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GENERAL INTRODUCTION

1.1. Overview

Since Wohler’'s synthesis of Urea in 1828 which is also the “adfit birth of organic
chemistry, the formation of C-C bonds has becorearibst important mission in this field of
science Kolbe was the first chemist achieving this goal, whersisthesized acetic acid in
1845 Only three years lateFrankland® managed to produce the first organometallic reggen
diethyl zinc by the reaction of zinc dust with dtiodide. This breaktrough discovery would
emerge to the most powerful tool to form C-C an#éi€eroatom bonds during the next 150
years. Today one can hardly speak about modermiargaemistry without mentioning the
milestones set bgrignard, Wittig or Grubbs for instancé.In the last 25 years of the 20
century, organic chemistry was characterized byagsembly of complex framworks.Like

a perpetuum mobile, this work was influenced bydbeelopment of new synthetic methods
and influenced itself the evolution of new techmguoften implementing organometallic
reagents or catalysts. The new reagents shouldl fuéfmands which are at first glance
contrary: they are asked to be highly reactivehlyigelective and highly tolerant towards
sensitive functionalities and also be as enviromthefriendly as possible and — of course —
economically at the same tifi&he still ongoing development ensures that neavgry
metal in the periodic table can be used for either preparation of (new) organometallic
reagents or in catalytic processes.

The origin of the variety in the properties of argenetallics can be explained by the
difference in the polarity of the carbon-metal bok@ry polar bonds as they are found in
organolithium reagents ensure high reactivity tasaglectrophiles even at low temperatures.
At the same time this ionic character of the fornmedrmediates is the reason for the limited
tolerance towards sensitive functional groups. Retggwith a more covalent character of the
carbon-metal bond can be found in organozinc oamwgn reagents. These compositions
offer a wider range of tolerance towards susceptgsbups. However, these molecules are
often characterized by a lack of reactivity towaedisctrophiles. This gap can be brigded by
transmetalation (Sn or B> Li) or the use of transition-metals as cataly$id, (Co, Ni, Cu).
Organomagnesium and organocopper compounds plagcaatsrole in this context. Showing

a good reactivity when intercepted with electroghil they possess at the same time, a

1K. C. Nicolaou, P. G. Bulger, D. Sarlakngew. Chem. Int. EQ005 44, 4442.

2 a) E. Frankland,iebigs Ann. Chenml848-9 71, 171; b) E. Frankland. Chem. Sod.848-9 2, 263.

K. C. Nicolaou, P. G. Bulger, D. Sarlatngew. Chem. Int. EQ005 44, 4490.

“a) B. M. TrostAngew. Chem. Int. EA995 34, 259; b) C.-J. Li, B. M. TrosProc. Nat. Acad. ScR00§ 105,
13197.
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GENERAL INTRODUCTION

remarkable tolerance of a broad range of functiogr@lups. They can also be easily
transmetalated to access other organometallic smg&herefore, these reagents represent
formidable and flexible tools for organic synthes@rignard reagents are often found in total
syntheses, even embedded in process chemistrgr agdmple in the synthesis of a Farnesyl
Transferase Inhibitot by Pfizer, where a heteroaryl magnesium reageatds to the ketone

3 leading to the alcohdl (Scheme 1§.

0
~ O O THF/CH,CI,
0 N cl reflux, 18 h o
Me

3 4: 75% 1

Scheme 1:Grignard reagent in the Synthesis of a Farnesyl Transfdrashbitor.

An example for the use of organocopper reagentstah synthesis is shown in Scheme 2. The
assembly of the D ring in the complex natural paid@revetoxin B is supported by the use of
the copper reagest which is brought onto the EFG ring systéreading to the substructural
unit 7 in good yield. The residue 6fis used in the following steps to construct thary of

Brevetoxin B B).’

®a) A. Boudier, L. O. Bromm, M. Lotz, P. Knochéingew. Chem. Int. E®00Q 39, 4415; b)Handbook of
Functionalized Organometalliq€d.: P. Knochel), Wiley-VCH, Weinheir@005

®B. M. Andresen, M. Couturier, B. Cronin, M. D’OdohM. D. Ewing, M. Guinn, J. M. Hawkins, V. J. ¥asS.
D. LaGreca, J. P. Lyssikatos, G. Moraski, K. NgMJ.Raggon, A. M. Stewart, D. L. Tickner, J. L. kec, F. J.
Urban, E. Vasquez, L. WeQrg. Process Res. De2004 8, 643.

"K. C. Nicolaou, E. A. Theodorakis, F. P. J. T Rs{jM. Sato, J. Tiebes, X. Y. Xiao, C. K. Hwang, .
Duggan, Z. Yang, E. A. Couladouros, F. Sato, FnSHi M. He, T. BleckmanJ. Am. Chem. So&995 117,

10239.
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GENERAL INTRODUCTION

Ne oMe H ogn . \f\o
\EJF]e %M/Cu(z-Th)(CN)Li
OTf 0 H H © Me OBn
6 5
Et,O/THF/HMPA
7810 0°C, 2 h

Scheme 2:0rganocopper compounds in the synthesis of Braire®.
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GENERAL INTRODUCTION

1.2. Preparation and Use of Organomagnesium  and

Organocopper Compounds

1.3. Introduction

A C-H or a C-X/LG (LG: leaving group e.g. OTs, O; halogen e.qg. ClI, Br, 1) bond in

organic chemistry can basically be activated imlgéital or stoichoimetrical way.

[ Stoichiometric activation: ]

X-Met exchange nucleophilic attack on substrate

R'—[MetY] E-LG

R-X \ R—[MetY] \ R-E

insertion T [Met]

R'—X R-Y [MetYL]
[Met]
active complex R-X/LG

R-S

R—[Met'X/LG]
intermediate reagent

R= reactant
S= substrate
Met= metal or metal salt

substrate
(nucleophilic or electrophlic)
X= H, halogen
Y= halogen, phosphate
LG= leaving group R—[Met']-S

intermediate complex with substrate

Scheme 3:Simplified mechanisms of the stoichiometric anthlydic bond activations.

In both pathways, the reactive species R-[Met'}/MrtY] are obtained by the interaction of
the metallic reagent with the reactant R-X/LG / R&theme 3). The catalytic activation is
especially well-suited for domino-reactiohdhe catalytic use of an active metal species
[Met’] also facilitates enantioselective reactiofifiese catalytic activations mostly involve
the use of expensive and/or toxic transition medald it is therefore important to minimize
the necessary amount of the catalyst. In the stoiotric activation pathway, [Met] and [R’-
MetY] have to be used in stoichiometric amounts arelquantitatively consumed during the

8a) L. F. Tietze,Chem. Rev1996 96, 115; b) A. de Meijere, P. v. Zerschwitz, H. NusBe Stulgies,J. Org.
Chem.2002 653 129; c¢) S.-I. IkedaAcc. Chem. Re200Q 33, 511.
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GENERAL INTRODUCTION

reaction and therefore entail large amounts of ¢cba&nwvaste. That is why inexpensive and
readily available metal species have to be used. following chapters will give an brief
overview into historic and current developmentsonganometallic C-H and C-X/L bond
activations by highlighting recent research resuftsthis field. Different approaches,
including exchange- as well as catalyzed reactiforsthe generation of organomagnesium-,

organocopper-, and organozinc reagents will beplit

1.4 Stoichiometric Bond Activations for the Preparation of

Organomagnesium and Organocopper Reagents

1.4.1.Halogen Metal Interconversion

In 1900,Grignard reported for the first time the oxidative insemntiof magnesium metal into
a carbon-halogen boridJntil now, this reaction is the most commonly ugedtocol for the
synthesis of these so call€dignard reagents (Scheme 4, Eq. 1).

Mg

R-X R-MgX )

ether or THF

2R-MgX === R;Mg + MgX; (2)

R: organic rest
X: Cl, Br, |

Scheme 4:Synthesis o6Grignard reagents an8chlenkequilibrum.

The mechanism of this reaction is not fully cladj but it is generally assumed that radicals
are involved in this transformatidfiin solution,Grignard reagents are in equilibrium with

RoMg and MgX, the so calledSchlenkequilibrium (Scheme 4, Eqg. 2). This state is
influenced by the solvent, the temperature as wasllthe counterion. Organomagensium

reagents are also prone to form dimers or oligomevkich is influenced by the

®a) V. GrignardC. R. Acad. Scil90Q 130, 1322 ; b)Handbook of Grignard Reagen&d.: G. S. Silverman, P.
E. Rakita), Marcel Dekker, New York966 c) Grignard Reagents, New Developmeffid.: H. G. Richey, Jr.),
Wiley, New York,200Q p. 185.

193) M. S. Kharasch, O. ReinmutBrignard Reactions of Nonmetallic Substandeeentice Hall, New York,
1954 b) H. M. WalborskyAcc. Chem. Re499(Q 23, 286; c) J. F. Garsficc. Chem. Re499], 24, 95.
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GENERAL INTRODUCTION

concentratiort

Although this method is a convenient way for theeparation of organomagnesium
compounds, it suffers from drawbacks concerningfinetional group tolerance. Exothermic
conditions during the insertion as well as oftecassary activation of the passivated metal
surface are an explanation for this limitatfémA Mg insertion at cryogenic temperatures
using highly active magnesium metal was developgdRieke'® Recently, an improved
protocol for the Mg-insertion was developedKiyochel The addition of LiCl to the reaction
mixture allows the insertion of magnesium into @&hds (X: Cl, Br, I) at room temperature
or below, improving functional group tolerance mseértion reactions significantly (Scheme
5)_14

Mg turnings (2.5 equiv)

X LiCI (1.25 equi N N
ol Dy HL(20eau ol Sugxicl el e
> > )
Y > Y - = Y
ceoLB 2010 25 °C
= Cl, br 10minto3 h X=C|,B =
Y=CH, N YoEhN Y=CH,N
Ph
—
PivO BocO Cl N
86% 92% 84%

Scheme 5LiCl faciliated Mg-insertion byKnochel

The insertion of copper metal into a carbon haldgend was developed IRBiekein 1984 1°
The use of lithium naphthalenide to generate higtdgctive copper metal allows the
conversion of organic bromides or iodides intodberesponding copper reagents as shown in

Scheme 6.

' W. Schlenk, W. Schlenk JChem. Ber1929 62, 620.

12p_ Knochel, W. Dohle, N. Gommermann, F. F. KneiSelKopp, T. Korn, I. Sapountzis, V. A. VAngew.
Chem. Int. EJ2003 42, 4302.

13R. D. RiekeSciencel 989 246, 1260; b) R. D. Rieke, M. V. HansoRetrahedronl 997, 53, 1925.

142) F. M. Piller, P. Appukkuttan, A. Gavryushin, Melm, P. KnochelAngew. Chem. Int. E@008 47, 6802;
b) F. M. Piller, A. Metzger, M. A. Schade, B. A. &t A. Gavryushin, P. Knoch&lhem. Eur. J2009 15, 7192;
c) A. Metzger, F. M. Piller, P. Knochebhem. Commur2008 5824.

°a) R. D. Rieke, G. W. Ebert, Org. Chem1984 49, 5280; b) R. D. Rieke, R. M. Wehmeyer, T.-C. WuM&
Ebert, Tetrahedronl988 45, 443; ¢) G. W. Ebert, J. W. Cheasty, S. S. TehanhouadOrganometallicsl992
11, 1560; d) G. W. Ebert, D. R. Pfenning, S. D. Suzfia A. Donovan JrJetrahedron Lett1993 34, 2279.
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Br” " >CO,tBu

Li-naphthalenide
Cul-PBus Cu* cu” " couBu

0°C,2h -78°C,1h

0]
OH //A
)\/‘/\/\ = °
Et { CO,tBuU -10°C

87%

Scheme 6:Cu-insertion byRieke

Another convenient way for the preparation of omyaagnesium or organocopper
compounds with high functional group tolerancenhes halogen/magnesium- or iodine/copper-
exchange reaction. Based on the worlPodvost® andVilleras'’, Knocheldemonstrated the
feasibility of the iodine/magnesium exchange orstialbes bearing sensitive functionalities in
1998 (Scheme 7§

X iPrMgBr or
Y
-50 to 25 °C

Y=CH,N,S,0 5minto1h
FG = CO,Et, CN

CO4Et ©/\/
NO.
CO,Et
90% 89% 74% 87%

Scheme 71/Mg-exchange.

A wide range of polyfunctionalized organomagnesiteagents were prepared using this
protocol. This method was further improved by tdeition of one equivalent of LiCl to the
exchange reagenPrMgCl giving the formal compositiofPrMgCLLICl. Interestingly this
reagent displays a far higher reactivity, making tBr/Mg-exchange generally possible
(Scheme 8§?

'8 C. PrévostBull. Soc. Chem. F1931, 49, 1372.

173a) J. VillérasBull. Chem. Soc. Fr1967, 5, 1520; b) J. Villéras, B. Kirschleger, R. Tarhquii. Rambaud,
Bull. Chem. Soc. Fr1986 24, 470.

183) L. Boymond, M. Rottlander, G. Cahiez, P. KndcAmgew. Chem. Int. EA998 37, 1701; b) |. Sapountzis,
P. KnochelAngew. Chem. Int. E@002 41, 1610.

19 A. Krasovskiy, P. KnochelAngew. Chem. Int. E@004 43, 3333.
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GENERAL INTRODUCTION

/CI -
cl . cl S

iPrMg. Mgipr 2LCL iPng/\Cl,‘Li — iPrMg Li
Ci

Cl

Scheme 8Deaggregation aPrMgCl achieved by LiCl.

The assumed ate like intermediate of this compmsis proposed to be responsible for both,
higher solubility and reactivity of th@rignard reagent. Thus, a broad range of aromatic and
heteroaromatic bromides were converted into theesponding Mg-reagents (Schemé&’9)

Y P X
FG—— —Br i L - A + i
o J iPrMgCI-LiCI . FG ,\}MQC| LiCl E FG 2 E
Y . Y Y
50 t0 25 °C
Y=CH,N,S,0 30minto1h
FG = CO.Et, CN
CO,tBu HO
CN Brw N \j})‘\Ph
g - . O \N «\/S
F Ph
88% 87% 93% 87%

Scheme 9Br/Mg-exchange usindPrMg:-LiClI.

Surprisingly, the increased reactivity does notftlitine functional group tolerance. However,
some electron rich arenes still resisted to undéngaBr/Mg-exchange. This gap was briged

by the development of exchange reagents of theRype,-LiCl.**

sBuMgCI + sBuLi sBu,Mg-LiCl
THF
1 M solution in THF
MeO MeO MeO
OH
-Li ' PhCHO
2 MeO g —ueMgLicl (.1 equiv) Meo@hng.ua 2 Meo©—<
THF, 25 °C, 2 h Ph
MeO MeO 2 MeO
9 90 %

Scheme 10Br/Mg-exchange on electron rich substrates usBigMg,:LiCl.

Quantum chemical model calculations of halogen/reaigim-exchange reactions showed that

2 For selected examples of Br/Mg-exchange, see:an, R. KnochelChem. Comnm2006 726; b) C.-Y. Liu, P.
Knochel, Org. Lett. 2005 7, 2543; c) N. Boudet, P. KnocheDrg. Lett. 2006 8, 3737; d) F. Kopp, A.
Krasovskiy, P. KnochelZhem. Commur2004 2288.

2L A, Krasovskiy, B. F. Straub, P. Knoch@hgew. Chem. Int. EQ006 45, 159.
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GENERAL INTRODUCTION

the exchange becomes more likely if the the exahaeggent's ate character is increased.
Thus, bis-Mg reagents of type RMd.iCl could complete the exchange on substrates9ike
whereiPrMgCLLiCl failed.*

Coreydemonstrated that Li-dialkylcuprates can be useathieve an iodine copper exchange
of aryl iodides? The limitation of this method was that one alkgbtr was also transferred
onto the substrat&nochelimproved this method in 2002 by utilizing sterlgdlindered non
transferable lithiumdialkyl cuprates. These reageapidly react with various functionalized

aryl halides generating the corresponding coppagemsts (Scheme 13.

COMe g CO,Me CO,Me
CuLi-LiCN PhCOCI

2
25°C,1h

-30 °C, 15 min

Ph™ ~O
" Li
R: Me, Ph R

95%

Scheme 111/Cu-exchange using sterically hindered Li-dialkypcates.

A drawback in all halogen/metal-exchange reactiahsspite excellent functional group
tolerance, is the necessity of a reactive C-X beqidCl, Br, 1) in the molecule. Many organic
bromides and iodides suffer from dehalogenationcti@as due to their thermal- or
photoinstability. The generation of organometalbysC-H activation will be described in the

following chapter.

1.4.2.Hydrogen Metal Exchange

Besides metal insertion and halogen/metal-exchahgedirected metalation using metal (R-
Met) and metal amide (R’N-Met) bases is the third major pathway for thetsgais of
organometallic$® 2°In contrast to the previously presented methause(tion and exchange

reaction), there is no need for a halogen-carbondbdhus, a more or less activated

#3) E. J. Corey, G. H. Posndr, Am. Chem. Sod967, 89, 3911; b) E. J. Corey, G. H. Posn&rAm. Chem.
So0c.1968 90, 5615.

% 3) C. Piazza, P. Knochéingew. Chem. Int. E@002, 41, 3263; b) X. Yang, T. Rotter, C. Piazza, P. Kndche
Org. Lett.2003 5, 1229; c) M. I|. Calaza, X. Yang, D. Soorukram,Kidochel, Org. Lett.2004 6, 529; d) X.
Yang, A. Althammer, P. KnocheQrg. Lett.2004 6, 1665; €) X. Yang, P. KnochdDrg. Lett.2006 8, 1941.

% For an early overview about metalation using oajiium compounds, see: J. M. Mallan, R. L. BeBhem.
Rev.1969 69, 693 and references therein.

% For reviews, see: a) M. Schlosséngew. Chem. Int. E®005 44, 380; b) R. E. Mulvey, F. Mongin, M.
Uchiyama, Y. KondoAngew. Chem. Int. E@007, 46, 3802.
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hydrogen-carbon bond is directly transformed inbe ttorresponding metal species. In
pioneering studiedyleunier?® Hauser?’ Eatorf® andMulzer® demonstrated the feasibility of
these metalations mediated by Mg-amide bases (‘@taBases”). However, their reagents
suffered from low reactivity due to the formatiohaggregates. Therefore, a large excess of
the metalating agent as well as the electrophitetbabe used to overcome these problems.
The observation, that the addition of 1 equiv o€lLresulted in the formation of highly
reactive, deaggregated exchange reagents (“T@riprard’ (e.g. iPrMgCLLICl,
(sBu),Mg-LiCl)) paved the way for the development of highdactive Mg-amide bases of the
type RR®NMgX -LiCl (“Turbo-Hauser-Bases”; Scheme 12). The reaetermination of the

metalated amide’s crystal structure showed thatl la€hieves deaggregation to form a

iPrMgCI-LiCl (0.95 equiv)
N—-MgCI-LiCl
25°C,upto48h

10a: = 1.5 M in THF

NH iPrMgCI-LiCI (0.95 equiv) <

monomeric specie¥.

N-MgCI-LiCl

25°C, upto 48 h —<

11: Gyya= 0.6 M in THF

Scheme 12Preparation of Turbo-Hauser-Bases.

These bases are able to deprotonate many aronaaticketeroaromatics using approx. 1.1
equiv of the base and the generated organomagnesagents react with a wide range of
electrophiles (Scheme 13).

26|, Meunier,C. R. Hebd. Seances Acad. 36003 136, 758.

?"a) C. R. Hauser, H. G. Walkek, Am. Chem. Sot947, 69, 295; b) C. R. Hauser, F. C. FrostidkAm. Chem.
Soc.1949 71, 1350.

#3) P. E. Eaton, C. H. Lee, Y. Xiond, Am. Chem. So4989 111, 8016; b) P. E. Eaton, K. A. Lukid, Am.
Chem. Soc1993 115 11370.

2 A, Schlecker, A. Huth, E. Ottow, J. Mulzé,Org. Chem1995 60, 8414.

30a) A. Krasovskiy, V. Krasovskaya, P. Knoch&hgew. Chem. Int. EQ006 45, 2958; for a crystal structure
of 10a see: P. Garcia-Alvarez, D. V. Graham, E. HeviaRAKennedy, J. Klett, R. E. Mulvey, C. T. O'Ha8a,
Weatherstone, SAngew. Chem. Int. EQ008 47, 8079

31 Selected examples, see: a) N. Boudet, J. R. L.&HénochelOrg. Lett.2007, 9, 5525; b) N. Boudet, S. R.
Dubbaka, P. KnocheQrg. Lett.2008 10, 1715; ¢) M. Mosrin, P. KnocheQrg. Lett.2008 10, 2497; d) W. Lin,
0. Baron, P. KnocheQrg. Lett.2006 8, 5673; €) A. H. Stoll, P. KnocheDrg. Lett.2008 10, 113.
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X 1) TMPMgCI-LiCl WX
,>— FG— ,}E

FG: CN, CO,Et, C(O)R

X:0, 8, N, CH
HO O
| CO,Et
._CO,Et ,
q . _COPh A z L\
- gl | M—co,et
cl N~ >cl OBoc Br~ O
95% 90% 76% 82%

Scheme 13Magnesiation of arenes and heteroarenes usingabelBa

However, substrates bearing extremely sensitiveapggde. g. aldehyde, nitro group) as well
as some heterocycles are precluded from a metalatith 10a These substrates are best
metalated with a more sensitive base. Thus, tmsrmatalation ofl0awith ZnCkL furnishes a
highly reactive and chemoselective base PEAFR2MgCl,-2LICI (128 which is able to
achieve the zincation of arenes and heteroarembe(ge 142

Cl THF
2 N-Mg Li + ZnCl, — N}Zn-2MgCI2-2LiCI
\C| 0to 25 °C, 2
2h
10a: TMPMgCI-LiCl 12a: TMP,Zn-2MgCl,-2LiCl: >95%
Cmax = 0.50 M in THF
1) 12a
/ /
N THF, -50 °C, 0.5 h N>_>7002Et
2) CO,Et
Br
(1.2 equiv) 75%
CuCN-2LiCl (5 mol%)
-50 °C, 30 min

Scheme 14Direct zincation using TMZn-2MgCh-2LiCl (123).

A direct cupration was developed hychiyamain 2007. Thus, the TMP derived base
MeCu(CN)(TMP)L; allowed the metalation of various aromatics antedo@romatics. The
generated cuprates may be intercepted with a braage of electrophiles (Scheme £5%).
Other metal amide bases have been developed tesatlre different demands of metalation

323, H. Wunderlich, P. KnocheAngew.Chem. Int. Ed2007, 46, 7685; b) S. H. Wunderlich, P. Knochélrg.
Lett.2008 10, 4705; c) S. H. Wunderlich, P. Knoch€hem. Commur2008,47, 6387.

3 S. Usui, Y. Hashimoto, J. V. Morey, A. E. H. WHegt M. Uchiyama,J. Am. Chem. So2007, 129, 15102; b)
J. Haywood, J. V. Morey, A. E. H. Wheatley, C.-YiuLS. Yasuike, J. Kurita, P. R. Raithby, M. Uchiya,
Organometallics2009 28, 38.
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and quenching reactioris.

O NiPr, Oy NiPr, Oy~ NiPr;

MeCu(CN)(TMP)Li, Cu(CN)(Me)Li, ——— E

0°C,3h

E: Me, allyl, benzoyl
up to 99%

Scheme 15Direct cupration of arenes.

1.4.3.Directed ortho Metalation

BeakandSnieckusnvestigated intensively the directedho metalation (@M) using lithium
bases and the complex-induced proximity efféttThe DoM concept describes the
regioselective functionalization of aromatics iflisecting metalation group (DMG) is present
in the molecule. For example, amides, carbamideffpreamides, esters, cyanides or
phosphorous-containing substituents are considerbd efficient directing groups in contrast
to ethers or amines. In the presence of such gogtbe metalating agent is complexed and
therefore the corresponding base is conductecetoght activated proton, in generabirtho-
position to the directing group (Scheme 16). In sarases, the directing effect of one group
can overrule the effect of the other one or thesgmee of two groups with equal properties

lead to a decreased regioselectivity of the metelgirocess.

3 For the preparation of Al-, Mn-, Fe- and La-amideses see: a) S. H. Wunderlich, P. Knochagew.Chem.
Int. Ed.2009 48, 1501; b) S. H. Wunderlich, M. Kienle, P. Knoch&hgew.Chem. Int. Ed2009 48, 7256; c) S.
H. Wunderlich, P. KnochelAngew.Chem. Int. Ed2009 48, 9717-9720; d) S. H. Wunderlich, P. Knochel,
Chem. Eur. J201Q in press.

% For an overview, see: a) V. Snieck@em. Rev199Q 90, 879; b) M. C. Whisler, S. MacNeil, P. Beak, V.
SnieckusAngew. Chem. Int. EQ004 43, 2206; c) P. Beak, A. I. Meyeracc. Chem. Red986 19, 356; d) E.
Anctil, V. Snieckus;The Directed ortho Metalation-Cross-Coupling Nexsgnthetic Methodology for Aryl-Aryl
and Aryl-Heteroatom-Aryl Bongén Metal-Catalyzed Cross-Coupling Reactip@¥ ed. (Eds.: F. Diederich, A.
de Meijere) Wiley-VCH, Weinheim2004 pp 761-813; e) C. G. Hartung, V. Snieckiife Directed ortho
Metalation Reacton. A Point of Departure for nemtBgtic Aromatic Chemistyyn Modern Arene Chemistry
(Ed.: D. Astruc), Wiley-VCH, New York2002 pp 330-367.

24



GENERAL INTRODUCTION

OCONEY, OCONEY,
H sBuLli, Et,0, TMEDA Li

-C4H1o

NMe, NMe,

Scheme 16Directedortho-metalation using a DMG.

The used DMG must possess special properties. ©rottle hand, it has to offer a good
coordinating site for the used base but on therokt@ad it should not contain a good
electrophilic site for the attack by the metal bas¢he formed organometallic intermediates.
Therefore, heteroatoms are a nearly obligatory @orapt in a DMG. Additionally, existing
steric hinderance (R-CONEdr R-P(O)NRR®), charge deactivation (R-CONr R-CSN) or

the combination of both effects may be found in D&MGubstituent effects on the substrate
also influence the rate of deprotonation, espscilkctron withdrawing groups may control

the compound’s behavior during metalation reactfdns

1.5. Catalytic Bond Activations for the Synthesis of Oganometallics

Catalyzed reactions are useful processes in orgaeinistry. Numerous helpful and effective
protocols have been developed until now. Most reastdeal with the formation of new
carbon-carbon bonds or tandem reactions using omgefallic intermediates and/or
catalysts® The synthesis of organometallics using catalytioditions is less prominent due
to limited long term stability of the formed prodsicAn exception are organobordhand
organotin® reagents. Their Pd-catalyzed synthesis from aogides were reported by
Miyaura, Migita and Beletskaya Moreover, the synthesis of organozinc reagesds a
catalytic process was reported Kgochel A Li(acac)-catalyzed preparation of zincorganyls

% a) Metal-catalyzed Cross-coupling Reactio(sds.: A. de Meijere, F. Diederich)"*2Ed., Wiley-VCH,
Weinheim,2004 b) Transition Metals for Organic Synthegi&ds.: M. Beller, C. Bolm), ™ Ed., Wiley-VCH,
2004 c) Handbook of Functionalized Organometallii&d.: P. Knochel), Wiley-VCH, Weinhein2005 d)
Modern Arylation MethodéEd. L. Ackermann), Wiley-VCH, Weinheir@009

37T, Ishiyama, M. Murata, N. Miyaurd, Org. Chem1995 60, 7508.

3 M, Kosugi, K. Shiminu, A, Ohtani, T. MigitaChem. Lett1981, 829; b) A. N. Kashin, I. G. Bumagina, N. A.
Bumagin, V. N. Bakunin, |. P. Beletskayah. Org. Khim.1981, 17, 905; c) M. Kosugi, T. Ohaya, T. Migita,
Bull. Chem. Soc. Jpi983 56, 3855.
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from aryl halides was developed in 2004 (Scheme™1The reaction mechanism is assumed
to be the following: in the first step, a mixed latkyl zinc reagent is formed which is
converted into the diaryl zinc species after atibraof the complex with the catalyst. The

formed compounds can be further used in cross-ocwsphlcylation- or allylation reactions.

EtQZn
N | N ZnEt
FG FG-
= =
Et-l
® =
® o Li o | —Fc
Li acac acac—Zn"
Et
| A I
FG-
=
Me_ Me l
N OAc
_N >~
¢ Ph 7
~"SnMejy OHC
(0]
Co,
Et
84% 66% 84% 60%

Scheme 171ii-catalyzed I/Zn-exchange.

Gosminireported the synthesis of arylzincbromigescobalt catalysis in the presence of zinc
dust. After activation of the zinc with traces afidy the catalyst is reduced and performs
oxidative addition into the C-Br bond. Subsequesduction and transmetalation of the
arylcobalt species leads then to the desired zinpounds in good yields (Scheme 18).

% F. F. Kneisel, M. Dochnahl, P. Knoch@ngew. Chem. Int. E2004 43, 1017.

“03) C. Gosmini, Y. Rollin, J.-Y. Nédélec, J. PédohJ. Org. Chem200Q 65, 6024; b) H. Fillion, E. Le Gall,
C. Gosmini, J. Périchofetrahedron Lett2002 43, 5941; c) H. Fillion, C. Gosmini, J. PérichdnAm. Chem.
S0c.2003 125, 3867; d) I. Kazmierski, M. Bastienne, C. GosmihiM. Paris, J. Périchod, Org. Chem2004
69, 936; e) J.-M. Bégouin, C. Gosmidi,Org. Chem2009 74, 3221.
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1, Zn
H+
I, 2Zn"
CoBr
CoBr,
(115 + 115) ZnBr, ArBr
ArZnBr
ArCoBr
ArCoBr,
"y 2Zn"
.SnBu, NC MeO,C
" Me N . N g
YOS * Ph
© N~
71% 88% 90% 80%

Scheme 18Mechanism of the Co-catalyzed preparation of anglzeagents.

Both reactions have excellent functional group reotee (aldehydes, esters, nitriles or
isothiocyanates) but they require the use of expersyl bromides or iodides. In a multi-step
sequence, the conversion of a phenol to a reactiygnometallic may be achieved, however

with moderate atom econorf.

“1a) OH-0OTf—SnR;: R. C. Winstead, T. H . Simpson, G. A. Lock, M.$xhiavelli, D. W. Thompsod, Org.
Chem.1986 51, 277; b) ArOH->ArOTf{/ArOMs—ArZnX: |. Kazmiersi, C. Gosmini, J.-M. Paris, J.rRaon,
Synlett2006 881; c) for a review see: J. K. Stilkengew. Chem. Int. Ed. Englo86 25, 508.
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1.6. Objectives

The first topic includes the development of a hyghttive magnesium amide base which is
able to deprotonate unreactive substrates sucheasohtes or benzonitriles. Despite the
higher reactivity, the new tool should have the safunctional group compatibility as
TMPMgCI-LICl. The metalation reactions should be easy todle and the formed Mg-
intermediates should show a certain stability tadargo typical interception reactions
(Scheme 19).

CO.R CO,R CO,R

i Mg-base XMg f E* E\©

Scheme 19General pathway for the magnesiation of a poortivated benzoate.

In addition thereto, a directed metalation groupM® should be combined with the new
base. This group should allow multiple selectivetatations without stability problems in

these reactions. In the end, easy removal andftreiuconversion of this group is desirable
(Scheme 20).

XPME 1) Metbase PMC 1) Met-base e
FG— FG— FG—
= gt 2)E? A gl

2)E!

Scheme 20Directed metalation using a new Mg-amide basemhination with a new DMG.

Additionally, different sterically demanding amingsould be tested if they are able to replace
TMP-H as this is the most expensive component énbiiise. These amines should be easy to

prepare from inexpensive bulk chemicals (Scheme 21)

- @ iPrMgCI-LiCl - @

Bulk Chemicals —— > ¢ NH < N-MgCI-LiCl

< <

Scheme 21General reaction pathway for the synthesis efratttive sterically hindered amines.

The second part includes the development of a neatalyzed activation of the carbon-
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oxygen bond in phenol derivatives. This pathwayusth@ive an access to organometallic

reagents without the necessity of halogens in tbkecale (Scheme 22).

A catalyst R E* A
A S — . | |
= additives % Z

O-LG Met

Scheme 22Transition metal-catalyzed bond activation.

29



2. RESULTS AND DISCUSSION

30
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3. Magnesiations on Weakly Activated Substrates via

Stoichiometric C-H Bond Activation

3.1 Preparation and use of Magnesiunbis-amide Bases

As mentioned in above, the directed metalationrofreatics and heteroaromatics is a very
important tool for the functionalization of thesmaffolds. Directed lithiations are affected (as
mentioned above) by serveral problems (high resgtivow functional group tolerance,
required cryogenic conditions). Directed magnesretiusing mixed Li/Mg-amide bases of
the type RR®°NMgX LiCl were used to adress these probléhblowever, some weakly
activated substrates, such as benzoates, benlssndripyridines only undergo magnesiations
sluggishly or not at all. By developing TMg and using it for the deprotonation of methyl
benzoate,Eaton pointed in the right direction. Though, his reagenffered from low
solubility and a large excess of the base was meédeaccomplish full magnesiation.
Additionally, a large excess of electrophile hadbéoused in the quenching reaction (up to 12
equiv).?® Again, deaggregation of the base is achived bydteal addition of two molecules
of LIiCl. Therefore, this new class of mixed Mg/Lases was able to brigde this gap:
(R'R*N),Mg-2LiCl. The reagentdl4a-c were readily prepared by reactingR&NLi with
MgCl, in THF at 0 °C for 0.5 h Alternatively, it was fod that these bases can also be
conveniently prepared by reactingRENMgCI-LiCl with R'R*NLi**for 30 min at 0 °C.
Since RR®NMgCI-LiCl bases can be stored in THF at 25 °Csieveral monthshis method

appears to be the best for routine experimentfigf8e 23).

“2For a review of the chemistry of LiTMP, see: M.nbell, V. Snieckus irfEncyclopedia of Reagents for
Organic Synthesjs(ed.: L. A. Paquette), John Wiley & Sons: ChidkesU.K. and New York1995 Vol. 5.
About stability of lithium amide bases in ethensuits see: I. E. Kopka, Z. A. Fataftah, M. W. Rathk Org.
Chem 1987, 52, 448.
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R'R?N-MgCl-LiCl

(1.0 equiv)
0°Cto25°C,1.5h \
nBuLi, -40°Cto 0 °C 152 .
R'R2NH RTR2N-Li (R'R2N),-Mg-2LiCl
30 min
>95 % ) .
MgCl, (0.5 equiv) >90 %

Cray= 0.85 M in THF
0°Ct025°C, 1h meax

Scheme 23General reaction pathway for the preparation sebaf type ((BR*N),Mg-2LiCl.

Whereas with TMPMQCLICI (108 no significant deprotonation df3a-c was observed, the
use of magnesium bisamides complexed with 2 eqemislof LiCl such ad4a-cled to

excellent results (Scheme 24). TAMR)-2LiCl (144) proved to be the most powerful bé3e.

R
N-MgCI-LiCI N}Mg-ZLiCI t-Bu—l{l>Mg-2LiCI
2 2
10a 14a

14b: R = c-Hex
14c: R =j-Pr
CO,tBu CO,tBu )
1) Base (1.1 equiv) | with base 10 : 7 %
rt,1h with base 14a: 80 %
with base 14b: 77 %
2)15,0t025°C, 1h with base 14¢: 90 %
13a 15a
COEt CO,Et

R g’?ée ghz equiv) | with base 10 : traces
OO , OO with base 14a’ 83 %
i 14c: 809
2) 1, 010 25 °C.1 h with base 14¢: 80 %

13b 15b

1) Base (1.2 equiv)

o CN )

CN -20°C,2h with base 10 : traces
with base 14a: 77 %

al 2) 1,,-20t025°C,1h ¢ |

13c 15¢

Scheme 24Comparison between the different Mg-amide b&Ses.

The best results were obtained when de&ewas freshly prepared as its activity decreased
significantly after 24 h. SurprisinglytBu(iPr)].Mg-2LIiCl (149 can be stored in THF at 4 °C

for 3 weeks with no significant reduction of adiyisee chapter 3.4. for further results).

3 For the use ofite Bases see: a) H. Naka, M. U. Uchiyama, Y. Matsomat E. H, Wheatley, M. McPartlin, J.
V. Morey, Y. Kondo,J. Am. Chem. So2007, 129 1921; b) Y. Kondo, M. Shilai, M. Uchiyama, T. Sahoto,J.
Am. Chem. S0d.999 121, 3539; c) M. Uchiyama, T. Miyoshi, T. Sakamoto,O0tani, T. Ohwada, Y. Kondd,
Am. Chem. So2002 124, 8514; d) M. Uchiyama, H. Naka, Y. Matsumoto, Thv@ada,J. Am. Chem. So2004
126, 10526.

“4 Experments were done by G. C. Clososki and amngdiere for the sake of completeness.
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Therefore, a number of aromatic and heterocyclizssates were cleanly metalated with
TMP,Mg-2LICl (14& Table 1). Thustert-butyl benzoatel3a) was converted into thertho-
magnesiated intermediate by the reaction with IMBR2LICl (148 within 1 h at 25 °C. The
magnesiated intermediate was smoothly transmetiabeitt ZnCh (1.2 equiv) and underwent
a Negishi cross-coupling* with ethyl 4-iodobenzoate (1.5 equiv), in the pre=e of P(2-
furyl)s (4 mol%) and Pd(dba)2 mol%}® at 25 °C for 12 h, leading to the biphenyl deiiweat
15din 82% yield (Table 1, entry 1). Additionally, t®n of TMRMg-2LiCl (1.2 equiv) with
ethyl 1-naphthoatel@b) led to the corresponding Mg-reagent within 5 19 &C a subsequent

Negishitype* *°

cross-coupling with 4-iodo benzonitrile affordetiet corresponding
functionalized derivativd5ein 81% yield (entry 2). The presence of an elecimathdrawing
group such as a bromine substituent in the caséemfoutyl 4-bromobenzoatel8d)
accelerated the metalation, furnishing the magtessigroduct within 1 h at —20 °C. A
copper(l)-mediated benzoylatiol gave the correspondingert-butyl 2-benzoyl-4-
bromobenzoatelbf) in 77% yield (entry 3). Whereas benzonitriles sltgygishly metalated
with TMPMQCIL-LICI (10a), the use ofi4a (1.2 equiv) led to a smooth magnesiation of
benzonitrile {36 within 3 h at =30 °C. Transmetalation (Zpdbllowed by a cross-coupling
with ethyl 4-iodobenzoate afforded the correspogdimctionalized biphenyl derivativisg

in 70% yield (entry 4). Ester-substituted pyridirage also excellent substrates and the diester
13f was converted to the corresponding 2-magnesiatedime (—40 °C, 5 h), which provided
after bromolysis with (BrGC), or Negishi cross-coupling with 4-iodobenzonitrile the
expected polyfunctional pyridine$5h-i in 70-77% vyield (entries 5, 6). Similarly ethyl
isonicotinate 139 reacted smoothly with4a (—40 °C, 12 h) leading after iodolysis to the 3-
iodopyridinel5j in 66% vyield (entry 7).

*5a) E. Negishi, L. F. Valente, M. Kobayashi,Am. Chem. So¢98Q 102, 3298; b) E. Negishi]. Org. Chem.
1980 45, 5223; c) E. NegishiAcc. Chem. Red.982 15, 340; for Pd-catalyzed Kumada-Corriu cross-couplin
reactions see: d) R. Martin, S. L. BuchwaldAm. Chem. So2007, 129, 3844.

“©a) V. Farina, B. Krishnanl. Am. Chem. S04991, 113 9585; b) V. Farina, S. Kapadina, B. KrishnanSL.
Liebeskind,J. Org. Chem1994 59, 5905; c) I. Klement, M. Rottlander, C. E. Tuckér,N. Majid, P. Knochel,
Tetrahedronl996 52, 7201.

“"P. Knochel, M. C. P. Yeh, S. C. Berk, J. Talb&rQrg. Chem1988 53, 2390.
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Table 1: Products of type 15 obtained after magnesiation with TMP,Mg-2LIiCl (14a) and subsequent reaction with an

electrophile.
Entry Substrate T [C], t[h] Electrophile Product/Yield [%]*
CO,tBu COLE! BUO,C O CO,Et
e ®
1 13a 25,1 15d: 82°
CO,Et CN EtO,C CN
e 90
2 13b 0,5 15e: 81°
CO,tBu CO,t-Bu
/©/ PhCOCI /@[
Br Br COPh
3 13d -20,1 15f: 77°
CO,Et
CN CO,Et CN O 2
O L ®
4 13e -30,3 15g: 70°
EtO,C._~_-CO,Et EtO,C_~_-CO,Et
U (BrCl,C), U
N N Br
5 13f -40, 3 15h: 70
EtO,C CO,Et
CN a z
NS
or y
|
CN
6 13f -40, 3 15i: 73°
CO,Et CO,Et
A I !
| — | —
N N
7 13g -40,12 15j: 66

%Isolated yield of analytically pure product; ® A transmetalation with CuCN-2LiCl (20 mol%) was performed; “Obtained by

palladium-catalyzed cross-coupling after transmetalation with ZnCl, (1.2 to 1.3 equiv).

The metalating power df4awas used in the short synthesis of 6-hexylsaticgtid (6d), a
natural product, found in the extract Belargonium sidoides D€ In the first step, the
acetonidel6a was magnesiated with4a at —40 °C within 10 min. The arylmagnesium
compoundl6b was then transmetalated with Zp@hd subsequently used in a cross-coupling
reactiorf> “°with the iodo alkend7 leading to the functionalized areh&cin 77% yield. The
final productl6d was obtained after hydrogenation of the doubledbionthe presence of

catalytic amounts of Pd/C followed by the cleavagfe the acetonide, furnishing 6-

“8a) 0. Kayser, K. Latté, H. Kolodziej, F.-J. Hams@hmidt,Flavour Fragrance J1998 13, 209.
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hexylsalicylic acid in 89% vyield (Scheme Z5).

0._0 0._0
TMP,Mg-2LiCl

o (1.1 equiv) o MgX 1.2ZnCly, -40 °C, 15 min
Pd(PPhs) 5 mok-%

-40 °C, 10 min
16a 16b 2./\/\/\| 17
-40°Ctort, 12 h
HO.__O A/o o
HO Hex 1. Hy Pd/C, MeOH, 24 h o S
2. KOH, THF/H,0
reflux 12 h, then HCI
16d: 89% 16c: 77%

Scheme 25Synthesis of 6-hexylsalicylic acid§d).

The baseld4a was also used, to bypass problems in the syntludsiglly functionalized
pyrrazoles® The metalations on position C3 and C5 were reagigyformed using
TMPMgCI-LICl (108 whereas the remaining C4 position proved to ktito this base,
TMP,Mg-2LICI had to be used to achieve the functional@atf this site. Similarly, the full
functionalization of 2,4-bis(methyl)thio pyrimidingas only possible when using the highly
active base TMiMg-2LiCl (148 (Scheme 263

o)

1) TMPMgCI-LiCl Br Ph Br
C_\/ \ 2)MeSO,SMe /4—( 1) TMP,Mg-2LiCI R
N'N O —— ™ MeS N
|

N -
3) TMPMgCI-LiCl MeS™ ~N 2) CuCN-2LiCI N
SEM 4 (BrCL,C), éEM 3) PhCOCI SEM
54% overall yield 75% overall yield
SMe SMe SMe
N 1) TMP,Mg-2LiCl N 1) TMP,Mg-2LiCl | | SN
N/J\SMe FLCLC: ¢ N/J\SMe 2)l; cl N//I\SMe
78% 61%

Scheme 26Functionalizations of-heterocycles using TM®g-2LiCl.

9 Experments were done by G. C. Clososki and amngdiere for the sake of completeness.
%0 C. Despotopoulou, L. Klier, P. Knoch€rg. Lett.2009 11, 3326.
*L M. Mosrin, N. Boudet, P. KnocheQrg. Biomol. Chem2008 6, 3237.
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3.2. Scale-up Experiments

The above described experiments were mainly coeduat small scale (up to 2 mmol). To
demonstrate that the reageita is able to provide the magnesiated arenes evelarger
scale in a satisfying yield some scale-up experim@&vere conducted. The ba%da was
prepared as usual and the substrate was addedydirex the solution omitting additional
solvent for economic and kinetic reasons. Thusylditlnzoatel3h was reacted witli4a at
25 °C giving the magnesiated species after 45 diter a transmetalation using ZnGh
THF, aNegishicross-coupling reaction with 4-bromotoluene inphesence of Pd(OA£)J0.5
mol%) and RuPHOS (1.0 mol%)was performed and gave the bipheh§k in 71% yield.
The introduction of an additional ester was achdeby reacting the magnesiated ethyl
benzoate with Ba©, yielding the diestel5l in 65% (Scheme 27).

523, E. Milne, S. L. Buchwald, Am. Chem. So2004 126, 13028.
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1) TMP,Mg-2LiCl (14a)
(1.1 equiv)
25 °C, 45 min

CO,Et

2) ZnCly(1.1 equiv)
-40 °C, 15 min
13h: 90 mmol 3)

Br@Me

(1.05 equiv)
Pd(OAc), (0.5 mol%)
RuPHOS (1.0 mol%)
-40t025°C, 12 h

1) TMP,Mg-2LiCl (14a)
(1.1 equiv)
25 °C, 45 min

CO,Et

2) Boc,O
(1.4 equiv)

13h: 90 mmol 25°C. 2 h

1) TMP,Mg-2LiCl (14a)
(1.1 equiv)
25 °C, 45 min

2) ZnCly(1.1 equiv)

tBu020\©/002tBu
-40 °C, 15 min

13i: 80 mmol 3)

BrOCN

(1.05 equiv)
Pd(OAc), (0.5 mol%)
RuPHOS (1.0 mol%)
-40t025°C, 12 h

CO,Et 1) TMP,Mg-2LiCl (14a)
(1.1 equiv)
OO 25 °C, 45 min
2) Boc,O .
13b: 90 mmol (14 gauv)

Scheme 27Scale-up Experiments using TG -2LiCl.

EtO,C

15k: 71%

<8

CO.Et
COztBU

151: 65%

tBUOzC l COztBU

| CN

15m: 75%

CO,Et

COztBu

16n: 69%

Furthermore, the magnesiation oftdrt-butyl isophthalate3i) using TMRMg-2LiCl (14

1.1 equiv) was complete within 45 min at 25 °C (pamed to 1 h for 2 mmol scale).

Subsequently, after transmetalation with Zn(80 mL, 1.1 equiv) a Pd-catalyzed cross-

coupling reaction with 4-bromobenzonitrile (1.0 eQuusing Pd(OAc) (0.5 mol%) and
RUPHOS (1.0 mol98¥ as catalytic system provided the functionalizearydi15m in 75%
yield. Additionally, the complete metalation of @th-naphthoatel3b; 18.0 g) was obtained

within 45 min at 25 °C using TMRIg-2LiCl (14a compared to 1 h for 2 mmol scale

reactions) by applying this large scale protocdteAquenching with Ba© (1.4 equiv), the

desired mixed diestel'5h was isolated in 69% yield (Scheme 27). For econaessons the

recycling of TMPH was examined as it is used igéaguantities in these reactions. A slightly
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modfied workup allows the recovery of up to 75%hed TMP-H used.

3.3. Formal meta and para-Functionalizations

As shown above, the directedrtho metalation is an important method for the
functionalization of various arenes and heteroscMarious directed-metalation groups
(DMGs) have been used for achieving efficient &tlons. DMGs mediate fast arattho
selective metalation mainly by chelation (entropitect). Polar DMGs may furthermore
transfer electron density to the metal base ancase their metalating pow&During the
studies on TMEMg-2LiCl (148 (see preceeding chapter) the demand for a neabpest
protecting group for phenols, which is at the saime a DMG, arose. In the course of these
studies, it was observed that the DMG,N,N’,N’-tetramethylphosphorodiamidate
(OP(O)(NMe),)*? is a very strong directing group for magnesiatma that it may overrule
the effects of other directing substituents presmntthe aromatic substrate. In contrast to
directed lithiations which are usually performed al05 °C to avoid Fries-type
rearrangement¥,the magnesiation with TM®Ig-2LiCl (148) occurs (even at 0 °C) without
anionic migration of the tetramethylphosphorodiaatédgroup. This would allow new types

of functionalization such as formaleta®* or para-functionalization (Scheme 28).

*3a) M. Watanabe, M. Date, K. Kawanishi, M. Tsukaz&k FurukawaChem. Pharm. Bulll989 37, 2564; b)

R. E. Ireland, D. C. Muchmore, U. HengartnerAm. Chem. Sot972 94, 5098; c) D. Seebach, J.-J. Lohmann,
M. A. Syfrig, M. Yoshifuji, Tetrahedron1983 39, 1963; d) J. H. Nasman, N. Kopola, G. Pen3atrahedron
Lett. 1986 27, 1391; e) M. Watanabe, M. Date, K. Kawanishi, MuKazaki, S. Furukaw&hem. Pharm. Bull.
199Q 37, 2637; €) M. P. Sibi, V. Snieckud, Org. Chem1983 48, 1935; f) O. Middel, Z. Greff, N. J. Taylor,
W. Verboom, D. N. Reinhoudt, V. Snieckus,Org. Chem200Q 65, 667.

*a) P. C. Andrikopoulos, D. R. Armstrong, D. V. Gam, E. Hevia, A. R. Kennedy, R. E. Mulvey, C. T. O
Hara, C. TalmardAngew. Chem. Int. E@005 44, 3459; b) D. R. Armstrong, W. Clegg, S. H. DaleHgvia, L.
M. Hogg, G.W. Honeyman, R. E. Mulvefxngew. Chem. Int. EQ006 45, 3775.
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FG FG G
TMP,Mg-2LiCl (14a) Nu-
E* E
E
(Me NP~ (MeN),P~© Nu
o] o}
18 19 20
FG FG FG
o  TMPMg-2LiCI (14a) 0 Nu-
n —_—
o P(NMe,), E* o P(NMey), \
E E
21 22 23

Scheme 28Formalmeta andpara-functionylization of arenes.

It was found that a range of aromatic phosphoroiatas bearing a functional group (FG)
either in thepara position (typel8) or in themetaposition (type21) underwent efficient
magnesiation with TMMg-2LiCl (148 leading to products of typEd and22, respectively,
after the addition of an electrophile. Substitutioh the OP(O)(NMg, group with a
nucleophile (Nu) should then yieldetg para- andpara, metadifunctionalized molecules of
the type20 and 23 as described below (Scheme 28 and Table 2). Thgnesa@tion of
substrates of typ&8 and 21 using TMBMg-2LiCl (148 proceeds smoothly within a few
hours at 0 °C for cyano- and ester-substituted pim®diamidated8a and21a (entries 1-3,
10-13). For halogen-substituted starting mate(b8b, 3c and18d; entries 4-9) as well as for
the trifluoromethyl-substituted phosphorodiamid2id (entry 13), lower temperatures (—40
to -50 °C) led to optimum results. In general, tegioselectivity of the metalation of
aromatics is governed by a combination of electramid/or sterical effects: *>However, the
tetramethylphosphorodiamidate group is one of trengest donor in organic synthésiand
kinetically activates the Mg-N bond giving to thase an additional ate character (Scheme
29).25, 56

®a) C. A. HunterAngew. Chem. Int. E®004 43, 5310; b) C. ReichardSolvents and Solvent Effects in
Organic ChemistryWiley-VCH, Weinheim 2002

*a) A. Inoue, K. Kitagawa, H. Shinokubo, K. OshiddaQrg. Chem2001, 66, 4333; b) J. Kondo, A. Inoue, H.
Shinokubo, K. Oshimaingew. Chem. Int. E@001, 40, 2085.
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FG p\ FG
?
o - TMPH ) #’;‘NMeZ
H ip"\NMez N (0] N'\/|e2
e, o Mez ™F
T™MP-Mg

Scheme 29Sugested mechanism of tineta andpara-metalation.

This electronic effect increases the metalation groef the base and no additional chelation
or inductive effects are necessary for achieving tmagnesiation. Normally, this
phosphorodiamidate-triggered magnesiation prefedgnoccur at the sterically less hindered
position of the aromatic ring promoting formadetametalation. However, in the case of
metasubstituted substrates bearing bromo, chloro artd atoms as one of the functional
groups, it was observed that the regioselectivitythe metalation is affected by the
competitive directing effects of these halogenstiates electrophiles such as acid chlorides,
TsCN, allylic halides, aldehydes or aromatic iodideeacted with the magnesium
organometallic intermediates providing the desipeaducts of typel9 or 22 in 72 to 90%
yields (Table 2). In the case of allylation and latgn reactions, the best results were
obtained when the arylmagnesium species were tretasaed with ZnGl (1.2 equiv) and
CUuCN2LIiCI*" (0.5 — 1.3 equiv) prior to the addition of thedachloride, TsCN or the allylic
halide (entries 2-4, 7, 8 and 12). SimilatNegishicross-coupling$ with aryl iodides in the
presence of Pd(dbaj2 mol%) and P(2-furyl)(4 mol%}° were successfully performed after
transmetalation of theGrignardreagents with ZnGl (entries 1, 5, 6 and 13). The
phosphorodiamidat2lc derived from 3-iodophenol was smoothly magnesiatghin 0.5 h

at 0 °C without the occurence of halogen dancetieez Bromolysis of the Mg-reagent gave
the double halogenated aré2fein 76% yield (entry 14).

" Magnesiation of the phosphorodiamidate prepareth f8-bromophenol gave after iodolysis a mixturesof
bromo-2-iodophenyl- (44% vyield) and 3-bromo-2-iodepylN,N,N’,N’-tetramethyldiamidophosphate (43%
yield). For the 3-chlorophenolderivative, a mixtuoé 5-chloro-2-iodophenyl- (29% vyield) and 3-chle2e
iodophenyIN,N,N’,N’-tetramethyldiamidophosphate (57% yield) was oleirMoreover, metalation of the 3-
fluorophenol derivative gave exclusively after ibdis the 3-fluoro-2-iodophenyN,N’,N’-
tetramethyldiamidophosphate in 73% vyield.
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Table 2: Products of Type 19 or 22 obtained after Magnesiation with TMP,Mg-2LiCl (14a) and Subsequent Reaction with an

Electrophile.
Entry Substrate T[C], t[h] Electrophile Product/Yield [%]*
CN
/Oows
o [
(Me;N),P”
o)
1 18a 0,1
TsCN
(MeN),P~°
o)
2 18a 0,1 19b: 77
CN
Me
Me
. m
(MeN),P~©
o}
3 18a 0,1 19c: 84°
Br Br
tBUCH,COCI @\'@,Bu
(MeoN),P~© (MeNp O ©
o} o}
4 18b -50,7 19d: 72°
F F
o %
o} I o} O
(Me,N),P” (Me;N),P”~ CO,Et
o) o}
5 18c -40, 4 19e: 78°
F
| Me
(MeN),P~°
(o] Me
6 18¢c -40, 4 19f: 75°
F
< -y
(MeoN),P~©
s
7 18c —40, 4 19g: 85°
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Table 2 (continued)

Entry Substrate T[C], t[h] Electrophile Product/Yield [%]*
cl Cl
© PhcOCI coPh
(MeN),P~© (MeN),P~°
o] 0
8 18d —40,15 19h: 85"
cl
tBUCHO tBu
(MeN)P O O
o)
9 18d -40, 1.5 19i: 79
COLEt CO,Et
(e} (BrClzc)z I
O,'F'>(NMe2)2 QO’P(NMeZ)Z
Br
10 2la 0,1 22a: 80
CO,Et
PhCOCI @\ B M,
o)
COPh
11 2la 0,1 22b: 73°
CO,Et
ot CL 3
CO,Et O,P(NMez)z
| g
CO,Et
12 2la 0,1 22c: 78°
CF, CF,
O 1> 1
_P(NVe,), i ~o-P(NMe,),
© I
13 21b -40, 2 22d: 88
| I
o]
(0] (BrClzc)z 1!
@ _P(NMey), i or P(Me,
o]
Br
14 21c 0,0.5 22e: 76

Tsolated yield of analytically pure product; ° A transmetalation with ZnCl, (1.1 equiv) and CUCN-2LiCI (0.5 - 1.3 equiv) was
performed; ¢ Obtained by a palladium-catalyzed cross-coupling after transmetalation with ZnCl, (1.1 equiv).

A double functionalization inmetg meta-positions has also been achieved. Thus, the
treatment of the nitriledd8a with TMP,Mg-2LiCl (14& 1.1 equiv, 0 °C, 4 h) followed by a
copper(l)-catalyzed reactidhwith tBuCOCI provided the keton&9j in 81% yield. By
applying the same reaction sequence (metalatior6@t°C for 0.5 h), the ketonE9) was
converted to the diketor#ain 77% vyield.
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CN CN CN
14a (1.1 equiv), 14a (1.1 equiv),
0°C,1h -60°C, 0.5 h
ZnCl, -40 °C, 15 min COtBu ZnCl, -40 °C, 15 min tBuOC COtBu
.0 CuCN-2LiCl (cat.) e} CuCN-2LiCl (cat.) 0
(Me;N),P tBucocl, -40°C  (Me2N)2P? tBuCOCI, -40 °C (Me;N),P
o to 25°C, 12 h o to25°C, 12 h o]
18a 19j: 81% 242 7%
Br Br Br

14a (1.1 equiv), 14a (1.1 equiv),
-50°C,7h

-60°C,0.5h

ZnCly, -40 °C, 15 min
CuCN-2LiCl (cat.), -40 °C

ZnCly -40 °C, 15 min
Pd(dba), (2 mol%)

(MezN)zP’o P(o-furyl)s (4 mol%) (MezN)zP/o CN t0 25°C, 12 h (MeZN)Zp/O CN
) pICgH4CN, -40 °C ) Me )
to 25 °C, 12 h /'\/Br
18b 19k: 83% 24b: 77%
Cl Cl cl
14a (1.1 equiv), 14a (1.1 equiv),
-40°C, 1.5h -60°C, 4 h O
ZnCly, -40 °C, 15 min, ZnCl, -40 °C, 15 min  BuOC
e} Pd(dba), (2 mol%) _0 CuCN-2LiCl (cat.) 0
(Me2N),P P(o-furyl)s (4 mol%)  (Me2N)P OMe  tBuCOCI, -40 °C (MeoN),P OMe
o] pICgH4OMe, -40 °C o] t0 25 °C, 12 h 3
18d to25°C,12h 191: 90% 24¢: 82%

Scheme 30metg meta-functionalization.

Furthermore, the double functionalization of theorbo- and chloro-substituted
phosphorodiamidated8b and 18d led to the preparation of the highly functionatize
phosphorodiamidatez4b and24cin good overall yields showing the high directpmwer of
the OP(O)(NMeg), group (Scheme 30).

The further manipulation of the functionalized apylosphorodiamidates of tyd® and 22

was best achieved by converting these intermediatesionaflates®

*a) M. Piber, A. E. Jensen, M. Rottlander, P. KreboBrg. Lett.1999 1, 1323; b) M. Rottlander, P. Knochél,
Org. Chem.1998 63, 203; c) A. Gavryushin, C. Kofink, G. Manolikake3, Knochel, Tetrahedron2006 62,
7521; for a recent application of aryl nonaflatepalladium-catalyzed amination reactions see:.d}.Rundel,
K.W. Anderson, S. L. Buchwald, Org. Chem2006 71, 430; e) K.W. Anderson, M. Mendez-Perez, J. Priego
S. L. Buchwald,). Org. Chem2003 68, 9563.
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N
1Zn ¢
CN 1) W, HCO,H-H,0, EtoH ~ §N \©\ O
120 °C, 30 min CO,Et COBu
COtBu  2) NaH, FSO,(CF,)sCF3 cotsu NiCl(PPhs), (5 mol%)
0o Et,0,25°C, 12h ONf THF-NEP, 25 °C, 3 h
(MezN)zp/
© 19j 19m: 71% overall yield COEt
20a: 90%
1) uW, HCOZH H,0, EtOH
120 °C, 30 min Me,NH- BH3 KZCO3
2) NaH, FSOz(CF2)3CF3 Pd(PPh3)4 5 mol%
Et,0, 25°C, 12 h ONf MeCN, 70 °C, 16h
OMe OMe OMe
190: 71% overall yield 20b: 94%
CO,Et CO,Et CO,Et
Me,NH-BH; KCO5 1Zn_~COEt
H Pd(PPhs)4 (5 mol%) OR NiClo(PPhs), (5 mol%) CO.Et
CoPh MeCN, 25 °C, 2 h orn THF-NEP, 25 °C, 3 h COPh
23a: 74% 75%|; 22b: R=P(O)(NMe,), 23b: 95%

22f: R=SOZ(C F2)3CF3

Scheme 31Replacement of the DMG and further functionalizatio

Thus, a microwave assisted deprotection of the @inglsphorodiamidates9j and 19n with
formic acid in aqueous ethanol (120 °C, 30 minyvmted polyfunctional phenols, which after
the reaction with ¢FSOF (NaH, EtO, 25 °C, 12 h) allowed the isolation of the
corresponding nonaflatd®m and190in 71% yield (Scheme 31). A nickel-catalyzed cross
coupling of nonaflatdd 9m with an arylzinc reagent afforded the biphe2@kin 90% yield.
On the other hand, reaction d®o with dimethylamine-borane complex in the preseote
catalytic amount of Pd(PBR>° gave the reduced derivati2éb in 94% vyield. Similarly, the
aryl phosphorodiamidat@2b was successfully converted to the dies?8a and to the
ketoeste23b in 74% and 95% vyield respectively, showing thad tieaction sequence allows
either efficient functionalization or removal oktlirecting metalation group (Scheme 31).

*9a) B. H. Lipshutz, D. J. Buzard, R.W. Viviafetrahedron Lett1999 40, 6871; for a recent protocol for the
reduction of aryl sulfonates see: b) B. H. LipshiBz A. Frieman, T. Butler, V. Kogayngew. Chem. Int. Ed.
2006 45, 800.
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3.4.Regioselective Metalations oMN-Heterocycles

3.4.1.Metalations on Pyridines, Quinolines and Quinoxalies

Heteroaromatics are important scaffolds in medictieemistry®® Especially skeletons of
quinolines, pyridines and quinoxalines are oftaimfibin modern pharmaceuticals such as the
quinoline based NKreceptor antagonist Talnetdh25; GSK), the pyridine based COX-2
inhibitor Etoricoxif? (26; Arcoxia®, Merck) or the quinoxaline based tachykinin reoept
antagonist (27; Mitsubishi Tanabe Pharma) (Figure 1).

Ph__ .Et
SO,Me OMe
H
OH Cl XN N\ N
| -2HCI
~
O N |\ N N
_ H
N Me
25: Talnetant 26: Etoricoxib 27: tachykinin receptor antagonist

Figure 1: Pharmaceuticals containing a quinoline, pyridinguinoxaline skeleton.

Lithiations and magnesiations of these scaffoldsqu®ither halogen/metal exchafiger
directed metalatioti have been reported. Lithiations suffer from a latkregioselectivity
even when carried out at low temperatures (seetehd&). The formed organometallic
reagents are also prone to undergo electrophilititation reactions at the C2 position.
Recently, it was reported that the use of TMP aefibases allow the efficient magnesiation

or zincation (see chapter 1.4.2. & 3.1) of funcéilired aromatics and heteroaromatics. It has

9 a) A. F. Pozharskii, A. T. Soldatenkov, A. R. Kiky, Heterocycles in Life and Societjohn Wiley & Sons:
Weinheim, 1997; b) P. Wipf, Z. Wan@rg. Lett 2007, 9, 1605.

®1a) G. A. M. Giardina, L. F. Raveglia, M. Grugni, M. Sarau, C. Farina, A. D. Mendhurst, D. Grazi&niB.
Schmidt, R. Rigolio, M. Luttmann, S. Cavagnera].Foley, V. Vecchietti, D. W. P. Hay, Med. Chem1999
42, 1053; b) J. M. Elliot, R. W. Carling, M. Chambg@. C. Chicchi, P. H. Hutson, B. A. Jones, A. Macl, R.
Marwood, G. Meneses-Lorente, E. Mezzogori, F. MyrM. Rigby, I. Royo, M. G. N. Russel, B. Sohal, K.
Tsao, B. WilliamsBioorg. Med. Chem. Let200§ 16, 5748.

®1a) L. A. Sorbera, R. M. Castaner, J. SilvestreCastanerDrugs Fut.2001, 26, 346; b) R. W. Firesen, C.
Brideau, C. C. Chan, S. Charleson, D. Deschémd3ubé, D. Eithier, R. Fortin, J. Y. Gauthier, Y. &id, R.
Gordon, G. M. Greig, D. Riendeau, C. Savoie, Z. §/ah Wong, D. Visco, L. J. Xu, R. N. Youngioorg. Med.
Chem. Lett1998 8, 2777; c) D. Dubé, C. Brideau, D. Deschémes, RtirsoR. W. Friesen, R. Gordon, Y.
Girard, D. Riendeau, C. Savoie, C.-C. Chaioorg. Med. Chem. Lett999 9, 1715.

83 M. Takahashi, M. Sugahara, H. Mizuuchi, A. Safolshii, PCT Int. Appl. 2002028853 A1, 2002.

%3a) D. L. Comins, J. M. I. Nolan, D. BofTetrahedron Lett2005 46, 6697; b) S. Dumouchel, F. Mongin, F.
Trécourt, G. Quéguinef,etrahedron Lett2003 44, 2033; ¢c) H. Ren, P. Knoch&hem. ComnR006 726 and
references therein.

% For reviews, see: a) R. Chinchilla, C. Najera, ¥lis, Chem. Rev2004 104, 2667; b) F. Chevallier, F.
Mongin, Chem Soc. Re2008 37, 595.
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also been investigated that the use ofNi,N’,N*-tetramethylphosphorodiamidate group is a
strong DMG and allows fast and selective magnesiatiof aromatics with unusual
regioselectivity (see preceeding chapter). The la@bas of pyridines, quinolines and
guinoxalines using TMPMg@liCl (10, TMP,Mg-2LiCl (148 and TMRZn-2MgCl,-2LiCl
(128 combined with the -P(O)(NM& DMG has also been studied. Thus, the
phosphorodiamidat28a (derived from 2-pyridinol) reacted with TMPMgCICI (108) at O

°C within 1 h and gave exclusively the 3-magnesiabeterocycle which reacted after
transmetalation to zinc in Begishi cross-coupling reaction in the presence of(duhy

(1 mol%) and RUPHOS (2 mol%)with 4-bromo thiomethylbenzene giving the bia2gain
74% vyield (Table 3, entry 1). The phosphorodiangd28b synthesized from 3-hydroxy
pyridine was best metalated at 25 °C usi@g Deprotonations with TMPMg@LCI (10a) or
TMP,Mg-2LICl (143 resulted in lower yields, even when carried duba temperatures (—
20 to =50 °C). Thus, the pyridirg8b was zincated selectively in position 4 at 25 °Ghiai 1

h using TMBZn-2MgCl,-2LIiCl (128). The formed zinc reagent was quenched in a cross-
coupling reaction using either 4-iodophenyl trilabr 4-chloro iodobenzene with Rd-
catalyst yielding the 4-arylated pyridin@®b and 29c in 79-88% vyield (entries 2, 3; see
appendix for a x-ray structure 80b). An allylation of the zinc reagent was achievathv-
bromo-2-methylpropene in in the presence of C&CICI (10 mol%)’ furnishing the
allylated pyridine29d in 74% yield (entry 4). Moreover, a chlorinatiom position 3 was
obtained by metalating the pyridirg8c using 10a (0 °C, 1 h). After addtition of 1,1,2-
trichlorotrifluoro ethane, the desired 3-chloroigyre 29ewas isolated in 83% yield (entry 5).
The magnesium reagent also reacted v8tmethyl methanesulfothionate and gave the
thioether29f in 88% yield (entry 6).

46



RESULTS ANDDISCUSSION

Table 3: Pyridines of type 29 obtained after metalation with TMPMgCI-LiCl (10a) or TMP,Zn-2MgCl,-2LiCl (12a) and subsequent
reaction with an electrophile.

Entry Substrate T[C], t[h] E Product/Yield [%]*
SMe
X
| _ SMe N
N (6] | —
|
O/,P(NMGQ)Q Br N (T)
o~ P(NMe2);
1 28a 0,1 29a; 74" ¢
oTf
mOP(O)(NMeQb /©/°Tf
N” I . OP(O)(NMe,),
L
N
2 28b 25,1 29b: 88°°
Cl
jon
I . OP(O)(NMey),
P
N
3 28b 25,1 29c: 79%°
Me Me
A _Br o OP(O)(NMey),
L.
N
4 28b 25,1 29d: 74°"
1 I
o P(NMey), o P(NMey),
x CzC|3F3 Cl x
P |
N N
5 28¢c 0,1 29e: 83°
1
O,P(NM62)2
MeSSO,Me Mes\ﬁj
.
N
6 28¢c 0,1 29f: 88"

2Yield of isolated, analytically pure product; "TMPMgCI-LiCl (1.5 equiv) was used; *TMP,Zn-2MgCl-2LiCl (0.75 equiv) was used;
“Obtained by Pd-catalyzed cross-coupling reaction after transmetalation with ZnCl, (1.6 equiv) using Pd,(dba)s; (1 mol%) and
RUPHOS (2 mol%) as catalyst; “Obtained by Pd-catalyzed cross-coupling reaction using Pd(dba), (5 mol%) and P(2-furyl); (10
mol%) as catalyst; ‘A transmetalation with CUCN-2LiCl (10 mol%) was performed.

Furthermore, the phosphorodiamid&ta derived from 2-hydroxyquinoline was magnesiated
regioselectively in position 3 and then thioethgthwith EtSSGPH?® yielding the thioether

% A. H. Stoll, A. Krasovskiy, P. KnocheAngew. Chem. Int. E006 45, 606.
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3lain 85% (Table 4, entry 1). Remarkably, magnesitiat the 3 position of the quinoline
without abstracting the kinetically more active protorttet C2 position were also possible.
Thus, the quinolinéB0b was smoothly deprotonated with TMPMJGCI (108 at 0 °C
within 1 h. The generated magnesium reagent was trensmetalated with Zngland
subsequently used in an acylation reaction withalpyl chloride in the presence of
CuCN:2LiCl (10 mol%}’ giving the heteroaromatic ketoddb in 62 % yield (entry 2). A
cross-coupling reaction with the Zn-reagent derifredn 30b with ethyl 4-iodobenzoate in
the presence of a Pd-catalyst furnished the 34&qg/lgquinoline31cin 83% yield (entry 3).
Moreover, the regioselective functionalization betC7 was possible using this protocol.
Thus, the 2-chloroquinoline derivativ&c was readily magnesiated with TMPMgGCI
(109 at 0 °C in 1 h. A transmetalation with ZnGh THF followed by the addition of
methallyl bromide in the presence of CugNCI (10 mol%}’ led to the allylated product
31d in 87% vyield (entry 4). The addition of 4-chlore@rzoyl chloride under the same
conditions furnished the ketor3dein 74% vyield (entry 5). The 2-bromoquinoli@d also
underwent a smooth magnesiation at 0 °C with tlse b@a After transmetalation to zinc, a
cross-coupling reaction with the (4-iodophenoxjyitpropyl)silane in the presence of
Pd(dba) (5 mol%) and P(2-fury}) (10 mol%J> “°led to the phenylated bromoquinoliBéf

in 81% vyield (entry 6). The introduction of an dtlgster in position 7 was achieved by
reacting the magnesiated quinoline derivaB®e with NC-CGEt leading to the est&1gin
77% yield (entry 7). Magnesiations or lithiations quinoxalines are often difficult to achieve
due to the electrophilic character of this substré¢ading to competetive dimerizatidhs.
However, the quinoxalin80e bearing a phosphorodiamidate group as DMG, was 81tyoo
magnesiated with TMIMg-2LiCl (148 at —30 °C in 1.5 h without any dimerization side
reaction. After a transmetalation with Zn@lreacted in a&egishireaction in the presence of
a Pd-catalyst with either 4-chloro iodobenzene thiyle4-iodobenzoate leading to the 2-
arylated quinoxaline81h and31iin up to 79% vyield (Table 2, entries 8, 9). Treatmof the
zinc compound with methallyl bromide in the present CuCN2LICI (10 mol%) furnished

the allylated quinoxalin81j in 71% yield (entry 10).
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Table 4: Quinolines and quinoxalines of type 31 obtained after magnesiation with TMPMgCI-LiCl (10a) or TMP,Mg-2LiCl (14a)

and subsequent reaction with an electrophile.

Entry Substrate T[], t[h] E Product/Yield [%]™
POW:
I
A P, EtSSO,Ph
1 30a 0,1
Me,N),P
(Me;N), ~0
tBuCOCI
X
—
N
2 30b 0,1

©/002Et
[

3 30b 0,1
X
N al Me
OP(NMey), ¥
(6]

4 30c 0,1

/©/COCI
Cl

5 30c 0,1

_ OTIPS
N” > Br /©/
I

O P(NMez)z
O

6 30d 0,1
NC-COEt
7 30d 0,1
O\\P(NMez)z

@E:jo | /©/CI

8 30e -30, 1.5

©/002Et
[

9 30e -30, 1.5

Me O\P(NMez)z

31d: 87™¢
ROUSS
~
N Cl
0 O\P(NMez)z
o}

31e: 74" ¢

O \

~
O N~ Br
TIPSO “P(NMey),

O
5
31f: 81”°¢

X
/
Et0,C N” > Br
o

“P(NMe,),

31g: 77°

O\\P(NMez)z
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Table 4 (continued)

Entry Substrate T[], t[h] E Product/Yield [%]™
O\\P(NMez)z
Me N. O
Ae Crce
-
N
10 30e -30,15 31j: 71%¢

2Yield of isolated, analytically pure product; "TMPMgCI-LiCl (1.5 equiv) was used; ‘TMP,Mg-2LiCl (1.5 equiv) was used; ° A
transmetalation with CuCN-2LiCl (10 mol%) was performed after transmetalation with ZnCl, (1.6 equiv.); *Obtained by Pd-
catalyzed cross-coupling reaction after transmetalation with ZnCl, (1.6 equiv) using Pd(dba), (5 mol%) and P(2-furyl); (10 mol%)
as catalyst.

3.4.2.Synthesis of Talnetant, Etoricoxib and a P-SelectiAntagonist

Using this method, the pharmaceutically relevamhgounds Etoricoxib, Talnetant and a P-
Selectiff’ antagonist were prepared. In this synthesis, tivsphorodiamidate DMG was first
attached at commercially available 2-pyridinol giyi28a In a second step?8a was
selectively metalated in the 3-position usid®a (1.5 equiv, 0 °C, 1 h). After a
transmetalation with Zngla cross-coupling reaction with 4-bromophenyl mistin§one in
the presence of R@lba) (1 mol%) and RUPHOS (2 mol%)gave the arylated pyridir29g

in 88% vyield. Cleavage of the directing group wittHCl/dioxane mixtur® (25 °C, 24 h)
gave back the pyridone backboi®2 in 95% vyield. Chlorination at C5 position was
accomplished by reacting2 with KCIO3 in the presence of HCI (con® furnishing the 5-
chloropyridine 33 quantitatively. The final product was assembleglypg a literature
procedure. Thus, the reaction of the pyridone VABCE gave the 2,5-dichloro pyridine
which was subsequently used in a Stille cross-aogpVith the tin reager84 derived from 5-
bromo 2-picoline furnishingtoricoxib26 (Scheme 32).

7a) N. Kaila, K. Janz, S. DeBernardo, P. W Bed&dCamphausen, S. Tam, D. H. H. Tsao, J. C. Kéith,
Nickerson-Nutter, A. Shilling, R. Young-Sicame, Wang, J. Med. Chem2007, 50, 21; b) N. Kaila, K. Janz, A.
Huang, A. Moretto, S. DeBernardo, P. W. Bedardl'&n, V. Clerin, J. C. Keith, D. H. H. Tsao, N. Shisva,
G. D. Shaw, R. Camphausen, R. G. Schaub, Q. Wamded. Chen2007, 50, 40.

% H.-G. Chao, B. Leitning, P. D. Reiss, A. L. Burktia C. E. Klimas, J. B. Bolen, G. R. MatsuedaQrg.
Chem.1995 60, 7710.

%9V. Koch, S. SchnattereBynthesis199Q 499.
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1) TMPMgCI-LiCl SO,Me SO,Me
(10a; 1.5 equiv) . HCI2M
X 0°C,1h X~ dioxane 1/1___ N
| Z | = 25°C, 24 h |

N~ o 2)ZnCl, -40°C,15min >N~ >0 N0
! 3) Pd,(dba)s (1 mol%) ' H
~P(NM 2(dba)s ~P(NM
o7 P(NMe2)2 ™ g pHOS (2 mol%) o P(NMe2);
28a PMeSO,CgH,Br 29g: 88% 32: 95%
HCI conc.
KCIO3,
50 °C, 30 min
1. POCI3 150 °C,15 h SO;Me
2. Pd(PPhg),, NMP, ) X
100 °C, 15 h Cls | ¥
MesSn \ H o
P
N~ Me
Etoricoxib 26 34 33:95%

Scheme 32Synthesis of Etoricoxib2g).

The combined use of the phosphorodiamidate and bhsees TMPMQgCLICI (10a),
TMP,Mg-2LICl (148 was also applied to build up two pharmaceuticgith a quinoline
salicylic acid spine. Accordingly, the lynchpin footh syntheses is 3-hydroxy quinoline
which was first converted into the correspondin@gghorodiamidate80f. The metalation
with TMP,Mg-2LiCl (148 occured at the C2 position (=50 °C, 1 h). Trartstagon with
ZnCl,, followed by a cross-couplifigwith either iodobenzene or 4-chloro iodobenzentén
presence of a Pd-catal{fsfurnished the quinoline31k, in up to 81% yield. A subsequent
metalation at the C4 position was obtained usingMgCIL-LIiCl (10a 25 °C, 1 h). The Mg-
reagent was quenched with NC-g&Dand gave the desired est8&sb in 79 and 81% vyield,
respectively (see appendix for a x-ray structur85#). Cleavage of both, the DMG and the
ester was achieved by refluxiBgain a HCl/dioxane mixtuf& (110 °C, 36 h). The acid was
then reacted withSj-phenylpropylamine and CDI providingalnetant(25) in 86% yield
(Scheme 33, see appendix for a x-ray structure)tiasynthesis of the P-Selectin antagonist
38 a third metalation for the arylation of the C8 ifios of 35b is performed usind4a (—
40 °C, 20 h}* After a transmetalation with Zn€la cross couplifg reaction with
iodobenzene in the presence of Pd(gb& mol%) and P(2-furyd) (10 mol%§® was
performed, vyielding the highly functionalized quine 36 in 76%. Combined
deprotection/saponification was again achieved dfjuxing 36 in a HCI dioxane mixture
(110 °C, 36 H¥ leading to the P-Selectin Inhibit87 quantitatively (Scheme 33).
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o.
N ©

30f

Talnetant: 25: 86%

110°C, 36 h

P-Selectin Inhibitor: 37

110°C, 36 h

1) TMP,Mg-2LiCl O-
(14a, 1.5 equiv) P(NMey),
-50°C, 1h

2) ZnCl,, 15 min
3) Pd(dba),

(5 mol%)
P(o-furyl); 31k: X=H 81%
(10 mol%) 31l: X=CI 78%
Ph-I - or -
4-Cl-CaH, | 1) TMPMgCI-LiCl
6774 (10a, 1.5 equiv)
25°C,1h
2) NC-CO,Et
1) 2M HCI/
dioxane 1/1

2)CDI,50°C,5h
then

(S)-1-phenyl-
propylamine Y= o,
70°C,5h, 35. X201 81%
25°C,12h
1) TMP,Mg-2LiCl
(14a, 1.5 equiv)
-40°C,20 h
2) ZnCly 15 min
3) Pd(dba), (5 mol%)
P(o-furyl); (10 mol%)
Ph-I
2M HCI/
dioxane 1/1

> 95%

Scheme 33Synthesis of Talnetant and a P-selectin inhibitor.
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3.5. Alternative Amines for the Preparation of Mixed Li/Mg and
Li/Mg/Zn-amide Bases

3.5.1.Preparation and use of the ReagentBu(iPr)N]JMgClI-LiCl (10b)

During the development of TMRIg-2LiCl (148 the reaction behavior of several sterically
demanding amines was studied (Scheme 34). It tuonédhat {Bu(iPr)N]:Mg-2LiCl (140
leads to comparable results concerning activity iaothted yields (see chapter 3.). The used
sterically hindered acyclidert-butyl(iso-propyl)amine is therefore a more economical
alternative to TMP-H, despite its constantly desneg price tert-Butyl(iso-propyl)amine can
be readily prepared starting form cheap bulk chamisuch assopropyl bromide,tert-
butylamine and adiponitrile according to a literatyprocedure oBrown’® Thus, refluxing
the 3 components (1:1.5:1 ratio) in the presenaata#lytical amounts of BNI (10 mol%) at
90 °C for 3 d produced after a basic workup thena8Db in 75% vyield (Scheme 34). This
synthesis was performed at a 3 mol scale. Afteatinent of the amine39 with
iPrMgCL-LiCI®, the corresponding bad®b was obtained as a 1.46solution in THF. This
concentration is comparable to TMPMJQCI (10a) letting us suspect a similar aggregation
of these two bases (monomeric or dimeric in soh)titnterestingly, the hindered bakeb is
twice as soluble in THF a®rnLNMgCI-LICl (11, max. 0.6m in THF) which is much more
aggregated and does not react in a stoichiometag with aromatic or heteroaromatic

substrates?® "t

“H. C. Brown, J. V. B. Kanth, P. V. Dalvi, M. Za@Wicz,J. Org. Chem1999 64, 6263.

'R, E. Mulvey (University of Strathclyde, Glasgowpersonal communication on 02.12.08 in Munich.
CrystallineiPrL,MgCI-LiCl consists of numerous dimeric species. The ld@s not achieve full deaggregation in
this composition. See also upcomming publicatiorRb¥e: Mulvey for details.
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Adiponitrile iPr, il(:)’rgllsgCl-lTiCl iPr,
tBUNH, + iPrBr BN 90°C.3d tBu/NH (0.95 equiv) tBu/N—MgCl-LiCI
25°C, 48 h
39: 75% 10b: >90%
Crmax = 1.45 M in THE

Scheme 34Preparation of the badébh.

Accordingly, the scope of this Li/Mg-amide base wasestigated in more detail. The
magnesiation of the substituted ethyl benzoatevdtwvie 40awith the hindered basib gave
the corresponding magnesium reagent within 1 h hyhi&fter a transmetalation with
CUuCN:2LiCl (10 mol%}’, was allylated with 3-bromo-2-methylpropene affogithe tetra-
substituted benzoatElain 85% yield (Table 5, entry 1). lodolysis of tmsgnesium reagent
led to the iodoestetlb in 81% (entry 2). The magnesiation of the Boc-pect#d isophtalate
40b was complete within 1 h at 0 °C. Copper(l)-mediatellylatior!’ with 3-
bromocyclohexene furnished the allylated prodddic in 93% vyield (entry 3). The
magnesiation of diethyl 2-bromo-terephthalat®d and diethyl 4-bromo-isophthalaté0(d)
occured at —30 °C within 30 min. After the additioh anisaldehyde, the newly formed
lactones41d and 41e were isolated in 86-96% vyield (entries 4 and F)e Tmetalation of
heterocycles was performed using similar conditionthose used with the bas@a Thus, 3-
bromoquinoline 406 reacted with the magnesium baséb at —25 °C within 20 min.
Quenching withN,N-dimethylformamide introduced a formyl function position 2 and
produced the aldehydELfin 81% vyield (entry 6). 2,6-Dichloropyridind@f) reacted with the
magnesium amid&0b at 25 °C within 10 min. Transmetalation using Zn@ITHF at —40 °C
gave the corresponding organozinc reagent whicternweht a Pd-catalyzeNegishicross-

coupling® #°

reaction with 4-iodoanisole affording the 4-sutogéid pyridine4lg in 85%
yield (entry 7). A Pd-catalyzed acylatiGrof this zinc reagent using Pd(Rphas catalyst (2
mol%) and pivaloyl chloride (3.0 equiv, —40 to 25, °2 h) furnished to the ketorflLh in
86% vyield (entry 8). The dibromopyridinéOh required lower temperatures to prevent
halogen dance reactiofisThe deprotonation at position 4 was complete wig0 min at —50
°C. After the addition of pivaldehyde, the alcoddli was obtained in 86% yield (entry 9).
The reaction of benzothiazoléQj) with the magnesium bad®b proceeded at 25 °C within
15 min. After the addition of pivaldehyde, the setary alcohol4lj was isolated in 86%
yield (entry 10). A Pd-catalyzed acylatiérwith Pd(PPh). (2 mol%) and 2-chloronicotinyl

chloride led to the ketordlk in 83% vyield (entry 11). Benzothiophern®f) reacted within

2a) E. Negishi, V. Bagheri, S. Chatterjee, F. TolTetrahedron Lett1983 24, 5181; b) R. A. GreyJ. Org.
Chem.1984 49, 2288.
B E. Arzel, P. Rocca, F. Marsais, A. Goddard, G.@iréer, Tetrahedron Lett1998 39, 6465.
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12 h at 0 °C with the basEOb. The benzylic alcohoflll was obtained in 71% yield after

guenching with PhCHO (entry 12).

Table 5: Products of Type 41 obtained after magnesiation with [tBu(iPr)N]MgCI-LiCl (10b) and subsequent reaction with an

electrophile.
Entry Substrate T[C], t[h] Electrophile Product/Yield [%]*
CO,Et Me COE
Me
Br
c c cl cl
1 40a 0,1 41a: 85°
CO,Et
Cl Cl
2 40a 0,1 41b: 81
E1020\©/C02Et 5 EtO,C O CO,Et
o
OBoc
3 40b 0,1 41c: 93" (92)
CO,Et %o
OHC
L (Y Wom
Br OMe Br
CO,Et CO,Et
4 40c -30,0.5 41d: 96
o]
CO,Et
E0,C CO,Et OHC\©\ 0 O .
Br OMe O
MeO
5 40d -30,0.5 41e: 86 (88)
DMF
e —
N N~ >CHO
6 40e -25,0.3 41f: 81 (91)
OMe
I
X
|
CI” Nl Q
OMe |
CI” N el
7 40f 25,0.2 41g: 85° (93)
(@) tBu
tBuCOCI B
L
CcI” N el
8 40f 25, 0.2 41h: 86"
HO tBu
X
| tBUCHO SN
Br” N” “Br |
Br N Br
9 40h -50, 0.5 41i: 84

Table 5 (continued)
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Entry Substrate T[], t[h] E Product/Yield [%]™
s S. OH
» tBUCHO @[ >
@EN N>_<tBu
10 40i 25,0.2 41j: 86 (98)
s 0
~-COC! @[ )
EI DS/
N Cl Cl
-
11 40i 25,0.2 41k: 83°
OH
@E\> PhCHO @E\>—<
s s Ph
12 40h 0,12 411: 71 (93)

% |solated yield of analytically pure product, yields in parentheses are obtained by the use of TMPMgCI-LiCl (1); ® Obtained after
transmetalation with CuCN-2LiCl (10 mol%); ‘Obtained after transmetalation with ZnCl, (1.2 -1.6 equiv) and Pd(dba), (5 mol%)
and P(2-furyl)s (10 mol%); ¢ Obtained after transmetalation with ZnCl, (1.2 -1.6 equiv) and Pd(PPhg)s (2 mol%).

3.5.2.Preparation and use of the ReagentBu(iPr)N],Mg-2LiCI (14c)

As mentioned above, the Mgs-amide [Bu(iPr)N]:)Mg-2LiCl (14¢ displays comparable
properties to those of TMMIg-2LICI (144). Its synthesis is similar to that of TiyN2g-2LiCl
(148 as shown in Scheme 23. Hence, further studieb4omwvere conducted to examine its
scope. Thustert-butyl benzoate 38 was magnesiated withHu(iPr)N]Mg-2LiCl (14¢ 1.1
equiv) at 25 °C within 1 h. After transmetalatiom the corresponding arylzinc species, a
copper(l)-mediated allylatidh was performed, to give the allylated benzo42a in 91%
yield (Table 6, entry 1). This arylzinc species vedso used for a Pd-catalyzed acylation
reactiod? (Pd(PPh)s, 2 mol%) leading to the benzophenat®b in 77% vyield (entry 2). Pd-
catalyzedNegishi cross-couplin{ reactions were also performed using Pd(g{&)mol%)
and P(2-furyl} (10 mol%§°® and 4-iodotoluene or (4-iodophenoxy)(triisopropine as
electrophiles providing the desired produgéfs and42d in 82-89% yield (entries 3 and 4).
The reaction ofert-butyl 1-naphthoate43a) with the magnesiurbis-amidesl4c proceeded
smoothly at 25 °C within 3 h. The resulting orgamgmesium reagent was transmetalated
with ZnClkL (1.1 equiv, 1M in THF) and used in &legishicross-coupling reaction with 4-
iodo-1-chlorobenzene affording the naphthyl dermeatd2e in 97% vyield (entry 5). This
organozinc species also underwent a copper(l)-rresfifaallylation, yielding42f in 88%
yield. After transmetalation with Znglthe addition of Pd(PRa (2 mol%)? and pivaloyl
chloride led to the ketord2gin 83% yield (entry 6). Palladium-catalyzed adgatwas also
used for the introduction of a new ethyl ester.eAthe addition of the Pd-catalyst Pd(Bkh
(2 mol%) and ethyl chloroformate, the diest@h was isolated in 83% yield (entry 7). The

formation of tritert-butyl benzene-1,2,4-tricarboxylatet?) was accomplished by the
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reaction of ditert-butyl benzene-1,3-dicarboxylaté3p) with [tBu(iPr)N].Mg-2LiCl (140 at
25 °C within 6 h. The resulting magnesium reageas$ wyuenched with Bg® providing the
desired tritert-butyl ester42i in 90 % (entry 9). This compound is usually prepgaby a
ruthenium catalyzed [2+2+2] alkyne trimerisationaggon and produces mixtures of
isomers’* Further treatment o43b with [tBu(iPr)N],Mg-2LiCl at 25 °C (6 h) followed by
the addition of ZnGl methallyl bromide and catalytic amounts of CugINCI (1 m in THF,
10 mol%) gave the allylated benzoa®j in 77% yield (entry 10). Moreovetert-butyl
isonicotinate 43¢) was fully magnesiated within 12 h at —40 °C. Aftensmetalation with
ZnCl,, a Pd-catalyzedNegishi reactiorf® with iodobenzene was carried out, providing the
arylated pyridined2k in 68% yield (entry 11). 2-(Methylthio)pyrimidin@3d) was smoothly
metalated within 1 h at —30 °C. After transmetalativith ZnC}, a Negishicross-coupling
reaction with 3-iodotoluene was performed yieldithg pyrimidine42l in 76% (entry 12).
Benzonitrile (39 was magnesiated within 3 h at =30 °C. After tnaetalation with ZnGj
Negishicross-coupling (Pd(dba)5 mol%; P(2-furyl}, 10 mol%3® was conducted leading to
the biphenyl derivativd2min 66% yield (entry 13).

These results show thaBL(iPr)N]:Mg-2LIiCl (149 is a viable alternative to TMRIg-2LiCl
(149 although some difficulties were observed. Fornepke, ethyl esters are not tolerated
and the extensive formation of the correspondinigaris observed. Onlgert-butyl ester<®
can be used as substrates for metalation reactrdhghe bis-amide basd4c Surprisingly,
in the case of diert-butyl pyridine-3,5-dicarboxylate the amide fornoatiis still observed
and TMRMg-2LiClI (148 has to be used for metalating this heterocycle.

Table 6: Products of Type 42 obtained after Magnesiation with [tBu(iPr)N],Mg-2LiCl (14c) and Subsequent Reaction with an
Electrophile.

Entry Substrate T[], t[h] Electrophile Product/Yield [%]*
CO,tBu CO,tBu
Me
Br
Me

1 13a 25,1 42a: 91° (93)

cocl tBuO,C O

Cl” : ‘O ‘\O al

2 13a 25,1 42b: 77°

V. Cadierno, S. E. Garcia-Garrado, J. Gimeén@m. Chem. So2006 128 15094.
> For preparation ofBu-esters see: D. Lagnoux, E. Delort, C. Douat-8smss, A. Esposito, J.-L. Reymond
Chem. Eur. J2004 10, 1215.
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Table 6 (continued)

Entry Substrate T[C], t[h] Electrophile Product/Yield [%]*
Me {BUO,C O Me
e ®
3 13a 25,1 42c: 82°
OTIPS
/©/OTIPS tBuO,C O
. ®
4 13a 25,1 42d: 89°
CO,tBu cl tBuO,C O c
e 90
5 43a 25,3 42e: 97° (83)
tBUOZC
Me
Br
Me
6 43a 25,3 42f: 88°
BUO,C O
tBuCOCI OO tBu
7 43a 25,3 42g: 83°
tBUOzC (6}
EtOCOCI oEt
8 43a 25,3 42h: 83¢
{BUO,C CO,tBu {BuO,C CO,tBu
Oy Boc.0 I
CO,tBu
9 43b 25,6 42i: 90 (94)
tBuO,C CO,tBu
Me
Br
Me
10 43b 25,6 42j: 77°
CO,tBu tBUOQC
| N Ph-I | A
N/ N/
11 43c —40, 12 42k: 68°
Me N
| \)N\ Me lN/ SM
e
N” SMe
I
12 43d -30,1 421: 76° (93)
oM
CN /©/OMG e
C . ®
13 13e -30,3 42m: 66° (70)

 Isolated yield of analyticaly pure product, yields in parentheses obtained by the use of TMP,MgCI-2LiCl; ® Obtained after
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transmetalation with CUCN-2LiCl (10 mol%); © Obtained after transmetalation with ZnCl, (1.2 -1.6 equiv.) and Pd(dba), (5 mol%)
and P(2-furyl); (10 mol%); 9 Obtained after transmetalation with ZnCl, (1.2 -1.6 equiv.) and Pd(PPhs)s (2 mol%).

3.5.3.Preparation and use of the Reagent
[tBu(iPr)N]Zn-2MgCl,-2LiCl (12b)

To complete the studies on the non-cyclic stegcdtmanding amides the investigations
were extended to mixed Li/Mg/Zn-amides. Thus, theandmetalation of
[tBu(iPr)N]MgCI-LiCl (10b) with ZnCkL (0.5 equiv) furnished the corresponding zinc-base
[tBu(iPr)N],Zn-2MgCl,-2LICI 12b. A concentration of 0.5 in THF was obtainedsgheme 33.
The related base TMBn-2MgCl,-2LiCl (1238 has been found to be a mild zincation reagent
for highly functionalized substrates (aldehydetonjroups).

iPr. . iPr.

\ ZnCl, (0. \

N-MgCF-LiCI nCl, (0.5 equiv) N} Zn-2MgCly-2LicCl
tBu 0°Cto25°C,12h tBu 2

10b 12b: >90%
Cmax = 0.5 M in THF

Scheme 35Synthesis of the zingis-amidel12hb.

Thus, 2-phenyl-1,3,4-oxadiazolé4@ was metalated within 45 min at 25 °C using ziasd
12b (0.55 equiv). The resulting diorganozinc reagerdarwent a copper-catalyzed allylation
reaction furnishing the allylated produda in 88% vyield (Table 7, entry 1). The
magnesiation or lithiation of this substrate is ptinated by a competitive ring opening
reaction leading to benzonitrild3g. This can be completely avoided by using the hise
amidesl2ab as basé’ Quinoxaline 44b) was readily zincated within 9 h at 25 °C. After a
Pd-catalyzetf *® cross-coupling reaction, the quinoxaline derivat®b was isolated in 81%
yield (entry 2). During this reaction, no dimeripat of quinoxaline 44b) was noted. Such
dimerization reactions are typically observed dgirmagnesiation or lithiation reactions of
this substrate (see chapter 3.3.). Nitro group® &30 tolerated as shown for the zincation of
5-nitro-1,3-benzothiazoletdd. This metalation occured at —-50 °C within 1 hesélely at
position 2. After a copper(l)-mediat€dallylation reaction with 3-bromocyclohexene, the 2
allylated benzothiazolel5c was obtained in 79% vyield (entry 3). For poorlytiated
substrates, the zincation can be accelerated byowswe irradiatior’” Thus, 4-fluoro
benzonitrile 44d) was mixed with 0.55 equiv of the zitis-amide12b. This mixture was

subjected to microwave irradiation on a Initiataxt$$ EXP Microwave System from Biotage.
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After 2 h at 100 °C, a full conversion to the cepending Zn-reagent was observed which
underwent a copper(l)-catalyzed allylation reactymgiding the allylated benzonitrilé5d in
81% vyield (entry 4). The 2-fluoro isoméderequired higher temperatures (140 °C) and 2 h
of reaction time for a complete formation of thazreagent. A Pd-catalyzed cross-coupling
reaction with (4-iodophenoxy)(triisopropyl)silaneopided the bipheny#5e in 83% yield
(entry 5). Benzothiophenel@h) was zincated at 140 °C within 1 h and underweritda
catalyzed acylation with pivaloyl chloride affordithe polyfunctionalized ketorbf in 83%
yield (entry 6). The new zindis-amide basel2b displays a similar reactivity than
TMP,Zn-2MgCl,-2LICI (128). However, this last base seems to have a brcamgre than
12b as ethyl esters are converted to the corresporatimges under these harsh metalation

conditions.

Table 7: Products of Type 45 obtained after zincation with [tBu(iPr)N].Zn-2MgCl,-2LiCl (12b) and Subsequent Reaction with an
Electrophile.

Entry Substrate T[C], t[h] E Product/Yield [%]*
Me
Ph
(0] Me Ph
o]
\r\llr\,\l/> )\/Br ?\IT />_):
“N
1 44a 25, 0.75 45a; 88™7°
OTIPS
N OTIPS
L) o NS
/
N . s
N
2 44b 25,9 45b: 817
02N S Br 02N S
oW J O
N N
3 44c -50, 1 45¢c: 79" ™
CN CN
Me
/J‘\/Br Me
F F
4 44d 100, 2 45d: 81°
TIPSO
CN OTIPS CN
F oy F
. ®
5 44e 140, 2 45e: 83°
o]
CD CI<
S tBuCOCI S tBu
6 40h 140, 1 45f; 83°

% solated yield of analytically pure product, yields in parentheses obtained by the use of TMP,Zn-2MgCl,-2LiCl; ® Obtained after
transmetalation with CUCN-2LiCl (10 mol%); © Obtained via Pd-catalyzed cross-coupling with Pd(dba), (5 mol%) and P(2-furyl)s
(10 mol%).

® These experiments were done by S. H. Wunderlichaae shown here for the sake of completeness.
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3.5.4.Preparation and use of the Reagent PMPMgCI-LiCl (16)

Another approch towards alternative amines wagad 8om the TMP-H precursor 2,2,6,6-
tetramethyl-4-piperidone46) which is comparatively chedpThus, the conversion of the
amino ketonel6 into the correspondingxomethylene derivativd7 by a Wittig reaction was
envisioned. The treatment of MeRPbr MePPRBr with nBuLi at —78 °C and subsequent
addition of46 led to the unsaturated amia& in 76% yield’® Catalytic reduction with blin
the presence of Pdf&provided 2,2,4,6,6-pentamethylpiperidine (PMRH8) in 90% vyield
(Scheme 36).

(0] CH, Me
>fjj< nBuLi, MePPhyX >f§< H, (50 bar), Pd/C, >ﬁj< iPMgCI-LiCl
” -78t025°C,3h H 25°C,12h 25°C, 24 h N

X: Br. | MgCI-LiCI
46 47:76% 48:90% 10¢: 90%

c=145Min
THF

Scheme 36Preparation of the mixed Li/Mg-amid®c

Thus, the treatment of the new piperiddé@with iPrMgCILIiCl (0.95 equiv, 25 °C, 24

led to the corresponding PMPMgUOLCI (10¢ as a 1.45v solution in THF. The additional
methyl group in48 compared to TMP-Hloes not increase the base solubility in THF. Its
concentration is comparable to those of TMPMB@I (108 and [¢(Bu)(iPr)]NMgCI-LiCl
(10b). Magnesiations of various aromatics with the nesium basdOc are summarized in
Table 8. As expected, sensitive functional groupshsas esters or a Boc-group are well
tolerated and the metalation of heterocycles wae a@lossible. The quenching of these
magnesium reagents with various electrophilesdgardducts of typd1-47in 87-95% vyield.
Thus, the metalation of the dichlorobenzo&éfa proceeded smoothly at 0 °C within 1 h. A
copper(l)-mediatel allylation reaction gave the allylated prodddain 93% yield (Table 8,
entry 1). Also the trapping of the intermediate asrgmagnesium reagent derived from the
diester40d generated within 30 min at —30 °C with an aldehy@des readily achieved. After

"D. Kampmann, G. Stuhlmiiller, R. Simon, F. CotettLeroux, M. SchlosseGynthesi®005 1028. Estimated
retail prices: TMPH: ca. 350 €/mol; 2,2,6,6-tetrainyt4-piperidone 46): ca. 20 €/mol; VWR International,
retail prices 2009: TMPH ca. 270 €/mdB: ca. 50 €/mol.

8a) P. L. Hall, J. H. Gilchrist, A. T. Harrison, D. Fuller, D. B. CollumJ. Am. Chem. Sot991, 113 9575; b)
compound5 was synthesized according to: P. Karrer, J.-M. MasMignani, Rhone-Poulenc Chimie, Int. Pat.
Appl. WO 96/161241996

P P. N. RylanderHydrogenation Method#Academic Press, Londoh985
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the addition of anisaldehyde, the newly formeddaetd1d was obtained in 90% yield (entry
2). 2,6-Dichloropyridine40g) reacted withLOc (1.5 equiv) within 10 min at 25 °C while the
dibromo derivative40h again required lower temperatures (-30 °C, 0.5tohysuppress
possible halogen dance reactidhafter iodolysis, the iodopyridine$6 and47 were isolated
in 91 and 87% vyield (entries 3 and 4). BenzothiaZ40i) reacted at 25 °C with the bat@éc
providing the correspondin@rignard reagent within 10 min. The addition of pivaldehyelé
to the secondary alcohdll in 91% yield (entry 5).

Table 8: Products of type 41-47 obtained after magnesiation with PMPMgCI-LiCl (10c) and subsequent reaction with an

electrophile.
Entry Substrate T[C], t[h] Electrophile Product/Yield [%]*
CO,Et Me CO,Et
Me
ol A
1 40a 0,1 41a: 93°
CO,Et %o
OHC
L (Y o
Br OMe Br
CO,Et COsEt
2 40d -30,0.5 41d: 90 (88)
|
X
| I, B
Cl N~ °Cl _
ClI” N7 i
3 40g 25, 0.2 46: 91 (93)
I
X
| I, B
Br N Br Pz
Br N Br
4 40h -30, 0.5 47: 87
S S OH
> tBUCHO @[ >
@EN N>_<tBu
5 40i 25,0.2 411: 91 (98)

T Isolated yield of analytically pure product, yields in parentheses obtained by the use of TMPMgCI-LiCl; ° Obtained after
transmetalation with CUCN-2LiCl (10 mol%).

These results show that the magnesium baBes display a similar behaviour concerning
solubility, metalation rates and yields of the tesg products. However, PMPH is gained
from a two step synthesis, which includes a Wittgetion. Although this reaction is used in
industry for the synthesis of Vitamine®the use of the aming9 for the preparation of the

corresponding baskb is favored because of its easy one step synthesis.

8 a) H. PommerAngew. Chem. Int. Ed. Endl977, 16, 423; b) W. Reif, H. GrassneEhem. Ing.-Techn1973
43, 646; c) R. W. Hoffmanmingew. Chem. Int. EQ001, 40, 1411.
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3.6. Preparation of Aryl Copper Reagents via a Cobalt-
Catalyzed C-O Bond Activation

As described in chapter 1.2., organocopper reageligplay a special role within
organometallic reagents. The high reactivity corabimvith high functional group tolerance
as well as their high thermal stability makes thém preferred reagents in chemical
transformations. Alternatively, phenol derivativagh as sulfonates have been seldomly used
for the preparation of aryl organometallics du¢hi® strength of the carbon oxygen b8hd?
Transformations starting from aryl triflates areaknown. These intermediates are converted
into the corresponding tin species which can sulesaity be transmetalated to organocopper
reagents. However, this method suffers from lowraegzonomy and the toxicity of the used
tin reagents (see chapter 1.5.). Thereforeamsition metal-catalyzed activatiaof the aryl-
oxygen bond has been envisioned to achieve this Doa to its high reactivity and moderate
price, cobalt has been the metal of choice foratating new organometallic reactiofis®*A
preparation of polyfunctional arylcopper reagentstype 49 bearing a range of sensitive
functional groups (ester, nitrile or aldehyde) tatagr from aryl sulfonates of typ®0 using a
cobalt-catalyzed sulfonate/copper-exchange reactiediated by phenylcopper (PhGus
found to be possible (Scheme 37). During studie<Corcatalyzed cross-couplifgst has
been observed that the reaction of electron-defi@eyl p-tolylsulfonates (ArOTs) with PhCu
produced together with the cross-coupling prodéetRh) of type51, an arylcopper ArCu
(49) which is the result of a OTs/Cu-exchange. AltHodlbis was a minor product under

8 a) R. J. K. TaylorDrganocopper Reagent®xford University Press, Oxford994 b) Modern Organocopper
Chemistry(Ed. N. Krause), Wiley-VCH, Weinhein2002 c¢) A. Hoffmann-Rdéder, N. Kraus&ynthesi2001,
171.

823) M. Yus,Recent Res. Devel. Org. Chetf97, 1, 397; b) Guijarro, M. YusRecent Res. Devel .Org. Chem.
1998 2, 713; ¢) D. J. Ramén, M. YuEpr. J. Org. Chem200Q 225; d) C. G. Screttas, M. Micha-Screttas,
Org. Chem1978 43, 1064.

8a) H. Avedissian, L. Bérillon, G. Cahiez, P. KnetHretrahedron Lett1998 39, 6163; b) C. Gosmini, Y.
Rollin, J.-Y. Nédélec, J. Périchod, Org. Chem.200Q 65, 6024; c) H. Fillion, E. Le Gall, C. Gosmini, J.
Périchon,Tetrahedron Lett2002 43, 5941, d) T. Tsuji, H. Yorimitsu, K. Oshimangew. Chem. Int. EQ002
41, 4137; e) H. Fillion, C. Gosmini, J. PérichdnAm. Chem. So2003 125, 3867; f) H. Ohmiya, H. Yorimitsu,
K. Oshima,Chem. Lett2004 33, 1240; g) |I. Kazmierski, M. Bastienne, C. GosmihiM. Paris, J. Périchod,
Org. Chem2004 69, 936; h) T. J. Korn, P. Knochéingew. Chem. Int. E@005 44, 2947; i) J.-M. Bégouin, C.
Gosmini,J. Org. Chem2009 74, 3221.

8 H. Shinokubo, K. Oshimaur. J. Org. Chem2004 2081.

83a) T. J. Korn, M. A. Schade, S. Wirth, P. Knocl@ig. Lett.2006 8, 725.; b) T. J. Korn, M. A. Schade, M. N.
Cheemala, S. Wirth, S. A. Guevara, G. Cahiez, RcKal,Synthesi2006 3547.
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standard cross-coupling conditions, it was possiblgptimize its formation. By replacing the
Ts-group by an aryl sulfonate bearing a donor stwiesit in para-position (e.g.: —OMe; —
NMe,), by using a higher catalyst loading (from 7.5 %db 20 mol%) and by performing the
reaction in a 5:2 THF:DMPU mixture, the sulfonatgiper-exchange became the major
reaction pathway (ratio of ArCA)Ar-Ph 3) up to 10:1) (Scheme 37).

0SO,Ar Co(acac); (20 mol%) Cu Ph
4-fluorostyrene (50 mol%)
N BuyNI (1.0 equiv X X
FG . aphoy —l(1.0eqd) FG- + FGqr
= THF:DMPU = 5:2 = =
50 25-45°C,1-6h 49 51
(-CuOSO,Ar)
FG = CO,Et, CN, CF3 CHO  (-Ph-Ph)
Ar = 4-MeOCgH4 = An [49:51 ratio: up to 10:1]

4-NM6206H4 = Dma

Scheme 37C0"-catalyzed aryl sulfonate/copper-exchange reaction.

Thus, the reaction of 1,3-dicarbethoxy benzenesat® 60a 1 equiv) with PhCu (3 equiv)
in the presence of Co(aca¢20 mol%), 4-fluorostyrene (50 mol%8) Bu,NI (1.0 equiv§’in a
5:2 THF:DMPU mixture furnished the arylcopper re@gé9a within 2 h at 25 °C and
provided after iodolysis the aryl iodidB2a) in 72% yield. Similarly, trapping the arylcopper
species49b obtained by the reaction with PhCu (3.0 equivra®éh at 25 °C) with iodine
furnished ethyl 3-cyano-5-iodobenzoa&2lf) in 65% vyield. The copper reage#®a could
also be trapped by various other electrophiles.sThis allylation with 3-bromopropene
afforded the allylated produb2cin 78% yield. An acylation using pivaloghloride gave the
ketone52d in 61% vyield. The organocopper reagent derivedhfé®a underwent a smooth
substitution reaction with 3-iodocyclohexen-1-orielding the cyclohexenong2e in 64%
yield. A carbocupratioff of ethyl propiolate with the copper reagd8a furnished the alkene
52f in 61% vyield. The related copper reage#®b underwent a 1,4-addition with
cyclohexenone in the presence of TMSCI affordirg ¢brresponding Michael-addus2g in

84-Fluorostyrene facilitates the reductive eliminatstep during the catalytic cycle. Its presenaesisential for
performing the sulfonate/copper-exchange reactigpparently, 4-fluorostyrene is not consumed durthg
reaction as shown by GC-analysis using an intesteaidard; see: a) M. Piber, A. E. Jensen, M. Ruaidg P.
Knochel,Org. Lett.1999 1, 1323; b) A. E. Jensen, P. KnochklOrg. Chem2002 67, 79.

8" The role of the BsNI may be to deaggregate organometallic reageets. & S. W. Wright, D. L. Hageman, L.
D. McClure,J. Org. Chem1994 59, 6095; b) M. T. Reetz, R. Breinbauer, K. Wanningetrahedron Lett.
1996 37, 4499; c) N. A. Powell, S. D. RychnowsHKigtrahedron Lett1996 37, 7901; d) K. Nakamura, H.
Okubo, M. YamaguchiSynlett 1999 549; e) T. Jeffrey, J.-C. Gallan@ietrahedron Lett1994 35, 4103; f) V.
Penalva, L. Lavenot, C. Gozzi, M. Lemaifgp. Cat. AL999 182, 399; g) W. J. Scott, J. K. Stilld, Am. Chem.
S0c.1986 108 3033; h) C. Amatore, A. Jutland, A. SuarézAm. Chem. Sot993 115 9531; i) A. Jutland, A.
Mosleh,Organometallics1995 14, 1810; i) C. Amatore, M. Azzabi, A. Jutlan@i, Am. Chem. S04991], 113
1670; j) A. H. Roy, J. F. Hartwig,. Am. Chem. So2003 125, 8704.

8 J.-F. Normant, A. AlexakisSynthesi4981, 841.
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66% yield. The reaction of the arylcopp&b with S methyl thiomethylsulfonate furnished
the thioetheb2hin 73% yield (Scheme 38). Further trapping reaxtiof arylcopper reagents
prepared from the aryl sulfonat&®ch are summarized in Table 9. Aromatic compounds
with a 1,3,5-trisubstitution pattern which are dbudifficult to prepare, can also be easily
accessed via this methodolofyThus, 3,5-dicyanophenyl 4-methoxybenzenesulforsate
reacted under standard conditions within 6 h af@3eading to the corresponding copper
reagent which was quenched with iodine yieldingp&ei isophthalonitriles2i in 63 % yield
(Table 9, entry 1).

Et0,C CO,Et

R CO,Et EtO,C CO,Et
; 52a: R = CO,Et: 72 % | £

- = - 0,
I 52b: R=CN:65 % 52¢: 78 %

X ‘ / 52d: 61%
©)

R CO,Et R CO,Et Et0,C COLEt
[ ; a) IO
0S0,AN Cu
49a: R = CO,Et ‘
50a: R = CO,Et 49b: R =CN
50b: R =CN
0,
h) \ f) 52e: 64 %

EtO,C COLEt
NC CO,E CO,Et
NS
SMe

52h: 73 % COEt

529: 66 % 52f: 61 %

Scheme 38:Aryl sulfonate/copper-exchange of the sulfongi@sb and trapping with various electrophiles.
Reagents and conditions: a) PhCu (3.0 equiv) Coja¢da0 mol%), 4-fluorostyrene (50 mol%), Bu (1.0
equiv), THF:DMPU = 5:2, 25 °C, 2-3 h; b) (2.0 equiv), —20 °C, 30 min, 25 °C, 2 h; c) 3-bopropene (2.0
equiv), —20 °C, 30 min, 25 °C, 2 h; lBuCOCI (2.0 equiv), —20 °C, 30 min, 25 °C, 2 h3dbdocyclohexene-1-
one (2.0 equiv), =20 °C, 30 min, 25 °C, 2 h; f)yktpropiolate (2.0 equiv), —40 °C, 30 min, 25 °Ch2g)
cyclohexenone (2.0 equiv), TMSCI (2.0 equiv), =20 30 min, 25 °C, 2 h; h) MeSS$Re (2.0 equiv), —20 °C,
30 min, 25 °C, 2 h.

Other aryl sulfonates bearing electron-withdrawigr@ups were readily converted to the
corresponding copper species. Thus, 3,5-bis(triflioeethyl)phenyl 4-
(dimethylamino)benzenesulfona&®d gave the arylcopped9d within 4 h at 25 °C. Its
benzoylation yielded the benzophen&2gin 61% yield (entry 2). Alternatively, its allylan

89J. M. Murphy, X. Liao, J. F. Hartwig, Am. Chem. S®007, 129, 15434.
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with ethyl 2-(bromomethyl)acrylategave the 1,3,5-trisubstituted are®2k in 71% vyield

(entry 3).
Table 9: Products obtained via Co-catalyzed arylsulfonate/copper-exchange and reaction with an electrophile.
Entry Substrate T[], t[h] E Yield/Product [%]°
NC CN NC CN

T

0S0,An
1 50c 45,6 52i: 63
FsC CF,4 FsC CF3
PhcOCI \?/
0OSO,Dma O~ "Ph
2 50d 25,4 52j: 61
FsC CF,4
CO,Et
Br
CO,Et
3 50d 25,4 52k: 71
CO,Et CO,Et
PhcOCI
NC NC
0OSO,Dma 0% > Ph
4 50e 25,5 521: 70*
CO,Et
CO,Et
CO,Et
Br
0OSO,Dma
CO,Et
5 50f 50, 5 52m:62™
CO,Et
COEt Et0,C CO,Et
EtO,C CO,Et Me
Br
0OSO,Dma
Me
6 509 25,1 52n: 70™
Br
N >CO,Et A N >CO,Et
7 50h 25,3 520:53%

2 An= 4-MeOCsH,4, Dma= 4-Me,NCgHy; ° Isolated yield of analytically pure product.

Remarkably, an aldehyde function was also tolerdtathg the exchange reaction. Thus, 3-
cyano-5-formylphenyl 4-methoxybenzenesulfondi@i)(afforded under standard conditions

the arylcopper reagem9i which was then trapped witls-methyl thiomethylsulfonate

9. Vvilliéras, M. Rambaud)rg. Synth1988 66, 220.

1 Experiments were done by C. R. Diéne and are stmssa for the sake of completeness.
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yielding the thioetheb2p in 68% vyield. Acylation o#9i furnished the ketonB2q in 60%
yield (Scheme 39).

NC CHO
b)
NC CHO NC CHO SMe
a) 52p: 68%
7 5 _
NC CHO
0S0O%AN Cu
o} tBu
52q: 60%

Scheme 39:Aryl sulfonate/copper-exchange on substituted bldlebydes. Reagents and conditions: a) PhCu
(3.0 equiv) Co(acag)20 mol%), 4-fluorostyrene (50 mol%), BN (1.0 equiv), THF:DMPU = 5:2, 25 °C, 1 h;
b) MeSSQMe (2.0 equiv), —20 °C, 30 min, 25 °C, 2 htBuCOCI (2.0 equiv), —20 °C, 30 min, 25 °C, 2 h.

This new sulfonate/copper-exchange reaction alltdveselaboration of various substitution

patterns of aromatics, otherwise difficult to accddnder the current reaction conditions, the
presence of electron-withdrawing groups is necgsarobtaining the exchange reaction in

satisfactory yields.

cat.
2 PhCu + ArOSO,R ArCu + Ph—Ph + CuOSO,R

I X
FG—— FG
P /\
Ph— [CO] OSOLAr

OSOAr
I X
50 \f 54 FG@
Ph=[Co}-0SOAr
Phcu --S2B%R92 _ ppico) 53 z
“Bh 55
Cu 49
I X
FG— _
PrCy Ph—Ph
[Co]-OSO0,Ar
56
[CO]
# |
S Ph 57 PhC
i u
FG _ CUOSOzAr
51 Ph

Scheme 40Tentative reaction mechanism.

As a tentative reaction mechanism, the followintalygic cycle is proposed. In a first step,
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PhCu undergoes a transmetalation to the correspgnbbalt derivative BEo (63). Its
addition to an electron-deficient aryl sulfonatetype 50 would lead via nucleophilic attack
to a Cd’-intermediate of typé4 stabilized by an>-complexation which may explain why
electron-poor aromatic systems react faster. Afgaromatization, this cobalt complex
produces a cobalt(IV)-intermedidtef type 55. Reductive elimination of the cobalt reagent
55 will afford biphenyf® and the arylcobalt(ll) reageBb. The reaction of this intermediate
with PhCu results in the formation of compousitiwhich only slowly undergoes a reductive
elimination to Ar-Ph %1). A subsequent transmetalation with PhCu leadhéoarylcopper
reagent49 and regenerates o (63) (Scheme 40). This pathway is preferred over the
formation of 51 as ratios of 10:1 are obtained (Scheme  37).

92 We have tested that Co(0)-species (generatedpograduction of Co(acacyvith PhCu) is not a catalytically
active species. The use of Co(aga a catalyst did not lead to any conversion.a mport of a C& species
see: Z. Nagy-Magos, L. Marké, G. Bdr,Organomet. Chem 968 14, 205.

9 Co(acac) promotes the decomposition of PhCu to biphenyk @Hditional presence of 4-fluorostyrene and
BuwNI even accelerates this homo-coupling processa@xpl the need of an excess of PhCu.
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3.7. Summary and Outlook

In this work, two different pathways for the syrglse of organometallic reagents were
presented, the stoichiometric activation of carbgdrogen bonds as well as the catalytic

activation of a carbon-oxygen bond in phenol dénes (aryl sulfonates).

3.8. Stoichiometric Bond Activation Using Mixed Li/Mg- and Li/Mg/Zn-

Amide Bases

3.8.1.Preparation and use of the Highly Active Base TMEMg-2LiCl

The new reagent TMRIg-2LiCl allowed a smooth C-H activation on poorlyiaated arenes
and heteroarenes. These substrates were only sthiggietalated with the mixed Li/Mg-base

TMPMg-LICI (Scheme 41).

CO,tBu CO,tBu

1) TMP,Mg-2LiCl
THF, 25 °C, 1 h
2) 1,

90% isolated yield
max. 10 % conversion
when using TMPMgCI-LiCl

Scheme 41Efficient magnesiation using TMMg-2LiCl (149).

Remarkably, the functional group compatibility wast affected by the high reactivity of the
new base. Functionalities like esters, nitriles ketones were well tolerated during the

magnesiation. A scale-up of these metalations \&aspmssible (Scheme 42).
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L) _TMPMg2Lc (ﬁ/“"gx Electrophile ™ E
o o T w
47 THF, 40t025°C 7 e

X: CH, N

Scheme 42:Various polyfunctionalized arenes and heterocysl#ained using TMfMg-2LiCl.

3.8.2.Formal meta and para-Functionalization of Arenes using
TMP ;Mg-2LiCl

Furthermore, the use of tH¢,N,N’,N’-tetramethylphosphorodiamidate as DMG permitted
formal meta andpara-functionalizations by overruling the directing efts of other groups
present in the molecule. This high directing poweas used to generate unusual substitution
patterns, which are normally diffucult to achie@lieme 43).
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1Zn
CN
¢N 1) TMP,Mg-2LiCl \©\002Et

THF,0°C,1h
. . NiClo(PPhg), (5 mol%)
2) ZnCly, -40 °C, 15 min COfBU  THENEP,25°C, 3 h
0 3) tBuCOCI, CuCN-2L(Cl OR
(MeoN),P
@) ER=P(O)(NMe2)2 CO,Et
R=SO,(CF,);CF3 71% 90%
[ meta-, para-functionalization ]
CO,Et CO,Et
COE 1) TMP,Mg-2LiCl 2 1Zn o~ COE ?
THF, 0°C, 1 h
o 2) ZnCly, -40 °C, 15 min 7 SorR  NiCl(PPhg), (5 mol%) ™~ COEt
- P(NMe,), 3 PRCOCL CUCN-2LICl Copn THE-NEP.25°C,3h coph
95%
ER=P(O)(NMe2)2
R=S0,(CF;)3CF3 75% [ para-, meta-functionalization ]
. Br Br
1) TMP,Mg-2LiClI, 1) TMP,Mg-2LiCl
THF, -50 °C, 7 h 60 °C, 0.5 h
:23; ﬁgag -)40(2°C, 1|§/;ﬂin 2) ZnCl,, -60 °C, 15 min
o) a); (2 mol% o) 3) PhCOCI, CuCN-2LiCl
(Me2N),P P(o-furyl); (4 mol%) (MezN):P con Y (MezN)2F>”O CN
o] 4-ICgH,CN o) Me &

83% /'\/ Br 77%

[ meta-, meta'—functionalization]

Scheme 43Formalmeta, para, para-, meta or meta, meta-functionalizations on arenes.

Using this method, meta, para-functionalization, gara-, metafunctionalization or aneta,

meta-functionalization pattern was readily installesh @aromatics. Further studies on the
selectivities of phosphorodiamdates derived fromirees and aromatic thiols might be of
interest. Investigations concering the use of tiM@as aleaving group in cross-coupling

reactions would also be challenging.

3.8.3.Improved Selectivity for the Metalation of N-Heterocycles

The N,N,N’,N’-tetramethylphosphorodiamidate attached Niheterocycles and the TMP-

derived bases developed Eyochelled to smooth and regioselective functionalizatiar
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these scaffolds (Scheme 44). Other DMGs (e. g. Bolgd to succeed in these reactions due

to stability and selectivity problems.

1) TMP,Mg-2LiCl,
TMPMgCI-LiCl or
TMP,Zn-2MgCl,-2LiCl

o @\ o THF, 0t025°C, 1 h r,/,f\@[E o
:\\ ' 1
v o PNMe22 5) Erectrophile (E*) oy o P(NMe2);

CO,Et Cl

SMe  (Me,N),P..

X7 N
| CLL
— Br —
"R N o N" 9
o-P(NMey); TIPSO “P(NMey), o P(NMey);
o}
74% 83% 81% 78%

Scheme 44:Efficient and regioselctive functionalizations Nrheteroarenes.

This new protocol was used for the preparation h& pyridine based COX-2 inhibitor
Etoricoxib (Arcoxia, Merck). The straightforwardrgiiesis only required five steps starting

from comercially available 2-hydroxy pyridine (Saome 45).

1) TMPMgCI-LiCl,

THF,0°C,1h SO,Me SO,Me
2) ZnCly, HCI 2 M/
SN 3) Pdy(dba); dioxane 1/1 X
| D RuPHOS 25°C, 24 h
N N~ 0
| SO,Me | N O o5%
o P(NMey), /©/ orP(NMez)z " °
Br 88%
SOM HCI conc.
1) POCI, 2¥e | KCI9s, 50°C,
150 °C, 15 h ’

2) Pd(PPhg),,
100 °C, 15h

MeaSn._~ H 959
P

N~ Me

Etoricoxib

Scheme 45Synthesis of Etoricoxib.

The synthesis of two active compounds with a qumeokalicylic acid backbone was also

accomplished applying this new method (Scheme 46).
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N

7f
1) TMP,Mg-2LiCl
THF,-50 °C, 1h
O. 2) ZnCl,
~P(NMe,), 3) Pd(dba),
: P(o-furyl)s
Ph-I pCICgH,-I
1) TMPMgCI-LiCl 1) TMPMgCI-LiCl
THF,25°C,1h THF,25°C,1h
2) NC-CO,Et 2) NC-CO,Et
1) TMP,Mg-2LiCl
2 M HCI/ THF, -40 °C, 20 h
dioxane 1/1 2) ZnCl,
110°C, 36 h 3) Pd(dba),
>95% P(o-furyl)s, Ph-I
CDI,70°C,5h
Et
Ph— 2 M HCI/
NH, dioxane 1/1
110°C, 36 h
>95%
Ph_ .Et
Talnetant 86% P-Selectin Inhibitor

Scheme 46Synthesis of Talnetant and a P-Selectin Inhibitor.

Both compounds were obtained starting from comra#lycavailable 3-hydroxy quinoline
after only five steps. This developed method i® @s alternative for the Pfitzinger reaction

which is commonly used to build up quinoline satlay acids starting from substituted
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isatines (Scheme 47).

O COzH
1) KOH, EtOH OH
%O + ArHHH/\OR1 reflux @ﬁ\/g\g
= NP Ar
K N o 2) 1M HCI REON

n
Scheme 47Pfitzinger synthesis leading to quinoline salic\idds.

Further work could be the functionalization of ite®using this method.

3.8.4.Alternative Sterically Demanding Amines to TMP-H

As TMP-H is the most expensive compound for matatateactions two readily prepared,
less expensive amines were tested for their pedoo@ in magnesiations and zincations. It
turned out, that their efficiency is comparable tbIP-H in terms of concentration and

reaction behavior (Scheme 48).

Me
iPr iPrg iPr,
/N—MgCI-LiCI /N}’Mg-z LiCl /N}Zn-ZMgCIZ-ZLiCI
N tBu ‘o tBu ‘o

tBu

MgC-LiCl
N H  Mg- or Zn base N MgX £+ N E
FG- FG- FG-
F THF, -50 to 140 °C, = F
upto12h
up to 93 %
CO,Et
ml\ﬂe tBuo2C\©:coztBu
cl cl “CO,tBu
91% 90%

Scheme 48Economically interesting amines as an alternativeMP-H.

The use of these amines in the preparation of nmasga, iron- and lanthanum bases would
be of great interest.
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3.9. Cobalt-Catalyzed Aryl Sulfonate/Copper Exchange

A new cobalt-catalyzed aryl sulfonate/copper exgeareaction was developed. This method

allowed the synthesis of highly functionalized acglpper reagents from sulfonates bearing

electron-deficient substituents under mild condisiq25-45 °C, 1-6 h). Sensitive functional

groups, such as aldehydes, esters, and nitrileg, well-tolerated (Scheme 49).

OSOLAr Co(acac), (20 mol%)
4-fluorostyrene (50 mol%)
BuyNI (1.0 equiv)

THF:DMPU = 5:2
25-45°C,1-6h

(-CuOS0,Ar)
FG = CO,Et, CN, CF5 CHO (-Ph-Ph)
Ar = 4-MeOCgH4 = An

4-NM6206H4 =Dma

i X
FG-
4

EtO,C COEt  NC COEt  NC CHO mMe
—
\©/ N~ CO,Et

SMe (0] tBu

o
64% 73% 60%

Scheme 49Co-catalyzed arylsulfonate/copper exchange.

53%

Further studies involving other leaving groups &#l as different transitionmetal-catalysts for

the preparation of various organometallic specieslavbe challenging.
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4.1. General Considerations

All reactions were carried out with magnetic stigiand, if air or moisture sensitive, in flame
dried glassware under argon. For this case, afisglare was oven dried (80 °C) overnight
(min. 12 h), evacuated in high vacuuml@mbar) and backfilled with argon (this procedure
was repeated three times). Syringes were usedahsfar solvents and reagents, and were

purged with argon prior to use.

Solvents

Solvents were dried according to standard methgdfdillation over drying agents as stated
below and were stored under argon.

DMF was heated to reflux for 14 h over Gaahd distilled from Cakd

DMPU was stirred over Cator 12 h, distilled and stored under argon andr enelecular
sieves.

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

Triethylamine was dried over KOH and distilled.

Chromatography

Thin layer chromatography (TLC) was performed usahgminium plates coated with SiO
(Merck 60, F-254). The spots were visualized by lig¥it or by staining of the TLC plate
with the solution below followed by heating if nesary:

- Phosphomolybdic acid (5.0 g), Ce(§£9(2.0 g) and conc. 0, (12.0 mL) in water
(230 mL)

- lodine absorbed on silica gel

- KMnO;4 (0.3 g), KCOs (20 g) and KOH (0.3 g), in water (300 mL).

Flash column chromatography was performed using 6800.04-0.063 mm, 230-400 mesh)

from Merck.

Analytical data

NMR spectra were recorded orBruker ARX 200, AC 300, WH 400 or AMX 600

instruments. Chemical shifts are reportedéaslues in ppm relative to the solvent peak.
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NMR spectra were recorded on solutions in D@ sidual chloroformd 7.25 ppm forH
NMR and$ 77.0 ppm for*C NMR), d-DMSO (residual DMSO$ 2.49 ppm forH NMR
ands 39.5 ppm for*C NMR. For the characterization of the observedaignultiplicities the
following abbreviations were used: s (singlet)ddublet), t (triplet), dd (doublet of doublet),
ddd (doublet of doublet of doublet), dt (doublet taplet), g (quartet), gn (quintet), m

(multiplet), as well as br (broad).
Melting points are uncorrected and were measured Biichi B.540 apparatus.

Infrared spectra were recorded from 4000-400 ¢non a Perkin 281 IR spectrometer.
Samples were measured neat (ATR, Smiths Detectiwa3ampl IR Il Diamond ATR). The

absorption bands were reported in wave numberg)cm

Gas chromatographywas performed with machines of typewlett-Packards890 or 5890
series Il, using a column of type HP Befwlett-Packargd 5% phenylmethylpolysiloxane;
length: 15 m, diameter: 0.25 mm; film thickness50@m). The detection was accomplished
by using a flame ionization detector. The carrias gvas air; alkanes like decane or

tetradecane were used as internal standards.

Mass Spectrawere recorded on Finnigan MAT 95Q or Finnigan MAT instrument for
electron impact ionization (EIl). High resolution ssaspectra (HRMS) were recorded on the

same instrument.

Reagents

As not otherwise stated, all reagents were obtafrmd commercial sources. Reagents of
>97% purity were used without purification, excepthnical grade tosyl cyanide (purity
95%). Liquid acid chlorides and aldehydes wereilthdt prior to use. TMPH was distilled

from Cah and stored under argon.

The following substances were prepared according tderature procedures:

2,2,4,6,6-pentamethylpiperidinelq), ** tert-butyl(isopropyl)amine 89), tert-butyl benzoate

9 Pp. L. Hall, J. H. Gilchrist, A. T. Harrison, D.Buller, D. B. CollumJ. Am Chem. So&991, 113 9575.
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(139), * tert-butyl naphthoat® (43b), tert-butyl isonicotinat®® (43¢, di-tert-butyl
isophtalaté® (43b), diethyl 5-[tert-butoxycarbonyl)oxylisophthalate (40b), ethyl 3,5-
dichlorobenzoatg (404a), diethyl 4-bromoisophthalat(40d), diethyl 2-bromoterephthaladfe
(400

Co(acac) was dried in high vacuum (1-#@bar) with stirring for 5 h at 140 °C and stored

under argon.

nBuLi was obtained from Chemetall GmbH (Frankfurt, Getydand titratred prior to use
(approx. 2.5v in hexane).

PhMgCIl was obtained from Chemetall GmbH (Frankfurt, Gerydamnd titratred’ prior to
use (1.7 in THF).

iPrMgCI-LiCl was obtained from Chemetall GmbH (Frankfurt, Geryaand titratred’
prior to use (1.3% in THF).

ZnCl;, (1.0m in THF) was prepared by drying Zn{68.2 g, 500 mmol) under high vacuum
(1-10°mbar) for 6 h at 150 °C. After cooling to 25 °CydFHF (500 mL) was added and

stirring was continued until the salt was compietissolved.

CuCN-2LiCl (1.0 m in THF) was prepared by drying Li@6.8 g, 160 mmol) and CuCN
(7.2 g, 80 mmol, 99% pure) at 150 °C for 5 h urliigh vacuum (1-I@mbar), cooled to 25

°C and charged with freshly distilled THF (80 ml)der argon with vigorous stirring. The
mixture was stirred for at least 24 h at 25 °C. QuLICI (1.0m in THF) appears as a pale

yellow solution.

Preparation of the reagent TMPMgCI-LiCl (10a):

A dried and argon-flushed 1-Bchlenkflask, equipped with a magnetic stirring bar and
rubber septum, is charged witRrMgCI-LIiCl (792 mL, 1.2 m in THF, 950 mmol) then

% For preparation ofert-butyl esters see: D. Lagnoux, E. Delort, C. DoDassassus, A. Esposito, J.-L.
ReymondChem. Eur. J2004 10, 1215.

% H.-S. Lin, L. A. PaquetteSynth. Commuri994 24, 2503.

97 A. Krasovskiy, P. KnocheBynthesi£006 890.
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2,2,6,6-tetramethylpiperidine (141.3 g, 1.00 melpdded dropwise within 5 min via syringe.
The mixture is stirred until gas evolution ceas®$-48 h). Complete formation of the base
was checked by GC/MS analysis of aliquots quenetiddbenzaldehyde. The absence of 2-
methyl-1-phenylpropan-1-ol (f4150) indicates a full conversion. TitratfGrprior to use at

0 °C against benzoic acid using 4-(phenylazo)-digtemine as indicator shows a

concentration of 1.46.

Preparation of the reagent [(Bu)(iPr)]NMgCI-LiCl (10b):

A dry and argon flushe&chlenkflask was charged witiPrMgCI-LiCl (1.2m in THF, 208
mL, 250 mmol).tert-Butyl(isopropyl)amine 89; 30.3 g, 263 mmol) was added dropwise
within 5 min. The mixture was stirred at 25 °C,ilgas evolution ceased (48 h). Complete
formation of the base was checked by GC/MS analydisaliquots quenched with
benzaldehyde. The absence of 2-methyl-1-phenylprdpal (M'=150) indicates a full
conversion. The freshly preparetHii(iPr))NMgCI-LiCl solution was titratéd * prior to use

at 0 °C against benzoic acid using 4-(phenylazpheiylamine as indicator. A concentration
of 1.45m in THF was obtained.

Preparation of the reagent PMPMgCI-LiCl (10c):

A dry and argon flushe&chlenkflask was charged witiPrMgCI-LiCl (1.2m in THF, 208
mL, 250 mmol). 2,2,4,6,6-Pentamethylpiperidid8, (40.8 g, 263 mmol) was added dropwise
within 5 min. The mixture was stirred at 25 °C, iumgfas evolution ceased (24-48 h).
Complete formation of the base was checked by GCaM&ysis of aliquots quenched with
benzaldehyde. The absence of 2-methyl-1-phenylpedpal (M'=150) indicates a full
conversion. The freshly prepared PMPMgCI-LiCl soliwas titratetf” °® prior to use at 0 °C
against benzoic acid using 4-(phenylazo)-dipheniyiamas indicator. A concentration of 1.45

M in THF was obtained.

Preparation of the reagent TMRMg-2LiCl (14a) from TMPMgCI-LICl (10a) and
TMPLI:

In an argon flushe&chlenkflask, 2,2,6,6-tetramethylpiperidine (TMPH, 5.07,n30.0 mmol)

%) . P. Hammett, G. H. Walden, S. M. EdmondlsAm. Chem. Sot934 56, 1092.
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was dissolved in THF (30 mL). This solution was ledoto —40 °C anah-BuLi (2.4 M in
hexane, 12.5 mL, 30.0 mmol) was added dropwiseerAtthe addition was complete, the
reaction mixture was warmed to 0 °C and stirredh& temperature for 30 min. Freshly
titrated TMPMgCI-LIClI (08 (1.45 ™M in THF, 20.7 mL, 30.0 mmol) was then added
dropwise to the LITMP solution, the reaction mixwras stirred at 0 °C for 30 min, warmed
to 25 °C and stirred for 1 h. The solvents werenthemovedin vacuo without heating,
affording a yellowish solid. Freshly distilled THkas then slowly added under vigorous
stirring, until a complete dissolution of the saitas observed. The fresh TM#g-2LICl (143
solution was titratet] prior to use at 0 °C against benzoic acid usinfphenylazo)-

diphenylamine as indicator. A concentration of1@.ih THF was obtained.

Preparation of the reagent [{Bu)(iPr)]N.Mg-2LiCl (14c) from [(tBu)(iPr)]NMgCI-LiCl
(10b) and [¢Bu)(iPr)]N-Li:

In an argon flushedbchlenkflask, tert-Butyl(isopropyl)amine 89, 2.30, 30.0 mmol) was
dissolved in THF (30 mL). This solution was cooted-40 °C and-BuLi (2.4 M in hexane,
12.5 mL, 30.0 mmol) was added dropwise. After tdeitton was complete, the reaction
mixture was warmed to 0 °C and stirred at this terajre for 30 min. Freshly titrated
[(tBu)(iPr)]NMgCI-LiCI (10b) (1.45 ™M in THF, 20.7 mL, 30.0 mmol) was then added
dropwise to the LITMP solution, the reaction mixwras stirred at 0 °C for 30 min, warmed
to 25 °C and stirred for 1 h. The solvents werenthemovedin vacuo without heating,
affording a yellowish solid. Freshly distilled THkas then slowly added under vigorous
stirring, untii a complete dissolution of the saltwas observed. The fresh
[(tBu)(iPr)]N.Mg-2LiCl (140 solution was titrated] prior to use at 0 °C against benzoic acid
using 4-(phenylazo)-diphenylamine as indicator. énaentration of 0.8% in THF was

obtained.
Preparation of the reagent TMR:Zn-2MgCl,-2LiCl (12a):

A dried, argon flushed 250 m&chlenkflask equipped with magnetic stirring bar and reibb
septum was charged with Znd®.09 g, 30 mmol). The flask was heated to 150uP@er
high vacuum (1-I®mbar) for at least 6 h under vigorous stirringteAfcooling to 25 °C, dry
THF (10 mL) was added and the resulting slurry w@sled to 0 °C with an ice bath. Then
TMPMgCI-LICI (10; 42.9 mL, 1.4v in THF, 60 mmol) was added via syringe. The migtur
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was stirred for 12 h until complete dissolutiontioé salts. Precipitates of the base can easily
be redissolved by adding a few mL of dry THF. Treshly prepared TM&Zn-2MgCl,-2LiCl
(123 solution was titrated] prior to use at 0 °C against benzoic acid usirghenylazo)-

diphenylamine as indicator. A concentration of 1d.th THF was obtained.

Preparation of [(tBu)N(iPr)]»Zn-2MgCl,-2LiCl (12b):

A dried, argon flushed 250 mL Schlenk-flask equigbpeth magnetic stirring bar and rubber
septum was charged with ZnGQK.09 g, 30 mmol). The flask was heated to 150uf@er
high vacuum for at least 6 h under vigorous styrifter cooling to 25 °C, dry THF (10 mL)
was added and the resulting slurry was cooled tdCO with an ice bath. Then
[(tBu)(iPr)]NMgCI-LiCl (10b; 41.4 mL, 1.454 in THF, 60 mmol) was added via syringe. The
mixture was stirred for 12 h until complete diss$min of the salts. Precipitates of the base can
easily be redissolved by adding a few mL of dry THFhe freshly prepared
[(tBu)(iPr)N],Zn-2MgCl-2LiCl) (12b) solution was titrated] prior to use at 0 °C against
benzoic acid using 4-(phenylazo)diphenylamine deator. A concentration of 0/ in THF

was obtained.

4.2.Typical Procedures

Typical Procedure 1 (TP1):Synthesis of the phosphorodiamidates from phenols:

In a 100 mL round-bottom flask the phenol (20.0 Mnand 4-DMAP (244 mg, 2.0 mmol)
were dissolved in THF (20 mL), then CI-P(O)(NMe(4.50 g, 3.9 mL, 24.0 mmol) was
carefully added, followed by the addition of triglimine (2.43 g, 3.33 mL, 24.0 mmol). The
resulting suspension was stirred at 25 °C for 1Phe reaction mixture was quenched by the
addition of a half concentrated aq. ;M solution (20 mL) and extracted with EtOAc (3& 2
mL). The combined organic layers were washed witheh dried over MgSg) filtered and

concentrateth vacuo

Typical Procedure 2 (TP2): Synthesis of the phosphorodiamidates from the spoeding
hydroxy pyridines, hydroxy quinolines and hydroxyirgpxalines:
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In a 100 mL round-bottom flask the hydroxy compoiad.0 mmol) and 4-DMAP (244 mg,
2.0 mmol) were dissolved or slurried up in THF @Q), then CI-P(O)(NMg. (4.50 g, 3.9
mL, 24.0 mmol) was added, followed by the additodririethylamine (2.43 g, 3.33 mL, 24.0
mmol). The resulting suspension was stirred at @5dr 12 h. The reaction mixture was
guenched by the addition of brine (20 mL) and eteéd with EtOAc (3 x 20 mL). The
combined organic layers were dried over MgSilitered and concentrated vacuo

Typical Procedure 3 (TP3):Preparation of aryl sulfonates from phenols:

In a 100 mL round bottom flask equipped with a medgnstirring bar the phenol (20 mmol)
was dissolved in 40 mL of dry THF. Then, NE2.43 g, 24 mmol) was added and the mixture
was cooled with an ice bath (approx. 0 °C). Thdosyl chloride (24 mmol) was added
portionwise and the resulting mixture was stirred allowed to reach 25 °C within 12 h.
Then 50 mL of a saturated aqueous,8Hsolution were added and the resulting mixture wa
extracted into EtOAc (50 mL). The organic layer washed twice with 50 mL of a saturated
agueous NKCI solution. The combined organic layers were weshéh brine, dried over
MgSO, and concentratedn vacuo The resulting solids were recrystallized from
heptane/EtOAcC.

Typical procedure 4 (TP4):Br/Mg-Exchange or I/Mg-Exchange on aryl sulfonates:

In a dry and argon flushed Schlenk-tube, the alfglsate (20 mmol) was dissolved in dry
THF and cooled to —40°C. TheiRrMgCI-LIiCl (16.5 mL, 1.33v in THF, 22 mmol) was
dropwise added. The resulting mixture was stirratll GC showed full conversion to the
organomagnesium reagent (aliquots were quenchédiminh THF and extracted with gD).
Then, the electrophile (20 mmol) was added. Theti@a mixture was stirred for 30 min at —
40°C and 1 h at 25 °C. The reaction was quench#d®@ mL of a saturated aqueous JXUH
solution and extracted into 50 ml EtOAc. The orgdayer was washed twice with 50 mL of
a saturated aqueous NEH solution. The combined organic layers were weshéh brine,
dried over MgS®@ and concentrateth vacuo The resulting solids recrystallized from
heptane/EtOAcC.

Typical Procedure 5 (TP5):Metalation using metal amide bases:
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In a flame dried and argon flushed Schlenk-tubeipgepad with a rubber septum and a
magnetic stirring bar the substrate (1 equiv) wiasalved in dry THF (Iv solution). The
mixture was cooled to the indicated temperatureenTthe Mg- or Zn-base (0.6-2.0 equiv)
was added dropwise via syringe. The mixture wasestiat the given temperature. Complete
metalation was detected by GC-analysis of reaciouots, quenched with allyl bromide
(approx. 5 drops) in the presence of CUZINCI (approx. 0.5 mL). The reaction mixture was
then quenched with an electrophile accordin@RY-9. The reaction mixture was quenched
by the addition of 15-30 mL of briné\{heterocycles) or a sat. ag. MH solution. Formed
precipitate was filtered off with a fritted funn@®3, 300 mbar). The filter cake was washed
with EtOAc (3 x 25 ml) and the filtrate was brougfiio a separatory funnel with & (10-20
mL) and EtOAc (10-20 mL). The organic layer wasrastied with brine (3 x 15 mL). The
combined aqueous layers were extracted with EtC2Ax 20 mL). The organic layers were
washed with brine (20 mL) dried over anhydrous Mg38lered and concentratad vacuo
The residue was subjected to flash column chromapdgcal purification on silica.

Typical Procedure 6 (TP6):Microwave assisted zincation reaction:

In a flame dried and argon flushed 10 mL pW se@lb@ equipped a magnetic stirring bar
the corresponding substrate (1 equiv.) was disdolmethe indicated amount &4 (0.6
equiv.). The mixture was heated to the indicatedperature with an Initiator Sixty EXP
Microwave System (Biotage) and stirred at this terafure for the given period. Complete
metalation was detected by GC-Analysis of reactibquots, quenched with in dry THF.
Then the reaction mixture was then quenched witblectrophile and worked up as described
below (according taP7-9).

Typical Procedure 7 (TP7):Quenching by performing ldegishiCross-Coupling Reaction:

After complete metalation was achieved accordingR6 ZnCl, (1 m in THF, 1.6 — 2.2 equiv)
was added at —40 °C (if required, see specificgmores). The resulting mixture was stirred
for 15 min. Then Pd(dba)5 mol%) and P(2-fury})(10 mol%) (for aryl iodides) or Btibay

(2 mol%) and RuPHOS (2 mol%) (for aryl bromides)swadded together with the
corresponding aryl iodide or bromide and the mitwvas allowed to warm to 25 °C.

Complete consumption of the organozinc reagentm@sitored via GC-analysis (approx. 1 -
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3 h). The reaction mixture was quenched by the taddiof 15-30 mL of brine N-
heterocycles) or a sat. aq. MH solution. Formed precipitate was filtered offthvia fritted
funnel (P3, 300 mbar). The filter cake was wash&t wtOAc (3 x 25 ml) and the filtrate
was brought into a separatory funnel with@t10-20 mL) and EtOAc (10-20 mL). The
organic layer was extracted with brine (3 x 15 mLhe combined aqueous layers were
extracted with EtOAc (2 x 20 mL). The organic la/@rere washed with brine (20 mL) dried
over anhydrous MgS{iltered and concentratad vacuo The residue was subjected to flash

column chromatographical purification on silica.

Typical Procedure 8 (TP8):Quenching by performing an Acylation Reaction:

After complete metalation was achieved accordingR6 ZnCk (1 M in THF, 1.6 equiv) was
added at —40 °C (if required, see specific procesjuiThe mixture was the stirred for 15 min.
Then CuCN-2LiCl (I in THF, 0.1 equiv) or Pd(PBh (2 mol%) was added (see specific
procedures). After the addition of the correspogdaeid chloride, the mixture was briefly
warmed with to 25 °C. Complete consumption of thganozinc reagent was monitored via
GC-analysis (approx. 1 - 3 h). The reaction mixtwas quenched by the addition of 15-30
mL of brine (N-heterocycles) or a sat. aq. MH solution. Formed precipitate was filtered off
with a fritted funnel (P3, 300 mbar). The filterkeawas washed with EtOAc (3 x 25 ml) and
the filtrate was brought into a separatory funnigh\izt,O (10-20 mL) and EtOAc (10-20 mL).
The organic layer was extracted with brine (3 xnl5). The combined aqueous layers were
extracted with EtOAc (2 x 20 mL). The organic la/@rere washed with brine (20 mL) dried
over anhydrous MgS{iltered and concentratad vacuo The residue was subjected to flash

column chromatographical purification on silica.

Typical Procedure 9 (TP9):Quenching by performing an Allylation Reaction

After complete metalation was achieved accordingR8 ZnCL (1 m in THF, 1.6 equiv) (if
required, see specific procedures) was added atG4The resulting mixture was stirred for
15 min. CuCN-2LiCl (Im in THF, 0.1 equiv) was added together with theresponding
allyloromide and the mixture was allowed to warm rmom temperature. Complete
consumption of the organozinc reagent was moniter@dC-analysis (approx. 1 - 3 h). The
reaction mixture was quenched by the addition e8Q3nL of brine N-heterocycles) or a sat.

ag. NH,CI solution. Formed precipitate was filtered oftthva fritted funnel (P3, 300 mbar).
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The filter cake was washed with EtOAc (3 x 25 midahe filtrate was brought into a
separatory funnel with ED (10-20 mL) and EtOAc (10-20 mL). The organic layeas
extracted with brine (3 x 15 mL). The combined amselayers were extracted with EtOAc (2
x 20 mL). The organic layers were washed with b(2@ mL) dried over anhydrous Mg%0O
filered and concentratedn vacuo The residue was subjected to flash column

chromatographical purification on silica.

Typical Procedure 10 (TP10):Co-catalyzed aryl sulfonate/copper-exchange:

A dry and argon flushed 25 mL Schlenk-tube was gddmwith PhMgCI (1.74 mL, 1.7@ in
THF, 3.00 mmol) and cooled to —20 °C. Then, C&NCI (3.6 mL, 1.0m in THF, 3.6 mmol)
was dropwise added. The resulting yellow solutiaswstirred for 20 min at —20 °C. Then,
BuNI (369 mg, 1.00 mmol), the arylsulfonate (1.00 mimBGo(acac) (51 mg, 20 mol%), 4-
fluorostyrene (65 mg, 50 mol%) and dry DMPU (2.2 )mkere added. The resulting
suspension was warmed to 25 °C (or 45 °C see speguibcedure) and stirred until GC-
analysis showed full consumption of the startingtanial. The formation of the copper
reagent was monitored by performed iodolysis ofctiea aliquots (GC-analysis). The
reaction mixture was cooled to —20 °C and the metile (2.00 mmol) was added. The
reaction mixture was stirred 30 min at —20 °C amrdfh at 25 °C. The mixture was quenched
by the addition of NRCI/NH3; (9:1) (15 mL) and extracted with & (3 x 25 mL). The
agueous phase was extracted with EtOAc (25 mL)aewidie combined organic layers were
washed with brine and dried over Mg§SCGand concentratedin vacuo Column
chromatography on silica furnished the desired pcad
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4.3. Magnesiation on Weakly Activated Substrates Using a

Highly Reactive Mg-Base.

4.3.1.Directed Metalation and Reaction with Electrophiles

Synthesis of 2=butyl 4'-ethyl biphenyl-2,4'-dicarboxylate (15d):

tBuCOzEt

The title compound was prepared fraert-butyl benzoate 13a 178 mg, 1.00 mmol),
TMP,Mg-2LIiCl (1.57 mL, 0.7m in THF, 1.1 mmol), 4-iodobenzoate (414 mg, 1.5 )mo
ZnCl, (1.6 ml, 1M in THF, 1.6 mmol), Pd(dbaj11l mg, 2 mol%) and R{furyl)3 (9 mg, 4
mol%) applyingTP5 andTP7. Metalation conditions: 25 °C, 60 min. Flash chatography
on silica (-pentane/ED, 9:1) gave a colorless oil (267 mg, 82%).

'H-NMR (300 MHz, CDCl3) ¢: 8.11 (d,J = 8.2 Hz, 2 H), 7.86 (dd| = 7.7 Hz,J= 1.5 Hz, 1
H), 7.54 (ddJ=7.4 HzJ=1.4Hz, 1 H), 7.46 (ddl=7.5HzJ=1.4 Hz, 1 H), 7.42 (d =
8.2Hz,2H),7.33(dd]=75HzJ=13Hz,1H),443(ql=7.1Hz,2H),1.45@{1=7.1
Hz, 3 H), 1.29 (s, 9 H).

3C-NMR (75 MHz, CDCls) 6: 167.8, 166.8, 146.9, 141.4, 138.8, 132.9, 13130,6, 130.2,
129.4, 128.9, 127.9, 81.8, 61.2, 27.9, 14.6.

MS (70 eV, El)m/z(%): 326 (5) [M], 281 (5), 270 (100), 253 (7), 242 (32), 225 (7191
(10), 152 (15), 151 (6), 57 (8).

IR (ATR) v (cm™): 2978, 2933, 1707, 1610, 1367, 1268, 1125, 1898, 752, 703.

HRMS (EIl): 326.1500 (calcd.: 326.1518).

Synthesis of ethyl 2-(4-cyanophenyl)-1-naphthoatd %e):

Et0,C O CN
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The title compound was prepared from ethyl 1-napietol3b; 200 mg, 1.00 mmol),
TMP,Mg-2LiCl (1.57 mL, 0.7m in THF, 1.1 mmol), 4-iodobenzonitrile (342 mg, Trénol),
ZnCl, (1.6 ml, 1M in THF, 1.6 mmol), Pd(dbaj11 mg, 2 mol%) and P(2-furgl}9 mg, 4
mol%) applyingTP5 and TP7. Metalation conditions: 0 °C, 3 h. Flash chromaaphy on
silica (n-pentane/BO 4:1) furnished a pale yellow solid (244 mg, 81%).

m.p.: 105.6 - 107.9 °C

'H-NMR (400 MHz, CDCls3) 6 : 8.00 (m, 2 H), 7.90 (m, 1 H), 7.72 (ddbs 8.4 Hz,J = 1.9
Hz,J=1.7 Hz, 2 H), 7.58 (m, 4 H), 7.44 @= 8.4 Hz, 1 H), 4.18 (g1 = 7.0 Hz, 2 H), 1.03 (t,
J=7.1Hz, 3H).

3C-NMR (100 MHz, CDCl3) 6: 169.0, 146.1, 136.3, 133.0, 132.3, 132.0, 13180,5, 130.1,
129.7, 128.4, 127.2, 126.7, 125.4, 118.9, 111.7,84.0.

MS (70 eV, El)m/z(%): 302 (17), 301 (77) [N, 273 (9),257 (27), 256 (100), 228 (36), 227
(71), 226 (13), 201 (18), 200 (15).

IR (ATR) vV (cm): 2977, 2899, 2223, 1711, 1604, 1593, 1502, 144@9, 1377, 1281,
1233, 1149, 1137, 1033, 1022, 1002, 959, 862, 822, 757, 663.

HRMS (El): 301.1084 (calcd.: 301.1103).

Synthesis oft-butyl 2-benzoyl-4-bromobenzoate (15f):
CO,t-Bu
Br/@[COPh

The title compound was prepared froent-butyl 4-bromobenzoatd 8d; 257 mg, 1.00 mmol),
TMP,Mg-2LIiCl (1.57 mL, 0.7M in THF, 1.1 mmol), benzoyl chloride (265 ml, 2.2nal),
CuCN-2LIiCI (0.1 mL, 1™ in THF, 10 mol%) applying PS5 andTP8. Metalation conditions:
—20 °C, 1 h. Flash chromatography on siliogpéntane/BO 5:1) furnished a pale yellow
solid (278 mg, 77%).
m.p.: 71.1 - 73.3 °C.
'H-NMR (300 MHz, CDCls3) 6 : 7.90 (d,J = 8.4 Hz, 1H), 7.80 — 7.78 (m, 2 H), 7.70 (dd;
8.4Hz,J=2.1Hz, 1 H), 7.62—7.57 (m, 1 H), 7.53 — 7(dd 3 H), 1.24 (s, 9 H).
3C-NMR (75 MHz, CDCls) d: 195.2, 164.7, 142.8, 136.9, 133.7, 132.9, 13138,8, 130.2,
129.9, 128.8, 127.1, 83.4, 27.7.
MS (70 eV, El)m/z(%): 360 (7) [M-H], 307 (89), 305 (39), 287 (65), 227 (11), 180Q),
152 (39), 105 (80), 77 (35), 57 (43).
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IR (ATR) V (cm): 2979, 2933, 1713, 1674, 1538, 1449, 1392, 13@99, 1289, 1128,
1093, 946, 848, 696.
HRMS (El): 360.0343 (calcd.: 360.0361).

Synthesis of ethyl 2'-cyanobiphenyl-4-carboxylatel6g):

N l CO,Et

The title compound was prepared from benzonitril3¢( 103 mg, 1.00 mmol),
TMP,Mg-2LIiCl (1.57 mL, 0.7m in THF, 1.1 mmol), ethyl 4-iodobenzoate (414 m¢s 1
mmol), ZnC} (1.6 ml, 1m in THF, 1.6 mmol), Pd(dbajl1l mg, 2 mol%) and P(2-furglj9
mg, 4 mol%) applyingTP5 and TP7. Metalation conditions: =30 °C, 3 h. Flash
chromatography on silica{pentane/BO 4:1) furnished a colorless solid (176 mg, 70%).
m.p.: 115.0 - 117.3 °C.

'H-NMR (300 MHz, CDCl3) ¢ : 8.1 (d,J = 8.2 Hz, 2 H), 7.8 (d) = 8.2 Hz, 1 H), 7.6 (m, 3
H), 7.5 (m, 2 H), 4.4 () = 7.3 Hz, 2 H), 1.4 () = 7.1 Hz, 3 H).

13C-NMR (75 MHz, CDCl3) ¢: 166.4, 144.7, 142.6, 134.1, 133.2, 131.1, 13188,2, 129.1,
128.4,118.6, 11.6, 61.4, 14.6.

MS (70 eV, El)m/z(%): 251 (30) [M], 223 (33), 207 (17), 206 (100), 179 (26), 178)(32
177 (30), 152 (11), 151 (39), 150 (15), 75 (9).

IR (ATR) vV (cm™): 2908, 2224, 1708, 1607, 1594, 1559, 1478, 14366, 1315, 1272,
1184, 1110, 1097, 1030, 860, 763, 740, 721, 704.

HRMS (El): 251.0960 (calcd.: 251.0946).

Synthesis of diethyl 2-bromopyridine-3,5-dicarboxydte (15h):

Et0,C.__~_-COsEt
I

N Br

The title compound was prepared from diethyl pyradB,5-dicarboxylatel@f; 223 mg, 1.00
mmol), TMRMg-2LiCl (1.57 mL, 0.7m in THF, 1.1 mmol), BrGICCCLBr (779 mg, 2.4
mmol) applyingTP5. Metalation conditions: —40 °C, 3 h. Flash chramgaaphy on silicar(
pentane/BE0 9:1) furnished a pale yellow solid (211 mg, 70%).
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m.p.: 40.2 - 41.8 °C.

'H-NMR (300 MHz, CDCls) &: 8.9 (d,J = 2.3 Hz, 1 H), 8.5 (d) = 2.3 Hz, 1 H), 4.3 (q] =
7.1 Hz, 2 H), 4.3 (@)= 7.1 Hz, 2 H), 1.3 (§ = 7.1 Hz, 3 H), 1.3 (t} = 7.1 Hz, 3 H).

3C-NMR (75 MHz, CDCl3) 6: 164.6, 164.0, 152.7, 140.3, 139.0, 130.2, 125353, 62.8,
14.4, 14.3.

MS (70 eV, Elym/z (%): 301 (40) [M], 275 (28), 273 (30), 258 (100), 255 (94), 230)(37
228 (39), 202 (11), 194 (27), 166 (15), 76 (15)(1®).

IR (ATR) V (cm®): 2996, 1733, 1717, 1588, 1551, 1380, 1243, 12209, 1049, 1017, 762.
HRMS (EI): 300.9952 (calcd.: 300.9949).

Synthesis of diethyl 2-(4-cyanophenyl)pyridine-3,8licarboxylate (15i):

EtO,C._~_-CO,Et
o
%
CN

The title compound was prepared from diethyl pyradB,5-dicarboxylatel@f; 223 mg, 1.00
mmol), TMRBMg-2LICI (1.57 mL, 0.7v in THF, 1.1 mmol), ethyl 4-iodobenzonitrile (34Z3m
1.5 mmol), ZnC} (1.6 ml, 1m in THF, 1.6 mmol), Pd(dbajll mg, 2 mol%) and P(2-furyl)
(9 mg, 4 mol%) applyingTP5 and TP7. Metalation conditions: —40 °C, 3 h. Flash
chromatography on silica{pentane/B0O 3:1) furnished a colorless solid (237 mg, 73%).
m.p.: 119.0 - 113.9 °C.

'H-NMR (600 MHz, CDCls) 6: 9.3 (d,J = 2.0 Hz, 1 H), 8.7 (d] = 2.2 Hz, 1 H), 7.7 (d] =
8.6 Hz,2 H), 7.6 (d)=8.6 Hz, 2 H), 45 (d]=7.1 Hz, 2 H), 4.2 (] = 7.1 Hz, 2 H), 1.4 (t,
J=7.1Hz, 3H), 1.1 ( = 7.1 Hz, 3 H).

13C-NMR (150 MHz, CDCl3) ¢: 166.5, 164.4, 160.5, 152.4, 144.0, 139.6, 1329,7, 127.2,
125.5,118.8, 113.2, 62.3, 62.2, 14.5, 14.0.

MS (70 eV, El)m/z(%): 324 (9) [M], 296 (17), 295 (100), 179 (24), 267 (59), 251)(2P3
(10), 152 (10),140 (7), 102 (4).

IR (ATR) v (cm): 2979, 2911, 2224, 1721, 1596, 1448, 1398, 13Pa4, 1227, 1148,
1091, 1018, 149, 852, 798, 775, 743, 646.

HRMS (El): 324.1111 (calcd.: 324.1110).

Synthesis of ethyl 3-iodopyridine-4-carboxylate (4}
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The title compound was prepared from ethyl isomaie (3g 151 mg, 1.00 mmol),
TMP,Mg-2LiCl (1.57 mL, 0.7™ in THF, 1.1 mmol), 4 (609 mg, 2.4 mmol) applyingP5.
Metalation conditions: —40 °C, 12 h. Flash chrorgeaphy on silica ri{-pentane/BEO 7:3)
furnished a pale brown oil (152 mg, 66 %).

'H-NMR (300 MHz, CDCl3) 6: 9.1 (s, 1 H), 8.6 (d] = 4.9 Hz, 1 H), 7.6 (d] = 4.9 Hz, 1 H),
4.4 (9,d=7.1Hz, 2 H), 1.4 () = 7.1 Hz, 3 H).

3C-NMR (75 MHz, CDCls) §: 165.2, 159.8, 149.3, 142.7, 124.6, 92.6, 62.74.14

MS (70 eV, El)m/z(%): 277 (100) [M], 248 (47), 232 (57), 204 (24), 177 (23), 127 ()2
(10), 94 (7), 78 (4), 50 (1).

IR (ATR) vV (cm™): 2980, 1727, 1464, 1260, 1078, 1010, 776, 70R, 66

HRMS (El): 276.9590 (calcd.: 276.9599).

4.3.2.Scale up Experiments

Synthesis of ethyl 4'-methylbiphenyl-2-carboxylat€15k):

Et Me

In a flame-dried and nitrogen-flushed 500 mL Sckifask, equipped with a magnetic
stirring bar and rubber septum, the freshly prepaadution of TMBMg-2LiCl (110 mL, 100
mmol) was provided, ethyl benzoat&3f;, 13.5 g, 90 mmol) was added and the reaction
mixture was stirred for 45 min at 25 °C. The rdasgltsolution was cooled to —40 °C and
ZnCl, (100 mL, 100 mmol, 1.1 equiv) was added and tlsalte@g mixture is stirred for 15
min. Then, Pd(OA¢)(0.5 mol%), RuPHOS (1 mol%) and 4-bromotolueneZ 1 95 mmol,
1.05 equiv) were added. After warming to 25 °C atiding for 12 h at 25 °C, the reaction
was quenched with a sat. aqueous,8Hsolution (250 mL) and extracted with,£t (3 x 250
mL). The combined organic layers were washed witimeb (250 mL) and dried over
anhydrous MgS@Q After filtration, the solvent was removédvacuo The crude product was

purified by column chromatographg-pentane/BEO 9:1) and gave a pale yellow oil (15.4 g,
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71%).

'H-NMR (300 MHz, CDCls) 6: 7.8 (m, 1 H), 7.5 (m, 1 H), 7.4 (m, 2 H), 7.2 (@H), 4.2 (q,
J=7.0Hz, 2 H), 2.4 (s, 3H), 1.1 &= 7.2 Hz, 3 H).

3C-NMR (75 MHz, CDCl5) 5: 168.9, 142.5, 138.6, 136.8, 131. 5, 131.1, 13[29,7, 128.8,
128.37, 127.0, 60.9, 21.2, 13.8.

MS (70 eV, Elym/z 240 (51) [M], 213 (10), 212 (10), 196 (18), 195 (100),167 (236
(18), 165 (51), 153 (10), 152 (48), 82 (8).

IR (ATR) V (cm): 3060, 3024, 2981, 2924, 2870, 1713, 1600, 13185, 1365, 1286,
1276, 1241, 1172, 1125, 1112, 1085, 1047, 10165,1884, 819, 758, 730, 709, 656.
HRMS (El): 240.1142 (calcd.: 240.1150).

Synthesis of 2tert-butyl ethyl phthalate (15I)

EtO,C

©/CoztBu

In a flame-dried and nitrogen-flushed 500-mL Schkldlask, equipped with a magnetic
stirring bar and rubber septum, the freshly prepaaution of TMBMg-2LiCl (110 mL, 100
mmol) was added followed by ethyl benzodtadh, 13.5 g, 90 mmol) and the reaction mixture
was stirred for 45 min at 25 °C. B& (28.0 g, 130 mmol, 1.44 equiv) was added in one
portion at 25 °C and the reaction mixture was atirfor 2 h. A sat. agueous NE solution
(250 mL) was added and the mixture was extractéd &40 (3 x 250 mL). The combined
organic layers were washed with brine (250 mL) dneéd over anhydrous MgSOAfter
filtration, the solvent was removed vacuo The crude product was purified by column
chromatographyntpentane/BE0 4:1) and gave a yellow oil (15.1 g, 67%).

'H-NMR (400 MHz, CDCls) 6: 7.6 (m, 2 H), 7.4 (m, 2 H), 4.3 (4= 7.2 Hz, 2 H), 1.5 (s, 9
H), 1.3 (t,J = 7.0 Hz, 3 H).

13C-NMR (75 MHz, CDCls) 6: 167.8, 166.3, 133.2, 132.3, 130.5, 130.45, 12®8,4, 81.8,
61.3, 27.8, 13.9.

MS (70 eV, El)m/z 251 (29), 246 (21), 195 (100), 177 (23) [M+-COREBO0 (4), 149 (35).

IR (ATR) v (cm): 2979, 1715, 1599, 1579, 1477, 1447, 1392, 13686, 1255, 1172,
1123, 1072, 1038, 1017, 845, 784, 737, 705.

HRMS (El): 251.1280 (calcd.: 251.1278).
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Preparation of di-tert-butyl 4'-cyanobiphenyl-2,4-dicarboxylate (15m)

tBuO,C O CO,Bu
‘ CN

In a flame-dried and nitrogen-flushed 500 mL Sckilask, equipped with a magnetic
stirring bar and rubber septum, the freshly prepa@ution of TMBMg-2LiCl (100 mL, 90
mmol) was provided, diert-butylisophthalate 1(3i; 22.2 g, 80 mmol) was added and the
reaction mixture was stirred for 45 min at 25 °@eTresulting solution was cooled to —40 °C
and ZnC} (90 mL, 90 mmol, 1.1 equiv) was added and theltiegumixture was stirred for
15 min. Then, Pd(OAg)0.5 mol%), RuPHOS (1 mol%) and 4-bromobenzoeitfil5.3 g, 84
mmol, 1.05 equiv) were added. After warming to Z5 &nd stirring for 12 h at 25°C, the
reaction mixture was quenched with a sat. aqueddigCNsolution (250 mL) and extracted
with EO (3 x 250 mL). The combined organic layers werslvea with brine (250 mL) and
dried over anhydrous MgSOAfter filtration, the solvent was removed vacuo The crude
product was purified by recrystallization-fleptane/EtOAc) and gave a yellow solid (22.8 g,
75%).

m.p.: 158.5 - 158.8 °C.

'H-NMR (300 MHz, CDCl3) d: 8.4 (d,J=1.5 Hz, 1 H), 8.1 (dd) = 8.0, 1.9 Hz, 1 H), 7.7 (d,
J=8.5Hz, 2 H), 7.4 (d)=8.5Hz, 2 H), 7.3 (d)= 8.0 Hz, 1 H), 1.6 (s, 9 H), 1.3 (s, 9 H).
3C-NMR (75 MHz, CDCls) §: 166.3, 164.5, 146.0, 143.9, 132.6, 132.0, 13138,7, 131.13,
130.3, 129.2,118.6, 111.4, 82.2, 81.8, 28.2, 27.6.

MS (70 eV, El)m/z 323 (19) [M - tBu], 306 (17), 268 (53), 267 (100), 266 (11), 250)(
177 (22), 166 (10), 57 (76), 56 (17).

IR (ATR) vV (cm): 2972, 2933, 2228, 1722, 1711, 1604, 1477, 13824, 1302, 1276,
1254, 1250, 1158, 1146, 1121, 1089, 838, 775, 744,

HRMS (El): 379.1785 (calcd.: 379.1784).

Preparation of 24ert-butyl 1-ethyl naphthalene-1,2-dicarboxylate (15n)

EtO,C

COztBu
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In a flame-dried and nitrogen-flushed 500-mL Schkldlask, equipped with a magnetic
stirring bar and rubber septum, the freshly pregphaaution of TMBMg-2LiCl (110 mL, 100
mmol) was added followed by ethyl 1-naphthodt8b{ 18.0 g, 90 mmol) and the reaction
mixture was stirred for 45 min at 25 °C. B6c(28.0 g, 130 mmol, 1.44 equiv) was added in
one portion at 25 °C and the reaction mixture wiarsesl for 2 h. A sat. aqueous NEI
solution (250 mL) was added and the mixture wasaete¢d with EO (3 x 250 mL). The
combined organic layers were washed with brine (®&) and dried over anhydrous MgiO
After filtration, the solvent was removed vacuo The crude product was purified by
recrystallization ii-heptane/EtOAc) and gave a colorless solid (126985).

m.p.: 70.5 - 70.9 °C.

'H-NMR (300 MHz, CDCl3) 8: 7.9 (m, 4 H), 7.5 (m, 2 H), 4.5 (= 7.3 Hz, 2 H), 1.64 (s, 9
H), 1.4 (t,J=7.2 Hz, 3 H).

13C-NMR (75 MHz, CDCls) d: 169.0, 165.0, 134.8, 134.3, 129.3, 129.2, 12R0,5, 127.0,
125.9,125.2,82.2,61.7, 28.1, 14.1.

MS (70 eV, El)m/z 300 (16) [M], 244 (41), 227 (10), 216 (11), 200 (20), 199 (10®8
(10), 172 (21), 155 (29), 154 (14), 127 (25), 126)( 57 (15).

IR (ATR) v (cmi): 3058, 2982, 2939, 1720, 1708, 1365, 1294, 12638, 1168, 1139,
1116, 1036, 1014, 860, 848, 833, 798, 790, 764, 733

HRMS (EI): 300.1358 (calcd.: 300.1362).

4.4.  Formal meta and para-functionalizations

4.4.1.Starting Material Synthesis

Synthesis of 4-cyanophenyN,N,N’,N’ -tetramethyldiamido-phosphate (18a):

CN

(Me,N),p~°

Prepared according t©P1 from 4-cyanophenol (2.38 g, 20.0 mmol). The cassl oil was
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used without further purification (4.72 g, 93%).

'H-NMR (300 MHz, CDCls3) d: 7.6 (d,J= 9.0 Hz, 2 H), 7.3 (dd] = 8.9 Hz,J = 1.0 Hz, 2 H),
2.7 (m, 12 H).

3C-NMR (75 MHz, CDCl3) 6: 155.4, 134.2, 121.2, 118.8, 108.7, 36.8.

MS (70 eV, El)m/z(%): 253 (27) [M], 209 (12), 155 (11), 145 (22), 136 (11), 135 (100
102 (15), 92 (27), 90 (16), 76 (10).

IR (ATR) vV (cm™): 3456, 2932, 2900, 2856, 2816, 2228, 1604, 13AG6, 1416, 1308,
1216, 1164, 1108, 1068, 988, 896, 848, 792, 760, 6&4.

HRMS (ESI): 253.1050 (calcd.: 253.0980).

Synthesis of 4-bromophenyN,N,N’,N’ -tetramethyldiamido-phosphate (18b):

Br

>

(MeN)p~°

O

Prepared according t6P1 from 4-bromophenol (3.46 g, 20.0 mmol). The cassl oil was
used without further purification (5.28 g, 86%).

'H-NMR (300 MHz, CDCl3) 6: 7.4 (d,J = 9.0 Hz, 2 H), 7.1 (m, 2 H), 2.7 (m, 12 H).
3C-NMR (75 MHz, CDCl3) 6: 150.8, 132.9, 132.7, 122.2, 122.1, 117.1 , 36.9.

MS (70 eV, El)m/z(%): 309 (20), 308 (100), 307 (27), 306 (100)'TM293 (12), 291 (12),
264 (32), 262 (33), 220 (15), 218 (16), 201 (530 282), 199 (55), 198 (80), 174 (40), 173
(31), 172 (41), 171 (29), 157 (17), 155 (18), 138)( 143 (31), 136 (40), 135 (100), 92 (66),
91 (16), 64 (10), 63 (19).

IR (ATR) vV (cm™): 3452, 2928, 2896, 2852, 2812, 1580, 1484, 14860, 1304, 1272,
1208, 1164, 1096, 1068, 984, 900, 832, 768, 748, G68.

HRMS (El): 306.0124 (calcd.: 306.0133).

Synthesis of 4-fluorophenyIN,N,N’,N’ -tetramethyldiamido-phosphate (18c):

F

>

(Me,N)p~°

O
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Prepared according t©oP1 from 4-fluorophenol (2.24 g, 20.0 mmol). The ctdss oil was
used without further purification (2.23 g, 92%).

'H-NMR (600 MHz, CDCls) ¢: 7.1 (dddJ = 9.0 Hz,J = 4.5 Hz,J = 1.2 Hz, 2 H), 7.0 (m, 2
H), 2.7 (m, 12 H).

13C-NMR (150 MHz, CDCls) J: 160.3, 158.7, 147.5, 121.7, 116.4, 115.8, 3619sebved
complexity due to C-F splitting, definitive assiganmts have not been made.

MS (70 eV, El)m/z(%): 246 (43) [M], 202 (19), 158 (10), 139 (19), 138 (44), 136 (AB5

(100), 112 (21), 111 (31), 95 (20), 92 (66), 90)(B3B (33), 76 (12), 75 (16), 57 (12).

IR (ATR) vV (cm™): 3456, 3000, 2932, 2896, 2856, 2812, 1644, 13AG6, 1364, 1304,
1224, 1180, 1092, 1068, 984, 904, 840, 820, 760, G64.

HRMS (El): 246.0925 (calcd.: 246.0933).

Synthesis of 4-chlorophenyN,N,N’,N’ -tetramethyldiamido-phosphate (18d):

Cl

(Me;N),p~°

Prepared according fd6P1 from 4-chlorophenol (2.57 g, 20.0 mmol). The cldss oil was
used without further purification (4.73 g, 90%).

'H-NMR (600 MHz, CDCls) §: 7.3 (m, 2 H), 7.1 (d] = 8.6 Hz, 2 H), 2.7 (m, 12 H).
3C-NMR (150 MHz, CDCls) §: 150.3, 129.7, 129.5, 121.7, 36.9.

MS (70 eV, El)m/z(%): 262 (18) [M], 218 (6), 155 (11), 154 (18), 136 (10), 135 (10®7
(11), 99 (12), 92 (25), 75 (11).

IR (ATR) v (cm): 2928, 2892, 2852, 2812, 1592, 1484, 1456, 14304, 1232, 1212,
1184, 1164, 1088, 1068, 984, 900, 832, 772, 752, G02.

HRMS (El): 262.0637 (calcd.: 262.0638).

Synthesis of ethyl 3-{[bis(dimethylamino)phosphonjbxy} benzoate (21a):

CO,Et

2
o P (N Mez)z
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Prepared according foP1 from ethyl 3-hydroxybenzoate (3.32 g, 20.0 mm@®he colorless
oil was used without further purification (5.5798%).

'H-NMR (300 MHz, CDCl3) 6: 7.8 —= 7.7 (m, 2 H), 7.5 — 7.4 (m, 2 H), 4.4Jgs 7.1 Hz, 2
H), 2.8 (m, 12 H) 1.4 (t) = 7.1 Hz, 3 H).

3C-NMR (75 MHz, CDCl3) 6: 166.1, 151.7, 132.4, 129.8, 125.5, 124.9, 128154, 36.9,
14.5.

MS (70 eV, El)m/z(%): 301 (11), 300 (65) [N, 255 (20), 226 (13), 192 (36), 135 (100), 92
(16), 44 (32).

IR (ATR) V (cmi'): 3435, 2997, 1715, 1584, 1483, 1440, 1366, 12629, 1203, 1097,
1072, 986, 947, 849, 752, 673.

HRMS (El): 300.1247 (calcd.: 300.1239).

Synthesis of 3-(trifluoromethyl)phenylN,N,N’,N'-tetramethyldiamidophosphate (21b):

CF;

1
o P(NM62)2

Prepared according P1 from 3-(trifluoromethyl)phenol (3.24 g, 20.0 mmonhe colorless
oil was used without further purification (5.339§)%).

'H-NMR (300 MHz, CDCls3) 6: 7.4 (m, 4 H), 2.7 (m, 12 H).

3C-NMR (75 MHz, CDCls) 6: 151.9, 132.3 (qJ(C-F) = 32.6 Hz), 130.4, 123.9, 123.8 (q,
J(C-F) =272.2 Hz), 121.1, 117.6, 36.9.

MS (70 eV, El)m/z(%): 296 (15) [M], 188 (13), 135 (100), 92 (18), 44 (49).

IR (ATR) vV (cm™): 2932, 2900, 1596, 1492, 1448, 1324, 1308, 12228, 1208, 1164,
1120, 1092, 1064, 988, 928, 884, 796, 760, 732, 696.

HRMS (ESI): 296.0896 (calcd.: 296.0901).

Synthesis of 3-iodophenyN,N,N',N'-tetramethyldiamido-phosphate (21c):

O
o P(NMez)z

Prepared according tBP1 from 3-iodophenol (4.4 g, 20.0 mmol). Flash chrtogeaphy on
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silica (EtO) furnished4c as a colorless solid (6.5 g, 92%).

m.p.: 75.0 - 77.2 °C.

'H-NMR (300 MHz, CDCls) §: 7.5 (m, 1 H), 7.4 (m, 2 H), 7.0 (t, J = 7.9 HA)}, 2.7 (m, 12
H).

3C-NMR (75 MHz, CDCl3) 6: 151.7, 133.3, 130.8, 129.3, 119.6, 93.8, 36.6.

MS (70 eV, El)m/z(%): 355 (2) [M+H], 354 (12) [M], 246 (12), 135 (100), 92 (8), 44 (20).
IR (ATR) vV (cmi™): 3056, 2922, 2176, 1572, 1463, 1299, 1228, 11987, 991, 915, 794,
758, 687, 670, 584.

HRMS (ESI): 355.007 (calcd.: 355.007).

4.4.2.Directed Magnesiation Using TMBMg-2LICl and Reaction

with Electrophiles

Synthesis of 5-cyano-4'-[(triisopropylsilyl)oxy]bighenyl-2-yl N,N,N',N'-
tetramethyldiamidophosphate (19a):

CN

(MezN)zp’?\‘\‘om’s

(0]

The title compound was prepared frd®a (506 mg, 2.00 mmol), TMiMg-2LiCl (3.14 mL,

0.7 M in THF, 2.2 mmol), (4-iodophenoxy)-(triisopropylge (828 mg, 2.2 mmol), Zn&l
(2.2 ml, 1™ in THF, 2.2 mmol), Pd(dba)X22 mg, 2 mol%), P(2-fur@)(18 mg, 4 mol%)
applying TP5 and TP7. Metalation conditions: 0 °C, 1 h. Flash chromaaphy on silica
(EtOAC) furnished a yellow oil (833 mg, 83%).

'H-NMR (400 MHz, CDCls3) d: 7.6 (m, 3 H), 7.3 (dJ = 8.1 Hz, 2 H), 6.9 (dJ = 8.4 Hz, 2

H), 2.5 (m, 12 H), 1.3 (m, 3 H), 1.1 (m, 18 H).

3C-NMR (100 MHz, CDCls) §: 156.4, 152.3, 135.0, 134.6, 132.4, 130.8, 12®1,5, 120.0,
118.8, 108.1, 36.7, 18.1, 12.9.

MS (70 eV, El)m/z(%): 501 (16) [M], 459 (30), 458 (100), 415 (10), 135 (40).

IR (ATR) v (cmt): 2944, 2892, 2868, 2228, 1604, 1512, 1484, 14820, 1392, 1260,
1216, 1172, 1132, 1104, 1068, 1040, 988, 900, 836, 764, 740, 684, 660.

HRMS (ESI): 502.2653 (calcd.: 502.2655).
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Synthesis of 2,4-dicyanophenyl,N,N', N'-tetramethyldi-amidophosphate (19b):

CN

CN

(Me,N),P~°
(6]

The title compound was prepared frd®a (254 mg, 1.00 mmol), TMiMg-2LiCl (1.57 mL,
0.7M in THF, 1.1 mmol), TsCN (199 mg, 1.10 mmol), Zp{.2 ml, 1M in THF, 1.2 mmol),
CUuCN-2LIiCI (1 min THF, 1.3 mL, 1.30 mmol) applyingP5 andTP8. Metalation conditions:
0 °C, 1 h. Flash chromatography on silica (EtOAtchished a colorless solid (209 mg, 77%).
m.p.: 143.0 - 144.2 °C.

'H-NMR (300 MHz, CDCl3) 6: 7.9 (d,J = 1.1 Hz, 1 H), 7.8 (m, 2 H), 2.8 (m, 12 H).
3C-NMR (75 MHz, CDCls) : 156.9, 138.0, 137.4, 122.0, 116.7, 114.0, 10B08,9, 36.8.
MS (70 eV, El)m/z(%): 278 (66) [M], 207 (100), 206 (23), 135 (50), 97 (16), 95 (188,
(32), 73 (54), 57 (18), 55 (27), 43 (13), 41 (23).

IR (ATR) v (cmi): 3056, 2936, 2892, 2236, 1604, 1488, 1456, 13PB®6, 1252, 1224,
1192, 1164, 1108, 1068, 1000, 984, 924, 912, 864, B64, 744, 716, 684, 660.

HRMS (El): 278.0920 (calcd.: 278.0933).

Synthesis of 4-cyano-2-(2-methylprop-2-en-1-yl)pheh N,N,N',N'-
tetramethyldiamidophosphate (19c):

CN

©\/M§

(Me,N),P~°
(o]

The title compound was prepared frd®a (254 mg, 1.00 mmol), TMiMg-2LiCl (1.57 mL,
0.7wm in THF, 1.1 mmol), ZnGI(1 ™M in THF, 1.2 mL, 1.2 mmol), 3-bromo-2-methylpropene
(156 mg, 1.2 mmol), CuCRLIiCl (0.5 mL, 1m in THF, 50 mol%) applyingP5 and TP9.
Metalation conditions: 0 °C, 1 h. Flash chromatpgsa on silica (EtOAc) furnished a
colorless oil (258 mg, 84%).

'H-NMR (300 MHz, CDCls3) 6: 7.5 (m, 2 H), 7.5 (s, 1 H), 4.9 @= 1.8 Hz, 1 H), 4.6 (d] =
0.9Hz,1H),3.4(s,2H),2.7(m,12 H) 1.7 (318

3C-NMR (75 MHz, CDCls) ¢: 153.7, 142.8, 135.0, 132.2, 131.8, 120.1, 11018,3, 107.6,
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38.0, 36.9, 22.7.
MS (70 eV, El)m/z(%): 307 (29) [M], 306 (23), 263 (22), 200 (15), 199 (13), 173 (156
(11), 154 (14), 136 (15), 135 (100), 92 (32).

IR (ATR) V (cmi%): 3460, 2932, 2904, 2856, 2812, 2228, 1652, 14880, 1492, 1456,
1412, 1376, 1304, 1248, 1212, 1180, 1112, 1068, ®8B, 924, 876, 832, 756, 724, 704, 684,
664.

HRMS (EI): 307.1410 (calcd.: 307.1450).

Synthesis of 4-bromo-2-(3,3-dimethyl-2-oxobutyl)pheyl N,N,N',N'-
tetramethyldiamidophosphate (19d)

Br

@WA,BU
(e}

(MeN),p~°
(6]

The title compound was prepared frd8b (614 mg, 2.00 mmol), TMRg-2LICl (3.14 mL,
0.7 M in THF, 2.2 mmol), ZnGl (1 M in THF, 1.2 mL, 1.2 mmol), 3,3-dimethylbutanoyl
chloride (323 mg, 2.4 mmol), CuC2LIiCl (0.5 mL, 1m in THF, 50 mol%) applyind P5 and
TP8. Metalation conditions: —50 °C, 7 h. Flash chramgsaphy on silica (EtOAc) furnished
a colorless oil (293 mg, 72%).

'H-NMR (300 MHz, CDCls3) 6: 7.5 (m, 1 H), 7.5 (m, 2 H), 2.9 (s, 2 H), 2.7 (12,H), 1.1 (s,

9 H).

3C-NMR (75 MHz, CDCl3) 6: 201.3, 153.4, 148.2, 135.0, 131.8, 122.4, 116584, 36.9,
31.8, 30.0.

MS (70 eV, El)m/z(%): 404 (5) [M], 363 (10), 362 (62), 361 (17), 360 (62), 346 (BN4
(20), 335 (34), 333 (35), 307 (45), 306 (100), 368), 304 (100), 303 (19), 299 (11), 297
(11), 262 (12), 260 (11), 225 (21), 224 (11), 20@)( 199 (11), 198 (12), 135 (100), 92 (19),
57 (17).

IR (ATR) vV (cm™): 3460, 2952, 2904, 2868, 2812, 1688, 1588, 13&92, 1388, 1364,
1304, 1264, 1212, 1176, 1116, 1068, 988, 896, Ba0, 744, 724, 676.

HRMS (El): 404.0811 (calcd.: 404.0863).

Synthesis of ethyl 2'-{[bis(dimethylamino)phosphorijoxy}-5'-fluorobiphenyl-4-
carboxylate (19e):
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F

(MezN)zF?\‘\EcozEt

(0]

The title compound was prepared frd®c (246 mg, 1.00 mmol), TMiMg-2LiCl (1.57 mL,
0.7M in THF, 1.1 mmol), ethyl-4-iodobenzoate (414 mdy finmol), ZnC} (1.2 ml, 1M in
THF, 1.2 mmol), Pd(dba)X11 mg, 2 mol%), P(2-fur@)(9 mg, 4 mol%) applyingP5 and
TP7. Metalation conditions: —40 °C, 4 h. Flash chrovgasphy on silica (EtOAc) furnished a
pale yellow solid (307 mg, 78%).

m.p.: 77.0 - 78.6 °C.

'H-NMR (600 MHz, CDCls) 6: 8.1 (d,J = 8.4 Hz, 2 H), 7.6 (d) = 8.6 Hz, 2 H), 7.5 (dd] =
9.8 Hz,J = 5.4 Hz, 1 H), 7.0 (m, 2 H), 4.4 (4,= 7.1 Hz, 2 H), 2.7 (m, 2 H), 2.5 (m, 10 H),
1.4 (t,J = 7.2 Hz, 3 H).

3C-NMR (150 MHz, CDCls) J: 166.6, 159.9, 158.3, 144.6, 141.9, 133.9, 12129,7, 129.6,
122.3, 117.5, 116.0, 115.8, 61.3, 36.9, 36.7, 1@kserved complexity due to C-F splitting,
definitive assignments have not been made.

MS (70 eV, El)m/z(%): 394 (3) [M], 286 (13), 260 (10), 186 (10), 157 (10), 135 (100

IR (ATR) v (cm™): 3040, 3004, 2928, 2908, 2856, 2816, 1708, 14688, 1592, 1568,
1512, 1488, 1452, 1424, 1400, 1372, 1304, 12802,1P%24, 1172, 1128, 1100, 1068, 1016,
992, 940, 912, 884, 860, 828, 772, 756, 732, 70Q, G72.

HRMS (ESI): 395.1529 (calcd.: 395.1536).

Synthesis of 5-fluoro-3'-methylbiphenyl-2-yl N,N,N',N'-tetra-methyldiamidophosphate
(291):

(MeN),p~°
(e} Me

The title compound was prepared fra®c(1.23 g, 5.0 mmol), TMMg-2LiCl (7.85 mL, 0.7

M in THF, 5.5 mmol), 3-iodotoluene (1.2 g, 5.5 mmoBnChL (6.0 ml, 1m in THF, 6.0

mmol), Pd(dba) (55 mg, 2 mol%), P(2-fury) (45 mg, 4 mol%) applying P5 and TP7.

Metalation conditions: —40 °C, 4 h. Flash chrometpdy on silica (EtOAc) furnished a pale
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yellow oil (1.26 g, 75%).

'H-NMR (600 MHz, CDCls) d: 7.4 (ddd,J = 9.0 Hz,J = 4.9 Hz,J = 1.2 Hz, 1 H), 7.3 (ddd,
J=15.2 Hz,J = 7.8 Hz,J = 7.7 Hz, 3 H), 7.1 (d) = 7.6 Hz, 1 H), 7.0 (ddd] = 9.0 Hz,J =
3.2Hz,J=1.0Hz, 1 H), 7.0 (ddd] =9.0 Hz,J = 7.7 Hz,J = 3.2 Hz, 1 H), 2.7 (m, 1 H), 2.5
(m, 11 H), 2.4 (s, 3 H).

13C-NMR (150 MHz, CDCls) 6: 159.9, 158.4, 144.6, 137.8, 137.2, 130.4, 1288,3, 126.7,
122.1, 117.5, 115.1, 36.9, 21.6. Observed compledile to C-F splitting, definitive
assignments have not been made.

MS (70 eV, El)m/z(%): 337 (15), 336 (100) [, 248 (12), 247 (14), 228 (83), 185 (13),
183 (12), 169 (10), 136 (12), 135 (42), 92 (11)(7AD).

IR (ATR) vV (cm™): 3464, 2992, 2924, 2896, 2852, 2812, 1608, 13846, 1476, 1412,
1396, 1304, 1220, 1164, 1116, 1096, 1068, 1044, 983, 892, 816, 788, 760, 720, 700, 664.
HRMS (El): 336.1377 (336.1403).

Synthesis of 2-cyclohex-2-en-1-yl-4-fluorophenyl N,N,N',N'-
tetramethyldiamidophosphate (199):

F

(MezN)zrj?\‘

(0]

The title compound was prepared frd®c (246 mg, 1.00 mmol), TMiMg-2LICl (1.57 mL,
0.7m in THF, 1.1 mmol), ZnGl(1 ™ in THF, 1.2 mL, 1.2 mmol), 3-bromocyclohexene (354
mg, 1.2 mmol), CuCRLICl (0.5 mL, 1M in THF, 50 mol%) applyingTP5 and TPO9.
Metalation conditions: —40 °C, 4 h. Flash chromeapyy on silica (EtOAc) furnished a
colorless oil (277 mg, 85%).

'H-NMR (600 MHz, CDCls3) §: 7.2 (dddJ = 8.9 Hz,J =4.9 Hz,J = 1.2 Hz, 1 H), 6.9 (ddd,
J=9.6 Hz,J =3.2 Hz,J =1.0 Hz, 1 H), 6.8 (ddd] = 8.9 Hz,J = 7.7 Hz,J = 3.2 Hz, 1 H),
6.0 (m, 1 H), 5.6 (m, 1 H), 3.8 (s, 1 H), 2.7 (r8,H), 2.1 (m, 2 H), 2.0 (m, 1 H), 1.7 (m, 1 H),
1.6 (m, 2 H).

3C-NMR (150 MHz, CDCl3) 6: 160.1, 145.2, 138.8, 129.8, 129.0, 120.3, 11518,6, 36.9,
35.1, 30.4, 25.1, 20.8. Observed complexity du€- splitting, definitive assignments have
not been made.

MS (70 eV, El)m/z(%): 327 (20), 326 (100) [[, 192 (12), 190 (12), 153 (23), 135 (95), 92
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(15), 44 (39).
IR (ATR) V (cmi%): 3456, 3220, 3020, 2928, 2856, 2812, 1652, 18582, 1484, 1456,

1420, 1392, 1308, 1240, 1220, 1168, 1096, 1068, ¥&8, 900, 864, 816, 756, 736, 708, 664.
HRMS (El): 326.1574 (326.1559).

Synthesis of 2-benzoyl-4-chlorophenyM,N,N’,N'-tetramethyl-diamidophosphate (19h):

Cl

COPh

(MeN),p~°
(@]

The title compound was prepared fra®d (1.31 g, 5.0 mmol), TMMMg-2LIiCI (7.85 mL, 0.7
M in THF, 5.5 mmol), ZnGI(1 ™M in THF, 6.0 mL, 6.0 mmol), benzoyl chloride (778 n%.5
mmol), CuCN2LIiCI (2.5 mL, 1™ in THF, 50 mol%) applyingfrP5 and TP8. Metalation
conditions: —40 °C, 4 h. Flash chromatography dicasiEtOAc) furnished a pale red oil
(1.57 g, 85%).

'H-NMR (600 MHz, CDCl3) 6: 7.8 (m, 2 H), 7.6 (m, 1 H), 7.5 (ddi= 8.8 Hz,J = 0.9 Hz, 1
H), 7.5 (t,J = 7.8 Hz, 2 H), 7.4 (m, 1 H), 7.4 (dd= 2.7 Hz,J = 1.0 Hz, 1 H), 2.4 (m, 12 H).
3C-NMR (150 MHz, CDCl3) 6: 194.2, 147.8, 137.2, 133.8, 132.6, 131.8, 13[29,4, 128.8,
121.8, 36.5.

MS (70 eV, El)m/z(%): 366 (3) [M], 324 (35), 323 (24), 322 (100), 321 (11), 280)(2¥8
(34), 258 (13), 228 (12), 135 (100), 105 (10), I8)( 44 (36).

IR (ATR) vV (cm™): 3460, 3064, 2928, 2896, 2852, 2812, 1668, 13962, 1448, 1400,
1312, 1288, 1264, 1216, 1180, 1156, 1116, 1068, &8, 900, 832, 808, 788, 760, 740, 712,
700, 668.

HRMS (El): 366.0900 (calcd.: 366.0900).

Synthesis of 4-chloro-2-(1-hydroxy-2,2-dimethylpropyl)phenyl ~ N,N,N',N'-
tetramethyldiamidophosphate (19i):

Cl

©\(t8u

(MeN),P O O
(6]
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4-Chlorophenyl N,N,N',N'-tetramethyldiamidophosphatel8d) (525 mg, 2.0 mmol) was
reacted with TMEMg-2LiCl (3.14 mL, 0.7m in THF, 2.2 mmol) in THF (2 mL) at -4 for
1.5 h. Complete metalation was detected by GC-aisabf reaction aliquots, quenched with
I, in THF. Then the mixture was cooled to —80 °C pivdline aldehyde (215 mg, 2.5 mmol)
was slowly added. The reaction mixture was slowdymed to 25C and stirred for 1 h. The
reaction mixture was quenched with sat. aq4@lsolution (5 mL), extracted with g (3 x
15 mL) and dried over anhydrous Mgg&Q@ifter filtration, the solvent was evaporated
vacua Purification by flash chromatography (EtOAc) fistmed a colorless solid (550 mg,
79%).

m.p.: 158.3 - 160.5 °C.

'H-NMR (300 MHz, CDCl3) d: 7.5 (d,J = 2.0 Hz, 1 H), 7.2 (m, 2 H), 4.8 (s, 1 H), 3.1 (br,
OH), 2.7 (m, 12 H), 1.0 (s, 9 H).

3C-NMR (75 MHz, CDCls) §: 147.5, 136.3, 129.5, 129.4, 128.2, 120.6, 74639,336.5,
26.1.

MS (70 eV, EI)m/z(%): 348 (2) [M], 290 (16), 189 (12), 288 (44), 247 (31), 246 (1Z)5
(100), 153 (21), 135 (67), 91 (10), 44 (31).

IR (ATR) v (cmi): 3336, 2944, 2928, 2904, 2876, 1472, 1384, 13832, 1292, 1256,
1232, 1208, 1168, 1116, 1092, 1060, 1000, 984, 908, 896, 868, 808, 752, 724, 672.
HRMS (El): 348.1354 (calcd.: 348.1370).

Synthesis of ethyl 3-{[bis(dimethylamino)phosphonjbxy} 4-bromobenzoate (22a):

CO,Et

i
_P(NMe.
o (NMej),
Br

Ethyl 3-{[bis(dimethylamino)phosphoryl]oxy}benzoaté€1a (300 mg, 1.0 mmol) was
dissolved in THF (1 mL) and cooled to 0 °C. ThenH:Mg-2LiCI (0.6 M in THF, 1.83 mL,
1.1 mmol) was added dropwise. The mixture wasestifor 1 h, and after that BsQCCLBr
(779 mg, 2.4 mmol), dissolved in dry THF (2 mL), svadded dropwise at —40 °C and the
resulting mixture was warmed to 25 °C and stirred £ h. The reaction mixture was
guenched with sat. ag. N@I solution (5 mL), extracted with g (3 x 15 mL) and dried
over anhydrous N&Q,. After filtration, the solvent was evaporat@dvacuo Purification by
flash chromatography (EtOAc) furnishedpale yellow oil (302 mg, 80%).
'H-NMR (600 MHz, CDCls) §: 8.0 (m, 1 H), 7.7 (m, 1 H), 7.6 (d,= 7.9 Hz, 1 H), 4.4 (&)
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= 7.1 Hz, 2 H), 2.8 (m, 12 H), 1.4 (m, 3 H).

3C-NMR (150 MHz, CDCls) §: 165.6, 150.0, 133.6, 131.4, 126.1, 121.8, 126116, 37.0,
14.5.

MS (70 eV, El)m/z(%): 378 (1) [M-H], 299 (39), 135 (100), 92 (17), 63 (8).

IR (ATR) V (cm): 2929, 2811, 1717, 1589, 1573, 1475, 1405, 13@F9, 1212, 1101,
1068, 988, 954, 850, 754, 680, 663.

HRMS (El): 378.0377 (calcd.: 378.0344).

Synthesis of ethyl 4-benzoyl-3-{[bis(dimethylaminephosphoryl]oxy}benzoate (22b):

CO,Et

i

_P(NM

o (NMey),
COPh

The title compound was prepared fr@ba (300 mg, 1.0 mmol), TMIRg-2LICl (1.57 mL,
0.7m in THF, 1.1 mmol), ZnGI(1 ™M in THF, 1.2 mL, 1.2 mmol), benzoyl chloride (15%m
1.1 mmol), CuCNeLiCl (0.5 mL, 1m in THF, 50 mol%) applying P5 andTP8. Metalation
conditions: 0 °C, 1 h. Flash chromatography oreai(EtOAC) furnished a greenish yellow oll
(296 mg, 73%).

'H-NMR (600 MHz, CDCl3) 8: 8.1 (m, 1 H), 7.9 (dd] = 7.9 Hz, 1.3 Hz, 1 H), 7.8 (m, 2 H),
7.6 (m, 1 H), 7.4 (m, 3H), 4.4 (4,= 7.1 Hz, 2 H), 2.5 (m, 12 H), 1.4 ,= 7.2 Hz, 3 H).
13C-NMR (150 MHz, CDCl3) ¢: 195.0, 165.5, 149.1, 137.1, 135.5, 134.0, 13138,2, 129.5,
128.9, 127.6, 125.1, 121.5, 61.7, 36.5, 14.5.

MS (70 eV, El)m/z(%): 404 (1) [M], 361 (23), 360 (100), 359 (15), 317 (35), 289)(PH9
(10), 266 (14), 168 (13), 152 (11), 135 (45), 1P6)( 92 (16), 77 (39).

IR (ATR) vV (cm): 2929, 1718, 1668, 1596, 1405, 1281, 1205, 1989, 964, 920, 851,
756, 703, 652.

HRMS (El): 404.1493 (calcd.: 404.1501).

Synthesis of diethyl 2-{[bis(dimethylamino)phosphoyl]loxy}-biphenyl-4,4'-dicarboxylate
(22c¢):
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CO,Et

s
o-P(NMey),

CO,Et
The title compound was prepared fr@ba (300 mg, 1.00 mmol), TMiMg-2LiCl (1.57 mL,
0.7M in THF, 1.1 mmol), ethyl-4-iodobenzoate (414 mdy finmol), ZnC} (1.2 ml, 1M in
THF, 1.2 mmol), Pd(dba)X11 mg, 2 mol%), P(2-fur@)(9 mg, 4 mol%) applyingP5 and
TP7. Metalation conditions: —40 °C, 4 h. Flash chramgaaphy on silica (EtOAc) a yellowish
solid (351 mg, 78%).
m.p.: 53.0 - 55.9 °C.
'H-NMR (600 MHz, CDCls) §: 8.1 (m, 2 H), 8.0 (m, 1 H), 7.9 (m, 1 H), 7.6 (), 7.4 (dd,
J=8.1Hz,J=1.0Hz, 1 H), 4.4 (m, 4 H), 2.5 (m, 12 H), 1.4 @GrH).
3C-NMR (150 MHz, CDCls) J: 166.6, 165.9, 148.6, 148.5, 142.1, 137.2, 13138,1, 130.0,
129.8, 129.6, 125.6, 121.9, 61.5, 61.3, 36.7, 14.5.
MS (70 eV, El)m/z (%): 448 (4) [M], 403 (3), 374 (10), 340 (24), 314 (31), 195 (1169
(7), 139 (15), 135 (100), 92 (8).
IR (ATR) vV (cm™): 2987, 2901, 1707, 1605, 1556, 1518, 1474, 13886, 1272, 1235,
1181, 1197, 1124, 1099, 1070, 1026, 999, 958, 988, 854, 845, 781, 757, 728, 675.
HRMS (El): 448.1777 (calcd.: 448.1763).

Synthesis of 2-iodo-5-(trifluoromethyl)phenyl N,N,N', N'-tetramethyldiamidophosphate
(22d):

CF;

2
o P(N Mez)z

A solution of 21b (592 mg, 2.0 mmol) in THF (2 mL) was cooled to -40. Then
TMP,Mg-2LIiCl (0.6 M in THF, 3.67 mL, 2.2 mmol) was added dropwise #ral resulting
mixture was stirred for 2 h at —40 °C. Complete afsgion was detected by GC-analysis of
reaction aliquots, quenched withih THF. L (558 mg, 2.2 mmol) in THF (2 mL) was added
and the mixture was warmed to 25 °C within 12 he Téaction mixture was quenched by the
addition of sat. aq. N&0O3; (10 mL) and sat. ag. NJ@l solution (10 mL). The mixture was
extracted with BO (3 x 20 mL) and with EtOAc (3 x 20 mL). The coméd organic layers
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were washed with brine, dried over J8&, and the solvent was evaporatedvacuo The
residue was purified by flash chromatography orcailEbO/n-pentane 3:1) furnishing a
colorless solid (749 mg, 88%).

m.p.: 85.3 - 86.1 °C.

'H-NMR (300 MHz, CDCl3) 6: 7.9 (d,J = 8.4 Hz, 1 H), 7.7 (s, 1 H), 7.1 (dd#l= 8.3 Hz,J =
2.1 Hz, 1 H), 2.8 (m, 12 H).

3C-NMR (75 MHz, CDCl3) 6: 152.1, 140.3, 132.4 (d(C-F) = 33.3 Hz), 123.8, 123.7 (q,
J(C-F) =272.2 Hz), 122.0, 116.6, 37.1.

MS (70 eV, El)m/z(%): 423 (16), 422 (93), 378 (39), 314 (41), 298)( 295 (100), 287 (10),
276 (47), 252 (15), 250 (14), 232 (10), 207 (288 119), 160 (37), 145 (11), 144 (34), 141
(11), 136 (25), 135 (100), 132 (29), 92 (46), 92)(BO0 (20), 76 (14), 63 (11).

IR (ATR) v (cmi): 2932, 2908, 2856, 1596, 1576, 1480, 1460, 14324, 1292, 1260,
1232, 1204, 1168, 1120, 1080, 1028, 1000, 980, 84D, 824, 764, 732, 716, 676.

HRMS (El): 421.9870 (calcd.: 421.9868).

Synthesis of 2-bromo-5-iodophenyN,N,N',N'-tetramethyldiamidophosphate (22e):

Q
o P(NMey),

Br

3-lodophenyl N,N,N',N‘tetramethyldiamidophosphate21© (400 mg, 1.0 mmol) was
dissolved in THF (1 mL) and cooled to 0 °C. ThenH:Mg-2LiCI (0.6 M in THF, 1.83 mL,
1.1 mmol) was added dropwise. The mixture wasestifor 1 h, and after that BsQCCLBr
(488 mg, 1.5 mmol), dissolved in dry THF (1 mL), svadded dropwise at 0 °C and the
resulting mixture was warmed to 25 °C and stirred £ h. The reaction mixture was
guenched with sat. aqg. N@I solution (5 mL), extracted with E (3 x 15 mL) and dried
over anhydrous N&Q,. After filtration, the solvent was evaporat@dvacuo Purification by
flash chromatography (EtOAc) furnished a yellowssiid (329 mg, 76%).

m.p.: 64.9 - 66.9 °C.

'H-NMR (600 MHz, CDCls3) 6: 7.7 (m, 1 H), 7.3 (dd] = 1.2 Hz,J = 8.4 Hz, 1 H), 7.2 (dd]

= 0.9 Hz,J=8.2 Hz, 1 H), 2.7 (, 12 H).

13C-NMR (150 MHz, CDCls) §: 149.6, 134.9, 134.6, 130.2, 114.7, 92.5, 37.2.

MS (70 eV, El)m/z(%): 432 (1) [M+H], 353 (100), 135 (90), 92 (5), 63 (2), 44(11).
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IR (ATR) V (cm): 2931, 2884, 2845, 2811, 1566, 1467, 1383, 13290, 1215, 1172,
1068, 999, 983, 920, 799, 755, 675.
HRMS (EI): 432.9178 (calcd.: 432.9178).

Synthesis of 4-cyano-2-(2,2-dimethylpropanoyl)phery N,N,N',N'-
tetramethyldiamidophosphate (19)):

CN

COtBu

(MeN)P~©
(o]

The title compound was prepared fr&a (1.27 g, 5.0 mmol), TMMg-2LICl (7.85 mL, 0.7
M in THF, 5.5 mmol), ZnGI(1 ™ in THF, 6.0 mL, 6.0 mmol), pivaloyl chloride (66dg, 5.5
mmol), CuCN2LIiCI (2.5 mL, 1™ in THF, 50 mol%) applyingfrP5 and TP8. Metalation
conditions: 0 °C, 1 h. Flash chromatography orcaijEtOAc) furnished a colorless solid
(1.32 g, 78%).

m.p.: 65.4 - 67.9 °C.

'H-NMR (300 MHz, CDCl3) 6: 7.8 (m, 1 H), 7.6 (dd) = 8.7 Hz,J = 2.1 Hz, 1 H), 7.4 (m, 1
H), 2.7 (m, 12 H), 1.2 (s, 9 H).

3C-NMR (75 MHz, CDCls3) §: 209.4, 151.5, 134.3, 133.7, 130.3, 120.8, 11B02,2, 45.5,
36.9, 26.8.

MS (70 eV, El)m/z(%): 338 (1) [M], 337 (1), 295 (47), 294 (100), 293 (10), 281 (&80
(100), 278 (13), 237 (18), 230 (19), 186 (59), (8%, 173 (12), 146 (10), 145 (23), 136 (12),
135 (100), 92 (34), 90 (10), 57 (19).

IR (ATR) vV (cmi): 3392, 3196, 3076, 2228, 1696, 1600, 1484, 14384, 1300, 1224,
1132, 988, 892, 852, 764, 748, 692, 660.

HRMS (El): 337.1566 (calcd.: 337.1555).

Synthesis of 4-cyano-2,6-bis(2,2-dimethylpropanoyhenyl N,N,N',N'-
tetramethyldiamidophosphate (24a):
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CN

tBuOC/©\COtBu

(MezN)zF’/o
0]

The title compound was prepared frd9j (1.67 g, 5.0 mmol), TMiMg-2LiCl (7.85 mL, 0.7
M in THF, 5.5 mmol), ZnGI(1 m in THF, 6.0 mL, 6.0 mmol), pivaloyl chloride (6&0g, 5.5
mmol), CuCN2LIiCI (2.5 mL, 1™ in THF, 50 mol%) applyingfrP5 and TP8. Metalation
conditions: —60 °C, 0.5 h. Flash chromatographysitina (n-pentane/BO 1:1) furnished a
colorless solid (648 mg, 77%).

m.p.: 167.3 - 168.7 °C.

'H-NMR (300 MHz, CDCl3) §: 7.6 (s, 2 H), 2.6 (m, 12 H), 1.3 (s, 18 H).

3C-NMR (75 MHz, CDCl3) 6: 208.1, 148.2, 136.9, 131.2, 117.7, 107.0, 4%18,37.8.

MS (70 eV, El)m/z(%): 421 (1) [M], 378 (15), 377 (78), 365 (58), 364 (31), 319 (65
(54), 46 (100).

IR (ATR) vV (cm™): 2972, 2932, 2912, 2872, 2808, 2236, 1752, 18626, 1592, 1576,
1476, 1436, 1408, 1392, 1364, 1304, 1284, 12400,12292, 1148, 1080, 1044, 1020, 996,
944, 904, 888, 872, 836, 800, 780, 752, 712, 668, 6

HRMS (El): 421.2127 (calcd.: 421.2130).

Synthesis of 5-bromo-4'-cyanobiphenyl-2-ylIN,N,N',N'-tetramethyldiamidophosphate
(19K):

.0
(Me;N),P
o}

The title compound was prepared frd®b (1.54 g, 5.00 mmol), TMRIg-2LICI (7.85 mL,

0.7m in THF, 5.5 mmol), 4-iodobenzonitrile (1.26 g, @ mmol), ZnC} (6.0 ml, 1M in THF,

6.0 mmol), Pd(dba)(55 mg, 2 mol%), P(2-fury)(45 mg, 4 mol%) applyingP5 andTP7.

Metalation conditions: =50 °C, 7 h. Flash chrometpdy on silica (EtOAc) furnished a pale

yellow solid (1.63 g, 80%).

m.p.: 128.8 - 129.8 °C.

'H-NMR (300 MHz, CDCls) 8: 7.7 (d,J = 8.6 Hz, 2 H), 7.6 (dJ = 8.6 Hz, 2 H), 7.5 (m, 1
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H), 7.4 (m, 2 H), 2.5 (m, 12 H).

13C-NMR (75 MHz, CDCls) 6: 147.7, 141.7, 135.4, 133.5, 132.9, 132.2, 13[3,6, 118.8,
117.3, 111.8, 36.7.

MS (70 eV, El)m/z(%): 407 (4) [M], 193 (13), 164 (6), 135 (100).

IR (ATR) V (cm): 3076, 2928, 2904, 2856, 2808, 2224, 1608, 13@®8, 1452, 1408,
1384, 1300, 1260, 1228, 1212, 1184, 1124, 1108310628, 1016, 984, 904, 852, 816, 804,
768, 756, 728, 684.

HRMS (El): 407.0386 (calcd.: 407.0398).

Synthesis of  5-bromo-4'-cyano-3-(2-methylprop-2-ea-yl)bi-phenyl-2-yl N,N,N’,N'-
tetramethyldiamidophosphate (24b):

0]

The title compound was prepared frd@k (408 mg, 1.0 mmol), TMiMg-2LICl (1.57 mL,
0.7m in THF, 1.1 mmol), ZnGI(1 ™M in THF, 1.2 mL, 1.2 mmol), 3-bromo-2-methylpropene
(150 mg, 1.1 mmol), CuCRLIiCl (0.5 mL, 1m in THF, 50 mol%) applyingP5 and TP9.
Metalation conditions: —60 °C, 0.5 h. Flash chraygaaphy on silica (EtOAc) furnished a
colorless solid (356 mg, 77%).

m.p.: 124.0 - 125.2 °C.

'H-NMR (600 MHz, CDCls) §: 7.7 (d,d = 7.9 Hz, 2 H), 7.6 (d) = 8.2 Hz, 2 H), 7.4 (d) =
24 Hz,1H),7.3()=2.4Hz,1H),49(s,1H),4.6(s,1H), 3.6 ($)R2.3(m, 12H), 1.8
(s, 3 H).

3C-NMR (150 MHz, CDCl3) 6: 145.7, 143.7, 136.5, 135.3, 134.3, 132.3, 1330,6, 118.8,
118.3, 113.3, 111.5, 39.1, 36.4, 22.8.

MS (70 eV, El)m/z(%): 452 (1) [M], 410 (15), 409 (10), 408 (41), 397 (30), 396 (135
(100), 135 (100), 44 (10).

IR (ATR) v (cm™): 3068, 2932, 2904, 2848, 2804, 2228, 1648, 14892, 1552, 1504,
1484, 1448, 1412, 1396, 1376, 1300, 1256, 1224611976, 1112, 1096, 1072, 1004, 988,
940, 912, 880, 844, 808, 776, 748, 688, 664.

HRMS (El): 461.0865 (calcd.: 461.0868).
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Synthesis of 5-chloro-4'-methoxybiphenyl-2-yN,N,N',N'-tetra-methyldiamidophosphate
(a9l):

(MezN)zF’/O
0]

The title compound was prepared fra®d (2.62 g, 8.0 mmol), TMMMg-2LIiCI (12.6 mL, 0.7

M in THF, 8.8 mmol), ZnGl (1 M in THF, 9.6 mL, 9.6 mmol), 3-bromo-2-methylpropene
(150 mg, 1.1 mmol), Pd(dbaj88 mg, 2 mol%), P(2-fury)(72 mg, 4 mol%) applyingP5
and TP7. Metalation conditions: —40 °C, 1.5 h. Flash chatmgraphy on silica (EtOAc)
furnished an orange oil (2.78 g, 90%).

'H-NMR (600 MHz, CDCls3) 6: 7.5 (dd,J = 8.7 Hz,J = 1.2 Hz, 1 H), 7.4 (dJ = 8.8 Hz, 2
H), 7.3 (dd,J =2.6 Hz,J = 1.1 Hz, 1 H), 7.2 (dd]) = 8.6 Hz,J = 2.6 Hz, 1 H), 6.9 (d) = 8.8
Hz, 2 H), 3.8 (s, 3 H), 2.5 (m, 12 H).

3C-NMR (150 MHz, CDCls) §: 159.4, 147.3, 134.8, 134.7, 130.8, 129.5, 12(08,2, 122.1,
113.7, 55.5, 36.7.

MS (70 eV, El)m/z (%): 370 (29), 369 (17), 368 (100) [M 279 (27), 260 (21), 236 (18),
234 (61), 198 (14), 139 (17), 136 (13), 135 (64)(®0), 44 (47).

IR (ATR) vV (cm™): 3464, 3000, 2932, 2900, 2852, 2812, 1608, 13864, 1516, 1480,
1464, 1420, 1388, 1296, 1244, 1204, 1176, 11282,11096, 1068, 1040, 1024, 984, 904,
816, 780, 756, 724, 696, 668.

HRMS (El): 326.1574 (calcd.: 326.1559).

Synthesis of 5-chloro-3-(2,2-dimethylpropanoyl)-4methoxybi-phenyl-2-yl N,N,N',N'-
tetramethyldiamidophosphate (24c):

tBuOC

(Me;N),P~©
(o]

The title compound was prepared frd®l (738 g, 2.0 mmol), TMMg-2LiCI (3.14 mL, 0.7
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M in THF, 2.2 mmol), ZnGI(1 ™ in THF, 2.2 mL, 2.2 mmol), pivaloyl chloride (26&g, 2.2
mmol), CuCN2LIiCI (1.0 mL, 1™ in THF, 50 mol%) applyingfrP5 and TP8. Metalation
conditions: —60 °C, 0.5 h. Flash chromatographysitina (n-pentane/B0O 1:2) furnished a
colorless solid (744 mg, 82%).

m.p.: 155.2 - 156.3 °C.

'H-NMR (300 MHz, CDCls) d: 7.4 (d,J = 8.8 Hz, 2 H), 7.3 (m, 1H), 7.2 (d,= 2.6 Hz, 1 H),
7.0 (d,J =8.8 Hz, 2 H), 3.9 (s, 3 H), 2.3 (m, 12 H), 1.4947).

3C-NMR (75 MHz, CDCls) d: 209.1, 159.6, 143.7, 137.9, 137.0, 132.2, 13130,2, 128.9,
125.9, 114.0, 55.6, 44.8, 36.4, 28.6.

MS (70 eV, El)m/z(%): 463 (10), 461 (10) [K], 135 (100), 44 (16).

IR (ATR) vV (cm™): 2972, 2956, 2928, 2904, 2852, 2816, 1752, 11882, 1608, 1576,
1508, 1480, 1456, 1428, 1412, 1388, 1364, 12963,1P%48, 1236, 1204, 1188, 1172, 1120,
1108, 1072, 1028, 988, 932, 900, 872, 832, 816, 784, 756, 724, 692, 664.

HRMS (El): 452.1650 (calcd.: 452.1632).

4.5. Regioselective Metalation orN-Heterocycles

4.5.1.Starting Material Synthesis:

Synthesis of pyridin-2-yIN,N,N',N'-tetramethyldiamidophosphate (28a):

The title compound was prepared from 2-hydroxygged(1.90 g, 20 mmol) applyingP2.
The dark red oil (4.12 g, 90%) was used withouthfeir purification.

'H-NMR (600 MHz, CDCl3) 6 (ppm): 8.2 (m, 1 H), 7.7 (1= 7.9 Hz, 1 H), 7.1 (d) = 8.1
Hz, 1 H), 7.0 (tJ = 6.0 Hz, 1 H), 2.7 (m, 12 H).

3C-NMR (100 MHz, CDCls) § (ppm): 158.3, 148.1, 139.6, 120.1, 113.9, 106.57.36
Observed complexity due to C-P splitting, defirgtassignments have not been made.

IR (ATR) V (cniY): 3466, 2930, 2894, 1590, 1468, 1430, 1302, 12264, 1180, 986, 908,
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794, 770, 750, 670.
MS (70 eV, El)m/z(%): 186 (42), 185 (63), 141 (100), 139 (35), 123), 96 (42), 78 (69),
51 (11), 44 (70).

HRMS (EI): 229.0966 (calcd.: 229.0980).

Synthesis of pyridin-3-yIN,N,N',N'-tetramethyldiamidophosphate (28b):

o
S O B(NMe,),
~

N

The title compound was prepared from 3-hydroxygged(1.90 g, 20 mmol) applyingP2.
The dark red oil (4.03 g, 88%) was used withouthfeir purification.

'H-NMR (300 MHz, CDCl3) § (ppm): 8.5 (m, 1 H), 8.4 (d,= 4.2 Hz, 1 H), 7.7 (m, 1 H), 7.3
(dd,J = 8.4, 4.7 Hz, 1 H), 2.7 (m, 12 H).

13C-NMR (75 MHz, CDCls) 5 (ppm): 148.48, 145.05, 142.07, 127.84, 124.18,636.6

IR (ATR) V (cniY): 3446, 2930, 2896, 2814, 1476, 1424, 1306, 12300, 1188, 986, 896,
814, 770, 752, 706, 670.

MS (70 eV, El)m/z(%): 229 (54) [M], 186 (52), 135 (90), 121 (23), 92 (32), 78 (243,
(23).

HRMS (EI): 229.0955 (calcd.: 229.0980).

Synthesis of pyridin-4-yIN,N,N', N'-tetramethyldiamidophosphate (28c):

The title compound was prepared from 4-hydroxypgged(1.90 g, 20 mmol) applyingP2.
The yellow oil (3.71 g, 81%) was used without fertipurification.

'H-NMR (300 MHz, CDCls) § (ppm): 8.4 (m, 2 H), 7.1 (m, 2 H), 2.6 (m, 12 H).
3C-NMR (75 MHz, CDCls3) 6 (ppm): 158.4 (ddJ(C-P) = 5.7, 1.7 Hz, 1 C), 151.3, 110.3, (d,
J(C-P) =5.7, 2 C), 36.5 (dd(C-P) = 4.0, 1.0 Hz, 4 C).
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IR (ATR) V (crmil): 3443, 2922, 2886, 2814, 1472, 1420, 1312, 12295, 1192, 987, 898,
815, 777, 742, 701, 680.

MS (70 eV, El)m/z(%): 229 (18) [M], 186 (16), 122 (54), 95 (15), 78 (30), 44 (61).
HRMS (El): 229.0971 (calcd.: 229.0980).

Synthesis of quinolin-2-yIN,N,N’,N'-tetramethyldiamidophosphate (30a):

CCL 8
I
N7 o P(NMe2);

The title compound was prepared from 2-hydroxyqliieo(2.90 g, 20 mmol) applyingP2.
The yellow solid (5.08 g, 91%) was used withoutHar purification.

m.p.: 65.3 - 65.6 °C

'H-NMR (300 MHz, CDCl3) ¢ (ppm): 8.1 (dJ = 8.7 Hz, 1 H), 7.9 (d) = 8.4 Hz, 1 H), 7.8
(m,1H),7.6(m,1H),7.5(m,1H), 7.2 s 8.7Hz, 1H),2.8(m, 12 H).

3C-NMR (75 MHz, CDCl3) é (ppm): 164.0, 156.6, 156.5, 146.5, 140.8, 140.8,8,31.30.5,
129.8, 128.2, 127.6, 127.4, 126.2, 125.5, 122.9,412119.8, 116.2, 114.0, 113.9, 36.8.
Observed complexity due to C-P splitting, defiratissignments have not been made.

IR (ATR) vV (cmi): 3440, 2924, 2806, 2454, 1646, 1598, 1468, 14332, 1260, 1242,
1222, 1214, 1176, 974, 946, 924, 834, 818, 776, 736, 690, 680, 670, 662.

MS (70 eV, El)m/z(%): 280 (12) [M]235 (51), 192 (75), 172 (10), 145 (100), 143 8828
(45), 117 (15)44, 44 (14).

HRMS (El): 279.1130 (calcd.: 279.1137).

Synthesis of quinolin-3-yIN,N,N’,N'-tetramethyldiamidophosphate (30f):

O.
m P(NMe,),
O
N/

The title compound was prepared from 3-hydroxyqglimeo(2.90 g, 20 mmol) applyingP2.
The colorless solid (5.30 g, 95%) was used wittiother purification.

m.p.: 66.6 - 66.9 °C

'H-NMR (300 MHz, CDCls3)  (ppm): 8.7 (dJ = 2.8 Hz, 1 H), 8.0 (m, 2 H), 7.7 (m, 1 H), 7.6
(m, 1 H), 7.5 (m, 1 H), 2.7 (d, 12 H).
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T3C-NMR (75 MHz, CDCl3) é (ppm): 145.3, 145.2, 145.1, 145.0, 144.9, 129.8,42128.3,
127.5,127.2,123.4, 36.7, 36.6.

Observed complexity due to C-P splitting, defiretassignments have not been made.

IR (ATR) V (cmi): 3432, 2928, 2890, 1646, 1600, 1458, 1422, 13800, 1220, 1212,
1188, 1178, 1154, 1140, 980, 914, 902, 850, 782, 784, 738, 722, 690, 672, 656.

MS (70 eV, El)m/z(%): 280 (12) [M], 235 (51), 192 (75), 172 (10), 145 (100), 143)(85
128 (45), 117 (15), 44 (14).

HRMS (El): 279.1130 (calcd.: 279.1137).

Synthesis of quinolin-4-yIN,N,N’,N'-tetramethyldiamidophosphate (30b):

Q
(MeaN),P<

: \/k/\
_
N

The title compound was prepared from 4-hydroxyqliieo(2.90 g, 20 mmol) applyingP2.
The colorless oil (4.63 g, 83%) was used withouthier purification.

'H-NMR (300 MHz, CDCl3) ¢ (ppm): 8.8 (dJ = 5.1 Hz, 2 H), 8.6 (d) = 5.6 Hz, 1 H), 8.1
(m, 1 H), 7.7 (m, 1 H), 7.6 (m, 1 H) 2.8 (m, 12 H).

3C-NMR (75 MHz, CDCl3) 6 (ppm): 154.9, 154.8, 151.3, 149.9, 129.9, 129.4,32122.1,
121.2, 109.1, 109.0, 44.0, 36.8, 36.7.

Observed complexity due to C-P splitting, defirgtassignments have not been made.

IR (ATR) V (cm): 3416, 2946, 2860, 2844, 2792, 1574, 1510, 14822, 1392, 1334,
1296, 1230, 1188, 1134, 1098, 1046, 990, 934, 886, 810, 764, 692, 664.

MS (70 eV, El)m/z(%): 236 (22), 193 (16), 146 (58), 135 (41), 129)( 118 816), 92 (35),
44 (100).

HRMS (El): 279.1134 (calcd.: 279.2748).

Synthesis of 2-chloroquinolin-8-yIN,N,N’,N'-tetramethyldiamidophosphate (30c):

X

7z

N~ Cl

O\P(NMez)z
o}
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The title compound was prepared from 2-chloroquim8tol®® (3.59 g, 20 mmol) applying
TP2. The brown oil (5.08 g, 81%) was used withoutHartpurification.

'H-NMR (300 MHz, CDCls) 6 (ppm): 7.8 (m, 2 H), 7.5 — 7.3 (m, 3 H), 2.6 (m,HR
13C-NMR (75 MHz, CDCl3) § (ppm): 150.3, 150.2, 146.5, 146.4, 146.4, 140.8,7,4138.7,
128.0, 127.9, 126.8, 123.4, 122.6, 122.6, 120.9, 36.6.

Observed complexity due to C-P splitting, defirgtassignments have not been made.

IR (ATR) V (cm): 2928, 2894, 2810, 1588, 1566, 1492, 1460, 14300, 1252, 1224,
1170, 1118, 1080, 1054, 984, 912, 850, 836, 81@, BB4, 704, 686, 658.

MS (70 eV, ES)m/z(%): 314 (100) [M], 280 (12), 162 (3).

HRMS (ESI): 314.0820 (calcd.: 314.0825).

Synthesis of 2-bromoquinolin-8-yIN,N,N’,N'-tetramethyldiamidophosphate (30d):

X

/

N~ 'Br

O\P(NMez)z
o}

The title compound was prepared from 2-bromoquim8lol® (3.59 g, 20 mmol) applying
TP2. The brown oil (5.08 g, 81%) was used withoutHartpurification.

'H-NMR (300 MHz, CDCl3) 6 (ppm): 7.8 (m, 2 H), 7.5 — 7.3 (m, 3 H), 2.8 (m,HR
3C-NMR (75 MHz, CDCl3) é (ppm): 146.6, 141.6, 138.2, 128.3, 127.3, 127.8,4,2123.8,
123.7,121.2,121.1, 36.9, 36.8.

Observed complexity due to C-P splitting, defirgtassignments have not been made.

IR (ATR) vV (cmi): 3466, 2926, 2894, 2810, 1582, 1564, 1488, 14820, 1296, 1252,
1222, 1168, 1104, 1078, 984, 908, 834, 812, 752, 682, 672, 656.

MS (70 eV, El)m/z(%): 357 (8) [M], 324 (40), 322 (35), 294 (54), 251 (100), 248)(1=2
(28), 135 (24), 114 (11), 44 (33).

HRMS (El): 357.9771 (calcd.: 358.1701).

%a) 0. Sigouin, A. L Beauchamfan. J. Cherm2005 83, 460; b) H. Gernshorn, D. D. Clarkdpnatsh. Chem.
1991 122 935.
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Synthesis of quinoxalin-2-yIN,N,N',N'-tetramethyldiamidophosphate (30e):

O\\P(NMez)z
N.__O
N
Ly
N

The title compound was prepared from 2-hydroxyguatioe (2.92 g, 20 mmol) applying
TP2. The brown oil (5.08 g, 81%) was used withoutHartpurification.

'H-NMR (300 MHz, CDCl3) d (ppm): 8.6 (s, 1 H), 7.9 (d,= 8.3 Hz, 1 H), 7.8 (d] = 8.3 Hz,
1H),7.6(m,1H),75(m,1H), 2.7 (m, 12 H)

3C-NMR (75 MHz, CDCls) § (ppm): 170.9, 170.8, 152.1, 152.0, 140.2, 140.9,4,31.39.4,
130.4, 128.8, 128.2, 128.1, 36.6. Observed compledue to C-P splitting, definitive
assignments have not been made.

IR (ATR) v (cmi): 3476, 2930, 2894, 2812, 1570, 1494, 1458, 14246, 1268, 1232,
1212, 1202, 1178, 1134, 1124, 982, 924, 830, 788, 6

MS (70 eV, El)m/z(%): 280 (1) [M], 236 (22), 193 (17), 146 (45), 135 (41), 129 (45)
(25).

HRMS (EI): 280.1099 (calcd.: 280.2629).

4.5.2.Directed Magnesiation or Zincation and Reaction wih

Electrophiles

Synthesis of 3-[4-(methylthio)phenyl]pyridin-2-yl N,N,N',N'-
tetramethyldiamidophosphate (29a):

SMe
X
»

N9
O’/ P(NM62)2

The title compound was prepared fr@®a (229 mg, 1.00 mmol), TMPMg@aliCl (1.07 mL,
1.4M in THF, 1.5 mmol), 4-bromo methylthiobenzene (228, 1.00 mmol), ZnGI(1.6 ml, 1
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M in THF, 1.6 mmol), Pgdba) (9 mg, 1 mol%), RuPHOS (9 mg, 2 mol%) applyif@s and

7. Metalation conditions 0 °C, 60 min. Flash chroogaaphy on silica (EtOAc/EtOH, 9:1)
gave a pale yellow solid (260 mg, 74%).

m.p.: 88.3 - 88.7 °C

'H-NMR (600 MHz, CDCls) d (ppm): 8.2 (m, 1 H), 7.6 (dl= 8.1 Hz, 1 H), 7.5 (s, 1 H), 7.4
(d,J=1.9 Hz, 1 H), 7.3 (d) = 6.7 Hz, 2 H), 7.1 (dd] = 7.4, 5.0 Hz, 1 H), 2.6 (m, 12 H), 2.5
(s, 3 H).

3C-NMR (150 MHz, CDCls) d (ppm): 155.5, 155.4, 146.8, 139.7, 138.4, 132.9,7,2126.3,
126.2, 126.1, 120.1, 36.7, 15.7.

Observed complexity due to C-P splitting, defiratissignments have not been made.

IR (ATR) vV (cm™): 2884, 2850, 2812, 1586, 1572, 1422, 1398, 13286, 1260, 1242,
1214, 1202, 1168, 1152, 1110, 1092, 1072, 10640,1980, 892, 840, 800, 780, 760, 736,
716, 670.

MS (70 eV, El)m/z(%): 351 (1) [M], 307 (27), 217 (100), 215 (38), 153 (6), 44 (6).

HRMS (El): 351.1169 (calcd.: 351.1170).

Synthesis of 4-(3-{[bis(dimethylamino)phosphorylloy}pyridin-4-yl)phenyl

trifluoromethanesulfonate (29b):

OTf

o
S O B(NMe,),

—

N

The title compound was prepared fr&8b (229 mg, 1.00 mmol), TMEZn-2MgCl,-2LiCl
(1.5 mL, 0.5v in THF, 0.75 mmol), 4-iodophenyl! trifluoromethanfenaté® (223 mg, 1.00
mmol), Pd(dba) (30 mg, 5 mol%), P(2-fury@)(23 mg, 10 mol%) applyingP5 and TP7.
Metalation conditions 25 °C, 60 min. Flash chrongaaphy on silica (EtOAc/EtOH, 9:1)
gave a colorless oil (398 mg, 88%).

m.p.: 78.3 - 78.5 °C

'H-NMR (300 MHz, CDCl3) 6 (ppm): 8.6 (s, 1 H), 8.4 (d,= 4.9 Hz, 1 H) 7.6 (m, 2 H), 7.4
(m,2H),7.2(s,1H),25(m, 12 H)

3C-NMR (75 MHz, CDCls) § (ppm): 158.1, 149.5, 145.6, 145.3, 145.2, 144.8,1,4139.2,

190 sapountzis, W. Lin, C. C. Kofink, C. Despotopmy P. KnochelAngew. Chem. Int. EQ005 44, 1654.
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139.1, 135.8, 131.2, 130.6, 125.1, 124.6, 123.5,4220.3, 117.1, 115.5, 113.9, 36.4, 36.3.

Observed complexity due to C-P & C-F splitting,iditive assignments have not been made.

IR (ATR) V (cmi%): 2926, 1478, 1420, 1406, 1312, 1296, 1272, 12262, 1170, 1134,
1056, 1002, 984, 914, 886, 862, 842, 832, 792, 768, 748, 708, 688, 672.

MS (70 eV, El)m/z(%): 453 (8) [M], 365 (9), 314 (6), 134 (100), 91 (6), 44 (8).

HRMS (EI): 453.0729 (calcd.: 453.0735).

Synthesis of 4-(4-chlorophenyl)pyridin-3-yl N,N,N',N'-tetramethyldiamidophosphate
(29¢):

Cl

(0]
(oM
| N P(NMez)z

/

N

The title compound was prepared fr&8b (229 mg, 1.00 mmol), TMEZn-2MgCl,-2LIiCl
(2.5 mL, 0.5m in THF, 0.75 mmol), 1-chloro-4-iodobenzene (238, h@0 mmol), Pd(dba)
(30 mg, 5 mol%), P(2-fury@) (23 mg, 10 mol%) applyingflP5 and TP7. Metalation
conditions 25 °C, 60 min. Flash chromatography ditas (EtOAC/EtOH, 9:1) gave a
colorless oil (268 mg, 79%).

'H-NMR (300 MHz, CDCl3) é (ppm): 8.7 (s, 1 H), 8.5 (d,= 5.0 Hz, 1 H), 7.5 (m, 4 H), 7.3
(d,J=4.7Hz, 1 H), 2.6 (m, 12 H).

3C-NMR (75 MHz, CDCl3) é (ppm): 145.6, 145.5, 144.6, 142.1, 140.6, 140.5,0,3133.5,
130.6, 128.7, 125.0, 36.5, 36.4.

Observed complexity due to C-P splitting, defirgtassignments have not been made.

IR (ATR) vV (cmi): 3470, 2914, 2896, 1600, 1476, 1412, 1396, 13@82, 1226, 1208,
1172, 1090, 1064, 986, 894, 822, 780, 764, 756, 746, 670.

MS (70 eV, El)m/z(%): 339 (20) [M], 251 (22), 231 (20), 201 (14), 135 (100), 44 (22)
HRMS (EIl): 339.0894 (calcd.: 338.0903).

Synthesis of 4-(2-methylprop-2-en-1-yl)pyridin-3-yl N,N,N",N'-
tetramethyldiamidophosphate (29d):
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Me o

S O B(NMe,),

—

N

The title compound was prepared fr&8b (229 mg, 1.00 mmol), TMEZn-2MgCl,-2LiCl
(2.5 mL, 0.5™ in THF, 0.75 mmol), 3-bromo-2-methylpropene (13%,n1.00 mmol),
CuCN2LiCI (0.1 mL, 1™ in THF, 10 mol%) applyingP5 andTP9. Metalation conditions
25 °C, 60 min. Flash chromatography on silica (E¢/BEAOH, 9:1) gave a colorless oil (268
mg, 79%).

'H-NMR (300 MHz, CDCls) 6 (ppm): 8.5 (s, 1 H), 8.3 (m, 1 H), 7.2 (m, 1 H9 4s, 1 H),
4.7 (s, 1 H), 3.4 (s, 2 H), 2.8 (m, 12 H) 1.8 (8))3

3C-NMR (75 MHz, CDCl3) ¢ (ppm): 147.4, 144.6, 142.0, 141.0, 125.4, 113.46,336.7,
36.6, 22.6.

Observed complexity due to C-P splitting, defirgtassignments have not been made.

IR (ATR) vV (cm™): 3492, 2928, 2898, 1652, 1594, 1492, 1456, 14386, 1246, 1224,
1196, 1148, 1140, 1064, 984, 924, 900, 836, 816, 750, 730, 670.

MS (70 eV, El)m/z(%): 283 (13) [M], 135 (57), 70 (20), 61 (25), 45 (31), 42 (100).
HRMS (El): 283.1444 (calcd.: 283.1450).

Synthesis of 3-chloropyridin-4-yIN,N,N', N'-tetramethyldiamidophosphate (29e):

The title compound was prepared fr@®c (229 mg, 1.00 mmol), TMPMg@aliCI (1.07 mL,
1.4m in THF, 1.5 mmol), 1,1,2-trichlorotrifluoroethaif#88 mg, 1.00 mmol) applyin§P5.
Metalation conditions 0 °C, 60 min. Flash chromaaphy on silica (EtOAc) gave a colorless
oil (268 mg, 83%).

'H-NMR (300 MHz, CDCl3) d (ppm): 8.6 (s, 1 H), 8.4 (d,= 5.4 Hz, 1 H), 7.5 (d] = 5.7 Hz,

1 H), 2.8 (m, 12 H)

3C-NMR (75 MHz, CDCl3) 6 (ppm): 154.4, 154.3, 150.7, 149.3, 115.7, 36.76.36.

Observed complexity due to C-P splitting, defirgtassignments have not been made.
IR (ATR) vV (cm™): 3480, 2930, 2900, 1570, 1480, 1400, 1290, 12680, 1176, 1100,
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1036, 988, 904, 838, 756, 702, 668.
MS (70 eV, Elym/z(%): 263 (16) [M], 228 (80), 175 (17), 135 (100), 90 820), 44 (46).
HRMS (El): 263.0583 (calcd.: 263.0590).

Synthesis of 3-(methylthio)pyridin-4-yIN,N,N',N'-tetramethyldiamidophosphate (29f):

The title compound was prepared fr@®c (229 mg, 1.00 mmol), TMPMg@aIliCI (1.07 mL,
1.4 m in THF, 1.5 mmol),Smethyl methanethiolsulfonate (127 mg, 1.00 mmgiplging
TP5. Metalation conditions 0 °C, 60 min. Flash chroogaaphy on silica (EtOAc) gave a
colorless solid (217 mg, 88%).

m.p.: 76.9 - 77.4 °C

'H-NMR (300 MHz, CDCls) ¢ (ppm): 8.4 (s, 1 H), 8.3 (d,= 5.6 Hz, 1 H), 7.4 (d)=5.4
Hz, 1 H), 2.8 (m, 12 H), 2.5 (s, 3 H).

3C-NMR (75 MHz, CDCls) 6 (ppm): 155.7, 155.6, 147.7, 147.5, 126.6, 126.3,.7,136.7,
36.6, 14.6.

Observed complexity due to C-P splitting, defiratissignments have not been made.

IR (ATR) vV (cm™): 2924, 1562, 1486, 1470, 1408, 1298, 1266, 12162, 1110, 1072,
1040, 1004, 988, 906, 824, 774, 756, 724, 698, 672.

MS (70 eV, El)m/z(%): 275 (52) [M], 231 (64), 228 (63), 141 (31), 135 (100), 44 (33)
HRMS (El): 275.0856 (calcd.: 275.0857).

Synthesis of 3-(ethylthio)quinolin-2-yIN,N,N', N'-tetramethyldiamidophosphate (31a):

SEt

L
I
N" Yo P(NMey),

The title compound was prepared fr@®a (279 mg, 1.00 mmol), TMPMg@aliCl (1.07 mL,
1.4m in THF, 1.5 mmol) Sethyl benzenesulfonothioate (182 mg, 0.9 mmol)lyapg TP5.
Metalation conditions 0 °C, 60 min. Flash chromaapdy on silica (EtOAc) gave a colorless
solid (289 mg, 85%).
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m.p.: 82.5-82.8 °C

'H-NMR (300 MHz, CDCls3) é (ppm): 7.9 (m, 2 H), 7.7 (d,= 8.2 Hz, 1 H), 7.6 (m, 1 H), 7.5
(d,J=7.9Hz, 1 H), 3.0 (q]=7.4 Hz, 2 H), 2.9 (m, 12 H), 1.4 (t= 7.3 Hz, 3 H).

3C-NMR (75 MHz, CDCl3) J (ppm): 153.4, 153.3, 143.9, 140.8, 134.3, 130.8,3,2128.1,
127.7,126.7, 126.0, 125.6, 124.3, 124.2, 122.6,6219.8, 115.9, 36.9, 36.8, 25.6, 13.5.
Observed complexity due to C-P splitting, defiratissignments have not been made.

IR (ATR) V (cmi'): 2924, 2850, 1638, 1456, 1404, 1248, 1222, 1990, 932, 860, 812,
772, 756, 700, 670.

MS (70 eV, El)m/z(%): 339 (7) [M], 295 (27), 232 (21), 192 (74), 172 (100), 145)(1E@8
(12).

HRMS (EI): 339.1160 (calcd.: 339.1170).

Synthesis of 3-(2,2-dimethylpropanoyl)quinolin-4-yl N,N,N',N'-
tetramethyldiamidophosphate (31b):

The title compound was prepared fr@db (279 mg, 1.00 mmol), TMPMg@liCl (1.07 mL,
1.4m in THF, 1.5 mmol), ZnGl(1.6 mL, 1M in THF, 1.6 mmol), CuCRLIiCl (0.1 mL, 1m

in THF, 10 mol%), pivaloyl chloride (122 mg, 1.00nmal) applying TP5 and TP8.
Metalation conditions 0 °C, 60 min. Flash chromaapiy on silica (EtOAc/EtOH, 9:1) gave
a brown oil (225 mg, 62%).

'H-NMR (300 MHz, CDCls) 6 (ppm): 8.8 (s, 1 H), 8.3 (m, 1 H), 8.1 @8.4 Hz, 1 H), 7.7
(m, 1 H), 7.6 (m, 1 H), 2.7 (m, 12 H), 1.3 (HB

3C-NMR (75 MHz, CDCls) § (ppm): 208.9, 151.8, 151.7, 149.8, 147.8, 130.5,3,2127.0,
125.8, 123.4, 123.3, 45.4, 36.9, 36.8, 27.1. Olskrmomplexicity due to C-P splitting,

definitive assignments have not been made.

IR (ATR) ¥ (cmi): 2930, 1702, 1586, 1560, 1490, 1376, 1306, 12280, 1104, 990, 906,
858, 812, 792, 756, 694.

MS (70 eV, El)m/z(%): 363 (1) [M], 319 (31), 306 (100), 212 (8), 194 (6), 135 (26).
HRMS (El): 363.1713 (calcd.: 363.1712).
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Synthesis of ethyl 4-(4-{[bis(dimethylamino)phosphyl]oxy}quinolin-3-l)benzoate (31c):

o
(MezN)Qﬁl\o O COQEt
—
N

The title compound was prepared fr@db (279 mg, 1.00 mmol), TMPMg@liCl (1.07 mL,
1.4™m in THF, 1.5 mmol), ZnGI(1.6 mL, 1M in THF, 1.6 mmol), ethyl 4-iodobenzoate (276
mg, 1.00 mmol), Pd(dba}30 mg, 5 mol%), P(2-fur@)(23 mg, 10 mol%) applyingP5 and
TP7. Metalation conditions 0 °C, 60 min. Flash chroogaaphy on silica (EtOAc/EtOH, 9:1)
gave a colorless solid (354 mg, 83%).

m.p.: 136.8 - 137.4 °C

'H-NMR (300 MHz, CDCls) 6 (ppm): 8.8 (s, 1 H), 8.4 (d,= 7.7 Hz, 1 H), 8.3 (d) = 8.2
Hz, 2 H), 8.2 (dJ = 8.4 Hz, 1 H), 7.8 (m, 1 H), 7.7 (m, 3 H), 4.4 Ja; 7.1 Hz, 2 H), 2.5 (m,
12 H), 1.4 (tJ=7.2 Hz, 3 H).

3C-NMR (75 MHz, CDCls) § (ppm): 166.2, 152.2, 152.1, 151.9, 151.8, 140.0,2,31.30.1,
130.0, 129.8, 129.0, 127.1, 125.5, 125.4, 123.8,71223.7, 61.2, 36.4, 36.4, 14.3.
Observed complexity due to C-P splitting, defiratissignments have not been made.

IR (ATR) V (cm®): 2932, 1702, 1306, 1290, 1276, 1226, 1170, 11160, 992, 910, 856,
812, 792, 768, 762, 700, 692.

MS (70 eV, El)m/z(%): 427 (23) [M], 353 (12), 319 (179, 247 (10), 135 (100), 44 (15)
HRMS (El): 427.1654 (calcd.: 427.1661).

Synthesis of 2-chloro-7-(2-methylprop-2-en-1-yl)guiolin-8-yl N,N,N",N'-
tetramethyldiamidophosphate (31d):

X

—

N~ Ci

Me O\P(NMez)z
o

The title compound was prepared fr@®dc (314 mg, 1.00 mmol), TMPMg@aIliCI (1.07 mL,
1.4 min THF, 1.5 mmol), Zngk1.6 mL, 1m in THF, 1.6 mmol), CuCN-2LiCl (0.1 mL, x
in THF, 10 mol%), 3-bromo-2-methylpropene (135 rhd0 mmol) applyingr P5 andTP9.
Metalation conditions 0 °C, 60 min. Flash chromaapiy on silica (EtOAc/EtOH, 9:1) gave

123



EXPERIMENTAL SECTION

a colorless oil (320 mg, 87%).

'H-NMR (300 MHz, CDCls) 6 (ppm): 8.1 (d,J = 8.5 Hz, 1 H), 7.6 (dJ = 8.5 Hz, 1 H), 7.4
(d,J=8.5Hz, 1 H), 7.4 (d) = 8.5 Hz, 1 H), 4.9 (s, 1 H), 4.6 (s, 1 H), 3.844), 2.9 (m, 12
H), 1.8 (s, 3 H).

3C-NMR (75 MHz, CDCls) § (ppm): 150.3, 144.8, 144.7, 143.8, 141.9, 141.8,4,3133.8,
133.7,129.9, 129.8, 126.9, 126.8, 123.6, 123.8,201212.7, 39.0, 37.0, 36.9, 22.8.
Observed complexity due to C-P splitting, defiratissignments have not been made.

IR (ATR) V (cmi'): 2926, 1702, 1588, 1488, 1438, 1310, 1218, 11200, 1078, 990, 908,
896, 844, 824, 800, 754, 690.

MS (70 eV, El)m/z(%): 367 (2) [M], 325 (27), 323 (100), 231 (22), 228 (16), 218)(Z14
(17). 135 (159, 44 (12).

HRMS (El): 367.1209 (calcd.: 367.1216).

Synthesis of 2-chloro-7-(4-chlorobenzoyl)quinolin-§1 N,N,N',N'-
tetramethyldiamidophosphate (31e):

The title compound was prepared fr@®dc (314 mg, 1.00 mmol), TMPMg@IiCI (1.07 mL,
1.4m in THF, 1.5 mmol), ZnGl(1.6 mL, 1M in THF, 1.6 mmol), CuCRLIiCl (0.1 mL, 1m

in THF, 10 mol%), 4-chloro benzoylchloride (175 mgD0 mmol) applyingrP5 and TP8.
Metalation conditions 0 °C, 60 min. Flash chromaapiy on silica (EtOAc/EtOH, 9:1) gave
a colorless solid (320 mg, 87 %).

m.p.: 178.2 - 178.9 °C

'H-NMR (300 MHz, CDCls) 6 (ppm): 8.2 (dJ = 8.7 Hz, 1 H), 7.9 (d) = 8.5 Hz, 2 H), 7.7
(d,J=8.5Hz, 1 H), 7.5 (m, 4 H), 2.6 (m, 12 H)

3C-NMR (75 MHz, CDCls) ¢ (ppm): 193.0, 151.4, 144.7, 142.0, 139.9, 138.8,3,3133.1,
133.0, 132.0, 129.1, 129.0, 128.8, 126.5, 126.4,11223.6, 123.5, 36.7, 36.6.

Observed complexity due to C-P splitting, defiratissignments have not been made.

IR (ATR) V (cmi%): 2926, 1666, 1586, 1486, 1438, 1424, 1326, 13962, 1224, 1200,
1182, 1122, 1108, 1096, 1080, 992, 910, 880, 854, 820, 798, 756, 746, 706, 688, 670.
MS (70 eV, El)m/z (%): 452 (81) [M], 410 (51), 365 (25), 312 (100), 288 (14), 202)(12
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111 (14), 44 (39).
HRMS (El): 452.0706 (calcd.: 452.0619).

Synthesis of 2-bromo-7-{4-[(triisopropylsilyl)oxy]pghenyl}quinolin-8-yl ~ N,N,N',N'-
tetramethyldiamidophosphate (31f):

O D
~
N~ B
o.
TIPSO P(NMe.),

0]

r

The title compound was prepared fr@®d (358 mg, 1.00 mmol), TMPMg@liCl (1.07 mL,
1.4 m in THF, 1.5 mmol), ZnGl (1.6 mL, 1M in THF, 1.6 mmol), 4-(iodophenoxy)-
(triisopropyl)silane (414 mg, 1.10 mmol), Pd(dbé0 mg, 5 mol%), P(2-fury)(23 mg, 10
mol%) applyingTP5 andTP7. Metalation conditions 0 °C, 60 min. Flash chroogaaphy on
silica (EtOAC/EtOH, 9:1) gave a pale brown oil (49@, 81%).

'H-NMR (300 MHz, CDCl3) é (ppm): 8.0 (dJ = 8.7 Hz, 1 H), 7.6 (d) = 8.4 Hz, 1 H), 7.5
(m, 4 H), 7.0 (d)=8.4Hz,2H),2.6(m, 12 H) 1.3 (m, 3H), 1.2 @8 H).

3C-NMR (75 MHz, CDCl3) é (ppm): 155.8, 144.1, 144.0, 142.9, 142.9, 141.8,0,3135.8,
135.7, 131.1, 130.9, 130.6, 130.6, 127.5, 127.5,92123.5, 123.5, 119.5, 36.7, 36.6, 18.0,

12.8. Observed complexity due to C-P splittingjmdé¥e assignments have not been made.

IR (ATR) V (cm): 2942, 2866, 1704, 1588, 1512, 1488, 1438, 13240, 1238, 1214,
1200, 1184, 1174, 1118, 1102, 1084, 1072, 992, 888, 840, 828, 800, 754, 688, 658

MS (70 eV, El)m/z(%): 605 (5) [M], 563 (100), 526 (40), 498 (34), 469 (19), 455)(2AD4
(18), 135 (40).

HRMS (El): 605.1845 (calcd.: 605.1838).

Synthesis of ethyl 8-{[bis(dimethylamino)phosphonjbxy}-2-bromoquinoline-7-

X
—
EtO,C N~ Br

O.
P(NMez)z
0}

carboxylate (319):

The title compound was prepared fr@dd (358 mg, 1.00 mmol), TMPMg@liCl (1.07 mL,
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1.4m in THF, 1.5 mmol), ethyl cyanoformate (100 mg,aLtimol) applyingT P5. Metalation
conditions 0 °C, 60 min. Flash chromatography ditasi(EtOAC/EtOH, 9:1) gave a pale
brown solid (331 mg, 77%).

m.p.: 127.8 - 128.4 °C

'H-NMR (300 MHz, CDCl3) é (ppm): 8.0 (dJ = 8.7 Hz, 1 H), 7.9 (d) = 8.7 Hz, 1 H), 7.6
(m,2H),45(q)=7.2Hz,2H),2.8(m, 12 H), 1.4 &= 7.2 Hz, 3 H).

3C-NMR (75 MHz, CDCl3) é (ppm): 165.5, 165.4, 146.2, 146.1, 142.6, 142.8,44137.9,
129.7, 129.7, 127.8, 127.7, 127.6, 126.6, 126.8,4,2123.4, 77.2, 61.6, 37.1, 37.0, 14.3.
Observed complexity due to C-P splitting, defirgtassignments have not been made.

IR (ATR) vV (cm™): 2912, 1702, 1586, 1490, 1438, 1424, 1326, 13958, 1222, 1214,
1192, 1136, 1098, 1080, 994, 954, 906, 856, 822, BH6, 688, 666.

MS (70 eV, EI)m/z(%): 430 81) [M], 386 (24), 356 (40), 294 (54), 251 (100), 248)(135
(24), 44 (44).

HRMS (EI): 430.0520 (calcd.: 430.0453).

Synthesis of 3-(4-chlorophenyl)quinoxalin-2-yIN,N,N',N'-tetramethyldiamidophosphate
(31h):

O\\P(NMez)z
N._O
AN
L,
Nj/\©\
Cl

The title compound was prepared fr@de (280 mg, 1.00 mmol), TMMIg-2LiCl (2.5 mL,
0.6 M in THF, 1.5 mmol), ZnGl (1.6 mL, 1m in THF, 1.6 mmol), 1-chloro-4-iodobenzene
(238 mg, 1.00 mmol), Pd(dkaj30 mg, 5 mol%), P(2-fury)(23 mg, 10 mol%) applying
TP5 and TP7. Metalation conditions —-30 °C, 1.5 h. Flash chrtogeaphy on silica
(EtOAC/EtOH, 9:1) gave a pale brown solid (305 m8%o).

m.p.: 148.9 - 149.4 °C

'H-NMR (300 MHz, CDCls) 6 (ppm): 8.1 (d,J = 9.0 Hz, 1 H), 8.0 (m, 3 H), 7.7 (m, 2 H), 7.5
(d,J=8.5Hz, 2 H), 2.8 (m, 12 H)

3C-NMR (75 MHz, CDCls) § (ppm): 150.3, 150.2, 146.1, 146.0, 140.2, 139.8,0,31.34.4,
131.0, 130.3, 129.0, 128.6, 128.5, 127.8, 36.8.36.

Observed complexity due to C-P splitting, defiratissignments have not been made.
IR (ATR) v (cm?): 2894, 1484, 1396, 1316, 1244, 1204, 1192, 11780, 1090, 998, 978,
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926, 866, 854, 830, 796, 766, 756, 736, 686, 668.
MS (70 eV, Elym/z(%): 390 (1) [M], 254 (100), 239 (15), 228 (20), 135 (15), 90 (1)
(29).

HRMS (EI): 390.1007 (calcd.: 390.1012).

Synthesis of ethyl 4-(3-{[bis(dimethylamino)phosphtyl]oxy}quinoxalin-2-yl)benzoate
(31i):

Osp(NMe,),

(
N._O
N
L,
!
CO,Et

The title compound was prepared fr@de (280 mg, 1.00 mmol), TMMIg-2LiCl (2.5 mL,
0.6 M in THF, 1.5 mmol), ZnGl(1.6 mL, 1m in THF, 1.6 mmol), ethyl 4-iodobenzoate (276
mg, 1.00 mmol), Pd(dba}30 mg, 5 mol%), P(2-fur@)(23 mg, 10 mol%) applyingP5 and
TP7. Metalation conditions —30 °C, 1.5 h. Flash chrtogeaphy on silica (EtOAc/EtOH, 9:1)
gave a pale brown solid (338 mg, 78%).

m.p.: 135.7 - 136.1 °C

'H-NMR (300 MHz, CDCl3) 6 (ppm): 8.2 (m, 2 H), 8.1 (m, 3 H), 8.0 (m, 1 H)7 Tm, 2 H),
4.4 (q,d=7.0 Hz, 2 H), 2.8 (m, 12 H), 1.5 (= 7.0 Hz, 3 H).

3C-NMR (75 MHz, CDCls) § (ppm): 166.2, 150.4, 150.3, 146.3, 146.2, 140.D,1,4139.9,
131.3, 130.5, 129.7, 129.4, 129.1, 128.6, 127.2,66.8, 36.8, 14.3.

Observed complexity due to C-P splitting, defiratissignments have not been made.

IR (ATR) vV (cm™): 2928, 2900, 1716, 1400, 1308, 1294, 1272, 12284, 1138, 1124,
1112, 1106, 992, 928, 858, 846, 806, 796, 778, 744, 704, 690.

MS (70 eV, El)m/z(%): 428 (1) [M], 384 (12), 292 (100), 266 (17), 249 (17), 219)(4B5
(17), 90 (10), 44 (28).

HRMS (El): 428.1597 (calcd.: 428.1613).

Synthesis of 3-(2-methylprop-2-en-1-yl)quinoxalin-/I N,N,N',N'-
tetramethyldiamidophosphate (31)):
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O\\P(NMez)z
e
—
N

The title compound was prepared fr@de (280 mg, 1.00 mmol), TMMIg-2LiCl (2.5 mL,
0.6M in THF, 1.5 mmol), ZnGlI(1.6 mL, 1m in THF, 1.6 mmol), CuCRRLIiCI (0.1 mL, 1m

in THF, 10 mol%), 3-bromo-2-methylpropene (135 rhd)0 mmol) applyingf P5 andTPO9.
Metalation conditions —30 °C, 1.5 h. Flash chrorgedphy on silica (EtOAc/EtOH, 9:1) gave
a pale brown oil (237 mg, 71%).

'H-NMR (300 MHz, CDCl3) 6 (ppm): 8.0 (m, 1 H), 7.9 (m, 1 H), 7.6 (m, 2 H)94s, 1 H),
4.6 (s,1H),38(s,2H),2.8(m, 12 H), 1.93$).

3C-NMR (75 MHz, CDCls) § (ppm): 151.4, 151.3, 148.6, 148.5, 147.5, 145.8,1,4143.5,
141.7, 140.0, 139.7, 138.7, 129.5, 129.0, 128.8,04227.9, 127.8, 127.7, 118.0, 112.8, 41.8,
36.8, 36.7, 23.1.

Observed complexity due to C-P splitting, defirstissignments have not been made.

IR (ATR) V (cmi%): 3074, 2932, 1668, 1648, 1580, 1446, 1402, 133D, 1232, 1222,
1212, 1160, 1136, 1066, 988, 930, 872, 824, 798, 78, 710, 684, 666.

MS (70 eV, El)m/z (%): 334 (41) [M], 289 (63), 245 (66), 198 (100), 185 (42), 183)(79
135 842), 44 (34).

HRMS (EI): 334.1563 (calcd.: 334.1559).

4.5.3.Synthesis of Etoricoxib:

Synthesis of 3-[4-(methylsulfonyl)phenyl]pyridin-2yl N,N,N',N'-
tetramethyldiamidophosphate (299):

SOzMe

X

/

N0
O/, P(NM62)2

The title compound was prepared fr@8a (2.29 g, 10.0 mmol), TMPMg@liCl (10.7 mL,
1.4M in THF, 15.0 mmol), 4-bromophenyl methylsulfone3& g, 10.0 mmol), ZnGI(16 ml,
1 ™ in THF, 16.0 mmol), Pddba) (90 mg, 1 mol%), RuPHOS (90 mg, 2 mol%) applying
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TP5 and TP7. Metalation conditions 0 °C, 60 min. Flash chroogaaphy on silica
(EtOAC/EtOH, 9:1 then 4:1) gave a highly visciowtlgw oil (3.37 g, 88%).

'H-NMR (600 MHz, CDCls) d (ppm): 8.4 (m, 1 H), 8.0 (d,= 8.5 Hz, 2 H), 7.7 (m, 3 H), 7.2
(m, 1 H), 3.1 (s, 3H), 2.6 (m, 12 H).

3C-NMR (150 MHz, CDCls) d (ppm): 155.1, 155.0, 148.1, 141.5, 140.5, 140.0,3,3129.4,
127.4,127.3, 125.4, 125.3, 120.7, 44.5, 36.6,.36served complexity due to C-P splitting,

definitive assignments have not been made.

IR (ATR) V (cm): 2886, 2814, 1576, 1426, 1386, 1306, 1298, 14848, 1202, 1148,
1092, 1002, 982, 896, 804, 792, 782, 762, 736, 720.

MS (70 eV, El)m/z(%): 383 (1) [M], 340 (10), 296 (15), 249 (100), 152 (12), 44 (20)
HRMS (EI): 383.1088 (calcd.: 383.1069).

Synthesis of 3-[4-(methylsulfonyl)phenyl]pyridin-2(LH)-one (32):

SOzMe
E\IQ

N~ ~O
H

299(1.91 g, 5.0 mmol) was dissolved in a 1:1 mixtur@  HCI and dioxane and stirred at
25 °C for 24 h. The formed white precipitate wadlexded by filtration (P4, 300 mbar)
washed with water (3 x 25 ml) and oven dried owgith{1.24 g, quant.).

m.p.: 273 °C (decomp.)

'H-NMR (400 MHz, DMSO) 6 (ppm): 11.9 (s, 1 H), 8.0 (m, 2 H), 7.9 (= 8.6 Hz, 2 H),
7.8 (dd,J=6.9, 1.9 Hz, 1 H), 7.5 (dd,= 6.3, 1.9 Hz, 1 H), 6.3 (= 6.6 Hz, 1 H), 3.2 (s, 3
H).

¥C-NMR (100 MHz, DMSO) ¢ (ppm): 161.4, 142.3, 140.6, 139.5, 136.6, 129.8.3,2
127.0, 106.0, 44.0.

IR (ATR) V (cmi%): 2926, 1638, 1426, 1388, 1298, 1264, 1246, 12282, 1192, 1176,
1148, 1110, 1092, 1066, 1002, 982, 896, 806, 780, 762, 736, 722.

MS (70 eV, ESI)m/z(%): 248 (100) [M].

HRMS (ESI): 267.0790 (calcd.: 267.0798 +NH.

Synthesis of 5-chloro-3-[4-(methylsulfonyl)phenyl]gridin-2(1 H)-one (33):
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SO,Me

N~ ~O
H

32 (996 mg, 4.00 mmol) was dissolved in 4 mL conc. ld@dl warmed to 50 °C. To the clear
solution was added KCK}J172 mg, 1.4 mmol) in 2.4 mL water. The mixture vgéisred at 50
°C for 15 min. and then cooled to 0 °C. Formed ipitate is filtered off (P4, 300 mbar)
washed with water (3 x 25 mL) and oven dried ow@ri33 remains as colorless solid (1.12
g, quant.)

m.p.: 213 °C (decomp.)

'H-NMR (400 MHz, CDCls) 6 (ppm): 12.3 (s, 1 H), 8.0 (m, 2 H), 7.9 (b= 8.6 Hz, 2 H),
7.8(d,J=2.9Hz,1H), 7.7 (d)=2.7Hz, 1 H), 3.2 (s, 3H).

13C-NMR (100 MHz, CDCl3) 6 (ppm): 160.1, 140.9, 140.4, 140.2, 137.0, 129.6,0,2126.6,
107.9, 43.9.

IR (ATR) v (cmi): 2926, 1640, 1426, 1388, 1304, 1246, 1218, 11508, 1092, 1002, 982,
894, 806, 790, 782, 760, 736, 722.

MS (70 eV, El)m/z(%): 283 [M] (100), 267 (12), 248 (12), 206 (14), 204 (41)91a7),
141 (10).

HRMS (EI): 283.0065 (calcd.: 283.0070).

Synthesis of 5-chloro-6'-methyl-3-[4-(methylsulfonyphenyl]-2,3'-bipyridine (Etoricoxib;
26):

SO,Me

The title compound was prepared according to aalibed® proceedure starting froB3. A

white solid was obtained.

'H-NMR (400 MHz, d-DMSO) 6 (ppm): 8.5 (s, 1 H), 8.0 (d,= 8.2 Hz, 2 H), 7.9 (m, 3 H),

1913) D. Dube, R. Fortin, R. Friesen, Z. Wang, JGauthier, J. YPCT Int. Appl. 9803484 Al 19980129,
1998;. b) R. Friesen, D. Dube, D. Deschenes, RirzdR. PCT Int. Appl. 9914194 A1, 1999; ¢) R.ds#n, D.
Dube, D. Deschenes, PCT Int. Appl. 9914195 AD919
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7.8(d,J=2.1Hz,1H),7.7 (s, 1 H), 7.2 @= 8.2 Hz, 1 H), 3.2 (s, 3 H), 2.4 (s, 3 H).
3C-NMR (100 MHz, ds-DMSO) 6 (ppm): 160.1, 157.3, 149.9, 140.9, 140.4, 140.D.33
135.0, 129.6, 129.2, 127.0, 125.6, 117.7, 44.8.23.

NMR data matches published d&fa

4.5.4.Synthesis of Talnetant and the P-Selectin Antagortis
Synthesis of ethyl 2-phenylquinolin-3-yN,N,N',N'-tetramethyldiamidophosphate (31k):

Osp(NMe,),

CC
—
e

The title compound was prepared fr@®f (2.79 g, 10.0 mmol), TMMMg-2LiCl (25 mL, 0.6

M in THF, 15.0 mmol), ZnGI(16 mL, 1M in THF, 16.0 mmol), iodobenzene (2.04 g, 10.0
mmol), Pd(dba) (300 mg, 5 mol%), P(2-fury)(230 mg, 10 mol%) applyingP5 andTP7.
Metalation conditions —50 °C, 1 h. Flash chromaapgy on silica (EtOAc/CECl,, 1:1) gave

a brown solid (2.87 g, 81%).

m.p.: 87.3 -87.8 °C

'H-NMR (300 MHz, CDCl3) é (ppm): 8.3 (s, 1 H), 8.1 (d,= 8.4 Hz, 1 H), 7.9 (m, 3 H), 7.7
(m, 1 H), 7.5 (m, 4 H), 2.6 (m, 12 H).

3C-NMR (75 MHz, CDCl3) ¢ (ppm): 153.1, 153.0, 144.8, 143.5, 143.4, 129.9,2,2128.9,
128.6,128.2, 128.1, 127.2, 127.0, 124.5, 124.4,777 .1, 76.6, 36.5, 36.4.

Observed complexity due to C-P splitting, defirgtassignments have not been made.

IR (ATR) V (cm%): 2894, 1596, 1488, 1418, 1306, 1300, 1226, 11380, 996, 980, 918,
908, 868, 850, 802, 788, 762, 746, 726, 714, 698, 656.

MS (70 eV, El)m/z(%): 355 (100) [M], 268 (41), 247 (40), 221 (40), 165 (13), 135 (8B
(11), 44 (37).

HRMS (El): 355.1451 (calcd.: 355.1450).

Synthesis of ethyl 3-{[bis(dimethylamino)phosphonjbxy}-2-phenylquinoline-4-

1023.-F. Marcoux, E. G. Corley, K. Rossen, P. PyaVd, M. A. Robbins, I. W. Davies, R. D. Larsen, P.
Reider,Org. Lett.200Q 2, 2339.
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carboxylate (35a):

The title compound was prepared fr@&ik (1.78 g, 5.0 mmol), TMPMgdlLCI (5.4 mL, 1.4
M in THF, 7.5 mmol), ethyl cyanoformiate (495 mgd®.mmol) applyingTP5. Metalation
conditions 25 °C, 1 h. Flash chromatography oreai{EtOAc/EtOH, 9:1) gave a yellow solid
(1.69 g, 79%).

m.p.: 124.1 - 124.9 °C

'H-NMR (300 MHz, CDCls) 6 (ppm): 8.1 (dd,) = 17.4, 8.4 Hz, 2 H), 7.8 (d,= 7.4 Hz, 2 H),
7.7@t,J=75Hz,1H), 7.6 )=7.7Hz,1H), 75U =7.7Hz,2H),74(t)=7.4Hz, 1
H), 4.6 (q,J = 7.1 Hz, 2 H), 2.3 (m, 12 H), 1.5 = 7.1 Hz, 3 H).

3C-NMR (75 MHz, CDCl3) é (ppm): 165.1, 165.1, 154.8, 154.8, 145.2, 145.9,7,3139.6,
138.2, 131.2, 131.2, 129.8, 129.6, 128.9, 128.8,3,2127.6, 125.2, 124.8, 124.8, 62.1, 36.2,
36.1, 14.2.

Observed complexity due to C-P splitting, defiratissignments have not been made.

IR (ATR) V (cmi%): 2934, 1724, 1598, 1486, 1422, 1348, 1310, 12902, 1168, 1142,
1094, 992, 970, 920, 858, 820, 756, 688.

MS (70 eV, El)m/z(%): 427 (3) [M], 383 (100), 355 (63), 274 (119, 248 (36), 219)(185
(76), 44 (22).

HRMS (EI): 428.1647 (calcd.: 427.1661).

Synthesis of 3-hydroxy-2-phenylquinoline-4-carboxyt acid:

CO,H

CoC
—
e

35a(854 mg, 2.00 mmol), was dissovled in 20 mL of. & rhixture of 2v HCI and dioxane
then heated to reflux for 36 h. The mixture wasledoto 25 °C. The formed yellow
precipitate was collected by filtration washed withater (3 x 20 ml) and oven dried overnight

(530 mg, quant.).
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TH-NMR (300 MHz, CDCl3) ¢ (ppm): 10.1 (br, 2 H), 8.7 (d,= 8.0 Hz, 1 H), 8.1 (m, 1 H),
7.9 (m,2H), 7.6 (m, 2H), 7.5 (m, 3 H).

3C-NMR (75 MHz, CDCls3) § (ppm): 171.2, 151.9, 130.2, 129.0, 128.5, 127.%,8,2125.1.
NMR data matches published ddta.

Synthesis of  3-hydroxy-2-phenyN-[(1S)-1-phenylpropyl]quinoline-4-carboxamide
(Talnetant; 25):

This compound was prepared from 3-hydroxy-2-phamylgjine-4-carboxylic acid (265 mg,
1.00 mmol) by applying a known proceddfCrystallization from acetone gave colorless
crystals (329 mg, 86 %).

IH-NMR (300 MHz, CDCls) 6 (ppm): 11.2 (br, 2 H), 8.2 (s, 1 H), 8.1 (= 6.9 Hz, 2 H),
8.0 (m, 1 H), 7.5 - 7.3 (m, 10 H), 5.2 @ 7.5 Hz, 2 H), 2.0 (m, 1 H), 1.0 @= 7.3 Hz, 3 H).
13C_NMR (75 MHz, CDCls) 6 (ppm): 167.5, 151.8, 150.8, 140.8, 129.8, 129.6,1.2128.5,
128.2, 127.9, 126.7, 123.8, 121.8, 56.3, 29.1,.10.9

NMR data matches published data.

Synthesis of 2-(4-chlorophenyl)quinolin-3-yl N,N,N',N'-tetramethyldiamidophosphate
(31):

O\\P(NMez)z

CrC
—
e
Cl

The title compound was prepared fr@®f (2.79 g, 10.0 mmol), TM#®g-2LiCl (25 mL, 0.6
M in THF, 15.0 mmol), ZnGI(16 mL, 1M in THF, 16.0 mmol), 4-chloro-1-iodobenzene

193¢, s. Labaw, P. Liu, PCT Int. Appl. 2007, WO200860Q9.
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(2.38 g, 10.0 mmol), Pd(dkaj300 mg, 5 mol%), P(2-fury)(230 mg, 10 mol%) applying
TP5 and TP7. Metalation conditions -50°C, 1 h. Flash chrorgaaphy on silica

(EtOAC/CHCI,, 1:1) gave a brown solid (3.04 g, 78%).

m.p.: 104.5-104.9 °C

'H-NMR (300 MHz, CDCl3) é (ppm): 8.3 (s, 1 H), 8.1 (d,= 8.4 Hz, 1 H), 7.8 (m, 3 H), 7.7
(m,1H),7.6(m,2H),7.5(m,1H), 2.6 (m, 12 H)

13C-NMR (75 MHz, CDCls) 6 (ppm): 151.6, 151.5, 144.8, 143.4, 143.3, 136.5,0,3131.1,

129.2,128.7, 128.3, 127.2, 127.1, 124.5, 124.4,36.5.

Observed complexity due to C-P splitting, defirgtassignments have not been made.

IR (ATR) V (cmiY): 2934, 1592, 1486, 1422, 1308, 1242, 1168, 11086, 1008, 992, 972,
918, 874, 860, 842, 830, 794, 784, 756, 740, 788, 660.

MS (70 eV, El)m/z(%): 389 (60) [M], 302 (20), 281 (25), 255 (24), 135 (100), 91 (13
(41).

HRMS (EI): 389.1052 (calcd.: 389.1060).

Synthesis of ethyl 3-{[bis(dimethylamino)phosphonjbxy}-2-(4-chlorophenyl)quinoline-
4-carboxylate (35b):

The title compound was prepared fr@&il (1.95 g, 5.0 mmol), TMPMgdLiCl (5.4 mL, 1.4
M in THF, 7.5 mmol), ethyl cyanoformiate (495 mgd®.mmol) applyingTP5. Metalation
conditions 25 °C, 1 h. Flash chromatography oeai{EtOAC/EtOH, 9:1) gave a yellow solid
(1.87 g, 81 %).

m.p.: 109.5 - 109.8 °C

'H-NMR (300 MHz, DMSO) ¢ (ppm): 8.2 (d,J = 8.2 Hz, 1 H), 8.1 (dJ = 8.5 Hz, 1 H), 7.8
(d,J=8.5Hz, 2 H), 7.7 () = 7.5 Hz, 1 H), 7.6 (t) = 7.5 Hz, 1 H), 7.5 (d) = 8.5 Hz, 2 H),
4.6 (q,d=7.1Hz, 2 H), 2.4 (m, 12 H), 1.5 &= 7.1 Hz, 3 H)

3C-NMR (75 MHz, DMSO) ¢ (ppm): 164.8, 153.3, 153.2, 144.7, 139.6, 139.5,4,3131.3,
129.4, 129.2, 128.6, 128.0, 125.2, 124.9, 124.8,66.5, 36.4, 36.3, 36.2, 14.2.
Observed complexity due to C-P splitting, defiratissignments have not been made.

IR (ATR) vV (cm™): 2932, 1728, 1592, 1488, 1456, 1422, 1348, 13084, 1288, 1230,
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1218, 1206, 1170, 1140, 1090, 990, 972, 918, 88@, 844, 830, 818, 794, 786, 760, 740,
708, 702, 690, 658.

MS (70 eV, E)m/z(%): 461 (2) [M], 417 (61), 389 (48), 354 (10), 282 (19), 190 (1B5
(100), 44 (22).

HRMS (EI): 461.1261 (calcd.: 461.1271).

Synthesis of ethyl 3-{[bis(dimethylamino)phosphonjbxy}-2-(4-chlorophenyl)-8-
phenylquinoline-4-carboxylate (36):

The title compound was prepared fr@%b (1.38 g, 3.00 mmol), TMiMg-2LiCl (7.5 mL, 0.6

M in THF, 4.5 mmol), ZnGl (4.8 mL, 1m in THF, 4.8 mmol), iodobenzene (612 mg, 3.0
mmol), Pd(dba) (90 mg, 5 mol%), P(2-fury@)(69 mg, 10 mol%) applyingP5 and TP7.
Metalation conditions —40 °C, 20 h. Flash chromedpgy on silica (EtOAc/EtOH, 9:1) gave
a brown oil (1.22 g, 81%).

'H-NMR (600 MHz, CDCls) 6 (ppm): 8.1 (dJ = 8.2 Hz, 1 H), 8.1 (d) = 8.5 Hz, 1 H), 7.9
(d,J=2.2 Hz, 1 H), 7.8 (dd]=8.2, 2.2 Hz, 1 H), 7.7 (8= 7.8 Hz, 1 H), 7.6 (d]= 8.2 Hz, 1
H), 7.6 (t,J=7.7Hz,1H),7.4(m,5H),4.6 (@=7.1Hz,2H),24(m, 12H),15¢=7.1
Hz, 3 H).

13C-NMR (150 MHz, CDCl3) é (ppm): 164.8, 153.2, 153.1, 145.0, 140.5, 140.9,5,3139.4,
139.0, 138.9, 136.9, 136.5, 133.5, 133.1, 132.84,.3,3131.2, 131.0, 130.9, 130.0, 129.9,
129.8, 129.7, 129.4, 129.3, 128.6, 128.3, 128.8.112128.0, 127.9, 127.8, 127.7, 127.3,
125.2,124.9, 124.8, 62.2, 36.3, 36.3, 14.2.

Observed complexity due to C-P splitting, defiratissignments have not been made.

IR (ATR) V (cmi%): 2926, 2854, 1726, 1376, 1352, 1300, 1286, 12226, 1138, 994, 974,
826, 760, 742, 716, 698.

MS (70 eV, Elym/z(%): 537 (2) [M], 493 (100), 465 (62), 430 (12), 360 (13), 329)(185
(86), 44 (33).

HRMS (El): 537.1573 (calcd.: 537.1584).

135



EXPERIMENTAL SECTION

Synthesis of 2-(4-chlorophenyl)-3-hydroxy-8-phenylginoline-4-carboxylic acid (37):

CO,H

CrC
/
C

<Hhe

36 (538 mg, 1.00 mmol), was dissovled in 10 mL of:& rixture of 2m HCI and dioxane
then heated to reflux for 36 h. The mixture wasledoto 25 °C. The formed yellow
precipitate was collected by filtration washed withter (3 x 20 ml) and oven dried overnight
(375 mg, quant.).

'H-NMR (400 MHz, DMSO) 6 (ppm): 10.9 (br, 2 H), 8.6 (d,= 8.2 Hz, 1 H), 8.0 (m, 4 H),
7.7(ddJ=9.1,6.5Hz, 1 H), 7.6 (m, 2 H), 7.5 (m, 4 H).

3C-NMR (100 MHz, DMSOs) ¢ (ppm): 171.5, 167.1, 150.9, 150.4, 147.6, 142.9.43
139.0, 136.7, 130.0, 129.8, 129.7, 128.8, 128.4,6,227.2, 124.0, 120.8, 116.3.

NMR data matches published dat.

4.6. Alternative Amines for the Preparation of Mixed

Li/Mg- an Li/Mg/Zn-amide bases

Directed Metalations and Reactions with Electrophiés

Synthesis of ethyl-3,5-dichloro-2-(2-methylallyl)bezoate (41a):

Me\? CO,Et
cl cl

The title compound was prepared accordingTés and TP9 from ethyl 3,5-di-chloro
benzoate (436 mg, 2.00 mmol), Mg-bd$d or 10c(1.51 mL, 1.45v in THF, 2.20 mmol), 3-
bromo-2-methylpropene (327 mg, 0.35 mL, 2.40 mnaoi) CuCN2LIiCIl (0.2 mL, 1M in

194N. Kaila, K. Janz, S. DeBernardo, P. Bedard, RCamphausen, S. Tam, D. H. H. Tsao, J. C. KeitiCJr
Nickerson-Nutter, A. Shilling, R. Young-Sciame, Wang,J. Med. Chem2007, 50, 21.
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THF, 0.1 mmol). Metalation conditions 0 °C, 1 h.asth chromatography on silica-(
pentane/BO 20:1) gave a light yellow oil (465 mg, 85% witade10¢ 506 mg, 93% with
basel0b).

'H-NMR (300 MHz, CDCls3) 8: 7.7 (s, 1 H), 7.6 (s, 1 H), 4.8 (s, 1 H,) 4.31g,7.0 Hz, 2 H),
4.2 (s,1H),3.8(s,2H),1.8(s, 3H), 1.4)% 7.2 Hz, 3 H).

3C-NMR (75 MHz, CDCls) 6: 166.0, 143.1, 137.1, 136.9, 134.3, 132.3, 1328,8, 110.5,
61.6, 37.1, 23.3, 14.1.

IR (ATR) V (cm): 2979, 1726, 1581, 1556, 1444, 1387, 1374, 13@91, 1249, 1219,
1198, 1162, 1139, 1082, 1038, 1021, 935, 885, 843, 792, 782, 769, 750, 727.

MS (70 eV, El)m/z(%): 272 (88) [M], 257 (48), 231 (49), 229 (100), 228 (49), 227)(66
226 (64), 191 (60), 163 (40), 128 (34).

HRMS (El): 272.0375 (calcd. 272.0371).

Synthesis of ethyl 4-bromo-3-(4-methoxyphenyl)-1-ax1,3-dihydro-2-benzofuran-5-
carboxylate (41d):

0
0
O O OMe
Br

CO,Et

The title compound was prepared accordingBb from diethyl 2-bromoterephthalate (603
mg, 2.00 mmol), Mg-bas&0b or 10c (2.07 mL, 1.45v in THF, 3.00 mmol), anisaldehyde
(409 mg, 0.37 mL, 3.00 mmol). Metalation conditier®0 °C, 0.5 h. Flash chromatography
on silica f-pentane/BEO 1:1) gave a yellow oil (703 mg, 90% with bds®; 750 mg, 96%
with baselOb).

'H-NMR (600 MHz, CDCl3) §: 8.0 (d,J = 7.9 Hz, 1 H), 7.9 (dJ = 7.8 Hz, 1 H), 7.1 (dJ =
8.7Hz,2H),69(d)=9.0Hz,2H),6.3(s,1H),4.4 (@ 7.2Hz, 2H),3.8(s,3H),14(t
J=7.1Hz, 3H).

13C-NMR (150 MHz, CDCls) 6: 168.3, 165.4, 160.6, 149.7, 138.6, 132.2, 13129,9, 125.7,
124.2,117.3, 114.3, 84.0, 62.4, 55.3, 14.1.

IR (ATR) V (cmi?): 2981, 2937, 1767, 1725, 1609, 1586, 1514, 14844, 1407, 1392,
1368, 1320, 1297, 1273, 1248, 1200, 1176, 11393,11064, 1026, 966, 861, 852, 833, 820,
774,746, 726, 648, 644, 632, 606, 575.

MS (70 eV, El)m/z(%): 436 (1) [M], 393 (48), 392 (41), 391 (51), 347 (39), 345 ()5
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(93), 273 (95), 267 (100), 239 (88), 135 (64).
HRMS (EI): 436.0536 (calcd. 436.0522).

Synthesis of 2,6-dichloro-4-iodopyridine (46):

Cl N™ “Cl

The title compound was prepared accordind®® from 2,6-dichloropyridine (296 mg, 2.00
mmol), 10c (2.07 mL, 1.45v in THF, 3.00 mmol), iodine (558 mg, 2.20 mmol), tadation
conditions 25 °C, 10 min. Flash chromatographicaifigation on silica g-pentane/E0O 20:1)
gave a colorless solid (465 mg, 85%).

m.p.: 157 - 158.8 °C (decomp.).

'H-NMR (300 MHz, CDCl3) 6: 7.7 (br, 2 H).

13C-NMR (75 MHz, CDCls3) J: 150.6, 131.5, 107.6.

IR (ATR) vV (cm™): 2970, 1738, 1536, 1521, 1360, 1217, 1159, 1848, 807, 740.

MS (70 eV, El)m/z(%): 272 (100) [M], 147 (27), 109 (18), 75 (15), 50 (12).

HRMS (El): 272.8599 (calcd. 272.8609).

Synthesis of 2,6-dibromo-4-iodopyridine (47):

The title compound was prepared accordind B® from 2,6-dibromopyridine (474 mg, 2.00
mmol), 10c (2.07 mL, 1.45v in THF, 3.00 mmol), iodine (558 mg, 2.20 mmol), tedation
conditions =30 °C, 30 min. Flash chromatographpaification on silica if-pentane/EO
9:1) gave a colorless solid (631 mg, 87%).

m.p.: 180.7 - 181.6 °C (decomp.).

'H-NMR (300 MHz, CDCls) 6: 7.9 (s, 2 H).

13C-NMR (75 MHz, CDCl3) J: 140.9, 135.4, 107.4.

IR (ATR) V (cmi®): 3090, 2970, 1739, 1531, 1510, 1365, 1342, 12281, 1156, 1086, 850,
758, 719, 701.
MS (70 eV, Elym/z(%): 362 (100) [M], 360 (51), 283 (559, 281 (58), 156 (11), 154 (11)
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126 (12), 76 (28). 50 (19).
HRMS (EI): 360.7574 (calcd. 360.7599).

Synthesis of 1-(1,3-benzothiazol-2-yl)-2,2-dimethygtopan-1-ol (41l):
S, OH
@[NHtBu

The title compound was prepared accordingd Rb from benzothiazole (270 mg, 0.22 mL,
2.00 mmol), Mg-bas&0b or 10c(2.07 mL, 1.45v in THF, 3.00 mmol) and pivaldehyde (233
mg, 0.30 mL, 2.20 mmol). Metalation conditions Z5 0.2 h. Flash chromatography on silica
(n-pentane/BO 3:1) gave yellow solid (402 mg, 91% with bd€k; 380 mg, 86% with base
10b).

m.p.: 107.0 - 109.3 °C.

'H-NMR (600 MHz, CDCls) §: 8.0 (d,J=8.1 Hz, 1 H), 7.9 () = 7.9 Hz, 1 H), 7.5 (t) =
7.7Hz, 1 H), 7.4 () =7.6 Hz, 1 H), 4.7 (s, 1 H), 3.4 (s, 1 H), 1.19$).

3C-.NMR (150 MHz, CDCl3) 8: 173.6, 152.1, 134.8, 125.9, 125.0, 122.9, 12805), 36.1,
25.8.

IR (ATR) vV (cm™): 3422, 3060, 2972, 2961, 2951, 2929, 2867, 13500, 1475, 1464,
1453, 1436, 1390, 1368, 1360, 1329, 1313, 12846,1P318, 1187, 1168, 1153, 1125, 1086,
1075, 1060, 1015, 900, 862, 764, 757, 731, 709, 687

MS (70 eV, El)m/z(%): 221 (6) [M], 167 (10), 165 (100), 136 (10), 57 (10).

HRMS (El): 221.0860 (calcd. 221.0874).

Synthesis of ethyl-3,5-dichloro-2-iodobenzoate (4)1b

CO,Et

Cl Cl

The title compound was prepared accordingR® from 3,5-di-chloro ethylbenzoate (436 mg,
2.00 mmol), Mg-basd0b (1.51 mL, 1.45v in THF, 2.20 mmol) and iodine (611 mg, 2.40
mmol). Metalation conditions 0 °C, 1 h. Flash chadagraphy on silicanfpentane/B0O 60:1)
gave a pale brown oil (556 mg, 81%).

'H-NMR (300 MHz, CDCls) §: 7.6 (d,J = 2.4 Hz, 1 H), 7.5 (d) = 2.4 Hz, 1 H), 4.4 (q) =
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7.2 Hz, 2 H), 1.4 (1) = 7.0 Hz, 3 H).

3C-NMR (75 MHz, CDCls) §: 166.1, 141.6, 141.3, 135.0, 130.8, 127.7, 9275 ,614.1.

IR (ATR) V (cmi%): 2979, 1728, 1564, 1546, 1464, 1443, 1404, 13879, 1363, 1266,
1236, 1184, 1140, 1112, 1093, 1012, 907, 897, 868, 816, 797, 770, 734, 725, 701.

MS (70 eV, El)m/z(%): 344 (81) [M], 318 (25), 315 (38), 301 (62), 271 (20), 254 (16)4
(22), 109 (17), 44 (24).

HRMS (El): 272.0375 (calcd. 272.0371).

Synthesis of diethyl-5-ert-butoxycarbonyloxy)-4-(cyclohex-2- enyl)isophthala (41c):

EtO,C CO,Et

The title compound was prepared according Tie5 and TP9 from diethyl 5-[fert-
butoxycarbonyl)oxylisophthalate (678 mg, 2.00 mmdljg-basel0b (1.51 mL, 1.45v in
THF, 2.20 mmol), 3-bromocyclohexene (355 mg, 0.28 2140 mmol) and CuCMLIiCI (0.2
mL, 1 M in THF, 0.2 mmol). Metalation conditions 0 °C, 1Rash chromatography on silica
(n-pentane/BO 1:1) gave a yellow solid (778 mg, 93%).

m.p.: 70.3 - 73.1 °C.

'H-NMR (600 MHz, CDCl3) ¢: 8.1 (d,J= 1.9 Hz, 1 H), 7.8 (dJ = 1.7 Hz, 1 H), 5.8 (m, 1
H), 5.5 (d,J = 9.8 Hz, 1 H), 4.3-4.5 (m, 4 H), 4.0 (m, 1 H),-22 (m, 1 H), 2.0-2.1 (m, 1 H),
1.9-2.0 (m, 2 H), 1.6 (m, 2 H), 1.5 (s, 9 H), 1.3-Im, 6 H).

3C-NMR (150 MHz, CDCls) §: 167.6, 164.9, 151.4, 150.3, 142.8, 134.3, 12(28,2, 127.9,
127.4,127.1, 83.6, 61.6, 61.4, 37.5, 28.5, 27174,24.4, 22.7, 14.3, 14.2.

IR (ATR) V (cm): 2980, 2935, 1758, 1719, 1457, 1448, 1394, 13839, 1277, 1266,
1238, 1218, 1174, 1144, 1100, 1060, 1024, 984, 851, 907, 898, 866, 843, 821, 787, 764,
719, 639.

MS (70 eV, El)m/z(%): 418 (2) [M], 362 (43), 318 (26), 317 (11), 273 (31), 272 (1@T1
(15), 244 (13), 243 (11), 238 (13), 199 (14), 192)( 57 (66), 44 (26), 41 (18).

HRMS (El):418.1995 (calcd. 418.1992).

Synthesis of ethyl 6-bromo-1-(4-methoxyphenyl)-3-ax1,3-dihydro-2-benzofuran-5-
carboxylate (41e)
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[e}

CO,Et
S 1)

Br

MeO

The title compound was prepared accordindRb from 4-bromo diethylisophthalate (603
mg, 2.00 mmol), Mg-bas&0b (2.07 mL, 1.45v in THF, 3.00 mmol), anisaldehyde (409 mg,
0.37 mL 3.00 mmol). Metalation conditions—30 °C3 @. Flash chromatography on silica (
pentane/EO 1:1) gave a colorless solid (671 mg, 86%).

m.p.: 130.2 - 132.3 °C.

'H-NMR (600 MHz, CDCl3) d: 8.3 (s, 1 H), 7.6 (s, 1 H), 7.1 @z 8.8 Hz, 2 H), 6.9 (d] =
8.8Hz,2H),6.3(s,1H),4.4(@=7.2Hz,2H),3.8(s,3H),1.4¢=7.2Hz, 3H).
13C-NMR (150 MHz, CDCl3) 6: 168.6, 164.9, 160.8, 152.7, 134.2, 129.1, 12108,4, 128.1,
126.8, 125.2, 114.6, 82.1, 62.3, 55.4, 14.1.

IR (ATR) V (cm): 2990, 2967, 2955, 1757, 1727, 1616, 1579, 13148, 1460, 1449,
1443, 1428, 1392, 1365, 1325, 1307, 1290, 12833,12200, 1178, 1159, 1114, 1105, 1078,
1028, 1020, 969, 932, 924, 893, 878, 867, 843, 838, 802, 781, 754, 734, 726, 681, 658.
MS (70 eV, El)m/z(%): 392 (95), 391 (23) [§], 390 (100), 275 (20), 273 (21), 267 (20),
256 (27), 254 (24), 135 (61).

HRMS (El): 391.0087 (calcd. 391.0181).

Synthesis of 3-Bromoquinoline-2-carbaldehyde (41f):

oo
/
N~ "CHO

The title compound was prepared accordingfRb from 3-bromoquinoline (415 mg, 2.00
mmol), Mg-baselOb (2.0 mL, 1.45v in THF, 3.00 mmol) and dry DMF (257 mg, 0.27 mL,
3.50 mmol). Metalation conditions —25 °C, 0.3 hadfl chromatography on silican-(
pentane/BEO 3:1) gave a yellow solid (304 mg, 65 %).

m.p.: 104.8 - 106.4 °C.

'H-NMR (300 MHz, CDCl3) §: 10.4 (s, 1 H) 8.5 (s, 1 H) 8.3 (#= 8.3 Hz, 1 H) 7.8-7.9 (m,
2 H)7.7-7.8 (m, 1 H).

3C-NMR (75 MHz, CDCls) d: 191.2, 147.8, 146.4, 141.5, 130.9, 130.5, 13188,1, 126.7,
114.7.
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IR (ATR) V (cm): 2857, 1713, 1677, 1661, 1632, 1611, 1582, 136@4, 1485, 1444,
1403, 1392, 1361, 1315, 1298, 1254, 1227, 1192511233, 995, 985, 964, 912, 893, 874,
783, 757, 637, 611.

MS (70 eV, El)m/z (%): 235 (57) [M], 209 (75), 208 (22), 207 (77), 206 (14), 128 (1.00
127 (46), 101 (29), 75 (14), 44 (19).

HRMS (El): 234.9626 (calcd. 234.9633).

Synthesis of 2,6-dichloro-4-(4-methoxyphenyl)pyridie (419):

OMe

The title compound was prepared according®» and TP7 from 2,6-dichloropyridine (296
mg, 2.00 mmol), Mg-bas&0b (2.07 mL, 1.45v in THF, 3.00 mmol), ZnGI(3.1 mL, 1m in
THF, 3.1 mmol) 4-iodoanisole (515 mg, 2.20 mmob(dba) (56 mg, 5 mol%), P(2-fury)
(46 mg, 10 mol%), metalation conditions 25 °C, lid.rklash chromatographical purification
on silica f-pentane/BE0D 19:1) gave a colorless solid (437 mg, 85%).

m.p.: 68.7 - 70.1 °C.

'H-NMR (300 MHz, CDCl3) §: 7.6 (d,J = 9.0 Hz, 2 H), 7.4 (s, 2 H), 7.0 @= 9.0 Hz, 2 H),
3.9 (s, 3 H).

¥C-NMR (75 MHz, CDCls3) 6: 161.4, 153.4, 151.0, 120.0, 114.8, 113.9, 55.5.

IR (ATR) vV (cm™): 2970, 2937, 2839, 1739, 1607, 1580, 1515, 14871, 1289, 1255,
1232, 1184, 1173, 1113, 1065, 1036, 985, 866, 828, 767.

MS (70 eV, El)m/z(%): 253 (100) [M], 239 (10), 237 (16), 209 (22), 114 (11).

HRMS (El): 253.0070 (calcd. 253.0061).

Synthesis of 1-(2,6-dichloropyridin-4-yl)-2,2-dimétylpropan-1-one (41h):

The title compound was prepared according®» and TP8 from 2,6-dichloropyridine (296
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mg, 2.00 mmol), Mg-bas&0b (2.07 mL, 1.45v in THF, 3.00 mmol), ZnGI(3.1 mL, 1M in
THF, 3.1 mmol), pivaloyl chloride (724 mg, 6.00 min®@d(PPh), (46 mg, 2 mol%), 25 °C,
10 min. Flash chromatographical purification oncsilp-pentane/B0O 20:1) gave a colorless
solid (399 mg, 86%).

m.p.: 58.6 - 60.2 °C.

'H-NMR (300 MHz, CDCl3) d: 7.3 (s, 2 H), 1.3 (s, 9 H).

13C-NMR (75 MHz, CDCls) §: 206.2, 151.4, 150.9, 120.4, 44.6, 27.0.

IR (ATR) V (cm): 3072, 2979, 2938, 1738, 1688, 1577, 1521, 14880, 1395, 1364,
1284, 1211, 1168, 1048, 1002, 879, 831, 818, 763, 721, 632.

MS (70 eV, El)m/z (%): 233 (2) [M], 231 (3), 177 (17), 175 (26), 149 (18), 147 (X5},
(100), 41 (23).

HRMS (El): 231.0221 (calcd. 231.0218).

Synthesis of 1-(2,6-dibromopyridin-4-yl)-2,2-dimetlylpropan-1-ol (41i):
HO tBu

X

7
Br N Br

The title compound was prepared according®® from 2,6-dibromo pyridine (475 mg, 2.00
mmol), Mg-baselOb (2.0 mL, 1.45v in THF, 3.00 mmol), pivaldehyde (277 mg, 2.20 mmol
Metalation conditions —50 °C, 0.5 h. Flash chrorgedphy on silicar{-pentane/E0O 40:1)
gave a colorless solid (544 mg, 84%).

m.p.:167.8 - 169.7 °C.

'H-NMR (300 MHz, CDCl3) §: 7.4 (s, 2 H), 4.3 (s, 1 H), 2.1 (s, 1 H), 1.09$).

3C-NMR (150 MHz, CDCls) §: 156.6, 140.4, 126.3, 80.3, 36.1, 25.9.

IR (ATR) vV (cm™): 3432, 2968, 2962, 2931, 2866, 1575, 1528, 14802, 1373, 1364,
1325, 1295, 1236, 1217, 1201, 1175, 1158, 10872,10015, 985, 938, 927, 897, 884, 860,
774,752, 681, 615.

MS (70 eV, El)m/z(%): 321 (1) [M], 269 (97), 268 (18), 267 (88), 265 (100), 186 (HS
(10), 156 (9), 57 (50), 41 (9).

HRMS (El): 320.9370(calcd. 320.9364).

Synthesis of 1,3-benzothiazol-2-yl(2-chloropyridir8-yl)methanone (41Kk):
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S 0O
CL
o \
—

The title compound was prepared accordindRb and TP8 from benzothiazole (270 mg,
2.00 mmol), Mg-bas&0b (2.07 mL, 1.454 in THF, 3.00 mmol), ZnGlI(3.1 mL, 1m in THF,
3.1 mmol), 3-chloro nicotinylchloride (1.06 g, 6.60nol), Pd(PP¥)4 (46 mg, 2 mol%), 25 °C,
10 min. Flash chromatographical purification oncsilp-pentane/BE0O 20:1) gave a colorless
solid (456 mg, 83%).

m.p.: 142.2 - 143.7 °C.

'H-NMR (600 MHz, CDCl3) d: 8.6 (m, 1 H), 8.2 (m, 1 H), 8.1 (dd= 7.6, 1.9 Hz, 1 H), 8.0
(m, 1 H), 7.6 (m, 2 H), 7.4 (dd,= 7.4, 5.0 Hz, 1 H) .

3C-NMR (150 MHz, CDCl3) 6: 186.2, 165.1, 153.6, 151.5, 148.8, 139.4, 13133,6, 128.3,
127.3, 126.0, 122.4, 121.9.

IR (ATR) V (cm): 3094, 2989, 2970, 1739, 1674, 1575, 1554, 14866, 1424, 1397,
1324, 1291, 1278, 1230, 1137, 1126, 1080, 1052, 8%a}, 843, 809, 755, 726, 702, 652, 602.
MS (70 eV, Elym/z(%): 274 (5) [M], 246 (11), 240 (50), 239 (62), 238 (55), 141 (289
(100), 113 (16), 111 (54), 76 (16).

HRMS (El): 273.9962 (calcd. 273.9968).

Synthesis of 1-benzothien-2-yl(phenyl)methanol (4}l

H
CI>~<
S Ph

The title compound was prepared according®® from benzothiophene (266 mg, 0.23 mL,
2.00 mmol), Mg-basé&0Ob (2.07 mL, 1.45v in THF, 3.00 mmol) and benzaldehyde (233 mg,
0.22 mL, 2.20 mmol). Metalation conditions 0 °C, L2Flash chromatography on siliaa (
pentane/EO 4:1) gave a colorless solid (338 mg, 71%).

mp.: 87.4 - 88.0 °C.

'H-NMR (600 MHz, CDCl3) 8: 7.8 (d,J=7.2 Hz, 1 H) 7.7 (dJ = 8.3 Hz, 1 H) 7.5 (dJ =

7.6 Hz,2H) 7.4 (t)=7.5Hz, 2H) 7.3 (s, 2 H) 7.3 (s, 1 H) 7.1 ($416.1 (d,J= 3.1 Hz, 1

H) 2.5 (d,J = 4.1 Hz, 1 H).

3C-NMR (150 MHz, CDCls) §: 148.6, 142.5, 139.9, 139.4, 128.6, 128.3, 1224,3, 124.2,
123.6, 122.4, 121.2, 73.0.
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IR (ATR) V (cm): 3143, 3058, 3028, 1492, 1455, 1434, 1327, 13085, 1247, 1197,
1177, 1154, 1103, 1031, 1021, 1010, 1001, 818, 768, 749, 728, 722, 699, 666, 627.

MS (70 eV, El)m/z (%): 240 (79) [M], 223 (15), 221 (16), 161 (16), 136 (12), 135 (1.00
105 (50), 91 (12), 77 (17), 44 (11).

HRMS (EI): 240.0595 (calcd. 240.0609).

Synthesis oftert-butyl 2-(2-methylprop-2-en-1-yl)benzoate (42a):

CO,tBu

Me

The title compound prepared accordingTi®5 and TP9 from tert-butyl benzoate (356 mg,
2.00 mmol), Mg-bas&4c(2.59 mL, 0.854 in THF, 2.20 mmol), ZnGI(2.4 mL, 1M in THF,
2.4 mmol), CuCNLIiCIl (0.2 ml, 1.0m in THF, 10 mol%),3-bromo-2-methylpropene (297
mg, 2.20 mmol), metalation conditions 25 °C, 1 laskh chromatographical purification on
silica (n-pentane/BO 9:1) gave a colorless oil (422 mg, 91%).

'H-NMR (300 MHz, CDCl3) d: 7.8 (m, 1 H), 7.4 (m, 1 H), 7.3 (m, 2 H), 4.81sH), 4.5 (s, 1
H), 3.7 (s, 2H), 1.8 (s, 3H), 1.6 (s, 9 H).

3C-NMR (75 MHz, CDCls3) 6: 167.5, 145.2, 139.9, 132.8, 131.0, 131.0, 13[26,0, 111.7,
81.1, 41.6, 28.2, 22.8.

IR (ATR) V (cm): 2970, 2938, 1738, 1716, 1447, 1366, 1293, 14252, 1229, 1217,
1172, 1129, 1077, 1049, 890, 849, 738, 711.

MS (70 eV, El)m/z(%): 232 (0.04) [M], 177 (29), 176 (100), 162 (35), 161 (74), 159)(94
158 (91), 143 (15), 134 (24).

HRMS (El): 232.1444 (calcd. 232.1463).

Synthesis oftert-butyl 2-(4-chlorobenzoyl)benzoate (42b):

The title compound was prepared according®b and TP8 from tert-butyl benzoate (356
mg, 2.00 mmol), Mg-bas83 (2.59 mL, 0.85v in THF, 2.20 mmol), ZnGl(2.4 mL, 1M in
THF, 2.4 mmol), 4-chloro benzoylchloride (385 mg@®mmol), Pd(PPy (46 mg, 2 mol%),
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metalation conditions 25 °C, 1 h. Flash chromatpli@al purification on silica nt
pentane:BEO = 5:1) gave a colorless solid (422 mg, 91%).

m.p.: 65.8 - 67.3 °C

'H-NMR (300 MHz, CDCls) 6: 8.0 (m, 1 H), 7.7 (d) = 8.7 Hz, 2 H), 7.6 (m, 2 H), 7.4 (4,
=8.7Hz, 2 H), 7.3 (m, 1 H), 1.3 (s, 9 H).

3C-NMR (75 MHz, CDCls) 6: 195.6, 165.0, 140.6, 139.5, 135.7, 132.0, 13130,9, 130.1,
129.7, 128.8, 127.4, 82.7, 27.6.

IR (ATR) V (cm): 2972, 2933, 1737, 1706, 1666, 1583, 1571, 14855, 1441, 1396,
1366, 1301, 1286, 1267, 1173, 1138, 1082, 1011, 98, 896, 866, 849, 775, 762, 748, 737,
712, 676, 645.

MS (70 eV, El)miz (%): 316 (5) [M], 261 (34), 260 (23), 245 (27), 243 883), 181 §100
152 (28), 149 (17), 139 (32), 111 (11), 57 (21).

HRMS (EI): 318.0869 (calcd. 316.0866).

Synthesis oftert-butyl 4'-methylbiphenyl-2-carboxylate (42c):

tBu Me

The title compound was prepared accordingRb and TP7 from tert-butyl benzoate (356
mg, 2.00 mmol), Mg-basg4c (2.59 mL, 0.85v in THF, 2.20 mmol), ZnGlI(2.4 mL, 1m in
THF, 2.4 mmol) 4-iodotoluene (480 mg, 2.20 mmof(dba) (56 mg, 5 mol%), P(2-fury)
(46 mg, 10 mol%), metalation conditions 25 °C, Flash chromatographical purification on
silica (n-pentane/BO 20:1) gave a colorless oil (440 mg, 82%).

'H-NMR (300 MHz, CDCls) §: 7.8 (m, 1 H), 7.5 (m, 1 H), 7.4 (m, 1 H), 7.3 (inH), 7.2 (s,
4 H),2.4(s,3H),1.3(s,9H).

3C-NMR (75 MHz, CDCls) 6: 168.2, 142.0, 138.9, 136.7, 133.0, 130.6, 13[p8,5, 128.6,
128.5, 126.9, 81.2, 27.6, 21.2.

IR (ATR) V (cm): 2970, 2928, 1706, 1599, 1477, 1444, 1366, 14987, 1217, 1172,
1126, 1087, 1047, 848, 819, 755, 705.

MS (70 eV, El)m/z(%): 268 (6) [M], 213 (13), 212 (100), 195 (37), 165 (16), 152)(11
HRMS (El) 268.1458 (calcd. 268.1463).

Synthesis oftert-butyl 4'-[(triisopropylsilyl)oxy]biphenyl-2-carbox ylate (42d):
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The title compound was prepared according®b and TP7 from tert-butyl benzoate (356
mg, 2.00 mmol), Mg-basg4c (2.59 mL, 0.85v in THF, 2.20 mmol), ZnGlI(2.4 mL, 1M in
THF, 2.4 mmol) (4-iodophenoxy)(triisopropyl)silafg@s0 mg, 2.20 mmol), Pd(dka)s6 mg,

5 mol%), P(2-furyl} (46 mg, 10 mol%), metalation conditions 25 °C, 1 MHash
chromatographical purification on silica-pentane/BE 20:1) gave a colorless oil (758 mg,
89%).

'H-NMR (300 MHz, CDCl3) 6: 7.7 (m, 1 H), 7.5 (m, 1 H), 7.4 (m, 2 H), 7.2 Jc& 8.7 Hz, 2
H), 6.9 (d,J = 8.7 Hz, 2 H), 1.3 (s, 9 H), 1.1 (m, 21 H).

3C-NMR (75 MHz, CDCls) J: 168.6, 155.4, 141.4, 134.4, 133.3, 130.5, 131p8,6, 129.3,
126.7, 119.3, 81.2, 27.7, 18.0, 12.7.

IR (ATR) V (cmi%): 2970, 2944, 2867, 1737, 1712, 1607, 1515, 14444, 1366, 1301,
1260, 1232, 1217, 1172, 1126, 1047, 911, 882, B&Z, 686, 652.

MS (70 eV, El)m/z (%): 427 (12), 426 (36) [N, 328 (25), 327 (100), 309 (22), 299 (28),
281 (22), 255 (10), 254 (11), 253 (53), 239 (278 W14), 75 (11), 57 (14).

HRMS (EI): 426.2586 (calcd. 426.2590).

Synthesis oftert-butyl 2-(4-chlorophenyl)-1-naphthoate (42e):

{BuO,C O c

The title compound was prepared accordingfRb and TP7 from tert-butyl 1-naphthoate

(456 mg, 2.00 mmol), Mg-badetc (2.59 mL, 0.85v in THF, 2.20 mmol), ZnGI(2.4 mL, 1

M in THF, 2.4 mmol) 4-iodo-1-chlorobenzene (525 M0 mmol), Pd(dba)(56 mg, 5

mol%), P(2-furyl} (46 mg, 10 mol%), metalation conditions 25 °C,.3Thturation withn-

pentane gave a brown solid (657 mg, 97%).

m.p.: 95.6 - 97.1 °C (decomp.).

'H-NMR (300 MHz, CDCls) d: 8.0 (m,J= 8.3 Hz, 1 H), 7.9 (m, 2 H), 7.6 (m, 2 H), 7.4 (&n,

H), 1.4 (s, 9 H).

3C-NMR (75 MHz, CDCls) ¢: 168.3, 139.5, 136.0, 133.6, 132.5, 131.7, 131p8,8, 129.4,
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129.0, 128.2, 128.1, 127.1, 126.4, 125.0, 82.8.27.
IR (ATR) V (cmi%): 2971, 2930, 1737, 1711, 1597, 1491, 1364, 12254, 1243, 1175,
1162, 1135, 1109, 1091, 1014, 1009, 959, 890, 859, 814, 795, 748, 723, 676, 664.

MS (70 eV, El)m/z(%): 338 (10) [M], 284 (27), 282 (100), 265 (28), 202 (26).

HRMS (EI): 338.1075 (calcd. 338.1074).

Synthesis oftert-butyl 2-(2-methylprop-2-en-1-yl)-1-naphthoate (42

The title compound was prepared accordingfRb and TP9 from tert-butyl 1-naphthoate
(456 mg, 2.00 mmol), Mg-badetc (2.59 mL, 0.85v in THF, 2.20 mmol), ZnGI(2.4 mL, 1
M in THF, 2.4 mmol), CuCRLIiClI (0.2 ml, 1.0m in THF, 10 mol%), 3-bromo-2-
methylpropene (297 mg, 2.20 mmol), metalation coms 25 °C, 3 h. Flash
chromatographical purification on silica-pentane/BE 50:1) gave a colorless oil (496 mg,
88%).

'H-NMR (300 MHz, CDCls) 6: 7.8 (m, 3 H), 7.5 (m, 2 H), 7.4 (d= 8.5 Hz, 1 H), 4.9 (s, 1
H), 4.7 (s, 1 H), 3.6 (s, 2 H), 1.8 (s, 3 H), 1s7q H).

3C-NMR (75 MHz, CDCls) d: 168.9, 144.1, 133.8, 132.3, 132.0, 129.9, 12828,0, 127.4,
126.8, 125.6, 124.7, 112.8, 82.4, 41.7, 28.3, 22.4.

IR (ATR) vV (cm™): 2970, 2942, 1738, 1718, 1508, 1455, 1366, 12838, 1227, 1222,
1171, 1152, 1132, 1044, 1023, 891, 847, 807, 735, 7

MS (70 eV, El)m/z(%): 282 (1) [M], 226 (45), 211 (100), 209 (15), 181 (23), 165)(19
HRMS (El): 282.1606 (calcd. 282.1620).

Synthesis oftert-butyl 2-(2,2-dimethylpropanoyl)-1-naphthoate (42g)

BuO,C O

tBU

The title compound was prepared accordingfRb and TP8 from tert-butyl 1-naphthoate
(456 mg, 2.00 mmol), Mg-badetc (2.59 mL, 0.85v in THF, 2.20 mmol), ZnGI(2.4 mL, 1
M in THF, 2.4 mmol), pivaloyl chloride (385 mg, 2.2@mol), Pd(PP%)4 (46 mg, 2 mol%),
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metalation conditions 25 °C, 3 h. Flash chromatpli@al purification on silica nt
pentane/EO 9:1) gave a colorless solid (518 mg, 83 %).

m.p.: 76.1 - 78.0 °C.

'H-NMR (300 MHz, CDCl3) 6: 8.2 (m, 1 H), 7.9 (m, 2 H), 7.6 (m, 2 H), 7.5Jc 8.7 Hz, 1
H), 1.7 (s, 9 H), 1.4 (s, 9 H).

13C-NMR (75 MHz, CDCls) 6: 221.3, 167.6, 138.7, 133.4, 130.9, 130.0, 1208,2, 127.6,
127.0, 125.9, 122.0, 83.0, 44.4, 28.2, 27.9.

IR (ATR) V (cm): 2970, 2932, 2871, 1737, 1711, 1683, 1622, 13@75, 1458, 1395,
1380, 1366, 1266, 1248, 1159, 1133, 1069, 1026, 88, 864, 852, 842, 822, 802, 790, 762,
741, 727, 682, 624.

MS (70 eV, El)m/z(%): 312 (0.1) [M], 254 (5), 199 (12), 198 (100), 126 (4), 57 (11).
HRMS (EI): 312.1710 (calcd. 312.1725).

Synthesis of ltert-butyl 2-ethyl naphthalene-1,2-dicarboxylate (42h):

tBUOzC (6}

The title compound was prepared according®® and TP8 from tert-butyl naphthoate (456
mg, 2.00 mmol), Mg-basg4c (2.59 mL, 0.85v in THF, 2.20 mmol), ZnGI(2.4 mL, 1m in
THF, 2.4 mmol), ethyl chloroformate (1.08 g, 10.0nol), Pd(PP§)s (46 mg, 2 mol%),
metalation conditions 25 °C, 3 h. Flash chromatpli@al purification on silica nt
pentane/BEO 9:1) gave a colorless solid (498 mg, 83 %).

m.p.: 103.8 -105.6 °C.

'H-NMR (300 MHz, CDCls) 6: 8.0 (m, 2 H), 7.9 (m, 2 H), 7.6 (m, 2 H), 4.5dg 7.2 Hz, 2
H), 1.7 (s, 9 H), 1.4 (1= 7.2 Hz, 3 H).

13C-NMR (75 MHz, CDCls) 6: 167.9, 165.8, 136.0, 135.1, 129.5, 128.9, 12B8,1, 127.5,
126.0, 125.1, 124.7, 82.8, 61.4, 28.2, 14.4.

IR (ATR) V (cm): 2980, 2970, 1738, 1722, 1712, 1467, 1438, 13@89, 1265, 1241,
1217,1173, 1158, 1133, 1116, 1042, 1018, 867, 88, 796, 766, 752, 730, 669.

MS (70 eV, El)m/z(%): 300 (32) [M], 245 (16), 244 (100), 227 (25), 200 (30), 199)(90
172 (27), 155 (73), 127 (29), 115 (19), 57 (17).

HRMS (EIl): 300.1354 (calcd. 300.1262).

Synthesis of tritert-butyl benzene-1,2,4-tricarboxylate (42i):
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tBUOzC\@[COﬁBU
COztBLI

The title compound was prepared accordingRb from ditert-butyl isophtalate (556 mg,
2.00 mmol), Mg-basé4c (2.59 mL, 0.85v in THF, 2.20 mmol), Bo®© (1.08 g, 5.00 mmol),
metalation conditions 25 °C, 6 h. Flash chromatplical purification on silica n¢
pentane/BO 9:1) gave a pale green oil (685 mg, 90%).

'H-NMR (300 MHz, CDCls) §: 8.2 (d,J= 1.2 Hz, 1 H), 8.1 (dd] = 8.0, 1.7 Hz, 1 H), 7.6 (d,
J=8.0,1H),1.6 (m, 23 H), 1.5 (m, 4 H).

3C-NMR (75 MHz, CDCls) 6: 166.4, 166.0, 164.3, 137.4, 133.6, 133.6, 131129,8, 128.6,
85.2, 83.9, 82.4, 81.9, 28.0, 27.6, 27.4.

IR (ATR) V (cm): 2970, 2941, 1736, 1718, 1455, 1393, 1367, 14233, 1245, 1217,
1157, 1113, 1066, 935, 869, 841, 763, 741.

MS (70 eV, Elym/z(%): 378 (0.02) [M], 305 (47), 267 (36), 249 (24), 211 (51), 194 (37)
193 (23), 175 (19), 167 (80), 148 (47), 57 (38)(5@0).

HRMS (El): 378.2047 (calcd. 378.2842).

Synthesis of ditert-butyl 4-(2-methylprop-2-en-1-yl)isophthalate (42))

tBquc\CioztBu
Me

The title compound was prepared according®b and TP9 from di-tert-butyl isophtalate
(556 mg, 2.00 mmol), Mg-bagelc (2.59 mL, 0.85v in THF, 2.20 mmol), ZnGI(2.4 mL, 1

M in THF, 2.4 mmol), CuCRLICI (0.2 ml, 1 m in THF, 10 mol%), 3-bromo-2-
methylpropene (297 mg, 2.20 mmol), metalation comas 25 °C, 6 h. Flash
chromatographical purification on silica-pentane/BE 20:1) gave a colorless oil (680 mg,
90%).

'H-NMR (300 MHz, CDCls) §: 8.4 (d,J = 1.7 Hz, 1 H), 8.2 (dd) = 7.7, 1.7 Hz, 1 H), 7.9
(dd,J=8.0, 1.9 Hz, 1 H), 4.8 (s, 1 H), 4.5 (s, 1 H), &B82 H), 1.6 (m, 21 H).

3C-NMR (75 MHz, CDCls) J: 166.8, 165.1, 144.6, 133.2, 132.9, 132.2, 13134,1, 130.4,
130.0, 128.2, 112.1, 81.6, 81.5, 81.2, 28.2, ZR18.

IR (ATR) vV (cmi™): 2970, 2938, 1738, 1715, 1608, 1452, 1393, 13645, 1290, 1247,
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1217, 1156, 1140, 1117, 1075, 939, 891, 849, 768, 732.
MS (70 eV, Elym/z(%): 332 (0.02) [M], 276 (52), 259 (16), 220 (59), 205 (100), 203)(28
202 (16), 149 (7), 57 (25).

HRMS (El): 332.1976 (calcd. 332.1988).

Synthesis oftert-butyl 3-phenylisonicotinate (42k):

tBUOzC
X
L~

N

The title compound was prepared accordingflRb and TP7 from tert-butyl isonicotinate
(358 mg, 2.00 mmol), Mg-badetc (3.53 mL, 0.85v in THF, 3.00 mmol), ZnGI(3.2 mL, 1
M in THF, 3.2 mmol) iodobenzene (449 mg, 2.20 mmBY(dba) (56 mg, 5 mol%), P(2-
furyl)s (46 mg, 10 mol%), metalation conditions —40 °C, H.2Flash chromatographical
purification on silicaif-pentane/BE0 1:1) gave a red oil (347 mg, 68%).

'H-NMR (300 MHz, CDCl3) §: 8.7 (d,J = 5.1 Hz, 1 H), 8.6 (s, 1 H), 7.6 (@= 5.6 Hz, 1 H),
7.4 (m,3H),7.3(m,2H), 1.3 (s, 9H).

3C-NMR (75 MHz, CDCls) d: 166.2, 151.0, 148.7, 140.0, 137.7, 135.9, 12R8,9, 122.5,
99.4, 82.8, 27.5.

IR (ATR) vV (cm): 2970, 1736, 1715, 1477, 1445, 1397, 1368, 13986, 1217, 1159,
1119, 1075, 1006, 856, 837, 761, 717, 699, 672.

MS (70 eV, El)m/z(%): 255 (3) [M], 200 (16), 199 (100), 198 (19), 182 (30), 154 (D7
(10), 57 (11).

HRMS (El): 255.1264 (calcd. 255.1259).

Synthesis of 4-(3-methylphenyl)-2-(methylthio)pyrindine (42l):

Me |//I\

The title compound was prepared accordindBb and TP7 from 2(methylthio)pyrimidine
(252 mg, 2.00 mmol), Mg-badetc (3.53 mL, 0.85v in THF, 3.00 mmol), ZnGI(3.2 mL, 1
M in THF, 3.2 mmol) 3-iodotoluene (480 mg, 2.20 mm#&ld(dba) (56 mg, 5 mol%), P(2-
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furyl)s (46 mg, 10 mol%), metalation conditions —40 °C, H.2Flash chromatographical
purification on silicaif-pentane/B0O 1:4) gave &olorless solid (328 mg, 76%).

m.p.: 55.2 - 56.3 °C.

'H-NMR (300 MHz, CDCl3) 6: 8.5 (d,J=5.3 Hz, 1 H), 7.9 (s, 1 H), 7.8 (@= 8.0 Hz, 1 H),
7.4 (m, 3 H), 2.7 (s, 3H), 2.5(s, 3H).

13C-NMR (75 MHz, CDCl3) ¢: 172.7, 164.1, 157.4, 138.6, 136.3, 131.9, 1282%,8, 124.4,
112.0, 21.5, 14.2.

IR (ATR) V (cm): 3058, 2970, 2925, 1739, 1561, 1542, 1492, 14888, 1315, 1301,
1208, 1194, 1185, 1126, 1080, 969, 918, 890, 896, 768, 693, 654, 628.

MS (70 eV, El)miz(%): 217 (14), 216 (100) [, 215 (30, 170 (37), 169 (22), 155 (14), 115
(12).

HRMS (El): 216.0708 (calcd. 216.0721).

Synthesis of 4'-methoxybiphenyl-2-carbonitrile (42nx

CN ! OMe

The title compound was prepared accordingR® and TP9 from benzonitrile (206 mg, 2.00
mmol), Mg-basel4c(2.59 mL, 0.85v4 in THF, 2.20 mmol), ZnGl(2.4 mL, 1M in THF, 2.40
mmol) 3-iodoanisole (480 mg, 2.20 mmol), Pd(di{&5 mg, 5 mol%), P(2-fury)(46 mg, 10
mol%), metalation conditions —30 °C, 3 h. Flashoomatographical purification on silica-(
pentane/BEO 9:1) gave &olorless solid (328 mg, 76%).

m.p.: 77.1 - 79.1 °C.

'H-NMR (300 MHz, CDCl3) d: 7.8 (m, 1 H), 7.6 (m, 1 H), 7.5 (d= 9.0 Hz, 2 H), 7.4 (m, 2
H), 7.0 (d,J=9.0 Hz, 2 H) 3.9 (s, 3 H).

13C-NMR (75 MHz, CDCls) 6: 160.1, 133.7, 132.7, 130.5, 130.0, 129.9, 1208,4, 127.0,
114.2,77.4, 76.6, 55.4.

IR (ATR) vV (cmi): 2994, 2970, 2224, 1739, 1611, 1598, 1516, 148@3, 1435, 1370,
1300, 1270, 1248, 1184, 1035, 833, 820, 750, 696.

MS (70 eV, El)m/z(%): 209 (100) [M], 194 (17), 166 (30), 140 (12).

HRMS (El): 209.0841 (calcd. 209.0841).

Synthesis of 4-fluoro-2-(2-methylprop-2-en-1-yl)beronitrile (45d):
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a"

F

The title compound was prepared according®& and TP9 from 4-fluoro benzonitrile (242
mg, 2.00 mmol), Zn-bask?b (2.4 mL, 0.5v in THF, 1.2 mmol), CuCRLIiCI (0.2 ml, 1M in
THF 10 mol%),3-bromo-2-methylpropene (297 mg, 2.20 mmol), métataconditions 100
°C, 2 h. Flash chromatographical purification dicai(n-pentane/BE 19:1) gave a colorless
oil (283 mg, 81%).

'H-NMR (300 MHz, CDCls) §: 7.6 (ddJ = 4.7, 2.1 Hz, 1 H), 7.5 (m, 1 H), 7.1 Jt= 9.1 Hz,
1H),4.9(s,1H),4.7(s,1H),3.4(s, 2H), (s73 H).

3C-NMR (75 MHz, CDCls) 6: 165.2, 161.9, 142.1, 135.4, 135.3, 132.5, 13128,9, 128.7,
118.2, 116.8, 116.5, 113.3, 108.4, 108.4, 36.5,3%2.1. Observed complexity due to C-F

splitting, definitive assignments have not been enad

IR (ATR) V (cm): 2970, 2942, 2920, 2231, 1739, 1653, 1590, 14933, 1376, 1247,
1230, 1217, 1103, 1066, 895, 829, 780, 728, 682.

MS (70 eV, El)m/z(%): 175 (66) [M], 161 (10), 160 (100), 158 (10), 147 (13), 135)(12
134 (30), 133 (11), 107 (11), 57 (13), 43 (59).

HRMS (El): 175.0790 (calcd. 175.0797).

Synthesis of 3-fluoro-4'-[(triisopropylsilyl)oxy]biphenyl-2-carbonitrile (45e):

TIPSO CN
Cr

The title compound was prepared according®® and TP7 from 2-fluoro benzonitrile (242
mg, 2.00 mmol), Zn-basel2b (2.4 mL, 05 ™M in THF, 1.2 mmol), (4-
iodophenoxy)(triisopropyl)silane (850 mg, 2.20 mmdpPd(dba) (56 mg, 5 mol%), P(2-
furyl)s (46 mg, 10 mol%), metalation conditions 140 °Ch2Flash chromatographical
purification on silicaif-pentane/BE0 9:1) gave &olorless solid (610 mg, 83%).

m.p.: 81.7-82.9 °C.

'H-NMR (300 MHz, CDCl3) 6: 7.7 (td,J = 7.7, 1.7 Hz, 1 H), 7.6 (m, 1 H), 7.4 (db}= 6.7,
1.8,1.7 Hz, 2 H), 7.0 (m, 3 H), 1.3 (m, 3 H), 1d1J=7.0 Hz, 18 H).
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“C-NMR (75 MHz, CDCl,) J: 161.9, 158.4, 156.7, 135.3, 135.3, 131.6, 13088,2, 130.0,
130.0, 126.1, 126.1, 124.9, 124.8, 120.2, 114.2,2,1102.4, 102.1, 17.9, 12.7 (observed
complexity due to C-F splitting, definitive assigants have not been made).

IR (ATR) V (cm): 2946, 2867, 2231, 1739, 1604, 1513, 1457, 14384, 1366, 1304,
1264, 1235, 1171, 1110, 1074, 1014, 993, 909, 888, 822, 791, 740, 721, 688, 650, 625.
MS (70 eV, El)m/z(%): 369 (57) [M], 326 (28), 298 (41), 271 (64), 257 (29), 196 (285
(100) 128 (22), 77 (20).

HRMS (El): 369.1916 (calcd. 369.1924).

Synthesis of 1-(1-benzothien-2-yl)-2,2-dimethylpragm-1-one (45f):

The title compound was prepared accordingR®& and TP8 from benzothiophene (268 mg,
2.00 mmol), Zn-bas&2b (2.4 mL, 0.5m in THF, 1.2 mmol), pivaloyl chloride (385 mg, 2.20
mmol), CUCN2LICI (0.2 ml, 1m in THF, 10 mol%), metalation conditions 140 °(y.JFlash
chromatographical purification on silica-pentane/BEO 40:1) gave &olorless oil (363 mg,
83%).

'H-NMR (300 MHz, CDCl3) 6: 8.0 (s, 1 H), 7.9 (m, 2 H), 7.4 (m, 2 H), 1.59).

3C-NMR (75 MHz, CDCls3) 6: 200.3, 142.1, 141.6, 139.2, 128.8, 127.1, 12528,8, 122.5,
44.2, 28.2.

IR (ATR) V (cm): 2970, 2930, 2901, 1739, 1647, 1593, 1558, 13174, 1457, 1430,
1394, 1366, 1274, 1217, 1144, 1126, 1072, 937, 898, 842, 789, 758, 742, 723.

MS (70 eV, El)m/z(%): 218 (15) [M], 161 8100), 89 (11), 43 (14).

HRMS (El): 218.0759 (calcd. 218.0765).

4.7. Co-catalyzed aryl sulfonate/copper-exchange

4.7.1.Starting Material Synthesis

Synthesis of 3,5-dibromophenyl 4-methoxybenzenesaiate:
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Br\©/ Br

%50,

)

OMe

The title compound was prepared followihg3 from 3,5-dibromophenol (5.04 g, 20 mmol),
4-methoxybenzenesulfonyl chloride (4.96 g). 7.98@%) of a brown solid were isolated.
m.p.: 102.4 - 103 °C

'H-NMR (300 MHz, CDCl3) d (ppm): 7.8 (dJ = 9.2 Hz, 2 H), 7.6 (t) = 1.7 Hz, 1 H), 7.1
(m, 2 H), 7.0 (m, 2 H), 3.9 (s, 3 H).

3C-NMR (75 MHz, CDCls) § (ppm): 164.6, 150.1, 132.9, 130.8, 125.9, 124.2,9,2114.6,
55.9.

IR (ATR) V (cm%): 1593, 1566, 1497, 1417, 1378, 1268, 1200, 11985, 1170, 1095,
1016, 912, 872, 858, 832, 805, 740, 712, 679, 684,

MS (70 eV, E)m/z(%): 421 (12), 419 [N (6), 172, (24), 171 (100), 170 (60), 123 (31)710
(84), 92 (31), 77 (45), 64 (16).

HRMS (El): 419.8671 (calcd.: 419.8667).

Synthesis of diethyl 5-{[(4-methoxyphenyl)sulfonyljxy}isophthalate (50a):

Et020\©/COQEt

50,

OMe

The title compound was prepared followih§3 from diethyl 5-hydroxyisophthalate (4.77 g,
20 mmol), 4-methoxybenzenesulfonyl chloride (4.96 §59 g (93%) of a colorless solid
were isolated.

m.p.: 85.3-86.0 °C

'H-NMR (300 MHz, CDCl3) § (ppm): 8.6 (tJ = 1.5 Hz, 1 H), 7.9 (dJ = 1.5 Hz, 2 H), 7.8
(m, 2 H), 7.0 (m, 2 H), 4.4 (d,= 7.2 Hz, 4 H), 3.9 (s, 3 H), 1.4 (= 7.2 Hz, 6 H).

3C-NMR (75 MHz, CDCl3) é (ppm): 164.5, 164.4, 149.6, 132.6, 130.8, 129.7,8,2126.2,
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114.6, 61.7, 55.8, 14.2.

IR (ATR) V (cmi®): 1717, 1310, 1170, 1022, 953, 844, 821, 760, 708,

MS (70 eV, E)m/z(%): 408 (8) [M], 363 (15), 193 (15), 171 (100), 123 (14), 107)(Z7
(14).

HRMS (El): 408.0879 (calcd.: 408.0881).

Synthesis of ethyl 3-cyano-5-{[(4-methoxyphenyl)sidnylJoxy}benzoate (50b):

NC\©/COZEt

O.
SO,

J

OMe

The title compound was prepared from 3,5-dibromoghéd-methoxybenzenesulfonate (8.44
g, 10 mmol),iPrMgCL-LiCIl, TsCN (1.81 g, 10 mmol) followindP 4 (Exchange time: 60
min). The second Br/Mg-exchange was performed enctiude product according P 4
(Exchange time: 60 min) using ethyl cyanoformat®1(9ng, 10 mmol) as an electrophile
furnishing (2.0 g, 56%) a colorless solid.

m.p.: 90.1 - 90.8 °C

'H-NMR (300 MHz, CDCls) d (ppm): 8.2 (tJ = 1.4 Hz, 1 H), 7.9 (dd] = 2.4, 1.5 Hz, 1 H),
7.8(m,2H),75(dd)=2.3,1.4Hz, 1 H),7.0(m, 2H),4.4 @ 7.1 Hz, 2 H), 3.9 (s, 3 H),
1.4 (t,J=7.1 Hz, 3 H).

3C-NMR (75 MHz, CDCl3) é (ppm): 164.7, 163.3, 149.8, 133.7, 131.6, 130.8,2,2128.1,
125.6, 116.6, 114.8, 114.0, 62.2, 55.9, 14.2.

IR (ATR) V (cm®): 1717, 1592, 1378, 1316, 1303, 1265, 1224, 11983, 1172, 1116,
1093, 1011, 968, 894, 843, 807, 778, 769, 739, 688, 626 .

MS (70 eV, El)m/z (%): 361 (2) [M], 316 (5), 171 (100), 123 (10), 107 (23), 77 (173,
(27), 59 (37), 45 (26).

HRMS (El): 361.0607 (calcd.: 361.0620).

Synthesis of 3,5-dicyanophenyl 4-methoxybenzenesutfate (50c¢):
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NC\©/CN

50,

OMe

The title compound was prepared from 3,5-dibromoghéd-methoxybenzenesulfonate (8.44
g, 10 mmol),iPrMgCL-LiCIl, TsCN (1.81 g, 10 mmol) followindP 4 (Exchange time: 60
min). The second Br/Mg-exchange was performed enctiude product according P 4
(Exchange time: 60 min) using TsCN (1.81 g, 10 mraslan electrophile furnishing (1.54 g,
49%) as a colorless solid.

m.p.: 98.8 - 100.2 °C

'H-NMR (300 MHz, CDCls) 6 (ppm): 7.83 (tJ = 1.5 Hz, 1 H), 7.78 (m, 2 H), 7.56 (@z=
1.5 Hz, 2 H), 7.04 (m, 2 H), 3.94 (s, 3 H).

3C-NMR (75 MHz, CDCl3) ¢ (ppm): 165.1, 150.1, 133.6, 130.8, 130.4, 125.5,3,1115.4,
114.9, 55.9.

IR (ATR) V (cmi®): 3071, 2942, 2910, 1575, 1498, 1272, 1169, 11893, 964, 749.

MS (70 eV, E)m/z(%): 314 (2) [M], 171 (100), 107(38), 123 (19), 92 (17), 77 (BY,(10),
44 (4).

HRMS (El): 314.0358 (calcd.: 314.0361).

Synthesis of 3,5-bis(trifluoromethyl)phenyl 4-(dim¢éhylamino)benzenesulfonate (50d):

F30\©/CF3

50,

NMez

The title compound was prepared followihB3 from 3,5-bis(trifluoromethyl)phenol (2.30 g,
10 mmol), 4-(dimethylamino)benzenesulfonyl chlori@20 g, 12 mmol). 3.3g (79%) of a
colorless solid were isolated.

m.p.: 151.0 - 153.4 °C
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TH-NMR (300 MHz, CDCls) 6 (ppm): 7.74 (bs, 1 H), 7.59 (m, 2 H), 7.44 (bs, 2 166 (m,

2 H), 3.08 (s, 6 H).

3C-NMR (75 MHz, CDCls) ¢ (ppm): 154.2, 150.4,133.6, 133.2, 132.7, 130.5,9,2124.3,
123.6, 123.5, 120.7, 120.5, 120.5, 120.4, 120.9,3,2118.2, 117.1, 110.9, 40.1. (observed

complexity due to C-F splitting, definitive assigamts have not been made).

IR (ATR) vV (cm™): 3079, 2973, 1594, 1585, 1498, 1354, 1170, 1968, 749, 669.

MS (70 eV, El)m/z(%): 413 (30) [M], 394 (12), 184 (100), 136 (79), 120 (63), 105)(T¥
(17), 41 (14).

HRMS (El): 413.0508 (calcd.: 413.0520).

Synthesis of 3-cyano-5-formylphenyl 4-methoxybenzesulfonate (50i):

NC. ; _CHO

O.
SO,

J

OMe

The title compound was prepared from 3,5-dibromoghé-methoxybenzenesulfonate (8.44
g, 10 mmol)jPrMgCI-LiCl, TsCN (1.8 g, 10 mmol) followin@ P 4 (Exchange time: 60 min).
The second Br/Mg-exchange was performed on theecqmbduct according tadP 4
(Exchange time: 60 min) using DMF (10 mmol) as kcteophile furnishing (1.68 g, 53%) of
a colorless solid.

m.p.: 108.3 - 108.8 °C

'H-NMR (300 MHz, CDCl3) é (ppm): 10.0 (s, 1 H), 8.1 (m, 1 H), 7.8 (m, 4 H) dd,J =
2.4,1.4 Hz, 1 H), 7.0 (m, 1 H) 3.9 (s, 3 H).

3C-NMR (75 MHz, CDCl3) é (ppm): 188.4, 164.9, 150.4, 138.5, 131.2, 131.0,8,3127.4,
125.4, 116.3, 114.9, 55.9.

IR (ATR) V (cmi®): 1705, 1590, 1572, 1497, 1342, 1266, 1166, 1088, 952, 839, 806,
750, 719, 704, 670.

MS (70 eV, El)m/z (%): 317 (1) [M], 171 (52), 140 (31), 108 (25), 74 (69), 65 (139,
(100), 45 (75).

HRMS (El): 317.0355 (calcd.: 317.0358).
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4.7.2.Aryl Sulfonate/Copper-Exchange

Synthesis of diethyl 5-iodoisophthalate (52a):

Etozc\©/cozEt

The title compound was prepared fr&da (408 mg, 1.0 mmol), iodine (508 mg, 2.0 mmol)
following TP10. Column chromatographical purification on silica-pentane/BO 6:1)
furnished a yellow solid (251 mg, 72%).

m.p.: 75.2 - 75.8 °C

'H-NMR (300 MHz, CDCls) § (ppm): 8.6 (tJ = 1.7 Hz, 1 H), 8.5 (d] = 1.5 Hz, 2 H), 4.4 (q,
J=7.2 Hz, 4 H), 1.4 (1)=7.2 Hz, 6 H).

3C-NMR (75 MHz, CDCl3) 6 (ppm): 164.3, 142.3, 132.5, 129.8, 93.4, 61.7,.14.3

IR (ATR) vV (cm™): 3083, 2984, 2903, 1710, 1290, 1231, 1142, 11031, 747, 714.

MS (70 eV, El)m/z(%): 347 (64) [M], 319 (24), 312 (24), 302 (100), 291 (22), 274)(36
247 (22), 246 (16), 75 (10).

HRMS (EI): 347.9853 (calcd.: 347.9858).

Synthesis of ethyl 3-cyano-5-iodobenzoate (52b):

EtOQC\©/CN

The title compound was prepared frd&@b (361 mg, 1.0 mmol),,1 (507 mg, 2.0 mmol)
following TP10. Column chromatographical purification on silice-pentane/EO 9:1)

furnished a yellow solid (196 mg, 65%).

m.p.: 71.2 - 71.5 °C.

'H-NMR (300 MHz, CDCl3) é (ppm): 8.6 (tJ = 1.6 Hz, 1 H), 8.3 () = 1.6 Hz, 1 H), 8.2 (t,
J=1.6Hz, 1 H), 4.4 (q)=7.1Hz, 2 H), 1.4 () = 7.2 Hz, 3 H).

3C-NMR (75 MHz, CDCl3) § (ppm): 163.2, 144.0, 142.6, 132.3, 127.1, 116.3,5,193.6,
62.2,14.2.

IR (ATR) V (cmi): 3084, 3075, 2980, 2236, 1726, 1561, 1431, 13888, 1279, 1255,
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1191, 1156, 1128, 1106, 1020, 996, 939, 926, 86D, 809, 762, 722, 698, 667.

MS (70 eV, Elym/z (%): 301 (36) [M], 272 (100), 255 (81), 227 (43), 207 (45), 115)(27
101 (51), 73 (48), 44 (47).

HRMS (EI): 300.9600 (calcd.: 300.9589).

Synthesis of diethyl 5-(prop-2-en-1-yl)isophthalat¢52c):

EtO,C CO,Et

The title compound was prepared fr&fa (408 mg, 1.0 mmol), allyl bromide (240 mg, 2.0
mmol) following TP10. Column chromatographical purification on silicepentane/E0O 6:1)
furnished a colorless oil (204 mg, 78%).

'H-NMR (300 MHz, CDCl3) § (ppm): 8.4 (tJ = 1.7 Hz, 1 H), 8.0 (dJ = 1.7 Hz, 2 H), 5.9
(m, 1 H), 5.0 (m, 2 H), 4.3 (§,= 7.0 Hz, 4 H), 3.4 ()= 6.5 Hz, 2 H), 1.3 () = 7.1 Hz, 6
H).

3C-NMR (75 MHz, CDCls) 6 (ppm): 165.7, 140.7, 136.1, 133.7, 130.9, 128.4.4,161.1,
39.6, 14.2.

IR (ATR) vV (cm™): 3081, 2982, 2938, 2907, 1717, 1369, 1322, 13229, 1189, 1127,
1105, 1096, 1024, 997, 920, 753, 717, 701.

MS (70 eV, El)m/z(%): 262 (49) [M], 234 (15), 218 (15), 217 (100), 190 (12), 189)(47
117 (36), 115 (56), 105 (12), 77 (11).

HRMS (El): 262.1197 (calcd.: 262.1205).

Synthesis of diethyl 5-(2,2-dimethylpropanoyl)isopthalate (52d):
EtOZC\?/CozEt
07 >tBu

The title compound was prepared fr&®a (408 mg, 1.0 mmol), pivaloyl chloride (240 mg,
2.0 mmol) followingTP10. Column chromatographical purification on silicepentane/B0O
19:1) furnished a colorless solid (187 mg, 61%).
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m.p.: 72-72.3 °C

'H-NMR (300 MHz, CDCls) § (ppm): 8.8 (tJ=1.6 Hz, 1 H), 8.5 (d) = 1.7 Hz, 2 H), 4.4 (q,
J=7.1Hz,4H),14(t)=7.1Hz, 6 H), 1.35 (s, 9 H).

3C-NMR (75 MHz, CDCls) ¢ (ppm): 207.7, 165.2, 139.2, 132.6, 132.4, 131.07,644.3,
27.8,14.3.

IR (ATR) vV (cm™): 2976, 2934, 2908, 2876, 1726, 1717, 1672, 14484, 1396, 1367,
1239, 1172, 1107, 1032, 1022, 1000, 880, 857, 733, 607.

MS (70 eV, El)m/z(%): 306 (1) [M], 250 (15), 249 (100), 222 (11), 221 (8), 194 &),(8).
HRMS (El): 306.1461 (calcd.: 306.1467).

Synthesis of diethyl 5-(3-oxocyclohex-1-en-1-yl)ipbthalate (52e):

EtO,C O CO,Et
i 0

The title compound was prepared fr&®a (408 mg, 1.0 mmol), 3-iodocyclohexenone (444
mg, 2.0 mmol) following TP10. Column chromatographical purification on silica- (
pentane/BO 1:1) furnished a colorless solid (202 mg, 64%).

m.p.: 108 - 108.4 °C

'H-NMR (300 MHz, CDCls) 6 (ppm): 8.7 (tJ = 1.6 Hz, 1 H), 8.4 (d] = 1.5 Hz, 2 H), 6.5 (t,
J=15Hz, 1 H), 4.4 (q)=7.1Hz, 4 H), 2.8 (m, 2 H), 2.5 (M, 2 H), 2.2 @H), 1.4 (tJ =
7.2 Hz, 6 H).

3C-NMR (75 MHz, CDCls) § (ppm): 199.5, 165.3, 157.6, 139.6, 131.6, 131.8,0,3126.7,
61.7,37.2,28.1, 22.7, 14.3.

IR (ATR) vV (cm™): 2981, 2922, 2877, 1713, 1672, 1646, 1613, 14334, 1369, 1332,
1319, 1290, 1257, 1239, 1222, 1193, 1174, 11333,11032, 1021, 964, 930, 920, 891, 861,
751, 716, 690, 680.

MS (70 eV, El)m/z(%): 316 (32) [M], 288 (25), 271 (27), 244 (10), 243 (70), 242 (100
215 (10), 197 (10).

HRMS (El): 316.1314 (calcd.: 316.1311).

Synthesis of diethyl 5-[(E)-3-ethoxy-3-oxoprop-1-en-1-yllisophthalate (52f):
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Et0,C CO,Et

CO,Et

The title compound was prepared fr&®a (408 mg, 1.0 mmol), ethyl propiolate (196 mg, 2.0
mmol) following TP10. Column chromatographical purification on silicepentane/E0 9:1)
furnished a yellow solid (195 mg, 61%).

m.p.: 78.9 - 79.5 °C

'H-NMR (300 MHz, CDCls) § (ppm): 8.7 (m, 1 H), 8.4 (dl= 1.5 Hz, 2 H), 7.7 (dJ = 16.1
Hz, 1 H), 6.6 (dJ=16.1Hz, 1H),4.4(q=7.1Hz,4H),43(d)=7.1Hz,2H),14 =
7.1 Hz, 6 H), 1.3 (t) = 7.1 Hz, 3 H).

13C-NMR (75 MHz, CDCl5) 6 (ppm): 166.3, 165.2, 142.3, 130.7, 135.2, 134.2,4,3131.7,
120.7, 61.6, 60.8, 14.3.

IR (ATR) V (cm): 3072, 2984, 2941, 2906, 1716, 1708, 1643, 14858, 1332, 1309,
1289, 1256, 1236, 1195, 1172, 1131, 1117, 11064,10930, 998, 990, 967, 928, 917, 862,
826, 755, 730, 717, 666.

MS (70 eV, El)miz(%): 320 (47) [M+], 292 (11), 275 (100), 247 (2229 (52), 202 (14), 99
(10), 85 (20), 71 (24), 57 (32), 43 (19).

HRMS (EI): 320.1247 (calcd.: 320.1260).

Synthesis of ethyl 3-cyano-5-(3-oxocyclohexyl)berate (529)
NC CO,Et

The title compound was prepared fr&®b (361 mg, 1.0 mmol), cyclohexenone (194 mg, 2.0
mmol), TMSCI (217 mg, 2.0 mmol) followingP10. Purification on silicar{-pentane/E0O
1:1) furnished a colorless oil (179 mg, 65%).

'H-NMR (300 MHz, CDCl3) é (ppm): 8.3 (tJ = 1.6 Hz, 1 H), 8.2 () = 1.7 Hz, 1 H), 7.7 (,
J=17Hz,1H),44 (@)=7.1Hz,2H),3.1(s, 1 H),2.7-24(m, 4 HB 2 2.1 (m, 2 H),
2.0-1.8(m, 2 H), 1.4 (8= 7.0 Hz, 3 H).

3C-NMR (75 MHz, CDCls) § (ppm): 209.1, 164.5, 146.2, 134.0, 132.3, 132.0,4,3117.9,
113.3,61.9, 48.2, 44.1, 40.9, 32.4, 25.3, 14.3.
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IR (ATR) V (cm): 3079, 2939, 2234, 1720, 1668, 1596, 1447, 13897, 1296, 1247,
1226, 1214, 1190, 1118, 1021, 891, 844, 767, 689.

MS (70 eV, El)m/z(%): 271 (32), 242 (100), 228 (41), 195 (44), {82), 140 (17).

HRMS (El): 271.1205 (calcd.: 271.1208).

Synthesis of ethyl 3-cyano-5-(methylthio)benzoat®&2h):

NC\©/002Et

SMe

The title compound was prepared from etiy0b (361 mg, 1.0 mmol),Smethyl
thiomethylsulfonate (252 mg, 2.0 mmol) followin§P10. Column chromatographical
purification on silicat-pentane/BO 1:1) furnished a colorless solid (161 mg, 73%).

m.p.: 77.3-77.9 °C

'H-NMR (300 MHz, CDCl3) d (ppm): 8.1 (m, 2 H), 7.6 (s, 1 H), 4.4 0z 7.1 Hz, 2 H), 2.6
(s,3H),1.4(t)=7.2Hz,3H).

3C-NMR (75 MHz, CDCl3) é (ppm): 164.4, 142.0, 132.2, 132.0, 130.7, 129.G,2,1113.4,
61.9, 15.3, 14.2.

IR (ATR) v (cmi): 3076, 2984, 2232, 1720, 1572, 1434, 1370, 12888, 1158, 1133,
1111, 1025, 951, 929, 906, 888, 868, 858, 766, G52,

MS (70 eV, El)m/z (%): 221 (100) [M], 207 (23), 193 (44), 177 (20), 176 (72), 149 (26)
133 (18), 104 (12), 73 (15), 68 (10), 44 (20), 42)(

HRMS (El): 221.0502 (calcd.: 221.0510)

Synthesis of ethyl 5-iodoisophthalonitrile (50i):

NC\©/CN

The title compound was prepared frdsfic (314 mg, 1.0 mmol),,1(507 mg, 2.0 mmol)
following TP10. Column chromatographical purification on silica-pentane/EO 9:1)
furnished a colorless solid (163 mg, 63%).

m.p.: 79.5-81.0 °C
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TH-NMR (300 MHz, CDCls) 6 (ppm): 8.20 (dJ = 1.4 Hz, 1 H), 7.90 (dd] = 1.4, 1.4 Hz, 2
H).

3C-NMR (75 MHz, CDCls) § (ppm): 144.4, 134.2, 115.4, 115.1, 94.2.

IR (ATR) V (cmi®): 3069, 2945, 2911, 1571, 1498, 1268, 1150, 11887, 961, 758.

MS (70 eV, E)m/z(%): 254 (100) [M], 127 (59), 100 (12), 75 (8), 52 (2), 50 (3), &%.(
HRMS (El): 253.9340 (calcd.:253.9341).

Synthesis of [3,5-bis(trifluoromethyl)phenyl](pheny)methanone (52j):

F3C\?/CF3

O~ "Ph

The title compound was prepared fr&dd (413 mg, 1.0 mmol), benzoyl chloride (281 mg,
2.0 mmol) followingTP10. Column chromatographical purification on silicepentane/B0O
50:1) furnished a colorless solid (194 mg, 61%).

m.p.: 109.0 - 110.8 °C

'H-NMR (300 MHz, CDCls) § (ppm): 8.23 (bs, 2 H), 8.09 (bs, 1 H), 7.78 (m, 2 H67 (dt,
J=6.6,1.5Hz, 1 H), 7.54 (m, 2 H).

3C-NMR (150 MHz, CDCls) 6 (ppm): 193.6, 139.4, 135.9, 133.6, 132.3, 132.2,.9,3
131.70, 130.3, 130.2, 130.0, 129.9, 129.8, 1298.9, 128.8, 128.6, 125.9, 125.6, 125.6,
125.6, 123.8, 121.9, 121.7 (observed complexity tdu€-F splitting, definitive assignments
have not been made).

IR (ATR) vV (cm™): 3064, 3016, 2970, 1670, 1598, 1375, 1274, 12917, 1274, 1108,
1079, 908, 797, 680.

MS (70 eV, Elym/z(%): 318 (21) [M], 241 (12), 213 (19), 163 (8), 105 (100), 77 (&,
(17).

HRMS (EIl): 318.0480 (calcd.: 318.0479).

Synthesis of ethyl 2-(3,5-bis(trifluoromethyl)benyl)acrylate (52k):

FsC CF,
CO,Et
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The title compound was prepared frorB0d (413 mg, 1.0 mmol), ethyl 2-
(bromomethyl)acrylate (384 mg, 2.0 mmol) followifid?10. Column chromatographical
purification on silicaif-pentane/B0O 50:1) furnished a colorless oil (209 mg, 71%).

'H-NMR (300 MHz, CDCls) é (ppm): 7.72 (bs, 1 H), 7.67 (bs, 2 H), 6.33 (b${)15.60 (m,
1H),4.17 (qJ =7.3Hz, 2H), 3.75 (s, 2 H), 1.24 §~=7.3 Hz, 3 H).

3C-NMR (75 MHz, CDCl3) é (ppm): 166.1, 141.5, 138.7, 132.3, 131.8, 131.4,0,3129.2,
129.2, 129.1, 129.1, 129.1, 129.1, 129.1, 129.0,12129.0, 127.4, 127.2, 125.1, 121.5,
120.6, 120.5, 120.4, 120.4, 117.9, 61.1, 38, 2140 (observed complexity due to C-F

splitting, definitive assignments have not been edad

IR (ATR) V (cmi®): 2960, 2935, 2870, 1714, 1620, 1525, 1481, 14483, 1403, 1317,
1278, 1253, 1173, 1278, 1253, 1173, 1136, 105741765,

MS (70 eV, Eym/z(%): 326 (38) [M], 247 (48), 226 (54), 183 (41), 164 (24), 115 (Z5)
(30), 43 (100)

HRMS (EI): 326.0732 (calcd.: 326.0742).

Synthesis of 3-formyl-5-(methylthio)benzonitrile (2p):
NC CHO

SMe

The title compound was prepared fr&@i (317 mg, 1.0 mmol}$s-methyl thiomethylsulfonate
(252 mg, 2.0 mmol) followingrP10. Column chromatographical purification on siliaa (
pentane/BE0 9:1) furnished a colorless solid (120 mg, 68%).

m.p.: 139.2 - 139.7 °C

'H-NMR (300 MHz, CDCl3) 6 (ppm): 10.0 (s, 1 H), 7.9 (m, 2 H), 7.7 (m, 1 HB &5, 3 H).
13C-NMR (100 MHz, CDCls) 6 (ppm): 189.6, 143.2, 137.0, 134.9, 133.5, 129.6,1.2114.2,
15.2.

IR (ATR) v (cm™): 3063, 2925, 2856, 2234, 1699, 1576, 1438, 14293, 1385, 1300,
1267, 1243, 1195, 1146, 1136, 1127, 1057, 1012, 98B, 973, 954, 889, 874, 852, 830, 770,
728, 722, 695, 671, 624, 617, 602.

MS (70 eV, El)m/z(%): 177 (100) [M], 176 (65), 133 (10), 104 (17), 69 (8), 45 (9).
HRMS (El): 177.0239 (calcd.: 177.0248).

Synthesis of 3-(2,2-dimethylpropanoyl)-5-formylbenanitrile (52q):
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NC. £ _CHO

(0] tBu

The title compound was prepared fr&®di (317 mg, 1.0 mmol), pivaloyl chloride (240 mg,
2.0 mmol) followingTP10. Column chromatographical purification on silicepentane/B0
2:1) furnished a colorless solid (129 mg, 60%).

m.p.:42.2 - 42.8 °C

'H-NMR (300 MHz, CDCl3) d (ppm): 10.1 (s, 1 H), 8.4 @,= 1.5 Hz, 1 H), 8.3 () = 1.5 Hz,
1H),82(tJ=15Hz, 1H), 1.4 (s, 9H).

3C-NMR (75 MHz, CDCls) § (ppm): 205.8, 189.1, 140.4, 136.8, 136.2, 134.2,1,3116.9,
114.0, 44.5, 27.7.

IR (ATR) V (cmi%): 2982, 2935, 2853, 2236, 1729, 1701, 1676, 13856, 1462, 1446,
1401, 1380, 1372, 1291, 1266, 1240, 1150, 11322,10331, 1012, 1002, 948, 931, 896, 848,
787, 762, 704, 688, 674, 622, 607.

MS (70 eV, El)m/z(%): 215 (1) [M], 187 (12), 158 (10), 131 (6), 102 (7), 57 (108),(30).
HRMS (EI): 215.0939 (calcd.: 215.0946).
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5.1. Data of the X-rayAnalysis:

3-Hydroxy-2-phenyl-N-[(1S)-1-phenylpropyl]quinoline-4-carboxamide (Talnetant; 25)

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection

C25 H22 N2 02

382.454

173(2) K

0.71073 A

Orthorhombic

P212121

a=7.3472(3) A a=90°.
b =9.8722(4) A B=90°.

¢ = 26.8795(10) A y=90°.

1949.65(13) A
4
1.30298(9) Mgim
0.083 mih
808
0.44 x 0.33 x 0.24 mfn
4.32 t0 26.35°.
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Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.35°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on ¥

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

CCDC 766951 contains the supplementary crystalfggcadata for this compound. This data
has been deposited in the Cambridge Crystallogecaphta Centre and can be obtained free

-9<=h<=7, -7<=k<=12, -33<=I<=32

8157
2285 [R(int) = 0.0283]
99.1 %
Semi-empirical from equivaten
0.98000 and 0.95671
Full-matrix least-squares &n F
2285/0/271
0.932
R1 =0.0297, wR2 ©897
R1=0.0413, wR2 = 0.0619
?

0.135 and -0.156%.A

of charge via the internet: www.ccdc.cam.ac.uk/datquest/cif
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Ethyl 3-{[bis(dimethylamino)phosphoryl]oxy}-2-phenylquinoline-4-carboxylate (31a)

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

C22 H26 N3 04 P
427.433

200(2) K

0.71073 A

Monoclinic
P21/c
a=13.619(3) A
b =11.209(2) A
c=14.083(3) A
2142.0(7) R
4
1.3255(4) Mg?m
0.162 mth
904
0.19 x 0.15 x 0.06 mfn
3.15to0 27.10°.

o= 90°.
[B=94.89(3)".
y=90°,

-17<=h<=17, -14<=k<=13, -18<=I<=18

15784
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Independent reflections
Completeness to theta = 27.10°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on ¥

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

4700 [R(int) = 0.0482]
99.5 %

None

Full-matrix least-squares &n F
4700/0/276

1.026

R1 =0.0438, wR2 4020

R1=0.0737, wR2 =0.1153
?

0.202 and -0.425%.A

CCDC 766953 contains the supplementary crystalfigcadata for this compound. This data
has been deposited in the Cambridge Crystallogcaphtia Centre and can be obtained free
of charge via the internet: www.ccdc.cam.ac.uk/da&tquest/cif
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4-(3-{[bis(dimethylamino)phosphorylloxy}pyridin-4-y [)phenyl

trifluoromethanesulfonate (29b):

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

OTf

C16 HI9 F3N3 O5P S

453.374

173(2) K

0.71073 A

Monoclinic

P21/c

a=10.2499(4) A o=90°.

b = 10.0927(4) A B=98.197(4)°.

c =19.7258(8) A y = 90°.
2019.77(14) A
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z 4

Density (calculated) 1.49097(10) Mg@m

Absorption coefficient 0.300 nth

F(000) 936

Crystal size 0.31 x 0.29 x 0.27 mfn

Theta range for data collection 4.26 t0 26.34°.

Index ranges -12<=h<=8, -12<=k<=11, -24<=I<=21
Reflections collected 8084

Independent reflections 4075 [R(int) = 0.0241]
Completeness to theta = 26.34° 99.2 %

Absorption correction Semi-empirical from equivaken
Max. and min. transmission 0.92200 and 0.90136
Refinement method Full-matrix least-squares &n F
Data / restraints / parameters 4075/0/ 266
Goodness-of-fit on ¥ 0.911

Final R indices [I>2sigma(l)] R1 =0.0359, wR2 9830

R indices (all data) R1 =0.0574, wR2 = 0.0880
Absolute structure parameter ?

Largest diff. peak and hole 0.274 and -0.366%.A

CCDC 766952 contains the supplementary crystajagc data for this compound. This data
has been deposited in the Cambridge Crystallogecaphta Centre and can be obtained free
of charge via the internet: www.ccdc.cam.ac.uk/datquest/cif
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