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1. Overview

Nature has provided us with excellent organismarganic synthetic tools for the preparation of
vital compounds. These are generated in an energiitient manner, with benign byproducts
and prepared at mild temperatures usually usingmea solvent. In 1828 the origin of synthetic
organic chemistry began with the synthesis of lmgsvohlerand of acetic acid bi{olbe Ever
since, the formation of C-C and C-heteroatom bdadsn indispensable tool for modern fife.
Few years later, the work &Fanklandwith diethylziné¢ gave birth to organometallic chemistry
and it was followed byGrignard with the synthesis of organomagnesium compodr8isice
then, organometallic chemistry is a pivotal braimchrganic synthesis.

Above and beyond zinc and magnesium reagents, adbaoray of other metals has been
investigated for the generation of organometall@agents and transition metal-catalyzed
reactions’ This was recognized by the 2010 Nobel Prize in rilbey awarded to three
organometallic chemist$ieckfor the cross-coupling of organohalides with aisftatalyzed by
Pd(0); Negishifor the catalytic cross-coupling of organozincgesats with organohalides in the
presence of a palladium catalyst; é&uzukifor the cross-coupling of organoboron reagents wit
aryl and vinyl halides promoted by palladium casidyand a baseThe diversity in the chemical
character and behavior of the organometallic comgsunakes possible to tune them according
to the needs to meet, for example lithium and msigne reagents with their highly polar carbon-
metal bond and high reactiviyin contrast, zinc and boron reagents exhibit adrigtability and

a broader functional group tolerarcerurthermore, organometallic chemistry has found
innumerous applications in organic synthesis resedaboratories as well as in industry
processes. For example the kilogram scale synthefsia benzophenone-based NNRI) (
inhibitor of HIV-1 developed by Boehringer Ingelhreiwhere the arylmagnesium reagénn
the presence of bis[N(N-dimethylamino)ethyl] ether couples with 3-fluore-5

LK. C. Nicolau, P. G. Bulger, D. Sarlahngew. Chem. Int. EQ005 44, 4442.

2 a) E. Frankland,iebigs. Ann. Chen1848-9 71, 171; b) E. Frankland, Chem. Sad848-9 2, 263.

%) V. GrignardCompt. Rend. Acad. Sci. Pai80Q 130, 1322; b) V. GrignardAnn. Chim 1901, 24, 433.

* Handbook of Functionalized Organometallics, Voant 2 (Ed.: P. Knochel), Wiley-VCH, Weinheir8005
® a) The Royal Swedish Acadamy of Science, Pressa@eR01Q b) L. Croft,Nat. Chem201Q 2, 1009.

® G. Wu, M. HuangChem. Rev2006 106, 2596.

"N. Miyaura, A. SuzukiChem. Rev1995 95, 2457.
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(trifluoromethyl)benzoyl chloride and affords theayl ketone3 in 80% yield. This product is
further reacted to obtain the NNRI) (nhibitor (Scheme £)
Me

F
O OMe
BrMg. i F< ! /U\ ‘ F- ’ /U\ — COQH

NMez NM62

2 3: 80% 1
Scheme 1Pilot plant synthesis of the NNRT)(HIV-1 inhibitor from Boehringer Ingelheim.

2. Preparation of Organometallic Reagents

2.1. Halogen-Metal Exchange

The pioneering work developed Byittig”> and Gilman™® in 1938 for the halogen-lithium
exchange permitted the preparation of diverse aiighium compounds? although with limited
functional-group tolerance. In contrast, the hategeagnesium exchange allowed access to new
functionalized Grignard reagents with a broad range of applications inaoig synthesis?
Villiéras demonstrated that the reactioni®fMgCl @) with CHBr; at —78 °C furnished the
corresponding carbenoid which reacted withe$1€l and afforded® in 90 % yield (Scheme 2).

: Me,SiCl
HcBr, P™MOCI(4) g cmgel o™ HCBr,CSiMes
78°C
5:90 %

Scheme 2iPrMgCl @) mediated bromine-magnesium exchange.

8 X-j. Wang, L. Zhang, X. Sun, H. Lee, D. Krishnatiy; J. A. O"Meara, S. Landry, C. Yoakim, B. SimangN.
K. Yee, C. H. Senanayak®rg. Process. Res. De2012 16, 561.

° G. Wittig, U. Pockels, H. Drég&hem. Ber1938 71, 1903.

1%3) R. G. Jones, H. Gilmafrg. React1951, 6, 339; b) H. Gilman, W. Langham, A. L. JacoByAm. Chem. Soc.
1939 61, 106.

13) W. E. Parham, L. D. Jonek, Org. Chem1976 41, 1187; b) W. E. Parham, L. D. Jones, Y. Sayked)rg.
Chem 1975 40, 2394; ¢) W. E. Parham, R. M. Piccirilll, Org. Chem1977, 42, 257; d) C. E. Tucker, T. N. Majid,
P. KnochelJ. Am. Chem. So&992 114, 3983.

12.3) C. PrévosBull. Soc. Chim. Fr1931, 1372; b) J. VilliérasBull. Soc. Chim. Fr1967 1520; c) J. Villiéras, B.
Kirschleger, R. Tarhouni, M. Rambaugljll. Soc. Chim. Fr1986 470.
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Upon the previousknocheldeveloped an improved general method for an iodagnesium
exchange withPrMgBr, iPrMgCl and PhMgCI with a broad range of functiogadup tolerance
(Scheme 353

iPrMgCl or
Pl Ny PAMGCl N BT el N
C 2 C
X THF X X
X=CH,N, S
No2 OH
H
G, Hps
JORGY
EtO,C N
94% 81% 87%

Scheme 3lodine-magnesium exchange of highly functionaliaegl and heteroaryl compounds.
Furthermore, the addition of LiCl (1.0 equiv) 4oresulted iniPrMgClI-LiCl (6). The so called

turbo Grignard showed a higher reactivity and solubility, duethie breakup of the polymeric

aggregates aPrMgCl and enhanced the bromine-magnesium exch@deme 4§

OBr iPrMgCI-LiCl (6) MgCI-LiCl
25°C, THF  MeO

( NoLicl: max.18% | ~ 84%

Scheme 4Bromine-magnesium exchange accelerated by LiCl.

Recently,Knochelreported the first iodine-zinc exchange reactiath wlialkylzinc reagents in
the presence of Li(acac) as catalyst. The methddbig@d an outstanding functional group
tolerance towards sensitive functionalities such kasones, isothiocyanates and aldehydes
(Scheme 5§°

133) L. Boymond, M. Rottlander, G. Cahiez, P. Kndchagew. Chem. Int. EA998 37, 1701; b) |. Sapountzis, P.
Knochel,J. Am. Chem. So2002 124, 9390; c¢) |. Sapountzis, P. Knoch&hgew. Chem. Int. E@002 41, 1610.

14 a) A. Krasovskiy, P. Knochelngew. Chem. Int. E@004 43, 3333; b) A. Krasovskiy, B. F. Straub, P. Knochel,
Angew. Chem. Int. EQ008G 45, 159.

15 F. F. Kneisel, M. Dochnahl, P. Knochéhgew. Chem. Int. E2004 43, 1017.
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COzMe
OMe iPr,Zn (0.55 equiv) OMe /@/ OMe
OAc Li(acac) (10 mol%) OAc | (1.5 equiv) OAc
Et,O/NMP (1:10) Pd(dba), (2.5 mol%) O
OHC | 255 °c.2p  OHC ,Zn tfp (5 mol%) OHC

60% COzMe

Scheme 5lodine-zinc exchange reaction in a functionaliaegl aldehyde.

2.2. Oxidative Insertion

The so calledGrignard reagents constitute today one of the most veesatid widely used
organometallic nucleophiles in research laborasaaied in industry® The most common method
for their preparation is the direct magnesium-itiserinto a carbon-halide bond being usually
highly exothermic and presents a limited functiogedup tolerance. MoreoveRieke showed
that highly active magnesium powder (Mg*) can bepared by the reduction of MgQlising
lithium and naphthalenide. This allowed the brommm&gnesium insertion at —78 °C with

tolerance towards sensitive functional groups (8&h6)*’

i B  Mgh THE MgBr  phcoc COPh
—_—
-78 C 15 min N Cul (10 mol%) NC

62 %

Scheme 6Preparation of a functionalized magnesium reagéhtwagnesium powder (Mg*).

A new approach was developed Byochel, using stoichiometric amounts of LiCl for the

oxidative insertion of magnesiutfijndium!® mangane<8 and aluminurf (Scheme 7).

16 3) Handbook of Grignard Reagentéds.: G. S. Silvermann, P. E. Rakita), Marcel Kk New York,200Q b)

Grignard Reagents, New Developmertid.: H. G. Richey Jr.), Wiley & Sons, New YorZQ0Q c) J. Wiss, M.
Lanzlinger, M. WermuthQrg. Proc. Res. De2005 9, 365.

17a) R. D. Rieke, P. M. Hudnall, Am. Chem. So&972 94, 7178; b) T. P. Burns, R. D. Riekk,Org. Chem1987,

52, 3674; c) R. D. Riekesciencel989 246, 1260; d) R. D. Rieke, M. V. Hansaohetrahedronl997 53, 1925; e) J.
Lee, R. Velarde-Ortiz, A. Guijarro, J. R. Wurst,[R.Rieke,J. Org. Chem200Q 65, 5428.

183) F. M. Piller, P. Appukkuttan, A. Gavryushin, Melm, P. KnochelAngew. Chem. Int. EQ00§ 45, 6040; b) F.
Piller, A. Metzger, M. A. Schade, B. A. Haag, A. \®aushin, P. KnochelChem. Eur. J2009 15, 7192; c) A.
Metzger, F. M. Piller, P. KnocheGhem. Comn2008 5824.

19°3) Y-H. Chen, P. KnocheAngew. Chem. Int. E®008 47, 7648; b) Y-H. Chen, M. Sun, P. Knoch@lhgew.
Chem. Int. Ed2009 48, 2236.

207. Peng, P. KnocheQrg. Lett 201Q 13, 3198.
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CO,Et

1.1 equi
Mg (2.5 equiv) Brv§ (1.1 equiv) COE
N uici(1.25 equiv) N __ CuCN-2LiCI (10 mol%) M
EtO,C™ o~ Br————  EtO,C MgBr-LiCl EtO,C™ o

0

THF, 25°C,3h THF, 25 °C, 3 h

79%
co Et
F Mn (3 equiv) F 2 COzEt
Br LiCl (1.5 equiv) MnBr-LiCl (0 6 equiv)

—_——

InCly (2.5 mol%) PEPPSI (5 mol%)
CN PbCl, (2.5 mol%) CN THF, 25 °C 12h

THF, 50 °C, 24 h
70%

Scheme 7 Preparation of highly functionalized organomagmesand organomaganese reagents
by magnesium and manganese-insertion in the pres#ndaCl.

Special interest relies on organozinc reagents tueheir excellent group tolerance and
extraordinary ability to transmetalate to highlyacéve organocopper speciéor palladium
intermediate$® Thus, the zinc-insertion is possiblia activation of the metal surface using 1,2-
dibromoethane and chlorotrimethylsilaifaVhere the zinc oxide surface is etched by elemgnta
bromine and the zinc-oxygen bond is removed byhiigd oxophilicity of silicon. Moreover,
Knochelreported the zinc insertion enhancement by LiQ) mtganic halides of poorly activated
substrate$® This improvement is assumed to a higher solubilifythe organozinc of type
RZnX-LiCl and leads to a faster diffusion away frtme metal surface, leaving the zinc readily

available to react with the next organic halide, & higher turnover rate (Scheme 8).

21T, Blumke, Y-H. Chen, Z. Peng, P. Knocheht. Chem201Q 2, 313.

“23) P. Knochel, S. Vettel, C. Eisenberpplied Organomet. Cheni995 9, 175; b)Organozinc Reagents. A
Practical Approach (Eds.: P. Knochel, P. Jones), Oxford Universitgd3, London1999 c) P. Knochel, N. Millot,
A. L. Rodriguez, C. E. TuckeiQrg. React 2001, 58, 417; d) A. Boudier, L. O. Bromm, M. Lotz, P. Kriu,
Angew. Chem. Int. E@00Q 39, 4415.

% a) E. Negishi, L. F. Valente, M. Kobayashi,Am. Chem. So¢98Q 102, 3298; b) M. Kobayashi, E. NegisHi,
Org. Chem198(Q 45, 5223; c) E. NegishiAcc. Chem. Re4982 15, 340.

4 M. GaudemarBull. Soc. Chim. Fr1962 974.

%5 3) A. Krasovskiy, V. Malakhov, A. Gavryushin, Pnéchel, Angew. Chem. Int. E@006 45, 6040; b) N. Boudet,
S. Sase, P. Sinha, C-Y. Liu, A. Krasovskiy, P. Kmacl. Am. Chem. So2007, 129, 12358.
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N (1.1 equiv)

| 2Zn (1.4 equiv) Znl-LiCl Br . P>
/©/ LiCl (1.4 equiv) /@ CuCN-2LiCl (10 mol%) /@/\/
_— >
EtO,C THF, 25°C, 24 h EtO.C THF, 25°C,3h  EtOC

94%

with LiCl: >95%
No LiCl: max. 5%

Scheme 8Preparation of organozinc compoumnis zinc-insertion in the presence of LiCl.

2.3. Directed Metalation

The first studies done b8choriginin 1908 established the modern term “metalation’ttze
transfer of a metal atom from an organometalligesd or a metal amide, in exchange for a
carbon-hydrogen bond in a substrat®ecades lateBeakand Snieckusdescribed the directed
ortho-metalation, which depicts the complex-induced proki effect for regioselective
metalations with a directing group (DMG) using dlilyium (RLi) or lithium amides (ERRNLi)
bases’ These lithium metalations have extensively beescriiged and found numerous
synthetic application® However, they exhibit a high reactivity that maad to undesired
reactions, are difficult to handle and presenttitions in the functional group tolerance. Another
approach done bilauserandEatonled to magnesium amides of typeNRIgCl, R:-NMgR or
(RaN)2:Mg.?° Nevertheless, these bases exhibited low solupility kinetic basicity and the
metalated intermediates showed difficulty to remith several electrophiles.

In 2006,Knochelreported the combination of a sterically hinderedntnucleophilic) metallic
amide with LiCl for the preparation of TMPMgCI: Li€T) by the reaction ofPrMgClI- LiCl (6)

26 3) P. SchoriginChem. Ber1908 41, 2723; b) P. SchorigirtChem. Ber191Q 43, 1938.

27 3a) P. Beak, A. I. MeyerdAcc. Chem. Red986 19, 356; b) V. SnieckusChem. Rev199Q 90, 879; c) M. C.
Whisler, S. MacNeil, P. Beak, V. Snieckusigew. Chem. Int. EQ004 43, 2206; d) E. Anctil, V. Sniecku§he
Directed ortho Metalation-Cross-Coupling Nexus. tBgtic Methodology for Aryl-Aryl and Aryl-HeteroateAryl
Bonds,in Metal-Catalyzed Cross-Coupling Reactio®®? ed. (Eds.: F. Diederich, A. de Meijere) Wiley-VCH,
Weinheim,2004 pp 761-813.

28 3) A. Turck, N. PIé, F. Mongin, G. Quéguin@etrahedron2001, 57, 4489; b) F. Chevallier, F. MongiGhem.
Soc. Rev2008 37, 595; c) M. SchlosserAngew. Chem. Int. EQRR005 44, 376; d) F. Leroux, P. Jeschke, M.
SchlosserChem. Rev2005 105 827.

29 3) C. R. Hauser, H. G. Walkel, Am. Chem. S0d947, 69, 295; b) C. R. Hauser, F. C. Frostick,Am. Chem.
Soc 1949 71, 1350; c) P. E. Eaton, C-H. Lee, Y. Xiordg,Am. Chem. So04989 111, 8016; d) M-X. Zhang, P. E.
Eaton,Angew. Chem. Int. EQ002 41, 2169; e) P. E. Eaton, K. A. Lukid, Am. Chem. Sot993 115 11375; f) Y.
Kondo, A. Yoshida, T. Sakamotd. Chem. Soc., Perkin Trans1996 2331.

%0R. E. Mulvey, F. Mongin, M. Uchiyama, Y. Kondangew. Chem. Int. E@007, 46, 3802.
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with TMPH (8).3* This base exhibited an elevated solubility, a higgctivity, a broad functional

group tolerance and extraordinary long term stgticheme 9).

iPrMgCI-LiCl (0.98 equiv)

NH N.
25°C, 48 h MgClI-LiCl
8 7:>95 %
COE CO,Et
CO,Et TMPMGCI-LICI (7) by oc 2 2
PhOC (1.1 equiv) 1) CucN-2Licl PhOC
20° BocO CO,Et 2) EtCOCI
BocO co,et THF: 20 C,2h Boc 0 ) BocO CO,Et
MgCI-LiCl COEt

88%
Scheme 9 Preparation of the mixed Mg/Li amide base TMPM¢®&TI (7) and a regioselective

magnesiation.

However, the magnesiation using TMPMgCI-LiQGl) (of less activated aromatic substrates
bearing electron-donor substituents or weakly ebeetcceptors became difficult and led to the
development of the stronger magnesium base ;M@P2LICl (9).3? The latter presented an
improved kinetic basicity and although both Mg lzas®erate several functionalities, others are
not compatiblé® Previously,Kondo reported the mixed Zn/LiBu,Zn(TMP)Li base used for
ortho-metalatioi* and laterknochel developed the TMPZnClI-LiCI10)*® by the reaction of
TMPLi*® with ZnCb. This base tolerates sensitive functional groparaaldehyde, nitro, methyl
ketone and the zincation of electron-poor N-Hetget®s is possible, even at high temperafdire.

However, for moderately activated substrates angep zinc base can be used as

31 a) A. Krasovskiy, V. Krasovskaya, P. Knoch&hgew. Chem. Int. E®006 45, 2958; b) W. Lin, O. Baron, P.
Knochel, Org. Lett 2006 8, 5673; c) M. Mosrin, P. KnocheQrg. Lett 2008 10, 2497; d) C. Despotopolou, L.
Klier, P. KnochelOrg. Lett 2009 11, 3326.

%23) G. C. Clososki, C. J. Rohbogner, P. KnocAagew. Chem. Int. EQ007, 46, 7681; b) C. J. Rohbogner, G. C.
Clososki, P. KnochelAngew. Chem. Int. E®008 47, 1503; c) M. Mosrin, N. Boudet, P. Knoché&rg. Biomol.
Chem 2008 6, 3237; d) M. Mosrin, M. Petrera, P. Knoch8inthesi2008 3697; e) C. J. Rohbogner, S. Wirth, P.
Knochel,Org. Lett 2010 12, 1984.

% p. Knochel, N. Millot, A. L. Rodriguey, C. E. Tuek Org. React2001, 58, 417.

% a) Y. Kondo, H. Shilai, M. Uchiyama, T. Sakamofo,Am. Chem. Sod999 121, 3539; b) T. Imahori, M.
Uchiyama, M. KondoChem. Commur2001, 2450; c) M. Uchiyama, T. Miyoshi, Y. Kajihara, akamoto, Y.
Otami, T. Ohwada, Y. Kondd, Am. Chem. So2002 124, 8514.

% M. Mosrin, P. KnochelQrg. Lett 2009 11, 1837.

%) M. Cambell, V. Snieckus iBncyclopedia of Reagents for Organic Synthesis5\(BH.: L. A. Paquette), Wiley,
New York,1995 b) I. E. Kopka, Z. A. Fataftah, M. W. Rathkke,Org. Chem1987, 52, 448.

%7a) T. Bresser, M. Mostrin, G. Monzén, P. KnochkelOrg. Chem201Q 75, 4686; b) M. Mosrin, G. Monzén, T.
Bresser, P. KnocheChem. Chommur2009 5615.
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TMP,Zn- 2MgCh- 2LiCl (11)* which exhibits a higher kinetic basicity due te thresence of
MgCl,. Over the past years, new transition-metal TMP ebafave been developed:
TMP,Mn-2MgCh-4LiCl (12)*® which allows the metalation of sensitive heterdesc
TMP,Fe-2MgC}-4LICl (13)*° which permits a nickel-catalyzed cross-couplingthwalkyl
halides; and TM#ta-3MgCh-5LiCl (14)** which reacts readily with aldehydes and ketones
(Scheme 10).

COEt  TMP,Mg-2LiCI (9) COzEt COEt

(1.1 equiv) MgTMP Boc,0 CO,Bu
O THF, 25°C, 1h OO OO

69%

CHO  TMPZnCI-LiCl (10) CHO p-ICgH,OMe

. CHO
N (1.1 equiv) N Pd° cat. N
- ZnCl-LiCl O O OMe
( Is> THF, 25 °C, 0.5 h ( IS> ‘:s> .

85%

TMP,Zn-2MgCl,-2LiCI (11)
2 2 PhSSO,Ph

(0.55 equiv) N-N N-N
Ph/QO» Ph/<o>7§2n ph/QO%SPh

THF, 25 °C, 20 min

75%

T TMPMn-2MgC LiCl (12) il i
2Mn-2MgCly-4Li M
s’N\ (0.6 equiv) s’N\ o {BUCHO s’N\ fBu
N THF, 0°C, 2.5 h N N
Br Br Br
78%
COEt  TMP,Fe-2MgCl,-4LICI (13) COAEt iPrBr COEt
@\ (0.75 equiv) @Fe iPr
2 4-fluorostyrene
F THF,25°C, 3h F (10 mol%) F

OMe  TMP,La-3MgCl,-5LiCl (14) OMe
(0.35 equiv) La cHexCHO
> 3 —— cHex
CN THF, 25°C, 1.5h CN

Scheme 10 Metalation of highly functionalized aromatics ahdteroaromatics using different
TMP bases.

% 3. Wunderlich, P. Knochehngew. Chem. Int. EQ007, 46, 7685.

393, H. Wunderlich, M. Kienle, P. Knochéingew. Chem. Int. EQ009 48, 7256.
405, H. Wunderlich, P. KnocheA\ngew. Chem. Int. E2009 48, 9717.

415, H. Wunderlich, P. KnocheGhem. Eur. J201Q 16, 3304.
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Interestingly, the metalation of several N-Heterey is triggered by the Lewis acid BPEb.
This results from the coordination between the Iseawid, the nitrogen in the heterocycle and the
TMP base, which promotes a regio-selective metalgScheme 11%

' 1) BF3 OBt on 1) TMPMgCI-LICI (7) ~CN
CcN THF,0°C, 15 min X THF,-78°C,1h | _
| D | vz ] N
NG 2) TMP,Zn-2MgCly-2LiCl (11) N 2) CuCN-2LiCl (5 mol%)
50 °C, 2.5h Br
3) I2
75% 70%

Scheme 11Regioselective metalation with TMPMgCI: LiGi)(with and without BE OEb.

2.4. Cross-Coupling Reactions of Organometallics

The first steps taken bBywohler, Liebig andPerkinin transition metal-catalysis led to one of the
most crucial procedures for carbon-carbon bond #&ion*® Among the transition metals
employed, nickel and and palladium-catalyzed comegplings occupy an especial place for the
synthesis of natural products, fine chemicals, pla@euticals and materidfsUsually, the cross-
coupling involves an organohalide as electrophil&Recently, Reissig demonstrated that
nonafluorobutanesulfonates (ONf-) are excellent ping reagents in Heck, Suzuki and

Sonogashira reactions (Scheme ¥2).

42 3) M. Jaric, B. A. Haag, A. Unsinn, K. Karaghidsd?. Knochel, Angew. Chem. Int. E@01Q 49, 5451; b) B.
Haag, M. Mosrin, |. Hiriyakkanavar, V. Malakhov, IRnochel, Angew. Chem. Int. EQ011, 50, 9794.

3 a) PalladiumReagents and Catalysts: Innovations in Organic I88sis (Ed.: J. Tsuji), Wiley, Chichestet996
b) Palladium Reagents and Catalysts: New Perspecfioeshe 2f' Century (Ed.: J. Tsuji), Wiley, Chichester,
2004 c) C. E. I. Knappke, A. J. von Wangelidhem. Soc. Re2011, 40, 4948.

44 ) Metal-Catalyzed Cross-Coupling ReactiptiEds.: A. de Meijere, F. Diederich), Wiley-VCH,aiheim,2004
b) J.-P. Corber, G. MignanGhem. Rev2006 106, 2651.

“*Transition Metal-Catalyzed Cross Coupling ReatidnsTransition Metals for Organic Synthesigds.: H.
Geissler, M. Beller, C. Bolm), Wiley-VCH, Weinheji998

463) M. Webel, H.-U. Reissigynlett1997, 1141; b) I. M. Lyapkalo, M. Webel, H.-U. Reisskyr. J. Org. Chem
2001, 4189; c) I. M. Lyapkalo, M. Webel, H.-U. Reisskur. J. Org. Chem2002 1015; d) J. Hogermeier, H.-U.
Reissig, |. Bridgam, H. HartAdv. Synth. CataP004 346 1868.
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Heck reaction R
> st R1

ONf R

Suzuki reaction
R)\ R2 J\/ R1

R1

Sonogashira reaction

Scheme 12Alkenyl nonaflates used for palladium-catalyzealss-coupling reactions.

In 1972,KumadaandCorriu reported the first nickel-catalyzed cross-couplifidC(sg)-halides

in the presence of a nickel-phosphine catalysesyst Much development has been made with
different applicationd® Whereas,Knochel reported a nickel-catalyzed CE¥HE(sp) cross-
coupling of a benzylic zinc reageh4 in the presence gb-fluorostyrene 15), Ni(acac) and
BusNI (Scheme 13§°

NC
ZnBr

14 (3 equiv, (0]
o (3 equiv)

Ni(acac), (10 mol%)
©)\/\/| BusNI (3 equiv) O O
THF:NMP (1:1) N
o 74%
. (20 mol%)

15

Scheme 13Nickel-catalyzed C(sp-C(sp) cross-coupling reaction.

2.5. Metalation of Aromatic Anilines

Aromatic and heteroaromatic amines constitute itgmdrbuilding blocks for organic synthesis

of materials, polymer8 and pharmaceuticas. For example, Lamotrigine 16) is an

47 a) T. Tamao, K. Sumitami, M. Kumada,Am. Chem. So&972, 94, 4374; b) R. P. Corriu, J. P. MasdeChem.
So0c.1972 144.

“83) P. W. Manley, M. Acemoglu, W. Marterer, W. Piagier,Org. Res. Process. De2003 7, 436; b) A. C. Frisch,
M. Beller, Angew. Chem. Int. EQO05 44, 674.

“9M. Piber, A. E. Jensen, M. Rottlander, P. KnocBey. Lett 1999 1, 1323.

0 a) A. G. MacDiarmidSynth. Met1997 84, 27; b) N. Gospodinova, L. Terlemezyatrpg. Polym. Sci1998 23,
1443.

*LA. W. Czarnik,Acc. Chem. Re4996 29, 112 and references cited therein.
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anticonvulsant drug from GlaxoSmithKline with anhigales of 325 million USD. Near in
revenue are Metoclopramid&7) and Clonidine 18), just to name a few of the Top 200 generic
drugs with a primary or secondary amine morétyhis illustrates the need for efficient synthetic
methods for the preparation of highly functionalizFomatic and heteroaromatic amines (Figure
1).

cl

cl o) ( cl

H H

Cl A~ N~ N_ N
ol COw
< M H,N OMe of

HoN™ "N” "NH,
Lamotrigine (16) Metoclopramide (17) Clonidine (18)

Figure 1: Aromatic and heteroaromatic amines as pharmaegsitic

The frequent occurrence of anilines as synthetscymsors drew attention towards theitho-
functionalization. In this fashiorGugasawaeported in 1978 thertho-hydroxybenzylation and
hydroxyalkylation of an unprotected aniline usimijliaodichloroboranes generatéusitu>® The
next year, Walborsky performed ana-addition followed by ortho-metalation of phenyl
isocyanide This was further investigated b¥uhrer, with an ortho-lithiation of N-
pivaloylanilines with 2 equivalents ofBuLi in THF at O °C. Thus, the lithiation of the
chloroaniline derivativd 9 generated the dilithiated speci trapped with 2-fluorobenzonitrile

and due tmrtho-interactions afforded the quinazolifig in 57% vyield (Scheme 14j.

nBuLi (2 equiv) Nﬁ)<
N
THF,0°C,2h —Li
K Cl Li/o Li
19 20 21:57%

Scheme 14ortho-Lithiation of N-(4-chlorophenyl)-2,2-dimethylpropanamididy.

*2 http://drugtopics.modernmedicine.com/drugtopicsitiaticlestandard//drugtopics/252011/727239/arfcle
(accessed Jun 06, 2012).

3 a) T. Sugasawa, T. Toyoda, M. Adachi, K. Sasakiir&m. Chem. S0d978 100, 4842; b) T. Sugasawa, M.
Adachi, K. Sasakural. Org. Chem1979,44, 578.

> H. M. Walborsky, P. Ronmand, Org. Chem1978 43, 731.

> W. FuhrerJ. Org. Chem1979 44, 1133.
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Additionally, Muchowskiapplied the method for the synthesis of quinoliaesl carried out
studies in the directing effect of the trimethylgt@mido (N-Piv) and thetbutoxycarbonyl-
amido (N-Boc) groups?® Snieckusconfirmed that theN-Boc moiety has a stronger directing
effect for theorthodithiation of anilines and applied it for the syatis of natural productd.
Moreover, Schlosserinvestigated theN-Boc directing effect and compared it against aemor
electronegative, but poorly complexing substitusuith as a fluorine or trifluoromethyl para-
position. It was shown that the lithiation f(tert-butoxycarbonyl)-4-trifluoromethylaniline2@)

occurs preferentiallprtho- to theN-Boc (Scheme 15¥

+ e

0.0 0
Y N0 Y
NH  tBuLi (2 equiv) Nl co, NH
o Y
_ ° 3 i
FsC THF,-50°C, 3h Li FsC COOH
22 23 24: 86%

Scheme 15ortho-directing effect of thé&-Boc group compared to a trifluoromethyl group.

Finally, the orthodithiation of protected anilines has been invesgdaon the choice of the
lithiating agent, cosolvents, functional group tafece and electrophiléd. It has found
applications for multikilogram pharmaceutical demhent® and natural product synthe$ts.
However, several limitations are necessary to @raecas the forcing lithiation conditions and
the functional group tolerance. The task is chajliegp due to the existence of two active
hydrogens in the free primary amine which are astrabtion towards metalation and apparently
the reason for few reports on successfutho-metalation of aromatic and heteroaromatic

protected primary amines.

*6a) J. M. Muchowski, M. C. Venuti, Org. Chem198Q 45, 4798; b) I.-S. Cho, L. Gong, J. M. MuchowskiOrg.
Chem 1991, 56, 7288.

" a) J. N. Reed, V. SnieckuBetrahedron Lett1984 25, 5505; b) M. A. Siddiqui, V. SnieckuSetrahedron Lett
1988 29, 5463; c) M. A. Siddiqui, V. Sniecku$etrahedron Lett199Q 31, 1523.

°8 3. Takagishi, G. Katsoulos, M. Schlosynlett1991, 360.

9 @) P. Stanetty, H. Koller, M. Mihovilovic). Org. Chem1992 57, 6833; b) M. G. Cabiddu, S. Cabiddu, E.
Cadoni, S. De Montis, C. Fattuoni, S. Meligtrahedron2003 59, 2893.

0T, A. Mulhern, M. Davis, J. J. Krikke, J. A. Thogd. Org. Chem1993 58, 5537.

1 H. Takihiro, Y. Uruma, Y. Tusuki, A. Miyake, H.dj Tetrahedron: Asymmetr§006 17, 2339 and references
cited therein.
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4.  Objectives

4.1. Zincation of Sensitive Aromatics and Heteroanmmatics

The first goal of this work is the zincation of newdtely activated aromatics and heteroaromatics
with the chemoselective base TMPZnCI-LiG@DY. The tolerance of this base towards several
sensitive functional groups should be tested, dsagsethe thermal stability and kinetic basicity
of the base at high temperatures using microwaeeliation. Upon the broad functional group
tolerance of the zinc base, upscaling the zincafiopcedure should be tested for industrial
processes interests (Scheme 16).

TMPZnCI-LiCI (10)
Ny (1.2 equiv), THF N E* N
FGu - FG@ZnCI-LiCI — FG—(\
X~ 50°C to 160 °C, MW X X

E

N

1 to 50 mmol scale
X=8§,N, CH

Scheme 16:Regio- and chemoselective zincation of moderatsiyivaded aromatics and
heteroaromatics with TMPZnCl- LiC10).

4.2. Preparation of Polyfunctional Organometallicssia ortho-Metalation

A second goal is the metalation of substituted atara with the TMP bases of manganese, iron

and lanthanum in a multigram scale (Scheme 17).

TMP,Mn-2MgCl,-4LiCI (12) N
- FG_I\X/) 2Mn o

(0.6 equiv), THF
TMP,Fe-2MgCl,-4LiCl (13
FG—I\ 2 gCly (‘) FG(\ e LE FGﬁE
N 7 ] o (A2 S

X (0.75 equiv), THF X X
TMPzLa-3MgCl,-5LiCl (14) (\ 15 mmol scale

- FG_! ) La __| X= N, CH

=
(0.35 equiv), THF \X

Scheme 17Preparation of highly functionalized aromatita directedortho-metalation with the
TMP bases of Mn, Fe and La.
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4.3. Metalation of Aryl Nonaflates

Additionally, we envisioned a protective group (H&)functionalized phenols with the capacity
to enhance the arene metalation using the TMP-nsagmeand zinc bases. The group should
probe to be stable towards metalation and finaflyable to be further functionalized (Scheme
18).

_~_OPG 1) TMP-base _~_OPG 1)R-zncl R
FGT | ——> FG | — FG— |
N 2) E! X E Pd (cat) N E!

Scheme 18Metalation of a protected phenol using TMP bases.

4.4. Metalation of Protected Anilines and Amino N-Hterocycles

The field ofortho-lithiation for protected amines with lithium badess been described, but there
Is no report so far foortho-magnesiation of protected anilines with metal-adses. Thus, we
envisioned the metalation of protected anilines amino N-heterocycles with the TMP-
magnesium bases. The protecting group (PG) shoxifubie an ortho-metalation directing
capacity, be stable, allow multiple selective nettahs and should be easily removed (Scheme
19).

_~_NHPG 1) TMP-base _~_NHPG 1) Deprotection o~ NH>
FG | Fe | — - Fog |
X 2) E' X~ FE! X~ FE!

X=CH,N

Scheme 19:Metalation of a protected anilines and Amino-subtid N-Heterocycles using
TMP bases.

4.5. Zinc Insertion in Benzylic Heterocycles

The presence of LiCl in various metal-insertion geaures facilitates the preparation of the
organometallic reagents. Thus, we envisioned a rgenmethod for the synthesis of
heteroaromatic benzylic zinc reagents starting frita heteroaromatic benzylic chlorides.

Furthermore, the preparation of annulated hetetesyghould be tested.



A INTRODUCTION 18

Zn,
N Cl Licl X ZnCI-LiCl + X E A
| iC | E | | A\
FG—.\KD/\ —_— FG—.\ P —_— FG—.\ _ — FG—.\ Ay E

X X X X
X=N
Y=N,O

Scheme 20Preparation of heterobenzylic zinc reagents.

4.6. New Generation of Iminium Salts

Interest relies on the preparation of tertiary lykraamines in a one-pot procedure. Thus, we
envisioned the reaction of tdannichsalt 25) with a metal amide to generate an unsymmetrical
aminal of type26. The addition of an acylation agent for a secanmtet should generate a
methylene(dialkyl)-iminium sal27 which after the addition of an organometallic m@gshould
afford the addition produ@8 (Scheme 21).

o 0O O
K ®
H,C=NMe, R,NMgClI Py |:3(;)J\0)J\CF3 H,C=NR, ArMgClI-LiCl o~
—————— Me,N” NR, ~ 5 —— A7 AR,
F3CCO> F5CCO,
25 26 27 28

Scheme 21Preparation of tertiary benzyl and phenetyl amines
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1. Regio- and Chemoselective Zincation of Functiohaed
Aromatics and Heteroaromatics using TMPZnCl-LiClI ard

Microwave Irradiation

1.1. Introduction

The metalation of aromatics and heteroaromaticgniextraordinary tool for the synthesis of
agrochemicals, pharmaceuticals and materials. Rgceseveral new selective bases for regio-
and chemoselective metalation have been develfé&mong these useful reagents -ate bases
have received special attentifit*®® Furthermore, Knochel reported the useful mixed
magnesium/lithium amide bases TMPMgCI- Li@)* and TMBMg- 2LiCl (9)* as highly active
and selective bases towards the metalation of dicsnand heteroaromatics with an
outstandingly toleration towards several functidred such as a nitrile, an ester or an aryl
ketone. The need of a more chemoselective basedewigore sensitive functionalities such as a
nitro or an aldehyde led to the development of tiexed zinc/lithium base
TMP,Zn- 2MgCb- 2LiCl (11)*® and afterwards TMPZnCl- LiCL)* (Scheme 22).

1) nBuLi (1.0 equiv)
-40t0-10°C, 1h

NH N. ]
2) ZnCl, (1.1 equiv) ZnCI-LiCl
THF, -10 °C, 30 min
8 then 25 °C, 30 min 10: >95 %
1.3 Min THF

Scheme 22Preparation of TMPZnClI- LiCL1Q).

Moreover, TMPZnCI- LiCl 10) demonstrated that its higher selectivity is owethe absence of
magnesium salts (Mggland to the monomer stoichiometry (TMPZnX compaeedMP.ZnX).
Remarkably, TMPZnCI-LiClX0) showed an extraordinary thermal stability undamventional
heating for the zincation of poorly activated sulists with electron-donating groups or weakly
electron-withdrawing substituerts:

®23) F. Leroux, P. Jeschke, M. Schlos€¥tem. Rev2005 105, 827; b) D. M. Hodgson, S. M. MileAngew. Chem.
Int. Ed.2006 45, 935.

63 3) R. E. MulveyOrganometallic2006 25, 1060; b) H. Naka, M. Uchiyama, Y. Matsumoto, A.HE Wheatly,
M. McPartlin, J. V. Morey, Y. Konda]. Am. Chem. So2007, 129, 1921; c) W. Clegg, S. H. Dale, E. Hevia, L. M.
Hogg, G. W. Honeyman, R. E. Mulvey, C. T. O"HaraRussoAngew. Chem. Int. E@008 47, 731.
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1.2. Zincation of Poorly Activated Substrates withTMPZnCI-LiCl under

Microwave Irradiation

The microwave irradiation technique has been ugexttelerate several organic reactions which
show slow conversions under conventional hetirand it has been further extended to
organometallic reactiorfS.Recently, it was demonstrated that microwave iatimh allows the
effective zincation of various aromatics and hetesmatics using TMEZn-2MgCh- 2LiCl
(12),% probing the high thermal stability of the RZnX geat and a broad functional group
tolerance at high temperatufésMoreover, the poorly activated 3-fluoroanisoR9)( shows a
slow reaction rate when reacting it with TMPZnCEL(10) under heating using an oil bath at
160 °C for 2 h. However, when heating using micresvaradiation at 160 °C for 2 h resulted in
> 90% vyield of the zinc speci€¥ and turned out to be essential to achieve thezfoliation.
Trapping with benzoyl chloride (after transmetalatiwith CuCN-2LiCI§® furnished the new
substituted aromati@la in 72% yield (Scheme 23). Moreover, 1,3,5-trichlmenzene 32) is
zincated within 1 h at 80 °C and acylation with eyl chloride or allylation with ethyl 2-
(bromomethyl)acrylaf® (after addition of a catalytic amount of CuCN-2Di@rovided the
substituted areneklb and31cin 75 and 85% yield (Scheme 23 and Table 1, ebjtry

%4 a) R. Gedye, F. Smith, K. Westaway, H. Ali, L. @akr, L. Laberge, R. Rouselletrahedron Lett1986 27, 279;
b) R. J. Giguere, T. L. Bray, S. M. Duncan, G. Majg Tetrahedron Lett1986 27, 4945; c)Microwave Synthesis:
Chemistry at the Speed of LigkEd.: B. L. Hayes), CEM Publishing, North Car@lj2002 d) Microwave-Assisted
Organic SynthesigEd.: A. Loupy), Wiley-VCH, Weinheim2006 e) Miccowave Methods in Organic Synthesis
(Eds.: M. Larhed, K. Olofssson), Springer, Ber206

% a) D. Dallinger, C. O Kapp&hem. Rev2007, 107, 2563; b) C. O. Kappéingew. Chem. Int. E@004 43, 6520;
¢) H. Tsukamoto, T. Matsumoto, Y. Kondbh,Am. Chem. So2008 130, 388; d) G. Shore, S. Morin, M. G. Organ,
Angew. Chem. Int. EQO00§ 45, 2761; e) S. Fustero, D. Jimenez, M. Sanchez-Rps@! del PozoJ. Am. Chem.
Soc 2007, 129, 6700.

% 3. H. Wunderlich, P. Knochelrg. Lett 2008 10, 4705.

7 3a) P. Walla, C. O. Kapp&hem. Commur2004 564; b) L. Zhu, R. M. Wehmeyer, R. D. Riekle,Org. Chem
1991, 56, 1445.

®83) P. Knochel, M. C. P. Yeh, S. C. Berk, J. TalhkrOrg. Chem1988 53, 2390; b) P. Knochel, S. A. Rah,Am.
Chem. Socl199Q 112, 6146.

897, Villiéras, M. Rambaud)rg. Synth1988 66, 220.
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. . F
TMPZnCI-LiCl (10) ZnCI-LiCl 1) CUOCN-2L|C_I (1.1 equiv)
©\ (1.1 equiv), THF C[ -20 °C, 30 min R Ph
OMe Mw, 160 °C, 2 h 2) PhCOCI (1.1 equiv) OMe
“40°t025°C,2h
30: > 90% 31a: 72%

[W|thout MW: no reaction J

cl o
TMPZnCI-LiCl (10) ZnClLiCl 1) CUuCN-2LiCI 10 mol% COLEt
(1.1 equiv), THF 0°C, 10 min N
Cl cl o cl CO,Et o ol
MW, 80 °C, 1 h (1 equiv
2 > 0, o o 1b: o
3 ( without MW: max. 70 %| 33: > 90% -40 ° 1025 °C, 3 h 31b: 75%

Scheme 23: Zincation of 3-fluoroanisole 29) and 1,3,5-trichlobenzene 33) using
TMPZnCI-LiCl (10) and microwave irradiation.

This procedure could be extended to heterocyclicstesys. Thus, the use of
TMP,Zn-2MgCb- 2LICl (11) for the zincation of 3-chloro-6-methoxypyridazi(@4) leads to a
mixture of regioisomers (metalation in positionart 5). However, when using TMPZnClI- LiCl
(10) (90 °C, 100 W, 1 h34 is regioselectively metalated @ntho-position to the metoxy grouf.
The resulting zinc species undergoes a Negishi)Raf@lyzed cross-coupling reactfdrand
acylation reactioft leading to the new substituted pyridazirgssi and 31e in 80-89% yield
(Scheme 24 and Table 1, entry 2).

OMe OMe CFs

TMPZnCI-LiCl (10)
N™™ (1.1 equiv), THF

' 4-jodobenzotrifluoride OMe
ZnCI'LICl (1.1 equiv), Pd(dba), (3 Mol%) N~
I

N~ N N~
MW, 90 °C, 1 h P(o-furyl); (6 mol%)
Cl Cl 50 °C, 6 h, THF cl
34 35: > 90% 31d: 89%

Scheme 24: Regioselective zincation of 3-chloro-6-methoxyggdine 84) using
TMPZnCI-LiCl (10) and microwave irradiation.

3-Bromobenzothiophene36) was also metalated withO (50 °C, 100 W, 30 min) and the

resulting zinc species readily underwent allylatwith allyl bromide (5 mol% of CuCN-2LiCl),

° The regioselectivity has been established by chiegahe zinc intermediate with,D.
"L E. Negishi, V. Bagheri, S. Chatterjee, F. T. LilioA. Miller, A. T. Stoll, Tetrahedron Lett1983 24, 5181.
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acylatiorf* with benzoyl chloride or a Pd(0)-catalyzed crossgiing reactiof? leading to the
new substituted heterocycle®lf-h in 77-93% vyield (entries 3-5). The zincation of -3,6
dimethoxypyridazine 37) with TMPZnCI-LiCl (10) (90 °C, 100 W, 1 h) and subsequent
Neghishi cross-couplifg reaction or iodination afforded the desired pyzidas31i-j in 88-76%
yield (entries 6 and 7). In addition, the sensitingerocycle 5-bromo-2,4-dimethoxypyrimidine
(38) is metalated at 60 °C (100 W) within 30 min t@ tbxpected zinc intermediate. Pd(0)-
catalyzed cross-coupling reacti6hsead to the new substituted pyrimidin@sk-l in 86-92%
yield (entries 8 and 9).

Table 1: Products of type31l obtained by regio- and chemo-selective zincati@ing
TMPZnCI-LiCl (10) under microwave irradiation.

Entry Substrate Electrophile Product, Yiéld
Cl Cl Cl
o ! jous
Cl
1 Cl ©)l\ Cl Cl
32 31c: 85%"
OMe OMe
NTX 0 NTX COPh
I I
2 N~ ©)J\CI N~
Cl Cl
34 31e:80%"
Br Br
b Br N B
3 IS N S
36 31f: 77%°
Br
CO,Et
4 36 |/© S
31g: 93%

Br
(6]
A\
] N ©)km (L Hcom

31h: 839"
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Entry Substrate Electrophile Product, Yiéld
OMe OMe Cl
N™S | N
N _ I
6 o u
OMe Cl OMe
37 31i: 88947
OMe
N
I
7 37 > NF
OMe
31j: 76%
oM OMe
e
Br NS
N7 CO,Et J
| MeO~ N
B Moo N |/©/
CO,Et
38
31k: 86949
OMe
N Br
OMe )|\ _
9 38 /©/ MeO~ "N
! OMe
31l: 92944

[a] Yield of analytically pure product; [b] 1.1 eéguCuCN- 2LiCl was added; [c] 5 mol% of CuCN-2LiCl

was added; [d] 3 mol% of Pd(dband 6 mol% of Ri-furyl); were added.

1.3. Scaleable Preparation of Sensitive Functionakd Aromatics and

Heteroaromatics using TMPZnCI-LiCl

Directed metalation reactions have become moréfgignt for the functionalization of scaffolds
and have provided important intermediates in omayntheis in small scale as well as in
industrial processes. Therefore, we envisioned the zincations of subesraontaining sensitive
functional groups using TMPZnCI-LIiCLLQ) at a 2 mmol scale to be upscaled (50 mmol) in a

safe and convenient manner. For the previous sttedzinc base was prepared in a larger scale
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than the previously describdt’® Thus, the metalation of a heteroaromatic with msiize
functional group as a nitro is possible at a lasgale. 2-Chloro-3-nitropyridine39) is zincated
completely within 5 h at 25 °C using TMPZnCI-LiCl10). Quenching with 4-chlorobenzoyl
chloride at —30 °C (after transmetalation with Cu@NCI)*® provides the ketond0 in 77%
yield (Scheme 25). Remarkably, the full zincatidrcaffeine @1) is obtained within 10 min at 25
°C. A Pd(0)-catalyzed cross-coupling reactiowith 4-chloro-iodobenzene using Pd(dbajhd
P(o-furyl)s” (3 and 6 mol% respectively) furnishes the new fiometlized purine42 in 79%
yield. Furthermore, the metalation of 2,4-dichloromidine (43) is achieved within 1 h at 25 °C.
Trapping with 3-bromocyclohexene provides after thedition of a catalytic amount of
CuCN-2LiCP® the allylated pyrimidine44 in 81% yield (Scheme 25). The recovery of the
valuable 2,2,6,6-tetramethylpiperidine (TMPH) frdive aqueous phase after work up is also

possible”*
Cl
1) 10 (1.1 equiv), THF
Ozle\/j 25°C,5h O
- N 2) CuCN-2LiCl (1.1 equiv) 02N
3) 4-chlorobenzoyl chloride | _
(1.1 equiv), -30t0 25 °C, 3 h Cl N
39: 50 mmol 40: 77%
Q@ Me  1)10(1.1 equiv), THF Q Me
Me. N 25 °C, 10 min Me.y N
¥ e
0N~ °N 2) 1-chloro-4-iodobenzene 0 >N~ N
| H |
M (1.1 equiv), Pd(dba), and M
© P(o-furyl)s (3 and 6 mol%) ©
41: 50 mmol 42: 79%
cl 1) 10 (1.1 equiv), THF Cl
25°C,5h
N N > AN N
» 2) CuCN-2LiCI (5 mol%) W
CI” 'N 3) 3-bromocyclohexene Cl N
43: 50 mmol (1.2 equiv), -30t025°C 3 h 44: 81%

Scheme 25:Large scale zincation of sensitive functionalizedmatics and heteroaromatics

using TMPZnCI- LiCl £0) and subsequent reactions with electrophiles.

23) G. Monzon, P. Knochehynlett201Q 304; b) F. Crestey, P. Knoch8lynthesis201Q 1097.

V. Farina, B. Krishnan]. Am. Chem. So&991, 113 9585; b) V. Farina, S. Kapadia, B. Krishnan, Gan, L. S.
Liebeskind,J. Org. Chem1994 59, 5905; c) I. Klement, M. Rotlander, C. E. Tuck&r,N. Majid, P. Knochel, P.
Venegas, G. CahieZetrahedron1996 52, 7201.
3. H. Wunderlich, C. J. Rohbogner, A. Unsinn, Rokhel Org. Res. Process. De201Q 14, 339.
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2. Efficient Preparation of Polyfunctional Organomaallics via

Directed ortho-Metalation with TMP-Bases of Mn, Fe and La

2.1. Introduction

The metalation of functionalized unsaturated salbessr affords valuable intermediates in organic
synthesis. The long-established lithium reag@rasd several mixed ate-ba&s* have been
developed, investigated and applied. Even thougbhniias been achieved, there is still a need
for easy to handle chemoselective bases for thalatiein of organic substrates with a high
functional group tolerance. Thus, the treatmentPMgCI- LiCl (7)*! with metallic chlorides
such as ZnGP® MnCl,- 2LiCl,* FeCh-2LiCI*® and LaC}: 2LiCI** leads to ambient temperature
stable and highly kinetic active amide bases. Thetatations usually take place at room
temperature, making them convenient for applicatian industry at mild conditions.
Additionally, the bases exhibit a high-atom econ@mgce all TMP moieties can be used for the
directed metalation. The spectra of electrophilest tan be reacted is broad as well as the
functional groups which are tolerated. Upon this,upscale procedure was developed and the
reactions were studied in a 1-2 mmol scale and thken to a multigram scale (ca. 4 g). The
specificity of the metal in the amide base (Mn, E&), was studied as the determining factor for

the behavior of the corresponding organometalbgeat.

2.2. Scaleable Preparation of Organometallics witifMP-Bases of Mn, Fe

and La

The mixed amid bases were efficiently preparedhegyttansmetalation of TMPMgCI- LiCT)
(2.0 equiv, 0 to 25 °C, 3.5 h) with the correspamgdsolutions of MnGH2LiCI*® (1.0 equiv) and
FeCh-2LIiCI* (1.0 equiv) affording12 and 13 both in >95% yield. Due to a different
stoichiometry, TMPMgCI-LiCI 7) (3.0 equiv, 25 °C, 12 h) was reacted with a sofutof
LaCls- 2LiCI** (1.0 equiv) affordingl4 in >95% vyield. The three bases are stable at 2®f@t

least two months under inert gas atmosphere (ScBéjne
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, 1) MCl,-2LiCl (1.0 equiv)
N. N
MgCI'LiCl  THF, 0to 25°C, 3.5 h }ZM-ZMgClz-4LiCI

M = Mn, Fe 12-13: >95 %
0.5Min THF

1) LaCl3-2LiCl (1.0 equiv)
3 N. N}
MgCILICl  THF,25°C, 12h \La-3MgCl,-5LiCl

14: >95 %
0.33Min THF

~

7

Scheme 26Preparation of TMP-Bases of Mn, Fe andll2al4

Thus, ethyl 4-cyanobenzoateddf is fully manganated within 75 min at 0 °C with
TMP,Mn-2MgCb-4LIiCl (12) (0.6 equiv) and the keton&6 is obtained in 70% vyield after
CuCN-2LiCl mediated acylati8h with 2-furoyl chloride (Table 2, entry 1). Similgs the
metalation of 3,6-dimethoxypyridazineld) is accomplished within 30 min at 0 °C using
TMP,Mn-2MgCb-4LIClI (12) (0.6 equiv). The treatment of the metalated s®ecwith
benzaldehyde affordetB in 94% yield (entry 2).

Furthermore, the directed ferration and subsequaoss-coupling (catalyzed by nickel
impuritiesf? is feasible in larger scale. Thus the metalatibretbyl 3-cyanobenzoatet9) is
completed within 18 h at 25 °C using T 2LiCl-4LiCl (3) (0.75 equiv) and the subsequent
alkylation with 1-iodooctane or the secondary 2ejmpane in the presence of 4-fluorostyrene
(10 mol%) affordecb0 and51 both in 78% yield (entries 3 and 4).

Subsequently, the lanthanation of methyl 3-chlonzbate %2) with TMPs;La-3MgCh-5LICl
(14) (0.75 equiv) at 0 °C for 3.5 h afforded the fubiyithanated species and direct treatment with
benzoyl chloride furnishedi3in 75% vyield (entry 5).
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Table 2: Products obtained by regio- and chemoselectivalatein using TMP-Bases of Mn, Fe

and La.
Entry  Substrate Base Electrophile Product, Yiféld
CO,Et O CO,Et
0
~
X" Cl \
1 TMP,Mn (12 @ 0
CN CN
45 46: 70%4°
OMe OMe OH
N°S CHO E. =
2 N # TMP,Mn (12) ! ©/ =
OMe OMe
47 48:94%
CO,Et CN
CgH17
; h @
CN TMP,Fe @13) ! CO,Et
49 50: 78%%

CN

_>_
g&

TMP,Fe @13) ! CO,Et

51: 78%44

cl 0 cl
@ Oy fi
Cl
TMPsLa (14) !

5 CO,Me ska (14) CO,Me

52 53: 75%

[a] Yield of analytically pure product; [b] Mg&and LiCl have been omitted for the sake of clafity 20
mol % of CuCN-2LiCl was added; [d] 10 mol% of 4¢ftostyrene was added.
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3. Directed ortho- and metaMagnesiation or Zincation of

Polyfunctional Aryl Nonaflates

3.1. Introduction

The preparation of polyfunctional aromatics beasragous electrophilic functional groups is an
important synthetic task, since these structuratsuare often part of biologically active
molecules or new materialé Especially interesting is the metalation of arebearing strongly
electrophilic groups which may allow further reaas in the presence of an appropriate catalyst,
such as nonaflates. The nonaflate moiety (NfOanigxcellent leaving group in the presence of a
transition metal catalyst (Pd, Ni) and has foundynapplications in organic synthe&fs It was
therefore our goal to find a method for theho- and metametalation of aryl nonaflates and

subsequent reaction with electrophiles.

3.2. Formalortho- and metaFunctionalizations

The directed metalation both iartho- and metapositions to a nonaflate moiety is fairly
unknown. We envisioned the effective metalationfusictionalized aryl nonaflates using the
mixed Li/Mg and Li/Zn-amide bases TMPMgCI-LiCl)(and TMPZnClI-LiCI 10) respectively.
First, we carried out the comparison of the notafigroup against its similar triflate analogue
(TfO-). Thus, 3,5-diethylester phenyl nonafl&é and 3,5-diethylester phenyl triflatb were
zincated using TMPZnCI-LiClQ) (1.3 equiv) at 25 °C within 3 h, leading to th@responding
zinc intermediate$6 and 57 both in 95% yield. This led to the assumption thath groups
exhibit a similar directing strength towardstho-metalation and showed comparable stability
over time. Noticeable, the zincation occurs redexg@vely at position 2, even with the presence
in positions 3 and 5 of two directing ethyl esteoups?’ although steric hindrance may also
avoid the metalation in position 4. This illustatbat the SECF; or SQC4Fs groups generate an

electron density withdrawing effect in the aren@kmng the proton at position 2 the most prone

> a) X. Han, B. Stoltz, E. J. Corey, Am. Chem. Sod999 121, 7600; b) W. Gallagher, R. J. MaleczKa,Org.
Chem 2003 68, 6775; c) J. Barluenga, A. Jiménez-Aquino, F. Azfa Valdés,J. Am. Chem. So2009 131, 4031;
d) A. E. Jensen, W. Dohle, P. KnochBgtrahedrorn200Q 56, 4197; e) J. Dash, T. Lechel, H.-U. Reis€lgg. Lett
2007, 9, 5541.
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to be abstracted. Quenching the zinc spesfiasith pivaloyl chloride (after transmetalation with
CUCN- 2LiCIf® lead to thebutyl ketone58ain 72% yield. Allylation with 3-bromocyclohexene
in the presence of CuCN-2Lf&l and Negishi cross-couplifiy with 4-iodo-1-
trifluoromethylbenzene provided the polyfunctioreaenes58a-c in 72-85% vyield (Table 3,

entries 1-3).

ONf TMPZnCI-LiCl (10) ONf
(1.3equiv) ZnCI-LiCl
EtO,C co,et  THF.25°C,3h EtO,C CO,Et
54 56 > 95%
oTf TMPZnCI-LiCI (10) OTf
(1.3equiv) ZnCI-LiCl
EtO,C CO,Et THF, 25°C, 3h EtO,C CO,Et
55 57 > 95%
Nf = 80204F9
Tf = SO,CF3

Scheme 27Comparison of the metalation directing strengtaatfof (NfO-) and (TfO-).

Further experiments were carried out using the fi@ieamoiety due to several advantages such
as: triflating reagents such as,Of or trifimides like TeNPH, are more expensive than
nonafluorobutanesulfonyl fluoride (NfF) which israstable, non-toxic and presents a long
storage stability. In addition, aryl nonaflates dsneasily purified on silica, are stable towards
decomposition over time and exhibit a slightly r@ghieactivity in palladium-catalyzed cross-

coupling reactions when compared to ary! triflafsg®

Thus, the zincation of 3,5-dichlorophenyl nonafl&@ occurs at 25 °C within 3 h with
TMPZnCI-LiCl (10) (1.1 equiv). Cu(l)-mediated benzoylatf8provides the keton88d in 78%

yield (Scheme 28). Negishi cross-coupfihgvith 4-trifluoromethyl- or 4-chloro-substituted
iodobenzene furnished the cross-coupling prodb@esand58f in 76 and 83% vyield, respectively

(entries 4 and 5). The density electron-withdraweftect induced by the nonaflate moiety

8 M. Rottlander, P. Knochel, Org. Chem1998 63, 203.
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became evident, since the zincation of 3,5-dicldbemyl nonaflat®&9 occurs at 25 °C while for
1,3,5-trichlorobenzened®) high temperature and microwave irradiation isurezg (MW, 80 °C,
1 h).

ONf 1) TMPZnCI-LiCl (10) ONf O

(1.3 equiv), THF, 25 °C, 3 h
2) CuCN-2LiCI (1.1 equiv) O O
Cl Cl 3) PhCOCI (1.1 equiv) Cl Cl

-40t025°C, 3 h
59 58d: 78%

Scheme 28Regioselective zincation of 3,5-dichloro aryl nfhate 59 with TMPZnCI-LiCl (0).

Further substrates were investigated such as Befilnenyl nonaflat&0 which is zincated at 25
°C within 3 h and underwent an allylation reactisith ethyl (2-bromomethyl)acrylatéin the
presence of CUCN-2Li€% providing the acrylate derivativB8g in 72% vyield or a Pd(0)-
catalyzed cross-couplifitiead to the biphenyl derivati8hin 80% vyield (entries 6-7).
Regrettably, attempts to perform a magnesiatiororitho- to the nonaflate group led to an
elimination reaction (benzyne formatidh)and to the decomposition of the organometallic
intermediate. Thus, when the 3-ethylester phengkflate61 was treated with TMPMgCI- LiCl
(7) the magnesium intermediaéda immediately leads to the benzy6é&b, even at cryogenic
conditions. Quenching with furan afforded the olsagon of the 1,4-dihydronaphtaleréic
(Scheme 29) and probed the good leaving group ithalmf the nonaflate group when a
magnesium bond is formed ortho-position. This has been previously reportedkmpchelin

the synthesis of polyfunctional arynéa 2-magnesiated diaryl sulfonat&s.

ONf ONf o)
1) TMPMgCI-LiCI (7) MgCl @\ \ /)

—_—
co,Et THF.-78°C,1h CO,Et COEt CO,Et

61 61a 61b 61c

Scheme 29Aryne formation by metalation using TMPMQgCI- LiGI)(

73, Villiéras, M. Rambaud)rg. Synth1988 66, 220.
8Y. Himeshima, T. Sonoda, H. Kobayasihem. Lett1983 1211.
9. Sapountzis, W. Lin, M. Fischer, P. Knoch&hgew. Chem. Int. EQ004 43, 4364.
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Remarkably, we found that when using TMPZnCI- LiC0)((1.3 equiv) at 55 °C for 6 h, no
elimination to the corresponding benzy®@ was observed despite the drastic zincation
conditions. A Negishi cross-couplifigwith 3-iodo-1-trifluoromethylbenzene afforded the
desired biphenyb8i in 65% vyield (entry 8). The presence of two strabdgctron-withdrawing
fluorine-substituents allows to zincate smoothly4-@ifluorophenyl nonaflate62 using
TMPZnCIILCI (10) at 25 °C for 1 h. Performing a Negishi cross-dimgs® with 4-iodo-1-
trifluoromethylbenzene in the presence of a PdigsttaPd(dba) (3 mol%), Po-furyl)s™ (6
mol%), 65 °C, 6 h) provides the polyfunctional keplyl 58j in 89 % yield (entry 9). A
magnesiation 0b2 is possible in the 3-position (formallyeta-to the nonaflate group) using
TMPMgCI-LIiCI (7) (1.1 equiv) at —20 °C for 15 min. Quenching witimethoxybenzaldehyde
or with MeSQSMe provides the polyfunctional benzhydryl alcoB8k and the thioethes8l in

94 and 81% yield, respectively (entries 10 and 11).

Thus, in the presence of a powerful directing greuph as an ester group, th&ra-substituted
aryl nonaflates3 is readily magnesiated with TMPMJUICI (7) (1.1 equiv) at —20 °C within 3 h
in ortho-position to the ester group. The resulting magmasreagent is benzoylated after a
transmetalation with CuCRLICI®® leading to the keton&8m in 65% vyield (entry 12).
Quenching with 4-methoxybenzaldehyde provides #wohe58n or the biphenyl580 after
Negishi cross-couplirfdin 72 and 65% yield, respectively (entries 13 a4}l

Table 3: Products of typ®&8 obtained by metalation of functionalized aryl niteizs.

Entry Substrate Conditions Electrophile Product, Yiféld
ONf ONf O
0
1 25°C, 3! ol
EtO,C CO,Et EtO,C CO,Et
54 58a: 7294

ONf¥ ‘
Br
5 54 25 °C, 3 ! C( O

EtO,C CO,Et

58b: 85%4°
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Table 3(continued)

Entry Substrate Conditions Electrophile Product, Yiféld
ONf O CFs
CFs
3 54 25 °C, 3 {f! ©/ O
| EtO,C CO,Et
58c: 839"
ONf ONF CF3
CF,
4 25°C, 3 ! Q O
cl cl | cl Cl
59 58e:76%"
cl
ONf
‘ g
5 59 25°C, 3 ! /©/ O
| cl Cl
58f: 83%4"
ONf ONf
CO,Et
F F
60 58g: 72%4°
ONf OMe
OMe
. 60 25 °C, 3 ! Q O
| F
58h: 8094
ONf ONf O
CF;
CF
8 @ 55 °C, 6 I’ Q O ’
CO,Et CO,Et
|
61 58i: 65%"
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Table 3(continued)

Entry Substrate Conditions Electrophile Product, Yiféld
N NfO  F
F
R W
F I F
62 58j: 8994
NfO F
OH
oo
10 62 20 °C, 15 mif Q = )
MeO
OMe
58k: 94%
ONf
F
11 62 —20 °C, 15 mif{ MeSO,SMe SMe
F
58I: 81%
ONf ONf
O
12 -20°C, 2 K! ©)k0| COPh
CO,Et CO.Et
63 58m: 65%

ONf
oo ()
13 63 —20°C, 2 /@f
MeO 070 O
OMe

58n: 72%
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Table 3(continued)

Entry Substrate Conditions Electrophile Product, Yiféld

ONf

CO,Et !
14 63 _20°C, 2 ¥ O EtO,C O
|

CO-Et
580: 65%"

[a] Yield of analytically pure product; [b] TMPZnaliCl (1.1 equiv); [c] TMPMQgCI-LiCl (1.1 equiv); [d
CUuCN-2LiCl (1.1 equiv) was added; [e] 10 mol% ofGDu 2LiCl was added; [f] 3 mol% of Pd(dband 6
mol% of Pp-furyl); were added.

3.3. Further Funtionalizations of Polyfunctional Aryl Nonaflates

Further functionalizations of the substituted pohdtional nonaflates of typB8 have been
performed. Thus, a Negishi cross-coupttgf the biphenyl nonaflaté8m with 4-ethoxy-4-
oxybutylzinc bromid& (64) under standard conditions (Pd(dbap mol%) and
bis(diphenylphosphino)-ferroceffeé* (dppf; 5 mol%, 60 °C, 8 h) furnished the functitired
benzoate65 in 79% vyield. The cross-coupling of the 2,3,5«histituted phenyl nonaflate8c
with the benzylic zinc reage66° in the presence of PEPBS4s a catalyst (2 mol%, 25 °C, 3 h)
afforded the tetrasubstituted benzéi@en 73% yield (Scheme 30).

80 A Metzger, L. Melzig, C. Despotopoulou, P. Knoki@rg. Lett 2009 11, 4228.

81T, Hayashi, M. Konishi, Y. Kobori, M. Kumada, Tiddichi, K. Hirotsu,J. Am. Chem. So&984 106, 158.

82 M. Piller, A. Metzger, A. M. A. Schade, B. AaHg, A. Gavryushin, P. Knoch€@hem. Eur. J2009 15, 7192.

8 a) C. J. O'Brien, E. A. B. Kantchev, C. Valente,H&dei, G. A. Chass, A. Lough, A. C. Hopkinson, ®1.0rgan.
Chem. Eur. J2006 12, 4743; b) M. G. Organ, S. Avola, |. Dubovyk, N.d¢&, E. A. B. Kantchev, C. J. O'Brien, C.
Valente,Chem. Eur. J2006 12, 4749; c) S. Sase, M. Jaric, A. Metzger, V. MatakhP. KnochelJ. Org. Chem
2008 73, 7380.
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EtO.C._~_ ZnBr-LiCl

ONf
(64; 1.5 equiv) CO,Et
EtO,C THF, Pd(dba), (5 mol %), EtO,C
COPh dppf (5 mol %), 60 °C, 8 h COPh
58m 65:79 %
OMe
©/\ZnCI-MgCIZ-LiCI
CF, O
ONf . , CF
O OMe (66; 1.5 equiv) R O 3
O PEPPSI (2 mol %), THF, 25 °C, 3 h O
EtO,C CO,Et E10,C COLEt
58c 67:73 %

Scheme 30Negishi cross-coupling &8m and58cwith zinc reagents.
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4. Directed ortho- and metaMagnesiation of Functionalized

Anilines and Amino-Substituted Pyridines and Pyraznes

4.1. Introduction

Since the synthesis of urea MWohler the formation of nitrogen-carbon bonds has been
primordial in organic synthestsSpecial interest relies on the chemistry of amimesides and
other nitrogen-containing compounds. Their presémé¢ature as building blocks as amino acids
and nucleotides is fundamerifadind they have great importance in the chemicaistrgl, such as
for the preparation of detergents, dyes, surfasfgrigment stabilizers, vulcanizing agents, and
additives in the pretroleum industfyAdditionally, aryl and heteroaryl amines have &ifgged
role in pharmaceutical and agrochemical compotinaisd different methods to prepare them,
such as electrophilic alkylation, reductive alkidat amination of aryl halides and
hydroamination of olefins and alkynes have beereligped:’

Among these aryl amines, anilines have been extelysused for the preparation of several
natural products and pharmacologically active cammgs. RecentlyBuchwald reported the
preparation of several dibenzodiazepines like Glpime 68) and Clozapineg9) by the cross-
coupling of o-carbonyl anilines of typ&0 with 1,2-dihaloarenes in the presence of catalytic
quantities of palladium to afford the intermediatésype 71. A further Pd(0)-mediated cross-
coupling furnished the dibenzodiazepines derivatizin 43-93% yield (Scheme 31J.

84 Chemical Biology(Eds.: H. Waldmann, P. Janning), Wiley-VCH, Waeidith, Germany2004

8 a) R. R. EganJ. Am. Oil Chem. Sod968 45, 581; b)Surfactant Science Series: Detergency of Specialty
Surfactants (Eds.: S. Arif, F. Friedly), Marcel Dekker, Newoik, 2001, Vol. 98; pp 71-115; c) K. S. Hayeappl.
Catal. A2001, 221, 187; d)Industrial Organic Chemicals(Eds.: H. A. Wittcoff, B. G. Reuben, J. S. Plotkin)
Wiley-Interscience, Hoboken, Na004

8 a) Pesticide Chemistry and Biosciendgds.: G. T. Brooks, T. R. Roberts), Royal Sacief Chemistry,
Cambridge, U.K.,1999 b) Pharmaceuticals: Classes, Therapeutic Agents, Armea\pplication (Ed.: J. L.
McGuire), Wiley-VCH, Weinheim, Germang00Q Vols. 1-4.

8 G. Guillena, D. J. Ramén, M. YuShem. Rev201Q 1110 1611.

8 a) D. Tsvelikhovsky, S. L. Buchwald, Am. Chem. So2011, 133 14228; b) R. A. Altman, K. W. Anderson, S.
L. Buchwald,J. Org. Chem2008 73, 5167.
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") o
0

Olanzapine (68) Clozapine (69)

cl
o Br:@ (1.0equiv) A™O Ll Ne AT
@fj\Ar Pd,(dba); (0.25 mol%)' &N@ Pd(0), Ligand @\b
NH2  (BrettPhos) (0.75 mol%) NH; N
71

K,COj3, tBuOH, 100 °C, 2 h

70 72: 43-93%

Scheme 31Synthesis of dibenzodiazepines of tyf&from o-carbonyl anilines of typ&0.

Furthermore, indoles and azaindoles are prevatamdtares in naturally occurring molecules and
display a high biological activity. A recent appcbafor their synthesis involved the direct
annulation of chloroanilines like 2-chloroanilin@3] in the presence of Pd(0) with cyclic or
acyclic ketones such as tetrahyditd-gyran-4-one affording the corresponding indodein 98%
yield (Scheme 32§°

0
. OCf (3.0 equiv) 0
©i Pd(tBusP), (10 mol%) \
> N
NH KsPO4, HOAC H
DMA, 90 °C, 2 h
73 74: 98%

Scheme 32Preparation of indoles from the correspondirghloroanilines.

The preparation of azaindoles is plausible thraagéductive alkylation of chloroaminopyridines
of type 75 to afford the alkylated produc®b5 in good yields. Subsequent one-pot Sonogashira

8 M. Nazaré, C. Schneider, A. Lindenschmidt, D. WlIWAngew. Chem. Int. EQ004 43, 4526.
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cross-coupling and base-promoted indolization dfdhe corresponding azaindoles of tyfre
(Scheme 33}°

ﬁ\ Ar—— (1.1 equiv)

H” ~Ph 1) PdCly(MeCN), (1 mol%), Ph

NH . [

| A 2 (1.1 equiv) rH X-Phos (3 mol%) N

Z > = Ar

NaBH(OA (\/E m

N ~Cl Tl‘;‘ - iLrO(A?g | NZC K,CO3, MeCN, reflux N7
’ 2) KOtBu (50 mol%)
75 76: 94% 77:87%

Scheme 33Preparation of azaindoles from the correspondimgroaminopyridines.

In special cases, the protection of the amino growgyl and heteroaryl molecules is needed and
an extensive battery of protective groups have lssmloped and investigatétThus, the use

of the trifluoroacetyl moiety as protective group the 2,4-dibromoaniline derivativés,
promotes the copper-mediated synthesis of the soreling indole79 in 75% yield.?” The use

of a different protective group resulted insatigbag and the —COGFenhancement is assumed to

an electron-withdrawing effe€tin theortho-substituent’ (Scheme 34¥°

FsC. O 1.2 equiv) H
h NCQJ\OMe N

NH -~ /@—NHQ
J@[ Cul, L-proline Br
Br Br DMSO/H,0 CO.Me
K,CO3, 60 °C
78 79: 75%

Scheme 34: Copper-catalyzed synthesis of indoles from theresmponding N-aromatic

trifluoroacetyl amides.

% M. McLaughlin, M. Palucki, I. W. Davie€rg. Lett 2006 8, 3307.

°1 Protective Groups in Organic Synthes{Eds.: T. W. Greene, P. G. M. Wuts), John Wiley8&ns, New York,
1999

92F, Liu, D. Ma,J. Org. Chem2007, 72, 4844.

% X. Yang, H. Fu, R. Qiao, Y. Jiang, Y. Zhagv. Synth. CataR01Q 352, 1033.

%K. C. Nicolau, C. N. C. Boddy, S. Natarajar, T.Mue, H. Li, S. Brase, J. M. Ramanjulli,Am. Chem. So&997,
119 3421.

% D. Li, L. Zhao, J. ZhangSynthesi®011, 873.
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Moreover, the directed lithiation of anilim8sor aminopyridine¥ is an important method for
preparing functionalized amino-substituted arenesl a-heterocycles which often have
important pharmaceutical applications such as matiagents>® antibiotics>’ etc. Although,
these directed ortho-lithiations give access tdowsr aminated aromatic¥ the use of strong
lithium bases such adulLi or tBuLi is incompatible with standard carbonyl funciadities such

as an ester or a nitrile as well as with senshieterocyclic moieties (Scheme 35).

tBu Li {Bu {Bu
OO  nBuLi 2.2 equiv) Li_,_,o\ro MeOy©
| Mel
S T NN S
| Et,O/TMEDA ] |
N"Dome  7810-10°C NP onme N” oMe
80 81 82: 84%

Scheme 35ortho-Lithiation of Boc-amide pyridines.

The general strategy used involved the protectiothe amino group with a pivaloyl, tert-
butoxycarbonyl or a trifluoroacetyl group leadingdubstrates of type ArNHCOR, which after
treatment with two equivalents of base afforde@aho-lithiated bimetallic intermediaté’ Low
temperatures were usually required for these tita®® Also the directed lithiation of

trifluoroacetylamides protected anilines lead tteazive side products (Scheme 36).

cl tBuLi/TMEDA

2.3 equiv
CF3 @3equv) Decomposition

”/go THF, -78 °C, 40 min

83
F F
tBULi/TMEDA .
2.3 equiv) i, x X
CFsy (2.3eq o-Li —— CF3 — o Indoles
PN . PY A, —
N"S0 THF, -78 °C, 40 min N7 CF, N0
84 85 86a:X=1 63%

86b: X = Br 45%
86¢c: X =Cl 30%

Scheme 36Preparation of 2,3-dihalotrifluroacetanilides.

% T, A. Kelly, U. R. Patel). Org. Chem1995 60, 1875.

97 B. McKittrick, A. Failli, R. J. Steffan, R. M. SbIP. Hughes, J. Schmid, A. A. Asselin, C. C. ShRwNoureldin,
G. Gavin.J. Heterocycl. Cheni99Q 27, 2151.

%a) R. Sanz, V. Guilarte, N. Garcfarg. Biomol. Chen201Q 8, 3860; b) V. Guilarte, M. P. Castroviejo, P. Garci
Garcia, M. A. Fernandez-Rodriguez, R. Sdnfrg. Chem2011, 76, 3416.
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Recently, Knochel reported the preparation of fully substituted iaeg for the synthesis of
functionalized indole&’ Thus, functionalizedo-iodo anilines were protected with 1,2-
bis(chlorodimethylsilyl)ethane and subsequent Negisoss-coupling afforded the expectent
alkynylanilines of type87. Successive metalation using TMPMgCI- LiQ) (formally meta to
the amine) and subsequent deprotection affordedulhe functionalized anilines of typ8&8,

which were then transformed to the correspondidgles of type39 (Scheme 37).

Ph Ph

. 2
y 1) TMPMgCI-LICI (7) £2 E
7 2)E! // KH,NMP FG
FG \Si/ » FG = A\ Ph
N’ qi 1 N
\Sij 3) TMPMCILICI (1), NH, E N
a ST e . Cl
5) KF, HCI
87: 70-97% 88: 76-96% 89: 62-98%
FG = CO,Et, CN

Scheme 37Preparation of fully substituted anilines for gymthesis of functionalized indoles.

4.2. Directedortho-Metalation

The preparation of polyfunctional aromatics ancermromatics with a primary amine moiety is
of enormous interest in organic synthéS%sThe previousortho-lithiations of anilines present
several limitations towards functional group totes@, are usually carried out at low temperatures
and the range of electrophiles which can be usedlianted. Thus, we envisioned a more
rewarding route towards tleetho- andmetametalation of protected aryl and heteroaryl amines
Extensive experimentation, led to the screeningniline protective groups which would exhibit
a directing effect towards metalation of the aramahg, be stable and easily cleaved to afford
the aniline. Primarily, 3-chloroanilin®@) and 3,5-dichloroanilined() were chosen as the model
substrates to be protected and investigated (ScB8jne

PG
Hn-Fe HN NH,

1) TMP-base E Deprotection E

V = p =

FG@\ ———= o | ——— Fol |
NNg 2)E cl N

Scheme 38Anilines protective group screening fatho-magnesiation..

% A, H. Stoll, P. KnochelOrg. Lett 2008 10, 113.
100 2) M. Somei, F. Yamad&lat. Prod. Rep2004 21, 278; b) M. Somei, F. Yamadiat. Prod. Rep2005 22, 73;
¢) T. Kawasaki, K. HiguchiNat. Prod. Rep2005 22, 761.
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Hence, the aniline synthetic analogues 1-azidod&Blorobenzene9@)'%*

and 3,5-dichloroaryl
triazene93'*? were subjected to several metalation conditions,ldd only to decomposition of
the starting material (Table 4, entries 1-2). Arotlapproach was envisioned based on the
complexation effect of the Lewis acid BBEL with nitrogen in N-heterocycles. However, for
substrates of the typ84-96°31°41%resulted unsatisfactory metalation of the aromaitig
(entries 3-5). This showed that the complexatiotwben BRk-OEb and a nitrogen, occurs
preferentially in an aromatic rif§.Although, wherd4 is reacted only with TMPMgCI- LiCI7]

(1.1 equiv) at 25 °C a magnesiated intermediatyymé 97 is obtained in 55% yield® within 24

h (entry 3).

Table 4: Aniline protective groups screening fatho-metalation.

Entry 1 2 3 4 5

T O

N N* N/) N7 N7
Substrate i f f f f
Cl cl cl o] Cl Cl Cl
94

92 93 95 96
\N/
NZ “MgCl
Rrodugt Dec. Dec. Dec. No reaction
cl
97: 5594

[a] Yield determined by quenching with allyl broreidnd 10% CuCN- 2LiCl by Gas-Chromatography with
an internal standard.

1015 Fantauzzi, E. Gallo, A. Caselli, C. PiangiolifoRagaini, S. CeninEur. J. Org. Chem2007, 6053.
102y, Liu, P. Knochel)). Org. Chem2007, 72, 7106.

103 3. Oszczapowicz, E. Raczynskalish J. Chem1983 57, 419.

1048, Capon, Z. P. Wul. Org. Chem199Q 55, 2317.

105 ¢, Ccaubére, P. Caubeére, S. lanelli, M. Nardelli)@nart-Grégoiréletrahedron1994 50, 11903.

1% Determined by Gas-Chromatograpy with a CuCN- 2kihlyzed allylation and an internal standard.
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A different approach involved the installation @éfature known directing metalation groups to
provoke a complexation with the metallic amide basd afford the desireartho-metalation of
the aromatic ring. Unsatisfactorily, the directieffect by the este®8'°’ 1,3-dioxolanel00'%
diethyl ester101,'%° phosphorimidel02**'° and N,N-dimethylcarbamoylL03'** was not strong
enough to afford the desired metalation. For inste88 was metalated, although not in the
aromatic ring, using TMiZn- 2MgCb- 2LiCl (11) (0.6 equiv) at 0 °C within 2 h in 80% vyiéf§
(Table 5, entries 1-5).

Table 5: Aniline protective groups screening fatho-metalation.

Entry 1 2 3 4 5
OFEt o) CO,Et 0 o)
Nig N7 O N Coet  HNT(NMe222 e J\NMez
Substrate @\ @\ @\ @\ @\
Cl Cl Cl Cl
98 100 101 102
OEt
N%Zn
Ii/r,%?d%t @\ No reaction Dec. No reaction Dec.
cl
99: 80%

[a] Yield determined by quenching with allyl broreidnd 10% CuCN- 2LiCl by Gas-Chromatography with
an internal standard.

Enthusiastically, a simple but efficient approachsvenvisioned which consisted in the removal
of electron density from the aromatic ring. Thuse tinstallation of a bulky and electron-
withdrawing fully substituted group a$05™? resulted unsatisfactory towards metalation.
Surprisingly, pivaloyl group exhibited a directingffect for the ortho-metalation of 3,5-

107 1. Smith, J. Nichols, Joseph, Org. Chem1941, 6, 489.

1085 SakaiBul. Chem. Soc. Jpi977 50, 3271.

1094 Nohira,Bul. Chem. Soc. Jpi963 36, 870.

9. Gordon,J. Med. Cheml982 25, 1231.

11w, Rauf, A. L. Thompson, J. M. Browthem. Commur2009 3874.
123 Mahapatradsian J. Chen2011, 23, 1581.
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dichlorosubstituted pivaloyl amide05'*® when using TMPMgCI-LiCI ) (1.1 equiv) at 25 °C
within 6 h in a maximum of 45% yiel®f (Scheme 39).

Cl o Cl
Cl TMPMgCI-LICI (7)
N No reaction
cl THF, 25 °C, 24 h
c ©
104

i 5
1) MeMgCl, THF
HN™ MBu 2) TMPMgCI-LiCI (7) N0
- Mg
25°C, 6 h
cl cl cl cl
105 106: 45%

Scheme 39prtho-Metalation of protected chloroanilines.

Upon the positive results obtained when using féatei or nonaflate group for metalation of
phenols reported by our gro(ff,we envisioned a similar approach for anilines. §hreating
107" with TMP,Mg- 2LiCl (9) (1.1 equiv) at 25 °C for 5 h afforded the magatsi specie$08

in 85% yield'*® Quenching with allyl bromide in the presence ofGBL2LICl (10 mol%$®
afforded109in 45% vyield. The discrete yield is due to thebsiy of the triflate group during

purification (Scheme 40).

yn-S02CFs 1) MeMgCl, THF F3COZS\N/MQCI 1) CUCN-2LiCl cat. N~ SO2CFs
2) TMP,Mg-2LiCI (9) -30t025°C,2h
MgTMp 2740 =20 =
25°C,5h B
Cl Cl (1.1 equiv) cl
107 108: 85% 109: 45%

Scheme 40prtho-Metalation of protected anilines with a triflate.

Further experimentation led to the protection ahBsroaniline 90) with the inexpensive, easy to

handle and commercially available trifluoroacetidhydride (10). The protection proceeds in

13p | Stanetty, B. Krumpal, Org. Chem1996 61, 5130.
114 3. B. Hendrickson, R. Bergerofetrahedron Lett1973 39, 3839.
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the presence of triethylamine (1.1 equiv) at 0 ® °Z for 12 h and afforded thN-(3-
chlorophenyl)-2,2,2-trifluoroacetamid8'*> in 91% yield (Scheme 41). This protection afforded
the corresponding trifluoroacetyl amides in highlgs, they are easy to handle solids and easily
purified on silica or recrystallized. We tried tostall a second protective group in the

trifluoroacetyl amides, however it was not posstntel only the starting material was recovered.

. 0]
NH, 1) EtzN (1.1 equiv) J\
HN™ "CF;

DCM, 0t0 25 °C, 12 h
Q" 30
Cl Fc” Y07 CF
3 3 cl

(110; 1.5 equiv)

90 83: 91%
. [ i
IS HN™ CF, PN HNJ\CF3
HNT CFy o o HN™ CF,
Ji I i ( I i cl
i cl Lo, CN L
111: 87% 112: 90% 113: 92% 114: 98%

Scheme 41Synthesis of aryl trifluoroacetyl amides.

Furthermore 83 was treated with MeMgClI (1.1 equiv) at 0 °C to aepnate the amide, gas
evolved and the resonance structlii® is assumed. The ring metalation was carried oungus
TMP,Mg- 2LiClI (9) at 25 °C for 5 h and the magnesiated spekl€ésnvas obtained in more than
90% yield®® Trapping with allyl bromide in the presence ofatgtic CuCN- 2LiC?® afforded the
allylated productl17ain 65% vyield (Scheme 42). Fascinatingly, wHel®6 is transmetalated to
zinc with ZnC} a palladium-catalyzed Negishi cross-coupfinig possible with 4-iodotoluene
and affords the corresponding biaryl prodit7bin 65% yield (Table 6, entry 1). It was found
that the addition of 1.1 equivalents of MeMgClI =eded to carry out the full metalation, since
the addition of 2.2 equivalents of the magnesiursebkead to a lower conversion @6
probably due to steric hindrance. We assume a @@pbn of the oxygen (which presents a
donor character) and kinetically activates the Mipdhd of the base, resulting in an additional

ate character of the ba8e

135, Salazar, S. E. Lopez, O. RebolloFluorine Chem2003 124, 111.
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1) CuCN-2LiCl 0]

0
1) MeMgClI, THF - TMPH N._CF3 (10 mol%)
HNJ\CFS /@\N — Q[ Yy HNJ\CF3

cl
2) TMP,Mg 2LiCI 9) 7 i Il el Brx _
¢ Mo cr 9 :
25°C,5h : /-.l 3 Cl (1.1 equiv)
M cl
cl MM MgCI
83 115 116: >90% 117a: 65%

Scheme 42Suggested mechanism for thieho-metalation of the aryl trifluoroacetami@a.

The generality for thertho-metalation was extended to other anilides withséme functional
groups such as cyano and esters. Thus, the matioesi the 3,5-dichloro substituted
trifluoroacetyl amidel11 goes to completion within 4 h at 25 °C using TMRBid.ICI (7) (1.2
equiv). Quenching with iodine, a CuCN- 2LiCl-medifeallylation® or a bromine electrophile
afforded the respective produdit7c-ein 68-72% yield (entries 2-4).

We have extended this approach to a double furdtication of the anilides. Thus, the
magnesiation ol17eusing TMPMgCI-LiCl 7) (1.3 equiv) at 25 °C for 4 h and trapping with
iodine afforded the tetrahalogenated anilide’f in 69% vyield (entry 5). Furthermore, treating
111 as previously described and quenching with a sulghectrophile afforded the thioether
117gin 76% yield, which was further magnesiated anengthed with furoyl chloride (previous
transmetalation with CuCN-2LiCPto afford the pentasubstituted aniline after werkag. sat.
NH,4CI) 117hin 81% yield (Scheme 43).

1) MeMgCl, THF o 1) MeMgCl, THF
2) TMPMgCI-LICI (7) L 2) TMPMgCI-LICI (7) NH, O

25°C,4h FsC~ "NH 25°C,4h MeS

CL,C

3) MeSO,SMe 3) CuCN-2LiCl o ol ol

20°C,2h cl a4 p-CICgH,COCI

20°Ct025°C,3h
117g: 76% %) NH,C 117h: 81%

Scheme 43:Double metalation of 3,5-dichloro anilidéll and subsequent reaction with

electrophiles.
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A trifluoromethyl group is perfectly tolerated atite magnesiation of 2-chloro-3-trifluoromethyl
anilide 118 undergoes to completion at 25 °C within 8 h witklF;Mg- 2LIiCI (9) (1.2 equiv).
Trapping with Smethyl methanethiosulfonate or a Cu-catalyzed latihyn®® with 3-
bromocyclohexene affords the thioetlidr7i or the allylated product17jin 75 and 66% vyield,
respectively (entries 6-7). Extraordinarily, theeuof a magnesium base instead of a strong
lithium base allows the presence of a cyano groughé starting anilide. Henc&13 underwent
efficient magnesiation with TMPMgCI- LiCF) (2.0 equiv) within 4 h. Performing an allylatf§n
with 3-bromocyclohexene or Negishi cross-cougfingvith 4-iodoanisole afforded the
corresponding allylated or cross-coupled produc3k-I in 72 and 75% vyield, respectively
(entries 8-9). Theortho-metalation occurs regioselective even when havengdirecting
substituent inpara-position such as for 3-chloro-4-cyanophenyl tofloacetamidell4. This
underwent effective magnesiation using TMPMgCI-LiZ) (1.2 equiv) at 25 °C for 3 h.
Transmetalation to zinc and palladium-catalyzedssmoupling® with 4-iodoethylbenzoate
afforded 117m in 63% vyield. (entry 10). Remarkably, no elimioati occurred (benzyne
formation) at these mild conditions, as previoudhgerved foortho-lithiations of 3-halogenated

trifluoroacetyl amides*®

Furthermore, a formainetametalation can be carried out at mild conditioRemarkably, an
ester-substituted anilide does not interfere vhi metalation sequence (no addition of MeMgCl
to the ester function). Thus, the 2,6-dibromo-4higkebenzoate anilide derivativil9 is fully
magnesiated at 25 °C within 4 h using TMPMgCI-LIZ) (1.3 equiv). Quenching witlp-
anisaldehyde afforded the functionalized lactdd&n in 71% vyield (Scheme 44). Analogous
metalation conditions fat12and quenching with ethyl 2-(bromomethyl)acryf3t@fter addition

of a catalytic amount of CUCN- 2LiCl) affordéd70in 75% vyield (entry 11).

0]

0
1) MeMgCl, THF . C)L
HN™ “CF;  2) TMPMgCI-LICI (7) 3

NH
Br Br 25°C,4h Br Br
O O OMe
o}
o)

3)
MeO CHO
COZMe

25C,2h
119 117n: 71%

Scheme 44fFormallymetametalation of a 2,4,6-trisubstituted aryl trifloacetylamide.

1183) R. SanzQrg. Prep. Proced. In2008§ 40, 215; b) R. D. Clark, J. M. Carood, Org. Chem1982, 47, 2804.
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Table 6: Products of typell7 obtained after magnesiation with TMPMQgCI-LiCT) (or
TMP,Mg- 2LiClI (9) and subsequent reaction with an electrophile.

Entry  Substrate T[°C], tlh]  Electrophile Product, Yiéld
O (0]
FsC)J\NH Ve F3CJ\NH O Me
1 @ 25, 5" /@ O
Cl ! Cl
83 117b: 65%°!
0 0
F3C)J\NH HNJ\CFg
2 /@\ 25, 4° I2 /@E !
Cl Cl Cl Cl
111 117¢:72%
0
HNJ\CFg
3 11 25, 4 ‘¢jfffér CO,Et
Cl Cl
117d: 70%"
Ji§

HN” “CF,

4 111 25, 44 (BrCI;C), /C[Br
Cl Cl

117e:68%"
(0]

J

HN" CF,
5 117e 25, 47 I B !
Cl Cl

117f: 69%
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Table 6 (continued)

Entry Substrate T [°C], t[h] Electrophile Product, Yiéld
o) o)
F3C/U\NH F3C)J\NH
s 25, g MeSO,SMe c SMe

CF3 CF3
118 117i: 75%
o)
5 FSCJ\NH ‘
7 118 25, g Cf ¢l O
CF,
117j: 66%
o) o)
F3C)J\NH Br F3CJ\NH ‘
; se O s
CN CN
113 117k: 724"
o)
OMe FsC OMe
9 113 25, 47 Q O
! CN
1171: 75%°
o} o)
F3C/U\NH FsC~ NH ‘ COEt
CO,Et
10 25, 3" O
Cl I cl
CN CN

114

117m: 63%°!
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Table 6 (continued)

Entry Substrate T [°C], t[h]  Electrophile Product, Yiedd[
o) 0
Fsc)kNH F3CJ\NH
Br Br e CO,Et Br Br
H ’ /‘\/ o CO,Et
CO,Et CO,Et
112 1170:75%°

[a] Yield of analytically pure product; [b] TM®Ig- 2LIiCl (9) (1.2 equiv); [c] TMPMgCI-LIiCI 7) (1.2
equiv); [d] TMPMgCI-LiCI (7) (2.0 equiv); [e] 3 mol% of Pd(dhadnd 6 mol% of P(o-furyl)were added;
[f] 20 mol% of CuCN-2LiCl was added.

4.3. Directedortho-Functionalizations of Heteroaryl Amines

The selective metalation of functionalized aminagipes is of special importance due to their
pharmaceutical relevancé&® The ortho-functionalization of these heterocylces is of grea
interest, however very few reports are available are limited to the use of lithium basé&he
newly metalation sequence developed allowed a dmpegioselective metalation of amino-
pyridines and pyridazines. It was found that thggagelective metalation of the 3-amino pyridine
derivative 120 is possible when using TMPMgCI-LiCI7)( (1.3 equiv) at 25 °C for 4 h.
Quenching with 3-bromocyclohexene (after additidnaoccatalytic amount of CuCN-2Li¢f)
affords the 4-allylated produtRlain 65% yield (Scheme 45). Given the great syntheterest,
we have also performed a Negishi cross-couplirgfter transmetalation to zinc and the
appropriate palladium-catalyst system with 4-iotigltenzoate to afford21b in 65% yield
(Table 7, entry 1). Remarkably, the regioselectiwit the magnesiation is possible to alter when
using BR- OEb (1.2 equiv) at —20 °C for 20 min. The subsequeditaon of TMPMQgCI- LiClI (7)
(1.2 equiv) at —20 °C for 2.5 h, led to the magatesn of the 2-position of the pyridine ring.
Performing an acylation with 2,4-dichlorobenzoyllalde (previous transmetalation with
CuCN- 2LiCIf® afforded the keton&22in 60% yield (Scheme 45§’

17 Experiments were done by Dr. I. Tirotta and axegihere for the sake of completeness.
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1) MeMgCl, THF

FsC_O 2) BF3OEt, 1) MeMgCl, THF
hd 3) TMPMgCI-LiCl (7) H 2) TMPMgCI-LiCI (7)
| o NH Cl -20°C,25h mN\ﬂ/Cﬁ 25°C,4h 0
_ N.__CF,
NG 4) CUCN-2LiCl Z O 3)CucN-2LiCl YT

N
o 5) cocl @»Br N ©
122: 60% o o 120 121a: 65%

Scheme 45prtho-Metalation with and without BFOEY of pyridyl trifluoroacetamides.

Furthermore, the 2-chloro substituted amino pysediderivative 123 underwent efficient
metalation using TMPMgCI-LiCI7) (1.5 equiv) at 25 °C within 5 h. Neghishi crosapling®™
with 4-iodobenzotrifluoride afforded the tetrasutosed pyridinel21cin 80% yield (entry 3§’

Table 7: Products of typel2l obtained after magnesiation with TMPMQgCI-LiCT) (and

subsequent reaction with an electrophile.

Entry Substrate T [°C], t[h] Electrophile Product, Yiéld
CO,Et

I\ TCFS CO,Et
p LJ o 25, 4 /Ej N or,
| |\ \ﬂ/
120 N

121b: 65%4
C

F3
N_ _CF
X T 3 CF4
2 lN/ cl© 25, 87 /©/ N._CF
3
! YT
123 N ©

121c:80%4

[a] Yield of analytically pure product; [b] TMPMg@LICI (7) (1.2 equiv); [c] TMPMgCI-LICI ) (1.5
equiv); [d] 3 mol% of Pd(dbajand 6 mol% of P(o-furyl)were added.

ZT
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4.4. Application to the Synthesis of Biologically Ative Compounds

This method is of great utility for the preparatioihpharmaceutically active heterocycles such as
aminopyrazines. As an application, we have prepar&5K-3 and Lck protein kinase inhibitor
in two steps. This compound is useful for the tre;tt and prevention of diabetes, Alzheimer
and transplant rejection patented by Vertex Phaentimals'*® Thus, the magnesiation of the 2-
trifluoroacetylamide pyrazing24 with TMPMQCI-LiCl (7) (1.2 equiv) is completed within 3 h at
0 °C. Transmetalation with Zng(1.2 equiv) and palladium-catalyzed cross-coupfingth 2-
iodoindolé*%(1.1 equiv, 25 °C, 3 h) provided the substitutedapine 125 in 55% vyield. The
moderate yield is assumed to the protonolysis @fotfyanozinc species by the unprotected indol.
Smooth and standard trifluoacetyl amide deprotaatiith potassium carbonate (3.0 eqti¥)n

a mixture of MeOH:HO (1:1) at 25 °C for 12 h afforded the deprotec8lH-indol-2-
yl)pyrazin-2-amine 126) GSK-3 and Lck inhibitor in 83% vyield (46% overafleld) (Scheme
46).

1) MeMgCl, THF
2) TMPMgCI-LiCI (7)

FaC o 0°C,3h K>CO3 (3.0 equiv) [N\ NHi|
N _NH [ _ _ J_ K

[ \]/ 3) ZnCl, MeOHHO (1:1) N
N 4) Pd(dba)2 IP(o-furyl) :

124 125: 55% GSK-3 and Lck protein
kinase inhibitor 126: 83%

Scheme 46:Synthesis of a GSK-3 and Lck protein kinase inbibifl26) by chemoselective

magnesiation and subsequent deprotection.

1183, Harbeson, M. J. Arnost, J. Green, V. Savic, 980666292003
1193 Bergman, V. Lennad, Org. Chem1992 57, 2495.
120y Chen, V. Thon, Y. Li, H. Yu, L. Ding, K. Lau, Qu, L. Hie, X. ChenChem. Commur2011, 47, 10815.
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5. Preparation and Reactions of Heteroaromatic Berydicic Zinc

Reagents

5.1. Introduction

The preparation of polyfunctional organozinc redgeis an important task since these are
valuable intermediates in organic synthé&i3?! The broad functional group tolerance of the
carbon-zinc bond allows the preparation of highigdtionalized reagents and is a key feature of
these type of organometallics. Thus, aryl, hetgtaand alkyl zinc reagents are readily prepared
and reacted in high yield with a broad range ottetghiles under the appropriate reaction
conditions’?* Recently, it was reported the LiCl promotes theZhsertion into various organic
halides®® and polyfunctional aryl and benzylic zinc organscaiies are accessibié® Since
heterocyclic scaffolds are major building blocksr fpharmaceuticals, agrochemicals and
materials, the preparation of the unknown heterdizywenzylic zinc compounds from their
corresponding halides was investigated. Moreoviee preparation ofN-heterocyclic zinc
reagents requires simple methods for accessing firesursors which can be of two types. First,
where a stabilization of the benzylic organometaitiagent with the heterocyclid-atom of the
ring is possible as il27 and 128 These can be obtained by the mild zincation friwe
corresponding 2-picolinel29) and 4-picoline 130) with TMPZnCI- LiCl (L0) (Scheme 473*
TMPZnCI-LiCI (10)

N “Me NG ZnCl

THF, 25°C, 1 h
129 127
Me TMPZnCI-LiCI (10) ZnCl
i
| N (1.5 equiv) N
- THF, 25°C, 1 h »
N N
130 128

Scheme 47Preparation of zincated 2- and 4-picolines.

121p Knochel, R. D. Singe€;hem. Rev1993 93, 2117.

122 3) S. Bernhardt, G. Manolikakes, T. Kunz, P. Kr@dcAngew. Chem. Int. E@011, 50, 9205; b) L. E. Zimmer,
A. Charette,J. Am. Chem. So2009 131, 15633.

123 A Krasovskiy, V. Malakhov, A. Gavrushin, P. Kn@thAngew. Chem. Int. E@006 45, 6040.

1243 Duez, A. K. Steib, S. M. Manolikakes, P. Kndciegew. Chem. Int. E@011, 50, 7686.
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However, the generation of a zinc reagent of t§B& by deprotonation is not efficient and a
benzylic chloride must be the precursor. Thus, wwistoned the preaparation of such
chloromethyl derivatives starting from the metatigpgridine of typel32, where its reaction with
the Tietzesalt®® should provide the dimethylaminomethyl derivati@3 This shall afford the

chloromethyl derivativd 34 after reaction with ethyl chloroformate (Schemg 48

(©] S
N Met H,C=NMe, OCOCF; AN NMe, CICO,Et 2 Cl Zn, LiCl X ZnCI-LiCl
| » — — 1

N DCM N CHCl; N N

132 133 134 131

Scheme 48Preparation of heterocyclic benzylic zinc reagents.

5.2. Synthesis of Heterocyclic Benzylic Amines

We envisioned the use of a dimethylcarboxamide tyo#s anortho-directing group for
metalation of the pyridine ring, followed by reacti with an electrophile and subsequent
reduction of the carboxamide to the dimethylamine tgpe 133 Thus, 6-chloraN,N-
dimethylnicotinamide X35 underwent full regioselective metalation using HMQgCI-LiCl (7)
(1.1 equiv) at —40 °C within 2 h. Quenching wlBimethyl methanethiosulfonate afforded the
functionalized nicotinamidel36 in 71% yield. Furthermore, a second metalation b&n
performed wherl36 is magnesiated using TMPMgCI-LiCT)((1.1 equiv) at —20 °C for 1 h.
Quenching with iodine afforded the trisubstitutécbtinamidel37in 65% yield (Scheme 49).

o 1) TMPMgCI-LICI (7) SMe O 1) TMPMgCI-LiCI (7) SMe O
THF, -40 °C, 2 h THF, -20 °C, 1 h
| ~ NMe, | N NMe, | N NMe,
clI” N7 2)_2"06,,8002282"8 cl” N7 2) 2 CI N
135 136: 71% 137: 65%

Scheme 49Directedortho-metalations of the nicotinamid&5using TMPMQCI-LiCl 7).

122G, Kinast, L.-F. TietzeAngew. Chem. Int. Ed. Endl976 15, 239.
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Regrettably, every attempt to reduce the carboxammdiety to its corresponding dimethylamine
following literature procedure$® did not proceed or led to the decompositiod 86-137

Another route was undertaken, being this the fonetization of the dimethylamine pyridine
138'?’ by metalation. Unfortunately, it only led to lowrversion of the metalated specks®
with a poor regioselectivity, even when using a Iseacid such as BFOEbL or varying the

dialkylamino group (Scheme 50).

Met
/Ej/\mvle2 TMP-bases | X NMe, | X" NMe,
~ e ~ + ~
cI” N conditions ¢ "N cl” N Met
138 139: 4:1

Scheme 50Metalation 0f138using TMP-bases.

A similar approach was endeavoured for a pyrimidswffold using a literature-known
procedure which describes the -CNMeomologation of organometallics by employing the
methylene(dimethyl)iminium ionl@0) or so-calledviannich’sion. This is normally prepared by
the reaction of formaldehyde with dimethylaminegueous solutiotf® although it is possible to
prepare it in anhydrous conditiotfs. Thus, N,N,N",N-tetramethylmethanediamind4Q) reacts
with trifluoroacetic anhydride in anhydrous DCM@EC and afforded quantitatively40 within

5 min (Scheme 51

o 0
FSCJ\OJ\CFS

Me.  ~,,-Me (1.0 equiv) Me ® 0
NN - N=cH, Mo
Me Me DCM, 0 °C, 5 min Me FC” O

141 140: >95%.

Scheme 51Anhydrous preparation of tidannichtype salt140.

126 3) T. Yamakawa, M. Masaki, H. Nohifayll. Chem. Soc. Jpri991, 64, 2730; b) S. Itsuno, T. Wakasugi, K. Ito,
A. Hirao, S. Nakahama&ull. Chem. Soc. Jpri985 58, 1669; ¢) S. Das, D. Addis, S. Zhou, K. Junge Bdller, J.
Am. Chem. So201Q 132 1770 and references cited therein.

127 A, Samadi, D. Silva, M. Chioua, M. do C. CarrejrhsMarco-ContellesSynth. Commur2011, 41, 2859.

128 3. L. Li,Name Reactions for Homologatigr{Ed.: E. J. Corey), John Wiley & Sons, New YdR09.

1293) A. Ahond, A. Cavé, C. Kann-Fan, H.-P. HussomeJRostolan, P. Potiet, Am. Chem. Sot968 90, 5622; b)

D. GriersonOrg. React199Q 39; c) M. Gaudry, Y. Jasor, T. B. Khd&rg. Synth1988 6, 474; d) T. A. Bryson, G.
H. Bonitz, C. J. Reichel, R. E. Dardis,Org. Chem198Q 45, 524.

1303) N. Millot, C. Piazza, S. Avolio, P. Knoch&ynthesi200Q 941; b) N. Gommermann, C. Koradin, P. Knochel,
SynthesP002 2143.
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Thus, 5-bromopyrimidinel@d?2) was subjected to a bromine-lithium exchange wBuLi (1.2
equiv) at =110 °C for 30 mili* The lithiated species was transmetalated with Z{CB equiv)
and quenched by adding a solution of the iminiuth 540 in DCM to afford the aminé43in
63% yield. Worth mentioning is that reacting ditgc¢he lithiated species did not affotd3 and

transmetalation to zinc is necessary (Scheme 52).

1) nBuLi (1.2 equiv)

-110 °C, 30 min
N Br  2) ZnCl, (1.3 equiv) N NMe,
L W
N 3) Me,N*=CH, OCOCF; N
(140, 1.1 equiv),
142 -110°t025°C, 1 h 143: 63%

Scheme 52Preparation of th&l,N-dimethyl amino pyrimidind.43

Smoothly, the dimethyl amino pyrimidind43 was regioselectively magnesiated using
TMPMgCI-LiCI (7) (1.1 equiv) at —15 °C for 2 h. Quenching withugpbur electrophile afforded
the thioetherl44 in 66% vyield. A second regioselective metalatisnpbssible under similar
conditions at —20 °C for 1 h and subsequent quegchvith 1,2-dibromotetrachloroethane
resulted the trisubstituted pyrimididd5in 57% yield (Scheme 53).

1) TMPMgCI-LICI (7)  SMe 1) TMPMgCI-LICI (7)  SMe
N"XY"NMe, THF,-15°C,2h THF, -20 °C, 1 h
P NS N, NS N,
N 2) MeSO,SMe kN/ 2) (BrCI,C), kN/ Br
143 144: 66% 145: 57%

Scheme 53Regioselective magnesiations of the pyrimidinedgive 143

However, any attempt to convert the dimethylamieevétives143-145to the corresponding
chloromethyl pyrimidine, resulted in a sluggish atgan mixture and decomposition of the

starting material if the temperature was raised.

131 c. B. Aakerdy, J. Desper, B. Levin, J. Valdés-Ntaaz,Inorg. Chim. Act2006 1255.



B. RESULTSAND DISCUSSION 57

5.3. Synthesis of Heterocyclic Benzylic Chlorides

Upon the previously described, a new substrateemasioned as building block. Thus, 2-chlor-
6-fluoropyridine (46) was fully metalated with TMPMgCI- LiCI7§ (1.1 equiv) at —40 °C within
5 h}* Trapping with iodine afforded the 6-chloro-2-io@8dedopyridine (47) in 76% yield.
Furthermore, an iodine-magnesium exchange wattMgCl-LiCl (1.1 equiv) at —30 °C for 30
min and quenching with40 afforded theN,N-dimethylmethanamine pyridine derivatild8in
79% vyield. Noteworthy to mention, that a direct igeleng of the metalated intermediateldic
with 140 led to low yields of1l48 due to the interference of the metalic amide. fineat with
ethyl chloroformate®® in CHCL afforded the 3-chloromethylpyridiné49=>* in 60% vyield
(Scheme 54).

1) TMPMgCI-LiCI (7) 1) iPrMgCI-LiCl, THF
X THF, -40 °C, 5 h ~~!  -30°C, 30 min Xxr R
N Fo),d1equvy O NTF o mMeN=cH,-ococF, ¢ N F
v I (140, 1.1 equiv), DCM  148: R = NMe, 79%
176%  3) CICO,EL, CHC, 149: R = CI 60%

Scheme 54Preparation of the 3-chloromethyl pyridihé9.

A similar route was undertaken for the preparatiba pyrimidine benzylic chloride motif. Thus,
the treatment of 2,4-dimethoxy-5-bromo-pyrimidin5@** with iPrMgCI-LiCl (1.1 equiv)
within 2 h at —20 °C led to the magnesiated inteliate which was quenched with thietzés
salt® and resulted51 in 83% vyield. Metalation with TMPMgCI- LiCI7j (1.1 equiv) at 20 ° C
for 45 min and trapping with 1,1,2-trichlorotriflcaethane (1.1 equiv, 50 °C, 4 h) affordEsR in
66% vyield. Finally, treatment with ethyl chlorofoate in CHC}§ afforded the 3-
chloromethylpyrimidinel53in 72% yield (Scheme 55).

132 A mixture of (92:8) of regiosiomers was obtain@kgioselectivity with a milder base only led to aavér
metalation conversion.

133p. s. Kashdan, J. A. Schwartz, H. Rapoparfrg. Chem1982 47, 2638 and references cited therein.

1347 Quan, B. B. Snidefrg. Lett 2011 13, 526.

13°N. Boudet, S. R. Dubbaka, P. Knoch@tg. Lett 2008 10, 1715.
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1) iPrMgCI-LiCl, THF

OMe : OMe 1) TMPMgCI-LiCI (7) OMe
Br -30 °C, 30 min THF, 20 °C, 45 min
N N7 NMe, N"" R
)l\ Z 2) Me,N*=CH, "OCOCF4 )l\ = 2) F,CIC,CI,F, 50 °C, 4 h )l\ z
MeO~™ N - MeO™ "N MeO”™ "N °CI
(140, 1.1 equiv), DCM 3) CICO,Et, CHCI4
150 151: 83% 152: R = NMe, 66%

163: R=CI 72%

Scheme 55Preparation of the pyrimidine benzylic chlorideidative 153

5.4. Preparation and Reactions of Heterobenzylic Ac Reagents
Previous reports described the oxidative zinc biwerinto benzylic chlorides mediated by
LiCI**® and it was extended to heterobenzylic chlorideSvlagnerandknochel™*” Thus, Zn dust
was activated using 1,2-dibromoethane and chlonethylsilane previous the oxidative insertion
into the heterobenzylic chloride49. The full conversion to the heterobenzylic zinagent154
was achieved within 1 h at 25 °C in 90% yi&ldiThe acylation ofl54 with 2,4-dichlorobenzoyl
chloride (previous transmetalation with CuCN- 2L Bfforded the heterocyclic ketod&5ain
80% yield (Scheme 56).
el ingl((11'§5e§qulj\i’\3) N znciLic) 1) CUCN-2LiCl “
C.m THF,25°C,1h C.m 2) CocCl | \/ S
@[ ClI” N F
cl cl

149 154: 90% 155a: 80%
-30t025°C,3 h

Scheme 56:Preparation of the heterobenzylic zinc reades# via oxidative zinc-insertion and

further acylation.

In that fashion, quenchintp4 with acetyl chloride and 2-thiophencarbonyl! ctderfurnished the
acylated productd55b-cin 79-86% yield (Table 8, entries 1-2). Pd-catatyzross-couplirfg
with 1-bromo-2-iodobenzene afforded the pyridifbd in 70% vyield (entry 3). Similarly, the
benzylicic reagen154 adds rapidly to aldehydes leading to the alcobBe-fin 70-80% yield
(entries 4-5). Quenching with a benzenesulfonamadelted in a spontaneous cyclization into
the 7-azaindolind@55gin 63% vyield (entry 6).

136 A Metzger, M. A. Schade, P. Knoch€lrg. Lett 2008 10, 1107.
137 PhD thesis, Andreas J. Wagner, LMU Muni2B11
138 Determined by iodometric titration.
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This reaction sequence was extended to the urd&ld where after zinc insertion the
corresponding zinc reagef66 was obtained in 85% yiefd® Performing a copper-mediated
acylation with CuCN-2LiCf and benzoyl chloride afforded the highly functiimed uracil
derivativel55hin 88% yield (entry 7).

Table 8: Products of typel55 obtained by reaction of heterobenzylicic zinc esdg with

electrophiles.

Entry Substrate Electrophile Product, Yiéld
Ny znelLicl N Me
| )OL .
Cl N F
1 Cl Me Cl N F
154 155h: 7994"

o)
2 154 cl S
|
155c: 86%4"”
Br
| B
3 154 »
Br Cl N F
155d: 7094°!
Br
S
gt \
CHO X
4 154 Br™ s B T
cl” ONTF
155e:70%
0 OMe
X
5 154 " Y u
MeO Cl N F
Br

155f: 80%
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Table 8(continued)

Entry Substrate Electrophile Product, Yiéld
| h Ph
_Tos
6 154 )N| cI NN
Ph Tos
155¢:63%
OMe OMe
(@]
Nl)\jf\ZnCI-LiCI N| X
7 — Cl
MeO/I\N Cl Meo)\N/ al©
156 155h: 88%4"!

[a] Yield of analytically pure product; [b] CUCN- &1Ll (1.1 equiv) was added; [c] Pd(dband P¢-furyl)s in
6 mol% and 3 mol% respectively were added.

5.5. Preparation of Highly Functionalized Fused Hedrocycles

The substituted N-heterocycles prepared are unbgiiding blocks for the preparation of new
annulated heteropolycycles like azaindbgsnd furopyridines*® with enormous interest for
pharmaceutical applications. Among these, spegctatest relies on the furopyridines such as the
CB1 and CB2 receptorl$7)'** and Lck and ACK-1 enyzme inhibitod%8).**? Similarly, 7-
azaindoles are of high-value such as the polo#ikase (PLK) inhibitor 159 from Vertex or
the insulin-like growth factor receptor (IGFR1) ibitor (160) against cancer from Merck:
Additionaly, pyrido-pyridazine derivatives suchthe GABA-A receptor ligand1l) to prevent

anxiety from Merck** have received our attention (Figure 2).

139 E H. Sessions, S. Chowdhury, Y. Yin, J. R. PowdsGrant, T. Schréter, L. Lin, C. Ruiz, M. D. Caroe, P.
LoGrasso, T. D. Bannister, Y. Fer®jporg. Med. Chem. LetR011, 21, 7113 and references cited therein.

140 A, Arcadi, S. Cacchi, S. Di Giuseppe, G. Fabrizi,Marinelli, Org. Lett 2002 4, 2409 and references cited
therein.

141 3) B. M. Moore, S. Gurley, S. Mustafa, WO 201102262011, b) B. M. Moore, S. Gurley, S. Mustafa, US
201100461752011

142 3. J. Nunes, M. W. Martin, R. White, D. McGowan,E] Bemis, F. Kayser, J. Fu, J. Liu, X. Y. Jiacs U
200600469772006

1433, L. Henderson, S. M. McDermott, S. L. Buchwadg. Lett 201Q 12, 4438.

1443, C. Goodacre, D. J. Hallett, WO 2004039814
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r g
S

X NH D

BN

< OO

N O
CB1 and CB2 Modifier (157) Lck and ACK-1 Enzyme Inhibitor (158)
BR
b N A NH OMe

o NC-\_N  Pr |

H N X
N A\
MeHNJ\©/ N | PN OMe
N7 N H OMe

Insuline-like Growth Factor
Receptor (IGFR1) Inhibitor (160)

GABA-A Receptor Ligand (161)

Figure 2: Functionalized annulated heteropolycycles displgyiimlogical activity.

Having these type of heterocycles as goals, wesemad the intramolecular fusion of the keto

pyridine 155cfor the generation of the corresponding 7-azaindoMe found that these types of

transformations are not described in the literatlifaus, a reductive amination of the ketone was
investigated using different sources of amifitand extensive experimentation was carried out.
Herein, the use of a benzylic amine in combinatidth reducing agents was unsatisfacttfy,

the generation of an oxiri€ afforded decomposition of the starting material &inally, the use

1453) C. F. LaneSynthesid975 135; b) R. O. Hutchins, N. R. Nata@tg. Prep. Proc. Int1979 11, 201.

146 3) B. K. Sinha, C. F. Chignell, Med. Chem1975 18, 669; b) H. R. Morales, M. Pérez-Juérez, L. Cuglla
Mendoza, H. Fernandez, R. Contrer8ynth. Communl984 14, 1213; c¢) D. C. Remy, P. S. Anderson, M. E.
Christy, B. E. Evans]. Org. Chem1978 43, 4311.

147'B. S. Bhatti, J-P. Strachan, S. R. Breining, C.Miller, P. Tahiri, P. A. Crooks, N. Deo, C. S. Day. S.
Caldwell, J. Org. Chem2008 73, 3497; b) D. Pinto, J. P. Smallheer, J. M. CodteR. Hu, Z. Cavallaro, C. L.
Gilligan, P. J. Quan, WO 200707082807.
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of ammonia with reducing agefitSwas inadequate. Remarkably, we found that theivelg
sterically hindered ketone can be reductively ateithasing ammonium acetate (15.0 equiv) and
sodium borohydride (1.2 equiv) in a protic solv@iOH) assisted by microwave irradiattdhat
130 °C for 30 min. The annulation resulted spor@asgdue to the good leaving capability of the
fluorine in the 2-positon of the pyridine, and théstituted 7-azaindolinE62awas obtained in
68% vyield. Typical oxidation procedure was perfotmeth active manganese oxfde(excess)

in DCM for 5 h under reflux resulting the 7-azaifel®63ain 78% yield (Scheme 57). Similarly,
the ketonel55b was transformated to the corresponding 7-azainddlé2b in 60% yield and
subsequent oxidation to the 7-azaindB@bin 92% vyield (Table 9, entry 1).

NaBH;CN

S
) NH,OAc X S~ MnO, NS
—_— | _ \ | _— | _ N\ |
o EtOH, Mw CI~ "N~ N bcMm ¢ N7 N
CI” N"F 130 °C, 30 min 60°C5h
155¢ 162a: 68% 163a: 78%

Scheme 57Preparation of the highly functionalized 7-azaidedt3afrom the corresponding

ketonel55cvia reductive amination.

Inspired by the previous cyclization, we venturegdngptly to the synthesis of furopyridines.
Thus, the treatment of the pyridyl alcol&@5ewith sodium hydride (1.5 equiv) in THF at 25 °C
for 3 h led to the corresponding alkoxide, whichsiutes the fluorine in the 2-position of the
pyridine affording the dihydrofuropyridinE64ain 79% yield. Typical oxidation conditions using
DDQ (2,3-dichloro-5,6-dicyanobenzo-2,4-quindie3.0 equiv) in dioxane under reflux for 3 h
provided the polyfunctional furopyridinE65ain 60% yield (Scheme 58). Similarly, the pyridil
alcohol 155f afforded the dihydrofuropyridin&64b and then the furopyridin&65b in 82-86%
yield, respectively (Table 9, entry 2).

148 3) M. Vahermo, T. Suominen, A. Leinonen, J. YlitkaluomaArch. Pharm. Chem. Life S@009 201; b) U.-
H. Dolling, A. W. Douglas, E. J. J. Grabowski, E.3€hoenewaldt, P. Sohar, M. SletzingerQrg. Chem1978 43,
1634; c) K. R. Gee, P. Barmettler, M. R. RhodesNRMcBurney, N. L. Reddy, L-Y. Hu, R. E. Cotter, R.
Hamilton, E. Weber, J. F. W. Kearih,Med. Cheml1993 36, 1938.

19| Dong, S. Aleem, C. A. Finketrahedron Lett201Q 51, 5210.

1503) X. Zheng, M. A. KerrQrg. Lett 2006 8, 3777; b) J. Lu, O. M. Khdour, J. S. ArmstrongMs.Hecht,Bioorg.
Med. Chem201Q 18, 7628.

151E C. Taylor, J. E. Macor, J. L. Poffetrahedronl 987, 43, 5145 and references cited therein.
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Br
s~ NaH, THF N s_Br pba N s
~ — | ol b N
| N 25°C,3h o~ ~\F 0 dioxane 5~ ~\7 O
A oH 100°C, 3 h
Cl” ON"F
155e 164a: 79% 165a: 60%

Scheme 58:Preparation of the highly functionalized furopyndil65afrom the corresponding

pyridyl alcohol155evia alkoxide substitution.

Table 9: Highly functionalized heteropolycycles.

Entry Substrate Product, Yiétd Product, Yiel&
X X
1 155b CI” N ﬁ Cl” N H
162b: 60% 163b: 9294
X X
cl” >N~ O cl” >N~ O
2 155f B B
164b: 86% 165b: 8294

[a] Yield of analytically pure product. [b] Produaibtained after oxidation.

Furthermore, the preparation of polyazanaphtalemed pyrimido[4,5¢]pyridazines in the
literature is not straightforward? However, the building blocks of typE55a and 155h when
treated with hydrazine (5.0 equiv) in DMF underlueffor 4 h provided the annulated
heterocycled66 and167, which upon subsequent oxidation with Pb(QAE)(2.0 equiv) in THF
for 4 h afforded the aromatized tri- and tetraapatizalened 68 and169in 55-70% overall yield
(Scheme 59).

1523) W. R. Mallory, R. W. Morrison]. Org. Chem198Q 45, 3919; b) V. L. Styles, R. W. Morrisod, Org. Chem
1985 50, 346.
153 3. K. Kochi,Org. React1972 19, 279.
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cl 1) NyH, DMF o]
120°C,6h
| AN > ' |
2) Pb(OAc), THF N
Cl N/ F o C 25°C, 4 h Cl \N \N’ cl
155a 168: 55%
1) NoH, DMF
OMe 120°C, 6 h
N =
Mo o 2) Pb(OAc), THF
MeO™ 'N° °CI 25°C, 4 h
155h 169: 70%

Scheme 59Preparation of the highly functionalized polyazdmhplenesl68 and169 from the
corresponding ketond$5aand155h

5.6. Application to the Synthesis of Biologically Ative Compounds

Using this method, we envisioned the synthesihefskeleton of a pharmaceutically important
CB1 and CB2 modifiet*! Thus, the dimethylamino pyridirigt8 was selectively metalated in the
4 position with TMPMgCI-LiCI 7) (1.2 equiv) at —20 °C within 1 h. After transniateon with
ZnCl, quenching with bromine afforded the brominateddgige 170in 78% yield. Subjecting it
with ethyl chloroformate afforded the benzylic afidie 171 in 80% yield. Previously described
conditions for LiCl-mediated Zn insertion affordéwe benzylic zinc reage2in 70% vyield**®
Quenching with 2-thiophenecarboxaldehyde (0.8 gcand stirring at 50 °C for 2 h afforded the
cyclized dihydrofuropyridine which was further oiddd with DDQ@>! in dioxane under relux for
12 h to give the furopyridin@73 in 55% overall yield. It is noteworthy to elucidathat, if no
heating was applied, the addition of the zinc read&2 to the aldehyde was moderate and no
ring closure was observed. However, when Mg@L5 equiv}®* the pyridil alcohol174 was
obtained in 50% vyield. Finally, the straightforwasabstitution of the 4-bromo substituent of the
pyridine occurs with benzylic alkoxif& and the protected pyridindl75 was obtained in 75%

yield (Scheme 60).

154 A, Metzger, S. Bernhardt, G. Manolikakes, P. KrelcAngew. Chem. Int. E01Q 49, 4665.
155 3. M. Cid-Nunez, A. I. De Lucas Olivares, A. Aabanco-Suarez, G. J. Macdonald, WO 2010130228)
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1) TMPMgCI-LiCl (7) Br

Br
NMe, THF,-20°C, 1h 1) CICO,Et
l z NMe, | A ZnClI-LiCl
CI” 'N" °F 2) Zn, LiCl
2) ZnCl, (1.1 equiv) ) o NP F

3) Br, (1.1 equiv) THF 25°C
148 170: 78% 172: 70%
n L)
g~ ~CHO

1) BnOH (1.1 equiv)

172 (0.8 equiv) m@ NaH (1.2 equiv) _ m
THF, 50 °C, 2 h DMF 0t025°C
2) DDQ (2.0 equiv)
Dloxane 100 °C, 8 h

173: 55% 175: 75%

OH
N S
DS
N~ O

CB1 and CB2 Modifier (157)

.

Scheme 60Preparation of the skeleton of the CB1 and CB2 frexdil57).
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0. New Generation of Iminium Salts

6.1. Introduction

Various biologically active compounds are deriviehf benzylamines with a high interest for the
pharmaceutical industry® Among these, histamine derivatives and antihistamiompounds

have received special attention as Piperoxan 9836 &nd Neoantergari{7) (Figure 3)*°’

0 gNNNMeZ
N
CLO v
o N
Piperoxan 933F (176) Neoantergan (177)

Figure 3: Histamine derivatives and antihistamine compounds.

Scarce reports related to tiMannich reaction for the preparation of functionalizedtitey
benzylamines are availabi®. Hence, the modification of the conditions for thgnthesis of
heterobenzylic amines offers a one-pot proceduréhf® preparation of tertiary benzylamirt@s.
Furthermore, the formation of an unsymmetrical atili78 should be possible when reacting the
MannicHs ion 140'*° with a magnesiated amidg9. Thus, the addition of a second equivalent of
trifluoroacetic anhydride should acylate the lessris hindered nitrogen ofl78 i.e. the
dimethylamino moiety and form the methylene(dig}kyhinium salt 180 The addition of an

organometallic reagent should add and afford ttteatg aminel81(Scheme 61).

O O
Fsc/lko)k

Hzc:?\uvlez R,NMgCl (179) oo _C)JFs el /(x1r|\1/|0|-u_c)|
1.0 equiv . uiv = .1 equiv
o —OEMV) e NTONR, - 92 . ATNR,
FsCCO2  78°C, 15 min OOCD(iIg/I _ F,CCO, 0°C t;) ﬁs °C
, min
140 178 180 ~ M=Mg, Zn 181

156 (@) P. Nussbaumer, G. Dorfstaetter, M. A. Gragghren. Leitner, J. G. Meingassner, K. Thirring, $tuetzJ.
Med. Chem1993 36, 2115; (b) C. Altomare, L. Summo, S. CellamareVAVarlamov, L. G. Voskressensky, T. N.
Borisova, A. CarottiBioorg. Med. Chem. Let200Q 10, 581.

157C. M. MarsonChem. Rev2011, 111, 7121.

158 3) G. Kinast, L.-F. TietzeAngew. Chem. Int. Ed. Endl976 15, 239; b) M. Arend, B. Westermann, N. Risch,
Angew. Chem. Int. EA998 110, 1044; c) J. Schreiber, H. Maag, N. HashimotoEAchenmoseringew. Chem.
Int. Ed. Engl 1971, 10, 330.
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Scheme 61Preparation of mixed aminals WéannicHs cation.

6.2. Preparation of Tertiary Benzyl Amines

The Mannichsalt140reacts readily with TMPMgCI- LiCI7) (1.0 equiv) at —78 °C within 30 min
to afford a complete conversion to the mixed amit& which could not be isolated in this form
due to its aminal nature. However, the additiotrifitioroacetic anhydride (1.0 equiv) led to the
formation of the 2,2,6,6-tetramethylpiperidiniumtioa 183 which reacted further with 3-
piridylmagnesium chloridd84 and afforded the substituted pyridib85 in 76% yield (Scheme
62). Noteworthy, is the tolerance of the stericaimanding 2,2,6,6-tetramethylpiperidine on the

Ak

aminal nitrogen.

MgCl
7
Me\@ 0 1.0 equiv
N=CH, e (1.0equv) = pme,N"N
Me FsC" O pewm, -78 °C, 15 min
140 182

~MgCl
X e
CF; ® o N 184a
(1.0 equiv) HzceN e (1.0 equiv) (j/\
i O 8ecto25°C, 1h

185a: 76%

DCM, -78 °C, 30 min

183

Scheme 62Synthesis oN-benzyl-2,2,6,6-tetramethylpiperididg5a

The metal amides were prepared by the deprotonafitimee amine with MeMgClI (1.0 equiv) at
0 °C for 10 min, given that the corresponding nagtatlic amines presented a lower reactivity.
Moreover, the mixed aminals with an aryl or heteybaubstituent oru-position to the aminal

nitrogen diminished the reactivity. The temperatwwas kept at —78 °C to avoid partial
decomposition of the mixed aminals. Hence, reactwagious secondary amines to their

corresponding aminals and a further reaction withboeganomagnesium or organozinc reagent
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(organolithium reagents lead to traces of prodatthrded the tertiary aminds85b-din 45-92%
yield (Table 10, entries 1-3).

Table 10: Preparation of tertiary benzyl and phenethyl aminesone-pot procedure.

Entry metal amide orgsetnb%rﬂgggllic Product, Yiel&
OMe
MgCl H
' ZnCl
MeO/\/N\/\OMe N\/\OMe
Cl
185b:92%

|
MgCl ZnCl NH
~ X
184c Cl

185¢:66%
PhW
Ph N
: - (Y
= N\MgCI /@ N
3 ~ | MeO
N
184d OMe
185d:45%

[a] Yield of analytically pure product.
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4.  Summary and Outlook

This work was focused on the preparation of highigctionalized organometallics through
different approaches. Primarily, several aromatiesteroaromatics, protected phenols and
protected anilines were effectively metalated eryiplp different TMP-bases. Secondarily, a
general pathway for the preparation of non-congddteteroaromatic benzylic zinc reagents was
investigated with further application for the pregieon of polyheterocycles. Finally, the
preparation of benzyl and phenethylaminga a one-pot anhydrous aminomethylation was
carried out.

4.1. Regio- and Chemoselective Zincation of Functialized Aromatics and

and Heteroaromatics using TMPZnCI-LiCl and Microwave irradiation

It was demonstrated that moderately activated ationaad heteroaromatic substrates, bearing
sensitive functionalities undergo regio- and cheztexgive zincations with TMPZnClI- LiCLQ)

at high temperatures and are stable under microwadation (Scheme 63).

FG—K _ = FGt /)—ZnCI-LiCI FG—,k /)—E
X THF, Microwave X X
60 up to 160 °C
72-93%
FG = NO,, OMe, CI [without MW: max. 60% conversion ]
X=CH,N, S
OMe OMe O
Cl N)jBr . Br
CO,Et | N7~ —
< ” Il v/
/CEW Meo)\ N” @\ N~ s\ i
Cl Cl
CO,Et Cl
75% 86% 80% 77%

Scheme 63: Zincation of moderately activated aromatics and efoatromatics using
TMPZnCI-LiCl (10) and microwave irradiation.
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Also, the regioselective zincations can be caraation a multigram scale in a safely manner.
The yields are comparable to the correspondinglsnale and the functional group tolerance is
not affected (Scheme 64).

cl
1) TMPZnCI-LiCl (10)
O2N THF, 25°C,5h 0
T

N 2) CUCN-2LiCl ON
3) 4-chlorobenzoyl chloride | _

-30to 25°C, 3 h Cl N
50 mmol 7%

Q  Me 1) TMPZnCI-LiCI (10) Q  Me
Me<y N THF, 25 °C, 10 min Me. N
T OO
0 'Tl N 2) l:jc;z:cl;tljor)o-(4?:iodol(t;e)nzene 1e) ,}1 N
a), (3 mol%
Me P(o-furyl)s (6 mol%) Me

50 mmol 79%

Cl 1) TMPZnCI-LiCl (10) Cl
THF, 25°C,5h .

N N T /,’ N N
L oL ; |
=z 2) CuCN-2LiClI (5 mol%) ~

Cl N 3) 3-bromocyclohexene Cl N

50 mmol 81%

Scheme 64:Large scale zincation of sensitive functionalizednaatics and heteroaromatics
using TMPZnCI- LiCl £0) and subsequent reactions with electrophiles.

4.2. Efficient Preparation of Polyfunctional Organanetallics via Directed
ortho-Metalation with TMP-Bases of Mn, Fe and La

It was shown that the use of the bases W 2MgCb-4LiCl (12), TMP,Fe- 2LIiCl-4LiCI 3)
and TMRLa-3MgCh-5LICl (14) gave access to functionalized organometalies a highly
efficient ortho-metalation. These organometallics exhibited a dbrimactional group tolerance,

reacted with several electrophiles and an upscatepessible in good yields (Scheme 65).
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QMe 1) TMP,Mn-2MgCly-4LiCl (12) OMe OH
N THF, 0 °C, 30 min N
Il > Il
N~ N~
2) PhCHO
OMe OMe
15 mmol 94%
N 1) TMP,Fe-2MgCly-4LiCl (13) N
THF, 25 °C, 18 h J\
2) 4-fluorostyrene (10 mol%) @
COzEt 2-iodopropane COzEt
15 mmol 78%
cl 1) TMP;La-3MgCl,-5LiCl (14) cl il
THF,0°C, 3.5h \
> N Ph
CO,Me  2)CICOPh CO,Me
15 mmol 75%

Scheme 65:Efficient preparation of organometalliega ortho-metalation with TMP-bases of
Mn, Fe and La in a multigram scale.

4.3. Directedortho- and metaMagnesiation or Zincation of Polyfunctional

Aryl Nonaflates

It was demonstrated that functionalized aryl naate8 can be magnesiated formallynieta
position using TMPMgCI-LiCI7), but that arortho-metalation is best performed with the mild
and effective base TMPZnCI-LiCLQ). Further functionalization of the nonaflate mgietas
carried out and the method could find future agiens in the synthesis of natural products,

pharmaceuticals and materials (Scheme 66).
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ONf TMPZnCI-LiCl (10) ONf ONf
THF, 25 C 2\ , 2\
Fof A or _ el \—Met Electrophile cel \—E
I = - v v
TMPMgCI-LiCl (7)
THF, -20 °C 65-94%

FG = CO,Et, F, Cl

ONf

ONf j‘)>< ONf /@/CI

\

{~SMe 5
0 o)\©\ EtO,C COEt o
OMe

81% 72% 72% 83%
ONf EtO,C._~_ ZnBr-LiCl N"co,Et
EtO,C THF, Pd(dba), (5 mol %), EtO,C
COPh dppf (5 mol %), 60 T, 8 h COPh
79 %

Scheme 66:Zincation or magnesiation of polyfunctional arylnadlates and a subsequent
nonaflate moiety transformation.

4.4. Directedortho- and metaMagnesiation of Functionalized Anilines and

Amino-Substituted Pyridines and Pyrazines

The use of amrtho-directing protective group for anilines and amsustituted pyridines and
pyrazines was investigated. The trifluoroacetyl usrowas found to be stable towards
magnesiation with TMPMQgCI- LiCI7) and TMBMg- 2LiCl (9) at room temperature and allowed
access for the first time tmrtho- and metamagnesiated anilides. Remarkably, these
magnesiations tolerate sensitive functional grospsh as a cyano or an ester and sensitive
heterocycles as pyridines or pyrazine were effityemetalated. Reaction with electrophiles led
to highly substituted anilides in good yields. Tth#uoroacetyl amide moiety was deprotected
under mild conditions to obtain the anilines ompary amino-pyridines and pyrazines (Scheme
67).
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j\ 1) MeMgCl )OL 1) MeMgClI
F.C”ONH 2 TMPMGCILICI (7)o~ SNH 2) TMPMgCI-LiCl (7) NH, O
THF, 25°C,4h R ..SMe THF, 25°C, 4 h . Mes.,
I 1 3) MeSO,SMe L :L 3) CUCN-2LiCl J@L
Cl Cl "20°c,2h cl Cl 4) p-cicgH,coc cl cl C
76% 5) NH,Cl 81%
Jis
F3C Me
B F2C” “NH @/
Cl
65%
CFs
FsC
CFs H CF
3 A 3
T | T
~
N" >l
75% 65% 80%

Scheme 67Regioselective magnesiation of functionalized desi

This method showed a great utility for the preparabf pharmaceutically active heterocycles
such as a GSK-3 and Lck protein kinase inhibitotwo steps. This compound is useful for the
treatment and prevention of diabetes, Alzheimer @adsplant rejection patented by Vertex

Pharmaceuticals (Scheme 68).

1) MeMgCl, THF FsC. O KoCOs
F3C\|70 2) TMPMgCI-LiCl (7) N NH MeOH:H,0 (1:1) [
- N -
N.__NH | , H
[ T 3) ZnCl, NN 25°C,12h
N7 4) Pd(dba), /P(o-furyl), ’ L@
-
N GSK-3 and Lck protein kinase
55% inhibi
H o inhibitor: 83%

Scheme 68:Synthesis of a GSK-3 and Lck protein kinase inbibiby chemoselective

magnesiation and subsequent deprotection.
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4.5. Preparation and Reactions of Heteroaromatic Beeylic Zinc Reagents

The synthesis of non-conjugated heteroaromatic yenznc reagents was carried out from the
corresponding heteroaryl organometallics into therresponding (dimethylamino)methyl
compounds and a further transformation led to tsterdearomatic benzylic chlorides. The LiCl
promoted oxidative zinc-insertion afforded the desineteroaromatic benzylic zinc reagents and
subsequent reaction with electrophiles afforded ¢beresponding products in good yields
(Scheme 69).

® S
- Met HoC=NMe;, OCOCF; -\ “Nwe, CICOgEt cl Zn LiCl ZnCI-LiCl
B L
THF

N DCM, 0 °C, 15 min N CHCI3 25 °C N

70-90%

oI B s
r
S { ) OMe ) ) \\
o I N NS N
/m cl | N F e cl | N F ©
ol N/ F OH MeO~ N °CI
70% 70% 88% 86%

Scheme 69Preparation of heterocyclic benzylic zinc reagamd reaction with electrophiles.

These building blocks were subjected to furthendfarmations to obtain their corresponding
annulated polyheterocycles such as 7-azaindolespyudines and polyazanaphtalenes in a
convenient manner (Scheme 70). The method was faesdtie synthesis of the skeleton of a
pharmaceutically modifier CB1 and CB2 receptor (uoh 71).
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S\ NaBHs;CN
) NHOAc m MnO, m_g
EtOH, MW ClI DCM H
ClI” N”F 130 °C, 30 min 60°C5h
68% 78%
Br
S \ NaH THF mgBr DDQ m_g
=
| N 25 C,3h ¢ dioxane ~0
\._ OH 100 °C, 3 h
cI” N°°F 79% 60%
Cl  1)NyH,; DMF
120 °C, 6 h
\ ot
5 2) Pb(OAc), THF
ClI” °N” °F 25°C,4h
1) NoH; DMF
PMe 120°C, 6 h
N =
Mo o 2) Pb(OAc),, THF
MeO N Cl 25°C,4 h

70%

Scheme 70: Preparation of highly functionalized 7-azaiondolefjropyridines and
polyazanaphtalenes.

1 OBn

Br
CHO
0 N\
cl” >N F THF, 50°C,2h ¢ DMF, 0t025 CC| N~ O

2) DDQ d|oxane
100°C, 8 h 55% 75%

OH
N S
T ]
N~ O

| CB1 and CB2 Modifier )
Scheme 71Preparation of the skeleton of the CB1 and CB2 frexdi
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4.6. New Generation of Iminium Salts

It was also shown that the preparation of mixednaisifrom theMannichis cation and different
metal amides can be performed in a one-pot proeaasing trifluroacetic anhydride as acylating
agent. The reaction of the iminium ions with a mamj organometallic led to tertiary benzylic

amines with presence in some pharmaceutical ta(§eteeme 72).

O O
Y F3CJ\OJ\CF3 Me ® o 1. Ro;NMgCl
Me,N” NMe, N=CH, o Ar” ONR
DCM,0°C, 15min M F3CJ\O 2. (F3CCO),0 2
3. ArZnCI-LiCl

45-92%

Ph
OMe | W
H H N~
N \ R
SN ; /_N U
IFD e ot
cl Cl
OMe

76% 92% 66% 45%

Scheme 72Tertiary benzyl and phenethyl amine products.
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1. General Considerations

All reactions were carried out under argon or @& atmosphere in glassware dried with a heat
gun. Syringes which were used to transfer anhydsmigents or reagents were purged thrice
with argon or nitrogen prior to use. Indicated g&hre isolated yields of compounds estimated to
be >95% pure as determined By-NMR (25 °C) and capillary GC. Column chromatodrgp
was performed using S¥J0.040 — 0.063 mm, 230 — 400 mesh ASTM) from Meftdkless
otherwise indicated, all reagents were obtainednfroommercial sources. Liquid starting
materials were distilled prior to use. Magnesiummitogs (> 99.5%), magnesium powder (> 99%)
and zinc dust (> 90%) were obtained from RiedeHa@&n. CuCl, CuCN, Zngland LiCl were
obtained from Fluka. The given Watt-numbers redethe maximum magnetron power output of

the microwave.

1.1. Solvents

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

CHCI;, was predried over Cagfand distilled from Cakhd

DMF was heated to reflux for 14 h over Gaihd distilled from Cald

EtOH was treated with phthalic anhydride (25 g/L) aodism, heated to reflux for 6 h and
distilled.

Et,O was predried over CaHand dried with the solvent purification system SEB-2 from
INNOVATIVE TECHNOLOGIES INC.

NMP was heated to reflux for 14 h over Gaihd distilled from Cald

Pyridine was dried over KOH and distilled.

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

Toluenewas predried over Cagand distilled from Cabd

Et3N was dried over KOH and distilled.

Solvents for column chromatography were distilledaarotary evaporator prior to use.
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1.2. Reagents

All reagents were obtained from commercial souases used without further purification unless

otherwise stated. Liquid reagents were distilladmo use.

iIPrMgClI-LiCl solution in THF was purchased from Chemetall.

MeMgCIl solution in THF was purchased from Chemetall.

nBuLi solution in hexane was purchased from Chemetall.

TMPMgCI-LiCl was prepared according to a literature procetfure.

TMPZnCI-LiCl was prepared according to a literature procetfure.

TMP »Zn-2MgCl,- 2LiCl was prepared according to a literature procetfure.

TMP,Mg- 2LiCl was prepared according to a literature procetfure.

TMP3La- 3MgCl,-5LiCl was prepared according to a literature procetfure.

TMP ,Mn- 2MgCl,-4LiCl was prepared according to a literature procetfure.

TMP ,Fe- 2MgCb-4LiCl was prepared according to a literature procetfure.

CuCN:- 2LiClI solution (1.0m) was prepared by drying CuCN (7.17 g, 80.0 mmod) kiCl (6.77

g, 160.0 mmol) in &chlenkflask under high vacuum at 140 °C for 5 h. Afteoling to 25 °C
under argon, freshly distilled THF (80 mL) was aed. Stirring was continued until the salts
were dissolved.

ZnCl, solution (1.0m) was prepared by drying Zn{{136.0 g, 100 mmol) in &chlenkflask
under high vacuum at 140 °C for 5 h. After cooltog25 °C under argon, freshly distilled THF
(100 mL) was charged and vigorous stirring wasicoed until the salt was dissolved.
MnCl ,- 2LiCl solution (1.0m) was prepared by drying LiCl (6.8 g, 160 mmolgiBchlenkflask
under high vacuum at 150 °C for 3 h. After cooliog?5 °C under argon, Mng(10.1 g, 80.0
mmol, 99% pure) was added under an inert atmosphgite a glove-box. Th8chlenkflask was
further heated to 130 °C for 3 h under high vacuAfter cooling to 25 °C under argon, freshly
distilled THF (80 mL) was charged and vigorousrstg was continued for 24 h at 25 °C.

FeCl,- 2LiCl solution (1.0m) was prepared by drying LiCl (4.7 g, 110 mmol}gischlenkflask
under high vacuum at 150 °C for 3 h. After cooliimg25 °C under argon, Fe£(6.34 g, 50
mmol, 98% pure) was added under an inert atmosphgide a glove-box. Th8chlenkflask was
further heated to 130 °C for 3 h under high vacuAfter cooling to 25 °C under argon, freshly
distilled THF (50 mL) was charged. Tisehlenkflask was wrapped in aluminium foil to protect

it from light and vigorously stirred until the salas completely dissolved (ca. 6 h).
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1.3. Content determination of organometallic reagets

Organozinc and organomagnesiunreagents were titrated with in a 0.5m LiCl solution in
THF.

Organolithium reagents were titrated with dry 2-propanol agalnsd-phenanthroline in THF.

TMPMgCI-LiCl , TMPZnCI- LiCl, TMP ,Zn-2MgCl,- 2LIiCl, TMP ,Mg- 2LiCl,

TMP sLa- 3MgCl,-5LiCl, TMP ,;Mn-2MgCl,-4LiCl and TMP ;Fe-2MgCb-4LiCl were titrated

with benzoic acid against 4-(phenylazo)diphenylammTHF.

1.4. Chromatography

Flash column chromatography was performed using silica gé0 (0.040 — 0.063 mm) and
aluminum oxide 90 (0.063 — 0.200 mm) from MERCK.

Thin layer chromatography was performed using Sire-coated aluminium plat@slerck 60,
F-254). The chromatograms were examined under 254UN irradiation, by incubating the
plates in an iodine chamber and/or by staininghef TLC plate with one of the reagents given
below followed by heating with a heat gun:

KMnO4(3.0 g), 5 drops of conc.A80, in water (300 mL).

Phosphomolybdic acid (5.0 g), Ce(§£32.0 g) and conc. $50, (12 mL) in water (230 mL).

1.5. Analytical data

'H-NMR and**C-NMR: spectra were recorded on VARIAN Mercury 200, BRUKERX 300,
VARIAN VXR 400 S and BRUKER AMX 600 instruments. @mical shifts are reported &
values in ppm relative to tetramethylsilane. Thdlofeing abbreviations were used to
characterize signal multiplicities: s (singlet),(dbublet), t (triplet), g (quartet), 5 (quintet), 7

(septet), m (multiplet) as well as br (broadened).

Mass spectroscopy:High resolution (HRMS) and low resolution (MS) spra were recorded on
a FINNIGAN MAT 95Q instrument. Electron impact i@ation (El) was conducted with an

ionization energy of 70 eV.
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For coupled gas chromatography / mass spectromatihtyEWLETT-PACKARD HP 6890 /
MSD 5973 GC/MS system was used. Molecular fragmangésreported starting at a relative
intensity of 10%.

Infrared: spectra (IR) were recorded from 4500 o 650 cm' on a PERKIN ELMER
Spectrum BX-59343 instrument. For detection a SMBTEDETECTION DuraSampR I
Diamond ATR sensor was used. Wavenumbers are egportcni starting at an absorption of
10%.

Melting points: (mp) were determined on a BUCHI B-540 melting papparatus and are

uncorrected. Compounds decomposing upon meltinmdreated by (decomp.).
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2. Typical Procedures

2.1. Typical procedure for the metalation of polyfunctional aromatics and
heteroaromatics with TMPZnClI-LiCl (TP1)

A dry and argon flushe8chlenkflask, equipped with a magnetic stirring bar angeptum was
charged with a solution of the corresponding am@nketeroarene (1.0 equiv) in anhydrous THF
(0.5-2.0 M). TMPZnCI-LiCK1.1 equiv) was added dropwise and the reactionur@xvas stirred

at 25 °C for the indicated time. The completionttué reaction was checked by GC analysis of
reaction aliquots quenched with a solution.ahl THF. The electrophile was added and after the
completion of the reaction (checked by GC analgtigaction aliquots) the reaction mixture was
quenched with sat. aq. NEI and extracted three times with,&t The combined organic layers
were washed with sat. aq. NaCl, dried oves3@ and concentrateid vacuo The crude residue

was purified by flash chromatography.

2.2. Typical procedure for the metalation of polyfunctional aromatics and
heteroaromatics with TMPZnCI-LiCl under conventional heating or

microwave irradiation (TP2)

A dry and argon flushed 10-mL pressurized vial,ipped with a magnetic stirring bar and a
septum was charged with a solution of the corredipgnarene or heteroarene (1.0 equiv) in
anhydrous THF (0.5-2.0 M). TMPZnCI-LiGL.1 equiv) was added dropwise and the reaction
mixture was stirred and heated at the corresponténgperature by using an oil bath or a
Discover BenchMate Microwave system. The completibrihe reaction was checked by GC
analysis of reaction aliquots quenched with a smtuof I, in THF. The electrophile was added
and after the completion of the reaction (checkgdGfL analysis of reaction aliquots) the
reaction mixture was quenched with sat. aq.,8GlHand extracted three times with,@t The
combined organic layers were washed with sat. aCINdried over Ng5O, and concentrateith

vacua The crude residue was purified by flash chromatplgy.
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2.3. Typical procedure for the metalation of polyfunctional aromatics and
heteroaromatics with TMP,Zn-2MgCl,-2LiCI (TP3)

A dry and argon flushe8chlenkflask, equipped with a magnetic stirring bar angeptum was
charged with a solution of the corresponding am@nketeroarene (1.0 equiv) in anhydrous THF
(0.5-2.0 M). TMBZn-2MgC} 2LiCl (1.1 equiv) was added dropwise and the reactiortumex
was stirred at the corresponding temperature ameé.tiThe completion of the reaction was
checked by GC analysis of reaction aliquots queshciwéh a solution of 4 in THF. The
electrophile was added and after the completionthef reaction (checked by GC analysis of
reaction aliquots) the reaction mixture was quedchwéh sat. aq. NECI and extracted three
times with EtO. The combined organic layers were washed with agt NaCl, dried over

NaSO, and concentrateid vacuo The crude residue was purified by flash chromaiplgy.

2.4. Typical procedure for the metalation of polyfunctional aromatics and
heteroaromatics with TMPMQgCI- LiCl (TP4)

A dry and argon flushe8chlencKlask, equipped with a magnetic stirring bar argeptum was
charged with a solution of the corresponding am@nleeteroarene (1.0 equiv) in anhydrous THF
(0.5-2.0 M). TMPMgCI-LiCI(1.1 equiv) was added dropwise and the reactiontum@xwas
stirred at the corresponding temperature and fithe.completion of the reaction was checked by
GC analysis of reaction aliquots quenched with latem of I, in THF. The electrophile was
added and after the completion of the reactiondkba by GC analysis of reaction aliquots) the
reaction mixture was quenched with sat. aq.,6lHand extracted three times with,@t The
combined organic layers were washed with sat. aCINdried over Ng5O, and concentrateith

vacua The crude residue was purified by flash chromaiplgy.

2.5. Typical procedure for the metalation of polyfunctional aromatics and
heteroaromatics with TMP,Mn-2MgCl,-4LiCl (TP5)

A dry and argon flushe8chlencKlask, equipped with a magnetic stirring bar argeptum was
charged with a solution of the corresponding am@nleeteroarene (1.0 equiv) in anhydrous THF
(0.5-2.0 M). TMBMn-2MgCh-4LiCl (1.1 equiv) was added dropwise and the reactionumgx
was stirred at the corresponding temperature ameé.tiThe completion of the reaction was

checked by GC analysis of reaction aliquots queshaligh a solution of allyl bromide in the
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presence of CuCN-2LiCl in THF. The electrophile veakkled and after the completion of the
reaction (checked by GC analysis of reaction alisjuthe reaction mixture was quenched with
sat. ag. NHCI and extracted three times with,@t The combined organic layers were washed
with sat. aq. NaCl, dried over &0, and concentrateitt vacuo The crude residue was purified

by flash chromatography.

2.6. Typical procedure for the metalation of polyfunctional aromatics and
heteroaromatics with TMP,Fe-2MgCh-4LiCl (TP6)

A dry and argon flushe8chlencklask, equipped with a magnetic stirring bar arskptum was
charged with a solution of the corresponding am@nketeroarene (1.0 equiv) in anhydrous THF
(0.5-2.0 M). TMRBFe-2MgC}-4LICl (1.1 equiv) was added dropwise and the reactiortumax
was stirred at the corresponding temperature ameé.tiThe completion of the reaction was
checked by GC analysis of reaction aliquots quetshchigh a solution of allyl bromide in the
presence of CUCN-2LiCl in THF. The electrophile vealkled and after the completion of the
reaction (checked by GC analysis of reaction alisjuthe reaction mixture was quenched with
sat. ag. NHCI and extracted three times with,&t The combined organic layers were washed
with sat. aq. NaCl, dried over p&0, and concentrateitt vacuo The crude residue was purified

by flash chromatography.

2.7. Typical procedure for the metalation of polyfunctional aromatics and
heteroaromatics with TMPsLa-3MgCl,-5LiCI (TP7)

A dry and argon flushe8chlencklask, equipped with a magnetic stirring bar arskptum was
charged with a solution of the corresponding am@nleeteroarene (1.0 equiv) in anhydrous THF
(0.5-2.0 M). TMRLa-3MgC}-5LIiCl (1.1 equiv) was added dropwise and the reactiortumax
was stirred at the corresponding temperature ameé.tiThe completion of the reaction was
checked by GC analysis of reaction aliquots quetshahigh a solution of allyl bromide in the
presence of CUCN-2LiCl in THF. The electrophile vealkled and after the completion of the
reaction (checked by GC analysis of reaction alisjuthe reaction mixture was quenched with

sat. ag. NHCI and extracted three times with,&t The combined organic layers were washed
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with sat. aq. NaCl, dried over p&0, and concentrateitt vacuo The crude residue was purified
by flash chromatography.

2.8. Typical procedure for the synthesis of aromatic andheteroaromatic

trifluoroacetamides from aromatic and heteroaromatc amines (TP8)

A round bottom flask, equipped with a magneticristyy bar and a septum was charged with the
corresponding amine (1.0 equiv) in anhydrous DCNM (#). After cooling to 0 °C, BN (1.1
equiv) was added dropwise and stirred at 0 °C @omin. Trifluoroacetic anhydride (1.5 equiv)
was added dropwise and the reaction mixture wasvall to warm up to 25 °C for 12 h. The
reaction mixture was quenched with sat. aq4GlHand extracted three times with DCM and one
time with EtOAc. The combined organic layers werasihed with sat. ag. NaCl, dried over
NaSO, and concentrateid vacuo The crude residue was purified by flash chromaipigy.

2.9. Typical procedure for the metalation of polyfunctional aromatic and
heteroaromatic trifluoroacetamides with TMPMQgCI-LiC| or TMP ,Mg- 2LiCl
(TP9)

A dry and argon flushe8chlencklask, equipped with a magnetic stirring bar arskptum was
charged with a solution of the corresponding arar@t heteroaromatic trifluoroacetamide (1.0
equiv) in anhydrous THF (0.5-2.0 M). After cooling 0 °C, MeMgCI (1.1 equiv) was added
dropwise and stirred at 0 °C for 10 min. TMPMgCCLIi(1.2 equiv) or TMBPMg-2LiCI (1.2
equiv) was added dropwise to the reaction mixtune stirred at the corresponding temperature
and time. The completion of the reaction was chéckg GC analysis of reaction aliquots
quenched witha a solution of allyl bromide in theegence of CuCN-2LiCl in THF. The
electrophile was added and after the completionthef reaction (checked by GC analysis of
reaction aliquots) the reaction mixture was quedchwéh sat. aq. NECI and extracted three
times with EtOAc and one time with DCM. The comlgdrn@ganic layers were washed with sat.
ag. NaCl, dried over N8O, and concentrateith vacuo The crude residue was purified by flash
chromatography.
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2.10. Typical procedure for Pd-catalyzed cross-cupling ractions of metalated

trifluoroacetamides (TP10)

After complete metalation was achieved accordin§R8 ZnCl, (1.3 equiv) was added at 0 °C.
The resulting mixture was stirred for 15 min. THes(dba) (2 mol%) and P(o-fury$)(4 mol%)
were added together with the corresponding aryid®a@nd the mixture was allowed to warm to
25 °C or heated at 50 °C if required (approx. 16th). The completion of the reaction was
checked by GC analysis of reaction aliquots, theenghed with sat. aq. NBI and extracted
three times with EtOAc and one time with DCM. Tlenbined organic layers were washed with
sat. aq. NaCl, dried over &0, and concentrateth vacuo The crude residue was purified by

flash chromatography.

2.11. Typical procedure for acylation reactions of metaléed

trifluoroacetamides (TP11)

After complete metalation was achieved accordingR8 CuCN-2LiCl (1.1 equiv) was added at
—40 °C and the mixture was stirred for 15 min. Buogl chloride was added and the reaction
mixture was stirred to 0 °C or 25 °C if requiregeox. 1 to 3 h). The completion of the reaction
was checked by GC analysis of reaction aliquotentiquenched with sat. ag. NEH and
extracted three times with EtOAc. The combined oig&ayers were washed with sat. aq. NaCl,
dried over NgSO, and concentratedn vacuo The crude residue was purified by flash

chromatography.

2.12. Typical procedure for allylation reactions of metahted

trifluoroacetamides (TP12)

After complete metalation was achieved accordingR8 CuCN-2LiCl (0.1 equiv) was added at
—40 °C and the mixture was stirred for 15 min. Hilgl bromide was added and the reaction
mixture was stirred to 0 °C or 25 °C if requiregeox. 1 to 3 h). The completion of the reaction
was checked by GC analysis of reaction aliquotentijuenched with sat. ag. WE and

extracted three times with EtOAc. The combined oig&ayers were washed with sat. aq. NaCl,
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dried over NgSOy and concentratedn vacuo The crude residue was purified by flash
chromatography.

2.13. Typical procedure for the preparation of (dimethylamino)methyl

heteroarenes usind\,N,N’,N’-tetramethylmethanediamine (TP13)

A dry and argon flushe8chlenkflask, equipped with a magnetic stirring bar angeptum was
charged withN,N,N’,N’-tetramethylmethanediamine (1.1 equiv) and anhy&lCM (1.0 M).
After cooling to 0 °C, neat trifluoroacetic anhyaki(1.1 equiv) was added dropwise. After the
highly exothermic reaction subsided and the smogsighted, the cooling was removed and the
solution was allowed to warm up to 25 °C and stgnivas continued for 5 min. The so prepared
solution of methylene(dimethyl)iminium trifluorode¢e was then canulated dropwise to a
solution of the nucleophile (organometallic reagérd equiv) at 0 °C. The reaction was found to
be complete immediately after all of the soluticadtbeen transferred. The crude mixture was
quenched with sat. ag. NaHg@nd extracted three times with EtOAc. The combiosghnic
layers were washed with sat. aq. NaCl, dried oveSR)y, and concentrateith vacuo The crude

residue was purified by flash chromatography.

2.14. Typical procedure for the preparation of heteroaromatic benzylic
chlorides from (dimethylamino)methyl heteroarenes TP14)

A dry and argon flushe8chlenkflask, equipped with a magnetic stirring bar angeptum was
charged with the (dimethylamino)methyl compound (&quiv) and anhydrous CHJL.0 M).
After cooling to 0 °C, neat ethyl chloroformatel(lequiv) was added dropwise. The resulting
solution was stirred at 0 °C for 30 min. The reattimixture was quenched with,® and
extracted three times with EtOAc. The combined oig&ayers were washed with sat. aq. NaCl,
dried over NgSQO, and concentratedn vacuo The crude residue was purified by flash
chromatography.
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2.15. Typical procedure for the preparation of heteroaromatic benzylic zinc

chlorides by LiCl-promoted direct zinc insertion (TP15)

A dry and argon flushe8chlenkflask, equipped with a magnetic stirring bar anseptum was
charged with LiCl (1.5 equiv). The flask was heatie®50 °C for 5 minutes under high vacuum
using a heat gun. After cooling to 25 °C, the flagks flushed with argon and charged with Zn
dust (1.5 equiv), followed by THF (1.0 M). Neat -dibromoethane (5 mol%) was added and the
resulting suspension was brought to reflux usingeat gun. After cooling to 25 °C, neat
chlorotrimethylsilane (1 mol%) was added and tha&tune was heated again to reflux using a
heat gun. The suspension of the activated Zn dast allowed to cool to 25 °C and then the
heterobenzyl chloride (1.0 equiv) was added as m 4olution in THF. After the insertion
reaction was finished (checked by GC analysis dirtlyzed reaction aliquots), ti&chlenkflask
was centrifuged for 30 min at 2000 rpm. The supamtasolution was canulated into another dry
and argon flushedschlenkflask. The yield of resulting heterobenzylic zicbloride was

determined by iodometric titration.

2.16. Typical procedure for the preparation of diarylmethanes by the Pd-

catalyzed cross-coupling of heterobenzyl zinc chlates (TP16)

A dry and argon flushe8chlenkflask, equipped with a magnetic stirring bar angeptum was
charged with the aryl or heteroaryl halide (0.9iegun THF (1.0 M). The appropriate Pd catalyst
was added and the resulting suspension was sforégimin at 25 °C. After cooling at 0 °C, the
heterobenzylic zinc chloride (1.0 equiv) was addedpwise. Cooling was removed and the
reaction mixture was allowed to warm up to 25 °@ri8g was continued until completion of the
reaction (checked by GC analysis of reaction ali)ydhen the reaction mixture was quenched
with sat. ag. NHCI and extracted three times with EtOAc. The coradimrganic layers were
washed with sat. aq. NaCl, dried over,8@; and concentrateih vacuo The crude residue was

purified by flash chromatography.
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2.17. Typical procedure for the preparation of heteropherethylic alcohols by
the reaction of heterobenzyl zinc chlorides with @ehydes (TP17)

A dry and argon flushe8chlenkflask, equipped with a magnetic stirring bar angeptum was
charged with the aldehyde (0.9 equiv) in THF (1.0 Mhe heterobenzylic zinc chloride (1.0
equiv) was added dropwise at 0 °C and then allawedarm up to 25 °C. Stirring was continued
until completion of the reaction (checked by GClgsia of reaction aliquots), then the reaction
mixture was quenched with sat. aq. XHand extracted three times with EtOAc. The corabin
organic layers were washed with sat. aq. NaCl,ddoeer NaSO, and concentrateth vacuo

The crude residue was purified by flash chromatolgya

2.18. Typical procedure for the preparation of heterobengl ketones by the
reaction of heterobenzylic zinc chlorides with carbxylic acid chlorides (TP18)

A dry and argon flushe8chlenkflask, equipped with a magnetic stirring bar angeptum was
charged with CuCN-2LiCl (1.1 equiv,M solution in THF) followed by the dropwise additioh

the heterobenzylic zinc chloride (1.0 equiv) at =20 The solution was stirred at —20 °C for 10
min, after which the neat acid chloride (0.9 equwas added dropwise. The reaction mixture was
allowed to warm up to 25 °C. Stirring was continuedil completion of the reaction (checked by
GC analysis of reaction aliquots), then the reactioxture was quenched with sat. aq. /gH
and extracted three times with EtOAc. The combiaeghnic layers were washed with sat. aq.
NacCl, dried over Ng&O, and concentrateth vacuo The crude residue was purified by flash

chromatography.

2.19. Typical procedure for the preparation of tertiary benzyl and phenethyl
amines (TP19)

A dry and argon flushe8chlenkflask, equipped with a magnetic stirring bar angeptum was
charged withN,N,N’,N’-tetramethylmethanediamine (1.1 equiv) and anhy&l@CM (1.0 M).
After cooling to 0 °C, neat trifluoroacetic anhyaki(1.1 equiv) was added dropwise and stirred
to 25 °C for 5 min. The solution was cooled to 2Z8and a slurry solution was observed and the
magnesium amide (1.0 equiv) in THF was added drep\the magnesium amide was obtained

from the reaction from the secondary amine and MéMat O °C for 10 min). Stirring was
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continued at —78 °C for 15 min and then trifluori@c anhydride (1.0 equiv) was added
dropwise and a precipitated was formed. The orgagm@sium or organozinc reagent was then
dropwise added. Upon complete dissolution of trexipitate, the cooling was removed and the
crude mixture allowed to warm up to 25 °C for 3hmfhe crude mixture was quenched with
sat. ag. NaHC@and extracted three times with EtOAc. The combioeghanic layers were
washed with sat. aq. NaCl, dried over,8@, and concentrateith vacuo The crude residue was

purified by flash chromatography.
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3. Product Synthesis and Analytical Data

3.1. Regio- and Chemoselective Zincation of Functalized Aromatics and
Heteroaromatics using TMPZnCI- LiCl and Microwave Irradiation

3.1.1. Zincation of poorly activated substrates wit TMPZnCI-LiCl (x) under microwave

irradiation

Synthesis of (2-fluoro-6-methoxy-phenyl)-phenyl-métanone (31a)

F O

i OMe I

To a solution of 3-fluoroanisol€9) (126 mg, 1.0 mmol) dissolved in THF (2 mL) wasled

TMPZnCI-LiCl (10) (1.4 M in THF, 0.8 mL, 1.1 mmol) at Z& and the resulting mixture was
heated at 160 °C (250 W) for 2 h accordingR2. The reaction mixture was cooled to —20 °C
and CuCN-2LiCl (1 M solution in THF, 1.1 mL, 1.1 ralhwas added. After 30 min of stirring at
the same temperature, benzoylchloride (155 mgmixibl) was added and the resulting mixture
was allowed to warm up slowly to 25 °C within 2The reaction mixture was quenched with a
sat. ag. NHCI solution (30 mL), extracted with diethyl ethe8 ¥ 50 mL) and dried over
anhydrous Ng5QO,. After filtration, the solvent was evaporatedvacuo Purification by flash

chromatography (pentane/ether = 7:3) furnishedcttrapound3la (165 mg, 72%) as a pale

yellow oil.

'H-NMR (CDCl 3, 600 MHz) é: 7.86 — 7.84 (m, 2 H), 7.59 — 7.56 (m, 1 H), 744 € 7.6 Hz, 2

H), 7.39 — 7.35 (m, 1 H), 6.76 — 6.78 (m, 2 H),83(3, 3 H).
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13C-NMR (CDCl3, 150 MHz)$: 192.0, 159.8 (d] (C — F) = 247.4 Hz), 158.1 (d,(C — F) = 8.0
Hz), 137.2, 133.7, 131.3 (d,(C — F) = 10.0 Hz), 129.5, 128.5, 117.3JdC - F) = 21.1 Hz),

108.3 (d,J (C — F) = 21.9 Hz), 106.9 (d,(C — F) = 3.1 Hz), 56.14.

IR (ATR) v (cm™): 3331, 3085, 3063, 3009, 2974, 2940, 2890, 2842327582, 2547, 2409,
2341, 2216, 2161, 1974, 1924, 1825, 1734, 16723,16%96, 1580, 1468, 1449, 1438, 1378,
1316, 1308, 1278, 1267, 1239, 1179, 1168, 11244,11@79, 1026, 1001, 976, 947, 923, 847,

782, 755, 731, 702, 689.
MS (El, 70 eV) m/z (%): 230 (47) [M], 213 (13), 154 (11), 153 (100), 139 (38), 138)(1110

(11), 105 (58), 83 (10), 77 (43), 69 (11), 57 (EH,(11), 43 (17).

HRMS (EI) for C 14H11FO, (230.0743):230.0730.

Synthesis of 2-(2,4,6-trichloro-benzyl)-acrylic adl ethyl ester (31b)

Cl Cl

Cl

To a solution of 1,3,5-trichlorobenzern&?) (181 mg, 1.0 mmol) dissolved in THF (2 mL) was
added TMPZnCI-LiCI10) (1.4 M in THF, 0.8 mL, 1.1 mmol) at 2& and the resulting mixture
was heated at 80 °C (200 W) for 1 h accordinR@. The reaction mixture was cooled to —20°C
and CuCN-2LiCl (1 M solution in THF, 0.1 mL, 0.1 raihwas added. After 30 min of stirring at
the same temperature, 2-bromomethyl-acrylic adigl etster (212 mg, 1.1 mmol) was added and

the resulting mixture was allowed to warm up slowdy25 °C within 2 h. The reaction mixture
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was quenched with a sat. aq. )}H solution (30 mL), extracted with diethyl eth& X 50 mL)
and dried over anhydrous pBO,. After filtration, the solvent was evaporatéad vacuo
Purification by flash chromatography (pentane/ethed:1) furnished the compourilb (220

mg, 75%) as a colorless oil.

'H-NMR (CDCl 3, 300 MHz)8: 7.35 (s, 2 H), 6.18 (1 = 1.7 Hz, 1 H), 4.96 (] = 1.9 Hz, 1 H),
4.26 (q,J = 7.1 Hz, 2 H), 3.90 (1 = 1.9 Hz, 2 H), 1.34 (] = 7.3 Hz, 3 H).
13C-NMR (CDCl3, 150 MHz) &: 166.5, 136.6, 136.1, 133.6, 133.2, 128.2, 12414],632.5,

14.20.

IR (ATR) v (cm): 3317, 3080, 2982, 2933, 1714, 1635, 1582, 15482 14428, 1395, 1374,

1344, 1276, 1253, 1208, 1164, 1131, 1095, 1072%,10324, 946, 856, 813, 785, 700.

MS (EI, 70 eV) miz (%): 292 (5) F°CI-M*], 259 (58), 257 (66), 249 (20), 247 (23), 231 (59)
229 (86), 185 (24), 184 (25), 149 (45), 97 (26),(89), 81 (26), 71 (33), 69 (75), 57 (52), 55

(46), 44 (100), 43 (37), 41 (50).

HRMS (El) for C 1,H1,>°Cl50, (291.9825)2291.9809.

Synthesis of 2-benzoyl-1,3,5-trichlorobenzene (31c)

(‘ZIO

Cl I Cl I

To a solution of 1,3,5-trichlorobenzern&?) (181 mg, 1.0 mmol) dissolved in THF (2 mL) was

added TMPZnCI-LiCl10) (1.4 M in THF, 0.8 mL, 1.1 mmol) at 2& and the resulting mixture
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was heated at 80 °C (200 W) for 1 h accordinR@. The reaction mixture was cooled to —20°C
and CuCN-2LiCl (1 M solution in THF, 1.1 mL, 1.1 ralhwas added. After 30 min of stirring at
the same temperature, benzoylchloride (155 mgpibl) was added and the resulting mixture
was allowed to warm up slowly to 25 °C within 2The reaction mixture was quenched with a
sat. ag. NHCI solution (30 mL), extracted with diethyl ethé8 ¥ 50 mL) and dried over
anhydrous Ng50O,. After filtration, the solvent was evaporatedvacuo Purification by flash
chromatography (pentane/ether = 9:1) furnishedctimapound31c (244 mg, 85%) as a pale

yellow solid.
m.p.: 106.0 — 107.8 °C.

'H-NMR (CDCl 3, 300 MHz)&: 7.82 — 7.79 (m, 2 H), 7.66 — 7.61 (m, 1 H), 7.51.46 (m, 2 H),

7.41 (s, 2 H).

13C-NMR (CDCl3, 75 MHz) é: 191.7, 136.2, 135.9, 135.2, 134.5, 132.6, 1228,0, 128.2.

IR (ATR) ¥ (cm®): 3080, 2956, 2926, 2869, 1962, 1756, 1735, 1720716596, 1569, 1544,
1492, 1448, 1430, 1379, 1365, 1315, 1269, 12630,12387, 1178, 1163, 1158, 1134, 1068,

1045, 1020, 1002, 928, 869, 853, 816, 804, 758, 735, 691, 683.
MS (EI, 70 eV) miz (%): 284 (23) {°CI-M*], 209 (20), 207 (21), 105 (100), 77 (25).

HRMS (El) for C 13H7>°Cl30 (283.9562):283.9552.

Synthesis of 6-chloro-3-methoxy-4-[4-(trifluorometlyl)phenyl]pyridazine (31d)
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OMe CFs

N
N~

Cl

To a solution of 3-chloro-6-methoxy-pyridazin®) (145 mg, 1.0 mmol) dissolved in THF (2
mL) was added TMPZnCI-LiCl10) (1.4 M in THF, 0.8 mL, 1.1 mmol) at 2% and the
resulting mixture was heated at 80 °C (100 W) fomgin according ta'P2. Pd(dbay (17 mg,

3 mol%) and P(o-furyb) (14 mg, 6 mol%) dissolved in THF (2 mL) and mixedh 1-iodo-4-
trifluoromethylbenzene (300 mg, 1.1 mmol, 1.1 ejuwere then transferred via cannula to the
reaction mixture. The resulting mixture was stiregéd0 °C for 6 h and then quenched with a sat.
ag. NH,Cl solution (30 mL), extracted with diethyl eth& X 50 mL) and dried over anhydrous
NaSO,. After filtration, the solvent was evaporated vacuo Purification by flash

chromatography (dichloromethane) furnished the aamd31d (257 mg, 89 %) as white solid.
m.p.: 139.8 — 141.2 °C
'H-NMR (CDCl 3, 300 MHz) 8: 7.76 — 7.70 (m, 4 H), 7.41 (s, 1 H), 4.17 (s, 3 H)

3C-NMR (CDCl3, 75 MHz) &: 161.5, 151.5, 135.9, 131.8 ®(C — F) = 32.8 Hz), 131.3, 129.5,

128.9, 125.7 (¢] (C - F) = 3.6 Hz), 123.7 (d,(C - F) = 272.4 Hz), 55.7.

IR (ATR) V (cmi®): 3029, 2991, 2950, 2894, 2863, 2349, 2234, 1928817620, 1574, 1526,
1460, 1454, 1412, 1377, 1324, 1296, 1259, 12366,11809, 1070, 1043, 1017, 961, 930, 864,

842, 778, 743, 730, 678.
MS (El, 70 eV) miz (%): 288 (36) {°CI-M*], 287 (100), 271 (13), 217 (16), 203 (22).

HRMS (ESI) for C1,Hs>*CIFsN,O (288.0277):288.0250.
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Synthesis of (6-chloro-3-methoxy-pyridazin-4-yl)-pkenyl-methanone (31e)

OMe O

N7
N~

Cl

To a solution of 3-chloro-6-methoxy-pyridazin®) (145 mg, 1.0 mmol) dissolved in THF (2
mL) was added TMPZnCI-LiCl10) (1.4 M in THF, 0.8 mL, 1.1 mmol) at 2% and the
resulting mixture was heated at 80 °C (100 W) forréin according toTP2. The reaction
mixture was cooled to —20°C and CuCN-2LiCl (1 Musioin in THF, 1.1 mL, 1.1 mmol) was
added. After 30 min of stirring at the same tempeea benzoylchloride (155 mg, 1.1 mmol) was
added and the resulting mixture was allowed to wapnslowly within 2 h. The reaction mixture
was quenched with a sat. aq. )} solution (30 mL), extracted with diethyl eth& X 50 mL)
and dried over anhydrous pBO,. After filtration, the solvent was evaporatéad vacuo
Purification by flash chromatography (pentane/eth&5:35) furnished the compoudde (200

mg, 80 %) as yellowish white solid.
m.p.: 97.1 - 98.8 °C

'H-NMR (CDCl 3, 300 MHz)&: 7.77 — 7.74 (m, 2 H), 7.68 — 7.63 (m, 1 H), 760 & 7.7 Hz, 2

H), 7.38 (s, 1 H), 4.07 (s, 3 H).

3C-NMR (CDCl3, 75 MHz) &: 190.4, 160.8, 151.3, 135.0, 134.8, 130.4, 1298,9, 128.5,

55.7.
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IR (ATR) V (cm®): 3080, 3026, 2955, 1810, 1668, 1595, 1579, 1538912458, 1449, 1371,
1327, 1308, 1287, 1268, 1192, 1173, 1161, 11246,10078, 1023, 994, 965, 902, 832, 802,

778, 731, 709, 682, 670, 651, 623, 614.

MS (El, 70 eV) m/z (%): 248 (21) {°CI-M*], 219 (6), 183 (7), 105 (100), 91 (38), 77 (69, 5

(18).

HRMS (ESI) for C1,H16*°CIN,O, [M + H] * (249.0432):249.0425,

Synthesis of 2-allyl-3-bromobenzothiophene (31f)

Cro

To a solution of 3-bromobenzothiopherd)((213 mg, 1.0 mmol) dissolved in THF (2 mL) was
added TMPZnCI-LiCl10) (1.4 M in THF, 0.8 mL, 1.1 mmol) at 2& and the resulting mixture
was heated at 50 °C (120 W) for 30 min accordingR@. The reaction mixture was cooled to —
20°C and CuCN-2LiCl (1 M solution in THF, 0.1 mL10mmol) was added. After 30 min of
stirring at the same temperature, allyl bromide3(28y, 1.1 mmol) was added and the resulting
mixture was allowed to warm up slowly to 25 °C wit2 h. The reaction mixture was quenched
with a sat. ag. NECI solution (30 mL), extracted with diethyl eth& X 50 mL) and dried over
anhydrous Ng5Q,. After filtration, the solvent was evaporatedvacuo Purification by flash
chromatography (pentane/ether = 95:5) furnishedctmepound31f (196 mg, 77%) as a yellow

oil.
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'H-NMR (CDCl 5, 600 MHz) : 7.76 — 7.73 (m, 1 H), 7.44 — 7.41 (m, 1H), 7.3B.31 (m, 2 H),

6.05—5.92 (m, 1 H), 5.19 — 5.12 (m, 2 H), 3.7Q)(d 6.6 Hz, 2 H).

¥C-NMR (CDCl3, 150 MHz) : 138.4, 138.1, 137.4, 134.1, 124.9, 124.9, 1222,3, 117.5,

106.2, 34.2.

IR (ATR) v (cm™): 3974, 3778, 3350, 3060, 3028, 3006, 2979, 2898027627, 2558, 2310,
2270, 1941, 1905, 1821, 1783, 1689, 1640, 16051,15631, 1504, 1494, 1456, 1432, 1376,
1320, 1306, 1278, 1252, 1224, 1160, 1125, 10997,10067, 1049, 1018, 989, 945, 915, 864,

851, 820, 748, 724, 700, 654.

MS (El, 70 eV) m/z (%): 252 (54) [*Br3?S-M'], 251 (23), 243 (20), 241 (25), 227 (29), 225
(28), 212 (15), 187 (44), 173 (89), 172 (100), 131), 158 (17), 147 (29), 146 (16), 145 (20),
134 (29), 129 (48), 128 (17), 115 (28), 89 (15),(86), 83 (17), 71 (17), 69 (17), 57 (27), 55

(18), 45 (24), 44 (35), 43 (20).

HRMS (El) for C 11Ho"*Br*S (251.9608)251.9601.

Synthesis of 4-(3-bromo-benzothiophen-2-yl)-benzoaxid ethyl ester (319)

Br
@[% —coge
S

To a solution of 3-bromobenzothiopher3)((213 mg, 1.0 mmol) dissolved in THF (2 mL) was
added TMPZnCI-LiCl10) (1.4 M in THF, 0.8 mL, 1.1 mmol) at 2& and the resulting mixture

was heated at 50 °C (120 W) for 30 min accordingR&. Pd(dba) (17 mg, 3 mol%) and P(o-
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furyl)s (14 mg, 6 mol%) dissolved in THF (2 mL), and mixedh ethyl 4-iodobenzoate (303
mg, 1.1 mmol) were then transferred via cannulthéreaction mixture. The resulting mixture
was stirred at 25 °C for 2 h and then quenched aislat. ag. NECI solution (30 mL), extracted
with diethyl ether (3 x 50 mL) and dried over anfous NaSO,. After filtration, the solvent was
evaporatedn vacuo Purification by flash chromatography (pentanedeth 9:1) furnished the

compound31g (336 mg, 93 %) as colorless solid.
m.p.: 98.9 — 100.2 °C.

'H-NMR (CDCl 5, 600 MHz) : 8.15 — 8.14 (m, 2 H), 7.88 (d= 8.1 Hz, 1 H), 7.85 — 7.82 (m, 3

H), 7.50 — 7.41 (m, 2 H), 4.41 (@= 7.15 Hz, 2 H), 1.42 ( = 7.15 Hz, 3 H).

¥C-NMR (CDCl3, 150 MHz) é: 166.1, 139.1, 137.8, 137.4, 136.9, 130.5, 12985, 125.9,

125.4, 123.9, 122.2, 106.0, 61.2, 14.3.

IR (ATR) V (cm®): 3054, 2992, 2915, 2873, 2253, 1934, 1814, 17107,16568, 1539, 1483,
1466, 1454, 1446, 1433, 1404, 1360, 1307, 12920,12850, 1181, 1127, 1110, 1100, 1072,

1030, 1020, 976, 933, 890, 858, 793, 762, 743, G348, 697.

MS (El, 70 eV) m/z (%): 360 (95) [*Br?S-M'], 334 (29), 332 (23), 318 (11), 317 (47), 315

(54), 209 (13), 208 (86), 163 (14), 157 (11), 184)(

HRMS (El) for C 17H15"BrO,%S (359.9820)359.9815.

Synthesis of (3-bromo-benzothiophen-2-yl)-phenyl-nteanone (31h)
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To a solution of 3-bromobenzothiopher@®)((213 mg, 1.0 mmol) dissolved in THF (2 mL) was
added TMPZnCI-LiCl10) (1.4 M in THF, 0.8 mL, 1.1 mmol) at 2& and the resulting mixture
was heated at 50 °C (120 W) for 30 min accordingR@. The reaction mixture was cooled to —
20°C and CuCN-2LiCl (1 M solution in THF, 1.1 mL1Immol) was added. After 30 min of
stirring at the same temperature, benzoylchlorit®&5(mg, 1.1 mmol) was added and the
resulting mixture was allowed to warm up slowlyhiit 2 h. The reaction mixture was quenched
with a sat. ag. NECI solution (30 mL), extracted with diethyl eth& X 50 mL) and dried over
anhydrous Ng5QO,. After filtration, the solvent was evaporatedvacuo Purification by flash
chromatography (pentane/ether = 95:5) furnishedctirapound31h (263 mg, 83%) as a pale

yellow oil.

'H-NMR (CDCl 3, 300 MHz)3: 7.99 — 7.96 (m, 1 H), 7.93 — 7.89 (m, 2 H), 7.86)(= 6.8 Hz, 1

H), 7.65 — 7.60 (m, 1 H), 7.56 — 7.52 (m, 2H), 7-51.47 (m, 2 H).

¥C-NMR (CDCl3, 75 MHz) &: 189.6, 139.1, 138.3, 137.4, 135.4, 133.4, 13(28,4, 127.7,

125.8, 125.0, 122.6, 111.8.

IR (ATR) V (cmi’): 3286, 3058, 2990, 2924, 1956, 1914, 1821, 1642515580, 1555, 1492,
1486, 1448, 1425, 1377, 1304, 1273, 1239, 11772,11633, 1109, 1078, 1065, 1025, 1000,

973, 951, 924, 893, 846, 816, 798, 753, 725, 798, 669.

MS (El, 70 eV) m/z (%): 316 (100) {°Br*?s-M"], 241 (72), 239 (62), 238 (20), 237 (93), 208

(21), 165 (24), 132 (37), 105 (95), 77 (58), 44)(24
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HRMS (EI) for C 1sHe BrO*?S (315.9557)315.9557.

Synthesis of 4-(4-chloro-phenyl)-3,6-dimethoxy-pydazine (31i)

Cl

To a solution of 3,6-dimethoxy-pyridazin87j (140 mg, 1.0 mmol) dissolved in THF (2 mL)
was added TMPZnClI-LiCI10) (1.4 M in THF, 0.8 mL, 1.1 mmol) at Z& and the resulting
mixture was heated at 90 °C (100 W) for 1 h acewydo TP2. Pd(dba&) (17 mg, 3 mol %) and
P(o-furyl)s (14 mg, 6 mol %) dissolved in THF (2 mL), and ndxegith 1-chloro-4-iodo-benzene
(262 mg, 1.1 mmol, 1.1 equiv) were then transfendcannula to the reaction mixture. The
resulting mixture was stirred at 50 °C for 6 h @hen quenched with a sat. aq. X solution
(30 mL), extracted with diethyl ether (3 x 50 mlndadried over anhydrous BBO,. After
filtration, the solvent was evaporateth vacuo Purification by flash chromatography

(dichloromethane) furnished the compowid (220 mg, 88 %) as a white solid.
m.p.: 117.1 - 118.7 °C.

'H-NMR (CDCl 3, 300 MHz) §: 7.50 (dt,J = 6.6, 2.2 Hz, 2 H), 7.38 (di,= 6.8, 2.2 Hz, 2 H),

6.87 (s, 1 H), 4.05 (s, 3 H), 4.04 (s, 3 H).

3C-NMR (CDCl3, 75 MHz) &: 162.6, 159.1, 135.6, 132.8, 131.8, 130.3, 12818.0, 54.8,

54.6.
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IR (ATR) V (cmi®): 3047, 3023, 2992, 2953, 2865, 1910, 1737, 1657216536, 1494, 1462,
1446, 1405, 1375, 1356, 1302, 1273, 1253, 12212,11943, 1108, 1091, 1017, 1013, 995, 963,

909, 876, 835, 827, 821, 774, 769, 744, 718, 668, 629, 612.
MS (EI, 70 eV) miz (%): 250 (53) {°CI-M*], 249 (100), 233 (11), 221 (16), 136 (21).

HRMS (EI) for C 12H15°°CIN,0, [M — H] * (249.0430):249.0428.

Synthesis of 4-iodo-3,6-dimethoxypyridazine (31j)

To a solution of 3,6-dimethoxy-pyridazin87j (140 mg, 1.0 mmol) dissolved in THF (2 mL)
was added TMPZnCI-LiCI10) (1.4 M in THF, 0.8 mL, 1.1 mmol) at 22 and the resulting
mixture was heated at 90 °C (100 W) for 1 h aceagydo TP2. Neat iodine (381 mg, 1.5 mmol)
dissolved in dry THF (2 mL) was then dropwise addad the resulting mixture was stirred for
30 min. The reaction mixture was quenched withtaaa NaS,0; solution (10 mL) and with a
sat. ag. NHCI solution (30 mL), extracted with diethyl ethe3 ¥ 50 mL) and dried over
anhydrous Ng5QO,. After filtration, the solvent was evaporatedvacuo Purification by flash
chromatography (pentane/ether = 8:2) furnishedctirapound31j (201 mg, 76 %) as a white

solid.

m.p.: 154.1 - 156.1 °C.
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'H-NMR (CDCl 3, 300 MHZ) 6: 7.46 (s, 1 H), 4.01 (s, 3 H), 4.06 (s, 3 H).
13C-NMR (CDCl3, 75 MHz) é: 54.9, 55.9, 93.9, 130.8, 160.1, 161.3.
IR (ATR) V (cm®): 3069, 3008, 2996, 2984, 2960, 2948, 2890, 28567 28568, 2197, 1996,

1908, 1793, 1576, 1535, 1512, 1458, 1443, 13716,13298, 1230, 1186, 1134, 1058, 1019,

1003, 896, 856, 800, 771, 748, 667.
MS (EI, 70 eV) m/z (%): 266 (100) [M], 265 (66), 237 (29), 109 (12), 85 (14), 71 (Z2,(25),
53 (23).

HRMS (EI) for C ¢H7IN ;0, (265.9552):265.9553.

Synthesis of 4-(5-bromo-2,6-dimethoxy-pyrimidin-4-§)-benzoic acid ethyl ester (31k)

CO,Et

To a solution of 5-bromo-2,4-dimethoxy-pyrimidings( (219 mg, 1.0 mmol) dissolved in THF
(2 mL) was added TMPZnCI-LiClQ) (1.4 M in THF, 0.8 mL, 1.1 mmol) at 2&£ and the
resulting mixture was heated at 60 °C (100 W) fom3n according ta'P2. Pd(dbay (17 mg,

3 mol %) and P(o-furyb) (14 mg, 6 mol %) dissolved in THF (2 mL), and naxeith 4-iodo-
benzoic acid ethyl ester (304 mg, 1.1 mmol, 1.livyquere then transferred via cannula to the

reaction mixture. The resulting mixture was stiregd0 °C for 6 h and then quenched with a sat.
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ag. NH,Cl solution (30 mL), extracted with diethyl eth& X 50 mL) and dried over anhydrous
NaSOy. After filtration, the solvent was evaporated vacuo Purification by flash
chromatography (pentane/ether = 75:25) furnisheccttmpoun®1k (314 mg, 86 %) as a white

solid.
m.p.: 128.9 — 130.7 °C.

'H-NMR (CDCl 3, 300 MHz)6: 8.12 (d,J = 8.4 Hz, 2 H), 7.80 (dl = 8.4 Hz, 2 H), 4.40 (g} =

7.1 Hz, 2 H), 4.09 (s, 3 H), 4.01 (s, 3 H), 1.40& 7.1 Hz, 3 H).

¥C-NMR (CDCl3, 75 MHz) &: 168.1, 166.1, 165.2, 163.5, 141.8, 131.4, 12929,11 97.0,

61.2, 55.4, 55.3, 14.3.

IR (ATR) V (cm®): 2997, 2941, 1943, 1714, 1664, 1560, 1539, 15081 18452, 1408, 1379,
1349, 1311, 1282, 1238, 1193, 1178, 1153, 11272,11104, 1030, 1022, 1006, 938, 877, 865,

843, 788, 775,732, 719, 702, 688, 688, 669, 628, 6

MS (EI, 70 eV) m/z (%): 366 (90) [%Br-M*], 365 (55), 339 (29), 338 (56), 337 (32), 336 (47)

323 (36), 321 (35), 223 (16), 221 (15).

HRMS (E') for C 15H 157gBrN 204: (3660215)3660195

Synthesis of 5-bromo-2,4-dimethoxy-6-(4-methoxy-pngl)-pyrimidine (31I1)

OMe
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To a solution of 5-bromo-2,4-dimethoxy-pyrimidings( (219 mg, 1.0 mmol) dissolved in THF
(2 mL) was added TMPZnCI-LiClQ) (1.4 M in THF, 0.8 mL, 1.1 mmol) at Z& and the
resulting mixture was heated at 60 °C (100 W) fom3n according td'P2. Pd(dba) (17 mg, 3
mol %) and P(o-furyp (14 mg, 6 mol %) dissolved in THF (2 mL), and naxeith 1-iodo-4-
methoxy-benzene (257 mg, 1.1 mmol, 1.1 equiv) weea transferred via cannula to the reaction
mixture. The resulting mixture was stirred at 50 f&€ 6 h and then quenched with a sat. aq.
NH4CI solution (30 mL), extracted with diethyl ethéd X 50 mL) and dried over anhydrous
NaSO,. After filtration, the solvent was evaporated vacuo Purification by flash
chromatography (pentane/ether = 78:22) furnishedcctimpound1l (300 mg, 92 %) as a white

solid.
m.p.: 114.1 -115.8 ° C.

'H-NMR (CDCl 3, 300 MHz) &: 7.80 (d,J = 8.8 Hz, 2 H), 6.96 (d] = 8.8 Hz, 2 H), 4.07 (s, 3

H), 4.00 (s, 3 H), 3.85 (s, 3 H).

3C-NMR (CDCl3, 75 MHz) 8: 168.1, 165.3, 163.3, 160.8, 131.2, 130.0, 113%3,%5.4, 55.3,

55.1.

IR (ATR) V (cm®): 2989, 2940, 2836, 1615, 1583, 1565, 1543, 1518212447, 1416, 1380,
1352, 1309, 1300, 1258, 1201, 1194, 1188, 11770,11509, 1030, 1019, 1008, 946, 930, 866,

836, 824, 808, 785, 740, 728, 705, 676, 660, 627.

MS (El, 70 eV) m/z (%): 324 (100) [°Br-M*], 323 (47), 310 (14), 309 (15), 297 (22), 296 (39)

295 (26), 294 (36), 265 (12), 215 (38), 158 (16)7 (12).

HRMS (EI) for C 13H13""BrN 03 (324.0110):324.0114.
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3.1.2. Scaleable preparation of ssensitive functiahzed aromatics and heteroaromatics
using TMPZnCI-LiCl (10)

Synthesis of (2-chloro-3-nitropyridin-4-yl)(4-chlorophenyl)methanone (40)

Cl

2-Chloro-3-nitropyridine 39) (7.91 g, 50.0 mmol, 1.0 equiv) dissolved in THF ({®0Q) was
reacted with a solution of TMPZnCI-LiC1Q) (1.36 M in THF, 40.5 mL, 55.0 mmol, 1.1 equiv)
at 25°C and the resulting mixture was stirred at thisgerature for 5 h according &P1. The
reaction mixture was cooled to =30, CUCN- 2LiCl (1 M solution in THF, 55.0 mL, 55.0mol,
1.1 equiv) was added dropwise and stirred for 30. mhen, 4-chlorobenzoylchloride (9.63 g,
55.0 mmol, 1.1 equiv) was added dropwise at —3@ri@ the reaction mixture was allowed to
warm up slowly to 20 °C overnight. The resultingxtare was then quenched with a sat. aq.
NH4CI solution (300 mL), extracted with diethyl eth@ x 500 mL) and dried over anhydrous
NaSO,. After filtration, the solvent was evaporated vacuo Purification by flash

chromatography (pentane/DCM = 65:35) furnishedcthrapound40 (11.45 g, 77%).
m.p.: 116.5-117.8 °C.

'H-NMR (CDCl 5, 300 MHz) 8: 8.68 (d,J = 4.9 Hz, 2 H), 7.72 (d] = 8.5 Hz, 2 H), 7.49 (d] =

8.3 Hz, 1 H), 7.38 (d] = 4.9 Hz, 1 H).
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3C-NMR (CDCl3, 75 MHz) &: 188.5, 151.4, 143.8, 143.3, 43.0, 142.0, 132.3,23129.6,

121.5.

IR (ATR) v (cmi): 3090, 2186, 2162, 1676, 1583, 1568, 1534, 15026,14442, 1402, 1382,

1366, 974, 858, 846, 830, 814, 800, 776, 748, 788, 684, 676, 648, 634, 616.

MS (EI, 70 eV) m/z (%): 295 (8) f°CI-M*], 169 (14), 141 (28), 139 (100), 129 (23), 127)(77

111 (24).

HRMS (EI) for C 12H¢>°Cl,N,O3 (295.9755):295.9743.

Synthesis of 8-(4-chlorophenyl)-1,3,7-trimethyl-H-purine-2,6(3H,7H) (42)

~ i N/

YO

>
1,3,7-Trimethyl-H-purine-2,6(3H,7H)-dione4) (9.71 g, 50.0 mmol, 1.0 equiv) dissolved in
THF (100 mL) was reacted with a solution of TMPZAGCI (10) (1.36 M in THF, 40.5 mL,
55.0 mmol) at 25C and the resulting mixture was stirred at thisgerature for max. 10 min
according toTP1. Pd(dba) (850 mg, 3 mol%) and P(o-furylY700 mg, 6 mol%) dissolved in
THF (50 mL), and mixed with 1-chloro-4-iodobenz€h8.11 g, 55.0 mmol, 1.1 equiv) were then
transferred via cannula to the reaction mixturee Tésulting mixture was stirred for 4 h at 40 °C.
The reaction mixture was then quenched with aasptNH,Cl solution (300 mL), extracted with
diethyl ether (3 x 500 mL) and dried over anhydrdlssSQO,. After filtration, the solvent was

evaporatedin vacuo. Purification by flash chromatography (DCM/Gt = 1:1) furnished

compoun42 (12.09 g, 79%) as white solid.
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m.p.: 198.7 — 199.5 °C.

'H-NMR (CDCl 3, 300 MHz) 8: 7.63 (d,J = 8.5 Hz, 2 H), 7.47 (dJ = 8.5 Hz, 2 H), 4.02 (s, 3

H), 3.58 (s, 3 H), 3.39 (s, 3 H).

¥C-NMR (CDCl3, 75 MHz) é: 155.5, 151.6, 150.8, 148.2, 136.7, 130.4, 1298,8, 108.7,

33.9, 29.8, 28.0.

IR (ATR) V (cm®): 2964, 1695, 1646, 1606, 1570, 1538, 1473, 145a1 18408, 1375, 1339,
1289, 1230, 1180, 1108, 1091, 1074, 1030, 1008, 838, 803, 760, 749, 739, 730, 708, 685,

672, 650, 645, 639, 632, 625, 620, 614, 606. 601.
MS (El, 70 eV) m/z (%): 304 (100) {°CI-M*], 303 (25), 82 (21).
HRMS (El) for C 14H15>>CIN4O, (304.0727):304.0719.

This compound is previously known: M. Mosrin, P.d¢hel,Org. Lett.2009 11, 1837.

Synthesis of 4,6-dichloro-5-(cyclohex-2-en-1-yl)pynidine (44)

4,6-Dichloropyrimidine 43) (7.45 g, 50.0 mmol, 1.0 equiv) dissolved in THEO§ mL) was
added to a solution of TMPZnClI-LiCLQ) (1.54 M in THF, 35.7 mL, 55.0 mmol) at 26 and
the resulting mixture was stirred at this tempemtior 1 h according t@P1. The reaction

mixture was cooled to =3¢, CuCN- 2LiCl (1 M solution in THF, 5.0 mL, 5.0 mihavas added



C.EXPERIMENTAL SECTION 109

and stirred at this temperature for 10 min. Thebr@nocyclohexene (10.47 g, 65.0 mmol) was
added dropwise at —30 °C and the reaction mixtage alowed to warm up slowly to 25 °C and
stirred for 3 h. The resulting mixture was thenmpreed with a sat. ag. N8I solution (300 mL),
extracted with diethyl ether (3 x 500 mL) and dreaekr anhydrous N&OQ,. After filtration, the
solvent was evaporatad vacuo Purification by flash chromatography (pentanefeth 95:5)

furnished the compount4 (9.23 g, 81%) as a yellow oil.

'H-NMR (CDCl 5, 300 MHz) 3: 8.59 (s, 1 H), 5.91 — 5.84 (m, 1 H), 5.54 — 540 { H), 4.21 —

4.14 (m, 1 H), 2.14 — 2.08 (m, 2 H), 1.97 — 1.67 4nk).
3C-NMR (CDCl3, 75 MHz) &: 161.7, 155.4, 135.4, 128.6, 126.2, 38.4, 25.72,22.5.

MS (El, 70 eV) m/z (%): 229 (34) {°CI-M*], 228 (100), 227 (28), 216 (18), 215 (32), 214)(18
213 (53), 202 (19), 200 (33), 193 (23), 177 (375 151), 139 (25), 81 (80), 70 (16), 68 (16), 67

(47), 54 (96).

IR (ATR) V (cm®): 3025, 2934, 2861, 2835, 1650, 1532, 1510, 14432,12408, 1376, 1350,

1329, 1307, 1228, 1215, 1194, 1162, 1127, 1046, 988, 899, 882, 848, 808, 779, 721, 616.
HRMS (EI) for C 10H16>°Cl2N, (228.0221):228.0220.

This compound is previously known: M. Mosrin, P.d¢hel,Chem. Eur. J2009 15, 1468.

3.2. Preparation of Polyfunctional Organometallics via Directed ortho-
Metalation using TMP-Bases of Mn, Fe and La

3.2.1. Metalations with TMP,Mn-2MgCl,-4LiCl (12)

Synthesis of 4-cyano-2-(furan-2-carbonyl)-benzoiccad ethyl ester (46)
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O  CO.Et

CN

According toTP5, the metalation of 4-cyano-benzoic acid ethyl regt8) (2.45 g, 14.0 mmol,
1.0 equiv) was completed within 75 min at 0 °C gsitMP,Mn-2MgCh-4LiCl (12) (0.48 M in
THF, 17.5 mL, 8.4 mmol). The reaction mixture whsert cooled to —30 °C, CuCN-2LiCl (1 M
solution in THF, 15.4 mL, 15.4 mmol) was added atided at this temperature for 10 min.
Furoyl chloride (2.19 g, 16.8 mmol) was then addiedpwise and the reaction mixture was
allowed to warm up slowly to 25 °C and stirredras temperature for 3 h. The resulting mixture
was quenched with sat. ag. MH (60 mL), extracted with diethyl ether (3 x 10@)vand dried
over anhydrous N&Q,. After filtration, the solvent was evaporatedvacuo The crude product
was purified by flash chromatography (pentane/die¢tther = 65:35) and affordetb (2.64 g,
70%) as a yellowish solid.

mp.: 115.9 - 117.4 °C.

'H-NMR (300 MHz, CDCl3) &: 8.10 (d,J = 8.3 Hz, 1 H), 7.84 (dd] = 6.6, 1.7 Hz, 1 H), 7.76
(d,J=1.7 Hz, 1 H), 7.60 (s, 1 H), 7.07 @= 3.6 Hz, 1 H), 6.56 (q1 = 1.7 Hz, 1 H), 4.16 (4] =
7.0 Hz, 2 H), 1.12 (1) = 7.3 Hz, 3 H).

3C-NMR (CDCl3;, 75 MHz) &: 181.6, 164.7, 152.1, 147.6, 140.7, 133.7, 13334,6], 130.8,
119.6,117.1, 116.0, 112.8, 62,4, 13.6.

IR (ATR) V (cm): 3139, 3047, 2996, 2908, 2360, 2234, 2100, 1718416604, 1564, 1468,
1402, 1387, 1364, 1308, 1293, 1278, 1237, 1212611645, 1118, 1080, 1024, 1016, 982, 976,
914, 891, 882, 875, 858, 807, 777, 769, 750, 735, 678, 632, 621.

MS (El, 70 eV) miz (%): 269 (44) [M], 241 (45), 240 (18), 224 (99), 213 (31), 212 (29
(18), 184 (22), 174 (41), 169 (15), 168 (17), 18D)( 129 (20), 95 (100), 63 (15).

HRMS (EI) for C 1sH1:NO, (269.0688):269.0667.

Synthesis of (3,6-dimethoxy-pyridazin-4-yl)-phenymethanol (48)
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OMe OH
N
NIPZ

OMe

According toTP5, the metalation of 3,6-dimethoxy-pyridazing7Y (2.10 g, 15.0 mmol) was
completed within 30 min at 0 °C using TiN™-2MgCh-4LiCl (12) (0.48 m in THF, 18.8 mL,
9.0 mmol). Then, benzaldehyde (1.91 g, 18.0 mmaiys wedded dropwise and the reaction
mixture was allowed to warm up slowly to 25 °C astolred at this temperature for 3 h. The
resulting mixture was then quenched with a sat.Ntd,Cl solution (60 mL), extracted with
diethyl ether (3 x 100 mL) and dried over anhydrdlsgsSO,. After filtration, the solvent was
evaporatedn vacuo The crude product was purified by flash chromedpgy (pentane/diethyl
ether = 1:1) to givd8(3.53 g, 94%) as a white solid.

mp.: 109.3 — 111.0 °C.

'H-NMR (300 MHz, CDCls) &: 7.48 — 7.44 (m, 4 H), 7.43 (d,= 5.8 Hz, 1 H), 7.12 (s, 1 H),
5.99 (s, 1 H), 4.15 (s, 3 H), 4.11 (s, 3 H).

¥C-.NMR (CDCl3, 75 MHz) &: 162.7, 159.4, 140.4, 137.3, 128.6, 128.3, 12619,2, 70.2,
54.6, 54.5.

IR (ATR) V (cm®): 3262, 3102, 3057, 3026, 2995, 2951, 2889, 2868025956, 1936, 1885,
1819, 1758, 1700, 1662, 1626, 1600, 1551, 1492814653, 1380, 1302, 1257, 1217, 1191,
1180, 1154, 1136, 1077, 1046, 1029, 1008, 946, 83@, 806, 774, 765, 752, 726, 700, 683,
642, 620, 605.

MS (El, 70 eV) miz (%): 246 (100) [M], 245 (43), 231 (41), 155 (41), 153 (34), 105 (15)
HRMS (EI) for C 13H14N;05 (246.1004)246.0981.

3.2.2. Metalations with TMP,Fe-2MgCh- 4LiCl (13)

Synthesis of 3-cyano-2-octyl-benzoic acid ethyl est(50)

CO,Et
CgH17

CN
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Accordingto TP6, the metalation of 3-cyano-benzoic acid ethyl e&té) (2.45 g, 14.0 mmol)
was completed within 18 h at 25 °C using T#- 2MgC}- 4LiCl (13) (0.48M in THF, 21.9 mL,
10.5 mmol). 1-lodo-octane (3.70 g, 15.4 mmol) anfludrostyrene (171 mg, 1.4 mmol, 0.1
equiv) were then added dropwise and the reactiotuna was allowed to stir at 25 °C overnight.
The resulting mixture was then quenched with a mnecbf sat. aq. NkCl solution (60 mL) and
HCI (2 M, 25 mL), extracted with diethyl ether (3 x 100 nar)d dried over anhydrous }&0,.
After filtration, the solvent was evaporatedvacuo The crude product was purified by flash
chromatography (pentane/diethyl ether = 98:2) ¥e §D (3.19 g, 78%) as a brown oil.

H-NMR (300 MHz, CDCl3) $:7.99 (dd,J = 8.0, 1.5 Hz, 1 H), 7.70 (dd,= 7.8, 1.5 Hz, 1 H),
7.32 (t,J = 7.8 Hz, 1 H), 4.36 (g) = 7.0 Hz, 2 H), 3.16 — 3.11 (m, 2 H), 1.64 — 1.56 PH),
1.43 -1.35(m, 6 H), 1.33 — 1.25 (m, 7 H), 0.84 & 6.6 Hz, 3 H).

3C-NMR (CDCl3, 75 MHz) &: 166.3, 148.0, 135.9, 134.6, 131.7, 126.3, 11718.7], 61.5,
32.7,31.8, 31.5, 29.8, 29.3, 29.2, 22.6, 14.21.14.

IR (ATR) V (cm®): 3428, 3079, 2955, 2926, 2856, 2359, 2228, 2186522100, 1964, 1952,
1918, 1723, 1582, 1461, 1445, 1390, 1367, 12719,12803, 1176, 1142, 1100, 1084, 1044,
1021, 949, 910, 864, 835, 820, 761, 723, 661, 640.

MS (EI, 70 eV) miz (%): 287 (39) [M], 242 (83), 189 (100),184 (17), 174 (64), 170 (IH1
(55), 160 (37), 157 (30), 156 (73), 143 (32), 14@)( 129 (19), 128 (21), 117 (22), 116 (20), 115
(25), 77 (15), 57 (39), 55 (20), 43 (50), 41 (70).

HRMS (EI) for C 1gH,sNO, (287.1885):287.1878.

Synthesis of 3-cyano-2-isopropyl-benzoic acid ethgkter (51)

CN
t :COZEt

Accordingto TP6, the metalation of 3-cyano-benzoic acid ethyl e&té) (2.45 g, 14.0 mmol)
was completed within 18 h at 25 °C using TM#€- 2MgC}- 4LiCl (13) (0.48M in THF, 21.9 mL,
10.5 mmol). 2-lodo-propane (2.62 g, 15.4 mmol) dnitlorostyrene (171 mg, 1.4 mmol, 0.1

equiv) were then added dropwise and the reactiotuna was allowed to stir at 25 °C overnight.
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The resulting mixture was then quenched with a mnexbf sat. agq. NkC| solution (60 mL) and
HCI (2 M, 25 mL), extracted with diethyl ether (3 x 100 nar)d dried over anhydrous }&0,.
After filtration, the solvent was evaporatedvacuo The crude product was purified by flash
chromatography (pentane/diethyl ether = 90:10fftré 51 (2.35 g, 78%) as a brown oil.
H-NMR (300 MHz, CDCls) &: 7.72 (q,J = 1.5 Hz, 1 H), 7.69 (q) = 1.7 Hz, 1 H), 7.31 (t) =
7.5 Hz, 1 H), 4.36 (q) = 7.0 Hz, 2 H), 3.65 — 3.55 (m, 1 H), 1.47 {o 7.3 Hz, 6 H), 1.37 (t)

= 7.0 Hz, 3 H).

¥C-.NMR (CDCl3, 75 MHz) §: 168.0, 150.9, 136.8, 133.8, 133.1, 126.2, 11812.2, 61.8,
31.6,21.2,14.1.

IR (ATR) V (cm®): 3636, 3546, 3436, 3079, 2970, 2938, 2906, 2878227360, 2226, 2165,
2154, 2086, 2042, 1960, 1918, 1721, 1582, 14602,14388, 1367, 1285, 1259, 1210, 1178,
1146, 1136, 1107, 1095, 1054, 1017, 962, 929, 845, 864, 820, 799, 765, 728, 682, 641, 634.
MS (El, 70 eV) m/z (%): 217 (20) [M], 189 (28), 174 (24), 172 (60), 171 (40), 170 (556
(100), 154 (16), 142 (17), 130 (20), 116 (17), {45), 59 (27), 44 (18), 43 (55), 43 (18), 41 (50).
HRMS (EI) for C 13H1sNO, (217.1103):217.1109.

3.2.3. Metalations with TMPs;La- 3MgCl,-5LICl (14)
Synthesis of 2-benzoyl-3-chloro-benzoic acid methgkter (53)

cl o
@LPh
CO,Me

According toTP7, the metalation of 3-chloro-benzoic acid methyee$?2) (2.39 g, 14.0 mmol)
was completed within 3.5 h at 0 °C using TM&: 3MgC}-5LiCI (14) (0.35 M in THF, 15.0 mL,
4.9 mmol). Benzoyl chloride (2.16 g, 15.4 mmol) wasn added dropwise and the reaction
mixture was allowed to warm up slowly to 25 °C aught. The resulting mixture was then
quenched with a sat. aq. ME solution (60 mL) and extracted with diethyl atlf@ x 100 mL)
and dried over anhydrous pBO,. After filtration, the solvent was evaporatedvacuo The
crude product was purified by flash chromatografggntane/diethyl ether = 85:15) to aff&d
(2.88 g, 75%) as a white solid.
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mp.: 133.9 — 135.7 °C.
'H-NMR (300 MHz, CDClIs) é: 8.03 (ddJ = 8.0, 1.2 Hz, 1 H), 7.79 — 7.76 (m, 2 H), 7.64 (@d,
= 8.0, 1.2 Hz, 1 H), 7.59 — 7.54 (m, 1 H), 7.50J¢ 8.0 Hz, 1 H), 7.47 — 7.42 (m, 2 H), 3.69 (s,
3 H).

13C-NMR (CDCl3, 75 MHz) &: 194.4, 165.0, 140.7, 136.6, 134.0, 133.4, 13138,3], 129.9,
128.9, 128.8, 128.7, 52.5.

IR (ATR) V (cm®): 3068, 3009, 2951, 1920, 1721, 1678, 1674, 1598215567, 1449, 1432,
1313, 1295, 1267, 1205, 1184, 1154, 1111, 10704,10@01, 996, 978, 972, 939, 927, 850, 820,
794, 766, 746, 733, 727, 717, 705, 668, 654.

MS (El, 70 eV) m/z (%): 274 (30) °CI-M*], 242 (18), 198 (35), 197 (100), 105 (75), 77 (29)
HRMS (EI) for C 15H1:>°ClO3 (274.0397):2274.0387.

3.3. Directedortho- and metaMagnesiation or Zincation of Polyfunctional

Aryl Nonaflates

Synthesis of 4-(2,2-dimethyl-propionyl)-5-(nonaflumbutane-1-sulfonyloxy)-isophthalic
acid diethyl ester (58a)

ONf O

EtO,C CO,Et

5-(Nonafluorobutane-1-sulfonyloxy)-isophthalic acdiethyl ester %4, 520 mg, 2.0 mmol)
dissolved in THF (1 mL) was reacted with a soluttdTMPZnCILiCI (10) (1.4 M in THF, 0.93
mL, 1.3 mmol) at 25 °C and the resulting mixtureswatirred at this temperature for 3 h
according torP1. Then, CuCKRLIiCI (1 M solution in THF, 1.1 mL, 1.1 mmol) waslded and
stirred at-20 °C for 30 min. Trimethylacetyl chloride (133 migl mmol) was added dropwise at

—20 °C and the resulting mixture was allowed torwaip slowly to 25 °C for 3 h. The reaction
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mixture was then quenched with a sat. agq4Glk$olution (30 mL), extracted with ether (3 x 50
mL) and dried over anhydrous d&O. After filtration, the solvent was evaporatedvacuo
Purification by flash chromatography (pentane/eth&5:15) furnished the compoub8a (434

mg, 72%) as a white solid.
m.p.: 94.7 — 96.4 °C.

'H NMR (300 MHz, CDCls) 6: 8.65 (d,J = 1.3 Hz, 1 H), 8.18 (d] = 1.5 Hz, 1 H), 4.45 (q] =

7.3 Hz, 4 H), 1.45 — 1.37 (m, 6 H), 1.23 (s, 9 H).

13C (75 MHz, CDCl) 6: 208.0, 163.7 (dJ) (C — F)= 17.3 Hz), 145.4, 140.0, 133.6, 132.6,

130.9, 130.5, 126.1, 124.6, 122.8, 117.0, 108.3,31®%2.6, 62.3, 45.7, 27.6, 14.2

IR (ATR) V (cm®): 3097, 2987, 1720, 1702, 1615, 1563, 1482, 1468012412, 1396, 1371,
1352, 1311, 1291, 1239, 1209, 1194, 1137, 10956,1990, 946, 930, 917, 861, 848, 814, 788,

770, 757, 745, 732, 696, 654, 619.

HRMS (ESI*) for C2iHosFoNOgS [M + NH,]* (622.1157):622.1152.

Synthesis of 4-cyclohex-2-enyl-5-(nonafluorobutang-sulfonyloxy)-isophthalic acid diethyl
ester (58b)

ONf ‘
EtO,C ‘ CO,Et

5-(Nonafluorobutane-1-sulfonyloxy)-isophthalic acdiethyl ester %4, 1.040 g, 2.0 mmol)

dissolved in THF (2 mL) was reacted with a solutad@MPZnCILiCl (10) (1.4 M in THF, 1.85
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mL, 2.6 mmol) at 25 °C and the resulting mixtureswatirred at this temperature for 3 h
according torP1. CuCN2LICI (2 M solution in THF, 0.1 mL, 0.1 mmol) wasl@ded and stirred
at—20 °C for 30 min. Then, 3-bromo-cyclohexene (358 &2 mmol) was added drop wise-at
20 °C and the resulting mixture was allowed to wanmslowly to 25 °C for 3 h. The reaction
mixture was then quenched with a sat. agq4Glkolution (30 mL), extracted with ether (3 x 50
mL) and dried over anhydrous d&O. After filtration, the solvent was evaporatedvacuo
Purification by flash chromatography (pentane/ethé:.1) furnished the compourBb (1.026

g, 85%) as a white solid.
m.p.: 48.9 — 50.7 °C.

'H NMR (300 MHz, CDCls) &: 8.11 (d,J = 1.5 Hz, 1 H), 8.0 (dJ = 1.7 Hz, 1 H), 5.88 — 5.83
(m, 1 H), 5.54 (d = 10.1 Hz, 1 H), 4.43 — 4.23 (m, 4 H), 2.15 — 1.89 %nil), 1.74 — 1.63 (m, 2

H), 1.44 — 1.35 (m, 6 H).

13C (75 MHz, CDCL) é: 167.3, 164.0, 148.5, 142.1, 136.3, 130.4, 129124-0 (m), 61.9, 61.8,
37.2, 29.0, 24.4, 22.6, 14.1, 14.0. Observed caxtpledue to C-—F splitting, definitive

assignments have not been made.

% (282 MHz, CDCk) é: -80.7, -109.4, -120.8, -125.7.

IR (ATR) V (cm™): 2989, 2943, 2837, 1723, 1651, 1617, 1568, 1419418368, 1355, 1305,
1235, 1200, 1192, 1144, 1095, 1050, 1027, 984, 962, 928, 906, 881, 867, 848, 807, 785,

763, 748, 733, 698, 659, 646, 618.

HRMS (ESI*) for CHsFeNO-*2S [M + NH4]* (618.1208):618.1205.

Synthesis of 6-(nonafluorobutane-1-sulfonyloxy)-4trifluoromethyl-biphenyl-2,4-

dicarboxylic acid diethyl ester (58c)
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CF
ONf¥ 3

=
EtO,C CO,Et

5-(Nonafluorobutane-1-sulfonyloxy)-isophthalic acdiethyl ester %4, 520 mg, 1.0 mmol)
dissolved in THF (1 mL) was reacted with a soluttd@MPZnCILiCl (10) (1.4 M in THF, 0.93
mL, 1.3 mmol) at 25 °C and the resulting mixtureswatirred at this temperature for 3 h
according torP1. Pd(dba) (17 mg, 3 mol%) and P(o-furglY14 mg, 6 mol%) dissolved in THF
(2 mL), and mixed with 1-iodo-4-trifluoromethyl-beene (299 mg, 1.1 mmol, 1.1 equiv) were
then transferred via cannula to the reaction metliihe resulting mixture was stirred at 65 °C
for 6 h and quenched with a sat. aqg.8Hsolution (30 mL), extracted with ether (3 x 5Q)m
and dried over anhydrous pBO,. After filtration, the solvent was evaporatéad vacuo
Purification by flash chromatography (pentane/eth8rl) furnished the compoui@c (550 mg,

83%) as a clear yellow oil.

'H NMR (300 MHz, CDCly) &: 8.57 (d,J = 1.7 Hz, 1 H), 8.17 (d] = 1.5 Hz, 1 H), 7.71 (d] =
8.0 Hz, 2 H), 7.39 (dJ = 8.0 Hz, 2 H), 4.65 (q] = 7.1 Hz, 2 H), 4.07 (q] = 7.3 Hz, 2 H), 1.44

(t,J=7.1Hz, 3H), 0.98 (t) = 7.1 Hz, 3 H).

3C (75 MHz, CDCl) §: 165.3, 163.7, 147.1, 138.7, 137.0, 132.7XdC — F)= 276.6 Hz),

131.7 — 131.3 (m), 130.6, 129.7, 125.2X(C — F) = 32.5 Hz), 62.2, 61.9, 14.2, 13.5.

1% (282 MHz, CDCl) é: -62.9, -80.7, -109.6, -120.9, -125.9.
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IR (ATR) V (cm’®): 3083, 2988, 2943, 2912, 1728, 1619, 1579, 1563515468, 1430, 1408,
1370, 1353, 1325, 1311, 1238, 1203, 1168, 11437,11210, 1068, 1025, 1010, 964, 913, 844,

792, 766, 748, 736, 697, 690, 666, 654, 623.

HRMS (ESI*) for CaaHo0F1.NO732S [M + NH,4]* (682.0769):682.0765.

Synthesis of 1,1,2,2,3,3,4,4,4-nonafluoro-butanesitfonic acid 2-benzoyl-3,5-dichloro-
phenyl ester (58d)

O
(2 o
8

Cl

1,1,2,2,3,3,4,4,4-Nonafluoro-butane-1-sulfonic a8j8-dichloro-phenyl este59; 549 mg, 1.0
mmol) dissolved in THF (1 mL) was reacted with duson of TMPZnCILiCl (10) (1.4 M in
THF, 0.93 mL, 1.3 mmol) at 25 °C and the resultmgture was stirred at this temperature for 3
h according torP1. The reaction mixture was then cooled-89) °C, CuCNRLICI (1 M solution
in THF, 1.1 mL, 1.1 mmol) was added and stirre¢2@ °C for 30 min. Then benzoyl chloride
(183 mg, 1.3 mmol) was added dropwise-20 °C and the resulting mixture was allowed to
warm up slowly to 25 °C for 3 h. The reaction mpgwvas then quenched with a sat. aq4GIH
solution (30 mL), extracted with ether (3 x 50 narnd dried over anhydrous p&Oy. After
filtration, the solvent was evaporateih vacuo Purification by flash chromatography

(pentane/ether 96:4) furnished the compaob@d (429 mg, 78%) as a white solid.

m.p.: 81.4 —82.7 °C.
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'H NMR (300 MHz, CDCl3) &: 7.81 — 7.77 (m, 2 H), 7.67 — 7.62 (m, 1 H), 7.63)(= 1.9 Hz, 1

H), 7.51 — 7.46 (m, 2 H), 7.44 (@ = 1.7 Hz, 1 H).

13C (75 MHz, CDCl) &: 189.2, 146.3, 136.6, 135.3, 134.8, 133.7, 13128,71— 129.0 (m),
128.5, 128.2, 120.8. Observed complexity due to €pifting, definitive assignments have not

been made.

9 (282 MHz, CDCk) é: -80.7, -108.9, -120.8, -125.8.

IR (ATR) V (cm™): 3084, 2334, 1676, 1595, 1582, 1552, 1452, 1431214386, 1351, 1320,
1296, 1274, 1255, 1235, 1224, 1200, 1190, 11371,10875, 1031, 1002, 950, 928, 916, 868,

827,799, 770, 745, 730, 706, 696, 684, 654, 638, 6

HRMS (ESI) for C17H1:>°Cl.FeNO4*?S [M + NH4]* (565.9642):565.9639.

Synthesis  of  1,1,2,2,3,3,4,4,4-nonafluoro-butanesidfonic  acid  4,6-dichloro-4'-
trifluoromethyl-biphenyl-2-yl ester (58e)

CF
ONf 3

Cl C

1,1,2,2,3,3,4,4,4-Nonafluoro-butane-1-sulfonic a8j8-dichloro-phenyl este59; 549 mg, 1.0
mmol) dissolved in THF (1 mL) was reacted with dgusion of TMPZnCILiCl (10) (1.4 M in
THF, 0.93 mL, 1.3 mmol) at 25 °C and the resultmgture was stirred at this temperature for 3
h according ta'P1. Pd(dba) (17 mg, 3 mol%), P(o-fury)(14 mg, 6 mol%) dissolved in THF (2

mL), and mixed with 1-iodo-4-trifluoromethyl-benz(299 mg, 1.1 mmol, 1.1 equiv) were then
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transferred via cannula to the reaction mixturee Tésulting mixture was stirred at 65 °C for 6 h
and then quenched with a sat. aq.s8Hsolution (30 mL), extracted with ether (3 x 5Q)nand
dried over anhydrous N8O, After filtration, the solvent was evaporatedvacuo Purification
by flash chromatography (pentane/ether = 99:1)ished the compounti8e (441 mg, 76%) as a

clear colourless oil.

'H NMR (300 MHz, CDCly) &: 7.38 (d,J = 2.0 Hz, 1 H), 7.41 (d] = 8.0 Hz, 2 H), 7.58 (d] =

1.9 Hz, 1 H), 7.73 (d] = 8.0 Hz, 2 H).

13C (75 MHz, CDCl) &: 189.4, 147.2, 134.2 (d, (C — F)= 268.6 Hz), 135.3, 130.6, 129.9,

125.5 (m), 121.1.

% (282 MHz, CDCl) é: -62.9, -80.7, -109.5, -121.0, -125.9.

IR (ATR) V (cm®): 3092, 2942, 2304, 1925, 1736, 1621, 1596, 1552315459, 1431, 1410,
1386, 1353, 1323, 1293, 1238, 1228, 1204, 11919,11628, 1109, 1068, 1033, 1026, 1008,

038, 862, 844, 831, 772, 747, 731 698, 686, 652, 634.

HRMS (ESI*) for C17H¢>Cl,F1,05°%S (587.9223)587.9217.

Synthesis of 1,1,2,2,3,3,4,4,4-nonafluoro-butanesidfonic acid 4,6,4'-trichloro-biphenyl-2-
yl ester (58f)

on 2 cl
J/\ NS
cl >
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1,1,2,2,3,3,4,4,4-Nonafluoro-butane-1-sulfonic a8j8-dichloro-phenyl este59; 549 mg, 1.0
mmol) dissolved in THF (1 mL) was reacted with duson of TMPZnCILiCl (10) (1.4 M in
THF, 0.93 mL, 1.3 mmol) at 25 °C and the resultimgture was stirred at this temperature for 3
h according ta'P1. Pd(dba) (17 mg, 3 mol%), P(o-fury)(14 mg, 6 mol%) dissolved in THF (2
mL) and mixed with 1-chloro-4-iodobenzene (262 mgl mmol, 1.1 equiv) were then
transferred via cannula to the reaction mixturee Tdsulting mixture was stirred at 65 °C for 6 h
and then quenched with a sat. aq.s8Hsolution (30 mL), extracted with ether (3 x 5Q)nand
dried over anhydrous N8O, After filtration, the solvent was evaporatedvacuo Purification
by flash chromatography (pentane) furnished the pmmd 58f (458 mg, 83%) as a clear

colourless oil.

'H NMR (300 MHz, CDCls) 8: 7.21 (dt,J = 8.6, 2.0 Hz, 2 H), 7.34 (d, = 2.0 Hz, 1 H), 7.45

(dt,J = 8.4, 2.0 Hz, 2 H), 7.56 (d,= 2.06, 1 H).

13C (75 MHz, CDCly) &: 147.5, 136.2, 135.4, 134.8, 132.9, 131.5, 13(20,8, 128.8, '124.2 —
123.9 (m), 121.0. Observed complexity due to Citisy, definitive assignments have not

been made.

F (282 MHz, CDCE) é: -80.7, -109.5, -120.9, -125.8.

IR (ATR) V (cm®): 3089, 2964, 2872, 2338, 2038, 1905, 1736, 1708416592, 1572, 1550,
1498, 1455, 1430, 1414, 1384, 1352, 1291, 12376,12202, 1190, 1143, 1126, 1098, 1033,

1023, 1006, 935, 876, 861, 824, 782, 772, 740, @31, 686, 654, 629, 614.

HRMS (ESI™) for C1¢He>ClsFe05°%S [M]* (553.8959)553.8957.

Synthesis of 2-(2-(ethoxycarbonyl)allyl)-3-fluoroplenyl 1,1,2,2,3,3,4,4,4-nonafluorobutane-

1-sulfonate (589)
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ONf

F

3-Fluorophenyl 1,1,2,2,3,3,4,4,4-nonafluorobutarsitfonate §0; 394 mg, 1.0 mmol) dissolved
in THF (1 mL) was reacted with a solution of TMPZACI (10) (1.4 M in THF, 0.93 mL, 1.3
mmol) at 25 °C and the resulting mixture was dtire¢ this temperature for 3 h according to
TP1. Then, CuCNRLICI (1 M solution in THF, 0.1 mL, 0.1 mmol) wasided and stirred at —20
°C for 30 min. Then (2-bromomethyl)acrylate (212,rhgl mmol) was added drop wise at —20
°C and stirred to 25 °C for 3. Then, it was quewnichéth a sat. aq. NkCI solution (30 mL),
extracted with ether (3 x 50 mL) and dried overyainbus NaSQO,. After filtration, the solvent
was evaporateth vacuo Purification by flash chromatography (pentanedeth 96:4) furnished

the compoun&8g (361 mg, 72%) as a clear colourless oil.

'H NMR (300 MHz, CDCly) : 7.35 — 7.30 (m, 1 H), 7.17 — 7.10 (m, 2 H), 6.8261H), 5.24 (s,

1 H), 4.22 (qJ =7.1 Hz, 2 H), 3.76 (d] =1.5 Hz, 2 H), 1.28 (1) =7.1 Hz, 3 H).

13C (150 MHz, CDCk) &: 166.1, 161.7 (dJ (C — F)=250.8 Hz), 160.9, 148.6 (d(C — F)=7.3
Hz), 136.6, 128.8 (d] (C — F)=9.8 Hz), 125.9, 120.4 (d,(C — F)=19.9 Hz), 115.6 (dJ (C - F)

=22.4 Hz), 61.0, 41.3, 25.8 (@(C — F)=3.1 Hz), 14.1.

19F (282 MHz, CDCE) &: -80.6, -109.4, -111.1, -120.8, -125.8.

IR (ATR) |7(Cm'l): 2983, 2934, 2876, 1717, 1638, 1621, 1588, 1464514381, 1372, 1352,

1284, 1236, 1200, 1142, 1108, 1031, 996, 952, 803, 853, 787, 733, 693, 651, 624.

HRMS (ESI*) for C1¢H16F10NOs2S [M + NH,4]" (524.0589)524.0585.
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Synthesis of 1,1,2,2,3,3,4,4,4-nonafluoro-butanesitfonic acid 6-fluoro-4'-methoxy-

biphenyl-2-yl ester (58h)

OMe
ONf O
L

3-Fluorophenyl 1,1,2,2,3,3,4,4,4-nonafluorobutarsitfonate §0; 394 mg, 1.0 mmol) dissolved
in THF (1 mL) was reacted with a solution of TMPZAGCI (10) (1.4 M in THF, 0.93 mL, 1.3
mmol) at 25 °C and the resulting mixture was dtire¢ this temperature for 3 h according to
TP1. Pd(dba) (17 mg, 3 mol%), P(o-fury)(14 mg, 6 mol%) dissolved in THF (2 mL) and
mixed with 4-iodoanisole (257 mg, 1.1 mmol, 1.1 igjjwere then transferred via cannula to the
reaction mixture. The resulting mixture was stireg®5 °C for 6 h and then quenched with a sat.
ag. NH,CI solution (30 mL), extracted with ether (3 x 5Q)nand dried over anhydrous p&O,.
After filtration, the solvent was evaporat@d vacuo Purification by flash chromatography

(pentane/ether = 96:4) furnished the compdb®ia (400 mg, 80%) as brown crystals.
m.p.: 39.9 -42.3°C

'H NMR (300 MHz, CDCly) &: 7.41 — 7.30 (m, 1 H), 7.32 (dt,= 5.4, 1.3 Hz, 2 H), 7.23 — 7.17

(m, 2 H), 6.99 (dtJ = 6.7, 2.0 Hz), 3.85 (s, 3 H).

13C (75 MHz, CDCl) &: 160.4 (d,J (C — F)= 249.5 Hz), 160.0, 147.8 (d,(C — F)= 5.7 Hz),
131.7 (d,J (C - F)= 1.5 Hz), 128.8 (dJ (C — F)= 9.5 Hz), 124.8, 124.6, 120.7, 117.6 JdC —

F)= 3.9 Hz), 116.1, 115.8, 113.9, 55.2.
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19F (282 MHz, CDCE) &: -80.7, -109.8, -111.3, -121.0, -125.9.

IR (ATR) I7(Cm'l): 3007, 2968, 2939, 2842, 2554, 2058, 1920, 1774116582, 1570, 1521,
1501, 1469, 1459, 1443, 1422, 1354, 1298, 1281212332, 1200, 1188, 1178, 1143, 1156,
1112, 1036, 1076, 1022, 1006, 974, 944, 888, 834, 822, 808, 7790, 736, 726, 718, 697, 655,

636, 616.

HRMS (ESI") for C17H14F10NO,%%S [M + NHJ]* (518.0484)518.0479.

Synthesis of 6-(nonafluorobutane-1-sulfonyloxy)-3trifluoromethyl-biphenyl-2-carboxylic

acid ethyl ester (58i)

ONf ‘
O CF5
CO,Et

3-(Nonafluorobutane-1-sulfonyloxy)-benzoic acidygtbster 61; 448 mg, 1.0 mmol) dissolved
in THF (1 mL) was reacted with a solution of TMPZACI (10) (1.4 M in THF, 0.93 mL, 1.3
mmol) at 55 °C and the resulting mixture was dtire¢ this temperature for 6 h according to
TP1. Pd(dba) (17 mg, 3 mol%) and P(o-furgl{14 mg, 6 mol%) dissolved in THF (2 mL) and
mixed with 1-iodo-3-trifluoromethyl-benzene (299 m@.1 mmol, 1.1 equiv) were then
transferred via cannula to the reaction mixturee Tésulting mixture was stirred at 65 °C for 6 h
and then quenched with a sat. aq.,8Hsolution (30 mL), extracted with ether (3 x 5Q)nand

dried over anhydrous N&0O,. After filtration, the solvent was evaporatedvacuo Purification
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by flash chromatography (pentane/ether = 9:1) &lved the compouns8i (383 mg, 65%) as a

clear yellow oil.

'H NMR (300 MHz, CDClg) 8: 7.0 — 7.9 (m, 1 H), 7.7 (d, = 7.8 Hz, 1 H), 7.58 — 7.52 (m, 4

H), 7.46 (dJ = 7.7 Hz, 1 H), 4.03 (g] = 7.1 Hz, 2 H), 0.94 (§J = 7.3 Hz, 3 H).

13C (75 MHz, CDCL) &: 166.0, 147.2, 134.8, 134.3, 132.8, 132.6J¢C — F)= 265.2 Hz),

130.4, 129.9, 129.7, 128.5, 126.5 — 124.8 (m), ,GlI364.

% (282 MHz, CDCl) &: -62.9, -80.7, -109.9, -121.0, -125.9.

IR (ATR) V (cm’®): 2988, 1724, 1606, 1568, 1496, 1450, 1426, 1365318332, 1288, 1239,
1196, 1179, 1165, 1126, 1098, 1074, 1030, 1012, 942, 856, 826, 802, 768, 746, 733, 701,

686, 661, 652, 626.

HRMS (ESI*) for CaoH16F1o2NOsS [M + NH,4]* (610.0558)610.0553.

Synthesis  of  1,1,2,2,3,3,4,4,4-nonafluoro-butanesidfonic  acid  2,6-difluoro-3'-
trifluoromethyl-biphenyl-3-yl ester (58j)

NfO F

F

1,1,2,2,3,3,4,4,4-Nonafluoro-butane-1-sulfonic agid-difluoro-phenyl ester6@, 412 mg, 1.0
mmol) dissolved in THF (1 mL) was reacted with duson of TMPZnCILiCl (10) (1.4 M in
THF, 0.93 mL, 1.3 mmol) at 25 °C and the resultimgture was stirred at this temperature for 1

h according ta'P1. Pd(dba) (17 mg, 3 mol%), P(o-fury)(14 mg, 6 mol%) dissolved in THF (2
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mL) and mixed with 1-iodo-4-trifluoromethyl-benze(99 mg, 1.1 mmol, 1.1 equiv) were then
transferred via cannula to the reaction mixturee Tésulting mixture was stirred at 65 °C for 6 h
and then quenched with a sat. aq.s8Hsolution (30 mL), extracted with ether (3 x 5Q)nand
dried over anhydrous N&0O,. After filtration, the solvent was evaporatedvacuo Purification
by flash chromatography (pentane/ether = 99:1)ishied the compounsi8j (492 mg, 89%) as a

clear colourless oil.

'H NMR (300 MHz, CDCl3) &: 7.72 (d,J = 6.9 Hz, 2 H), 7.66 — 7.61 (m, 2 H), 7.40 — 7.36 {m,

H), 7.11 — 7.08 (m, 1 H).

1%C (150 MHz, CDCk) &: 158.5 (d,J (C — F)= 252.7 Hz), 158.4 (d] (C — F)= 252.7 Hz),
151.5 (d,J (C — F)= 255.8 Hz), 151.4 (d] (C — F)= 255.8 Hz), 133.9 (d] (C — F)= 14.6 Hz),
133.8 — 133.5 (m), 126.0, 125.9 (H(C — F)= 3.7 Hz), 123.4 (dJ (C — F)= 10.4 Hz), 112.21
(m).

19F (282 MHz, CDCE) &: -62.8, -80.6, -108.9, -111.7, -120.7, -125.7.

IR (ATR) |7(Cm'l): 3103, 2356, 1737, 1634, 1588, 1482, 1458, 1432318333, 1292, 1222,
1200, 1170, 1126, 1101, 1090, 1074, 1033, 1010, 924, 903, 878, 840, 816, 800, 771, 749,

740, 719, 699, 667, 652, 619.

HRMS (ESI*) for C1gH:F140:3S [M + CH,0,]* (600.9791):600.9784.

Synthesis of 1,1,2,2,3,3,4,4,4-nonafluoro-butanesitfonic acid 2,4-difluoro-3-[hydroxy-(4-
methoxy-phenyl)-methyl]-phenyl ester (58Kk)
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NfO F

N\ //

OMe

1,1,2,2,3,3,4,4,4-Nonafluoro-butane-1-sulfonic a2id-difluoro-phenyl ester6g, 412 mg, 1.0
mmol) dissolved in THF (1 mL) was reacted with duson of TMPMQCILICI (7) (1.31 M in
THF, 0.85 mL, 1.1 mmol) at —20 °C and the resultimgture was stirred at this temperature for
15 min according td@P4. Then, 3-methoxybenzaldehyde (150 mg, 1.1 mmo} added at —20
°C and the resulting mixture was allowed to warmsigwly to 25 °C for 3 h. The reaction
mixture was then quenched with a sat. aq4GlHsolution (30 mL), extracted with ether (3 x 50
mL) and dried over anhydrous pEOs. After filtration, the solvent was evaporatedvacuo
Purification by flash chromatography (pentane/eth&5:25) furnished the compoub8k (513

mg, 94%) as a yellowish oil.

'H NMR (300 MHz, CDCl3) &: 7.30 (d,J = 8.4 Hz, 2 H), 7.02 — 6.87 (m, 2 H), 6.88 (dds

6.9, 2.2 Hz, 2 H), 6.20 (s, 1 H), 3.79 (s, 3 H).

13C (75 MHz, CDCly) &: 159.5, 153.8, 133.8 (d,(C — F)= 4.1 Hz), 133.6 (dJ (C - F)= 4.1
Hz), 132.9, 132.0, 126.9, 122.8 (M(C — F)= 11.1 Hz), 122.4 — 122.1 (m), 121.9, 114.3, 114.1,

112.3 (d,J (C — F)= 25.0 Hz), 112.6 (dJ (C — F)= 25.2 Hz), 67.7, 55.3.
19F (282 MHz, CDCE) &: -80.6, -109.0, -111.6, -120.7, -125.8.
IR (ATR) V (cm’®): 3420, 3094, 3007, 2959, 2941, 2914, 2842, 18877186629, 1612, 1600,

1513, 1485, 1460, 1430, 1353, 1293, 1222, 1231]1,1P042, 1125, 1032, 1008, 980, 930, 858,

815, 796, 780, 748, 738, 715, 695, 652, 609.
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HRMS (ESI*) for C1gH1sF1:NOsS [M + NH,4]" (566.0495)566.0491.

Synthesis of  2,4-difluoro-3-(methylthio)phenyl  1,2,2,3,3,4,4,4-nonafluorobutane-1-
sulfonate (58l)

NfO F
QSMe
F

1,1,2,2,3,3,4,4,4-Nonafluoro-butane-1-sulfonic a2id-difluoro-phenyl ester6g, 412 mg, 1.0
mmol) dissolved in THF (1 mL) was reacted with duson of TMPMQCILICI (7) (1.31 M in
THF, 0.85 mL, 1.1 mmol) at —20 °C and the resultimgture was stirred at this temperature for
15 min according t@P4. Then, S-methyl methanethiosulfonate (139 mg,mniol) was added
at —20 °C and the resulting mixture was allowed/gom up slowly to 25 °C for 3 h. The reaction
mixture was then quenched with a sat. aq4GlHsolution (30 mL), extracted with ether (3 x 50
mL) and dried over anhydrous pEO,. After filtration, the solvent was evaporatedvacuo
Purification by flash chromatography (pentane/ethed9:1) furnished the compourBl (370

mg, 81%) as a clear yellow oil.
'H NMR (300 MHz, CDCls3) 8: 7.28 — 7.21 (m, 1 H), 7.00 — 6.93 (m, 1 H), 2.813(H).

13C (75 MHz, CDCly) &: 161.4 (d,J (C — F) = 250.5 Hz), 161.3 (d,(C — F) = 250.5 Hz), 154.1
(d,J (C - F) = 253.0 Hz), 154.0 (d,(C — F) = 253.0 Hz), 133.8 — 133.6 (m), 122.4)(C - F)
= 10.1 Hz), 119.4, 117.1 (d,(C - F) = 210.9 Hz), 116.7, 116.4 M(C — F) = 4.2 Hz), 115.1,

111.8 — 111.4 (m), 17.54.

% (282 MHz, CDC}) 6: -80.6, -103.3, -109.0, -116.8, -120.7, -125.8.
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IR (ATR) V (cm™): 3101, 2938, 2872, 1867, 1743, 1612, 1586, 1473114353, 1324, 1293,
1221, 1199, 1161, 1142, 1126, 1033, 1010, 977, 96Q, 875, 862, 814, 784, 748, 739, 714,

692, 653, 606.

HRMS (ESI*) for C1iHsF1:05%S, [M] * (457.9504)457.9496.

Synthesis of 2-benzoyl-4-(nonafluorobutane-1-sulfgtoxy)-benzoic acid ethyl ester (58m)

ONf

COPh
CO,Et

4-(Nonafluorobutane-1-sulfonyloxy)-benzoic acidytbster 63; 553 mg, 1.0 mmol) dissolved
in THF (1 mL) was reacted with a solution of TMPMgQCI (7) (1.31 M in THF, 0.85 mL, 1.1
mmol) at =20 °C and the resulting mixture was stirat this temperature for 3 h according to
TP4. Then, CuCNRLICI (1 M solution in THF, 1.1 mL, 1.1 mmol) wasded and stirred at —20
°C for 30 min. Benzoyl chloride (183 mg, 1.3 mmulas added dropwise at —20 °C and the
resulting mixture was allowed to warm up slowly2t® °C for 3 h. The reaction mixture was then
quenched with a sat. ag. WEl solution (30 mL), extracted with ether (3 x 5Q)and dried over
anhydrous Ng5Q,. After filtration, the solvent was evaporatedvacuo Purification by flash
chromatography (pentane/ether = 9:1) furnished dbmpound58m (360 mg, 65 %) as a

yellowish oil.

'H NMR (300 MHz, CDCl3) §: 8.17 (d,J = 8.6 Hz, 1 H), 7.76 — 7.73 (m, 2 H), 7.60Jt= 7.5

Hz, 1 H), 7.51 — 7.43 (m, 3 H), 7.31 (s, 1 H), 40 = 7.1 Hz, 2 H), 1.06 (t) = 7.1 Hz, 3 H).
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13C (75 MHz, CDCL) &: 194.2, 164.4, 151.8, 144.1, 136.3, 133.7, 13229,5], 129.4, 128.8,
122.3, 120.8, 62.1, 13.6. Observed complexity @du€-tF splitting, definitive assignments have

not been made.

19F (282 MHz, CDCE) &: -80.6, -108.4, -120.7, -125.7.

IR (ATR) |7(Cm'l): 3073, 2985, 2941, 2366, 1723, 1678, 1598, 158060,18430, 1368, 1353,
1282, 1273, 1237, 1226, 1200, 1170, 1143, 11218,10832, 1010, 975, 883, 872, 846, 785,

768, 748, 735, 696, 686, 650, 639, 612.

HRMS (ESI*) for CoH17FeNOgS [M + NH,4]* (570.0633):570.0629.

Synthesis of 1,1,2,2,3,3,4,4,4-nonafluoro-butanesidfonic acid 3-(4-methoxy-phenyl)-1-oxo-
1,3-dihydro-isobenzofuran-5-yl ester (58n)

ONf

Oﬁ
OMe

O

4-(Nonafluorobutane-1-sulfonyloxy)-benzoic acidyétaster 63; 553 mg, 1.0 mmol) dissolved
in THF (1 mL) was reacted with a solution of TMPMg®CI (7) (1.31 M in THF, 0.85 mL, 1.1
mmol) at =20 °C and the resulting mixture was stirat this temperature for 3 h according to
TP4. Then, 3-methoxybenzaldehyde (150 mg, 1.1 mmo§ added at —20 °C and the resulting
mixture was allowed to warm up slowly to 25 °C f8rh. The reaction mixture was then

quenched with a sat. ag. NEl solution (30 mL), extracted with ether (3 x 5Q)and dried over
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anhydrous Ng5QO,. After filtration, the solvent was evaporatedvacuo Purification by flash
chromatography (pentane/ether = 8:2) furnishedctirapound58n (385 mg, 72%) as a white

solid.
m.p.: 72.9-74.9 °C

'H NMR (600 MHz, CDCl3) 5: 8.04 (d,J = 8.4 Hz, 1 H), 7.46 (dd] = 6.5, 1.8 Hz, 1 H), 7.23
(d,J =2.2 Hz, 1 H), 7.15 (dd] = 6.7, 1.9 Hz, 2 H), 6.90 (d,= 2.2 Hz, 2 H), 6.39 (s, 1 H), 3.81

(s, 3 H).

13C (150 MHz, CDCH) &: 168.4, 160.8, 153.5, 151.9, 128.8, 127.9, 12&8,9, 123.0, 116.6,
114.6, 82.3, 55.4. Observed complexity due to Cglitisg, definitive assignments have not

been made.

IR (ATR) V (cm™): 3075, 3003, 2932, 2838, 1766, 1609, 1516, 1476414433, 1424, 1355,
1336, 1295, 1283, 1254, 1231, 1197, 1180, 11445,11296, 1064, 1034, 1011, 974, 946, 900,

891, 873, 858, 830, 817, 792, 783, 763, 742, 738, 702, 694, 677, 651, 612.

HRMS (ESI*) for C1gH15FeNOg*S [M + NH,]" (556.0476)556.0473.

Synthesis of 5-(nonafluorobutane-1-sulfonyloxy)-bipenyl-2,4'-dicarboxylic acid diethyl
ester (580)

ONf

O

CO,Et
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4-(Nonafluorobutane-1-sulfonyloxy)-benzoic acidytaster 63; 553 mg, 1.0 mmol) dissolved
in THF (1 mL) was reacted with a solution of TMPMgQCI (7) (1.31 M in THF, 0.85 mL, 1.1
mmol) at =20 °C and the resulting mixture was stirat this temperature for 3 h according to
TP4. Then, ZnC (1 M solution in THF, 1.1 mL, 1.1 mmol) was added the resulting mixture
was allowed to warm up slowly to 25 °C for 1 h. dti{} (17 mg, 3 mol%), P(o-fury)(14 mg,

6 mol%) dissolved in THF (2 mL) mixed with ethyliddobenzoate (304 mg, 1.1 mmol, 1.1
equiv) were then transferred via cannula to thetr@a mixture. The resulting mixture was
stirred at 65 °C for 6 h and then quenched witataay. NHCI solution (30 mL), extracted with
ether (3 x 50 mL) and dried over anhydrous®@. After filtration, the solvent was evaporated
in vacuo Purification by flash chromatography (pentanedeth 87:13) furnished the compound

580(385 mg, 65 %) as yellowish oil.

'H NMR (300 MHz, CDCl3) &: 8.09 (ddJ = 8.2, 1.6 Hz, 2 H), 7.96 (d,= 8.6 Hz, 1 H), 7.39 —
7.35 (m, 3H), 7.26 (d] = 2.6 Hz, 1 H), 4.41 (q) = 7.1 Hz, 2 H), 4.11 (¢) = 7.1 Hz, 2 H), 1.41

(t,J=7.1Hz, 3H),1.02 () =7.1, 3 H).

13C (75 MHz, CDCL) &: 166.6, 166.2, 151.0, 144.3, 132.3, 131.2, 132,53 128.3, 123.3,
120.5, 61.6, 61.2, 14.3, 13.7. Observed compledity to C—F splitting, definitive assignments

have not been made.

19F (282 MHz, CDCE) &: -80.6, -108.6, -120.8, -125.7.

IR (ATR) V (cm™®): 3075, 2985, 2942, 2908, 1716, 1604, 1581, 1568714429, 1368, 1353,
1274, 1237, 1200, 1143, 1124, 1099, 1034, 1018, 84D, 776, 748, 737, 713, 697, 673, 653,

632, 612.

HRMS (ESI*) for C2H1FoNO7%%S [M + NH,4]* (614.0895):614.0891.
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Synthesis of 2-benzoyl-4-(3-ethoxycarbonyl-propylpenzoic acid ethyl ester (65)

CO,Et

EtO,C
COPh

4-Nonafluorobutane-1-sulfonyloxy)-benzoic acid étbster 68m; 276 mg, 0.5 mmol), Pd(dba)
(15 mg, 5 mol %) and dppf (14 mg, 5 mol %) dissdlwe THF (2 mL) were transferred via
cannula to a solution with 4-ethoxy-4-oxybutylzimomide 64) (0.67 M in THF, 1.1 mL, 0.75
mmol) and the resulting mixture was stirred at @7for 8 h. The reaction mixture was then
quenched with a sat. ag. WEl solution (30 mL), extracted with ether (3 x 5Q)and dried over
anhydrous Ng5QO,. After filtration, the solvent was evaporatedvacuo Purification by flash
chromatography (pentane/ether = 55:45) furnishexl dbmpound65 (145 mg, 79%) as a
yellowish oil.

'H NMR (300 MHz, CDCl3) 6: 7.99 (dJ=8.0Hz,1H), 7.76 = 7.73 (m, 2 H), 7.56 — 7.51 {m,
H), 7.44 — 7.36 (m, 3 H), 7.19 (s, 1 H), 4.08 (dg; 7.3, 7.1 Hz, 4 H), 2.74 (8, = 7.7 Hz, 2 H),
2.33 (t,J = 7.5 Hz, 2 H), 2.02 = 1.92 (m, 2 H), 1.23X& 7.1 Hz, 3 H), 1.02 (t) = 7.1 Hz, 3 H).
3¢ (75 MHz, CDCl) 6: 197.1, 173.1, 165.8, 146.7, 142.0, 137.3, 13B30,.4, 129.5, 129.3,
128.5, 127.6, 127.1, 61.3, 60.4, 35.0, 33.5, ZK@®, 13.6.

IR (ATR) V (cm®): 3631, 3449, 3332, 3061, 3028, 2981, 2938, 2907228716, 1673, 1603,
1508, 1580, 1512, 1476, 1449, 1415, 1390, 13684,18277, 1206, 1176, 1138, 1085, 1048,
1024, 1002, 973, 934, 905, 852, 834, 782, 703, 688, 616.

HRMS (ESI™) for C2H2:05 [M + H] * (369.1702)369.1697.

Synthesis of 6-(3-methoxy-benzyl)-4'-trifluoromethy:biphenyl-2,4-dicarboxylic acid diethyl
ester (67)

O O CF3
EtO,C | CO,Et
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6-(Nonafluorobutane-1-sulfonyloxy)-4'-trifluorometkbiphenyl-2,4-dicarboxylic acid diethyl
ester 8¢ 332 mg, 0.5 mmol) and PEPPSI (6.8 mg, 2 mol %pwiessolved in THF (2 mL) and
transferred via cannula to a solution with 3-metiphenyl-1-methylzinc chloride6g) (0.78 M

in THF, 0.96 mL, 0.75 mmol) and the resulting mnetwvas stirred at 25 °C for 3 h. The reaction
mixture was then quenched with a sat. aq4Glksolution (30 mL), extracted with ether (3 x 50
mL) and dried over anhydrous pBO,. After filtration, the solvent was evaporatedvacuo
Purification by flash chromatography (DCM) furnishthe compound?7 (177 mg, 73%) as a
clear colourless oil.

'H NMR (300 MHz, CDCls) &: 8.43 (d,J = 1.7 Hz, 1 H), 8.11 (d) = 1.9 Hz, 1 H), 7.56 (d] =
8.0 Hz, 2 H), 7.15 (d) = 7.9 Hz, 2 H), 7.75 () = 7.9 Hz, 1 H), 6.68 (dd] = 7.7, 2.6 Hz, 1 H),
6.38 (d,J = 7.5 Hz, 1 H), 6.30 (s, 1 H), 4.40 &= 7.1 Hz, 2 H), 4.00 (o) = 7.3 Hz, 2 H), 3.77
(s, 2 H),3.69 (s,3H), 1.40 ,=7.1 Hz, 3 H), 0.93 () =7.3 Hz, 3 H).

3¢ (75 MHz, CDCl) 6: 167.1, 165.5, 159.6, 144.6, 142.8, 141.2, 14032.2, 132.6, 130.3,
129.9, 129.3, 129.1, 124.7 @(C — F)= 3.6 Hz), 124.1 (dJ (C — F)= 271.9 Hz), 121.0, 119.8,
114.5,111.5, 61.4, 61.2, 55.0, 39.4, 14.3, 13.5.

IR (ATR) V (cm®): 2983, 2940, 2838, 1719, 1600, 1585, 1490, 146564,14439, 1405, 1392,
1368, 1322, 1242, 1223, 1161, 1121, 1107, 10670,10624, 1006, 951, 923, 862, 842, 770,
724, 689, 657, 619.

HRMS (ESI*) for C7H20FsNOs [M + H] * (504.1998)504.1991.

3.4. Directedortho- and metaMagnesiation of PolyfunctionalN-Aryl and N-

Heteroaryl Trifluoroacetylamides

3.4.1. Starting Material Synthesis

Synthesis ofN-(3-chlorophenyl)-2,2,2-trifluoroacetamide (83)
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=0

HN” “CF,

Cl

Prepared according P8 from 3-chloroaniline (2.55 g, 20.0 mmol, 1.0 equiRurification of
the crude product by flash chromatography (SELO/iHex = 7:3) afforded3 as a white solid
(4.07 g, 91%). Spectral data were in full accoréamsth those reported in the literature: J.
Salazar, S. E. Lopez, O. Rebollo Fluorine Chem2003 124, 111.

Synthesis ofN-(3,5-dichlorophenyl)-2,2,2-trifluoroacetamide (111

0
N

HN” “CF,

Cl Cl

Prepared according fBP8 from 3,5-dichloroaniline (4.86 g, 30.0 mmol, 1quev). Purification
of the crude product by flash chromatography SiBex/EtO = 7:3) affordedl11 as a white
solid (6.76 g, 87%).

mp.: 119.5 - 121.0 °C.

'H-NMR (CDCl 3, 300 MHz)$: 8.05 (s, 1 H, NH), 7.53 (d,= 1.9 Hz, 2 H), 7.23 (] = 1.9 Hz,
1 H).

13C-NMR (CDCl3, 75 MHz) é: 155.0 (qJ (C — F) = 38.1 Hz), 136.7, 135.8, 126.6, 118.%.41
(9,3 (C—F)=288.7 Hz).

IR (ATR) V (cmY): 3293, 3202, 3144, 1706, 1617, 1590, 1555, 14182,18298, 1257, 1154,
1116, 908, 852, 805, 742, 696, 666.

MS (EI, 70 eV) m/z (%): 257 (100), 1°CI-M™], 190 (46), 188 (75), 162 (32), 160 (39), 145 (28)
133 (14).

HRMS (EI) for C gH4>°CI,F3sNO (256.9622)256.9632.
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Synthesis of ethyl 3,5-dibromo-4-[(trifluoroacetylamino]benzoate (112)

0]
HNJ\CF3
Br Br

CO,Et

Prepared according f6P8 from ethyl 4-amino-3,5-dibromobenzoate (12.92 @04mmol, 1.0
equiv). Purification of the crude product by flashromatography (Sif) iHex/EtO = 6:4)
afforded112as a white solid (14.98 g, 90%).

mp.: 144.7 — 146.4 °C.

'H-NMR (CDCI 3, 300 MHz) : 8.20 (s, 2 H), 8.08 (s, 1 H, NH), 4.38 (= 7.2 Hz, 2 H), 1.39
(t, J=6.9 Hz, 3 H).

13C-NMR (CDCl3, 75 MHz) : 163.4, 154.7 (9] (C — F) = 38.1 Hz), 135.5, 133.4, 132.8, 123.2,
115.6 (gJ (C — F) = 288.4 Hz), 62.2, 14.2.

IR (ATR) V (cm): 3268, 1742, 1705, 1528, 1378, 1287, 1251, 1210811112, 1014, 898,
865, 828, 765, 748, 691.

MS (El, 70 eV) m/z (%): 419 (9) [°Br-M™], 374 (13), 343 (97), 341 (100), 315 (26), 313)(26
HRMS (El) for C 11Hg"*BroFsNO; (416.8823):416.8826.

Synthesis ofN-(3-cyanophenyl)-2,2,2-trifluoroacetamide (113)

0
A

HN” >CF,

CN
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Prepared according T@P8 from 3-aminobenzonitrile (2.36 g, 20.0 mmol, 1qu). Purification
of the crude product by flash chromatography ¢SiBex/EtOAc = 9:1) afforded13 as a white
solid (3.94 g, 92%).

mp.: 175.8 — 177.2 °C.

IR (ATR) l7(cm'l): 3273, 3119, 2246, 1726, 1619, 1594, 1567, 1480214327, 1287, 1278,
1260, 1208, 1185, 1169, 1148, 1138, 1129, 1104, 995 896, 888, 799, 746, 718, 680.

MS (El, 70 eV) m/z (%): 214 (100) {°Br-M*], 145 (70), 117 (32), 102 (27), 90 (15).

HRMS (El) for C ¢HsF3N,O (214.0354)214.0345.

'H-NMR and®*C-NMR spectral data were in full accordance withsereported in the literature:
C.-Z.Tao, J. Li, Y. Fu, L. Liu, Q. -X. Gud,etrahedron Lett2008 49, 70.

Synthesis ofN-(3-chloro-4-cyanophenyl)-2,2,2-trifluoroacetamidg114):

0
X

HN" “CF,

Cl
CN

Prepared according tdP8 from 4-amino-2-chlorobenzonitrile (6.10, 40.0 mml0 equiv).
Purification of the crude product by flash chrongaéphy (SiQ, iHex/EtOAc = 9:1) afforded
114 as a white solid (4.87 g, 98%).

m.p.: 107.0 — 109.0 °C.

'H-NMR (CDCl 5, 300 MHz) 8: 8.20 (s, 1 H, NH), 7.93 (d,= 2.1 Hz, 1 H), 7.71 (dl = 8.6 Hz,
1 H), 7.60 (ddJ = 8.6, 2.1 Hz, 1 H).
13C-NMR (CD30, 100 MHz)$: 157.0 (q,J (C — F) = 38.5 Hz), 143.2, 138.3,136.0, 122.4,.320

116.9 (q,J (C — F) = 287.5 Hz), 116.5, 110.3.
MS (El, 70 eV) m/z (%): 248 (100) {°CI-M*], 153 (14).
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IR (ATR) v (cmi'): 3294, 2236, 1736, 1597, 1535, 1493, 1406, 1298),12220, 1206, 1194,

1156, 1146, 1133, 1054, 930, 892, 877, 829, 71D, 688.

HRMS (EI) for C gH4ON,**CIF5 (247.9964):247.9969.

Synthesis ofN-[2-chloro-5-(trifluoromethyl)phenyl]-2,2,2-trifluo roacetamide (118)

o)
FSCJ\NH
cl

CFs

Prepared according t6P8 from 2-chloro-5-5-(trifluoromethyl)aniline (3.91, 0.0 mmol, 1.0
equiv). Purification of the crude product by flashromatography (Si§) iHex/DCM = 7:3)
afforded118as a white solid (5.60 g, 96%).

m.p.: 78.8 — 80.03 °C

'H-NMR (CDCl 3, 300 MHz) 8: 8.66 (d,J = 1.8 Hz, 1 H), 8.49 (s, 1H, NH), 7.59 (= 8.4 Hz,

1 H), 7.46 (ddJ = 8.4 Hz, 1.8, 1H).

3C-NMR (CDCl3, 75 MHz) &: 154.8 (q,J (C — F) = 38.2 Hz), 132.7, 130.8 (@ 33.6 Hz),
129.97, 127.11 (d] (C — F) = 1.3 Hz), 123.4 (d,(C — F) = 3.8 Hz), 123.1 (§,(C - F) = 272.6

Hz), 118.76 (qJ (C — F) = 4.0 Hz), 115.4 (4,(C — F) = 288.6 Hz).

MS (El, 70 eV) m/z (%): 292 (9) f°CI-M*], 204 (23), 202 (100), 43 (14).

IR (ATR) V (cm®): 3270, 1719, 1614, 1589, 1544, 1479, 1427, 1328612264, 1238, 1178,
1158, 1141, 1118, 1082, 1054, 954, 936, 908, 882, B56, 735, 716, 697.

HRMS (EI) for C gH4ON,>*CIF5 [M+H] * (291.9964)2291.9955.
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Synthesis of methyl 3,5-dibromo-4-[(trifluoroacetyjaminolbenzoate (119)

0]
HNJ\CF3
Br Br

CO,Me

Prepared according foP8 from methyl 4-amino-3,5-dibromobenzoate (6.2@@0 mmol, 1.0
equiv). Purification of the crude product by flashromatography (Si§) iHex/EtO = 6:4)
afforded119as a white solid (17.45 g, 92%).

mp.: 114.8 - 116.5 °C.

'H-NMR (CDCl 3, 300 MHz) 8: 8.24(s, 2 H), 7.92 (s, 1 H, NH), 3.94 (s, 3 H).

13C-NMR (CDCl3, 75 MHz) 6: 163.4, 154.2 (q) (C — F) = 38.5 Hz), 135.1, 133.1, 132.0, 122.8,
115.2 (dJ (C — F) = 288.4 Hz), 52.6.

IR (ATR) |7(cm‘l): 3221, 3076, 2362, 1726, 1566, 1532, 1436, 13883,12202, 1159, 1125,
978, 918, 898, 763, 745, 696.

MS (El, 70 eV) m/z (%): 405 (10) [*Br-M*], 374 (9), 327 (10), 326 (98), 325 (10), 324 (100)
HRMS (EI) for C 10Hg “BrFsNO3 (402.8667)402.8657.

Synthesis of 2, 2, 2-trifluoroN-pyridin-3-ylacetamide (120)

NH
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Prepared according P8 from 3-aminopyridine (1.88 g, 20.0 mmol, 1.0 equRurification of
the crude product by flash chromatography ¢(SEYOAc) affordedl20 as a white solid (3.51 g,
92%).

mp.: 128.0 — 130.6 °C.

'H-NMR (DMSO-d6, 400 MHz) &: 11.49 (s, 1 H, NH), 8.83 (s, 1 H), 8.42 Jc; 4.7 Hz, 1 H),
8.07 (d,J = 8.4 Hz, 1 H), 7.44 (4l = 4.7 Hz, 1 H).

3C-NMR (DMSO0-d6, 100 MHz) 8: 154.9 (qJ (C — F) = 37.4 Hz), 146.5, 142.5, 133.2, 128.4,
123.8, 115.6 (qJ (C — F) = 288.5 Hz).

IR (ATR) V (cm™): 2770, 1719, 1625, 1595, 1563, 1480, 1436, 1328612209, 1194, 1168,
1147, 1132, 1049, 1023, 884, 846, 813, 755, 734, 70

MS (EI, 70 eV) miz (%): 190 (100) [M], 121 (22), 78 (28).

HRMS (EI) for C 7HsFsN,O (190.0354):190.0334.

Synthesis ofN-(2-chloropyridin-3-yl)-2,2,2-trifluoroacetamide (123)

Prepared according tdP8 from 3-amino-2-chloropyridine (3.86 g, 30.0 mmal0 equiv).
Purification of the crude product by flash chrongaéphy (SiQ, DCM) afforded123 as a white
solid (6.28 g, 93%).

mp.: 110.4 — 112.6 °C.

'H-NMR (CDCI 3, 300 MHz) 5: 8.66 (dd,J = 8.0, 1.6 Hz, 1 H), 8.42 (s, 1 H, NH), 8.24 Jc&&

5.0 Hz, 1 H) 7.34 (q] = 4.7 Hz, 1 H).

3C-NMR (CDCl3, 75 MHz) : 155.1 (gJ (C — F) = 38.1 Hz), 146.0, 140.8, 129.5, 129.8.52
115.2 (qJ (C — F) = 288.4 Hz).

IR (ATR) V (cmi): 3144, 2851, 1728, 1543, 1421, 1340, 1288, 12481,12139, 1086, 912,
856, 807, 747, 726, 692.
MS (El, 70 eV) m/z (%): 224 (39) {°CI-M*], 189 (100), 119 (33), 91 (12).



C.EXPERIMENTAL SECTION 141

HRMS (El) for C 7H,**CIF3N,0 (223.9964)223.9968.

Synthesis of 2,2,2-trifluoroN-pyrazin-2-ylacetamide (124)

FsC._O
N. _NH
N

LT
N

Prepared according fbP8 from aminopyrazine (2.85 g, 30.0 mmol, 1.0 equRdyrification of
the crude product by flash chromatography SIOCM/EtOAc = 1:1) afforded 24 as a yellow
solid (4.35 g, 76%).

mp.: 210.6 — 212.6 °C.

'H-NMR (DMSO-d6, 400 MHz) &: 12.32 (s, 1 H, NH), 9.18 (s, 1 H), 8.54 — 8.53 ).
3C-NMR (DMSO0-d6, 100 MHz) §: 155.5 (qJ (C — F) = 38.4 Hz), 147.1, 143.2, 142.1, 138.1,
115.7 (gqJ (C — F) = 288.3 Hz).

IR (ATR) l7(cm‘l): 3180, 3109, 2995, 2928, 1729, 1599, 1560, 14599,14342, 1298, 1276,
1207, 1144, 1060, 1018, 893, 857, 809, 739.

MS (El, 70 eV) m/z (%): 191 (78), [M], 122 (36), 88 (15), 79 (37), 70 (15), 61 (17),(34), 43
(100).

HRMS (EI) for C ¢H4F3N30 (191.0306):191.0299.

3.5.2. Metalations with TMPMgCIMICI (7) or TMP ;Mg2LiCl (9)

Synthesis ofN-(2-allyl-3-chlorophenyl)-2,2,2-trifluoroacetamide(117a)
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Prepared according toP9 from N-(3-chlorophenyl)-2,2,2-trifluoroacetamid8 (224 mg, 1.0
mmol, 1.0 equiv) with TMEMg-2LIiCIl (9) (0.76 M in THF, 1.3 mmol, 1.3 equiv) and allyl
bromide (133 mg, 1.1 mmol, 1.1 equiv) accordingrRil2. Metalation conditions: 25 °C, 5 h.
Purification of the crude product by flash chrongaéphy (SiQ, iHex/DCM = 7:3) afforded
117aas a yellow solid (169 mg, 64%).

mp.: 80.3 — 82.3 °C.

'H-NMR (CDCl 3, 300 MHz) 5: 8.08 (s, 1 H, NH), 7.81 (dd,= 8.0, 1.1 Hz, 1 H), 7.35 — 7.22
(m, 2 H), 5.99 - 5.86 (m, 1 H), 5.26 — 5.07 (m,)2 #3163 (dJ = 6.1 Hz, 2 H).

¥C-NMR (CDCl3, 75 MHz) &: 154.9 (g (C — F) = 37.6 Hz), 134.9, 133.7, 128.6, 128.3.92
122.1,117.7, 117.3, 115.8 JdC — F) = 288.7 Hz), 33.2.

IR (ATR) V (cmY): 3244, 1706, 1577, 1542, 1446, 1344, 1263, 1152, 992, 913, 784, 745,
659.

MS (El, 70 eV) m/z (%): 264 (14), {°CI-M™], 263 (100), 196 (26), 194 (71), 168 (29), 166)(89
164 (21), 159 (12), 153 (19), 131 (51), 130 (43F (27), 103 (11), 77 (13).

HRMS (EI) for C 1;H¢>>CIF3NO (263.0325)263.0319.

Synthesis ofN-(6-chloro-4'-methylbiphenyl-2-yl)-2,2,2-trifluoroacetamide (117b)

O

N

F2C” “NH O Me
‘ cl

Prepared according toP9 from N-(3-chlorophenyl)-2,2,2-trifluoroacetamid8 (448 mg, 2.0
mmol, 1.0 equiv) with TMEMg-2LIiCl (9) (0.76 M in THF, 2.6 mmol, 1.3 equiv) and 4-
iodotoluene (480 mg, 2.2 mmol, 1.1 equiv) accordm@P10. Metalation conditions: 25 °C, 5 h.
Purification of the crude product by flash chrongaéphy (SiQ, iHex/EtOAc = 92:8) afforded
117bas a yellow oil (402 mg, 64%).

H-NMR (CDCl 3, 300 MHz)o: 8.28 (q,J =4.4 Hz, 1 H), 7.72 (s, 1 H, NH), 7.38 — 7.32 én,
H), 7.16 (d,J = 8.3 Hz, 2 H), 2.45 (s, 3 H).
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3C-NMR (CDCl3, 75 MHz) &: 154.3 (dJ (C — F) = 37.4 Hz), 139.3, 134.6, 134.2, 131.%5.33
130.2, 129.4, 129.3, 126.8, 115.4JdC — F) = 289.2 Hz), 118.8, 21.4.

IR (ATR) V (cm): 3389, 1735, 1600, 1579, 1534, 1440, 1331, 12786,11132, 1006, 910,
892, 882, 818, 785, 741, 728.

MS (EI, 70 eV) miz (%): 314 (13), 1°CI-M*], 313 (100), 244 (10), 180 (11).

HRMS (EI) for C 1sH1,°°CIFsNO (313.0481):313.0487.

Synthesis ofN-(3,5-dichloro-2-iodophenyl)-2,2,2-trifluoroacetamde (117c)

@)
HNJ\CFg
I

Cl Cl

Prepared according P9 from N-(3,5-dichlorophenyl)-2,2,2-trifluoroacetamidd.1 (258 mg,
1.0 mmol, 1.0 equiv) with TMPMgCI-LiCI7§ (1.10 M in THF, 1.2 mmol, 1.2 equiv) and neat
iodine (279 mg, 1.1 mmol, 1.1 equiv). Metalatiomdiions: 25 °C, 4 h. The reaction mixture
was quenched with sat. ag. #820; and extracted with EtOAc (3 x 25 mL). The combined
organic layers were washed with sat. ag. NaCl aretl bver NaSQO. Purification of the crude
product by flash chromatography (Si@Hex/EtO = 9:1) affordedl17cas a yellow solid (275
mg, 72%).

mp.: 115.0 — 116.7 °C.

'H-NMR (CDCl 3, 300 MHz) &: 8.49 (s, 1 H, NH), 8.23 (d} = 2.5 Hz, 1 H), 7.39 (d] = 2.77
Hz, 1 H).

3C-NMR (CDCl3, 100 MHz) 8: 154.9 (q,J (C — F) = 38.4 Hz), 140.1, 138.3, 136.2, 126.5,
119.6, 115. 3 (dJ = 288.7 Hz), 93.0.

IR (ATR) V (cm™): 3260, 2361, 1713, 1562, 1531, 1402, 1388, 1338012192, 1156, 1018,
941, 917, 857, 810, 746.

MS (El, 70 eV) m/z (%): 384 (<3), f°CI-M"], 383 (27), 258 (57), 256 (100), 236 (20), 159)(13
HRMS (El) for C gH3>°CI,F3INO (382.8588):382.8588.
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Synthesis of ethyl 2-{2,4-dichloro-6-[(trifluoroaceyl)amino]benzyl}acrylate (117d)

0]

J

HN” “CF,
CO,Et

Cl Cl

Prepared according f6P9 from N-(3,5-dichlorophenyl)-2,2,2-trifluoroacetamidd 1 (258 mg,
1.0 mmol, 1.0 equiv) with TMPMQgCI-LiCI7§ (1.10 M in THF, 1.2 mmol, 1.2 equiv) and ethyl
(2-bromomethyl)acrylate (211 mg, 1.1 mmol, 1.1 gjuaccording to TP12 Metalation
conditions: 25 °C, 4 h. Purification of the crudeoguct by flash chromatography (SiO
iHex/ExO = 9:1) affordedl17das a white solid (256 mg, 70%).

mp.: 83.5 - 85.3 °C.

'H-NMR (CDCl 3, 300 MHz) &: 10.93 (s, 1 H, NH), 7.73 (d,= 1.9 Hz, 1 H), 7.29 (d] = 2.1
Hz, 1 H), 6.46 (s, 1 H), 6.17 (d=1.2 Hz, 1 H), 4.20 (g1 = 7.1 Hz, 2 H), 3.67 (s, 2 H), 1.28 (t,
J=7.1Hz, 3H).

3C-NMR (CDCIl3, 100 MHz) &: 168.7, 155.9 (q) (C — F) = 38.1 Hz), 136.7, 135.7, 135.2,
133.5, 131.6, 127.9, 127.5, 123.9, 115.6)((C — F) = 288.4 Hz), 62.1, 31.5, 13.9.

IR (ATR) V (cm): 3170, 2992, 1726, 1683, 1626, 1569, 1527, 1472018410, 1376, 1339,
1309, 1260, 1218, 1190, 1155, 1132, 1092, 1014, 983, 895, 858, 847, 821, 780, 737, 706,
653.

MS (El, 70 eV) m/z (%): 369 (12), °CI-M™], 334 (12), 324 (19), 288 (26), 230 (15), 227 (15)
226 (100), 198 (83).

HRMS (El) for C 14H15>°Cl,FsNO3 (369.0146):369.0137.

Synthesis ofN-(2-bromo-3, 5-dichlorophenyl)-2, 2, 2-trifluoroacéamide (117¢)

0]
F3C)J\NH
Br

Cl Cl
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Prepared according P9 from N-(3,5-dichlorophenyl)-2,2,2-trifluoroacetamidé1 (1.03 g, 4.0
mmol, 1.0 equiv) with TMPMgCI-LiCI{) (1.10 M in THF, 4.8 mmol, 1.2 equiv) at 25 °C fbr
h. Neat 1, 2-dibromotetrachloroethane (1.43 g,mmdol, 1.1 equiv) was added at 0 °C, stirred
for 2 h. Then, the reaction mixture was quencheti gat. ag. NECIl and extracted with EtOAc
(3 x 25 mL). The combined organic layers were wdshgth sat. ag. NaCl and dried over
NaSO,. Purification of the crude product by flash chrooggaphy (SiQ, iHex/DCM = 9:1)
afforded117eas a white solid (905 mg, 68%).

mp.: 97.3 — 99.6 °C.

'H-NMR (CDCl 3, 300 MHz) &: 8.54 (s, 1 H, NH), 8.34 (d,= 2.5 Hz, 1 H), 7.38 (d] = 2.5 Hz,

1 H).

3C-NMR (CDCl3, 75 MHz) §: 154.3 (dJ (C — F) = 38.1 Hz), 135.5, 134.9, 134.4, 126.8.51
113.0 (gJ (C — F) = 288.7 Hz), 112.4.

IR (ATR) V (cm’): 3266, 1715, 1570, 1533, 1416, 1394, 1335, 12680,11156, 1034, 944,
919, 859, 818, 764, 748, 689.

MS (El, 70 eV) m/z (%): 337 (29) {°CI-M*], 335 (18), 260 (11), 258 (65), 256 (100), 238)(11
236 (15), 159 (11).

HRMS (EI) for C gH3"*Br®*CI,FsNO (334.8727):334.8710.

Synthesis ofN-(2-bromo-3,5-dichloro-6-iodophenyl)-2,2,2-trifluoroacetamide (117f)

Jis
F;C~ "NH
| Br

Cl Cl

Prepared according t6P9 from N-(3,5-dichlorophenyl)-2,2,2-trifluoroacetamidd. 7e (1.03 g,
4.0 mmol, 1.0 equiv) with TMPMgCI- LiCI7§ (1.10 M in THF, 4.8 mmol, 1.2 equiv) at 25 °C for
4 h. Neat iodine (280 mg, 1.1 mmol, 1.1 equiv) wdded at 0 °C and stirred to 25 °C for 30 min.
Then, the reaction mixture was quenched with sptNaS,03 and extracted with EtOAc (3 x 25

mL). The combined organic layers were washed wéh ag. NaCl and dried over p&O,.
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Purification of the crude product by flash chrongaéphy (SiQ, i-Hex/DCM = 1:1) afforded
117fas a yellow solid (318 mg, 69%).

mp.: 143.6 — 145.6 °C.

'H-NMR (CDCl 5, 300 MHz) 8: 7.65 (s, 1 H)

13C-NMR (CDCl3, 75 MHz) §: 154.6 (dJ (C — F) = 38.7 Hz), 139.5, 137.8, 136.7, 129.9,.12
113.7 (qJ (C — F) = 288.7 Hz), 102.4.

IR (ATR) V (cm): 3203, 3052, 1725, 1554, 1527, 1388, 1364, 13387,11163, 1053, 951,
913, 866, 842, 751, 696.

MS (El, 70 eV) m/z (%): 463 (23) $°CI-M*], 461 (13), 384 (44), 382 (68), 338 (44), 337 (12)
336 (100), 334 (58), 316 (14), 255 (14), 239 (128 (13), 127 (12), 122 (10).

HRMS (EI) for C gH,"*Br*CI,FsNO (460.7694)460.7693.

Synthesis ofN-[3,5-dichloro-2-(methylthio)phenyl]-2,2,2-trifluor oacetamide (1179)

ji
FsC NH
SMe

Cl Cl

Prepared according P9 from N-(3,5-dichlorophenyl)-2,2,2-trifluoroacetamidé1 (1.03 g, 4.0
mmol, 1.0 equiv) with TMPMgCI-LIiCI®) (1.10 M in THF, 4.8 mmol, 1.2 equiv) at 25 °C for
h. Neat S-methyl methanethiolsulfonate (245 mgdmdol, 1.1 equiv) was addead at

—20 °C and stirred for 2 h. Then, the reaction orxtwas quenched with sat. aq. J0Hand
extracted with EtOAc (3 x 25 mL). The combined aigdayers were washed with sat. ag. NaCl
and dried over N&Oi. Purification of the crude product by flash chroogaaphy (SiQ,
iHex/ExO = 9:1) afforded.17gas a yellow solid (925 mg, 76%).

mp.: 73.6 — 75.4 °C.

'H-NMR (CDCl 3, 300 MHz) 5: 9.83 (s, 1 H, NH), 8.46 (d,= 2.1 Hz, 1 H), 7.35 (d] = 2.1 Hz,
1 H), 2.35 (s, 3 H).

3C-NMR (CDCl3, 75 MHz) &: 154.8 (qJ (C — F) = 38.1 Hz), 141.1, 139.5, 136.7, 126.2.32
118.5, 115.5 (dJ (C — F) = 288.7 Hz), 18.2.



C.EXPERIMENTAL SECTION 147

IR (ATR) V (cm™): 3309, 1714, 1564, 1531, 1398, 1326, 1262, 1148, 912, 861, 854, 825,
753, 746, 714.

MS (El, 70 eV) m/z (%): 303 (100), °CI-M*], 258 (33), 256 (58), 236 (83), 234 (72), 221 (17)
219 (25), 216 (17), 191 (15), 170 (17), 156 (15)(16).

HRMS (El) for C gHe>°CIoFsNO>?S (302.9499)302.9482.

Synthesis of [2-amino-4,6-dichloro-3-(methylthio)pknyl](4-chlorophenyl)methanone (117h)

NH,

O
“L
Cl Cl Cl

Prepared according BP9 from N-[3,5-dichloro-2-(methylthio)phenyl]-2,2,2-trifluoacetamide
1179 (700 mg, 2.3 mmol, 1.0 equiv) with TMPMQgCI-LiCI)((1.10 M in THF, 2.8 mmol, 1.2
equiv) and 4-chlorobenzoyl chloride (443 mg, 2.58&ah 1.1 equiv) according t@P11
Metalation conditions: 25 °C, 4 h. Purification thie crude product by flash chromatography
(SIO,, iHex/EtOAC = 9:1) afforded17has a white solid (645 mg, 81%).

mp.: 177.6 — 179.4 °C.

'H-NMR (CDCl 3, 600 MHz) &: 9.80 (s, 1 H, NH), 8.69 (d,= 2.2 Hz, 1 H), 7.87 (dl = 8.8 Hz,

2 H), 7.50 (d,J = 8.8 Hz, 2 H), 2.36 (s, 3 H).

3C-NMR (CDCl3, 100 MHz) &: 164.1, 141.9, 140.6, 138.8, 136.6, 132.6, 12828,5, 124.8,
121.2,118.0, 18.3.

IR (ATR) V (cm®): 3294, 1652, 1567, 1557, 1513, 1484, 1407, 13880,12277, 1243, 1178,
1123, 1092, 1014, 978, 940, 902, 846, 818, 752, 742

MS (El, 70 eV) m/z (%): 347 (18) f°CI, 3*s-M"], 345 (17), 302 (25), 301 (12), 300 (68), 299
(14), 298 (70), 139 (100), 111 (37).

HRMS (EI) for C 14H10>°CIsNO®S (344.9549)344.9531.

Synthesis ofN-[6-chloro-2-(methylthio)-3-(trifluoromethyl)phenyl ]-2,2,2-trifluoroacetamide
(217i)
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FsC~ "NH
Cl SMe

CF,

Prepared according P9 from N-[2-chloro-5-(trifluoromethyl)phenyl]-2,2,2-triflumacetamide
118 (583 mg, 2.0 mmol, 1.0 equiv) with TM¥g-2LIiCI (9) (0.76 M in THF, 1.3 mmol, 1.3
equiv) at 25 °C for 8 h. Neat S-methyl methanethiibnate (245 mg, 2.2 mmol, 1.1 equiv) was
addead at —20 °C, stirred for 2h and quenched sathag. NHCI and extracted with EtOAc (3 x
25 mL). The combined organic layers were washet satt. aq. NaCl and dried over JS&.
Purification of the crude product by flash chrongagphy (SiQ, iHex/DCM = 7:3) afforded 17i
as a yellow solid (505 mg, 75%).

mp.: 148.4 — 150.1 °C.

'H-NMR (CDCl 3, 300 MHz) &: 8.23 (s, 1 H, NH), 7.79 (d,= 8.6 Hz, 1 H), 7.63 (d] = 8.6 Hz,

1 H), 2.28 (s, 3 H).

3C-NMR (CDCl3;, 75 MHz) &: 155.4 (qJ (C — F) = 38.1 Hz), 136.8, 134.9, 134.4, 134.0,.23
127.2 (9J (C - F) = 5.6 Hz), 122.8 (d,(C — F) = 273.8 Hz), 115.7 (4,(C — F) = 288.3 Hz),
19.8.

IR (ATR) |7(cm‘l): 3196, 3053, 1711, 1575, 1535, 1401, 1320, 1245311126, 1100, 972,
943, 905, 833, 809, 769, 732, 667.

MS (El, 70 eV) m/z (%): 338 (12), °CI-M™], 337 (100), 290 (44), 252 (12), 250 (16), 238)(17
222 (14), 220 (33), 170 (14).

HRMS (El) for C 10H> CIFgNO>?S (336.9763)336.9731.

Synthesis of N-[6-chloro-2-cyclohex-2-en-1-yl-3-(trifluoromethylphenyl]-2,2,2-
trifluoroacetamide (117))
O
M



C.EXPERIMENTAL SECTION 149

Prepared according P9 from N-[2-chloro-5-(trifluoromethyl)phenyl]-2,2,2-triflumacetamide
118 (583 mg, 2.0 mmol, 1.0 equiv) with TM¥g-2LIiCI (9) (0.76 M in THF, 1.3 mmol, 1.3
equiv) and 3-bromocyclohexene (354 mg, 2.2 mmdl,equiv) according tdP12. Metalation
conditions: 25 °C, 8 h. Purification of the crudeoguct by flash chromatography (SO
iHex/EtOAc = 98:2) afforded17j as a yellow solid (490 mg, 66%).

m.p.: 199.1 — 200.6 °C.

'H-NMR (CD 30D, 400 MHz)§: 7.76 (d,J = 8.6 Hz, 1 H), 7.64 (d] = 8.6 Hz, 1 H), 5.92 — 5.42

(m, 2 H), 3.98 —3.85 (m, 1 H), 2.17 — 1.44 (m,)6 H

13C-NMR (CD40D, 100 MHz) 8: 156.1 (d,J (C — F) = 250.8 Hz), 146.8 (d,(C — F) = 24.5
Hz), 140.3 § (C — F) = 25.2 Hz), 134.5 (d,(C — F) = 12.1 Hz), 129.7 — 129.1 (m), 128.6J(C
—F) = 6.4 Hz), 127.9, 126.7, 124.0, 121.3, 118,4 (C — F) = 287.2 Hz), 39.9, 30.0 @(C —

F) = 27.3 Hz), 25.3, 23.9 (d,(C — F) = 17.6 Hz).

MS (El, 70 eV) m/z (%): 371 (93) {°CI-M*], 304 (30), 302 (100), 276 (24), 274 (87), 234)(20

232 (53).

IR (ATR) V (cm®): 3244, 2934, 1714, 1593, 1532, 1450, 1423, 1316],12239, 1228, 1194,
1176, 1163, 1144, 1104, 1048, 994, 935, 911, 8P4, B59, 754, 730, 722, 703.
HRMS (El) for C 15H12>°CIFNO (371.0512):371.0508.

Synthesis ofN-(3-cyano-2-cyclohex-2-en-1-ylphenyl)-2,2,2-triflumacetamide (117Kk)

0

N

F,C”~ “NH ‘
‘ CN
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Prepared according t®P9 from N-(3-cyanophenyl)-2,2,2-trifluoroacetamidd.3 (427 mg, 2.0
mmol, 1.0 equiv) with TMPMgCI-LIClI{) (1.10 M in THF, 4.0 mmol, 2.0 equiv) and 3-
bromocyclohexene (354 mg, 2.2 mmol, 1.1 equiv) aing to TP12. Metalation conditions: 25
°C, 4 h. Purification of the crude product by flagfiromatography (Si§) iHex/DCM = 1:1)
afforded117k as a yellow solid (382 mg, 65%).

mp.: 58.0 — 60.3 °C.

'"H-NMR (CDCl 3, 300 MHz) 6: 9.10 (s, 1 H, NH), 8.38 (d,= 7.2 Hz, 1 H), 7.52 (dd} = 7.7,
1.4 Hz, 1 H), 7.38 (t)=8.0 Hz, 1 H), 6.28 — 6.23 (m, 1 H), 5.82J¢; 9.9 Hz, 1 H), 4.21 - 4.13
(m,1H),228-1.92(m,4H),1.83-153(m,2H

3C-NMR (CDCl3, 75 MHz) 6: 154.7 (qJ (C — F) = 37.9 Hz), 137.8, 135.2, 134.0, 130.8.12
127.0, 126.9, 117.3, 115.7 B(C — F) = 288.9 Hz), 114.1, 40.3, 28.2, 24.5, 21.8

IR (ATR) |7(cm‘l): 3267, 2228, 1730, 1602, 1544, 1463, 1436, 12786,1P159, 949, 900, 874,
799, 762, 737, 711, 669.

MS (El, 70 eV) m/z (%): 294 (100) [M], 293 (19), 226 (15), 225 (83), 207 (12), 197 (3H5
(14), 182 (13), 180 (11), 169 (15), 155 (33), 143B)(

HRMS (El) for C 15H13F3N,0 (294.0980)294.0965.

Synthesis ofN-(6-cyano-4'-methoxybiphenyl-2-yl)-2,2,2-trifluoroacetamide (1171)

O

PR

M
F,C”~ “NH O OMe
‘ CN

Prepared according t6P9 from N-(3-cyanophenyl)-2,2,2-trifluoroacetamidd.3 (427 mg, 2.0
mmol, 1.0 equiv) with TMPMgCI-LICI {) (1.10 M in THF, 4.0 mmol, 2.0 equiv) and
iodoanisole (514 mg, 2.2 mmol, 1.1 equiv) accordo@P10. Metalation conditions: 25 °C, 4 h.
Purification of the crude product by flash chronggéphy (SiQ, iHex/EtOAc = 9:1) afforded
117las a white solid (480 mg, 75%).

m.p.: 110.5 - 118.5 °C.
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'H-NMR (CD 0, 400 MHz) §: 7.80 (dd,J = 7.8, 1.3 Hz, 1 H), 7.78 (dd,= 8.1, 1.3 Hz, 1 H),

7.57 (ddJ=7.8,8.1 Hz, 1 H), 7.28 (d,= 8.1 Hz, 2 H), 7.04 (d] = 8.2 Hz, 2 H), 3.85 (s, 3 H).

3C-NMR (CD30, 100 MHz) &: 161.8, 157.7 (qJ (C — F) = 37.6 Hz), 143.5, 135.3, 133.7,

132.9, 131.7, 129.9, 127.6, 118.5, 117.2((C — F) = 287.2 Hz), 115.4, 115.1, 55.8.

IR (ATR) V (cm®): 3260, 2242, 1724, 1605, 1547, 1516, 1464, 1440412251, 1209, 1181,

1162, 1147, 1117, 1039, 896, 853, 815, 799, 752, G70.
MS (EI, 70 eV) miz (%): 320 (100) °CI-M*], 251 (7), 208 (7), 179 (10).

HRMS (EI) for C 16H110,N,F3 (320.0773):320.0772.

Synthesis of ethyl 2'-chloro-3'-cyano-6'-[(trifluoroacetyl)amino]biphenyl-4-carboxylate

(117m)

O

N

F,C~ NH O COEt
‘ o]

CN

Prepared according t®P9 from N-(3-chloro-4-cyanophenyl)-2,2,2-trifluoroacetamiti#4 (497
mg, 2.0 mmol, 1.0 equiv) with TMPMgCI-LiCF) (1.07 M in THF, 2.4 mmol, 1.2 equiv) and
ethyl 4-iodobenzoate (607 mg, 2.2 mmol, 1.1 eqasgording toTP10. Metalation conditions:
25 °C, 2 h. Purification of the crude product gsthi chromatography (SidHex/EtOAc = 9:1)
afforded117mas a white solid (500 mg, 63%).

m.p.: 131.7 — 133.5 °C.
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'H-NMR (CD 30D, 400 MHz) 5: 8.13 (dddJ = 8.1, 2.3, 1.7 Hz, 2 H), 7.95 (@=8.4 Hz, 1 H),
7.71 (d,J = 8.4 Hz, 1 H), 7.38 (ddd,= 8.1, 2.3, 1.7 Hz, 2 H), 4.41 §=7.1 Hz, 2 H), 1.41 (4

= 7.1 Hz, 3 H).

3C-NMR (CD5OD, 100 MHz) &: 167.4, 157.2 (g) (C — F) = 38.2 Hz), 139.8, 139.7, 139.6,
137.5, 135.3, 132.1, 131.0, 130.6, 127.6, 117.00 (& — F) = 287.3 Hz), 116.5, 114.3, 62.4,

14.6.

IR (ATR) V (cmi'): 3250, 2231, 1739, 1710, 1580, 1532, 1459, 1398612278, 1268, 1212,

1157, 1142, 1114, 1100, 1092, 1066, 1022, 901, &%®, 774, 752, 714, 701, 681, 667.

MS (El, 70 eV) m/z (%): 396 (59) {°CI-M*], 368 (51), 353 (33), 352 (20), 351 (100), 302)(31
301 (17), 300 (96), 257 (17), 255 (59), 227 (186 227), 192 (58), 191 (28), 164 (14), 104 (29),

83 (18), 73 (36), 72 (13).

HRMS (El) for C 1gH1,0sN,%°CIF 5 (396.0489):396.0490.

Synthesis of N-[4,6-dibromo-3-(4-methoxyphenyl)-1-oxo-1,3-dihydre2-benzofuran-5-yl]-
2,2,2-trifluoroacetamide (117n)

0]

N

F5C~ “NH

Br Br
O O OMe
0]
@)

Prepared according tdP9 from methyl 3,5-dibromo-4-[(trifluoroacetyl)amirmgnzoatel119
(403 mg, 1.0 mmol, 1.0 equiv) with TMPMQgCI-LiC1)((1.10 M in THF, 1.3 mmol, 1.3 equiv) at
25 °C for 4 h. Neat 4-methoxybenzaldehyde (177 Tg,mmol, 1.3 equiv) was added at 25 °C

and stirred for 4 h. The reaction mixture was theenched with sat. aq. M@l and extracted
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with EtOAc (3 x 25 mL). The combined organic layesmsre washed with sat. aq. NaCl and dried
over NaSQ,. Purification of the crude product by flash chréoggaphy (SiQ, ELO/iHex = 3:2)
afforded117nas a yellow solid (361 mg, 71%).

mp.: 101.5 - 103.4 °C.

'H-NMR (CDCI 3, 300 MHz) 8: 8.20 (s, 1 H), 8.02 (s, 1 H, NH), 7.09 (&= 8.8 Hz, 2 H), 6.88
(d,J=8.6 Hz, 2 H), 6.24 (s, 1 H), 3.81 (s, 3 H).

3C-NMR (CDCl3, 75 MHz) §: 166.5, 160.4, 154.3 (d,(C — F) = 39.0 Hz), 148.4, 136.7, 129.5,
128.7, 128.6, 124.3, 124.3, 119.0, 115.1( — F) = 288.4 Hz), 114.0, 83.1, 54.9.

IR (ATR) V (cm)): 3223, 1740, 1610, 1515, 1402, 1311, 1252, 12163,11083, 1030, 968,
914, 834, 813, 760, 726, 651.

MS (EI, 70 eV) m/z (%): 509 (100) [M], 508 (13), 507 (53), 384 (30), 376 (20), 374 (32
(16), 326 (59), 324 (59), 305 (17), 290 (20), 1B8)( 135 (26), 74 (30), 73 (40), 61 (25), 59 (41),
45 (58), 43 (32).

HRMS (EI) for C 17H10'%Br ,FsNO, (506.8929)506.8914.

Synthesis of ethyl 3,5-dibromo-2-[2-(ethoxycarbonybrop-2-en-1-yl]-4-

[(trifluoroacetyl)amino]benzoate (1170)

FsC NH
Br Br

CO,Et
CO,Et

Prepared according T@P9 from ethyl 3, 5-dibromo-4-[(trifluoroacetyl)amirtmdnzoatel 12 (1.03

g, 4.0 mmol, 1.0 equiv) with TMPMgCI- LiC¥) (1.120 M in THF, 4.8 mmol, 1.2 equiv) and ethyl
2-(bromomethyl)acrylate (425 mg, 2.2 mmol, 1.1 eyjuaccording to TP12. Metalation
conditions: 25 °C, 4 h. Purification of the crudeoguct by flash chromatography (SiO
Et,OfiHex = 6:4) afforded. 170as a white solid (797 mg, 75%).

mp.: 63.6 — 65.2 °C.
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'H-NMR (CDCl 5, 600 MHz): 8.14 (s, 1 H, NH), 8.08 (s, 1 H), 6.17 (s, 1 #6 (s, 1 H), 4.32
(q,J=7.1Hz, 2 H), 4.23 (dl= 7.1 Hz, 2 H), 4.11 (s, 2 H), 1.34-1.29 (m, 6 H).

3C-NMR (CDCl3, 150 MHz) 5: 166.2, 164.8, 154.5 (d, J (C — F) = 38.4 Hz),.13236.9,
134.8, 134.2, 133.5, 128.4, 124.8, 121.0, 115.4 (6, — F) = 288.3 Hz), 62.1, 60.9, 35.6, 13.9,
13.8.

IR (ATR) V (cm®): 3234, 2988, 1751, 1710, 1634, 1554, 1526, 1458014367, 1339, 1287,
1254, 1204, 1147, 1112, 1018, 958, 906, 858, 840, 739, 709, 659.

MS (EI, 70 eV) m/z (%): 531 (10), [M], 452 (27), 450 (25), 407 (20), 406 (87), 405 (28)4
(100), 378 (20), 376 (19), 334 (24), 333 (15), 332), 270 (14), 82 (38), 81 (16), 80 (38), 79
(19), 44 (33).

HRMS (EI) for C 17H1¢ °Br 2FsNOs (528.9347)528.9343.

Synthesis ofN-(4-cyclohex-2-en-1-ylpyridin-3-yl)-2,2,2-trifluoroacetamide (121a)

H

N_ _CF,
X
(T

O
N

Prepared according P9 from 2,2,2-trifluoroN-pyridin-3-ylacetamidé.20 (380 mg, 2.0 mmol,
1.0 equiv) with TMPMQgCI-LIClI 7) (2.10 M in THF, 2.6 mmol, 1.3 equiv) and 3-
bromocyclohexene (354 mg, 2.2 mmol, 1.1 equiv) atng to TP12. Metalation conditions: 25
°C, 4 h. Purification of the crude product by fladtromatography (Si§) DCM/EtOAc = 4:1)
afforded121aas a yellow oil (351 mg, 65%).

'H-NMR (CDCl 3, 300 MHz)3: 9.42 (s, 1 H, NH), 8.81 (s, 1 H), 8.33 (54.70 Hz, 1 H), 7.19
(d, J=4.9 Hz, 1 H), 6.08-6.09 (m, 1 H), 5.59 (d+8.4 Hz, 1 H), 3.53 — 3.48 (m, 1 H), 2.14 —
1.42 (m, 6 H).

13C-NMR (CDCl3, 75 MHz) §: 155.9 (dJ (C — F) = 37.8 Hz), 147.9, 145.8, 131.9, 130.5.82
124.3, 115.8 (¢J (C — F) = 288.6 Hz), 44.2, 38.9, 29.4, 24.5, 21.0.

IR (ATR) I7(Cm'l): 3024, 2934, 1716, 1675, 1603, 1534, 1487, 1412518286, 1262, 1195,
1151, 1067, 1040, 987, 900, 835, 756, 726, 671.
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MS (El, 70 eV) miz (%): 270 (72), [M], 202 (14), 201 (100), 173 (25), 171 (16), 145)(1B1
(17).
HRMS (EI) for C 13H13FsN;0 (270.0980)270.0982.

Synthesis of ethyl 4-{3-[(trifluoroacetyl)amino]pyridin-4-yl}benzoate (121b)

CO,Et

N__CF
\n/3

X
(0]
N/

Prepared according P9 from 2,2,2-trifluoroN-pyridin-3-ylacetamidé.20 (380 mg, 2.0 mmol,
1.0 equiv) with TMPMQgCI-LICl 7) (.10 M in THF, 2.6 mmol, 1.3 equiv) and ethyl 4-
lodobenzoate (607 mg, 2.2 mmol, 1.1 equiv) accgrtirirP10. Metalation conditions: 25 °C, 4
h. Purification of the crude product by flash chetography (Si@ iHex/EtOAc = 1:1) afforded
121bas a brown solid (450 mg, 65%).

m.p.: 93.8 — 95.5 °C.

'H-NMR (CDCl 3, 600 MHz)&: 9.06 (s, 1 H), 8.84 (s, 1 H, NH), 8.48 (d= 5.0 Hz, 1 H), 8.13
(d,J=8.4Hz, 2 H), 7.42 (d = 8.4 Hz, 2 H), 7.28 (d] = 5.0 Hz, 1 H), 4.38 (g1 = 7.1 Hz, 2 H),

1.39 (t,J = 7.1 Hz, 3 H).

3C-NMR (CDCl3, 150 MHz) 8: 165.7, 155.5 (qJ (C — F) = 38.1 Hz), 147.8, 145.4, 141.9,

139.0, 131.4, 130.4, 128.8, 128.3, 124.3, 115.3 (G,— F) = 288.5 Hz), 61.4, 14.2.
IR (ATR) V (cmi®): 3302, 2361, 1739, 1696, 1526, 1277, 1193, 1180511429, 1109, 836.
MS (EI, 70 eV) m/z (%): 338 (73) [M], 310 (20), 294 (14), 293 (100).

HRMS (EI) for C 16H1503N,F3 (338.0878):338.0873.
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Synthesis ofN-[3-(2,4-dichlorobenzoyl)pyridin-2-yl]-2,2,2-triflu oroacetamide (122)

F;;CYO

N NH Cl

N

A solution of 2,2,2-trifluoraN-pyridin-3-ylacetamide120 (380 mg, 2.0 mmol, 1.0 equiv)
dissolved in THF (2 mL) was cooled to 0°C and MeM{85 M in THF, 2.2 mmol, 1.1 equiv)
was added dropwise and stirred for 10 min. Theti@aanixture was cooled to —20 °C and
BF;:-OEg (2.5 mmol, 1.25 equiv) was dropwise added andestifor 20 min. To the mixture
TMPMgCI-LIiCI (7) (1.07 M in THF, 2.5 mmol, 1.25 equiv) was dropsvedded and stirred at —
20 °C for 2.5 h. CuCN-2LiCI (1 M solution in THF,2mmol, 1.1 equiv) was then added and
stirred for 30 min. Then, 2,4-dichlorobenzoylchtteri(461 mg, 2.2 mmol, 1.1 equiv) was added
and stirred to 0 °C for 4 h. The reaction mixturaswhen quenched with sat. aq. fAHNH3
(9:1) and extracted with DCM (3 x 25 mL) and EtOAZ x 25 mL). The combined organic
layers were washed with sat. aq. NaCl and dried db\&SQO,.After filtration, the solvent was
evaporated in vacuo and purification of the crudedpct by flash chromatography (SIO
iHex/EtOAc = 8:2) afforded22as a yellow oil (436 mg, 60%).

'H-NMR (CD 50D, 400 MHz) 8: 8.85 (d,J = 2.5 Hz, 1 H), 8.38 (dd] = 8.6, 2.5 Hz, 1 H), 8.13

(d,J=8.6 Hz, 1 H), 7.53 — 7.38 (m, 3 H).

¥C-NMR (CD30D, 100 MHz) 6: 194.1, 157.2 (qJ (C — F) = 38.3 Hz), 150.7, 142.2, 138.3,

138.1, 137.8, 133.7, 132.1, 130.5, 129.4, 128.5,5,217.0 () (C — F) = 287.4 Hz).

MS (EI, 70 eV) miz (%): 329 (29) {°CI-M*], 327 (100), 173 (20).
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IR (ATR) V (cml): 3296, 3068, 1734, 1718, 1676, 1581, 1546, 1481011390, 1376, 1310,
1291, 1263, 1229, 1206, 1143, 1103, 1058, 1021, 839, 856, 844, 828, 800, 785, 739, 682,
662.

HRMS (EI) for C 14H7>°Cl,F3F3N,0, [M-H] * (360.9837):360.9739.

Synthesis of N-{2-chloro-4-[4-(trifluoromethyl)phenyl]pyridin-3-y [}-2,2,2-

trifluoroacetamide (121c)

Prepared according BP9 from N-(2-chloropyridin-3-yl)-2,2,2-trifluoroacetamide23 (448 mg,
2.0 mmol, 1.0 equiv) with TMPMgCI-LiCI7§ (1.10 M in THF, 3.0 mmol, 1.5 equiv) and 4-
iodobenzotrifluoride (600 mg, 2.2 mmol, 1.1 equicording toTP10. Metalation conditions:
25 °C, 5 h. Purification of the crude product gsthi chromatography (SidHex/EtOAc = 8:2)
afforded121cas a brown solid (590 mg, 80%).

m.p.: 160.4 — 162.2 °C.

'H-NMR (CDCl 3, 300 MHz) é: 8.41 (d,J = 5.0 Hz, 1 H), 8.28 (s, 1 H, NH), 7.71 (tk 8.1 Hz,

2 H), 7.45 (dJ) = 8.1 Hz, 2 H), 7.30 (dl = 5.0 Hz, 1 H).

3C-NMR (CDCl3, 75 MHz) &: 155.6 (qJ (C — F) = 38.6 Hz), 149.6 (d,(C — F) = 36.2 Hz),
149.0, 138.9 (dJ (C — F) = 1.3 Hz), 131.6 (d,(C — F) = 32.9 Hz), 128.1, 125.9 ®(C — F) =
3.7 Hz), 125.6, 124.2, 123.6 @(C — F) = 272.4 Hz), 123.1 (d,(C — F) = 82.6 Hz), 115.3 (4,

(C — F) = 288.2 Hz).
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IR (ATR) v (cm): 3219, 1713, 1585, 1539, 1385, 1322, 1219, 12094,11163, 1128, 1114,

1076, 1053, 1017, 934, 848, 834, 820, 732, 653.
MS (El, 70 eV) m/z (%): 368 (17) °CI-M*], 334 (16), 333 (100), 313 (24).

HRMS (EI) for C 14H70:N,*°CIF¢ (368.0151):368.0154.

Synthesis of 2,2,2-trifluoroN-[3-(1H-indol-2-yl)pyrazin-2-yljlacetamide (125)

0]

\lé
N\NH

"
N

Prepared according tdP9 from 2,2,2-trifluoroN-pyrazin-2-ylacetamidel24 (382 mg, 2.0
mmol, 1.0 equiv) with TMPMgCI-LiCI®) (1.10 M in THF, 2.6 mmol, 1.3 equiv) and 2-iodd-1
indole (486 mg, 2.0 mmol, 1.0 equiv) accordingTi®10. Metalation conditions: 0 °C, 3 h.
Purification of the crude product by flash chrongréphy (SiQ, iHex/EtOAc = 8:2) afforded
125as a yellow oil (335 mg, 55%).

mp.: 232.8 — 235.0 °C.

'H-NMR (DMSO-d6, 400 MHz) &: 12.41 (s, 1 H, NH), 11.83 (s, 1 H), 9.21 (s, 1 ®i}%7 (s, 1
H), 7.59 (d,J = 7.8 Hz, 1 H), 7.47 (d] = 8.2 Hz, 1 H), 7.30 (s, 1 H), 7.15 Jt= 7.0 Hz, 1 H),
7.02 (tJ=7.0 Hz, 1 H).

¥3C-NMR (DMSO-d6, 100 MHz) 6: 154.9 (qJ (C — F) = 38.2 Hz), 144.5, 143.2, 139.6, 137.4,
136.2, 133.7, 128.0, 122.8, 120.7, 119.7, 115.3 (@,—F) = 288.1 Hz), 111.9, 101.7.

IR (ATR) V (cm™): 3390, 3343, 1719, 1588, 1547, 1516, 1422, 1319712255, 1210, 1168,
1147, 1017, 905, 796, 750, 670.

MS (EI, 70 eV) miz (%): 306 (100), [M], 237 (22), 167 (8).

HRMS (EI) for C 14HsFsN4O (306.0728)306.0731.

FsC

3.4.3. Deprotection of the trifluoroacetamide group
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Synthesis of 3-(H-indol-2-yl)pyrazin-2-amine (126)

To a solution of 2,2,2-trifluor?N-[3-(1H-indol-2-yl)pyrazin-2-yllJacetamidd.25 ( 306 mg, 1.0
mmol, 1.0 equiv) in MeOH:kO (4 mL, 1:1) was added potassium carbonate (4143rBgmnmol,
3.0 equiv) and stirred at 25 °C for 12 h. The reaciixture was then filtered through a pad of
NaS,04 and rinsed with EtOAc. The solvent was evaporatedacuoand purification of the
crude product by flash chromatography (§iGtOAciHex = 7:3) affordedl26 as an orange
solid (174 mg, 83%).

mp.: 220.6 — 222.4 °C.

'H-NMR (DMSO0-d6, 400 MHz) &: 11.4 (s, 1 H, NH), 8.55 (s, 1 H), 7.94 (s, 1 H}%87(q,J =
4.1 Hz, 1 H), 7.38 (q) = 4.1 Hz, 1 H), 7.06 — 6.93 (m, 2 H), 6.86 (s,)1 6159 (s, 2 H, Nb).
3C-NMR (DMSO-d6, 100 MHz) é: 154.7, 139.0, 136.7, 136.0, 134.3, 130.9, 128212,
119.8, 119.2, 111.4, 97.1.

IR (ATR) V (cm®): 3423, 1634, 1521, 1469, 1452, 1424, 1384, 1340113203, 1062, 1014,
897, 793, 751, 664.

MS (EI, 70 eV) m/z (%): 210 (100), [M], 183 (9), 142 (19).

HRMS (EI) for C 12H1oN4 (210.0905)210.00899.

3.5. Preparation and Reactions of Heteroaromatic Beeylic Zinc Compunds

3.5.1. Preparation of starting materials
Synthesis of 6-chloroN,N-dimethyl-4-(methylthio)nicotinamide (136)

SMe O
| X NMe2

Cl N
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To a solution of 6-chloréd,N-dimethylnicotinamide 135 (184 mg, 1.0 mmol, 1.0 equiv) in
anhydrous THF (2 mL) at —40 °C was added TMPMg@I L¥) (1.1 mmol, 1.1 equiv) and the
resulting mixture was stirred at —40 °C for 2 hemhneat S-methyl methanethiolsulfonate (139
mg, 1.1 mmol, 1.0 equiv) was added at once ancedtat —20 °C for 2 h. The reaction mixture
was quenched with sat. aq. MH and extracted with EtOAc (3 x 25 mL). The condadrorganic
layers were washed with sat. ag. NaCl and dried MgSQ,. Purification of the crude product
by flash chromatography (S}ODCM/MeOH = 98:2) afforded.36 as a orange oil (164 mg,
71%).

'H NMR (300 MHz, CDCl3) &: 8.06 (s, 1 H), 7.07 (s, 1 H), 3.10 (s, 3 H), A883 H), 2.48 (s, 3
H).

3¢ NMR (75 MHz, CDCly) é: 166.4, 152.0, 151.2, 146.0, 129.3, 118.2, 3813,314.0,

IR (ATR) l7(cm‘l): 3448, 3270, 3016, 2970, 2926, 1778, 1738, 16304,15624, 1506, 1432,
1396, 1326, 1312, 1288, 1264, 1230, 1206, 11580,11806, 1050, 952, 934, 914, 848, 836,
816, 792, 766, 730, 698, 676.

MS (El, 70 eV) m/z (%): 230 (14) f°CI-M*], 187 (19), 186 (100), 122 (10), 45 (10).

HRMS (EI) for C ¢H1:>°CIN,0%*S (230.0281)230.0285.

Synthesis of 6-chloro-2-ioddN,N-dimethyl-4-(methylthio)nicotinamide (137)

SMe O

| N NM62

To a solution of 6-chlordd,N-dimethyl-4-(methylthio)nicotinamidelB6) (231 mg, 1.0 mmol,
1.0 equiv) in anhydrous THF (2 mL) at —20 °C wadext TMPMgCI-LiCI 7) (1.1 mmol, 1.1
equiv) and the resulting mixture was stirred at =€0for 1 h. Then, neat iodine (280 mg, 1.1
mmol, 1.1 equiv) was added at once, cooling wa®vexth and the resulting solution was allowed
to warm up to 25 °C for 1 h. The reaction mixturaswquenched with sat. ag. #8205 and
extracted with EtOAc (3 x 25 mL). The combined arigdayers were washed with sat. aq. NaCl
and dried over MgSQ Purification of the crude product by flash chrongasphy (SiQ,
DCM/EtOAc = 7:3) afforded 37 as red solid (231 mg, 65%).
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m.p.: 168.8 — 170.3 °C.

'H NMR (300 MHz, CDCl3) 8: 7.03 (s, 1 H), 3.15 (s, 3 H), 2.90 (s, 3 H), 4R H).

3C NMR (75 MHz, CDCls) é: 166.6, 151.6, 150.0, 135.7, 117.6, 113.6, 3%4%,314.4,

IR (ATR) V (cm™): 2362, 1734, 1636, 1576, 1540, 1496, 1458, 14388,121388, 1328, 1298,
1264, 1232, 1202, 1128, 1044, 912, 846, 818, 768, 740, 710, 680.

MS (El, 70 eV) m/z (%): 356 (<1) f°CI*°S-M'], 312 (100), 311 (21), 186 (13), 157 (10), 122
(11), 46 (20), 45 (29), 44 (10), 42 (11).

HRMS (EI) for C gH15>°CIIN ,0°°S (355.9247)355.9246.

Synthesis ofN,N-dimethyl-1-pyrimidin-5-ylmethanamine (143)

N/j/\NMez
L.

N

To a solution of 5-bromopyrimidine (3.2 g, 20.0 mMb0 equiv) in anhydrous THF (60 mL) at
—110 °C was addeaBuLi (10.1 mL, 24.0 mmol, 1.2 equiv) and the remgtmixture was stirred
at —110 °C for 30 min. Transmetalation with Za(Cl.0 M in THF, 26.0 mmol, 1.3 equiv) was
carried and the pyrimidin-5-ylzinc chloride was nheacted according 6P13. Purification of
the crude product by flash chromatography:Q3| EtOAciHex = 7:3) afforded 43 as a yellow
oil (1.7 g, 63%).

'H NMR (300 MHz, CDCls) 8: 9.06 (s, 1 H), 8.62 (s, 2 H), 3.37 (s, 2 H), 4% H).

3C NMR (75 MHz, CDCls) 6: 157.7, 157.3, 132.0, 58.9, 45.2.

IR (ATR) |7(cm‘l): 3380, 3030, 2954, 2932, 2870, 2862, 2780, 2368028738, 1718, 1664,
1654, 1646, 1608, 1592, 1566, 1506, 1456, 1442014370, 1276, 1262, 1230, 1218, 1202,
1168, 1130, 1106, 1090, 1040, 930, 920, 844, 726.

MS (El, 70 eV) m/z (%): 137 (50) [M], 136 (35), 93 (21), 66 (15), 58 (34), 58 (10®,(47).
HRMS (EI) for C 7H11N3(137.0953):137.0945.

Synthesis ofN,N-dimethyl-1-[4-(methylthio)pyrimidin-5-yljmethanami ne (144)
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SMe

N| A NMe,

To a solution oN,N-dimethyl-1-pyrimidin-5-ylmethanamin®&43 (823 mg, 6.0 mmol, 1.0 equiv)
in anhydrous THF (6 mL) at —15 °C was added TMPMg@! (1) (1.1 mmol, 1.1 equiv) and
the resulting mixture was stirred at —15 °C for.2Then, neat S-methyl methanethiolsulfonate
(833 mg, 6.6 mmol, 1.1 equiv) was added at oncesdinetd at —20 °C for 2 h. The reaction
mixture was quenched with sat. ag. JdHand extracted with EtOAc (3 x 25 mL). The condaln
organic layers were washed with sat. ag. NaCl aretl ver NaSO. Purification of the crude
product by flash chromatography 68k, iHex/EtOAc = 8:2) afforded44 as a yellow oil (730
mg, 66%).

'H NMR (300 MHz, CDCl3) &: 8.86 (s, 1 H), 8.28 (s, 1 H), 3.36 (s, 2 H), A$63 H), 2.27 (s, 6
H).

3¢ NMR (75 MHz, CDCly) 6: 170.0, 156.7, 153.7, 129.1, 58.3, 45.4, 12.6.

IR (ATR) |7(cm'l): 2942, 2928, 2818, 2772, 1564, 1526, 1456, 14282,18354, 1316, 1298,
1256, 1192, 1174, 1130, 1114, 1098, 1026, 964, 824, 840, 762, 756, 728, 704, 692.

MS (El, 70 eV) m/z (%): 183 (51) [M], 168 (100), 139 (16), 134 (18), 125 (16), 107)(BB
(14), 58 (34).

HRMS (EI) for C gH13N3>*S (183.0830)183.0821.

Synthesis ofN,N-dimethyl-1-[4-(methylthio)pyrimidin-5-yljmethanami ne (145)

SMe

N NMe,

To a solution oN,N-dimethyl-1-[4-(methylthio)pyrimidin-5-yllmethaname (44 (183 mg, 1.0
mmol, 1.0 equiv) in anhydrous THF (1 mL) at —20W&s added TMPMgCI-LiCI7) (1.1 mmol,
1.1 equiv) and the resulting mixture was stirred &0 °C for 2 h. Then, neat 1,2-
dibromotetrachloroethane (358 mg, 1.1 mmol, 1.1vdquas added at once and stirred at —20 °C
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for 2 h. The reaction mixture was quenched with agt NHCI and extracted with EtOAc (3 x
25 mL). The combined organic layers were washet satt. aq. NaCl and dried over JS&.
Purification of the crude product by flash chrongaphy (AbO3, iHexX/EtOAc = 92:8) afforded
145as a yellow solid (149 mg, 57%).

mp.: 170.6 — 181.5 °C.

'H NMR (300 MHz, CDCls) : 8.57 (s, 1 H), 3.61 (s, 2 H), 2.57 (s, 3 H), 2846 H).

13C NMR (75 MHz, CDCls) é: 173.1, 155.6, 152.7, 129.6, 58.9, 45.4, 13.9.

IR (ATR) V (cm'): 2360, 2340, 1736, 1532, 1498, 1444, 1402, 1328812222, 1024, 960,
844, 760.

MS (El, 70 eV) m/z (%): 261 (9) [*Br¥?S-M'], 248 (20), 246 (16), 107 (29), 58 (100), 45 (13),
44 (36), 43 (11), 42 (67).

HRMS (EI) for C gH1, "BrNs%*S (260.9935)260.9943.

Synthesis of 6-chloro-2-fluoro-3-iodopyridine (147)

To a solution of 2-chloro-6-fluoropyridine (6.58%0).0 mmol, 1.0 equiv) in anhydrous THF (25
mL) at —30 °C was added dropwise TMPMgCI-Li@) (1.06 M in THF, 55.0 mmol, 1.1 equiv)
and the resulting mixture was stirred at —30 °C4fér. Then, neat iodine (15.3 g, 60.0 mmol, 1.2
equiv) was added at once and stirred to 0 °C forThe reaction mixture was quenched with sat.
ag. NaS,03; and extracted with EtOAc (3 x 200 mL). The combimeganic layers were washed
with sat. ag. NaCl and dried over J8&,. Purification of the crude product by flash
chromatography (SiiHex/DCM = 9:1) afforded.47 as a white solid (9.73 g, 76%)).

mp.: 54.6 — 56.3 °C.

'H NMR (300 MHz, CDCls) &: 8.07 (t,J = 8.0 Hz, 1 H), 7.01 (ddl = 8.0, 1.3 Hz, 1 H).

13C NMR (75 MHz, CDCl3) é: 160.9 (d,J (C — F) = 241.5 Hz), 151.6, 149.0 ((C —F) = 12.6
Hz), 123.2 (d,J (C - F) =5.3 Hz), 73.1 (d,(C — F) = 41.5 Hz).

IR (ATR) l7(cm‘l): 2361, 2339, 1564, 1546, 1420, 1379, 1264, 12388,11018, 914, 824, 729,
690.
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MS (El, 70 eV) m/z (%): 257 (100) {°CI-M*], 130 (18), 127 (6).
HRMS (EI) for C sH,*°CIFIN (256.8904):256.8891.

Synthesis ofl-(6-chloro-2-fluoropyridin-3-yl)- N,N-dimethylmethanamine (148)

=
N F

To a solution of 6-chloro-2-fluoro-3-iodopyridind47 (15.5.g, 60.0 mmol, 1.0 equiv) in
anhydrous THF (60 mL) at —30 °C was addedvigCl-LiCl (1.34 M in THF, 66.0 mmol, 1.1

equiv) and the resulting mixture was stirred at 2GGor 30 min. The so generated solution of 6-

Cl

chloro-2-fluoropyridin-3-ylmagnesium chloride wdmeh reacted according 1d°13. Purification
of the crude product by flash chromatography (SIRCM/MeOH = 96:4) afforded 48 as a
brown oil (8.94 g, 79%).

'H-NMR (CDCl 3, 600 MHz) é: 7.77 (t,J = 8.7 Hz, 1 H), 7.67 (d) = 7.7 Hz, 1 H), 3.40 (s, 2
H), 2.21 (s, 6 H).

3C-NMR (CDCl3;, 150 MHz)$: 160.3 (dJ (C — F)= 245.7 Hz), 146.8 (d] (C — F)= 14.0 Hz),
143.7 (d,J (C — FF 5.6 Hz), 121.6(dJ (C — F)= 5.0 Hz), 119.0 (dJ (C — F)= 27.5 Hz), 55.4
(d,J(C-F)=25Hz), 45.1.

IR (ATR) |7(cm‘l): 3385, 2946, 2862, 2822, 2777, 2510, 2459, 16681,16628, 1601, 1567,
1529, 1479, 1466, 1435, 1394, 1364, 1295, 1264912097, 1173, 1144, 1122, 1096, 1064,
1020, 999, 959, 928, 908, 851, 823, 803, 791, 724, 739, 729, 724, 695, 686, 672, 664.

MS (El, 70 eV) m/z (%): 189 (23) {°CI-M"], 188 (68), 187 (58), 146 (26), 58 (100), 42 (10).
HRMS (EI) for C gH1¢°°CIFN (188.0517):188.0518.

Synthesis of 6-chloro-3-(chloromethyl)-2-fluoropyrdine (149)

\

Cl N~ °F
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Prepared according td6P14 from 1-(6-chloro-2-fluoropyridin-3-yIN,N-dimethylmethanamine
(148 (5.65 g, 30.0 mmol, 1.0 equiv) and ethyl chlorafate (3.58 g, 33.0 mmol, 1.1 equiv).
Purification of the crude product by flash chrongaéphy (SiQ, iHex/ExO = 85:15) afforded
149as a white solid (3.24 g, 60%).

mp.: 83.0 — 84.0 °C.

'H-NMR (CDCl 3, 600 MHZ) &: 7.83 (t,J = 7.9 Hz, 1 H), 7.26 (d) = 7.7 Hz, 1 H), 4.57 (s, 2
H).

¥C-NMR (CDCl3, 150 MHz) §: 160.0 (d,J (C — F)= 247.7 Hz), 149.0 (d] (C — F)= 13.7 Hz),
143.4 (d,J (C — F)= 4.2 Hz), 122.3 (dJ (C — F)= 5.0 Hz), 118.4 (dJ (C — F)= 27.7 Hz), 38.1
(d,J(C-F)=1.4H2z).

IR (ATR) V (cmY): 3098, 1774, 1600, 1572, 1435, 1391, 1330, 12844,12215, 1163, 1135,
1095, 927, 894, 841, 783, 763, 706, 686, 661.

MS (El, 70 eV) m/z (%): 181 (22) f°CI-M"], 179 (34), 146 (100), 109 (17), 108 (26).

HRMS (EI) for C ¢H4>°CI,FN (178.9705):178.9705.

Spectral data were in full accordance with thog®rted in the literature: Z. Quan, B. B. Snider,
Org. Lett 2011, 13, 526.

Synthesis of [(2,4-dimethoxypyrimidin-5-yl)methyl]Jdmethylamine (151)

OMe

N)YNMeQ
P

MeO N

To a solution of 2,4-dimethoxy-5-bromo-pyrimiding&2 g, 22.0 mmol, 1 equiv.) in anhydrous
THF (22 mL)iPrMgCI-LiCl (1.16 M in THF, 20.7 mL, 1.1 equiv) waslded dropwise at —20°C
and stirred for 2 h. The so obtained solution dfdmethoxypyrimidin-5-ylmagnesium chloride
was then reacted accordingT®13. Purification of the crude product by flash chréogmaphy
(Al,03, ELOf/iHex = 4:1) affordedx as a yellow oil (3.62 g, 83%).

'H-NMR (CDCl 3, 300 MHz)8: 7.97 (s, 1 H), 3.85 (d} = 5.0 Hz, 6 H), 3.18 (s, 2 H), 2.11 (s, 6
H).

13C-NMR (CDCl3, 75 MHz) 6: 169.5, 164.5, 158.5, 111.4, 54.6, 54.4, 53.8, 44.9.
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IR (ATR) V (cm®): 2974, 2945, 2899, 2858, 2817, 2767, 1678, 16006,15654, 1395, 1383,
1359, 1330, 1290, 1236, 1198, 1175, 1143, 10961,10055, 1016, 959, 936, 845, 822, 790,
762, 733.

MS (EI, 70 eV): miz (%): 197 (73) [M], 153 (60), 153 (79), 153 (100), 153 (19), 123)(T%H
(16), 58 (20), 55 (22), 42 (31).

HRMS: for C oH1sNsO; (197.1164)197.1168.

Synthesis of 1-(4-chloro-2,6-dimethoxypyrimidin-5-1)-N,N-dimethylmethanamine (152)

OMe
N| X NMe,

~

MeO N Cl

To a solution of [(2,4-dimethoxypyrimidin-5-yl)methdimethylamine (51) (3.96 g, 20.0 mmol,
1.0 equiv) in anhydrous THF (20 mL) at 20 °C wadetldropwise TMPMgCI-LiCI7) (1.06 M

in THF, 22.0 mmol, 1.1 equiv) and the resulting tmare was stirred at 20 °C for 45 min. Neat,
1,1,2-trichlorotrifluoroethane (4.12 g, 22.0 mmbl] equiv) was added and stirred at 50 °C for 4
h. The reaction mixture was quenched with satNaddCQ; and extracted with EtOAc (3 x 100
mL) and DCM (2 x 100 mL). The combined organic Iayeere washed with sat. ag. NaCl and
dried over NgSQ, Purification of the crude product by flash chroogmaphy (SiQ,
DCM/MeOH = 96:4) afforded52 as an orange oil (3.06 g, 66%).

'H-NMR (CDCl 3, 300 MHz)8: 4.03 (s, 6 H), 3.40 (s, 2 H), 2.30 (s, 6 H).

3C-NMR (CDCl3, 75 MHz) : 174.9, 165.3, 150.6, 110.4, 56.5, 53.7, 53.6, 45.1.

IR (ATR) v (cmY):, 2945, 2899, 2858, , 2767, 1678, 1600, 1565, 14385, 1383, 1359, 1330,
1290, , 1198, 1175, 1143, , 1071, 1055, 1016, 936, 790.

MS (El, 70 eV): m/z (%): 231 (26) f°CI-M™], 187 (90), 157 (12), 130 (21), 76 (11), 58 (18).
HRMS: for C gH14°CIN3O; (231.0775)231.0779.

Synthesis of 4-chloro-5-(chloromethyl)-2,6-dimethoppyrimidine (153)
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OMe

o

MeO™ N° °CI

Prepared according to TP14 from 1-(4-chloro-2,6-dimethoxypyrimidin-5-yIj,N-
dimethylmethanaminelp?) (3.47 g, 15.0 mmol, 1.0 equiv) and ethyl chlorafate (1.79 g, 16.5
mmol, 1.1 equiv). Purification of the crude prodbgtflash chromatography (SiQHex/EtO =
85:15) affordedl53 as a white solid (2.41 g, 72%).

'H-NMR (CDCl 3, 300 MHz) 8: 4.85 (s, 2 H), 4.13 (s, 3 H), 4.10 (s, 3 H).

13C-NMR (CDCl3, 75 MHz) é: 177.6, 168.6, 153.6, 105.8, 56.5, 53.6, 39.0.

IR (ATR) v (cm®): 2785, 1656, 1600, 1530, 1400, 1310, 1190, 1118510071, 1055, 1016,
825, 786, 742.

MS (El, 70 eV): m/z (%): 222 (10) f°CI-M*], 187 (100), 157 (13), 130 (16), 70 (12).

HRMS: for C 7Hg>* Cl,N,0; (221.9963)221.9971.

Synthesis of 1-(4-bromo-6-chloro-2-fluoropyridin-3yl)-N,N-dimethylmethanamine (170)

Br
~
N F

To a solution of 1-(6-chloro-2-fluoropyridin-3-y;N-dimethylmethanaminé&48 (3.77 g, 20.0
mmol, 1.0 equiv) dissolved in anhydrous THF (20 ndt) —20 °C was added dropwise
TMPMgCI-LIiCI (7) (1.06 M in THF, 24.0 mmol, 1.2 equiv) and theuléag mixture was stirred
at —20 °C for 1 h. Transmetalation with with antouds ZnC} (1.0 M in THF, 24.0 mmol, 1.2

equiv) was carried at —20 and stirred for 30 mieafNbromine (3.83 g, 24.0 mmol, 1.2 equiv)

Cl

was then slowly added and stirred to 0 °C for THe reaction mixture was quenched with sat.
ag. NaS,03; and extracted with EtOAc (3 x 200 mL). The combimeganic layers were washed
with sat. ag. NaCl and dried over J$&, Purification of the crude product by flash
chromatography (Si§) DCM/MeOH = 96:4) afforded70as a brown solid (4.17 g, 78%).

mp.: 45.5 -47.4 °C.
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'H-NMR (CDCl 3, 300 MHZ) 8: 7.47 (s, 1 H), 3.54 (s, 2 H), 2.30 (s, 6 H).

¥C-NMR (CDCl3, 75 MHz) &: 156.3 (d,J (C — F) = 247.7 Hz), 147.7 (d,(C — F) = 16.5 Hz),
140.4, 126.9 (dJ (C - F) = 5.4 Hz), 119.8 (d,(C — F) = 30.2 Hz), 55.1 (d,(C — F) = 3.1 Hz),
45.3.

IR (ATR) V (cm™): 2944, 2862, 2844, 2824, 2776, 2360, 1682, 15768,15458, 1444, 1422,
1406, 1370, 1298, 1252, 1224, 1206, 1168, 11464,11094, 1040, 1018, 974, 916, 836, 770,
756, 722.

MS (El, 70 eV) m/z (%): 267 (28) {°CI-M"], 266 (15), 265 (23), 253 (30), 252 (18), 251 (26)
226 (27), 224 (100), 222 (92), 108 (19), 82 (39)(B5), 80 (36), 58 (33), 44 (18), 43 (16).
HRMS (EI) for C gHo *Br**CIFN, (265.9622):265.9640.

Synthesis of 4-bromo-6-chloro-3-(chloromethyl)-2-tioropyridine (171)

Br

\

Cl N F

Prepared according to TP14 from 1-(4-bromo-6-chloro-2-fluoropyridin-3-yIN,N-
dimethylmethanamin&70 (2.68 g, 10.0 mmol, 1.0 equiv) and ethyl chlorafate (1.63 g, 15.0
mmol, 1.5 equiv) and stirred at 60 °C for 2 h. Remtion of the crude product by flash
chromatography (SiQiHex/EtO = 85:15) afforded71as a white solid (2.06 g, 80%).

mp.: 42.9 — 45.3 °C.

'H-NMR (CDCl 5, 300 MHZz)§: 7.50 (s, 1 H), 4.68 (s, 2 H).

¥*C-NMR (CDCl3, 75 MHz) &: 159.9 (d,J (C — F) = 249.9 Hz), 149.3 (d,(C - F) = 16.5 Hz),
139.3 (dJ(C—-F) =4.6 Hz), 126.1 (d,(C — F) =5.7 Hz), 119.2 (d,(C - F) = 30.5 Hz), 37.4.
IR (ATR) l7(cm'l): 3100, 2362, 1740, 1576, 1546, 1440, 1420, 13788,12734, 1218, 1206,
1198, 1168, 1100, 954, 894, 856, 820, 774, 726, 688

MS (El, 70 eV) m/z (%): 259 (16) °CI-M™], 257 (10), 226 (21), 224 (100), 222 (75).

HRMS (EI) for C ¢Hs"*Br®*CI,FN (256.8810):256.8805.
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3.5.2. Preparation of heterobenzylic zinc chloridesby LiCl-promoted Zn oxidative

insertion

Synthesis of (6-chloro-2-fluoropyridin-3-yl)methylanc chloride (154)

mchmm
~
N~ F

Cl

Prepared according toP15 from 6-chloro-3-(chloromethyl)-2-fluoropyriding49 (540 mg, 3
mmol, 1.0 equiv), Zn dust (294 mg, 4.5 mmol, 1.miegand LiCl (191 mg, 4.5 mmol, 1.5
equiv). Reaction time: 1 h. lodometric titrationtbe centrifugated solution indicated a yield of
90%.

Synthesis (4-chloro-2,6-dimethoxypyrimidin-5-yl)melylzinc chloride (156)

OMe
N| X ZnCI-LiCl

—

MeO™ N° CI

Prepared according P15 from 4-chloro-5-(chloromethyl)-2,6-dimethoxypyrinme 153 (669
mg, 3 mmol, 1.0 equiv), Zn dust (294 mg, 4.5 mrid, equiv) and LiCl (191 mg, 4.5 mmol, 1.5
equiv). Reaction time: 1 h. lodometric titrationtbe centrifugated solution indicated a yield of
85%.

Synthesis of (4-bromo-6-chloro-2-fluoropyridin-3-y)methylzinc chloride (172)
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Br

| N ZnCI'LiCl
~

Cl N~ °F

Prepared according fBP15 from 4-bromo-6-chloro-3-(chloromethyl)-2-fluoropgime 171 (777
mg, 3 mmol, 1.0 equiv), Zn dust (294 mg, 4.5 mmd, equiv) and LiCl (191 mg, 4.5 mmol, 1.5
equiv). Reaction time: 1 h. lodometric titrationtbe centrifugated solution indicated a yield of
70%.

3.5.3. Reactions of heterobenzylic zinc chloridesithr electrophiles
Synthesis of 2-(6-chloro-2-fluoropyridin-3-yl)-1-(24-dichlorophenyl)ethanone (155a)

Cl

Prepared according toP18 from (6-chloro-2-fluoropyridin-3-yl)methylzinc cbiide 154 (5.0
mmol, 1.0 equiv) and 2,4-dichlorobenzoyl chlori®@3 mg, 4.5 mmol, 0.9 equiv). Purification
of the crude product by flash chromatography ¢SiBex/EtO = 6:4) affordedl55aas a white
solid (1.15 g, 80%).

mp.: 85.4 - 87.0 °C.

'H-NMR (CDCl 3, 600 MHz)$: 7.68 (t,J = 7.9 Hz, 1 H), 7.52 (dJ = 8.2 Hz, 1 H), 7.47 (d] =
1.9 Hz, 1 H), 7.35 (dd] = 8.2, 2.1 Hz, 1 H), 7.23 (d,= 7.8 Hz, 1 H), 4.27 (s, 2 H).

3C-NMR (CDCl3, 150 MHz) 8: 196.2, 160.1 (dJ (C — F) = 245.0 Hz), 147.4 (d,(C — F)=
14.0 Hz), 144.1 (dJ (C — F) = 5.0 Hz), 138.1, 136.0, 132.0, 130.3)dC — F) = 15.7 Hz),
127.4,121.6 (d) (C — F)= 5.0 Hz), 114.5, 114.3, 41.5 @(C — F) = 2.2 Hz).

IR (ATR) V (cmY): 1705, 1601, 1581, 1568, 1551, 1464, 1433, 1393518257, 1209, 1202,
1177, 1150, 1133, 1101, 1069, 995, 933, 904, 869, &5, 805, 758, 673.



C.EXPERIMENTAL SECTION 171

MS (EI, 70 eV) miz (%): 319 (<1) f°CI-M"], 174 (100), 173 (52), 146 (13), 145 (71), 111)(10
HRMS (El) for C 13H;°°CIsFNO (316.9577)316.9560.

Synthesis of 1-(6-chloro-2-fluoropyridin-3-yl)acetoe (155b)

Me

Prepared according toP18 from (6-chloro-2-fluoropyridin-3-yl)methylzinc cbiide 154 (2.5
mmol, 1.0 equiv) and acetyl chloride (167 mg, 2.hah 0.85 equiv). Purification of the crude
product by flash chromatography (Si@&®O/iHex = 7:3) affordedl55b as a white solid (314
mg, 79%).

mp.: 64.9 — 66.7 °C.

'H-NMR (CDCl 3, 300 MHz) é: 7.56 (t,J = 7.7 Hz, 1 H), 7.18 (d) = 7.7 Hz, 1 H), 3.72 (s, 2
H), 2.24 (s, 3 H).

3C-NMR (CDCl3, 75 MHz) §: 202.4, 159.8 (dJ (C — F)= 244.5 Hz), 146.8 (d) (C — F)=
14.2 Hz), 143.8 (d) (C — F)= 5.5 Hz), 121.3 (dJ (C — F) = 4.9 Hz), 114.5 (d,(C — F)= 29.7
Hz), 41.8 (dJ (C — F)= 2.3 Hz), 29.3.

IR (ATR) l7(cm‘l): 3090, 2925, 1711, 1600, 1571, 1437, 1392, 13589,18281, 1265, 1186,
1162, 1137, 1106, 1099, 1021, 915, 850, 801, 748, 6

MS (El, 70 eV) m/z (%): 187 (4) f°CI-M*], 147 (62), 146 (20), 145 (100), 109 (37), 43 (11)
HRMS (EIl) for C gH-*>CIFNO (187.0200):187.0204.

Synthesis of 2-(6-chloro-2-fluoropyridin-3-yl)-1-(2thienyl)ethanone (155c)

Prepared according toP18 from (6-chloro-2-fluoropyridin-3-yl)methylzinc cbiide 154 (2.5

mmol, 1.0 equiv) and 2-thiophenecarbonyl chlori@&2 mg, 2.1 mmol, 0.85 equiv). Purification
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of the crude product by flash chromatography ¢SiBex/EtO = 1:1) affordedl55cas a yellow
solid (467 mg, 86%).

mp.: 72.8-74.9 °C.

'H-NMR (CDCl 3, 300 MHz)5: 7.82 (ddJ = 3.9, 1.1 Hz, 1 H), 7.73 — 7.67 (m, 2 H), 7.211d,
= 7.7Hz, 1 H), 7.17 = 7.14 (m, 1 H), 4.22 (s, 2 H).

13C-NMR (CDCl3, 75 MHz) §: 187.5, 160.2 (d] (C — F)= 244.5 Hz), 147.3 (d] (C — F)= 13.9
Hz), 144.4 (dJ (C — F)= 4.9 Hz), 142.9, 134.8, 132.7, 128.4, 121.8J{C - F) = 4.9 Hz),
114.9 (dJ (C - F) = 29.5 Hz), 37.8 (d,(C — F)= 2.0 Hz).

IR (ATR) V (cmY): 3092, 2916, 1738, 1657, 1600, 1576, 1567, 152231807, 1394, 1356,
1328, 1282, 1266, 1242, 1231, 1200, 1174, 11401,11068, 978, 934, 920, 900, 855, 812, 760,
748, 725, 666.

MS (El, 70 eV) m/z (%): 254 (<1) f°CI*°S-M"], 111 (100).

HRMS (EI) for C 1;H;*°CIFNO>?S (254.9921)254.9901.

Synthesis of 3-(2-bromobenzylic)-6-chloro-2-fluorogridine (155d)

Br

\

Cl N~ F

Prepared according toP16 from (6-chloro-2-fluoropyridin-3-yl)methylzinc cbiide 154 (2.0
mmol, 1.0 equiv) and 1-bromo-2-iodobenzene (509 @, mmol, 0.9 equiv). Catalyst system:
Pd(dba) (34 mg, 3 mol%) and P(o-furgl}28 mg, 6 mol %). Purification of the crude protlog
flash chromatography (SOiHex/ELO = 95:5) afforded.55d as a colorless oil (378 mg, 70%).
'H-NMR (CDCl 3, 600 MHz): 7.58 (ddJ = 8.0, 1.3 Hz, 1 H), 7.41 (8 = 7.7 Hz, 1 H), 7.29 —
7.27 (m, 1 H), 7.20 (d] = 7.7 Hz, 1 H), 7.16 — 7.13 (m, 1 H), 7.11)¢ 6.9 Hz, 1 H), 4.07 (s, 2
H).

13C-NMR (CDCl3, 150 MHz)$: 160.0 (dJ (C — F)= 245.4 Hz), 146.2 (d] (C — F)= 14.0 Hz),
142.8 (d,J (C — F)= 5.3 Hz), 136.8, 133.0, 131.0, 128.6, 127.7, 12824 4 (d,J (C — F)= 5.0
Hz), 119.8 (d,) (C — F) = 28.9 Hz), 33.9 (d,(C — F) = 1.4 Hz).

IR (ATR) V (cmY): 3060, 3014, 2924, 1598, 1568, 1363, 1327, 13060,12218, 1120, 1090,
1046, 1027, 948, 926, 909, 868, 836, 817, 796, a6,
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MS (El, 70 eV) m/z (%): 301 (42) {°CI-M*], 299 (35), 222 (30), 221 (16), 220 (100), 185)(19
184 (43), 97 (15), 86 (15), 85 (21), 84 (24), 88)(T'4 (41), 71 (30), 69 (26), 59 (48), 57 (37), 55
(18), 45 (26), 43 (18).

HRMS (EI) for C 1,Hs *Br®*CIFN (298.9513):298.9506.

Synthesis of 1-(5-bromo-2-thienyl)-2-(6-chloro-2-floropyridin-3-yl)ethanol (155e)

Prepared according toP17 from (6-chloro-2-fluoropyridin-3-yl)methylzinc cbiide 154 (2.0
mmol, 1.0 equiv) and 5-bromothiophene-2-carbaldehy825 mg, 1.7 mmol, 0.85 equiv).
Purification of the crude product by flash chrongaéphy (AbOs, iHeX/ELO = 1:1) afforded
155eas a red solid (401 mg, 70%).

mp.: 82.6 — 85.4 °C.

'H-NMR (DMSO-dg, 400 MHz)&: 7.88 (t,J = 7.8 Hz, 1 H), 7.42 (d] = 7.8 Hz, 1 H), 7.03 (dJ

= 3.7Hz, 1 H), 6.75 (d) =3.7, 1 H), 6.05 (dJ = 4.9 Hz, 1 H, OH), 5.03-4.98 (m, 1 H), 3.03-
2.92 (m, 2 H).

3C-NMR (DMSO-dg, 100 MHz)8: 159.8 (d,J (C — F) =243.0 Hz), 151.0, 145.6 @(C — F)
=5.8 Hz), 144.5 (d) (C - F) =14.2 Hz), 129.6, 123.6, 121.6 {dC — F) =4.6 Hz), 118.7 (d,(C
—F) =29.0 Hz), 109.4, 67.7, 37.0 {C — F) =2.9 Hz).

IR (ATR) |7(cm'l): 3396, 3091, 1621, 1604, 1571, 1437, 1420, 1398518260, 1224, 1209,
1138, 1126, 1096, 1036, 991, 962, 945, 912, 844, 829, 751, 736.

MS (El, 70 eV) m/z (%): 337 (<1) [*Br*®CI*’S-M'], 319 (16), 318 (12), 193 (87), 191 (100),
189 (15), 147 (26), 109 (10), 84 (37), 59 (10).

HRMS (El) for C 1;Hg"Br**CIFNO??S (334.9183)334.9158.

Synthesis of 1-(3-bromo-4-methoxyphenyl)-2-(6-chlor2-fluoropyridin-3-yl)ethanol (155f)
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OMe

\

Cl N~ °F OH

Prepared according toP17 from (6-chloro-2-fluoropyridin-3-yl)methylzinc cbiide 154 (2.0
mmol, 1.0 equiv) and 3-bromo-4-methoxybenzaldehy8&6 mg, 1.7 mmol, 0.85 equiv).
Purification of the crude product by flash chrongaéphy (AbOs, iHex/ELO = 1:1) afforded
155f as a white solid (490 mg, 80%).

mp.: 85.9 — 87.8 °C.

H-NMR (CDCl 3, 300 MHz): 7.53 — 7.48 (m, 2 H), 7.14 (dd,= 8.3, 2.2 Hz, 1 H), 7.08 (d,

= 7.8 Hz, 1 H), 6.81 (d) = 8.3 Hz, 1 H), 4.82 (t) = 7.2 Hz, 1 H), 3.85 (s, 3 H), 2.96 (s, 1 H),
2.94 (d,J=2.2 Hz, 1 H).

13C-NMR (CDCl3, 75 MHz) §: 160.0 (dJ (C — F)= 245.1 Hz), 155.0, 145.9 (d(C — F)= 13.7
Hz), 144.2 (dJ (C — F) = 5.7 Hz), 136.3, 130.2, 125.5, 121.0X{C — F)= 4.8 Hz), 118.2,
117.8, 111.3 (dJ (C = F) = 5.1 Hz), 71.7, 55.8, 37.4 ((C — F)= 2.6 Hz).

IR (ATR) V (cmY): 3351, 3276, 1739, 1602, 1566, 1500, 1459, 1430514394, 1282, 1265,
1196, 1168, 1131, 1100, 1049, 1013, 919, 895, 825, 762, 745, 718, 676.

MS (El, 70 eV) m/z (%): 358 (<1), [*Br¥*CI-M™], 339 (78), 326 (25), 217 (40), 216 (40), 215
(38), 214 (44), 147 (73), 146 (25), 145 (70), 184)( 108 (100), 78 (35), 77 (39), 65 (46).
HRMS (El) for C 14H12"*Br**CIFNO, (358.9274)358.9713.

Synthesis of 6-chloro-1-[(4-methylphenyl)sulfonylR-phenyl-2, 3-dihydro-1H-pyrrolo[2, 3-
b]pyridine (1559)

A
c” >N N
Tos

To a solution of (6-chloro-2-fluoropyridin-3-yl)ntetlzinc chloride154 (2.0 mmol, 1. 0 equiv)
was added 4-methW-[(1E)-phenylmethylene]benzenesulfonamide (440.8 mg,nin7ol, 0.85
equiv) at 25 °C and stirred for 3 h. The reactiartane was quenched with sat. aq. X and

extracted with EtOAc (3 x 25 mL). The combined arigdayers were washed with sat. aq. NaCl
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and dried over N&O.. Purification of the crude product by flash chrongasphy (SiQ,
iHex/EtO = 1:1 to 1:4) afforded55gas a white solid (412 mg, 63%).

mp.: 135.90 — 137.8 °C.

'H-NMR (CDCl 5, 600 MHz) §: 7.48 (d,J = 8.2 Hz, 2 H), 7.32 (t) = 7.7 Hz, 1 H), 7.23 — 7.20
(m, 3 H), 7.13 (dJ = 7.9 Hz, 2 H), 7.08 — 7.07 (m, 2 H), 6.97 Jd5 8.2 Hz, 1 H), 7.49 (q] =
7.7 Hz, 1 H), 3.05 (q) = 8.5 Hz, 1 H), 2.96 (gl = 6.3 Hz, 1 H), 2.39 (s, 3 H).

¥C-NMR (CDCl3, 150 MHz) &: 159.5, 146.9, 143.9, 143.5, 139.7, 136.8, 1298,8, 128.1,
126.8, 126.2, 121.5, 117.6, 57.9, 36.4, 21.5.

IR (ATR) V (cm™): 3256, 1598, 1569, 1494, 1450, 1433, 1396, 13204 18263, 1148, 1093,
1061, 1024, 969, 959, 914, 819, 761, 747, 706, 689,

MS (El, 70 eV) m/z (%): 384 (9) f°CI-M™], 261 (18), 260 (99), 229 (25), 155 (54), 91 (168)
(14), 57 (11).

HRMS (EI) for C ,0H17>°CIN,0,%*S (384.0699)384.0698.

Synthesis of 2-(4-chloro-2,6-dimethoxypyrimidin-5-1)-1-phenylethanone (155h)

Prepared according t®P18 from chloro[(4-chloro-2, 6-dimethoxypyrimidin-5jyhethyl]zinc
chloride 156 (3.0 mmol, 1.0 equiv) and benzoyl chloride (38@1@, 2.7 mmol, 0.9 equiv).
Purification of the crude product by flash chrongaiphy (SiQ, ihex/EtO = 1:1) affordedl55h
as white solid (669 mg, 88%).

mp.: 88.6 — 90.2 °C.

'H-NMR (CDCI3, 300 MHz) &: 8.03 (dt,J = 7.6, 2.2 Hz, 1 H), 7.60 (tf =7.4, 2.2 Hz, 2 H),
7.53 - 7.47 (m, 2 H), 4.33 (s, 2 H), 4.00 (s, 33494 (s, 3 H).

3C-NMR (CDCI3, 75 MHz) é: 194.6, 170.4, 163.4, 160.9, 136.4, 133.4, 1283,2, 106.9,
55.3, 54.9, 36.0.

IR (ATR) V (cm®): 2996, 2957, 2928, 1690, 1594, 1546, 1480, 1466),18509, 1375, 1347,
1328, 1310, 1276, 1227, 1212, 1192, 1184, 11617,11d77, 1031, 1002, 987, 938, 916, 858,
840, 755, 777, 753, 688.
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MS (El, 70 eV) m/z (%): 292 (47) f°CI-M*], 189 (27), 187 (100), 130 (17), 106 (23), 105)(24
77 (57).
HRMS for C14H15>°CIN,03 (292.0615%: 292.0602.

Synthesis of 2-(4-bromo-6-chloro-2-fluoropyridin-3yl)-1-(2-thienyl)ethanol (174)

Br S\
B =
o N7~ F O

Prepared according t6P17 from (4-bromo-6-chloro-2-fluoropyridin-3-yl)mettgthc chloride
172 (1.0 mmol, 1.0 equiv) and 2-thiophenecarboxaldeh{xDl mg, 0.9 mmol, 0.9 equiv). A
solution of MgC} (0.5 M in THF, 0.5 mmol, 0.5 equiv) was added atided at 25 °C for 3 h.
The reaction mixture was then quenched with satN&Cl and extracted with EtOAc (3 x 25
mL). The combined organic layers were washed wéth aq. NaCl and dried over pRO,.
Purification of the crude product by flash chrongméphy (AbO;, DCM) afforded174 as a
colorless oil (152 mg, 50%).

H-NMR (CDCl 3, 300 MHZz) 6: 7.45 (s, 1 H), 7.29 — 7.26 (m, 1 H), 6.98 — 6.86 2 H), 5.25
(9,J = 5.0 Hz, 1 H), 3.40 — 3.19 (m, 2 H), 2.11 (s, 104H).

13C-NMR (CDCl3, 75 MHz) : 160.7 (dJ (C — F) = 246.8 Hz), 147.1, 146.8, 139.4J{C — F)

= 5.9 Hz), 126.8, 125.6 (d,(C — F) = 5.3 Hz), 125.1, 123.9, 119.6 {dC — F) = 31.7 Hz), 68.8,
38.0 (d,J (C—-F) =2.8 Hz).

IR (ATR) V (cmi): 3392, 1578, 1544, 1414, 1374, 1276, 1230, 11826,11100, 1034, 998,
946, 930, 910, 850, 834, 796, 786, 776, 728, 698.

MS (El, 70 eV) m/z (%): 337 (<3), {°CI-M*], 227 (22), 225 (100), 224 (17), 223 (73), 111)(19
85 (42).

HRMS (EI) for C 11HgBr**CIFNOS (334.9183)334.9173.

3.5.4. Preparation of highly funciontalized annula¢d heterocycles

Synthesis of 6-chloro-2-(2-thienyl)-2,3-dihydro-#-pyrrolo[2,3-b]pyridine (162a)
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X S |

cl | N“TN \

To a solution of 2-(6-chloro-2-fluoropyridin-3-yl)-(2-thienyl)ethanonel55c¢ (256 mg, 1.0
mmol, 1.0 equiv). in anhydrous EtOH (3 mL) was atdenmonium acetate (1.16 g, 15.0 mmol,
15.0 equiv), sodium cyanoborohydride (76 mg, 1.2 amni.2 equiv) and stirred under
microwave irradiation at 130 °C for 30 min. Theatan mixture was then quenched with sat.
ag. NaCO; and extracted with EtOAc (3 x 25 mL). The combimgdanic layers were washed
with sat. ag. NaCl and dried over J$&, Purification of the crude product by flash
chromatography (SiQiHex/EtOAc = 7:3) afforded62aas a white solid (161 mg, 68%).

(Note During the microwave irradiation, high pressuresvgenerated and it was necessary to
handle with precaution.)

mp.: 186.5-188.0 °C.

'H-NMR (CDCl 3, 300 MHz)8: 7.22 (dd,J = 5.0, 1.4 Hz, 1 H), 7.17 (d§,= 7.5, 1.4 Hz, 1 H),
7.07 - 6.98 (M, 1 H), 6.94 @ = 3.3 Hz, 1 H), 5.32 — 5.21 (m, 2 H), 3.46 (d¢; 9.4, 1.1 Hz, 1
H), 3.04 (ddJ=7.0, 1.4 Hz, 1 H).

¥C-NMR (CDCl3, 75 MHz) §: 163.0, 148.2, 147.4, 133.5, 126.9, 124.7, 12819,0, 112.8,
56.6, 37.7.

IR (ATR) V (cm™): 3181, 1611, 1600, 1577, 1483, 1436, 1431, 14106,18309, 1292, 1258,
1240, 1191, 1099, 1037, 992, 940, 852, 803, 788, 699, 666.

MS (El, 70 eV) m/z (%): 236 (100) {°CI-M™], 235 (43), 234 (39), 205 (20), 203 (55), 200 (16)
168 (15), 144 (17), 129 (21), 127 (64), 117 (18)(20).

HRMS (EI) for C 11Hg>°CIN,*S (236.0175)236.0174.

Synthesis of 6-chloro-2-(2-thienyl)-H-pyrrolo[2, 3-b]pyridine (163a)

l

Cl N

AN S
_ N

Iz _



C.EXPERIMENTAL SECTION 178

To a solution of 6-chloro-2-(2-thienyl)-2,3-dihydidi-pyrrolo[2,3-b]pyridine 162a(119 mg, 0.5
mmol, 1.0 equiv) dissolved in anhydrous toluenen{§ was added activated Ma@35 mg, 5.0
mmol, 10.0 equiv) and stirred under reflux for 3The reaction mixture was then filtered through
a pad of cealite and rinsed with DCM (3 x 20 mLJl &tOAc (3 x 20 mL). The solvents were
then concentrateish vacuoand purification of the crude product by flasharhatography (Si@
iIHex/EtOAc = 8:2) afforded63aas a white solid (91 mg, 78%).

mp.: 188.2 — 190.2 °C.

'H-NMR (CDCI 3, 300 MHz) 8: 9.67 (s, 1 H, NH), 7.82 (d, = 8.0 Hz, 1 H), 7.35 — 7.34 (m, 2
H), 7.13 - 7.07 (m, 2 H), 6.65 (@= 2.2 Hz, 1 H).

3C-NMR (CDCl3, 75 MHz) &: 148.1, 144.5, 134.3, 133.4, 130.6, 128.1, 126243, 120.3,
116.8, 98.2.

IR (ATR) V (cm®): 3143, 2920, 1890, 1602, 1581, 1556, 1490, 14186,18849, 1331, 1308,
1283, 1227, 1163, 1124, 1104, 1084, 1022, 938,842, 813, 783, 748, 692, 684,

MS (El, 70 eV) m/z (%): 235 (16) $°CI*?S-M"], 234 (100), 198 (9), 172 (14).

HRMS (EI) for C 1;H7*°CIN,*’S (234.0018)234.00009.

Synthesis of 6-chloro-2-methyl-2,3-dihydro-#H-pyrrolo[2,3-b]pyridine (162b)

X
~

N
Cl N H

To a solution of 1-(6-chloro-2-fluoropyridin-3-ybatonel55b (188 mg, 1.0 mmol, 1.0 equiv) in
anhydrous EtOH (3 mL) was added ammonium acetai® @, 15.0 mmol, 15.0 equiv), sodium
cyanoborohydride (76 mg, 1.2 mmol, 1.2 equiv) atiidesl under microwave irradiation at 130
°C for 30 min. The reaction mixture was then quedctvith sat. ag. N&€0O; and extracted with
EtOAc (3 x 25 mL). The combined organic layers weeshed with sat. ag. NaCl and dried over
NaSO,. Purification of the crude product by flash chroogaaphy (SiQ, iHex/EtOAc = 7:3)
afforded162bas a white solid (102 mg, 60%).

(Note During the microwave irradiation, high pressuresvgenerated and it was necessary to
handle with precaution.)

mp.: 122.8 — 124.2 °C.
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'H-NMR (CDCl 3, 300 MHz) §: 7.11 (dt,J = 6.1, 1.4 Hz, 1 H), 6.47 (d,= 7.2 Hz, 1 H), 4.12 —
4.05 (m, 1 H), 3.14 (g1 = 7.7 Hz, 1 H), 2.58 (g] = 5.0 Hz, 1 H), 1.29 (d] = 6.4 Hz, 3 H).
3C-NMR (CDCl3, 75 MHz) &: 163.5, 147.3, 133.4, 120.2, 111.7, 52.9, 35.0.22.

IR (ATR) V (cm™): 3221, 2973, 2960, 2920, 1614, 1575, 1494, 14419,12409, 1383, 1373,
1349, 1329, 1308, 1257, 1245, 1216, 1192, 11276,10082, 1046, 956, 948, 921, 902, 845,
791, 748, 719, 672.

MS (EI, 70 eV) miz (%): 168 (32) {°CI-M*], 155 (29), 153 (100), 118 (15), 117 (40).

HRMS (EI) for C gHs*°CIN, (168.0454):168.0455.

Synthesis of 6-chloro-2-methyl-H-pyrrolo[2,3-b]pyridine (163b)

—
N
Cl N H

To a solution of 6-chloro-2-methyl-2,3-dihydrétdpyrrolo[2, 3b]pyridine 162b (84 mg, 0.5
mmol, 1.0 equiv) dissolved in anhydrous DCM (5 migs added activated Ma@435 mg, 5.0
mmol, 10.0 equiv) and stirred under reflux for 3The reaction mixture was then filtered through
a pad of cealite and rinsed with DCM (3 x 20 mLJl &tOAc (3 x 20 mL). The solvents were
concentratedn vacuo and purification of the crude product by flash athatography (Si¢)
iIHex/EtOAc = 7:3) afforded63bas a white solid (77 mg, 92%).

mp.: 177.5-178.9 °C.

'H-NMR (CDCl 3, 300 MHz) 6: 10.72 (s, 1 H, NH), 7.73 (d,= 8.3 Hz, 1 H), 7.03 (d) = 8.3
Hz, 1 H), 6.16 (s, 1 H), 2.56 (s, 3 H).

3C-NMR (CDCl3, 75 MHz) 6: 148.1, 142.5, 137.5, 129.7, 120.4, 115.5, 98.3.14

IR (ATR) l7(cm'l): 3157, 3055, 1602, 1586, 1543, 1413, 1396, 13827,18294, 1235, 1110,
974, 935, 806, 750, 705, 672, 691, 666.

MS (El, 70 eV) m/z (%): 167 (30) °CI-M™], 166 (100), 165 (88), 129 (31), 102 (13), 65 (13)
HRMS (EI) for C gH-*°CIN; (166.0298):166.0294.

Synthesis of 2-(5-bromo-2-thienyl)-6-chloro-2,3-dijdrofuro[2,3-b]pyridine (164a)
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To a solution of 1-(5-bromo-2-thienyl)-2-(6-chloBsfiuoropyridin-3-yl)ethanoll55e (337 mg,
1.0 mmol, 1.0 equiv) in annhydrous THF (4 mL) @&@was added slowly sodium hydride (60
mg, 60 % in mineral oil, 1.5 mmol, 1.5 equiv). Aaglwas removed and stirred to 25 °C for 4 h,
then the reaction mixture was quenched at 0 °C kit and extracted with EtOAc (3 x 25 mL).
The combined organic layers were washed with satNaCl and dried over N8O,. Purification

of the crude product by flash chromatography ¢(SIMCM/iHex = 1:1) afforded.64aas yellow
solid (250 mg, 79 %).

mp.: 102.5-105.2 °C.

'H-NMR (CDCl 3, 300 MHz) : 7.43 (dt,d =7.7, 1.4 Hz, 1 H), 6.93 (d} =3.6 Hz, 1 H), 6.87—
6.85 (m, 2 H), 5.96 () =7.1 Hz, 1 H), 3.64 (dd] =9.4, 1.1 Hz, 1 H), 3.28 (dd,=6.9, 1.1 Hz, 1
H).

3C-NMR (CDCl3, 150 MHz) §: 166.7, 149.0, 144.6, 135.5, 129.7, 125.8, 11718,8, 113.1,
78.8, 36.0.

IR (ATR) V (cm™): 1641, 1591, 1582, 1500, 1426, 1410, 1354, 1330218286, 1231, 1196,
1188, 1135, 1112, 1099, 967, 940, 921, 812, 802, 747, 679.

MS (El, 70 eV) m/z (%): 317 (100), {°Br¥*CI**s-M'"], 316 (18), 315 (82), 235 (67), 203 (20),
201 (20), 200 (21), 174 (16), 173 (46), 172 (56)(38).

HRMS (EI) for C 11H;"°Br®*CINO%*3S (314.9120)314.9121.

Synthesis of 2-(5-bromo-2-thienyl)-6-chlorofuro[2,3o]pyridine (165a)

Br
AN S
D=
(0]

Cl N

To a solution of 2-(5-bromo-2-thienyl)-6-chloro-Agydrofuro[2,3b]pyridine 164a (285 mg,

0.9 mmol, 1.0 equiv) in annhydrous 1,4-dioxane (4 mas added 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (613 mg, 2.7 mmol, 3.0 equiv) andestiunder reflux for 3 h. The reaction
mixture was then quenched with sat. aq. NaB@@d extracted with EtOAc (3 x 25 mL). The
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combined organic layers were washed with sat. a{IMnd dried over N&Q,. Purification of
the crude product by flash chromatography (SEXLO/iHex = 6:4) afforded.65aas white solid
(170 mg, 60 %).

mp.: 184.8 — 187.4 °C.

'H-NMR (CDCl 3, 600 MHz) &: 7.80 (d,J = 8.0 Hz, 1 H), 7.28 (d] = 3.8 Hz, 1 H), 7.25 (d] =
8.0 Hz, 1 H), 7.07 (d) = 3.8 Hz, 1 H), 6.76 (s, 1 H).

3C-NMR (CDCl3, 150 MHz) §: 160.1, 150.3, 145.5, 133.2, 131.3, 131.0, 12620,2, 119.8,
114.6, 99.7.

IR (ATR) V (cm’): 3066, 1576, 1515, 1418, 1401, 1337, 1254, 1197111109, 1058, 996,
928, 886, 827, 808, 786, 757, 699.

MS (EI, 70 eV) m/z (%): 314 (100), {*Br*°*CI*?’S-M"], 313 (70), 189 (11), 74 (17), 59 (18).
HRMS (EI) for C 11Hs *Br®*CINO*?S (312.8964)312.8960.

Synthesis of 2-(3-bromo-4-methoxyphenyl)-6-chloro;3-dihydrofuro[2,3-b]pyridine (164b)

| OMe

=z
\
o

Cl
Br

To a solution of 1-(3-bromo-4-methoxyphenyl)-2-(@earo-2-fluoropyridin-3-yl)ethanol155f
(341 mg, 1.0 mmol, 1.0 equiv) in annhydrous THHRY{#) at 0 °C was added slowly sodium
hydride (60 mg, 60 % in mineral oil, 1.5 mmol, B&uiv). Cooling was removed and stirred to
25 °C for 4 h, then the reaction mixture was quedcht 0 °C with KO and extracted with
EtOAc (3 x 25 mL). The combined organic layers weeshed with sat. ag. NaCl and dried over
NaSO:. Purification of the crude product by flash chrongméphy (SiQ, ELO/iHex = 4:1)
afforded164bas brown solid (293 mg, 86%).

mp.: 88.2 — 90.3 °C.

'H-NMR (CDCl 3, 300 MHz)$: 7.55 (d,J = 2.2 Hz, 1 H), 7.40 (d) = 7.5 Hz, 1 H), 7.28 (dd]

= 8.5, 2.2 Hz, 1 H), 6.89 — 6.84 (m, 2 H), 5.78)(t 7.5 Hz, 1 H), 3.88 (s, 3 H), 3.66 — 3.57 (m,
1 H), 3.14 (9J = 7.7 Hz, 1 H).

3C-NMR (CDCl3, 75 MHz) &: 167.4, 155.9, 148.8, 135.5, 134.2, 130.6, 12519,7, 116.5,
112.0, 111.9, 81.9, 56.4, 36.2.
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IR (ATR) V (cm™): 2970, 2926, 2845, 1738, 1688, 1600, 1582, 14983818414, 1351, 1338,
1294, 1282, 1257, 1230, 1208, 1194, 1182, 11053 1087, 972, 929, 913, 878, 826, 812, 802,
745, 720, 680.

MS (El, 70 eV) m/z (%): 341 (100) {*Br®*CI-M"], 340 (23), 339 (77), 326 (26), 324 (18), 182
(14), 153 (14), 77 (15).

HRMS (EI) for C 14H11"°Br®*CINO, (338.9662):338.9656.

Synthesis of 2-(3-bromo-4-methoxyphenyl)-6-chlorofw[2,3-b]pyridine (165b)

X
B OMe
cl” >N~ O

Br

To a solution of 2-(3-bromo-4-methoxyphenyl)-6-aol,3-dihydrofuro[2,3s]pyridine 164b
(306 mg, 0.9 mmol, 1.0 equiv) in anhydrous 1,4-diex (4 mL) was added 2, 3-dichloro-5,6-
dicyano-1,4-benzoquinone (613 mg, 2.7 mmol, 3.0v@and stirred under reflux for 3 h. The
reaction mixture was quenched with sat. ag. Nakl@@ extracted with EtOAc (3 x 25 mL). The
combined organic layers were washed with sat. a{IMnd dried over N&Q,. Purification of
the crude product by flash chromatography ¢SiBex/DCM = 1:1) afforded 65b as white solid
(250 mg, 82%).

mp.: 181.6 — 183.2 °C.

'H-NMR (CDCl 3, 300 MHz)é: 8.01 (d,J = 2.2 Hz, 1 H), 7.81 — 7.75 (m, 2 H), 7.23 {d& 8.0
Hz, 1 H), 6.97 (dJ = 8.8 Hz, 1 H), 6.85 (s, 1 H), 3.94 (s, 3 H).

3C-NMR (CDCl3, 75 MHz) 8: 160.4, 156.8, 154.7, 145.1, 131.2, 130.1, 12523,2] 120.1,
119.9,112.3, 112.0, 99.0, 56.4.

IR (ATR) V (cm™): 1608, 1590, 1584, 1487, 1436, 1411, 1399, 13913,18290, 1277, 1267,
1263, 1183, 1153, 1129, 1112, 1053, 1017, 933,830, 825, 762, 684.

MS (El, 70 eV) m/z (%): 339 (72) [°Br*>CI-M*], 326 (28), 324 (23), 182 (11), 77 (11).

HRMS (EI) for C 14Ho *Br®*CINO; (336.9505):336.9665.

Synthesis of 7-chloro-3-(2,4-dichlorophenyl)pyridd?,3c]pyridazine (168)
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Cl

To a solution of 2-(6-chloro-2-fluoropyridin-3-yi)-(2,4-dichlorophenyl)ethanori&5a(318 mg,
1.0 mmol, 1.0 equiv) in dimethyl formamide (2 mLasvadded hydrazine (1.0 M in THF, 5.0
mmol, 5.0 equiv) and refluxed for 6 h. The reactmixture was then quenched with sat. ag.
Na,CO; and extracted with EtOAc (3 x 50 mL) and DCM (& mL). The combined organic
layers were washed with sat. aq. NaCl and driea d#SQO,. The crude product was filtered
through a short pad of Si@Gnd rinsed with DCM and EtOAc. The solvents wemmavedin
vacuoand the resulting product was dissolved in anhysiibHF (4 mL) and Pb(OAg£)887 mg,
2.0 mmol, 2.0 equiv) was added and stirred for ZHe reaction mixture was then quenched with
sat. ag. NHCI and extracted with EtOAc (3 x 25 mL). The condalrorganic layers were washed
with sat. ag. NaCl and dried over J$&,. Purification of the crude product by flash
chromatography (Si§) DCM/EtOAC = 97:3) afforded68as a yellow solid (170 mg, 55%).

mp.: 251.5 — 253.6 °C.

'"H-NMR (CDCl 3, 600 MHz) 8: 8.33 (s, 1 H), 8.26 (dl = 8.5 Hz, 1 H), 7.92 (d] = 8.5 Hz, 1
H), 7.73 (dJ=8.5Hz, 1 H), 7.60 (dl = 1.9 Hz, 1 H), 7.48 (dd, = 8.5, 2.0 Hz, 1 H).

3C-NMR (CDCl3, 150 MHz) é: 156.4, 155.9, 153.9, 138.9, 136.4, 133.8, 13333,2, 130.2,
128.8, 128.0, 124.2, 119.5.

IR (ATR) V (cm®): 3083, 1593, 1553, 1523, 1481, 1384, 1358, 12444,11412, 1108, 1066,
1027, 909, 859, 840, 817, 804, 727, 706, 664.

MS (El, 70 eV) m/z (%): 311 (76) {°CI-M*], 310 (15), 309 (74), 285 (32), 284 (14), 283 (88)
282 (17), 281 (100), 249 (13), 246 (99), 245 (ZW3 (31), 212 (21), 211 (95), 210 (18), 176
(24), 175 (31), 170 (12), 141 (11), 140 (10), 123)( 106 (12), 99 (11), 92 (11), 75 (13), 74 (16).
HRMS for C13He>°Cl3N3 (308.9627):308.9619.

Synthesis of 5,7-dimethoxy-3-phenylpyrimido[4,%]pyridazine (169)
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To a solution of 2-(4-chloro-2,6-dimethoxypyrimieinyl)-1-phenylethanon&55h (293 mg, 1.0
mmol, 1.0 equiv) in dimethyl formamide (2 mL) waddad hydrazine (1.0 M in THF, 5.0 mmol,
5.0 equiv) and refluxed for 6 h. The reaction migtwas then quenched with sat. aq,®&s
and extracted with EtOAc (3 x 50 mL) and DCM (3&raL). The combined organic layers were
washed with sat. ag. NaCl and dried oves®@. The crude product was filtered through a short
pad of SiQ and rinsed with DCM and EtOAc. The solvents wermavedin vacuoand the
resulting product was dissolved in anhydrous THm{4 and Pb(OAcg) (887 mg, 2.0 mmol, 2.0
equiv) was added and stirred for 4 h. The reactioxture was then quenched with sat. ag.
NH,4CI and extracted with EtOAc (3 x 25 mL). The condarorganic layers were washed with
sat. ag. NaCl and dried over #$&. Purification of the crude product by flash chréography
(SiO,, DCM) affordedl69as a yellow solid (188 mg, 70%).

mp.: 177.8 = 179.5 °C.

'H-NMR (CDCI 3, 400 MHz) 6: 8.35 (s, 1 H), 8.19 — 8.16 (m, 2 H), 7.56 — 749 8 H), 4.27
(d,J=1.2 Hz, 6 H).

3C-NMR (CDCl3, 100 MHz) é: 169.7, 164.4, 159.7, 155.3, 135.6, 129.6, 12&8,8, 116.2,
108.8, 55.8, 55.6.

IR (ATR) v (cmi®): 1615, 1575, 1544, 1495, 1460, 1421, 1381, 13225,12969, 1242, 1193,
1120, 1062, 1041, 973, 956, 911, 815, 779, 756, G25.

MS (El, 70 eV) m/z (%): 268 (100) [M], 240 (41), 197 (25), 140 (45).

HRMS for C14H;2N40,(268.0960):268.0952.

Synthesis of 2-(4-bromo-6-chloro-2-fluoropyridin-3yl)-1-(2-thienyl)ethanol (174)

Br S \
B B
~ OH
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Prepared according P17 from [(4-bromo-6-chloro-2-fluoropyridin-3-yl)methginc chloride
172 (1.0 mmol, 1.0 equiv) and 2-thiophenecarboxaldeh{a®1 mg, 0.9 mmol, 0.9 equiv). A
solution of anhydrous Mgg(0.5 mmol, 0.5 M in THF, 0.5 equiv) was added &nther stirred
at 25 °C for 3 h. Purification of the crude prodiwt flash chromatography (&Ds, DCM)
afforded174as a colorless oil (152 mg, 50%).

'H-NMR (CDCl 3, 300 MHz) &: 7.45 (s, 1 H), 7.29 — 7.26 (m, 1 H), 6.98 — 6.86 2 H), 5.25
(9,J = 5.0 Hz, 1 H), 3.40 — 3.19 (m, 2 H), 2.11 (s, 10H#).

¥C-NMR (CDCl3, 75 MHz) &: 160.7 (dJ (C — F) = 246.8 Hz), 147.1, 146.8, 139.4J4C — F)

= 5.9 Hz), 126.8, 125.6 (d,(C — F) = 5.3 Hz), 125.1, 123.9, 119.6 {dC — F) = 31.7 Hz), 68.8,
38.0 (d,J (C—-F) =2.8 Hz).

IR (ATR) V (cml): 3392, 1578, 1544, 1414, 1374, 1276, 1230821 1146, 1100, 1034,
998, 946, 930, 910, 850, 834, 796, 786,, 7728, 698.

MS (El, 70 eV) m/z (%): 337 (<3), [*Br*CI*°S-M"], 227 (22), 225 (100), 224 (17), 223 (73),
111 (19), 85 (42).

HRMS (EI) for C 11Hs *Br3*CIFNO>%S (334.9183)334.9173.

Synthesis of 4-bromo-6-chloro-2-(2-thienyl)furo[2,3o]pyridine (173)

Br

X S

BN
cl” >N O

Prepared according t6P17 from (4-bromo-6-chloro-2-fluoropyridin-3-yl)methyiz chloride
172 (10.0 mmol, 1.0 equiv) and 2-thiophenecarboxaldeh{®97 mg, 8.0 mmol, 0.8 equiv) were
stirred at 50 °C for 2 h. Purification of the crugi®duct by a short pad of Si@nd rinsed with
EtOAc (3 x 100 mL). The solvent was removed/acuoand the resulting product was dissolved
in anhydrous 1,4-dioxane (10 mL) and 2,3-dichlof@-&cyano-1,4-benzoquinone (4.99 g, 22.0
mmol, 2.2 equiv) was added and stirred under rdfux 2 h. The reaction mixture was quenched
with sat. ag. NaHC@and extracted with EtOAc (3 x 100 mL). The combireganic layers
were washed with sat. ag. NaCl and dried oveiSa Purification of the crude product by flash
chromatography (Si©iHex/DCM = 7:3) afforded. 73as a white solid (1.38 g, 55%).

mp.: 128.1 — 129.8 °C.
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'H-NMR (CDCl 5, 300 MHz) &: 7.57 (ddJ = 3.7, 1.1 Hz, 1 H), 7.45 — 7.43 (m, 2 H), 7.12¢
3.7 Hz, 1 H), 6.81 (s, 1 H).

3C-NMR (CDCl3, 75 MHz) & 159.2, 152.0, 145.1, 131.3, 128.3, 127.8, 12625,6, 122.8,
122.4, 99.2.

IR (ATR) V (cm™): 2360, 2340, 1738, 1582, 1560, 1418, 1354, 1336812202, 1100, 1052,
994, 960, 896, 854, 844, 838, 794, 752, 712.

MS (El, 70 eV) m/z (%): 315 (100), {*Br**CI*’S-M"], 314 (15), 313 (71), 170 (14).

HRMS (EI) for C 1;Hs *Br®*CINO %3S (312.8964)312.8960.

Synthesis of 4-(benzylicoxy)-6-chloro-2-(2-thienyfiyiro[2,3-b]pyridine (175)

(@]
X S
DS
O

Cl N

To a solution of sodium hydride (144 mg, 3.6 mmao?, equiv) dissolved in DMF (9 mL) at 0 °C
was added benzylic alcohol (357 mg, 3.3 mmol, Jjtivg and stirred for 10 min. Then, 4-
bromo-6-chloro-2-(2-thienyl)furo[2,B}pyridine 173 (944 mg, 3.0 mmol, 1.0 equiv) was added
slowly at 0 °C and stirred to 25 °C for 2 h. Thaat®on mixture was then quenched at 0 °C with
sat. ag. NHCI and extracted with EtOAc (3 x 50 mL). The congarorganic layers were washed
with sat. ag. NaCl and dried over 4$&,. Purification of the crude product by flash
chromatography (SiiHex/DCM = 7:3) afforded. 75as a yellow solid (765 mg, 75%).

mp.: 162.9 — 164.6 °C.

'H-NMR (CDCl 3, 300 MHz) &: 7.49 — 7.33 (m, 7 H), 7.08 (,= 3.7 Hz, 1 H), 6.88 (s, 1 H),
6.79 (s, 1 H), 5.24 (s, 2 H).

¥3c-NMR (CDCl3, 75 MHz) &: 161.5, 160.2, 149.5, 146.7, 134.9, 132.1, 12828.7, 128.0,
127.7,126.5, 125.4, 110.3, 103.5, 97.5, 71.1.

IR (ATR) V (cm®): 1581, 1460, 1450, 1346, 1321, 1316, 1212, 11586,1998, 953, 922, 8486,
826, 799, 758, 707, 700.
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MS (El, 70 eV) m/z (%): 342 (7), °CI*°S-M"], 341 (38), 111 (7), 92 (6), 91 (100).
HRMS (EI) for C 15H1,>°CINO,*S (341.8114)341.0273.

3.6. New Generation of Iminium Salts

Synthesis of 3-[(2,2,6,6-tetramethylpiperidin-1-ybnethyl]pyridine (185a)

Prepared according t6P19 from pyridin-3-ylmagnesium chloride (1.0 mmol, 1eQuiv) and
TMPMgCI-LIiCI (7) (1.10 M, 2.0 mmol, 1.0 equiv). Purification ofetltrude product by flash
chromatography (SiQiHex/EtO = 1:1) afforded.85aas a white solid (300 mg, 76%).

mp.: 82.5 - 83.9 °C.

'H-NMR (CDClI 5, 300 MHz)5: 8.63 (s, 1 H), 8.36 (d,= 6.4 Hz, 1 H), 7.76 (d, J = 8.6 Hz, 1 H),
7.17 (dd, J = 8.6, 4.7 Hz, 1 H), 3.80 (s, 2 H)51:61.49 (m, 5 H), 0.98 (s, 12 H).

¥3c-NMR (CDCl3, 75 MHz) 6: 148.9, 147.0, 141.0, 134.5, 122.8, 54.9, 45.7,,2U.%5, 17.8.

IR (ATR) |7(cm‘l): 2966, 2925, 1469, 1429, 1261, 1240, 1174, 11323,11025, 900, 849, 788,
715, 694.

MS (El, 70 eV) m/z (%): 232 (<2), [M], 218 (14), 217 (100), 161 (23), 92 (33), 69 (165,
(10), 40 (20).

HRMS (EI) for C 15H,4N; (232.1939)232.1936.

Synthesis of 2-(2-chlorophenylN,N-bis(2-methoxyethyl)ethanamine (185b)

OMe

N
©\/V \/\OMe
Cl
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Prepared according tdP19 from 2-chlorobenzylzinc chloride (1.0 mmol, 1.0uaq and
magnesium chloride bis(2-methoxyethyl)amide (1.0aihrh.0 equiv). Purification of the crude
product by flash chromatography (Si@tHex/EvO = 1:1) affordedl85bas a yellow oil (500 mg,
92%).

'H-NMR (CDCl 3, 300 MHz) é: 7.31 — 7.28 (m, 1 H), 7.21 — 7.07 (m, 3 H), 346 € 6.1 Hz, 4
H), 3.32 (s, 6 H), 2.91 — 2.85 (m, 2 H), 2.81 -7, 6 H).

¥C-NMR (CDCl3, 75 MHz) &: 138.1, 134.0, 131.0, 129.4, 127.4, 126.8, 71.29,5985.0, 53.9,
31.1.

IR (ATR) V (cm®): 2952, 2835, 1706, 1611, 1584, 1558, 1510, 14504,14363, 1301, 1244,
1172, 1120, 1105, 1061, 1030, 952, 822, 736, 688, 6

MS (El, 70 eV) m/z (%): 270 (<1), {°CI-M"], 228 (19), 226 (73), 146 (100), 139 (29), 59 (11)
HRMS (EI) for C 14H2,>°CINO; [M-H *] (270.1253):270.1253.

Synthesis of diallyl[2-(2-chlorophenyl)ethyllaming(185c)

¢
c

Prepared according tdP19 from 2-chlorobenzylzinc chloride (1.0 mmol, 1.0uaq and
magnesium chlorid®l,N-diallylamide (1.0 mmol, 1.0 equiv). Purificatiohthe crude product by
flash chromatography (SpOiHex/EtOAc = 98:2) afforded85c as a colorless oil (282 mg, 66
%).

'H-NMR (CDCl 3, 300 MHz)$: 7.33 — 7.30 (m, 1 H), 7.22 — 7.09 (m, 3 H), 5.98.80 (m, 2 H),
5.23-5.11 (m, 4 H), 3.18 (dt, J = 6.4, 1.4 HH)42.92 — 2.87 (m, 2 H), 2.72 — 2.76 (m, 2 H).
3C-NMR (CDCl3, 75 MHz) &: 138.2, 135.7, 134.0, 130.9, 129.4, 127.4, 12617.4, 56.8,
53.1, 31.1.

IR (ATR) V (cm™): 3073, 2929, 2804, 1643, 1475, 1443, 1418, 1358912100, 1052, 1045,
994, 916, 748, 682.

MS (EI, 70 eV) m/z (%): 235 (<1), {°CI-M*], 139 (10), 111 (29), 110 (41), 103 (17), 81 (TA),
(13), 68 (18).
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HRMS (EI) for C 14H16>CIN (235.1128):235.1113.
Synthesis ofN-benzyl-2-chloroN-(4-methoxybenzyl)pyridin-3-amine (185d)

Ph

A

OMe

Prepared according t6P19 from 4-methoxyphenylzinc chloride (1.0 mmol, 1.Que) and
magnesium chloridé&-benzyl-2-chloropyridin-3-amide (1.0 mmol, 1.0 equ Purification of
the crude product by flash chromatography SiBex/EtOAc = 7:3) afforded85d as a yellow
oil (122 mg, 45%).

'H-NMR (CDCl 3, 300 MHz) §: 8.04 (ddJ = 4.7, 1.7 Hz, 1 H), 7.33 — 7.30 (m, 4 H), 7.2B.17
(m, 4 H), 7.05 (ddJ= 7.8, 4.6 Hz, 1 H), 6.87 — 6.82 (m, 2 H), 4.262(81), 4.22 (s, 2 H), 3.80 (s,
3 H).

3C-NMR (CDCl3, 75 MHz) &: 158.9, 147.6, 144.3, 143.0, 137.3, 131.8, 1299,2] 128.9,
128.4,127.3,122.4,116.2, 114.8, 113.8, 55.6.

IR (ATR) V (cm™): 3062, 3029, 2835, 1706, 1611, 1584, 1558, 15161 18404, 1363, 1301,
1244, 1193, 1172, 1120, 1061, 1030, 952, 822, 38, 678.

MS (EI, 70 eV) m/z (%): 339 (<1), f°CI-M*], 121 (100).

HRMS (EI) for C 20H15°CIN,0 (338.1186):338.1178.
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List of Abbreviations

Ac acetyl

acac pentane-1,3-dionato (acetylacetonato)
aq. aqueous

Ar aryl

ATR attenuated total reflection (IR)
br broad (NMR)

Bu butyl

conc. concentrated

d doublet (NMR)

dba trans,transdibenzylideneacetone
dist. distilled

DCM dichloromethane

DMAP 4-(dimethylamino)pyridine

DMF N,N-dimethylformamide

equiv equivalent

E electrophile

El electron ionization

ESI electrospray ionization

Et ethyl

EWG electron-withdrawing group

FG functional group

GC gas chromatography

h hour

HRMS high resolution mass spectroscopy
iPr iso-propyl

IR infrared

J coupling constant (NMR)

LDA lithium N,N-diisopropylamide

M mol/L
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m meta

Me methyl

min minute

mp. melting point

MS mass spectroscopy

NMR nuclear magnetic resonance

NMP N-methylpyrrolidin-2-one

0 ortho

p para

PEPPSIHPr [1,3-Bis(2,6-diisopropylphenyl)imidazol-2-ylide}§3-chloropyridyl)palladium(ll)
dichloride

Ph phenyl

ppm parts per million

R organic substituent

rom revolutions per minute

sat. saturated

S-Phos 2-dicyclohexylphosphino-2’,6’-dimethoxyheplyl

tBu tert-butyl

t reaction time

TFAO trifluoroacetate

TLC thin layer chromatography

THF tetrahydrofuran

tfp tris(2-furyl)phosphine

TMP 2,2,6,6-tetramethylpiperidyl

T™MS trimethylsilyl

Tol tolyl

Ts 4-toluenesulfonyl

TP typical procedure
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