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A.Introduction

1. General Introduction

Over the past two centuries, the discoveries maaeganic chemistry have led us to a world
with vastly increased life expectancy due to theliced wonder drugs we are now able to

produce.

Organometallic chemistry is at the same time anaoldl a new branch of chemistry. It is old
because the first organometallic compound was peepabout 250 years ago; organometallic
chemistry is new, since in the last 60 years orgagtallic compounds have become a subject
of general interest, and the field is now recogmias an independent branch of chemistry.

The history of organometallic chemistry could besa@ed as a one of unexpected
discoverieg. The first organometallic compound prepared wasl760 by Louis Claude
Cadet? who worked on synthetic inks based on cobalt sklésused cobalt minerals, which
also contain arsenic. Reaction of arsenic(lll) exiahd potassium acetate gave “Cadet’s
fuming liquid”, which contains cacodyloxide [(G}4As]20. Later, in 1840, R. W. Bunsen

investigated these kind of compounds, which heeddialkarsines” more closefy.

The first olefin complex was prepared by WilliamrStopher Zeisé,a Danish chemist, in
1827 by the reaction of ethanol with a mixture t€IP?and PtC{in the presence of KCI. It is
interesting to mention that this was about at #maestime as the first successful synthesis of
urea in 1828 by F. Wohleand 40 years prior to the proposal of the Peridaiole by A. D.
Mendeleev in 1869, who later, used organometallimmounds as the test cases for his
Periodic Table.

The compound prepared and formulated as FigH4)- KCI-H:O by Zeise must have been
regarded as quite bizarre at that time. How cayletle, a gaseous compound under ordinary
conditions combine with platinum? It is no wondéigt when the synthesis of this compound
was reported, some of his contemporaries criticissde.

The first organometallic compound having a direetatito-alkylo-bond was synthesized by
E. Frankland, a student of Bunsen’s at Marburg, in 1849. Whankeand was trying to
prove, was the existence of organic radicals. Reagahat abstraction of iodine from ethyl

! Basic Organometallic Chemistry; Haiduc, J. J. Zuckerman, Walter de Gruyten|iBe1985.

2 Organotransition metal Chemistry. Fundemental Cae@nd Applications A. Yamamoto, Wiley-VCH:
Weinheim,1986.

3L. C. Cadet de GassicouMem. Mat. Physl76Q 3, 363.

4 R. BunsenlLiebigsAnn. Chem1837, 24, 471.

S>W. C. ZeisePogg. Ann1827 9, 632.

8 F. Wohler,Annalen der Physik und Cheniig28 88, 253.

" E. FranklandLiebigs Ann. Cheni849 71, 171.



iodide by zinc should give an ethyl radical, hetedaa mixture of ethyl iodide and zinc. He
obtained a volatile, colorless liquid and first tight that he had demonstrated the occurrence
of a radical. However, the determination of the ecalar weight showed that it was not an
ethyl radical, but butane that was formed by theod®osition of an ethylzinc compound

generated by the reaction of zinc with ethyl iodide

This experiment, which was called “the most frditfailure”, led to a method for preparing
alkylzinc compounds. A number of discoveries ofai#nt organometallic compounds such
as bis-alkylmercury, bis-alkyltin, bis-alkylboroallylaluminum iodides, organochlosilanes,
halide-free magnesium alkyls passed by, until Prbiga in 1890 replaced zinc with
magnesium in reactions with alkyl iodidegddis student V. Grignard went on with this
investigation and expanded significantly the usafj®rgano-magnesium reageftsyhich
were subsequently named Grignard reagents. Sinem, tGrignard reagents became a

powerful tool in organic synthesis (Scheme 1).

"Cadet’s fuming liquid"

As;03 + 4 CH3COOK contains [(CH3),As],0

1760 - L. C. Cadet; first organometallic compound

‘ Zeise's salt Na[PtCl;C,H,]

1827 - zeise; first olefin complex

/> Znl, + 2 C,Hs

— (02H5)22n + 02H5Zn| + Zn|2

3C,Hgl +32Zn —]

1849 - E. Frankland; first organozinc compound

o) 1) CHsl, Mg OHCH
2) H,0 3
HSCNCH'E’ T e ch = CH3
CHj CH3

1899 - P. Barbier; first replacement Mg for Zn in reactions with alkyl iodide

Scheme 1Some important discoveries in the history of oayaatallic chemistry

8P. A. BarbierC. R. Acad. Scil899 128 110.
9V. Grignard,C. R. Acad. Scil90Q 130, 1322.



A.Introduction

The history of organometallic chemistry continueishwthe discovery by Paul Sabatier in
1910, who showed that finely divided metals suchiakel, palladium or platinum could
catalyze the hydrogenation of alkenes. This disgoveas a great advance for the use of
transition metals in organic synthe¥idowever, a real turning point was the determimatio
of the structure of ferrocene by Wilkinson and Rest! many years later. A clear image and
the high stability of ferrocene gave chemists thesspbility of studying and better
understanding these kind of organometallic compsurithese discoveries coupled with
tremendous advances such as nuclear magnetic resonédNMRY? and X-ray
crystallograph¥? paved the way for the investigation of transitimetal complexes, their
reactivity and usage in synthetic chemistry. The @fr transition metal-catalyzed chemistry
had begun.

The work of Nobel Laureates such as Sharpieskyorit® and Knowle&® (2001), Grubb¥,
Schrock® and Chawit® (2005) and, most recently, Het¢kNegishf! and Suzuk? (2010),
made the approaches of this area one of the mpstalple in synthetic organic chemistry.
Transition metal-catalyzed cross-coupling type tieas represent one of the most powerful

tools for the synthesis of any desired molecularcstires.

Over the last decades, Pd, Ni and Cu-catalyzeds-@asplings were widely applied due to
the generality and high functional-group toleranéegreat number of natural products,
building blocks for supramolecular chemistry andf-assembly, organic materials and
polymers were produced using these metals as stgatycross-coupling reactiofsMost of
the palladium or nickel-catalyzed reactions araeleld to follow a similar catalytic cycle
(Scheme 2).

10 Organic Synthesis Using Transition MetaBates, R. John Wiley & Sons Ltd., United Kingd@61.2

1 wilkinson,J. Am. Chem. So&954 76, 209.

2 Nuclear Magnetic Resonanddore, P.J. Oxford University Press, Oxfot@95

B Understanding Single-Crystal X-ray CrystallograpBennett, D. W. Wiley-VCH: Weinhein2010

1 Katsuki, T.; Sharpless, K. B. Am. Chem. Sot98Q 102, 5974.

15 a) Miyashita, A.; Yasuda, A.; Takaya, H.; Toriuri; Ito, T.; Douchi, T.; Noyori, RJ. Am. Chem. Sot98Q
102, 7932; b) Noyori, R.; Ohta, M.; Hsiao, Y.; Kitanaui.; Ohta, T.; Takaya, H. Am. Chem. So&986 108
7117.

6 Vineyard, B. D.; Knowles, W. S.; Sabacky, M. J.cBaan, G. L.; Weinkauff, D. J. Am. Chem. Soc.

1977, 99, 5946.

" Dias, E. L.; Ngyuyen, S. T.; Grubbs, R. B.. Am. Chem. So&997, 119, 3887.

18 McCullough, L. G.; Schrock, R. R. Am. Chem. Sot984 106, 4067.

19 Martinato, A.; Chauvin, Y.; Lefebvre, @ompt. Rendl964 258, 4271.

20 Heck, R. FJ. Am. Chem. Sot968 90, 5518.

21 Baba, S., Negishi, B. Am. Chem. So&976 98, 6729.

22 Suzuki, A.Pure Appl. Cheml991, 63, 419.

2 Metal-Catalyzed Cross-Coupling Reactions; de Mejjé.; Diederich, F. Wiley-VCH: Weinhein2004.



M'(II)L4
R2-M2

R2-R?

R'-R2 R1-X
M'(0)L,

[ Reductive elimination ] Oxidative addition

(N g2 (n

L~ L— X
2 1

Transmetalation

R1

M' = Pd, Ni

M? = Sn, B, Si, Cu, Zn, Mg, etc.

X =1, Br, Cl, F, Otf, Ots, etc.

R', RZ= Aryl, Alkenyl, Alkinyl, Alkyl

M2-X R2-M?2

Scheme 2General mechanism for palladium- or nickel-catatyzross-coupling reactions

The first step of the catalysis includes thesitu reduction of the precatalyst'{fl)L 4+ and the
generation of the active species of the cataly${OM., due to the excess of the
organometallic reagent 2RM2. Next, the oxidative addition of the C-X bond dfet
electrophile R-X to M}(0)L> leads to the formation of the compl&xAs a consequence of
transmetalation, Rgoes to M and the complex is created. The last step is a reductive
elimination,whereby the cross-coupling product-IR? is produced and the catalyst(d)L.

is regenerated

The catalytic species can be formadsitu using metal sources such as(gta), Pd(OAc)»

or Ni(dppe)Ch in the presence of an appropriate ligand. It alao be introduced as a
performed catalyst such as Pd{RhPd(PBus). or Ni(COD).

Many ligand families for palladium or nickel areasable today. Electron-rich phosphine
ligands facilitate the oxidative addition throughcrieasing the electron density of the
catalyst’s active complex. Electron-poor ligandslitate transmetalation as well as reductive
elimination. The choice of the ligand depends oictvistep of catalytic cycle is rate limiting.
The oxidative addition of aryliodides usually prede fast; thereby electron-poor ligands are

24 a) Handbook of Functionalized Organometallics s@irP. Knochel), Wiley-VCH, Weinheir2005 b) Metal
Catalyzed Cross-Coupling Reaction® BX., (Hrsg.: A. de Meijere, F. Diederich), Wiley-YACWeinheim,
2004 c) Handbook of Organopalladium Chemistry for Organjat8esis, (Hrsg.: E. Negishi), Wiley-
Interscience, New York002 d) Transition Metal for Organic Synthesi§? Ed., (Hrsg.: M. Beller, C. Bolm),
Wiley-VCH, Weincheim 2004
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A.Introduction

mostly used. Whereas the cross-coupling reactiai arylchlorides commonly requires

electron-rich ligands to accelerate the oxidatidditon.

Coupled with the right ligand, palladium and nickedtalyzed cross-coupling reactions
represent a powerful tool in synthetic organic cisémytoday. However, due to economic and
ecological disadvantages there is still exists adnér the examination of alternative
catalysts. It is not a secret that the price ofrtiest applicable palladium —catalyst, also for
the large scale reactions, is around $300 per oukicthe same time, the toxicity of nickel

prevents application of nickel-catalyzed procestms consumer goods and health-care
products?® Moreover, both palladium and nickel catalitic yss require the addition of

complicated and expensive ligands.

2. Iron-Catalyzed Cross-Coupling Reactions

Iron catalysts have recently received a lot ofraite due to a number of advantages, which
this metal brings. For instance, for $100 one cay @5 g of ruthenium, 2.0 g of platinum,
2.2 g of gold, 5571 g of nickel, 15 000 g of copped, finally, 500 000 g of iroff.Iron is the
most abundant metal in the universe and the secwsi-abundant metal in the earth’s crust.
Furthermore, iron is the most abundant transiti@taiin the human body (4g/person) and it
is an essential metal in the life cycle of all githings. This factor actually represents a big
advantage for using iron catalysts in health-catated chemistry, since no severe toxicity
and side effects exist.

The environmentally friendly properties and moderptice make iron the catalyst of the
future and therefore provide ample motivation fortlier developments in the field of iron-

catalyzed cross-coupling.

The first iron-catalyzed homo-coupling reactionanyl Grignard reagents was described by
Kharash and Fields as far back as 194Although, the true epoch started in the 1970’s,
predating the palladium and nickel relatives, wiibichi investigating the reaction between
alkenyl halides and Grignard reagefit«ochi also proposed the first mechanistic ratienal
for iron-catalyzed cross-coupling with an analogypilladium and nickel catalytic cycles.

This mechanistic rationale includes the formatioin ao reduced iron complex, which

25 a)Handbook of the Toxicity of Metal$riberg L.; Nordberg, G. F.; Vouk, V. B. Elseyidmsterdam1986
b) Hughes, M. NCompr. Coord, Chenl.987 67, 643; c)Nickel and the Skin: Absorbtion, Immunology,
Epidemiology, and MetallurgHostynek, J. J.; Maibach, H. I. CRC Press, BoatR 2002

2%For prices of the metals see: http://www.boerselgo.

2TKharash, M. S., Fields, E. K. Am. Chem. So&941, 63, 2316.

28 a) Kumada, M.; Kochi, J. KI. Am. Chem. Sot971, 93, 1487; b) Kochi, J. KAcc. Chem. Re4974 7, 351.
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undergoes oxidative addition of the organohalidigh wubsequent transmetalation from the
organomagnesium species and reductive eliminatomgive the cross-coupling product.
During 1990’s, iron-catalyzed cross-couplings (witle exception of a few publications)
received little attention, until in the early 2080~lrstner and Leitner breathed new life into
the development of this field. They reported a higlelective iron-catalyzed cross-coupling
of aryl halides and alkyl Grignard reagents inphesence of NMP as co-solveéffThis work
paved the way for a number of publications, whiohtmue to increase each year. All these
discoveries made a strong foundation for a betwmreldpment of iron-catalyzed cross-
couplings, which today represent an effective foolthe C-C and C-X-bond formation with

good tolerance of functional groups.

2.1 Cross-Coupling of Alkenyl Electrophiles with Grignard Reagents

In 1971 Kochi reported that an excess of alken-halldes react with Grignard reagents in
the presence of catalytic amount of FeBlgive at 0 °C or 25 °C the cross-coupling prasuc

in good yields (up to 89 %) and stereoselectivitgraseveral hours (see Schemé?3).

FeCl, (0.125 %)
THF, 0 °C

S~~~ MgBr o+ g ST X

Scheme 3.Example of first iron-catalyzed cross-couplingwfiyl bromides with primary

Grignard reagents by Kochi et al.

In the same year, the Kochi group extended thisssooupling reaction to secondary and
tertiary alkyl and aryl Grignard reagents and wstéferent iron complexes for the catalytic
activity.2° Furthermore, Kochi proposed the active iron catahs an iron(l) species formed
by the facile reduction of the iron(lll) by the @Gnard reagent. These species are metastable
and probably are deactivated by aggregation odength of time. One can say that iron(l)
species consist of & dlectron configuration, isoelectronic with manga{63 and cobalt(ll).
Based on the kinetic studies and electron paranti@gnesonance investigations, Kochi
suggested a mechanism of iron-catalyzed cross-omupéaction of vinyl bromides with

Grignard reagents. This mechanism, presented iarSet, includes (a) an oxidative addition

2% Furstner, A.; Leitner, AAngew. Chem. Int. E@002 41, 609.
30 3) Kochi, J. K.; Tamura, Msynthesi4€ 971, 303; b) Tamura, M.; Kochi, J. lBull. Chem. Soc. Jpi971, 44,
3063.
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A.Introduction

of 1-bromopropene to iron(l) followed by (b) an bange with ethylmagnesium bromide and
(c) a reductive eliminatioft

R\:\ Br\:\

Fe'

(c) (a)
R Br
Il-elll Il-em

(b)
MgBr, RMgBr

Scheme 4 Proposed mechanism for the iron-catalyzed croaplow reactions by Kochi et

al.

Previously, Kochi and co-workers studied the medmnof iron-catalyzed cross-coupling
reactions of alkyl halides with alkyl Grignard reads. Interestingly, the kinetic results show
that this type of reaction is largely independeinthe concentration of the alkylmagnesium
halide and the rate is first-order in both alkylitha and iron catalyst. A catalytic cycle with
the following aspects was proposed, first - thedation of the iron species by alkyl halides
takes place, second - regeneration of the cathlysiecomposition of alkyliron intermediates

and the last aspect is the role of alkyl radicalghe chain process (see Scheme 5).
Fe + RBr —> FeBr + R°
R- + Fe —> RFe
R'MgBr + FeBr —>» R’Fe + MgBr,

RFe, R'Fe —> [RH, R'H, R(-H), R’(-H)] + 2Fe

Scheme 5.Tentatively proposed mechanism for iron-catalyzeass-coupling reactions of

alkyl halides and alkyl Grignard reagents by Koehal.

31 Smith, R. S.; Kochi, J. KI. Org. Chem1976 41, 502.



The kinetics support oxidative addition as the-tetéting step in the catalytic process. The
reaction proceeds most readily with mononuclear gpecies and to a lesser degree with iron
aggregates. Kochi proposed that the aggregatioa less active polynuclear iron species
occurred with the liberation of Grignard reagentsd &thereal ligands; he also observed the
same deactivation effect for iron catalyst in theespnce of high concentrations of

triphenylphosphiné?
aFe(RMgX) === Fe,(RMgX) + RMgX

Scheme 6Proposed aggregation of the iron species by Ketél.

Returning to cross-couplings with alkenyl electitgd) in 1978 Felkin and Meunier
published a stereoselective cross-coupling betvwadkeenyl bromides and phenyl Grignard
reagents using iron-phosphine catalyéfEhe cross-coupling product is formed in 84 % yield
in the presence of 5 % of the iron-catalyst. Jahd co-workers described that vinyl sulfones
react with Grignard reagents, forming trisubstitutéefins of defined stereochemistry in good
yields (see Scheme ¥).

R2 Fe(acac); (1 %) R2
T e ———

0,SR” "R’ R™ "R’

R = t-Bu. Ph yields up to 63 %
R!= R2 ‘= H, CHs E/Z = up to 100/0

R3 b Ph, n'CgH17, n-C4Hg

Scheme 7Cross-coupling reaction of vinyl sulfones with @rard reagents by Julia et al.

Later, the stereoselective synthesis of 2-isoprapdddienes through the iron-catalyzed cross-
coupling reaction of 2-benzenesulfonyl-1,4-diened isopropylmagnesium chloride was also
published by the Julia group.

Molander and co-workers further studied the cramgting reaction of alkenyl halides with

aryl Grignard reagents, described first by Ko®hrhe Molander group found that the use of

32 Tamura, M.; Kochi, JJ. Org. Chem1971, 31, 289.

33 Felkin, H.; Meunier, BJ. Organomet. Chemi978 146, 169.

34 Fabre, J.-L.; Julia, M.; Verpeaux, J.-Netrahedron Lett1982 23, 2469.

35 a) Alvarez, E.; Cuvigny, T.; du Penhoat, C. HlialuM. Tetrahedronl988 44, 111; b) Alvarez, E.; Cuvigny,
T.; du Penhoat, C. H.; Julia, Metrahedronl988 44, 119.

3¢ Neumann, S. M.; Kochi, J. K. Org. Chem1975 40, 599.
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A.Introduction

DME as a solvent and a lower reaction temperatt#@ {C) consistently provided highest

yields and no excess of alkenyl halide was requigatheme 8§’

R! R? Fe(DBM); (0.5 - 1.0 %) R! R?
>=< + ArMgX > >=<
R X DME, -20°Ct023°C,2h R  Ar
R=R'=H, Bu, Ph GC-yield up to 100 %
R?=H, Ph
X =Br, |

Ar = Ph, 1-naphtyl, 3-methoxyphenyl,
4-chlorophenyl, 2-methylphenyl, 2,4,6-trimethylphenyl

Scheme 8.Cross-coupling reaction between alkenyl halided @&@rignard reagents by

Molander et al.

Naso and co-workers described a stereospecifics-@agpling reaction of secondary alkyl
Grignard reagents with or E-1-bromo-2-phenylthioethene in the presence of@m ¢atalyst.
Different iron compounds such as Fg(te(acac) Fe(DBM), Fe(DPM} were found to be
effective catalysts and cross-coupling productsewadstained in up to 80 % vyield at -78 °C
after 8 to 12 h with high chemo- and stereoseligt®

In 1998, Cahiez and co-workers reported, that éengiresence of Fe(acaclrignard reagents
react readily with alkenyl halides in a THF/NMP ituise to give the cross-coupling products
in high yields with excellent stereoselectivity u to 90 %° Numerous functional groups
were tolerated (Scheme 9).

RZ RS Fe(acac); (1.0 %) RZ R3
Y=+ RMgX - =
R X THF - NMP (9 equiv) Rl R
-5°Cto0°C, 15 min
R = Me, Bu, s-Bu, t-Bu, i-Pr, c-Hex, CgH47, Ph yield up to 90 %
R'=H, Me, Bu

R2 = H, Me, Bu, Hex, Dec, Ph,
CGH120AC, C3HGC(O)CH3

R3 = H, Me, Hex, Ph, C4HsClI
X = Cl, Br, I, OPO(OEt),

Selected Examples:

&(Me Cl/\/\i Bu};

Bu Bu
yield 79 % yield 79 % yield 85 %

Scheme 9lron-catalyzed alkenylation of organomagnesium goamds by Cahiez et al.

37 Molander, G. A.; Rahn, B. J.; Shubert, D.Tetrahedron Lett1983 24, 5449.
38 Fiandanese, V.; Miccoli, G.; Naso, F.; RonziniJLOrganomet. Chem986 312, 343.
3% Cahiez, G; Avedissian, Fhynthesi499§ 1199.
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A solvent screening including DMPU, DMF, DMA, digth carbonate, sulfolane,
tetramethylurea and DME, showed that 9 equivalehBMF had the best co-solvent effect.
The nature of iron salts was not essential as fferehce was observed when Fe(dgm)
Fe(dpb} or FeCt was used instead of Fe(acadh some cases the catalyst amount could be
lowered to 0.01 %. Enol phosphates could also leel @s electrophile in the reaction with

butylmagnesium chloride.

A collaboration work between the Knochel and thehi€a groups in 2001 showed that
alkenyl halides undergo cross-coupling reaction hwiunctionalized arylmagnesium
compounds, using 5 % of Fe(acaap catalyst at -20 °C. Functional groups suchster.e
cyano, nonaflates and trialkylsiloxy could be tated and the cross-coupling products were
formed in satisfactory yields. Excellent yields tbibe achieved by performing the cross-
coupling reaction on the solid phase by generatiteg Grignard reagent on Wang resin
(Scheme 10j°

N I 1) i-PrMgBr, THF, 20°C, 1-4 h AN R
FGH- > FGi—
Z 2)Fe(acac); (5 %), THF, -20 °C, 15 - 30 min =
x X R yields 50 - 73 %

FG = CO,Et, CN, OTIPS, ONf

X = Br, |

R= BU, Ph, C3H6N(802CF3)CH2Ph
Selected Examples:

EtO,C
CO,Et
Nf0\©2\/\ i TIPSO\©/\/Ph
=
Bu
I-Jh\/'\'\soche,
yield 73 % yield 69 % yield 62 %

Scheme 10lron-catalyzed cross-coupling between functiorliarylmagnesium compounds

by Cahiez and Knochel

Begtrup and co-workers applied the NMP-protocokdbsd by Cahiez as one of the steps of
the synthesis of 3-substituted pyrrolidifésHoffmann and co-workers published the
Kumada-Corriu coupling of Grignard reagents witmyibromides, probed with a chiral

Grignard reagent, using transition metals catalysigestigations showed that Ni(ll)- and

40 Dohle, W.; Kopp, F.; Cahiez, G.; Knochel,$nlett2001, 1901.
41 gstergaard, N.; Pedersen, B. T.; Skjeerbzek, N.s¥el.; Begtrup, MSynlett2002 1889.
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Pd(lIl)-catalyzed reactions proceed with essentiflly retention of configuration, whereas
when low-valent Fe or Co generated from Fe(acacio(acag)were used, the enantiomeric
excess of the coupling product was significandgiuced. The authors proposed that partial
racemization could take place due to single electransfer (SET) processes involved in the
transmetallation stefs.ltami and Yoshida described iron-catalyzed cramsptings of alkenyl
sulfides with Grignard reagents. Aryl and alkyl @rard reagents are applicable and cross-
coupling proceeds efficiently at alkenyl-S bondst &lmost no cross-coupling takes place at

aryl-S bonds. An addition/elimination mechanism wesposed:

In 2004, Furstner and co-workers reported seleatorecatalyzed cross-coupling reactions of
Grignard reagents with alkenyl triflates. A varietiyalkenyl triflates derived from ketongs,
keto esters or cyclic 1,3-diketones could undergmas-coupling reactions in the presence of
5 % of Fe(acag)in THF/NMP at -30 °C, yielding the desired produittsgood to excellent
yields (Scheme 1%¥.

R? R3 Fe(acac); (5 %) R2 R3
o T e
1 1

RT Off 30°C, 15mn  ° R

yield up to 91 %

Selected Examples:

Ph

Ci4Hag Me;SiH,C
' O
9l
Boc” o ©
OMe
yield 73 % yield 80 % yield 84 %

Scheme 11lIron-catalyzed cross-coupling reaction of alkemiflates with Grignard reagents

by Flrstner

This methodology, which also works with enol trila as electrophiles, was applied in a

number of natural product syntheges.

Furstner and co-workers published the preparastmgcture and reactivity of nonstabilized
organoiron compounds and the implications for icatalyzed cross-coupling reactidfs.

42 Holzer, B.; Hoffmann, R. WChem. Commur2003 732.

43 [tami, K.; Higashi, S.; Mineno, M.; Yoshida, J.@rg. Lett.2005 7, 1220.

44 Scheiper, B.; Bonnekessel, M.; Krause, H.; Flrsthel. Org. Chem2004 69, 3943.

45 a) Furstner, A; De Souzy, D.; Parra-Rapado, Insde, J. TAngew. Chem. Int. E@003 42, 5358; b)
Firstner, A.; Hannen, Ehem. Eur. J2006 12, 3006; c) Camacho-Davilla, A. Aynth. Commur2008 38,
3823; d) Hamajima, A.; Isobe, MDrg. Lett.2006 8, 1205; e) Maulide, N.; Vanherck, J.-C.; MarrkéEl.Eur. J.
Org. Chem2004 3962; f) Furstner, A.; Schleker, 8&hem. Eur. J2008 14, 9181.
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Two distinctly different mechanisms were propos#efhending on the nature of the Grignard
reagent. When MeMgX or PhMgX were used for croagpting, the reaction was proposed to
proceed through the formation of discrete orgamafercomplexes as reactive intermediates.
EtMgCI and higher homologues generate a low-vatent cluster species (step A of Scheme
12) that activates the electrophile. The authossiagd that the reaction of [Fe(Mg)k) with

an organic halide (step B of Scheme 12) sets siib@nd metathesis rather than an oxidative
insertion. Also, such a process does not generatgaganoiron halide, which means that the
reaction with RMgX must occure by alkylation rath#ran by transmetalation of the
intermediate primarily produced (step C of Scher2g Finally, the formed diorganoiron
species undergoes reductive elimination to genehstalesired product and regenerates the
catalyst (step D, see Scheme 12).

This hypothesis about such a difference in mechanigs based on conclusions made by
Bogdanowt and co-workers, who suggested that anhydrous Feacts with RMgX to give
bimetallic clusters [Fe(MgX)n, provided that the R group of the chosen Grigmasajent is
able to undergg-hydroelimination followed by formation of an “ingeinic Grignard reagent”
(Scheme 123/

RMgX RMgX
(R=Me, Ph etc.) (R = Et or higher)
o
l A
"R4Fe(MgX)," Fe(MgX
4Fe(MgX), RR' [Fe(MgX)2] RIX
lRtx
D B MgX;
R-R!
organoferrate
manifold R

[R1-|I:e(M9X)2] [R'-Fe(MgX)]
C

RMgX

low-valent redox manifold

Scheme 12Proposed basic scenarios for iron-catalyzed aroapling reactions by Furstner
et al.

46 Furstner, A.; Martin, R.; Krause, H.; Seidel, Ggddard, R.; Lehmann, C. \W. Am. Chem. So2008 130,
8773.
47 Bogdanow, B.; Schwickardi, MAngew. Chem. Int. E@00Q 39, 4610.
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The iron center in this intermediate is distingedtoy a “formally negative” oxidation state -
Fe(-2) (see Scheme 13). Since MeMgX or PhMgX cafmitiw the Bogdanow activation

pathway due to their inability to underg&hydroelimination, these compounds would
generate metastable “iron-ate” complexes, whichdhppeduce Fe(3+) to Fe(2+) and then

exhaustively alkylate or arylate the metal cenSahgeme 13).

R
2 R/\/ng R\/\-'-er R
Fex, ————————> J, ~"Fe
2MgX, b
R
RS
) 0 2 R/\/ng 2
— [ Fe (MgX)Zl

RX + RN

Scheme 13Proposed elementary steps leading to the formafiam “inorganic Grignard

reagent” of iron

In order to confirm these assumptions a number wn i complexes such as
[(MesFe)(MeLi)][Li(OEt2)]2, [PhuFe][Li(OEt)]s, [PhuFe][Li(OEt)]4[Li(1,4-dioxane)] were
prepared, analyzed and tested for catalytic agt@iso with alkenyl electrophiles (Scheme
14).

-70 °C, Et,0

5MelLi + FeCl; — " »  [(Me,Fe)(MeLi)][Li(OEt,)], + 3LICl + 1/2 ethane

TfQ

N Me
Z:> [(Me4Fe)(MeLi)][Li(OEt,)], Z:>

0 THF, -40 °C to -30 °C o
yield 70 %
0 [(MesFe)(MeLLIOEL), e
THF, -40 °C to -30 °C
yield 80 %

Scheme 14.[(MesFe)(MeLi)][Li(OEty)]--catalyzed cross-coupling reactions with alkenyl
elecrophiles by Furstner et al.
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Furstner and co-workers also showed that the cubbotyl iodides could be further
functionalized under iron catalysi. Figadere and Alami published an iron-catalyzed
coupling reaction between 1,1-dichloro-1-alkened @rignard reagents. This reaction led
mainly to the coupled products in good to excellgetds. Whenc-hexyl Grignard reagent

was used in reaction with quinoline derivativesg tlmono-coupled adduct was obtained

(Scheme 152
c-HexMgBr (3 equiv)
% Fe(acac); (10 %), ©\/j\/J%L
THF,-30°C, 3 h O
yield 64 % (5:1)
% RMgBr (3 equiv)
Cl Fe(acac)z (10 %), ©\/j\)\

THF,-30°C,1.5h-3 h

yields 70 % - 80 %

R = Bu, Et, p-MePh, 2-Thienyl

Scheme 15Iron-catalyzed cross-coupling with 1,1-dichlor@lkenes by Figadere and Alami

Knochel showed that arylcopper compounds prepaaad fGrignard reagents could also be
applicable in iron-catalyzed cross-coupling reawiownith alkenyl and dienyl sulfonates
(Scheme 16)°

1) CuCN-2Licl,
MgCl THF, -20°C

_ 2) Fe(acac); (10 %), |
DME, 23 °C

X

R2

R'_

OSO,R! yields 41 - 90 %
R2
R = H, Me, OMe, CF5, CN, C,OEt, Br

R" = CF3, C4Fq
R2=H, Ph

Scheme 16. Cross-coupling between alkenyl and dienyl sulfesatwith arylcopper
compounds prepared from Grignard reagents, by Kelathal.

48 Furstner, A.; Schleker, A.; Lehmann, C. Bhem. Commur2007, 4277.

4 Dos Santos, M.; Franck, X.; Hocquemiller, R.; Eigee, B.; Peyrat, J.-O., Provot, O.; Brion, J./A&lgmi, M.
Tetrahedron Lett2004 45, 1881.

50 Dunet, G.; Knochel, PSynlett2006 407.
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Olsson and co-workers reported an iron catalyzedsecoupling of imidoyl chlorides with
Grignard reagents under mild conditions. Functibiesl such as aryl chloride or ester were
well tolerated. This protocol represents a goodraditive for the synthesis of imines due to

mild reaction conditions (Scheme F7).

MgCI
\Q\ THF/NMP \@
Fe(acac); (56 %)

-78 °C, 5 min
X=NH,O,S yields 71 % - 86 %

Scheme 17Synthesis of Clozapine analogues by Olsson et al.

Syntheses of substituted quinolines by iron-catdyzcoupling reactions between
chloroenynes and Grignard reagents were performedrigadéere and Alami in 2004.
Several functional groups such as propargyl acetetteyl benzoate, aryl bromide and

hydroxyl were tolerated (Scheme 18).

R'MgCI
Fe(acac)3 ( 3 %)

x+Cl  THF/NMP, 0 °C xR
/\w . /\ﬁ

R R

Selected Examples:

C12"'25
yield 75 % yield 71 % yield 75 %

4

Scheme 18Cross-coupling reactions with chloroenynes andy@nid reagents by Figadere

and Alami

Nakamura and co-workers published an iron-catalya®ghe cross-coupling reaction. This
type of cross-coupling proceeds in the presenc®.B5f1 % of FeG and stoichiometric

amounts of LiBr as a crucial additive in high tacekent yields>® Alkenyl Grignard reagents

51 Ottesen, L. K.; Ek, F.; Olsson, Rrg. Lett.2006 8, 1771.

52 Seck, M.; Franck, X.; Hocquemiller, R.; FigadéBe, Peyrat, J.-F.; Provot, O.; Brion, J.-D.; Alark,
Tetrahedron Lett2004 45, 1881.

53 Hatakeyama, T.; Yoshimoto, Y.; Gabriel, T; NakamuMasahar®rg. Lett.2008 10, 5341.
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were prepared from the corresponding alkynes anthyimeagnesium bromide. Various

terminal alkynes and alkenyl electrophiles werel vodérated (Scheme 19).

1) MeMgBr (1.2 equiv)

LiBr (1.2 equiv) R2
R'——H » RI— \
2) FeBrs (0.5- 1 %) R3
THF, 60 °C
R2 yield up to 99 %
A\
X = Br, OTf

Selected Examples:

B = TMs B
— \ CeHiz——=—
TBDMSO Ph

yield 82 % yield 91 % yield 76 %

Scheme 19Iron-catalyzed enyne cross-coupling reaction bigavaura et al.

The mechanism proposed by the authors is showncirerBe 20. It is based on initial
formation of the diyne upon mixing the alkynyl ongenetalic species and the precatalyst
FeCk. The authors assumed that the trivalent iron waasisibly first be reduced to a low-
valent state&), such as Fe(0) or Fe(l), which probably possessesor more alkynyl groups.
The presence of LiBr is probably important duehe notable stability of Fe(ll) alkenyl-ate
complexes, which could make the initial reductioorendifficult. The oxidative addition of an
alkenyl bromide to a low-valent ferrat compléx provides the higher-valent complé
which could undergo the reductive eliminationftonish the desired enyne. Ferrate complex
C would react with alkenyl Grignard reagent to gateA. The authors also noticed that the
particular loss of the stereochemical puritygefandZ-propenylbromides indicates the likely

involvement of an electron transfer process abttidative addition step.
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Fe'lCl,
(n+3) R’ MgBr2L|
3/2 R———-R!
[( 1_)_ 0 n
R'—+Fe"” |nM
n Br
A _\\_RZ
1 _ - -.‘-
R — MgBrle MBr
(n-1)- (n-1)-
R1—)—Fe0] (n-1)yM* e .
(R T)?]Fe —\\_R2 (n-1) M

R1T\\_R2

M = MgBr or Li or LiMgBr,

Scheme 20Possible mechanism of iron-catalyzed enyne cogglinNakamura et al.

2.2 Cross-Coupling of Aryl Electrophiles with Grignard Reagents

2.2.1 Alkyl Grignard Reagents

In 1989, Pridgen and co-workers described a transinetal catalyzed cross-coupling of
ortho-halogenated aryl imines and Grignard reagewtsere Fe(acag)shows a better

tolerance to the “reducing” Grignard reagents, awmhg -hydrogen atoms, than Ni(acac)

(see Scheme 2%j.
/O Fe(acac); (4 %) /O
NS NS
©\/\N + nBuMgBr —————— > N
cl THF, 73°C, 16 h nBU

yield 85 %

Scheme 21Cross-coupling with ortho-halogenated aryl imibg<Pridgen et al.

Furstner et al deeply investigated iron-ctalyzedssrcoupling reactions with aryl or

heteroaryl electrophiles and alkyl Grignard reagénhtigh yields of the desired products

4 Pridgen, L. N.; Snyder, L.; Prol, J. Org. Chem1989 54, 1523.
55 Firstner, A.; Leitner, A; Méndez, M.; Krause, HAm. Chem. So2002 124, 13856.
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were obtained using Fe(aca©r Fe(salen)Cl complex as a catalysts in THF/NMRent

mixtures. A number of functional groups such agetbulfonate or nitrile were also tolerated.

AlkMgBr

ArX » Ar-Alk
Fe(acac); (56 %)
THF/NMP, 0 to 20 °C

5-10 min
X =Cl, OTf, OTs
Selected Examples:
(0]

O‘\S’N(i_Pr)s n-Cq4Hag
OMe /©/ 0 f\ N/N\>

// 6 n-C6H13 \N)QN

yield 85 % yield 94 % yield 67 %

Scheme 22Cross-coupling of alkyl Grignard reagents withl @yd heteroaryl chlorides,

tosylates and triflates by Firstner et al.

In order to elucidate the mechanism of this irotalg@aed process, the reaction between 4-
chlorobenzoic acid methyl ester andetradecylmagnesium bromide in the presence of 5 %
of FeClk (x = 2, 3) as a precatalyst was investigated. c&rhss-coupling product was obtained
in a quantitative yield (>95 % GC-yield) within 5irmat ambient temperature, when FeCl
was used. In striking contrast, highly dispersed aonpassivated iron metal Fe(0)* powder
prepared by reduction of FeGhith potassium does not insert at all into thibsdtate at 20
°C and reacts only after several hours under marshhconditions. However the suspension
of finely dispersed Fe(0)* particles in THF slowdissolves on treatment with nEl20MgBr.
The resulting mixture could catalyze this crossptmg reaction. This fact means that during
the cross-coupling reaction, the iron species gdticed by the Grignard reagent, but this
process does not stop at Fe(0), it probably goeagearrating a soluble complex, which likely
contains iron in a formal oxidation state < 0, asstplated for the “inorganic Grignard
reagent” [Fe(MgXj] (see Scheme 23). This iron complex participatethe catalytic cycle
for iron-catalyzed cross-coupling reactions wittkyll Grignard reagents, proposed by

Flrstner (see Scheme ¥2).
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0]

3K
FeCl; ——————» Fe(0)* ————> no reaction with ﬁOMe
Cl

n-C14H29MgBr n-C14H29MgBr
(excess) (excess)

fe) [Fe(MgX),] cat.

o e A

Scheme 23Investigation of possible catalytically activenrspecies by Firstner et al.

This procedure for iron-catalyzed aryl-alkyl crasaiplings could be applied in the synthesis
of natural products, which was demonstrated by tRérsin the total synthesis oR)-(+)-
Muscopyridine?® Nagano and Hayashi published the functionalizatibaryl triflates using
Fe(acac) in ELO under reflux condition%. The Hocek group examined the regioselectivity
of iron-catalyzed cross-coupling reactions of 2i@bbropurines and 6,8-dichloropurines
with the methyl Grignard reageritFirstner and co-workers also reported the sekdton-

catalyzed mono-substitution of dichloro-substituseenes and heteroareriés.

2.2.2 Aryl Grignard Reagents

The first aryl-aryl homo-coupling reaction was ablg described by Kharash and Fields in
1941 (Scheme 24J.

oy oy, (O
Et,0,35°C, 1h O
yield 47 %

Scheme 24lIron-catalyzed biaryl coupling by Kharash et al.

Bromobenzene was used as an oxidizing agent inecbng the phenylmagnesium bromide
to biphenyl as shown in Scheme 24. The authorsgsexpthe following chain mechanism for

cobalt chloride, but they admitted that iron coadd in the same manner. The essential feature

6 Furstner, A.; Leitner, AAngew. Chem. Int. E@Q003 42, 308.

5" Nagano, T.; Hayashi, Drg. Lett.2004 6, 1297.

%8 a) Hocek,M.; Dvéakova, H. J. Org. Chem2003 68, 5773; b) Hocek, M.; Hockova, D.; Dfékova, H
Synthei2004 889; c) Hocek, M.; Pohl, FSynthesi®004 2869.
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of this mechanism is that the reaction proceedsutiir the agency of a cobalt or iron
subhalide, the active chain carrier. The biaryloisned exclusively from the aryl Grignard
reagent and the bromine atom of the phenyl bronsidm®mnverted into a bromide ion by the

cobalt or iron subhalide (see Scheme%5).
CeHsMgBr + CoCl, ——» CgHsCoCl + MgBrCI
2CeHsCoCl — 3 CgHs'CeHs + 2 CoCl
2CoCl + CgHsBr — > CoCIBr + CgHs:

X (CGHS) —— CGH5, CeHs . CGH5(trace) + CGH5'06H4'CGH5

+ CgH5'CgHyCeHyCgHs — and other polymers

Scheme 25Chain mechanism proposed by Kharash ét al.

Furstner and co-workers reported a cross-couplaagtion of aryl Grignard reagents and
heteroaryl chlorides using 5 % of Fe(agan) THF. Electron-rich aryl halides tended to fail,
giving only rise to the homo-coupling of the ArMgXut various electron-deficient
heterocycles could be used giving the desired arospling products in good yields.
However, the authors admitted that in all casegingramounts of biphenyl were formed as
byproducts. Sterically hindered Grignard reageikis inesitylmagnesium bromide failed in
this cross-coupling, whereas 2-thienylmagnesiummime and pyridine-3-magnesium

bromide showed good results (see Schemé&26).

59 Scheme25 represents a mechanism described for gdike it was in the original paper from Kharasldan
Fields, but since authors suggested the same misohéor FeC4, it makes sense to point it out here.
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MgBr Fe(acac)s (5 %)

I{,a\]'\/s/i A, orFetealen)dl (5 %) Ir,;\l SR
(SN pZ + R4~ SN — R

7 N” Cl =~ THF,-30°C ~~ N | A

Fe(salen)Cl:

HQ-H
—N N=
Fel
O c O

Selected Examples:

Ph Ph
wh
@[ S | SN NN
N7 N/)\SMe |v|eoi N/)\OMe
yield 69 % yield 53 % yield 63 %

Scheme 26Cross-coupling reactions using heteroaryl chlarioy Flrstner et al.

Figadere and co-workers studied iron-catalyzedationis of heteroaryl halides by Grignard
reagents. Iron salts such as Fe(as;d@Ck and FeCl were tested for the catalytic activity in
the reaction of 3-bromoquinoline with PhMgBrThe effect of different additives like NMP,
DMPU, CHCN, bipyridine, P&P, MnCbk, ZnChk and CuCN was also investigated. The
optimum conditions were determined to be Fe(acac)IHF at -30 °C, 3-phenylquinoline
could be achieved in 45 % yield. These conditiomsenapplied to cross-coupling reactions

with 2-chloroquinoline and 2-bromoquinoline withN@9Br (see Scheme 27).

X MgBr

N 0 ~

N | Y Fe(acac); (10 %) PN

NN /J + SN —
SR Sy -

THF,-30°C, 1 h ¥~ N

Y

X=Cl, Br

Selected Examples:

. Ph N N
_ Pz | Pz
N N~ “Ph N~ “Ph

yield 45 % yield 65 % yield 60 %

Scheme 27Iron-catalyzed arylation of heteroaryl halideshAthMgBr by Figadere et al.

80 Quintin, J.; Franck, X.; Hocquemiller, R.; Figad@etrahedron Lett2002 43, 3547.
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Pie and co-workers described iron-catalyzed crosgpling reactions of pyridine or diazine
chlorides with aryl Grignard reagents. The synthedi various unsymmetrical polyaryl or
polyheteroaryl products was achievéd.

The Knochel group successfully used iron powdex eatalyst for the cross-coupling reaction
of 2-chloroquinoline with PhMgCI, producing the tted product after 12 h in 86 % yield
(see Scheme 283.

A metal powder (5 %) AN
N >al Et,0, rt, 12 h N” >Ph
yield 86 %

Scheme 28Cross-coupling with catalytic iron powder by Knethkt al.

Several protocols for homo-coupling reactions afy@ard reagents under iron-catalysis were
reported, using oxidizing agents such as 1,2-diceltvane or oxygef?. The combination of
the catalytic system of the Fe(acao) Fe(DBM} with 2 equivalent of Mg in the absence of

an oxidizing agent also furnishes homo-couplingdpas®

Later, Knochel et al showed that the homo-couploigthe Grignard reagent could be
suppressed if the arylmagnesium compound is tratadaed to the corresponding arylcopper
reagent, usingtoichiometric amounts of CuCN-2LiCl, prior to tiven-catalyzed cross-

coupling reaction with aryl halidés.

51 Boully, L.; Darabantu, M.; Turck, A., Pié, N. Heterocycl. Chen2005 42, 1423.

62 Korn, T. J.; Cahiez, G.; Knochel, 8ynlett2003 1892.

63 a) Nagano, T; Hayashi, Qrg. Lett.2005 7, 491; b) Cahiez, G.; Moyeux, A.; Buendia, J.; Caipl C.J. Am.
Chem. Soc2007, 129, 13788.

64 Xu, X.; Cheng, D.; Pei, Wl. Org. Chem2006 71, 6637.

85 Sapountzis, I.; Lin, W.; Kofink, C. C.; Despotopow, C.; Knochel, PAngew. Chem. Int. EQ005 44, 1654.
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1) CuCN-2 LiCl, -20 °C

Z 2
| - MgCl .~ —+FG
B 2) Fe(acac); (10 %) y

FG' DME/THF (3/2), 25 °C to 80 °C -~
|
X
@ yields up to 93 %
FG2
FG' = CO,Et, CO,Me, OMe, OTf
FG2 = CO,Et, COPh, COMe, CN, CONR,
Selected Examples: N
i o O
@AP“ ®
N—Cco,Et
2
EtO,C O N
Ph
yield 93 % yield 72 % yield 85 %

Scheme 29Iron-catalyzed aryl-aryl cross-coupling with magiuen-derived copper reagents

by Knochel et al.

In 2007, Nakamura reported a novel combinatiorrar fluoride salts with &-heterocyclic
carbene (NHC) ligand, which specifically suppresetho-coupling reactions. The optimum
conditions include 3 % of FefHO and 9 % of SIPr-HCI (NHC ligand). Ferrous fluerid
(Fek-4H0) showed comparable catalytic activity, indicatithgit thein situ reduction of
Fek-4H0 or Fek-H>O probably gives the same catalytically active ispecies. The authors
assumed that the water or hydroxide could readt Wié solid surface of Feland make it
partially soluble in THF to promote the generatmincatalytically active species to some
extent®® In 2009, Nakamura continued the investigationhig tfluorine effect”, expanded
the scope of this methodology. They also proposedeahanism for this cross-coupling
reaction, based on DFT-calculatidiisThe authors found that EtMgBr could be used as a
base in order to deprotonate the NHC precursorshgdrhtes of iron fluorides. Electron-rich
arylhalides as well as electron-deficient ones @obé tolerated in this cross-coupling
reactions and gave the desired products in goddsyiéleteroaromatic electrophiles undergo
cross-coupling reactions using this catalytic gystalthough compared to other catalytic
systems discussed before, a higher temperaturéQ&6 100 °C) and a longer reaction time
(8 h to 24 h) was required.

6 Hatakayama, T; Nakamura, M Am. Chem. So2007, 129, 9844.
57 Hatakeyama, T.; Hashimoto, S.; Ishizuka, K.; NakeanM.J. Am. Chem. So2009 131, 11949.
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N
R—7Het
Z Hal

|
FeFs3H,0 (3%) EtMgBr(18%)  AMgBr AR
SIPr-HCI (9 % > g
®%) " thF 0c THF, 60 °Cto 120°C et
then rt, 4 h 8hto48h R

R = OMe, F, Bu, NMe,, SMe, Co,H;CH=CH,
R'=CH,3, OMe, F
Hal = CI, Br,

Selected Examples:

SIS COINo®
/
C C pe
F

yield 91 % yield 90 % yield 82 %

Scheme 30. Aryl-aryl cross-coupling using catalytic systemkeFR- H.O with NHC ligand
by Nakamura et al.

Two possible catalytic cycles, the “(1)-(1V)” arthe “(0)-(11)", were proposed by Nakamura
et al. The first cycle includes the formation ofhateroleptic metal (ll)-ate complef
(Scheme 31) from a divalent fluoride and an arylnesium reagent (AMgX). The complex

A undergoes oxidative addition with the aryl halide generate an elusive higher-valent
(formally IV oxidation state) specid® having Af and AP. Reductive elimination would give
unsymmetrical biaryl ArAr2 and iron (II) complexC bearing two fluorides and one halogen
ligand derived from AX on the metal center. Subsequent reactio@ @fith Ar*tMgX would

regenerate speciés

The “(0)-(Il) mechanism” involves oxidative addiioof the aryl halide to the iron (0)
intermediate D, transmetalation between aryliron halifle and AEMgX and reductive
elimination of A-Ar? from diaryliron(ll) F. The authors assumed that the described cross-
coupling reaction proceeds via the higher-valeon intermediate of the first catalytic cycle

“(IN-(1V)”, this statement was supported by DFTl@aations.
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(ID-(IV) mechanism

(0)-(Il) mechanism

Fe'F, Fe''X,
Ar'MoX 2ArMGX | = jigand
L =NHC Arl-Ar! or solvent
F———MgX
Ar’X L— Fe” F Ar2X LoM° Ar'-Ar?
Ar' Mo, D cross-coupling
A
Ln
Ar'MgX reductive \ slow )
elimination Arl— Fe”
L
XF“'MgX F___ng Ln ¢n‘//f
- Felv F L— F - X-Fe' Ar'—Fe! “ Ar -Ar!
1 A2 ell-F ; .
Ar Ar fast X Ar2 Ar2 homo-coupling
B E
reM c »{ F NG /
liminati
elimination A2 Ar'MgX  MgX, Arl— Fezn ﬁkﬂ
cross-coupling Ar-MgBr
G

Scheme 31. Proposed mechanisms involving a metal-fluoride-abmplex as reactive

intermediate by Nakamura et al.

Von Wangelin and co-workers recently described ran-catalyzed hetero-biaryl coupling
reaction using chlorostyrené%. The authors assumed that the mechanism of this
transformation involves the coordination of thewisubstituent to the iron catalyst and the
subsequent haptotropic migration to the site ofI@@hd activation is decisive. The general
procedure is quite practical (THF/NMP, 20-30 °(h)2and based on Fe(aca€)-5 %) as a
precatalyst (Scheme 32).

Fe(acac); (5 %)

@\ THF/NMP (10:1),20-30°C,2h @\
R7% - R4U
A cl ArMgBr N Ar

yield up to 91 %

Selected Examples:

(L
0}
e ~C
o

yield 82 %

9
Me

yield 82 %

94
yield 85 %

Scheme 32. Chlorostyrenes in iron-catalyzed biaryl couplmegctions by von Wangelin et
al.

58 Gulak, S.; von Wangelin, A. Angew. Chem. Int. E@012 51, 1357.
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3. Chromium-Catalyzed Cross-Coupling Reactions

The first chromium reagent was prepared from thenghGrignard reagent with Cr&in
Et2O by Hein as far back as 199%although the correct interpretation of the streetof this
compound was described latérin 1986, Kishi et dF and Nozaki et & independently
discovered that traces of nickel salts exert alyataeffect on the formation of the C-Cr(lll)
bond. This finding became a standard tool when fleastive substrates such as alkenyl and
aryl halides or triflates have to be used for Barlype addition reactions. Many applications
using stoichiometric amounts or excess of chronsaits for various coupling reactions were
published’®

In 1996, Firstner and co-workers reported a metiadudch allowed, the Nozaki-Hiyama-
Kishi reaction to be performed with catalytic qua@s of chromium. The catalytic system
includes 7 — 15 % of Crelor CrCk doped with NiC4, Mn powder as a stoichiometric
reductive agent and chlorosilane as an additivdij@and exchange (see Scheme 33). Other
chromium sources such asZCp or CpCrC}- THF also could be applied as a “pre-catalyst”.

1)CrCly (7 - 15 %)/NiCl, cat.
Mn, TMSCI or CIMe,Si(CH,);CN
o DMF/DME (20/3) or THF, rt. or50°C  OH

)J\ + R-X =*

R”™ "H 2) H,0 R” "R

R = Ph, CH3(CH2), CGH11, Cl(CHz)s, CH3(CH2)6,
p-OMePh, n-CsH44, n-C7H45
R = Ph, p-COOEtPh, CH,=CH-CH,-, CHz(CH,)5(C=CHb,)-,
CH3(CH,)3(C=CH,)-, CH3(CH,)3CC-
X =1, Br, OTf

Selected Examples:

OH
OH
OH
PN °
Ph” “Ph ) = n-CsHyy
o

yield 88 % yield 80 % yield 79 %

Scheme 33Nozaki-Hiyama-Kishi reactions with a catalytic aimé of CrCh by Firstner et al

9 Hein, F.Ber. Dtsch. Chem. Ge$919 52, 195.

70 Zeiss, H. H.; Tsutsui, Ml. Am. Chem. So&957, 79, 3062.

™ Jin, H.; Uenishi, J.-i.; Christ, W. J.; Kishi, ¥. Am. Chem. So&986 108 5644.

2 Takai, K.; Tagashira, M.; Kuroda, T.; Oshima, Kitimoto, K.; Nozaki, HJ. Am. Chem. Sot986 108,
6048.

73 Selected publications for application of stehiamsegmount of chromium salts: a) Okude, Y.; HiraBa
Hiyama, T.; Nozaki, HJ. Am. Chem. So&976 99, 3179; b) Okude, Y.; Hiyama, T.; Nozaki, Fetrahedron
Lett. 1977, 3829; c) Takai, K.; Kimura, K.; Kuroda, T.; HiyanT.; Nozaki HTetrahedron Lett1983 24, 5281,
d) Takai, K.; Matsukawa, N.; Takahashi, A.; FuJii,Angew. Chem. Int. EA998 37, 152; e) Takai, K.;
Toshikawa, S.; Inoue, A.; Kokumai, R.; Hirano, 84.Organomet. Cher2007, 692, 520; f) Furstner, AChem.
Rev.1999 99, 991.
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A possible catalytic cycle for this transformatimnshown in Scheme 34. It starts with the
reaction of the organo halide with 2 C#CS8ince Ct? is a one-electron donor, 2 mol of this
reagent/mol of halide are required for the formatid an oraganochromium nuchleophiie
and CrX%. SpeciesA then adds to the aldehyde with formation of chromiikoxideB. At
this point, the higher stability of its O-€rbond impedes the ability of undertaking this
reaction with a catalytic amount of chromium. There, the addition of chlorosilane
provides the ligand exchange withand such am-bond metathesis would afford the silyl
ether of the desired produ€t and liberate the second mol of GrXvhich could be then

reduced to CrX with reductive agent (Mn powder) and participag@ia in the catalytic

cycle’#
j j/CI'XQ RCHO
; : OCrx2
CI'X3
2Crx2 CrXs
>—< \%\ oS

MnX2

Scheme 34. Likely mechanism with a catalytic amount of Gr@king chlorosilane as an

additive by Furstner et al.

However, one of the limiting features of this methis the incomplete ligand exchange

between the chromium alkoxide and admixed chlososil

In 2007, Yorimitsu, Oshima and co-workers reporteade chromium-catalyzed
arylmagnesiation of unfunctionalized alkynes in tpeesence of pivalic acid. The
arylmagnesium intermediate reacted with varioustedphiles to afford the corresponding

tetrasubstituted olefins in good yields (Scheme’35)

" Firstner, A.; Shi, NJ. Am. Chem. So996 118 12349.
S Murakami, K.; Ohmiya, H.; Yorimitsu, H.; Oshima, Rrg. Lett.2007, 9, 1569.
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CrCl, (7.5 %)

t-BuCOOH (10 %) R R' FE* R R'

R—=—R' + ArMgBr > >=< — >=<
toluene, 60 - 110 °C Ar Mg Ar E
0.5-18h

R= C5H11, CGH13, Me, Ph

R1 = C5H11, t-BU, Ph, Me3$i

Ar = 2-MeCGH4, 3-MeCGH4, 4-MeCGH4, m-MeOCeH4, Ph
E = H,0, D,0, PhCHO, Arl, PhC(Br)=CH,, Mel, |,

Selected Examples:

CsHyy  CsHyy
CsHyr  CsHyy — Gy Lohus
— Ph T
Ph OH
P H S or
yield 87 % yield 72 % yield 74 %
(E/Z =7:93) (E1Z =7:93)

Scheme 35.Chromium-catalyzed arylmagnesiation of alkyne'byimitsu et al.

This procedure seems to be a highly effective matmeonstruct multisubstituted ethene

units.

To our knowledge there are no protocols descrilmedchromium-catalyzed cross-coupling
reactions. Therefore, this field represents a ngtgnsion of the chromium chemistry and

brings new features to the transition metal-catdyzross-coupling.
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4. C-H Bond Activation Reactions Using Alternative Transition Metals

The direct transformation of C-H bonds into C-C #ds®mmakes the prefunctionalization of
starting materials unnecessary and therefore reptes® more environmentally friendly way
of performing the desirable molecular core therssfooupling reactions.

However, in order to let a C-H bond activation aecselectively, one of the all C-H bonds in

the organic molecule should be activated more tharothers. The solution would be to have
a directing group in the molecule. Some importargating groups are presented in Scheme
36.

H H
H N

e N w2 e, O
(0]

n MeN 0] S —
\ \ P
m)\/Nj BN R R R SRR
Scheme 36.Some important functional groups that act asctling group
Over the last decades C-H bond activation has widlekn developetf. Transition metals

such as Pd, Ru® and RH® were extensively applied as catalysts for thigtgpreaction. But

due to the high prices and toxicity the replacenoénihese salts is highly desired.

6 For reviews about C-H bond activation see: a)eRil V.; Sirlin, C.; Pfeffer, MChem. Rev2002 102, 1731;
b) Alberico, D.; Scott, M. E.; Lautens, Mhem. Rev2007, 107, 174; c) Ackermann, L.; Vicente, R.; Kapdi, A.
R.Angew. Chem. Int. E@009 48, 9792; d) Kulkarni, A. A.; Daugulis, Gynthesi2009 4087; e) Chen, X.;
Engle, K. M.; Wang, D.-H.; Yu, J.-@QAngew. Chem. Int. EQO09 48, 5094; f)Modern Arylation Methods
Ackermann, L.; Woley-VCH: Weinhein2009 g) Lyons, T. W.; Sanford, M. £hem. Rev201Q 110, 1147; h)
Colby, D. A.; Bergman, R. G.; Ellman, J. 8hem. Rev201Q 110, 624; i) Kuhl, N.; Hopkinson, M. N.;
Wencel-Delord, J.; Glorius, Rngew. Chem. Int. E@012 51, 10236; j) Rouquet, G.; Chatani, Angew.
Chem. Int. EJ2013 52, 11726.

" For palladium-catalyzed C-H bond activation sg@eZleou, C.; Larock, R. CJ. Am. Chem. So2004 126,
2302; b) Kalyani, D.; Deprez, N. R.; Desai, L. 8anford, M. S. J. Am. Chem. So2005 127, 7330; c) Wang,
D.-H.; Mei, T.-S.; Yu, J.-QJ. Am. Chem. So2008 130, 17676; d) Zhou, W.; Li, H.; Wang, Org. Lett.2012
14, 4594,
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In 2008 Nakamura et al published an iron-catalyaedation through directed C-H bond
activation® The authors showed that bertdguinoline could be arylated at position 10 using
10 % of Fe(acae)with 6 equivalents of PhMgBr in the presence of 3 equivalents
ZnCl-TMEDA and 2 equivalents of 1,2-dichloro-2-methgipane (as an oxidant). 1,10-
Phenantroline was used as a ligand. Other pherstituted heterocycles such as 2-
phenylpyridines gave mixtures of mono- and distis&td products,except 2-¢-

toly)pyridine, which was arylated exclusively ohet side opposite to the methyl group,
probably due to steric hindrance (Scheme 37).dlreactions were carried out at 0 °C with

reaction times of 6 — 48 h.

ArMgBr (6 equiv)
ZnCI2-TMEDA (3 equiv)
Fe(acac)3 (10 %)
1,10-phenanthroline (10 %)

MeMe
o< (@ equiv)

THF,0°C,6-48h

] " B
— ~
N N
Ph Ph F

Selected Examples:

Ph
yield 99 %, 16 h yield 82 + 12 % yield 80 + 20 %
(mono + di) (mono + di)
15h 48 h
| S
SN Ph
= Me ‘
N C;
N
O Ph F
MeO
yield 76 %, 36 h yield 81 +9 %
(mono + di)
48 h

Scheme 37.lron-catalyzed direct arylation through directedHCbond activation by

Nakamura et al.

8 For ruthenium-catalyzed C-H bond activation s¢édarai, S.; Kakiuchi, F.; Sekine, S.; Tanaka, Y.;
Kamatani, A.; Sonoda, M.; Chatani, Nature1993 366, 529; b) Harris, P. W. R.; Rickard, C. E. F.; Wgatk,
P. D.J. of Organom. Cheml999 589, 168; ¢) Matsuura, Y.; Tamura, M.; Kochi, T.; Sath; Chantani, N.
Kakiuchi, F.J. Am. Chem. So2007, 129 9858; d) Muralirajan, K.; Parthasarathy, K; Che@gH.Org. Lett.
2012 14, 4262; e) Ogiwara, Y.; Kochi, T.; Kakiuchi, Ehem. Lett2014 43, 667.

" For rhodium-catalyzed C-H bond activation seevigjalirajan, K.; Parthasarathy, K.; Cheng, C.Athgew.
Chem. Int. Ed2011, 50, 4969; b) Patureau, F. W.; Nimphius, C.; GloriasQrg. Lett.2011, 13, 6343; c)
Patureau, F. W.; Besset, T.; Kuhl, N.; GloriusJFAm. Chem. So2011, 133,2154.

80 Norinder, J.; Matsumoto, A.; Yoshikai, N.; NakamuE.J. Am. Chem. So2008§ 130, 5858.
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Later, Nakamura et al extended this type of readiioa C-H bond activation for thetho-

arylation of imines with Grignard reagefits.

In 2011, the Yoshikai group described a cobaltigatal hydroarylation of alkynes through
chelation-assisted C-H bond activation (Schemé®38his addition reaction of arylpyridines
and imines to internal alkynes gave olefins withhhiegio- and stereoselectivities using 10 %
of CoBr with 20 % of PMePh(as a ligand) and 2.5 equivalent of an approprditgne.
MeMgCI (1.0 equiv) was used as a reducing agerdctmns using arylpyridines were carried
out at 100 °C for 12 — 24 h. Aryl imines were adsnenable to hydroarylation reactions using
a catalytic system which involved CeBI5 %), P(3-ClGH4): (10 %) as a ligand,
tBuCH:MgBr (50 %) as a reducing agent and pyridine (8Ga%oan additive.

CoBr; (10 %)
R! PMePh; (20 %)
| MeMgCI (1 equiv)
> |

+
THF, 100 °C,12-24 h

R2
(2.5 equiv)
R =H, Me

R' = Pr, tBu, SiMes, C3HgOBn, Ph
R? = Pr, Me, nBu, SiMe;, C3HgOBN, Ph

R'_
LN

Selected Examples:

[ [
X
_N _Pr B D _N _iPr
~
| 5 Pr N b | | "
r e
VooNne Ph
Pr \ / Pr
OMe OMe
yield 75 % yield 68 % yield 57 % yield 72 %
PMP CoBr; (5 %)
N P(3-CICgHa)s (10 %) O _Ph
Ph tBuMgBr (0.5 equiv) |
pyridine (80 %) HCI (3 M) Ph
+ | | e —
pn  THF,20°C,12h !
R 1.5 equi
(1:5 equiv) yields 76 - 90 %
R =H, OMe

PMP = p-methoxyphenyl

Scheme 38.Cobalt-catalyzed hydroarylation of alkynes thiowfpelation-assisted C-H bond

activation by Yoshikai et al.

81Yoshikai, N.; Asako, S.; Yamakawa, T.; llies, Nakamura, EChem. Asian 2011 6, 3059.
82 Gao, K.; Lee, P.-S.; Fujita, T.; Yoshikai, N.Am. Chem. So201Q 132, 12249.
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In the same year, the Yoshikai group published laltecatalyzed addition of azoles to
alkynes®? The authors reported that the ternary catalytatesy consisting of a cobalt salt, a
diphosphine ligand, and the Grignard reagent pressyrtaddition of the azole C(2)-H bond

across an unactivated internal alkyne with highnobe regio-, and stereoselectivities under
mild conditions (Scheme 39). Mechanistic experimesiiggest that the reaction involves
oxidative addition of the oxazolyl C-H bond to tbebalt center, alkyne insertion into Co-H

bond, and reductive elimination of the resultingrganocobalt species.

CoBr, (10 %)
DPEphos (10 %)

N Me3SiCH,MgClI (0.5 - 1equw)
| > + R1 — R2
o
\ o THF, 20°C, 12 h
N\~ -
Z, R /\

R =H, Cl, CF5;, OMe, F, Br, CN, CONMe,,
R'= Pr, iPr, Me, nBu, tBu, C3HgOBn, C3HOCI, Ph
R?= Pr, Me, C3HgOBn, C3HgOCI, CH,SiMeg, Ph

Selected Examples:

R R

yield 92 % yield 82 % yield 92 % yield 81 %

Scheme 39.Cobalt-catalyzed hydroarylation of alkynes thiowfpelation-assisted C-H bond

activation by Yoshikai et al.

The Yoshikai group also achieved a similar cobatalyzed addition of aromatic imines to

alkynes via directed C-H bond activatiéh.

Nakamura and Yoshikai described a cobalt-catalyzmapling of alkyl Grignard reagents
with benzamide and 2-phenylpyridine derivativesotigh directed C-H bond activation
(Scheme 40). The authors showed that aromatic xamides and 2-phenylpyridine
derivatives could beortho-alkylated with Grignard reagents in the presentea aobalt
catalyst and DMPU as a ligand, using air as asxigant at 25 °C in THE®

83 Ding, Z.; Yoshikai, NOrg. Lett.201Q 12, 4180.
84 Lee, P.-S; Fuijita, T.; Yoshikai, N. Am. Chem. So2011, 133 17283.
85 Chen, Q.; llies, L.; Yoshikai, N.; Nakamura,@&:g. Lett.2011, 13, 3232.
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Co(acac), (10 %)

Et
X ; X
R Het H AlkMgCI (5.8 equiv) R Het H
= N‘R1 > > N‘R1
DMPU (30 iv), ai :
o (30 equiv), air o

THF, 25 °C, 12 h Et
R = H, Me, OMe, F
R'= Me, iPr, Ph

Selected Examples:

N
F Et Et Me |
H H H N
O N.
\@EWN\Me CEWN\Ph Me
o}

Et O O

Et

\

Me
yield 69 % yield 52 % yield 68 % yield 87 %
Scheme 40. Cobalt-catalyzed oxidative alkylation of aromatmarboxamides and

arylpyridines with Grignard reagents by Nakamurd #nshikai

In 2011, Nakamura described an iron-catalyzed e$gecific activation of olefinic C-H
bonds with Grignard reagents for the synthesisutifssituted olefin® Arylated products
were synthesized in good yields (up to 99 %), udidgs of Fe(acag) 15 % of dtbpy and 2
equivalents of 1,2-dichloro-2-methylpropane in Piaih slow addition of 3.2 equivalents of
ArMgBr in THF at 0 °C over 5 min.

Wang and Shi reported the direct cross-couplingCeafl bonds with Grignard reagents
through cobalt catalysis (Scheme &1)Various arylated benzoJquinolines could be
produced in good yields (up to 92 %). Reaction donts included 10 % of Co(acaayith 1
equivalent of TMEDA and 1.5 equivalent of 2,3-dmtdbutane (as an oxidant).

86 |lies, L.; Asako, S.; Nakamura, E. Am. Chem. So2011, 133 7672.
8 Li, B.; Wu, Z.-H.; Gu, Y.-F.; Sun, C.-L.; Wang, B-; Shi, Z.-JAngew. Chem. Int. E@011, 50, 1109.
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Co(acac)z (10 %)
TMEDA (1.0 equiv)
R& \ * R'MgBr o > R¢ A
Me
(1.5 equiv)
THF, 23 °C, 48 h

OMe

MeO l

yield 66 % yield 77 % yield 64 % yield 63 %

Scheme 41. Directed cross-coupling of C-H bonds with Grighaeagents through cobalt
catalysis by Wang and Shi

In 2013, the Yoshikai group described another exarfgr cobalt-catalyzedrtho-alkylation
reaction of aromatic imines with primary and seamydalkyl halide$88° A cobaltN-
heterocyclic carbene (NHC) catalyst system allowss authors to perform alkylations of

aromatic imines at 23 °C with reaction times of 24-h.

The You group showed that the iron-catalyzed oxreat-H/C-H cross-coupling could be an

efficient route tax-amino acid derivative¥

Nakamura and llies reported the iron-catalyzetho-allylation of aromatic carboxamides
with allyl ethers’® They found that substrates bearing a bidentatectiing group,N-
(quinolin-8-yl)benzamide selectively afford theyédkion products in good yields (up to 99
%).

In 2014, DeBoef et al found out that iron-catalyzegdation of heterocycleda directed C-H

bond activation could be successfully carried autaovariety of N-, S-, and O-containing

8 Gao, K.; Yoshikai, NJ. Am. Chem. So2013 135, 9279.

8 Gao, K.; Yosikai, NAcc. Chem. Re&014 47, 1208.

9L, K., Tan, G.; Huang, J.; Song, F.; YouAhgew. Chem. Int. E@013 52, 12942.
9 Asako, S.; llies, L.; Nakamura, E. Am. Chem. So2013 135, 17755.
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heterocycles at 0 °C over 15 n¥fhA number of heterocyclic arylated imines or alddsy

were synthesized with yields up to 88 %.

The group of Ackermann showed that Cjgd and C(sp)-H arylation could be achieved by

triazole assistance (Scheme 32).

FeCl, (10 %)
O Me Me dppe (10 %)
AN NKK\ B >
R:_Q)LH N:N’N Bn ArMgBr (7 equiv)
ZnBry, TMEDA
M
Cl

THF, 55-65 °C, 36 h

Selected Examples:

O Me Me
O Me Me

i N-Bn
RI{\;HLN)V\N/BH RCA AL Nay
U / N:N/
Ph

F

yield 90 % yield 92 %

O Me Me
P

ho NN

yield 57 %

Scheme 42. Iron-catalyzed C(sp-H and C(sp)-H arylation by triazole assistance by

Ackermann and et al.

Among alternatives of the catalytic systems for @l bond activation reaction, iron and

cobalt salts are predominant. To our knowledgeshromium-catalyzed C-H bond activation

has been described in the literature so far.

92 Sirois, J. J.; Davis, R.; DeBoef, Brg. Lett.2014 16, 868.

% Gu, Q.; Al Mamari, H.H.; Graczyk, K.; Diers, E.; Rermann, LAngew. Chem. Int. E@014 53, 3868.
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5. Objectives

Transition-metal-catalyzed cross-coupling reacti@ame one of the most used C-C bond
forming reactions, where palladium and nickel oatial play a main role. However, the
constantly increasing world market price of palledj the toxicity of nickel salts, and the
laborious synthesis of arylboronic acids are pramgpthe search for powerful alternatives,
also for industrial process. Therefore, the devalept of alternative transition metal catalysts
for cross-coupling reactions represents our gergeral

Iron-catalysts have received a lot of attentiorthe area of cross-coupling reactions due to
environmentally friendly properties of iron saltsntbined with their moderate prices and
absence of air-sensitive expensive ligands. Alkyl;aalkyl-alkenyl, aryl-alkenyl, and
alkynyl-coupling reactions are well documented. Theesponding aryl-aryl cross-couplings
are much more challenging due to the formationarhd-coupling side-products. Therefore,
our next aim would be to find simple and practiesction conditions for 3gsp’ type cross-
coupling reactions using iron as a catalyst. Raldrty, the cross-coupling betweex
heterocyclic halides (chlorides or bromides) withylmagnesium reagents should be
investigated due to the potential biological atyivof the resulting arylated heterocycles
(Scheme 43).

R1

fl —= L
X ArMgX e\

Ar

reaction conditions

Scheme 43.Iron-catalyzed cross-coupling reactiond\bheterocyclic halides with Grignard

reagents

Other transition metals salts such as Gp®InCl, VCls, VCls and eventually CrGlshould
be tested for catalytic activity in cross-couplirgactions of aryl or alkenyl halides with

arylmagnesium reagents (Scheme 44).

DG [M]cat S DG
R-" Het! — > R-Het
\e//t\ AMgX Rl

reaction conditions Ar

X=Cl, Br
DG = directing group

Scheme 44.Alternative metal-catalyzed cross-coupling reawdiof aryl or alkenyl halides

with Grignard reagents
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A.Introduction

In addition, mechanistic insights should not beleetgd.

Over the last decades, the direct coupling of Céthds via C-H bond activation has

developed from an exotic phenomenon to an indisgg#agool for organic chemists. Pd-, Rh-
and Ru-catalysts are the metals of choice, if ames &0 perform direct coupling reactions. As
discussed above, the replacement of these metalgaolly available and less-toxic salts is

highly desirable.

One further task of this work is to investigate #imlity of Cr-salts to catalyze directed C-H
bond activation reactions. Benbhijuinoline, 2-phenylpyridine, phenyloxazoline amdines

should be tested in Cr-catalyzed C-H arylation$v@tignard reagents (Scheme 45).

Cr] cat
rI,\\/DG [Cr] ) DG
R-@-\ ArMaX > R- - Het
= H g. = Ar

reaction conditions

DG = directing group

Scheme 45.Chromium-catalyzed C-H bond activation using @agnesium reagents
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1. Iron-Catalyzed Cross-Coupling ofN-Heterocyclic Halides with
Grignard Reagents.

1.1Introduction

In 1941, Kharash described the first iron-catalyeeaction of PhMgCI, which provided the
homo-coupling product biphen$l. This discovery paved the way for the field of on
catalyzed coupling reactions, but it also demotetrahe big challenge of performance of
cross-coupling reactions between E§sp precursors due to the formation of the undesired

homo-coupling side-products of the Grignard reagech as biphenyl.

The use of iron fluorides in combination with carbdigands improves such aryl-aryl cross-
coupling dramatically as shown by Nakamura €€ @lthough, long reaction time (8 - 48 h)
and additional heat (60 — 100 °C) were required.

To our knowledge, only few examples of cross-couplof N-heterocyclic halides with
arylmagnesium reagents are described in the literand no general methodology have been
establishe®°661.62 The scope of Grignard reagents, which were usedtHis kind of

transformation, also seems to be limited.

1.2Results and Discussion

1.2.1 Optimization of reaction conditions

In preliminary experiments, we examined the craagpting between 2-chloropyridind &)
and PhMgCl 2a) (see Sheme 46).

1) Fe-salt (5 %)

@ 2) PhMgCl (2a, 2.3 equiv) | AN
N/ cl solvent, rt o N/ Ph
1a 3a

Scheme 46. Cross-coupling of pyridyl chloridel§) with PhMgCI @a) in the presence of

various Fe-salts
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We investigated the effect of catalytic amounts%$ of various iron salts, which are
represented in Table 1. Surprisingly, the commaac¢ax) or Fe(acag)in THF gave only 46
% and 55 % (GC-yield) of the desired 2-phenylpyr@3a) respectively at room temperature
(entries 1 and 2). The related iron salt Fe(TMEHDPYMHD = 2,2,6,6-tetramethyl-3,5-
heptanedionate) provided 53 % of the desired progaafter 2 h at room temperature (entry
3). Different iron halides such as FeCFeCk, FeBr or FeBg (entries 4 — 7) as well as
Fe(OTfg (entry 8) gave only moderate yields of cross-cmgpproduct3a. As expected, iron
fluorides gave only traces of product apparently ttuinsolubility in THF (entry 9 and 10) as
well as Fel (entry 11). We have to admit that polar co-solsestich as NMP N-
methylpyrrolidone) hampered the cross-couplingeesithe reaction of the Grignard reagent
and NMP was dominant (entry 12).

Table 1. Optimization of the conditions for the reactionpgfidyl chloride (a) with PhMgCl
(2a) catalyzed by iron salts

Entry Fe-salt? Reaction time  Yield (%)¢
1 Fe(acao) 2h 46
2 Fe(acag) 2h 55
3 Fe(TMHD}) 2 h 53
4 FeCh 5h 56
5 FeC} 2h 55
6 FeBeg 2h 62
7 FeBg 1.5h 63
8 Fe(OTf} 5h 60
9 Fek 20 h traces
10 Fek 20 h traces
11 Feb 20 h traces
12 FeBsg 2h trace$
13 FeBg- 3LiCl 15h 51
14 FeBg- 3LiBr 15h 56
15 Fe(acae)3LiCl 15h 50

(@) 5 % of Fe-salt was used. (b) Reaction timel uetiction completion according to GC
analysis. (c) Calibrated GC-yield using undecangHg) as internal standard. (d) Starting
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B.Results and Discussion

material was not consumed even after 20 h. (e) ¥ure of THF/NMP (5:1) was used. The

reaction of PhMgCl with NMP was dominant.

Solutions of iron salts in THF prepared in the pre of LiCl or LiBr such as FeBBLICl,
FeBr-3LiBr or Fe(aca®)3LiCl were tested as well, but did not provide ngigant

improvements (entries 13 — 15).

We noticed that the use of Fe(ll) or Fe(lll) satIto similar results. Reducing the Fe(lll)
catalyst in situ withi-PrMgCl prior to cross-coupling deactivated theabaic system and
hampered the coupling reaction.

We also investigated the influence of different isacids, since they showed good results in
the cross-coupling of pyridines with aryl bromidea metalation with TMPZnCI-LiCl base,
reported by Knochel et &.Results represented in Table 2 indicate that mdriewis acids

improved the yield of the cross-coupling proddat

Table 2.Influence of various Lewis acids for cross-couglieaction of 2-chloropyridinel§)
with PhMgClI @a)

1) Fe-salt (5 %),
Lewis acid (10 %)

@\ 2) PhMgCl (2a, 2.3 equiv) | A
= THF, 0 °C to 23 °C &

N~ °CI N Ph
1a 3a
Entry Lewis acid Fe-salf Yield (%)°

1 without Fe(acae) 55
2 BFRs: OE® Fe(acaq 37
3 BFRs- OE® FeBr 3

4 Sc(OTfy Fe(acaq) 20
5 Sc(OTf FeBg 34
6 (CRSG)3YDb Fe(acaq 28
7 (CRSOs)3Yb FeBe 31

(a) The reaction was carried out using 5 % of Fg-88 equivalents of PhMgCl and THF as
a solvent at 0 °C to 23 °C for 24 h. (b) Calibrat@@-yield using undecane {{El24) as an

internal standard.

% Duez, S.; Steib, A. K.; Manolikakes, S. M.; KnoGH& Angew. Chem. Int. E@011, 50, 7686.
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Based on the screening of various iron salts wadddcto use FeBrin the subsequent
reactions, since it showed the best result in Tede (Table 1) at 23 °C. We observed that
carrying out the coupling reaction between 2-chpgraline (La) and 2.3 equivalents PhMgCl
(28) in the presence of 5 % Fepat -70 °C, -30 °C and 0 °C showed 4 %, 21 % a&n@63
GC-yield of the desired product respectively aftér h. The amount of the Grignard reagent
was also screened. The use of 2.3 equivalenga tlave shown to be reasonable, since the
employment of 1.2 equivalent of the Grignard rea@angave less good results; on the other

hand 3 equivalents of the reag@atdid not improve the yield significantly.

Next, we screened different solvents in order tangire solvent effects for this kind of
transformation. Nonpolar solvents likehexane or toluene, did not display any considerabl
improvements in comparison to THF (entries 1-3,1&&). The use of acetonitril led to only
14 % yield of the desired product due to a sidetrea of this solvent and PhMgQ4; entry
4). However, the usage of ethereal solvents sudtiiedlylether otBuOMe allowed us to
dramatically improve the yield and reach full corsien of the starting material. Thus, we
isolated the desired produga using EzO ort-BuOMe in 84 % and 82 % vyield respectively
(entries 7 - 8). Dibutylether also showed good ltegentry 9) in contrast with dimethylether,
which provided only 28 % of 2-phenylpyridin8&( entry 6). A reasonable GC-yield was
achieved using MCPE (methoxycyclopentane) as aesdhOnly 58 % yield of the cross-
coupling producBa was determined using 2-Me-THF (2-methyltetrohydrahe) (entry 11).
Since comparably good yields were obtained usBwyOMe or EtO, we have pursued our

investigations using the industry-friendly solvéBuOMe.

Table 3. Solvent screening for the cross-coupling reactwér2-chloropyridine {a) with
PhMgCI Qa)

1) Fe-salt (5 %)

@ 2) PhMgClI (2a, 2.3 equiv) @
“ solvent, 23 °C - &

N" el N~ Ph
1a 3a
Entry?@ Solvent Reaction timé Yield (%)°©
1 THF 15h 63
2 n-hexane 2h 53
3 toluene 15h 14
4 CHCN 15h 18
5 1,2-dioxane 3h 49
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6 DME 2h 48
7 EtO 1.5h 73, 87,(84y
8 t-BuOMe 1.5h 75, 8782y
9 BO 1.5h 72
10 CPME 5h )
11 2-Me-THF 1.5h 58

(@) 5 % of Fe-salt was used. (b) The reaction tumt reaction completion according to GC
analysis. (c) Calibrated GC-yield using undecangH&) as internal standard. Numbers in
brackets indicate isolated yields. (d) 3 % of ReBas used.

Based on the results obtained after optimizatiothefreaction conditions, we went on with
our investigations using 3 % of FeBR.3 equivalent of the Grignard reagent é8dOMe as

solvent at 23 °C.

1.2.2 Investigation of the reaction scope

The use of ethereal solvents proved to be a kegrmd@tant and allowed us to extend this
cross-coupling to various othBkheterocycles. In order to study the reaction scepdiave,
first varied theN-heterocyclic chlorides or bromides and investidatieeir reactions with
PhMgCI @a) in tBuOMe at 23 °C. Since PhMgCI as well as all Grignaagents, which we
used, were prepared in THF, the cross-couplingtimeain fact performed in a mixture of
THF andtBuOMe (ca 2:5).

Therefore, we observed that 2-bromopyriditib) (reacted with PhMgCI2@) at a faster rate
for completion than 2-chloropyridindd) (70 min instead of 90 min) and producgalin the
same vyield (83 %, entry 2 of Table 4). Substitubedmo- or chloro-pyridines such as 2-
chloro-4-picoline {c) and 2-bromo-5-chloropyridineld) reacted smoothly with similar

reaction times leading to the pyridingsand3cin 78 — 84 % vyield (entries 3 and 4).

Table 4. Scope of iron-catalyzed cross-couplingNeheteroarylchlorides/-bromidedd —j)
with PhMgCI @a)

Entry @ Substrate Reaction time Product Yield (%)°
® ®
N” X N” >Ph
1 la: X =ClI 1.5h 3a 82
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2 1b: X = Br 70 min 3a 83

: 5
|N/ cl lN/ Ph
3 1c 2h 3b 84
Cla Cle
|N/ Br |N/ Ph
4 1d 70 min 3c 78
~_CO,tBU ~_COstBU
lN/ cl IN/ Ph
5 le 5 min 3d 60
X X
<jl\/Nj\m lN/ Ph
6 1f 5 min 3e 88
| /\N | /\N
cl Ph
7 19 5 min 3f 90
Me Me
0 o
Me” N7 cl Me Ph
8 1h 2h 39 76
cl Ph
A B
OMe OMe
9 1i 5h 3h 2
N__Cl N._Ph
¢y Oy
10 3 3h 3i 246

(a) The reaction was performed on a 1 mmol scatle 3vmol% of FeByin THFtBuOMe (ca.
2:5) at room temperature. (b) Isolated yield. (€-@eld.

Interestingly, the presence oftart-butoxycarbonyl group in position 3l dramatically
increased the reaction rate leading to full coreersvithin 5 min (entry 5). The cross-
coupling producBd was isolated in 60 % yield. No starting chloriteewas detected, and the
relatively moderate yield may be due to a polynaion of 1e The annulation of the
pyridine ring with a benzene moiety also accelerabe reaction rate, and the cross-coupling
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B.Results and Discussion

of PhMgCI @a) with 2-chloroquinoline If) or 1-chloroisoquinolinel(g) were completed in 5
min and gave the expected phenylaiebdeterocyclese and3f in 88 — 90 % vyield (entries 6
and 7). Diazines were also tested for cross-cogplmeactions. For instance, 2-
chloropyrimidine derivativelh reacted with PhMgCI2@) within 2 h providing the arylated
pyrimidine 3g in 76 % yield (entry 8). The more sensitive chfpnadazineli and —pyrazine
1j required 3 - 5 h for the full conversion of stagtimaterial, but led to the phenylated
products3h - i in only 22 — 24 % vyields (entries 9 and 10). Utfoately, the use of other
heterocyclic halides, such as 3- and 4-chloropyadR-chlorothiophene, or 2-bromofuran, as

well as standard haloarenes resulted in only |eidgi

Thereafter, we have varied the nature of the Griymaagent, using typicdll-heterocyclic
chlorides and bromidedly, 1f and1g) as electrophiles (Table 5).

Table 5. Iron-catalyzed cross-coupling bfheteroarylchlorides/-bromidéds, 1g and1f with
various Grignard reagents

Entry @ Grignard reagent Substrate; Product; Yield®

Reaction time

X X
| | Me
m-TolMgBr- LiCl N™ B N
1 2b 1b; 1.5 h 3j: 80%

_N
Cl ‘

p-TolMgBr- LiCl Me
2 2C 1g; 2 min 3k; 93%
| Z
o-TolMgBr- LiCl N~ Cl N O
3 2d 1f; 45 min 3l; 84%

MgBr-LiCl | AN | AN
F
;: N”cl N7 O CFs
CF;

4 2e 1f; 15 min 3m; 92%
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5 2e
FsC MgBr-LiCl
CF;
6 2f
©/MgBr-LiCI
F
7 29
8 29
/©/MgBr~LiCI
Cl
9 2h
/©/MgBr-LiCI
MeO
10 2i
11 2i
MeO MgBr-LiCl
OMe
12 2j

o) MgBr-LiCl
A

~ CF3

MeO O OMe

3u; 71%

\
p
N

o}
)
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13 2k 1f; 5min 3v; 81%
X
I
X
/©/MgBr~LiCI @'
PivO Cl OPiv

14 2l 1g; 15 min 3w; 80%

MgBr-LiCl O | X
©/ N/ OBoc
OBoc Cl O

15 2m 1f; 15 min 3x; 84%

O| D

MgBr-LiCl

/©/ gBr-LiC | X N” E

Me,N Z NMe,

N~ CI

Zg\ /;

16 2n 1f; 5 min 3y; 82%

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

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

In all cases presented in Table 5, the Fe-catalgeesh-couplings were relatively fast and led
to full conversion of the starting material. Botlearon-rich and -poor Grignard reagents
could be tolerated. For steric hindrance reasoesiinst examined the substitution pattern of
the arylmagnesium reagent. We have found dhi¢io-, meta, andpara-substituted Grignard
reagents can be applied. Wherea3 olMgBr-LiCl (2b) and p-TolMgBr-LIiCl (2¢) react at
similar rates as the unsubstituted magnesium réaglee@ presence of anrtho-methyl
substituents iro-TolMgBr- LiCl (2d) reduced the reaction rate (compare entry 3 ofelrab
with entry 6 of Table 4). However, in all cases edant yields (80 — 93 %; entries 1 — 3 of

Table 5) were obtained.

Various electron-poor substituted Grignard reagemtse examined and proved to be
applicable in this kind of transformation. There&fpsubstituents such as a trifluoromethyl
group (as in 3-trifluoromethyl-magnesium bromide and in 3,5-ditrifluoromethyl-
magnesium bromidef; entries 4-6), a fluorine group (as in 4-fluoropylenagnesium
bromide2g; entries 7 and 8), and a chlorine group (a&hnentry 9) were well tolerated in
the cross-coupling providing the desired proddets—r in 66 — 92 % yields (entries 4 — 9).
Remarkably, electron-rich substituents were alsopatible with rapid iron-catalyzed cross-
couplings. Thus, methoxy-, methylenedioxy- as wadl pivalate-functionalized Grignard
reagent2i — | undergo cross-coupling reactions giving 71 — 87 igédg of the expected
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products3s - w (entries 10 — 14 of Table 5). More sensitive Boatgcted Grignard reagent
2m also smoothly underwent cross-coupling with 2-obdminoline (f) leading to the 2-
arylated quinolin&x in 84 % yield (entry 15).

We were interested to test the amino-substitutedyn@rd reagent due to its potential
importance in the drug’s structures. We observataldi-alkylated amino substituent did not
disturb the cross-coupling, and the Grignard rebdgan reacted with1lf within 5 min
providing the producBy in 82 % vyield (entry 16).
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2. Ligand-Accelerated Iron- and Cobalt-Catalyzed CrossCoupling
betweenN-Heterocyclic Halides and Aryl Magnesium Reagents.

2.1Introduction

In order to further optimize our reaction condisprwe looked more close at possible

additives or ligands for iron-catalyzed cross-cougpbetween CSpCsF centers.

Nakamura and co-workers have shown thaheterocyclic carbene (NHC) ligands can
suppress the homo-coupling reaction to less thrP5Although this is a large improvement,

NHC ligands are expensive, and even optimized ¢tiomdi, elevated temperatures and long
reaction times are often required to complete theling reaction. Clearly, there is a need to

discover new classes of ligands for Fe catalysis.

During the course of our work, we have made thershpitous discovery that quinoline or
isoquinoline could be used as ligands to promotedtalyzed cross-coupling, improving both
the yield and reaction rate. Moreover, these nganlil-accelerated cross-coupling reactions

could be extended to Co catalysts.

Thus, cross-coupling of 2-chloroquinolingf) with PhMgCI @a) in the presence of 3 %
FeBrin tBuOMe/THF was completed at 25 °C in 5 min (prodgdime phenylated produ8e
in 90 % vyield; Scheme 47). Cross-coupling of theh®ropyrimidine 1h under the same
reaction conditions requires 2 h for completion anavides the arylated pyrimidirgg in 76
% yield.

PhMgCI (2a, 2 equiv)

/ _— /
N~ °Cl N™ "Ph

tBuOMe/THF .

1f 2300 3e: 5 min, 88%

Me Me

SN PhMgCI (2a, 2 equiv) SN
0,
| /)\ FeBrs (3 %) | /)\
Me N~ ~CI Me N~ "Ph

tBuOMe/THF

1h 23°C 3g:

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

Scheme 47.Rate acceleration and improved yield of Fe-catdyzross-coupling in the

presence of quinoline
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However, carrying out the same reaction in the gores of 7 % of quinoline leads to a
reaction completion within 5 min (about 50 timestéax) and an increased yield 3 (89 %

yield of isolated product; Scheme 47).

2.2Results and Discussion

Prompted by the rate acceleration effect observéu quinoline, we screened other ligands.
We observed that NMP and TMEDA, which have beediticmally used for iron catalysis,
had a detrimental effect under our conditions (carapentries 1-4 of Table &). We
systematically examined substituted quinolinessem of the rate enhancement occurs when
a methyl group is attached to either the 2- or 8itpmn (entries 5 and 6), and only a slight

improvement can be observed when a methyl gropfated at position 6 (entry 7)

Benzoh]quinoline and acridine led even to a decreasadld {{entries 8 and 9). Remarkably,
electron-donating groups have a positive effectlavalectron-withdrawing groups decrease
the catalytic activity of the quinoline core (compa&ntries 10-14). Finally, it was discovered
that isoquinoline gave the best results with 92%ldyiafter 15 min (entry 15). 1-Methyl
isoquinoline had a similar catalytic activity asgsiinoline, but surprisingly, electron-rich 1-
benzyl-6,7-dimethoxyisoquinoline performed very ppgcompare entries 16 and 17). Two
nitrogen-containing heterocycles hindered the read¢entries 18 and 19).

In 2002, Knochel and coworkers have shown thatudristyrene promotes Co-catalyzed

coupling reaction8®

However, styrene had no effect (entry 20), andousrisubstituted styrene derivatives caused

only a moderate rate enhancement (entries 21-23).

Additionally, the amount of isoquinoline was variedm 1-100% and it was found that 10%
of the ligand was optimum. Pleasingly, isoquinol{ne quinoline) was not consumed during

the cross-coupling according to the GC-analysis.

Using isoquinoline, we tested the ability of otheetallic salts to undergo rate-enhanced
cross-coupling reactions. In response to the cudebate as to whether trace impurities of

% a) Jensen, A. E.; Knochel, P.0rg. Chem2002 67, 79; b) Rohbogner, C. J.; Diene, C. R.; Korn,.T. J
Knochel, PAngew. Chem. Int. E@01Q 49, 18.
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Cu in commercial samples of Fe salts can be thgecaficatalytic activity® CuBr was tested

and none to minimal activity was found (compareiestl-2 with 3-4 of Table 7).

Table 6. Screening different additives for the Fe-catalyoedss-coupling reaction of 2-
chloropyridine {a) with PhMgCl @a)

| t 2a (2 equiv), FeBr (3 %) @
N Cl additive (7 %), tBuOMe N Ph
1a 23°C, 15 min 3a
Entry Additive Yield of 3a (%)?

1 without additive 40

2 quinoline 75

3 NMP 0

4 TMEDA 32

5 2-methylquinoline 67
6 8-methylquinoline 48
7 6-methylquinoline 82
8 benzoh]quinoline 30

9 acridine 32

10 4-methoxyquinoline 73
11 6-methoxyquinoline 82
12 4-(tert-butyldimethylsilyl)oxy)quinoline 75
13 6-(tert-butyldimethylsilyl)oxy)quinoline 83
14 quinoline-3-carbonitrile 43
15 isoquinoline 92 (89
16 1-methylisoquinoline 91
17 1-benzyl-6,7-dimethoxyisoquinoline 28
18 2,9-diphenyl-1,10-phenanthroline 27
19 4-(dimethylamino)pyridine 25
20 styrene 40
21 1-methoxy-3-vinylbenzene 67
22 1-methoxy-4-vinylbenzene 68

9 For the role of metal contaminants in iron catalysee: a) Buchwald, S. L.; Bolm, &agew. Chem. Int. Ed.
2009 48, 5586. (b) Larsson, P.-F.; Correa, A.; Carril, Marrby, P.-O.; Bolm, CAngew. Chem., Int. E@009
48, 5691. (c) Thomé, 1.; Nijs, A.; Bolm, ©hem. Soc. Re2012 41, 979.
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23 2-vinylpyridine 37

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

column chromatography

A mixture of FeBg and CuBs# displayed no synergistic benefit, as the yield wssentially
the same as when no Cu is added (entry 5). Vanadaita also had very little catalytic
activity (entries 6 - 9). Finally, we were pleagedind that isoquinoline can also be used as a

ligand to accelerate Co-catalyzed reactions (enfrieand 13 of Table 7).

Table 7. Performance of different transition metals wittogsinoline-promoted cross-

coupling
| \/ 2a (.2 equ-iv),-metal salt (3 %) @
N e i N
Entry Metal salt Isoquinoline (mol%) Yield of 3a (%)@
1 FeBeg 0 40
2 FeBrs 10 92 (8%
3 CuBe° 0 0
4 CuBe 10 2
5 FeBg + CuBe 10 89
6 VClz 0 0
7 VClz 10
8 VCly 0
9 VCls 10
10 MnCk 0 28
11 MnCk 10 14
12 CoCt 0 46
13 CoCkb 10 90

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

column chromatography. (€O was also used and gave the same results.
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Since both Fe and Co had a similar activity, bdtthese transition metals were used, while
exploring the scope of this new catalytic system.

Using isoquinoline as a ligand (10 %), it is pobsito obtain the expected cross-coupled
products with a variety of chloro- or bromo-suhggd pyridines as well as with a fair range
of Grignard reagents. Good yields of the substitypgridines5a - f (65 - 91 %) were
obtained especially with electron-rich Grignardgesats (entries 1 - 6 of Table 8) as well as
with electron-poor 4-fluorophenylmagnesium bromitgto give pyridine54g (77 - 79 %
yield, entry 7). It is possible to couple the palyttional pyridineth with the sensitive ester-
substituted Grignard compou2tito produce pyridin®h in 65 % yield (entry 8). Often both
Co- and Fe-catalyzed couplings proceed with confppargeld, and it is difficult to propose
that one metallic salt is a superior catalyst fbsabstrates. Pyrimidines, which are common
motifs in pharmaceuticals, can be obtained fromddme set of Grignard reagents to yield
functionalizedN-heterocycle®$k - n in 60 - 95 % vyield (entries 11 - 14). Triazines af great
importance as material building blocks and as dwpucals. This new method allows
various chlorotriazines to be cross-coupled witlgnesium reagents, leading to the desired
products fo-r) in 61 - 84 % yield (entries 15 - 18).

Table 8. Scope of Co- and Fe-catalyzed cross-coupling ieciutilizing isoquinoline as a

ligand
ArMgX-LiCl
(2; 2 equiv),
FeBrsz or CoCl, (3 %)
N 10 % isoquinoline R X
rI i
| _ ll\ —
'\N X tBuOMe/THF N™ “Ar
4 23 °C, 15 min 5
Entry Starting material Grignard reagent Product®
| ~_TMS
E\ITMS /©/MgBr~LiCI NZ
N” Br MeO OMe
1 4a 2i 5a; Fe: 91 %
Co:85%
cl
Cl AN O
MgBr-LiCl |
/
» 02 e
Me,N
N/ Br 2 NM62
2 4b 2n 5b; Fe: 82 %
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OMgBrLiCI
™S

20

TBSO\©/ MgBr-LiCl

2p
Me
MgBr-LiCl
Me Me
2q
Me
N
N\
MgBr-LiCl
2r
/©/MgBr~LiCI
F
29

/©/MgBr-LiCI
PivO

Co: 77 %

S o
X
| -
™S
5c; Fe: 65 %
Co: 70 %

5d; Fe: 71 %
Co: 79 %

Br l

Cl

A Me
~

"1
Me M

5e; Co: 82 %

5f; Co: 65 %

MeO
X g

/
T
F

5g; Fe: 77 %
Co: 79 %




B.Results and Discussion

8 4h 2l 5h; Fe: 65 %

OMe
OMe . O
O MgBr-LiCI §
N |
| MeO N
N Br
OMe

9 4 2i 5i; Co: 78 %
Me
MeO B MgBr.LiCl
MeO N” >al FO
10 4j 29 5); Fe: 82 %
Co:67%
Me
Me
ﬁ Me,N MgBr-LiCl fN
B \©/ = NMe;
Me N/)\CI Me N)\©/
119 1h 2s 5k; Fe: 78 %
Co0:63 %
cl
N TBSO MgBr-LiCl
L 19
N~ >l
12 4k 2p 5l; Fe: 95 %
cl
F MgBr-LiCl
| oN Meop/
N/)\Br OMe
13 4 2t 5m; Co: 68 %
CF,
F
A /©/MgBr-LiCI
N/)\Br cl
14 4m 2u 5n; Fe: 61%

Co: 60 %
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Ph TSN
)Nl\)jN\ /©/MgBr~LiCI Ph/I\N/J\©\
Ph"” ON” Cl MeO OMe
15 4n 2i 50; Fe: 81 %
Co: 79%
AL A
C/\l N~ al G\l N~ ~Ph
16 40 2a 5p; Fe: 76 %
OEt
= NN
/Nl \)N\ S._MgCl Eto)l\N/ S
B0 N7 >Cl @/ |/
1P 4p 2v 5q; Fe: 84 %
Co: 79%
SEt
N)§N
)S\Et MgBr-LiCl EtS/tN/)\©\/
/Nl \/)N\ Meo\p/ OMe
Ets” N” Cl OMe OMe
18 4q 2t 5r; Fe: 61 %

(a) Isolated yield after purification by flash cola chromatography. (b) Reaction run at 23
°C for 5 h. (c) Reaction run at Z& for 1 h. d) Reaction run at 2& for 30 min. (e) 4
equivalent of2p were used. (f) Reaction run at 30 for 12 h. (g) Reaction run at 28 for

12 h.

The synthesis of heteroaryl-heteroaryl couplingdpiats is often challenging. In the case of
Pd- or Ni-catalysis, deactivation of the catalysiobserved due to chelation of the product
with the catalys?’ However, it was noted that both Fe- and Co-catslgsomoted by 10 %
isoquinoline allow smooth cross-couplings with eitlthe 3-magnesiated benzothioph2ne

or the 2-magnesiated heterocy@beto afford heterobyarylSsand5t in 61 - 66 % isolated
yield (Scheme 48).

97a) Hanan, G. S.; Schubert, U. S.; Volkmer, D.;i&, E.; Lehn, J.-M.; Kyritsakas, N.; FischerCan. J.
Chem 1997, 75, 169 ; b) Kaes, C.; Katz, A.; Hosseini, M. @hem. Rev200Q 100, 3553; c) Bedel, S.; Ulrich,
G.; Picard, C.; Tisnés, Bynthesi2002 1564; d)Comprehensive Coordination Chemistry\bol 1;
McCleverty, J. A.; Meyer, T. J.; Eds.; Elsevier,fxl, 2004 1.
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B.Results and Discussion

MgBr-LiCl
N
S
T™MS 2w (2 equiv) ™S
| o FeBrz or CoCl, (3 %) A
g » Fe: 64 %
. 0,
N© B isoquinoline (10 %) N \ Co: 66 %
4a {BuOMe/THF 5s S
23 °C,24h
S
,/—MgCI-LiCl
2x (2 equiv)
TMS TMS
(\/E FeBrs or CoCly (3 %) | ~
NT B NS Fe: 61 %2
r isoquinoline (10 %) | Co: 66 %
4a tBuOMe/THF 5¢
23 °C,12h

(a) reaction run at 50 °C

Scheme 48 Heteroaryl-heteroaryl cross-coupling reactions leetw bromopyridinela and

benzothiophene2w and2x

Delicate functional groups, such as alkynes, wikmhld undergo carbometallation under iron

catalysis®® provide poor yields of the desired product. Newvelgss, we observed that the use

of 3 % CoCt and 10 % isoquinoline improved the yield and aliaWwe isolation of pyridine

5uin 62 % yield (Scheme 49).

T™MS T™MS
Il 2i (2 equiv) Il
FeBrz or CoCl, (3 %)
N —_— A Fe: 38 %
| ~ isoquinoline (10 %) | Z Co: 62 %
N™ "Br tBUOMe/THF N
4r 23 °C, 30 min 5u OMe

Scheme 49Cross-coupling reactions of acetylene-containingdayes

To probe the mechanism of Fe- and Co-catalyzeds-aospling reactions, we prepared the

radical clock4s% Treatment of this unsaturated pyrididewith PhMgCl Qa), using either

% a) ) Hojo, M.; Murakami, Y.; Aihara, H.; Sakura§,; Baba, Y.; Hosomi, AAngew. Chem. Int. EQ001, 40,
621; b) Zhang, D.; Ready, J. Nl..Am. Chem. So2006 128 15050; c) Shirakawa, E.; Ikeda, D.; Masui, S.;
Yoshida, M.; Hayashi, T1. Am. Chem. So2012 134, 272; d) llies, L.; Yoshida, T.; Nakamura, EAm.

Chem. So2012 134, 16951.

9 a) Wakabayashi, K.; Yorimitsu, H.; Oshima, X.Am. Chem. So2001, 123 5374; b) Ohmiya, H.;
Yorimitsu, H.; Oshima, KJ. Am. Chem. So2006 128 1886; c) Manolikakes, G.; Knochel, A1gew. Chem.



FeBr or CoC}h, produces a 4:1 mixture of the expected cross-coggiroductSv and the
cyclized pyridine6 indicative of a radical intermediate. The additmmnisoquinoline did not
change the product ratio, but as expected, it ingmdhe yields (compare entries 1-4 of Table
9). These results indicate that both Fe- and Cahgagd cross-couplings undergo the radical
pathway, at least partially. Interestingly, the responding Pd- and Ni-catalyzed cross-
couplings, using 3 % Pd(EP)u or 3 % NiChk(dppe) provided much less, if any, of the

cyclized product.

Table 9. Scope of Co- and Fe-catalyzed cross-coupling imeiutilizing isoquinoline as a

ligand
2a (2 equiv)
N § FeBr, or CoCl, (3 %) N § | o
Weoo e oew L,
uOMe
4s 23°C,1h 5v 6
Entry Catalyst 5v:6 Yield (%)?

1 FeBeg 80:20 a7
2 FeBg /isoquinoline 80:20 62
3 CoCb 80:20 72
4 CoCkb /isoquinoline 80:20 78
5p Pd(PhP)u 100:0 64
6 NiClx(dppe) 95.5 67

(a) Isolated yield after purification by flash colo chromatography. (b) Reaction was

performed at 50 °C.

In spite of remarkable results, which we obtainethg isoquinoline in Fe- and Co-catalyzed
coupling reactions, we aimed to further optimize thaction conditions. Therefore, we went
on with our hunt for appropriate ligands using dowp between 2-chloropyridinel§) and
PhMgCI Qa) as a standard reaction.

First of all, we tested various quinoline derivasy Vinyl-substituted quinolines did not have
any effect (entries 2 and 3 of Table 10). 2,3 -Biqgiine (7¢) provided no improvement and

even slowed down the reaction (17 % yield afterniif; entry 4). Polycyclic compounds

Int. Ed.2009 48, 205; d) Guisan-Ceinos, M.; Tato, F.; Bunuel, EllI€ P.; Cardenas, D.Ghem. Sci2013 4,
109
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B.Results and Discussion

contained two nitrogens, such as cinnoliid) (and quinoxalinede) hampered the reaction
(entries 5 and 6). The quinoline derivative havangnethoxy group in position eightf}
demonstrated no acceleration effect (entry 7). Bx©kuinoline 7g) slightly promoted the
reaction (58 % yield; entry 9), whereas 6-bromoqline (7h) gave a good yield already after
15 min (73 % vyield; entries 8). Previously we obser that quinoline having a methoxy
group in position six resulted in a positive effddbwever, papaverin/() led to only 59 %
GC-Yield of cross-coupling produdt (entry 10). Various six-membered rihgheterocycles

7j —| demonstrated moderate activity (entries 11 — 13).

Table 10. Screening different additives for the Fe-catalyzedss-coupling reaction of 2-
chloropyridine ga) with PhMgCl @a)

N 2a (2 equiv), FeBr; (3 %) N
| N~ el additive (7 %) , tBUOMe | N~ >Ph
1a 23 °C, 15 min 3a
Entry Additive Additive Time, h GC-Yield of 3a
Number (%)
1 without additive 15 min 40
1.5h 78
2 S 7a 15 min 43
N 15h 70
7
3 7b 15 min 38
N 15h 63
\
4 7c 15 min 17

W,
A/
/

1.5h 61

| N/
S N 7d 15 min 18
6 7e 15 min 14
1.5h 35

=z P4
N

63



7 7f 15 min 40
> 15h 69
N
OMe
8 7h 15 min 73
N/
9 79 15 min 58
cl N 15h 76
o6
10 7i 15 min 59
Moo - 15h 62
MeO N
O OMe
OMe
11 7j 15 min 66
CN
A 1.5h 67
N/
12 7k 15 min 22
N_ _OMe 15h 61
| N
'y
13 MOLN. N _N(Me) 71 15 min 60
2 N 2
T 1.5h 71
N(Me),
14 7m 15 min 35
I N 15h 62
H3C I N/ | CH3
o N N  i-Pr
i-Pr
Cr#-0
15 7n 15 min 19
15h 40
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B.Results and Discussion

Bis(imino)pyridine ligand 7m is often used for iron-catalyzed polymerizatiSneactions or
as hydrogenation and hydrosilylation catakyst.Recently, it has been also used in
regioselective syntheses afaryl carboxylic acidsi®? Nevertheless, in our cross-coupling
reaction this ligandm did not show any activity (entry 14). The tetraid® amine complex
with Co 7n, hampered the reaction between 2-chloropyridit® énd PhMgCl 2a) (entry
15)103

Based on this small screenshot of all tested ligatiee following trend could be highlighted.
The quinoline or isoquinoline core seemed to bentlmst reactive in this kind of coupling
reactions. Electron-donating substituents of quim@olshowed better results than electron-
withdrawing ones. The second positions of quinobheuld not have any residues besides
hydrogen. A positive trend was observed when teeten-rich groups were placed in the
sixth position of quinoline. Finally, chelating éigds disprove their activity in this kind of

coupling reactions, probably due to aggregationtarctefore deactivation of the iron catalyst.

tBUOMe/THF, 23 °C
PhMgCI (2a; 2.3 equiv.)

A I
P P
N Cl [Fe®| (3%) N” “Ph
1a 3a
GC-Yield:
15min-2%
1h-7%

tBuOMe/THF, 23 °C
PhMgCI (2a; 2.3 equiv.)

> CL
» -

N~ >l [Fe®| (3%) N~ Ph
1a 3a
m (7 %  GC-Yield:
N/ 15 min - 40 %
1h-70%

Scheme 50Positive effect of quinoline for reduced iron-sigsc

100 3) Britovsek, G. J. P.; Gibson, V. C.; Kimberl&y,S.; Maddox, P. J.; McTavish, S. J.; Solan, G.White,

A. J. P.; Williams, D. JChem. Commuri998 849; b) Small, B. L.; Brookhart, M.; Bennett, M. A. J. Am.
Chem. Socl998 120, 4049.

01 3) Bart, S. C.; Lobkovsky, E.; Chirik, P.JJ.Am. Chem. So2004 126, 13794. b) Tondreau, A. M.; Atienza,
C. C. H.; Weller, K. J.; Nye, S. A,; Lewis, K. MDelis, J. G. P.; Chirik, P. &cience2012 335 567.

102 Greenhalgh, M. D.; Thomas, S.PAm. Chem. So2012 134, 11900.

103 This salen ligand was previously used for the rédecross-coupling of vinyl halides and Grignaedgents
Le Bailly, B. A. F.; Greenhalgh, M. D.; Thomas,F’SChem. Commur2012 48, 1580.
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Bedford and coworkers described the catalytic #@gtief iron nano-particles in cross-
coupling reactions. Therefore, we aimed to inveségeduced iron(0)-species in the coupling
reaction betweerN-heterocyclic halides and aromatic Grignard reagyeltbn(0)-species,
produced vian situ reduction of FeBywith nBuLi showed no catalytic activity in reaction
between 2-chloropyridinel§) and PhMgCI 2a). The addition of 7 % of quinoline to this
reaction significantly improved this reaction, viglg the desired produ@ain 70 % (GC-
Yield) after 1 h reaction time. It can be concludbdt quinoline forms catalytically active

species withn situreduced iron(0) (Scheme 50).

66
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3. Efficient Chromium(ll)-Catalyzed Cross-Coupling Reactions

3.1Introduction

On the way of our search for alternative metallgata having an acceptably low toxicity, we
have examined the potential use of chromium &&ts.

Palladium and nickel-catalyzed cross-coupling lieast between aromatic and
heteroaromatic groups are well established and hzauy application&?® Although CV!' is
highly toxic (ORL-RAT LDso = 50-150 mg/kg), Crhas a much lower toxicity (ORL-RAT
LDso = 1870 mg/kg), also compared to other metals: ORI-R.Dso(NiCl2) = 105 mg/kg,
(PdCb) = 2700 mg/kg, (CoG) = 766 mg/kg, (MnG)) =1480 mg/kg, (FeG) = 450 mg/kg-%®

3.2Results and Discussion

Preliminary experiments showed that chromium-catady cross-couplings between &sp
centers proceed quite smoothly and lead to sigmiflg lower amounts of homo-coupled
side-products compared to iron or cobalt. Thus, rection of 2-chloropyridinelg, 1.0
equiv) with PhMgCI 2a, 2.3 equiv) in THF in the presence of 3 % CGrurity 99.99 %) is
complete within 15 min at 23 °C, affording the dedi cross-coupled produ8ta in 90%
yield. GC-analysis of the crude reaction mixturdigated that less than 1 % of the homo-
coupling product (biphenyl) is obtained (Scheme PErforming the same reaction with 3 %
FeBr or 3 % Cod under optimized conditions leads to about 15 %hef homo-coupled

104 For key coupling reactions using chromium(ll) saitee: a) Okude, Y.; Hirano, S.; Hiyama, T.; NazakJ.
Am. Chem. S0d.977, 99, 3179; b) Okude, Y.; Hiyama, T.; Nozaki, Fetrahedron Lett1977, 3829; c) Takai,
K.; Kimura, K.; Kuroda, T.; Hiyama, T.; Nozaki, Hietrahedron Lett1983 24, 5281; d) Jin, H.; Uenishi, J.-1.;
Christ, W. J.; Kishi, YJ. Am. Chem. So&986 108 5644; e) Takai, K.; Tagashira, M.; Kuroda, T.hidsa, K.;
Utimoto, K.; Nozaki, HJ. Am. Chem. So&986 108 6048; f) Matsubara, S.; Horiuchi, M.; Takai, Kitimoto,
K. Chem. Lett1995 259; g) Furstner, A.; Shi, N. Am. Chem. Sot996 118 12349; h) Takai, K.;
Matsukawa, N.; Takahashi, A.; Fujii, Angew. Chem. Int. Ed. Endl998 37, 152; i) Firstner, AChem. Rev.
1999 99, 991, j) Takai, K.; Toshikawa, S.; Inoue, A.; Kokai, R.J. Am. Chem. So2003 125, 12990; k)
Takai, K.; Toshikawa, S.; Inoue, A.; Kokumai, Rir&ho, M.J. Organomet. Chen2007, 692, 520; I)
Murakami, K.; Ohmiya, H.; Yorimitsu, H.; Oshima, Rrg. Lett.2007, 9, 1569; m) Holzwarth, M. S.; Plietker,
B. ChemCatCherg013 5, 1650.

105 3) Cross-Coupling Reactions. A Practical Guiddiyara, N., Ed.; Springer: Berlir2002 b) Metal-Catalyzed
Cross-Coupling Reactionge Meijere, A., Diederich, F., Eds.; Wiley-VCH:aiviheim,2004 c)
Organotrasition Metal ChemistrHarwig, J. F., Ed.; University Scienca Books: &sito, CA,2010

106 gaccording to IFA (Institut fur Arbeitsschutz deeldschen Gesetzlichen Unfallversicherung; July 2013
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product. A solvent screening (THR;hexane, toluene an@BuOMe) showed that THF was
the optimal solvent. The optimization of the reag&nichiometry indicated that only a small
excess of Grignard reagent (1.2 equiv) was required all subsequent reactions standard
grade CrCi (purity 97 %) was used, since no difference wittClg (purity 99.99 %) was
observed. Also, performing the cross-coupling wih% MnChb leads, under optimum
conditions, to only 58 % vyield &a'®” compared to 90 % vyield obtained with 3 % GrCl

The reaction scope of this new cross-coupling potce be quite broad. Thus, a range of
N-heterocyclic chlorides and bromides can be readdgd (Table 11). PhMgCR4#) also
undergoes a smooth cross-coupling with 2-bromotB-8een-1-yl)pyridine 4s 23 °C 15
min), leading to the 2,3-disubstituted pyridife in 95 % vyield (entry 1). Interestingly, no
radical cyclization product is observed in thisss-@oupling (similar iron and cobalt cross-
couplings produce 20 % of the radical cyclizationduct). Both electron-rich and electron-
poor Grignard reagents can be used for such cagslings. Thus, the sterically hindered
bromo-pyridine4b reacts with 4N,N-dimethyl-aminophenylmagnesium bromiden) within

1.5 h at 23 °C, producing the 2,3-diarylated pyrabb (80 % vyield; entry 2).

THF, 23 °C
15 min 3a: 90 % yield
(2.3 equiv) (less than 1 % of biphenyl)

~ ~
N~ ~CI N Ph
1a 2a

Scheme 51 Chromium-catalyzed cross-coupling between 2-dpgridine (@) and PhMgCl
(24)

Also, the electron-poor Grignard reag@ytreacts with 2-bromo-3-chloropyridindtf in 15
min at 23 °C, leading to the pyridir@a in 76 % vyield (entry 3). A similar cross-coupling
performed with 3 % of FeBigives only traces of product and significant ameufthomo-
coupling. 2-Chloro-5-fluoropyridine4(i) also undergoes the cross-coupling reaction vi¢h t
sensitive ester-substituted Grignard reagtmd give the pyridingb in 66 % yield (entry 4).
FurtherN-heterocyclic halides such as the 2-chloroquinofipand the 4-chloroquinolinév,
react well with Grignard reagen2& and 2n, affording the expected produ@s and8d (74 -
78 %; entries 5 and 6). In contrast, the corresponolon-catalyzed cross-coupling with the
4-chloroquinolinedy fails, indicating that this Cr(ll)-catalyzed cross-couglimay have a

107 Rueping, M.; leawsuwan, VBynlett2007, 247.
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B.Results and Discussion

broader reaction scope than the corresponding IRe- @o-catalyzed cross-couplings.

Halogenated diazenes, such as the 2-chloropyriesdith and 4m as well as the 2-

chloropyrazinelj, rapidly react with the magnesium organometatizs?p and2i to provide
the substituted diazen8s-g (71 - 85 %; entries 7 - 9).

Table 11. Room-temperature Cr-catalyzed cross-coupling i@astbetweerN-heterocyclic

halides and arylmagnesium reagents

ArMgX:LiCl (2; 1.2 equiv),

CrCly (3 %) X
R~ RT
N7 THF, 23 °C SN Ar
4 15 min-2h 8
Entry Starting material Grignard reagent Product®
| X X
| N 9 ©MgC| N
N Br
1 4s 2a 5v; 95 %; 15 min
cl
o gY
MgBr-LiCl |
S o ¢
| Me,N
N~ ~Br NMe;
2 4b 2n 5b; 80 %; 90 min
cl
! MgBr-LiCl | N
| N”
N Br F3C
CF,
3 4t 2y 8a; 76 %; 15 min
F. | N
F | N /©/MgBr~LiC| \(Nj\@\
N” el PIVO OPiv
4 4u 2| 8b; 66 %; 15 min
Me
MeO
Me o MgBr-LiCl ° | h
MeO ” 0
e A <oj© MeO N \
_ (o]
MeO N~ >cl
5 4j 2k 8¢; 74 %; 1 h
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| MgBr-LiCl
N”ph /©/ | D
Me2N N” “Ph
6 4y 2n 8d; 78 %; 15 min
Me
Me
=N
fj\l\ /@/MgBr-LiCI " /%\
P (5]
Me” N7 >l F,CO ocF,
7 1h 2z 8e; 71 %; 2 h
CF,

o TBSO\©/ MgBr.LiCl
N/)\ Br

8 4m 2p 8f; 85 %; 15 min
N._Cl MgBr-LiCl oMe
N gBr-Li
Ly O ”j/g
N MeO [ ~
N
9 1 2i 80; 72 %; 30 min

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

Table 12. Cr-catalyzed cross-coupling reactions between I@chenzophenone9) and

phenylmagnesium reagents

o ArMgX-LiCI (1.2 equiv) o
dLPh CoLE%H kaph
Cl THF, 23 °C Ar
9 15min-2h 11a-e
Entry Grignard reagent Product Yield®@
o)
EtO,C MgCl Ph O
\© Et0,C O
1 10a lla 79 %; 15 min

70



B.Results and Discussion

o)
Ph
NC Mg NC O
|Gk ®
20 10b 11b 71%:; 2 h
o)
MgBr-LiCl Ph O
FiC” : O
FsC
3 2y 11c 93 %; 15 min
o)
/©/MgBr~LiCI Ph O
MezN MeoN O
2
4 2n 11d 94 %; 15 min
0

MgBr Ph ‘
Co -
S O

5¢ 2w 1le 89%:2h

(a) Isolated yields after purification by flash @wwin chromatography. (b) 0.7 equiv D®b
were used. (c) Reaction run at 50 °C for 2 h.

Remarkably, 2-halogenated aromatic ketones als@®rgodthe chromium-catalyzed cross-
coupling at room temperature within 15 min to 2 Halfle 12)% Thus, 2-
chlorobenzophenon®) reacts with a range of aryl- and heteroaryl-magma reagents2f,
2w, 2y, 10a 10b) yielding the corresponding polyfunctional ketorids-e(71-94%; entries
1-5 of Table 12).

Interestingly, the (2-bromophenyl)(6-chloropyriddayl)-methanone 12) reacts with the
Grignard reagerffa with complete regioselectivity (no chloride-suhsion occurs) and gives
the pyridyl ketonel3 in 72% vyield (Scheme 52). Heterocyclic ketoneghsas14, also
couple well with 3-thienylmagnesium chlorid®b affording the new keton&5 in 90% vyield

(Scheme 52). These reactions show a remarkabldidnat group tolerance, since ester,

108 For related Mn-catalyzed reactions see: (a) Cal@ez,epifre, F.; Ramiandrasoa, $ynthesid4999 2138.
(b) Cahiez, G.; Luart, D.; Lecomte, Grg. Lett.2004 6, 4395.
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nitriles and ketones are compatible with this Gelyaed cross-coupling. Interestingly, the
imine-protected 2-chlorobenzaldehyiié reacts readily with various Grignard reagerits, (
2i, 109 at 23 °C, which after acidic work-up provides #ildehydesl7a-cin 69-84% yield
(Scheme 53).

The presence of the sulfur-containing Grignard eeatjOc considerably extends the reaction-

rate and a 16 h reaction time is required to cotaptee cross-coupling leadingi@c

PhMgCI (2a, 1.2 equiv)

CrCly (3 %)

23 °C
13: 72 % yield
MgCI-LiCl

8

(10c 1.2 equiv) S
CrCl, (3 %) /
B —
THF, 15 min

23°C
15: 90 % yield

Scheme 52Cr-catalyzed cross-coupling reactions betweernrbatg-substituted ketones and

Grignard reagents

Thus, this cross-coupling constitutes a simple vemyfunctionalizing aromatic aldehydes in

theortho-position.

MgCI-LiCl
I\
ArMgX-LiCl s
(2a, 2i; 1.2 equiv) (10c, 1.2 equiv)

@[CHO CrCly (3 %) @C\N/Ph CrCly (3 %) CHO

—_—
Ar THF, 15 min Cl THF, 16 h N\
23°C 23°C \ S
Ar=Ph; 17a: 84 % yield .

16 17¢: 75 % yield

=p-CgH,OMe; 17b: 69 % yield

Scheme 53Cr-catalyzed cross-coupling reactions between enpirotected aldehyde6 and

Grignard reagent

Alkenyl iodides, such a%8, also undergo a fast stereoselective chromium-cagdlwarylation

with a range of Grignard reagent,(2n, 2p, 2}, affording in all cases the functionalized
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styrenesl9a-din 69 - 80% yield with afit:Z ratio better than 99:1. Remarkably, all reactions
were performed at 23 °C and were completed witbimin (Scheme 54).

A CrCl, (3 %) AT
Hex +  ArMgBr (1.5 equiv) T Ty Hex
18 2n: Ar=p-CgHsN(Me), THF, 15 min 19: 69-80 % yield
2i;  =p-CgH,OMe 23°C E:Z>99:1

2p: =m-CGH4OTBS
2t =p-CeH,CH(OMe),

MeO.___OMe
N(Me), OMe oTBS
\
N N 1 S
Hex Hex ex Hex
19a: 70 % yield 19b: 75 % yield  19¢: 80 % yield 19d: 69 % yield

Scheme 54 Cr-catalyzed cross-coupling reactions betweennglkedide 18 and Grignard
reagents

Furthermore, such chromium(ll)-catalyzed cross-tiogpreactions could be performed using
alkyl Grignard reagents (Scheme 55). 2-Chloroqumeollf) reacts with alkylmagnesium
reagent20a— c affording after 15 min at 23 °C alkylated heterdeg@la—cin 74 — 82%
yield.

N CrCl, (3 %) XN
_ + AlkMgBr (1.5 equiv) ——— _
N~ °CI THF, 15 min

N~ Ak
1f 20a: Alk=CgH7 23°C 2a-c
20b: =C16H33
20c:  =C,H,Ph

X X X
~ / ~
N7 >CgHys N” > CioHas N Ph

21a: 77 % yield 21b: 74 % yield 21¢: 82 % yield

Scheme 55.Cr-catalyzed cross-coupling reactions of 2-chlamgline (@f) with alkyl
Grignard reagents
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4. Room-Temperature Chromium(ll)-Catalyzed Direct Aryl ation of
Pyridines, Aryl Oxazolines and Imines

4.1 Introduction

The formation of C-C bond involving a transition4aecatalyzed C-H activation has been
widely developed in recent yedfsA range of transition metals such as Pd, Ru/’RhCo
and Fecatalyze these cross-couplings. Iron-catalyststarabme extend cobalt-catalysts are
of special interest due to the moderate price e$¢hmetals. Iron salts are furthermore of low
toxicity and the pioneering work of Nakamura andsNi&ai has attracted much attentf31i
Although very attractive, théarge amounts of Grignard reagents required tohrefat
conversion, long reaction tinfé$® and the addition of appropriate ligands (sucltiad,2-
bis(diphenylphosphino)ethylene, 1,10-phenantroliné, 4 -ditert-2,2"-bipyridiyl or N-
heterocyclic carbené®)®’8991 are drawbacks and improvements are still desirable
Preliminary experiments showed that Gr@ an excellent catalyst for performing cross-

couplings between aryl or heteroaryl halides andrrd reagentt®

The key feature of this cross-coupling is the v@nall amount of the homo-coupling product
formed, implying that almost no excess of Grignegdgent is required. Furthermore, these
chromium(ll)-catalyzed cross-couplings are veryt fesactions. In this context it was of
interest to examine directed C-H bond activatiactiens involving CrGl This Cr-catalyzed
directed arylation could be performed witN-heterocyles, 77P77d.78¢.782,80.82.85875y)

oxazoline$*"®¢and aryl imine$:86.88-89.92

4.2Results and Discussion

The optimization of the reaction conditions was aonsing the reaction of the
benzop]quinoline @2) with PhMgBr Qa, 1.5 — 4 equiv.) with catalytic amounts of Cr@hd
an oxidant at 23 °C for 24 h (Table 13). In theemuog of the CrGlcatalyst, no 10-
phenylbenzdf]lquinoline @3) is formed (entry 1). The use of 5 mol % of Gr(99.99 %

109 Steib, A. K.; Kuzmina, O. M.; Fernandez, S.; Fleier, D.; Knochel PJ. Am. Chem. So2013 135, 15346-
15349.
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B.Results and Discussion

pure) led to the desired phenylated prodi&in 57 % yield, using 2,3-dichlorobutane (DCB)
(entry 2). Using 10 mol % of Cr&increased the yield &3 to 98 % (calibrated GC-yield)
(entry 3). Lowering the amount of Grignard reageni..5 equiv or 2.5 equiv (instead of 4
equiv) decreased the yield to 19 % and 63 %, réispede (entries 4 and 5). Changing the
nature of the oxidant (from DCB to 1,2-dichloroetbeaor 1,2-dichloro-2-methylpropane) led
to lower yields (45 — 87 %; entries 6 and 7). le #ibsence of an oxidant, only 10 % of
product23was observed (entry 8 of Table 13).

Table 13.Optimization of the conditions for reaction of kefh]quinoline €2) with PhMgBr
(24) catalyzed by CrGl

| = PhMgCI (2a; equiv) ] =
pZ > —

N O CrCly (%) N O
H oxidant (1.5 equiv) Ph

23°C,24h

22 23
Entry CrCl 2 PhMgBr (2a) Oxidant Yield of
(%) (equiv) (1.5 equiv) 23 (%)?
1 0 4 DCB 0
2 5 4 DCB 57
3 10 4 DCB 98 (95)
4 10 15 DCB 19
5 10 2.5 DCB 63
6 10 4 1,2-dichloroethane 45
7 10 4 1,2-dichloro-2- 87
methylpropane
8 10 4 without 10

(a) Yield determined after 24 h by integration dd@-chromatogram and comparison against
undecane as a calibrated internal standard. (Il 6fesolated product after purification by
flash column chromatography.

Treatment of benzbJquinoline @2) with PhMgBr Qa; 4 equiv) with the optimized
conditions provides the arylated heterocy2Bin 95 % isolated yield (entry 3 of Table 13).
Similarly other arylmagnesium reagents either doooracceptor undergo a high yield
arylation at position 10 furnishing the arylatecbah]quinolines23b - f in 66 - 90 % vyield
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(Table 14). Using the same conditions, it was afsussible to arylate the 2-(2-
trimethylsilylphenyl)pyridine 24) with various arylmagnesium reagents affording the
expected pyridine25ae in 79 - 92 % vyield. Interestingly, these chromiubagatalyzed

arylations proceed within a few hours at 23 °C (gdl4}).

Table 14. Chromium-catalyzed arylation of benbfjuinoline @2) and 2-(2-
trimethylsilylphenyl)pyridine 24)

ArMgX
| o ‘ (4 equiv) | S ‘
N" ”

CrCl, (10 %) O
DCB (1.5 equiv) Ar

T
Y
z

THF, 23 °C
’ 23a-f
22 24-38h 2
ArMgX
| Xy TMs (4 equiv) | X ™S
sz - —
N > N
CrCl, (10 %)
H DCB (1.5 equiv) Ar
24 THF, 23 °C 25a-e
3-4h
Entry Substrate ArMgX Reaction Product;
Time (h) Yield (%)?2

X X

| »
g "1

H Ar

22 PhMgBr Qa) 24 23a: Ar=Ph; 95 %
2 22 3-MeO-GH4MgBr (10d) 24 23b: Ar = 3-MeO-GHas; 90 %
3 22 4- MeN-CeHaMgBr (2n) 24 23c: Ar = 4-MexN-CeHs; 87 %

o) MgBr
LT
2k

22 24 23d:67 %
22 4- FsC-CsHaMgBr (2y) 38  23e Ar=4-FRC-CsHa; 66 %
22 4-F-GsH4MgBr (20) 24  23f Ar = 4-F-GHs; 86 %
| AN T™MS | \/ T™MS
N/ N
H Ar
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B.Results and Discussion

24 PhMgBr Qa) 3 25a: Ar=Ph; 92 %
8 24 3-MeO-GH4MgBr (100d) 3 25b: Ar = 3-MeO-GHa; 79 %
24 4- MexN-CeHsMgBTr (2u) 4 25¢: Ar = 4-MexN-CgHas; 85 %
11 24 3-OTBS-GH4MgBr (2p) 3 25d: Ar = 3-OTBS-GH4; 83 %
12 24 4-F-GsHsMgBr (29) 3 25€: Ar = 4-F-GsHs; 84 %

(a) Yield of the isolated product after purificatiby flash column chromatography.

The role of the TMS-group (TMS = trimethylsilyl) position 2 is to avoid double arylation.
Interestingly, this group can be further used toonuce a second different aryl substituent as
shown in Scheme 49. Thus, the treatmen2bivith 3-tolylmagnesium bromide2b) in the
presence of 10 % Crgand DCB (1.5 equiv) afforded the arylated prodiftin 89 % vyield.
Treatment with ICl in refluxing CkCl> (12 h), followed by Negishi cross-couplidgwith

the cyano-substituted phenylzinc derivati2é in the presence of 3 % Pd(dbdypba =
dibenzylideneacetone) and 6 % tfp (tri(2-furyl)pplose) at 50 °C for 15 h furnishes the bis-
arylated pyridin€7in 63 % yield over two steps (Scheme 56).

CN
| AN TMS  3-TolMgBr Tvs 1) ICI(3.5 equiv) AN
N/ (2b 4equ|v) CH2C|2 reflux 12 h
H CrCI2 (10 %) 2) 3-CNPhZnCl (26, 1.5 equw)
DCB (1.5 equiv) Pd(dba), (3 %)
THF, 23 °C,4h tfp (6 %), THF, 50 °C, 15 h

24 25f 89 % 27:63 %
(over two steps)

Scheme 56Selective bis-arylation of the phenylpyridiaéusing chromium and palladium

catalysts

The oxazoline directing group is a very popularugréor directed C-H bond activation. Using
the 2-TMS-phenyl oxazolin28, we have achieved an efficient C-H activation anglation

with various Grignard reagents as shown in Schemd-6nctional groups such as methoxy,

110 (a) Negishi, E.-l. Metal-Catalyzed Cross-CouplReactions (Eds.: Diederich, F.; Stang, P. J.) Wdlew
York, 1998, chap. 1; (b) Negishi, E.-i.; Valente H.; Kobayashi, M.Am. Chem. S04.98Q 102, 3298; (c)
Negishi, E.-l.Acc. Chem. Re4982 15, 340.
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dimethylamino or TBS-protected alcohol could bestated well and the arylated oxazolines

29a—d were synthesized in 72 — 91 % vyield.

Me Me Me Me
CrCl, (10 %)
Ny O DCB (1.5 equiv) Ny O
+  ArMgBr (4 equiv) _—
TMS H THF, 23°C TMS Ar
2a: Ar=Ph 3-15h

10d: Ar=3-MeO-CgH,
2n: =4-M82N-06H4

28 2p:  =3-OTBS-CgHy 29a-d
Me Me Me Me Me Me Me Me
am ¥—  OMe ¥ ¥—  OTBS
N O Ny O Nge} NMe, Ny O
TMS ™S O O TMS ™S O ‘
29a:91%, 3 h 29b: 85 %, 5 h 29¢: 72 %, 15h 29d: 78 %, 12 h

Scheme 57 Chromium-catalyzed arylation of 2-(2-(trimethyl$jjyhenyl)oxazoline28 with
Grignard reagents

In order to transform the TMS-group into a second aubstituent, the oxazolin29e was
synthesized using 10 % of the Cy@hd DCB (1.5 equiv) in 87 % yield. Treatment wigh
in refluxing CHCI2> (6 h), and subsequent Negishi cross-coupling i@aatith the ester-
substituted phenylzinc derivatid® in the presence of 3 % Pd(dbapd 6 % tfp at 50 °C for
15 h furnishes the bis-arylated pyridid&in 89 % vyield over two steps (Scheme 58).

Me Me Me Me Me Me
4-F-CgH4MgBr }L\ 1) ICI (3.5 equiv) cozEt>L\
N O (2g; 4 equiv) N O F  CH.Cl,, reflux, 6 h N. O F
_—
T™S H CrCl, (10 %) T™S O 2) 3-CO,Et-CgH4ZnCl O O
DCB (1.5 equiv) O (30, 1.5 equiv) O
THF 23°C, 3 h Pd(dba), (3 %)
tfp (10 %), THF, 50 °C, 15 h
28 29e: 87 % 31:89%

(over two steps)

Scheme 58Selective bis-arylation of the 2-(2-(trimethylsjjyhenyl)oxazoline28 using
chromium and palladium catalysts
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B.Results and Discussion

Imine-protected aldehydes undergo chromium-catdlyz¢1 bond activation reaction,
furnishing compound84aa- ad and34ba- bd in 61 — 88 % yield (Scheme 59).
Interestingly, the reaction time was strongly dejeet on the nature of the imine protection
group. Wherp-methoxyphenyl imin@2 was used, chromium-catalyzed arylation reactions
proceeded with reaction times of 16 — 28#4a- ad). N-Butyl imine 33 reacted with the
Grignard reagent®n, 2g, 2z and10f at faster rates (1.5 h — 3h) giving after acidiackuap the
arylated aldehyde®4ba- bd in 73 — 88 % vyield.

™S OMe " Armger ™S O ArMgBr ™S
N (4 equiv) H (4 equiv) \N,n-Bu
N e -
’ CrCl, (10 %) Ar CrCl, (10 %) H
DCB (1.5 equiv) DCB (1.5 equiv)
32 THF, 23 °C 34 THF, 23 °C 33
16-25h 1.5-3h
2n: Ar =4-Me,N-CgHy
Zg: =4'F'CGH4
10e: =4-CF4-3-Cl-CgHs
2z: =4-OCF3-CGH4
10f:  =4-tBu-CgH,
2k: = S
6]
o—/
T™S O ™S O T™S O ™S Q
H H H O H
® X (J
NM O CF o
€2 F 3 o/
34aa: 76 %, 16 h 34ab: 61 %, 16 h 34ac: 75 %, 25h  34ad: 67 %, 16 h
(from 32) (from 32) (from 32) (from 32)
TMS O TMS O TMS O TMS O
NMe, F OCF3 tBu
34ba: 73 %, 3 h 34bb: 88 %, 2 h 34bc: 75 %, 3 h 34bd: 74 %, 1.5 h
(from 33) (from 33) (from 33) (from 33)

Scheme 59Chromium-Catalyzed Arylation of Imin&2 and33 with Grignard Reagents

In order to show theracticability of our chromium-methodology, we amn® perform bi-
arylation of the imine-protected 2-chloro-benzalg#h35 via a one-pot Cr-catalyzed cross-
coupling with subsequent Cr-catalyzed C-H bondvatibn (Scheme 60). In the first st&h

undergoes a Cr-catalyzed coupling reaction withGhignard reageri to yield the arylated

79



product36, which undergoes subsequent Cr-catalyzed dirddtaCylation with the Grignard
reagent2g to produce, after acetic work-up, bis-arylated hidke 37 in a one-pot fashion in
65% yield.

MgBr MgBr

H
(2i, 1.5 equiv) x. _nhBu (29, 4 equiv)
@ ~nBu _CohE%) N CrCl, (10 %)
—_— =
THF 23°C,2h DCB (1.5 equiv)

OMe THF,23°C,1h

36
(without isolation)

35 OMe

Scheme 600ne pot bis-arylation of aldehy®¥ using chromium catalyzed cross-coupling

reaction and C-H bond activation reaction
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B.Results and Discussion

5. Summary

5.1 Iron- Catalyzed Cross-Coupling ofN-Heterocyclic Halides with Grignard

Reagents

A simple and practical iron-catalyzed cross-coupliof N-heterocyclic chlorides and
bromides with arylmagnesium reagents was develofieel reactions were performed at room
temperature and proceeded at fast rates. The desibstitutedN-heterocyclic products were
obtained in high yields and various functional grelike electron-withdrawing groups such
as trifluoromethyl-, fluoro- and pivalate-functignas well as electron-donating groups like

methoxy-, methylenedioxy- and dimethylamino-moietieere well tolerated.

The addition of an ethereal co-solvent like dietbtfier ortert-butyl methyl ether was found

to be essential to prevent homocoupling and toiolbtigh yields (Scheme 61).

FeBrs (3 %)

HetAr—X +  Ar-MgBr-LiCl HetAr—Ar

THF/tBuOMe
23°C,2minto5h up to 93% yield

HetAr= substituted pyridines and pyrimidines,
quinoline, isoquinoline

Ar= various substituted aromatics

X=Cl, Br

Me
B S

f”
Aoy Dy L
OMe OPiv

82% yield; 10 min 92% yield; 15 min 80% yield; 15 min 76% yield; 2 h

| X Cl N XN
Ly Tj@ CO@ A
NMe, FsC CF

82% yield; 5 min 78% yield; 70 min 84% yield; 15 min 75% yield; 5 h

<O

Scheme 61lron-catalyzed cross-coupling reactions betwisimetrocyclic halides and aryl

Grignard reagents
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5.2 Ligand-Accelerated Iron- and Cobalt-Catalyzed Cross-Couphg between

N-Heterocyclic Halides and Aryl Magnesium Reagents

The cross-coupling dfl-heterocyclic halides and Grignard reagents wahduannvestigated.

It was found that isoquinoline (and quinoline) laasability to act as a new ligand for iron-
but also for cobalt-catalyzed cross-coupling ressti The rate and yield of iron- or cobalt-
catalyzed cross-coupling reactions were dramayicaficreased while simultaneously
decreasing the amount of homocoupling. With thie neethod, it was possible to widen the

scope of these reactions considerably to couplariety of functionalized Grignard reagents
with an assortment dd-heterocycles.

Most important advances:

* Increased reaction rate and yield

In the case of FeBr; In the case of CoCl,
Me,N MgBr
Me Me
PhMgCI (2 equiv) COMe
f)”\ FeBrs (3 %) | \E @ (2 equiv)
— N, —
Me” "N~ Cl Me” “N”-"Ph N cl
tBUOMe/THF CoCl, (3 %)
23°C tBuOMe/THF
23°C, 10 mi
without quinoline, 2 h, 76 % 3°C, 10 min NMe,

with quinoline, 5 min, 89 %

without isoquinoline 10 %
with isoquinoline 71 %

* Functionalized Grignard reagents could be used

In the case of FeBr; In the case of CoCl,
F
0]
MeQO
tBu—/<o - >—@Mgsr
9 MeO
Cl Cl 2 equiv
X (2 equiv) N (2 eau)
| L CoCly (3 %) '
N™ ~Cl N~ - tBu oLl J P
~ FeBrs(3%) \©\ /g isoquinoline (10 %) oM
isoquinoline (10 %) o” "0 tBuOMe/THF ©
tBUOMe/THF 65 % yield 23°C, 15 min 68 % yield OMe
23 °C, 15 min
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B.Results and Discussion

* An extension to the formation of heteroaryl-heteybbonds was performed

In the case of FeBr3 In the case of CoCl,
S S
TMS TMS
NN (2 equiv) NTSN @ (2equiv) MgCl 1N
)I\ ~ )l\ /)\,’ S N/ B '
Et0” N7 Cl FoBra (3 %) 20N r CoCly (3 %) N
isoquinoline (10 %) isoquinoline (10 %) S
{BuOMe/THF 84 % yield tBuOMe/THF 66 % yield
23°C,12h 23 °C,24h

* A mechanistic study indicates that radical interiaess are involved

PhMgCI (2 equiv)
FeBr; or CoCl,

| N N (3.%) | A ~ | A
~ > ~ ~
N~ “Br o N~ ~Ph N
isoquinoline (10 %) Ph
tBuOMe/THF 4 :
23 °C,1h Co: 78 % yield

Fe: 62 % yield

5.3 Efficient Chromium(ll) -Catalyzed Cross-Coupling Reactions

An efficient chromium(ll)-catalyzed cross-couplingeaction between heterocyclic and
aromatic Grignard reagents and various aromatid\ahdterocyclic halides was investigated.
This new cross-coupling reaction does not requdditeonal ligands, proceeds at 25 °C within
15 min to 2 h and produces the desired cross-cdypteducts in good yields. Homo-coupling
side-products were produced in much lower amounmtspared to Fe-, Co- or even Mn-cross-
couplings. As electrophiles, various halogenateteterocycles (chlorides and bromides),
aromatic halogenated ketones or imines and alkedydles could be used. Against common
wisdom, toxicological data indicate that C#@& a chromium-salt of low toxicity, as it is sold
as a low-toxic chemical by major international digsp (compare Lk values of CrGl (1870
mg/kg), Fed (450 mg/kg) and Co(766 mg/kg)).
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Features of the method:

* N-Heterocyclic bromides and chlorides undergo &e@kalyzed cross-couplings

without the formation of homo-coupling side-produict

ArMgX-LiCl (1.2 equiv)

(\/L CrCl (3 %) '/j\
FG- » FGy
e THF, 23 °C W7

N Ar
N X 15 min-2 h

X =Br,Cl up to 95% yield

-CgH4CF.
p-CeHslia al

(&N | A F\Ej ©/0Me
| N/)\’/ OTBS N~ N7~ o} N
7 x,, UJ
CFs3 0~ “tBu N

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

» Aromatic chloro-and bromo-ketones as well as chiormes react smoothly

CIMg CO,Et MgCl

14 \;
(1.2 equiv) (0] S” (1.2 equiv)

CHO
0 CrCly (3 %) dph S Ph o CrCh %)
Ph / : ©f\ ,
@ﬁ: THF, 15 min, 23 °C > COEt cl THF, 16 h, 23 °C N
|

75% yield

79% yield

» E-Alkenyl iodides undergo stereoselective Cr(ll)adgted cross-couplings

CrCl, 3 %)
Hox X~ +  AMgBr —— Hox” XA

- THF, 23 °C
1.5 equiv ’
( un) 15 min up to 80% yield
E/Z=>99:1
OMe
NM oM
O SO oy
Hex™ Hex™ > Hex™ > OTBS Hex” <
70% yield 75% yield 80% yield 69% yield
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B.Results and Discussion

« Cr(ll)-catalyzed cross-coupling between &§sp centers also could be achieved

AN CrCl, (3 %) AN
_ +  AlkMgBr (1.5 equiv) _
N= ~CI THF, 23 °C, N~ TAkk

15 min
COL. 0L D
A7 AL L
N “CgHqy N “C1eHas N7 pn
77 % yield 74 % yield 82 % yield

5.4 Room-Temperature Chromium(ll)-Catalyzed Direct Arylation of Pyridines,

Aryl Oxazolines and Imines

Direct C-H bond activation reactions with aromaBcignard reagents catalyzed by CGrCl
were examined. This type of reaction proceeds suabidly at 23 °C and does not require
any additional ligands. Different compounds suchbaszoh]quinoline, 2-phenylpyridine,

phenyloxazoline and imines were successfully aegdat good yields.

A TMS-group was used to avoid double arylation,chhafter treatment with ICI was further

used to introduce a second aryl substituent.

Most important advances:

* Benzoh]quinoline and 2-(2-trimethylsilylphenyl)pyridineald be arylated

X ™
ArMgX (4 equiv) | _ ™S ArMgX (4 equiv) | P S
» N > N
CrCl, (10 %) CrCl, (10 %)
DCB (1.5 equiv) H DCB (1.5 equiv) Ar
THF, 23°C up to 95 % yield THF, 23 °C up to 92 % yield
24h 3-4h

MezN

OTBS
67 % yield; 24 h 86 % yield; 24 h 83 % yield, 3 h 85 % yield; 4 h
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* 2-(2-(Trimethylsilyl)phenyl)oxazoline underwent whilchromium(ll)catalyzed C-H

bond activations in relatively fast rates.

Me Me Me Me
CrCl, (10 %)
Ny O DCB (1.5 equiv) Ny O
+ ArMgBr —
T™S H  (4equiv)  THF,23°C T™S Ar
3-15h

up to 91 % yield

Me Me Me  Me Me Me Me Me
OMe b OTBS
Ny O F Ny O Ny O NMe, Ny O
™S ©/ ™S TMS\E/:I/\Q/ ™S -
87 % yield; 3 h 85 % yield; 5 h 72 % yield; 15 h 78 % yield; 12 h

» Arylated aldehydes could be furnished in good welherein imineB reacted in

faster rates than imin&.

™S OMe " ArmgBr T™S O ArMgBr ™S
~ (4 equiv) C(U\ (4 equiv) CC\ .n-Bu
i \/\N H N
H

—_——> -
H CrCl, (10 %) Ar CrCl, (10 %)
DCB (1.5 equiv) _ DCB (1.5 equiv)
A THF,23°c  dfteraceic e oyeq B
16-25h P 2.3h
™SO ™S O ™S O ™S O
H H H H
) : . : Cl ! /!
NMe, CF3 O\OCFg : F
76 % yield, 16 h 75 % yield, 25 h 75 % yield, 3 h 88 % yield, 2 h

(from A) (from A) (from B) (from B)



B.Results and Discussion

* The TMS-group could be further transformed to iedmhd used in Negishi cross-

coupling reactions.

| A TMS 3-TolMgBr
(4 equiv)
N/
CrCl, (10 %)
H DCB (1.5 equiv)
THF, 23 °C,4h
Me
89 % yield
Me_Me Me Me
4-F-CgH,MgBr
N. O (4 equiv)
TMS H CrCI2 (10 %) TMS
DCB (1.5 equiv)
THF, 23 °C, 3 h
87 % yield

T™s 1) ICI (3.5 equiv)

!CN

CH,Cl,, reflux, 12 h |

X
—
> N
2) 3-CN-PhZnCl (1.5 equiv)

Pd(dba), (3 %) O
tfp (6 %), THF, 50 °C, 15 h
Me
63 % yield

(over two steps)

Me Me

1) ICI (3.5 equiv) COzEt

CH,Cl,, reflux, 6 h N
2) 3-CO,Et-CgH,42ZnCl

(1.5 equiv)

Pd(dba), (3 %)

tfp (6 %), THF 50 °C, 15 h

89 % vyield

(over two steps)

* The One pot bis-arylation of aldehydes could beeaelt using a chromium catalyzed

cross-coupling reaction and a C-H bond activateaction

MgBr

(1.5 equiv)

@C\ ~nBu CoREH

THF, 23 °C 2h

H

(without isolation)

F
: F
MgBr

(4 equiv)
CrCl, (10 %)
® IH
OMe

R
DCB (1.5 equiv)
OMe THF,23°C,1h

65 % yield
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C.Experimental Section

1. General Considerations

All reactions were carried out with magnetic stigiand, if the reagents were air or moisture
sensitive, in flame-dried glassware under argorin§gs which were used to transfer

reagents and solvents were purged with argon fwiase.

1.1Solvents

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

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

CPME was predried over Cagand distilled from Cak

Et20 was predried over Catand dried with the solvent purification system SEB-2 from
INNOVATIVE TECHNOLOGIES INC.

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

NEP was heated to reflux for 14 h over Gaihd distilled from CaH

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

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

Toluenewas predried over Cagand distilled from Cakd

DCM was predried over Cagand distilled from Cak

CH3CN was heated to reflux for 14 h over Gadihd distilled from Cakl

1,2-dioxanewas continuously refluxed and freshly distillednfr@odium benzophenone ketyl
under nitrogen.

Bu20 was continuously refluxed and freshly distilledir@odium benzophenone ketyl under
nitrogen.

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

Solvents for column chromatography were distillegdmpto use.
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1.2Reagents

All reagents were obtained from commercial sourmed used without further purification
unless otherwise stated.

CoCl2 was dried under high vacuum at 150 °C for 2 mimpreactions (until the colour
turned blue).

CrCl2 was dried under high vacuum at 150 °C for 2 mimmpreactions (until the colour
turned white-grey).

BF3- OEt2 was distilled under Ar prior to use.

nBuLi solution in hexane was purchased from Rockwodailm GmbH.

iPrMgCI-LiCl solution in THF was purchased from Rockwood LithiGmbH.

PhMgCI solution in THF was purchased from Rockwood LithiGmbH.

TMSCI was distilled under Ar prior to use.

ZnCl2 solution (1.0m) was prepared by drying Zn{3100 mmol, 13.6 g) in &chlenkHask
under vacuum at 140 °C for 5 h. After cooling, 10D dry THF were added and stirring was
continued until the salt was dissolved.

TMPH was distilled under Ar prior to use.

TMPMgCI-LIiCl was prepared in the following way:

A dry and argon flushed 250 mL flask, equipped véatimagnetic stirrer and a septum, was
charged with freshly titratedPrMgCI-LiCl (100 mL, 1.2 M in THF, 120 mmol). TMPH)
(19.8 g, 126 mmol, 1.05 equiv) was added dropwiseoam temperature. The reaction
mixture was stirred at r.t. until gas evolution veasnpleted (ca. 48 h). The freshly prepared
TMPMgCI-LIiCl solution was titrated prior to use a6 °C with benzoic acid using 4-
(phenylazo)diphenylamine as indicator. A conceitradf ca. 1.1 M in THF was obtained.
Grignard reagents 2b - u, 2w, 2y - z 10d - f, 21a - cwere preparedia LiCl-assisted Mg-
insertion into the corresponding aromatic halitlés.

Grignard reagents 2y, 2x, 10a - c were preparedvia halogen-magnesium exchange
reaction'*?

Aryl Zn-compounds 26 and 30 were prepared via LiCl-assisted Zn-insertion inke t
corresponding aromatic halidésor via Mg/Zn transmetalation reaction using ZanC1.0 M

in THF).

1piller, F. M.; Metzger, A. ; Schade, M. A.; Ha&y,A.; Gavryushin, A.; Knochel, PChem. Eur. J.2009
15, 7192.

112 3) A. Krasovskiy, P. Knochelngew. Chem. Int. EQ004 43, 3333; b) A. Krasovskiy, B. F. Straub, P.
Knochel, Angew. Chem. Int. EQ00G 45, 159.

113 Krasovskiy, A.; Malakhov, V.; Gavryushin; A. Knoglh P.Angew. Chem. Int. EQ006 45, 6040.
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1.3Content Determination of Organometallic Reagents

Organzinc and organomagnesiunteagents were titrated againsinl THF.
Organolithium reagents were titrated against menthol using fltEhanthroline as indicator
in THF.

1.4Chromotography

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

- KMnO4 (3.0 g), 5 drops of conc.28Qy in water (300 mL).

- Phosphomolybdic acid (5.0 g), Ce(8£X2.0 g) and conc. Qs (12 mL) in water

(230 mL).

1.5Analytical Data

NMR spectra were recorded on VARIAN Mercury 200, BRUKEXR 300, VARIAN VXR
400 S and BRUKER AMX 600 instruments. Chemicaltshéfre reported advalues in ppm
relative to the residual solvent peak of CEl@: 7.25,4c: 77.0). For the characterization of
the observed signal multiplicities the following babviations were used: s (singlet), d
(doublet), t (triplet), g (quartet), quint (quintesept (septet), m (multiplet) as well as br
(broad).

Mass spectroscopy High resolution (HRMS) and low resolution (MS)espra were recorded
on a FINNIGAN MAT 95Q instrument. Electron impacohization (EI) was conducted with

an electron energy of 70 eV.

For the combination of gas chromatography with mgssctroscopic detection, a GC/MS
from Hewlett-Packard HP 6890 / MSD 5973 was used.
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Infrared spectra (IR) were recorded from 4500-tmo 650 cmt on a PERKIN ELMER
Spectrum BX-59343 instrument. For detection a SMSTBETECTION DuraSamfR Il
Diamond ATR sensor was used. The absorption bared®ported in wavenumbers (@n

Melting points (M.p.) were determined on a BUCHI B-540 apparaing are uncorrected.

2. Typical Procedures (TP)

2.1Typical Procedure for Fe-Catalyzed Cross-Coupling RBactions ofN-Heterocyclic
Chlorides and Bromides with Arylmagnesium Reagent§TP1)

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, the appropriate halogenatgcheterocycle (1.0 mmol, 1.0 equiv) and iron(lll)
bromide (4.4 mg, 0.015 mmol, 0.03 equiv) were dis=sbin drytBuOMe (5 mL). Then, the
appropriate Grignard reagent (2.3 mmol, 2.3 eqgdis3olved in THF was added dropwise at
room temperature while stirring the reaction migtuwhen the conversion was complete it
was quenched with brine or with a mixture of aquesaturated solution of NBI and
ammonia (10:1) and extracted with EtOAc. The orgafiase was separated and dried over
NaSQs. The product was obtained after purification &gk chromatography.

2.2Typical Procedure for Ligand-Accelerated Iron- andCobalt-Catalyzed Cross-
Coupling Reactions betweem-Heteroaryl Halides and Aryl Magnesium
Reagents (TP2)

A solution of the appropriate Grignard reagent (@ntration in THF varying depending on
the identity of the Grignard reagent, 1.0 mmol, &div) was added dropwise to a suspension
of FeBgi (4.4 mg, 0.015 mmol, 0.03 equiv) or CeL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), ahd aryl halide (0.5 mmol, 1.0 equiv) in
tBuOMe (2.5 mL) at 23C. The suspension was stirred at°’23for the indicated time before
being quenched with NaHCGGat. aq. The mixture was diluted with &Hb and an EDTA
(2.0 M, HO) solution was added. The mixture was stirred3at@ for 15 min, before being
filtered through a pad of Celite®. After washing tphad of Celite® with CEClo, NaCl sat.
ag. was added, and the mixture was extracted WHCG. The organic layer was dried with
MgSQ, filtered, and concentrated in vacuo to yield ¢hede compound, which was purified

by column chromatography to yield the final compd@s an analytically pure substance.
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2.3Typical Procedure for Efficient Chromium(ll)-Cataly zed Cross-Coupling
Reactions between Aryl Halides and Aryl or Alkyl Grignard Reagents (TP3)

A solution of the appropriate Grignard reagent ¢aration in THF varying depending on
the nature of the Grignard reagent, 1.2 mmol, tj8@ was added dropwise to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv.; 97% purity) and #nyl halide (1 mmol,
1.0 equiv) in THF (5 mL) at 23C. The suspension was stirred at’€3for the indicated time
before being quenched with brine and extracted &iAc. The organic layer was dried with
MgSQ, filtered, and concentrated vacuoto yield the crude compound, which was purified

by column chromatography to yield the final compd@as an analytically pure substance.

2.4Typical Procedure for Efficient Chromium(ll)-Cataly zed Cross-Coupling
Reactions between Imine Halidd.6 and Aryl Grignard Reagents (TP4)

A solution of the appropriate Grignard reagent ¢amration in THF varying depending on
the nature of the Grignard reagent, 1.2 mmol, tj8 was added dropwise to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) andrneil6 (1 mmol,
1.0 equiv) in THF (5 mL) at 23C. The suspension was stirred at’€3for the indicated time
before being quenched with an ag. solution of HEWM) and extracted with EtOAc. The
organic layer was dried with MgSCfiltered, and concentratdéd vacuoto yield the crude
compound, which was purified by column chromatogsaio yield the final compound as an

analytically pure substance.

2.5Typical Procedure for Efficient Chromium(ll)-Cataly zed Cross-Coupling
Reactions between Alkenyl lodidel8 and Aryl Grignard Reagents (TP5)

A solution of the appropriate Grignard reagent ¢aration in THF varying depending on
the nature of the Grignard reagent, 1.5 mmol, §jiivy was added dropwise to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) andeald iodide 18

(2 mmol, 1.0 equiv) in THF (5 mL) at 2. The suspension was stirred at°Z3for the
indicated time before being quenched with brine extdacted with EtOAc. The organic layer
was dried with MgS@ filtered, and concentrateéd vacuoto yield the crude compound,
which was purified by column chromatography to gitle final compound as an analytically
pure substance.
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2.6 Typical Procedure for Room-Temperature Chromium(ll)-Catalyzed Direct
Arylation of Pyridines and Aryl Oxazolines (TP6)

A solution of the appropriate Grignard reagent ¢aration in THF varying depending on
the nature of the Grignard reagent, 2 mmol, 4 equias added dropwise to a mixture of
anhydrous CrGl (6.1 mg, 0.05 mmol, 0.1 equiv; 97% purity) and tyapropriate aryl

compound (0.5 mmol, 1.0 equiv) at 23. 2,3-Dichlorobutane (9.5 mg, 0.75 mmol, 1.5 ejjuiv
was added dropwise at 23 °C. The suspension wasdstt 23°C for the indicated time

before being quenched with brine and extracted #iAc. The organic layer was dried with
MgSQy, filtered, and concentrated vacuoto yield the crude compound, which was purified

by column chromatography to yield the final compd@s an analytically pure substance.

2.7Typical Procedure for Room-Temperature Chromium(ll)-Catalyzed Direct
Arylation of Imines (TP7)

A solution of the appropriate Grignard reagent ¢amration in THF varying depending on
the nature of the Grignard reagent, 2 mmol, 4 equias added dropwise to a mixture of
anhydrous CrGl(6.1 mg, 0.05 mmol, 0.1 equiv; 97% purity) and #ppropriate aryl imine

(0.5 mmol, 1.0 equiv) at 23C. 2,3-Dichlorobutane (9.5 mg, 0.75 mmol, 1.5 equwas

added dropwise at 23 °C. The suspension was statr@3°C for the indicated time before
being quenched with an aq. solution of HCI (2M) andracted with EtOAc. The organic
layer was dried with MgS£€filtered, and concentrataed vacuoto yield the crude compound,
which was purified by column chromatography to ¢itle final compound as an analytically

pure substance.
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3. Fe-Catalyzed Cross-Coupling Reactions dfl-heterocyclic Chlorides
and Bromides with Arylmagnesium Reagents

3.1Preparation of Cross-Coupling Products Using TP1

Synthesis of2-phenylpyridine (3a):

\

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloro- or 2-bromo-pyridinga(or 1b; 1.0 mmol, 1.0 equiv) and iron (lll) bromide
(3 mol %) were dissolved in dtyBuOMe (5 mL) followingTP1. Then, phenylmagnesium
chloride Qa; 2.3 equiv, 1.7 M) dissolved in THF was added #igp at room temperature
while stirring the reaction mixture for 1.5 h (f@-chloropyridine) or 70 min (for 2-
bromopyridine). The reaction mixture was quenchéith Wwrine and extracted with EtOAc.
The organic phase was separated and dried owSlaThe product was obtained in 82 %
yield (for 2-chloropyridine) or in 83 % yield (fa2-bromopyridine) as a colorless oil after
purification by flash chromatography (silica gel;16i-hexane/ethyl acetate + 0.5 %

triethylamine).

IH NMR (300 MHz, CDCls) &/ppm: 7.23 (m, 1 H), 7.45 (m, 3 H), 7.75 (m, 2 BI)1 (m, 2
H), 8.70 (d,J=4.7 Hz, 1 H).

13C NMR (75 MHz, CDCls) 8/ppm: 120.60, 122.10, 126.92, 128.74, 128.99, ¥36.89.24,
149.53, 157.39.

MS (70 eV, El) m/z (%) 155 (100) [M], 154 (60), 128 (10), 127 (10), 77 (9), 59 (10), 43
(7).

IR ATR v (cmd): 3062, 3036, 3008, 2927, 1586, 1580, 1564, 14689,1¥4R4, 1293, 1152,
1074, 1020, 988, 800, 737, 692.

HRMS (EI) for C1iHoN (155.1735)YM] *: 155.1731.

Synthesis of 4-methyl-2-phenylpyridine (3b):

X

/

N
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In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloro-4-methylpyridind¢ 1.0 mmol, 1.0 equiv) and iron (lll) bromide (3 mo
%) were dissolved in dritBuOMe (5 mL) followingTP1. Then, phenylmagnesium chloride
(2a; 2.3 equiv, 1.7 M) dissolved in THF was added drigpe at room temperature while
stirring the reaction mixture for 2 h. The reactionxture was quenched with brine and
extracted with EtOAc. The organic phase was sepdrand dried over N&Qu. The product
was obtained in 84 % yield as a colorless oil gftaification by flash chromatography (silica

gel, 6:1li-hexane/ethyl acetate + 0.5 % triethylamine).

IH NMR (300 MHz, CDCls) &/ppm: 2.41 (s, 3 H), 7.06 (d=4.1 Hz, 1 H), 7.44 (m, 3 H),
7.55 (s, 1 H), 7.98 (d=7.2 Hz, 2 H), 8.55 (d}=4.7 Hz, 1 H).

13C NMR (75 MHz, CDCl3) 8/ppm: 21.24, 121.59, 123.14, 126.94, 128.68, 128188.26,

147.99, 149.18, 157.21.

MS (70 eV, El) m/z (%) 169 (100) [M], 168 (38), 128 (10), 167 (18), 154 (27), 115 @),

3).

IR ATR v (cnl): 3058, 2921, 1601, 1582, 1557, 1472, 1446, 14006,1B877, 1073, 1030,
989, 866, 826, 774, 734, 692.

HRMS (EI) for C12H1N (169.0891)YM] *: 169.0884.

Synthesis of 5-chloro-2-phenylpyridine (3c):

Cl XN

bz

N

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-bromo-5-chloropyridinéd; 1.0 mmol, 1.0 equiv) and iron (lll) bromide (3 h96)
were dissolved in drxBuOMe (5 mL) followingTP1. Then, phenylmagnesium chlorid&a(

2.3 equiv, 1.7 M) dissolved in THF was added drgawat room temperature while stirring
the reaction mixture for 70 min. The reaction migtwas quenched with brine and extracted
with EtOAc. The organic phase was separated aret dsver NaSQu. The product was
obtained in 78 % vyield as a white solid after poafion by flash chromatography (silica gel,
30:1i-hexane/ethyl acetate + 0.5 % triethylamine).
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m.p.: 65.1 — 66.8 °C.

IH NMR (300 MHz, CDCls) &/ppm: 7.47 (m, 3 H), 7.71 (m, 2 H), 7.95 (s, 1 AP8 (d,
J=1.4 Hz, 1 H), 8.65 (d]=1.9 Hz, 1 H).

13C NMR (75 MHz, CDClIs) d/ppm: 121.17, 126.82, 128.85, 129.33, 130.63, 186.88.00,
148.34, 155.48.

MS (70 eV, EI) m/z (%) 189 (100) [MT, 188 (18), 154 (37), 153 (8), 127 (13), 126 (7), 7
(8).

IR ATR v (cn?): 3059, 3033, 2921, 1573, 1554, 1459, 1442, 1365),1PE36, 1111, 1074,
1006, 920, 835, 774, 730, 691.

HRMS (EI) for C11HsCIN (189.0345)M] *: 189.0339.

Synthesis oftert-butyl 2-phenylnicotinate (3d):

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum tert-butyl 2-chloronicotinatele 1.0 mmol, 1.0 equiv) and iron (lll) bromide (3 mo
%) were dissolved in dritBuOMe (5 mL) followingTP1. Then, phenylmagnesium chloride
(2a; 2.3 equiv, 1.7 M) dissolved in THF was added drigpe at room temperature while
stirring the reaction mixture for 5 min. The reaatimixture was quenched with brine and
extracted with EtOAc. The organic phase was separamnd dried over N&8Q,. The product
was obtained in 60% yield as a white solid afteiffmation by flash chromatography (silica

gel, 8:1li-hexane/ethyl acetate + 0.5 % triethylamine).

m.p.: 70.2 — 72.2 °C.
IH NMR (300 MHz, CDCl3) &/ppm: 1.29 (s, 9 H), 7.31 (dds7.7, 4.7 Hz, 1 H), 7.42 (m, 3
H), 7.52 (m, 2 H), 8.07 (dd=7.7, 1.7 Hz, 1 H), 8.73 (dd=5.0, 1.7 Hz, 1 H).

13C NMR (75 MHz, CDCl3) &/ppm: 27.51, 82.17, 121.54, 128.03, 128.38, 12818,93,
137.73, 140.64, 150.68, 158.75, 167.20.

MS (70 eV, EI) m/z (%) 255 (19) [M} , 200 (23), 199 (100), 198 (40), 182 (28), 155)(62
154 (26), 127 (16), 57 (10).

IR ATR v (cml): 2977, 2362, 2349, 1701, 1580, 1560, 1428, 1369118193, 1255, 1168,
1128, 1077, 1056, 850, 792, 755, 732, 701.
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HRMS (EI) for C16H17NO2 (255.1259)M] *: 255.1247.

Synthesis of 2-phenylquinoline (3e):
O

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloroquinolinelf; 1.0 mmol, 1.0 equiv) and iron (lll) bromide (3 ) were
dissolved in dryt-BuOMe (5 mL) following TP1. Then, phenylmagnesium chlorid2af
2.3 equiv, 1.7 M) dissolved in THF was added drgawat room temperature while stirring
the reaction mixture for 5 min. The reaction migtwvas quenched with brine and extracted
with EtOAc. The organic phase was separated aretl dsver NaSQu. The product was
obtained in 88 % yield as a beige solid after peatfon by flash chromatography (silica gel,
10:1i-hexane/ethyl acetate + 0.5 % triethylamine).

m.p.: 81.9 — 83.6 °C.

IH NMR (300 MHz, CDCls) &/ppm: 7.50 (m, 4 H), 7.75 (m, 1 H), 7.86 (m, 2 B2 (m, 4
H).

13C NMR (75 MHz, CDCIs) d/ppm: 119.04, 126.38, 127.18, 127.45, 127.65, 128.89.44,
129.52, 129.81, 137.03, 139.35, 147.98, 157.27.

MS (70 eV, El) m/z (%) 206 (20),205 (100) [M}, 204 (70), 203 (13), 175 (12), 169 (15),
102 (9), 84 (8), 44 (27).

IR ATR v (crmY): 2923, 2853, 2362, 1740, 1596, 1490, 1446, 1314),12213, 1186, 1126,
1050, 1024, 923, 829, 770, 747, 690, 676.

HRMS (El) for CisH1iN (205.0891)M] *: 205.0884.

Synthesis of 1-phenylisoquinoline (3f):
X
L

In a dry and argon flushed 10 n8chlenktube, equipped with a magnetic stirring bar and a
septum, 1-chloroisoquinolindg; 1.0 mmol, 1.0 equiv) and iron (lll) bromide (3 h96) were
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dissolved in dryt-BuOMe (5 mL) followingTP1. Then, phenylmagnesium chlorid2af 2.3
equiv, 1.7 M) dissolved in THF was added dropwiseoam temperature while stirring the
reaction mixture for 5 min. The reaction mixturesnguenched with brine and extracted with
EtOAc. The organic phase was separated and driedN&SQs. The product was obtained in
90% vyield as a white solid after purification bygh chromatography (silica gel, 10:1
hexane/ethyl acetate + 0.5 % triethylamine).

m.p.: 97.6 — 99.5 °C.

IH NMR (300 MHz, CDCls) 8/ppm: 7.53 (m, 4 H), 7.69 (m, 4 H), 7.89 (&8.3 Hz, 1 H),
8.12 (d,J=8.6 Hz, 1 H), 8.62 (dJ=5.5 Hz, 1 H).

13C NMR (75 MHz, CDCIs) d/ppm: 120.01, 126.68, 126.99, 127.26, 127.64, 128.38.69,
129.93, 130.16, 136.93, 139.23, 141.86, 160.60.

MS (70 eV, El) m/z (%) 206 (7),205 (46) [M}', 204 (100), 203 (13), 176 (7), 102 (8).

IR ATR v (cmr?): 3053, 2921, 2364, 2337, 1618, 1582, 1552, 15000,14380, 1352, 1319,
1304, 1167, 1020, 973, 954, 875, 823, 803, 798, 784, 706, 699, 675.

HRMS (EI) for CisH1iN (205.0891)M] *: 205.0864.

Synthesis of 4,6-dimethyl-2-phenylpyrimidine (3g):
CH,

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloro-4,6-dimethylpyrimidind; 1.0 mmol, 1.0 equiv) and iron (Ill) bromide
(3 mol%) were dissolved in driyfBuOMe (5 mL) followingTP1. Then, phenylmagnesium
chloride Qa; 2.3 equiv, 1.7 M) dissolved in THF was added #ngp at room temperature
while stirring the reaction mixture for 2 h. Theacon mixture was quenched with brine and
extracted with EtOAc. The organic phase was separaind dried over N&Qs. The product
was obtained in 76 % yield as a white solid aftaifization by flash chromatography (silica

gel, 10:1li-hexane/ethyl acetate + 0.5 % triethylamine).

m.p.: 82.8 — 84.0 °C.
'H NMR (300 MHz, CDCIs) d/ppm: 2.54 (s, 6 H), 6.92 (s, 1 H), 7.47 (m, 3843 (d,J=1.9
Hz, 1 H), 8.45 (dJ=4.4 Hz, 1 H).
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13C NMR (75 MHz, CDCls) &/ppm: 24.11, 117.97, 128.24, 128.42, 130.31, 137184.06,
166.77.

MS (70 eV, El) m/z (%) 185 (16),184 (100) [M} , 169 (20), 104 (19), 103 (27), 77 (6).

IR ATR v (cm®): 3068, 2924, 2853, 2361, 1595, 1574, 1550, 15342,14434, 1379, 1364,
1342, 1173, 1025, 932, 854, 749, 693, 662.

HRMS (EI) for C12H12N2 (184.1000YM] *: 184.0995.

Synthesis of 24fn-tolyl)pyridine (3)):

\

CHs

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-bromopyridinelp; 1.0 mmol, 1.0 equiv) and iron (Ill) bromide (3 hi) were
dissolved in dryt-BuOMe (5 mL) followingTP1. Then, m-tolyl-magnesium bromide2f;

2.3 equiv, 1.1 M) dissolved in THF was added drgawat room temperature while stirring
the reaction mixture for 1.5 h. The reaction migtwvas quenched with brine and extracted
with EtOAc. The organic phase was separated aret dsver NaSQu. The product was
obtained in 80% vyield as a yellow oil after purdion by flash chromatography (silica gel,
5:1i-hexane/ethyl acetate + 0.5% triethylamine).

IH NMR (300 MHz, CDCls) 8/ppm: 2.44 (s, 3 H), 7.22 (m, 2 H), 7.37 7.6 Hz, 1 H),
7.73 (m, 3 H), 7.85 (s, 1 H), 8.69 (4.7 Hz, 1 H).

13C NMR (75 MHz, CDCl3) 8/ppm: 21.51, 120.61, 121.61, 123.99, 127.64, 128189.70,
136.67, 138.39, 139.35, 149.58, 157.63.

MS (70 eV, El) m/z (%) 170 (14), 168 (52), 167 (23), 154 (10), 115 (5).

IR ATR v (cmr?): 3049, 3008, 2918, 2860, 1584, 1565, 1473, 1460114302, 1293, 1152,
1087, 1043, 991, 883, 804, 762, 742, 724, 694.

HRMS (EI) for C12H 11N (169.0891)M+H] *: 169.0886.
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Synthesis of 14-tolyl)isoquinoline (3Kk):

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 1-chloroisoquinolindg; 1.0 mmol, 1.0 equiv) and iron (Ill) bromide (3 h36) were
dissolved in dry-BuOMe (5 mL) followingTP1. Then,p-tolyl-magnesium bromide2p; 2.3
equiv, 1.2 M) dissolved in THF was added dropwiseoam temperature while stirring the
reaction mixture for 2 min. The reaction mixtureswguenched with brine and extracted with
EtOAc. The organic phase was separated and driedN&SQs. The product was obtained in
93 % vyield as a yellow oil after purification byafh chromatography (silica gel, 12:1
hexane/ethyl acetate + 0.5 % triethylamine).

IH NMR (300 MHz, CDCls) &/ppm: 2.47 (s, 3 H), 7.35 (d=8.0 Hz, 2 H), 7.54 (t)=7.6 Hz,

1 H), 7.66 (m, 4 H), 7.88 (d=8.0 Hz, 1 H), 8.14 (d]=8.6 Hz, 1 H), 8.61 (d]=5.8 Hz, 1 H).
13C NMR (75 MHz, CDCl3) 8/ppm: 21.35, 119.77, 126.72, 126.96, 127.13, 127129.04,
129.87, 130.07, 136.37, 136.94, 138.58, 141.86,6660

MS (70 eV, El) m/z (%) 219 (80) [M], 218 (100), 217 (21), 216 (20), 205 (11), 204 (59)
203 (11), 175 (9), 108 (13), 43 (13).

IR ATR v (cm®): 3049, 2919, 2852, 1618, 1583, 1552, 1497, 14524 18865, 1320, 1305,
1182, 1166, 1138, 1111, 1021, 974, 873, 848, 894, 787, 749, 722, 677.

HRMS (EI) for C1eH13aN (219.1048)M] *: 219.1023.

Synthesis of 2-¢-tolyl)quinoline (3I):

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloroquinolinelf; 1.0 mmol, 1.0 equiv) and iron (lll) bromide (3 ht) were
dissolved in dryt-BuOMe (5 mL) following TP1. Then, o-tolyl-magnesium bromide2p;

2.3 equiv, 0.9 M) dissolved in THF was added drgawat room temperature while stirring
the reaction mixture for 45 min. The reaction migtwas quenched with brine and extracted
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with EtOAc. The organic phase was separated aretl dsver NaSQu. The product was
obtained in 84 % yield as a beige solid after peatfon by flash chromatography (silica gel,
5:1i-hexane/ethyl acetate + 0.5 % triethylamine).

m.p.: 78.3 — 80.4 °C.

IH NMR (300 MHz, CDCls) &/ppm: 2.43 (s, 3 H), 7.34 (s, 3 H), 7.54 (m, 3 HY5 (t,J=7.7
Hz, 1 H), 7.87 (dJ=8.3 Hz, 1 H), 8.21 (m, 2 H).

13C NMR (75 MHz, CDClz3) &/ppm: 20.34, 122.37, 126.01, 126.44, 126.73, 127128.54,
129.50, 129.68, 129.70, 130.86, 136.00, 136.18,564047.75, 160.22.

MS (70 eV, El) m/z (%) 218 (100) [M-H}, 217 (27), 216 (8), 85 (27), 83 (35).

IR ATR v (cm?): 2951, 2921, 2852, 1740, 1602, 1592, 1553, 1501514455, 1420, 1378,
1334, 1311, 1276, 1264, 1238, 1217, 1204, 11187,10314, 976, 941, 836, 798, 772, 762,
754, 722, 688, 674.

HRMS (El) for CieH13N (219.1048)M+H] *: 219.0957.

Synthesis of 2-(3-(trifluoromethyl)phenyl)quinoline (3m):
b
P CF3

e

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloroquinolinelf; 1.0 mmol, 1.0 equiv) and iron (lll) bromide (3 ht) were
dissolved in dry t-BuOMe (5 mL) following  TP1. Then, (3-(
trifluoromethyl)phenyl)magnesium bromid@¢g 2.3 equiv, 0.9 M) dissolved in THF was
added dropwise at room temperature while stirring teaction mixture for 15 min. The
reaction mixture was quenched with brine and etgchwith EtOAc. The organic phase was
separated and dried over 48&%. The product was obtained in 92 % vyield as a bsael
after purification by flash chromatography (siligel, 5:1i-hexane/ethyl acetate + 0.5 %

triethylamine).

m.p.: 76.5 - 78.5 °C.
'H NMR (300 MHz, CDCls) d/ppm: 7.56 (tJ=7.5 Hz, 1 H), 7.64 ({}=7.7 Hz, 1 H), 7.75 (m,
2 H), 7.86 (m, 2 H), 8.22 (dd=15.5, 8.6 Hz, 2 H), 8.36 (d=7.7 Hz, 1 H), 8.48 (s, 1 H).
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C.Experimental Section

13C NMR (75 MHz, CDCls) 8/ppm: 118.52, 124.16 (4=272.65 Hz), 124.39 (§=3.92 Hz),
125.84 (q,J=3.93 Hz), 126.74, 127.37, 127.48, 129.27, 12912B.94, 130.66, 131.23 (q,
J=32.26 Hz), 137.11, 140.35, 148.24, 155.52.

MS (70 eV, El) miz (%) 274 (19)273 (100) [M], 272 (29), 252 (10), 204 (21), 203 (6).

IR ATR v (cnl): 3060, 2362, 1741, 1592, 1509, 1483, 1466, 1428518374, 1261, 1236,
1168, 1142, 1115, 1096, 1074, 1051, 806, 786, 764, 693, 652.

HRMS (El) for CieH10F3N (273.0765)M] *: 273.0763.

Synthesis of 2-(3-(trifluoromethyl)phenyl)pyridine (3n):
X

|
N7 CFs

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-bromopyridinelh; 1.0 mmol, 1.0 equiv) and iron (Ill) bromide (3 h¥) were
dissolved in dry t-BuOMe (5 mL) following  TPL Then, (3-
(trifluoromethyl)phenyl)magnesium bromid@g( 2.3 equiv, 0.9 M) dissolved in THF was
added dropwise at room temperature while stirrimgreaction mixture for 2 h. The reaction
mixture was quenched with brine and extracted &ithAc. The organic phase was separated
and dried over N&Qy. The product was obtained in 66 % yield as a yellml after
purification by flash chromatography (silica gel;15i-hexane/ethyl acetate + 0.5 %

triethylamine).

IH NMR (300 MHz, CDCl3) &/ppm: 7.28 (m, 1 H), 7.58 (8=7.7 Hz, 1 H), 7.67 (m, 1 H),
7.78 (m, 2 H), 8.18 (dI=7.7 Hz, 1 H), 8.29 (s, 1 H), 8.72 (4.7 Hz, 1 H).

13 NMR (75 MHz, CDCls) &/ppm: 120.55, 122.79, 123.76 (4:3.93 Hz), 124.16 (q,
J=272.36 Hz), 125.50 (¢)=3.93 Hz), 129.18, 130.01, 131.20 @32.54 Hz), 136.95,
140.10, 149.86, 155.81.

MS (70 eV, El) miz (%) 224 (10).223 (100) [M}, 222 (12), 202 (7), 154 (21).

IR ATR v (cmr?): 3074, 3054, 3011, 1586, 1464, 1437, 1418, 1333,12762, 1163, 1117,
1094, 1073, 1064, 1040, 991, 919, 826, 811, 773, 636, 662.

HRMS (EI) for C12HsF3N (223.0609)M] *: 223.0609.
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Synthesis of 1-(3,5-bis(trifluoromethyl)phenyl)isoginoline (30):

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 1-chloroisoquinolindg; 1.0 mmol, 1.0 equiv) and iron (lll) bromide (3 h96) were
dissolved in dry t-BuOMe (5mL) following  TPL. Then, (3,5-
bis(trifluoromethyl)phenyl)magnesium bromidef;(2.3 equiv, 1.0 M) dissolved in THF was
added dropwise at room temperature while stirrimgreaction mixture for 5 h. The reaction
mixture was quenched with brine and extracted &ithAc. The organic phase was separated
and dried over N&Qs. The product was obtained in 75 % vyield as a besigled after
purification by flash chromatography (silica gelD:1 i-hexane/ethyl acetate + 0.5 %

triethylamine).

m.p.: 75.0 — 76.6 °C.

IH NMR (300 MHz, CDCls) 8/ppm: 7.63 (tJ=7.9 Hz, 1 H), 7.76 (m, 2 H), 7.95 (3:8.3
Hz, 2 H), 8.03 (s, 1 H), 8.20 (s, 2 H), 8.65Jd5.8 Hz, 1 H).

13C NMR (75 MHz, CDCls) &/ppm: 121.17, 122.38, 123.27 (:272.72 Hz), 126.07,
126.32, 127.44, 128.19, 130.14, 130.52, 131.831%§7.59 Hz), 136.95, 141.56, 142.29,
157.22.

MS (70 eV, El) m/z (%) 342 (62), 341 (100) [M], 320 (8), 272 (15), 271 (7).

IR ATR v (cnm?): 3059, 2360, 1623, 1567, 1368, 1335, 1275, 1184411523, 1107, 1069,
898, 877, 846, 829, 746, 714, 703, 690, 678.

HRMS (EI) for C17HoFeN (341. 0639]M] *: 341.0549.

Synthesis of 2-(4-fluorophenyl)pyridine (3p):

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-bromopyridinelp; 1.0 mmol, 1.0 equiv) and iron (Ill) bromide (3 hi) were
dissolved in dry-BuOMe (5 mL) followingTP1. Then, (4-fluorophenyl)magnesium bromide
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C.Experimental Section

(2g; 2.3 equiv, 1.0 M) dissolved in THF was added drigpe at room temperature while
stirring the reaction mixture for 5 min. The reaatimixture was quenched with brine and
extracted with EtOAc. The organic phase was separamnd dried over N&8Q,. The product

was obtained in 68% yield as a beige solid afteifipation by flash chromatography (silica

gel, 6:1li-hexane/ethyl acetate + 0.5 % triethylamine).

m.p.: 40.6 — 41.8 °C.

IH NMR (300 MHz, CDCls) &/ppm: 7.20 (m, 3 H), 7.72 (m, 2 H), 7.98 (m, 2 B)7 (d,
J=4.4 Hz, 1 H).

13C NMR (75 MHz, CDCls) &/ppm: 115.62 (dJ=21.63 Hz), 120.17, 122.00, 128.65 (d,
J=8.26 Hz), 135.54 (d}=4.4 Hz), 136.77, 149.66, 156.44, 163.47)&248.25 Hz).

MS (70 eV, El) m/z (%) 174 (11),173 (100) [M}, 172 (50), 146 (7), 145 (5).

IR ATR v (cmr?): 3053, 2924, 2854, 1599, 1584, 1567, 1510, 14664,144809, 1393, 1297,
1219, 1160, 1152, 1098, 989, 844, 826, 818, 778, 734, 706.

HRMS (El) for C11HgFN (173.0641)M]*: 173.0641.

Synthesis of 1-(4-fluorophenyl)isoquinoline (3q):
X
L

F

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 1-chloroisoquinolindg; 1.0 mmol, 1.0 equiv) and iron (Ill) bromide (3 h36) were
dissolved in dryt-BuOMe (5 mL) following TP1. Then, ((4-fluorophenyl)magnesium
bromide @g; 2.3 equiv, 1.0 M) dissolved in THF was added dngp at room temperature
while stirring the reaction mixture for 5 min. Theaction mixture was quenched with brine
and extracted with EtOAc. The organic phase wasrsggd and dried over pBOw. The
product was obtained in 90 % yield as a beige st purification by flash chromatography
(silica gel, 8:li-hexane/ethyl acetate + 0.5 % triethylamine).

m.p.: 79.8 — 81.5 °C.
'H NMR (300 MHz, CDCls) d/ppm: 7.22 (tJ=8.7 Hz, 2 H), 7.54 (t}=7.6 Hz, 1 H), 7.68 (m,
4 H), 7.88 (d,J=8.3 Hz, 1 H), 8.06 (dJ=8.6 Hz, 1 H), 8.60 (d]=5.8 Hz, 1 H).
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13C NMR (75 MHz, CDCl3) 8/ppm: 115.37 (dJ=21.64 Hz), 120.00, 126.64, 127.06, 127.24,
127.30, 130.06, 131.70 (#8.26 Hz), 135.65 (dl=3.41 Hz), 136.88, 142.17, 159.59, 163.08
(d, J=247.96 Hz).

MS (70 eV, EI) m/z (%) 223 (100) [M+H], 202 (7), 194 (4), 111 (3), 83 (22).

IR ATR v (cnrl): 3056, 2924, 2854, 1795, 1604, 1582, 1553, 15098,14384, 1353, 1233,
1221, 1159, 975, 877, 844, 834, 804, 798, 757, G24,

HRMS (El) for CisH1oFN (223.0797) M+H] *: 223.0701.

Synthesis of 2-(4-chlorophenyl)quinoline (3r):
e

N/
L,

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloroquinolinelf; 1.0 mmol, 1.0 equiv) and iron (lll) bromide (3 ht) were
dissolved in dryt-BuOMe (5 mL) followingTP1. Then, (4-chlorophenyl)magnesium bromide
(2h; 2.3 equiv, 1.2 M) dissolved in THF was added @nigpe at room temperature while
stirring the reaction mixture for 5 min. The reaatimixture was quenched with brine and
extracted with EtOAc. The organic phase was separamnd dried over N&8Q,. The product
was obtained in 84 % vyield as a white solid afteifization by flash chromatography (silica

gel, 10:li-hexane/ethyl acetate + 0.5 % triethylamine).

m.p.: 114.8 — 116.2 °C.

IH NMR (300 MHz, CDClg) 8/ppm: 7.52 (m, 3 H), 7.76 (m, 3 H), 8.15 (m, 4 H).

13C NMR (75 MHz, CDClIs) d/ppm: 118.49, 126.47, 127.20, 127.47, 128.79, 29.99.70,
129.81, 135.53, 136.91, 138.02, 148.22, 155.93.

MS (70 eV, El) m/z (%) 241 (5),239 (100) [M], 203 (2), 102 (1).

IR ATR v (cm?): 3055, 2361, 2338, 1596, 1588, 1577, 1552, 1486),14399, 1285, 1089,
1050, 1008, 939, 815, 788, 770, 752, 732, 715, 652,

HRMS (EI) for C1sH10CIN (239.0502)M] *: 239.0507.

Synthesis of 2-(4-methoxyphenyl)pyridine (3s):

X

bz

N
OMe
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C.Experimental Section

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-bromopyridinelh; 1.0 mmol, 1.0 equiv) and iron (Ill) bromide (3 hi) were
dissolved in dryt-BuOMe (5 mL) following TP1. Then, (4-methoxyphenyl)magnesium
bromide Ri; 2.3 equiv, 1.3 M) dissolved in THF was added dige at room temperature
while stirring the reaction mixture for 10 min. Theaction mixture was quenched with brine
and extracted with EtOAc. The organic phase wasrs¢égd and dried over BBOw. The
product was obtained in 82 % vyield as a white sddifier purification by flash

chromatography (silica gel, 5idhexane/ethyl acetate + 0.5 % triethylamine).

m.p.: 58.7 — 60.4 °C.

'H NMR (300 MHz, CDCls) d/ppm: 3.86 (s, 3 H), 7.00 (d=8.8 Hz, 2 H), 7.18 (m, 1 H),
7.71 (m, 2 H), 7.95 (d=8.8 Hz, 2 H), 8.66 (d]=4.4 Hz, 1 H).

13C NMR (75 MHz, CDCl3) &/ppm: 55.34, 114.14, 119.91, 121.42, 128.21, 131136.87,
149.28, 156.98, 160.53.

MS (70 eV, EI) m/z (%) 186 (13),185 (100) [M}, 142 (26), 141 (16), 115 (5).

IR ATR v (cmr?): 3062, 2997, 2963, 2837, 1601, 1586, 1579, 15623,15458, 1431, 1407,
1306, 1302, 1272, 1243, 1176, 1151, 1113, 1058%,10%1, 1005, 838, 776, 736, 718.
HRMS (El) for C12H11NO (185.0841)M] *: 185.0840.

Synthesis of 2-(4-methoxyphenyl)quinoline (3t):
(L,

N/
O OMe

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloroquinolinelf; 1.0 mmol, 1.0 equiv) and iron (lll) bromide (3 ) were
dissolved in dryt-BuOMe (5 mL) following TP1. Then, (4-methoxyphenyl)magnesium
bromide Ri; 2.3 equiv, 1.3 M) dissolved in THF was added dngp at room temperature
while stirring the reaction mixture for 5 min. Theaction mixture was quenched with brine
and extracted with EtOAc. The organic phase wasrs¢gd and dried over pBOw. The
product was obtained in 87 % vyield as a white sddifier purification by flash

chromatography (silica gel, 7tdhexane/ethyl acetate + 0.5 % triethylamine).
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m.p.: 123.7 — 125.6 °C.

IH NMR (300 MHz, CDCls) &/ppm: 3.87 (s, 3 H), 7.05 (d=8.8 Hz, 2 H), 7.49 (t)=7.5 Hz,

1 H), 7.75 (m, 3 H), 8.16 (m, 4 H).

13C NMR (75 MHz, CDCls) &/ppm: 55.37, 114.23, 118.51, 125.90, 126.90, 127128.89,
129.49, 129.57, 132.18, 136.63, 148.24, 156.85,8460

MS (70 eV, El) miz (%) 235 (100) [M}, 220 (18), 192 (17), 191 (18), 95 (3).

IR ATR v (cnl): 3047, 2961, 2841, 1603, 1595, 1582, 1497, 1468),1431, 1290, 1284,
1247, 1175, 1156, 1124, 1112, 1028, 1013, 948, 834, 816, 789, 770, 761, 748, 726, 678.
HRMS (El) for C1eH1aNO (235.0997)M] *: 235. 0993.

Synthesis of 1-(3,5-dimethoxyphenyl)isoquinoline (8:
X
L
MeO O OMe

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

QO

septum, 1-chloroisoquinolindg; 1.0 mmol, 1.0 equiv) and iron (IIl) bromide (3 h36) were
dissolved in dryt-BuOMe (5 mL) followingTP1. Then, (3,5-dimethoxyphenyl)magnesium
bromide @j; 2.3 equiv, 1.2 M) dissolved in THF was added d@nsp at room temperature
while stirring the reaction mixture for 5 min. Theaction mixture was quenched with brine
and extracted with EtOAc. The organic phase wasraggd and dried over pBOw. The
product was obtained in 71 % yield as a yellowadtiér purification by flash chromatography
(silica gel, 10:1i-hexane/ethyl acetate + 0.5 % triethylamine).

IH NMR (300 MHz, CDCls) &/ppm: 3.84 (s, 6 H), 6.61 @=2.3 Hz, 1 H), 6.83 (d]=2.4 Hz,

2 H), 7.52 (m, 1 H), 7.67 (m, 2 H), 7.86 (%8.3 Hz, 1 H), 8.14 (d}=8.6 Hz, 1 H), 8.59 (d,
J=5.7 Hz, 1 H).

13C NMR (75 MHz, CDCls) 8/ppm: 55.48, 101.04, 107.98, 120.08, 126.66, 126197.18,
127.57, 130.05, 136.80, 141.39, 141.99, 160.55,6660

MS (70 eV, El) m/z (%) 266 (13),265 (100) [M}, 264 (91), 250 (19), 235 (14), 234 (22),
206 (11), 191 (13).

IR ATR v (cnl): 3051, 3000, 2936, 2838, 1591, 1585, 1557, 1453414283, 1358, 1318,
1203, 1151, 1061, 1051, 1003, 927, 824, 799, 758, 700, 686, 654.
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HRMS (EI) for Ca7H1sNO2 (265.1103)M] *: 265.1090.

Synthesis of 2-(benza][1,3]dioxol-5-yl)quinoline (3v):

~
O
0]
o—/

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloroquinolinelf; 1.0 mmol, 1.0 equiv) and iron (lll) bromide (3 ) were
dissolved in dry-BuOMe (5 mL) followingTP1. Then, benzaj][1,3]dioxol-5-yImagnesium
bromide gk; 2.3 equiv, 1.2 M) dissolved in THF was added #ngp at room temperature
while stirring the reaction mixture for 5 min. Theaction mixture was quenched with brine
and extracted with EtOAc. The organic phase wasrs¢gd and dried over pBOw. The
product was obtained in 81 % vyield as a white sddifier purification by flash
chromatography (silica gel, 10i-hexane/ethyl acetate + 0.5 % triethylamine).

m.p.: 97.9 — 99.1 °C.

IH NMR (300 MHz, CDCl3) &/ppm: 6.03 (s, 2 H), 6.95 (d=8.3 Hz, 1 H), 7.50 (J)=7.0 Hz,

1 H), 7.72 (m, 5 H), 8.14 (dd=8.4, 4.0 Hz, 2 H).

13C NMR (75 MHz, CDCIs) d/ppm: 101.35, 107.91, 108.45, 118.56, 121.73, 126.26.98,
127.39, 129.54, 129.62, 134.11, 136.64, 148.17,384848.82, 156.62.

MS (70 eV, El) m/z (%) 250 (15),249 (100) [MT, 248 (15), 191 (12), 190 (9), 163 (2).

IR ATR v (cmr?): 3051, 3008, 2895, 2780, 1594, 1494, 1486, 14543,144R25, 1353, 1290,
1251, 1245, 1233, 1222, 1206, 1116, 1108, 10975,1930, 916, 906, 892, 837, 826, 813,
799, 782, 742, 718, 682.

HRMS (El) for C16H11NO2 (249. 0790]M] *: 249.0782.

Synthesis of 4-(isoquinolin-1-yl)phenyl pivalate (&):
X
e

OPiv
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In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 1-chloroisoquinolindg; 1.0 mmol, 1.0 equiv) and iron (lll) bromide (3 h96) were
dissolved in dryt-BuOMe (5 mL) followingTP1. Then, (4-(pivaloyloxy)phenyl)magnesium
bromide @I; 2.3 equiv, 0.8 M) dissolved in THF was added dige at room temperature
while stirring the reaction mixture for 15 min. Theaction mixture was quenched with brine
and extracted with EtOAc. The organic phase wasrs¢égd and dried over BBOw. The
product was obtained in 80 % vyield as a white sddifier purification by flash
chromatography (silica gel, 4idhexane/ethyl acetate + 0.5 % triethylamine).

m.p.: 97.1 — 96.3 °C.

'H NMR (300 MHz, CDCl3) &/ppm: 1.41 (s, 9 H), 7.25 (d=8.6 Hz, 2 H), 7.54 ({}=7.2 Hz,

1 H), 7.70 (m, 4 H), 7.88 (d78.0 Hz, 1 H), 8.11 (d]=8.3 Hz, 1 H), 8.60 (d]=5.5 Hz, 1 H).
13C NMR (75 MHz, CDCIs) &/ppm: 27.16, 39.17, 120.19, 121.50, 126.71, 12712%7,39,
127.52,130.23, 131.01, 136.59, 136.93, 141.80,585159.77, 177.00.

MS (70 eV, EI) m/z (%) 305 (68) [M} , 222 (12), 221 (70), 220 (100), 204 (22), 192)(20
191 (35), 110 (26), 57 (32).

IR ATR v (cml): 3469, 2974, 2872, 1749, 1740, 1554, 1498, 14787 14384, 1354, 1275,
1199, 1164, 1111, 1026, 1016, 974, 900, 882, 858, 834, 820, 798, 788, 754, 726, 678.
HRMS (EI) for C2oH19NO2 (305. 1416]M]*: 305. 1409.

Synthesis oftert-butyl 3-(quinolin-2-yl)phenyl carbonate (3x):

X
| N/ l OBoc

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloroquinolinelf; 1.0 mmol, 1.0 equiv) and iron (lll) bromide (3 ht) were
dissolved in dry t-BuOMe (5mL) following TP1. Then, (3ert-
butoxycarbonyloxy)phenyl)magnesium bromi@en( 2.3 equiv, 0.7 M) dissolved in THF was
added dropwise at room temperature while stirring teaction mixture for 15 min. The
reaction mixture was quenched with brine and etgchwith EtOAc. The organic phase was
separated and dried over J8&u. The product was obtained in 84 % vyield as a whdkd
after purification by flash chromatography (siligel, 4:1i-hexane/ethyl acetate + 0.5 %

triethylamine).

m.p.: 95.1 — 96.3 °C.
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IH NMR (300 MHz, CDCls) &/ppm: 1.60 (s, 9 H), 7.29 (m, 1 H), 7.53 J&7.9 Hz, 2 H),
7.73 (M, 1 H), 7.83 (m, 2 H), 8.04 (di:4.1, 2.2 Hz, 2 H), 8.19 (m, 2 H).

13C NMR (75 MHz, CDCl3) &/ppm: 27.75, 83.58, 118.80, 120.43, 122.23, 124126,50,
127.30, 127.45, 129.71, 129.77, 136.93, 141.13,124851.67, 151.83, 156.03.

MS (70 eV, El) m/z (%) 321 (9) [MF, 222 (13), 221 (100), 220 (82), 204 (22), 191 (56)
(26).

IR ATR v (cnl): 3496, 3076, 2982, 1747, 1598, 1454, 1445, 136% 10874, 1264, 1252,
1242, 1183, 1142, 1083, 1047, 928, 869, 825, 884, 780, 769, 742, 692, 686.

HRMS (El) for C20H1eNOs (321. 1365)M] *: 321. 1360.

N,N-dimethyl-4-(quinolin-2-yl)aniline (3y) (CAS Number._ 16032-41-0):

I,
P

e
NMez

In a dry and argon flushed 10 ndchlenktube, equipped with a magnetic stirring bar and a
septum, 2-chloroquinolinelf; 1.0 mmol, 1.0 equiv) and iron (lll) bromide (3 ) were
dissolved in dry t-BuOMe (5 mL) following  TPL Then, (4-
(dimethylamino)phenyl)magnesium bromiden( 2.3 equiv, 1.3 M) dissolved in THF was
added dropwise at room temperature while stirring teaction mixture for 5 min. The
reaction mixture was quenched with brine and etdrhwith EtOAc. The organic phase was
separated and dried over 48&y. The product was obtained in 82 % vyield as a cdd sfter
purification by flash chromatography (silica gel;19-hexane/ethyl acetate + 0.5 %

triethylamine).

m.p.: 175.8 — 177.5 °C.

IH NMR (300 MHz, CDCls) &/ppm: 3.04 (s, 6 H), 6.84 (d=8.8 Hz, 2 H), 7.46 (t)=7.2 Hz,
1 H), 7.69 (m, 1 H), 7.77 (d=7.9 Hz, 1 H), 7.83 (d]=8.6 Hz, 1 H), 8.12 (ddl=8.5, 6.6 Hz,
4 H).

13C NMR (75 MHz, CDCls) 8/ppm: 40.34, 112.24, 118.26, 125.33, 126.69, 127133.37,
128.46, 129.33, 136.26, 148.41, 151.35, 157.33.

MS (70 eV, El) miz (%) 248 (100) [M}, 247 (35), 204 (11), 124 (4).

IR ATR v (cml): 3058, 2887, 2809, 1595, 1564, 1545, 1539, 1498414360, 1326, 1286,
1226, 1198, 1168, 1140, 1130, 1120, 947, 811, 763,
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HRMS (El) for Ci7H1eN2 (248. 1313]M] *: 248.1309.

4. Ligand-Accelerated Iron- and Cobalt-Catalyzed CrossCoupling
Reactions betweerN-Heterocyclic Halides and Aryl Magnesium
Reagents

4.1Preparation of Starting Materials

Substanc&awas prepared according to the procedure descnibiekiliteraturé!*

Substanc&@b was prepared according to the procedure describtekiliteraturé®

Synthesis of 2-bromo-3-(4-chlorophenyl)pyridine (4)
Cl

Diisopropylamine (1.0 equiv, 20 mmol) in THF (50 jnlvas cooled to -78 °C, andBulLi
(2.0 equiv, 20 mmol) was added dropwise at -78 Pk reaction mixture was stirred for
15 min at -78 °C, slowly warmed up to -5 °C andntlweoled to -95 °C. A solution of 2-
bromo-pyridine (1.0 equiv, 20 mmol) in THF (20 miuas added dropwise, and the reaction
mixture was stirred for 4 h at -95 °C. A solutiohZnCl> (1.1 equiv, 22 mmol, 1 M in THF)
was added dropwise and the reaction mixture wasme@rup to 23 °C. 1-Chloro-4-
iodobenzene (0.75 equiv, 15 mmol) and PdPph(5 mol%) were added and the reaction
mixture was heated to 50 °C for 2 h. The reactiarture was quenched with brine and
extracted with EtOAc. The organic phase was drigd Wa,SQ; and the crude material was
purified by column chromatography (silica gel, 10iiexane/ethyl acetate) to furnish 2.01 g
(50%) of the product as a pink solid.

m.p.: 136 — 139 °C.
IH NMR (300 MHz, CDCl3) &/ppm: 7.29 - 7.48 (m, 5 H), 7.59 (d#57.46, 1.66 Hz, 1 H),
8.38 (dd,J=4.56, 1.52 Hz, 1 H).

114 Rodriguez, J. G., Benito, Y. Heterocycl. Cheni988§ 25, 819.
115 Joucla, L.; Cusati, G.; Pinel, C.; Djakovitch,Applied Catalysi009 360, 145.
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C.Experimental Section

13C NMR (75 MHz, CDCl3) &/ppm: 122.74, 128.56, 130.62, 134.56, 137.24, T88.88.90,
142.21, 149.01.

MS (70 eV, El) m/z (%): 267 (48), 190 (27), 188 (100), 153 (52), 152 (226 (15).

IR ATR v (cmrl): 3045, 3036, 2000, 1911, 1572, 1554, 1494, 14428 14876, 1301, 1098,
1090, 1053, 1020, 997, 833, 822, 803, 778, 744, TS,

HRMS (EI) for C1iH7BICIN (266.9450) [M]: 266.9444.

Synthesis of 2-bromo-4-(3-bromophenyl)-5-chloropydine (4e):
Br

Cl

\

Diisopropylamine (1.1 equiv, 16.5 mmol) in THF (%) was cooled to -78 °C andBuLi
(1.1 equiv, 16.5 mmol) was added dropwise at -78T1& reaction mixture was stirred for 15
minutes at -78 °C, slowly warmed up to -5 °C anentltooled to -78 °C. A solution of 2-
bromo-5-chloropyridine (1.0 equiv, 15 mmol) in THF mL) was added dropwise, and the
reaction mixture was stirred for 2 h. A solutionziClk (1.2 equiv, 18 mmol, 1 M in THF)
was added at -78 °C and the reaction mixture wagvat to warm up to 23 °C. 1-Bromo-3-
iodobenzene (1.1 equiv, 16.5 mmol) and PaPRh(5 mol%) were added, and the reaction
mixture was heated to 50 °C over night. The reactioxture was quenched with brine and
extracted with EtOAc. The organic phase was drigd Wa,SQ; and the crude material was
purified by column chromatography (silica gel, 1i-iexane/ethyl acetate) to furnish 3.6 g

(68%) of the product as a yellow solid.

m.p.: 109 — 111 °C.

IH NMR (300 MHz, CDCl3) &/ppm: 7.34 - 7.42 (m, 2 H), 7.47 (s, 1 H), 7.58657/(m, 2 H),
8.45 (s, 1 H).

13C NMR (75 MHz, CDCls) 8/ppm: 122.60, 127.47, 129.13, 129.74, 130.11, F31182.45,
137.09, 140.03, 148.61, 150.05.

MS (70 eV, El) m/z (%): 345 (18), 268 (20), 267 (16), 187 (47), 152 (12).

IR ATR v (cnl): 3045, 2361, 1564, 1512, 1443, 1412, 1322, 1289211095, 1067, 1023,
995, 920, 890, 880, 784, 746, 730, 691, 664.

HRMS (EI) for C11HeBr2CIN (344.8556) [M]: 344.8541.
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Synthesis of 2-bromo-5-chloro-4-(4-fluorophenyl)pyidine (4h):
F

Diisopropylamine (1.1 equiv, 16.5 mmol) in THF (%) was cooled to -78 °C andBuLli
(1.1 equiv, 16.5 mmol) was added dropwise at -78TI& reaction mixture was stirred for
15 minutes at -78 °C, slowly warmed up to -5 °C #mh cooled to -78 °C. A solution of 2-
bromo-5-chloropyridine (1.0 equiv, 15 mmol) in THF mL) was added dropwise, and the
reaction mixture was stirred for 2 h. A solutionziClk (1.2 equiv, 18 mmol, 1 M in THF)
was added at -78 °C and reaction mixture was atfowewarm up to 23 °C. 1-Fluoro-4-
iodobenzene (1.1 equiv, 16.5 mmol) and PdPRh(5 mol%) were added. The reaction
mixture was heated to 50 °C over night. The reactioxture was quenched with brine and
extracted with EtOAc. The organic phase was drigd Wa,SQ; and the crude material was
purified by column chromatography (silica gel, 1@:iexane/ethyl acetate) to furnish 3 g

(70%) of the product as a white solid.

m.p.: 130 — 132 °C.

IH NMR (300 MHz, CDCls) &/ppm: 11.25 (tJ=8.67 Hz, 2 H), 11.51 - 11.56 (m, 3 H), 12.50
(s, 1 H).

13C NMR (75 MHz, CDCls) &/ppm: 115.78 (dJ=21.88 Hz, 1 C) 129.22, 129.83, 130.82 (d,
J=8.45 Hz, 1 C), 131.18 (d73.07 Hz, 1 C), 139.99, 149.15, 149.99, 163.30£a50.29 Hz,
1C).

MS (70 eV, EI) m/z (%): 285 (34), 206 (37), 171 (50), 144 (13), 73 (29)(8010).

IR ATR v (cml): 3076, 3041, 2362, 1907, 1773, 1604, 1569, 15046,14334, 1234, 1223,
1159, 1109, 1098, 1020, 886, 843, 832.

HRMS (EI) for C11HeBrCIFN (284.9356) [M]: 284.9332.

Synthesis of 2-bromo-3-(4-methoxyphenyl)quinoline():

OMe
9

P

N~ "Br
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C.Experimental Section

Diisopropylamine (1.1 equiv, 8.8 mmol) in THF (13.)»was cooled to -78 °C ana-BuLi
(2.1 equiv, 8.8 mmol) was added dropwise at -78 P& reaction mixture was stirred for
15 minutes at -78 °C, slowly warmed up to -5 °C #mh cooled to -90 °C. A solution of 2-
bromoquinoline (1.0 equiv, 8 mmol) in THF (4 mL) svadded dropwise, and the reaction
mixture was stirred for 4 h. A Solution of ZnCGL.2 equiv, 9.6 mmol, 1 M in THF) was
added at -90 °C and reaction mixture was allowedwsrm up to 25 °C. 1-lodo-4-
methoxybenzene (1.1 equiv, 8.8 mmol) and Pe€RRH5 mol%) were added. The reaction
mixture was heated to 50 °C over night. The reactioxture was quenched with brine and
extracted with EtOAc. The organic phase was drigd WaSQs, and the crude material was
purified by column chromatography (silica gel, 1Pfiexane/ethyl acetate) to produce 0.5 g
(20%) of the product as a white solid.

m.p.: 91 - 95 °C.

IH NMR (300 MHz, CDCls) &/ppm: 3.89 (s, 3 H), 7.01 (m, 2 H), 7.44 (m, 2 A8 (ddd,

J=8.11, 6.91, 1.19 Hz, 1 H), 7.73 (dd&8.52, 6.97, 1.43 Hz, 1 H), 7.81 (d&8.11, 1.19 Hz,

1 H), 8.03 (s, 1 H), 8.06 - 8.12 (m, 1 H).

13C NMR (75 MHz, CDClz3) d/ppm: 55.34, 113.64, 127.32, 127.34, 127.52, 128130.22,

130.94, 131.39, 136.77, 137.80, 143.23, 147.35,6I/59

MS (70 eV, EI) m/z (%): 313 (31), 234 (22), 219 (14), 191 (11), 190 (14).

IR ATR v (cml): 3044, 2965, 2914, 2839, 1608, 1584, 1512, 14840,18340, 1285, 1238,
1177, 1133, 1078, 1027, 1014, 958, 878, 827, 834, 781, 767, 656.

HRMS (El) for C16H12BrNO (313.0102) [M}: 313.0091.

Synthesis of 2-bromo-4-(4-chloro-2-fluorophenyl)pyimidine (4l):
Cl

2-Bromopyridine (1.0 equiv, 6 mmol) in THF (6 mL)aw reacted with a solution of
TMPMgCILICI (1.1 equiv, 6.6 mmol, 1.00 M in THF) at -55 “Gr 1.5 h. A solution of
ZnCl> (1.2 equiv, 7.2 mmol, 1 M in THF) was added, arelbaction mixture was allowed to
warm up to 25 °C. 4-Chloro-2-fluoro-1-iodobenzernk3( equiv, 7.8 mmol), Pd(dka)

(3 mol%) and Ry-furyl)s (6 mol%)were added, and the reaction mixture was heaté@ &
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over night. The reaction mixture was quenched witine and extracted with EtOAc. The
organic phase was dried with &% and the crude material was purified by column
chromatography (silica gel, 5iihexane/ethyl acetate) to furnish 1.7 g (78%) ef phoduct

as a white solid.

m.p.: 125 - 127 °C.

IH NMR (300 MHz, CDCls) &/ppm: 7.22 - 7.35 (m, 2 H), 7.83 (di55.36, 1.55 Hz, 1 H),
8.23 (1,J=8.46 Hz, 1 H), 8.62 (dI=5.25 Hz, 1 H).

13C NMR (75 MHz, CDCls) &/ppm: 117.32 (d, J=26.37 Hz, 1 C), 119.33 (d, 443z, 1
C), 125.55, 131.84, 138.74 (d, J=10.94 Hz, 1 CR.2%, 159.84, 161.19 (d, J=256.93 Hz),
161.63, 161.68.

MS (70 eV, EI) m/z (%): 285 (1), 88 (5), 73 (5), 70 (10), 61 (17).

IR ATR v (cml): 3112, 3101, 3032, 2360, 1612, 1561, 1527, 14833,14402, 1348, 1345,
1340, 1212, 1191, 1172, 1086, 901, 858, 845, 828, 771, 706, 661.

HRMS (El) for CioHsBrCIFN 2 (285.9309) [M}: 285.9307.

Synthesis of 2-bromo-4-(4-(trifluoromethyl)phenyl)yrimidine (4m):
CF5

L

N™ 'Br

2-Bromopyridine (1.0 equiv, 6 mmol) in THF (6 mL)aw reacted with a solution of
TMPMgCILICI (1.1 equiv, 6.6 mmol, 1.00 M in THF) at -55 Gr 1.5 h. A solution of
ZnCl> (1.2 equiv., 7.2 mmol, 1 M in THF) was added arelbaction mixture was allowed to
warm up to 23 °C. 1-lodo-4-(trifluoromethyl)benzefe.3 equiv, 7.8 mmol), Pd(dba)
(3 mol%) and Rt-furyl)s (6 mol%)were added and the reaction mixture was heate@ €5
over night. The reaction mixture was quenched witine and extracted with EtOAc. The
organic phase was dried with #; and thecrude material was purified by column
chromatography (silica gel, 4ithexane/ethyl acetate) to furnish 1.3 g (70%) ef phoduct

as a white solid.

m.p.: 89 — 93 °C.
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C.Experimental Section

IH NMR (300 MHz, CDCls) &/ppm: 7.73 (d,J=5.24 Hz, 1 H), 7.78 (mJ=8.23 Hz, 2 H),
8.20 (M, J=8.04 Hz, 2 H), 8.65 (dI=5.05 Hz, 1 H).

13C NMR (75 MHz, CDCl3) 8/ppm: 115.87, 123.67 (4=272.36 Hz, 1 C), 126.07 ((:3.93
Hz, 1 C), 127.80, 133.46 (3=32.82 Hz, 1 C), 138.27, 153.80, 160.03, 165.32.

MS (70 eV, El) miz (%): 223 (4), 171 (1), 88 (4), 73 (4), 70 (9).

IR ATR v (cn?): 3132, 3060, 2362, 2332, 1563, 1430, 1320, 1180111162, 1119, 1077,
1055, 1018, 982, 842, 830, 816, 770, 764, 740, 702.

HRMS (EI) for C11HeBrFsN2 (301.9666) [M}: 303.9646.

Synthesis of 2-chloro-4,6-bis(ethylthio)-1,3,5-trizine (4q):
SEt

nBuLi (2.2 equiv, 475 mmol) was added to a solubditSH (2.5 equiv, 534 mmol) in THF
(200 mL) at -78°C. The mixture was immediately warmed to 3. The milky-white
mixture was transferred via syringe to a solutibrey@anuric chloride (1.0 equiv, 216 mmol)
in THF (50 mL) at -78C. The mixture was immediately warmed to°Z3and quenched with
NH4Cl sat. aq. The mixture was extracted with@&tdried with MgSQ@, filtered, and
concentratedn vacuoto yield the crude substance as an orange oilclwivas composed of
the title compound mixed with 2,4,6-tris(ethylthib)3,5-triazine. Purification was
accomplished using vacuum distillation (bp 97-98, 0.001 mbar) to provide the titled
compound as a pale yellow oil that was 18.7 g (3@éb¢ by GC analysis.

IH NMR (300 MHz, CDCls) &/ppm: 1.35 (tdJ=7.26, 2.90 Hz, 6 H), 2.93 - 3.26 (d%7.36,
7.36, 7.26, 2.90 Hz, 4 H).

13C NMR (75 MHz, CDCls) 8/ppm: 14.03, 25.13, 167.95, 182.82.

MS (70 eV, El) miz (%): 235 (100), 206 (18), 202 (23), 172 (40), 146 (88)(30).

IR ATR v (cnl): 2972, 2930, 2873, 1499, 1453, 1412, 1374, 1279319852, 1135, 1056,
966, 838, 787, 750.

HRMS (EI) for C7H10CIN3S, (235.0005) [M]: 234.9994.

119



Synthesis of 2-bromo-4-((trimethylsilyl)ethynyl)pyridine (4r):

Triethylamine (60 mL) and toluene (30 mL) were atitie 2-bromo-4-iodopyridine (1 equiv,
9 mmol). Pd(P¥Pu (5 mol%) and Cul (10 mol%) were added and theti@acenixture was
cooled to 0 °C. Trimethylsilylacetylene (1 equiwn®nol) was added and the reaction mixture
was stirred at room temperature over night. Thetiga mixture was quenched with brine
and extracted with EtOAc. The organic phase wasddniith NaSQs and thecrude material
was purified by column chromatography (silica g&ll i-hexane/ethyl acetate) to furnish
1.37 g (60%) of the product as a slightly yelloguid.

IH NMR (300 MHz, CDCl3) &/ppm: 0.26 (s, 9 H), 7.24 (dd5.11, 1.24 Hz, 1 H), 7.51 (s, 1
H), 8.30 (d,J=4.98 Hz, 1 H).

13C NMR (75 MHz, CDCl3) &/ppm: -0.43, 100.32, 101.96, 124.71, 130.03, 133172.13,
149.82.

MS (70 eV, El) miz (%): 252 (5), 240 (63), 239 (10), 144 (5), 131 (4)(8D

IR ATR v (cntd): 2960, 2900, 2172, 1580, 1570, 1518, 1456, 13650,1P512, 1077, 983,
873, 835, 759, 710.

HRMS (EI) for C1oH12BrNSi (252.9922) [M+H]: 253.9824.

Synthesis of 2-bromo-3-(but-3-en-1-yl)pyridine (4s)
X X

P

N° "Br

2-Bromo-3-(bromomethyl)pyridine (1.0 equiv, 1 mmulas dissolved in THF (3 mL) and a
solution of allyl magnesium chloride (1.1 equiv,l Immol, 1.2 M in THF) was added
dropwise at -78 °C. The reaction mixture was alldwe warm up to room temperature over
night. The reaction mixture was quenched with band extracted with EtOAc. The organic
phase was dried with N&Q; and thecrude material was purified by column chromatogyaph
(silica gel, 6:1li-hexane/ethyl acetate) to furnish 81 mg (38%) ef phoduct as a colorless

liquid.
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IH NMR (300 MHz, CDCls) 8/ppm: 2.40 (q,J=7.31 Hz, 2 H), 2.81 ()=7.75 Hz, 2 H), 4.84
-5.22 (M, 2 H), 5.73 - 5.96 (M, 1 H), 7.18 (dd7.39, 4.77 Hz, 1 H), 7.48 (dd=7.39, 1.43
Hz, 1 H), 8.21 (ddj=4.53, 1.67 Hz, 1 H).

13C NMR (75 MHz, CDCl3) &/ppm: 33.08, 34.59, 115.86, 122.72, 136.82, 138188,32,
144.37, 147.63.

MS (70 eV, El) m/z (%): 170 (100), 132 (82), 131 (39), 91 (24), 90 (18).

IR ATR v (cnl): 3077, 2979, 2930, 2862, 1641, 1578, 1557, 1446114180, 1088, 1064,
1049, 994, 912, 796, 740, 674, 6509.

HRMS (EI) for CsH1oBrN (210.9997) [M]: 211.0013.

4.2Preparation of Cross-Coupling Products Using TP2

Synthesis of 4,6-dimethyl-2-phenylpyrimidine (3g):
CHs
SN

N

A solution of2ain THF (1.0 mmol, 2.0 equiv, 1.7 M) was added avige to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv), isoquinolines(g, 0.05 mmol, 0.10 equiv), and
1h (0.5 mmol, 1.0 equiv) ilBBuOMe (2.5 mL) at 23C. The suspension was stirred at°Z3
for 5 min before being quenched with sat. aq. Nakl@@e mixture was diluted with Gigl>
and an EDTA (1.0 M, kD) solution was added. The mixture was stirred3st@for 15 min,
before being filtered through a pad of Celite®.ekftvashing the pad of Celite® with QEl,
sat. ag. NaCl was added, and the mixture was d¢&ttagith CHCl>. The organic layer was
dried with MgSQ, filtered, and concentratdd vacuoto yield the crude compound, which

was purified by column chromatography to yi8lglas a white powder.

Isolated yield: with FeBg: 89 % (82 mg).

Reaction time:5 min.

Solvent for purification: 10:1li-hexane/ethyl acetate + 0.5 % triethylamine.

m.p.: 82.8 — 84.0 °C.

'H NMR (300 MHz, CDClIs) d/ppm: 2.54 (s, 6 H), 6.92 (s, 1 H), 7.47 (m, 3843 (d,J=1.9
Hz, 1 H), 8.45 (dJ=4.4 Hz, 1 H).
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13C NMR (75 MHz, CDCls) &/ppm: 24.11, 117.97, 128.24, 128.42, 130.31, 137184.06,
166.77.

MS (70 eV, El) m/z (%) 185 (16),184 (100) [M} , 169 (20), 104 (19), 103 (27), 77 (6).

IR ATR v (cnv?): 3068, 2924, 2853, 2361, 1595, 1574, 1550, 15342 14434, 1379, 1364,
1342, 1173, 1025, 932, 854, 749, 693, 662.

HRMS (EI) for C12H12N2 (184.1000YM] *: 184.0995.

Synthesis of 2-phenylpyridine (3a):

A solution of2ain THF (1.0 mmol, 2.0 equiv, 1.7 M) was added avige to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv), isoquinolines(g, 0.05 mmol, 0.10 equiv), and
1la (0.5 mmol, 1.0 equiv) itlBuOMe (2.5 mL) at 23C. The suspension was stirred at°23
for 15 min before being quenched with NaH{at. ag. The mixture was diluted with &Hb
and an EDTA (1.0 M, kD) solution was added. The mixture was stirred3st@for 15 min,
before being filtered through a pad of Celite®.ekftvashing the pad of Celite® with QEl>,
sat. ag. NaCl was added, and the mixture was d¢&ttagith CHCl>. The organic layer was
dried with MgSQ, filtered, and concentratad vacuoto yield the crude compound, which
was purified by column chromatography to yi8alas a colorless oil.

Isolated yield: with FeBg: 89 % (69 mg).

Reaction time: 15 min.

Solvent for purification: 6:1i-hexane/ethyl acetate + 0.5 % triethylamine.

IH NMR (300 MHz, CDCls) 8/ppm: 7.23 (m, 1 H), 7.45 (m, 3 H), 7.75 (m, 2 BI)1 (m, 2
H), 8.70 (d,J=4.7 Hz, 1 H).

13C NMR (75 MHz, CDCls) 8/ppm: 120.60, 122.10, 126.92, 128.74, 128.99, ¥36.89.24,
149.53, 157.39.

MS (70 eV, El) m/z (%) 155 (100) [M}, 154 (60), 128 (10), 127 (10), 77 (9), 59 (10), 43
(7).

IR ATR v (cn): 3062, 3036, 3008, 2927, 1586, 1580, 1564, 14689,144R4, 1293, 1152,
1074, 1020, 988, 800, 737, 692.

HRMS (EI) for C11HoN (155.1735)M] *: 155.1731.
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Synthesis of2-(4-methoxyphenyl)-3-(trimethylsilyl)pyridine (5a):

o TMS

/

N
OMe

A solution of32iin THF (1.0 mmol, 2.0 equiv, 1.3 M) was added dvige to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv) or CeQl.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &d0.5 mmol, 1.0 equiv) itBuOMe (2.5
mL) at 23°C. The suspension was stirred at°’Z3for 15 min before being quenched with sat.
agq. NaHCQ. The mixture was diluted with G&l> and an EDTA (1.0 M, kD) solution was
added. The mixture was stirred at Z3 for 15 min, before being filtered through a pdd o
Celite®. After washing the pad of Celite® with &Fl,, sat. ag. NaCl was added, and the
mixture was extracted with GBl.. The organic layer was dried with Mgg{@iltered, and
concentratedin vacuo to yield the crude compound, which was purified glumn

chromatography to yielBa as a colorless oil.

Isolated yield: with FeBg: 91 % (117 mg).

with Co&I85 % (109 mg).
Reaction time: 15 min.
Solvent for purification: 4:1i-hexane/ethyl acetate + 0.5 % triethylamine.
'H NMR (300 MHz, CDClz) &/ppm: 0.05 (s, 9 H), 3.84 (s, 3 H), 6.94 (#r8.85 Hz, 2 H),
7.20 (dd,J=7.46, 4.70 Hz, 1 H), 7.34 (nd=8.57 Hz, 2 H), 7.89 (ddl=7.60, 1.80 Hz, 1 H),
8.59 (dd,JJ=4.70, 1.94 Hz, 1 H).
13C NMR (75 MHz, CDCIs) &/ppm: 0.25, 55.29, 113.29, 121.02, 130.11, 13313829,
143.17, 148.91, 159.62, 165.10.
MS (70 eV, El) m/z (%): 257 (91), 242 (100), 227 (23), 211 (6), 199 (13).
IR ATR v (cml): 3045, 2954, 2898, 2836, 1609, 1548, 1515, 1402812845, 1172, 1038,
1025, 832, 809, 787, 753, 731, 688, 656.
HRMS (EI) for C1sH19NOSI (257.1236) [M}: 257.1222.

Synthesis of4-(3-(4-chlorophenyl)pyridin-2-yl)-N,N-dimethylaniline (5b):

98
X
L
e
NMez
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A solution of2n in THF (1.0 mmol, 2.0 equiv, 1.2 M) was added avige to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv) or CeGL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &d(0.5 mmol, 1.0 equiv) iBBuOMe (2.5
mL) at 23°C. The suspension was stirred at’23for 15 min before being quenched with sat.
ag. NaHCQ. The mixture was diluted with G&l> and an EDTA (1.0 M, kD) solution was
added. The mixture was stirred at 3 for 15 min, before being filtered through a pdd o
Celite®. After washing the pad of Celite® with &, sat. ag. NaCl was added, and the
mixture was extracted with GBl.. The organic layer was dried with Mgg{@iltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn
chromatography to yiel@b as a slightly yellow oil.

Isolated yield: with FeBg: 82 % (127 mq)
with Col77 % (119 mg)
Reaction time: 15 min.
Solvent for purification: 9:1 dichloromethane/ethyl acetate + 0.5 % triethyhe.
IH NMR (300 MHz, CDCl3) &/ppm: 2.95 (s, 6 H), 6.59 (d=8.85 Hz, 2 H), 7.08 - 7.35 (m, 7
H), 7.61 (dd,J=7.74, 1.66 Hz, 1 H), 8.65 (dd=4.70, 1.66 Hz, 1 H).
13C NMR (75 MHz, CDClz3) &/ppm: 40.28, 111.63, 120.91, 127.49, 128.56, 130136.85,
132.97, 133.96, 138.32, 139.32, 148.51, 150.10,1857
MS (70 eV, EI) m/z (%): 308 (100), 307 (45), 291 (19), 153 (9), 136 (12).
IR ATR v (cml): 3037, 2885, 2855, 2801, 1606, 1576, 1524, 14825,14394, 1353, 1193,
1168, 1090, 999, 945, 834, 821, 799, 778, 758, 728, 704.
HRMS (El) for C19H17CIN2 (308.1080) [M}: 308.1060.

4-(thiophen-2-yl)-2-(4-(trimethylsilyl)phenyl)pyrid ine (5¢):

TMS

A solution of2oin THF (1.0 mmol, 2.0 equiv, 1.2 M) was added dvize to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv) or CeQl.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &vd0.5 mmol, 1.0 equiv) itBuOMe (2.5

mL) at 23°C. The suspension was stirred at’Z3for 15 min before being quenched with sat.
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ag. NaHCQ. The mixture was diluted with Gi€l> and an EDTA (1.0 M, kD) solution was
added. The mixture was stirred at Z3 for 15 min, before being filtered through a pdd o
Celite®. After washing the pad of Celite® with &Fl,, sat. ag. NaCl was added, and the
mixture was extracted with GBl.. The organic layer was dried with Mggf@iltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yielBc as a slightly yellow oil.

Isolated yield: with FeBg: 65 % (101 mg).

with Co&l70 % (108 mg).
Reaction time: 15 min.
Solvent for purification: 9:1i-hexane/ethyl acetate + 0.5 % triethylamine.
'H NMR (300 MHz, CDCIs) &ppm: 0.33 (s, 9 H), 7.17 (dd+5.13, 3.70 Hz, 1 H), 7.44 (d,
J=5.25 Hz, 2 H), 7.54 - 7.60 (m, 1 H), 7.67 (#8.11 Hz, 2 H), 7.92 (s, 1 H), 8.02 (m,
J=8.11 Hz, 2 H), 8.68 (dI=5.01 Hz, 1 H).
13C NMR (75 MHz, CDCls) &/ppm: -1.12, 117.00, 118.52, 125.31, 126.19, 127128.43,
133.79, 139.57, 141.53, 141.67, 142.16, 150.26,3P58
MS (70 eV, EI) m/z (%): 309 (20), 296 (9), 295 (27), 294 (100).
IR ATR v (cml): 3073, 3021, 2953, 2895, 1593, 1554, 1467, 14086,12107, 989, 837,
815, 799, 785, 759, 754, 720, 699, 679.
HRMS (EI) for C1sH19NSSi(309.1007) [M}: 309.0977.

Synthesis of 2-(3-((tert-butyldimethylsilyl)oxy)pheyl)-4-(4-fluorophenyl)pyridine (5d):

A solution of2p in THF (1.0 mmol, 2.0 equiv, 1.05 M) was addedpavise to a suspension
of FeBgi (4.4 mg, 0.015 mmol, 0.03 equiv) or CeL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &ud0.5 mmol, 1.0 equiv) iBBuOMe (2.5
mL) at 23°C. The suspension was stirred at’Z3for 15 min before being quenched with sat.
agq. NaHCQ. The mixture was diluted with G&l> and an EDTA (1.0 M, kD) solution was

added. The mixture was stirred at 23 for 15 min, before being filtered through a pdd o
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Celite®. After washing the pad of Celite® with &>, sat. ag. NaCl was added, and the
mixture was extracted with GBl.. The organic layer was dried with Mggf@iltered, and
concentratedin vacuo to yield the crude compound, which was purified glumn

chromatography to yiel8d as a slightly yellow oil.

Isolated yield: with FeBg: 71 % (131 mg).

with Co&l79 % (145 mgq).
Reaction time: 15 min.
Solvent for purification: 9:1i-hexane/ethyl acetate + 0.5 % triethylamine.
'H NMR (300 MHz, CDClz3) &ppm: 0.26 (s, 6 H), 1.03 (s, 9 H), 6.93 (dd7.99, 1.79 Hz, 1
H), 7.21 (t,J=8.58 Hz, 2 H), 7.31 - 7.44 (m, 2 H), 7.54 J&2.15 Hz, 1 H), 7.58 - 7.74 (m, 3
H), 7.84 (s, 1 H), 8.73 (d=5.25 Hz, 1 H).
13C NMR (75 MHz, CDCls) 8/ppm: -4.32, 18.23, 25.73, 116.15 #21.60 Hz, 1 C),
118.63, 118.88, 120.08, 120.69, 128.85J&8.41 Hz, 1 C), 129.70, 134.63, 134.68, 140.94,
148.18, 150.11, 156.15, 157.99, 163.42)&249.08 Hz, 1 C).
MS (70 eV, EI) m/z (%): 322 (100), 281 (41), 209 (13), 207 (83), 97 (12).
IR ATR v (cml): 3064, 2955, 2930, 2895, 2858, 1597, 1581, 151@4 18444, 1270, 1253,
1233, 1204, 1160, 948, 825, 779, 724, 693, 666.
HRMS (EI) for C2sH26FNOSi(379.1768) [M]: 379.1756.

Synthesis of 4-(3-bromophenyl)-5-chloro-2-mesitylpydine (5e):

Br O
|
c N Me

~
"0
Me Me

A solution of2q in THF (1.0 mmol, 2.0 equiv, 1.1 M) was added avige to a suspension of
CoCkhk (1.9 mg, 0.015 mmol, 0.03 equiv), isoquinolines(g, 0.05 mmol, 0.10 equiv), and
4e (0.5 mmol, 1.0 equiv) itlBuOMe (2.5 mL) at 23C. The suspension was stirred at°€3
for 5 h before being quenched with sat. ag. NaklG@e mixture was diluted with Gigl>
and an EDTA (1.0 M, kD) solution was added. The mixture was stirred3gt@for 15 min,
before being filtered through a pad of Celite®.ekftvashing the pad of Celite® with QEl,

sat. ag. NaCl was added, and the mixture was d¢&ttagith CHCl>. The organic layer was
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C.Experimental Section

dried with MgSQ, filtered, and concentratdéd vacuoto yield the crude compound, which

was purified by column chromatography to yiéklas a slightly yellow oil.

Isolated yield: with CoCb: 82 % (159 mg).

Reaction time:5 h.

Solvent for purification: 10:1li-hexane/ethyl acetate + 0.5 % triethylamine.

IH NMR (300 MHz, CDCls) &/ppm: 2.04 - 2.13 (m, 6 H), 2.34 (s, 3 H), 6.952${), 7.21 -
7.24 (m, 1 H), 7.33 - 7.41 (m, 1 H), 7.44 - 7.51, (nH), 7.55 - 7.65 (m, 1 H), 7.65 - 7.73 (m,
1 H), 8.76 - 8.81 (m, 1 H).

13C NMR (75 MHz, CDCls) &/ppm: 20.33, 21.18, 122.53, 126.20, 127.80, 128128,54,
130.06, 132.01, 135.59, 135.69, 136.29, 137.98,583846.11, 150.09, 158.85.

MS (70 eV, EI) m/z (%): 386 (100), 384 (74), 255 (5), 230 (24), 127 (8).

IR ATR v (cml): 2966, 2918, 2858, 1612, 1577, 1563, 1525, 14785,14355, 1106, 1093,
1073, 1025, 996, 907, 881, 851, 840, 786, 732, 689, 658.

HRMS (El) for C20H17BrCIN (385.0233) [M]:384.0152.

Synthesis of 5-(6-methoxypyridin-2-yl)-1-methyl-H-indole (5f):

A solution of2r in THF (1.0 mmol, 2.0 equiv, 0.9 M) was added avige to a suspension of
CoCb (1.9 mg, 0.015 mmol, 0.03 equiv), isoquinolines(fg, 0.05 mmol, 0.10 equiv), and
4f (0.5 mmol, 1.0 equiv) ilBuOMe (2.5 mL) at 25C. The suspension was stirred at°€3
for 1 h before being quenched with sat. aq. Nakid@e mixture was diluted with GEI>
and an EDTA (1.0 M, kD) solution was added. The mixture was stirred3gt@for 15 min,
before being filtered through a pad of Celite®.ekftvashing the pad of Celite® with QEl,
sat. ag. NaCl was added, and the mixture was e&ttagith CHCl,. The organic layer was
dried with MgSQ, filtered, and concentratdd vacuoto yield the crude compound, which

was purified by column chromatography to yiéfdas a slightly yellow solid.

Isolated yield: with CoCb: 65 % (77 mg).
Reaction time: 1 h.

Solvent for purification: 4:1i-hexane/ethyl acetate + 0.5 % triethylamine.
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m.p.: 99 — 108 °C.

IH NMR (300 MHz, CDCls) &/ppm: 3.83 (s, 3 H), 4.10 (s, 3 H), 6.59 (dd3.04, 0.83 Hz, 1
H), 6.65 (ddJ=8.16, 0.69 Hz, 1 H), 7.09 (d=3.04 Hz, 1 H), 7.37 - 7.43 (m, 2 H), 7.63 (dd,
J=8.02, 7.46 Hz, 1 H), 7.99 (d&:8.57, 1.66 Hz, 1 H), 8.37 (d&:1.66, 0.55 Hz, 1 H).

13C NMR (75 MHz, CDCls) 8/ppm: 32.93, 53.17, 101.85, 107.76, 109.18, 112139,54,
120.79, 128.77, 129.51, 130.75, 137.32, 139.04,185463.63.

MS (70 eV, EI) m/z (%): 238 (64), 237 (48), 209 (12), 207 (13), 104 (5).

IR ATR v (cml): 3001, 2944, 1591, 1580, 1566, 1463, 1446, 14289,18410, 1335, 1321,
1278, 1243, 1178, 1150, 1081, 1061, 1020, 986, 848, 859, 788, 767, 735, 726, 662.
HRMS (El) for C1sH14N20 (238.1106) [M]:238.1097.

Synthesis of 2-(4-fluorophenyl)-3-(2-methoxyphenypyridine (59):
MeO
K
N/
L,

A solution of2g in THF (1.0 mmol, 2.0 equiv, 1.05 M) was addedpivise to a suspension
of FeBgr (4.4 mg, 0.015 mmol, 0.03 equiv) or CeL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &@y{0.5 mmol, 1.0 equiv) itBuOMe (2.5
mL) at 23°C. The suspension was stirred at’Z3for 15 min before being quenched with sat.
ag. NaHCQ. The mixture was diluted with G&l> and an EDTA (1.0 M, kD) solution was
added. The mixture was stirred at Z3 for 15 min, before being filtered through a pdd o
Celite®. After washing the pad of Celite® with &Fl,, sat. ag. NaCl was added, and the
mixture was extracted with GBl.. The organic layer was dried with Mggf@iltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yielBg as a slightly yellow oil.

Isolated yield: with FeBg: 77 % (108 mg).
with Co&l79 % (110 mg).
Reaction time: 15 min.

Solvent for purification: 9:1i-hexane/ethyl acetate + 0.5 % triethylamine.
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C.Experimental Section

1H NMR (300 MHz, CDCl3) 8/ppm: 3.42 (s, 3 H), 6.78 (d=8.22 Hz, 1 H), 6.84 - 7.05 (m, 3
H), 7.16 (dd,J=7.40, 1.53 Hz, 1 H), 7.23 - 7.41 (m, 4 H), 7.68,@7.63, 1.53 Hz, 1 H),
8.67 (dd,J=4.75, 1.47 Hz, 1 H).

13C NMR (75 MHz, CDCls) &/ppm: 54.96, 111.05, 114.42 (#21.35 Hz, 1 C), 120.84,
121.87, 128.75, 129.36, 130.54 (d8.26 Hz, 1 C), 131.14, 132.73, 137.06, 139.10,248
155.98, 157.02, 162.36 (#:246.54 Hz, 1 C).

MS (70 eV, El) miz (%): 279 (15), 278 (15), 264 (4), 248 (9), 235 (4).

IR ATR v (cnl): 3050, 2958, 2936, 2836, 1895, 1599, 1580, 15105,18462, 1436, 1420,
1273, 1220, 1181, 1157, 1124, 1107, 1094, 1050510215, 999, 839, 824, 811, 802, 780,
751, 718, 678.

HRMS (EI) for C1sH14FNO (279.1059) [M: 278.0958.

Synthesis of 4-(5-chloro-4-(4-fluorophenyl)pyridin2-yl)phenyl pivalate (5h):

A solution of2l in THF (1.0 mmol, 2.0 equiv, 0.8 M) was added avige to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv), isoquinolines(fg, 0.05 mmol, 0.10 equiv), and
4h (0.5 mmol, 1.0 equiv) itlBuOMe (2.5 mL) at 28C. The suspension was stirred at°£3
for 15 min before being quenched with sat. ag. N@iCrhe mixture was diluted with
CHxCI; and an EDTA (1.0 M, kD) solution was added. The mixture was stirred3t for
15 min, before being filtered through a pad of @@&i After washing the pad of Celite® with
CH:Cl,, sat. ag. NaCl was added, and the mixture waseenl with CHCIl>. The organic
layer was dried with MgS£€filtered, and concentratad vacuoto yield the crude compound,

which was purified by column chromatography to ¢igh as a white thick oil.

Isolated yield: with FeBg: 65 % (125 mg).

Reaction time: 15 min.

Solvent for purification: 15:1i-hexane/ethyl acetate + 0.5 % triethylamine.

IH NMR (300 MHz, CDCls) &/ppm: 1.39 (s, 9 H), 7.12 - 7.25 (m, 4 H), 7.48567(m, 2 H),
7.64 -7.69 (m, 1 H), 8.02 (d=8.57 Hz, 2 H), 8.72 (s, 1 H).
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13C NMR (75 MHz, CDCls) &/ppm: 27.13, 39.15, 115.60 (d=21.64 Hz, 1 C), 121.93,
127.45, 127.91, 128.03, 128.71, 130.86J&8.26 Hz, 1 C), 132.74, 132.79, 135.47, 147.19,
149.83, 152.19, 155.15, 163.07 Jd249.10 Hz, 1 C), 176.88.

MS (70 eV, El) m/z (%): 383 (14), 300 (18), 299 (100), 264 (11), 85 (14).

IR ATR v (cnl): 2975, 2874, 1747, 1606, 1507, 1480, 1460, 13686,12231, 1200, 1163,
1102, 1022, 1014, 908, 895, 856, 836, 816, 800, 7BB, 729.

HRMS (EI) for C22H1sCIFNO2(383.1088) [M]: 383.1083.

Synthesis of 2,3-bis(4-methoxyphenyl)quinoline (5i)

O OMe
X
—
e
OMe

A solution of2i in THF (1.0 mmol, 2.0 equiv, 1.3 M) was added dvige to a suspension of
CoCkhk (1.9 mg, 0.015 mmol, 0.03 equiv), isoquinolines(g, 0.05 mmol, 0.10 equiv), and
4i (0.5 mmol, 1.0 equiv) itBuOMe (2.5 mL) at 23C. The suspension was stirred at°€3
for 15 min before being quenched with sat. ag. N@l'he mixture was diluted with
CH:Cl> and an EDTA (1.0 M, kD) solution was added. The mixture was stirred3iQ for
15 min, before being filtered through a pad of @@&i After washing the pad of Celite® with
CH.Cly, sat. aq. NaCl was added, and the mixture wasieetd with CHCl.. The organic
layer was dried with MgS£€filtered, and concentratex vacuoto yield the crude compound,

which was purified by column chromatography to ¢i&i as a slightly yellow oil.

Isolated yield: with CoCb: 78 % (133 mg).

Reaction time: 15 min.

Solvent for purification: 4:1i-hexane/ethyl acetate + 0.5 % triethylamine.

'H NMR (300 MHz, CDCIs) &/ppm: 3.81 (s, 3 H), 3.82 (s, 3 H), 6.77 - 6.90 M), 7.16 -
7.19 (m, 2 H), 7.42 - 7.44 (m, 2 H), 7.54 (ddd8.04, 6.97, 1.17 Hz, 1 H), 7.70 - 7.75 (m, 1
H), 7.84 (ddJ=8.19, 1.17 Hz, 1 H), 8.14 (s, 1 H).

13C NMR (75 MHz, CDCls) &/ppm: 59.35, 59.42, 117.57, 117.90, 130.74, 131128,42,
132.80, 133.76, 134.89, 135.63, 136.24, 137.00,2838141.91, 147.53, 159.32, 163.00,
163.84.

MS (70 eV, EI) m/z (%): 340 (100), 326 (11), 297 (14), 254 (12), 163 (5).
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IR ATR v (cril): 2999, 2955, 2945, 2917, 2835, 1607, 1511, 1483318455, 1422, 1402,
1370, 1289, 1242, 1173, 1144, 1109, 1027, 965, 829, 792, 782, 757, 746, 731, 714, 666.
HRMS (EI) for C2aH19NO2 (340.1338) [M-H]:340.1336.

Synthesis of 2-(4-fluorophenyl)-6,7-dimethoxy-4-méilquinoline (5j):

A solution of2g in THF (1.0 mmol, 2.0 equiv, 1.05 M) was addedpivise to a suspension
of FeBgr (4.4 mg, 0.015 mmol, 0.03 equiv) or CeL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &pd0.5 mmol, 1.0 equiv) ilBuOMe (2.5
mL) at 23°C. The suspension was stirred at’Z3for 15 min before being quenched with sat.
agq. NaHCQ. The mixture was diluted with G&l> and an EDTA (1.0 M, kD) solution was
added. The mixture was stirred at Z3 for 15 min, before being filtered through a pdd o
Celite®. After washing the pad of Celite® with &Fl,, sat. ag. NaCl was added, and the
mixture was extracted with GBl.. The organic layer was dried with Mgg{@iltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel8j as a slightly yellow solid.

Isolated yield: with FeBg: 82 % (122 mg).

with Co&l67 % (100 mg).
Reaction time: 15 min.
Solvent for purification: 9:1i-hexane/ethyl acetate + 0.5 % triethylamine.
m.p.: 164 — 168 °C.
'H NMR (300 MHz, CDCl3) &/ppm: 2.70 (s, 3 H), 4.05 (s, 3 H), 4.06 (s, 3H)2 - 7.23 (m,
3 H), 7.54 (dJ=2.76 Hz, 2 H), 8.09 (ddi=8.98, 5.39 Hz, 2 H).
13C NMR (75 MHz, CDCl3) &/ppm: 19.26, 56.02, 56.17, 101.46, 108.56, 115064-21.64
Hz, 1 C), 117.99, 122.38, 129.06 (&8.54 Hz, 1 C), 135.88, 143.36, 144.79, 149.46,362
153.96, 163.48 (d]=247.96 Hz, 1 C).
MS (70 eV, El) m/z (%):297 (100), 282 (14), 254 (24), 252 (6), 211 (10).
IR ATR v (cml): 2923, 2854, 2833, 1623, 1597, 1503, 1489, 14633,18422, 1399, 1353,
1260, 1246, 1208, 1189, 1166, 1150, 1096, 10654,10314, 1000, 994, 910, 862, 850, 836,
808, 771, 726, 668.
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HRMS (EI) for C1sH16FNO2 (297.1165) [M}:297.1165.

Synthesis of 3-(4,6-dimethylpyrimidin-2-yl)N,N-dimethylaniline (5k):
Me
SN

e
Me N/)\©/ NMez

A solution of2sin THF (1.0 mmol, 2.0 equiv, 1.15 M) was addedpivise to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv) or CeGL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), d&d(0.5 mmol, 1.0 equiv) iBBuOMe (2.5
mL) at 23°C. The suspension was stirred at’23for 30 min before being quenched with sat.
ag. NaHCQ. The mixture was diluted with G&l> and an EDTA (1.0 M, kD) solution was
added. The mixture was stirred at 3 for 15 min, before being filtered through a pdd o
Celite®. After washing the pad of Celite® with &>, sat. ag. NaCl was added, and the
mixture was extracted with GBl.. The organic layer was dried with Mgg{@iltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn
chromatography to yiel@k as a brownish solid.

Isolated yield: with FeBg: 78 % (89 mg).
with Col63 % (72 mg).
Reaction time: 30 min.
Solvent for purification: 9:1i-hexane/ethyl acetate + 0.5 % triethylamine.
m.p.: 105 - 108 °C.
'H NMR (300 MHz, CDCl3) &/ppm: 2.54 (s, 6 H), 3.05 (s, 6 H), 6.92 (s, 2 H}5 (t,J=7.88
Hz, 1 H), 7.77 - 7.92 (m, 2 H).
13C NMR (75 MHz, CDCIs) d/ppm: 24.18, 40.91, 112.49, 114.95, 117.16, 117129,13,
138.86, 150.82, 164.71, 166.57.
MS (70 eV, El) m/z (%): 227 (100), 212 (53), 184 (18), 114 (7), 43 (55).
IR ATR v (cml): 2986, 2918, 2887, 2800, 1600, 1586, 1570, 15394,14486, 1436, 1414,
1396, 1362, 1345, 1319, 1233, 1177, 1064, 996, 855, 775, 766, 697.
HRMS (El) for CiaH17N3 (227.1422) [M}:227.1417.
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Synthesis of 4,6-bis(3-{ért-butyldimethylsilyl)oxy)phenyl)pyrimidine (5I):

A solution of2p in THF (2.0 mmol, 4.0 equiv, 1.1 M) was added avige to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv), isoquinolines(g, 0.05 mmol, 0.10 equiv), and
4k (0.5 mmol, 1.0 equiv) itlBuOMe (2.5 mL) at 23C. The suspension was stirred at°£3
for 15 min before being quenched with sat. ag. N@' he mixture was diluted with
CHxCI; and an EDTA (1.0 M, kD) solution was added. The mixture was stirred3st for
15 min, before being filtered through a pad of @@&i After washing the pad of Celite® with
CH.Cly, sat. aq. NaCl was added, and the mixture wasie®ed with CHCl.. The organic
layer was dried with MgS£€filtered, and concentrated vacuoto yield the crude compound,
which was purified by column chromatography to gigllas a red liquid.

Isolated yield: with FeBg: 95 % (234 mg).

Reaction time: 15 min, using 4 equiv of Grignard reagent.

Solvent for purification: 9:1i-hexane/ethyl acetate + 0.5 % triethylamine.

MS (70 eV, EI) m/z (%):492 (11), 436 (36), 435 (100), 393 (19), 379 (8P 123).

IH NMR (300 MHz, CDCls) &/ppm: 0.27 (s, 12 H), 1.03 (s, 18 H), 7.01 (di7.87, 1.83 Hz,
2 H), 7.40 (tJ=7.97 Hz, 2 H), 7.65 (d]=1.83 Hz, 2 H), 7.72 (d]=7.87 Hz, 2 H), 8.02 (s, 1
H), 9.32 (s, 1 H).

13C NMR (75 MHz, CDCl3) d/ppm: -4.32, 18.24, 25.72, 112.98, 118.89, 1201P2.56,
129.99, 138.58, 156.37, 159.14, 164.47.

IR ATR v (cml): 2955, 2943, 2886, 2858, 1572, 1521, 1491, 1478114277, 1252, 1229,
1199, 1001, 968, 939, 870, 833, 777, 734, 708, 684,

HRMS (EI) for C2sH40N202Skz (492.2628) [M}:492.2615.
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Synthesis of  4-(4-chloro-2-fluorophenyl)-2-(4-(dimgnoxymethyl)phenyl)pyrimidine
(5m):

A solution of2t in THF (1.0 mmol, 2.0 equiv, 0.9 M) was added davige to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv) or CeGL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), atd0.5 mmol, 1.0 equiv) itBuOMe (2.5
mL) at 23°C. The suspension was stirred at’23for 15 min before being quenched with sat.
ag. NaHCQ. The mixture was diluted with G&l> and an EDTA (1.0 M, kD) solution was
added. The mixture was stirred at Z3 for 15 min, before being filtered through a pdd o
Celite®. After washing the pad of Celite® with &>, sat. ag. NaCl was added, and the
mixture was extracted with GBl.. The organic layer was dried with Mggf@iltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel@m as a white solid.

Isolated yield: with CoCb: 68 % (122 mg).

Reaction time: 15 min.

Purification: purified by HPLC with a column Chromolith SemiPiep-18e, 100-10 nm;

15 % HO/85 % CHCN; flow rate 8 ml/min.

m.p.: 89 — 91 °C.

'H NMR (300 MHz, CDCl3) &/ppm: 3.36 (s, 6 H), 5.49 (s, 1 H), 7.18 - 7.30 {nHl), 7.34
(dddd,J=8.48, 6.38, 2.00, 0.68 Hz, 1 H), 7.60 Jd8.19 Hz, 1 H), 7.66 - 7.81 (m, 1 H), 7.95 -
8.09 (m, 1 H), 8.36 (td]=8.38, 2.53 Hz, 1 H), 8.48 - 8.59 (m, 1 H), 8.65%6 (m, 1 H), 8.87
(dd,J=17.45, 5.36 Hz, 1 H).

13C NMR (75 MHz, CDCls) &/ppm: 52.61, 102.69, 117.24 (&21.77 Hz, 1C), 125.39,
127.02, 128.11, 128.76, 129.88, 137.75, 140.72,914258.15, 159.27, 161.31 @255.47
Hz, 1C), 163.38, 164.26.

MS (70 eV, EI) m/z(%): 358 (1), 327 (100), 311 (18), 283 (8), 154 (1B30(5).
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IR ATR v (cml): 2980, 2959, 2932, 2830, 1607, 1584, 1576, 1558315484, 1432, 1407,
1380, 1348, 1286, 1207, 1189, 1099, 1078, 10508,1882, 900, 851, 822, 810, 786, 738,
722, 712, 665.

HRMS (EI) for C1sH16CIFN202 (358.0884) [M]:358.0872.

Synthesis of 2-(4-chloro-2-fluorophenyl)-4-(4-(triluoromethyl)phenyl)pyrimidine (5n):

A solution of2u in THF (1.0 mmol, 2.0 equiv, 1.0 M) was added avige to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv) or CeGL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &m (0.5 mmol, 1.0 equiv) itBuOMe (2.5
mL) at 23°C. The suspension was stirred at’23for 15 min before being quenched with sat.
ag. NaHCQ. The mixture was diluted with G&l> and an EDTA (1.0 M, kD) solution was
added. The mixture was stirred at Z3 for 15 min, before being filtered through a pdd o
Celite®. After washing the pad of Celite® with &>, sat. ag. NaCl was added, and the
mixture was extracted with GBl.. The organic layer was dried with Mggf@iltered, and
concentratedin vacuo to yield the crude compound, which was purified glumn

chromatography to yielein as a white solid.

Isolated yield: with FeBg: 61 % (108 mg).

with Cogl60 % (106 mg).
Reaction time: 15 min.
Solvent for purification: 4:1i-hexane/ethyl acetate + 0.5 % triethylamine.
m.p.: 120 — 122 °C.
'H NMR (300 MHz, CDCIs) d/ppm: 7.24 - 7.32 (m, 2 H), 7.67 (@5.28 Hz, 1 H), 7.79 (m,
J=8.14 Hz, 2 H), 8.20 (}=8.36 Hz, 1 H), 8.30 (ml]=8.14 Hz, 2 H), 8.94 (dI=5.28 Hz, 1 H).
13C NMR (75 MHz, CDCIs) d/ppm: 114.93, 117.71 (d=26.19 Hz), 123.86 ((J=272.44),
124.64 (dJ=3.99 Hz), 124.92 (d}=8.83 Hz), 125.96 (q}=3.70 Hz), 127.60, 132.71, 132.75,
132.81 (qJ=32.74 Hz), 137.12 (dl= 10.25 Hz,), 139.83 (g=1.14 Hz), 158.28, 161.33 (d,
J=260.48 Hz), 162.60, 162.75, 162.82.

135



MS (70 eV, El) miz (%): 354 (31), 352 (100), 197 (34), 170 (36), 157 (10).

IR ATR v (cn?): 1607, 1576, 1558, 1550, 1488, 1414, 1374, 13233,18285, 1278, 1218,
1191, 1172, 1142, 1106, 1087, 1065, 1038, 1014, 8BP, 838, 820, 792, 768, 718, 711.
HRMS (EI) for C17HsCIFaN2 (352.0390) [M[:352.0383.

Synthesis of 2-(4-methoxyphenyl)-4,6-diphenyl-1,3fBiazine (50):
Ph

A

N™ N

|
PhAN/)\CL
OMe

A solution of2i in THF (1.0 mmol, 2.0 equiv, 1.3 M) was added dvige to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv) or CeQlL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &@md(0.5 mmol, 1.0 equiv) iBBuOMe (2.5
mL) at 23°C. The suspension was stirred at’Z3for 15 min before being quenched with sat.
agq. NaHCQ. The mixture was diluted with G&l> and an EDTA (1.0 M, kD) solution was
added. The mixture was stirred at 23 for 15 min, before being filtered through a pdd o
Celite®. After washing the pad of Celite® with &Fl,, sat. ag. NaCl was added, and the
mixture was extracted with GBl.. The organic layer was dried with Mgg{@iltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel8o as a white solid.

Isolated yield: with FeBg: 81 % (137 mg).
with Co&l79 % (134 mg).
Reaction time: 15 min.
Solvent for purification: 10:1li-hexane/ethyl acetate + 0.5 % triethylamine.
m.p.: 144 — 146 °C.
'H NMR (300 MHz, CDClIs) d/ppm: 3.94 (s, 3 H), 7.08 (d=8.79 Hz, 2 H), 7.39 - 7.81 (m, 6
H), 8.62 - 9.07 (m, 6 H).
13C NMR (75 MHz, CDCl3) &/ppm: 55.45, 113.94, 128.55, 128.77, 128.87, 130183.31,
136.40, 163.31, 171.18, 171.38.
MS (70 eV, El) m/z (%): 339 (63), 214 (44), 199 (35), 171 (12), 133 (4DB 124).
IR ATR v (cml): 3312, 3038, 3015, 2958, 2840, 2362, 2331, 16089,14438, 1274, 1249,
1183, 1040, 1012, 823, 809, 781, 770, 690.
HRMS (El) for C22H17NsO (339.1372) [M]:339.1366.
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C.Experimental Section

2-phenyl-4,6-di(pyrrolidin-1-yl)-1,3,5-triazine (5p):
-
oy

)\N/)\Ph

C/N

A solution of2ain THF (1.0 mmol, 2.0 equiv, 1.7 M) was added avige to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv), isoquinolines(g, 0.05 mmol, 0.10 equiv), and
40 (0.5 mmol, 1.0 equiv) ilBBuOMe (2.5 mL) at 23C. The suspension was stirred at°&D
for 12 h before being quenched with sat. aq. Nakl@T®e mixture was diluted with Gl
and an EDTA (1.0 M, kD) solution was added. The mixture was stirred3st@for 15 min,
before being filtered through a pad of Celite®.ekftvashing the pad of Celite® with QEl>,
sat. ag. NaCl was added, and the mixture was d¢&ttagith CHCl>. The organic layer was
dried with MgSQ, filtered, and concentratad vacuoto yield the crude compound, which
was purified by column chromatography to yiélalas a white solid.

Isolated yield: with FeBg: 76 % (112 mg).

Reaction time: 12 h at 50 °C.

Solvent for purification: 10:1li-hexane/ethyl acetate + 0.5 % triethylamine.

m.p.: 137 — 139 °C.

'H NMR (300 MHz, CDCls) &/ppm: 1.96 (dddJ=6.28, 3.48, 3.26 Hz, 8 H), 3.61 (br. s., 4
H), 3.72 (br. s., 4 H), 7.35 - 7.52 (m, 3 H), 8:3850 (m, 2 H).

13C NMR (75 MHz, CDCls) 8/ppm: 25.35, 45.98, 127.97, 128.21, 130.69, 138163,62,
169.50.

MS (70 eV, El) m/z (%): 295 (88), 267 (100), 253 (25), 239 (19), 226 (39) (13).

IR ATR v (cml): 2969, 2871, 2361, 1557, 1540, 1507, 1491, 1473414383, 1338, 1293,
1279, 1238, 1221, 1180, 1167, 1154, 1008, 863, Bd%5, 780, 702.

HRMS (EI) for C17H21N5(295.1797) [M]:295.1792.

Synthesis of 2,4-diethoxy-6-(thiophen-2-yl)-1,3,5tazine (5q):
OEt
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A solution of2v in THF (1.0 mmol, 2.0 equiv, 0.8 M) was added avige to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv) or CeGL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &pd(0.5 mmol, 1.0 equiv) iBBuOMe (2.5
mL) at 23°C. The suspension was stirred at°23for 12 h before being quenched with sat.
ag. NaHCQ. The mixture was diluted with G&l> and an EDTA (1.0 M, kD) solution was
added. The mixture was stirred at 3 for 15 min, before being filtered through a pdd o
Celite®. After washing the pad of Celite® with &, sat. ag. NaCl was added, and the
mixture was extracted with GBl.. The organic layer was dried with Mgg{@iltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel8qg as a yellow solid.

Isolated yield: with FeBg: 84 % (105 mg).
with Co&l179 % (99 mg).
Reaction time: 12 h.
Solvent for purification: 10:1li-hexane/ethyl acetate + 0.5 % triethylamine.
m.p.: 79 — 81 °C.
'H NMR (300 MHz, CDCl3) &/ppm: 1.33 - 1.55 (m, 6 H), 4.52 (@;7.08 Hz, 4 H), 7.14 (dd,
J=4.97, 3.80 Hz, 1 H), 7.56 (d&4.97, 1.27 Hz, 1 H), 8.14 (d&:3.80, 1.27 Hz, 1 H).
13C NMR (75 MHz, CDCIls) d/ppm: 14.29, 64.22, 128.27, 131.71, 132.29, 140180,59,
172.03.
MS (70 eV, El) m/z (%): 251 (6), 207 (6), 110 (10), 71 (35), 61 (14).
IR ATR v (cml): 3102, 2983, 2927, 1531, 1490, 1466, 1439, 14188,18346, 1324, 1290,
1233, 1218, 1121, 1100, 1078, 1044, 1034, 1008, &6 811, 754, 714, 692, 671.
HRMS (EI) for C11H13N302S(251.0728) [M}:251.0725.

Synthesis of 2-(4-(dimethoxymethyl)phenyl)-4,6-bis¢hylthio)-1,3,5-triazine (5r):
SEt
Y

EtS)\ Nid
OMe

OMe

A solution of2t in THF (1.0 mmol, 2.0 equiv, 0.9 M) was added dvige to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv), isoquinolines(g, 0.05 mmol, 0.10 equiv), and
4q (0.5 mmol, 1.0 equiv) itlBuOMe (2.5 mL) at 23C. The suspension was stirred at°£3
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for 15 min before being quenched with sat. aq. N@JOhe mixture was diluted with
CH:Cl> and an EDTA (1.0 M, kD) solution was added. The mixture was stirred3iQ for
15 min, before being filtered through a pad of @@&i After washing the pad of Celite® with
CH:Clo, sat. ag. NaCl was added, and the mixture waseenl with CHCIl>. The organic
layer was dried with MgS£€filtered, and concentratex vacuoto yield the crude compound,

which was purified by column chromatography to ¢i&t as a colorless oil.

Isolated yield: with FeBg: 61 % (107 mg).

Reaction time: 15 min.

Solvent for purification: 6:1i-hexane/ethyl acetate + 0.5 % triethylamine.

IH NMR (300 MHz, CDClg) &/ppm: 1.45 (tJ=7.46 Hz, 6 H), 3.22 (q}=7.46 Hz, 4 H), 3.34
(s, 6 H), 5.47 (s, 1 H), 7.56 (8:8.29 Hz, 2 H), 8.45 (dI=8.57 Hz, 2 H).

13C NMR (75 MHz, CDCIs) &/ppm: 14.39, 24.85, 52.63, 102.51, 126.95, 12818521,
142.59, 167.94, 181.30.

MS (70 eV, El) m/z (%): 351 (43), 320 (53), 230 (6), 146 (11), 75 (11).

IR ATR v (cml): 2962, 2947, 2829, 1483, 1410, 1377, 1348, 1308412235, 1205, 1098,
1051, 1018, 984, 971, 912, 898, 847, 832, 796, 733, 690.

HRMS (EI) for C16H21N302S2(351.1075) [M}:351.1061.

Synthesis of 2-(benzdg]thiophen-3-yl)-3-(trimethylsilyl)pyridine (5s):

VS

N/
|
S

A solution of2w in THF (1.0 mmol, 2.0 equiv, 0.8 M) was added davige to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv) or CeQlL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &d0.5 mmol, 1.0 equiv) itBuOMe (2.5
mL) at 23°C. The suspension was stirred at°23for 24 h before being quenched with sat.
agq. NaHCQ. The mixture was diluted with G&l> and an EDTA (1.0 M, kD) solution was
added. The mixture was stirred at Z3 for 15 min, before being filtered through a pdd o
Celite®. After washing the pad of Celite® with &Fl,, sat. ag. NaCl was added, and the
mixture was extracted with GBl.. The organic layer was dried with Mggf@iltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yielBsas a yellow oil.
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Isolated yield: with FeBg: 64 % (90 mg).
with Cogl66 % (93 mg).
Reaction time: 24 h.
Solvent for purification: 9:1i-hexane/ethyl acetate + 0.5 % triethylamine.
IH NMR (300 MHz, CDCls) 8/ppm: 0.00 (s, 9 H), 7.28 - 7.42 (m, 4 H), 7.49557(m, 1 H),
7.87-7.93 (m, 1 H), 7.99 (di=7.74, 1.52 Hz, 1 H), 8.72 (di=3.04, 1.52 Hz, 1 H).
13C NMR (75 MHz, CDCIs) d/ppm: -0.15, 121.89, 122.43, 123.43, 124.42, 124125.39,
135.44, 138.94, 139.48, 139.68, 143.21, 149.46,/859
MS (70 eV, El) m/z (%): 283 (36), 268 (100), 250 (10), 227 (21), 126 (14).
IR ATR v (cml): 3051, 3028, 2952, 2896, 1564, 1550, 1458, 14339,18338, 1262, 1248,
1221, 1041, 953, 833, 797, 782, 752, 731, 712, 696.
HRMS (EI) for C16H17NSSi(283.0851) [M}:283.0840.

Synthesis of 2-(benzdg]thiophen-2-yl)-3-(trimethylsilyl)pyridine (5t):

o TMS

|
NT \S

A solution of2x in THF (1.0 mmol, 2.0 equiv, 0.8 M) was added avige to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv) or CeQGl.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &d0.5 mmol, 1.0 equiv) itBuOMe (2.5
mL) at 23°C. The suspension was stirred at°8&0for 12 h (for FeBg) or at 23 °C for 12 h
(for CoCb) before being quenched with sat. ag. NaHClhe mixture was diluted with
CH.Cl> and an EDTA (1.0 M, kD) solution was added. The mixture was stirred3iQ for
15 min, before being filtered through a pad of @@&i After washing the pad of Celite® with
CH.Cly, sat. aq. NaCl was added, and the mixture waseed with CHCl.. The organic
layer was dried with MgS£€filtered, and concentratex vacuoto yield the crude compound,

which was purified by column chromatography to ¢i&f as a yellow oil.

Isolated yield: with FeBg: 61 % (86 mg).
with Co&l66 % (93 mg).
Reaction time:for FeBr: 12 h at 50 °C.
for Cogl12 h at 25 °C.
Solvent for purification: 4:1i-hexane/ethyl acetate + 0.5 % triethylamine.
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IH NMR (300 MHz, CDCls) 8/ppm: 0.23 (s, 9 H), 7.25 - 7.30 (m, 1 H), 7.35417(m, 2 H),
7.42 (s, 1 H), 7.78 - 7.84 (m, 1 H), 7.86 - 7.9 {nH), 7.96 (dd,J=9.40, 1.11 Hz, 1 H), 8.66
(dd,J=3.04, 1.11 Hz, 1 H).

13C NMR (75 MHz, CDCl3) &/ppm: 0.28, 122.01, 122.29, 123.88, 124.20, 124138, 71,
134.24, 139.61, 140.62, 143.54, 145.80, 149.23 2658

MS (70 eV, El) miz (%): 283 (32), 270 (10), 268 (100), 252 (8), 238 (12) 17).

IR ATR v (cn?): 3052, 3027, 2953, 2896, 1561, 1548, 1458, 1394812166, 1156, 1129,
1041, 958, 835, 829, 798, 783, 743, 725, 709, 685.

HRMS (EI) for C16H17NSSi(283.0851) [M}:283.0837.

Synthesis of 2-(4-methoxyphenyl)-4-((trimethylsilylethynyl)pyridine (5u):
™S

OMe

A solution of2i in THF (1.0 mmol, 2.0 equiv, 1.3 M) was added avige to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv) or CeGL.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &nd0.5 mmol, 1.0 equiv) itBuOMe (2.5
mL) at 23°C. The suspension was stirred at’23for 30 min before being quenched with sat.
ag. NaHCQ. The mixture was diluted with G&l> and an EDTA (1.0 M, kD) solution was
added. The mixture was stirred at 3 for 15 min, before being filtered through a pdd o
Celite®. After washing the pad of Celite® with &>, sat. ag. NaCl was added, and the
mixture was extracted with GBl.. The organic layer was dried with Mggf@iltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yielBu as a slightly yellow oil.

Isolated yield: with FeBg: 38 % (53 mg).

with Cogl62 % (87 mg).
Reaction time: 30 min.
Solvent for purification: 8:1i-hexane/ethyl acetate + 0.5 % triethylamine.
'H NMR (300 MHz, CDClz3) &ppm: 0.29 (s, 9 H), 3.86 (s, 3 H), 6.98 (dd8.82, 1.19 Hz, 2
H), 7.18 (dtJ=5.01, 1.43 Hz, 1 H), 7.70 (d50.72 Hz, 1 H), 7.95 (dd)=8.58, 1.19 Hz, 2 H),
8.58 (d,J=5.01 Hz, 1 H).
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13C NMR (75 MHz, CDCls) &ppm: -0.26, 55.34, 99.26, 102.51, 114.12, 12213.33,
128.17, 131.31, 131.72, 149.43, 157.15, 160.68.

MS (70 eV, EI) m/z (%): 281 (68), 266 (100), 251 (6), 223 (8), 133 (12).

IR ATR v (cnrl): 2958, 2900, 2837, 2160, 1609, 1592, 1578, 15354,15466, 1422, 1385,
1274, 1247, 1219, 1196, 1174, 1112, 1031, 890, 838, 800, 758, 728, 700.

HRMS (EI) for C17H19NOSi (281.1236) [M}:281.1220.

Synthesis of 3-(but-3-en-1-yl)-2-phenylpyridine (5v

A solution of2ain THF (1.0 mmol, 2.0 equiv, 1.7 M) was added avige to a suspension of
FeBr (4.4 mg, 0.015 mmol, 0.03 equiv) or CeQl.9 mg, 0.015 mmol, 0.03 equiv),
isoquinoline (6.5 mg, 0.05 mmol, 0.10 equiv), &sq{0.5 mmol, 1.0 equiv) iBuOMe (2.5
mL) at 23°C. The suspension was stirred at’€3for 1 h before being quenched with sat. aqg.
NaHCQ. The mixture was diluted with G&l> and an EDTA (1.0 M, kD) solution was
added. The mixture was stirred at Z3 for 15 min, before being filtered through a pdd o
Celite®. After washing the pad of Celite® with &Fl,, sat. ag. NaCl was added, and the
mixture was extracted with GBl.. The organic layer was dried with Mgg{@iltered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yielBv as a colorless oil.

Isolated yield: with FeBg: 62 % (65 mg).

with Co&l78 % (81 mg).
Reaction time:1 h.
Solvent for purification: 4:1i-hexane/ethyl acetate + 0.5 % triethylamine.
'H NMR (300 MHz, CDClz) &/ppm: 2.18 - 2.34 (m, 2 H), 2.71 - 2.83 (m, 2 HBM4- 5.02
(m, 2 H), 5.63 - 5.79 (m, 1 H), 7.21 - 7.28 (m, ), A.36 - 7.52 (m, 5 H), 7.61 (dd&=7.88,
1.80 Hz, 1 H), 8.53 (dd=4.70, 1.66 Hz, 1 H).
13C NMR (75 MHz, CDCls) 8/ppm: 31.81, 34.57, 115.34, 122.13, 127.84, 128128,78,
129.09, 134.60, 137.30, 140.62, 146.97, 158.97.
MS (70 eV, EI) m/z (%): 209 (42), 208 (51), 180 (15), 168 (25). 167 (100),
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IR ATR v (cnml): 3060, 3027, 2977, 2925, 2860, 1640, 1579, 1568518453, 1433, 1421,
1019, 995, 912, 791, 749, 732, 699.
HRMS (EI) for CisH1sN (209.1204) [M}:208.1126.

5. Efficient Chromium(ll)-Catalyzed Cross-Coupling Reactions between
Csp? Centers

5.1Preparation of Cross-Coupling Products Using TP3

Synthesis of2-phenylpyridine (3a):

\

A solution of2ain THF (1.2 mmol, 1.2 equiv, 1.7 M) was added avige to a suspension of
anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97 % purity) drad(1 mmol, 1.0 equiv) in
THF (5 mL) at 23°C. The suspension was stirred at°€3for 15 min before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgS#) filtered, and
concentratedin vacuo to yield the crude compound, which was purified glumn

chromatography to yiel8a as a colorless oil.

Isolated yield: 90 % (140 mg)

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 6:1 (+0.5 % BEt

IH NMR (300 MHz, CDCls) 8/ppm: 7.23 (m, 1 H), 7.45 (m, 3 H), 7.75 (m, 2 BI))1 (m, 2
H), 8.70 (d,J=4.7 Hz, 1 H).

13C NMR (75 MHz, CDCl3s) &/ppm: 120.6, 122.1, 126.9, 128.7, 128.9, 136.8,2,3949.5,
157.4.

MS (70 eV, El) m/z (%) 155 (100) [M], 154 (60), 128 (10), 127 (10), 77 (9), 59 (10), 43
(7).

IR ATR v (cnmi?): 3062, 3036, 3008, 2927, 1586, 1580, 1564, 146,144, 1293, 1152,
1074, 1020, 988, 800, 737, 692.

HRMS (EI) for C11HoN (155.1735)M] *: 155.1731.
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Synthesis of 3-(but-3-en-1-yl)-2-phenylpyridine (5v

A solution of2ain THF (1.2 mmol, 1.2 equiv, 1.7 M) was added avige to a suspension of
anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97 % purity) g1 mmol, 1.0 equiv) in
THF (5 mL) at 23°C. The suspension was stirred at°€3for 15 min before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgS#) filtered, and
concentratedin vacuo to yield the crude compound, which was purified glumn
chromatography to yielBv as a colorless oil.

Isolated yield: 95 % (199 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 6:1 (+0.5 % BEt

IH NMR (300 MHz, CDCls) &/ppm: 2.18 - 2.32 (m, 2 H), 2.68 - 2.84 (m, 2 HB&- 5.00
(m, 2 H), 5.63 - 5.80 (m, 1 H), 7.21 (d#7.76, 4.77 Hz, 1 H), 7.32 - 7.54 (m, 5 H), 7.57 -
7.64 (m, 1 H), 8.53 (ddi=4.86, 1.31 Hz, 1 H).

13C NMR (75 MHz, CDCls) d/ppm: 31.8, 34.6, 115.4, 122.1, 127.9, 128.2, 1283..6,
137.3, 140.6, 147.0, 159.0.

MS (70 eV, EI) m/z (%): 209 (42), 208 (51), 180 (15), 168 (25). 167 (100).

IR ATR v (cml): 3060, 3027, 2977, 2925, 2860, 1640, 1579, 15695,14453, 1433, 1421,
1019, 995, 912, 791, 749, 732, 699.

HRMS (EI) for CisH1sN (209.1204) [M}:209.1191.

Synthesis of 4-(3-(4-chlorophenyl)pyridin-2-yl)N,N-dimethylaniline (5b):

! Cl
X
P
0
NMez

A solution of2n in THF (1.2 mmol, 1.2 equiv, 1.2 M) was added avige to a suspension of
anhydrous CrClI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) attel(1 mmol, 1.0 equiv) in
THF (5 mL) at 23°C. The suspension was stirred at°23for 90 min before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgS#) filtered, and
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concentratedin vacuo to yield the crude compound, which was purified glumn

chromatography to yiel@b as a slightly yellow oil.

Isolated yield: 80 % (247 mg).

Reaction time: 90 min.

Solvent for purification: dichloromethane/ethyl acetate 9:1 (+0.5 % d\Et

IH NMR (300 MHz, CDCls) &/ppm: 2.95 (s, 6 H), 6.59 (d=8.85 Hz, 2 H), 7.08 - 7.35 (m, 7
H), 7.61 (ddJ=7.74, 1.66 Hz, 1 H), 8.65 (d&:4.70, 1.66 Hz, 1 H).

13C NMR (75 MHz, CDCls) d/ppm: 40.3, 111.6, 120.9, 127.5, 128.6, 130.8, 9,3032.9,
133.9, 138.3, 139.3, 148.5, 150.1, 157.2.

MS (70 eV, EI) m/z (%): 308 (100), 307 (45), 291 (19), 153 (9), 136 (12).

IR ATR v (cml): 3037, 2885, 2855, 2801, 1606, 1576, 1524, 14825,14394, 1353, 1193,
1168, 1090, 999, 945, 834, 821, 799, 778, 758, 7128, 704.

HRMS (El) for C19H17CIN2 (308.1080) [M}: 308.1060.

Synthesis of 3-chloro-2-(4-(trifluoromethyl)phenylpyridine (8a):

\CI

b

N
CF3

A solution of2y in THF (1.2 mmol, 1.2 equiv, 0.9 M) was added avige to a suspension of
anhydrous CrGl(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) aftd1 mmol, 1.0 equiv) in
THF (5 mL) at 23°C. The suspension was stirred at°€3for 15 min before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgS#) filtered, and
concentratedin vacuo to yield the crude compound, which was purified glumn
chromatography to yiella as a white solid.

Isolated yield: 76 % (195 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 8:1 (+0.5 % B)Et

m.p.: 53.0-54.0 °C.

IH NMR (300 MHz, CDCls) &/ppm: 7.27 (ddJ)=8.02, 4.70 Hz, 1 H), 7.69 - 7.78 (m, 2 H),
7.79 -7.92 (m, 3 H), 8.62 (dd&:4.70, 1.66 Hz, 1 H).
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13C NMR (75 MHz, CDCls) &/ppm: 123.7, 124.0 (g)=272.1 Hz), 125.0 (qJ=3.9 Hz),
129.8, 130.3, 130.8 (4=32.5 Hz), 138.3, 141.6, 147.8, 155.1.

MS (70 eV, El) m/z (%) 257 (46), 237 (28), 222 (98), 81 (13), 71 (16 (200).

IR ATR v (cnrl): 3052, 1616, 1564, 1436, 1428, 1402, 1324, 116a2,11108, 1090, 1066,
1040, 1026, 1012, 848, 792, 768, 758, 736, 690.

HRMS (EI) for C12H7CIFaN (257.0219) [M]: 257.02109.

Synthesis of 4-(5-fluoropyridin-2-yl)phenyl pivalae (8b):

N

bz

N
OPiv

A solution of2l in THF (1.2 mmol, 1.2 equiv, 0.8 M) was added avige to a suspension of
anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97 % purity) a&hd(1 mmol, 1.0 equiv) in
THF (5 mL) at 23°C. The suspension was stirred at°23for 15 min before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgS#) filtered, and
concentratedin vacuo to yield the crude compound, which was purified glumn

chromatography to yiel@lb as a white solid.

Isolated yield: 66 % (180 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 6:1 (+0.5 % B)Et

m.p.: 76.6-76.8 °C.

IH NMR (300 MHz, CDCls) &/ppm: 1.38 (s, 9 H), 7.16 (m, 2 H), 7.46 (¢8.43, 3.32 Hz, 1
H), 7.69 (dd,J=8.85, 4.42 Hz, 1 H), 7.95 (m, 2 H), 8.53 Jd2.76 Hz, 1 H).

13C NMR (75 MHz, CDCls) &/ppm: 27.1, 39.1, 121.1, 121.2, 121.8, 123.5, 12827.8,
135.8, 137.5, 137.8, 151.8, 152.9, 152.9, 157.0,3.4.76.9.

MS (70 eV, EI) m/z (%) 273 (9), 190 (11), 189 (100), 160 (4), 159 (3).

IR ATR v (cml): 2982, 2966, 2932, 2908, 2890, 1750, 1742, 16000,14416, 1396, 1382,
1368, 1276, 1264, 1224, 1198, 1166, 1112, 10260,1974, 960, 942, 924, 898, 834, 826,
810, 796, 750.

HRMS (EI) for C1H16FNO2 (273.1165) [M]: 273.1154.
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C.Experimental Section

Synthesis of 2-(benza][1,3]dioxol-5-yl)-6,7-dimethoxy-4-methylquinoline(8c):

A solution of2k in THF (1.2 mmol, 1.2 equiv, 1.1 M) was added avige to a suspension of
anhydrous CrCl(3.7 mg, 0.03 mmol, 0.03 equiv; 97 % purity) ahd1l mmol, 1.0 equiv) in
THF (5 mL) at 23°C. The suspension was stirred at’3for 1 h before being quenched with
brine and extracted with EtOAc. The organic layeaswdried with MgSQ@ filtered, and
concentratedin vacuo to yield the crude compound, which was purified glumn

chromatography to yielec as a yellow solid.

Isolated yield: 74 % (239 mg).

Reaction time:1 h.

Solvent for purification: i-hexane/ethyl acetate 3:1 (+0.5 % BEt

m.p.: 195-221 °C.

'H NMR (300 MHz, CDCls) d/ppm: 2.67 (s, 3 H), 4.04 (d=5.53 Hz, 6 H), 6.02 (s, 2 H),
6.92 (d,J=8.29 Hz, 1 H), 7.13 (s, 1 H), 7.50 (#5.81 Hz, 2 H), 7.59 (dd}=8.16, 1.80 Hz, 1
H), 7.65 (d,J=1.94 Hz, 1 H).

13C NMR (75 MHz, CDCls) &ppm: 19.2, 56.0, 56.1, 101.2, 101.5, 107.7, 10808.6,
117.9, 121.3, 122.2, 134.3, 143.0, 144.8, 148.8,4,4.49.3, 152.2, 154.5.

MS (70 eV, EI) m/z (%) 323 (100), 308 (18), 280 (15), 278 (6), 161 (9).

IR ATR v (cml): 2922, 2898, 2834, 1618, 1604, 1592, 1494, 14866,14466, 1450, 1432,
1416, 1382, 1352, 1336, 1240, 1222, 1206, 11668,11814, 1066, 1048, 1028, 998, 926,
876, 862, 852, 834, 808.

HRMS (EI) for C1oH17NO4 (323.1158) [M]: 323.1149.

Synthesis ofN,N-dimethyl-4-(2-phenylquinolin-4-yl)aniline (8d):
NMe2
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A solution of2n in THF (1.2 mmol, 1.2 equiv, 1.1 M) was added avige to a suspension of
anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97 % purity) &d(1 mmol, 1.0 equiv) in
THF (5 mL) at 23°C. The suspension was stirred at°€3for 15 min before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgS#) filtered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel8d as a red solid.

Isolated yield: 78 % (253 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 8:1 (+0.5 % BEt

m.p.: 152.0-154.0 °C.

'H NMR (300 MHz, CDClIs) &/ppm: 3.06 (s, 6 H), 6.89 (dd=8.71, 1.80 Hz, 2 H), 7.43 -
7.59 (m, 6 H), 7.70 - 7.77 (m, 1 H), 7.83 J¢1.66 Hz, 1 H), 8.09 (d]=8.29 Hz, 1 H), 8.19 -
8.30 (m, 3 H).

13C NMR (75 MHz, CDCls) &/ppm: 40.4, 112.2, 113.1, 119.1, 125.9, 126.1, 1,2727.6,
128.8, 129.2, 129.3, 130.0, 130.6, 139.9, 148.9,51450.6, 156.9.

MS (70 eV, El) m/z (%) 324 (100), 323 (42), 307 (16), 280 (13), 240 (&5 (23), 161
(15), 119 (14).

IR ATR v (cml): 2922, 2866, 2806, 1610, 1592, 1542, 1524, 1504214960, 1442, 1424,
1414, 1402, 1356, 1226, 1196, 1162, 1138, 11204,1964, 818, 808, 788, 772, 762, 694,
680.

HRMS (El) for C23H20N2(324.1626) [M}: 324.1621.

Synthesis of 4,6-dimethyl-2-(4-(trifluoromethoxy)ptenyl)pyrimidine (8e):
Me
~N

.
OCF,

A solution of2zin THF (1.2 mmol, 1.2 equiv, 0.8 M) was added avige to a suspension of
anhydrous CrGlI(3.7 mg, 0.03 mmol, 0.03 equiv; 97 % purity) did(1 mmol, 1.0 equiv) in
THF (5 mL) at 23°C. The suspension was stirred at’€3for 2 h before being quenched with
brine and extracted with EtOAc. The organic layeaswdried with MgS@ filtered, and
concentratedin vacuo to yield the crude compound, which was purified glumn

chromatography to yiel8e as a white solid.
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C.Experimental Section

Isolated yield: 71 % (190 mg).

Reaction time:2 h.

Solvent for purification: i-hexane/ethyl acetate 6:1 (+0.5 % BJEt

m.p.: 66.0-67.4 °C.

'H NMR (300 MHz, CDCls) &/ppm: 2.53 (s, 6 H), 6.93 (s, 1 H), 7.29 {&8.29 Hz, 2 H),
8.48 (d,J=8.57 Hz, 2 H).

13C NMR (75 MHz, CDCIs) &/ppm: 24.1, 118.2, 120.5, 120.5 (&257.6 Hz), 129.9, 136.6,
150.9, 162.8, 166.9.

MS (70 eV, EI) m/z (%) 269 (13), 268 (100), 253 (12), 189 (15), 187 (20)

IR ATR v (cml): 1602, 1582, 1544, 1504, 1434, 1368, 1288, 12566,11948, 1102, 1030,
1012, 958, 920, 874, 866, 852, 810, 786, 734, 680.

HRMS (EI) for C1sH11F3N20 (268.0823) [M}: 268.0803.

Synthesis of 2-(3-((tert-butyldimethylsilyl)oxy)pheayl)-4-(4-(trifluoromethyl)-phenyl)-
pyrimidine (8f):

A solution of2p in THF (1.2 mmol, 1.2 equiv, 1.0 M) was added avige to a suspension of
anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) atrd (1 mmol, 1.0 equiv) in
THF (5 mL) at 23°C. The suspension was stirred at°23for 15 min before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgS#) filtered, and
concentratedin vacuo to yield the crude compound, which was purified glumn
chromatography to yieldf as a slightly yellow oil.

Isolated yield: 80 % (366 mg)

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 8:1 (+0.5 % BJEt

'H NMR (300 MHz, CDClIz) &ppm: 0.29 (s, 6 H), 1.05 (s, 9 H), 7.02 (dd7.60, 2.07 Hz, 1
H), 7.40 (t,J=7.88 Hz, 1 H), 7.63 (dJ}=5.25 Hz, 1 H), 7.81 (mJ=8.02 Hz, 2 H), 8.08 (dd,
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J=2.21, 1.66 Hz, 1 H), 8.17 - 8.22 (d%7.78, 1.11, 0.81, 0.81 Hz, 1 H), 8.33 (m8.02 Hz,

2 H), 8.90 (d,J=5.25 Hz, 1 H).

13C NMR (75 MHz, CDCls) &/ppm: -4.3, 18.3, 25.7, 107.6, 108.4, 112.6, 11%18,9, 121.4,
122.9, 123.9 (qJ=272.6 Hz), 125.9 (q)=3.9 Hz), 127.6, 129.6, 129.9, 132.4, 140.3, 156.1,
156.7, 158.0, 162.5, 164.5.

MS (70 eV, El) m/z (%) 430 (7), 374 (26), 373 (100), 224 (4), 167 (23).

IR ATR v (cnl): 2958, 2932, 2860, 1712, 1566, 1550, 1452, 1426014382, 1362, 1326,
1284, 1272, 1256, 1220, 1168, 1146, 1128, 1094),1950, 838, 810, 784.

HRMS (EI) for C2sH2sF3N20Si (430.1688) [MY: 430.1682.

Synthesis of 2-(4-methoxyphenyl)pyrazine (89):

OMe
N
N
[ TQ

N

A solution of2i in THF (1.2 mmol, 1.2 equiv, 1.3 M) was added dvige to a suspension of
anhydrous CrClI(3.7 mg, 0.03 mmol, 0.03 equiv; 97 % purity) apd1l mmol, 1.0 equiv) in
THF (5 mL) at 23°C. The suspension was stirred at°€3for 30 min before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgS#) filtered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yielflg as a white solid.

Isolated yield: 72 % (134 mg).

Reaction time:30 min.

Solvent for purification: i-hexane/ethyl acetate 6:1 (+0.5 % BEt

m.p.: 93.8-95.2 °C.

IH NMR (300 MHz, CDCl3) &8/ppm: 3.87 (s, 3 H), 6.98 - 7.07 (m, 2 H), 7.95018(m, 2 H),
8.43 (d,J=2.49 Hz, 1 H), 8.58 (ddi=2.49, 1.38 Hz, 1 H), 8.97 (d=1.38 Hz, 1 H).

13C NMR (75 MHz, CDCl3) d/ppm: 55.4, 114.5, 128.3, 128.8, 141.5, 141.9,1,4452.5,
161.2.

MS (70 eV, EI) m/z (%) 186 (19), 149 (7), 133 (7), 109 (6), 83 (8), 8}, 69 (24).

IR ATR v (cml): 2956, 2914, 2836, 1604, 1586, 1516, 1474, 1458418400, 1302, 1246,
1178, 1148, 1108, 1078, 1034, 1014, 834, 818, 750.

HRMS (EI) for C11H10N20 (186.0793) [M]: 186.0785.
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C.Experimental Section

Synthesis of Ethyl 2'-benzoyl-[1,1'-biphenyl]-3-caboxylate (11a):

Et0,C O
o}

A solution of10ain THF (1.2 mmol, 1.2 equiv, 0.8 M) was added avige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) &h(l mmol, 1.0 equiv) in
THF (5 mL) at 23°C. The suspension was stirred at°€3for 15 min before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgS#) filtered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yielllaas a white solid.

Isolated yield: 79 % (261 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/diethyl ether 9:1.

m.p.: 65.1-66.7 °C.

'H NMR (300 MHz, CDCls) d/ppm: 7.98 (tJ=1.7 Hz, 1 H), 7.85 (dt)=7.8, 1.5 Hz, 1 H),
7.69 —7.38 (m, 8 H), 7.32-7.23 (m, 3 H), 4.32)&y.2 Hz, 2 H), 1.33 (1}=7.1 Hz, 3 H).

13C NMR (75 MHz, CDCIs) d/ppm: 198.3, 166.1, 140.3, 140.2, 138.9, 137.3,3,3B32.9,
130.5, 130.5, 130.1, 129.9, 129.8, 128.9, 128.8,21228.1, 127.4, 60.9, 14.2.

MS (70 eV, El) m/z (%) 330 (100), 285 (37), 257 (53), 253 (30), 207 (9452 (30), 105
(83), 77 (45).

IR ATR v (cm): 3054, 2971, 2912, 1714, 1662, 1595, 1580, 15647,14440, 1428, 1306,
1283, 1264, 1238, 1180, 1167, 1153, 1120, 11126,11075, 1054, 1033, 1023, 1000, 937,
923, 894, 882, 861, 805, 768, 747, 712, 704, 669, 6

HRMS (El) for C22H1¢03 (330.1256) [M}: 330.1247.

Synthesis of 2'-benzoyl-[1,1'-biphenyl]-3-carbonitie (11b):

NCl
o

151



A solution of10b in THF (0.7 mmol, 0.7 equiv, 0.5 M) was added avige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97 % purity) éh@ mmol, 1.0 equiv)
in THF (5 mL) at 23°C. The suspension was stirred at°’Z3for 2 h before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgS#) filtered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel@llb as colorless oil.

Isolated yield: 71 % (261 mg).

Reaction time: 2 h.

Solvent for purification: i-hexane/ethyl acetate 95:5.

IH NMR (300 MHz, CDCls) 8/ppm: 7.68 — 7.51 (m, 6H), 7.50 — 7.41 (m, 4H)97-37.22
(m, 3H).

13C NMR (75 MHz, CDCIs) d/ppm: 197.8, 141.5, 138.9, 138.8, 137.2, 133.4,3,3832.2,
130.9, 130.8, 130.1, 129.9, 129.2, 129.0, 128.8,01218.5, 112.5.

MS (70 eV, EI) m/z (%) 283 (98), 282 (28), 206 (79), 151 (25), 105 (10T) (53).

IR ATR v (cml): 3061, 3028, 2230, 1661, 1595, 1579, 1470, 1448214314, 1284, 1276,
1264, 1177, 1152, 1110, 1074, 1026, 1000, 928, 85, 802, 757, 727, 707, 690.

HRMS (EI) for C20H13NO (283.0997) [M]: 283.0988.

Synthesis of phenyl(4'-(trifluoromethyl)-[1,1'-biphenyl]-2-yl)methanone (11c):

CF,

I o}

A solution of2y in THF (1.2 mmol, 1.2 equiv, 0.9 M) was added avige to a suspension of
anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97 % purity) éh@ mmol, 1.0 equiv) in
THF (5 mL) at 23°C. The suspension was stirred at°€3for 15 min before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgS#) filtered, and
concentratedin vacuo to yield the crude compound, which was purified glumn

chromatography to yiel@llcas colorless oil.

Isolated yield: 93 % (305 mg).

Reaction time: 15 min.
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C.Experimental Section

Solvent for purification: i-hexane/ethyl acetate 96:4.

'H NMR (300 MHz, CDCl3) &/ppm: 7.71 - 7.66 (m, 2 H), 7.65 - 7.43 (m, 7 HAZ/'- 7.26

(m, 4 H).

13C NMR (75 MHz, CDCIs) d/ppm: 198.1, 143.9, 139.9, 138.9, 137.3, 133.2,6,3080.1,

129.9, 129.4 (qJ=32.5 Hz), 129.3, 128.9, 128.3, 127.7, 125.2 3.9 Hz), 124.1 (q,
J=272.1 Hz).

MS (70 eV, EI) m/z (%) 326 (100), 325 (27), 249 (91), 201 (34), 152 (20b (74), 77 (42).
IR ATR v (cml): 3063, 1663, 1618, 1597, 1581, 1450, 1405, 1322112260, 1162, 1120,
1114, 1068, 1020, 1006, 926, 843, 806, 764, 739, G98.

HRMS (EI) for C20H13F30 (326.0918) [M}: 326.0904.

Synthesis of (4'-(dimethylamino)-[1,1'-biphenyl]-2yl)(phenyl)methanone (11d):
NMez

l 0}

A solution of2n in THF (1.2 mmol, 1.2 equiv, 1.1 M) was added avige to a suspension of
anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) @@L mmol, 1.0 equiv) in
THF (5 mL) at 23°C. The suspension was stirred at°€3for 15 min before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgS#) filtered, and
concentratedin vacuo to yield the crude compound, which was purified églumn
chromatography to yiel@lld as an orange solid.

Isolated yield: 94 % (282 mg).

Reaction conditions:15 min.

Solvent for purification: i-hexane/ethyl acetate 97:3 (+ 4 %NBt

m.p.: 112.4-113.8 °C.

IH NMR (300 MHz, CDCls) &/ppm: 7.75 - 7.68 (m, 2 H), 7.58 - 7.45 (m, 3 H}4&/- 7.35
(m,2H),7.33-7.24(m,2H),7.21-7.14 (m, R 6162 - 6.53 (m, 2 H), 2.87 (s, 6 H).

13C NMR (75 MHz, CDCls) &/ppm: 199.3, 149.7, 141.2, 138.6, 137.5, 132.7,2,3019.9,
129.8, 129.8, 128.6, 128.1, 128.1, 126.0, 112.31.40

MS (70 eV, EI) m/z (%) 302 (21), 301 (100), 300 (36), 77 (12).
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IR ATR v (cnrl): 2924, 2854, 2802, 1663, 1611, 1594, 1580, 1578515479, 1447, 1349,
1315, 1293, 1281, 1247, 1222, 1204, 1168, 11610,11530, 1104, 1062, 1028, 945, 938,
932, 921, 879, 823, 804, 775, 766, 726, 720, 798, 676.

HRMS (EI) for C21H1sNO (301.1467) [M]: 301.1452.

Synthesis of (2-(benzdj]thiophen-3-yl)phenyl)(phenyl)methanone (11e):
s
7 o

A solution of2w in THF (1.2 mmol, 1.2 equiv, 0.9 M) was added davige to a suspension of
anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) @@l mmol, 1.0 equiv) in
THF (5 mL) at 23C. The suspension was stirred at’80for 2 h before being quenched with
brine and extracted with EtOAc. The organic layeaswdried with MgSQ@ filtered, and
concentratedin vacuo to yield the crude compound, which was purified glumn

chromatography to yieltileas a red solid.

Isolated yield: 89 % (305 mg).

Reaction conditions:2 h, 50 °C.

Solvent for purification: i-hexane/ethyl acetate 96:4.

m.p.: 121.2-123.1 °C.

IH NMR (300 MHz, CDCls) &/ppm: 7.75 - 7.49 (m, 8 H), 7.38 - 7.20 (m, 3 HL&(s, 1 H),
7.05-7.13 (m, 2 H).

13C NMR (75 MHz, CDCls) &/ppm: 198.5, 140.1, 139.9, 138.3, 137.2, 135.6,5,3132.4,
130.4, 130.3, 129.1, 129.1, 127.8, 127.7, 126.8,31A424.3, 122.7, 122.5.

MS (70 eV, EI) m/z (%) 314 (100), 313 (21), 285 (19), 234 (76), 165 (0P (21), 77 (27).
IR ATR v (cml): 1663, 1593, 1577, 1448, 1424, 1316, 1285, 12785,12210, 1183, 1163,
1147, 1062, 944, 926, 836, 808, 764, 758, 733, 704,

HRMS (El) for C21H140S (314.0765) [M]: 314.0755.
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C.Experimental Section

Synthesis of [1,1'-biphenyl]-2-yl(6-chloropyridin-3yl)methanone (13):

A solution of2ain THF (1.2 mmol, 1.2 equiv, 1.7 M) was added avige to a suspension of
anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97 % purity) afl(1 mmol, 1.0 equiv) in
THF (5 mL) at 23°C. The suspension was stirred at°€3for 15 min before being quenched
with brine and extracted with EtOAc. The organigelawas dried with MgS#) filtered, and
concentratedin vacuo to yield the crude compound, which was purified glumn

chromatography to yiel@l3 as white crystals.

Isolated yield: 72 % (211 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/diethyl ether 2:1.

m.p.: 108.6-111.2 °C.

'H NMR (300 MHz, CDClz) &/ppm:8.42 (dd,J=2.5, 0.6 Hz, 1 H), 7.81 (ddz8.3, 2.5 Hz, 1
H), 7.68 - 7.48 (m, 4 H), 7.24 - 7.12 (m, 6 H).

13C NMR (75 MHz, CDCIs) d/ppm: 196.3, 154.8, 151.2, 141.2, 139.6, 138.9,6,31131.8,
131.4,130.1, 129.1, 129.0, 128.6, 127.8, 127.3,812

MS (70 eV, El) m/z (%) 293 (97), 292 (100), 266 (11), 264 (26), 182 (B3 (30), 152
(50), 151 (13), 140 (18).

IR ATR v (cm): 1671, 1594, 1576, 1564, 1478, 1460, 1448, 14336,18363, 1289, 1276,
1266, 1251, 1139, 1115, 1100, 1076, 1052, 10410,10208, 970, 961, 926, 918, 884, 844,
786, 774, 752, 744, 715, 699.

HRMS (EI) for C1sH12CINO (293.0613) [M}: 293.0569.

Synthesis of thiophen-2-yl(2-(thiophen-3-yl)phenyihethanone (15):
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A solution of10cin THF (1.2 mmol, 1.2 equiv, 0.8 M) was added dvige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97% purity) altl(1 mmol, 1.0 equiv)

in THF (5 mL) at 23°C. The suspension was stirred at Z3 for 15 min before being
guenched with brine and extracted with EtOAc. Thgaoic layer was dried with MgS0©
filtered, and concentratemh vacuoto yield the crude compound, which was purified by

column chromatography to yielkb as a brownish solid.

Isolated yield: 90 % (165 mg).

Reaction conditions:15 min.

Solvent for purification: i-hexane/diethyl ether 9:1.

m.p.: 68.8-70.2 °C.

IH NMR (300 MHz, CDCls) &/ppm: 7.65 - 7.47 (m, 4 H), 7.45 - 7.38 (m, 1 HR&- 7.17
(m, 3 H), 7.09 (ddJ=4.8, 1.5 Hz, 1 H), 6.94 (dd=4.8, 3.7 Hz, 1 H).

13C NMR (75 MHz, CDCIs) d/ppm: 190.8, 144.5, 140.5, 138.7, 135.2, 134.8,7,3430.3,
129.7,128.2,128.1, 127.9, 127.0, 125.9, 123.4.

MS (70 eV, EI) m/z (%) 270 (100), 269 (33), 241 (32), 237 (85), 115 (311 (38).

IR ATR v (cml): 3094, 2923, 2853, 1628, 1595, 1567, 1511, 14843,18407, 1366, 1354,
1295, 1268, 1258, 1231, 1195, 1164, 1149, 11065,1082, 1042, 1026, 889, 859, 842, 804,
795, 779, 756, 748, 728, 723, 706, 697, 669.

HRMS (El) for C1sH100S2 (270.0173) [M}: 270.0169.

5.2Preparation of Cross-Coupling Products Using TP4

Synthesis of(1,1'-biphenyl]-2-carbaldehyde (17a):

O CHO

A solution of2ain THF (1.2 mmol, 1.2 equiv, 1.7 M) was added avige to a suspension of
anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97 % purity) andnenl6 (1 mmol, 1.0
equiv) in THF (5 mL) at 23C. The suspension was stirred at°23for 15 min before being
guenched with an ag. solution of HCI (2 M) and acted with EtOAc. The organic layer was
dried with MgSQ, filtered, and concentratad vacuoto yield the crude compound, which

was purified by column chromatography to yi&ltaas a yellow oil.
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Isolated yield: 84 % (152 mg).

Reaction conditions:15 min.

Solvent for purification: i-hexane/diethyl ether 9:1.

IH NMR (300 MHz, CDCls) &/ppm: 10.00 (dJ=0.8 Hz, 1 H), 8.04 (ddl=7.7, 1.4 Hz, 1 H),
7.64 (td,J=7.5, 1.5 Hz, 1 H), 7.52 - 7.43 (m, 5 H), 7.41377(m, 2 H).

13C NMR (75 MHz, CDCls) 8/ppm: 192.4, 146.0, 137.7, 133.7, 133.5, 130.8,11,3128.4,
128.1, 127.8, 127.6.

MS (70 eV, EI) m/z (%) 182 (72), 181 (100), 154 (19), 153 (41), 152 (&) (13).

IR ATR v (cml): 3060, 3028, 2845, 2752, 1688, 1655, 1596, 14983,14453, 1437, 1392,
1301, 1252, 1194, 1160, 1101, 1075, 1048, 1033,1910, 827, 778, 756, 745, 700.
HRMS (EI) for C13H100 (182.0732) [M]: 182.0701.

Synthesis of 4'-methoxy-[1,1'-biphenyl]-2-carbaldejde (17b):

l CHO
l OMe

A solution of2i in THF (1.2 mmol, 1.2 equiv, 1.3 M) was added avige to a suspension of
anhydrous CrGlI (3.7 mg, 0.03 mmol, 0.03 equiv; 97 % purity) andnenl6 (1 mmol,
1.0 equiv) in THF (5 mL) at 23C. The suspension was stirred at°Z3for 15 min before
being quenched with an aq. solution of HCI (2 My axtracted with EtOAc. The organic
layer was dried with MgS£€filtered, and concentratex vacuoto yield the crude compound,

which was purified by column chromatography to ¢ie¥b as a yellow oil.

Isolated yield: 69 % (152 mg).

Reaction conditions:15 min.

Solvent for purification: i-hexane/diethyl ether 95:5.

'H NMR (300 MHz, CDCIs) &ppm: 10.00 (tJ=0.7 Hz, 1 H), 8.00 (dt)=7.8, 0.7 Hz, 1 H),
7.65 - 7.57 (m, 1 H), 7.49 - 7.40 (m, 2 H), 7.3425 (m, 2 H), 7.04 - 6.97 (m, 2 H), 3.87 (d,
J=0.8 Hz, 3 H).

13C NMR (75 MHz, CDCIs) d/ppm: 192.6, 159.7, 145.6, 133.8, 133.5, 131.3,8,3080.0,
127.6, 127.3, 113.9, 55.4.

MS (70 eV, EI) m/z (%): 212 (100), 211 (30), 197 (20), 181 (27), 169 (3®3 (19), 152
(21), 140 (20), 139 (51), 115 (57).
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IR ATR v (cmd): 3031, 2957, 2935, 2837, 2750, 1688, 1657, 16096,18578, 1514, 1474,
1449, 1442, 1391, 1297, 1271, 1243, 1192, 11770,11612, 1100, 1047, 1033, 1016, 1000,
833, 803, 763, 742, 713.

HRMS (EI) for C14H1202: (212.0837) [M]: 212.0838.

Synthesis of 2-(thiophen-3-yl)benzaldehyde (17c):
CHO
%
S
A solution of10cin THF (1.2 mmol, 1.2 equiv, 0.8 M) was added dvige to a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97 % purity) andnenl6 (1 mmol,
1.0 equiv) in THF (5 mL) at 23C. The suspension was stirred at°23for 16 h before being
guenched with an ag. solution of HCI (2 M) and acted with EtOAc. The organic layer was

dried with MgSQ, filtered, and concentratdd vacuoto yield the crude compound, which

was purified by column chromatography to yi&ltcas a yellow oil.

Isolated yield: 75 % (140 mg).

Reaction conditions:16 h.

Solvent for purification: i-hexane/diethyl ether 95:5.

IH NMR (300 MHz, CDCl3) &/ppm: 10.10 (d,J=0.6 Hz, 1 H), 8.03 - 7.97 (m, 1 H), 7.65 -
7.58 (m, 1 H), 7.51 - 7.42 (m, 3 H), 7.29 (dd2.9, 1.2 Hz, 1 H), 7.21 - 7.17 (m, 1 H).

13C NMR (75 MHz, CDCIs) d/ppm: 192.3, 140.4, 138.3, 134.0, 133.6, 130.6,3,227.8,
127.6, 126.3, 125.0.

MS (70 eV, EI) m/z (%): 188 (100), 160 (100), 159 (24), 158 (21), 116 (205 (85), 43
(32).

IR ATR v (cml): 3099, 2847, 2750, 1683, 1596, 1570, 1474, 14436,14389, 1362, 1270,
1243, 1194, 1160, 1100, 1082, 1047, 1028, 859, 8BB), 792, 756, 731, 684, 653.

HRMS (EI) for C11HsOS: (188.0296) [Mf: 188.0300.
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5.3Preparation of Cross-Coupling Products Using TP5

Synthesis of E)-N,N-dimethyl-4-(oct-1-en-1-yl)aniline (19a):
/\/\/\/\@\
NM:

A solution of2nin THF (1.5 mmol, 1.5 equiv, 1.2 M) was added drig@nto a suspension of
anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97 % purity) an#lealyl iodide 18 (1

mmol, 1.0 equiv) in THF (5 mL) at 23C. The suspension was stirred at°Z3for 15 min

€2

before being quenched with brine and extracted &iAc. The organic layer was dried with
MgSQy, filtered, and concentrated vacuoto yield the crude compound, which was purified

by column chromatography to yiel®aas a slightly yellow oil.

Isolated yield: 70 % (162 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 9:1.

IH NMR (300 MHz, CDCls) &/ppm: 0.84 - 0.96 (m, 3 H), 1.23 - 1.52 (m, 8 HL®- 2.26
(m, 2 H), 2.95 (s, 6 H), 5.97 - 6.10 (m, 1 H), 6(80J=16.03 Hz, 1 H), 6.66 - 6.74 (M, 2 H),
7.21-7.29 (m, 2 H).

13C NMR (75 MHz, CDClIs) &/ppm: 14.1, 22.7, 28.9, 29.7, 31.8, 33.1, 40.7,.81226.7,
127.2,129.4, 149.6.

MS (70 eV, EI) m/z (%) 232 (15), 231 (100), 161 (26), 160 (40), 145 (184 (30).

IR ATR v (cml): 2954, 2923, 2871, 2852, 2801, 1610, 1519, 14866,14454, 1444, 1348,
1221, 1187, 1164, 1129, 1061, 961, 947, 831, 8P4, 7

HRMS (EI) for CieH2sN (231.1987) [M}: 231.1964.

Synthesis of E)-1-methoxy-4-(oct-1-en-1-yl)benzene (19b):
/\/\/\/\@\
OMe

A solution of2i in THF (1.5 mmol, 1.5 equiv, 1.3 M) was added drgamto a suspension of
anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97 % purity) andealyl iodide 18 (1
mmol, 1.0 equiv) in THF (5 mL) at 23. The suspension was stirred at°Z3for 15 min

before being quenched with brine and extracted #iAc. The organic layer was dried with
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MgSQy, filtered, and concentrated vacuoto yield the crude compound, which was purified

by column chromatography to yiel®b as a colorless oll.

Isolated yield: 75 % (164 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 20:1.

IH NMR (300 MHz, CDCls) &/ppm: 0.87 - 0.99 (m, 3 H), 1.28 - 1.52 (m, 8 HL2- 2.27
(m, 2 H), 3.81 (s, 3 H), 6.04 - 6.17 (m, 1 H), 6:28.39 (m, 1 H), 6.85 (m, 2 H), 7.29 (m, 2
H).

13C NMR (75 MHz, CDCls) d/ppm: 14.1, 22.7, 28.9, 29.5, 31.8, 33.0, 55.3,.9,1826.9,
129.0, 129.1, 130.8, 158.6.

MS (70 eV, EI) m/z (%) 218 (27), 148 (14), 147 (100), 134 (19), 121 (245 (10), 91 (16).
IR ATR v (cml): 2955, 2924, 2871, 2854, 2836, 1608, 1510, 1465114287, 1244, 1174,
1105, 1037, 963, 840, 803, 758, 724.

HRMS (El) for CisH220 (218.1671) [M]: 218.1666.

Synthesis of E)-tert-butyldimethyl(3-(oct-1-en-1-yl)phenoxy)silane (19c
/\/\/\/\©/OT88

A solution of2p in THF (1.5 mmol, 1.5 equiv, 1.0 M) was added drig@anto a suspension of
anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97 % purity) andealyl iodide 18 (1
mmol, 1.0 equiv) in THF (5 mL) at 23. The suspension was stirred at°Z3for 15 min
before being quenched with brine and extracted #iAc. The organic layer was dried with
MgSQ;, filtered, and concentrated vacuoto yield the crude compound, which was purified
by column chromatography to yieldcas a colorless oil.

Isolated yield: 80 % (255 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane.

'H NMR (300 MHz, CDCl3) &/ppm: 0.22 (s, 6 H), 0.87 - 0.97 (m, 3 H), 1.029%{), 1.22 -
1.58 (m, 8 H), 2.22 (q}=7.28 Hz, 2 H), 6.15 - 6.26 (m, 1 H), 6.30 - 6.88 @ H), 6.70 (dd,
J=8.02, 2.21 Hz, 1 H), 6.94 - 7.00 (m, 1 H), 7.1228 (m, 2 H).
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13C NMR (75 MHz, CDCls) 8lppm: -4.4, 14.1, 18.2, 22.6, 25.7, 28.9, 29.38333.0, 117.5,
118.5, 119.1, 120.1, 129.5, 131.3, 139.5, 155.8.

MS (70 eV, EI) m/z (%) 318 (13), 262 (20), 261 (100), 163 (9), 151 (6).

IR ATR v (crl): 2956, 2928, 2857, 1597, 1578, 1490, 1472, 14689,14277, 1252, 1170,
1156, 1001, 965, 939, 916, 876, 837, 778, 713, 668,

HRMS (EI) for C20H340Si(318.2379) [M]: 318.2376.

Synthesis of E)-1-(dimethoxymethyl)-4-(oct-1-en-1-yl)benzene (19d

=
/\/\/\/\@\(O\

N

A solution of2t in THF (1.5 mmol, 1.5 equiv, 0.9 M) was added drigano a suspension of
anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97 % purity) andealyl iodide 18 (1
mmol, 1.0 equiv) in THF (5 mL) at 23C. The suspension was stirred at°Z3for 15 min
before being quenched with brine and extracted #iAc. The organic layer was dried with
MgSQ;, filtered, and concentrated vacuoto yield the crude compound, which was purified

by column chromatography to yiel®d as a colorless oil.

Isolated yield: 69 % (181 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 20:1.

IH NMR (300 MHz, DMSO) &/ppm: 0.81 - 0.87 (m, 3 H), 1.23 - 1.32 (m, 6 HB6L- 1.45
(m, 2 H), 2.15 (9J=6.63 Hz, 2 H), 3.32 (s, 6 H), 5.33 (s, 1 H), 6:839 (m, 2 H), 7.28 (m,
2 H), 7.36 (m, 2 H).

13C NMR (75 MHz, DMSO) d/ppm: 14.4, 22.5, 28.8, 29.2, 31.6, 32.9, 52.8,.9,0225.9,
127.2,129.6, 131.7, 137.1, 137.9.

MS (70 eV, El) m/z (%) 216 (24), 133 (11), 132 (100), 131 (30), 117 (64) (24).

IR ATR v (cml): 2954, 2927, 2856, 1689, 1609, 1577, 1466, 1422918786, 1268, 1208,
1170, 1107, 1016, 893, 856, 828, 804, 790, 762, 738, 702.

HRMS (El) for C17H2602 (262.1933) [M]: 262.1916.

Synthesis of 2-octylquinoline (21a):

L
~
N™ "CgHy7
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A solution of20ain THF (1.5 mmol, 1.5 equiv, 0.9 M) was added drig@amto a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97 % purity) andhi?eroquinoline {f)

(2 mmol, 1.0 equiv) in THF (5 mL) at Z&. The suspension was stirred at°Z3for 15 min
before being quenched with brine and extracted &iAc. The organic layer was dried with
MgSQ, filtered, and concentrated vacuoto yield the crude compound, which was purified

by column chromatography to yiekdaas a brown oil.

Isolated yield: 77 % (185 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 95:5.

'H NMR (300 MHz, DMSO) &/ppm: 0.87 (tJ=6.63 Hz, 3 H), 1.10 - 1.51 (m, 10 H), 1.81
(dt,J=15.20, 7.60 Hz, 2 H), 2.88 - 3.05 (m, 2 H), 7.2432 (m, 1 H), 7.47 (1=7.46 Hz, 1
H), 7.59 - 7.83 (m, 2 H), 8.06 (d&38.29, 3.87 Hz, 2 H).

13C NMR (75 MHz, DMSO) &/ppm: 14.07, 22.63, 29.20, 29.47, 29.55, 30.0883139.26,
121.34, 125.66, 126.69, 127.44, 128.67, 129.36,283847.69, 163.06.

MS (70 eV, El) m/z (%) 241 (13), 212 (12), 198 (22), 184 (14), 169 (A5 (100), 144
(59), 128 (35), 115 (19).

IR ATR v (cml): 2951,2921, 1618, 16001562, 1503, 1425, 1309, 1140, 1116, 825, 823,
768, 753, 751, 721.

HRMS (El) for C17H23N (241.1830) [M]: 241.1829.

Synthesis of 2-octylquinoline (21b):

X
~
N™ "CieHaz

A solution of20bin THF (1.5 mmol, 1.5 equiv, 0.9 M) was added drgamo a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97 % purity) andheroquinoline {f)

(2 mmol, 1.0 equiv) in THF (5 mL) at Z&. The suspension was stirred at°Z3for 15 min
before being quenched with brine and extracted #iAc. The organic layer was dried with
MgSQy, filtered, and concentrated vacuoto yield the crude compound, which was purified
by column chromatography to yiekib as yellowish crystals.

Isolated yield: 74 % (261 mg).

Reaction time: 15 min.
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Solvent for purification: i-hexane/ethyl acetate 95:5.

m.p.: 49.4 —51.2 °C.

'H NMR (300 MHz, DMSO) &/ppm: 0.88 (tJ=6.50 Hz, 3 H), 1.25 (s, 21 H), 1.29 - 1.40 (m,
5 H), 1.82 (dtJ=15.00, 7.57 Hz, 2 H), 2.95 - 3.04 (m, 2 H), 7.2533 (m, 1 H), 7.49 (t,
J=7.19 Hz, 1 H), 7.65 - 7.80 (m, 2 H), 8.05 - 8.1 2 H).

13C NMR (75 MHz, DMSO) d/ppm: 14.09, 22.67, 29.34, 29.50, 29.53, 29.616£2%9.67,
30.04, 31.90, 39.06, 121.35, 125.81, 126.70, 1271.28.42, 129.55, 136.61, 147.31, 163.00.
MS (70 eV, EI) m/z (%) 353 (22), 352 (37), 310 (10), 212 (14), 198 (1@ (13), 170 (46),
157 (23), 156 (100), 144 (63), 128 (16).

IR ATR v (cml): 2953, 2914, 2848, 1616, 1600, 1560, 1502, 14716,1821, 781, 758,
716.

HRMS (ElI) for C2sHassN (352.3004) [M-1}: 352.3003

SynthESiS of 2-0Cty|CIUinO|ine (21C)
m\/\
N/ Ph

A solution of20cin THF (1.5 mmol, 1.5 equiv, 0.9 M) was added drg@amo a suspension
of anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv; 97 % purity) andhi?eroquinoline {f)

(2 mmol, 1.0 equiv) in THF (5 mL) at Z&. The suspension was stirred at°Z3for 15 min
before being quenched with brine and extracted &iAc. The organic layer was dried with
MgSQ, filtered, and concentrated vacuoto yield the crude compound, which was purified

by column chromatography to yiekicas brown oil.

Isolated yield: 82 % (261 mg).

Reaction time: 15 min.

Solvent for purification: i-hexane/ethyl acetate 95:5.

'H NMR (300 MHz, DMSO) &/ppm: 3.10 - 3.24 (m, 2 H), 3.26 - 3.37 (m, 2 HL5/- 7.37
(m, 6 H), 7.50 (t)=7.46 Hz, 1 H), 7.65 - 7.83 (m, 2 H), 8.05 Jd8.57 Hz, 1 H), 8.12 (d,

J=8.57 Hz, 1 H).

13C NMR (75 MHz, DMSO) & ppm 35.92, 40.87, 121.57, 125.86, 126.01, 126.81.,53,

128.40, 128.52, 128.75, 129.48, 136.35, 141.47.8B4161.76.

MS (70 eV, EI) m/z (%) 260 (10), 234 (28), 233 (100), 232 (93), 230 (24)7 (15), 156

(37), 128 (16), 115 (15), 105 (11), 91 (22).
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IR ATR v (cm)): 3054, 3924, 2917, 1618, 1598, 1592, 1498, 14952, 14425, 1309, 1139,
1114, 1075, 841, 818, 747, 721, 696.
HRMS (EI) for C17H1sN (233.1204) [M]: 233.1197.

6. Room-Temperature Chromium(ll)-Catalyzed Direct Aryl ation of
Pyridines, Aryl Oxazolines and Imines.

6.1Preparation of Starting Materials

2-(Trimethylsilyl)benzaldehyde was prepared acaggdo the methods describe in the

literaturel16

Starting material22 is commercially available.

Synthesis of 2-(2-(trimethylsilyl)phenyl)pyridine @4):117

N TMS

bz

N

A solution of TMPMgCI-LiCl in THF (4 mmol, 2 equivi.2 M) was added dropwise to a
solution of 2-phenylpyridine3@) (310 mg, 2 mmol, 1.0 equiv) in THF (10 ml). Theaction
mixture was heated to 55 °C for 50 h. Then, thetrea mixture was cooled down to -30 °C
and a solution of TMSCN (0.397 mg, 4 mmol, 2 equivJHF (4 ml) was added and slowly
warmed up to 23 °C. Reaction mixture was quenchidda bvine and extracted with EtOAc.
The organic layer was dried with Mg®Jiltered, and concentratad vacuoto yield the
crude compound, which was purified by column chrmgeaphy to yield24 as a colorless

oil.

Isolated yield: 54 % (245 mg).

Solvent for purification: i-hexane/ethyl acetate 15:1.

IH NMR (300 MHz, DMSO) &/ppm: 0.08 (s, 9 H), 7.25 - 7.30 (m, 1 H), 7.37537(m, 4 H),
7.68 - 7.80 (m, 2 H), 8.65 (d=4.70 Hz, 1 H).

11630, S., S.; Burkett, J. A.; Mattson, A.@rg. Lett.2011, 13, 716.
117 Jaric, M.; Haag, B. A.; Unsinn, A.; Karaghiosdff,, Knochel, PAngew. Chem. Int. EQ01Q 49, 5451.
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13C NMR (75 MHz, DMSO) &/ppm: 0.81, 122.01, 123.09, 127.48, 128.61, 128135,46,
136.53, 139.35, 146.74, 148.28, 161.22

MS (70 eV, EI) miz (%) 212 (100), 213 (19), 182 (34), 98 (9), 44 (4B (22), 41 (6).

IR ATR v (cnl): 3050, 2946, 1586, 1569, 1556, 1477, 1423, 1295219150, 1123, 1101,
1021, 990, 832, 797, 747, 726, 680.

HRMS (EI) for C1aH17NSi (226.1052) [M-H]: 226.1058.

Synthesis of 4,4-dimethyl-2-(2-(trimethylsilyl)phenl)-4,5-dihydrooxazole (28):
Me_ Me

N, O
TMS\(\S

A solution ofnBulLi in nhexane (6 mmol, 1 equiv, 2.55 M) was added droptase solution

of 4,4-dimethyl-2-phenyl-4,5-dihydrooxazole (1053, mmol, 1 equiv) in EO (6 ml) at O

°C. The reaction mixture was stirred 15 min at Oat@ 30 min at 23 °C. Then a solution of
TMSCI (761 mg, 6 mmol, 1 equiv) in 2 (30 ml) was added, and the reaction mixture was
reflux for 3 h. After cooling down to 23 °C, theaaion mixture was quenched with brine and
and extracted with EtOAc. The organic layer wasedriwith MgSQ, filtered, and
concentratedin vacuo to yield the crude compound, which was purified glumn

chromatography to yield8 as a colorless oil.

Isolated yield: 56% (829 mg).

Solvent for purification: i-hexane/ethyl acetate 10:1.

IH NMR (300 MHz, DMSO) &/ppm: 31 (s, 9 H), 1.38 (s, 6 H), 4.08 (s, 2 HB47- 7.41 (m,
2 H), 7.59 - 7.64 (m, 1 H), 7.86 (d#57.19, 1.66 Hz, 1 H).

13C NMR (75 MHz, DMSO) &/ppm:0.66, 28.49, 67.79, 79.06, 128.63, 129.50, 129.69,
133.82, 135.15, 140.17, 163.58.

MS (70 eV, El) m/z (%) 247 (14), 232 (86), 160 (56), 137 (28), 125 (3Q)1 (66), 97 (84),
85 (59), 71 (75), 57 (100), 55 (70).

IR ATR v (cml): 2971, 2958, 2894, 1655, 1462, 1355, 1349, 13071,12487, 1128, 1092,
1057, 1038, 989, 966, 923, 834, 779, 730, 687.

HRMS (EI) for C14H21NOSi (247.1392) [M}: 247.1379.
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Synthesis of 4-methoxy-N-(2-(trimethylsilyl)benzylilene)aniline (32):

™S /@/ OMe
NS
©/\N

A mixture of 2-(trimethylsilyl)benzaldehy&® (891 mg, 5 mmol, 1 equiv), anisidine (616 mg,
5 mmol, 1 equiv), Ng&5Os (53 mg) and molecular sieves (53 mg) in DCM (5 wi)s stirred at

23 °C for 12 h. The reaction mixture was then dixd through a pad of Celite®. After
washing the pad of Celite® with 3, the crude mixture was purifired using Kugelrohr

destillation to yield the desired compous2las a light yellow oil.

Isolated yield: 92% (166 mg).

'H NMR (300 MHz, DMSO) &/ppm: 0.40 (s, 9 H), 3.84 (s, 3 H), 6.96 Jd8.85 Hz, 2 H),
7.24 (d,J=8.57 Hz, 2 H), 7.44 (1=8.29 Hz, 2 H), 7.65 (dI=7.46 Hz, 1 H), 8.08 (d=7.19
Hz, 1 H), 8.77 (s, 1 H).

13C NMR (75 MHz, DMSO) & ppm 1.00, 55.49, 114.50, 114.83, 116.62, 122.28.3B,
129.35, 129.80, 130.59, 135.02, 141.05, 141.51,/54458.26, 158.95, 172.65.

MS (70 eV, El) m/z (%) 283 (5), 270 (6), 269 (20), 268 (100), 253 (84 17), 123 (13).

IR ATR v (cml): 2952, 2890, 1692, 1681, 1615, 1592, 1510, 15035,14437, 1296, 1240,
1179, 1116, 1073, 1031, 825, 754, 725, 689.

HRMS (EI) for C17H21NOSi (283.1392) [M]: 283.1388.

Synthesis ofN-(2-(trimethylsilyl)benzylidene)butan-1-amine (33):
™S

X, .. h-B
©/\Nnu

A mixture of 2-(trimethylsilyl)benzaldehyd¥ (891 mg, 5 mmol, 1 equiv), butan-1-amine
(365 mg, 5 mmol, 1 equiv), N8O (53 mg) and molecular sieves (53 mg) in DCM (5 ml)
was stirred at 23 °C for 12 h. The reaction migtwas, then, filtrated through a pad of
Celite®. After washing the pad of Celite® with.@t the crude mixture was purifired using

Kugelrohr destillation to yield the desired compd@3 as a colorless oll.

Isolated yield: 94% (166 mg).
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IH NMR (300 MHz, DMSO) &/ppm: 0.36 (s, 9 H), 0.96 @=7.33 Hz, 3 H), 1.34 - 1.48 (m, 2
H), 1.65 - 1.79 (mJ=7.36, 7.36, 7.26, 7.05 Hz, 2 H), 3.63%6.91 Hz, 2 H), 7.39 (quin,
J=6.43 Hz, 2 H), 7.58 (dI=6.63 Hz, 1 H), 7.92 (d}=6.91 Hz, 1 H), 8.59 (s, 1 H).

13C NMR (75 MHz, DMSO) &/ppm: 0.82, 13.88, 20.50, 32.85, 61.48, 127.47,209
129.28, 134.60, 140.05, 141.57, 161.41.

MS (70 eV, EI) m/z (%) 218 (90), 190 (54), 163 (78), 162 (48), 253 (®] (100), 111 (41),
97 (59), 83 (71), 69 (72), 55 (70), 43 (57).

IR ATR v (cnl): 2957, 2928, 2874, 1656, 1639, 1465, 1433, 1376),12541, 1120, 1077,
975, 832, 753, 721, 689.

HRMS (EI) for C14H22NSi (233.1600) [M-H]: 233.1512.

Synthesis ofN-(2-(trimethylsilyl)benzylidene)butan-1-amine (35):

X, - N-B
©\/\Nnu
Cl

A mixture of 2-chlorobenzaldehyde (703 mg, 5 mnmokquiv), butan-1-amine (365 mg, 5
mmol, 1 equiv), N&5&: (53 mg) and molecular sieves (53 mg) in DCM (5 wads stirred at
23 °C for 12 h. The reaction mixture was, thenréted through a pad of Celite®. After
washing the pad of Celite® with 48, the crude mixture was purifired using Kugelrohr

destillation to yield the desired compoustglas a colorless oil.

Isolated yield: 87 % (170 mg).

IH NMR (300 MHz, DMSO) &/ppm: 0.95 (tJ=7.33 Hz, 3 H) 1.40 (dgl=14.89, 7.38 Hz, 2
H) 1.58 - 1.78 (mJ=7.36, 7.36, 7.26, 7.05 Hz, 2 H) 3.65J6.91 Hz, 2 H) 7.20 - 7.39 (m, 3
H) 8.01 (ddJ=7.19, 1.93 Hz, 1 H) 8.69 (s, 1 H).

13C NMR (75 MHz, DMSO) &/ppm: 13.85, 20.42, 32.92, 61.56, 126.92, 128.26,68,
131.21, 133.40, 134.88, 157.44.

MS (70 eV, EI) m/z (%) 196 (100), 148 (4), 140 (7), 102 (3), 89 (8).

IR ATR v (cml): 2955, 2928, 2871, 2827, 1637, 1593, 1567, 1463911372, 1273, 1210,
1122, 1050, 1028, 899, 867, 751, 705.

HRMS (EI) for C11H1sCIN (196.0893) [M+H]: 196.0885.
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6.2Preparation of Arylated Products Using TP6

Synthesis of 10-phenylbenzbfquinoline (23a):
X
I
Ph

According toTP6, a solution of PhMgCIZ4a) in THF (1.12 mmol, 4 equiv, 1.62 M) was
added dropwise to a mixture of anhydrous €r(3.4 mg, 0.028 mmol, 0.1 equiv) and
benzoh]quinoline 2) (50 mg, 0.28 mmol, 1 equiv) at 23 °C. Then, 2@ibrobutane (5.3

mg, 0.42 mmol, 1.5 equiv) was added dropwise at@3Reaction mixture was stirred at 23
°C for 24 h, before being quenched with brine axidagted with EtOAc. The organic layer
was dried with MgS@ filtered, and concentrateéd vacuoto yield the crude compound,

which was purified by column chromatography to gi2Baas a colorless oll.

Isolated yield: 95 %.

Solvent for purification: i-hexane, than toluene.

IH NMR (300 MHz, DMSO) &/ppm: 7.15 - 7.49 (m, 6 H), 7.57 (di£7.33, 1.24 Hz, 1 H),
7.61-7.77 (m, 2 H), 7.78 - 8.00 (m, 2 H), 8.16,(#8.02, 1.94 Hz, 1 H), 8.45 (dd:4.28,
1.80 Hz, 1 H).

13C NMR (75 MHz, DMSO) d/ppm: 121.06, 125.71, 125.88, 127.07, 127.23, 127.38,9R7
128.32, 128.72, 128.89, 131.49, 134.99, 135.29,6B4146.29, 146.67, 146.79.

MS (70 eV, EI) m/z (%) 255 (25), 254 (100), 127 (16), 127 (6), 126 (¥B)(5), 42 (30).

IR ATR v (cml): 3046, 3023, 2957, 2928, 2859, 1619, 1587, 1566911492, 1442, 1416,
1393, 1323, 1181, 1132, 1081, 1026, 1014, 989, 9840, 833, 756, 729, 696.

HRMS (EI) for CioH12N (254.0970) [M-H]: 254.0964.

Synthesis of 10-phenylbenzbfquinoline (23b):

According toTP6, solution of10d in THF (1.12 mmol, 4 equiv, 1.62 M) was added avise
to a mixture of anhydrous Cr£(3.4 mg, 0.028 mmol, 0.1 equiv) abenzoh]quinoline @2)
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C.Experimental Section

(50 mg, 0.28 mmol, 1 equiv) at 23 °C. Then, 2,Rttimbutane (5.3 mg, 0.42 mmol, 1.5
equiv) was added dropwise at 23 °C. Reaction mexwas stirred at 23 °C for 24 h, before
being quenched with brine and extracted with EtOAle organic layer was dried with

MgSQ, filtered, and concentrated vacuoto yield the crude compound, which was purified

by column chromatography to yiek8b as a colorless oil.

Isolated yield: 90 %.

Solvent for purification: i-hexane, than toluene.

'H NMR (300 MHz, DMSO) &/ppm: 3.81 (s, 3 H), 6.89 - 7.03 (m, 3 H,) 7.28397(m, 2 H),
7.59 (d,J=7.19 Hz, 1 H), 7.63 - 7.74 (m, 2 H), 7.86 Jd8.85 Hz, 1 H), 7.93 (dI=7.74 Hz, 1
H), 8.08 (ddJ=7.88, 1.52 Hz, 1 H), 8.49 (dd&:4.15, 1.66 Hz, 1 H).

13C NMR (75 MHz, DMSO) & ppm 55.24, 111.49, 114.39, 121.08, 121.47, 123.94.00,
127.21, 128.00, 128.23, 128.30, 129.01, 131.30,9634.35.13, 141.46, 146.73, 146.95,
147.84, 159.02.

MS (70 eV, EI) m/z (%) 285 (35), 284 (100), 270 (11), 268 (7), 242 (W] (31), 239 (4),
120 (14).

IR ATR v (cml): 3045, 2931, 1598, 1577, 1481, 1450, 1410, 13164,1P818, 1165, 1130,
1047, 1038, 859, 830, 777, 748, 728, 698, 666.

HRMS (EI) for C20H1sNO (284.1075) [M-H: 284.1069

Synthesis of 4-(benzdi]quinolin-10-yl)-N,N-dimethylaniline (23c):

According toTP6, a solution on in THF (2 mmol, 4 equiv, 0.76 M) was added dropxtis

a mixture of anhydrous Crg(6.1 mg, 0.05 mmol, 0.1 equiv) ahdnzoh]quinoline 2) (90
mg, 0.5 mmol, 1 equiv) at 23 °C. Then, 2,3-dichbarane (9.5 mg, 0.75 mmol, 1.5 equiv)
was added dropwise at 23 °C. The reaction mixwae stirred at 23 °C for 24 h, before
being quenched with brine and extracted with EtOAle organic layer was dried with
MgSQ,, filtered, and concentrated vacuoto yield the crude compound, which was purified

by column chromatography to yiekBcas a light brownish oil.

Isolated yield: 87 %.
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Solvent for purification: i-hexane, than toluene.

'H NMR (300 MHz, DMSO) &/ppm: 3.04 (s, 6 H), 6.83 (d=8.57 Hz, 2 H), 7.23 - 7.35 (m,
3 H), 7.55-7.61 (m, 1 H), 7.62 - 7.70 (m, 2 HB¥(t,J=8.71 Hz, 2 H), 8.07 (dd=7.88,
1.52 Hz, 1 H), 8.53 (ddl=4.15, 1.66 Hz, 1 H).

13C NMR (75 MHz, DMSO) &/ppm: 40.95, 112.04, 120.90, 125.75, 127.06, 1271.23.31,
128.36, 129.17, 129.57, 131.80, 135.01, 135.13,173341.94, 146.86, 147.22, 149.08.
MS (70 eV, EI) m/z (%) 299 (13), 298(62), 297 (100), 281 (32), 252 (16)9 (16), 126
(10).

IR ATR v (cml): 3037, 2856, 2794, 1608, 1518, 1439, 1415, 1332311221, 1194, 1163,
1131, 1081, 1057, 945, 906, 836, 810, 760, 731.

HRMS (EI) for C21H17N2(297.1392) [M-H}: 297.1385.

Synthesis of 10-(benzo[d][1,3]dioxol-5-yl)benzb]quinoline (23d):

According toTP6, a solution oRk in THF (2 mmol, 4 equiv, 0.82 M) was added dropntis

a mixture of anhydrous Crg(6.1 mg, 0.05 mmol, 0.1 equiv) abhdnzoh]quinoline 2) (90
mg, 0.5 mmol, 1 equiv) at 23 °C. Then, 2,3-dichbarane (9.5 mg, 0.75 mmol, 1.5 equiv)
was added dropwise at 23 °C. Reaction mixture wiagd at 23 °C for 24 h, before being
guenched with brine and extracted with EtOAc. Thganic layer was dried with MgS0©
filtered, and concentratemh vacuoto yield the crude compound, which was purified by
column chromatography to yieRBd as a yellow crystals.

Isolated yield: 67 %

Solvent for purification: i-hexane, than toluene.

m.p.: 134.8 — 136.4 °C.

'H NMR (300 MHz, DMSO) &/ppm: 6.04 (br. s., 2 H), 6.81 - 6.94 (m, 2 H),87(8d,
J=8.02, 4.42 Hz, 2 H), 7.56 (d&7.33, 1.24 Hz, 1 H), 7.61 - 7.75 (m, 2 H), 7.8196 (m, 2
H), 8.13 (ddJ=8.02, 1.66 Hz, 1 H), 8.60 (dd&4.42, 1.66 Hz, 1 H).

13C NMR (75 MHz, DMSO) &/ppm: 100.79, 107.70, 110.02, 121.14, 121.56, B5.87.22,
127.36, 127.98, 128.47, 128.64, 131.62, 135.09,7633.39.93, 141.13, 145.94, 146.27,
146.81, 146.94.
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C.Experimental Section

MS (70 eV, El) m/z (%) 299 (36), 298(100), 241 (9), 240 (10), 239 (20 {11), 119 (6).
IR ATR v (cn): 2920, 1447, 1332, 1220, 1181, 1033, 931, 836, B66, 731.
HRMS (EI) for C20H12NO2 (298.0868) [M-HF: 298.0865.

Synthesis of 10-(4-(trifluoromethyl)phenyl)benzdj]quinoline (23e):

According toTP6, a solution oRy in THF (2 mmol, 4 equiv, 0.90 M) was added droptis
a mixture of anhydrous Crg(6.1 mg, 0.05 mmol, 0.1 equiv) ahdnzoh]quinoline 2) (90
mg, 0.5 mmol, 1 equiv) at 23 °C. Then, 2,3-dichbarane (9.5 mg, 0.75 mmol, 1.5 equiv)
was added dropwise at 23 °C. The reaction mixtwae stirred at 23 °C for 38 h, before being
guenched with brine and extracted with EtOAc. Thganic layer was dried with MgS0©
filtered, and concentratemh vacuoto yield the crude compound, which was purified by

column chromatography to yieRBeas beige crystals.

Isolated yield: 66 %

Solvent for purification: i-hexane, than toluene.

m.p.: 101.3 — 103.1 °C.

IH NMR (300 MHz, DMSO) &/ppm: 7.35 (ddJ=8.02, 4.15 Hz, 1 H) 7.40 - 7.57 (m, 3 H)
7.57 -7.78 (m, 4 H) 7.89 (d=8.57 Hz, 1 H) 7.98 (dl=7.74 Hz, 1 H) 8.12 (dd=8.02, 1.66
Hz, 1 H) 8.42 (ddJ=4.28, 1.52 Hz, 1 H).

13C NMR (75 MHz, DMSO) d/ppm: 121.27, 124.29 (§73.65 Hz), 124.76 (g1=271.80

Hz), 126.08, 127.14, 127.31, 127.8331.98 Hz), 128.28, 128.52, 128.68, 129.01, 131.14,
134.97, 135.50, 140.17, 146.16, 146.79, 150.02.

MS (70 eV, EI) m/z (%) 323 (34), 322 (100), 352 (17), 161 (5), 151 (26 (9), 43 (15).

IR ATR v (cml): 3048, 2962, 2923, 1615, 1590, 1567, 1508, 1420311320, 1151, 1103,
1061, 1014, 833, 827, 761, 729, 679.

HRMS (EI) for C20H11NO2(322.0844) [M-H}: 322.0843.
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Synthesis of 10-(4-fluorophenyl)benzdilquinoline (23f):

According toTP6, a solution oRgin THF (2 mmol, 4 equiv, 1.05 M) was added droptis
a mixture of anhydrous Crg(6.1 mg, 0.05 mmol, 0.1 equiv) ahdnzoh]quinoline 2) (90
mg, 0.5 mmol, 1 equiv) at 23 °C. Then, 2,3-dichbarane (9.5 mg, 0.75 mmol, 1.5 equiv)
was added dropwise at 23 °C. The reaction mixtwas stirred at 23 °C for 24 h, before being
guenched with brine and extracted with EtOAc. Thganic layer was dried with MgS0©
filtered, and concentratemh vacuoto yield the crude compound, which was purified by

column chromatography to yieRBf as beige crystals.

Isolated yield: 86 %.

Solvent for purification: i-hexane, than toluene.

m.p.: 117.7 — 119.3 °C.

IH NMR (300 MHz, DMSO) &/ppm: 7.10 (tJ=8.71 Hz, 1 H), 7.19 - 7.47 (m, 4 H), 7.53 (d,
J=7.19 Hz, 1 H), 7.60 - 7.79 (m, 2 H), 7.86 J&8.85 Hz, 1 H), 7.94 (d]=7.74 Hz, 1 H),

8.09 (d,J=8.02 Hz, 1 H), 8.40 - 8.50 (m, 1 H).

13C NMR (75 MHz, DMSO) d/ppm: 113.96, 114.25, 121.13, 125.99, 127.02, 127.28.13,
128.29, 129.00, 130.09, 130.20, 131.49, 135.01,3033.40.65, 142.18, 142.23, 146.70,
146.83, 159.95, 163.17.

MS (70 eV, EI) m/z (%) 323 (34), 322 (100), 352 (17), 161 (5), 151 (26 (9), 43 (15).

IR ATR v (cml): 3048, 2923, 2847, 1587, 1513, 1502, 1420, 1209%,11832, 1090, 1015,
829, 810, 758, 730.

HRMS (EI) for CigH11N1F1(272.0876) [M-H}: 272.0867.

Synthesis of 2-(3-(trimethylsilyl)-[1,1'-biphenyl]2-yl)pyridine (25a):
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C.Experimental Section

According toTP6, a solution oRain THF (2 mmol, 4 equiv, 1.66 M) was added dropatis
a mixture of anhydrous Crgl (6.1 mg, 0.05 mmol, 0.1 equiv) an@-(2-
(trimethylsilyl)phenyl)pyridine 24) (113.5 mg, 0.5 mmol, 1 equiv) at 23 °C. Then,-2,3
dichlorobutane (9.5 mg, 0.75 mmol, 1.5 equiv) wddeal dropwise at 23 °C. The reaction
mixture was stirred at 23 °C for 3 h, before begquenched with brine and extracted with
EtOAc. The organic layer was dried with Mg§&@ltered, and concentrated vacuoto yield
the crude compound, which was purified by columronfatography to yiel@5a as white

crystals.

Isolated yield: 92 %.

Solvent for purification: i-hexane/ethyl acetate 10:1.

m.p.: 84.8 — 86.8 °C.

IH NMR (300 MHz, DMSO) &/ppm: -0.01 (s, 9 H), 6.90 (d=7.74 Hz, 1 H), 6.95 - 7.29 (m,
6 H), 7.32 - 7.53 (m, 3 H), 7.70 (d#7.19, 1.38 Hz, 1 H), 8.62 (d=4.42 Hz, 1 H).

13C NMR (75 MHz, DMSO) d/ppm: 0.31, 121.78, 126.26, 126.36, 127.54, 127.38,81,
130.81, 134.11, 135.40, 139.89, 140.80, 141.66,184348.12, 160.67.

MS (70 eV, EI) m/z (%) 290 (6), 289 (23), 288 (100), 258 (18), 149 (B35 (4).

IR ATR v (cmrl): 2948, 2923, 1726, 1584, 1471, 1402, 1239, 1103411021, 854, 833,
751, 699.

HRMS (El) for C20H20NSi(302.1365) [M-H}: 302.1359.

Synthesis of 2-(3'-methoxy-3-(trimethylsilyl)-[1,1:biphenyl]-2-yl)pyridine (25b):

According toTP6, a solution ofL0d in THF (2 mmol, 4 equiv, 1.09 M) was added dropwis
to a mixture of anhydrous Crg€l (6.1 mg, 0.05 mmol, 0.1 equiv) and-(2-

(trimethylsilyl)phenyl)pyridine 24) (113.5 mg, 0.5 mmol, 1 equiv) at 23 °C. Then,-2,3
dichlorobutane (9.5 mg, 0.75 mmol, 1.5 equiv) wddeal dropwise at 23 °C. The reaction
mixture was stirred at 23 °C for 3 h, before begquenched with brine and extracted with

EtOAc. The organic layer was dried with Mg&@ltered, and concentrated vacuoto yield
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the crude compound, which was purified by colummootatography to yield25b as a

colorless oil.

Isolated yield: 79 %.

Solvent for purification: i-hexane/ethyl acetate 10:1.

'H NMR (300 MHz, DMSO) &/ppm: -0.01 (s, 9 H), 3.59 (s, 3 H), 6.58d1.66 Hz, 1 H),
6.64 - 6.74 (m, 2 H), 6.92 (d=7.74 Hz, 1 H), 7.01 - 7.18 (m, 2 H), 7.35 - 7.60Q 8 H), 7.70
(dd,J=6.77, 2.07 Hz, 1 H), 8.63 (dz4.42 Hz, 1 H).

13C NMR (75 MHz, DMSO) &/ppm: 0.31, 55.08, 112.87, 114.81, 121.77, 122128,28,
127.49, 128.60, 130.66, 134.19, 135.39, 139.91,624043.05, 145.25, 148.15, 158.78,
160.84.

MS (70 eV, EI) m/z (%) 320 (6), 319 (30), 318 (100), 302 (15), 274 (18} (6), 158 (5).
IR ATR v (cml): 3057, 2949, 1599, 1585, 1564, 1487, 1474, 1463011400, 1315, 1299,
1245, 1222, 1178, 1146, 1037, 989, 887, 834, 742, 702.

HRMS (EI) for C21H23NOSI (333.1549) [M}: 333.1552.

Synthesis of N,N-dimethyl-2'-(pyridin-2-yl)-3'-(tri methylsilyl)-[1,1'-biphenyl]-4-amine
(25¢):

According toTP6, a solution oRu in THF (2 mmol, 4 equiv, 1.10 M) was added dropntis
a mixture of anhydrous Crg&l (6.1 mg, 0.05 mmol, 0.1 equiv) an@-(2-
(trimethylsilyl)phenyl)pyridine 24) (113.5 mg, 0.5 mmol, 1 equiv) at 23 °C. Then,-2,3
dichlorobutane (9.5 mg, 0.75 mmol, 1.5 equiv) wddeal dropwise at 23 °C. The reaction
mixture was stirred at 23 °C for 4 h, before begqugenched with brine and extracted with
EtOAc. The organic layer was dried with Mg&@ltered, and concentrated vacuoto yield
the crude compound, which was purified by columroptatography to yiel@5c as redish

crystals.

Isolated yield: 85 %.
Solvent for purification: i-hexane/ethyl acetate 10:1.
m.p.: 138.5 — 140.2 °C.
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'H NMR (300 MHz, DMSO) &/ppm: -0.02 (s, 9 H), 2.89 (s, 6 H), 6.56 §d8.57 Hz, 2 H),
6.89 - 6.97 (m, 3 H), 7.12 (dd:6.36, 4.98 Hz, 1 H), 7.37 - 7.47 (m, 3 H), 7.64,(#-6.63,
2.21 Hz, 1 H), 8.63 (d}=4.15 Hz, 1 H).

13C NMR (75 MHz, DMSO) d/ppm: 0.34, 40.71, 112.12, 121.55, 126.33, 127130,42,
130.60, 130.92, 133.42, 135.20, 139.77, 140.66,3¥4348.35, 148.59, 161.35.

MS (70 eV, EI) m/z (%) 333 (8), 332 (25), 331 (100), 317 (8), 316 (@) 327), 165 (15),
43 (31).

IR ATR v (cmr): 2949, 2928, 1610, 1587, 1522, 1477, 1401, 1388911194, 1155, 1057,
990, 946, 846, 836, 799, 762, 749.

HRMS (EI) for C22H26N2Si (346.1865) [M}: 346.1852.

Synthesis of 2-(3'-((tert-butyldimethylsilyl)oxy)-3-(trimethylsilyl)-[1,1'-biphenyl]-2-
ylpyridine (25d):

According toTP6, a solution oRp in THF (2 mmol, 4 equiv, 0.80 M) was added droptis
a mixture of anhydrous Crg&l (6.1 mg, 0.05 mmol, 0.1 equiv) an@-(2-
(trimethylsilyl)phenyl)pyridine 24) (113.5 mg, 0.5 mmol, 1 equiv) at 23 °C. Then,-2,3
dichlorobutane (9.5 mg, 0.75 mmol, 1.5 equiv) wddeal dropwise at 23 °C. The reaction
mixture was stirred at 23 °C for 3 h, before begqugenched with brine and extracted with
EtOAc. The organic layer was dried with Mg&@ltered, and concentrated vacuoto yield
the crude compound, which was purified by columrootatography to yiel@5d as white

crystals.

Isolated yield: 83 %.

Solvent for purification: i-hexane/ethyl acetate 15:1.

m.p.: 60.8 — 62.5 °C.

'H NMR (300 MHz, DMSO) &/ppm: -0.02 (s, 9 H), 0.08 (s, 6 H), 0.93 (s, 96153 - 6.74
(m, 3 H), 6.91 (dJ=7.99 Hz, 1 H), 7.00 (t}=7.80 Hz, 1 H), 7.08 - 7.15 (m, 1 H), 7.36 - 7.40
(m, 2 H), 7.45 (t)=7.51 Hz, 1 H), 7.69 (dd=7.41, 1.36 Hz, 1 H), 8.61 (d74.09 Hz, 1 H).
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13C NMR (75 MHz, DMSO) &/ppm: -4.43, 0.33, 18.13, 25.65, 118.15, 121.70, 22,
123.18, 126.14, 127.34, 128.49, 130.72, 134.17,1133.39.89, 140.57, 143.21, 145.40,
148.42, 154.91, 160.82.

MS (70 eV, El) m/z (%) 420 (14), 419 (37), 418 (100), 402 (6), 180 (7&)(13).

IR ATR v (cnil): 2955, 2929, 2853, 1599, 1583, 1563, 1483, 14714143098, 1299, 1250,
1213, 1191, 1160, 1051, 939, 881, 833, 776, 749, 67

HRMS (EI) for C26H3sNOSi (433.2257) [M]: 433.2235.

Synthesis of 2-(4'-fluoro-3-(trimethylsilyl)-[1,1'-biphenyl]-2-yl)pyridine (25e):

According toTP6, a solution o2gin THF (2 mmol, 4 equiv., 0.80 M) was added dromntis
a mixture of anhydrous Crg€l (6.1 mg, 0.05 mmol, 0.1 equiv) an@-(2-
(trimethylsilyl)phenyl)pyridine 24) (113.5 mg, 0.5 mmol, 1 equiv) at 23 °C. Then,-2,3
dichlorobutane (9.5 mg, 0.75 mmol, 1.5 equiv) wddeal dropwise at 23 °C. The reaction
mixture was stirred at 23 °C for 3 h, before begqugenched with brine and extracted with
EtOAc. The organic layer was dried with Mg&@ltered, and concentrated vacuoto yield
the crude compound, which was purified by columrooiatography to yiel®@5e as white

crystals.

Isolated yield: 84 %.

Solvent for purification: i-hexane/ethyl acetate 10:1.

m.p.: 72.0 - 73.8 °C.

IH NMR (300 MHz, DMSO) &/ppm: -0.02 (s, 9 H), 6.78 - 6.91 (m, 3 H), 7.08,(#8.57,
5.53 Hz, 2 H), 7.13 (ddl=6.91, 5.25 Hz, 1 H), 7.36 - 7.49 (m, 3 H), 7.70J7.46 Hz, 1 H),
8.61 (d,J=4.70 Hz, 1 H).

13C NMR (75 MHz, DMSO) d/ppm: 0.28, 114.33, 114.61, 121.76, 126.18, 127.38,69,
131.23, 134.18, 135.23, 137.73, 139.74, 139.98,604348.48, 159.90, 160.74, 163.16.
MS (70 eV, EI) m/z (%) 308 (7), 307 (25), 306 (100), 276 (21), 153 (2).

IR ATR v (cml): 2949, 2925, 1584, 1508, 1474, 1416, 1245, 12379,12157, 1093, 1044,
1013, 856, 836, 805, 793, 749, 686.
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HRMS (El) for C2oH20FNSi (321.1349) [M]: 321.1321.

Synthesis of 2-(3'-methyl-3-(trimethylsilyl)-[1,1"biphenyl]-2-yl)pyridine (25f):

According toTP6, a solution oRb in THF (2 mmol, 4 equiv, 0.90 M) was added droptis
a mixture of anhydrous Crgl (6.1 mg, 0.05 mmol, 0.1 equiv) an@-(2-
(trimethylsilyl)phenyl)pyridine 24) (113.5 mg, 0.5 mmol, 1 equiv) at 23 °C. Then,-2,3
dichlorobutane (9.5 mg, 0.75 mmol, 1.5 equiv) wddeal dropwise at 23 °C. The reaction
mixture was stirred at 23 °C for 6 h, before beguenched with brine and extracted with
EtOAc. The organic layer was dried with Mg&@ltered, and concentrated vacuoto yield
the crude compound, which was purified by colummonfatography to yiel®5f as a

colorless oil.

Isolated yield: 89 %.

Solvent for purification: i-hexane/ethyl acetate 15:1.

IH NMR (300 MHz, DMSO) &/ppm: -0.03 (s, 9 H), 2.18 (s, 3 H), 6.79 - 7.15 éni), 7.31 -
7.48 (m, 3 H), 7.67 (ddi=6.91, 1.94 Hz, 1 H), 8.60 (d=4.42 Hz, 1 H).

13C NMR (75 MHz, DMSO) &/ppm: 0.32, 21.22, 121.59, 126.19, 126.84, 126197,36,
127.38, 130.71, 130.76, 133.97, 135.00, 137.06,7/83940.80, 141.60, 145.59, 148.35,
161.03.

MS (70 eV, EI) m/z (%) 316 (10), 306 (17), 304 (23), 303 (27), 302 (1EN2 (16), 245
(22), 244 (66), 127 (14), 105 (11), 57 (15), 44)(22

IR ATR v (cml): 3053, 2948, 1604, 1586, 1564, 1474, 1400, 12808411144, 1062, 1021,
989, 882, 834, 781, 761, 744, 706, 671.

HRMS (EI) for C2iH22NSi (316.1522) [M-HJ: 316.1524

177



Synthesis of 2-(3-iodo-3'-methyl-[1,1'-biphenyl]-2¢)pyridine (25fa):

To a solution oR25f (317.5 mg, 1 mmol, 1.0 equiv) in GEl> (5 ml) was added dropwise ICI
(496 mg, 3.5 mmol, 3.5 equiv) at 0 °C. Reactiontom was warm up to 23 °C and then was
stirred under reflux for 12 h, before being quenktihdth sat. aq. N&O3 and extracted with
EtOAc. The organic layer was dried with Mg&@ltered, and concentrated vacuoto yield
the crude compound, which was purified by colummoptatography to yiel®5fa as a

colourless oil.

Isolated yield: 56 %.

Solvent for purification: i-hexane/ethyl acetate 15:1.

IH NMR (300 MHz, DMSO) &/ppm: 2.18 (s, 3 H) 6.74 - 7.05 (m, 5 H) 7.07 -97(th, 2 H)
7.39 (d,J=7.74 Hz, 1 H) 7.50 (td=7.67, 1.52 Hz, 1 H) 7.95 (d57.74 Hz, 1 H) 8.62 (d,
J=4.42 Hz, 1 H).

13C NMR (75 MHz, DMSO) d/ppm: 21.20, 99.24, 122.06, 125.26, 126.42, 127.28,47,
129.66, 129.91, 130.22, 135.78, 137.22, 138.26,684042.78, 143.62, 148.65, 161.31.
MS (70 eV, EI) m/z (%) 372 (16), 371 (96), 370 (100), 244 (41), 243 (@AR (31), 149
(22), 71 (23), 43 (28).

IR ATR v (cm): 2956, 2918, 2856, 1722, 1587, 1564, 1547, 1445811270, 1126, 1121,
1072, 1020, 989, 960, 776, 744, 704.

HRMS (ElI) for CisH14IN (370.0093) [M-1}: 370.0081.

Synthesis of 3"-methyl-2'-(pyridin-2-yl)-[1,1":3',1"-terphenyl]-3-carbonitrile (27):

lCN
N

»
2

Me
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C.Experimental Section

A solution of26 in THF (0.45 mmol, 1.5 equiv, 0.31 M) was addedpavise to a mixture of
Pd(dba) (4.7 mg, 0.009 mmol, 0.03 equiv), tris(2-furyl)giptine (4.2 mg, 0.018 mmol, 0.06
equiv) and2-(3-iodo-3'-methyl-[1,1'-biphenyl]-2-yl)pyridine2bfa) (111.4 mg, 0.3 mmol, 1
equiv) in THF (0.3 ml) at 23 °C. The reaction mpdwvas stirred at 50 °C for 15 h, before
being quenched with brine and extracted with EtOAle organic layer was dried with
MgSQ;, filtered, and concentrated vacuoto yield the crude compound, which was purified
by column chromatography to yielY as white crystals.

Isolated yield: 70 %.

Solvent for purification: i-hexane/ethyl acetate 15:1.

m.p.: 125.5-127.2 °C.

'H NMR (300 MHz, DMSO) &/ppm: 2.20 (s, 3 H), 6.75 - 6.89 (m, 2 H), 6.89147(m, 4 H),
7.17 - 7.45 (m, 6 H), 7.46 - 7.58 (m, 2 H), 8.32)M.70 Hz, 1 H).

13C NMR (75 MHz, DMSO) d/ppm: 21.22, 111.78, 118.68, 121.24, 126.59, 126.20.27,
127.55, 128.39, 128.42, 128.99, 129.91, 130.28483032.98, 133.95, 135.19, 137.32,
138.44, 139.53, 140.84, 142.20, 142.96, 148.60,1858

MS (70 eV, EI) m/z (%) 379 (7), 347 (9), 346 (51), 345 (100), 343 (6)332), 172 (4), 165
(5).

IR ATR v (cml): 3051, 2919, 1590, 1575, 1473, 1436, 1401, 806, 788, 734, 706, 698,
681.

HRMS (ElI) for C2sH17N2 (345.1392) [M-1}: 345.1387.

Synthesis of 4,4-dimethyl-2-(3-(trimethylsilyl)-[11'-biphenyl]-2-yl)-4,5-dihydrooxazole
(29a):

Me_ Me

Ny O

TMS ]

According toTP6, a solution oRain THF (2 mmol, 4 equiv, 1.10 M) was added droptis

a mixture of anhydrous Cr&l(6.1 mg, 0.05 mmol, 0.1 equiv) arb4-dimethyl-2-(2-

(trimethylsilyl)phenyl)-4,5-dihydrooxazole2®) (123.7 mg, 0.5 mmol, 1 equiv) at 23 °C.
Then, 2,3-dichlorobutane (9.5 mg, 0.75 mmol, 1.6i&gwas added dropwise at 23 °C. The
reaction mixture was stirred at 23 °C for 3 h, befoeing quenched with brine and extracted
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with EtOAc. The organic layer was dried with Mg&®@ltered, and concentrated vacuoto
yield the crude compound, which was purified byuomh chromatography to yielPa as a

colorless oil.

Isolated yield: 91 %.

Solvent for purification: i-hexane/ethyl acetate 10:1.

IH NMR (300 MHz, DMSO) &/ppm: 0.35 (s, 9 H), 1.10 (s, 6 H), 3.81 (s, 2 H), 7.7845

(m, 7 H), 7.55 - 7.59 (m, 1 H).

13C NMR (75 MHz, DMSO) &/ppm: 0.21, 27.97, 67.87, 78.82, 125.80, 126.99,66
128.11, 128.45, 129.07, 130.49, 133.38, 134.03,203941.30, 142.26, 162.77

MS (70 eV, EI) m/z (%) 323 (29), 322 (100), 308 (30), 252 (8), 236 (220 (10), 42 (11).
IR ATR v (cml): 3054, 2965, 2892, 1659, 1462, 1443, 1413, 13884,11286, 1246, 1210,
1183, 1146, 1097, 1033, 961, 920, 854, 836, 760D, G9/.

HRMS (EI) for C20H24NOSI (322.1627) [M-H}: 322.1631.

Synthesis of 2-(3'-methoxy-3-(trimethylsilyl)-[1,1:biphenyl]-2-yl)-4,4-dimethyl-4,5-
dihydrooxazole (29b):

Me Me

N, O

NS
™ O

According toTP6, a solution ofL0d in THF (2 mmol, 4 equiv, 0.84 M) was added dropwis
to a mixture of anhydrous Cr[6.1 mg, 0.05 mmol, 0.1 equiv) ad@d-dimethyl-2-(2-
(trimethylsilyl)phenyl)-4,5-dihydrooxazole28) (123.7 mg, 0.5 mmol, 1 equiv) at 23 °C.
Then, 2,3-dichlorobutane (9.5 mg, 0.75 mmol, 1.6idgwas added dropwise at 23 °C. The
reaction mixture was stirred at 23 °C for 5 h, befoeing quenched with brine and extracted
with EtOAc. The organic layer was dried with Mg&®@ltered, and concentrated vacuoto
yield the crude compound, which was purified byuoah chromatography to yiel2Bb as a

beij oil.

Isolated yield: 85 %.
Solvent for purification: i-hexane/ethyl acetate 6:1.
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C.Experimental Section

1H NMR (300 MHz, DMSO) &/ppm:0.34 (s, 9 H), 1.11 (s, 6 H), 3.79 (s, 3 H), 3.842(H),
6.85 (d,J=8.23 Hz, 1 H), 6.94 (br. s., 1 H), 6.97 §&7.68 Hz, 1 H), 7.24 (t=7.68 Hz, 1 H),
7.31 (d,J=7.41 Hz, 1 H), 7.40 (=7.41 Hz, 1 H), 7.56 (dI=7.41 Hz, 1 H).

13C NMR (75 MHz, DMSO) &/ppm: 0.20, 27.93, 55.25, 67.82, 78.92, 112.96,49.4
121.66, 128.47, 128.67, 130.39, 133.45, 133.83283942.14, 142.60, 158.99, 162.83.
MS (70 eV, El) miz (%) 353 (17), 352 (58), 338 (18), 281 (17), 266 (£36 (16), 126 (59),
61 (16).

IR ATR v (cnvl): 3056, 2960, 2926, 1664, 1636, 1599, 1574, 1488111363, 1321, 1288,
1223, 1216, 1174, 1094, 1035, 960, 918, 868, 758, §97.

HRMS (EI) for C21H26NO2Si (352.1733) [M-HJ: 352.1725.

Synthesis of 2'-(4,4-dimethyl-4,5-dihydrooxazol-24y-N,N-dimethyl-3'-(trimethylsilyl)-
[1,1'-biphenyl]-4-amine (29¢):

Me_ Me

N. O NMe,

According toTP6, a solution on in THF (2 mmol, 4 equiv, 1.10 M) was added dropxtis

a mixture of anhydrous Cr&l(6.1 mg, 0.05 mmol, 0.1 equiv) art4-dimethyl-2-(2-
(trimethylsilyl)phenyl)-4,5-dihydrooxazole2®) (123.7 mg, 0.5 mmol, 1 equiv) at 23 °C.
Then, 2,3-dichlorobutane (9.5 mg, 0.75 mmol, 1.6i&gwas added dropwise at 23 °C. The
reaction mixture was stirred at 23 °C for 15 hobefoeing quenched with brine and extracted
with EtOAc. The organic layer was dried with Mg&®@ltered, and concentrated vacuoto
yield the crude compound, which was purified byuomh chromatography to yiel29c as
dark violet crystals.

Isolated yield: 72 %.

Solvent for purification: i-hexane/ethyl acetate 7:1, then 4:1.

m.p.: 162.8 — 164.6 °C.

IH NMR (300 MHz, DMSO) &/ppm: 0.34 (s, 9 H), 1.19 (s, 6 H), 2.96 (s, 6 H), 3.862(H),
6.76 (d,J=8.29 Hz, 2 H), 7.25 - 7.32 (m, 3 H), 7.38X%7.60 Hz, 1 H), 7.49 - 7.54 (m, 1 H).
13C NMR (75 MHz, DMSO) &/ppm: 0.28, 28.13, 29.68, 40.91, 67.82, 78.90,28,2128.46,
129.75, 130.81, 132.76, 134.04, 139.07, 142.23,564963.28.

MS (70 eV, EI) m/z (%) 366 (18), 365 (13), 352 (29), 351 (100), 279 (B9 (7).
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IR ATR v (cnvl): 2959, 2919, 2855, 1659, 1608, 1523, 1461, 1386211280, 1250, 1240,
1193, 1164, 1096, 1053, 1035, 961, 942, 920, 8BS, B67.
HRMS (EI) for C22H30N20Si (366.2127) [M}: 366.2130.

Synthesis of 2-(3'-((tert-butyldimethylsilyl)oxy)-3-(trimethylsilyl)-[1,1'-biphenyl]-2-yI)-
4,4-dimethyl-4,5-dihydrooxazole (29d):

Me_ Me

Ny O

O

According toTP6, a solution oRp in THF (2 mmol, 4 equiv, 0.77 M) was added dropxtis

a mixture of anhydrous Cr&l(6.1 mg, 0.05 mmol, 0.1 equiv) arf4-dimethyl-2-(2-
(trimethylsilyl)phenyl)-4,5-dihydrooxazole28) (123.7 mg, 0.5 mmol, 1 equiv) at 23 °C.
Then, 2,3-dichlorobutane (9.5 mg, 0.75 mmol, 1.6igwas added dropwise at 23 °C. The
reaction mixture was stirred at 23 °C for 12 hdbefoeing quenched with brine and extracted
with EtOAc. The organic layer was dried with Mg&®@ltered, and concentrated vacuoto
yield the crude compound, which was purified byuoah chromatography to yiel29d as a

colorless oil.

Isolated yield: 78 %.

Solvent for purification: i-hexane/ethyl acetate 9:1.

'H NMR (300 MHz, DMSO) &/ppm:0.19 (s, 6 H), 0.35 (s, 9 H), 0.98 (s, 9 H), 1.455(H),
3.83 (s, 2 H), 6.79 (dd=8.02, 1.38 Hz, 1 H), 6.90 @=1.80 Hz, 1 H), 6.98 (dI=7.74 Hz, 1
H), 7.18 (t,J=8.02 Hz, 1 H), 7.24 - 7.32 (m, 1 H), 7.40J7.60 Hz, 1 H), 7.53 - 7.59 (m, 1
H).

13C NMR (75 MHz, DMSO) d/ppm: -4.40, 0.24, 18.14, 25.66, 28.00, 67.89,78198.38,
120.94, 122.31, 128.43, 128.53, 130.40, 133.39,183942.00, 142.70, 149.57, 155.02,
162.78.

MS (70 eV, EI) m/z (%) 454 (18), 453 (43), 452 (100), 439 (14), 438 (308 (10), 73 (28).
IR ATR v (cml): 2957, 2929, 2984, 2857, 1660, 1602, 1580, 14842,14801, 1285, 1248,
1222, 1211, 1096, 1035, 949, 919, 830, 778, 763, 69

HRMS (EI) for C26H3sNO2Siz (452.2441) [M-HT: 452.2429.
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C.Experimental Section

Synthesis of 2-(4'-fluoro-3-(trimethylsilyl)-[1,1'-biphenyl]-2-yl)-4,4-dimethyl-4,5-
dihydrooxazole (29e):

Me_Me
Ny O F
TMS

According toTP6, a solution ogin THF (2 mmol, 4 equiv, 0.77 M) was added dropatis

a mixture of anhydrous Cr&l(6.1 mg, 0.05 mmol, 0.1 equiv) arf4-dimethyl-2-(2-
(trimethylsilyl)phenyl)-4,5-dihydrooxazole28) (123.7 mg, 0.5 mmol, 1 equiv) at 23 °C.
Then, 2,3-dichlorobutane (9.5 mg, 0.75 mmol, 1.6idgwas added dropwise at 23 °C. The
reaction mixture was stirred at 23 °C for 3 h, befbeing quenched with brine and extracted
with EtOAc. The organic layer was dried with Mg&®@ltered, and concentrated vacuoto

yield the crude compound, which was purified byuowh chromatography to yieBe as a

colorless oil.

Isolated yield: 87 %.

Solvent for purification: i-hexane/ethyl acetate 10:1.

IH NMR (300 MHz, DMSO) &/ppm:0.34 (s, 9 H), 1.12 (s, 6 H), 3.84 (s, 2 H), 7.03 (
J=8.77 Hz, 2 H), 7.25 - 7.30 (m, 1 H), 7.31 - 7.44 8 H), 7.57 (ddJ=7.51, 1.07 Hz, 1 H).
13C NMR (75 MHz, DMSO) &/ppm: 0.17, 28.01, 67.86, 78.91, 114.42, 114.68,32,
130.53, 130.68, 130.75, 133.58, 137.18, 137.21.,383941.16, 160.95, 163.39.

MS (70 eV, EI) m/z (%) 342 (8), 341 (32), 340 (100), 327 (15), 326 (235 (10), 254 (17),
165 (8).

IR ATR v (cml): 2966, 2894, 1659, 1602, 1511, 1462, 1451, 1426411344, 1286, 1246,
1220, 1158, 1093, 1046, 1034, 1015, 985, 961, 82D, 834, 796, 762, 711.

HRMS (EI) for C20H23FNOSI (340.1533) [M-HF: 340.1529.

Synthesis of 2-(4'-fluoro-3-iodo-[1,1'-biphenyl]-2yl)-4,4-dimethyl-4,5-dihydrooxazole
(29ea):

Me_ Me
N O F
.O
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To a solution o29e(341.5 mg, 1 mmol, 1 equiv) in DCM (0.2 M) was addropwise ICI
(568.3 mg, 3.5 mmol, 3.5 equiv) at 0 °C. Reactiaortane was warmed up to 23 °C and then
heated under reflux for 6 h, before being quenchig sat. ag. N£5,03 and extracted with
EtOAc. The organic layer was dried with Mg&@ltered, and concentrated vacuoto yield
the crude compound, which was purified by columrootatography to yiel@9eaas light

yellow crystals.

Isolated yield: 86 %.

Solvent for purification: i-hexane/ethyl acetate 10:1, then 3:1.

m.p.: 101.5 -102.6 °C.

'H NMR (300 MHz, DMSO) &/ppm: 1.18 (s, 6 H), 3.93 (s, 2 H), 7.04)8.51 Hz, 2 H),
7.12 (t,J=7.82 Hz, 1 H), 7.29 (dI=7.68 Hz, 1 H), 7.31 - 7.41 (m, 2 H), 7.833d7.96 Hz, 1
H).

13C NMR (75 MHz, DMSO) &/ppm:27.61, 68.00, 79.47, 96.83, 114.77, 114.91, 129.32,
130.44, 130.49, 130.89, 134.05, 135.85, 135.87,083842.54, 161.69, 162.38, 163.33.
MS (70 eV, EI) m/z (%) 394 (85), 308 (22), 252 (11), 197 (15), 191 (126 (45), 70 (14),
61 (18), 57 (17), 44 (97), 43 (100).

IR ATR v (cml): 2970, 2960, 1673, 1604, 1595, 1509, 1449, 13887,11289, 1211, 1160,
1094, 1039, 1024, 961, 922, 836, 784, 747.

HRMS (EI) for C17H14FNOI (394.0104) [M-HY: 394.0092.

Synthesis of ethyl 2'-(4,4-dimethyl-4,5-dihydrooxaal-2-yl)-4"-fluoro-[1,1":3',1"-
terphenyl]-3-carboxylate (31):

Me_ Me

Ny O F

A solution of30in THF (0.45 mmol, 1.5 equiv, 0.71 M) was addedpavise to a mixture of
Pd(dba) (4.7 mg, 0.009 mmol, 0.03 equiv), tris(2-furyl)giptine (4.2 mg, 0.018 mmol, 0.06
equiv) and2-(3-iodo-3'-methyl-[1,1'-biphenyl]-2-yl)pyridine29eg (118.0 mg, 0.3 mmol, 1
equiv) in THF (0.3 ml) at 23 °C. The reaction mpdwas stirred at 50 °C for 15 h, before
being quenched with brine and extracted with EtOAke organic layer was dried with
MgSQy, filtered, and concentrated vacuoto yield the crude compound, which was purified
by column chromatography to yieBd as a yellowish oil.
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C.Experimental Section

Isolated yield: 92 %.

Solvent for purification: i-hexane/ethyl acetate 4:1, then 3:1.

'H NMR (300 MHz, DMSO) &/ppm: 0.90 (s, 6 H), 1.35 @=7.19 Hz, 3 H), 3.60 (s, 2 H),
4.35 (q,J=7.19 Hz, 2 H), 7.05 (t=8.71 Hz, 2 H), 7.32 - 7.53 (m, 6 H), 7.64 Jd7.74 Hz, 1
H), 8.03 (dJ=7.74 Hz, 1 H), 8.13 (s, 1 H).

13C NMR (75 MHz, DMSO) &/ppm: 14.34, 27.38, 61.00, 67.67, 79.01, 114.63,91],
127.90, 128.06, 128.60, 128.76, 129.02, 129.55,802930.22, 130.48, 130.59, 130.86,
133.31, 136.47, 136.51, 140.73, 141.25, 141.31,996066.40.

MS (70 eV, EI) m/z (%) 417 (29), 416 (100), 316 (4), 272 (10), 257 =9 (9), 55 (10), 40
(4).

IR ATR v (cml): 2966, 2926, 1716, 1664, 1606, 1512, 1460, 1388811256, 1236, 1159,
1125, 1104, 1034, 960, 840, 802, 755, 696.

HRMS (El) for C26H23FNO3 (416.1662) [M-H}: 416.1656.

6.3Preparation of Arylated Products Using TP7

Synthesis of 4'-(dimethylamino)-3-(trimethylsilyl){1,1'-biphenyl]-2-carbaldehyde (34aa
and 34ba):
T™MS O

C lH
NM62

According toTP7, a solution ofnin THF (2 mmol, 4 equiv, 1.1 M) was added dropviza
mixture of anhydrous Crgl (6.1 mg, 0.05 mmol, 0.1 equiv) an®-(4-
methoxystyryl)phenytrimethylsilane 32) (141.2 mg, 0.5 mmol, 1 equiv) ON-(2-
(trimethylsilyl)benzylidene)butan-1-amin&83) (116.7 mg, 0.5 mmol, 1 equiv) at 23 °C.
Then, 2,3-dichlorobutane (9.5 mg, 0.75 mmol, 1.6i\&gwas added dropwise at 23 °C. The
reaction mixture was stirred at 23 °C for 163449 or 3 h 34ba), before being quenched
with an ag. solution of HCI (2M) and extracted wiEbOAc. The organic layer was washed
with brine and dried with MgS{ filtered, and concentrateid vacuoto yield the crude
compound, which was purified by column chromatogyai yield34aaor 34baas a redish
oil.
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Isolated yield of 34aa:76 %

34ba3 %
Solvent for purification: i-hexane/ethyl acetate 95:5.
IH NMR (300 MHz, DMSO) &/ppm: 0.35 (s, 9 H), 3.04 (s, 6 H), 6.85Jd7.74 Hz, 2 H),
7.24-7.29 (m,2H),7.42-7.47 (m, 1 H), 7.5947.46 Hz, 1 H), 7.70 (dI=7.19 Hz, 1 H),
9.99 (s, 1 H).
13C NMR (75 MHz, DMSO) &/ppm: 0.33, 40.70, 112.35, 131.17, 131.79, 131188,08,
134.19, 138.32, 142.20, 147.32, 149.82, 194.47.
MS (70 eV, El) m/z (%) 297 (26), 283 (23), 282 (100), 266 (8), 237 (D3 (12), 165 (8),
141 (10), 140 (18).
IR ATR v (cmY): 2946, 2923, 2851, 1680, 1607, 1571, 1523, 14535,14381, 1353, 1244,
1195, 1179, 1143, 1049, 946, 860, 837, 820, 798, GBL.
HRMS (EI) for CisH23NOSI (297.1549) [M]: 297.1549.

Synthesis of 4'-fluoro-3-(trimethylsilyl)-[1,1'-biphenyl]-2-carbaldehyde (34akand34bb):
TMS O

CL*
L,

According toTP7, a solution ogin THF (2 mmol, 4 equiv., 1.02 M) was added drogavio

a mixture of anhydrous Cr&l (6.1 mg, 0.05 mmol, 0.1 equiv.) an@-(4-
methoxystyryl)phenytrimethylsilane32) (141.2 mg, 0.5 mmol, 1 equiv.) ON-(2-
(trimethylsilyl)benzylidene)butan-1-amin&83) (116.7 mg, 0.5 mmol, 1 equiv.) at 23 °C.
Then, 2,3-dichlorobutane (9.5 mg, 0.75 mmol, 1.6iweywas added dropwise at 23 °C. The
reaction mixture was stirred at 23 °C for 16344b) or 2 h @B4bb), before being quenched
with an aq. solution of HCI (2M) and extracted wWiHtOAc. The organic layer was dried with
MgSQ, filtered, and concentrated vacuoto yield the crude compound, which was purified

by column chromatography to yieBdlabor 34bb as white crystals.

Isolated yield of 34ab:61 %.

34alg8 %.
Solvent for purification: i-hexane/ethyl acetate 95:5.
m.p.: 65.3 — 66.9 °C.
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C.Experimental Section

IH NMR (300 MHz, DMSO) &/ppm:0.34 (s, 9 H), 7.15 (t=8.57 Hz, 2 H), 7.30 - 7.43 (m, 3
H), 7.58 (t,J=7.60 Hz, 1 H), 7.77 (dI=7.46 Hz, 1 H), 9.95 (s, 1 H).

13C NMR (75 MHz, DMSO) &/ppm:0.23, 115.18, 115.46, 131.60, 131.71, 132.01, B34.9
135.19, 138.37, 142.62, 145.99, 161.00, 164.28,6593

MS (70 eV, El) m/z (%) 258 (23), 257 (100), 196 (3), 183 (22), 165 (4).

IR ATR v (cnr): 2950, 2860, 1686, 1599, 1503, 1379, 1245, 1228, 828 800, 763.
HRMS (EI) for CisH140FSi (257.0798) [M-CH]*: 257.0786.

Synthesis of 3'-chloro-4'-(trifluoromethyl)-3-(trim ethylsilyl)-[1,1'-biphenyl]-2-
carbaldehyde (34ac):
T™MS O

O H
O CF,
ol
According toTP7, a solution oftOein THF (2 mmol, 4 equiv, 1.01 M) was added dropwis
to a mixture of anhydrous Crl(6.1 mg, 0.05 mmol, 0.1 equiv) an@-(4-
methoxystyryl)phenytrimethylsilang®) (141.2 mg, 0.5 mmol, 1 equiv) at 23 °C. Then; 2,3
dichlorobutane (9.5 mg, 0.75 mmol, 1.5 equiv) wddeal dropwise at 23 °C. The reaction
mixture was stirred at 23 °C for 25 h, before begngnched with an ag. solution of HCI (2M)
and extracted with EtOAc. The organic layer wasedriwith MgSQ, filtered, and
concentratedin vacuo to yield the crude compound, which was purified glumn

chromatography to yiel@84acas a yellow oil.

Isolated yield: 75 %.

Solvent for purification: i-hexane/ethyl acetate 95:5.

IH NMR (300 MHz, DMSO) &/ppm:0.35 (s, 9 H), 7.38 (d=7.74 Hz, 1 H), 7.47 (dd,
J=8.16, 1.80 Hz, 1 H), 7.57 - 7.66 (m, 2 H), 7.71X.94 Hz, 1 H), 7.82 (d=7.46 Hz, 1

H), 9.96 (s, 1 H).

13C NMR (75 MHz, DMSO) d/ppm:0.19, 122.59 (qJ=273.58 Hz), 128.32, 128.61 (q,
J=5.41 Hz), 131.36, 131.53, 132.21 Jg1.99 Hz), 132.25, 134.21, 135.70, 135.95, 138.22,
143.34, 144.11, 192.71.

MS (70 eV, EI) m/z (%) 343 (35), 342 (21), 341 (100), 307 (5), 170 (4).

IR ATR v (cm): 2946, 2853, 1696, 1571, 1482, 1402, 1379, 1328511245, 1175, 1136,
1130, 1110, 1035, 906, 872, 835, 798, 764, 703, 652
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HRMS (EI) for C16H130CIF3Si (341.0376) [M-CH]*: 341.0382.

Synthesis of 2-(benzo[d][1,3]dioxol-5-yl)-6-(trimetylsilyl)benzaldehyde (34ad):
TMS O

(L
0]
Ly
o}

According toTP7, a solution oRk in THF (2 mmol, 4 equiv, 1.10 M) was added dropntis
a mixture of anhydrous Crg&l (6.1 mg, 0.05 mmol, 0.1 equiv) an@-(4-
methoxystyryl)phenyltrimethylsilang®) (141.2 mg, 0.5 mmol, 1 equiv) at 23 °C. Then; 2,3
dichlorobutane (9.5 mg, 0.75 mmol, 1.5 equiv) wddeal dropwise at 23 °C. The reaction
mixture was stirred at 23 °C for 16 h, before beqngnched with an ag. solution of HCI (2M)
and extracted with EtOAc. The organic layer wasedriwith MgSQ, filtered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel@84adas a yellow viscous oll.

Isolated yield: 67 %.

Solvent for purification: i-hexane/ethyl acetate 95:5.

IH NMR (300 MHz, DMSO) &/ppm: 0.34 (s, 9 H), 6.04 (s, 2 H), 6.71 - 7.04 8hj), 7.36 -
7.45 (m, 1 H), 7.56 (1}=7.46 Hz, 1 H), 7.73 (d=7.46 Hz, 1 H), 9.97 (s, 1 H).

13C NMR (75 MHz, DMSO) &/ppm: 0.25, 101.36, 108.09, 110.34, 124.08, 131.871,90,
132.82, 134.87, 138.52, 142.40, 146.69, 147.58,/B4193.93.

MS (70 eV, El) m/z (%) 284 (24), 283 (100), 253 (12), 242 (11), 209 (1®p (7), 141 (10).
IR ATR v (cml): 2949, 2894, 1693, 1680, 1502, 1488, 1455, 1438611336, 1243, 1222,
1180, 1105, 1038, 1031, 936, 907, 838, 795, 763, 67

HRMS (EI) for C17H1803Si (298.1025) [M]: 298.1019.

Synthesis of 4'-(trifluoromethoxy)-3-(trimethylsilyl)-[1,1'-biphenyl]-2-carbaldehyde
(34bc):
T™S O
(L
-
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C.Experimental Section

According toTP7, a solution oz in THF (2 mmol, 4 equiv, 1.10 M) was added dropentis

a mixture of anhydrous Crgl (6.1 mg, 0.05 mmol, 0.1 equiv) andN-(2-
(trimethylsilyl)benzylidene)butan-1-amin&83) (116.7 mg, 0.5 mmol, 1 equiv) at 23 °C.
Then, 2,3-dichlorobutane (9.5 mg, 0.75 mmol, 1.6idgwas added dropwise at 23 °C. The
reaction mixture was stirred at 23 °C for 3 h, lbefbeing quenched with an ag. solution of
HCI (2M) and extracted with EtOAc. The organic layes dried with MgSQ filtered, and
concentratedin vacuo to yield the crude compound, which was purified glumn
chromatography to yiel@4bcas white crystals.

Isolated yield: 75 %.

Solvent for purification: i-hexane/ethyl acetate 100:1, then 30:1.

m.p.: 65.8 — 67.6 °C.

'H NMR (300 MHz, DMSO) &/ppm:0.34 (s, 9 H), 7.27 - 7.33 (m, 2 H), 7.39 Jd8.29 Hz,

3 H), 7.59 (tJ=7.46 Hz, 1 H), 7.78 (dI=7.46 Hz, 1 H), 9.95 (s, 1 H).

13C NMR (75 MHz, DMSO) d/ppm: 0.19, 120.45J€157.50 Hz), 120.70, 131.40, 131.60,
132.05, 135.44, 137.73, 138.30, 142.77, 145.54,004993.40.

MS (70 eV, EI) m/z (%) 324 (18), 323 (100), 249 (11), 165 (10), 82 (BY),(16), 44 (21).

IR ATR v (cmrl): 2949, 2894, 1693, 1680, 1502, 1488, 1455, 14376,1B836, 1243, 1222,
1180, 1105, 1038, 936, 907, 838, 795, 763, 673.

HRMS (EI) for C16H14F302Si (323.0715) [M-CH]*: 323.0710.

Synthesis of 4'-(trifluoromethoxy)-3-(trimethylsilyl)-[1,1'-biphenyl]-2-carbaldehyde
(34bd):

TMS O
® IH
tBu

According toTP7, a solution ofLOf in THF (2 mmol, 4 equiv, 0.94 M) was added dro@ats
a mixture of anhydrous Crgl (6.1 mg, 0.05 mmol, 0.1 equiv) andN-(2-
(trimethylsilyl)benzylidene)butan-1-amin&83) (116.7 mg, 0.5 mmol, 1 equiv) at 23 °C.
Then, 2,3-dichlorobutane (9.5 mg, 0.75 mmol, 1.6idgwas added dropwise at 23 °C. The
reaction mixture was stirred at 23 °C for 1.5 hpbe being quenched with an aqg. solution of
HCI (2M) and extracted with EtOAc. The organic layes dried with MgSQ filtered, and
concentratedin vacuo to yield the crude compound, which was purified églumn

chromatography to yiel@4bd as white crystals.
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Isolated yield: 74 %.

Solvent for purification: i-hexane/ethyl acetate 200:1.

m.p.: 76.3 - 78.3 °C.

IH NMR (300 MHz, DMSO) &/ppm:0.34 (s, 9 H), 1.38 (s, 9 H), 7.30 (#8.29 Hz, 2 H),
7.39-7.51 (m, 3 H), 7.57 3=7.46 Hz, 1 H), 7.74 (dI=7.19 Hz, 1 H), 9.97 (s, 1 H).

13C NMR (75 MHz, DMSO) &/ppm: 0.27, 31.34, 34.63, 125.21, 129.87, 131.36,89,
134.81, 135.95, 138.38, 142.23, 147.20, 150.95,2004

MS (70 eV, El) m/z (%) 296 (25), 295 (100), 239 (5), 221 (4), 179 (B516), 126 (14), 57
(12).

IR ATR v (cml): 2962, 2886, 1669, 1569, 1456, 1406, 1246, 11823,11082, 1016, 859,
836, 796, 748, 669, 668.

HRMS (EI) for C1eH230Si (295.1518) [M-CHj]*: 295.1525.

Synthesis of 4'-(trifluoromethoxy)-3-(trimethylsilyl)-[1,1'-biphenyl]-2-carbaldehyde (37):

A solution of 2i in THF (2 mmol, 4 equiv, 1.0 M) was added dropwisea mixture of
anhydrous CrGI(3.7 mg, 0.03 mmol, 0.03 equiv) aB8(116.7 mg, 0.5 mmol, 1 equiv) at 23
°C. The suspension was stirred at°Z3for 2 h. Then anhydrous CeQl12.2 mg, 0.1 mmol,
0.1 equiv) and a solution dtg were added followed by the dropwise addition of-2,3
dichlorobutane (190 mg, 1.5 mmol, 1.5 equiv). Téaction mixture was stirred at 23 °C for
addtional 1 h, before being quenched with an alyutisa of HCI (2M) and extracted with
EtOAc. The organic layer was dried with Mg&@ltered, and concentrated vacuoto yield
the crude compound, which was purified by colummnoofatography to yiel@7 as light
yellow crystals.

Isolated yield: 65 %.

Solvent for purification: i-hexane/ethyl acetate 100:1, then 10:1
m.p.: 83.0 — 84.8 °C.
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C.Experimental Section

IH NMR (300 MHz, DMSO) &/ppm:3.86 (s, 3 H), 6.97 (d=8.57 Hz, 2 H), 7.10 (1=8.71
Hz, 2 H), 7.23 - 7.34 (m, 5 H), 7.40 @7.74 Hz, 1 H), 7.56 (t=7.60 Hz, 1 H), 9.93 (s, 1
H).

13C NMR (75 MHz, DMSO) &/ppm: 55.31, 113.77, 114.85, 115.14, 130.16, 130.30.94,

131.01, 131.12, 131.31, 131.54, 133.14, 135.91.963442.71, 144.54, 159.46, 160.73,
164.00, 193.54.

MS (70 eV, El) m/z (%) 306 (100), 275 (27), 263 (11), 233 (20), 207 {50 (7), 139 (4).

IR ATR v (cl): 2923, 2845, 1699, 1604, 1507, 1456, 1292, 12533,1P172, 1038, 1017,
835, 805, 744, 677.

HRMS (EI) for C20H15FO2 (306.1056) [M: 306.1050.
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