yl(2-(thiophen-3-yl)phenyihethanone (46):

A solution of45in THF (1.2 mmol, 1.2 equiv, 0.8 M) was added avige to a suspension of
anhydrous CrGl(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) afl(1 mmol, 1.0 equiv) in
THF (5 mL) at 25°C. The suspension was stirred at°€5for 15 min before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgSg) filtered, and
concentratedin vacuo to yield the crude compound, which was purified glumn

chromatography to yield6 as a brownish solid.

Isolated yield: 90% (165 mg).

Reaction conditions:15 min.

Solvent for purification: i-hexane/diethyl ether 9:1.

m.p.: 68.8-70.2 °C.

'H NMR (300 MHz, CDCls) &/ppm: 7.65 - 7.47 (m, 4 H), 7.45 - 7.38 (m, 1 HR&- 7.17
(m, 3 H), 7.09 (ddJ=4.8, 1.5 Hz, 1 H), 6.94 (dd=4.8, 3.7 Hz, 1 H).

3C NMR (75 MHz, CDCls) &/ppm: 190.8, 144.5, 140.5, 138.7, 135.2, 134.8,7.,3430.3,
129.7,128.2,128.1, 127.9, 127.0, 125.9, 123.4.

MS (70 eV, EI) m/z (%) 270 (100), 269 (33), 241 (32), 237 (85), 115 (311 (38).
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IR ATR v (cmiY): 3094, 2923, 2853, 1628, 1595, 1567, 1511, 14843,18407, 1366, 1354,
1295, 1268, 1258, 1231, 1195, 1164, 1149, 11065,10862, 1042, 1026, 889, 859, 842, 804,
795, 779, 756, 748, 728, 723, 706, 697, 6609.

HRMS (EI) for C1sH1d0S, (270.0173) [M]: 270.0169.

7.2. Preparation of the Title Compounds Using TP5

Synthesis of(1,1'-biphenyl]-2-carbaldehyde (48a):

O CHO

A solution of32ain THF (1.2 mmol, 1.2 equiv, 1.7 M) was added avige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) andrnes7 (1 mmol,
1.0 equiv) in THF (5 mL) at 28C. The suspension was stirred at°®5for 15 min before
being quenched with an aq. solution of HCI (2 My axtracted with EtOAc. The organic
layer was dried with MgSgfiltered, and concentratex vacuoto yield the crude compound,

which was purified by column chromatography to giéBaas a yellow oil.

Isolated yield: 84% (152 mg).

Reaction conditions:15 min.

Solvent for purification: i-hexane/diethyl ether 9:1.

'H NMR (300 MHz, CDCls) &/ppm: 10.00 (d,J=0.8 Hz, 1 H), 8.04 (dd=7.7, 1.4 Hz, 1 H),
7.64 (td,J=7.5, 1.5 Hz, 1 H), 7.52 - 7.43 (m, 5 H), 7.41377(m, 2 H).

3C NMR (75 MHz, CDCl3) d/ppm: 192.4, 146.0, 137.7, 133.7, 133.5, 130.8,1,3[r8 .4,
128.1, 127.8, 127.6.

MS (70 eV, El) m/z (%) 182 (72), 181 (100), 154 (19), 153 (41), 152 (&%) (13).

IR ATR v (cm™): 3060, 3028, 2845, 2752, 1688, 1655, 1596, 1498318453, 1437, 1392,
1301, 1252, 1194, 1160, 1101, 1075, 1048, 1033,1910, 827, 778, 756, 745, 700.
HRMS (EI) for C15H100 (182.0732) [M]: 182.0701.
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Synthesis of 4'-methoxy-[1,1'-biphenyl]-2-carbaldejde (48b):

l CHO
l OMe

A solution of32iin THF (1.2 mmol, 1.2 equiv, 1.3 M) was added dvige to a suspension of
anhydrous CrGl (3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) and ne47 (1 mmol,
1.0 equiv) in THF (5 mL) at 28C. The suspension was stirred at°25for 15 min before
being quenched with an aq. solution of HCI (2 My axtracted with EtOAc. The organic
layer was dried with MgSgfiltered, and concentratex vacuoto yield the crude compound,

which was purified by column chromatography to ¢ié8b as a yellow oil.

Isolated yield: 69% (152 mg).

Reaction conditions:15 min.

Solvent for purification: i-hexane/diethyl ether 95:5.

'H NMR (300 MHz, CDCls) &/ppm: 10.00 (tJ=0.7 Hz, 1 H), 8.00 (dt}=7.8, 0.7 Hz, 1 H),
7.65 - 7.57 (m, 1 H), 7.49 - 7.40 (m, 2 H), 7.3425 (m, 2 H), 7.04 - 6.97 (m, 2 H), 3.87 (d,
J=0.8 Hz, 3 H).

3C NMR (75 MHz, CDCl3) d/ppm: 192.6, 159.7, 145.6, 133.8, 133.5, 131.3,8,3030.0,
127.6, 127.3, 113.9, 55.4.

MS (70 eV, EI) m/z (%): 212 (100), 211 (30), 197 (20), 181 (27), 169 (393 (19), 152
(21), 140 (20), 139 (51), 115 (57).

IR ATR v (cm™): 3031, 2957, 2935, 2837, 2750, 1688, 1657, 16096,15578, 1514, 1474,
1449, 1442, 1391, 1297, 1271, 1243, 1192, 11770,11612, 1100, 1047, 1033, 1016, 1000,
833, 803, 763, 742, 713.

HRMS (El) for C14H1,0,: (212.0837) [M]: 212.0838.

Synthesis of 2-(thiophen-3-yl)benzaldehyde (48c):
CHO
%
S
A solution of45in THF (1.2 mmol, 1.2 equiv, 0.8 M) was added avige to a suspension of
anhydrous CrGl (3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) and ne47 (1 mmol,

195



1.0 equiv) in THF (5 mL) at 2%C. The suspension was stirred at°25for 16 h before being
guenched with an ag. solution of HCI (2 M) and asted with EtOAc. The organic layer was
dried with MgSQ, filtered, and concentrated vacuoto yield the crude compound, which

was purified by column chromatography to yidBcas a yellow oil.

Isolated yield: 75% (140 mg).

Reaction conditions:16 h.

Solvent for purification: i-hexane/diethyl ether 95:5.

'H NMR (300 MHz, CDCl3) &/ppm: 10.10 (dJ=0.6 Hz, 1 H), 8.03 - 7.97 (m, 1 H), 7.65 -
7.58 (m, 1 H), 7.51 - 7.42 (m, 3 H), 7.29 (dd2.9, 1.2 Hz, 1 H), 7.21 - 7.17 (m, 1 H).

13C NMR (75 MHz, CDCls) d/ppm: 192.3, 140.4, 138.3, 134.0, 133.6, 130.6,3,227.8,
127.6, 126.3, 125.0.

MS (70 eV, EI) m/z (%): 188 (100), 160 (100), 159 (24), 158 (21), 116 (A0p (85), 43
(32).

IR ATR v (cm™): 3099, 2847, 2750, 1683, 1596, 1570, 1474, 1440611389, 1362, 1270,
1243, 1194, 1160, 1100, 1082, 1047, 1028, 859, 8B®), 792, 756, 731, 684, 653.

HRMS (EI) for C13HgOS: (188.0296) [M]: 188.0300.

7.3. Preparation of the Title Compounds Using TP6

Synthesis of E)-N,N-dimethyl-4-(oct-1-en-1-yl)aniline (50a):

/W\@\
NMe,

A solution of32nin THF (1.5 mmol, 1.5 equiv, 1.2 M) was added drig@mo a suspension
of anhydrous CrGlI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) andealid iodide 49

(2 mmol, 1.0 equiv) in THF (5 mL) at Z%. The suspension was stirred at’25for 15 min
before being quenched with brine and extracted #iAc. The organic layer was dried with
MgSQ,, filtered, and concentrated vacuoto yield the crude compound, which was purified
by column chromatography to yiebdaas a slightly yellow oil.

Isolated yield: 70% (162 mg).
Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 9:1.
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'H NMR (300 MHz, CDCl3) &/ppm: 0.84 - 0.96 (m, 3 H), 1.23 - 1.52 (m, 8 HL®- 2.26
(M, 2 H), 2.95 (s, 6 H), 5.97 - 6.10 (m, 1 H), 6(80J=16.03 Hz, 1 H), 6.66 - 6.74 (M, 2 H),
7.21-7.29 (m, 2 H).

13C NMR (75 MHz, CDCl3) &/ppm: 14.1, 22.7, 28.9, 29.7, 31.8, 33.1, 40.7,.8,1226.7,
127.2, 129.4, 149.6.

MS (70 eV, El) miz (%) 232 (15), 231 (100), 161 (26), 160 (40), 145 (184 (30).

IR ATR v (cmil): 2954, 2923, 2871, 2852, 2801, 1610, 1519, 14866,18454, 1444, 1348,
1221, 1187, 1164, 1129, 1061, 961, 947, 831, 8P4, 7

HRMS (EI) for CyeH2sN (231.1987) [M]: 231.1964.

Synthesis of E)-1-methoxy-4-(oct-1-en-1-yl)benzene (50b):
/\/\/\/\@\
OMe

A solution of32iin THF (1.5 mmol, 1.5 equiv, 1.3 M) was added drig@ito a suspension of
anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) andeald iodide49 (1 mmol,
1.0 equiv) in THF (5 mL) at 28C. The suspension was stirred at°25for 15 min before
being quenched with brine and extracted with EtOAle organic layer was dried with
MgSQ,, filtered, and concentrated vacuoto yield the crude compound, which was purified

by column chromatography to yieldb as a colorless oll.

Isolated yield: 75% (164 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 20:1.

'H NMR (300 MHz, CDCl3) &ppm: 0.87 - 0.99 (m, 3 H), 1.28 - 1.52 (m, 8 H1£L- 2.27
(m, 2 H), 3.81 (s, 3 H), 6.04 - 6.17 (m, 1 H), 6:28.39 (m, 1 H), 6.85 (m, 2 H), 7.29 (m, 2
H).

3C NMR (75 MHz, CDCl3) &/ppm: 14.1, 22.7, 28.9, 29.5, 31.8, 33.0, 55.3,.9,1826.9,
129.0, 129.1, 130.8, 158.6.

MS (70 eV, EI) m/z (%) 218 (27), 148 (14), 147 (100), 134 (19), 121 (245 (10), 91 (16).
IR ATR v (Cm'l): 2955, 2924, 2871, 2854, 2836, 1608, 1510, 14651 14287, 1244, 1174,
1105, 1037, 963, 840, 803, 758, 724.

HRMS (EI) for C1sH2,0 (218.1671) [M]: 218.1666.
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Synthesis of E)-tert-butyldimethyl(3-(oct-1-en-1-yl)phenoxy)silane (50c
/\/\/\/\©/OTBS

A solution of32pin THF (1.5 mmol, 1.5 equiv, 1.0 M) was added drig@amo a suspension
of anhydrous CrGlI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) andealid iodide 49

(2 mmol, 1.0 equiv) in THF (5 mL) at Z%. The suspension was stirred at°’25for 15 min
before being quenched with brine and extracted #iAc. The organic layer was dried with
MgSQ,, filtered, and concentrated vacuoto yield the crude compound, which was purified
by column chromatography to yielfdc as a colorless oil.

Isolated yield: 80% (255 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane.

'H NMR (300 MHz, CDCl5) &/ppm: 0.22 (s, 6 H), 0.87 - 0.97 (m, 3 H), 1.029${), 1.22 -

1.58 (m, 8 H), 2.22 (q]=7.28 Hz, 2 H), 6.15 - 6.26 (m, 1 H), 6.30 - 6.88 (L H), 6.70 (dd,
J=8.02, 2.21 Hz, 1 H), 6.94 - 7.00 (m, 1 H), 7.1228 (m, 2 H).

13C NMR (75 MHz, CDCls) d/ppm: -4.4, 14.1, 18.2, 22.6, 25.7, 28.9, 29.38333.0, 117.5,
118.5, 119.1, 120.1, 129.5, 131.3, 139.5, 155.8.

MS (70 eV, EI) m/z (%) 318 (13), 262 (20), 261 (100), 163 (9), 151 (6).

IR ATR v (Cm'l): 2956, 2928, 2857, 1597, 1578, 1490, 1472, 1464914277, 1252, 1170,
1156, 1001, 965, 939, 916, 876, 837, 778, 713, 688,

HRMS (EI) for CaoH340Si(318.2379) [M]: 318.2376.

Synthesis of E)-1-(dimethoxymethyl)-4-(oct-1-en-1-yl)benzene (5Qd

=
/\/\/\/\@\(O\

SN

A solution of32tin THF (1.5 mmol, 1.5 equiv, 0.9 M) was added drg@ito a suspension of
anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) andeald iodide49 (1 mmol,
1.0 equiv) in THF (5 mL) at 28C. The suspension was stirred at°®5for 15 min before
being quenched with brine and extracted with EtOAke organic layer was dried with
MgSQ,, filtered, and concentrated vacuoto yield the crude compound, which was purified
by column chromatography to yielddd as a colorless oll.
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Isolated yield: 69% (181 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 20:1.

'H NMR (300 MHz, DMSO) &/ppm: 0.81 - 0.87 (m, 3 H), 1.23 - 1.32 (m, 6 HB6L- 1.45
(m, 2 H), 2.15 (qJ=6.63 Hz, 2 H), 3.32 (s, 6 H), 5.33 (s, 1 H), 6:839 (m, 2 H), 7.28 (m,
2 H), 7.36 (m, 2 H).

¥c NMR (75 MHz, DMSO) &/ppm: 14.4, 22.5, 28.8, 29.2, 31.6, 32.9, 52.8,.9,0225.9,
127.2,129.6, 131.7, 137.1, 137.9.

MS (70 eV, El) m/z (%) 216 (24), 133 (11), 132 (100), 131 (30), 117 (64) (24).

IR ATR v (cm™): 2954, 2927, 2856, 1689, 1609, 1577, 1466, 14229,1B786, 1268, 1208,
1170, 1107, 1016, 893, 856, 828, 804, 790, 762, 738, 702.

HRMS (EI) for C17H 260, (262.1933) [M[: 262.1916.

7.4. Preparation of the Title Compounds Using TP7rad TP8

Synthesis of 4-chloro-2-phenylpyridine (52a):

A solution of32ain THF (1.2 mmol, 1.2 equiv, 1.7 M) was added avige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &l (1 mmol, 1.0 equiv)

in THF (5 mL) at 25°C. The suspension was stirred at €5 for 15 min before being
guenched with brine and extracted with EtOAc. Thganic layer was dried with MgS0O
filtered, and concentratemh vacuoto yield the crude compound, which was purified by

column chromatography to yieliRaas a slightly yellow oil.

Isolated yield: 80% (152 mg).
Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 6:1 (+0.5% R)Et

199



'H NMR (300 MHz, CDCls) &/ppm: 7.21 - 7.29 (m, 1 H), 7.41 - 7.57 (m, 3 H){47(dd,
J=1.94, 0.55 Hz, 1 H), 7.90 - 8.08 (m, 2 H), 8.58,(#£5.25, 0.55 Hz, 1 H).

13C NMR (75 MHz, CDCls) &/ppm: 120.83 (s, 1 C), 122.27 (s, 1 C), 126.94 (€), 128.85
(s,1C), 129.60 (s, 1 C), 138.10 (s, 1 C), 144s74 C), 150.46 (s, 1 C), 158.98 (s, 1 C):
MS (70 eV, EI) m/z (%) 189 (51) [M], 188 (14), 154 (27), 127 (12), 70 (11), 43 (100).
IR ATR v (cm'Y): 3044, 2358, 1571, 1549, 1497, 1462, 1442, 1389211096, 1072,
1053, 872, 823, 802, 771, 728, 703, 690, 668, 659.

HRMS (EI) for C13HgCIN (189.0345) [M]: 189.0337.

Synthesis of 3-chloro-2-phenylpyridine (52b):

\CI

=
N

A solution of32ain THF (1.2 mmol, 1.2 equiv, 1.7 M) was added avige to a suspension
of anhydrous CrGIl(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &ib (1 mmol, 1.0 equiv)

in THF (5 mL) at 25°C. The suspension was stirred at €5 for 15 min before being
guenched with brine and extracted with EtOAc. Thgaaic layer was dried with MgS0©
filtered, and concentratemh vacuoto yield the crude compound, which was purified by

column chromatography to yiel®b as a slightly yellow oil.

Isolated yield: 76% (144 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 6:1 (+0.5% R)Et

H NMR (300 MHz, CDCl3) &/ppm: 7.22 (ddJ=8.02, 4.70 Hz, 1 H), 7.43 - 7.53 (m, 3 H),
7.72 - 7.84 (m, 3 H), 8.61 (dd4.70, 1.38 Hz, 1 H).

¥C NMR (75 MHz, CDClg) 8/ppm: 123.02 (s, 1 C), 128.02 (s, 1 C), 128.811(€), 129.32
(s,1C), 130.16 (s, 1 C), 138.06 (s, 1 C), 138s19 C), 147.55 (s, 1 C), 156.58 (s, 1 C).
MS (70 eV, EI) m/z (%): 189 (22), 154 (50), 61 (18), 43 (100).

IR ATR v (Cm'l): 3057, 3042, 2362, 1570, 1553, 1496, 1450, 1431514222, 1181, 1131,
1089, 1075, 1031, 1016, 1002, 974, 918, 794, 786, 737, 694, 681, 668, 659, 654.
HRMS (EI) for C1;HsCIN (189.0345) [M]: 189.0344.
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Synthesis of 5-chloro-2-phenylpyridine (52c):

Cl SN

—
N

A solution of32ain THF (1.2 mmol, 1.2 equiv, 1.7 M) was added avige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &t (1 mmol, 1.0 equiv)

in THF (5 mL) at 25°C. The suspension was stirred at Z5 for 15 min before being
guenched with brine and extracted with EtOAc. Thgaaic layer was dried with MgS0O
filtered, and concentratemh vacuoto yield the crude compound, which was purified by

column chromatography to yiekPcas white crystals.

Isolated yield: 87% (165 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 6:1 (+0.5% R)Et

m.p.: 65.8-67.8 °C.

'H NMR (300 MHz, CDCl3) &/ppm: 7.42 - 7.52 (m, 3 H), 7.66 - 7.69 (m, 1 HY17- 7.74
(m, 1 H), 7.95 - 8.01 (m, 2 H), 8.65 (db2.34, 0.78 Hz, 1 H).

¥%C NMR (75 MHz, CDClg) 8/ppm: 121.11 (s, 1 C), 126.79 (s, 1 C), 128.84.(€), 129.28
(s, 1 C), 130.59 (s, 1 C), 136.45 (s, 1 C), 138s18 C), 148.46 (s, 1 C), 155.53 (s, 1 C).
MS (70 eV, El) m/z (%): 191 (33), 189 (100), 154 (41), 127 (13).

IR ATR v (cm™): 3062, 3037, 2360, 1574, 1554, 1460, 1456, 1442618419, 1365, 1290,
1136, 1112, 1074, 1022, 1007, 991, 979, 929, 928, 834, 774, 755, 730, 707, 690, 676,
672, 668, 663, 658, 655, 653.

HRMS (EI) for C1;HsCIN (189.0345) [M]: 189.0340.

Synthesis of 4-chloro-3-(1,3-dioxolan-2-yl)-2-phemgyridine (52d):

A solution of32ain THF (1.2 mmol, 1.2 equiv, 1.7 M) was added avige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &1l (1 mmol, 1.0 equiv)
in THF (5 mL) at 25°C. The suspension was stirred at Z5 for 30 min before being
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guenched with brine and extracted with EtOAc. Thgaaic layer was dried with MgS0O
filtered, and concentratemh vacuoto yield the crude compound, which was purified by
column chromatography to yielid as a white solid.

Isolated yield: 67% (175 mg).

Reaction time: 30 min.

Solvent for purification: i-hexane/ethyl acetate 4:1 (+0.5% R)Et

m.p.: 59.3-61.0 °C.

'H NMR (300 MHz, CDCl3) 8/ppm: 3.85 - 4.02 (m, 2 H), 4.02 - 4.20 (m, 2 HR5(s, 1 H),
7.30 - 7.67 (m, 6 H), 8.54 (d55.25 Hz, 1 H)

3C NMR (75 MHz, CDCls) d/ppm: 65.82 (s, 1 C), 101.38 (s, 1 C), 124.97 (€)1127.46
(s,1C), 128.02 (s, 1 C), 128.54 (s, 1 C), 1293l C), 139.06 (s, 1 C), 145.17 (s, 1 C),
149.86 (s, 1 C), 162.12 (s, 1 C).

MS (70 eV, EI) m/z (%) 218 (30), 216 (89), 191 (33), 189 (100), 183 (AGY (47).

IR ATR v (Cm'l): 2971, 2894, 2362, 1559, 1552, 1452, 1446, 13792,1PP71, 1103, 1057,
1018, 973, 962, 938, 922, 862, 844, 838, 810, 792, 763, 724, 707, 702, 685, 673, 668,
661, 656, 653.

HRMS (EIl) for C14H12CINO; (261.0557) [M]: 261.0554.

Synthesis  of  4-chloro-2-phenyl-3-(((tetrahydro-B-pyran-2-yl)oxy)methyl)pyridine

(52e):
e

A (0) (0)
pZ
N

A solution of32ain THF (1.2 mmol, 1.2 equiv, 1.7 M) was added avige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &tk (1 mmol, 1.0 equiv)

in THF (5 mL) at 25°C. The suspension was stirred at Z5 for 30 min before being
guenched with brine and extracted with EtOAc. Thgaaic layer was dried with MgS0O
filtered, and concentratemh vacuoto yield the crude compound, which was purified by

column chromatography to yiekPeas a colorless oil.

Isolated yield: 76% (231 mg).

Reaction time: 30 min.
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Solvent for purification: i-hexane/ethyl acetate 4:1 (+0.5% p)Et

'H NMR (300 MHz, CDCls) &/ppm: 1.52 - 1.92 (m, 6 H), 3.46 - 3.55 (m, 1 H);SB- 3.90
(m, 1 H), 4.39 (dJ=10.50 Hz, 1 H), 4.77 (§=3.04 Hz, 1 H), 4.83 (d]=10.50 Hz, 1 H), 7.36
(d,J=5.25 Hz, 1 H), 7.41 - 7.51 (m, 3 H), 7.62 - 7.7, @ H), 8.52 (dJ=5.25 Hz, 1 H).

13C NMR (75 MHz, CDCls) 8/ppm: 18.92 (s, 1 C), 25.41 (s, 1 C), 30.41 (s),16@.69 (s, 1
C), 64.56 (s, 1 C), 99.00 (s, 1 C), 123.55 (s, 1128.10 (s, 1 C), 128.67 (s, 1 C), 129.17 (s, 1
C), 129.32 (s, 1 C), 139.39 (s, 1 C), 146.82 (3),1149.27 (s, 1 C), 162.12 (s, 1 C).

MS (70 eV, EI) m/z (%) 219 (16), 204 (30), 202 (100), 167 (14), 85 (33).

IR ATR v (cm™): 2940, 2894, 2362, 2338, 1560, 1548, 1496, 1452314810, 1378, 1348,
1200, 1182, 1174, 1131, 1118, 1103, 1076, 1068,,10837, 1022, 1001, 989, 962, 938, 922,
905, 890, 869, 843, 837, 818, 816, 810, 793, 739, 732, 730, 724, 700, 686, 668, 653.
HRMS (EI) for C37H1gCINO>(303.1026) [M]: 303.0949.

Synthesis of 3-chloro-1-phenylisoquinoline (52f):
X Cl
L

A solution of32ain THF (1.2 mmol, 1.2 equiv, 1.7 M) was added avige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &id (1 mmol, 1.0 equiv)
in CPME (5 mL) at 25C. The suspension was stirred at’€5for 1 h before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgSg) filtered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel82f as a slightly yellow solid.

Isolated yield: 71% (170 mg).

Reaction time:1 h.

Solvent for purification: i-hexane/ethyl acetate 3:1 (+0.5% R)Et

m.p.: 75.9-77.9 °C.

'H NMR (300 MHz, CDCls) 8/ppm: 7.47 - 7.60 (m, 4 H), 7.67 - 7.75 (m, 4 HYJ- 7.84
(m, 1 H), 8.10 (dJ=8.57 Hz, 1 H).
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13C NMR (75 MHz, CDCl3) 8/ppm: 118.89 (s, 1 C), 125.49 (s, 1 C), 126.24.(§), 127.34
(s, 1 C), 127.79 (s, 1 C), 128.41 (s, 1 C), 1294971 C), 130.04 (s, 1 C), 130.90 (s, 1 C),
138.21 (s, 1 C), 138.96 (s, 1 C), 144.76 (s, 116).49 (s, 1 C).

MS (70 eV, El) m/z (%) 239 (100), 202 (71), 176 (18), 151 (15), 101 (17)

IR ATR v (cm™): 3054, 3028, 2363, 2331, 1616, 1572, 1570, 15608,15542, 1489, 1443,
1430, 1396, 1385, 1376, 1359, 1319, 1307, 12695,12147, 1077, 1069, 1028, 999, 978,
974, 964, 922, 874, 854, 850, 799, 766, 757, 728, 898, 677, 668, 658, 653.

HRMS (EI) for C1sH1oCIN (239.0502) [M]: 239.0477.

Synthesis of 2-(benza][1,3]dioxol-5-yl)-6-chloroquinoline (529):
s
| =
N O,
O>

A solution of32k in THF (1.2 mmol, 1.2 equiv, 1.1 M) was added avige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &id) (1 mmol, 1.0 equiv)
in CPME (5 mL) at 25C. The suspension was stirred at’25for 1 h before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgS§) filtered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel#2gas a white solid.

Isolated yield: 82% (232 mg).

Reaction time:1 h.

Solvent for purification: i-hexane/ethyl acetate 8:1 (+0.5% R)Et

m.p.: 159.2-160.9 °C.

'H NMR (300 MHz, CDCl3) &ppm: 6.05 (s, 2 H), 6.95 (d=8.02 Hz, 1 H), 7.64 (ddd,
J=8.71, 2.35, 2.21 Hz, 2 H), 7.70 - 7.83 (m, 3 HPE3(dd,J=8.71, 2.63 Hz, 2 H).

13C NMR (75 MHz, CDCls) &ppm: 101.41 (s, 1 C), 107.77 (s, 1 C), 108.44 (€), 119.32
(s, 1 C), 121.74 (s, 1 C), 126.06 (s, 1 C), 127449 C), 130.50 (s, 1 C), 131.10 (s, 1 C),
131.61 (s, 1 C), 133.58 (s, 1 C), 135.68 (s, 118%.52 (s, 1 C), 148.45 (s, 1 C), 149.03 (s, 1
C), 156.78 (s, 1 C).

MS (70 eV, El) m/z (%) 283 (100), 225 (14), 190 (25), 44 (20).
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IR ATR v (cm): 2903, 2366, 2336, 1593, 1548, 1507, 1499, 1481518438, 1351, 1329,
1293, 1287, 1256, 1241, 1214, 1190, 1145, 11201,11072, 1036, 948, 936, 924, 913, 894,
881, 861, 830, 824, 815, 809, 788, 775, 724, 768, 6

HRMS (EI) for C16H10CINO- (283.0400) [M]: 283.0389.

Synthesis of 5-chloro-2-(3-methoxyphenyl)pyridine52h):

Cl N

| pZ OMe
N

A solution of53in THF (1.2 mmol, 1.2 equiv, 1.2 M) was added dvize to a suspension of
anhydrous CrGl(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &t (1 mmol, 1.0 equiv) in
THF (5 mL) at 25°C. The suspension was stirred at°25for 30 min before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgS§) filtered, and
concentratedin vacuo to yield the crude compound, which was purified églumn
chromatography to yield82h as a white powder.

Isolated yield: 71% (156 mg).

Reaction time: 30 min.

Solvent for purification: i-hexane/BEO 9:1 (+0.5% NEJ).

m.p.: 60.2-62.8 °C.

'H NMR (300 MHz, CDCls) &/ppm: 3.90 (s, 3 H), 6.99 (dd=8.16, 2.63 Hz, 1 H), 7.39 (t,
J=8.02 Hz, 1 H), 7.49 - 7.59 (m, 2 H), 7.64 - 7.7} @ H), 8.64 (dJ=2.49 Hz, 1 H).

3C NMR (75 MHz, CDCls) d/ppm: 55.38 (s, 1 C), 111.97 (s, 1 C), 115.28 (€)1119.13
(s,1C), 121.23 (s, 1 C), 129.82 (s, 1 C), 13K C), 136.41 (s, 1 C), 139.63 (s, 1 C),
148.40 (s, 1 C), 155.30 (s, 1 C), 160.11 (s, 1 C).

MS (70 eV, EI) m/z (%) 219 (66), 190 (50), 176 (11), 154 (50), 141 (34)3 (17).

IR ATR v (cm™): 3002, 2956, 2834, 2360, 2331, 1608, 1586, 1575415471, 1459, 1430,
1370, 1365, 1302, 1292, 1227, 1219, 1208, 11826,11768, 1111, 1053, 1035, 1010, 894,
889, 885, 876, 858, 855, 848, 840, 836, 824, 793, 749, 689, 668.

HRMS (EI) for C12H10CINO (219.0451) [M]: 219.0435.
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Synthesis of 7-chloro-2-(3-methoxyphenyl)quinolinés2i):
— OMe
Cl N O

A solution of53in THF (1.2 mmol, 1.2 equiv, 1.2 M) was added dvize to a suspension of
anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &t (1 mmol, 1.0 equiv) in
CPME (5 mL) at 25C. The suspension was stirred at°25for 2 h before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgS§) filtered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel82i as a white solid.

Isolated yield: 72% (194 mg).

Reaction time:2 h.

Solvent for purification: i-hexane/ethyl acetate 9:1 (+0.5% R)Et

m.p.: 66.2-67.5 °C.

'H NMR (300 MHz, CDCls) 8/ppm: 3.94 (s, 3 H), 7.04 (ddd=6.91, 1.66, 1.38 Hz, 1 H),
7.41 -7.51 (m, 2 H), 7.68 - 7.80 (m, 3 H), 7.86XB.29 Hz, 1 H), 8.12 - 8.22 (m, 2 H).

3C NMR (75 MHz, CDCls) d/ppm: 55.41 (s, 1 C), 112.71 (s, 1 C), 115.69 (€)1119.15
(s,1C), 119.96 (s, 1 C), 125.58 (s, 1 C), 1278l C), 128.62 (s, 1 C), 128.70 (s, 1 C),
129.83 (s, 1 C), 135.44 (s, 1 C), 136.49 (s, 118959 (s, 1 C), 148.56 (s, 1 C), 157.95 (s, 1
C), 160.16 (s, 1 C).

MS (70 eV, EI) m/z (%) 269 (71), 268 (100), 239 (45), 204 (12), 190 (16)

IR ATR v (cm™): 2940, 2920, 2830, 2359, 1611, 1597, 1587, 1554515483, 1469, 1456,
1436, 1329, 1308, 1292, 1278, 1241, 1218, 11883,11857, 1152, 1133, 1087, 1069, 1046,
1037, 997, 927, 880, 871, 849, 837, 806, 778, 688, 674, 668, 659.

HRMS (EI) for C16H12CINO (269.0607) [M]: 268.0524.

Synthesis of 2-(benza][1,3]dioxol-5-yl)-4-chloropyridine (52)):

A solution of32k in THF (1.2 mmol, 1.2 equiv, 1.1 M) was added avige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &l (1 mmol, 1.0 equiv)
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in THF (5 mL) at 25°C. The suspension was stirred at Z5 for 15 min before being
guenched with brine and extracted with EtOAc. Thganic layer was dried with MgS0O
filtered, and concentratemh vacuoto yield the crude compound, which was purified by

column chromatography to yieli®j as a white solid.

Isolated yield: 77% (179 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 8:1 (+0.5% R)Et

m.p.: 108.5-111.0 °C.

'H NMR (300 MHz, CDCls) &/ppm: 6.03 (s, 2 H), 6.90 (dl=8.02 Hz, 1 H), 7.19 (dd,
J=5.25, 1.94 Hz, 1 H), 7.45 - 7.53 (m, 2 H), 7.63X€ll.94 Hz, 1 H), 8.53 (d]=5.25 Hz, 1
H).

3C NMR (75 MHz, CDCls3) 8/ppm: 101.42 (s, 1 C), 107.34 (s, 1 C), 108.48.(€), 120.17
(s,1C), 121.16 (s, 1 C), 121.78 (s, 1 C), 132K0L C), 144.63 (s, 1 C), 148.37 (s, 1 C),
148.97 (s, 1 C), 150.27 (s, 1 C), 158.41 (s, 1 C).

MS (70 eV, EI) m/z (%) 233 (100), 140 (19), 113 (13).

IR ATR v (Cm'l): 2894, 2359, 1573, 1550, 1500, 1493, 1462, 1442818351, 1278, 1257,
1216, 1114, 1108, 1037, 934, 888, 869, 865, 864, 885, 811, 780, 734, 719, 717, 701, 686,
684, 668.

HRMS (EI) for C1oHgCINO, (233.0244) [M]: 233.0244.

Synthesis of 4-(6-chloroquinolin-2-yl)N,N-dimethylaniline (52k):

RS
7
T
NMeZ

A solution of32nin THF (1.2 mmol, 1.2 equiv, 1.2 M) was added avige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &id) (1 mmol, 1.0 equiv)
in THF (5 mL) at 25°C. The suspension was stirred at°’25for 3 h before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgSg) filtered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel82k as a beige solid.

Isolated yield: 71% (199 mg).
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Reaction time:3 h.

Solvent for purification: i-hexane/ethyl acetate 8:1 (+0.5% R)Et

m.p.: 188.0-188.8 °C.

'H NMR (300 MHz, CDCls) &/ppm: 3.06 (s, 6 H), 6.84 (dl=9.12 Hz, 2 H), 7.61 (dd,
J=8.98, 2.35 Hz, 1 H), 7.75 (d72.49 Hz, 1 H), 7.84 (d}=8.85 Hz, 1 H), 7.97 - 8.15 (m, 4
H).

13C NMR (75 MHz, CDCls) d/ppm: 40.29 (s, 1 C), 112.18 (s, 1 C), 119.01 (€)1126.04
(s,1C), 126.94 (s, 1 C), 127.19 (s, 1 C), 12§31 C), 130.16 (s, 1 C), 130.75 (s, 1 C),
130.84 (s, 1 C), 135.31 (s, 1 C), 146.76 (s, 116),48 (s, 1 C), 157.50 (s, 1 C).

MS (70 eV, El) m/z (%) 282 (100), 281 (47), 266 (9), 238 (11).

IR ATR v (cm™): 2915, 2830, 2366, 1613, 1597, 1539, 1484, 14787 18437, 1330, 1310,
1288, 1279, 1240, 1231, 1220, 1202, 1188, 1168711852, 1133, 1067, 1062, 1046, 1037,
949, 941, 930, 882, 871, 849, 838, 825, 809, 798, 767, 760, 757, 693, 681, 675, 668.
HRMS (EIl) for C17H15CIN, (282.0924) [M]: 282.0921.

Synthesis of 5-(3-chloro-5-(trifluoromethyl)pyridin-2-yl)-1-methyl-1H-indole (52I):

FsC Cl

X
=

N N

Me

A solution of32r in THF (1.2 mmol, 1.2 equiv, 1.0 M) was added dvige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &id (1 mmol, 1.0 equiv)
in THF (5 mL) at 25°C. The suspension was stirred at®80for 1 h before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgSg) filtered, and
concentratedin vacuo to yield the crude compound, which was purified glumn

chromatography to yiel82| as a beige solid.

Isolated yield: 56% (174 mg).

Reaction conditions:1 h, 50 °C.

Solvent for purification: i-hexane/ethyl acetate 6:1 (+0.5% R)Et

m.p.: 83.9-85.9 °C.

'H NMR (300 MHz, CDCls) 8/ppm: 3.85 (s, 3 H), 6.60 (d=3.04 Hz, 1 H), 7.13 (d]=3.04
Hz, 1 H), 7.44 (dJ)=8.57 Hz, 1 H), 7.68 (ddl=8.85, 1.66 Hz, 1 H), 8.08 (dd=18.94, 2.07
Hz, 2 H), 8.87 (dJ=1.94 Hz, 1 H).
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13C NMR (75 MHz, CDCls) d/ppm: 32.95 (s, 1 C), 102.06 (s, 1 C), 108.91 (€)1122.76
(s, 1 C), 122.95 (qJ=272.73 Hz), 123.04 (s, 1 C), 125.07 (q, J=33.59 H28.10 (s, 1 C),
128.21 (s, 1 C), 129.87 (s, 1 C), 130.06 (s, 1185.18 (q, J=3.42 Hz, 1 C), 137.21 (s, 1 C),
144.00 (g, J=3.99 Hz, 1 C), 161.15 (s, 1 C).

MS (70 eV, EI) m/z (%) 310 (100), 275 (16), 111 (13), 97 (16), 85 (15).

IR ATR v (cm™): 2923, 2853, 2357, 1596, 1485, 1455, 1443, 1434518310, 1293, 1288,
1280, 1271, 1243, 1232, 1220, 1202, 1188, 11813,11533, 1118, 1109, 1093, 1066, 1027,
1004, 1003, 949, 941, 937, 931, 916, 899, 887, 884, 848, 839, 825, 814, 809, 793, 783,
771, 766, 758, 752, 735, 730, 724, 718, 708, 693, 676, 668, 660, 652.

HRMS (El) for C1sH10CIF3N, (310.0485) [M]: 310.0472.

Synthesis of 2-(3-((tert-butyldimethylsilyl)oxy)pheyl)-3-chloropyridine (52m):

O

|
N OTBS

A solution of32p in THF (1.2 mmol, 1.2 equiv, 1.1 M) was added avige to a suspension
of anhydrous CrGIl(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &ib (1 mmol, 1.0 equiv)

in THF (5 mL) at 25°C. The suspension was stirred at €5 for 15 min before being
guenched with brine and extracted with EtOAc. Thgaaic layer was dried with MgS0O
filtered, and concentratemh vacuoto yield the crude compound, which was purified by
column chromatography to yieimas a colorless oil.

Isolated yield: 82% (262 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/EO 9:1.

'H NMR (300 MHz, CDCl3) &/ppm: 0.24 (s, 6 H), 1.01 (s, 9 H), 6.93 (@#t7.26, 2.18 Hz, 1
H), 7.17 - 7.25 (m, 2 H), 7.28 - 7.38 (m, 2 H),¥.(dd, J=8.02, 1.66 Hz, 1 H), 8.59 (dd,
J=4.56, 1.52 Hz, 1 H).

13C NMR (75 MHz, CDCl3) &/ppm: -4.38 (s, 1 C), 18.18 (s, 1 C), 25.69 (s,1120.53 (s, 1
C), 121.07 (s, 1 C), 122.34 (s, 1 C), 123.01 (€),1129.11 (s, 1 C), 130.14 (s, 1 C), 138.03
(s,1C), 139.47 (s, 1 C), 147.47 (s, 1 C), 15520 C), 156.36 (s, 1 C).

MS (70 eV, EIl) m/z (%) 319 (13), 264 (38), 262 (100), 226 (9).
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IR ATR v (cm®): 2955, 2928, 2857, 2360, 2338, 1602, 1581, 1578614471, 1462, 1439,
1419, 1415, 1406, 1306, 1272, 1259, 1251, 12437,12299, 1130, 1029, 1001, 937, 884,
830, 816, 791, 778, 760, 723, 696, 685, 677, 668, 6

HRMS (EI) for C17H2,CINOSI (319.1159) [M]: 319.1154.

Synthesis of 2-(4-(1,3-dioxolan-2-yl)phenyl)-3-chto-5-(trifluoromethyl)pyridine (52n):

F3C Cl

X

—

N
0}

5/

A solution of54 in THF (1.2 mmol, 1.2 equiv, 1.1 M) was added avige to a suspension of
anhydrous CrGl(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &id (1 mmol, 1.0 equiv) in
THF (5 mL) at 25°C. The suspension was stirred at°25for 15 min before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgS§) filtered, and
concentratedin vacuo to yield the crude compound, which was purified glumn
chromatography to yiel82n as a white powder.

Isolated yield: 71% (233 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 8:1 (+0.5% R)Et

m.p.: 72.4-74.0 °C.

'H NMR (300 MHz, CDCls) 8/ppm: 4.02 - 4.22 (m, 4 H), 5.92 (s, 1 H), 7.63 (m, 2 HBO
(m, 2 H), 8.05 (dJ=1.36 Hz, 1 H), 8.85 (ddi=2.05, 0.88 Hz, 1 H).

3C NMR (75 MHz, CDCls) 8/ppm: 65.34 (s, 1 C), 103.22 (s, 1 C), 122.70 £@72.93 Hz),
126.12 (g, J=33.59 Hz), 126.28 (s, 1 C), 129.47.(€), 130.25 (s, 1 C), 135.30 (q, J=3.65
Hz), 137.68 (s, 1 C), 139.47 (s, 1 C), 144.21 4,03 Hz), 159.49 (g, J=1.54 Hz).

MS (70 eV, EI) m/z (%) 329 (19), 328 (69), 286 (16), 271 (14), 257 (1@2 (81), 73 (62).
IR ATR v (cm™): 2899, 2361, 2339, 1599, 1380, 1324, 1309, 12163,11519, 1093, 1081,
1069, 1028, 1014, 988, 981, 970, 957, 941, 911, 848, 835, 824, 768, 735, 731, 695, 685.
HRMS (EIl) for C15H1:CIFsNO> (329.0430) [M]: 328.0355.
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Synthesis of 2-(4-(1,3-dioxolan-2-yl)phenyl)-4-chto-3-(((tetrahydro-2H-pyran-2-
yl)oxy)methyl)pyridine (520):

A solution of54 in THF (1.2 mmol, 1.2 equiv, 1.1 M) was added avige to a suspension of
anhydrous CrGl(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &ice (1 mmol, 1.0 equiv) in
THF (5 mL) at 25°C. The suspension was stirred at°25for 30 min before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgS§) filtered, and
concentratedin vacuo to yield the crude compound, which was purified glumn
chromatography to yiel82o0as a colorless oil.

Isolated yield: 66% (248 mg).

Reaction conditions:30 min.

Solvent for purification: i-hexane/ethyl acetate 3:1 (+0.5% R)Et

'H NMR (300 MHz, CDCls) &8/ppm: 1.51 - 1.90 (m, 6 H), 3.45 - 3.60 (m, 1 HY®- 3.95
(m, 1 H), 3.99 - 4.22 (m, 4 H), 4.37 @10.78 Hz, 1 H), 4.73 - 4.91 (m, 2 H), 5.90 (s, )1 H
7.36 (d,J=5.25 Hz, 1 H), 7.57 (m, 2 H), 7.71 (m, 2 H), 8(82J=5.25 Hz, 1 H).

13C NMR (75 MHz, CDCls) &/ppm: 18.95 (s, 1 C), 25.39 (s, 1 C), 30.44 (s)16.80 (s, 1
C), 64.54 (s, 1 C), 65.25 (s, 1 C), 99.02 (s, 1108.38 (s, 1 C), 123.64 (s, 1 C), 126.23 (s, 1
C), 129.26 (s, 1 C), 129.35 (s, 1 C), 138.47 (€),1140.15 (s, 1 C), 146.86 (s, 1 C), 149.33
(s,1C), 161.64 (s, 1 C).

MS (70 eV, EI) m/z (%) 291 (25), 274 (40), 230 (13), 202 (36), 166 (7%3),(100).

IR ATR v (cm™): 2941, 2884, 2366, 2334, 1561, 1548, 1446, 1418518363, 1349, 1200,
1182, 1130, 1117, 1078, 1064, 1053, 1036, 1023, &, 941, 905, 890, 880, 869, 824, 816,
788, 775, 754, 729, 712, 710, 707, 693, 689, 683, 681, 675, 668, 659, 658, 654.

HRMS (El) for CaoH2:CINO, (375.1237) [M]: 374.1157.

Synthesis of 4-chloro-3-(1,3-dioxolan-2-yl)-2-(44lorophenyl)pyridine (52p):

Cl O/>
0]
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A solution 0f32gin THF (1.2 mmol, 1.2 equiv, 1.0 M) was added avige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &1l (1 mmol, 1.0 equiv)

in THF (5 mL) at 25°C. The suspension was stirred at Z5 for 30 min before being
guenched with brine and extracted with EtOAc. Thgaaic layer was dried with MgS0O
filtered, and concentratemh vacuoto yield the crude compound, which was purified by

column chromatography to yiekPp as white crystals.

Isolated yield: 79% (221 mg).

Reaction conditions:30 min.

Solvent for purification: i-hexane/ethyl acetate 4:1 (+0.5% R)Et

m.p.: 76.2-79.0 °C.

'H NMR (300 MHz, CDCl3) 8/ppm: 3.88 - 4.13 (m, 4 H), 5.95 (s, 1 H), 7.06207(m, 2 H),
7.36 (d,J=5.25 Hz, 1 H), 7.45 - 7.60 (m, 2 H), 8.52 Jd5.25 Hz, 1 H).

13C NMR (75 MHz, CDCls) d/ppm: 65.80 (s, 1 C), 101.26 (s, 1 C), 114.84 (€)1115.13
(s,1C), 124,99 (s, 1 C), 127.50 (s, 1 C), 131281 C), 131.39 (s, 1 C), 135.19 (s, 1 C),
135.24 (s, 1 C), 145.28 (s, 1 C), 149.84 (s, 116),.03 (s, 1 C), 161.35 (s, 1 C), 164.64 (s, 1
C):

MS (70 eV, El) m/z (%) 236 (29), 234 (84), 220 (11), 207 (100), 183 (42)1 (22), 144
7).

IR ATR v (cm™): 2983, 2899, 2360, 2344, 1603, 1564, 1556, 1514714381, 1234, 1224,
1213, 1179, 1159, 1154, 1102, 1096, 1057, 10193,1984, 971, 958, 940, 883, 846, 832,
821, 776, 726, 720, 691, 668.

HRMS (EIl) for C14H1:CIFNO (279.0462) [M]: 278.0372.

Synthesis of 4-chloro-2-(4-(trifluoromethyl)phenylpyridine (52q):
cl
N

Pz
N

CF;

A solution of32y in THF (1.2 mmol, 1.2 equiv, 1.0 M) was added avige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &l (1 mmol, 1.0 equiv)
in THF (5 mL) at 25°C. The suspension was stirred at Z5 for 30 min before being
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guenched with brine and extracted with EtOAc. Thgaaic layer was dried with MgS0O
filtered, and concentratemh vacuoto yield the crude compound, which was purified by
column chromatography to yiek®q as white crystals.

Isolated yield: 92% (237 mg).

Reaction conditions:30 min.

Solvent for purification: i-hexane/diethyl ether 9:1.

m.p.: 44.9-46.6 °C.

'H NMR (300 MHz, CDCls) &ppm: 7.31 (ddJ=5.25, 1.11 Hz, 1 H), 7.69 - 7.80 (m, 3 H),
8.05 - 8.16 (m, 2 H), 8.62 (d+5.25 Hz, 1 H).

3C NMR (75 MHz, CDCl3) &/ppm: 121.17 (s, 1 C), 123.10 (s, 1 C), 124.03J&72.35
Hz), 125.78 (q, J=3.65 Hz), 127.27 (s, 1 C), 13Xdl1J=32.54 Hz), 141.37 (g, J=1.40 Hz),
145.02 (s, 1 C), 150.70 (s, 1 C), 157.34 (s, 1 C).

MS (70 eV, El) m/z (%): 257 (100), 222 (50), 202 (12), 188 (15), 43 (47).

IR ATR v (cm™): 2366, 2334, 1617, 1572, 1549, 1380, 1323, 1316512168, 1105, 1095,
1069, 1047, 1013, 988, 977, 956, 849, 840, 829, 888, 765, 750, 739, 728, 706, 690, 668,
662.

HRMS (EIl) for C12HCIF3N: (257.0219) [M]: 257.0211.

Synthesis of 6-chloro-2-(4-chloro-3-(trifluoromethy)phenyl)quinoline (52r):
Cl O N
N CF;
O of

A solution of55in THF (1.2 mmol, 1.2 equiv, 1.0 M) was added dvize to a suspension of
anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &1y (1 mmol, 1.0 equiv) in
CPME (5 mL) at 25C. The suspension was stirred at°@5for 1 h before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgS§) filtered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel82r as a white powder.

Isolated yield: 87% (299 mg).
Reaction conditions:1 h.

Solvent for purification: i-hexane/ethyl acetate 12:1 (+0.5% BEt
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m.p.: 118.8-121.7 °C.

'H NMR (300 MHz, CDCls) 8/ppm: 7.62 - 7.73 (m, 2 H), 7.82 (@2.21 Hz, 1 H), 7.87 (d,
J=8.57 Hz, 1 H), 8.10 (dJ=8.85 Hz, 1 H), 8.17 (d]=8.29 Hz, 1 H), 8.26 (dd}=8.29, 2.21
Hz, 1 H), 8.54 (dJ=2.21 Hz, 1 H).

13C NMR (75 MHz, CDCls) &/ppm: 118.89 (s, 1 C), 122.84 (g, J=273.30 Hz),.1®6s, 1
C), 126.52 (g, J=5.41 Hz), 127.89 (s, 1 C), 128128.94 (q, J=31.60 Hz), 131.05 (s, 1 C),
131.34 (s, 1 C), 131.91 (s, 1 C), 132.68 (s, 1138.48 (q, J=1.71 Hz), 136.31 (s, 1 C),
137.86 (s, 1 C), 146.53 (s, 1 C), 154.52 (s, 1 C).

MS (70 eV, EI) m/z (%): 341 (100), 308 (10), 306 (28), 286 (14), 272 (12).

IR ATR v (cmil): 2926, 2860, 2360, 2331, 1595, 1476, 1411, 1328] 18315, 1276, 1259,
1251, 1236, 1164, 1155, 1133, 1123, 1113, 10756,10834, 948, 904, 899, 874, 848, 827,
811, 781, 775, 729, 675, 668, 664, 658.

HRMS (EI) for C16HsCloFsN: (340.9986) [M]: 340.9960.

Synthesis of 3-chloro-2-(4-chloro-3-(trifluoromethy)phenyl)-5-(trifluoromethyl)pyridine
(52s):

FsC cl

\

CF;

Cl

A solution of55in THF (1.2 mmol, 1.2 equiv, 1.0 M) was added avige to a suspension of
anhydrous CrGl(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &1d (1 mmol, 1.0 equiv) in
THF (5 mL) at 25°C. The suspension was stirred at°€5for 30 min before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgSg) filtered, and
concentratedin vacuo to yield the crude compound, which was purified glumn

chromatography to yiel#2sas a colorless oil.

Isolated yield: 66% (239 mg).

Reaction time:30 min.

Solvent for purification: i-hexane/ethyl acetate 15:1.

'H NMR (300 MHz, CDCls) 8/ppm: 7.65 (d,J=8.02 Hz, 1 H), 7.95 (ddl=8.57, 2.21 Hz, 1
H), 8.09 (d,J=1.94 Hz, 1 H), 8.17 (dI=1.94 Hz, 1 H), 8.88 (s, 1 H).

3C NMR (75 MHz, CDCl3) &/ppm: 122.47 (q, J=273.20 Hz), 122.57 (q, J=273#43,
126.92 (q, J=33.94 Hz), 128.57 (q, J=31.70 Hz),.824q, J=5.33 Hz), 130.22, 131.32,
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133.64, 133.89 (g, J=1.68 Hz), 135.60, 135.65%8,65 Hz), 144.50 (g, J=3.93 Hz), 157.10
(q, J=1.68 Hz).

MS (70 eV, EI) m/z (%) 359 (81), 339 (14), 324 (100), 304 (17), 290 (12)

IR ATR v (cmiY): 2362, 2342, 1602, 1487, 1456, 1413, 1380, 1328518295, 1278, 1260,
1238, 1214, 1127, 1113, 1099, 1079, 1038, 1031, §18) 836, 813, 766, 737, 718, 665.
HRMS (EI) for C1sHsCloFN (358.9703) [M]: 358.9690.

Synthesis of ethyl 3-(3-chloro-5-(trifluoromethyl)pyridin-2-yl)benzoate (52t):

FaCoCl

> CO,Et
N

A solution of39in THF (1.2 mmol, 1.2 equiv, 0.6 M) was added avige to a suspension of
anhydrous CrGl(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &1d (1 mmol, 1.0 equiv) in
THF (5 mL) at 25°C. The suspension was stirred at°€5for 15 min before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgSg) filtered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel82t as a slightly yellow oil.

Isolated yield: 70% (231 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 9:1 (+0.5% R)Et

'H NMR (300 MHz, CDCl3) &/ppm: 1.41 (tJ=7.19 Hz, 3 H), 4.42 (g}=7.19 Hz, 2 H), 7.59
(t, J=7.88 Hz, 1 H), 7.96 (dtJ=7.74, 1.52 Hz, 1 H), 8.07 (d=2.21 Hz, 1 H), 8.18 (dt,
J=7.95, 1.42 Hz, 1 H), 8.46 (#=1.80 Hz, 1 H), 8.87 (dI=1.11 Hz, 1 H).

13C NMR (75 MHz, CDCl3) &/ppm: 14.30 (s, 1 C), 61.22 (s, 1 C), 122.62 (Q72=92 Hz),
126.44 (q, J=33.66 Hz), 128.34 (s, 1 C), 130.311(€)), 130.58 (s, 1 C), 130.65 (s, 1 C),
130.69 (s, 1 C), 133.56 (s, 1 C), 135.37 (q, J=8BiBp 137.17 (s, 1 C), 144.33 (q, J=3.39 Hz),
158.92 (g, J=1.40 Hz), 165.98 (s, 1 C).

MS (70 eV, EI) m/z (%) 329 (33), 301 (22), 284 (100), 257 (55), 221 (15)

IR ATR v (cm™): 2982, 2367, 2335, 1718, 1717, 1600, 1368, 13222 18285, 1249, 1223,
1214, 1160, 1131, 1093, 1082, 1075, 1036, 10201,1902, 847, 820, 741, 710, 693, 668,
662.

HRMS (EIl) for C15H1:CIFsNO,(329.0430) [M]: 329.0419.
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