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[18-C-6]: 1,4,7,10,13,16-hexaoxacyclooctadecane
AcO: acetate

Ar: aryl

BDE: Bond Dissociation Energy

Bn: benzyl

Boc: tert-butoxycarbonyle

bpy: 2,2’-bipyridyl

bpz: 2,2’-bipyrazine

COD: 1,5-cyclooctadiene

Cp: cyclopentadienyl

d: doublet

DBU: 1,8-diazabicyclo[5.4.0Jundec-7-ene
DCM: dichloromethane

dme: dimethoxyethane

DIPEA: diisopropylethylamine

DMF: N,N’-dimethylformamide

DMP: Dess-Martin Periodinane

DMSO: dimethylsulfoxyde

Et: ethyl

equiv.: equivalent

ESI: Electro-Spray lonisation

EWG: Electron Withdrawing Group
dppe: ethylenebis(diphenylphosphine)
dtbbpy: 4,4’-di-tert-butyl-2,2’-bipyridyl
HOMO: Highest Occupied Molecular Orbital

HRMS: High Resolution Mass Spectrometry
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IR: infrared

ISC: Inter-System Crossing

LEDs: Light-Emitting Diodes

LUMO: Lowest Unoccupied Molecular Orbital
nm: nanometer

NMP: N-methyl-2-pyrrolidone

NMR: Nuclear Magnetic Resonance

PC: photocatalyst

ppy: 2-phenylpyridine

Pybox: 2,6-bis(4,5-dihydrooxazol-2-yl)pyridine
g: quadruplet

rt: room temperature

RISC: Reverse Inter-System Crossing

s: singlet

SCE: Saturated Calomel Electrode

SET: Single Electron Transfer

t: triplet

TEMPO: (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
TfO: triflate

THF: tetrahydrofurane

TMS: trimethylsilyl

Ts: tosyl

V: Volt

W: Watt
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Résumé en francais






Bien que les réactions ioniques occupent une piapertante en chimie de synthése, les
processus impliquant des especes radicalairestaasira s'imposer comme des alternatives
de choix. Le premier radical de synthese a étéemi€vidence en 1900 par Moses Gomberg.
Il s'agit du radical triphénylméthyfe.Malgré cette découverte, I'intérét pour la chimie
radicalaire de synthése a mis du temps a émergace@ux travaux de plusieurs chimistes,
dont notamment ceux de Paneth, Hey et Kharasda,déicouverte de la RPE dans les années
40, I'étude des réactions faisant intervenir dekiceaux a été simplifiée et a permis d’élargir
les applications de la chimie radicalaire a la lsgaé organique. Parmi les processus mettant
en jeu des espeéeces radicalaires, la mise au ppiptatessus en chaines médiés par I'hydrure
d’étain, les réactions de transfert d'atome ou mige d’atomes, mais aussi les réactions de
cyclisation ainsi que les processus en cascadeennpartie fortement contribués au

développement de la chimie radicalaire de synthese.

Malgré tous ces efforts, leurs utilisations dans pi@cédés industriels restent limités. La
polymérisation radicalaire ou I'oxydation du cumémir la production de phénol méritent
toutefois d’étre citées. En effet, les radicaux longtemps été considérés comme des especes
tres réactives hors de contréle par une partiectienistes. Pourtant, les contributions de
Kochi, Davis, Giese, Minisci, Curran, Hart et dias ont pu démystifier la réactivité des
radicaux et en faire des candidats valables pocinilaie de syntheése. A 'opposé des réactifs
organométalliques de type Grignards, organolithienprates,... qui doivent étre manipulés
avec précautions, les précurseurs radicalairesgitam d’engendrer les radicaux en solvant
partiellement hydraté. De plus, les réactions &ldices ont 'avantage de ne pas étre
sensibles a la nature du solvant, d’étre chimias&les et peuvent étre réalisées sans avoir a
utiliser de groupes protecteurs. De fait, plusieapBons pour la formation de radicaux sont
utilisables. Pour des réactions en chaine, plusifitiateurs (trialkylboranes, peroxydes,
cCoOmposes azo,...) et médiateurs radicalaires (stasnaianes, thiols,...) sont a disposition.
La formation des especes radicalaires peut aushimse par transfert monoélectronique a
l'aide de sels métalliques en quantité stcechiomédd, en oxydation (manganeése, cérium,

argent,...) ou en réduction (samarium, titane, zmckel,...). Toutes ces alternatives sont

! (@) M. Gomberg). Am. Chem. Sqc1900,22, 757-771. (b) M. Gomberg, Am. Chem. Sqcl901,23, 496—
502. (c) M. Gomberg]. Am. Chem. Sqcl902,24, 597—-628.
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autant d’outils a disposition du chimiste pour tanfation de liaisons carbone-carbone ou
carbone-hétéroatonfe.

Bien gu’elle posséde des avantages, la chimieakailie a aussi ces limitations. En effet,
les réactions radicalaires doivent étre réalis@éemsidieu dilué, ce qui limite la possibilité de
les réaliser sur large échelle. De plus, afin dgei de facon efficace les radicaux, un exces
d’accepteur radicalaire est souvent nécessaire.of®rnque, les initiateurs radicalaires
présentent des risques d’explosion. Mais l'aspectplus négatif de cette chimie est
I'utilisation trop récurrente de médiateurs a bd'stain, toxiques pour I'Homme et difficiles
a éliminer. Avec I'avénement du concept de chiméeter & la fin des années 199@e
nombreux efforts ont été réalisés pour éviter lisdtion des dérivés de l'étain dans les

méthodes de synthése.

Progressivement, des alternatives ont été propopéas remplacer les médiateurs
stannylés. Des méthodes utilisant des quantitéalytigies de ces dérivés ou bien des
supports solides a base d’étain ont d’abord ét&idérées. L'utilisation d’autres médiateurs
radicalaires tels que des silanes, phosphinesiols tmoins toxiques se sont révélés de bon
réactifs mais moins efficaces. Les métaux mettaree des transferts monoélectroniques ont
aussi été considérés comme alternatives mais doire utilisés en quantités
stcechiométriques ou sur-stoechiométriques, de pdusont spécifiques d'une fonction
chimique. D’un point de vue développement duralleé@logique, ces alternatives aux
dérivés de I'étain sont limitées. Pour autant, omdine de recherche amorcé a la fin des
années 1970, permettant de former des radicautrgnasfert monoélectronique grace a un
complexe métallique photoactivé a travers le dgmment d’'une catalyse photorédox en

lumiére visible, a attiré depuis une dizaine d’amée nombreux groupes de recherche.

2 Pour des ouvrages sur les aspects de la chimieataide de synthése, voir: a) C. Chatgilialoglal s Studer
in Encyclopedia of Radicals in Chemistry, Biology avidterials Eds. John Wiley & Sons Ldt, Chichester,
2012. (b) P. Renaud, M. P. SibilRadicals in Organic Synthesis,Vol. 1 &\&iley-VCH, Weinheim, 2001. (c)
D. P. Curran, N. A. Porter, B. Giese $tereochemistry of Radical ReactipW&CH, Weinheim, 1996. (d) A.
Gansauer irRadicals in Synthesis | & Il, Topics in Current @fistry, Springer, Heidelberg, Vols 263 & 264,
2006.

® Pour des ouvrages sur les aspects de la chimie:v@) J. A. Linthorst inAn overview: origins and
development of green chemistRpundations of Chemistr009,12,55-68. (b) E. J. Woodhouse, S. Breyman
in Green chemistry as social moveme8ttence, Technology, & Human Valyex005,30, 199-222. (c) P. T.
Anastas and J. C. Warner@reen Chemistry: Theory and Practjd@xford University Press, Oxford, 1988. (d)
M. Malacria, J.-P. Goddard et C. Ollivier, 2009,20D.
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Aprés activation par un photon suivie de la proomoti’'un électron dans une orbitale de
plus haute énergie, certains complexes métalliquephotocatalyseurs, ont la faculté de
réduire ou oxyder par transfert monoélectroniquesubstrat, engendrant ainsi une espece
radicalaire. Les radicaux ainsi formés peuvent étmployés de la méme facon qu'avec les
méthodes précédentes dans des processus radgalaitares, incluant la recombinaison, le
transfert d’électrons, lap-fragmentation, I'addition homolytique et la suhbgibn
homolytique. Les processus d’oxydation et de rédnctont en partie régis par des facteurs
thermodynamiques et plus particulierement par tgergiels redox des especes mises en jeu.
Afin de moduler le potentiel d’oxydation ou de rétilon des photocatalyseurs, le métal (Cu,
Ru, Ir,...) ou les ligands peuvent étre modifiés,i germettant ainsi d’obtenir une large
gamme de potentiels redox utilisable selon les tsassa réduire ou oxydeBS¢héma ).*
Méme si la plupart des photocatalyseurs sont deplexes métalliques, un nombre croissant
de colorants organiques, tels que la fluorescéiesin Y, le rose Bengal et bien d’autres, se

sont révélés étre des photocatalyseurs aussi &ffita

Schéma 1Exemples de photocatalyseurs organiques et de eaewl

organomeétalliques photoactifs

Grace a I'ensemble des photocatalyseurs a disposdes radicaux carbonés ou centrés
sur un hétéroatome (par exemple I'oxygéne, I'azmiele soufre) peuvent étre formeés et
utilisés en synthése. Malgré tout, la formation deicaux carbonés alkyles non stabilisés
reste difficle a engendrer de facon efficace. Dmnhreux exemples de processus de

4 C. K. Prier, D. A. Rankic and D. W. V. MacMillaBhem. Rey2013,113 5322-5363.

® (@) N. A. Romero and D. A. Nicewicghem. Rey.2016,116, 10075-10166. (b) M. Neumann, S.Fldner, B.
Kdnig and K. ZeitlerAngew. Chem. Int. EdR011, 50, 951 — 954.
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photoréduction ont rapportés la formation de radicalkyles stabilisés, notamment par

réduction dex-halo-ester§,de dérivés d’acidésu d’époxydeSpar exemple§chéma 2.
MeO,C CO,Me

MeO,C \\ Ru(bpy);(PFs); (1 mol%) R
Meozcﬁ@ ) Et;N (2 equiv.) .

DMF, t.a., LEDs Bleues
69%

BzO Ir(ppy)s (1 mol%) BzO o

o)
0 iProNEt (5 equiv.) (0]
s OQ HQ
YO o<

(N MeCN, t.a., LEDs Bleues
\ 70%
w
o 0 Ru(bpy)sCl; (5 mol%) OH O
Hantzsch ester (1.1 equiv.)
PhA')LPh Ph)\)Lph
DMSO, t.a., lampe 14W 91%

Schéma 2Formation de radicaux carbonés par photoréduction

Peu de travaux ont permis la formation de radicakyles non stabilisés par photoréduction.
En 2012, Stephenson a réussi a montrer la formdgaelles espéces par réduction d’'iodures
d’alkyles primaires. Les radicaux ont pu ensuite énhgagés dans une étape de cyclisation ou
bien directement abstraire un atome d’hydrogéiganmoins, peu d’exemples ont été

rapportés dans ces travaux.

® W. Tucker, J. D. Nguyen, J. M. R. Narayanam, SKwabbe and C. R. J. Stephens6hem. Commun2010,
46, 4985-4987.

" L. Chenneberg, A. Baralle, M. Daniel, L. Fenstethal.-P. Goddard and C. Olliviekdv. Synth. Catgl2014,
356, 2756-2762.

8 E. Hasegawa, S. Takizawa, T. Seida, A. Tamagdtg¥amaguchi, N. Chiba, T. Takahashi, H. Ideka Knd
Akiyama, Tetrahedron 2006,62, 6581-6588.

°J. D. Nguyen, E. M. D’Amato, J. M. R. Narayanand &vrey R. J. Stephensddature Chem.2012,4, 854—
859.
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Ir(ppy); (1 mol%)

Bu;N (2 equiv.)
Ester d'Hantzsch (2 equiv.) RH
R | Lumiére visible 82-92%
~ (5 exemples)
MeCN
Ir(ppy); (2.5 mol%)

BuzN (10 equiv.) Y
I oz HCO,H (10 equiv.) ’
\L Lumiére visible
X X

MeCN 77-80%
X=0, NTs (3 exemples)

Schéma 3Photoréduction d’iodure d’alkyle primaires

De méme qu’en photoréduction, les processus deopkydation permettent la
formation de radicaux carbonés. En particulier, dhotooxydation dea-amino/oxo
carboxylate¥ ou d’organotrifluoroborates activeégbenzyl, allyl) conduit & la génération de
radicaux alkyles stabilisés. De tels radicaux anépe piégés par des accepteurs radicalaires
tels que des oléfines activés ou par un radicabxjte, le TEMPO, dans le cas des
trifluoroborates. Les versions purement aliphatigde ces especes sont cependant difficiles a
obtenir. En effet, les potentiels d'oxydation delkyles carboxylates et des alkyles

trifluoroborates restent élevés, ce qui rend lenfition des radicaux correspondants difficile.

19 (@) A. McNally, C. K. Prier, D. W. C. MacMillarcience 2011,334, 1114-1117. (b) Z. Zuo and D. W. C.
MacMillan, J. Am. Chem. Sqc2014,136, 5257-5260. (c) A. Noble and D. W. C. MacMillah,Am. Chem.
Soc, 2014,136, 11602-11605.

1y, Yasu, T. Koike and M. AkitaAdv. Synth. Catal2012,354, 3414—3420.
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[In(dF(CF3)ppy)2(bpy)I(PFe) (1 mol%)

O\ PhO,S._~ CsHCO; (2.0 equiv.) Y
N~ TCOH + \/D N
F

Boc Dioxane, t.a., 26 W CFL Boc F
84% (94:6 E:Z)
P o [Ir(dF(CF3)ppy)a(bpy)l(PFe) .=
% < .
Sy ,”\/BF3K . N (2 mol%) \\V,”\,O\N 84-99%
> 10 exemples
Acetone, t.a., LEDs Bleues
2.5 equiv.
[Ir(dF(CF3)ppy)2(bpy)](PF¢) 14.85°
A BF;K = 1 mol% -85%
r~_BFsK + Z>ewe ( o) AI’\/\/EWG 5 exemples

Acetone/MeOH, t.a., LEDs Bleues

Schéma 4 Photooxydation di-amino acides et d’organotrifluoroborates

Dans notre groupe, nous avons montré que des ashgpervalentes du silicium en
conditions de photooxydation peuvent former dedceack carbonés non stabilisés. Les
alkyles bis-catécholato silicates dont les prersiéymthéses ont été effectuées par Enyeis
Corriu®® peuvent étre formés & partir de trialkoxysilanastrichlorosilanes et de catéchol.
Ces espéces anioniques possedent des potentiedgddtmn relativement faible (~+0.3—
+0.9V vs ESC)Y* Une version ammonium ainsi qu’une version potasgie ces espéces ont
pu étre obtenu. Dans notre cas, les potassiumkalkis-catécholato silicates ont été le coeur
de notre étude. Cependant, il a été remarqué queerksion potassium des silicates se
décompose progressivement. L'ajout d'un éther ameple [18-C-6], permet de complexer

le potassium et d’éviter la dégradation observée.

2C. L. Frye, J. Am. Chem. Sq&964,86, 3170-3171.

13 (@) G. Cerveau, C. Chuit, R. J. P. Corriu, L. GarbC.Reye, J.-L. Aubagnac and B. El Amrdnt, J. Mass
Spectrom. lon Phys1988,82, 259. (b) A. Boudin, G. Cerveau, C. Chuit, R. J.G®rriu and C. ReyeBull.
Chem. Soc. Jpn1988,61, 101-106.

V. Corcé, L.-M. Chamoreau, E. Derat, J.-P. Godd@xdOllivier and L. FensterbanlAngew.Chem. Int. Ed.
2015,54, 11414 -11418.
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OH MeOK / MeOH o o
R-Si(OR"); + ———»  R-—ISi(catechol),] K~ [18-C-6]
OH [18-C-6], ta., 3h

1. E3N, THF

OH 0°Cata. o ®
R-SiCl;  + R—[Si(catechol);]  Et4N
OH 2. Et4NBr, CHsCN
t.a.

Schéma 5Synthese des alkyles bis-catécholato silicates

Apres photooxydation par un photocatalyseur dindiactivé par des LEDs bleues, les
intermédiaires radicalaires, stabilisés ou nonponétre directement piégés par le TEMPO ou

engagés dans des réactions d’allylation, de vimoylaiu d’alcynylation™*

DMF, 24h, t.a., LEDs Bleues

é
@\%%O k®[18-C-6] \_N_/  Ir(dF(CF5)ppy)(bpy)I(PFe) (2 mol%) ©\/o
~~0 + \N
0

2.2 equiv.

CO,Et COEt 44939
/\/Ts alkyl\A 12 exemples
00 y®
02LP K7 [18-C-6]

Ir[(dF(CF3)ppy)2(bpy)l(PFe) (2 mol%)

>Si-
Alkyl =20 + R R 62-81%
o) Y \%\R' DMF, 24h, t.a., LEDs Bleues Cyh///kR, 5 exempfes
. 39-80%
Ruewe \l/\EWG 5 exemples
4 equiv. Cy

Schéma 6 Photooxydation des alkyles bis-catécholato siisate potassium

Apres activation lumineuse, le complexe d'iridiunxyde l'alkyle bis-catécholato
silicate pour former le radical alkyle. Le radicdtenu est ensuite piégé par un accepteur
pour conduire a un intermédiaire radicalaire néess la régénération du photocatalyseur

ainsi qu’au produit désiré. Dans le cas d’'un pigggaar le TEMPO, un second équivalent est

nécessaire pour reformer I'espece catalytique.
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hY

Gréace a ces substrats, la formation de radicauyleslkprimaires, secondaires, et

tertiaires, stabilisés ou non, est désormais plesgdr photooxydation.

Y

Ir(IIl) Ir(111)*

K L 151
X Ts -

SET

Light

SET
1 1
\ 4// ) R? R 2 .
Ir(ll) xf RjR + X
R.

x°® Ts*

EWG EWG .

Ts R \/& + Ts

Schéma M écanisme d’allylation, de vinylation et d’alcyngitan

Depuis la fin des années 2000, les recherches aswatialyse photoredox se sont
intensifiées de facon exponentielle. Un domaingudié particulierement attirant concerne la
catalyse duale photorédox/organomeétallique. lmitte@nt portée sur des processus de
photoréduction, des travaux ont ensuite montrédssipilité de coupler des électrophiles
aromatiques avec des radicaux engendrés par phaotaion, grace a des complexes de
nickel. Les premiers travaux sur ce type de cowplagt été réalisés de fagon simultané par
Molander en utilisant des benzyltrifluorobordfesomme source de radicaux d’'une part, et
d’autre part a partir da-amino carboxylates et anilines grace aux étudeMlaeMillan et

Doyle®

153, C. Tellis, D. N. Primer and G. A. Moland8cience2014,345, 433436.
167, Zuo, D. T. Ahneman, L. Chu, J. A. Terrett, A.Boyle, D. W. C. MacMillanScience2014,345, 437440.

24



Molander

R
X |
Br N
N BF;K X
2
\\|
R

MacMillan, Doyle

R2

2
RLYJ\ R

COZH R!
~ N
Y/KE} R
Y=0,NBoc X\©R. 7
= Me .

Me. N A
N “@R
i X=Cl, Br, | @ Z

Schéma 8Premiers exemples de catalyse duale photored&einic

Tout comme les carboxylates et les trifluoroboraes alkyles bis-catécholato silicates
permettent d’engendrer des radicaux carbonés pao@kydation lesquels peuvent ensuite
participer a des réactions de couplages croisétysas par des complexes de nickel. Mais le
principal avantage de ces especes est leur capadidémer des radicaux primaires non
stabilisés. Ainsi, les travaux que nous avons géalise sont tout d’abord portés sur le
couplage d’alkyles silicates primaires avec desrores d’aryles ou d’hétéroaryles. Un large
panel de silicates portant diverses fonctions dpimes (halogénes, esters, nitriles,
époxydes...) ont pu étre couplés avec divers halagérii(hétéro)aryles portant des groupes
électroattracteurs (carbonyle, JFou électrodonneurs (-TMS, -OMe), en présence de 2
mol% d’un photocatalyseur d'iridium [Ir(dF(G)ppy)bpy](PF) et 3 mol% d’'un complexe
de nickel(0) [Ni(dtbbpy)L’

7'C. Lévéque, L. Chenneberg, V. Corcé, J.-P. GoddardOllivier and L. Fensterbankrg. Chem. Front.,
2016,3, 462-465.
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~g = =

X =Br,l 17-94%
44 exemples
L i Pt
N )J\O o
H o 0
0 ;
(@]
91% 85% 53%
E (0}
cl X PN
o D
~
(0]
81% 75%

Schéma 9 Catalyse duale photoredox/nickel en présencelidatss

Dans un souci de rendre toujours plus “vertess onditions réactionnelles, nous
avons par la suite envisagé de remplacer le phaigsaur d'iridium (trés colteux et non
recyclable apres catalyse) par un photocatalyseanamue. Cependant, ces derniers ont des
propriétés moins favorables pour la catalyse pleodimx que les analogues métalliques. Les
temps de vie a I'état excité étant trop cours,rizbpbilité de pouvoir effectuer des transferts
monoéléctroniques est donc diminuée. Parmi lesnebphores ayant prouvé leur efficacité en
catalyse photorédox, nous avons sélectionné laeha@ine, 'Eosin Y et le catalyseur de
Fukuzumi. Lors d’expériences de piégeage avec MHAQ, seul le catalyseur de Fukuzumi a
montré une activité modérée vis-a-vis du silicaddnzyle. En effet, les alkyles silicates non

activités n'ont pas pu étre converti de facon aeffedans ces conditiots.

8. Chenneberg, C. Lévéque, V.Corcé, A. Barall®.JGoddard, C. Ollivier and L. FensterbaSknlett 2016,
27, 731-735.
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@ Photocatalyseur organique N
©\&2i’o k®[18-C-6] +*0O-N (10 mol%) ©/\o’
>0

0}
DMF, 24h, t.a. LEDs Bleues

XN /\/\/\jﬂ;g O\jﬂ;g

33% 0% 0%

Fluorescéine 5%
Eosin Y 6%
Catalyzeur de Fukuzumi 66%

Schéma 10Photooxydation des alkyles bis-catécholato silEai@ des

photocatalyseurs organiques

En 2012, le groupe d’Adachi, en quéte de nouvetiecules pour la préparation de

diodes organiques électroluminescentes (OLEDSs),éexitdune famille deN-carbazolyl

dicyanobenzene qui avait des propriétés parti@fient performantes pour ce type

d’applications'® Quelques années plus tard, aprés avoir déterminpdtentiels rédox de ces

composes, Zhang a montré que le 1,2,3,5-tetrakibdzol-yl)-4,6-dicyanobenzéne (4CzIPN)

pouvait étre utilisé en tant que photocatalySedlans des conditions de catalyse duale

photorédox/nickel en reproduisant les réactionsitdécpar Molander et MacMillan.

¥H. Uoyama, K. Goushi, K. Shizu, H. Nomura and @aghi,Nature 2012,492, 234—238.
2. Luo and J. Zhan@CS Catal.2016,6, 873-877.
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4CzIPN (1.5 mol %)
NiCl,.dme (3.0 mol %)

. - ! >
= Z 2,6-lutidine (3.5 équiv.) = Z
DMF, LEDS Bleues, 18h, t.a. 67-96% NG N
11 exemples
e 4CzIPN (2.5 mol %) e ( N NS )
NiCl,.dme (10 mol %) N
R Br 1
Y/kCOQH . \©R' bpy (15 mol %) R\Y | N - Os
Z Cs,CO; (1.5 équiv.) =
DMF, LEDS Bleues, 10-18h, t.a. 66-92% 4CzIPN

13 exemples

Schéma 11Catalyse duale photorédox/nickel en présence aéPAC

Ce photocatalyseur organique ayant démontré sa ltdaca oxyder des
benzyltrifluoroborates eti-amino carboxylates, son utilisation pour oxydes &dkyles bis-
catécholato silicates a donc été envisagée. Defrierpes de piégeage avec le TEMPO ont
montré qu’une faible charge catalytigue de 4CzIPNn{ol%) permet de photooxyder
efficacement les silicates. Des réactions radicedail’allylation, de vinylation ou d’addition
conjuguée de type Giese ont donné de tres bonkatdsdémontrant ainsi I'efficacité de ce

photocatalyseur organiqdé.

Q\ o)

Qo/\@,o K®[18-C-6] ’{l 4CzIPN (1 mol%) ©\/o
Si- N
O/ (0] + N

DMF, 24h, t.a., LEDs Bleues

3.0 equiv. 94%
CO,Et CO,Et
A _Ts alkyl A — <:>
® 37-94% .
00 k¥ [18-C-6] 4CzIPN 6 exemples 78%

Alkyl é/SLO L=

DMF, 24h, t.a., LEDs Bleues cl cy

CO,Me
/\COzMe Cl Cy\/\c| 2
COzMe Cl. -~ cl COzMe
70% 78%
4 equiv.

Schéma 12Photooxydation des alkyles bis-catécholato siisapiégeage des radicaux
alkyles engendreés

2L C. Lévéque, L. Chenneberg, V. Corcé, C. Ollivied &. FensterbaniChem Commur2016,52, 9877-9880.
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Apres avoir montré que les alkyles bis-catéchoddicates pouvaient étre photooxydeés
par le 4CzIPN, nous avons tout naturellement egeiske développer un systéme catalytique
de couplage croisé mettant en jeu ce photocatalyBeuns ce cas, I'optimisation précédente
nous a conduits a utiliser la méme charge catalgtign photocatalyseur que pour les
réactions de piégeage des radicaux (1 mol%). Camente complexe de nickel(0) utilisé
dans les conditions précédentes s’est révélé aaeHi L'utilisation d’'un complexe de
nickel(ll) nous a permis de palier a ce problemeletpouvoir effectuer le couplage entre

divers alkyles bis-catécholato silicates et desnomes d’aryles ou d’hétéroaryl&s.

17-94%
15 exemples

Qﬁ“@f s io
o \/\O\fo ’O

78% 68% 64%

(0]
Ao N

| )J\O AN COzMe
_ /\/\(j/
N ~

N
45% 54%

\/O/ \O / /

Schéma 13atalyse duale en présence 4CzIPN et d’alkylesdti&eholato silicates

Les conditions de catalyse duale développées noupar la suite permis de coupler des
bromures éthyléniques avec le [18-Crown-6] bis@aiéato)-acétoxypropylsilicate de
potassium. Les bromures éthyléniques non activéspanétre convertis en produits de
couplage avec des rendements modérés, méme solagres éthyléniques activés ont donné
de meilleurs résultats. L'utilisation d@gbromo/chlorostyrenes diastéréomériquement purs en
tant qu’électrophiles a permis d'obtenir des prtgluie couplage avec conservation de la

géométrie de la double liaison lorsque le 4CzIR3téautilisé*
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AcO 00 k®18-c-6]

R R
0-2:
Si-
\/\/O/ o + X\/I\Rs ACO/\/\)\RS
o :

46-75%
8 exemples
AcO N
AcO AcO OTBDMS W\O
46% 56% 55%
— |
\/\/\/@ °
AcO ™ AcO AcO N N©/
75%2 65%P 65% (ZIE: 6/94)°

@ Réaction réalisée en présence de (E) p-bromostyréne
b Réaction réalisée en présence de (Z) p-bromostyréne
¢ Réaction réalisée en présence d'un mélange (Z/E: 5/95) de B-chlorostyréne

Schéma 14Extension de la méthode de couplage aux haloggdtingléniques

En outre, nous avons observé que les dérivés ssymmhgagés en catalyse pouvaient
s’isomériser sous irradiation lumineuse en préselucphotocatalyseur organique. Au vu de
ces résultats, nous avons pu conclure que le 4Cp#RiNétre un photooxydant mais aussi un
simple photosensibilisateur. Toutefois, I'oxydatides silicates s’est révélée étre plus rapide

que le processus de photosensibilisation conduiskisbmérisatiorf:

“

@
AcO 0.99 k”118-c-6]
>Si.
e e ey, 0™
@ (EIZ: 85/15) 75% (EIZ: 90/10)

(EIZ: 65/35)

Schéma 15Photosensibilisations photooxydation par le 4CzIPN

30



Aprés avoir étudié le couplage croisé de type G{€Hsp) en conditions de catalyse
duale photoredox/nickel entre des alkyles silicat¢sdes halogénures éthyléniques ou
aromatiques, nos travaux se sont tournés versrtaafon de liaisons C(&p-C(sp) en
utilisant cette fois des halogénures d’alkylekes premiéres expériences d’optimisation nous
ont permis d’obtenir le produit de couplage enwedtbromobutyrate d'éthyle et le-
hexylsilicate avec un rendement modéré (34%). Galtat s’explique par la formation d’'un
produit secondaire qui s’est avéré étre le prodihibmocouplage du bromure utilisé avec un
rendement similaire (38%). Plusieurs axes d’'optatnis ont été explorés pour favoriser la
formation du produit de couplage croisé par rappt produit d’homocouplage. Les
modifications apportées sur la nature du ligandpmleré au nickel, du photocatalyseur, des
charges catalytiques ou encore du solvant de ofgcthi’'ont pas permis de former
exclusivement le produit de couplage croisé. Dass rheilleures conditions, le produit
attendu a pu étre obtenu avec un rendement de 43P eroduit secondaire avec un

rendement de 38%.

@ [ir] (5 mol%) 0
Ni(COD), (5 mol%) o entwOEt
O k%e-coo) 0 bpy (5 mol%) P

43%

Q@
n-pent_O-g/
P ~=Si-o + Br\/\)J\OEt

0 DMF, LEDs Bleues, 24h, ta. * 0
R

o}
1.5 équiv. 1.0 équiv. 38%

Schéma 16Conditions optimisées de catalyse duale photoredtke! pour la
formation de liaisons C(Sp-C(sp)

Aprés optimisation des conditions réactionnellésisipurs alkyles silicates ont été
engagés en présence du 4-bromobutyrate d'éthyle meonpartenaire électrophile.
Malheureusement, pour I'ensemble des silicates ggsyaans le processus catalytique, le
produit d’homocouplage a toujours été isolé avecamdement proche de ceux des produits
de couplage croisé, lesquels restent encore faiBbasla suite, le partenaire électrophile a été

modifié. Plusieurs bromures primaires et secondairent été couplés avec

22C. Lévéque, V. Corcé, L. CHenneberg, C. Ollivied &. Fensterbanlgur. J. Org. Chen2017, 2118-2121.
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I'acétoxypropylsilicate. Une fois encore les renéeis en produits de couplage croisé sont
demeurés faibles. En outre, le bromure de hex-feéayconduit a la formation de trois
produits de couplage croisé dont un produit deisgtbn. Ce dernier est probablement le
résultat d’'une cyclisation radicalaireexetrig. Ce résultat nous a laissé penser qu’un ghdic
hex-5-ényle a pu étre formé durant la réaction, e signifie que nos conditions
réactionnelles permettent alors la formation d'adical a partir des bromures d’alkyles.
Ainsi, deux radicaux sont en compétition lors deéaction de couplage, ce qui expliquerait
la formation du produit d’homocouplage. Des étudedcanistiques plus approfondies

permettraient de mieux rationaliser ces résultats.

Zf 7 [Ir] (5 mol %) o
o @ o Ni(COD), (5 mol %) R\/\)J\oa
o% K [18-C-6] bpy (5 mol %)
R6/ e + Br\/\)J\ OEt .
DMF, LEDs Bleues, 24h, t.a. o
EtoWOEt
) o}
1.5 equiv. 1.0 equiv.
o) 0 o}
n-Hex \/\)]\OEt NC\/\/\)J\OEt NC/\/\/\)J\OEt
43% (38%)? 20% (23%)? 27% (20%)?
FsCV\/\)J\OEt cl oet  [>"o OEt
25% (24%)? 33% (29%)? 27% (10%)?
(l/\/ﬁ\ i i
OEt OEt  PhHN MOEt
31% (35%)2 18% (23%)? 38% (10%)? # Rendement produit
< 5%b (6%)3P d'homocouplage

b Réaction effectuée

M 9 0 avec le
OEt OAc/\/\)j\OEt C|w05t tetraethylammonium

silicate
9%P (28%)2P 0% 0%

Schéma 17Catalyse duale photoredox/nickel: couplage cromdéeales alkyles silicate

et le 4-bromobutyrate d’éthyle
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[Ir] (56 mol %)
o Ni(COD), (5 mol %)

©)

AcO ©L0 K[18-C-6] bpy (5 mol %

O-g! py (5 mol %)

\/\’O’SI\O + Br\alkyl AcO/\/\aIkyI
DMF, LEDs Bleues, 24h, t.a.
1.5 equiv. 1.0 equiv.
17 R R
oy e e Y

37% 28% 2% 16% 19%

R RO NFw R
9 Wl

N

35% 0%

32% (30/20/50)

Schéma 18Catalyse dual photoredox/nickel: couplage crorgéed’ acétoxypropyl

silicate et divers bromures d’alkyles

Aprées avoir démontré tout le potentiel des alkylescatécholato silicates pour la
formation de liaisons carbone-carbone en catalysegopedox ainsi qu’en catalyse duale
photoredox/nickel, nous nous sommes tournés verautme systeme catalytique mettant
aussi en jeu des transferts monoélectroniques thémeatique développée au sein de notre
laboratoire, concerne la catalyse par des métaukamsition portant des ligands non-
innocents. Un ligand est considéré non-innocesoloe le degré d’oxydation du métal, sur
lequel il est complexé, ne peut étre clairementindéfen particulier, le complexe
bis(iminosemiquinonate) de cuivre (Cdf)z) posséde la particularité d’étre un complexe
sur lequel les deux ligands ont un caractére ridiea Chaque ligand pouvant étre oxydé

ou réduit, le complexe peut exister sous cinqg ferdiéférentes?

2 p. Chaudhuri, C. Nazari Veani, E. Bill, E. Botfie, Weyhermiiller, K. Wieghardfl. Am. Chem. Sqc2001,
123 2213-2223.
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. tBu Ph Bu Ph
O_ N tBu  +e” O N tBu +e” o N tBu
— Cu — Ca — Ca
tBu N O ~ tBu N O . tBu N O
€ Ph tBu e Ph tBu

Ph tBu
Cu'(Lsq)» Eq/2=-0.56V Cu'(Lap)(Lsa) Eq2=-0.86V Cu''(Lap),?
/@: tBu +e /i:[ tBu +e /@:
tBu : ? : :
Cu'l(Lgq),?* Ey2=+0.83V  Cu'(Lsq)(Lga)* Eqp = +0.2V Cu'(Lsq)2

Redox potential from ref 166

Schéma 19Propriétés redox du complexe Cyf).

Des travaux réalisés au sein de notre eéquipe omtrn@ue le complexe Cud).
utilisé en quantité catalytique pouvait former degdicaux Ck* par réduction d’'une source de
CF; électrophile tel que le réactif dUmemoto ou leagf de Togni Il. Ce dernier a
notamment été utilisé pour former ces radicaux: G les engager dans des processus
d’addition radicalaire sur des alcénes, des alcythes éthers d’énols silylés ainsi que sur des
hetérocyles tels que le pyrrole ou le furdhe.
/A\E)}CFQ,

Cu(Lgq) (5 mol%) Cu(Lgq) (20 mol%)
DCM NMP

r‘w

FSC%‘/\R

X=0,N x
I —Q

o
@ )
R)}(/ \ ;

& Cu(Lsq) (5Mol%)  Cu(Lsg) (20 mol%)
R

CF3 DCM NMP
RR" CF,

Schéma 20Piégeage des radicaux £Formés par réduction du réactif de Togni Il

avec le complexe Cugk),.

4. Jacquet, S. Blanchard, E. Derat, M. Desage+El Bhd L. Fensterbanihem. Scj.2016,7, 2030—2036.
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Dans notre cas, nous avons tenté d’utiliser ce typecomplexe pour engendrer des
radicaux alkyles par oxydation des alkyles bis-dadéato silicates. Les silicates possedent un
potentiel d’oxydation relativement bas (~0.3 — 0.9¥ SCE). Par rapport a ces valeurs, le
complexe Cu(kg)2(OTf)2 (Leo= iminobenzoquinone) a donc été choisi (+0.83V GEP Des
premiéres expériences de piégeage par le TEMP@ténealisées. En conditions catalytiques
ou stoechiométriqgues dans le DMF, de faibles deereedts d’adduit benzyl-TEMPO ont été
obtenus. De plus, la présence d’allylsulfone alé&&gdu TEMPO n’entraine aucune formation

de produit d’allylation.

Q 1 equiv.
[Cu(LpQ),l(OTH), or N
5.0 k®118-c6] 0.1 equiv. |
~Si- (0]
/ (0] + N
o 5 DMF, 24h, rt
15%
7%
1 equiv. ’

ou
2 equiv.

Q 1 equiv.
CO,Et [Cu(Lgq)21(OTH), or
Qufgecmea 55, LN
59 * Ph/\A
DMF, 24h, rt

0%
0%

4 equiv.

Schéma 210xydation du benzylsilicate par le complexe Ggljk(OTf),

Par la suite, nous avons remplacé de solvant DMHepdichlorométhane ainsi que le
précurseur radicalaire par I'anilinométhyle sileaétant plus facile & oxyder. En présence
d’allylsulfone comme accepteur radicalaire, nousn@vpu cette fois-ci observer la formation
du produit dallylation avec un rendement moyen 48%. Aprés quelques étapes
d’optimisation (augmentation de la charge catabgi@n complexe de cuivre, de la quantité

d’accepteur et de la concentration), un rendemer6d en produit d’addition radicalaire a
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pu étre atteint. Méme si I'optimisation et I'expdtion de cette nouvelle voie d’oxydation des

silicates restent encore a développer, ces réspitéliminaires sont prometteurs.

0! [Cu(L)Z)(OTf), /\/Cizﬂ

H | 00 k®ns.c6
N\O/\/SLO [ ] + )\/TS Ph.
0 DCM, 24h
10 mol% et 0.05M
20 mol% et 0.1M 48%
4 efqu!v. 66‘%(;
6 équiv.

Iz

Schéma 22Résultats préliminaires d’addition radicalaire kaltylsulfone

En conclusion, les travaux réalisés au cours dee dbese se sont centrés sur la
transformation de I'énergie lumineuse en énergieniclue avec la formation d'especes
radicalaires a partir de substrats organiques. D@ab® cas, NOUS NOUS sommes intéresses
plus particulierement a la formation de radicaukylals primaires par photooxydation
d’alkyles bis-catécholato silicates. Ces espécésgmtant un atome de silicium hypervalent
possédent plusieurs avantages en terme de syntigesebilité mais aussi de faibles potentiel
d’oxydation, ce qui en fait des précurseurs de xhmmur la génération de radicaux par
photooxydation. En effet, 'oxydation de ces espepar des photocatalyseurs métalliques
d’iridium ou de ruthénium photoactivés a permisfalener des radicaux carbonés stabilisés
ou non. Des radicaux primaires, secondaires elaiteit ont pu étre engagés dans des
réactions d'addition radicalaire en conditions lyigues. Par la suite, les études ont montré
que ces radicaux pouvaient étre piégés par des leregpde nickel et couplés avec des
électrophiles aromatiques ou hétéroaromatiqueeditions de catalyse duale, avec de bon
rendements. Afin de rendre ce type de catalysedaascompatible, nous avons donc cherché
a remplacer le photocatalyseur d’iridium par unaophotocatalyseur. Le 4CzIPN a
démontré gu’il pouvait photooxyder les silicatege@la méme efficacité que les complexes
métalliques. En catalyse duale, cet organophotlysai&r nous a permis d’obtenir des
produits de couplage croisé avec des bromures éigqpea ou hétéroaromatiques mais aussi
avec des bromures éthyléniques. Enfin, le coupkligg-alkyl en conditions de catalyse

duale avec les silicates a pu étre réalisé, maleeneeusement avec de faibles rendements.
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Actuellement, des travaux sont a I'étude sur I'etyah des silicates par des complexes
métalliques avec des ligands non-innocents. Dadtaés préliminaires ont montré que le
complexe de cuivre Cufk)>(OTf), en quantité catalytique peut former un radicamineé a

partir du silicate correspondant et que ce radigalt étre piégé en réaction d’allylation.
L’optimisation du systeme permettra de développer nduveaux systemes catalytiques

mettant en jeu les silicates comme précurseurs dmdicaux carbonés.
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Chapter I.
Photoredox catalysis, an opportunity for sustainatd

chemistry
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Chapter I.

Photoredox catalysis, an opportunity for sustainald chemistry

1.1 Evolution of radical chemistry

1.1.1 Introduction to radical synthesis

Radicals are chemical intermediates which displag @r more atoms with an
unpaired electron. The discovery of such specissblean reported first by Moses Gomberg
in 1900 with evidences of the formationof the tepliimethyl radical. However, much of the
chemist community did not approve the existenceagicals. During the next 50 years a
growing numbers of proofs brought by Panethey’ and Kharaschallowed to support the
idea of radical species. The discovery of ERBnfirmed definitely their existence. Like the
ionic species, radicals exist in nature and play kales in biologic processes. Several
enzymes showed radical behaviors pathways likeitlmmucleotide reductase that allows the
transformation of ribonucleosides to deoxyribonasldes, essential building blocks of DNA.
An equivalent of this biological reaction has betveloped in radical synthesis with the

Barton-McCombie reaction (Figure 1).

1 F. Paneth and W. HofeditZhem. Ber.1929,62, 1335-1247.
2D. H. Hey and W. A. Walter&Ghem. Rey.1937,21, 169-208.

% For selected reports see: (a) Herbert C. BrownSMKharasch and T. H. Chab,Am. Chem. Sqc1940,62,
3435-3439. (b) M. S. Kharasch, S. S. Kane and HBréwn J. Am. Chem. Sqc1941,63, 526-528. (c) M. S.
Kharasch, E. V. Jensen and W. H. Ui®gjence1945,102128-128. (d) M. S. Kharasch, E. V. Jensen and W.
H. Urry, J. Am. Chem. Sqcl946,68, 154-155

* E. Zavoisky Fizicheski Zhurnal 1945,9, 211-245.
® L. Chenneberg and C. OllivieGhimia, 2016,70, 67—76.
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Deoxyribonucleotides synthesis
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Figure 1. Bio-catalyzed dehydroxylation of alcohols

This analogous natural reaction is one of all tkeactions and methodologies
developed by the radical chemistry community. Thes& reaction, the Minisci reaction,
atom-transfer, cascade and cyclization reactioaseav examples of all the work done on this
field. Despite these progresses, industrial prasessvolving radicals are not very common.
But some examples can be mentioned like the raghchimerization or the production of
phenol from oxidation of cumene. Although radicdlave remained mysterious and
considered as out of control by a part of the clesnithe contribution of Kochi, Curran,
Giese, Hart and othérslemystified the radicals and turned this specislternatives of
usual anionic reactions. Indeed, contrary to orgaatallic reagents, radical precursors can
provide highly reactive neutral radicals in smootimditions, under air atmosphere and non-
distilled solvents. In addition, radical reactioase highly chemoselective and can be
performed without protected functions. Indeed, saveonditions for the generation of
radicals are available. Radical initiatorssfEtperoxides, azo compounds ...) and mediators
(stannanes, silanes, thiols...) can provide radicalshain reactions. Single electron transfers
from stoichiometric metallic oxidants (manganes#iwm) or reductants (samarium, titanium,

zinc, nickel) are as many alternatives for the fation of radicals.

® For a comprehensive account on all aspect of ahdteemistry in synthesis, see: a) C. Chatgilialoghd A
Studer inEncyclopedia of Radicals in Chemistry, Biology avidterials Eds. John Wiley & Sons Ldt,
Chichester, 2012. (b) P. Renaud and M. P. SibRadicals in Organic SynthesisVol.1 & Wiley-VCH,
Weinheim, 2001. (c¢) D. P. Curran, N. A. Porter &1dGiese inStereochemistry of Radical Reactiph&CH,
Weinheim, 1996. (d) A. Gansauer Radicals in Synthesis | & Il, Topics in Current @fistry, Springer,
Heidelberg, Vols 263 & 264, 2006.
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1.1.2 Challenges in radical chemistry

Radical chemistry offers many advantages (vide au@nd promising features
compared to anionic reactions. However, it suftdrseveral drawbacks which limit their use
in synthesis. Because the reactions are performeliluted conditions, the scale up is quite
complicated. Some of the processes also requiexeess of radical acceptor. But, the most
problematic aspects are the use of explosive iarsa(peroxides, azo compounds) or toxic
mediators like the tin (IV) derivatives which arsadifficult to remove from the product. In
this context, solutions have been proposed to esfrapm “the tyranny of tin” and to offer

the opportunity of using sustainable methods.

In order to progressively substitute the use ofréiagents, methodologies involving
only catalytic amounts of these reagents or tirpsued surfaces have been repofted.
Processes employing stoichiometric mediators sgckilanes, phosphines or thiols are also
potential alternatives. Organoboranes, as subst@teadical initiators for chain-reactions,
showed promising results as W&f Less toxic metals responsible of one-electron feaas
were also considered as a possible solution. Homvewethodologies involving metal
complexes based on iron, copper, manganese, ftilarsiamarium... require excess amounts.
Unfortunately, in terms of sustainability and eawnpatibility, it is important to develop
alternatives even more efficient. At the end of s, some pioneering worksnentioned
the generation of radicals thanks to a single mactiransfer (SET) mediated by a

photoactivated metal complex.
1.2 The photoredox catalysis as an alternative

The radical chemistry allowed chemists to developide range of processes for the
carbon-carbon bond formation. Many efforts, to dwihie use of toxic tin reagents and to find
others alternatives have been done so far, but meagtions are still performed under these
conditions. Since the end of the 2000s, photoredhaalysis has emerged as a powerful and

versatile eco-compatible approach for the genaraifoadicals.

" A. Studer and S. Amreisynthesis2002,7, 835-849.
® C. Ollivier and P. Renau@hem. Rey2001,101, 3415-3434.
° D. M. Hedstrand, W. H. Kruizinga and R. M. Kellogetrahedron Lett.1978,19, 1255-1258.

43



1.2.1 Nature as a source of inspiration

The evolution has allowed living organism to deyelsustainable and highly
sophisticated process. Among them, the photosyisthes plants has early interested
scientists. The chlorophyll present in plant callsorbs the sunlight in the visible range and
initiates the transformation of GQCand water to saccharides and oxygen. This natural
synthetic process highlights the fundamental afidiefit conversion of energy from sunlight

into chemical energy.

Taking advantage of this process, increasing eafférbm the radical chemistry
community has been realized to develop new metlogikd using the visible light as a
promotor of redox reactions for the generationaaficals. Visible-light photoredox catalysis
has emerged as a powerful methodology for radicah&tion in terms of selectivity and
sustainability. Since the pioneering work on thisld, more and more groups have
incremented the photoredox catalysis as a parthefr tresearch and the number of
publications on this topic demonstrates its growmpapularity (Figure 2). Inspired by the
photoredox process of natural photosynthesis, cktemiere interested on the development of
photocatalysts absorbing light in the visible regand with a large range of potential values
to perform efficient redox transformations. Thestfiman-made photocatalyst mainly reported
and still frequently used is the photoactive compRu(bpy}Cl.. First reported as a
photoredox catalyst for organic synthetic purposgesKellog? Pa¢® and Deronziet! this
complex has been essentially used in inorganic @gmfor devices applicatiohs or

transformation of small molecufégC0,, H,0).This is only from 2008 and the advances of

19C. Pac, M. lhama, M. Yasuda, Y. Miyauchi and Hk8ai, J. Am. Chem. Sqc1981,103 6495-6497.
1H. Cano-Yelo and A. DeronzieFetrahedron Lett.1984,25, 5517-5520.

12 For reviews on the use of Ru(bgy)in photoredox processes: (a) S. Campagna, F RertipF Nastasi, G.
Bergamini, V. BalzaniTop. Curr.Chem.2007,280 117. (b) K. Kalyanasundarar@oord. Chem. Reyv1982,

46, 159-244. (c) A. Juris, V. Balzani, F. Barigelle®. Campagna, P. Belser and A. von Zelewskgord.

Chem. Rey.1988,84, 85—-277. (d) F. TepiCollect. Czechoslov. Chem. Comm&911,76, 859-917.

13 (@) K. Kalyanasundaram, J. Kiwi and M. Gréatzéélv. Chim. Acta1978,61, 2720-2730. (b) J. Kiwi and M.
GraetzelJ. Am. Chem. Sqcl979,101, 7214-7217. (c) J. Hawecker, J.-M. Lehn and Rss&&J. Chem. Soc.
Chem. Commun1985, 56-58. (d) K. Kalyanasundaram and M. Giatzeord. Chem. Rey1998,177, 347—
414.
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MacMillan** Yoon!® and Stephensdfi, that organic photoredox catalysis has definitely

taken off.

Photoredox catalysis publications

500

400 —

300 —

200 ——

100 —8

O o o o & !N O N 0 OO O «+ &N on & n O
o O O O O O O O O O o d «d «d «d o
o O O O O O O O O O o o o o o o o
AN &N &N AN NN NN N NN NN N NN

Figure 2. Number of publications on photoredox catalysis si2800
1.2.2 Artificial redox photocatalysts

The photosynthesis led to the development of datalprocesses involving
chromophores as light harvesters to promote eled¢temsfers for photoelectrochemical cells,
photocatalytic water splitting systems or photobamtors. In this context, chemists tuned
photocatalysts which could act as chlorophyll. Thenplex Ru(bpyCls; first synthesized by
Burstalf'’ in 1936 has shown photophysical and redox pragsett perform single electron
processes under visible light activation. Thus, ynafifiorts have been done to widen the range
of transition metal-based photocatalysts. In oreiget closer to the principles of green
chemistry, organic dyes have also attracted intedesterms of efficiency, a valuable
photocatalyst has to absorb the visible light,fgehg redox properties and a long lifetime at
the excited state to enable electron transferser@epolypyridyl complexes of metal from the

fourth to sixth periods showed these propertiesst\d them are rutheniuti,rheniunt® or

D. A. Nicewicz and D. W. C. MacMillar§cience2008,322, 77-80.

> M. A. Ischay, M. E. Anzovino, J. Du and T. P. YodnAm. Chem. Sq2008,130, 12886-12887.
16 3. M. R. Narayanam, J. W. Tucker and C. R. J.t&tegon,). Am. Chem. Sqi2009,131, 8756-8757.
Y F. H. Burstall J. Chem. So¢1936, 173-175.

183, Campagna, F Puntoriero, F Nastasi, G. Bergaaniui V. BalzaniTop. Curr.Chem.2007,281, 45.
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iridium®® based complexesS¢heme ) but some gold® copper’* chromiunt? or irorf®
complexes, are also reported. Besides the orgaatimetomplexes, organic dyes are also

good candidates for artificial photosynthesis psses $cheme ).

%9 (a) R. D. Costa, E. Orti, H. J. Bolink, F. Mor@, Accorsi and N. ArmaroliAngew. Chem. Int. Ed2012,51,
8178-8211. (b) Campagna, F Puntoriero, F Nastasge®Byamini and V. Balzani,op. Curr.Chem.2007,281,
143.

2T, McCallum, S. Rohe and L. Barriauiynletf 2017,13, 289—305.
L3, Campagna, F Puntoriero, F Nastasi, G. BergaamithiV. BalzaniTop. Curr.Chem.2007,280, 69.

?2(a) N. A. P. Kane-Maguire, R. C. Kerr and J. R.I#fs, Inorganica Chim. Acta1979,33, L163-L165. (b) D.
Pagliero and G. A. Arglelld,. Photochem. Photobiol. Cher2001,138 207-211.

28 J. Zhang, D. Campolo, F Dumur, X. Piao, J.-P. Beig, D. Gigmes, J. Lalevég, Polym. Science, Polym,
Chem, 2016,54, 2247-2253.
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Ru(b PF

E42(Ru(lly/Ru(ll)) = -0.81 V vs. SCE
E12(Ru(ll)*/Ru(l)) = +0.77 V vs. SCE
E12(Ru(lll)/Ru(ll)) = +1.29 V vs. SCE
E12(Ru(ll)/Ru(l)) =-1.37 V vs. SCE
Amax = 452 nm, © =1100 ns

(PFg)

CF3
[Ir(dF(CF3)ppy),(bpy))(PF)

Eq(Ir(IV)r(IN)) = -0.81 V vs. SCE
Eq2(Ir(I)*/Ir(11)) = +1.32 V vs. SCE
Eq,2(Ir(IV)/Ir(lll)) = +1.69 V vs. SCE
Eq(Ir(I)/Ir(Il)) =-1.37 V vs. SCE
Amax = 379 nm, T = 2280 ns

Cz
NC CN

Cz Cz
Cz

Cz = Carabzoyl

4CzIPN
E42(PC*/PC) = nd.
E42(PC*PC") = +1.35 V vs. SCE
E1x(PC*/PC) = n.d.
E42(PC*PC") =-1.21 Vvs. SCE
Amax = 435 nm, t =5100 ns

HO I

a7

‘ CO,H
S |
(6] HO

Eluorescein

E42(PC*/PC") =-1.61V vs. SCE
E42(PC*PC") = +1.21 V vs. SCE
E12(PC*/PC) = +0.83 V vs. SCE
E12(PC/PC") =-1.14 V vs. SCE
Amax =528 nm, 1t =4.2 ns

[Ru(bpz);](PFg)

E1io(Ru(lllyRu(ll)’) = -0.26 V vs. SCE
E12(Ru(ll)*/Ru(l)) = +1.45 V vs. SCE
E1/2(Ru(lll)/Ru(ll)) = +1.86 V vs. SCE
E12(Ru(ll)/Ru(l)) = -0.80 V vs. SCE
Amax = 443 nm, © =740 ns

=
o
N
/"'Ir\
~ "N N~ |
) S
fac-Ir(ppy)s

E12(Ir(IV)/IF(II)) = -1.73 V vs. SCE
Eq,2(Ir(l)*/Ir(1)) = +0.31 V vs. SCE
E1(Ir(IV)/Ir(lll)) = +0.77V vs. SCE
Eq,2(Ir(10)/Ir(I)) = -2.19 V vs. SCE
Amax = 375 nm, © = 1900 ns

EosinY
E1;(PC*/PC") =-1.60 V vs. SCE
E42(PC*/PC") = +1.18 V vs. SCE
Eq2(PC*/PC) = +0.72 V vs. SCE

E4»(PC/PC) =-1.14V vs. SCE
Amax =539 nm, 1 =2.1ns

Cl

Cl

Rose Bengal
E42(PC*/PC") = -0.68V vs. SCE
E42(PC*/PC") = +0.99 V vs. SCE
E4(PC*/PC) = +1.00V vs. SCE
E42(PC/PC") =-0.78 V vs. SCE

Amax = N.d., 1 =n.d.

Ru(phen);](PFg)

E4(Ru(lll)/Ru(ll)’) = -0.87 V vs. SCE
E12(Ru(ll)*/Ru(l)) = +0.82 V vs. SCE
E1(Ru(lll)/Ru(ll)) = +1.26 V vs. SCE
E12(Ru(ll)/Ru(l)) =-1.36V vs. SCE
Amax = 422 nm, © = 500 ns

(PFe)
\\N =
P
[Cu(dap),]_ (PFg)

Eq/(Cu(lly/Cu(l)’) = -1.43 V vs. SCE
E1/2(Cu(l)*/Cu(0) = n.d.
E12(Cu(ll)/Cu(l)) = +0.62V vs. SCE
E1/2(Cu(l)/Cu(0) = n.d.

Amax =N.d.1=270ns

X
@,
N Q

| clo,

Eukuzumi Catalyst
E42(PC*/PC") = -n.d.
E42(PC*PC) = +2.06 V vs. SCE
E1p(PC*/PC) =n.d.
E4(PC/PC) =-0.57 V vs. SCE
Amax =539 nm, 1 =2.1ns

Scheme 1Examples of photocatalysts



1.2.2.1 Photophysical properties

The mainly used metal-based photocatalysts areuthenium and iridium complexes
due to their photophysical properties and the rafgedox potential accessible. Considering
the photophysical properties of such complexes|ésisible absorption spectrum displays
four kinds of absorption bands. The LC (Ligand-@ead) transition, the MC (Metal-
Centered) transition or d-d transition, the MLCTe(fdl-to-Ligand Charge Transfer) transition
and the LMCT (Ligand-to-Metal Charge Transfer) &iéion (Scheme 2a)). For example, an
electronic absorption spectrum of [Ru(bf)(fFs)> in ethanol is mentioned iRigure 3 and
showed four bands (LC at 285nm, MC at 322 and 344 and two MLCT at 240 and 450
nm)

a) E b) E
A A
IMLCT
o*m —F
ISC
L \ 3MLCT
=
Q=
E = Fluorescence
9 107
- (10°-10°7s)
M Phosphorescence
y ———— (1077-10%)
O'*L
Ground State

Scheme 2a) Simplified molecular orbital diagram for Ruthemi and Iridium

photocatalysts. b) Simplified energy diagram ofaabsg and emitting processes.

This MLCT transition is actually the most importamte since the absorption is in the visible-
light region spectra and it allows to reaciMLCT after an Inter-System Crossing (ISC)
thanks to a strong spin-orbit coupling, usuallyeslied with the heavy metal atoi®oheme 2
b)). The consequence is a longer luminescencamiée{10’-10°%s)?1% compared to 3d

metal complexes and so the possibility of electtosssfers.

48



o
T

/(104 M cm)

1.84

0.0 T T T T T T T T T T T T 1
220 270 320 370 420 470 520 }/nm

Figure 3. Electronic absorption spectrum of [Ru(bg{fPFs). in EtOH.

Constantly trying to evolve toward a greener chémwyisnany photoredox processes
involve organic dyes as photocatalyst such as ésm®in, Eosin Y or rose bendalAs
organic molecules, the strongest light absorptesults in the promotion of an electron afta
orbital to art* orbital. Because of the lack of heavy atoms amdh® inefficient intersystem
crossover, the light emission is mainly fluores@&nclThe consequence for these
photocatalysts is a very short lifetime of theefcited state (2 to 20 ns for most of the organic
photocatalysts). The envisaged electron transferst e at least as fast as the deexcitation of
the chromophore. Recent work on the developme@ld&Ds has shown new perspective in
terms of organic photocatalysts desfghanks to a short gap between singlet and triplet

state and efficient spin conversion processesriassef tetracarbazolyl dicyanobenzene with

24 For reviews on the use of organic photocatalyafsS. Fukuzumi and K. Ohkub®rg. Biomol. Chem.2014,
12, 6059-6071. (b) N. A. Romero and D. A. Nicewi€hem. Rey.2016,116, 10075-10166. (c) M. Neumann,
S.Fldner, B. Kénig and K. ZeitleAngew. Chem. Int. Ed2011, 50, 951-954.

%5 (a) M.A Baldo, S. Lamabsky, P. E. Burrows, M. Biofmpson and S. R. Forresippl. Phys. Lett.1999,75, 4-
6. (b) A. Endo, K. Sato, K. Yoshimura, T. Kai, Aaada, H. Miyazaki and C. Adackippl. Phys. Lett.2011,
98, 083302. (c) S. Y. Lee, T. Yasuda, H. Nomura andd@achi, Appl. Phys. Lett.2012,101, 093306. (e) H
Uoyama, K. Goushi, K. Shizu, H. Nomura and C. Adaklaturg 2012,492 234-238.
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excited state lifetimes of few micro-secondes hsewn optimal features for photoredox
catalyzed processés.

1.2.2.2 Molecular orbital approach and redox potentials

In this part, we will focus on the description ofetal-based photocatalysts and
especially on the Ru(bpy) which is the most studied. However, the mentiosidements
are applicable to homo- and heteroleptic iridiunotpbatalysts. As previously detailed,
ruthenium and iridium photocatalysts reach a ttipdéate {MLCT) after visible-light
absorption. About the R(bpy)?", it corresponds to the promotion of an electramftthe ig
orbitals of the metal to & orbital of the ligand. The excited complex canfbamally written
as “[RU" (bpy)(bpy)]*>*", equivalent to [RU(bpy)*"" where respectively the metal becomes
oxidant and a ligand bpy reductaBcbeme 3.

E A

T (bpy) —_— _T_

| A
v |

tery _A| A Al A
v K] [y |

[Ru''(bpy)s]** [Ru™(bpy)a(bpy) 1>

Scheme 3Simplified orbital diagram of Ru(bpy?" during light absorption

The photoexcited compledM]] can then oxidize or reduce a substrate by a SR
the opportunity to generate radicals. In orderdagehan idea on the tolerant substrates for the
SET, the redox potentials of photocatalysts atetkated-state have to be determined. From
electrochemical and fluorescence data, a quakdagistimation of the excited-state redox
potentials can be given. The minimum differencesioérgy between the ground state of the
catalyst and its excited state corresponds to #eelength of the emission maximuBenm.
Therefore, the required energy to reduce the phatdabgst in the excited stat&([M]*/[M 1)

equals the sum of the required energy to reduceptiwocatalyst in the ground state

%], Luo and J. Zhan@CS Catal.2016,6, 873-877.
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E(IMJ/[M ]) and Ejyem (Scheme 4 left). Also, the energy necessary to oxidize the
photocatalyst at the excited-sta[M] */[M*]) equals the difference between the energy
necessary to oxidize the photocatalyst in the gicstateE([M] */[M]) andExem (Scheme 4
right). However, an electrostatic work term, describing the charge generation and
separation within the electron-transfer complexstrhe taken in account but is difficult to
estimate. Thus the calculated potentials are $jighter- or underrated, but experimental
values can be measufédy phase-modulated voltammetry, showing a gooctmaith the
calculated ones. Fine tuning of the redox potenteh be realized changing the ligand
(bipyridine, bipyrazine, phenanthroline...) or modify the metal. In this context,
heteroleptic iridium complexes are particularlyergsting due to their two ligands type

(cyclometalating ligand and bidentate ligand) whielm be both modified.

ref ref

" Eqn(IMI*/MT) Y. Ein(IMI/M])

EyIMVIMT) Eqp(IMIMI)

S N
e | T

M*

Eje

E1p(IMI*/IM]) = Eqp(IMV[M]) + Epep + Wy E;p(IM[7/IM]*) = Ep(IM]*/[M]) - Ejepy + W,

E, ,2([Ru(bpy)3]2+*/ [Ru(bpy);]) = +0,78V vs SCE (+0,83V)

E12(IRu(bpy);1**/[Ru(bpy);]***) = -0,87V vs SCE (-0,79V)

Scheme 4Calculation of the redox potential of photocatadyat the exited-state and

comparison with theneasured values

Therefore, the photocatalyst excited state may pigkor give out an electron to a
substrate if the redox potentials match. In terrh®rbital, if the HOMO of a donob is

between the.tj and 1t orbitals of the Ru(bpy? a SET can happen giving the oxidized

2TW. E. Jones and M. A. Fod, Phys. Chem1994,98, 5095-5099.
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substrateD-* and Ru(bpyy™ (Scheme 5. In the case of an acceptdy if the LUMO is in the
same energy range, the electron transfer would fbemadical anios\+” and Ru(bpyy**

- +
A +

t8 e —M Al A Al Al Al
e 1 oW T
[Ru(bpy),(bpy) 1** D [Ru(bpy);]* D
T* (bpy) + ’\ —
——>
8 —M Al A Al Al A
2o —¢ Ty | I] I] !
[Ru" (bpy),(bpy) 1> A [Ru(bpy);I** AT

Scheme 5SET between excited Ru(bg$)and donor or acceptor.
1.2.3 Principle of photoredox catalysis

As we have seen above, photoexcited chromoph®e€¥) (can transfer one electron
to substrates providing radicals which can be wedlin radical processes. However, to
render the overall process catalytic, the photdysttdPC™") should undergo another SET
with an intermediate or an additive. When the sabstis reduced by the photocatalyst, the
process would be namdehotoreduction and Photooxidation if the substrate is oxidized
(Scheme &.
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SET

Photoreduction
Photooxidation

Substrate Radical m====) Synthetic
applications

Scheme 6General catalytic process of photoredox catalysis

More precisely, after light absorption the excite@* reacts with an electron don®@ so
called a “reductive quencher” leading to the redugehotocatalystPC. The altered
photocatalyst transfers its excess of electron rtoaeceptorA, regenerating the starting
photocatalyst to end theréductive quenching cycleThe “oxidative quenching cyclas the
reaction of PC* with an acceptorA, which acts as an oxidative quencher. The oxidized

photocatalysPC" then reacts with a don@ and regeneratéC (Scheme 7.

D A
p** SET/—\ /\SET A
—/ ~——
E;(PC/PC) E;,(PC"/PC")
Reductive {:\ Oxidative
@ Quenching Quenching @
Cycle Cycle
E(PC/PC) Ei(PC*/PC)
A~ |SET SET] > p

Scheme 7Reductive and oxidative quenching cycles.

The radicals engaged in synthetic applications lwamenerated by photoreduction or
photooxidation. Concerning the photoreduction, lzsgate (or acceptor in this case) would be

directly reduced by the photoexcited catalyst & tedox potentials fit well. But sometimes,
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the potential of the light excited photocatalyshat enough high to reduce the substrate. A
sacrificial electron donor (amines, Hantzsch esdewauld react first withPC* to generate
PC and provide a stronger reductant capable to rethesubstrate. In photooxidation, the
photoexcited catalyst may directly oxidize a rabipeecursor (or donor in this case). As
mentioned previously, if thC* is not enough oxidizing, addition of a sacrificelectron
acceptor (oxygen, methylviologen, persulfate agentwould provide the much stronger
oxidantPC". The oxidation of the substrate then should dieeradical.

After oxidation or reduction of the substrate bg pfhotocatalyst, the formed radical-ion
pairs may undergo back electron transfer (BET)ngjvback both reactants. After reductive
quenching, the spin multiplicity of the system sklovemain unchanged. If the electron
transfer happens when the photocatalyst is ingletiexcited state, the radical-ion pair is also
in a singlet state. In this case, the BET resuitan overall singlet state without restraint.
However, regarding a triplet state, the spin miitity must change during the BET which is
less favored. Therefore, free radicals are morehliko be formed in the reaction once the
photocatalyst is in a triplet excited staBxlieme § Metal complexes reach easily the triplet
excited state thanks to the heavy metal atom wimcteases the spin-orbit coupling and so
the inter-system crossover (ISC). For organic mdes; the most populated excited state is
most of the times the singlet state which limitgithefficiency in photoredox catalysis.
Despite this property, some organic dyes have @ra#tested to be used as photocatalysts in
redox processe§. At the moment, no explanation can rationalize ¢hebservations

inconsistent with the theory.

8 (a) D. Ravelli and M FagnonGChemCatChem2012,4, 169-171 (b) N. A. Romero and D. A. Nicewicz,
Chem. Rey2016,116, 10075-10166.
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Scheme 8Cage escape and BET in singlet and triplet iorsgfar photooxidation of a

substrate

Since the triplet excited state is more likely toypde radical processes, organic dyes
reaching efficiently this state would be more preimg for photoredox catalysis. Organic
Thermally Activated Delayed Fluorescence (TADF) enalls have begun to be exploited in
this field. As mentioned in the name category esthmolecules, they are chromophores with
a very long luminescence lifetime compared to otteanmon organic molecules. Usually,
organic dyes or complexes reaching a triplet saftier ISC lose their excess of energy by
phosphorescence or vibrational relaxation. In tlsecof TADF materials, a reverse
intersystem crossover is possible (RISC) thankhéothermal activation by the surrounding
environment $cheme 9)). This pathway is possible only if the energfedence between;S
and T; (AEsy) is enough low and particularly in the range @& thermal energy. Thanks to a
quantum mechanical analysis, Adgchfound that the reduction in the overlap between th
HOMO and the LUMO results in a smalEst. In this context, molecules displaying a
donor(red)-acceptor(green) scaffold are unavoidatdedidates such as phenoxazine—
triphenyltriazine  (PXZ-TRZJ®  4,6-bis[4-(9,9-dimethyl-9,10-dihydroacridine)-ply§n
pyrimidine (Ac-HMPY° or 4CzIPN*® (Scheme %)).

2H. Tanaka, K. Shizu, H. Miyazaki and C. Adadbhem. Commun2012,48, 11392—11394.
%0 R. Komatsu, H. Sasabe, Y. Seino, K. Nakao anddb,K. Mater. Chem. (2016,4, 2274—2278.
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For TADF materials, the kinetics values of ISC, RI8nd fluorescence processes are
crucial to obtain the enhancement of luminesceifetinche. The fluorescence process is
usually in the range of nanoseconds. In order todathis direct desexcitation pathway, the
ISC kinetics must be in the range of the fluoreseer\so, the luminescence lifetime would
be increased if the RISC is slower than the 1ISQualty, for this kind of molecules, the ISC
process is rather efficient. The spin conversioficiehcy is correlated to the first-order
mixing coefficient between singlet and triplet stat@). This parameter is inversely
proportional toAEst and proportional tddso which is the spin-orbit interactiors¢heme 9
c)).3! Because th@&Egr is low, the overall spin-orbit coupling is impantaln consequence,
TADF materials can exist in their triplet excitethte and perform electron transfers.
Particularly, the 4CzIPN proved to be an efficiphiotocatalyst in photoredox/nickel dual

catalysis’®3?

a) F ‘ c)
Thermal activation
—RISO— ; 5 Hso

Si

Fluorescence
(up to ps) Phosphorescence

(10°3-10%)

Y Ground State ¥
b) N ~n I l
Qj@—& 9 NN
57" 0 ©

Scheme 9a) Energy diagram for TADF materials. b) Examm&®rganic Donor(red)-
Acceptor(green) TADF materials. ¢) First-order sprbit coupling parameter

3L N. J. TurroModern Molecular Photochemistr§8—100 (Benjamin Cummings, 1978)

%2 (a) C. Lévéque, L. Chenneberg, V. Corcé, C. Gilivand L. Fensterbanihem Commun2016,52, 9877—
9880. (b) B. A. Vara, M. Jouffroy and G. A. Molamd€hem S¢i2017,8, 530-535. (c) E. E. Stache, T. Rovis
and A. G. DoyleAngew. Chem. Int. E0R017,56, 3679-3683.
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1.2.4 Formation of carbon centered radicals

In terms of synthetic interests, the photoredozlgats found opportunities to generate
various types of radicals by photoreduction or pbgidation of different chemical functions.
Radicals centered on carbon, nitrog&rsulphuf* or phosphoru8 can be obtained by
photoredox catalysis and engaged in the formationacdbon carbon bonds or heteroatom
carbon bonds. The wide diversity of carbon-centeaglicals generated (aryl, alkenyl, alkyl)
makes this method of great interest. Thus, manksvon the generation by photocatalysis of
such intermediates have been realized, startingtwé formation of aryl radicals.

1.2.4.1 Formation of aryl radicals by photoreduction

The pioneering example developed by Deronzier Wagsdduction of arenediazonium
salts with Ru(bpyCl, as photocatalyst. The excited ruthenium compleabks the
formation of an aryl radical by photoreduction lo¢ tdiazonium salt to perform a Pschorr type
reaction Gcheme 10a))*® More recently, Konig extended this catalytic psxeto
intermolecular Meerwein type arylation reactionshmiEosin Y as photocatalysb¢heme 10
b)).3" Aryl radicals were further obtained by photoredtretof sulfoniuni® or iodoniuni®
salts and engaged in intermolecular radical ailyptatreactions. Although aryl radicals are
obtained efficiently, alkyl radicals are more oftarest for the formation of molecular

scaffolds.

L. J. Allen, P. J. Cabrera, M. Lee and M. S. Sahfd. Am. Chem. Sqc2014,136, 5607-5610. (b) Q. Qin
and S. YuQrg. Lett, 2014,16, 3504-3507. (c) W. Greulich, C. G. Daniliuc andStuder, Org. Lett. , 20137,
254-257. (d) X.-Q. Hu, J.-R. Chen, Q. Wei, F.-L.L@.-H.Deng, A. M. Beauchemin and W.-J. Xiao, Angew
Chem., Int. Ed., 20143, 12163-12167.

% (a) E. L. Tyson, M. S. Ament and T. P. YodnOrg. Chem.2013,78, 2046—2050 (b) P.D. Morse and D. A.
Nicewicz,Chem. Scj.2015,6, 270-274. (c) J.-G. Sun, H. Yang, P.Li and B. Zh&rg. Lett, 2016,18, 5114—
5117.

% (a) W.-J. Yoo and Shu Kobayashireen Chem.2013,15, 1844-1848. (b) V. Quint, F. Morlet-Savary, J.-F.
Lohier, Jacques Lalevée, A.-C. Gaumont and S. LakldAm.Chem.Soc. 2018638 7436 — 7441. (c) M.-J. Bu,
Guo-ping Lu and Chun Cafatal. Sci. Techngl2016,6, 413-416. (d) K. Luo, Y.-Z.Chen,W.-C. Yang, J. Zhu
and L. Wu,Org. Lett, 2016, 18 , 452—-455.

% (a) H. Cano-Yelo and A. Deronziel, Chem. Soc. Perkin Trans. 2984, 1093-1098. (b) H. Cano-Yelo and
A. DeronzierJ. Photochem1987,37, 315—-321.

37 (a) P. Schroll, D. P. Hari, B. Kénig;hemistryOpen2012,1, 130-133. (b) D. P. Hari, P. Schroll, B. Konig,
Am. Chem. S0c2012,134, 2958-2961.

%S, Donck, A. Baroudi, L. Fensterbank, J.-P. Godgd@r Ollivier,Adv. Synth. Catal2013,355 1477-1482.
39 A. Baralle, L. Fensterbank, J.-P. Goddard, C.v@lti Chem. Eur. J. 20139, 10809-10813.
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a) / Light
@ C02H \‘ CO,H

Ru(bpy)s?™* Ru(bpy)32+

T

CO,H 3’
iz / Ru(opy)s co

b) .
Eosin Y (1 mol%) \
N NZBF4+ /\/)R' R\ //)R
R <X DMSO, 20°C T X
530 nm, LEDs =

20 examples
40-86%

Scheme 10a) Photocatalyzed Pschorr reaction. b) Photocadliteerwein arylation

1.2.4.2 Photoreductive processes for the generation of alkyadicals
¢ Reduction of alkyl halides

Halides are substrates of choice for reduction gsses to generate alkyl radicals.
Fukuzumf® was the first to report the photoreduction of alkglides. Recently, inspired by
this work, MacMillart* managed to merge photoredox catalysis and orgtaiysia, and to
perform enantioselective-alkylation of aldehydes with bromoalkanes as raldprecursors.
In the presence of a chiral imidazolidinone, anneine is formed. Reduction of the
bromoalkane by [Ru(bpy) leads to an alkyl radical which adds to the emandouble bond.
The resultinga-amino radical is then oxidized by [Ru(bgy]’, generating an iminium
intermediate which after hydrolysis liberates talkylated aldehydeScheme 1)L This
methodology was also extended to the reductionriifigroiodomethan® and benzyl

bromidé? with iridium photocatalysts.

In this field, Stephenson reported the direct rédacof several chloro, bromo and

iodo alkanes involving [Ru(bpy)’] as photocatalyst and DIPEA as sacrificial elettdonor

“0's. Fukuzumi, S. Mochizuki and T. TanallaPhys. Chem1990,94, 722-726.
“ID. A. Nagib, M. E. Scott and D. W. C. MacMillah, Am. Chem. Sq2009,131, 10875-10877.

42 H.-W. Shih, M. N. Vander Wal, R. L. Grange and. C. MacMillan,J. Am. Chem. Sqi2010,132, 13600—
13603.
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and formic acid® The presence of formic acid favored the formatiban excellent donor of
hydrogen, the ammonium salt (NEtiP.HCO,) In similar conditions(&N instead of
DIPEA), radicals obtained from the reduction of rommalonate could also be engaged in
radical cyclizations with alkenes, alkyfiésindoles and pyrrolé3 moieties Scheme 12a)).

More interestingly, polyene substrates gave polyjcyompounds after cascade cyclizations.

/
oy TfOH
> nt-Bu (20 mol%)
o) N i
H)H + Bro_EWG HJ\‘/ R
i} Ru(bpy);Cl, (0.5 mol%) R'
isible lig (up to 96% ee)
1.0 equiv. 2.0 equiv. DMF, 24h
Ru(bpy)s* Ru(bpy)s***
» -
K LR '/_\R.
. /\ v ‘\\
R SET
SET L R R
Br Ru(bpy)s* & @ Hydrolysis OI
%/R * R
& R

Scheme 11Enantioselectiver-alkylation of aldehydes

Although the processes look efficient, the mainitition is the nature of the halide.
Indeed, reductive potentials of non-activated alkglides or bromides are lower than fRu
or [Ru'] and measured between -1.61V and -2.5V vs ‘8CHephenson showed that they are
reduced with the highly reductant Ir(ppy)-1.73V vs SCE at the excited state) and the

generated radical can be engaged ex&trig and 5exodig cyclization processeS¢heme

43J. M. R. Narayanam, J. W. Tucker and C. R. J.I&egon,). Am. Chem. Sqi2009,131, 8756-8757.

4 (a) J. W. Tucker, J. D. Nguyen, J. M. R. Narayan&m\. Krabbe and C. R. J. Stephengdimem. Commun.
2010,46, 4985-4987. (b) Nitin S. Dange, A. H. Jatoi, FbRd and Y. Landai®rg.Lett, 2017,19, 3652-3655.

45 J. W. Tucker, J. M. R. Narayanam, S. W. Krabbe@nR. J. Stephenso®rg. Lett, 2010,12, 368—371.

(@) H. a. O. Hill, J. M. Pratt, M. P. O'Riordan, R. Williams and R. J. P. Williamg, Chem. Soc. Inorg. Phys.
Theor, 1971, 1859-1862. (b) S. Rondinini, P. R. MusgmiMuttini and G. Selldklectrochim. Actg.2001,46,
3245-3258. (c) P. Poizot, L. Laffont-Dantras an8ithonetJ. Electroanal. Chem2008,624, 52-58.
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12 b)).*" After light absorption, the iridium photocatalysduces the alkyl iodide to give the
alkyl radical which directly cyclizes. The tribuéyhine regenerates the photocatalyst by SET,

and the cyclized radical abstracts a hydrogen tteerammonium radical cation.

a) o COzMe
(/// \ AN Cone HYEWG
\‘:::/ N R
40-95% 78-99%
X=Cl, Br, |
DIPEA, HCO,H
. @ Br, CO,Me
\k\\‘ , N\\/A<
CO,Me
Et;N

—R
EWG 4
69-100%
n

b) Ir(ppy); (2.5 mol%)
Bu;N (10 equiv.)
HCO,H (10 equiv.)

[ = iv. .
Visible light
X

X
X=0, NTs MeCN 77-80%
, (3 examples)
/ - \
Ir(ppy)s Ir(ppy)*
)/— R/I BU2N:\_\
Pl
BU3N+ SET SET
/ BUQN
BusN Ir(ppy)s* . Cycllzatlon

Scheme 12Stephenson’s photoreduction of halides

47J. D. Nguyen, E. M. D'’Amato, J. M. R. Narayanand &orey R. J. Stephensdyature Chem.2012,4, 854—
859.
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* Photocatalyzed Barton-McCombie deoxygenation

A famous reaction generating alkyl radicals is Baton-McCombie deoxygenation
reaction. Secondary or tertiary alcohols are caedeto thiocarbonate, thiocarbamate or
xanthate derivatives which are afterwards reducgdabtin-hydride reagentnBusSnH).
During the process, the C-O bond of the modifieslabl undergoes fragmentation, to give an
alkyl radical. After a hydrogen abstraction stenir the tin-hydride reagent, the
deoxygenated product and the reactive tin medi@Bus;Sr) are obtained® In order to
avoid the use of tin reagents, some groups has@ #riphotocatalytic version. Similarly to the
classical conditions of the Barton-McCombie deoxyg®n, alcohols have to be activated as

an ester, an oxalate or a thiocarbam8théme 13)).

In 2013, inspired by the N-(acyloxy)phthalimidesopdtatalyzed decarboxylation of
Okada®® Overman’ reported the efficient deoxygenation of aliphatetiary alcohols by
photoreduction of the corresponding N-(acyloxy)@lithide oxalates derivatives in the
presence of photocatalyst Ru(bjfiPF)., Hantzsch ester andPr.NEt.HBF, as a sacrificial
electron donor and a H-atom donor respectively. géerated tertiary alkyl radicals could
then be then engaged in Giese-type reactiSnbdme 13d)). Although no example involving
secondary or primary radicals were mentioned, Raseal reported the photoreduction of
3,5-bis(trifluoromethyl)benzoate estéfsStarting with the reduction of the photoexcited
[Ir(ppy)2(dtbbpy)](PK) by DIPEA, benzyl,a-carbonyl anda-cyano esters were reduced by
the [Ir(Il)] complex to give the deoxygenated prottuin good yields§cheme 13)). At the
same time in our group, a procedure involving teduction of O-thiocarbamates was
developed? The high reductive potential of such derivatives.56V to -1.73V vs SCE)
required the use of the highly reducing photoexkitéac-Ir(ppy)s photocatalyst
(Ev2([Ir] */[Ir]*)= -1.73V vs SCE) and DIPEA as both an electrdonor and a H-atom donor.

“8D. H. R. Barton and S. W. McCombik,Chem. Soc. [Perkin 11975, 1574-1585.

49 (@) K. Okada, K. Okamoto, N. Morita, K. Okubo avd Oda,J. Am. Chem. Sqc1991,113 9401-9402. (b)
K. Okada, K. Okubo, N. Morita, M. Odagtrahedron Let{.1992,33, 7377-7380.

0 G. L. Lackner, K. W. Quasdorf and L. E. OvermanAm. Chem. Sqi2013,135, 1534215345,
1 D. Rackl, V. Kais, P. Kreitmeier and O. ReisRejlstein J. Org. Chem2014,10, 2157—2165.

*2|. Chenneberg, A. Baralle, M. Daniel, L. Fenstathal.-P. Goddard and C. Olliviekdv. Synth. Catal2014,
356, 2756-2762.
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Under these conditions, tertiary and secondaryhalsocould be deoxygenated in moderate
yields Scheme 131)).

R. ! ~ e - > R + I —— .
a) (0) R E\O)‘><R' R)J\X R
b) Ru(bpy)s(PFe); (1.5 mol%)
o0 & i-Pr,NEt.HBF, (1 equiv.)
R2 Hantzsch ester (1.5 equiv.) R! EWG
Phth/om)ko)ﬂa3 * ZOEWG Rhs/\/
5 THF/CH,Cl,, rt, blue LEDs R
. 22-92%
roe e\ R, R? / (21 examples)
Rs

D
N 79%
o}
)
O H

c
) [Ir(ppy)2(dtbbpy)1(PFe), (2 mol%
)R\ o Hantzsch ester (1.1 equiv.)
NG N0 CF, DIPEA (2 equiv.) fo )WOB 90%
DMF, 40°C, blue LEDs OH O
CF; H
©/\)\CN 86%
d 14-94%
) (16 examples)

fac-Ir(ppy)s (1 mol%)

S .
>\ = DIPEA (5 equiv.

@ N\/;,L — OV e
9] RH (8 examples)

R MeCN, rt, 24h, blue LEDs

Scheme 13Photoreductive Barton-McCombie type deoxygenatgactions.
* Reduction of a-ketoepoxides andx-ketoaziridines

Our group reported in 2011 the photoreduction ophalketoepoxides and
ketoaziridine®® to generate an alpha carbonyl radical intermedia& can be trapped by
allylsulfones. This transformation requires the a&¢lr(ppy)(dtbbpy)](PFk) that absorbs in

3 M. H. Larraufie, R. Pellet, L. Fensterbank, J.Gaddard, E. Lacote, M. Malacria and C. Ollividmgew.
Chem. Int. EJ.2011,50, 4463—-4466.
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the visible range and the Hantzsch ester methyilat@dsition 4 in order to avoid the direct
reduction by hydrogen abstraction and favor thdatlbn process§cheme 14

OH O
Me ©

of EtO,C CO,Et /4()0_\ Ph Ph
Ph/Q)LPh ] (24 equiv)  ph pn  CO
N

l P 73%

or H (3 equiv.) COzEt  dr=93:7
Ts 0 o
/glUL [Ir(ppy)2(dtbbpy)](PF6) (5 mol%) X 0 NHTsO
o o DMSO, 14 W light bulb Ph)\_/U\Ph o o

49%
CO,Et dr>95:5

Scheme 14Photoreduction ofi-ketoepoxides and-ketoaziridines

1.2.4.3 Photooxidative processes for the formation of alkytadicals
e Processes involving oxidation of amines

As previously observed, electron rich tertiary amsircan be easily oxidized under
photocatalytic conditions for the generation ofyalladicals. AnN-centered radical cation is
generated which can evolve according two pathwais. first one previously detailed is an
H-atom abstraction giving an iminium i6hThe second one consists of loss of a proton and
generation of arm-amino radical which can also be further oxidized to give the sam
iminium ion Scheme 15°° Therefore, amines can react as electrophileseifiniinium form

but also as nucleophiles in theamino radical form.

3. P. Dinnocenzo and T. E. BanaghAm. Chem. Sqc1989,111, 8646—8653.
V. D. Parker and M. Tilsefl. Am. Chem. Sqc1991,113 8778-8781.

% (a) Y. L. Chow, W. C. Danen, S. F. Nelsen and D.Résenblatt, Chem. Rev., 1978, 78, 243-274. F. D.
Lewis, T. I. Ho and J. T. Simpson, J. Am. Chem..St%882, 104, 1924-1929. F. D. Lewis, Acc. Chemns.Re
1986, 19, 401-405.
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Scheme 15Evolution ofN-centered radical cations

In 2012, Zheng and co-workers showed thaNasentered radical cation can evolve to
the formation of carbon-carbon bonds. After oxidatiof A-cyclopropylanilines, the
cyclopropane ring opening led to an intermediataring an iminium moiety and a primary
alkyl radical. The radical then adds to an alkenarpalkyne substituted by an aryl or an ester

moiety>’ The resulting stabilized radical cyclizes to thniium to give theN-cyclopentyl (or
N-cyclopentenyl) aniline§cheme 1%

Ru(bpz)3(PFs), (2 mol%) R R
visible light
QLA ren L0
H H

MeN02
Ru(bpz)s?** Ru(bpz)3?*
\ ) bs)
©\N JYAN — | ©\N
H SET SET H

g\‘ Ru(bpz)s* /k R
Qen ™ O

l > Pe

Scheme 16Photocatalyzed intermolecular [3+2] cycloadditairN-cylopropylanilines

" (a) S. Maity, M. Zhu, R. S. Shinabery and N. Zhekggew. Chem. Int. Ed2012,51, 222-226. (b) T. H.

Nguyen, S. A. Morris and N. Zhengdv. Synth. Catgl2014,356, 2831-2837. (c) T. H. Nguyen, S. Maity and
N. Zheng,Beilstein J. Org. Chem2014,10, 975-980.
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The same year, Reiset al. reported the trapping of cycli@-amino radicals by, [3-
unsaturated carbonyl compouridxidation of the amine by the excited photocatalBB&*
leads to the formation of anstabilized carbon-centered radical after the tdss proton. The
addition of the radical to aa,3 unsaturated acceptor gives the radical which iisctly
reduced byPC'. The resulting enolate is then protonated to ginefinal product $cheme
17). At the same time, the group of Nishibaya3healized the same process involviNg
methylaniline ora-silylamine. In this last case, the aminyl radieablves towards an alkyl

radical by releasing a trimethylsilylium cation tead of a proton.

Ru(bpy);(PFg), or
[Ir(ppy)2(dtbbpy)](PF¢) R O\ 920
(2-10 mol%) f N-Ar 28-93%
NP 14 examples
n=1,2
MeCN, rt, Blue LEDs
RLN’Rz PN EWG
+
=~ "EWG Reiser et al.
RS
I dtbbpy)](BF NA
[r(ppy)z1( ; ;y)]( 4) 9-97% 52-91%
(1 mol%) 26 examples 7 examples
R3=alkyl, H 3=
NMP or DCIM, EWG oy RESTIIS
rt, White LEDs Nishibayashi et al.
PC* PC
1 2
K ) RL R
1 2 3
R\N/R \ /’ )\L —_— = )\L
RSJ / EWG
g
110 R2
RUeR
J R? EWG
R! N\(\'/
R3
(TMS* |f R3 =TMS) l N
R? 7 EWG
N
R
R3

Scheme 17Photocatalyzed addition afamino radicals to Michael acceptors

P, Kohls, D. Jadhav, G. Pandey and O. Re@3#y, Lett, 2012,14, 672—675.

% (a) Y. Miyake, K. Nakajima and Y. NishibayasBi,Am. Chem. Sqc2012,134, 3338-3341. (b) Y. Miyake,
Y. Ashida, K. Nakajima and Y. Nishibayasiihem. Commun2012,48, 6966—6968.
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In 2011, MacMillan mentioned a reaction betweentpheneratecdx-amino radicals
and benzonitril&® The radicals were obtained by oxidationNsilkyl anilines and added at
the ipso position of the cyano arene releasing cyanidethadi-amino arene§cheme 18
The reaction performed with the Ir(ppyphotocatalyst was suitable for (non)-cyclic ar@in
and various cyano (hetero)arenes. Photoexcitaticieniridium photocatalyst leads to the
reduction of the cyano arene. Thé'[lintermediate then oxidizes the aniline, resuliimghe
formation of thea-amino radical which couples with the reduced ardiee newly formed

anion provides the final formation of the produastiayanide.

NG Ir(ppy); (0.5 to 1 mol%)
) \@\ NaOAc (2.0 equiv)
N + IN
|
Ph COzEt DMA, rt, Blue LEDs Ph CO,Et

80%
{ de ] (26-95%, 32 examples)

Scheme 18Photoredox amina-arylation reaction
e Oxidation of a-aminocarboxylates

Anionic species are substrates of choice for oldateactions. MacMillan showed the
ability of a-aminocarboxylates to undergo photooxidation, gatimey ana-amino radical by
the loss of C@ As he showed before, the radicals were able toctapled with
dicyanobenzene in similar conditioffs Even if the amine must be protected (Boc or Gbz)
avoid the oxidation of the nitrogen atom, secondarg tertiary amines could be engaged in
the process because, these radicals’ precursorgjutie easy to oxidize ((R-CO,/R-
CO,)= +0.95 — +1.16 V vs SCE}:*? They were also engaged in vinylation reacti®ns.
Oxidation of the carboxylate by photoexcited [Il(G@Fs)ppy)(dtbbpy)](PF) catalyst gives
the carbon-centered radical which is directly tegpy a vinylsulfone. After the C-SEh
bond fragmentation, the sulfonyl radical 14PhSQ«/PhSQNa)=+0.50V vs SCEf

% A. McNally, C. K. Prier and D. W. C. MacMillai§cience2011,334, 1114-1117.
617. Zuo and D. W. C. MacMillan]. Am. Chem. Sq2014,136, 5257-5260.

62 M. Galicia, F. J. J. GonzaleE|ectrochem. So@002 149, D46.

%3 A. Noble and D. W. C. MacMillan]. Am. Chem. Sqi2014,136, 11602—11605.
64 B. PerssonActa Chem. Scandl977,31B, 88.
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participates to the regeneration of the photocstalia a SET with the if intermediate
(Scheme 1%

CN
Me NG Ir(p-F(t-Bu)ppy); (2 mol%) Me
CsF (3.0 equiv)
Me COZH + Me
NHBoc CN DMSO, i, Blue LEDs NHBoc
Me 85%
via | Me .
NHBoc

[Ir(dF(CF3)ppy)(bpy)I(PF¢) (1 mol%)
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N COzH + \/j© N
F

|
' Dioxane, rt, 26 W CFL Boc F

7N\

I |r|||

j\ .\ )

84% (94:6 E:2)

Boc
PhSO, *® N

. Boc
PhOS A~y )/
-0 .

D ——
I|30c 5\1 ) 2
BOc " SO,Ph

Scheme 19Photooxidation ofi-aminocarboxylates
» Oxidation of organoborates

In the same line, alkyl trifluoroborates have prve be suitable substrates to generate
radicals upon oxidatiof?. Akita and Koike reported their work on the photination of
organoborates with the [Ir(dF(@PBpy)k(bpy)l(PR) catalyst® In order to prove the
photooxidation feasibility, they performed spingpang experiments with TEMPO and found
that allyl, benzyl and tertiary alkyl trifluorobdes could form the corresponding alkyl-

% (a) Y. Nishigaichi, T. Orimi and A. Takuwd, Organomet. Chem2009,694, 3837—3839. (b) G. Sorin, R.
MartinezMallorquin, Y. Contie, A. Baralle, M. Malacria, P.- Goddard and L. Fensterba®iggew. Chem. Int.
Ed, 2010,49, 8721-8723. (c) G. A. Molander, V. Colombel andA/Braz,Org. Lett, 2011,13, 1852—-1855.

Y. Yasu, T. Koike and M. Akitaddv. Synth. Catal2012,354, 3414—3420.
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TEMPO adducts. However, secondary and primary atf{lioroborates were not converted
to the expected product. Only (triol)borates oh2eroxymethyl)-2-methylpropane-1,3-diol
which showed lower oxidation potentials and coutdvide TEMPO adducts in moderate

yields Scheme 2D Synthetic applications were also extended te&tgpe reactions.

L e . ONRCR P oRIPF)
el ’ 0 2 mop R g\,é 84-99%

2 19
\ (2 mol%) 10 examples

+ N
Acetone, rt, Blue LEDs
O
BOJ @ 2.5 equiv. R*O°N R=Cy, 67%

R=Cy, Ph
MeO
= 14-85%
Ir(dF(CF b PF —
QBFSK firtelFt f:p,mﬁz)py)]( o Y @WEWG 5 examples
+ ZOEWG
Acetone/MeOH, rt, Blue LEDs "
o ) Ewg R=alkyl, 45-69%
,'3@/ o  40equiv. R R=aryl, 27-35%
R0 K
EWG = ester,
R = alkyl, aryl nitrile, phosponate

Scheme 20Photooxidation of organoborates

Few years after, Molander and co-workers extended dynthetic applications of
organotrifluoroborates' They photooxidizedx-pyrrolidinyltrifluoroborate (£, = +0.78V
vs SCE) with Eosin Y (B = +0.83V vs SCEY at 50°C. The generataxtamino radical
was engaged in alkenylation reactions with vinyfanes and allylation reactions with allyl
sulfones. Radical adducts were isolated in modemagood yields $cheme 21 Cyanation
of primary and secondary alkyl trifluoroborates Idobe also performed by action of the
highly oxidizing Fukuzumi's catalyst (z°% = +2.06V vs SCE¥ and tosylcyanide as radical
acceptor. Secondary cyclic trifluoroborates gawelbst yields while an unactivated primary

aliphatic trifluoroborate provided the expecteddarct in a low yield.

7.C. K. Prier, D. A. Rankic and D. W. C. MacMillaBhem. Rey2013,113 5322-5363.

% A. C. Benniston, A. Harriman, P. Li, J. P. Rostrbh J. van Ramesdonk, M. M. Groeneveld, H. Zhamt) &
W. Verhoeven,J. Am. Chem. Sq2005,127, 16054-16064.
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82% 62% 76% 65% 35%
Scheme 210rganic photooxidation of alkyl trifluoroborates

1.3 Conclusion

The photoredox catalysis has emerged as a powalfafnative method for the
formation of radicals. The diversity of photocaslyruthenium/iridium based complexes or
organic dyes) with various redox potentials allot@s promote single electron transfers
selectively. Many reactions performed in classicahditions, could be realized in a
photocatalytic version. The appeal of this fieldws year after year and demonstrates its

importance in the chemistry community and partiduldor the development of a greener
radical chemistry.
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Chapter Il
Merging photoredox and organometallic catalysis forcross-
coupling reactions

2.1 Context

Photoredox catalysis has shown its efficiency twoawplish radical reactions. Methods
merging organocatalysis and photoredox catalysise haeen also developét?#23
Recently, photoredox catalysis has proved to bepatitie with transition metal catalysis. In
this type of catalysis, the photocatalyst is nemgssto generate a radical and the
organometallic catalyst performs the cross-coupbteps between an electrophile and the
generated radical. Therefore, metal complexestabiep radicals are catalysts of choice for

such transformations.
2.2 Radical trapping by transition-metals

Transition metal catalyzed reactions have becorsentisll tools for the elaboration of
new molecular building blocks. For instance, pallad catalyzed cross-coupling reactions
and C-H functionalization reactions are processedl-egtablished and efficient. The
mechanisms relying on two electron transfer stepsirdherent to the nature of fifth period
transition metal. However, concerning 3d transgianetals, although they are known to
perform ioxidative addition in carbon-halogen ombmn-hydrogen bonds, they can also
promote single electron transtéand generate radicals. These ones can be furéimred by

the metal and involved in organometallic processes.

% For examples of photoredox-organo dual catalyajsD. S. Hamilton and D. A. Nicewicd, Am. Chem. Sqc.
2012,134, 18577-18580. (b) M. Neumann and K. Zeitlerg. Lett, 2012,14, 2658-2661. (c) D. A. DiRocco
and T. Rovis,J. Am. Chem. Sqc2012,134, 8094-8097. (d) F. R. PetronijéyiM. Nappi and D. W. C.
MacMillan, J. Am. Chem. Sqc2013,135, 18323-18326. (e) M. A. Zeller, M. Riener and D.Micewicz,Org.
Lett, 2014,16, 4810-4813.

9 3. K. Kochi,Acc. Chem. Resl1974,7, 351-360.
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« Cobalt

Some cobalt complexes showed to be able to redige fmlides to alkyl radicals
which could undergo cyclizations. The resultingicatlintermediates lead the formation of an
alkyl-[Co(Ill)] complex. Such species can be trapy iodine, diphenyl disulfide, isonitrife
or can undergo cross-coupling reactions with Grigneeagents. Reduction of 5-hexenyl
bromide or cyclopropylmethyl bromide lead to thenfation of ring-closing or ring-opening

products respectivelf, suggesting the formation of alkyl radicals durthg transformations

(Scheme 2%
[
es

o)

a) . [Co(l] / SPh
Oin [CO(')] O.\/—Y ijg (PhS)Z Q\/g

o o) ¢ 0

\ CN
t-BuNC : /<
(¢}

Ph
' _ CoCl,(dppe) (10 mol%) d‘
+ PhMgBr

b)

N
E THF, 0°C, 30 min Ar
r 2.2 equiv. 81%
CoCly(dpph) (5 mol%)
(TMS)CH,MgCl (2.5 equiv.)
D \ / 2 NN
Br *+ Ph
Ph Et,0, reflux, 3h
1.5 equiv. 50%

Scheme 22Cobalt-mediated radical reactions

% (a) V. F. Patel and G. Pattend@etrahedron Lett.1987,28, 1451-1454. (b) V. F. Patel and G. Pattenden,
Chem. Soc. Chem. Commui©87, 871-872. (c) V. F. Patel, G. Pattendenlznél. Thompson,J. Chem. Soc.

[Perkin 1], 1990, 2729-2734. (d) A. Ali, D. C. Harrowven @&dPattendenletrahedron Lett.1992,33, 2851—
2854,

% (a) K. Wakabayashi, H. Yorimitsu and K. OshirdaAm. Chem. Sqi2001,123 5374-5375. (b) Y. Ikeda, T.
Nakamura, H. Yorimitsu and K. Oshima,Am. Chem. Sqi2002,124, 6514—6515.
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* Nickel

With the development of the Kumada-Coffiseaction in the 70s, nickel catalysis has
demonstrated impressive reactivitiéd.ike cobalt, a variety of nickel catalysts haveealed
to be remarkably active in the formation of carlmemtered radicals. In the context of GJsp
C(sp)) cross coupling reactions between electrophiles @rignard or organozinc reagents,
several reports mentioned mechanisms involvingcedsli Cardend$ accomplished the cross-
coupling reactions between iodoalkanes and alkyt halides. He observed that in the
presence of a nickel catalyst with a Pybox ligan8;hexenyl iodide type substrate underwent
5-exatrig cyclization before the coupling step and opebpylmethyl iodide gave the ring-
opening productsScheme 2R From calculations, Cardenas supposed the foomadf the
radical by a reduction of the electrophile withiarermediate Ni(l) complex.

Ni(py)4Cl, (10 mol%)

! 0 d COE N
(S)-(sBu)-Pybox (10 mol%) . |
O: * Ban/\/CozEt Oﬁ)\/l\lj\(o
- T
sBu ;?sBu

0N\F THF, rt i
80% (dr 57:43)
| 0/> same conditions 03 (S)-(sBu)-Pybox (10 mol%)
> S
' BanM o N ©

63%

Scheme 23Nickel-catalyzed Negishi cross-coupling reaction

Indeed, redox potentials of (terpyridyl)tdilkyl) complexes have been measured between -
1.32 V and -1.44 V (vs Ag/Ag+ in THEY? allowing the reduction of alkyl halide to a carbon
centered radicdf® Then the radical adds on a Ni(ll) complex whicheafreductive

elimination liberates the cross-coupling produstiieme 2% Furthermore, methodologies

(@) K. Tamao, K. Sumitani and M. KumadaAm. Chem. Sqcl972,94, 4374-4376. (b) R. J. P. Corriu and J.
P. MasseJ. Chem. Soc. Chem. Commut@72, 144a—-144a.

% Eor more details, see section 4.1.
V. B. Phapale, E. Bufiuel, M. Garcia-lglesias and.OCardenagingew. Chem2007,119, 8946-8951.
190G, D. Jones, C. McFarland, T. J. Anderson and D/igic, Chem. Commun2005, 4211-4213.

191G, D. Jones, J. L. Martin, C. McFarland, O. ReAllR. E. Hall, A. D. Haley, R. J. Brandon, T. Keatova,
P. J. Desrochers, P. Pulay and D. A. VidicAm. Chem. Sq&2006,128 13175-13183.

75



using others nucleophiles such as boronic acidign@m reagents or organostannatiés,
involved the formation of alkyl radicals in nickedtalysis.

Scheme 24Mechanism for Nickel-catalyzed alkyl-alkyl Negistioss-coupling

reactions
* Copper

Copper complexes also revealed efficient interacthath carbon centered radicals.
Lloris et al reported the arylation di-diketones at ther position’®® In the presence of
copper powder, Cu(acadype complexes and aryl diazonium salts could ginesexpected
cross-coupling adducts in low to moderate yieldbeyl proposed the reduction of the
diazonium salts by copper(0) giving the aryl ratlishich adds on Cu(acac)The resulting
Cu(lll) intermediate provides the arylated prodanod Cu(acac) after reductive elimination
(Scheme 2h As a side product, they observed the formatibmliphenyldiazene. In their
opinion, the product results from the radical cougpbetween a diazenyl radical and an aryl

radical.

192(3) J. Zhou and G. C. Fi, Am. Chem. Sqc2004,126, 1340-1341. (b) M. Guisan-Ceinos, R. Soler-Yanes,
D. Collado-Sanz, V. B. Phapale, E. Bufiuel and BCardenasChem. Eur. J.2013,19, 8405-88410. (c) D. A.
Powell, T. Maki and G. C. FJ, Am. Chem. Sq2005,127, 510-511.

193\, E. Lorris, R. A. Abramovitch, J. Marquet and Moreno-MafasTetrahedron 199248, 6909-6916.
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Scheme 25Arylation of B-diketones

s+ GO

CF, TfO~
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In 2001, Xiao demonstrated that (hetero)aryl iogidabstrates were trifluoromethylated in
the presence of diphenyl(trifluoromethyl)sulfoniuriflate and copper(0)?* NMR and mass
spectrometry studies showed thesitu formation of CuCk From a SET between Cu(0) and
the sulfonium, the trifluoromethyl radical is geatd and trapped by another atom of Cu(0)
to generate the organocopper Cy@¥hich undergoes an oxidative addition of aryliedid

followed by a reductive eliminatiors¢heme 2k

Cu (3.0 equiv.)
Ar—CF,

DMF, 60°C

85-98%

Cu(0) Cu(0 Ar-l Ar_ I
\T * CF; —()> CuCF; — Clu
CF;

CuOTf
Ph,S

Cul

Scheme 26Trifluoromethylation of iodo (hetero)arenes
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In the same line, previous works in our group shobiie formation of a well-defined copper
complex displaying a Cu-GHond. Treating the Cufk). (Lsq = iminosemiquinone) by the

194 C -p. Zhang, Z.-L.Wang, Q.-Y.Chen, C.-T.Zhang,CYGu and J.-C. XiacAngew. Chem. Int. Ed2011,50,
1896-1900.



Umemoto reagent lead to the formation of az;G&dical which could be trapped by

TEMPO® The redox iminosemiquinone ligand can reduce theetdoto reagent and

generate the radical species. Without any radicae@tor in the reaction mixture, it was

observed the formation of the Cugg),CF(OTf) complex (lso = iminobenzoquinone) by

radical addition on the copper. Association of Uig-elata, mass spectrometry values and 2D

EPR experiments confirmed the atom sequence arthendopper and the formation of the

Cu-C bond $cheme 27% The isolated complex could be further engaged @han-Lam

coupling type reactiot’’

Cu(LSQ)Z

L]
7 CF3]
CFy  OTf Bu § ph
No radical acceptor gy SNT 07
Ph tBu OTf

Cu(Lgq),CF3(OTf)

Scheme 27Formation of Cu(ll)-Ckcomplex

105 3. Jacquet, E. Salanouve, M. Orio, H. Vezin, @nBhard, E. Derat, M. D.-E. Murr and L. Fensterhank
Chem. Commun2014,50, 10394-10397.

196 3. Jacquet, S. Blanchard, E. Derat, M. D.-E. Mumd L. FensterbaniGhem. Scj.2016,7, 2030—2036.

107 3. Jacquet, P. Chaumont, G. Gontard, M. Orio, HziW, S. Blanchard, M. DesageN&lrr and L.
FensterbankAngew. Chem. Int. Ed2016,55, 10712—-10716.
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2.3 Ruthenium and Palladium: Genesis of the photoredoxfansition

metal dual catalysis

The first example of photoredox/transition metadldeatalysis has been realized by the
group of Sanford in 2011. Working on the palladioatalyzed C-H functionalization of
arylpyridine with diaryliodonium salts, Sanford sVtex the reaction to be temperature
dependent. Lowering the reaction temperature frd@°C to 25°C decreased the vyield
dramatically Scheme 28&)). This observation is related to the difficokidation step of the
dimeric Pd(ll) intermediate by the diaryliodoniumadtgo the Pd(IV) that triggers the reductive

elimination%

? O
Pd(OAc), (5 mol%
¢ ey ) e (Y s
Mes\*lr

_N 7% (25°C)
- AcOH, 12h
BF,

Dimeric Palladium intermediate

b’ @
Pd(OAc), (5 mol%)
O_ _Ph 2 N

Y N
LN 5 CHsCN/ACOH, 2h, O

O

Scheme 28Thermally activated C-H arylation of phenylpyridin

via

At the same time, Y{° showed that C-H functionalization of the same kafdsubstrates
could be performed with benzoylperoxidgcheme 2&)). At 100°C, the peroxide undergoes

fragmentation and CQextrusion to provide the phenyl radical which ddoteact with the

198N, R. Deprez and M. S. Sanfotd,Am. Chem. Sqi2009,131, 11234-11241.
199W.-Y. Yu, W. N. Sit, Z. Zhou and A. S.-C. Chabrg. Lett, 2009,11, 3174-3177.
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palladium complex intermediate. Based on thesdteessanford'® envisioned to generate an
aryl radical by photoredox catalysis. As precursofsradicals aryldiazonium salts were
selected due to their low reduction potenifalThe diazonium salts were reduced by
Ru(bpy}Cl, under visible-light irradiation at room temper&uilhe generated radical was
then involved in palladium catalysis to give theHGunctionalized product. Phenylpyridines

and phenylpyrrolidin-2-ones were obtained in motieta good yields§cheme 29

X
IR
+ = N | =
| \—R N, BF4 R
X " LN
R Pd(OAc), (10 mol%)
N
o Ru(bpy)sCl, (2.5 mol%)

26 W lightbulb 47-76%
0 /@ N, BF4 MeOH, 4h, 25°C 0
/ |
N R
4.0 equiv. 57.87%

Scheme 29Photoredox/palladium C-H arylation catalysis

A possible catalytic cycle was then proposed. Thetgexcited [Ru(bpyf*” complex
reduces the diazonium salt to generate the anjicabdind the [Ru(bpyj] complex.
Regarding the palladium catalytic cycle after Cit$ertion, the aryl radical adds on the
palladium(ll) intermediate leading to a Pd(lll) sfes. A SET with Ru(bpyj* regenerates the
photocatalyst, and the obtained Pd(IV) undergodsatéve elimination to afford the arylated
product and liberates the starting Pd(8theme 3D

10 p, Kalyani, K. B. McMurtrey, S. R. Neufeldt and M. SanfordJ. Am. Chem. Sqc2011,133 18566—
18569.
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Scheme 30Proposed mechanism for Photoredox/palladium Cytéton catalysis

This mild approach for palladium catalyzed—C-H bondrylation is the first
photoredox/transition metal dual catalytic procedgsich demonstrates the feasibility of
photoredox mediated cross-coupling reactions ardtgum the way towards new synthetic

opportunities.
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2.4 Towards photoredox/transition-metal dual catalysigorocesses

Since the seminal work of Sandford, many photorédanxsition-metal dual catalysis

processes have been developed. One of the mosttanpteatures of this kind of catalysis is

the opportunity offered by the photoredox transfations to modify the oxidation state of

organometallic intermediates. This allows tuning tleactivity of the metallic centers for

synthetic applications. Two tandem processes caunlistehguished: — Catalytic reactions

which do not involve the formation of radicals (egpt superoxide anion [P°). In this case,

the SET takes place only between the photocatalydtthe transition metal. — Reactions in

which a photogenerated radical is trapped by amrungetallic complex. In this case, a

second electron transfer between the organometaltalyst and the photocatalyst occurs to

maintain the redox balance. Each process will etbre named “Catalysis of Redox

Steps” and “Catalysis of Downstream Steps” respeely (Figure 4).

Catalysis of Redox Steps

Photocatalysis

Organometallic
catalysis

Catalysis of Downstream Steps

Photocatalysis

Organometallic
catalysis

Figure 4. Modes of photoredox/transition metal catalysis

2.4.1 Processes without radical formation: Catalysis of Bdox Steps

¢ C-H Functionalization

Among the photoredox/transition metal dual catalyteactions reported in the

literature, C-H functionalization has been partely studied. Rueping and co-workers

developed another approach to oxidative Heck Reacib called Fujiwara-Moritani reaction
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under photoredox conditior’s' Based on an article of van Leeuw&nwho reported the
coupling reaction between anilidines and olefingwiAd(OAc) as catalyst and benzoquinone
as oxidant, they chose the photooxidizing catalygppy).(bpy)](PF) to perform this
catalytic process. Starting from (Z)-(phenylamindg)d-enoate derivatives in the presence of
Pd(OAc) and potassium carbonate, they could obtain theadton of indoles in good to
excellent yields. Control experiments showed that reaction occurred under oxygen
atmosphere. However, the presence of potassiumosuge proved to be essential. Based on
these informations, the authors proposed a meahanis which Pd(OAc) did two
consecutive C-H insertions. After reductive elintioa, the indole is obtained and a Pd(0)
complex re-oxidized simultaneously by superoxidd #me photoexcited iridium complex.
The Ir(ll) photocatalyst transfers its excess eica#bn to a molecule of oxygen, regenerating

the photocatalyst Ir(lll) and providing a superaxahion Scheme 31

Pd(OAc), (10 mol%)

i AN [Ir(ppy)2(bpy)I(PF6) (3 mol%) CO,Me
T K,CO; (3.0 equiv
PN 2CO; ( quiv) R SN\
H Come DMF, 24h, rt, 11 W lamp 7 N
57-95%
[02]° -
N
A SETI ©\
|I'|” I NS
H
(( CO,Me
Pd(OAC),
Light /' HOA
C
SET) N
|r|||* - [02]
A 0
0] Pdl._CO,Me

[ Ac!
0 2 [Pd]
N LI
N
H
CO,Me A

A\
[Pd] HOAc

N COzl\/le
H LI
N

H

Scheme 31Photocatalyzed Fujiwara-Moritani reaction

1113, Zoller, D. C. Fabry, M. A. Ronge and M. RuepiAggew. Chem. Int. Ed2014,53, 13264—13268.
12 M. D. K. Boele, G. P. F. van Strijdonck, A. H. Me Vries, P. C. J. Kamer, J. G. de Vries and PNVWM.
van Leeuwen]). Am. Chem. Sq2002,124, 1586-1587.
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In the same field, Rueping’s group reported thet@tatalyzed synthesis of indoles
from acetanilides and alkynes. Inspired by the wook Fagnod®® they found that the
photocatalyst Ru(bpyd" under visible-light irradiation was a suitable phuztalytic oxidant
instead of stoichiometric amount of Cu(OA¢) regenerate the active rhodium catalyst.
Cationization of [Cp*RhGl, gives the active metalating agentwhich inserts in the C-H
bond inortho position of the acetanilide. After coordination toke alkyne to the rhodium,
insertion of the triple bond results in the formatiof a six-membered metallacycle
intermediate. Then, a reductive elimination giviesN-acetyl indole and a Rh(l)complex is
released. A similar re-oxidation with superoxideypously detailed with the palladium C-H

functionalization may occur to end the catalyticleyScheme 32

[CP*RhCl,], (2 mol%)
1 AgSbFg (8 mol%) R?

R
R @L o Ru(bpy)3(PFg), (1 mol%) S L
N NJ\ + R—/ y R
H R2

PhClI, 14h, 120°C, CFL

o
33-88%

[OJ]° ™
\ P ©\ o
4 SET
N
Ru" Ru| NJJ\
(( Rh(Ill) "
Light /
SET) "\
Rul* _—— [0, Rh(III)
/ o
[OJ]° -
Rh(l)
R1
/
Rh(III)
Ac

Scheme 32Combined Photoredox/Rhodium catalyzed C-H funcliaation of

acetanilides with alkynes

113 (@) D. R. Stuart, M. Bertrand-Laperle, K. M. N.rass and K. Fagnod, Am. Chem. Sqc2008, 130,
16474-16475. (b) D. R. Stuart, P. Alsabeh, M. Kalma K. FagnouJ. Am. Chem. Sqc2010,132 18326-
18339.

114 For more details see: D. C. Fabry and M. Ruephug, Chem. Res2016,49, 1969-1979; ref 69: Manuscript
in preparation.

Y51, Li, W. W. Brennessel and W. D. Jonésganometallics2009,28, 3492—3500.
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e Two successive SETs catalysis

Others photoredox/transition-metal dual catalysiscesses involving two SETS
between both catalysts were developed. Each SBWslhe organometallic catalyst to reach
the specific oxidation state required for the oaial Tunge and co-workers reported a
decarboxylative allylation gbara-amino allyl 2-phenylacetate in the presence oPPt), as
transition metal catalyst and [Ir(ppgpy)](BFs) as photocatalyst® They could obtaimpara:
homoallylaniline products in moderate yields. Afatively starting the reaction from
carboxylic acids and allyl methyl carbonate in ghddmetric amounts provided the products
in the same range of yields. During the optimizatithe authors noted the formation of a
dibenzyl product suggesting the formation of a lykradical in the process. In addition, they
observed the formation of a 1,5-hexadiene resuftiogn the presence of an allyl radical. So
they suggested a plausible mechanism involving azyleallyl radical coupling. They
proposed the oxidative addition of the allyl estePd(0) to form a Pdzallyl complex and a
carboxylate anion§cheme 3R The photoactivated iridium catalyst oxidizes taeboxylate
which undergoes decarboxylation to furnish the gemadical. Thereafter, the Pdallyl
cationic complex is reduced by the Ir(ll) intermegdi to provide the allyl radical and

regenerate both catalysts.

11635, B. Lang, K. M. O’'Nele and J. A. Tungke,Am. Chem. Sqi2014,136, 13606—13609.
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Scheme 33Photocatalyzed decarboxylative allylation of pHaogtate derivatives

Nickel also proved to be a valuable candidate totguedox/transition metal dual
catalysis. MacMillan developed an efficient intetewular cross-coupling reaction between
arylbromides and alcohols involving photoredox/eickual catalysis. Studies on the nickel
catalysis revealed that the C-O bond formation gusihis metal is tricky. Reductive
elimination of the C-Ni-O is endothermi¢’ and does not favor the C-O bond formation
except for nickel metallacyclés® However, reductive elimination from a nickel(lll)
intermediate was suspected to be much easierder ¢o reach this oxidation state, the idea
of this group was to use a photocatalyst to oxidize [C-Ni'-O] intermediate. Using
NiCl,.dme, a bipyridine type ligand and [Ir(dF(§Bpyk(dtbbpy)]Pk as photocatalyst, they
could obtained the expected aryl ether productsxitellent yields $cheme 34 Regarding

the mechanism, they proposed an oxidative adddfdhe aryl bromide on the Ni(0)(dtbbpy)

1173, A. Macgregor, G. W. Neave and C. Smitaraday Discuss.2003,124, 111-127.

118 (@) P. T. Matsunaga, G. L. Hillhouse and A. L. Rgeld, J. Am. Chem. Sqc1993,115, 2075-2077. (b) P.
T. Matsunaga, J. C. Mavropoulos and G. L. Hillhgu®elyhedron 1995,14, 175-185. (c) R. Han and G. L.
Hillhouse,J. Am. Chem. Sqc1997,119, 8135-8136.
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active catalyst. A ligand exchange with the alcothwuld then generate the Ni(ll) aryl
alkoxide. At this stage, the crucial oxidation tgIN) was carried out by the photoexcited
iridium complex (Ex(Ni"/Ni'"") = +0.71V vs Ag/AgC'® and B (Ir'"*/Ir") = +1.21V vs

SCE). The Ni(lll) aryl alkyloxide complex then urmdeent reductive elimination to give the

aryl ether and a Ni(l) complex reduced by the Jnfitermediate to regenerate both catalysts.

NiCl,.dme (5 mol%)
dtbbpy (5 mol%)
B . [Ir(dF(CF3)ppy),(dtbbpy)IPFs (1 mol%) R
R + R<_OH O/
Z Quinuclidine (10 mol%)

K,CO; (1 equiv.) 960,

MeCN, 24h, rt, Blue LEDs 60-96%

_Br /— SET
Ar [NI]O \
[Ni'—Br
h.III B
ON
?I’ Ar
[Ni]"-Ar nght il
R
OH
|rIII*
W OR
[NI] -Ar [Ni]”'-Ar
Br
\ setl—""

Scheme 34Photoassisted nickel catalyzed C-O bond formation

19 A, Klein, A. Kaiser, W. Wielandt, F. Belaj, E. Webel, H. Bertagnolli and S. Zalifyorg. Chem. 2008,47,
11324-11333.
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2.4.2 Processes with radical formation: Catalysis of Dowstream Steps

Catalysis of downstream steps involves radical &om by photoredox catalysis.
This chemical species adds on the organometabigsition metal, generating a reactive
metallic intermediate which can undergo reductikmieation or participate to electrophilic

activation of multiple bonds for instance.
2.4.2.1 Gold mediated catalysis

Over the last years, gold catalysis has emergedpasverful tool for the formation of
cyclic systems, functionalization of alkenes, akgnor allenes by nucleophilic addition
reactiond®® and cross-coupling reactions. The latter involaeseductive elimination step
from a Au(lll) intermediate. In 2006, Garcia andworkers observed that benzyl and aryl
radicals react with gold(l) complexes to afford amggold(lll) specie$? This property has
been exploited by Glorius to develop the first phetox/gold dual catalystd?
Aryldiazonium tetrafluoroborate salts were use@sradical precursors and Ru(bgPFs)2
as photocatalyst under visible-light irradiatiorheTauthors showed that the gold catalyst
PhsAUNTf, was the most effective complex in methanol for eandbexatrig cyclization-
arylation reactions of 4-penten-1-ol. The scopeldde extended to 5-penten-1-ol and 5-
penten-1-tosylamide. Various aryldiazoniums beasuistituents such as halogens, esters or

methoxy groups led to the product formation of aid in moderate to good yieldScheme

35).

120 For recent reviews on Gold catalysis see: (a)dnskerbank and M. Malacridcc. Chem. Res2014,47,
953-965. (b) R. Dorel and A. M. Echavarr@nem. Rey2015,115 9028-9072.

12Lc. Aprile, M. Boronat, B. Ferrer, A. Corma and®harcia,J. Am. Chem. Sqi2006,128 8388—8389.
122B_Sahoo, M. N. Hopkinson and F. GloridsAm. Chem. Sqi2013,135, 5505-5508.
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NZBF4 Y R2 R1

R R3<
s )
X
noE [PPh;PAU]NTS, (10 mol%)
R Ru(bpy);PF¢ (2.5 mol%)
Y =0, NTs 4.0 equiv. 23 W fluorescent bulb 34-84%

MeOH, 4-16h, rt

oH N,BF, Y,
R 7\
X ! _— R/_

4.0 equiv. 32-83%

Scheme 35Ru/Au catalyzed oxy/aminoarylation of alkenes

Regarding the mechanism, the starting cationic JAtgbrdinates to the alkene which
gives a cyclic alkylgold(l) intermediate. The phexcited Ru(ll)* reduces the aryldiazonium
to generate the aryl radical which adds on thelgtigi(l). The resulting Au(ll) complex is
then oxidized by Ru(lll) to afford the key Au(llintermediate. A reductive elimination step

provides the final product and regenerates th&imiu(l) complex Scheme 3%

7N\

Light

.
Ar
Ru(bpy)s?* Ru(bpy)s?* ]
PPh, Ar
A o o
N
— - \/
SET .
AN ] [Au'PPh;]
l Ru(bpy)s>*

OH
Ne+ A '?\f K/\
Ad" | X
iDPhs Au'-PPh;
0} V\T 0

Ar
Scheme 36Proposed mechanism for the Ru/Au dual catalysis

On the same line, our group realized a similar éamgrocess witb-alkynylphenols:?®
A neutral gold catalyst was used suggesting angplessible pathway for the C-C bond

1287 Xia, O. Khaled, V. Mouriés-Mansuy, C. Olliviand L. Fensterbanld, Org. Chem.2016,81, 7182—7190.
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formation. The successive radical addition and atkch steps would happen directly on the
PhPAUCI complex $cheme 3Y. Then, the cationic Au(lll) intermediate may praot® the
cyclization step by electrophilic activation of tiigple bond and the reductive elimination

leading to the C-C bond formation.

[PPh;PAU]CI (10 mol%)

OH N2BF4  Ru(bpy)sPF (2.5 mol%)
R S X 23 W fluorescent bulb
P + SR
A PN MeOH, 16h, rt
| SR
4.0 equiv. 23-96%

Other possible pathway

Ar e
Ar
PhPAU'CI AN PhsPAU'CI M

N
Ar
Ph3PAu”'CI} —=—— Gold catalysis

Scheme 37Dual Photoredox/Gold catalysis arylative cycliaatof o-alkynylphenols

This kind of pathway was first proposed by Toste tlee arylative ring expansion
cascade of alkenyl and allenyl cycloalkanols. Upgoeatment with aryldiazonium salts,
PhPAUCI and Ru(bpyg[PFs). as catalysts, aryl substituted cyclic ketones vadrined in
low to good yields?** Regarding the mechanisnSgheme 38 the photoredox process is
similar to the one proposed by Glorius, except thatneutral complex BRAuCl undergoes
an addition of an aryl radical followed by oxidatiith Ru(lll). The resulting alkylgold(lII)
intermediate was proposed. Its formation was supdorby the observation of
[PheP-Ph[.BF4 as a side product formed by reductive eliminatibn.the case of a fast
coordination of the complex to the alkene or allghe ring expansion may occur. Then, the
reductive elimination affords the correspondingoket and regenerates the starting Au(l)

catalyst.

124 . Shu, M. Zhang, Y. He, H. Frei and F. D. TosteAm. Chem. Sqi2014,136, 5844-5847.
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N,BF,

R
N
R

Sl

=

3.0 equiv.

N,BF,

R
HO X
. + | R
X §Z

3.0 equiv.

4

Ru(bpy)s?™

Light

AN, -\K

SET

Ny + A

Scheme 38Photoredox/Gold catalyzed ring expansion-arylateaction

Gold catalyzed transformation of allenes under @teatox conditions has also been
reported by the group of Shiff In the same way, allenoates could be convertettyiated
furanone in the presence of a cationic gold compmeydiazonium salts and Ru(bp{pFs)..

In the presence of a cationic gold(l) catalyst {fAu]OTf), allenoates are converted to a
gold(l)-furanone intermediate. Then, the aryl ratliaddition and the oxidation step would

generate the gold(lll) complex which after reduetielimination liberates the arylated

[PPh;PAuU]CI (10 mol%)
Ru(bpy);PFg (2.5 mol%)
visible light

MeOH, 16h, rt

[PPh3PAuU]CI (20 mol%)
Ru(bpy);PFg (2.5 mol%)
visible light

MeOH, 16h, rt

+
[PhzP—Ar]

Ru(bpy)s?*

)\ Ru(bpy)s** /(

Ar

furanone and the starting gold(l) catalySicljeme 3%

R
0)
)

16-90%

15D, V. Patil, H. Yun and S. Shiddv. Synth. Catal2015,357, 2622—2628.
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[PPhsPAU]CI or

o)
Me N,BF4 (10 mol%)
A\ Ru(bpy)sPF (2.5 mol%) o

XN +

\] Ar

CO,tBu Blue LEDs Me
OMe MeOH/MeCN (20/1),
4h, rt
4.0 equiv. 82%

Scheme 39Photoredox/Gold catalyzed cross-coupling of abeméh diazonium salts

The photoredox/gold dual catalysis has demonstratecfficiency towards cross-
coupling reactions with aryldiazonium salts. Moregvthe ability of gold to promote
cyclizations or rearrangements and perform crosglany reactions depends mainly on the
electrophilicity of the catalyst. Two mechanismsédnaeen proposed depending on the nature

of the starting gold catalyst (neutral or cationic)

2.4.2.2 Copper-mediated catalysis

As mentioned in paragrapl?, copper is also an efficient radical trapping agafter her
pioneering works with palladium on dual catalyssnford developed a copper-catalyzed
trifluoromethylation of arylboronic acids. This kno reaction usually required expensive
trifluoromethylating agents or stoichiometric amtunf copper?® For these reasons, they
choose CH which can be reduced in the presence of Ru@iBif). as photoredox catalyst to
a CRradical?'?’and a copper catalyst (20 mol% of Cu(OAc)) to abthie cross-coupling
products-*® Various aryl and heteroaryl (pyridine, furane, mqline) boronic acids could be
trifluoromethylated $cheme 49 Electron-rich and electron-poor electrophilesevielerated
and converted to the expected products in modei@t@xcellent yields. In addition,
perfluoroalkyliodides were also suitable partnétewever, with these materials, the loading

of copper must be drastically increased to gesfeatiory yields.

126 (@) T. Liu and Q. Sherg. Lett, 2011,13, 2342—2345. (b) J. Xu, D.-F.Luo, B. Xiao, Z.-J.Liu-J.Gong, Y.
Fu and L. Liu,Chem. Commun2011,47, 4300. (c) C.-P. Zhang, J. Cai, C.-B. Zhou, X.-Br\f, X. Zheng, Y .-
C.Gu and J.-C. Xiadchem. Commun2011,47, 9516.

127p V. Pham, D. A. Nagib and D. W. C. MacMillakngew. Chem. Int. E®2011,50, 6119-6122.
128y Ye, M. S. Sanford). Am. Chem. Sq2012,134, 9034-9037.
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CuOAc (20 mol%)
Ru(bpy);Cl, (1 mol%)

N B(OH), K,CO3 (1 equiv.) N CF,
R+ + CF3| RL
% 26 W light bulb N
60°C, 12h, DMF
5.0 equiv. 39-93%

CuOAc (50-100 mol%)
Ru(bpy);Cl, (1 mol%)

B(OH), K,CO; (1 equiv.) Re
Je e o
Ph 26 W light bulb Ph
60°C, 12h, DMF 67% (Rg = C4Fg, 5.0 equiv.)
1% (RF = C10F21, 1.2 equiv.)

Scheme 40Photoredox/copper-catalyzed trifluoromethylatiowl @erfluoroalkylation

of boronic acids

Concerning the mechanism, the authors proposed Ta l&&fEveen the photoexcited
Ru(ll)* and Cu(OAc) to Ru(l) and Cu(ll) complexé&he resulting Ru(l) then reduces {Lt6
produce the Cé#radical which adds on the intermediate Cu(ll). Wihe new complex
Cu(ll-CFs3, the boronic acid may undergo transmetallatioringivthe transient complex
[aryl-Cu(lI)-CF3]. After a reductive elimination, the adduct aryCis released and the

starting Copper(l) salt is regenerat&tlieme 4L

2+ 2+%
Ru(bpy)s Ru(bpy)s CF,*
CF" ™
SET SET .
\ / XZCU\CF
) Ru(bpy)s* ( ’
_B(OH),
CF4l Ar
Cu'X
CFs B(OH),X
XCUIII
Ar
Ar_CF3

Scheme 41Possible mechanism for the Cu/Ru-catalyzed tnilozethylation
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2.5 Conclusion

The combination of photoredox catalysis and orgagtalfic catalysis has shown to be a
highly versatile approach for the construction olvide range of molecular scaffolds. The
overall methodology involves either only electroantsfers between both catalysts, or with an
additional radical trapping step by the organontietadatalyst. Various transition metals
including palladium, gold and copper can be usepeidorm cyclizations or cross-coupling
reactions via C-H or C-X bond activation. Nickehgalexes have also widely participated to

such type of transformations. These processes il detailed in chapter four.
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Chapter Il
Oxidation of alkyl bis-catecholato silicates: a md

way for the formation of carbon centered radicals
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Chapter Il
Oxidation of alkyl bis-catecholato silicates: a md way for the

formation of carbon centered radicals

3.1 Definition of silicates

Silicon is the most abundant element by mass ith'sacrust. Even if pure silicon (0)
is widely used for its application in electroni@s semiconductor, it is commonly found
combined with oxygens in minerals called “silicsitewhich contains the silicate ion
((SiOs)*) associated with metal oxides. However, in someenails, the silicon-oxygen ratio
is different than 1:4 due to the oligomerization ((8i0;)*) monomers. In some extent, a
silicon atom surrounded by 4 oxygen atoms is camei as a silicate. According to [IUPAC
nomenclature, an organic-containing silicate is alecule with the general structure
(RO)Si(B),(C)(D)s, where R, B, C and D are organic moieties and a+d+= 4'%°
However, since silicon can reach penta- and hegaeglwith alkoxy or fluoride ligands, this
definition is biased. Consequently, hypervaleniceil species bearing such groups are
considered as silicates as well. Thus, pentacoat@lisilicon species with 4 alkoxy ligands

and 1 organic substituent are so called silicdtagi(e 5).

©
R'\ O~R' ©) Y = Na, Li, K, ammonium
O\Si: Y R = alkyl, vinyl, aryl
—=""0
R 0o I\?'
RI

Figure 5. General representation of organic silicates
3.2 Oxidation of hypercoordinate silicon compounds

Hypercoordinated silicon compounds containing awe, or three alkyl residues have

shown various reactivities for the formation of whatic scaffolds. Indeed, these silicon

129 https://goldbook.iupac.org/html/O/OT07579.html
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derivative substrates have been especially engagéd nucleophiles®® used as Lewis
acids®! for the activation of carbonyl compounds, or imea in Hiyama type cross-coupling
reactions->? Also, thein situ formation of such compounds led to the same kineactivity.
Furthermore, anionic penta- and hexacoordinateidosil compounds display a negative

charge which gives them a reductant feature whashideen investigated
3.2.1 Metal mediated oxidation of organopentafluorosilicées

It is well established that the fluoride ion has fftrongest affinity with silicon. Taking
advantage of this property, the synthesis of hygmdinated silicon compounds containing
several fluorine atoms can be easily prepareddatritent of chlorosilane with a fluoride salt.
Inspired by the work of Tansjd° Kumada and co-worker¥ reported in 1982 the first
efficient synthesis of organopentafluorosilicat®g.treating a large panel of trichlorosilanes
by potassium fluoride in aqueous conditions, thewld synthesize a wide range of

organopentafluorosilicateS¢heme 4Zq. 1).

. o
ROGR K [r-SFs]" 2k Eq. 1
25 equiv. 23 examples
iFs] % CuX; (2 equiv.)
[R/SIF5] 2k* R,X X= Cl or Br Eq. 2

THF, Et,O or MeOH, rt
18-88%
13 examples

Scheme 42Synthesis and copper mediated oxidation of orgamafiaorosilicates

130 (@) A. Boudin, G. Cerveau, C. Chuit, R. J. P. @oand C. ReyeAngew. Chem. Int. Ed. Engll986,25,
473-474. (b) J. P. Corriu, C. Guerin, B. Henner gndVang,Organometallics 1991,10, 2297-2303. (c) C.
Breliere, R. J. P. Corriu, G. Royo, W. W. C. Wonlgi ®an and J. ZweckeQrganometallics 1990,9, 2633—
2635. (d) Voronkov, V.M Dyakov and S,V,Kirpichenkiournal of Organometallic Chemistr{982,233 1-
147. (e) R. MillerZ. Chem.1965,99, 1614.

131 (@) G. Cerveau, C. Chuit, R. J. P. Corriu and €yeRJ. Organomet. Chem1987,328 C17-C20. (b) M.
Kira, K. Sato and H. Sakural. Am. Chem. Sqc1988,110 4599-4602. (c) G. Majetich, A. Casares, D.
Chapman and M. Behnké, Org. Chem.1986,51, 1745-1753.

132 (3) Y. Hatanaka and T. Hiyama, Org. Chem.1988,53, 918-920. (b) K. Hirabayashi, J. Kawashima, Y.
Nishihara, A. Mori and T. HiyamaDrg. Lett, 1999,1, 299-302. (c) S. E. Denmark and D. Wehdrg. Lett,
2000,2, 565-568.

133 . Tansj6,Acta Chem.Scandl1961,15, 1583.

134 K. Tamao, J. Yoshida, H. Yamamoto, T. Kakui, H.tManoto, M. Takahashi, A. Kurita, Murata and M.
Kumada,Organometallics1982,1, 355-368.
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Some of the synthesized silicates were engaged stailbhiometric amount of copper
halide salts (CuGland CuBj). They showed that upon treatment in ether, THRmethanol,
the alkylpentafluorosilicates were converted irte torresponding alkyl halides in low to
good Yyields, depending on the nature of the starttopper salt Scheme 42Eq. 2).
Investigating the mechanism of the reaction, thagenced of a radical pathway. When the
reaction was performed with octylpentafluorosilea@nd copper chloride in methanol under
an oxygen atmosphere, they observed the formafiattanal. The octanylperoxyde radical
obtained from reaction of the octanyl radical witlelecular oxygen, would produce octanal
and octanol after dismutationS¢heme 43 Eq. 1). Spin trapping experiments with
nitrosobenzene derivatives revealed the formatibanoN-oxyl radical confirmed by ESR
(Eq. 2). Finally, treating purexo andendo2-norbornylpentafluorosilicates with copper(ll)
bromide gave a mixture @xo andendoe2-norbornyl bromide in aexdendoratio of (70-
87)/(30-13) (Eg. 3). This epimerization suggeste ttormation of a planar radical
intermediate. Moreover, the obtained ratios wemglar to the literature on the formation of a

2-norbornyl radicalt®

O,, MeOH [C7H15\/O\o'] C7H15\|¢O Eq. 1

. H
C/HisSiFs 2 , CuX; (2 equiv.)

2K ———————— 7H15\.

\—, (') Eq.2

ArNO “Ar

Solvent

P
2K

| Sifs
CuBr, A§ Eq.3

Br

] .
.
Lb 2K exolendo: (70-87)/(30/13)
SiFs

Scheme 43Investigation on the mechanism of oxidation of o@entafluorosilicates

135 (@) E. C. Kooyman and G. C. Vegtdetrahedron 1958,4, 382—-392. (b) F. D. Greene, C.-C. Chu and J.
Walia, J. Org. Chem.1964,29, 1285-1289.
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Finally, the proposed mechanism starts with a tis&mation of the silicate by the copper(ll)

halide giving the radical and a copper(l). Anotkquivalent of copper(ll) halide is required

to generate the final alkyl halid8¢heme 44)).

The methodology was then extended to radical catgu@ddition processes. To limit the
formation of alkyl halide, copper(ll) acetate wased as oxidant. The radicals were involved
in Giese-type reactions with varioag3 unsaturated carbonyl compoun@&siieme 44)).

a) CUX2 CUX2

[R/SiFsl N - R s R
CuX CuX

) O Cu(OAc), 1.0 equiv. R O
[ =-SiFs ] + /\f (OAc), 1.0 equiv. \/\f 16-70%
2K . 135°C, 3h N

b)

20.0 equiv.

[Cu(in] H,0
[Cu(]
[Cu(D]

. R\/ﬁ/o. \ R\/ﬁ/O[Cu(II)]

Scheme 44Mechanism of the oxidation of organopentafluoioates

Copper(l)-mediated oxidation of alkylpentafluodasates is the first process involving
the formation of a carbon centered radical aftagiinentation of the carbon-silicon bond of
silicates. During the following twenty years, nohet evidence about the oxidation of

hypercoordinated silicon species was reported.
3.2.2 Photon-induced electron transfers with alkyl bis-céecholato silicates

Among the variety of hypercoordinated silicon commpds, the alkyl bis-catecholato
silicates have shown interesting features for stith applicationg®221%¢ |n 2005,
Nishigaishi reported the first example of oxidatioh such specie§’ When he engaged

benzil or benzil derivatives with tetramethylammani bis-catecholato allylsilicate

136 (@) A. Hosomi, S. Kohra and Y. Tominagla,Chem. Soc. Chem. Commut987, 1517-1518. (b) A.Boudin,
G. Cerveau, C. Chuit, R. J. P. Corriu and C. RByd#l, Chem. Soc. Jpn1988,61, 101-106.

137y Nishigaichi, A. Suzuki, T. Saito and A. Takuwl&trahedron Lett.2005,46, 5149-5151.
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derivatives under light irradiation in acetonitrildhe could observe the formation of
homoallylic alcohols in fair to good yieldS¢heme 4% To rationalize the result, in the case
of R'=R*=Me, R*=H, he assumed that the major formation of ¢hadduct comes from a
Photo-induced Electron Transfer (PET) between thenzib and the bis-catecholato
allylsilicate. To have a better mechanistic insigiitthe reaction, he performed solvent
studied® and found that coordinating solvents such as DMFmethanol or additives

(pyridine, imidazolen-butylamine, DMF) drastically improved the yieldtbe reaction.

R3 Q\ o) (0] R? 0 R'R?
o0 hv (>400 nm) W )W
Ph

R 0% e+ @
— =Si- + Ph
g OMeN MeCN, 7h

R2 Ph

HO Ph R3 HO Ph R3
a-adduct y-adduct

22% (R'=R2=R3=H)

73% (R'=R2=H, R%=Me)

72% (R'=R?=Me, R3=H), o./y= 85/15
29% (R'=H, R>=R®=Ph)

o OH
. hv(>400 nm)
=NC[Si] + Ar)kfo
Ar Solvent

95% (84%) 88% (47%)
in MeOH, 3h in DMF, 1h

b)

Scheme 45Photo-induced Electron Transfer between allylsiésaand diketones

Regarding the mechanism, he proposed that theoti&edbsorbs the light and oxidizes the
silicate to give a ketyl radical and the allyl reali cation. After fragmentation of the carbon-
silicon bond, the allyl radical is released and hdical coupling with the diketone gives the
homoallylic alcohol. Moreover, a donor molecule (¢, DMF) would generate a

hexacoordinated silicon center which is more etectrich, increasing the reactivity of the

silicate towards the oxidation st€b(Scheme 4%

138y Nishigaichi, A. Suzuki and A. Takuw@getrahedron Lett.2007,48, 211-214.
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o

PET o :O

fragmentation

©
o)
Ar/kR | C-Si
. )
N b o2
Scheme 46Mechanism of photoallylation of the allyl bis-celelato silicate

More recently, Nishigaichi also reported the oxolatof the allyl bis-catecholato
silicate by anthracene under UV light irradiatiamdts reactivity towards dicyanoarenes in
photosubstitutiot®® Considering the oxidation potential of allyl bistecholato silicate
(+1.12V)"*" and the reduction potential of 1,4-dicyanobenzedes3V)*°, he found that
anthracen¥" would be able to oxidize and reduce both partrespectively under UV light
irradiation. He proposed that the photo-excitedhatene reduces the 1,4-dicyanobenzene by
a Photon-induced Electron Transfer resulting in fivenation of an aryl radical anion. The
cationic anthracene would oxidize the silicate tovie the allyl radical. After a radical

coupling and cyanide, the intermediate gives thal fallylcyanobenzene&g¢heme 4Y.

139D, Matsuoka and Y. NishigaichGhem. Lett.2014,43, 559-561.
10 A, A. Isse and A. Gennard, Phys. Chem.,2004,108 4180—4186.

1“1 M. Montalti, A. Credi, L. Prodi and M. T. Gandglfiandbook of Photochemistry, 3rd ed., Taylor &rfia,
Boca Raton, 2006.
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Scheme 47Mechanism for allylation of dicyanoarenes

3.3 Alkyl bis-catecholato silicates in synthesis

3.3.1 Formation of alkyl bis-catecholato silicates

Pentacoordinated silicon species such as alkylcdtiseholato silicates were first
synthesized in the 60’s by Cecil L. Fi{& When he treated an alkyl trialkoxysilane by
catechol with a tertiary amine in methanol, he miad the corresponding ammonium alkyl
bis-catecholato silicates. Among the bases useth®tsynthesis, he also demonstrated that
pyridine or quaternary ammonium hydroxide were affective Scheme 48Eq.1). At the
end of the 80’s Corrit?®*3inspired by the work of Frye, reported the synithe$ alkaline
alkyl bis-catecholato silicates. Instead of usingrees as base he proposed to use methanolic
solution of sodium or potassium methoxide to get ¢brresponding sodium and potassium
silicates Scheme 4&q.2).

142C. L. Frye,J. Am. Chem. Sqcl1964,86, 3170-3171.

143 G. Cerveau, C. Chuit, R. J. P. Corriu, L. Gerbiér, Reye,J.-L. Aubagnac, B.El Amrarit. J. Mass
Spectrom. lon Phy4.988,82, 259.
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OH R";N, MeOH 00

®
R-Si(OR); + @[ Rg‘,SiloR oNH Eq.1
OH rt (0]
OH MeOM / MeOH Q;O ®

Owm
R-Si(OR); + @[ _— RO/‘/SLO Eq.2
OH it, 4h 0

Scheme 48First synthesis of alkyl bis-catecholato silicates

In our laboratory, we decided to apply these metheih modifications. Indeed, we
found that the potassium version of these silicaeasot stable. In less than one week, we
observed a slow decomposition of the silicatesorbfer to stabilize them, we envisioned to
add a [18-C-6] crown ether to intensify the hypésma bond by charge separatitii
(Scheme 4% With this modification, we avoided the introdwet of water in the solid and
we managed to synthesize a wide range of prinad8), secondaryl, 1' and22), tertiary
(21) and aryl 19-20) silicates and store them on the bench for moffts?

About the ammonium version, we decided to develgdraightforward synthesis of
tetraalkylammonium silicates. So, starting fronchtorosilane, catechol and a tertiary amine
in THF, the triethylammonium silicates were obtaindhen a metathesis performed with
tetraethylammonium bromide in acetonitrile gave thiaethylammonium silicate and
22).

With this easy synthetic approach, primary, secondad tertiary alkylsilicates as well as

arylsilicates were obtained in moderate to excelezids.

144 (@) V. Corcé, L.-M. Chamoreau, E. Derat, J.-P. @od, C. Ollivier and L. Fensterbanlngew.Chem.
Int.Ed. 2015,54, 11414-11418. (b) C.Lévéque, L. Chenneberg, Vc€0d.-P. Goddard, C. Ollivier and L.
FensterbankQrg. Chem. Front.2016,3, 462-465.
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R-Si(OR); +

OH

OH
R-SiCl, + @[
OH

MeOK / MeOH

B

[18-C-6], rt, 3h

1. E3N, THF

0°Ctort

R—[Si(catechol),]

© ®
K~ [18-C-6]

© @

2. Et;NBr, CH,CN

rt

r—[Si(catechol);]  EtN

Ph._[Si]

/k/ [S1]
5

91%

4
84%

° [Si
L\/O\/\/ (Si] A

[Si] _
(:r g IS A NN
1
79% 2 3
(1", 93%2) 85% 50%
. H
[S1] [ i
CGF13/\/ C'\/[Sll Ph/N\/[SI]
6 7 8
71% 93% 85%
[Si]
OQ/\/ Cl o~ IS N > S
1" 12 13
85% 95% 83%
1
PP ~isip A0~ ISil AcO._[Si]
17
16
72% 91% 911%4
(17", 62%)
[Si] from alkoxysilane
>r[Si] G/ from chlorosilane
21 22

39% 56%

Scheme 4Modified synthesis of alkyl bis-catecholato siliesitand scope synthesis

All the silicates can be categorized into 4 grouppe activated silicates, secondary

silicates, primary silicates and aryl silicatesrtibey, benzyl and allylsilicates and silicates

9 10
92% 84%
NC._~_-I[Si F.C N [Si]
14 15
90% 80%
MeO
19 20

85%

aWithout [18-C-6].

87%

substituted ir position by a hetero atom will be all considersdaetivated silicates.

It has to be noted that the group of Molander reabthe synthesis of ammonium
silicates without performing any metathesis St8pThe alkoxysilanes were treated by

catechol and triethylamine or diispropylamine in Hldr dioxane according to the Frye’s

145M Jouffroy, D N. Primer and G A. Molandek, Am. Chem. Sqc2016,138 475-478.
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procedure $cheme 5 They were able to get primary and secondaryl allkigates in good
yields but with questionable stabilities.

@
OH Et3N or (i-Pr),NH o Et;NH
R-Si(OMe); + @[ R—[Si(catechol),] or
OH THF or Dioxane, reflux . ®
(I-Pl’)zNHz

73-93%
14 examples

Scheme 50Molander's Ammonium silicates synthesis
3.3.2 Structural analysis and properties

3.3.2.1 Hypercoordination of the silicon atom in alkyl biscatecholato silicates

Like the element carbon, silicon is tetracoordidaie a tetrahedral geometry
respecting the octet rule. Nevertheless, silicam eédend its coordination to 5 and 6 with a
trigonal bipyramidal or pyramidal square base s$tm& and octahedral structure respectively

around the silicon. We will not consider the hexadinated silicon species in this part.

In the case of a pentacoordinated silicon atompebfial is engaged in a hypervalent
three-center four-electron (3c-4e) bonding givirdge thypervalent bonds. Indeed, on a
tetrahedral geometry, 4 hybridized sp orbitalsha silicon interact with the ligands. If the
silicon atom is pentavalent 3 sp orbitals intesaith three ligands while a non-hybridized p
orbital interacts with two ligandsS¢heme 51a)). The combination of three atomic orbitals
(two s orbitals from the ligand and a p orbitalnfrehe central atom) creates three molecular
orbitals: a bonding¢x), a nonbonding () and an antibonding orbitatf). The HOMO of
the system (») has an electron density localized on the ligandev&inode is on the central
atom Scheme 51b)). On an empirically qualitative aspect, theniation of hypervalent
bonds occurs if a strong electronic affinity betwdlee donor atom and the ligand exists. For
this reason, hypercoordinated silicon species aunta Si-O or Si-F bonds are frequently

encountered.
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Scheme 51a) Hybridization of silicon orbitals. b) Molecularbital diagram of 3c-4e

interaction.

The [18-C-6] potassium alkyl bis-catecholato sibsawas crystallized and analyzed by
X-ray diffraction. We observed that the stabilitytbese silicates depends on the interaction
with the potassium. Even if the crown ether, modié near environment of the potassium,
the bond lengths of the Si-O and Si-C are not ingmily modified (Table 1). The effect is
more noticeable for the C-Si-O and O-Si-O anglescokding to the values, the potassium
cyclohexyl bis-catecholato silicate crystallizearrigonal bipyramidal structure whereas the

[18-C-6] cyclohexyl bis-catecholato silicat® {s almost in a pyramidal square base structure.
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Figure 6. Crystal structures of potassium cyclohexyl bischblato silicates with
acetone (lefll’) and [18-C-6] (rightl)

Table 1.Crystallographic data around the silicon for thelalgexyl silicates

Silicate ds (A) dosi (A) dcsio (%) dosio (%)
0,:1.778 0,:93.48
) 0,:1.737 0,:116.35 0,-03: 160.64
With acetone 1.880
03: 1.776 03: 105.75 02'04: 137.40
0,:1.735 0O,:105.98
0,:1.749 0,:103.61
. 02: 1.769 02: 103.61 01'03: 149.51
With [18-C-6] 1.883
03: 1.743 03: 106.88 02'04: 149.51
0,:1.743 0O,:106.88

110



3.3.2.2 Redox properties

Even if the redox potential is a thermodynamic eadind does not give any information
about the kinetic of the reaction, it is importémknow in photocatalysis the redox properties
of the substrates. Indeed, these data inform ustahe feasibility of a considered reaction.
Some electrochemical experiments were realizedllothe synthesized silicates. Activated
silicates showed to be the easiest to oxidiZ& ¥£-0,34 +0,72 V vs SCE) followed by the
secondary silicates {E= +0,69 +0,76 V vs SCE), primary silicates(E +0,74 +0,90 V vs
SCE) and the aryl silicates{& +0,88V vs SCE)Rigure 7). If we envisage that the silicates
may undergo homolytic fragmentation of the C-Si d¢bdo provide the carbon centered
radicals, the stability of the radicals seem linkedhe oxidation facility of the corresponding

silicates.

Activated Primary
Alkylsilicates Alkylsilicates

| | | | | | | | E (Vvs SCE)
| | | | | | | | >

0.2 0.4 0.6 Seconda 0.8 Arylsilicates
Alkylsilicate

Figure 7. Scale of the oxidation potential of the silicates

Regarding the oxidation process, DFT calculatiangealed that the oxidation likely
occurs on a catechol ring of the silicates. Theultieg) catechol radical is then highly
delocalized and so stabilized. Prokofiev and cokems*® showed by ESR experiments of
penta-coordinated bis-(3,6-ditertbutylcatecholatibiyatesderivatives that the radical of this
species is especially localized on the four oxygems (Figure 8). The presence of ted-
butyl group on the catechol ring was chosen toeiase the kinetic stability of the radicals and
to simplify the ESR spectrum. Nevertheless, inrtlease and ours, the radical may also be
delocalized on both rings, increasing the numbenesomeric form and so the stability of the

radical. Moreover, the calculations revealed thet BDE of the C-Si bond becomes low

196 A.l. Prokofev, T.I. Prokofeva, |.S. BelostotskayN.N. Bubnov, S.P. Solodovnikov, V.V. Ershov, M.|
Kabachnik Tetrahedron 1979,35, 24712482
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enough to observe the homolytic fragmentation @& and give the free radical by an
irreversible radical substitution on the silicontlo¢ phenoxyl radical.
R

Solerh- Sorel - fr ke Selial

Figure 8. Valence tautomerism of bis-(3,6-ditertbutylcatdebm) silicate radicals

O

O

Table 2. Calculated BDE of C-Si bondéforéafter oxidation)

Carbon chain C-Si BDE* (kcal/mol)
n-hexyl 88.823.8
cyclohexyl 86.020.3
benzyl 79.8/13.8
PhNHCH, 86.3/17.0
phenyl 104.187.5

Even though these silicates are easy to oxidizeditfierence of redox potentials is not
well rationalized. Since the oxidation is consider® occur on the catechol ring, the
oxidation potential must be only depending on tleeteon density on the catechol which
must be the same for all the silicates. Indeecklactron withdrawing or donating group was
added on the ligand. Considering an orbital apgrp#ite oxidation process takes out an
electron of the HOMO of the silicate localized &e tatechol rings. The higher is the energy
level of the HOMO the lower is the oxidation poiaht Actually, the HOMO-1 is
representative of the C-Si bond. In term of eneifghe HOMO-1 energy level increases, the
one of the HOMO increases also. In consequenctereiift kind of alkyl group would not
have the same effect on the oxidation potentiathef silicates. In addition, Nishigaishi
reported that coordinating solvent would facilitatee oxidation of the silicateg®
Coordination of the DMF to the silicon is therefgassible. Probably a combination of both

effects would drastically modify the oxidation pati@l of the silicates.
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3.4 Studies on photooxidation of alkyl bis-catecholatsilicates

Bis-catecholato silicates offer many advantageteims of preparation and stability.
They also display interesting low oxidation potalsti(~0.3 — 0.9V vs SCE). The very mild
and more sustainable conditions, offered by phdtmtecatalysis, were strongly appealing.
We have realized some investigations about thergagae of radicals by photooxidation of

alkyl bis-catecholato silicaté*?
3.4.1 Photooxidation by polypyridine transition metal phaocatalysts

Prior to engage the [18-C-6] potassium alkyl bigecholato silicates in radical
carbon-carbon bond forming reactions, the genaratioalkyl radicals was proved by spin-
trapping experiment with TEMPO. It is known thatMEO is a good radical scavenger that
quickly reacts with carbon centered radicélsTo get a representative result, benzylsiliate
was chosen due to its low oxidation potential. dsviound that the benzylsilicate reacts with
TEMPO (2.2 equivalent) in the presence of 2 mol%rigtF(CFs)ppy)(bpy)](PF) in DMF
for 24 hours under light irradiation (477 nm) abmo temperature to afford the benzyl-
TEMPO adduc®3in 95% vyield Table 3). This result demonstrates that the benzylsilicaite

an excellent precursor of a benzyl radical undsible-light photooxidative conditions.

147y, W. Bowry and K. U. Ingold). Am. Chem. Sqc1992,114, 4992—-4996.
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Table 3.Optimization of photooxidation of benzylsilicatedaspin-trapping
experiments with TEMPO

é
Q&@/O K®[18-C-6] N photocatalyst (2 mol%) @\/O
/SI\O + \N
0 solvent, 24h, rt, Blue LEDs
2.2 equiv.

5 23
Entry Photocatalyst Solvent Yield
1 Ru(bpy}(PFs)2 Acetone 34%
2 Ir[(dF(CR)ppy)(dtbbpy)](Pk) Acetone 34%
3 Ir[(dF(CR)ppy)(bpy)(PK) Acetone 38%
4 Ru(bpy}(PFs)2 Acetonitrile 25%
5 Ir[(dF(CR;)ppy)(dtbbpy)](Pk) Acetonitrile 20%
6 Ir[(dF(CR)ppy)(bpy)1(PK) Acetonitrile 23%
7 Ru(bpy}(PFs)2 MeOH 52%
8 Ir[(dF(CR)ppy)(dtbbpy)](Pk) MeOH 86%
9 Ir[(dF(CR)ppy)(bpy)l(PF) MeOH 7%
10 Ru(bpy)(PRy), DMF 90%
11 Ir[(dF(CR)ppy)(dtbbpy)](PF) DMF 95%
12 Ir[(dF(CR)ppy)k(bpy)](PF) DMF 95%

®NMR vyields, butadiene sulfone was used as intestasidard.

All the screened photocatalysts were competenthierphotooxidation of the benzylsilicate
including Ru(bpy)(PF)2, Ir[(dF(CRs)ppy)(dtbbpy)](Pf) and Ir[(dF(CR)ppy)(bpy)](PFs).
This last photocatalyst was chosen for the nexdistu This photocatalyst showed a redox
potential at the excited state (E°(Ir(lID*/Ir(I1}3 + 1.21V vs SCE) appropriated to oxidize the
benzylsilicate (E°(Bn-[Si[Bn) = + 0.61V vs SCE) and liberate the TEMPO adduth \&n
excellent 95% vyield. Indeed, fluorescence experimdemonstrated that the luminescence of
the photocatalyst is quenched by the silicate. Hawat is also known that TEMPO is also a
luminescence quenching ag&nof this iridium photocatalyst, which can provideetN-
oxoammonium cation (E°(TEMPOTEMPO) =~ +1.00V vs SCE in wat&). However,

148 3. L. Hodgson, M. Namazian, S. E. Bottle and MChote J. Phys. Chem.,/2007,111, 13595-13605.
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comparing the oxidation potentials of TEMPO andzgsilicate23, it is reasonable to admit
that the excited photocatalyst directly react withe silicate instead of TEMPO.
About the influence of the solvent, we observed gsame trend reported by Nishigailffi.
Solvent with a strong donor effect (DMF and methpgave better yields of benzyl-TEMPO
adduct than acetone or acetonitrile which are veadating solvents.

In summary and based on the work of Akita on phattadion of alkyl
trifluoroborates? it was proposed that benzylsilicate is oxidizedtiy excited Ir(lll)*. The
benzyl radical is directly trapped by the TEMPO &hd Ir(ll) intermediate transfers an
electron to another equivalent of TEMP&cheme 52

e

Ir(I11) Ir(I11)*

A

N
1™

o] s
C @iﬁ Ol

Scheme 52Mechanism of formation of benzyl-TEMPO adduct ungpleotooxidative

O

conditions

To explore the reactivity of silicates as carbomteeed radical precursors, the
synthesized [18-C-6] potassium alkyl bis-cateclwlatlicates were engaged in radical
allylation reactions with allylsulfon@7.2*° With the previously optimized photooxidative
conditions, all categories of silicates (stabilized not) were tested. The corresponding
allylated compounds were isolated in moderate tdggields Scheme 53 The
methodology was then extended to various radica@@tors. The scope of the reaction proved
to be quite large from primary to tertiary silicat®articularly, we can mention the generation

of primary non-activated radical, a new examplaminomethylation and this never reported

149 (@) C.-P. ChuangTetrahedron 1991,47, 5425-5436. (b) M. H. Larraufie, R. Pellet, L. Btbank, J. P.
Goddard, E. Lacéte, M. Malacria, C. Ollivi&ngew. Chem. Int. ER011,50, 4463-4466.
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chloromethylation. The cyclohexyl silicate could lmgaged in Giese-type reactions,

alkenylation and alkynylation reactions, giving tldical adducts in moderate to good yields.

S
Si(catechol radical
r—[Si(catechol)]
K®[18-C-6]
1.0 equiv. 4.0 equiv.
CO,Et CO,Et
Ts R
44-93%
14 examples
CO,Et
75%
@\ CO,Et
0,
N /\/& 89%
H
CO,Et

74%
Cl

[Ir(dF(CF3)ppy).(bpy)1(PFs) (2 mol%)

SR
DMF, 24h, rt, Blue LED
L]
viaR
(stabilized) primary,
secondary or
tertiary alkyl radical
[Si] EWG EWG
U R’I\%\ 3
R3 R
R2 R'" R?
39-80%
5 examples

Reaction performed with 1.2 equiv of KH,PO4

R R’
[ —
X j(/‘/\ EWG 7" EWG

R? R?

62-81%
5 examples
X=Br, ClorTs

Scheme 5Examples of intermolecular radical additions

3.4.2 To a metal free oxidation

On the basis of this work, we envisioned to develapetal free oxidation of silicates

for eco-compatible reasons. We also compared tieeictivities with the respective alkyl

trifluoroborates.

3.4.2.1 Stoichiometric oxidation

Inspired by the work of Kumada on stoichiometriédation of pentafluorosilicate$?

our group reported studies on copper(ll)-mediateiflation of alkyl trifluoroborate$>® a

%0 G, Sorin, R. Martinez Mallorquin, Y. Contie, A. Bdle, M. Malacria, J.-P. Foddard and L. Fenstekban

Angew. Chem. Int. ER2010,49, 8721 —8723.
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previously known reactidi® but not exploited in radical chemistry. Post fimeélization of
the resulting radicals was achieved by TEMPO spapping, allylatioh®® or conjugate

addition reactions.

Our purpose was to avoid the use of metallic oxslény replacing with pure organic
oxidants. We previously found that the Dess-Mageriodinane (DMP) could efficiently
oxidize trifluoroborates in E0.**° So we considered £ as an optimized solvent for the
oxidation of trifluoroborates with non-metallic abints. Owing to the facile oxidation of
alkyl bis-catecholato silicates in DMF with iridiuphotocatalyst, we also performed the
study in this solvent. Among the organic oxidantstylium tetrafluoroborate, an
underexplored oxidartt® was tested first with a series of alky! trifluonshtes and alky! bis-
catecholato silicateS* For the reasons previously mentioriéd*°we engaged respectively
benzyltrifluoroborate and the benzylsilicate inrspapping experiments with TEMPO. We
observed that a good yield of TEMPO adduct wasiobtain E;O for the oxidation of
benzyltrifluoroborate and DMF did not appear aslibst solvent, while benzylsilicate did not

react efficiently with the tritylium in both solven(Table 4).

We also considered the Ledwith-Weitz aminium saltosganic oxidant for both
radical precursors. The use of this radical catividant as a SET oxidative agent (oxidation
potential: + 1.06V vs SCEY had never been tested. The reactions were performBMF
and EtO as well. For benzyltrifluoroborate and benzwsite, the benzyl-TEMPO adduct
was not obtained in satisfactory yield. However, BDRad a surprising effect on the reaction
and the expected product was isolated in 69% afd $éld respectively. The low yields
obtained in BIO for benzylsilicate might be due to their low dwmlitly in this solvent. The

difference of yield obtained with both oxidants)@ obvious to rationalize.

131 C. cazorla, E. Métay, B. Andrioletti and M. Lengifetrahedron Let}.2009,50, 6855—6857.
152 v Nishigaichi, T. Orimi and A. Takuwd, Organomet. Chem2009,694, 3837—3839.

133 (@) M. Daniel, L. Fensterbank, J.-P. Goddard an®{lvier, Org. Chem. Front.2014,1, 551-555. (b) Z.
Xie, L. Liu, W. Chen, H. Zheng, Q. Xu, H. Yuan aHdLou, Angew. Chem. Int. E2014,53, 3904—3908.

134 |_.Chenneberg, C. Lévéque, V.Corcé, A. Baralld®.JGoddard, C. Ollivier, L. Fensterbar8ynlet2016,27,
731-735.

135(@) A. C. Herath, J. Y. Becket, Electroanal. Chen2008,98, 619-620. (b) K. H. G. Brinkhaus, E. Steckhan,
Schmidt, W.Acta Chem. Scand., Ser.1B83 37, 499. (c) Wend, R.; Steckhan, Bectrochim. Actal983 42,
2027. For a recent use, see: (d) Drew, S. L.; LaeeeA. L.; Sherburn, M. Angew. Chem. Int. EQ013 52,
4221.
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Table 4. Spin-trapping experiments with organic oxidants

Y=BF;K or

Si(catechol),K,[18-C-6]

Benzyl precursor
Bn-BRK

Bn-Si(catechobK
[18-C-6]

Bn-BF:K

Bn-Si(catechobK
[18-C-6]

Bn-BF:K

Bn-Si(catechobK
[18-C-6]

Bn-BF3K

Bn-Si(catechol}K
[18-C-6]

3.0 equiv.

Oxidant

PhCBF,

PhCBF,

PhCBF,

PhCBF,

ArgNSbCE

ArgNSbCE

Ar 3NSbC|6

Ar 3NSbC|6

Oxidants: Tritylium tetrafluoroborate

Solvent

Et,O

Et,O

DMF

DMF

Et,O

Et,O

DMF

DMF

Oxidant (1.0 equiv.) ©\/O
°N

solvent, 24h, rt

23

Br Br
.
N

SbCl

Br

Ledwith-Weitz
aminium salt

Yield

65%
16%
35%
10%
2%
16%
69%

86%

Less stabilized trifluoroborates and silicates wen¢her engaged in the optimized
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conditions to see the synthetic opportunities @séoxidants. Good yields were obtained
with the secondary2f) and primary serie8/24") of alkyl trifluoroborates using ED and
tritylium conditions Scheme 54 Only tert-butyl precursor gave low yield of produ26,



(25%) presumably for steric reasons. Only 27% y@l@5 with the secondary substrate and

no TEMPO adduct in the primary alkyl for the amimigalt oxidation version.

o)
N Oxidant (1.0 equiv.) 0.
RIBF3K + R N
DMF, 24h, rt
3.0 equiv.
AN O\, N S 0.
ﬁN\y) ' ) 3oy o1y
24/24' 25 26
PhsC*BF;/ Et,0 57% (89/11) 64% .
o . 25%
(p-BrCgH,)sNSbCls / DMF 0% 27%

Scheme 540xidation of organotrifluoroborates by organicgeats

5-Hexenyl @) and cyclohexyl silicatesl) were involved in this process. The aminium
salt proved to be ractive in DMF for secondary anichary alkyl substrates giving, 44% of
27 and 61% of 24/24’ respectivelys¢heme 5% Tritylium can also be used as a reliable
oxidant for the silicates. In fact, tritylium comidins gave also a moderate yield of 53% for
27. In the case of the 5-hexenyl silicate, a mixtoirdéinear @4) and cyclized product4’)

with a ratio of 10:1 was observed demonstratingeoagain the radical character of these

on
(? oxidant

ST . N (1.0 equiv.) 27
R solvent, 24h, rt PhsC*BF, / Et,0 53%®

(p-BrCgH4)sNSbClg / DMF  44%P

transformations.

3.0 equiv.

WO‘N O\/o\
[Si]= Si(catechol),,K [18-C-6] . N
b NMR Yield

24/24'
Ph;C*BF 4/ Et,0 37%P, (10/1)
(p-BrCgH,)sNSbCls / DMF  61%P, (10/1)

Scheme 55Screening of stoichiometric oxidation of silicates
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Then we were able to oxidize the potassium ((133RS)-3-
methylbicyclo[4.1.0]heptan-2-yl)trifluoroborate salading the generation of secondary
radical, the trifluoroborate salt subsequently ume@at a ring opening of the cyclopropane to
give 28 (Scheme 5k This time, the tertiary radical was trapped ioog yield (67%).
Interestingly, the tritylium in diethyl ether comidns proved to be also compatible with
conjugate addition since the methyl vinyl ketoneViy) adducR9 was also isolated in
satisfactory yield (63%). No reaction was obserwath silicates. Even if we succeed to
oxidize moderately the alkyl bis-catecholato sitésawith stoichiometric organic oxidants,
the next step was to improve these conditions ¢atalytic version. The solution was to use

an organic photocatalyst.

o Tritylium
H N (1.0 equiv.) w,, O«
BF K + A[ ]L AN
Et,0, 24h, rt

3.0 equiv. 28
67%
Tritylium
O (1.0 equiv.) P
7"“BF3K + \)k 1 \/1{
Et,0, 24h, rt
5.0 equiv. 29

67%
Scheme 56Generation of tertiary radical and conjugate aodit
3.4.2.2 Organic dyes as photooxidant

Organic dyes have already attested their efficieincphotoredox processé&®. We
envisioned using some dyes for which the redox mi@tls (excited state reduced
photocatalyst) match with those of silicates and//PBE. Fluorescein, Eosin Y and Fukuzumi
catalyst (9-Mesityl-10-methylacridinium perchlorpateere first selected. The main drawback
of these photocatalysts is their short excitedestdetime (< 6 ns) $cheme 5. The

%8 For selective reports on organic dyes as phottysatsee: (a) D. P. Hari, T. Hering and B. Korfiyg. Lett,
2012,14, 5334-5337. (b) Y. C. Teo, Y. Pan and C. H. T@memCatChe013,5, 235-240. (c) D. LeowQrg.
Lett, 2014,16, 5812-5815. (d) S. P. Pitre, C. D. McTiernan, $inaili and J. C. ScaiandCS Catal. 2014 4,
2530-2535. (e) P. D. Morse and D. A. Nicewi€hem. Scj.2014,6, 270-274. (f) A. Graml, I. Ghosh and B.
Kdnig, J. Org. Chem.2017,82, 3552—-3560.
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experiments were performed with benzyltrifluorolierand benzylsilicate to see the viability

of the methodology and its applications in othelical processes.

Fluorescein (X = H) Me

E4»(PC*PC’) = +1.25V vs SCE O
Me

E1(PC/PC) = -1.17 V vs SCE Fukuzumi catalyst
t=42ns Ve Ev2(PCYIPC)=2.08V vs SCE

. X E4»(PC/PC) = -0.49 V vs SCE
Fosin ¥ (X = B1) O +/ tt=42ns
E1»(PC*PC’) = +1.23 V vs SCE N

!
Eq2(PC/PC") = -1.08 V vs SCE Me cio,
tt=21ns

Scheme 57Selected organic dyes for the photooxidation lafetes

We choose DMF as solvent and a 10 mol% of photbysatlbading to start the study.
Fluorescein and Eosin Y showed to be not converpaotocatalyst. Only small amount of
benzyl- TEMPO adduct was obtained when the reactimas performed with
benzyltrifluoroborate. Fukuzumi catalyst allowed ts get the expected product with
benzyltrifluoroborate and benzylsilicate in 92% #&&36 yield respectivelyScheme 58 We
then considered this catalyst for further subssraie this photooxidative conditions, allyl, 5-
hexenyl and cyclohexyl type substrates were tested.both kinds of substrates, the same
trend was observed: the less stabilized is thecafdihe lower is the yield. However, the
yields were rather better for trifluoroborates thansilicates, especially for the primary and

secondary radical precursors.
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Organic dye (10 mol%) N
+ *0O-N o
Y

DMF, 24h, rt, Blue LEDs
23

3.0 equiv.
Y =BF;K Fluorescein 5% Y =Si(catechol),K, [18-C-6]  Fluorescein 5%
EosinY 6% Eosin Y 6%
Fukuzumi 92% Fukuzumi 66%
R’Y + ©O-N Conditions RN
‘0
R-Y Y =BF3;K Y = Si(catechol),K, [18-C-6]
R=Bn 23 92% 23 66%
R = allyl 31 38% 3133%
R =5-hexenyl 24 and 24' 14% (20:1) 0%

% %,
N 2569% O/ 27 0%

Scheme 58Photooxidation of silicates and trifluoroboratesharganic photocatalysts

At this stage, the metal-free photooxidation oicatles showed to be possible but not
highly efficient. These photocatalysts may suffemf a short excited state lifetime. Even if
the thermodynamic data enable the reaction, thetikimf the oxidation step is probably too
slow compared to the other deexcitation pathwayth@fexcited state. In 2012, Adachi et al.
described a family of carbazolyl dicyanobenzenesligist-harvesters for organic light-
emitting diode$>® Among them, 1,2,3,5-tetrakis-(carbazol-yl)-4,6ydicobenzene (4CzIPN)
displayed promising photophysical properties for otphedox catalysis: a high
photoluminescence quantum vyield (94.6%) and a ldagime in the excited state (5/is)

which is a really huge value for an organic photsgezer.

The group of Zharf§ calculated the redox parameters of this chromaphbnanks to
photophysical analysis and electrochemical studiegy found the following values:
E1(*4CzIPN/[4CzIPN]) = +1.35 V and Ex(4CzIPN/[4CzIPN]) = - 1.21 V vs. SCE. Taking
account of all the photophysical and thermodynalnilzda, we were optimistic about the

photooxidation of the silicates.
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In the same conditions as before, we were pleasasgd the formation of the benzyl-
TEMPO adduct in 92% vyield using 4CzIPN as photdgata Moreover, decreasing the
photocatalyst loading to 1 mol% showed the sameieficy Scheme 5%

o 4CzIPN (X mol%) N
N (o8
si "
DMF, 24h, rt, Blue LEDs

23

4 3.0 equiv. X =10 92%

= o
[Si] = Si(catechol),K, [18-C-6] X=1 94%

Scheme 59Spin-trapping experiments with 4CzIPN as photogatal

In order to explore the potential of this dye, vas alkyl silicates were engaged in a
series of radical addition reactiorS8cheme 6). The first selected radical acceptor was the
activated allylsulfone31 which previously proved to be a convenient radicap’*®4°
Allylation adducts were obtained in excellent yglfbr stabilized radicalsataminyl and
tertiary) and secondary radica34), and in moderate yields for primary radica83§-87).
Interestingly, 2-(diphenylphosphineoxide)ethylsiie gave allylation adducBg), without
fragmentation of the BRO radical®” The kinetic rate of-fragmentation is probably lower
than the addition of the carbon-centered radicaltlom double bond of the acceptor.
Cyclohexylsilicate {) was further chosen as radical precursor for allgtion 398
vinylation™>® 41 and Giese-type reactiaf8. In each case, the expected product was obtained

in good vyield.

157 (@) D. Leca, L. Fensterbank, E. Lacote and M. Mtida Angew. Chem., Int. Ed., 20043, 4220. (b) G.
Ouvry, B. Quiclet-Sire and S. Z. Zard, Angew. Cheimt. Ed., 200645, 5002.

138 A -P. Schaffner, V. Darmency and P. Renanigew.Chem., Int. EQ006,45, 5847.
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099 K® [18-C-6] _ 4CzIPN (1 mol%)

“>Si- radical \
R—>"~0 + R-R

0 acceptor|  pMF, 24h, rt, Blue LEDs

1.0 equiv. 4.0 equiv.

COEt
CO.Et ©\ 2= 32 CO.Et 33 CO.Et 34
Aot H/\/K 03% tBu_h. 94% 88%

CO.Et 35 (I:l) CO,Et 36 COEt 37

57% (PhpP~_AL  46% AcO/M 37%

Cl
C'\/\m

7 coMe ]

COzMe

_ 39 Cl 41 43
— 78% g T0% CO,Me 78%

COzMe

Scheme 60Radical addition reaction catalyzed by 4CzIPN

3.5 Conclusion

Ammonium and [18-C-6] potassium alkyl bis-catechmlailicates can be synthesized

quantitatively and efficiently. Oxidation of suclpezies led to the formation of (non)-

stabilized carbon-centered radicals which can &gped by acceptors. Stoichiometric organic

oxidants demonstrated to be a valuable oxidantphotocatalysts (metal based or organic)

are more performing for the generation of the raldiclt is the first evidence for the

generation of non-stabilized alkyl radicals by mwdtidation. Development of new synthetic

combining photooxidation of silicates and transitionetals catalysis can be therefore

envisioned to develop other types of cross-coupiragesses.
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Chapter IV
Combining photooxidation of alkyl bis-catecholato silicates and
Nickel catalysis: functionalization of eletrophiles

Nickel is the first element of group 10, above gdilim, platinum and darmstadtium.
Named after the goblin-like sprite of Germanic noytigy Nickel this element has been
extremely used for its corrosion resistance wheis iemployed in alloys. Also, nickel's
compounds are involved in electrochemical processsepecially in rechargeable cells.
Unfortunately, evidence of allergic reactions aoglidity made the use of nickel restricted.
Despite its presumed hazards for health, nickelfbasd applications in efficient catalytic
industrial processes (oil, pharmaceutical, foodyd ehas recently received significant
development in organic synthesis for cross-coupl@agtions.

4.1 Progress in Nickel catalysis

As a fourth-period transition metal, nickel is altiedo SET processes (2.2) like its
neighbor, cobalt and copper. Also, located justvabmalladium, it has similar reactivity and
can promote the same elementary steps suchs atiegidddition, reductive elimination or
C-H activation Scheme 6). In contrary to Hiyama, Sonogashira, Stille oz&ki coupling
and Heck reaction where a palladium catalyst isoatnalways used, nickel proved to be an
alternative to palladium to Negishi cross-couplirgactions. Moreover, nickel is much
cheaper (4.5 $/mmol) than palladium (6.200 $/mMmdlyhich makes it more attractive for
economic reasons. Due to its specific propertiekeh has proven to be an efficient catalyst
involved in various transformatiotfd thanks to the large oxidation states accessible
(Table 5).

139 http://www.chemicool.com/elements/ (Consultedtity 2017)
1805, 7. Tasker, E. A. Standley and T. F. Jamidtature 2014,509, 299—309.
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Table 5. Comparison of characteristics of nickel and paliad

Nickel Palladium

Oxidation states -10+142+1+4 0+1+2+3+4
Atomic radius 135 pm 140 pm
Electronegativity 1.91 2.20

Harder Softer
Facile oxidative additior Facile reductive elimination
B-migratory insertion B-migratory elimination
Radical pathways mor

accessible
Ni° " N i
Ar—X — > Ar—Ni"—X Oxidative addition
R-M "
Ar—Ni"—=X —— > Ar—Ni'"-R + MX Transmetallation
Ar—N'"R  —— Ar—R + N{° Reductive elimination
_R R
: )R : I
X-Ni'—R  ——————> y_\jl B-migratory insertion
H R D R
fR' _ = X‘Nih/ B-migratory elimination
X-Ni" R
H
Ar—H
X-Ni=R ————» Ar—Ni'-R + HX C-H activation
A Ar—H
N —_— CNi Oxidative cyclization
N\

Scheme 61Examples of elementary organometallic reactiopssteith nickel complex

Nickel is an electron-rich element which can easitglergo oxidation to give nickel(ll)

oxides®®* Indeed, the most common oxidation state of nigket2, which is an important

1817 T, Tsou and J. K. Kochi, Am. Chem. Sqc1979,101, 6319-6332.
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oxidation state in cross-coupling reactions. It basn shown that oxidation states from +1 to
+4 are also accessibi®&?This ability of nickel allows different kinds of aetivities and

radical pathways. Thus, catalytic cycle involving2l 3 or 4 different oxidation states are
possible. Thanks to these properties, new apprsdcnghe formation of the C-C bond have

been envisaged and the studies are still going on.

One major progress in nickel catalysis has beendtorecently by the work of Weix.
In 2010, he reported the cross-electrophile cogptif aryl halides with alkyl halide$?
Instead of using an organometallic nucleophile \aithelectrophile like in the common cross-
coupling reactions, his group succeeded to perftlm cross-coupling reaction of two
electrophiles using a nickel catalyst and a redicta a stoichiometric amount. In situ
formation of a Ni(0) complex with 4,4-dert-butyl-2,2-bipyridine and 1,2-
bis(diphenylphosphino)benzene as ligands led tactbss-coupling products bearing various
functional groups on both partners like boroniceest carbamates or esters for instance
(Scheme 62 In order to render the process catalytic, tlmynfl that a Mn(0) was required as

a reductant.

Nil,.xH,O (10.7 mol%)
4,4'-di-tert-butyl-2,2"-bipyridine (5 mol%)

SN2 0-(Ph,P),C¢Hy (5 mol%) R
R@ + xR Ry
Pz . %
Pyridine (10 mol%)
Mn° (2 equiv.), DMPU 38-88%
60-80°C, 24h 16 examples

Scheme 62Nickel-catalyzed cross-electrophile coupling ofl dralides and alkyl

halides

They observed that starting the reaction with NifJ£) as a nickel(0) precatalyst, gave
the expected products with similar yields. Theypmsed that the active catalytic species is a
Ni(0) complex which undergoes oxidative addition thwi an organic halide
(R-X) to form an intermediate R[Ni(ll)]X §cheme 63 After a reduction step by an

equivalent of manganese, the generated complex(Bj[Keacts with another organic halide

182 @) J. Hanss and H.-J. Krigémgew. Chem. Int. Ed1998,37, 360-363. (b) G. E. Martinez, C. Ocampo, Y.
J. Park and A. R. Foul, Am. Chem. Sqc2016,138 4290-4293. (c) E. Chong, J. W. Kampf, A. Ariafaid J.
Canty and M. S. Sanford, Am. Chem. Sq2017,139, 6058—6061.

183D, A. Everson, R. Shrestha and D. J. WdixAm. Chem. Sqc2010,132, 920-921.
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to give the highly reactive intermediate RR’[Nif])X. The reductive elimination liberates the
product and a Ni(l) complex was reduced by mangatesegenerate the Ni(0) catalyst.

Mn(0)

R
INi(ID] Mn()X
R-X X
R

[Ni(1)]

[Ni(0)] ,
Mn(IX, k R—X
or
Mn(1)X /5\

R
|
: R'—[Ni(I1)]
Mn(hX [2«!)1 -~ ).('
or
Mn(0) [
R—R'

Scheme 63Proposed mechanism of the nickel catalyzed crassrebhile coupling

In order to get a better insight of the mechanidrthe reaction, Weix and co-worker
did a series of experiment¥. The study focused on the coupling or aryl iodides alkyl
iodides. At first, they measured the quantities ppbducts formed during the reaction
involving phenyl iodide and n-octyl iodide, with Mi(0) catalyst and manganese as a
reductant. They observed the formation of the etgque@roduct and two homocoupling
products as dimers of each electrophile, with e raft 16:1 (cross-coupling/homo-coupling)
clearly in favor of the cross-electrophile couplingaction Scheme 64)). Further
experiments revealed that the first oxidative addibccurs between the Ni(0) catalyst and
the aryl iodide. Indeed, treating a preformed A¢[Nil with a large excess of alkyl iodide or
both electrophiles gave only the cross-couplingdpobd. Moreover, from am situ generated
alkyl[Ni(ID]I, an addition of phenyl iodide res@t mostly in the formation of the alkyl-alkyl
dimer Scheme 64)). Therefore, the first step was considerechasokidative addition with
the aryl iodide.

1643, Biswas and D. J. Wei%, Am. Chem. Sqi2013,135, 16192-16197.
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a)
Ni(COD); (10 mol%)
dtbbpy (10 mol%)
Pyridine (10 mol%)

| n-octyl
©/ + n-octyl—I @ + n-octyl’n_OCtyI + Ph'Ph
Mn° (2.0 equiv.),

DMF, 60°C

dtbbpy: 4,4'-di-tert-butyl-2,2"-bipyridine 87% (16:1)

b) .
[NI(")]\\I n-C8H17| (10 equlV.) CBH17

I__PrD DMF-d7, 60°C, 4h I._Prj@

quantitative

n-CgHq71 (2 equiv.)

[Ni(II)]"\I 2-cumyl iodide (2 equiv.) Cs"'w:@
i-PrD i-Pr

DMF, 60°C, 40 min

56%, >99% cross-selective

N Phl (1 equiv.) n-octyl vl
INI(ID] * o octy 2O
*CeHiz  DMF-d7,60°C, 1.5 h n-octy

1:14
Scheme 64First oxidation step determination

Regarding the next steps of the mechanism, theisiened the formation of radicals.
Radical clock experiments proved the generationragficals: when cyclopropylmethyl
bromide was used as alkyl electrophile, only thentallyl product was obtained and
performing the reaction with an enantiopure alkgbrbide provided a racemic mixture of
cross-coupling productsS¢heme 6% Both results are consistent with the formatiérao
alkyl radical after the oxidative addition steptbé aryl halide. This nickel-mediated radical
formation may occur before the addition of the cation the same nickel center. As a proof,
they used 5-hexenyl iodide because the 5-hexedidakis known to cyclize slowek & 2.3
x 10°) than the ring-opening of the cyclopropylmethydlical k = 7 x 10°).6 A mixture of
cyclized @) and linear B) products should be observed. Variation of theceatration of the
catalyst changed the ratio of cyclized and linegadpcts Figure 9) which is contrary to the
idea of a direct radical formatiomadical trapping by the same nickel center. Indéethe

radical formation and the radical addition happarttee same nickel center, the ratio must be

133



unchanged, whatever the concentration. But, incde® of a high concentration, the radical
should not have time to cyclize and should be dirdapped by a nickel center (the same or
not).

gr  ATINi(ID]I (10 mol%)

Ar
> DMF., 60°C >t A

0% 56%
Ni(COD), (10 mol%)
dtbbpy (10 mol%)
Br Pyridine (10 mol%) Ph
CO,E A _cout
Ph-I (1 equiv.)
0,
98% ee Mn® (2 equiv.) 10% (no ee)
DMF, 60°C

Scheme 65Radical clock experiments

Ph—I (dtbbpy)Nil, (12.5-50 mM) o
.\ Pyridine (12.5-50 mM) NN Np + E>_/
NN .
= I TMSCI (0.04 equiv.) A B
Mn® (2 equiv.)
DMF, 60°C, 6-25 min
18 -
16 *
14 -
12 -
[=2]
< 10 - y=0,301x + 1,83
(=] 2 _
2 s R?=0,977
o
6 .
4 .
2 .
0 T T T T T 1
0 10 20 30 40 50 60
Catalyst loading (mM)

Figure 9. Evolution of cyclized/linear products dependingtbe concentration of

nickel catalyst

134



With all these results, they proposed a mechantantirsy from the oxidative addition
of the aryl halide to the Ni(0) catalyS¢heme 6B The intermediate Ar[Ni(Il)]X would then
react with an alkyl radical to give Ar[Ni(lll)]RXAfter reductive elimination, the cross-
coupling product is liberated with [Ni(I)]X which ay react by SET with the alkyl halide
giving the alkyl radical. They excluded in thisgstée formation of aryl radical which are less
stable than alkyl radical. The resulting nickel gdex [Ni(I)]X. is then reduced by
manganese to regenerate the starting catalystddiiti@n, a self-initiation pathwaywas
proposed. The intermediate Ar[Ni(ll)]X can reactthwithe alkyl halide to give the alkyl
radical and the complex Ar[Ni(ll)]X which is in equilibrium with [Ni(l)]X and the aryl
halide.

The nickel catalyzed cross-electrophile couplingction was then extended to aryl-aff,
vinyl-alkyl,**® allyl-alkyl®” and alkyl-alkyt®® coupling reactions. The ability of radical
species to react with nickel intermediates and &iom of carbon-carbon bonds has been

exploited afterward in photoredox catalysis.

[N' (In] [N|(III)] X + R

[N|(III)] R
[Ni(0)] -

Man /j

Mn(0) [Nu(n)] [N' 0 ]

R’

Scheme 66Proposed mechanism for cross-electrophile coumlfram aryl halide with

an alkyl halide

185(@) J. A. Buonomo, D. A. Everson and D. J. W&ixnthesis2013,45, 3099-3102. (b) L. K. G. Ackerman,
M. M. Lovell and D. J. WeixNature 2015,524, 454-457.

186 K. A. Johnson, S. Biswas and D. J. We&bem. — Eur. J2016,22, 7399-7402.

67 (a) L. L. Anka-Lufford, M. R. Prinsell and D. J. &M, J. Org. Chem.2012,77, 9989—-10000. (b) J. A.
Caputo, M. Naodovic and D. J. WeBynlett 2015,26, 323-326.

188 M. R. Prinsell, D. A. Everson and D. J. WeBhem. Commun2010,46, 5743-5745.
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4.2 Development of visible-light photoredox/nickel duakatalysis

With the dynamic initiated by Sanfdfd on photoredox/transition metal dual catalysis
and the work of Weix on nickel catalysis, the idéanerging photoredox catalysis and nickel
arose with two distinct reports from Molan&in one hand and MacMillan and Do¥{&in

the other hand.
4.2.1 Pioneer works

* Benzyltrifluoroborates in photoredox/nickel dual caalysis

The work of Molander was inspired by the reportAtita®® who demonstrated the
photooxidation of alkyl trifluoroborates to generatabilized alkyl radicals in the presence of
[Ir(dF(CR)ppy)bpy](PF) as photocatalyst under blue light irradiations Hiea was to
engage the formed radical in a nickel catalyticcpes. Among the alkyl trifluoroborates, the
benzyl precursor was selected due to its lowestatixin potential (5> = +1.13V vs SCE in
MeCN). In the presence of 2 mol% of the iridium fduatalyst, 3 mol% of Ni(COR)and
4,4’ -di-tert-butyl-2,2’-bipyridine (as the ligand) they managedcouple the benzyl radical
with (hetero)aryl bromide derivatives in moderate excellent yields Scheme 6). The
reaction could be performed with benzyltrifluoroéi@s bearing electron donating or electron
withdrawing groups with high yields. Various arybmides could be coupled with excellent
yields. Moreover, bromo- pyridine, pyrimidine, indpquinoline and thiophene have proved

to be also suitable substrates.

169 3.C. Tellis, D. N. Primer and G. A. Moland8gience2014,345, 433436.

1707, Zuo, D. T. Ahneman, L. Chu, J. A. Terrett, A.@oyle and D. W. C. MacMillarScience2014,345, 437-
440.
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[If] (2 mol%)

Ni(COD), (3 mol%) R
dtbbpy (3 mol%) |
RGABFSK ST b
N = 2,6-lutidine (3.5 equiv.) P
acetone/MeOH 95:5 |
26W fluorescent bulb, 24h \\R,

Bn-BF3K: 70-99%
(Het)Ar-Br: 54-96% [Ir(dF(CF3)ppy)2(bpy)l(PF¢)

Scheme 67Photoredox cross-coupling of benzyltrifluorobosatéth aryl bromides

About the mechanism of this reaction, the authoop@sed the direct oxidative addition of
the aryl bromide on the nickel(0) compleéxcheme 68 For its part, the photoexcited iridium
complex (&2°4r"*/Ir'"y = +1.21V vs SCE in MeCN) oxidizes the benzyltriftoborate by

SET to give the benzyl radical and an Ir(ll) intextrate. As envisaged by Weix, the radical
may react with the complex Ar[Ni(I)]X to give a {lil) intermediate which after reductive

elimination affords the cross-coupling product. iBatatalysts would be regenerated from
Ni(l) and Ir(Il) by a SET and completing both phegdox and organometallic catalytic cycles.

Light

N

Ir"'* 1

©/\BF3K —~ ) Ar—Br

SET | — [Ni(0)]
/\ SET
Ir! 4
©/ X-Ni(l)Ln Ar

A \[Nl(ll)]
Cross-coupling product ©/

[N|(III)]

Scheme 68Proposed single-electron transmetalation in pleoiax/nickel cross-

coupling
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* a-amino radicals in photoredox/nickel dual catalysis

At the same time, MacMillan and Doyle reported aikir approach with the
participation ofa-amino radicals. These radicals were obtained loyqaxidation ofa-amino
carboxylic acids in the presence of cesium car®5h3t or by photooxidation of
dimethylaniline®® Both radicals were coupled with aryl halides tiloa nickel catalysis. The
radicals were obtained by a photooxidative proaedis [Ir(dF(CFs)ppy)k(dtbbpy)](Pk) as
photocatalyst and the cross-coupling reactionszezhlwith NiCb.dme as precatalyst and
4,4’ -di-tert-butyl-2,2’-bipyridine as ligand. Chloro, bromo amstlo arenes, and heteroaryl
bromides could be cross-coupled with cydiamino carboxylates with good yieldSgheme
69). As efficiently, non-cyclica-amino anda-anilino radicals were engaged with aryl

bromides.

[Ir] (1 mol%)
NiCl,.dme (10 mol%) R?
o, 1
R2 X “ dtbbpy (15 mol%) R\Y \—R
RL /k * | TR |
Y~ CO,H = Cs,CO0; (1.5 equiv.) =
DMF, 26 W CFL light, 23°C
Y =0, NBoc X=Cl, Br, | X = Cl, 64-65%, 2 examples

X = Br, 60-93%, 17 examples
X =1,65-78% 4 examples

[Ir] (1 mol%)
NiCl,.dme (10 mol%)
MesN S dtbbpy (15 mol%) Me.

A N N L
+ ] IR | IR
= KOH (3.0 equiv.) F
DMF, 26 W CFL light, 23°C

60-93% 4 examples

CF3
[Ir(dF(CF3)ppy)2(dtbbpy)](PFe)

Scheme 69Photoredox cross-coupling afamino radicals with aryl halides

The authors proposed the same mechanism as Molécleeme 7 They envisaged
the reduction of the [Ni(ll)] complex by two SET e to give the [Ni(0)] active catalyst.
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This complex may undergo oxidative addition witle tryl halide to form the Ar[Ni(Il)]X
intermediate. Oxidation of the carboxylate fR-CO,/R-CQO,) = +0.95 — +1.16V vs SCE)
or dimethyl aniline (gx(PhNMe/PhN".Mey)= +0.71 vs SCE) by the photoexcited Ir(Ill)
(Ex2®(Ir"*/Ir") = +1.21V vs SCE in MeCN) leads to the correspogdi-amino radical
which adds on the nickel complex to form the intedmte Ar[Ni(lll)]RX. After reductive
elimination, the benzylamine and complex [Ni(l)]Xeaobtained. A final SET with the Ir(ll)
regenerates both catalysts.

Light
N~ ~H R2

[T I
or RU *CO
o Ar—X
© Boc \( .
SET /[Nl(o)]

~ e N\ SET
s e

Boc X-Ni()Ln

[Nl(")]
SN R2 RS N7
Cross-coupling product R1 (j
Boc [N|(III)]

R1J

N
Boc

Scheme 70Proposed mechanism of photoredox/nickel dual gsital-amino arylation

This photoredox/nickel dual catalysis was then moéel to the coupling odi-oxy
carboxylic acids with vinyl iodide as electrophilehe a-oxy carboxylates are as easy as
the a-amino carboxylate (&> = +1.08 V vs SCE in MeCNj to be photoxidized and so
able to providea-oxy radicals after decarboxylation which can beyagred in dual-
catalysis. Following the same mechanism, allyl ethveere obtained in good yields with
only 1 mol% of iridium photocatalyst and 2 mol% rmitkel catalyst. It is interesting to
mention that the process showed to be stereocoenerjo erosion of th&:Z ratio was
observed during the process. Moreoweamino and simple alkyl carboxylic acids could

be engaged in a similar dual catalySslfeme 7)1

"L A Noble, S. J. McCarver and D. W. C. MacMillah Am. Chem. Sq2015,137, 624—627.
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RS [Ir] (1 mol%) R2 RS

R? NiCl,.dtbbpy (2mol%) R /\/L "
R, A * '\/LR“ Y R

3
Yo COM R3 DBU, DMSO, 34 W Blue LEDs R

Y =0, NBoc, CH, Y =0, 60-92%, 16 examples
Y = NBoc, 79-96%, 4 examples
Y = CH,, 78-84%, 2 examples

CF3
[Ir(dF(CF3)ppy)2(dtbbpy)](PFe)

Scheme 71Decarboxylative cross-coupling of carboxylic acid#h vinyl lodides

4.2.2 Advances on photoredox/nickel dual catalysis

* Tuning of alkyl trifluoroborates

About the alkyl trifluoroborates, only activateddieal precursors could be engaged.
The limitation of the process is due to the phoidation step. Indeed, generation of
unstabilized radicals from trifluoroborates is ksic caused by the high oxidative potential of
such species. Nevertheless, good yields of croggliog products can be obtained once the
generated radical is stabilized such as secortdabenzyt’”® anda-amino or oxy’® radicals
are valuable entities for such coupling reactidnsorder to promote, the formation of the
radicals. The oxidation potential can be decredsaeh 1.50V vs SCE for the secondary
trifluoroborates to 0.91V for (2,2,2-trifluoroethigkenzene trifluoroborateS¢heme 72

172(@) D. N. Primer, |. Karakaya, J. C. Tellis andAG Molander,J. Am. Chem. Sqc2015,137, 2195-2198. (b)
J. C. Tellis, J. Amani and G. A. Moland@rg. Lett, 2016,18, 2994-2997.

13D, Ryu, D. N. Primer, J. C. Tellis and G. A. Motkem, Chem. - Eur. J.2016,22, 120-123.

174 (@) M. EIKhatib, R. A. M. Serafim and G. A. Molandekngew. Chem. Int. EJ2016,55, 254-258. (b) I.
Karakaya, D. N. Primer and G. A. Moland€rg. Lett, 2015,17, 3294-3297. (c¢) K. Matsui and G. A.
Molander,Org. Lett, 2017,19, 436-439.
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CF3

BF 3K
BF 3K BF3K O/
©/k 3 R \O/\BFSK ©/\

1,5V
l 0,91V 1’11Vl l 1,17V l
| | | | | | | -~
| I I | | I I >
1,0V T 1,01V 1,2V 1,4V E42°* (V vs SCE)
RY
N7 BFaK
R2

Scheme 7Zcale of organotrifluoroborates oxidation potential

Concerning the electrophiles, aryl and heteroarglides were the most suitable
substratesScheme 7R Recently, acid derivatives such as acyl chidfitland anhydrid&®
also revealed to be potent coupling partners. Nuivated primary alkyl trifluoroborates did

not afford cross-coupling product so far, that ise ocof the drawbacks of such radical
precursors.

Ir Photocatalyst
Ni catalyst R2
R2 X ligand
New = T 3R RN SN
R “BF;K _ base | R
solvent, visible light =
R'=Ph, R?=H, CFy X=CI, Br, |

R" = O-alkyl, R? = H, alkyl
R" = N-(alkyl),, R> =H

o)
o)
Ph” “BFsK + 0 Ir Photocatalyst PhWOH
Ni catalyst
o)

ligand c
R? e} 0}
base 1
RVKBF K ¥ RJ\CI solvent, visible light R&/R
3 R2

R = alkyl, RZ = alkyl

Scheme 730rganotrifluoroborates in photoredox/nickel duatlatysis

1753, Amani and G. A. Molanded, Org. Chem.2017,82, 1856—1863
18E. E. Stache, T. Rovis and A. G. Doydgew .Chem. Int.Ed2017,56, 3679-3683.
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» Decarboxylative processes

MacMillan demonstrated all the potential of his huetology based on the generation of
alkyl radicals by photooxidation of carboxylic asifbllowed by decarboxylation. Among the
substrates susceptible to undergo ,Cé&xtrusion, a-amino acids/® anhydrides,” keto

acidd"® and oxalate€® revealed to be excellent radical precursors.

After in situ formations of anhydride, from a caxigbic acid and an acyl chloride, a
Ni(0) complex can do an insertion in a C-O bond.e T Thesulting intermediate
RCQO[NI(IN]C(O)R’ is oxidized by a photoexcited iridi photocatalyst to a Ni(lll) complex.
After CO, extrusion, the new Ni(lll) complex undergoes rddig elimination to give a
ketone. The last Ni(l) complex does a SET withltkid) complex in order to regenerate both
catalysts were restored by SET between the relgablifl) complex and the Ir(ll)
photocatalyst $cheme 7% Among the carboxylic acids, cyclic and linearamino acids
were tolerated in the reported conditions, as alacyl chloride bearing ester, nitrile or ether

moieties.

177 ¢, “Chip” Le and D. W. C. MacMillan). Am. Chem. Sq2015,137, 11938-11941.
18|, Chu, J. M. Lipshultz and D. W. C. MacMillaAngew. Chem. Int. Ed2015,54, 7929-7933.
179X, Zhang and D. W. C. MacMillad, Am. Chem. Sqc2016,138 13862—13865.
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[Ir] (1 mol%)
NiCl,.dme (5 mol%)

N ji DBU | 4,4'-dOME-2,2-bpy (5 mol%) "~
| 1 + | | 1 1
LU N O__R . R
X~ “COH CI” "R X ﬁ( b MeCN, 25°C, Blue LEDs X /ﬁf
0O O o]
X=N,0 R =alkyl, aryl 32-86%
in situ formation 30 examples

rIII

[Ir(dF(CF3)ppy)(dtbbpy)](PF¢)

R Irtt MeO OMe
A ©
O 7 N\ o
r/A‘fW\\ O \ [Ni]III =N \N /
Cox B
- \ ser— X 4,4'-dOME-2,2'-bpy
J

Scheme 74Nickel-catalyzed ketone formation via decarboxglatof anhydrides

On the same line, they developed a methodologyttier cross-coupling of aryl
bromides/iodides with keto acids to provide aryiokes. Aryl electrophiles bearing electron
withdrawing groups or electron donating groups raléal the expected products in good
yields. Aliphatic and aryl keto acids were alsouaddle coupling partners. Interestingly, vinyl
bromides and secondary alkyl bromides could be gewjan the processS¢heme 7% The
authors proposed a photooxidation of the keto cafllate which after loss of C{Qprovides
the acyl radical. The postulated mechanism is gigmlar to those reported abovBcheme

70) except the nature of the generated radical.
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]

X
RKG .
=

[Ir(dF(CF3)ppy).(dtbbpy)](PFe) (2 mol%)
NiCl,.dme (10 mol%)
dtbbpy (15 mol%)

57-92%
26 examples

O
tBu \M tBu %

73% 88%

Li,COj3 (2 equiv.)
H,0 (2 equiv.)
DMF, Blue LEDs, 72 h

Scheme 75Photoredox/Nickel-catalyzed decarboxylation obkatids

Another kind of decarboxylative process was pergdnfrom oxalates. Indeed,

secondary alkyl radicals could be obtained fromtpbxidative decarboxylation of oxalates,

pre-formed by the reaction between secondary als@ra oxalyl chloride§cheme 7% The

radicals were coupled with aryl

methodology already exposed.

bromides in thespree of a nickel(ll) catalyst following the

Various electrophiearing electron donating or electron

withdrawing groups could be engaged in moderatidgjeas well as heteroaryl bromides.

Interestingly, benzyl alcohols gave good yields thése ones dramatically dropped when

non-activated primary alcohols were tested.

R2

R1 , R1
[Ir(dFppy)2(dtbbpy)]1(PFe) (1 mol%) R
NiBr,.dtbbpy (5 mol%) CO,Me

RZ O Br
X
+ —R'
R LOJ\[(OH \©
0

1.3 equiv.

Obtained from alcohol
and oxalyl chloride

[Ox]

RZ 0O
» /ko)kf(o
o}

R ——

42-72% 37-50%

CsHCO; (1.5 equiv.) 27 examples 3 examples
5:1 dioxane/THP:DMSO
Blue LEDs, 70°C, 4h
L
CO,Me
91-93%
2 examples
R2 (o] ( R2
~J_ro° alky! radical
R /Lko)vkr(o ~N RJ- Y
0 .2co,

Scheme 76Photoredox/nickel catalyzed cross-coupling reastimom oxalates
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* Formation of radicals by atom abstraction

Once the nickel catalyst undergoes oxidative amidibf RX to give the intermediate
R[Ni(IN]X and a radical R’ adds upon it to furnish the transient complexe [RKRII)]X.
The way to generate the carbon-centered radicahésefore an essential point. The direct
oxidation of radical precursors proved to be effectoward these dual/catalytic processes.
Recently, the formation of radicals by atom abstoacfurther involved in this kind of
synthetic approach has been reported. MacMillan @anavorkers could realize the cross-
coupling reaction of alkyl bromides with aryl brates'®® This type of reaction previously
reported by Weix could be performed at room tentpeeaby using as radical mediator
TTMSSH Scheme 77a)). The authors proposed the formation of a bnenmadical in the
process which can abstract a hydrogen atom to TMSEH. Then, the silyl radical abstracts

the bromine of the alkyl bromide and liberatesrdeective alkyl radical.

The group of Doyle proposed a hydrogen atom aligiraby a chlorine radical. In their
system, the cross-coupling was achieved betweeargnchloride and aro-oxy radical
(Scheme 77)). They proposed that a chlorine radical caridomed from the intermediate
Ar[Ni(lID]CI. Actually, after oxidative addition,the Ar[Ni(l)]Cl is oxidized by the
photoexcited catalyst. Then, the intermediate A{IN]JCI would release the chlorine radical
which abstract a hydrogen to the solvent (fHr dioxolané®). The generated carbon-
centered radical reacts in the same manner as ab@pee the cross-coupling product. In the

case of dioxolane, treatment of the product by piGVided benzaldehyde derivatives.

180p_ zhang, C. “Chip” Le and D. W. C. MacMillah, Am. Chem. Sqi2016,138 8084-8087.
1818, J. Shields and A. G. Doylé@, Am. Chem. Sq2016,138 12719-12722.

82 M. K. Nielsen, B. J. Shields, J. Liu, M. J. Wiliies, M. J. Zacuto and A. G. Doylangew. Chem2017,129,
7297-7300.
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TMS);SiH .  R-Br ! R
a) gt —UOSHgysit R Ar-Br R
-HBr (TMS),SiBr

o) @ o) 0
° [X>_H 0 or H
b) a — [ D ArCl R R
X =0, CH, X

X=0
Scheme 77Photoredox/nickel dual catalysis with the generatf radicals by atom

abstraction

* Formation of C-P/C-S bonds

Radicals are not only carbon-centered. The formatiof C-X bonds by
photoredox/nickel dual catalysis has been alsosenwed. In 2015, the group of Xiao
reported an efficient method for the C-P bond fdramaunder mild conditions. Thanks to a
ruthenium photocatalyst and amsitu formed nickel catalyst, they could realize thessro
coupling reaction between (hetero)aryl iodides phdsphine oxides in high yields. The
authors proposed the same catalytic cycles as ab&xsgpt that a phosphinyl radical is at
stake. This radical is obtained by a base-assigtedooxidation of the phosphinous acid
(Scheme 78 More recently, another group engaged phosphsregeaadical precursors and
aryl/alkenyl tosylate, mesylate or sulfamate asted@hiles.

Ru(bpy)sCl, (5 mol%)

(0]
o Ni(COD), (2 mol%) A
a) Ar—b=H NN dtbbpy (5 mol%) VA
Ar + | /—R —
' CSQCO3, MeOH 69-90%
2.0 equiv. Blue LEDs, rt, 24h 14 examples
o Ru(bpy)sCls, (5 mol%) o
b ] Ni(COD); (2 mol%) i
) RO-P=H XO o-phenanthroline (5 mol%) ROP_~\ '
OR + | TR RO || R
’ DBU, MeCN 51 990;
- 0
1.2 equiv. Blue LEDs, rt, 24h

29 examples
X=Ts, Ms, 502NM62

Scheme 78Photoredox/nickel dual-catalyzed C-P bond formmatio
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Thiyl radicals showed to be reactive intermediatesradical chain reactior§®
Johannes and co-workers demonstrated that thegmalsadan be involved in photoredox
mediated and nickel-catalyzed cross coupling reastwith (hetero)aryl iodides. Thiophenol,
alkyl and benzyl thiols could be coupled with etephiles bearing electron donating and
electron withdrawing groups in good to excellenelgs Scheme 7% In their case, a
NiCl,.dme was used as precatalyst with 4 Atadt-butyl- 2,2’-bipyridine as ligand. In
addition, NiCh.dppe as catalyst gave also the expected proddotsever, no reaction was
observed with a Ni(0) precatalyst under an inamcasphere or not. The authors considered
that the mechanism of the reaction would be differdnan those proposed before. The
photoexcited iridium catalyst oxidizes the thiolieth after deprotonation provides the thiyl
radical. Redox potentials for Nigdippe/NiCl.dppe and NiCl.dppe/Ni(0)dppe are respelst
-0,88V vs SCE and -1.41V vs SCE in DMF/THF (4:1)redluction step of the Nigtlppe by
Ir(1) (E(r™/ir'"y = -1.37V vs SCE in MeCN) was therefore consideasdan initiation step.
According to the authors, the same step would Issipte with NiC}.dtbbpy. The resulting
active complex [Ni(I)]Cl would react with the thiyladical to generate the intermediate
RS[Ni(ID]CI. Another reduction step from Ir(ll) nyagive the complex RS[Ni(l)] which
would undergo oxidative addition with an aryl iodidAfter reductive elimination, the

RS[Ni(IlI)]X was converted to the active nickel cplax, and the thioether was obtained.

18 (@) K. S. Feldman, A. L. Romanelli, R. E. Ruckiel&R. F. Miller,J. Am. Chem. Sqc1988,110, 3300-3302.
(b) K. S. Feldman and K. Schildknegdt,Org. Chem.1994,59, 1129-1134. (c) K. S. Feldman, A. K. K. Vong,
Tetrahedron Letf.1990,31, 823-826. (d) K. Miura, K. Fugami, K. Oshima andWimoto, Tetrahedron Let}.
1988,29, 5135-5138. (e) S. Kim, S. Leketrahedron Letf.1991,32, 6575-6578.

147



[Ir] (2 mol%)

NiCl,.dme (10 mol%) _S N
s ' N dtbbpy (15 mol%) A (N
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yridine (2 equiv.
o 30-97%
R = alkyl, benzyl, aryl MeCN, 25°C, Blue LEDs, 24h 26 examples
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1% 1 ]
R/S“H I r <
\( ) g
mmm ¢
SET ////~ R/S

/\ SET Initiation step
e

It 4 n It
/S~ Ir r
R H

S—Ni()Ln \ /
/\ X—Ni(l)] [Ni(I1)]

[N|(III)]
Cross-coupling product

+ . Py
PyH * R’S -

Scheme 7®hotoredox/nickel dual-catalyzed C-S bond formation

4.3 Alkyl bis-catecholato silicates in photoredox/nickedual catalysis:
formation of C(sp?)-C(sp’) bonds

4.3.1 Process involving a metal based photocatalyst

We have recently reported that potassium and ammoalkyl bis-catecholato silicates
valuable source of C-centered radicals upon vidigle photooxidation using
[Ir(dF(CRs)ppyk(bpy)](PR) as catalyst***The silicates display several advantages compared
to the alkyl trifluoroborates in terms of synthedigproducts and stability of the generated
radicals. In addition, they are easier to oxidibant the analogous trifluoroborates or
carboxylates? Due to the ability of these substrates to be eegjagy photoredox/nickel dual-
catalysis reactions, we envisioned to use theasdg as radical source in such processes.
Preliminary results revealed that silicates cancbepled with 4-bromobenzonitrile in the
presence of iridium photocatalyst, Ni(CQRnd dtbbpy under visible-light irradiatidf{® In
order to gain more insight of these early results,engaged a wide range of silicates with
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various aryl electrophile¥*®We found that 2 mol% of photocatalyst and 3 mol%niakel

catalyst under blue light irradiation, gave the ssrgoupling productd5 between the
acetoxypropylsilicatel7 and 4’-bromoacetophenord4 (Table 6). Control experiments
showed that each reagent is necessary for theioraas well as the light irradiation.
Moreover, the reaction was performed with the aggimpylsilicatel7’ without the crown-

ether (entry 6). No effect of the chelating ageaswbserved on the yield of the reaction.

Table 6.Control experiments and influence of the crown ethe

CF
O P F Y
[IF](2 mol %) NS
o Ni(COD), (3 mol %) F l N~
r

©)
AcO 0.99 K 18-C-6] dtbbpy (3 mol %) I
O,S'\o + F ‘\N %
DMF, Blue LEDs, 24h, rt N N |
OAc I N
Br 45 F & CF;
1.5 equiv. 1.0 equiv. 85% [Ir(dF(CF3)ppy)2(bpy)1(PFe)
17 44
Entry Conditions Yield
1 Standard conditions 85%
2 No [Ir] 0%
3 No Ni(COD) 0%
4 No ligand 0%
5 No light 0%
6 Silicate without [18-C-6] 86%

We then limited our studies to primary [18-C-6] gsdium alkyl bis-catecholato
silicates. First of all, the silicates were screemgth 4’-bromoacetophenone as electrophile
(Scheme 80 Silicate precursors of stabilized benzyl, alhhd a-amino radicals gave
excellent yields of cross-coupling products, 47, 48 with 88%, 86% and 91% yields
respectively. A lower yield was obtained with thee@xymethylsilicated9. Synthetically
more attracting, non-stabilized radicals could dsoinvolved furnishing the corresponding
coupling products. Aliphatic silicates such as hexyisobutyl silicate gave produdZ and
51 in good yields. The reaction conditions were taled by various silicates bearing

functional groups such as an estérand49, a nitrile 52 and53, an oxiraneb4 and55 or a
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halogen56 and57. A comparison of reactivity was made with the bdiniluoroborate in our

conditions. It was found a better reactivity of thenzylsilicate.

DMF, 24h, r.t., Blue LED
44

1.5 equiv. 1.0 equiv.

[If] (2 mol%)
Ni(COD), (3 mol%) 0
RIOS OOK®[18 -C 6] dtbbpy (3 mol%) V<))‘\
O@ R
C 50 o) 0
Ph :/_©_< PhHN C /\ C : /\
49

88%, 58%* 6% 1% 66%
C 20 < : > /< : 0
n-Pent NC
85% 75% 85% 69%

o}

ﬂ< >—/< 2 §> < /_/_©_<O
Cl
54 \ \/| 55 56
5% 65% 40% 71%

a Benzyltrifluoroborate engaged as benzyl radical precursor.
F30
57
80%

Scheme 80Cross-coupling reactions of alkyl silicates witkbfomoacetophenone

Using the same conditions, a series of aryloromidéhl various substituents was
engaged with acetoxypropylsilicat& (Scheme 8). We first studied the selectivity towards
the substitution of halogen atoms on the aryl riBgpmobenzenes substituted at theera
position with other halogens were screened. Flword chloro substituted bromobenzenes
were converted to the cross-coupling proca&and59in good yields. The reaction is highly
selective as no substitution of the fluorine orocime atom was observed. However, when the
reaction was started with 1-bromo-4-iodobenzenenixture of products60 and 61 was

obtained in moderate yield in a ratio 10:1. Thecfionalization of the iodo position was
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preferred over the bromo position. Indeed, oxidatiddition is more likely at the C-I bofid
that explains the selectivity observed. 1,4-Dibrbemzene gave largely the mono-

functionalized produdd0 and the di-functionalized produg® in low yield.

[Ir] (2 mol%)
o Ni(COD), (3 mol%)
AcO 00 k*[18-C-6] = dtbbpy (3 mol%) Z
O-gi — A
\/\/O/SI\O T B | = Y AcO N Y

DMF, 24h, r.t., Blue LED

17

1.5 equiv. 1.0 equiv.

R R R R
58 59 \___60 1
75% 80% Y

48%° (10 : 1)

FsC
R
Br —< >—/ /—QCFa
R R R
62 63 64

9

60
66%" 16%" 69% 94%
(@)
(0]
/—©—< @TMS /—Q%TMS
R R R
R
45 65 66 67
85% 80% 72% 72%
O J—
C /
O
R R R R
68 69 70 7
73% 76% 46%¢ 54%
o HO
O
/
~ § —~ s ~ o L)
R S \Oi R R
72 73 74 75

65% 53% 69% d 58%

a Starting from1-bromo-4-iodobenzene

b Starting from 1,4-dibromobenzene

¢ Starting from 4-iodoanisole

9 Pinacole borane directly oxidized before purification (H,0,, NaOH for 30 min at 0°C)

R= AcO_~_

Scheme 81Cross-coupling reactions of silical& with various arylbromides

184 3. F. Hartwig,Organotransition Metal Chemistry: From Bonding t@t&@lysis University Science Books,
Sausalito, 2009.
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This cross-coupling methodology was very efficiéot substrates bearing electron
withdrawing groups such as trifluoromett§8 and 64 or acetyl45 and 65 moieties at the
ortho, meta or para position. We further investigated electron enr&theryl substrates.
Electrophiles substituted by slightly donor grogoeh as methy$8 and 69 or trimethylsilyl
66 and 67, were converted in good yields. Various bromodasavere then engaged in the
reaction conditions. Cross-coupling products weartained formetabromoanisoleg1 and
72 in moderate yields. However, only the starting enat was recovered witlortho-
bromoanisole andpara-bromoanisole. Using 1-bromo-4-iodoanisole instedfibrded the
expected adductO in moderate yield (46%). These results highligiaia the importance of
the oxidative addition in the process. Aryl bronsdibstituted by strongly donor groups are
not reactive enough. In this case, the correspgndisho compound should be privileged.

Remarkably, a pinacol boronate function could &lsdolerated under these conditions
as illustrated by the formation @8 that could be utilized for further coupling reacts. Since
pinacol boronates are sensitive to acidic conditiamd to purification by silica column
chromatography, a direct oxidation to the phenok wparformed (NaOH, D). Higher
yields were obtained in phenol produet (69% vs 53% for 73). A similar procedure was
applied to give produdibs.

This transformation was then extended to heteracytiromides. 2-Fluoro-4-
bromopyridine was selected as electrophile in #mescatalytic conditions and coupled with
silicates Echeme 82 A small library of new alkyl-fluoropyridines wasbtained77-81 in
satisfactory yields (59-86%). As before, silicaf without the crown-ether gave addu&@
in a similar yield (79% vs 81%). Other heteroamdrbide derivatives were screened. Pyridyl
systems proved to be compatible with these crosplcw reaction conditions.
Methylpyridine82, trifluoromethylpyridine84 and methylnicotinat83 adducts were obtained
in 40-75% vyields. Others heterolytic systems sueh pgrimidine, quinoline, indole,
benzofuran and thiophene were converted to thesponding cross-coupling produ8s89

in low to fair yields.
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[Ir] (2 mol%)
F Ni(COD), (3 mol%)
© dtbbpy (3 mol%) =

®
R)0.2° K™ [18-C-6] SN N
\/O,S'\o + | PP
@ Br~ N7 DMF, 24ht, Blue LEDs

76
1.5 equiv. 1.0 equiv.
F F _ F F F
— - N - N
PhHN/_CN n-Pent/_CN /_/_<\://< /_/_<\:/< N \
AcO Cl
NC
77 78 79 80 81
86% 87% 81%; 79%2 59% 81%
@ 17' used as silicate partner
[Ir] (2 mol%)
© Ni(COD), (3 mol%)
AcO 090 k“18-c-6 dtbbpy (3 mol%) AcO _~_Het
\/\O/\Si\OK [ ] + _Het y ’
o Br
DMF, 24h,rt, Blue LEDs
17
1.5 equiv. 1.0 equiv.
COzMe
—N — N= =N
<y R s e
N N
82 83 84 85
67% 75% 40% 33%
S S
— S
- N
R= ACO\/\/‘H—L R{Q R o R N R-@
N
86 87 88 89
65% 73% 17% 50%

Scheme 82Cross-coupling reactions of silicates with varibeseroaryl bromides

To rationalize this work, we proposed catalyticlegdbased on our results and we took
inspiration from the previous works on such proess&cheme 83 Excitation of the
photoredox iridium catalyst produces a long-liveddant photoexcited state {&Ir"*/Ir'"") =
+1.32 V vs SCE in MeCN). The latter undergoes a 8 the alkyl silicates (5> = +0.34
V to +0.87 V vs SCE in DME}“generating a primary alkyl radical which interanith a Ni
species. All the reports converge toward a Ni(li)ermediate which releases the cross-
coupling product after a reductive elimination step a Ni(l) further reduced to Ni(0) by
SET from the Ir(Il) photocatalyst. The remainingegtion concerns the formation of the key
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Ni(Ill) complex which would be the result of twoessive steps: oxidative addition of the
aryl halide and addition of the radical on the eickThe order of the steps is still not
elucidated. Some computations on benzyltrifluorabes suggest a complex mechanism with

a thermodynamically favored radical addition whettzea Ni(0) or a Ni(1)*®

According to
the report, both pathways involving first the oxida addition of ArX to the Ni(0) followed
by the radical addition or the opposite can oc@wme of our results50-62) showed

nevertheless the importance of the oxidative aoidistep.

Light \

@ e} Il 1

RO @

O
@ SER ) - i)
)\ SET
R

e X —[Ni(1)] [N;(')]
B X—INi(I1€A)
2@ s e
X— [N|(III)]

Cross-coupling product
R

Scheme 83Proposed mechanism of the photoredox/nickel datalysis using silicates

Of note, the group of Molander developed a simi@thodology involving ammonium
alkyl bis-catecholato silicates. They used Ru(ki®Bs). as photocatalyst and a nickel(ll)
precatalyst. As we did, they could engage a widgeaof silicates with various aryl and

heteroaryl bromide&?®

185 0. Gutierrez, J. C. Tellis, D. N. Primer, G. A. Moder and M. C. Kozlowski.Am.Chem.Soc2015,137,
4896-4899.

186 M. Jouffroy, D. N. Primer and G. A. MolandétAm.Chem.S0c2016,138 475-478.
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4.3.2 Toward a green dual catalytic system

We demonstrated first the ability of potassium {{1-&]) bis-catecholato silicates of
being good precursors of alkyl radicals for crossgiing reactions. We also proved that
photooxidation of such species can be mediatedshyedl ruthenium or iridium polypyridine
complex or more interestingly by organic dyes asg@eeially by 4CzIPN. Zhangt al
reported® the first examples of the use of 4CzIPN as pha#byst in photoredox/nickel dual-
catalyzed cross-coupling reactions of aminocarkaiegl and benzyltrifluoroborates with
aryloromides. Similarly, we planned to extend tmied organic photoredox/metallic dual-
catalysis to alkyl silicates and compare its efficiy to our previous condition& Thus, we
selected acetoxypropylsilicate (1.5 equily and 4’-bromoacetophenong4 as cross-
coupling partners (Table 7). We were expectingrtd Ni(COD), as a workable nickel source
but no product formation was observed after 24 sigentry 1). Switching to NiGldme as a
precatalyst (3 mol%) with 4CzIPN (2 mol%) aad'-di-tert-butyl- 2,2’-bipyridine, these new
conditions provided the cross-coupling proddbtin 77% vyield. We were able to decrease the
catalysts loading to 2 mol% of the nickel and 1 ¥hadf photocatalyst for a 83% vyield of the
expected product (Entry 4). Unfortunately, decmegghe amount of alkyl silicate affected the
yield of the reaction (Entry 5).
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Table 7.Screening of reaction conditions for organic phedox/nickel dual-catalyzed
cross-coupling of acetoxypropylsilicate and 4’-boanetophenone

Q :

4CzIPN (X mol %)

® o INi] (X mol %) NC N
AO, _ 0.2~ K18-CH] dtbbpy (X mol %)
\/\’/SI\O +
o (/N NN

DMF, Blue LEDs, 24h, rt

7 OAc OQ

17 44 45 4CzIPN
Entry Silicate 4CzIPN loading Nickel source/loading Yield (%)
(nb equiv.) (mol%) (mol%)
1 1.5 2 Ni(COD),, 3 0%
2 1.5 2 NiCl,.dme, 3 7%
3 1.5 2 NiCl,.dme, 5 819%"
4 1.5 1 NiCl,.dme, 2 79%°, 83%"
5 1.2 1 NiCl,.dme, 2 57%

®NMR yield." Isolated yield

At first, the compatibility of several types of glksilicates was explored with 4'-
bromoacetophenone&s¢heme 83 As previously reported conditions-amino anda-o0xo
alkyl silicates provided the produet8 and49 in good yields. When the chloromethyl silicate
was used as radical precursor, no product formavas observed. Aliphatic silicates bearing
a phosphine oxide, an ester or an alkene functierevas well tolerated. Concerning the
phosphine oxide silicatd6, and as previously mentioned no product resulfiogn the
generation of a P-centered radical was observedexXenyl silicate gave rise a mixture of
products91, 91" and91” in a 10/13/77 ratio and 88% overall yield. Heles intermediate 5-
hexenyl radical would directly react to provide gwots 91 and 91’ resulting from post-
isomerization 0B1.*®" Interestingly, the formation of the major prod@dt’ is attributed to a
5-exotrig cyclization of the radical prior to the addit to the nickel intermediate in the

187 (@) R. G. Miller, P. A. Pinke, R. D. Stauffer, Bl.. Golden and D. J. Bakel, Am. Chem. Sqc1974,96,
4211-4220. (b) F. Weber, A. Schmidt, P. Ro"se, Mcler, O. Burghaus and G. Hif@irg. Lett, 2015,17,
2952-2955,
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coupling process. This last result highlights oregain the radical character of the

transformation.

o 4CzIPN (1 mol%) 0
o L@ NiCl,.dme (2 mol%)
R o% K~ [18-C-6] dtbbpy (2 mol%) ¢©)J\
—=>'~0 +
0 Br DMF, 24h, rt, R

Blue LEDs
44
1.5 equiv. 1.0 equiv.
o (o}
Sop L :
H
N
©/ Acov<))k (Ph),P AcO\/\/©)‘\
o
48 49 90 45
78% 78% 68% 83%

~

88% (10/13/77)
starting from 5-hexenylsilicate

Scheme 84Screening of alkyl silicates for organic photonefthickel dual catalysis
with 44

Again, we screened several aryl and heteroaryl lolesnwith acetoxypropylsilicate7
(Scheme 8h A better yield was observed for the electrontreusubstrated2 and the
electron poor electrophild5 than for para-bromoanisoled6. Polyaromatic substrates also
gave the expected produc®3-95 in moderate yields. In these cases, the polyaglat
bromides may act as quencher of luminescence ofptiegocatalyst through an energy
transfer. The oxidative process would be then immpmetition. Moreover, when 4'-
chloroacetophenone was engaged, the yield of @mgghng adduct decreased dramatically
(from 83% to 14% o#5). This highlights the importance of the oxidataedition step, in

accordance with the postulated mechanism. Hetdrbaoynides can also act as electrophilic
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partners. Pyridineg9 and 83, quinoline86 or benzofuran derivative87 provided coupling
products in moderate to good yields.

4CzIPN (1 mol%)
50 @ NiCl,.dme (2 mol%)
AcO, 02~ K'[18-C-6] A dtbbpy (2 mol%) B
S e
0 B~ DMF, 24h, 1t, Z
Blue LEDs

17

1.5 equiv. 1.0 equiv.
o o Y
O O 2 D)o
) O D)
R
45 92 93 94 95 70
83% (14%2) 76% 63% 45% 64% 53%
F CO,Me
RO WS e
/
\ N \ N
87 86 79 83
76% 45% 73% 54%
R= AcO _~_*= @ experiment performed with 4'-chloroacetophenone

Scheme 85Screening of (hetero)aryl bromides for organic phedox/nickel dual

catalysis withl7

In order to illustrate the efficiency of 4CzIPN aghotocatalyst for this type of dual
catalysis, a scale-up experiment was accomplists@ng uacetoxypropylsilicatd7 and 4'-
bromoacetophenond4. The reaction was performed on 3 mmol by using tiseal
experimental conditions except for the reactioretitmdeed, after 24 hours of reaction, only
63% vyield of45 was obtained, which could be further improved &%7by increasing the

reaction time to 48 hour§¢heme 8k
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o 4CzIPN (1 mol%) o
00 @ NiCl,.dme (2 mol%)
AcO 9 KT[18-C-6] dtbbpy (2 mol%)
\/\O//SI\O . /@)k o
o Br DMF, 24h, rt, c
Blue LEDs

17 44 45
63% after 24h
1.5 equiv. 1.0 equiv. 76% after 48h

Scheme 86Scale-up reaction

We then considered extending this methodology kersll halides. These ones were
already reported to be valuable electrophiles inhsprocessé$' and particularly with
silicates'® Therefore, we engaged alkenyl bromides with aggtmpylsilicate 17 under
these modified conditions. Unactivated alkenyl bides were converted to their
corresponding products in moderate yiei698. Using activated alkenyl halides such as
styryl bromide, styryl chloride angtgem-dichlorostyrene gave fair to good yields aigong
products99-102 (Scheme 8). The3-gem-dichlorostyrene derivative gave only tAg1hono
functionalized produci00in moderate yield after 48 hours. Starting fromep(t) or 2) 3-
bromostyrene, we observed a complete retentiorh@fdouble bond geometry during the
transformatior@9, 100 and 101 A commercial mixture with an 85/15Z ratio showed the

same behavior with a 90/10 ratio of produ@®sand100.

18 N. R. Patel, C. B. Kelly, M. J. Jouffroy and G.AoMnder Org. Lett, 2016,18, 764-767.
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@ R' 4CzIPN (1 mol%)
NiCl,.dme (2 mol%
©0 x%m zdme { °) R’

k®[18-C-6]

02/ dtbbpy (2 mol%)
\/\//Sl\o + R2 AcO = R3

0 DMF, 24h, rt, R2
Blue LED

AcO

17
1.5 equiv. 1.0 equiv.
L) Jdome e~
R R X
R
96 97 98 929
46% 56% 55% 75%"
| |
X AN
100 99/100 101 102
65%2 73% (90/10) 65%3 54%3
R= ACO\/\/VL% 1 Starting from (E)-bromostyrene

2 Starting from (Z)-bromostyrene
3 Starting from chlorostyrene

Scheme 87Reaction of silicates with alkenyl halides

It was interesting to compare this finding with thetallic photocatalysts Ru(bpi#PFs). and
[Ir(dF(CRs)ppyk(bpy)](PR) (Table 8). Previously reported conditié#&® led to the
expected products in 75%/¢: 85/15) yield with the ruthenium photocatalyst (gr2) and
90% [E/Z: 67/33) with the iridium photocatalyst (entry 3).drder to verify that the reaction
does not follow a pure radical vinylation mechanismolving an additionf-elimination
tandem, the reaction was performed without niclehlyst but only traces of products were
observed. This result rules out the exclusive edathway. In addition, isomerization @f
bromostyrene in the presence of a photosensitiasr leen already report&d. Control
experiments were realized in the absence of theehatalyst and silicate and showed that
the bromide slightly isomerized in the presencé@ZIPN E/Z: 65/35) (entry 5) compared to
an E/Z ratio of 40/60 with the iridium complex (entry 7)he bromide atom has brought a

189 (@) Y.-P. Zhao, L.-Y.Yang and R. S. H. Li@reen Chem.2009,11, 837-842. (b) K. Singh, S. J. Staig and J.
D. WeaverJ. Am. Chem. Sqi2014,136, 5275-5278.
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heavy atom effect and so an easy access to tHettsmté® which then promotes the
isomerization. The photoexcited Ru(bgy) did not provide any isomerization of the styryl
bromide, probably due to its lower energy tripketts (entry 6). Therefore we can assume that
the 4CzIPN can act as photosensitizer of styryivd@ves but the photooxidation is faster
than the photoisomerisation, opening opportunif@sstereoselective alkenyl-alkyl cross-

coupling reactions.

Table 8. Comparison of experimental conditions for photosddickel dual-catalysis

with B-bromostyrene

Photocatalyst
AcO ©0 k®18-c-6] L Br .
c 02 -C- dtbbpy
o ¥ m ACO\/\M\/Q

0 DMF, 24h, rt,
Blue LEDs
17 ZIE: 15/85 991100
1.5 equiv. 1.0 equiv.
Entry Photocatalyst (mol%) Nickel source (mol%) Yield E/Z)

1 4CzIPN (1) NiCl,.dme (2§ 73% (90/10)
2 Ru(bpy}(PR). (2) NiCl,.dme (3} 75%" (85/15)
3 [Ir(dF(CFs)ppyk(bpy)l(PF) (2) Ni(COD), (3)* 93%" (67/33)
4 ACzIPN (1) No nickel <5%
5 4CzIPN (1) No nickel S.M."€(65/35)
6 Ru(bpy)(PR): (2) No nickel S.M"€(85/15)
7 [Ir(dF(CR)ppyk(bpy)l(PR) (2) No nickel S.M."€(40/60)

In conclusion, this organic dye has proved itscefficy in photoredox/nickel dual
catalysis with alkyl silicates. Other works repdrt@ter the use of the 4CzIPN with alkyl
silicates for the functionalization of iminé¥, borylated bromoarené® and also with

benzyltrifluoroborate&§?

190 For a review on molecular photochemistry, see:JNTurro, V. Ramamurthy and J. C. Scaiano, Modern
Molecular Photochemistry, University Science Bodkaysalito CA, 1991.

YIN. R. Patel, C. B. Kelly, A. P. Siegenfeld andAGMolander,ACS Catal 2017,7, 1766-1770.
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4.4 Alkyl bis-catecholato silicates in photoredox/nickedual catalysis:

formation of C(sp®)-C(sp’) bonds

Alkyl bis-catecholato silicates have demonstratedboé powerful substrates for the
generation of primary alkyl radicals which can healved in radical addition reactions and
nickel-catalyzed C(Sp-C(spf) bonds formation. The remaining challenge is toettEp a
catalytic version for the C(8pC(sp’) bonds formation.

4.4.1 C(sp’)-C(sp°) cross-coupling reactions involving alkyl carboxyates

In 2016, the group of MacMillan reported new reawctconditions for cross-coupling
reactions between alkyl carboxylates and alkyl bdest®? The reported methodology
involves the use of [Ir(dF(Ghppy)(dtbbpy)](Pk) as oxidizing photocatalyst, Ni&time as
nickel source and 4,4-dimethoxy-2J@pyridine (4,4-dOMe-bpy) as ligand. The
carboxylates obtained by reaction of the correspmnaarboxylic acids with potassium
carbonate reacted with various alkyl bromides urtdese conditions. Decarboxylation af
amino ora-oxo carboxylates gave stabilized alkyl radicalsiolvhcould be coupled with
primary or secondary alkyl bromides in good yie{8sheme 88 The reaction conditions
were tolerated by electrophiles bearing a free taltocarbonyl or oxirane function. In
addition, unactived primary and secondary carboxglids were engaged in the process,
giving the coupling products in moderate yields.

R CF
m PR F Y °
[Ir] (2 mol%) N SN N
NiCl,.dme 10 mol% Boc , '
2 0) F ,/(" ’ \N —

. ~__CO,H 4,4-dOMe-bpy (10mol%)  50-91%
r /\r + R/\/Br F
S X K,COs, H,0, MeCN, rt /Y\/R NS
blue LEDs, 48h ! S
X = NBoc, O, CH, ueLEbs, - e 1 .
3

40-66% [Ir(dF(CF3)ppy)2(bpy)l(PF¢)

Scheme 88Dual photoredox/nickel catalyzeg’—sp® coupling reaction between alkyl
carboxylates and alkyl bromides

192, p. Johnston, R. T. Smith, S. Allmendinger and\D C. MacMillan,Nature,2016,536, 322-325.
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The authors proposed an usual mechanism for thrsfiormation $cheme 89 The
excited iridium photocatalyst oxidizes the carbaxgl After CQ extrusion, the generated
radical adds on the Ni(0) catalyst to form the Ngpecies. Oxidative addition with the alkyl
bromide leads to a Ni(lll) intermediate. A reduetiglimination step would give the desired
product and another Ni(l). A final SET from Ir(Itb Ni(l) regenerates both catalysts to
complete a single turnover.

Light

Ir"'* |r|||
¢C02_
R \( .
SET | — [Ni(0)]
/ SET
I //
R R/co{
; X—[Ni()]
CO, .
[Ni(DI—R
Ro~g
sp3-sp? cross-coupling /\ Br
product Br—[Ni(Il]-R R

Scheme 89Proposed mechanism for the cross-coupling of catdbtes with alkyl

bromides
4.4.2 Silicates as nucleophilic partners

When MacMillan and co-workers reported their adesnon C(sp)-C(sp) cross-
coupling photoredox/nickel dual catalysis, we wele/eloping our own catalytic system

involving alkyl bis-catecholato silicaté®’
4.4.2.1 Optimization of the cross-coupling reaction

We started our studies on the coupling of [18-Gié]exylsilicate2 with ethyl 4-
bromobutyrate 103 The catalytic system was composed with 2 mol% of
[Ir(dF(CR)ppy)(bpy)](PF) as photocatalyst and 5 mol% of Ni(CQRnd 2,2’-bipyridine to

193 C. Lévéque, V. Corcé, L. Chenneberg, C. Ollivied &. FensterbanlEur. J. Org. Chem2017, 2118-2121.
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produce the organometallic catalyst. After 24 haar®MF under light irradiation with 1.2
equivalents of silicate and 1 equivalent of thectetphile 103 we were pleased to see the
formation of cross-coupling produdt04 in 29% vyield (Table 9 entry 4). Contrary to
MacMillan’s results, we observed the dimerizatiamduct of the electrophil@05 in 52%
yield. This byproduct has been previously repofbgdWeix and co-workers during their
studies on the nickel-catalyzed dimerization ofyhlkalides'® They used the same
conditions as for the aryl-alkyl electrophilic csesoupling reaction¥>'%* Based on their
mechanism, they propose&dcheme 6§ the alkyl halide may furnish an alkyl radical.
Therefore two kinds of radicals would be in comfpei in the reaction mixture. Then, the
aim was to improve the reaction conditions in order avoid the formation of the
homocoupling product and favor the cross-couplinigluat. Increasing the photocatalyst
loading to 5 mol% slightly improved th&04/105 ratio (entry 1). Switching to other
photocatalysts (Ru(bpypF and 4CzIPN) did not give better results (entry rid &8).
However, starting with 1.5 equivalents of silicages/e the best ratio of product94105
42/38 (entry 6) whereas changing the number ofvadgnts of the silicate (to 2 equiv.) (entry
7) or using a nickel(ll) precatalyst proved to bsd effective (entry 8).

Table 9. Optimization of the reaction conditions

0
. Phottiﬁ?]talyst n-pent /\/\)J\OEt
n—pent\o)gi’?oK [18-C-6] . Br\/\)cj)\ bpy 104
0 OFt DMF, Blue LEDs, 24h, rt * @
@ EtOY\/\/\)J\OEt
. o)
1.5 equiv. 1 equiv. 105
2 103
Entry  Silicate (equiv.) Photocatalyst (mol%) Ni souce (5 mol%) Yield
(104/105)
1 1.2 [Ir] (5) Ni(COD), 34/38
2 1.2 Ru(bpy)(PFs) (5) Ni(COD) 22/36
3 1.2 4CzIPN (5) Ni(COD), 22/25
4 1.2 [Ir] (2) Ni(COD) 29/52
5 15 [Ir] (2) Ni(COD), 42/50
6 1.5 [Ir] (5) Ni(COD), 43/38
7 2 [Ir] (5) Ni(COD), 44/42
8 15 [Ir] (5) NiCl,.dme 26/30

194 M. R. Prinsell, D. A. Everson, D. J. Wei2hem. Commun2010,46, 5743-5745.
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The nature of the ligand was analyzed. Indeedetheiency of the process has been
proved to be dependent of the ligdfit!*>Several bidentate ligands were screer8zhéme
90). Modified bipyridyl type ligands did not enhanitee yield of cross-coupling produt04
and limit the formation of addudi05. In particular, the ligand 4,4’-dOMe-bpy reveatecbe
ineffective. Bioxazole derivatives were also enghgs ligand but again, the reaction was less
productive. Tridentate ligands were also testedpyredine proved to be an effective ligand
leading to 104 in 42% vyield but did not avoid the dimerizationO¢% of 105). 2,6-
Bis(oxazoline)-pyridine (pybox) gave both productsower yields.

o

[1¥] (2 mol %) . ent/\/\/U\OEt

Ni(COD), (5 mol %)

00 k®18.c.6) o li 9
- 2 gand (5 mol %) 104
pent Zsig + BrMOEt ° +
O DMF, Blue LEDs, 24h, rt o)
EtOWOEt
) o]
1.5 equiv. 1 equiv. 105
2 103
R R
R = H, 42%/50% 0 O -
104/105 yields = — R = tBu, 41%/38% J: 4 j 2 N g’ng:f;jslzz/
\ [\1 \N / R = OMe, 0%/0% R” N N""R ) SIB 70
bipyridyl type ligands bioxazole type ligands
~
Ny 42%/50% { N \\07 29%/22%
N N
Terpyridine Bis(oxazoline)-pyridine

Scheme 90Screening of ligands

The electrophile partner was also modifi€scifeme 9) Ethyl 4-chlorobutyrate was not
converted as well as the tosyl derivative while itheo analogous afforded both products in

poor yields. The triflate derivative was also tddbeit showed to react with the solvent DMF.

15 E. Lima, M. A. Kabeshov, D. N. Tran, C. Battiloohi). Sedelmeier, G. Sedelmeier, B. Schenkel, ey,
Angew. Chem. Int. ERR016,55, 14085-14089.
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0]

[Ir] (5 mol %) n-pent/\/\)J\OEt

Ni(COD), (5 mol %)

00 k%18-c) 0 ligand 1%
n-pent_O-a’ igand (5 mol %) 104
oo I +
DMF, Blue LEDs, 24h, rt o)
Eto\ﬂ/\/\/\)l\OEt
1.5 i 1 equiv o
2 equiv. auv: X = Br, 43%/38% 105
2 103 X = Cl, 0%/0%

104/105 yields

X=1,11%M14%
X =0Ts, 0%/0%
X = OTf, 0%/0%

Scheme 91Screening of electrophiles

Under the optimized reaction conditions, we envist that the formation of the desired
product 104 might be promoted at lower concentration. Thus, peeformed the cross-
coupling reaction with slow addition of ethyl 4-bmobutyrate103 The electrophile was
added over 18 hours thanks to a syringe pump. tinfately, the homocoupling and the
cross-coupling products were obtained in similatds.

4.4.2.2 Scope of the reaction and limitations

After optimisation, various silicates were engagedur reaction conditions. As for the
aryl-alkyl cross-coupling reactions, silicates legra nitrile groupl06 and 107, a halogen
108 and109or an oxiranel10 could be coupled with compourd®3 (Scheme 92 Activated
silicates such as benzyl or anilinomethyl silicaadéforded the cross-coupling produdi$2
and113 Conversely, acetoxymethyl and chloromethyl sibsadid not provided any coupling
productl1l5and116. Secondary cyclohexyl silicate showed also todaetive leading ta11
With triethylammonium cyclohexyl and cyclopentylicates, the reaction revealed to be
poorly effective to givdd11landl1l1l4and so, the yields of cross-coupling products W@seto
moderate. It should be noted that the formatiothefhomocoupling product observed in the
optimization study, was obtained in each case wlds close to those of the cross-coupling
product. It suggests that the formation of bothdpiais is simultaneous, and so two catalytic
pathways are occurring at the same time with pbssilmickel intermediate involved in both
processes. Finally, we also engaged different lemwith acetoxypropylsilicater. Primary
117-120 and secondary alkyl bromidé&(1-123 reacted more or less efficiently (27-37 and
16—35%, respectively). 5-Hexenyl bromide provideuiature of direct C(s)—C(sp) cross-
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coupling productd20/120'together with a tandem éxotrig/cross-coupling product20”.

The latter presumably indicates the generation haf $-hexenyl radical and its further
interception by the nickel complex to enter thessrooupling catalytic cycle. This radical
generation from the alkyl bromide partner may digoat the origin of the homocoupling

product.

We succeed to extend the photoredox/nickel duallyss process with alkyl silicates and
electrophiles to the formation of C&pC(sp) bonds. Unfortunately, the yields of cross-
coupling products are low to moderate due to then&ion of the homocoupling product.
Based on the reports on the nickel electrophilassfcoupling reaction and photoredox/nickel
catalysis, we could not propose a mechanism tak@egunt of the formation of each product.

This mechanism poses intriguing questions and requo be more investigated.

167



[ir] (5 mol %) O
; ]\o o Ni(COD), (5 mol %) R~ Ao

K [18-C-6
O35/, [ 1

bpy (5 mol %)

RO ~0 + Br\/\)J\OEt +
DMF, Blue LEDs, 24h, rt 0
EtOWOEt
103 o)
1.5 equiv. 1.0 equiv. 105
(0] (0] (0]
n-Hex MOEt NC\/\/\)J\OEt NC/\/\/\)J\OEt

104: 43% (38%) 105: 20%( 23%) 107: 27% (20%)

0 0 0

F3CMOE1 ClMOEt MO/\N\)J\OEt

)

108: 25%2 (24%) 109: 33% (29%)

111: 31% (35%)

112; 18% (23%)
111: < 5%b (6%)°

113: 38% (10%)

110: 27% (10%)

O\/\)L i
N |

o]

OEt
@A 1:0.9 mixture with 2a
b Starting from the
corresponding

% ammonium silicate

QA i
OEt cO/\/\)J\OEt CI/\/\)J\OEt

114: 9%P (28%)° 115: 0% 116: 0%

[Ir] (5 mol %)
Ni(COD), (5 mol %)

0 K ®l18-C-6]

bpy (5 mol %)

DMF, Blue LEDs, 24h, rt

+ Pyl
1.5 equiv. 1.0 equiv.
17
R RT>"cl RN CN
17 118 119
37% 28% 27%
R/\/\/\ RW R
\_ 120 120 120" —/)
32% (30/20/50)

AcO” >"alkyl

RO R\O

121 122
16% 19%
R
A BNy
123 124
35% 0%

Scheme 92Screening of alkylsilicates and alkyl bromidestfoe photoredox/nickel
C(sp)-C(sp) cross-coupling reactions
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4.5 Extension to other catalytic systems

The efficiency of alkyl bis-catecholato silicatesgenerate alkyl radicals is now well

established. We expected to engage these precumnsaiiser catalytic systems.
4.5.1 Concept of non-innocent ligands

In our group and in the context of the Ph.D. thedigérémy Jacquét® it has been
demonstrated that some non-innocent ligands caalyzat redox processes through the
generation of radicals. In 1966, Jgrgensen defthedconcept of innocent ligantiligands
are innocent when they allow oxidation state of teatral atoms to be defined®” For
instance, ligands in palladium-catalyzed cross-togpeactions are innocent.In each step of
the catalysis, the oxidation state of the metah&dl-defined. At the opposite, iridium and
ruthenium complexes in photoredox catalysis aralgstt with non-innocent ligands because
they are metal-ligand coupled redox system. Intemdisome complexes exist with almost
pure ligand centered redox processes. This isdke of the bis-iminosemiquinonato copper
complex Cu(lsg)2 125 which displays a Cu(ll) and two iminosemiquinanaadical ligands
(Scheme 93

This complex can undergo two successive singletreleaeductions leading to the
formation of the bis-anionic bis-aminophenolate menfll) complex Cu(lkp)>, or two
successive single electron oxidations to give ths-chtionic bis-iminobenzoquinone
copper(ll) complex Cu(kg),”* 127 (Scheme 9%'° This ability of single electron redox
processes can be exploited to generate radicaElybetween one of the copper species and

a radical precursor.

1% For the PhD manuscript see: Catalyse coopératire des ligands rédox non-innocents : processus
radicalaires et organométalliques, Jérémy Jacunetersité Pierre et Marie Curie, 2016.

197C. K. JergenserGoord. Chem. Rey1966,1, 164-178.

198 b Chaudhuri, C. Nazari Veani, E. Bill, E. Botfie, Weyhermiiller, K. Wieghardfl. Am. Chem. Sqc2001,
123 2213-2223.
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_ tBu Ph tBu Ph
/@:OC Ne tBu +e /@OC Ne tBu +e /@:Q N tBu
- Cu S — a — Cl
tBu N O “ tBu N Oj@/ = Bu N OI;/
u < Ph tBu < Ph tBu

Ph B
125 Cu''(Lgq)s Eq/2=-0.56V Cu'(Lap)(Lsq) Eqj2=-0.86V Cu'(Lap)2*
tBu Ph tBu Ph tBu Ph
o N tBu +e” _0_ Nw tBu +e O_ Nw tBu
_ca_ P — - Cu P —— - Cu
tBu N O _ tBu N O < tBu N O
Ph tBu € Ph tBu Ph {Bu
127 Cu'(Lgq),** Ey2=+0.83V 126 Cu'(Lsg)(Lea)"  Eqp=+0.2V 125 Cu'(Lsq),

Redox potential from ref 166

Scheme 93Redox properties of Cuf).

It was found that complex Cuék)» 125 can reduce electrophilic @Bources to produce
radicals. Spin-trapping experiments with TEMPO asiichiometric amounts of the
trifluoromethylating agent and the copper completawealized%cheme 93 In DCM after
3 hours, the adduct GHEMPO can be obtained in 67% yield from the Umesisoteagent.
The same product was obtained after 3 hours in §&dd from the Togni Il reagent in
NMP 1°

Umemoto's reagent O (g @ tBu o Eh Bu
] oTf ca
or Ph tBu
FsC * N N

. le
Togni Il reagent NESe) o DCM or NMP, 3h O\CF3

67%
1.2 eq. 69%

Scheme 94Spin-trapping of Cgradical experiments with TEMPO

The evidence of the trifluoromethyl radical fornoati established, radical addition
experiments were performed with a catalytic loadiofy copper complex125 The
trifluoromethyl radical generated by reduction bé tTogni Il reagent could be trapped by
alkenes or alkynes in NMP, as well as silyl-endlees or electron-rich heteroaryls such as

pyrroles, indoles or furans in DCM. It was propogshdt complex125 would reduce the

193, Jacquet, S. Blanchard, E. Derat, M. Desage+it lhd L. Fensterbanihem. Scj.2016,7 ,2030—2036.
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Togni Il reagent to produce the trifluoromethylid and the complex Cuéb)(Lgg)* 126. In
NMP, the radical adds on the alkene or alkyne toegete an alkyl radical or a vinyl radical
respectively. After a hydrogen abstraction on th@R\ the product is formed and the radical
[NMP-H] realizes a SET with complek26 to regenerate the catalyScheme 95 In DCM,

the trifluoromethyl radical adds on the silyl-emther or the heteroaryl and provides an alkyl
radical which directly reacts with complé?26 to regenerate the catalyst. Then, the cation
evolves either by loss of SiMgeneratingam-CF; carbonyl, or by loss of Horoviding the

CFRs-substituted heteroaryl at the C2 position.

S~ X
.
. ,UCFS FaCr~g

Cu(Lsqg) (5 mol%) Cu(Lsq) (20 mol%)

DCM NMP
X=0,N TN X R
1y PO z
0
OTMS § R
)ﬁ/R /
R
R
o R
Cu(Lsq) (5 mol%)  Cu(Lgq) (20 mol%)
R)KKCFs DCM NMP
rR" CF3
O FsC /I tBu Ph

X O N tBu
<, Co
tBu )

silyl-enol ethers

SiMes, Y or heteroaryl
NMP )
R or Z R
F3C\,/"'\,, R

Cu(Lsq)(Lgq)*

Scheme 95Copper catalyzed radical trifluoromethylation te@ts, and mechanisms
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Inspired by these catalytic processes, we envididwedevelop a copper-mediated

catalytic oxidation of alkyl bis-catecholato siliea.
4.5.2 Preliminary results

We first considered two properties of the alkyl-bédecholato silicates to perform the
oxidation. In one hand, these substrates are eagyidize given that the range of oxidation
potential is +0.34-+0.90 V vs SCE in DMF. On theesthand, the oxidation process is more
efficient in DMF than other solvents. With theseotwarameters, we expected to realize
efficiently the oxidation with the complex Cwd)2(OTf)2 (Ei2 = +0.83V vs SCE in DCM).

In addition, these types of copper complexes shoefiidient in NMPX?® which displays a
similar polarity to DMF. So for this reason, we egtfor this last solvent. We first looked at
the possible formation of alkyl radicals from therresponding bis-catecholato silicates by
oxidation with the copper complek27. Benzylsilicate4 was engaged in spin-trapping
experiments with TEMPO in the presence of a stoiti@tric amount of comple%27. The
benzyl TEMPO addu2B was isolated in 15% vyield after 24 hours in DNEelfeme 9% The
same reaction was also performed with 10 mol% tdlgst and two equivalents of TEMPO.
In this case, only 7% yield of the product was olgd. We also tested allylsulfor8d as
radical scavenger. However, with a catalytic logdor a stoichiometric amount of copper

complex127, we never observed the formation of prodl@®
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Q 1.0 equiv.
[Cu(Lpq)2l(OTf), or N
Q\o/@ 0 ®l18-c- = 0.1 equiv. 5
~Si- -0 N
6 DMF, 24h, rt
15%
7%
1.0 equiv.
1.0 eq. or
a 2.0 equiv. 23
@ 1.0 equiv.
CO,Et [Cu(Lgq).l(OTH), or
b) @,2 k®[18-C- o e 0.1 equiv. COE
~O
0, DMF, 24h, rt Ph
0,
L 128 80//:
4.0 equiv.
1.0eq. 2+
tBu -
o Eh iy | (O,
J @t
tBu N O
Ph tBu

Cu(Lgq)2(OTf),

Scheme 96Copper mediated trapping experiments of benzytehd

We next switched to DCM which proved to be alsacefht with this family of copper
complexes? Anilinomethyl silicate8 was selected due to its lowest oxidation potertg|
=+0.34 V vs SCE in DMF), in order to render thaateon as thermodynamically favorable as
possible. In this case, we did not engage theasdizvith TEMPO because it should lead to an
unstable hemiaminal. Allylsulfongl was used as radical acceptor with 10 mol% of cerpl
127 to give producB2 in 52% vyield after 24 hours of reactiohaple 10 entry 1). Several
parameters of the reaction were modified to optartize system. The catalyst loading was
first analyzed. Decreasing the amount of copperptexfrom 10 mol% to 5 mol% dropped
dramatically the yield (12%) of the reaction and thiorst case was observed with 2 mol%
(entry 4 and 5). We then considered the influentethe concentration. Dividing or
multiplying by two, the concentration had not sfgraint impact on the yield (entry 2 and 3).

Increasing the number of equivalents of acceptomfel to 6 improved the yield to 66%

(entry 6).
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Table 10.Optimization of copper mediated oxidation of arolinethylsilicate

H 1 00 «®s.cg /lcizft [Cu(Lgg)](OTH); (XX mol%) COLEt
’ == Ts BQ/2. 2 o /\/&

Ph.

b S N
0 DCM (XX M), 24h H

8 31 32
1 equiv. 4 equiv.

Entry Concentration Loading [Cu] Yield
1 0.1M 10 mol% 52%
2 0.05M 10 mol% 48%
3 0.2M 10 mol% 56%
4 0.1M 5 mol% 12%
5 0.1M 2 mol% 6%
6 0.1M 10 mol% 66%

6 equivalents of allylsulfon27 used.

About the mechanism of the reaction, copper catdl®% would oxidize silicate8 and
provide the anilinomethyl radical and compl&®6. After addition of the radical on the
acceptor followed by fragmentation of the C-S bomehduct32 would be obtained with a
tosyl radical. This one might oxidize complé®6 regenerating the catalyd®?7 with the
formation of a sulfinate aniorS€heme 9). However, analysis of the redox potentials of
these species involved in the last step reveald tha electron transfer is not
thermodynamically favored (R(PhSQ¢/PhSGQNa) = +0.50V vs SCE and
E12(Cu(Lso)2”/Cu(Leo)(Lse)*) = +0.83V vs SCE).
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Scheme 97Envisioned mechanism for the copper-mediated oxidaf silicates

Synthetic modifications of the catalyst to tune teelox potential and improve the
reactivity of the system would be a promising Solut Indeed, copper bis-
iminosemiquinonate complex with modified aniline igtes have been reportd¥.Second
oxidation of Cu(lsg)> analogous with methoxy substituents in the 3- &ngositions of
aniline group was measured at +0.68V vs SCE in D&Nbther possibility would be to use
other acceptors which lead to the formation ofrangjer oxidizing radical intermediate such
as allyl/vinyl chlorides or allyl/vinyl bromides g@viding a chlorine or bromine radical
(Scheme 938

200 C. Mukherjee, U. Pieper, E. Bothe, V. Bachler Bil, T. Weyhermiiller and P. Chaudhutiorg. Chem.,
2008,47, 8943-8956.
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Scheme 98Possible modifications to optimize the oxidatiorsibicates with non-

innocent ligands complexes.
4.6 Conclusion

The alkyl radicals generated by photooxidationlkylabis-catecholato silicates could be
engaged in dual-catalytic processes involving pteatox/nickel dual catalysis. Thanks to the
nickel catalysis, formation of C(9pC(sp) bonds from alky! silicates and substituted anyl o
heteroaryls could be realized with an iridium bagpbdtocatalyst. A dual-catalytic system
was also developed with 4CzIPN, an organic dye lastgoatalyst. These new reaction
conditions showed to be as efficient compared wWitise previously exposed. Moreover, the
methodology was extended to the formation of alybstituted alkenes. Finally, a dual-
catalytic process for the C@gC(sp) bonds formation was developed with a limited
efficiency due to the formation of a homocouplirdylact as side product. Finally, the ability
of alkyl bis-catecholato silicates to undergo ratiformation upon oxidation may also be
extended to other catalytic processes such assin@fucopper complexes with non-innocent

ligands which require more investigations.
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Experimental Section

5.1 General informations

Unless otherwise noted, reactions were carrieduader an argon atmosphere in
oven-dried glassware. THF and diethyl ether wesélidited over sodium/benzophenone,
triethylamine over potassium hydroxide. Catechas warchased from commercial source
and purified by crystallization from toluene folled by sublimation.Reagents and
chemicals were purchased from commercial sourcesused as received. Substrates
without synthetic procedure detailed were purchdsed commercial sources and used as
received. Infrared (IR) spectra were recorded oBraker Tensor 27 (ATR diamond)
spectrophotometer. Melting points were determinedaanelting point apparatus SMP3
(Stuart scientific) and are uncorrectéd, *°F, **P and*C NMR spectra were recorded at
room temperature at 400, 377, 162 and 100 MHz otiseéy, on a Bruker AVANCE 400
spectrometer°Si NMR spectra were recorded at 119 MHz on a BréRéANCE 11l 600
spectrometer. Chemical shif®) @re reported in ppm and coupling constadsf(e given
in Hertz (Hz). Abbreviations used for peak muligity are: s (singlet); bs (broad singlet);
d (doublet); t (triplet); g (quartet); quint (quet); sept (septet); m (multiplet).Thin layer
chromatographies (TLC) were performed on Merckaitiel 60 F 254 and revealed with a
UV lamp 0 = 254 nm) and KMngstaining. Flash Column Chromatographies were
conducted on silica Gedufasi 60 A (40 — 63 um). High resolution mass spesawies
were performed on a micro TOF (ESI).
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5.2 Synthesis of photocatalysts

Synthesis of 4CzIPN

N
NC CN

N | N
OIS

Chemical Formula: CggH3,Ng
Molecular Weight: 788.89

.

The 4CzIPN has been synthesized following a previeported procedufé To a 100

mL round-bottom-flask was added NaH (60% in min@i§l (15 mmol, 600 mg). THF (40
mL) was added followed by the slow addition of @atle (10 mmol, 1.67 g). After 30 min of
stirring at room temperature the tetrafluoroisofurtdrile (2 mmol, 400 mg) was added and
the mixture was stirred at room temperature foh80Qrs. A yellow precipitate progressively
appeared. Water (1 mL) was added to neutralizeetoess of NaH and the mixture was
evaporated to give a yellow solid. The solid wascsssively washed with water and ethanol.
The crude product was dissolved in the minimum @fMDand crystallized by addition of
pentane to give the pudCzIPN (1.13g, 71% vyield). The spectroscopic data agmeement

with those reported in the literature.

'H NMR (400 MHz, CDCY): & 8.35 (dt,J = 7.7, 1.0 Hz, 2H), 8.19 (d,= 8.3 Hz, 2H), 7.87 —
7.84 (M, 4H), 7.76 — 7.72 (m, 6H), 7.55 — 7.44 @), 7.12 (dtd,) = 17.9, 7.3, 1.3 Hz, 8H),
6.83 — 6.79 (M, 2H), 6.72 — 6.68 (M, 2HAC NMR (100 MHz, CDCY): 5145.4 (2 C), 144.8
(2 C), 140.1 (2 C), 138.3 (4 C), 137.1 (2 C), 132 X), 127.1 (2 C), 125.9 (4 C), 125.1 (2
C), 124.9 (2 C), 124.7 (2 C), 124.0 (2 C), 122.£]2122.1 (4 C), 121.5 (2 C), 121.1 (2 C),
120.6 (4 C), 119.8 (2 C), 116.5 (2 C), 111.8 (2X10.1 (4 C), 109.6 (2 C), 109.6 (2 C).
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Synthesis of Ir[(dF(CFs)ppy)2(bpy)](PFe)

B(OH), Cl Pd(PPhg), 10 mol% E
KoCO3 (5 eq. __
F SN 2CO3 (S eq.) . FWCF
+ | > \ / 3
X Eau/THF (1/2), 80°C, 24h N
F CF,

88%

The ligand 2-(2,4-difluorophenyl)-5-(trifluorometigyridine was prepared following a
previously reported proceduf®:

F
— IrClz (1 equiv.)
F \ CF; >
N MeOEtOH/H,0 (1/2),
120°C, 24h
2.1 equiv.

To a 50 mL round-bottom flask equipped with a negnstir bar was added 2-(2,4-
difluorophenyl)-5-(trifluoromethyl)pyridine (400 m@.50 mmol) and IrGlhydrate (209 mg,
0.70 mmol). The flask was equipped with a cold watsndenser and evacuated and purged
with argon three times. A degassed mixture of metbthanol/water (2/1) (12 mL) was
added and the resulting mixture stirred at 120°€C 20 h, during which time a yellow
precipitate was observed to form. After coolingrtol0 mL of water were added and the
precipitate was collected by vacuum filtration. T9aid was washed with water (2x20 mL)
and hexanes (~30 mL) to afford iridiueaCl-dimer (58%).

The spectroscopic data are in agreement with tregsrted in the literatur®?

201 A Beeby, S. Bettington, I. J. S. Fairlamb, AGoeta, A. R. Kapdi, E. H. Niemeld and A. L. Thompdéew
J. Chem.2004,28, 600-605.

292 M. NonoyamapBull. Chem. Soc. Jpnl974,47, 767—768.
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'H NMR (400 MHz, CDC4): §9.52 (s, 1H), 8.46 (dd] = 8.8, 3.1 Hz, 1H), 8.05 (d,= 8.3
Hz, 1H), 6.50 — 6.36 (m, 1H), 5.08 @z 8.9 Hz, 1H).

2.0 equiv.
ethylene glycol,
150°C, 12h

2) NH,PFg, 0°C, H,0

1.0 equiv.

To a 25 mL round-bottom flask equipped with a n&tgnstir bar was added iridium
dimer (302 mg, 0.2 mmol) and 2,2’-bipyridine (66,842 mmol). The flask was attached to
a reflux condenser and the flask were placed uraerinert atmosphere by three
evacuation/purge cycles. The reaction components dissolved in degassed ethylene glycol
(13 mL) and heated with stirring at 150 °C for 18Jpon cooling to rt, the reaction mixture
was diluted with water (120 mL) and transferrechteeparatory funnel. The aqueous phase
was washed three times with hexanes (3x 60 mLj tliained into an erlenmeyer flask and
heated to 85 °C for 15 min to remove residual hegatJpon cooling to rt, an aqueous
solution of NHPF; (29 in 20 mL) was added and the mixture coole@d’°&t, resulting in the
formation of a fine yellow precipitate that waslaed by vacuum filtration and then washed
with HO (20 mL) and hexanes (15 mL). The solid was dueder high vacuum to remove
residual HO and hexane to give Ir[(dF(@BpYy)(bpy)](PF) (323 mg, 80%).

The spectroscopic data are in agreement with tregsmted in the literaturé?>

'H NMR (400 MHz, MeCNé3): & 8.66 (dt,J = 8.1, 1.1 Hz, 1H), 8.60 (ddd,= 8.8, 2.0, 0.8
Hz, 1H), 8.36-8.26 (m, 2H), 8.14 (dd#i= 5.5, 1.6, 0.8 Hz, 1H), 7.75 (dt,= 1.9, 0.9 Hz,
1H), 7.69 (ddd,) = 7.7, 5.5, 1.3 Hz, 1H), 6.88 (ddil= 12.8, 9.4, 2.3 Hz, 1H}3CNMR (100

23D, Hanss, J. C. Freys, G. Bernardinelli, O. S. @égrEur. J. Inorg. Chem2009, 4850—4859.
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MHz, MeCN-d3): 5 168.56 (d,J = 6.8 Hz), 165.76 (dd] = 208.1, 13.0 Hz), 163.17 (dd=
211.8, 12.9 Hz), 156.6, 155.8 (= 7.2 Hz), 152.5, 146.9 (d,= 4.8 Hz), 141.4, 138.0 (d,=
3.5 Hz), 130.0, 127. 9 (d = 4.9 Hz), 126.4 (qJ = 34.5), 126.3, 125.0 (d, = 21.0 Hz),
124.4, 121.7, 115.6 (dd, = 18.0, 3.1 Hz), 100.4 (] = 27.1 Hz)."*FNMR (376.5 MHz,
MeCN-d3): § -63.6 (s, 6F), -72.7 (d,= 707.5 Hz, 6F), -104.7 (d,= 12.0 Hz, 4F), -108.0 (d,
J=12.0 Hz, 4F).
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5.3 Synthesis of silicates

General procedure A for [18-C-6] potassium silicatesynthesis

OH MeOK / MeOH @;

_ 18-C-6, rt, 3h 590 k® 118.ce)
R-Si(OR); + RS

OH O

To a stirred solution of catechol (2 eq.) in drythaamol (0.25 M) was added 18-C-6 (1

eq.). After dissolution of the crown ether, thealikoxy organosilane (1 eq.) was added,

followed by a solution of potassium methoxide intina@ol (1 eq.). The reaction mixture was
stirred for 3 hours and the solvent was removedeumeduced pressure. The residue was
dissolved in the minimum volume of acetone andhgieether was added until a cloudy
solution was obtained (scrapping on the edge of ftask could be done to induce
crystallization). The flask was placed at -20°C roight. The crystals were collected by
filtration, washed with diethyl ether and dried endracuum to afford [18-C-6] potassium

silicate.

General procedure B for tetraethylammonium silicatesynthesis

OH 1. Et3N, THF 50 ®
. 0°Ctort _ <~ EuN
R-SiCl, + R//SI\O 4
OH 2. Et4NBr, CH;CN

0]
‘ O
To a stirred solution of catechol (2 eq.) in dryHKD.1 M) was added triethylamine
(4 eq.). The reaction mixture was cooled to 0°Chwaih ice bath and the organotrichlorosilane
(1 eq.) was added dropwise. The mixture was stioedn hour at 0°C and an additional hour

atroom temperature. The triethylamine hydrochlogdi was filtered off and the filtrate was

evaporated under reduced pressure. The residugakes up in acetonitrile (0.3 M) and
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tetraethylammonium bromide (1 eq.) was added. Tixtune was stirred for an hour and the
solvent was evaporated under reduced pressuresdlite was taken up in water, filtered,

washed with water and dried under high vacuumftrédthe tetraethylammonium silicate.

Potassium [18-Crown-6] bis(catecholato)-cyclohexylgate (1)

o0

O%Silo «® [18-C-6]

Chemical Formula: C3gH43KO10Si
Molecular Weight: 630.84

- J

Following the general procedure A with cyclohexgtihoxysilane (2.5 mmol, 0.5 mL),
catechol (5.0 mmol, 550.6 mg), 18-Crown-6 (2.5 mn&@0 mg) and potassium methoxide
(2.5 mmol, 700uL of a 3.56 M solution in methanol) in 10 mL of dnyethanol at room
temperature. The crude product was purified acogrthe general procedure to affdrdl.23
g, 78%) as a white solid.

'H NMR (400 MHz, MethanobB4): § 6.72 — 6.60 (m, 4H), 6.57 — 6.49 (m, 4H), 3.52¢H),
1.69 — 1.48 (m, 5H), 1.34 — 1.02 (m, 5H), 0.84Jt,12.2, 3.1 Hz, 1H)**CNMR (100 MHz,
Methanold4): § 151.5 (4 C), 119.0 (4 C), 111.2 (4 C), 71.2 (12314, 29.6 (2 C), 29.4 (2
C), 28.3.2°Si NMR (119 MHz, MethanoB4): § -77.93. HRMS calc. For [GgH1504Si]
327.1058; found 327.104M.p. 220°C.IR (neat): 2900, 2844, 1486, 1454, 1351, 1267,
1100, 1011, 963, 893, 816, 739,593tm
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Potassium [18-Crown-6] bis(catecholato)-hexylsilida (2)

( N
00
\/\/\O/\/Si\o K@ [18-C-6]
O
Chemical Formula: C3gH45KO1(Si
Molecular Weight: 632.86

Following the general procedure A with hexyltrietgsilane (5.0 mmol, 1.0 mL),
catechol (10.0mmol, 1.10 g), 18-Crown-6 (5.0 mnio82 g) and potassium methoxide (2.5
mmol, 1.4 mL of a 3.56 M solution in methanol) i® 2nL of dry methanol at room
temperature. The crude product was purified acogrdhe general procedure to affo2d
(2.5g, 80%) as a white solid.

'H NMR (400 MHz, MethanoB4): § 8.29 — 8.17 (m, 4H), 8.15— 8.04 (m, 4H), 5.0R¢H),
2.91 — 2.82 (m, 2H), 2.79 — 2.66 (m, 6H), 2.36)(% 6.9 Hz, 3H), 2.27 — 2.16 (m, 2H)C
NMR (100 MHz, MethanoB4): § 151.1 (4 C), 119.2 (4 C), 111.4 (4 C), 71.2 (12 &).2,
32.9, 25.4, 23.6, 18.5, 14.5'Si NMR (119 MHz, Methanal4):5 -75.6. HRMS calc. for
[C1H2104Si]” 329.1215; found 329.12184.p. 208°C.IR (neat): 2915, 2869, 1488, 1454,
1350, 1298, 1246, 1104, 1013, 949, 911, 893,868, Bd1, 738, 586 cih

Potassium [18-Crown-6] bis(catecholato)-hex-5-enylgate (3)

"

N 00
\/\/\O/\SLO & 118-C-6]
O/

Chemical Formula: C3oH43KO43PSi
Molecular Weight: 630.84

Following the general procedure A with hexenyltrinexysilane (2.5 mmol, 511 mg),
catechol (5 mmol, 550.6 mg), 18-Crown-6 (2.5 mné6) mg) and potassium methoxide (2.5
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mmol, 700 pL of a 3.56 M solution in methanol) i L of dry methanol. The crude
product was purified according the general procedarafford3 (800 mg, 50%) as a white

solid.

'H NMR (400 MHz, Methanob4): 5 6.71 — 6.62 (m, 4H), 6.58 —6.52 (m, 4H), 5.69 (dgt
17.0, 10.2, 6.7 Hz, 1H), 4.89 — 4.82 (m, 1H), 4:88.75 (m, 1H),3.54 (s, 24H), 1.96 — 1.85
(m, 2H), 1.39 — 1.20 (m, 4H), 0.71 — 0.62 (m, 2HC NMR (100MHz, MethanoB4): &
151.1 (4 C), 140.5, 119.2 (4 C), 114.1, 111.4 (4T2)2 (12 C), 34.8, 33.9, 25.1, 18°%i
NMR (119 MHz, MethanobB4): 6 -75.7.HRMS calc. for [C18H1904Si]327.1058; found
327.1051.M.p. 196°C.IR (neat): 3063, 2898, 1598, 1485, 1452, 1350, 1288711246,
1102, 1010,963, 816, 739, 587 tm

Potassium [18-Crown-6] bis(catecholato)-benzylsilate (4)

r N

00
@\O/\SLO k% [18-C-6]

Chemical Formula: C31H3gKO(Si
Molecular Weight: 638.82

Following the general procedure A with benzyltr@tisilane (2.5 mmol, 642 uL),
catechol (5 mmol, 550.6 mg), 18-Crown-6 (2.5 mné6) mg) and potassium methoxide (2.5
mmol, 700 pL of a 3.56 M solution in methanol) i L of dry methanol. The crude
product was purified according the general procedarafford4 (1.35 g, 84%) as a white

solid.

'H NMR (400 MHz, Methanob4):  7.09 — 6.75 (m, 5H), 6.66— 6.60 (m, 4H), 6.56 496.
(m, 4H), 3.55 (s, 24H), 2.14 (s, 2HYC NMR (100 MHz, MethanoB4): 5 150.9 (4 C),
142.8, 129.8 (2 C), 128.2 (2 C), 123.9, 119.3 (4 TW1.5 (4 C),71.3 (12 C), 27.8°Si

NMR (119 MHz, MethanobB4): 5 -80.90. HRMS calc. For [GoH150.Si]” 335.0745; found
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335.0734.M.p. 192°C.IR (neat): 3017, 2891, 1485, 1352, 1247, 1225, 12083, 1011,
952, 886, 823,774, 735, 699, 652, 587cm

Potassium [18-Crown-6] bis(catecholato)-isobutylsdate (5)

00
/@/Si\o «® [18-C-6]
O
Chemical Formula: CogH41KO4oSi
Molecular Weight: 604.80

Following the general procedure A with isobutyltetnoxysilane (2.5 mmol, 482 pL),
catechol (5 mmol, 550.6 mg), 18-Crown-6 (2.5 mné6) mg) and potassium methoxide (2.5
mmol, 700 pL of a 3.56 M solution in methanol) i@ L of dry methanol. The crude
product was purified according the general procedarafford5 (1.39 g, 91%) as a white

solid.

'H NMR (400 MHz, MethanoB4): § 6.73 — 6.65(m, 4H), 6.60 — 6.52 (m, 4H), 3.572¢H),
1.80 (dp,J = 13.2, 6.6 Hz, 1H), 0.82 (d,= 6.6Hz, 6H), 0.67 (dJ = 6.8 Hz, 2H).}°*C NMR
(100 MHz, MethanoB4): § 151.1 (4 C), 119.2 (4C), 111.5 (4 C), 71.3 (12 Z94, 26.8 (2
C), 25.7.%°Si NMR (119 MHz, MethanoB4): & - 76.14.HRMS calc. for [GeH170Si]
301.0902; found 301.09184.p.206°CIr (neat): 3033, 2891, 2866, 1595, 1486, 1362, 1351,
1244, 1101, 1009, 963,900, 892, 835, 815, 745, 782, 589 cril.
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Potassium [18-Crown-6] bis(catecholato)-1H, 1H, 2H2H-perfluorooctylsilicate (6)

03° e
CeF1 3/\/\/Si 0 K [18-C-6]

Chemical Formula: C32H36F13KO108i
Molecular Weight: 894.79

Following the general procedure A with 1H, 1H, Z#{ - perfluorooctyltriethoxysilane
(2.5 mmol, 950uL), catechol (5 mmol, 550.6 mg), 18-Crown-6 (2.5 ahn660 mg) and
potassium methoxide (2.5 mmol, 700 pL of a 3.56dtson in methanol) in 10 mL of dry
methanol. The crude product was purified accordeggeneral procedure to affodd1.6 g,

71%) as a white solid.

'H NMR (400 MHz, MethanoB4): § 6.75 — 6.68(m, 4H), 6.62 — 6.56 (m, 4H), 3.56 (s,
24H),2.26 — 1.90 (m, 2H),0.90 — 0.73 (m, 2f0.NMR (100 MHz, MethanoB4): § 150.7 (4
C), 119.6 (4C), 111.6 (4 C), 71.3 (12 C), 27.7(tH*°Si NMR (376 MHz, Methanob4): 6—
82.43 (tt,J = 10.3, 2.7 Hz, 3F), -117.03 — -117.59 (m, 2F22-81 — -123.09 (m, 2F),-123.67
—-124.06 (M, 2F),-124.32 — -124.87 (m, 2F),-126-7827.54 (m, 2FY°Si NMR (119 MHz,
Methanold4): 6 -78.51.HRMS calc. for [GoH12F1304Si]” 591.0303; found 591.03264.p.
182 — 186°CIR (neat): 2890, 1599, 1487, 1352, 1246, 1209, 1194211105, 1012, 953,
884, 825, 769, 736, 700, 647, 596tm

Potassium [18-Crown-6] bis(catecholato)-3-chloropnaylsilicate (7)

~

00
ClO:siy k® [18-C6]
0

Chemical Formula: Co5H34CIKO1Si
Molecular Weight: 597.17

J
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Following the general procedure A withchloromethgiethoxysilane (2.5 mmol, 377
pL), catechol (5 mmol, 550.6 mg), 18-Crown-6 (2.moh 660 mg) and potassium methoxide
(2.5 mmol, 700 pL of a 3.56 M solution in methanal)Ll0 mL of dry methanol. The crude
product was purified according the general procedorafford7 (1.4 g, 93%) as a white

solid.

'H NMR (600 MHz, Methanob,): 6.78 — 6.67 (m, 4H), 6.65— 6.45 (m, 4H), 3.56 GHR,
2.80 (s, 2H)*C NMR (151 MHz, Methanoby,): § 150.8 (4 C), 119.6 (4 C), 111.6 (4 C), 71.3
(12 C), 31.32°Si NMR (119 MHz, Methanob,): 5 -85.57.HRMS calc. for [G3H1oClIOSI]
293.0042; found 293.005M.p.132 — 135°C CIR (neat): 3043, 2893, 1598, 1485, 1351,
1243, 1101, 1011, 964, 824, 742, 732, 695, 637 c589

Potassium [18-Crown-6] bis(catecholato)-anilinomeWisilicate (8)

®/N O\SI\O «® [18-C-6]

Chemical Formula: C31H4gKNO(Si
Molecular Weight: 653.83

. J

Following the general procedure A with N-((trimetlysilyl)methyl)aniline (2.5
mmol, 597 puL), catechol (5.0 mmol, 550.6 mg), 1&@m-6 (2.5mmol, 666 mg) and
potassium methoxide (2.5 mmol, 700 of a 3.56 M solution in methanol) in 10 mL of dry
methanol at room temperature. The crude product pasied according the general

procedure to affor@ (1.42 g, 87%) as a white solid.

'H NMR (400 MHz, MethanoH4): § 7.27 — 6.90 (m, 2H), 6.87 — 6.71 (m,4H), 6.70 546.
(m, 4H), 6.55 — 6.39 (m, 3H), 3.56 (s, 24H), 2.522H), NH manquant®*CNMR (100 MHz,
Methanold4): § 152.2, 150.8 (4 C), 129.8 (2 C), 119.7 (4 C), @1113.4(2 C), 111.9 (4 C),
71.3 (12 C), 34.22°Si NMR (119 MHz, Methanob4): & -50.08 and -81.364RMS calc. for
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[C1H16NO,SI] 350.0854: found 350.085M.p. >250°C.IR (neat): 3393, 3043, 2897, 1599,
1487, 1352, 1246, 1106, 1013, 964, 834,741, 692 cHE.

Potassium [18-Crown-6] bis(catecholato)-(3-glycidgixypropyl)silicate (9)

s, 8

00
~\Osi, k@ 118-C6)
o

Chemical Formula: C3gH43KO4,Si
Molecular Weight: 662.85

Following the general procedure A with (3-glycidypropybtriethoxysilane (2.5
mmol, 552 plL), catechol (5 mmol, 550.6 mg), 18-QOmedv (2.5 mmol, 660 mg) and
potassium methoxide (2.5 mmol, 700 pL of a 3.56dlutson in methanol) in 10 mL of dry
methanol. The crude product was purified accordireggeneral procedure to aff@d1.53 g,

92%) as a white solid.

'H NMR (400 MHz, MethanoB4): § 6.74 — 6.61 (m, 4H), 6.61— 6.49 (m, 4H), 3.572¢H),
3.53 (dd,J = 11.6, 3.1 Hz, 1H), 3.40 — 3.32 (m, 2H), 3.20 (#d,11.6, 6.0 Hz, 1H), 3.03 —
2.96 (m, 1H), 2.68 (dd] = 5.1, 4.2 Hz, 1H), 2.49 (dd,= 5.1, 2.7Hz, 1H), 1.71 — 1.53 (m,
2H), 0.71 — 0.60 (m, 2H)*C NMR (100 MHz, Methanob4): § 151.0 (4 C), 119.3 (4 C),
111.5 (4 C), 75.6, 72.4, 71.3 (12 C), 51.8, 4406213.92°Si NMR (119 MHz, Methanol-
d4): & -76.13.HRMS calc. for [GgH1006Si]” 359.0956; found359.0954.p. 180°C. IR
(neat): 3038, 2898, 1593, 1486, 1460, 1348, 1284211188, 1105, 1009,966, 838, 818,
760, 592 crit.
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Potassium [18-Crown-6] bis(catecholato)-allylsilicee (10)

©0

—Csi.y k® 118-C6]
0

Chemical Formula: Co7H37KO4Si
Molecular Weight: 588.77

Following the general procedure A with allyltriejysilane (2.5 mmol, 538 pL),
catechol (5 mmol, 550.6 mg), 18-Crown-6 (2.5 mné6) mg) and potassium methoxide (2.5
mmol, 700 puL of a 3.56 M solution in methanol) i@ L of dry methanol at -20°C. The
crude product was purified according the generatguure to afford0 (1.25 g, 84%) as a

white solid.

'H NMR (400 MHz, MethanoB4): § 6.69 — 6.65 (m,4H), 6.59 — 6.53 (m, 4H), 5.77 (ddt
16.9, 10.0, 8.0 Hz, 1H), 4.65 (ddt= 17.0, 2.8, 1.5Hz, 1H), 4.50 (ddt= 10.0, 2.5, 1.2 Hz,
1H), 3.56 (s, 24H), 1.64 (di,= 8.0, 1.4 Hz, 2H}3C NMR (100 MHz, MethanoH4): § 151.0
(4 C), 137.9, 119.3 (4 C), 111.8, 111.5 (4 C),7(3 C), 26.2.%°Si NMR (119 MHz,
Methanold4): 6 -80.24.HRMS calc. For [GsH130,Si] 285.0589; found 285.058M.p. 167
— 169°C.IR (neat): 3035, 2892, 2870, 1486, 1350, 1240, 1166011009, 964,888, 819,
746, 732,689, 603, 588 ¢n

Potassium [18-Crown-6] bis(catecholato)-[2-(7-oxabyclo[4.1.0]hept-3-yl)ethyl]silicate
(11)

~

o0

OQ/\O/O‘/SLO ® [18-C-6]

Chemical Formula: C3,H45KO44Si
Molecular Weight: 672.88
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Following the general procedure A with [2-(7-0x3aluio[4.1.0]hept-
3yl)ethyl]trimethoxysilane (2.5 mmol, 578 pL, mixéuof diastereoisomers), catechol (5
mmol, 550.6 mg), 18-Crown-6 (2.5 mmol, 660 mg) anthssium methoxide (2.5 mmol, 700
puL of a 3.56 M solution in methanol) in 10 mL ofydmethanol. The crude product was
purified according the general procedure to affakdi (1.53 g, 85%, mixture of
diastereoisomers) as a white solid.

'H NMR (400 MHz, MethanoB4): § 6.81 — 6.63 (m, 4H), 6.61 — 6.50 (m,4H), 3.52¢H),
3.13 — 2.99 (m, 2H), 2.08 — 1.84 (m, 2H), 1.75 531(m, 1H), 1.47 — 1.34(m, 1H), 1.34 —
1.11 (m, 4H), 1.12 — 0.97 (m, 1H), 0.95 — 0.70 (i), 0.71 — 0.60 (m, 2HYC NMR (100
MHz, Methanold4): § 151.1 (4 C), 119.2 (4 C), 111.5 (4 C), 71.2 (125€), 54.1, 53.6,
53.4, 36.2, 33.5, 32.5, 32.5, 31.7, 31.7, 27.54,285.3, 24.4, 15.4, 15.#Si NMR (119
MHz, Methanoldd): 6 -75.75.HRMS calc. for [GoH210sSi]” 369.1164; found 369.1176.
M.p.197°C.IR (neat): 2895, 1588, 1485, 1453, 1350, 1246, 12986, 1012, 949, 821,
743,657, 585 cm-1.

Potassium [18-Crown-6] bis(catecholato)-3-chloropnaylsilicate (12)

'a )

!

Cl 00
N\Osiy k@ 118-C6]
o

Chemical Formula: C7H35CIKO 1S
Molecular Weight: 625.22

Following the general procedure A with 3-chloropritpmethoxysilane (5 mmol, 910
pL), catechol (10 mmol, 1.10 g), 18-Crown-6 (5 mpioB2 g) and potassium methoxide (5
mmol, 1.4 mL of a 3.56 M solution in methanol) i@ L of dry methanol. The crude
product was purified according the general procedarafford12 (2.96 g, 95%) as a white

solid.
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'H NMR (600 MHz, Methanot,): § 6.68 (dd,J = 5.6, 3.4 Hz, 4H), 6.56 (dd,= 5.6, 3.4 Hz,
4H), 3.53 (s, 24H), 3.37 (8, = 7.2 Hz, 2H), 1.80 — 1.69 (m, 2H), 0.79 — 0.69 @H). °C
NMR (151 MHz, Methanob,): & 150.9 (4 C), 119.4 (4 C), 111.5 (4 C), 71.2 (12 4.8,
29.6, 15.8°Si NMR (119 MHz, Methanob,): & -76.9. HRMS calc. for [GsH14ClIO.SI]
321.0355; found 321.036R1.p. 147.7°C.IR (neat): 3044, 2894, 2872, 1598, 1485, 1351,
1243, 1104, 952, 817, 741 ¢m

Potassium [18-Crown-6] bis(catecholato)-2-cyanoetlsilicate (13)

0.2°
NC\si-g @ [18-C-6]
o

O

Chemical Formula: Cy7H36KNO,oSi
Molecular Weight: 601.76

Following the general procedure A with 2-cyanoetisthoxysilane (2.5 mmol, 555
pL), catechol (5 mmol, 550.6 mg), 18-Crown-6 (2.moh 660 mg) and potassium methoxide
(2.5 mmol, 700 pL of a 3.56 M solution in methanal)l0 mL of dry methanol. The crude
product was purified according the general procedarafford13 (1.25 g, 83%) as a white

solid.

H NMR (400 MHz, Methanob4): § 6.80 — 6.66 (m, 4H), 6.63 — 6.55 (M, 4H), 3.52¢H),
2.32 — 2.24 (m, 2H), 1.04 — 0.95 (m,2fC NMR (100 MHz, Methanob4): § 150.6 (4 C),
123.4,119.7 (4 C), 111.7 (4 C), 71.2(12 C), 14%0.%°Si NMR (119 MHz, MethanoB4): §
-80.17.HRMS calc. for[GsH12NO4Si] 298.0541; found 298.05304.p.141°C. IR (neat):
3038, 2890, 2823, 2360, 2341, 2248, 1597, 14869,18263, 1246,1181, 1104, 1011, 963,
825, 738, 703, 669, 589 ¢m
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Potassium [18-Crown-6] bis(catecholato)-3-cyanoprogsilicate (14)

NC 00
N\sig @ 118-C-6]
0

<

Chemical Formula: CogH3gKNO4Si
Molecular Weight: 615.79

Following the general procedure A with 3-cyanopiomthoxysilane (5 mmol, 1.16
mL), catechol (10 mmol, 1.10 g), 18-Crown-6 (5 myoB2 g) and potassium methoxide (5
mmol, 1.4 mL of a 3.56 M solution in methanol) i@ taL of dry methanol. The crude
product was purified according the general procedarafford14 (2.76 g, 90%) as a white

solid.

'H NMR (600 MHz, Methanoby):5 6.69 (ddJ = 5.6, 3.5 Hz, 4H), 6.57 (dd,= 5.7, 3.4 Hz,
4H), 3.54 (s, 24H), 2.29 (f, = 7.2 Hz, 2H), 1.69 — 1.60 (m, 2H), 0.82 — 0.75 @H). °C
NMR (151 MHz, Methanob): § 150.9 (4 C), 121.6, 119.5 (4 C), 111.6 (4 C), 712 C),
22.5, 20.2, 17.6°Si NMR (119 MHz, Methanob,): & -77.6HRMS calc. for [GeH1aNO,SI]
312.0698; found 312.06994.p. 167.6°C.IR (neat): 3039, 2952, 2870, 2236, 1702, 1599,
1484, 1353, 1245, 1227, 1098, 1011, 953, 820, #87 c

Potassium [18-Crown-6] bis(catecholato)-3,3,3-triloropropylsilicate (15)

FsC ©0

N\Ssig @ 118-C-6]
o

Chemical Formula: CygH3gF3KNO44Si
Molecular Weight: 658.77
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Following the general procedure A with 3,3,3-trifftopropyltrimethoxysilane (5 mmol,
956 pL), catechol (10 mmol, 1.10 g), 18-Crown-6r({®ol, 1.32 g) and potassium methoxide
(5 mmol, 1.4 mL of a 3.56 M solution in methanat) 20 mL of dry methanol. The crude
product was purified according the general procedarafford15 (2.56 g, 80%) as a white

solid.

'H NMR (600 MHz, Methanob):5 6.70 (ddJ = 5.6, 3.5 Hz, 4H), 6.59 (dd,= 5.7, 3.4 Hz,
4H), 3.54 (s, 24H), 2.06 — 1.95 (m, 2H), 0.83 -60(m, 2H).**C NMR (151 MHz, Methanol-
ds):8 150.8 (4 C), 130.6 (g} = 275.6 Hz), 119.6 (4 C), 111.6 (4 C), 71.2 (12305 (q,J =
28.6 Hz), 9.61°F NMR (376 MHz, Methanob,): & -70.5 (t,J = 11.1 Hz).°Si NMR (119
MHz, Methanold,): § -78.6. HRMS calc. for [GsH1oF304Si]” 341.0462; found 341.0460.
M.p. 177.7°C.IR (neat): 3040, 2907, 2871, 1597, 1485, 1353, 1226111098, 1057, 820,
739 cm'.

Potassium [18-Crown-6] bis(catecholato)-2-(diphenghosphineoxide)ethylsilicate
(16)

02°
PhP NS ® [18-C-6]

s

Chemical Formula: C3gH46KO41PSi
Molecular Weight: 776.92

Following the general procedure A with 2-(diphermgdpphine oxide)ethylsilane (2.5
mmol, 981 mg), catechol (5 mmol, 550.6 mg), 18-Grdv (2.5 mmol, 660 mg) and
potassiummethoxide (2.5 mmol, 700 of a 3.56 M solution in methanol) in 10 mL of dry
methanol at room temperature. The crude product masied according the general
procedure to afford6 (1.41 g, 72%) as a white solid.

'H NMR (400 MHz, Methanol-d4)s 7.57 — 7.47 (m, 6H), 7.42 — 7.39 (m, 4H), 6.71.706
(m, 4H), 6.60 — 6.59 (m, 4H), 3.52 (s, 24H), 2.38.33 (m, 2H), 0.83 — 0.79 (m, 2HYC
NMR (100 MHz, Methanol-d4)s 150.8 (4 C), 133.3 (dl = 97.5 Hz, 2 C), 133.0 (d,= 2.6
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Hz, 2 C), 131.8 (dJ = 9.3 Hz, 4 C), 129.8 (dl = 11.6 Hz, 4 C), 119.6 (4 C), 111.7 (4 C),
71.2 (12 C), 25.1 (d] = 70.4 Hz), 8.2 (d) = 7.3 Hz, 2 C)*'P NMR (162 MHz, Methanol-
d4): 5 40.12.2°Si NMR (119 MHz, Methanol-d4)5 -78.10 (d,J = 34.8 Hz) HRMS calc. for
[C26H2205PSI] 473.0980; found 473.09681.p. 229°C.IR (neat): 2990, 2895, 1482, 1238,
1103, 826, 734, 723 cm-1.

Potassium [18-Crown-6] bis(catecholato)-acetoxypropsilicate (17)

0 0
WAy (@ e
O o)

Chemical Formula: CogH41KNO4,Si
Molecular Weight: 648.81

Following the general procedure A with 3-acetoxyyltrimethoxysilane (2.5 mmol,
523 pL), catechol (5 mmol, 550.6 mg), 18-Crown-& (Ehmol, 660 mg) and potassium
methoxide (2.5 mmol, 700L of a 3.56 M solution in methanol) in 10 mL of dmethanol at
room temperature. The crude product was purifiembring the general procedure to afford
17 (1.35 g, 83%) as a white solid.

'H NMR (400 MHz, Methanob,): 5 6.68 (dd, J = 5.6, 3.5 Hz, 4H), 6.56 (dd, J = B8.6,Hz,
4H), 3.88 (t, J = 7.0 Hz, 2H), 1.92 (s, 3H), 1.68.56 (m, 2H), 0.70 — 0.65 (m, 2H)YC
NMR (101 MHz, MethanoH,): & 173.1, 150.9 (4 C), 119.3 (4 C), 111.5 (4 C), 112 C),
68.6, 24.9, 20.8, 138Si NMR (119 MHz, Methanoby): & -76.6. HRMS calc. for
[C17H1706Si]” 345.0800; found 345.08184.p. 160°C.IR (neat): 3016, 2950, 2882, 1735,
1597, 1486, 1351, 1242, 1105, 955, 819, 749, 725 cm
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Potassium bis(catecholato)-acetoxypropylsilicate 1)

o~

V\o/%f’o e 2)

je

Chemical Formula: CygH,3KO-Si
Molecular Weight: 442.58

Following the general procedure A with acetoxypidpynethoxysilane (5 mmol, 1.05
mL), catechol (10 mmol, 1.10 g) and potassium mette (5 mmol, 1.4 mL of a 3 .56 M
solution in methanol) in 20 mL of dry methanol. Téreide product was purified according

the general procedure to affat@d’ (1.55 g, 70%*) as a white solid.

'H NMR (400 MHz, Methanob,): 5 6.68 (ddJ = 5.6, 3.5 Hz, 4H), 6.56 (dd,= 5.6, 3.5 Hz,
4H), 3.88 (t,J = 7.0 Hz, 2H), 2.15 (s, 6H), 1.92 (s, 3H), 1.66.56 (m, 2H), 0.7 — 0.65 (m,
2H). **C NMR (101 MHz, Methanoby): § 173.3, 150.8 (4 C), 119.4 (4 C), 111.5 (4 C), 8.6
24.9, 20.8, 13. THRMS calc. for [G7H1706Si] 345.0800; found 345.08181.p. 160°C.IR
(neat): 3016, 2950, 2882, 1735, 1597, 1486, 1328211105, 955, 819, 749, 725 ¢m

*Silicate without [18-Crown-6] cristallyzes withraolecule of acetone.

Potassium [18-Crown-6] bis(catecholato)-acetoxymeytsilicate (18)

}ro S'\o «® [18-C-6]

je

Chemical Formula: Cy7H37KNO,Si
Molecular Weight: 620.76

Following the general procedure A with 3-acetoxyyltrimethoxysilane (2.5 mmol,

590 pL), catechol (5 mmol, 550.6 mg), 18-Crown-6.5(2mmol, 660 mg) and
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potassiummethoxide (2.5 mmol, 700 of a 3.56 M solution in methanol) in 10 mL of dry
methanol at room temperature. The crude product masied according the general
procedure to afford8(1.36 g, 87%) as a white solid.

'H NMR (600 MHz, Methanol,): 5 6.68 (ddJ = 5.6, 3.4 Hz, 4H), 6.57 (dd,= 5.8, 3.5 Hz,
4H), 3.82 (s, 2H), 3.53 (s, 24H), 1.83 (s, 3f0. NMR (151 MHz, Methanoh,): § 174.1,
150.9 (4 C), 119.5 (4 C), 111.7 (4C), 71.2 (1288)1, 20.7°Si NMR (119 MHz, Methanol-
ds): 6 -85.8 (t,J = 5.7 Hz).HRMS calc. for [GsH1306Si] 317.0487; found 317.0498.p.

110°C.IR (neat): 3028, 2901, 2868, 1719, 1599, 1487, 13283, 1102, 963, 830, 737 ¢m

Potassium [18-Crown-6] bis(catecholato)-4-methoxymnylsilicate (19)

00

/

/@9‘/&0 ® [18-C-6]
o
|V|eO @

Chemical Formula: C31H3gKNO44Si
Molecular Weight: 654.82

Following the general procedure Awith 4-methoxypfigiethoxysilane (2.5 mmol,
656 uL), catechol (5 mmol, 550.6 mg), 18-Crown-66(2nmol, 660 mg) and potassium
methoxide (2.5 mmol, 700 pL of a 3.56 M solutionmiethanol) in 10 mL of dry methanol.
The crude product was purified according the gdmecedure to afford9 (1.4 g, 85%) as a
white solid.

'H NMR (400 MHz, Methanoby): 5 7.53 (d,J = 8.8 Hz, 2H), 6.90 — 6.66 (m, 6H), 6.62 —
6.45 (m, 4H), 3.69 (s, 3H), 3.52 (s, 24EC NMR (100 MHz, Methanob): 5 161.4, 151.1
(4 C), 137.6 (2 C), 132.8, 119.4 (4 C), 113.6 (210)1.6 (4 C), 71.2 (12 C), 555Si NMR
(119 MHz, MethanoH,): 6 -87.50.HRMS calc. for [GgH1505Si]” 351.0694; found 351.0700.
M.p. >250°C.IR (neat): 3044, 2906, 2871, 1591, 1488, 1450, 13295, 1183, 1095, 1037,
1013, 948, 822, 795, 730, 698, 596 tm
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Potassium [18-Crown-6] bis(catecholato)-phenylsilate (20)

00
@9&\0 ® [18-C-6]

Chemical Formula: C3yH37KNO4Si
Molecular Weight: 624.79

Following the general procedure A, method A withepyitrimethoxysilane (2.5
mmol, 466 pL), catechol (5 mmol, 550.6 mg), 18-Qmneév (2.5 mmol, 660 mg) and
potassium methoxide (2.5 mmol, 700 pL of a 3.56dtson in methanol) in 10 mL of dry
methanol. The crude product was purified accordiveggeneral procedure to affa2@ (1.36

g, 87%) as a white solid.

'H NMR (400 MHz, Methanob):5 7.65 — 7.54 (m, 2H), 7.25 — 7.08 (m, 3H), 6.86.726
(m, 4H), 6.65 — 6.54 (m, 4H), 3.51 (s, 24E8C NMR (100 MHz, Methanoby): § 151.1 (4
C), 141.7, 135.6 (2 C), 129.1, 127.9 (2 C), 114.5}, 111.6 (4 C), 71.2 (12 C¥Si NMR
(119 MHz, MethanoH,): 6 -87.83.HRMS calc. for [GgH1304Si]” 321.0589; found 321.0577.
M.p. 224°C.IR (neat): 3054, 2902, 2871, 1710, 1598, 1485, 13289111099, 1012, 959,
816, 738, 707, 598 ¢

Tetraethylammoniumbis(catecholato)-tertbutylsilicate (21)

; 7\ Et I'Et, Et
o0 N
O\SLO IIEt®

Chemical Formula: Cy4H37NO,4Si
Molecular Weight: 431.64

J
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Following the general procedure B with tert-buighitorosilane (10 mmol, 1.91g),
catechol (20 mmol, 2.20 g), triethylamine (40 mmbl4 mL) and tetraethylammonium
bromide (10 mmol, 2.10 g) in 100 mL of dry THF. T¢reide product was purifies according
the general procedure to affdd (1.54 g, 39%) as a white solid.

'H NMR (600 MHz, Acetonitriled3): 5 6.61 —6.54 (m, 4H), 6.51 — 6.45 (m, 4H), 3.09Xg,
7.3 Hz, 8H), 1.23 — 1.09 (m, 12H), 0.77 (s,9fC NMR (150 MHz, Acetonitriled3): &

152.6 (4 C), 118.1 (4 C), 110.2 (4 C), 53.0)( 3Hz, 4 C), 29.6 (3 C), 24.0, 7.6 (4 E%Si

NMR (119 MHz, Acetonitriled3): 6 -76.21.HRMS calc. for [GeH1704Si] 301.0902; found
301.0891M.p. >250°C.IR (neat): 2980, 2951, 2928, 2840, 1596, 1485, 1398111246,
1174, 1100,1012, 1000, 890, 815, 738, 696, 626 cHYS

Tetraethylammonium bis(catecholato)-cyclopentylsitate (22)

C ; Et
00 Et\N,Et

O- KO

<j/,3i~ Et

Chemical Formula: Cy5H37NO,4Si
Molecular Weight: 443.65

J

Following the general procedure B with cyclopemigtilorosilane (5 mmol, 830 pL),
catechol (10 mmol, 1.1 g), 484 (20 mmol, 2.79 mL) in 50 mL of dry THF. The coananion
metathesis was performed withy®Br (5 mmol, 1.05 g) in 20 mL of acetonitrile. Theude
product was purified according the general procedarafford22 (1.25 g, 56%) as a white

solid.

'H NMR (600 MHz, DMSO#k): 5 6.55 — 6.48 (m, 4H), 6.46 — 6.40 (m, 4H), 3.17)(g,7.3
Hz, 8H), 1.50 — 1.42 (m, 2H), 1.39 — 1.27 (m, 4HR7 — 1.19 (m, 2H), 1.17 — 1.09 (m, 12H),
0.86 (tt,J = 10.1, 7.8 Hz, 1H)**C NMR (150 MHz, DMSOsk): § 150.9 (4 C), 116.9 (4 C),
109.2 (4 C), 51.4 () = 3 Hz, 4 C), 29.8, 28.6 (2 C), 25.9 (2 C), 7.0004%°Si NMR (119
MHz, DMSO-): & -75.61. HRMS calc. for [G/H17/0,Si]” 313.0902; found 313.0912.
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M.p.>250°C.IR (neat): 2979, 2861, 1591, 1484, 1358, 1246, 1222211097, 1012, 997,
884, 822, 734, 651, 585 ¢in
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5.4 Synthesis of electrophiles

1-Bromocyclooctene

Br

© 1) Bry(1 eq.), DCM, 1h, rt ©
2) Piperidine, reflux,

overnight

37%

To a 50 mL round-bottom-flask was added cyclooc{@&ie5 mmol, 3.5 g) and 7 mL of
DCM. At 0°C was added dropwis bromine (31.5 mmab51g) and the mixture stirred 1 hour
at room temperature. The solvent was removed umdduced pressure to give 1,2-
dibromocyclooctane. The compound was added in 14ofiiperidine without purification.
The mixture was heated at reflux temperature anegdtovernight. The solution was filtrated
and the solid washed with pentane. The organicephas then washed with HCI (1M, 2x70
mL), saturated NaHC£(2x70 mL) and brine (100 mL), and dried over magm@ sulphate.
The solvent was removed under reduced pressuiigad.¢oromocyclooctene (3.15g, 37%).

The spectroscopic data are in agreement with tregs®ted in the literaturé®

'H NMR (400 MHz, CDCY): & 6.03 (t,J = 8.5, 1H), 2.63 — 2.59(m, 2H), 2.13 — 2.07 (m),2H
1.64 — 1.62 (m, 2H), 1.55 — 1.50 (m, 6EC NMR (100 MHz, CDCY): 5131.8, 125.0, 35.3,
30.0, 28.8, 27.6, 26.6, 25.6.
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((2-Bromoallyl)oxy)(tert-butyl)dimethylsilane

Br Me Imidazole (1.1 eq.) Br
| : :
Ho_A. + tBu-Si-Cl =  TBDMSO
Me DCM, rt, overnight
99%

To a 50 mL round-bottom-flask was added-butyldimethylsilyl chloride (5.25 mmaol,
791 mg), 2-bromoallyl alcohol (5 mmol, 685 mg) &t mL of DCM. After 15 minutes of
stiring, imidazole (5.25 mmol, 374 mg) was added #re mixture stirred overnight. Thee
mixture was filtrated over a pad of silica and etutvith E;O. The solvent was removed
under reduced pressure to give ((2-bromoallyl)aey{butyl)dimethylsilane (1.25 g, 99%).

The spectroscopic data are in agreement with tregssrted in the literatur@?

'H NMR (400 MHz, CDCY): 85.85 (d,J = 1.8 Hz, 1H), 5.43 (dJ= 1.6 Hz, 1H),4.11- 4.10
(m, 2H), 0.82 (s, 9H), 0.00 (s, 6HfC NMR (100 MHz, CDC4): 5132.0, 114.8, 67.6, 25.9 (3
C), 18.5, -5.2 (2 C)R (neat): 2958, 2854, 1637, 1463, 124, 1085, 838 CFi".

(E)-(2-bromovinyl)benzene
NBS (1.2 eq.)
©/\/COZH Et3N (5 mol %) X _Br
DCM, rt, 30 min ©/\/

55%

To a solution of cinnamic acid (10 mmol, 1.48 g)methylene chloride triethylamine
(0.5 mmol, 70 pL) was added at room temperature siimded for five minutes.N-
bromosuccinimide (12.0 mmol, 2.13 g,) was addedna portion and the mixture stirred for
30 minutes. The solvent was removed under reducesspre. The crude was purified by

flash column chromatography (pentane) to aff@)d(@-bromovinyl)benzene (1.06 g, 99%).

24 M. Charpenay, A. Boudhar, C. Hulot, G. Blond an&uffert, Tetrahedron 2013,69, 7568—7591.
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The spectroscopic data are in agreement with tregs®ted in the literaturé”

'H NMR (400 MHz, CDC}): & 7.35 — 7.30 (m, 5H), 7.13 (d,= 14.0 Hz, 1H), 6.79 (d] =
14.0 Hz, 1H)*C NMR (100 MHz, CDC}): 5137.3, 136.0, 128.9 (2 C), 128.4, 126.2 (2 C),
106.6.

(2)-(2-bromovinyl)benzene
1) Bry (1.1 eq.), AcOH, rt, 1h

©/\VCO2H 2) Et3N (2.0 eq.), DMF, rt, 5h ©/\
- Br

97%

To a solution of cinnamic acid (50 mmol, 8.9 mmim)AcOH (25 mL) was added
bromine (55 mL, 2.85 mL) at rt. When the solutiemns yellow the reaction is over. The
mixture was quenched with an aqueous solution diuso thiosulfate (1 M, 25 mL). The
precipitate was filtered and washed with water. Bif@omo intermediate compound was
directly engaged in a solution of triethylamine @&mol, 5.8 mL) in DMF at 0°C. The
resulting mixture was warmed to room temperaturé stirred for 5 h. The reaction was
guenched by addition of water, the two phases weparated and the agueous phase was
extracted with pentane (2x40 mL). The combined migiyers were washed with water (50
mL), then dried over anhydrous magnesium sulfate@mcentrated under reduced pressure
to afford the (Z)-(2-bromovinyl)benzene(15 g, 97%).

The spectroscopic data are in agreement with tregsted in the literatur®®

'H NMR (400 MHz, CDCJ): 57.83— 7.80 (m, 2H), 7.52— 7.4 (m, 3H), 7.15Jd; 8.1 Hz,
1H), 6.52 (d,J = 8.1 Hz, 1H).**C NMR (100 MHz, CDC}): 3137.3, 136.0, 128.9 (2 C),
128.4, 126.2 (2 C), 106.6.

20D, R. Williams, M. W. Fultz, T. E. Christos andSl.CarterTetrahedron Lett.2010,51,121-124.
209D, Miiller, A. Alexakis,Chem. Eur. J.2013,19, 15226 — 15239.
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(2-Chlorovinyl)benzene

NCS (1.2 eq.)
/@/\VCOZH EtsN (2.5 mol %) x _ClI
~o DCM, rt, 30 min \OJ@/\/

27%

To a solution of E)-3-(4-methoxyphenyl)acrylic acid (20 mmol, 3.56g)DCM (70
mL) was added triethylamine (5 mmol, 0.7 mL). Thigtnre was stirred at room temperature
for 5 minutes and NCS (24 mmol, 3.2 g) was addedlthe solution stirred overnight.The
solvent was removed under reduced pressure. Thide onas purified by flash column
chromatography (pentane/AcOEt: 95/5) to afford liovinyl)benzene (933 mg, 27%). A
mixture of isomer was obtained (ratio Z/E 5:95).

The spectroscopic data are in agreement with tregs®ted in the literaturé®
(E) isomer:

'H NMR (400 MHz, CDCJ): 87.11 (d,J = 8.6 Hz, 2H), 6.74 (d] = 8.6 Hz, 2H), 6.65 (d] =
13.6 Hz, 1H), 6.38 (dJ = 13.6 Hz, 1H), 3.69 (s, 3H)*C NMR (100 MHz, CDC}): 5159.7,
132.8,127.7, 127.5 (2 C), 116.5, 114.3 (2 C), 55.4

(2) isomer:

'H NMR (400 MHz, CDC4): 57.55 (d,J = 8.7 Hz, 2H), 6.80 (d] = 8.9 Hz, 2H), 6.45 (d] =
8.1 Hz, 1H), 6.04 (dJ = 8.1 Hz, 1H), 3.71 (s, 3H}C NMR (100 MHz, CDCY): 5159.5,
130.8 (2 C), 128.7, 127.0, 115.5, 113.8 (2 C), 55.4
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1-(2,2-dichlorovinyl)-4-methoxybenzene

CBrCl; (1.5 eq.)
/@AO PPh; (3.0 eq.) N Cl
~o MeCN, rt, 3h ~ Cl

56%

To a 250 mL round-bottom-flask was added paga-anisaldehyde (5 mmol, 0.607
mL) and 40 mL of MeCN. The reaction mixture was ledowith an ice bath to 0°C and
BrCCl; (7.5 mmol, 0.740 mL) was added, followed by additiof a solution of
triphenylphosphine (15 mmol, 3.95 g) in the minimomMMeCN. The reaction mixture was
stirred at room temperature for 3 hours and theestlwas removed under reduced pressure
to afford the crude product. The residue was digsbin 80 mL of pentane and the organic
phase was washed with water (80 mL), brine (80 arig dried over MgS£ The solvent was
removed under reduced pressure and the resideeeéiliton a pad of silica eluted with

pentane, giving the pure material (559 mg, 55%).
The spectroscopic data are in agreement with tregsrted in the literaturd’

'H NMR (400 MHz, CDC}): 57.50 (d,J = 8.8 Hz, 2H), 6.90 (dJ = 8.8 Hz, 2H), 6.79 (s,
1H), 3.83 (s, 3H)*C NMR (100 MHz, CDC}): 5159.7, 130.2 (2 C), 128.2, 126.1, 118.9,
114.0 (2 C), 55.4.

2/\M. R. Heinrich, O. Blank, D. Ullrich, M. KirschsiejJ. Org; Chem.2007,72, 9609 — 9616.
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Synthesis of 2-(4-bromophenyl)-4,4,5,5-tetramethyl;3,2-dioxaborolane

\

Et,O 0O

Br
Br HO OH Molecular sieve \©\ o
B(OH),

1eq. 1eq. 100%

To a 50 mL Schlenk was added (4-bromophenyl)boraaid (5 mmol, 1.04 g), pinacol
(5 mmol, 591 mg), 750 mg of activated moleculaveigA). Under argon was added 12 mL
of distilled EtO and the solution stirred 20 hours at room tentpesa The mixture was
filtrated over a pad of celite and the solvent reetbunder reduced pressure to give the pure
product (1.43g, 100%).

The spectroscopic data are in agreement with tregsmted in the literatur®®

'H NMR (400 MHz, CDC)): 87.67 — 7.64 (m, 2H), 7.52 — 7.49 (m, 2H), 1.341@H). *°C
NMR (100 MHz, CDC}): 5136.4 (2 C), 131.1 (2 C), 126.2, 84.2 (2 C), 2%0Q).One
missing signal it*C NMR. B NMR (128 MHz, CDC}): 330.76.

Synthesis of 2-(2-bromophenyl)-4,4,5,5-tetramethyl;3,2-dioxaborolane

Pa

B(OH), O\B/O
B .
r\© , HO OH Molecular sieve . Br
% Et,0
1eq 1ea 100%

To a 50 mL Schlenk was added (2-bromophenyl)bor@uicd (3 mmol, 600 mg),
pinacol (3 mmol, 355 mg), 450 mg of activated molacsieve (3A. Under argon was added

8 mL of distilled EtO and the solution stirred 20 hours at room tentpegaThe mixture was

28 Mo, Y. Jiang, D. Qiu, Y. Zhang and J. WaAggew. Chem. Int. EG2010,49, 1846—1849.
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filtrated over a pad of celite and the solvent reetbunder reduced pressure to give the pure
product (950 mg, 100%).

The spectroscopic data are in agreement with tregs®ted in the literaturé?

'H NMR (400 MHz, CDC}): 87.62 — 7.60 (m, 1H), 7.55 — 7.52 (m, 1H), 7.30227m, 2H
), 1.38 (s, 12H)**C NMR (100 MHz, CDC}): 5136.5, 132.8, 132.0, 128.2, 126.4, 84.5 (2 C),
25.0 (4 C)MB NMR (128 MHz, CDC}): 530.86.

Synthesis of ethyl 4-iodobutyrate

'Mom

Chemical Formula: CgH 14105
Molecular Weight: 242.05

To a 100 mL round-bottom-flask was added ethyl dributyrate (10.5 mmol, 1.5
mL) and 40 mL of acetone. Sodium iodide (21 mmg@l43y) was added to the solution and
the mixture heated to reflux for 2 hours. The reactal mixture was the filtrated and the
solvent removed under reduced pressure. The residsalissolved in 40 mL of D and the
organic phase was washed with water (40 mL), bi#femL) and dried over MgSOThe
solvent was removed under reduced pressure andgiuie dissolved in DCM (15 mL).

'H NMR (400 MHz, CDCY): 84.10 (q,J = 7.1 Hz, 2H), 3.21 (] = 6.8 Hz, 2H), 2.40 ({] =
7.2 Hz, 1H), 2.09 (p) = 7.0 Hz, 1H) (s, 1H), 3.83 (s, 3H).

294, L. Li, Y. Kuninobu and M. KanaiAngew. Chem. Int. EQ2017, 56, 1495-1499.
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Synthesis of ethyl 4-hydroxybutanoate

O

Chemical Formula: CgH1,05
Molecular Weight: 132.16

To a 50 mL round-bottom-flask was added butyrolaet®40 mmol, 3.44 g) and 9 mL
of distilled methanol. To the mixture was slowlydad a solution of potassium hydroxyde (40
mmol, 2.24 g) in the minimium of methanol. Afterhburs of reaction, the solvent was
removed under reduced pressure. The resulting velolide was washed with AcOEt and
pentane. The solide was dissolved in DMF (25 mlg laromoethane (40 mmol, 4.5 mL) was
added to the solution. The mixture was stirred gt at room temperature and then diluted
with water (75 mL). The aqueous phase was extragitdAcOEt (3x50 mL). The combined
organic phase were washed with water (2x50mL), N@H@x50 mL and brine (2x50 mL),
and dried with magnesium sulfate.The solvent wasokeed under reduced pressure to give
the product (4.2 g,79%).

'H NMR (400 MHz, CDCJ): 84.11 (q,J = 7.1 Hz, 2H), 3.65 () = 6.2 Hz, 2H), 2.40 (] =
7.2 Hz, 2H), 1.85 (ttJ = 7.2, 6.1 Hz, 2H), 1.23 (3,= 7.1 Hz, 3H).

Synthesis of ethyl 4-(tosyloxy)butanoate

@)

TSO\/\)J\ o

Chemical Formula: C3H4505S
Molecular Weight: 286.34

To a 100 mL round-bottom-flask was added ethyl drbyybutanoate (7.6 mmol, 1.01
9), pyridine (3 mL) and 30 mL of distiled DCM. AtO was slowly added tosyl chloride (7.6
mmol, 2.43 g). The resulting yellow mixture wagsrstil overnight. The solution was washed
with a saturated solution of CuaOrhe aqueous phase was extracted with DCM (2x3P mL

and the combined organic phases dried magnesiuiatesulhe solvent was removed under
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reduced pressure and the residue filtrated oveadaqgb celite to give the product (1.29 g,
59%).

'H NMR (400 MHz, CDC}): 87.78 — 7.75 (m, 2H), 7.35 — 7.31 (m, 2H), 4.11044m, 4H),
2.43 (s, 3H), 2.35 (] = 7.2 Hz, 2H), 1.99 — 1.91 (m, 2H), 1.21J& 7.1 Hz, 3H)*C NMR
(100 MHz, CDC}): 3172.4, 144.9, 133.1, 130.0 (2 C), 128.0 (2 C), 68(56, 30.0, 24.3,
21.7,14.2.
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5.5 Radical additions reactions

General procedure C for stoichiometric oxidation oforganotrifluoroborate and

organobis(catecholato) silicate.

©0 K®[18—C—6] Oxidizing agent (1.0 equiv.)

r-BFK  or R%/S“o TEMPO (3.0 equiv.) R,O\N

DMF or Et,0, 24h, rt

To a Schlenk flask was added the appropriate ¢riflborate salt or silicate salt (0.3
mmol), the oxidizing agent (0.3 mmol) and TEMP®(thmol, 1 41 mg ). The Schlenk flask
was sealed with a rubber septum, and evacuate@gungth vacuum/argon three times.
Degassed DMF or diethyl ether (3 mL) was introdut@tbwed by two freeze-pump-thaw
cycles. The reaction mixture was stirred at roomnperature for 24h under an argon
atmosphere. The reaction mixture was diluted wigthyl ether (50 mL), washed with water
(2 times), brine (2 times), dried over Mg&S@nd evaporated under reduced pressure. The
reaction residue was purified by flash column chaitography on silica gel.

General procedure D for addition of silicates to dyIsulfone

00 k“1g.cop GO

03 4CzIPN (1 mol %) COzEt
R// I\O + TOS > R
O DMF, Blue LEDs, 24h, rt

4 eq.

To a Schlenk flask was added the appropriate &lifaeq., 0.3 mmol), allyl sulfone (4
eq., 1.2 mmol, 322 mg) and 4CzIPN (1 mol %n3ol, 2.4 mg). Degassed DMF was added (3
mL) and the reaction mixture was irradiated withebLED (477 nm) at room temperature for

24h under an argon atmosphere. The reaction mixtasediluted with diethyl ether (50 mL),
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washed with saturated aqueous NaHP times), brine (2 times), dried over Mg&Sénd
evaporated under reduced pressure. The crude prodas purified by flash column
chromatography to afford the adduct.

General procedure E for vinylation and alkynylation reactions of cyclohexylsilicate 1

; \ ® Ri_R .
O\%?OK [18-C6] I 2 4CzIPN (1 mol %) ooRe
/ + 1 >
O/O X DMF, Blue LEDs, 24h, rt Ri

4 eq.

To a Schlenk flask was added potassium [18-C-gtaischolato) cyclohexylsilicate (1
eq., 0.3 mmol, 189.3 mg), 4CzIPN (1 mol %ur8ol, 2.4 mg) and the desired acceptor (4 eq.,
1.2 mmol) (liquid alkenes were added with the sotyeDegassed DMF was added (3 mL).
The reaction mixture was irradiated with blue LE&ZT nm) for 24 hours. The reaction
mixture was diluted with diethyl ether (50 mL), vaasl with saturated aqueous NaH{O@
times), brine (2 times), dried over Mgsé@nd evaporated under reduced pressure. The crude

product was purified by flash column chromatograghgfford the adduct.

General procedure F for addition of cyclohexylsiliate 1 to activated alkenes

R
; 7\ ® EWG
O%o K118-C-6] [ 4CzIPN (1 mol %) E))\/EWG
/ \O + »
OT)@ R DMF, Blue LEDs, 24h, rt

4 eq.

To a Schlenk flask was added potassium [18-C-gtaischolato) cyclohexylsilicate 1d
(1 eq., 0.3 mmol, 189.3 mg), kAO, (1.2 eq., 0.36 mmol, 49 mg), 4CzIPN (1 mol %fol,
2.4 mg) and the desired alkene 3 (4 eq., 1.2 miligilid alkenes were added with the
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solvent). Degassed DMF was added (3 mL). The m@achixture was irradiated with blue
LED (477 nm) for 24 hours. The reaction mixture veilsited with diethyl ether (50 mL),
washed with saturated aqueous NaHGD times), brine (2 times), dried over Mg&Sénd

evaporated under reduced pressure. The crude prodas purified by flash column

chromatography to afford the 1,4 adduct.

1-(Benzyloxy)-2,2,6,6-tetramethylpiperidine (23)

s

Chemical Formula: CgH25NO
Molecular Weight: 247.38

Following general procedure C with potassium berngfiuoroborate (0.3 mmol, 59
mg) and triphenylcarbenium tetrafluoroborate (0.8ah 99 mg) in diethyl ether.The crude
product waspurified by flash column chromatogragbgntane/diethyl ether, 99/1) to afford
23 as a colorless oil (48 mg, 65%).The spectroscalaita are in agreement with those

reported in the literaturg®

'H NMR (400 MHz, CDCJ): §7.26— 7.11 (m, 5H), 4.71 (s, 2H), 1.50 — 1.21 (i),6
1.14 (s, 6H), 1.04(s, 6HJ3C NMR (100 MHz, CDC4): 5138.3, 128.2 (2 C), 127.4 (2 C),
127.3, 78.7, 60.0 (2 C), 39.7 (2 C), 33.1 (2 C)33@ C), 17.1.

1-(Hex-5-en-1-yloxy)-2,2,6,6-tetramethylpiperidine (24) and 1-
(cyclopentylmethoxy)-2,2,6,6-tetramethylpiperiding(24’)

Chemical Formula: C45H,9NO
Molecular Weight: 239.40
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Following general procedure C with potassium 5-ngké-trifluoroborate (0.3 mmol,
57 mg) triphenylcarbenium tetrafluoroborate (0.3 @hn®9 mg) in diethyl ether. The crude
product waspurified by flash column chromatografigntane) to afford a mixture 23 and
24’ as a colorless oil (41 mg, 57%) in a 89/11 ralioe spectroscopic data are in agreement

with those reported in the literatur®.

'H NMR for 24 (400 MHz, CDC}): 85.82 (m, 1H), 5.01 (m, 1H), 4.94 (m, 1H), 3.72
(t, J=6.1 Hz, 2H),2.07 (g] = 7.2 Hz, 2H), 1.14 (s, 6H), 1.04(s, 6H). Charastie signal for
24 364 (d, J = 6.8 Hz, 2H)*C NMR for 24 (100 MHz, CDC)):
0 139.1, 114.5, 80.8,59.9, 59.8,39.7 (2 C), 34.0, 33.2 (2 C), 28.4, 25.9, 20.3 (2 17.3.
Characteristic signal f&24’: 76.7.

2,2,6,6-Tetramethyl-1-(((1R,2R,3R,5S)-2,6,6-trimethbicyclo[3.1.1]heptan-3-

yl)oxy)piperidine (25)

Chemical Formula: C4gH35NO
Molecular Weight: 293.49

Following general procedure C with potassium ((HR3R,5S)-2,6,6-
trimethylbicyclo[3.1.1]heptan-3-yl)trifluorobora@®@ mmol, 74 mg) and triphenylcarbenium
tetrafluoroborate (0.3 mmol, 99 mg) in diethyl ethiEhe crude product waspurified by flash
column chromatography (pentane) to affd@8 as a colorless oil (57 mg, 64%). The

spectroscopic data are in agreement with thosetezbm the literature>’

'H NMR (400 MHz, CDCY): 8 4.21 (dt,J = 9.4, 4.5 Hz, 1H), 2.37 — 2.20 (m, 3H),
2.14 — 2.05 (m, 1H), 1.91 — 1.85 (m, 1H), 1.73 §t<},5.9, 2.4 Hz, 1H), 1.45 — 1.40 (m, 6H),
1.25 — 1.06 (m, 18H), 1.02 (d,= 9.3 Hz, 1H), 0.88 (s, 6H}*C NMR (100 MHz, CDC}):
582.4,59.9 (2 C), 48.0, 44.5, 41.6, 40.8, 40.6, 38.5, 34.7 (3 C), 33.1, 27.6, 23.9, 22.0, 20.5 (2
C), 17.5.
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1-(Tert-butoxy)-2,2,6,6-tetramethylpiperidine (26)

>rOn

Chemical Formula: C3H,7NO
Molecular Weight: 213,36

- J

Following general procedure C with potassium tertyhrifluoroborate(0.3 mmol, 49
mg) and triphenylcarbenium tetrafluoroborate (0180t 99 mgq) in diethyl ether. The crude
product waspurified by flash column chromatograplmentane/diethyl ether, 99/1) to
afford26 as a colorless oil (16 mg, 25%). The spectroscdata are in agreement with those

reported in the literaturg’

'H NMR (400 MHz, CDCJ): & 1.48— 1.44 (m, 6H), 1.18 (s, 9H),1.12 (s, 6H), 1(§7
6H). 1°C NMR (100 MHz, CDCY): 5 77.3, 59.4 (2 C), 41.1 (2 C), 35.1 (2 C), 29.T}320.7
(2 C), 17.5.

1-(Tert-butoxy)-2,2,6,6-tetramethylpiperidine (27)

or)

Chemical Formula: C45H,gNO
Molecular Weight: 239.40

. J

Following general procedure C with cyclohexylsited (0.3 mmol, 189 mg) and
triphenylcarbenium tetrafluoroborate (0.3 mmol, 88%)) in DMF. The crude product
waspurified by flash column chromatography (pentdieényl ether, 98/2) to affor@7 as a
colorless oil (53%).The spectroscopic data are greement with those reported in the
literature®®
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'H NMR (400 MHz, CDC}): 83.61— 3.55 (m, 1H), 2.07— 2.02 (m, 2H), 1.77— "5
2H), 1.70— 1.20 (m, 12H), 1.12 (s, 6HJC NMR (100 MHz, CDC}): d 81.5, 59.3, 40.1,
34.3, 32.6, 25.7, 24.8, 19.9, 17.1.

2,2,6,6-Tetramethyl-1-((2-((1R,4S)-4-methylcyclohe-en-1-yl)propan-2-
yl)oxy)piperidine (28)

%

Chemical Formula: C4gH3;5NO
Molecular Weight: 293.49

N J

Following general procedure C with (1S,2R,3S,6R)Btrimethylbicyclo[4.1.0]
heptan-2-trifluoroborate(0.3 mmol, 65 mg) and tepylcarbenium tetrafluoroborate (0.3
mmol, 99 mg) in DMF. The crude product waspurifieg flash column chromatography
(pentane/diethyl ether, 99/1) to affo28 as a colorless oil (48 mg, 67%).The spectroscopic

data are in agreement with those reported in thmature">°

'H NMR (400 MHz, CDCJ): 5.76 (m, 1H), 5.67 (m, 1H), 2.53 (m, 1H), 2.18 (th),
1.74— 1.65 (m, 2H), 1.57— 1.40 (m, 6H), 1.30— 11®4 2H), 1.21 (s, 3H), 1.20 (s, 3H), 1.12
(s, 6H), 1.10 (s, 3H), 1.09 (s, 3H), 0.98 Jds =7.2 Hz, 3H)*°C NMR (100 MHz, CDC}):
5133.9, 128.8, 81.1, 59.5 2 C), 47.2, 41.2 (2 C3385.1, 29.3, 29.0, 24.0, 23.8, 21.2, 21.0 (2
C), 20.7, 17.3.

4-((1R,2S,3R,5R)-2,6,6-Trimethylbicyclo[3.1.1]hepta 3-yl)butan-2-one (29)

Chemical Formula: C44H,4,0
Molecular Weight: 208.34

- J
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Following general procedure C with potassium patass ((1R,2R,3R,5S)-2,6,6-
trimethylbicyclo[3.1.1]heptan-3-yl)trifluoroborate(mmol, 244 mg), methyl vinyl ketone (5
mmol, 0.4 mL) and triphenylcarbenium tetrafluoraiter (1 mmol, 330mg). The crude
product waspurified by flash column chromatografigntane) to affor@9 as a colorless oil
(131 mg, 63%). The spectroscopic data are in agreerwith those reported in the

literature®°

'H NMR (400 MHz, CDC}): 52.46 (ddd,J = 16.5, 10.1, 5.9 Hz, 1H), 2.34 (ddHiz=
16.5, 10.4, 5.1 Hz, 1H), 2.30— 2.22 (m, 1H), 24,23H), 2.15— 2.06 (m, 1H), 1.91 — 1.85 (m,
1H), 1.85 — 1.70 (m, 2H), 1.68 — 1.50 (m, 2H), 1-45.34 (m, 2H), 1.16 (s, 6H), 0.99 (W=
7.0 Hz, 3H), 0.96 (s, 3H), 0.70 (d,= 9.7 Hz, 1H):*C NMR (100 MHz, CDC}): 209.5,
48.2, 43 .7,42.3,42.0, 38.8, 36.1, 34.8, 34.51,330.0, 28.1, 23.0, 21.7.

1-(Tert-butoxy)-2,2,6,6-tetramethylpiperidine (30)

/\/O\ N

Chemical Formula: C4,H,3NO
Molecular Weight: 197.32

. J

Thepotassium allyl trifluoroborate (0.3 mmol, 44 )mgnd 9 mesityl-10-
methylacridinium perchlorate (0.03 mmol, 12.4 mgy &EMPO (0.66 mmol, 103 mg) were
added to a Schlenk flask. The Schlenk flask waswatad / purged with vacuum / argon
three times. Degassed DMF (3 mL) was introducetbvigdd by two freeze-pump-thaw
cyclesand the reaction mixture was irradiated wite LED (477 nm) at room temperature
for 24h under an argon atmosphere. The reactiotuneixvas diluted with diethyl ether (50
mL), washed with saturated agqueous NaH@®Dtimes), brine (2 times), dried over Mg&sO
and evaporated under reduced pressure. The crudieigirwas purified by flash column
chromatography to affoBD as a colorless oil (19 mg, 32%). The spectroscdpia are in

agreement with those reported in the literafire.
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'H NMR (400 MHz, CDC}): 55.94— 5.84 (m, 1H), 5.26 (dd,= 17.3, 3.6 Hz, 1H),
5.30 — 5.09 (m, 1H), 4.28 (di,= 5.5, 1.5 Hz, 2H), 1.58— 1.30 (m, 6H), 1.33 (d),6L.16 (s,
6H). *C NMR (100 MHz, CDCJ): $134.2, 115.9, 78.3, 59.7 (2 C), 39.7 (2 C), 32.TJ2
20.1 (2 C), 17.2.

Ethyl 2-methylene-4-(phenylamino)butanoate (32)

©\ CO,Et
Nw

H

Chemical Formula: C13H47NO,
Molecular Weight: 219.28

Following general procedure D wit8 (0.3 mmol, 196.2 mg). The crude product
waspurified by flash column chromatography (penftethgl acetate, 95/5) to affol@R as a
colorless oil (62 mg, 93%).The spectroscopic degaraagreement with those reported in the

literature?'?

'H NMR (300 MHz, CDC)): 87.22 — 7.16 (m, 2H), 7.74 — 7.69 (m, 2H), 6.65 626(m,
2H), 6.27 (dJ = 1.4 Hz, 1H), 6.54 (d] = 1.3 Hz, 1H), 4.25 (q] = 7.1 Hz, 2H), 3.68 (bs, 1H),
3.31 (d,J = 6.8 Hz, 2H), 2.64 (td] = 6.8, 1.1 Hz, 2H), 1.33 (8,= 7.1 Hz, 3H)**C NMR (75

MHz, CDCk): 6 167.1, 148.0, 138.4, 129.3 (2 C), 126.7, 117.4,912C), 61.0, 43.0, 32.1,
14.3.
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Ethyl 4,4-dimethyl-2-methylenepentanoate (33)

CO,Et
t-Bu

Chemical Formula: C4oH4505
Molecular Weight: 170.25

Following general procedure D withl (0.3 mmol, 129.5 mg). The crude product
waspurified by flash column chromatography (penftethgl acetate, 95/5) to affol@B as a

colorless oil (48 mg, 94%).The spectroscopic dedaraagreement with those reported in the

literature?'?

'H NMR (400 MHz, CDCY): 56.17 (d,J = 1.4 Hz, 1H), 5.44 — 5.44 (m, 1H), 4.19Xg,7.1
Hz, 2H), 2.28 (dJ = 0.8 Hz, 2H), 1.29 (1] = 7.1 Hz, 3H), 0.88 (s, 9H}°C NMR (100 MHz,
CDCl): 5168.2, 139.1, 126.8, 60.6, 53.4, 44.5, 31.5, 29.Q)( 14.2.

Ethyl 2-(cyclohexylmethyl)acrylate (34)

Chemical Formula: C45,H500,
Molecular Weight: 196.29

Following general procedure D with(0.3 mmol, 189.3 mg). The crude product was
purified by flash column chromatography (pentarethdil ether, 95/5) to affor@4 as a

colorless oil (52 mg, 88%).The spectroscopic dedaraagreement with those reported in the
116a

literature.
H NMR (400 MHz, CDCGY): 66.13 (d,J = 1.8 Hz, 1H), 5.45 (m, 1H), 4.19 (= 7.1 Hz,
2H), 2.18 (ddJ=7.1, 1.1 Hz, 2H), 1.72 — 1.61 (m, 5H), 1.46 —11(s, 1H), 1.29 (tJ)=7.1
Hz, 3H), 1.23 — 1.08 (m, 3H), 0.92 — 0.85 (m, 2ﬁ§: NMR (100 MHz, CDCY)): 6167.7,
139.8, 125.6, 125.5, 60.6, 40.1, 36.8, 33.4, 37, 26.4, 14.3.
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Ethyl 2-methylenenonanoate (35)

CO,Et

Chemical Formula: C;3H5405
Molecular Weight: 212.33

Following general procedure D with (0.3 mmol, 184.7 mg). The crude product was
purified by flash column chromatography (pentarethdil ether, 95/5) to affor®@5 as a
colorless oil (34 mg, 57%). The spectroscopic datain agreement with those reported in the
literature*®®
'H NMR (400 MHz, CDC¥): 56.11 (d,J = 1.5 Hz, 1H), 5.50 (q] = 1.5 Hz, 1H), 4.20 (q] =
7.1 Hz, 2H), 2.31 — 2.27 (m, 2H), 1.47 — 1.42 (#),21.32 — 1.25 (m, 12H), 0.87 (t= 7.1
Hz, 3H).°*C NMR (100 MHz, CDC}): 5167.7, 141.3, 124.2, 60.7, 32.0, 32.0, 29.3, 29.2,
28.6, 22.8,14.4,14.2.

Ethyl 5-(diphenylphosphoryl)-2-methylenepentanoat€36)

0 CO,Et
(Ph),P

Chemical Formula: C,gH,303P
Molecular Weight: 342.37

Following general procedure D witt6 (0.3 mmol, 233.1 mg). The crude product was
purified by flash column chromatography (pentargfetcetate, 80/20) to afford6 as a
colorless oil (48 mg, 46%).

'H NMR (400 MHz, CDCY): 87.74 — 7.69 (m, 4H), 7.52 — 7.42 (m, 6H), 6.14¢, 1.3 Hz,
1H), 5.49 (dJ = 1.3 Hz, 1H), 4.14 (d,= 7.1 Hz, 2H), 2.42 — 2.38 (m, 2H), 2.29 — 2.22 (m
2H), 1.84 — 1.80 (m, 2H), 1.22 @,= 7.1 Hz, 3H).X*C NMR (100 MHz, CDC}): & 167.0,
139.7, 133.1 (dJ = 98.2 Hz, 2 C), 131.8 (d,= 2.7 Hz, 2 C), 130.9 (d,= 9.2 Hz, 4 C), 128.7
(d,J=11.6 Hz, 4 C), 125.6, 60.8, 32.9 {5 15.3 Hz), 29.2 (d] = 72.2 Hz), 20.5 (d] = 3.4
Hz), 14.3.3'P NMR (162 MHz, CDC}):532.2. IR (neat): 3120, 2944, 1903, 1710, 1629,
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1437, 1176, 1105, 717, 694 ¢mHRMS calc. for [GoH»aNaOsP]" 365.1277; found
365.1268, for [(GoH2503P)Na]* 707.2662; found 707.2366 .

Ethyl 6-acetoxy-2-methylenehexanoate (37)

O CO,Et
)J\O

Chemical Formula: C41H4gO
Molecular Weight: 214,26

Following general procedure D wittv (0.3 mmol, 194.6 mg). The crude product was
purified by flash column chromatography (pentarethdil ether, 90/10) to affor@7 as a
colorless oil (24 mg, 37%).

'H NMR (400 MHz, CDCJ): 56.15 (d,J = 1.5 Hz, 1H), 5.52 (d] = 1.4 Hz, 1H), 4.20 (gl =
7.1 Hz, 2H), 4.07 (t) = 6.5 Hz, 2H), 2.35 — 2.31 (m, 2H), 2.04 (s, 3HH9 — 1.62 (m, 2H),
1.58 — 1.50 (m, 2H), 1.30 @@,= 7.1 Hz, 3H)*C NMR (100 MHz, CDC}): 5171.3, 167.3,
140.6, 124.8, 64.4, 60.8, 31.6, 28.3, 25.0, 21414.1R (neat): 2995, 2949, 1741, 1710, 1630,
1368, 1234, 1187, 1146, 1028, 944, 813ctHRMS calc. for [GiHieNaQy]" 237.1097;
found 237.1097.

(Cyclohexylethynyl)benzene (39)

{ H—=—rn

Chemical Formula: C4H4¢
Molecular Weight: 184.28

Following general procedure E with 1-phenyl-2-psmiesulfonylethyne (1.2 mmol,
307.6 mQg).The crude product was purified by flastumn chromatography (pentane) to
afford 39 as a colorless oil (44 mg, 78%).The spectroscdata are in agreement with those
reported in the literaturg®®
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'H NMR (300 MHz, CDC}): 57.42 — 7.39 (m, 2H), 7.31 — 7.24 (m, 3H), 2.64552m,1H),
1.92 — 1.85 (m, 2H), 1.79 — 1.74 (m, 2H), 1.58521(m, 3H), 1.40 — 1.33 (m, 3HJC NMR
(75 MHz, CDC}): 5131.7 (2 C), 128.3 (2 C), 127.5, 124.3, 94.6, 88279, 29.8, 26.1 (2 C),
25.1 (2 C).

(2,2-Dichlorovinyl)cyclohexane (41)

Cl

Chemical Formula: CgH4,Cl,
Molecular Weight: 179.09
. J

Following general procedure E with trichloroethyde(l.2 mmol, 108.L).The crude
product was purified by flash column chromatograffgntane) to afford1 as a colorless oil

(39 mg, 70%).The spectroscopic data are in agreewimthose reported in the literatur&®

'H NMR (300 MHz, CDCY): 5.70 (d,J = 9.2 Hz, 1H), 2.43 — 2.32 (m, 1H), 1.77 — 1.62
(m,5H), 1.37 — 1.04 (m, 6H}°C NMR (75 MHz, CDC}): 135.2, 118.7, 39.3, 31.8 (2 C),
25.9, 25.7 (2 C).

Dimethyl 2-cyclohexylsuccinate (43)

: CO,Me
CO,Me
Chemical Formula: C45H5004
L Molecular Weight: 228.28 |

Following general procedure Fwith dimethyl male¢te€2 mmol, 150uL). The crude
product was purified by flash column chromatografbgntane/ethyl acetate, 95/5) to afford
40 as a colorless oil (84 mg, 78%). The spectroscdpi@ are in agreement with those
reported in the literaturg®®
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'H NMR (300 MHz, CDCY): 53.67 (s, 3 H), 3.64 (s, 3 H), 2.76 — 2.65 (m, 22448 — 2.38
(m, 1 H), 1.74 — 1.85 (m, 6 H), 1.29 — 0.97 (m, 6 -C NMR (100 MHz, CDC}): & 175.0,
173.0, 51.80, 51.6, 47.1, 40.03, 33.3, 30.7, 3B, 26.4, 26.2.
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5.6 Cross-coupling reactions: photoredox/nickel dual dalysis

5.6.1 C(sp’)-C(sp°) bond formation

General procedure G for photoredox/nickel cross-capling dual catalysis

@ . |r[(dF(CFﬁ)?ggE)()t)p(g](PT%} §2 mol %)
@,O K 18-C-6 Rl | 2 mo (o] R - Rl
RC)%Siﬂ [ ]+ X | S dtbbpy (3 mol %) N | A
o
= DMF, Blue LEDs, 24h, rt Z

To a Schlenk flask was added aryl or heteroarytlkall eq., 0.3 mmol), silicate (1.5 eq.,
0.45 mmol), Ir[(dF(CBE)ppy)(bpy)](PFs) (2 mol %, 6umol, 6 mg), and 4,4'-diert-butyl- 2,2'-
bipyridine (3 mol %, 9umol, 2.4 mg). The Schlenk flask was taken into avgbox and
Ni(COD)2 (3 mol %, 9umol, 2.5 mg) was added. The Schlenk flask was dealth a rubber
septum, removed from the glovebox, and evacuagarded with vacuum / argon three times.
Degassed DMF (3 mL) was introduced (followed byahd or heteroaryl halide if liquid) and the
reaction mixture was irradiated with blue LEDs (4¥#) for 24 hours. The reaction mixture was
diluted with diethyl ether (50 mL), washed with wgated NaHC® (2 times), brine (2 times),
dried over MgS@ and evaporated under reduced pressure. The regidsiepurified by flash

column chromatography on silica gel to afford thess-coupling product.

General procedure H for photoredox/nickel cross-copling dual catalysis with

aryl/heteroaryl halide or vinyl bromide

@ 4CzIPN (1 mol %)
; o .
00 K®[18—C—6] X R NiCl,.dme (2 mol %) R R R R1

Rl
S +X 4 dtbbpy (2mol %) | T4 |
O/ | = | - =
@ R3 R3 R2

R? DMF, Blue LEDs, 24h, rt

To a Schlenk flask was added aryl, heteroaryl katidalkenyl halide (1 eq., 0.3 mmaol),
appropriate silicate (1.5 eq., 0.45 mmol), 4CzIRNnI%, 3 pumol, 2.4 mg), and 4,4’-tht-
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butyl-2,2’-bipyridine (2 mol %, 6 umol, 1.6 mg). &I5chlenk flask was taken into a glovebox
and NiCb.dme (2 mol %, 6 umol, 1.3 mg) was added. The B&hlask was sealed with a
rubber septum, removed from the glovebox, and eatadu/ purged with vacuum / argon
three times. Degassed DMF (3 mL) was introducelio(fi@d by the aryl or heteroaryl halide

if liquid) and the reaction mixture was irradiat@dh blue LEDs (477 nm) for 24 hours. The
reaction mixture was diluted with diethyl ether (®Q), washed with saturated NaHgQ@
times), brine (2 times), dried over Mgsénd evaporated under reduced pressure. The residue
was purified by flash column chromatography oncailigel to afford the cross-coupling

product.

4’-(Acetoxypropyl)acetophenone (45)

OYOWQ*

Chemical Formula: C3H4¢03
Molecular Weight: 220.26

Following general procedure G with acetoxypropidaie17 (0.45 mmol, 292 mg) and
4’-bromoacetophenond4 (0.3 mmol, 60 mg). The crude product was puriflad flash
column chromatography (pentane/diethyl ether, #¢h 95/5) to affordl5 as a colorless oill
(56 mg, 85%).

'H NMR (400 MHz, CDCY): 57.88 (d,J = 8.4 Hz, 2H), 7.27 (d] = 8.4 Hz, 2H), 4.08 (] =
6.5 Hz, 2H), 2.76 — 2.72 (m, 2H), 2.57 (s, 3H),42) 3H), 2.01 —1.94 (m, 2H)’C NMR
(100 MHz, CDC}): 5197.7, 171.0, 147.0, 135.3, 128.6 (2 C), 128.6 (263.5, 32.2, 29.8,
26.5, 20.9.IR (neat): 2900, 1735, 1679, 1606, 1233 cHRMS calc for [GsHi1eNaOs*
243.0992; found 243.0999.
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4’-(Benzyl)acetophenone (46)

Chemical Formula: C45H40
| Molecular Weight: 210.27 |

Following general procedure G with benzylsilica#g0.45 mmol, 287 mg) and 4'-
bromoacetophenon®&t (0.3 mmol, 60 mg). The crude product was puritgdflash column

chromatography (pentane/diethyl ether, 95/5) tordf6 as a colorless oil (56 mg, 88%).
The spectroscopic data are in agreement with tregesrted in the literaturg®

'H NMR (400 MHz, CDC4): § 7.89 (d,J = 8.4 Hz, 2H), 7.32-7.17 (m, 7H), 4.04 (s, 2H),
2.58 (s, 3H)*C NMR (100 MHz, CDCY): § 197.8, 146.8, 140.1, 135.3, 129.1 (2 C), 129.0 (2
C), 128.7 (4 C), 126.40, 41.9, 26IR. (neat): 2937, 1678, 1602, 1265&m

4’-(Allyl)acetophenone (47)

0]

I

Chemical Formula: C44H4,0
Molecular Weight: 160.21

Following general procedure G with allylsilicai® (0.45 mmol, 265 mg) and 4'-
bromoacetophenon®4(0.3 mmol, 60 mg). The crude product was purifigdflash column
chromatography (pentane/diethyl ether, 98/2) tordf#7 as a colorless oil (41 mg, 86%).

The spectroscopic data are in agreement with tregsted in the literaturg’

210 M. Amatore and C.GosminChem. Eur. J.2010, 16, 5848-5852.
211 A M. Echavarren and J. K. Stilld, Am. Chem. Sqc1987,109, 5478-5486.
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'H NMR (400 MHz, CDCY): § 7.90 (d,J = 8.4 Hz, 2H), 7.28 (d] = 8.4 Hz, 2H), 5.95 (ddg
= 17.1 Hz, 10.5 Hz, 6.7 Hz, 1H), 5.13-5.08 (m, 2BI%5 (d,J = 6.7 Hz, 2H), 2.59 (s, 3H).
3C NMR (100 MHz, CDCY): § 197.8, 145.8, 136.3, 135.3, 128.8 (2 C), 128.6)2116.7,
40.1, 26.6IR (neat): 3050, 1680, 1604, 1356, 1266%cm

4’-(Anilinomethyl)acetophenone (48)

Chemical Formula: C5H{sNO
Molecular Weight: 225.29
L

J

Following general procedure G with anilinomethytsite 8 (0.45 mmol, 294 mg) and
4’-bromoacetophenond4 (0.3 mmol, 60 mg). The crude product was puriflad flash
column chromatography (pentane/diethyl ether, 80t@Gafford48as a colorless oil (62 mg,
91%)).

The spectroscopic data are in agreement with tregsted in the literaturg?

'H NMR (400 MHz, CDCY): 57.93 (d,J = 8.4 Hz, 2H), 7.47 (d] = 8.4 Hz, 2H), 7.17-7.15
(m, 2H), 6.75-6.71 (m, 1H), 6.66 — 6.60(m, 2H),24(4, 2H), 4.16 (s, 1H), 2.59 (s, 3HjC
NMR (100 MHz, CDC}): 8197.7, 147.7, 145.2, 136.2, 129.3 (2 C), 128.7)2127.3 (2 C),
117.9, 112.9 (2 C), 47.9, 26 R (neat): 3321, 1669, 1597, 1510tm

27G.-N. Wang, T.-H.Zhu, S.-Y.Wang, T.-Q.Wei and SJiJTetrahedror2014 70, 8079-8083.
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4’-(Acetoxymethyl)acetophenone (49)

OWQ*

Chemical Formula: C14H503
Molecular Weight: 192.21

N

Following general procedure G with acetoxymethidatie18 (0.45 mmol, 279 mg) and
4’-bromoacetophenond4 (0.3 mmol, 60 mg). The crude product was puriflad flash
column chromatography (pentane/diethyl ether, #¢h 95/5) to affordl9 as a colorless oill
(38 mg, 66%).

'H NMR (400 MHz, CDCY): 6 7.94 (d,J = 8.4 Hz, 2H), 7.43 (dJ = 8.4 Hz, 2H), 5.15 (s,
2H), 2.59 (s, 3H), 2.12 (s, 3H)*C NMR (100 MHz, CDCY): 5 197.6, 170.6, 141.2, 136.8,
128.6 (2 C), 127.9 (2 C), 65.4, 26.6, 20@.(neat): 2905, 2855, 1736, 1681, 1264, 1224 cm
! HRMS calc for [G1H1-NaOs]" 215.0673; found 215.0679.

4’-(Hexyl)acetophenone (50)

o

SNen

Chemical Formula: C44H,,0
Molecular Weight: 204.31

Following general procedure G with hexylsilica2e(0.45 mmol, 285 mg) and 4'-
bromoacetophenon®4(0.3 mmol, 60 mg). The crude product was purifigdflash column

chromatography (pentane/diethyl ether, 99/1) tadff® as a colorless oil (53 mg, 85%).

The spectroscopic data are in agreement with tregsted in the literaturg?

A, Fernandes, C. Romédo, C. Rosa, V. Vieira, A. Ispffe Silva and A. Maganit&ur.J.Org. Chem 200423,
4877-4883.
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'H NMR (400 MHz, CDCY): & 7.87 (d,J = 8.2 Hz, 2H), 7.26 (d] = 8.2 Hz, 2H), 2.68— 2.64
(m, 2H), 2.58 (s, 3H), 1.67-1.58 (m, 2H), 1.38—1(86 6H), 0.88 (tJ = 6.8 Hz, 3H).°C
NMR (100 MHz, CDCJ): & 198.0, 149.0, 135.1, 128.7 (2 C), 128.6 (2 C)1381.8, 31.2,
29.0, 26.7, 22.7, 14.2R (neat): 2900, 1681, 1605, 1265tm

4’-(Isobutyl)acetophenone (51)

0]

JVen

Chemical Formula: C4,H60
Molecular Weight: 176.25

.

Following general procedure G with isopropylsile&t (0.45 mmol, 272 mg) and 4'-
bromoacetophenon®&t (0.3 mmol, 60 mg). The crude product was puritsgdflash column

chromatography (pentane/diethyl ether, 98/2) tordfb1 as a colorless oil (39 mg, 75%).
The spectroscopic data are in agreement with tregsmted in the literaturé?

'H NMR (400 MHz, CDC}): 6 7.87 (d,J = 8.3 Hz, 2H), 7.23 (dJ = 8.3 Hz, 2H), 2.58 (s,
3H), 2.53 (dJ = 7.2 Hz, 2H), 1.93 — 1.87 (m, 1H), 0.91 Jc&= 6.6 Hz, 6H)**C NMR (100
MHz, CDCL): 5 198.0, 147.7, 135.1, 129.4 (2 C), 128.4 (2 C)5480.2, 29.7, 22.5 (2 C).
IR (neat): 2909, 1680, 1605, 1265tm

214E. V. Bellale, D. S. Bhalerao and K. G. AkamandhiQrg. Chem).2008,73, 9473-9475.
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4’-(2-Cyanoethyl)acetophenone (52)

0]

Nen

Chemical Formula: C44H{{NO
Molecular Weight: 173.21

. J

Following general procedure G with 2-cyanoethydsite13 (0.45 mmol, 271 mg) and
4’-bromoacetophenond4 (0.3 mmol, 60 mg). The crude product was puriflad flash
column chromatography (pentane/diethyl ether, f@lafford 52 as a colorless oil (36 mg,
69%).

The spectroscopic data are in agreement with tregsmted in the literaturg?

'H NMR (400 MHz, CDCY): 57.93 (d,J = 8.4 Hz, 2H), 7.33 (d] = 8.4 Hz, 2H), 3.01 () =
7.3 Hz, 2H), 2.65 (t) = 7.3 Hz, 2H), 2.58 (s, 3H}’C NMR (100 MHz, CDC}): 5197.6,
143.3, 136.2, 129.0 (2 C), 128.6 (2 C), 118.7, 32646, 19.0IR (neat): 2910, 2245, 1675,
1607, 1266 ci.

4’-(3-Cyanopropyl)acetophenone (53)

0]

S

Chemical Formula: C;,H3NO
Molecular Weight: 187.24

“ J

Following general procedure G with 2-cyanoethydsite14 (0.45 mmol, 277 mg) and
4’-bromoacetophenond4 (0.3 mmol, 60 mg). The crude product was puriflad flash
column chromatography (pentane/diethyl ether, 1d1afford 53 as a colorless oil (48 mg,
85%).

215 M. Amatore, C. Gosmini and J. PérichdnOrg. Chem2006,71, 6130-6134.
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The spectroscopic data are in agreement with tregs@ted in the literaturé?®

'H NMR (400 MHz, CDC}): & 7.90 (d,J = 8.4 Hz, 2H), 7.28 (d] = 8.4 Hz, 2H), 2.86 —2.82
(m, 2H), 2.58 (s, 3H), 2.33 (8, = 7.0 Hz, 2H), 2.0 (dd) = 7.5 Hz, 7.0 Hz, 2H)**C NMR
(100 MHz, CDC}): 6 197.6, 145.3, 135.6, 128.8 (2 C), 128.6 (2 C),.1194.3, 26.5, 26.5,
16.4.IR (neat): 2905, 2258, 1675, 1605, 1266'cm

4’-(2-(7-Oxabicyclo-[4.1.0]hept-3-yl)ethyl)acetopheone (54)

O

Chemical Formula: C4gH500,
Molecular Weight: 244.33

Following general procedure G with 2-(7-oxabicyflot.Olhept-3-yl)ethylsilicatel 1
(0.45 mmol, 303 mg) and 4’-bromoacetophendd®.3 mmol, 60 mg). The crude product
was purified by flash column chromatography (peetdiethyl ether, 80/20) to afford a 45/55
mixture of diastereoisomers 54f as a colorless oil (48 mg, 65%).

'H NMR (400 MHz, CDC}): & 7.88— 7.85 (m, 4H), 7.26— 7.21 (m, 4H), 3.20-34 4H),
2.69-2.66 (m, 4H), 2.60 (s, 6H), 2.25-1.99 (m, 4H39—1.51 (m, 10H), 1.44-1.37 (m, 2H),
1.25-0.95 (m, 2H)*C NMR (100 MHz, CDC}): 5197.8 (197.8), 148.4 (148.3), 135.0
(135.0), 128.5 (128.5), 128.5 (128.5), 53.0 (5258)8 (51.7), 38.1 (37.8), 33.3 (33.0), 32.1
31.8), 30.6 (29.3), 27.0 (25.1), 26.5, 24.3 (2%5)(neat): 2935, 1671, 1604, 1568,
1298 cnt'. HRMS calc for [GeHooNaQy] *267.1365; found 267.1135.

21835 sase, M. Jaric, A. Metzger, V. Malakhov ané&KRochel,J. Org. Chem2008,73, 7380—7382.
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4’-(3-Glycidyloxypropyl)acetophenone (55)

0]

8 o LY

Chemical Formula: C14H4503
Molecular Weight: 234.29

. J

Following general procedure G with 3-glycidyloxypysilicate9 (0.45 mmol, 239 mg)
and 4’-bromoacetophenori (0.3 mmol, 60 mg). The crude product was purifigdflash
column chromatography (pentane/diethyl ether, 985 fford55 as a colorless oil (29 mg,
40%).

'H NMR (400 MHz, CDC}): & 7.88 (d,J = 8.4 Hz, 2H), 7.28 (d] = 8.4 Hz, 2H), 3.73 (dd]
=11.5 Hz, 2.9 Hz, 1H), 3.57-3.42 (m, 2H), 3.36,@d 11.5 Hz, 5.9 Hz, 1H), 3.21-3.07 (m,
1H), 2.85-2.64 (m, 3H), 3.60 (dd,= 5.0 Hz, 2.7 Hz, 1H), 2.58 (s, 3H), 1.92 (dilt; 12.7
Hz, 7.6 Hz, 6.3 Hz, 2H)**C NMR (100 MHz, CDC}): 5197.8, 147.7, 135.1, 128.7 (2 C),
128.5 (2 C), 71.6, 70.3, 50.8, 44.2, 32.3, 30.953R (neat): 2905, 1678, 1605, 1266, 1106
cmt. HRMS calc for [G4H1gNaO;]* 257.1148; found 257.1155.

4’-(3-Chloropropyl)acetophenone (56)

o

en

Chemical Formula: C44H43CIO
Molecular Weight: 196.67

Following general procedure G with 3-chloropropidsite 12 (0.45 mmol, 282 mg) and
4’-bromoacetophenond4 (0.3 mmol, 60 mg). The crude product was puriflad flash
column chromatography (pentane/diethyl ether, 80t@@&fford56 as a colorless oil (42 mg,
71%).
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The spectroscopic data are in agreement with tregs®ted in the literature’

'H NMR (400 MHz, CDC}): 8 7.89 (d,J = 8.4 Hz, 2H), 7.29 (d] = 8.4 Hz, 2H), 3.52 (] =
6.4 Hz, 2H), 2.86— 2.82 (m, 2H), 2.58 (s, 3H), 21807 (m, 2H)*C NMR (100 MHz,
CDCly): & 197.8, 146.5, 135.5, 128.8 (2 C), 128.7 (2 C)1483.6, 32.8, 26.6R (neat):
2935, 1678, 1605, 1358, 1265 ¢m

4’-(3,3,3-Trifluoropropyl)acetophenone(57)

)

F:«;C/\/EJ)k

Chemical Formula: C44H1F30
Molecular Weight: 216.20

Following general procedure G with 3,3,3-trifluoropylsilicate 13 (0.45 mmol, 290
mg) and 4’-bromoacetophenodd (0.3 mmol, 60 mg). The crude product was purifiisd
flash column chromatography (pentane/diethyl etl@&/1 then 95/5) to afford7 as a

colorless oil (52 mg, 80%).

'H NMR (400 MHz, CDC)): 7.91 (d,J = 8.4 Hz, 2H), 7.30 (d] = 8.4 Hz, 2H), 2.95 — 2.91
(m, 2H), 2.59 (s, 3H), 2.47 — 2.35 (m, 2KC NMR (100 MHz, CDC}): 5197.6, 144.4,
135.8, 128.8 (2 C), 128.5 (2 C), 126.5Jq; 275 Hz), 35.1 (¢J = 28 Hz), 28.2 (q) = 3 Hz),
26.5."F NMR (376 MHz, CDCY):5 -66.57.IR (neat): 2871, 1677, 1607, 1266tm

2% -Q. Li, W.-K. Wang, C. ZhangAdv. Synth. CataR009,351, 2342—2350.
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3-(4-Fluorophenyl)propylacetate (58)

Ao
W\@\F

Chemical Formula: C44H3FO5»
Molecular Weight: 196.22

J

Following general procedure G with acetoxypropidaie 17 (0.45 mmol, 292 mg) and
1-bromo-4-fluorobenzene (0.3 mmol,| 88 The crude product was purified by flash column

chromatography (pentane/diethyl ether, 80/20) ftard68 as a colorless oil (45 mg, 75%).

'H NMR (400 MHz, CDC}): 5 7.16-7.08 (m, 2H), 7.00-6.92 (m, 2H), 4.07J& 6.5 Hz,
2H), 2.68 — 2.64 (m, 2H), 2.05 (s, 3H), 1.95 — 1(89 2H).**C NMR (100 MHz, CDC)):
5171.1, 161.3 (dJ = 243.7 Hz), 136.7 (dl = 3.2 Hz), 129.7 (d) = 7.8 Hz, 2 C), 115.1 (d,=
21.1 Hz, 2 C), 63.6, 31.3, 30.3, 20'% NMR (376 MHz, CDC}):5 -117.48.IR (neat): 2930,
1733, 1600, 1509, 1218, 1036 ¢mHRMS calc.for [GiH:1sFNaQ)]*219.0797; found
219.0792

3-(4-Chlorophenyl)propyl acetate (59)

Ao
/\/\©\CI

Chemical Formula: C41H43CIO,
Molecular Weight: 212.67

Following general procedure G with acetoxypropigatie17 (0.45 mmol, 292 mg) and
1-bromo-4-chlororobenzene (0.3 mmol, 58 mg). Thaderproduct was purified by flash
column chromatography (pentane/diethyl ether, 90td@&fford59 as a colorless oil (51 mg,
80%).

'H NMR (400 MHz, CDC4): 7.25 (d,J = 8.6 Hz, 1H), 7.11 (d] = 8.6 Hz, 1H), 4.07 (0 =
6.5 Hz, 2H), 2.68 — 2.64 (m, 2H), 2.05 (s, 3H),71-91.89 (m, 2H)}*C NMR (100 MHz,
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CDCly): 8171.0, 139.6, 131.7, 129.7 (2 C), 128.5 (2 C), 6385, 30.1, 21.9IR (neat):
2936, 1736, 1597, 1231, 836 ¢mHRMS calc. for [GiH1sCINaO,]*235.0496; found
235.0505.

3-(4-Bromophenyl)propyl acetate (60) and 3-(4-ioddpenyl)propyl acetate (61)

Following general procedure G with acetoxypropidaie17 (0.45 mmol, 292 mg) and
1-bromo-4-iodobenzene (0.3 mmol, 85 mg). The cudeluct was purified by flash column
chromatography (pentane/diethyl ether, 90/10) fordfa 10:1 mixture o060 and 61 as a
colorless oil (43 mg, 48%).

3-(4-Bromophenyl)propyl acetate (60)

Ao
W\@\Br

Chemical Formula: C44H3BrO,
Molecular Weight: 257.12

J

'H NMR (400 MHz, CDCY): 5 7.40 (d,J = 8.4 Hz, 2H), 7.06 (d] = 8.4 Hz, 2H), 4.07 (1) =

6.6 Hz, 2H), 2.66 — 2.62 (m, 2H), 2.05 (s, 3H),71-91.89 (m, 2H)**C NMR (100 MHz,

CDCly): 5171.1, 140.1, 131.5 (2 C), 130.1 (2 C), 119.8, 6356, 30.0, 20.9IR (neat):
2940, 1735, 1591, 1299, 1231 ¢mHRMS calc. for [GiH13BrNaOs]" 278.9991; found
278.9991

3-(4-lodophenyl)propyl acetate (61)

Aoml

Chemical Formula: C11H43l0,
Molecular Weight: 304.12
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H NMR (400 MHz, CDCY): 8 7.60 (d,J = 8.4 Hz, 2H), 6.95 (d] = 8.4 Hz, 2H), 4.07 (] =

6.6 Hz, 2H), 2.66 — 2.63 (m, 2H), 2.05 (s, 3H),61-91.86 (m, 2H)**C NMR (100 MHz,

CDCly): 3171.1, 140.8, 137.5 (2 C), 130.5 (2 C), 119.8, 638K7, 30.0, 20.9IR (neat):
2940, 1735, 1591, 1299, 1231 ¢mHRMS calc. for [GiHi3INaO,]"326.9852; found
326.9847.

1,4-Phenylenebis(propane-3,1-diyl) diacetate (62)

AcO
OAc

Chemical Formula: C4gH2,04
Molecular Weight: 278.34

~N

Following general procedure G with acetoxypropidaie17 (0.45 mmol, 292 mg) and
1,4-dibromobenzene (0.3 mmol, 71 mg). The crudelymbwas purified by flash column
chromatography (pentane/diethyl ether, 90/10 t@@0to afford60 (51 mg, 66%) ané2 (14
mg, 16%).

'H NMR (400 MHz, CDCY): 7.1 (s,4H), 4.08 (t) = 6.6 Hz, 4H), 2.67 — 2.64 (m, 4H), 2.05
(s, 6H), 1.98 — 1.90 (m, 4H)*C NMR (100 MHz, CDC}): 5171.3, 139.0, 128.6, 64.0, 31.9,
30.4, 21.1HRMS calc. for [GgH22INaO,]* 301.1410; found 301.1412.

3-(2-(Trifluoromethyl)phenyl)propyl acetate (63)

Chemical Formula: C45,H3F30,
Molecular Weight: 246.23

Following general procedure G with acetoxypropidatie17 (0.45 mmol, 292 mg) and
2-bromobenzotrifluoride (0.3 mmol, 48). The crude product was purified by flash column

chromatography (pentane/diethyl ether, 95/5) tordf63 as a colorless oil (51 mg, 69%).
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'H NMR (400 MHz, Chloroformd) § 7.62 (ddJ = 7.9, 1.3 Hz, 1H), 7.47 (td,= 7.6, 1.3 Hz,
1H), 7.36 — 7.27 (m, 2H), 4.13 @,= 6.4 Hz, 2H), 2.86 (dddl = 9.7, 6.2, 1.3 Hz, 2H), 2.06
(s, 3H), 2.01 — 1.91 (m, 2H)*C NMR (100 MHz, CDC}): 171.1, 140.1, 131.8 (@= 0.8
Hz), 131.0, 128.6 (d,= 29.8 Hz), 126.2, 126.0 (4= 5.8 Hz), 124.6 (d,= 5.8 Hz), 63.8,
30.4, 29.1 (dl = 1.7 Hz), 20.9*°F NMR (376 MHz, CDC)):  -59.7.IR (neat): 2940, 1737,
1608, 1311, 1111, 1030 ¢mMHRMS calc. for [GaH1aF3Li0,] " 253.1022; found 253.1019.

3-(4-(Trifluoromethyl)phenyl)propyl acetate (64)

2o
W\@LCF

Chemical Formula: C4,H43F30,
Molecular Weight: 246.23

3

Following general procedure G with acetoxypropidaie17 (0.45 mmol, 292 mg) and
4-bromobenzotrifluoride (0.3 mmol, 44). The crude product was purified by flash column

chromatography (pentane/diethyl ether, 90/10) ford64 as a colorless oil (70 mg, 94%).

'H NMR (400 MHz, CDCY): 3 7.54 (d,J = 8.0 Hz, 2H), 7.29 (d] = 8.0 Hz, 2H), 4.09 (1] =
6.5 Hz, 2H), 2.77 — 2.73 (m, 2H), 2.05 (s, 3H),91:91.94 (m, 2H)}*C NMR (100 MHz,
CDCly): 5171.1, 145.3, 128.7, 128.5 Jgz 32.3 Hz, 2 C), 125.4 @= 3.9 Hz, 2 C), 124.3
(qJ = 270 Hz), 63.5, 32.1, 29.9, 21}¥F NMR (376 MHz, CDCJ): 5-62.4.IR (neat): 2922,
1737, 1584, 1232, 845 chHRMS calc. for [G2H1FsNaQ,] * 269.0760; found 269.0752.
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3-(3-Acetylphenyl)propyl acetate (65)

0] 0]

)J\O/\/\©)J\

Chemical Formula: C43H4603
Molecular Weight: 220.26

J

Following general procedure G with acetoxypropidaie17 (0.45 mmol, 292 mg) and
3’-bromoacetophenone (0.3 mmol, B§. The crude product was purified by flash column

chromatography (pentane/diethyl ether, 90/10) ftord®65 as a colorless oil (53 mg, 80%).

'H NMR (400 MHz, CDC}): 57.80-7.71 (m, 2H), 7.40-7.34 (m, 2H), 4.08)& 6.5 Hz,
2H), 2.76 — 2.72 (m, 2H), 2.59 (s, 3H), 2.04 (s),3B01 —1.94 (m, 2H)**C NMR (100
MHz, CDCL): $198.2, 171.1, 141.7, 137.3, 133.2, 128.6, 128.8,31%53.6, 32.0, 30.0, 26.6,
20.9. IR (neat): 2941, 1734, 1684, 1601, 1232, 839'ciRMScalc.for [GaHiNaOy]*
243.0992; found 243.0992.

3-(4-(Trimethylsilyl)phenyl)propyl acetate (66)

0]

o
mSii

|
Chemical Formula: C44H5,0,Si
Molecular Weight: 250.41

J

Following general procedure G with acetoxypropidaie17 (0.45 mmol, 292 mg) and
(4-bromophenyl)trimethylsilane (0.3 mmol, B2 The crude product was purified by flash
column chromatography (pentane/diethyl ether, 90td@&fford66 as a colorless oil (54 mg,
72%).

'H NMR (400 MHz, CDC}): 87.46 (d,J = 8.0 Hz, 2H), 7.19 (d] = 8.0 Hz, 2H), 4.10 () =
6.6 Hz, 2H), 2.71 — 2.67 (m, 2H), 2.06 (s, 3H),91:9 1.91 (m, 2H), 0.27 (s, 9HJC
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NMR (100 MHz, CDC4): 171.1, 141.8, 137.7, 133.5 (2 C), 127.9 (2 C), 63&1, 30.0,
20.9, -1.1 (3 C)IR (neat): 2936, 1739, 1601, 1233 tnHRMS calc.for [GaH2Na0,Si]*
273.1281; found 273.1277.

3-(4-((Trimethylsilyl)ethynyl)phenyl)propyl acetate (67)
sil

Ao
«A@\

Chemical Formula: C4gH2,0,Si
Molecular Weight: 274.43

Following general procedure G with acetoxypropidaie17 (0.45 mmol, 292 mg) and
((4-bromophenyl)ethynyl)trimethylsilane (0.3 mm@g mg). The crude product was purified
by flash column chromatography (pentane/diethyeetB5/5) to affords7 as a colorless oil
(54 mg, 72%).

'H NMR (400 MHz, CDCY): 87.38 (d,J = 8.3 Hz, 2H), 7.11 (d] = 8.3 Hz, 2H), 4.06 (1] =
6.5 Hz, 2H), 2.69 — 2.65 (m, 2H), 2.04 (s, 3H),71-91.89 (m, 2H), 0.24 (s, 9HC NMR
(100 MHz, CDCY): 5171.0, 141.8, 132.0 (2 C), 128.3 (2 C), 120.8, 1093.6, 63.6, 32.21,
29.9, 20.9, 0.0 (3 C)R (neat): 2944, 2156, 1738, 1608, 1233, 839 chiRMS calc. for
[C1eH2oNa0,Si]" 297.1281; found 297.1281.
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3-(p-Tolyl)propyl acetate (68)

0]

Loy

Chemical Formula: C45H1605
Molecular Weight: 192.25

J

Following general procedure G with acetoxypropidaie17 (0.45 mmol, 292 mg) and
4-bromotoluene (0.3 mmol, 51 mg). The crude prodwes purified by flash column
chromatography (pentane/diethyl ether, 90/10) tord68 as a colorless oil (42 mg, 73%).

'H NMR (400 MHz, CDCJ): 87.12-7.07 (m, 4H), 4.09 (§ = 6.6 Hz, 2H), 2.67 — 2.64 (m,
2H), 2.33 (s, 3H), 2.06 (s, 3H), 1.96 — 192 (m, 2 NMR (100 MHz, CDC}): 171.1,
138.1, 135.4, 129.1 (2 C), 128.2 (2 C), 63.8, 33073, 21.0 (2 C).1R (neat): 2920, 1736,
1232, 1036 cmM.HRMS calc. for [GH1gNaOy] " 215.1043; found 215.1045.

*signal for both CH (verified by HSQC)

3-(o-Tolyl)propyl acetate (69)

iomé

Chemical Formula: C45H1605
Molecular Weight: 192.25

Following general procedure G with acetoxypropidaie17 (0.45 mmol, 292 mg) and
2-bromotoluene (0.3 mmol, 3@l). The crude product was purified by flash column

chromatography (pentane/diethyl ether, 95/5) tordf®9 as a colorless oil (44 mg, 76%).

'H NMR (400 MHz, CDCY): 7.17-7.11 (m, 4H), 4.13 (3, = 6.5 Hz, 2H), 2.71 — 2.67 (m,
2H), 2.33 (s, 3H), 2.08 (s, 3H), 1.97 — 1.90 (m).2C NMR (100 MHz, CDCJ): 5171.1,
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139.4, 135.8, 130.2, 128.7, 126.1, 126.0, 64.(5,220.0, 20.9, 19.2R (neat): 2942, 1736,
1601, 1231 cm. HRMS calc. for [G-H1gNaOy]* 215.1043; found 215.1035.

3-(4-Methoxyphenyl)propyl acetate (70)

0

Mo
/\/\©\0Me

Chemical Formula: C15H4¢03
Molecular Weight: 208.25

Following general procedure G with acetoxypropidaie17 (0.45 mmol, 292 mg) and
4-iodoanisole (0.3 mmol, 70 mg). The crude produas purified by flash column
chromatography (pentane/diethyl ether, 90/10) tordf70 as a colorless oil (29 mg, 46%).

'H NMR (400 MHz, CDCY): 57.10 (d,J = 8.7 Hz, 2H), 6.83 (d] = 8.7 Hz, 2H), 4.07 (1) =
6.6 Hz, 2H), 3.79 (s, 3H), 2.65 — 2.61 (m, 2H),52(6, 3H), 1.96 — 1.89 (m, 2H)*C NMR
(100 MHz, CDC}): 171.2, 157.9, 133.2, 129.3 (2 C), 113.9 (2 C), 6383, 31.2, 30.4,
21.0.IR (neat): 2941, 1734, 1612, 1299, 1234dHRMS calc.for [GoH16NaOs]* 231.0992;
found 231.0989.

3-(3-Methoxyphenyl)propyl acetate (71)

0

P OMe
/\/\@

Chemical Formula: C15H4¢03
Molecular Weight: 208.25

Following general procedure G with acetoxypropidate17 (0.45 mmol, 292 mg) and
3-bromoanisole (0.3 mmol, 38l). The crude product was purified by flash column

chromatography (pentane/diethyl ether, 90/10) tordf71 as a colorless oil (34mg, 54%).
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H NMR (400 MHz, CDCJ): 57.22 — 7.18 (m, 1H), 6.79 — 6.74 (m, 3H), 4.09)(t 6.6 Hz,
2H), 3.80 (s, 3H), 2.69 — 2.65 (m, 2H), 2.06 (s),3H99 — 1.92 (m, 2H)**C NMR (100
MHz, CDCk): 6171.1, 159.7, 142.8, 129.4, 120.8, 114.2, 111.8,655.1, 32.2, 30.1, 21.0.
IR (neat): 2941, 1734, 1600, 1594, 1234, 1035 ciHRMS calc.for [GoHigNaO;]*
231.0992; found 231.0992.

3-(3,5-Dimethoxyphenyl)propyl acetate (72)

N

o]

L one
W\@/

OMe

Chemical Formula: C43H4g04
Molecular Weight: 238.28

Following general procedure G with acetoxypropidatie 17(0.45 mmol, 292 mg) and
1-bromo-3,5-dimethoxybenzene (0.3 mmol, 65 mg). @ituele product was purified by flash
column chromatography (pentane/diethyl ether, 90faGfford 72as a colorless oil (46 mg,
65%).

'H NMR (400 MHz, CDC})): 86.37 — 6.29 (m, 3H), 4.09 (§,= 6.6 Hz, 2H), 3.78 (s, 6H),
2.65 —2.61 (m, 2H), 2.06 (s, 3H), 1.98 — 1.91 Zi1). *°C NMR (100 MHz, CDC})): 5171.3,
161.0, 143.7, 106.6 (2 C), 98.1 (2 C), 63.9, 53.€), 32.6, 30.1, 21.1R (neat): 1734, 1594,
1236, 1204, 1147, 1036 EmMHRMS calc. for [G3H1gNaOs]* 261.1097; found 261.1087.
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4-Acetoxypropylphenylboronic pinacol ester (73)

Chemical Formula: C47H,sBO,4
Molecular Weight: 304.19

- J

Following general procedure G with acetoxypropidaie 17 (0.45 mmol, 292 mg) and
4-bromophenylboronic acid pinacol ester (0.3 mm88lmg. The crude product was purified
by flash column chromatography (pentane/EtOAc, @Dtk afford73as a brown oil (49 mg,
53%).

'H NMR (400 MHz, CDC}): 57.74 (d,J = 8.0 Hz, 2H), 7.20 (d] = 8.0 Hz, 2H), 4.08 (1] =

6.6 Hz, 2H), 2.72 — 2.68 (m, 2H), 2.05 (s, 3H),71-91.94 (m, 2H), 1.34 (s, 12HFC NMR
(100 MHz, CDC}): 8171.1, 144.6, 135.0 (2 C), 127.8 (2 C), 83.7 (263)8, 32.4, 30.1, 24.9
(4 C), 21.0"B NMR (128 MHz, CDC}): 30.6.IR (neat):2960, 1737, 1611, 1357, 1235, 657
cm. HRMS calc. for [G7H2sBNaQy]* 327.1741; found 327.1754

3-(4-Hydroxyphenyl)propylacetate (74)

2o
W\@\OH

Chemical Formula: C44H1403
Molecular Weight: 194.23

J

Following general procedure G with acetoxypropidaie17 (0.45 mmol, 292 mg) and
4-bromophenylboronic acid pinacol ester (0.3 mr86lmg). After 24h of reaction, the crude
reaction mixture was filtered through a plug ofiteglwashing with THF (15 mL). The filtrate
was concentrated by rotary evaporation. The regpfolution of DMF was diluted with THF

(10 mL) and cooled to 0°C in an ice water bath.tA® cold stirring solution was added 1M
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NaOH (1.5 mL, 5 equiv.) and 30% ag.®4 (171 pl, 5 equiv.). After 30 min the mixture was
diluted with water (10 mL) and diethyl ether (10 yrdnd neutralized by addition of 1M HCI
(2.5 mL). The organic layer was collected and weshih water (2 x 10mL), brine (2 x 10
mL), dried over MgS® and evaporated under reduced pressure. The crudkigirwas
purified by flash column chromatography (pentan®/t, 90/10) to afford’4 as a brown oil
(41 mg, 69%).

The spectroscopic data are in agreement with tregsted in the literaturg?®

'H NMR (400 MHz, CDCJ): 37.04 (d,J = 8.5 Hz, 2H), 6.76 (dJ = 8.5 Hz, 2H), 5.19 (s,
1H) 4.08 (tJ = 6.6 Hz, 2H), 2.63 — 2.59 (m, 2H), 2.06 (s, 3HB5 — 1.89 (M, 2H)°C NMR
(100 MHz, CDC}): 8171.5, 153.9, 133.2, 129.4 (2 C), 115.3 (2 C), 63192, 30.4, 21.0R
(neat): 3356, 2978, 1707, 1595, 1514, 1227, 1035 cm

3-(2-Hydroxyphenyl)propylacetate (75)

)kW\@

Chemical Formula: C44H1403
Molecular Weight: 194.23

Following general procedure G with acetoxypropigatie17 (0.45 mmol, 292 mg) and
2-bromophenylboronic acid pinacol ester (0.3 mre@lpl). After 24h of reaction, the crude
reaction mixture was filtered through a plug ofiteglwashing with THF (15 mL). The filtrate
was concentrated by rotary evaporation. The reguiolution of DMF was diluted with THF
(10 mL) and cooled to 0°C in an ice water bath.tA® cold stirring solution was added 1M
NaOH (1.5 mL, 5 equiv.) and 30% ag.®4 (171 pl, 5 equiv.). After 30 min the mixture was
diluted with water (10 mL) and diethyl ether (10 yrdnd neutralized by addition of 1M HCI
(2.5 mL). The organic layer was collected and weshih water (2 x 10mL), brine (2 x 10

mL), dried over MgS® and evaporated under reduced pressure. The crudkigirwas

218y M. Chiang, H. K. Liu, J. M. Lo, S. C. Chien, ¥. Chan, T. H. Lee, J. K. Su, Y. H. Kub,Chin. Chem.
Soc, 2003,50, 161-166.
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purified by flash column chromatography (pentan®/t, 90/10) to afford’5 as a colorless
oil (34 mg, 58%).

The spectroscopic data are in agreement with tregs@ted in the literature?

'H NMR (400 MHz, CDCY): §7.12 — 7.06 (m, 2H), 6.88 — 6.84 (m,1H), 6.77 — QM5 1H)

5.43 (s, 1H) 4.12 () = 6.5 Hz, 2H), 2.72 — 2.68 (m, 2H), 2.07 (s, 3HR9 — 1.94 (m, 2H),
13C NMR (100 MHz, CDCY): 5171.6, 153.7, 130.3, 127.4, 127.3, 120.7, 115.42,628.6,

26.3, 21.0IR (neat): 3355, 2999, 1707, 1491, 1236, 103%.cm

4-Anilinomethyl-2-fluoropyridine (77)

QL

N X
Ho |l

_N

F

Chemical Formula: C4,H;{FN,
Molecular Weight: 202.23

Following general procedure G with anilinomethyiytsite 8 (0.45 mmol, 294 mg) and
4-bromo-2-fluoropyridine76(0.3 mmol, 31pul). The crude product was purified by flash
column chromatography (pentane/EtOAc, 80/20) tordff 7as a colorless oil (53 mg, 86%).

'H NMR (400 MHz, CDC}): 88.15 (d,J = 5.2 Hz, 1H), 7.20 — 7.16 (m, 3H), 6.94 (s,1H),
6.78 — 6.74 (m, 1H), 6.58 — 6.56 (m, 2H), 4.412(d), 4.41 (s, 1H (N-H))**C NMR (100
MHz, CDCL): 5164.3 (d,J = 238.8 Hz), 155.5 (d] = 7.5 Hz), 147.7 (dJ = 15.1 Hz) 147.1,
129.34, 119.7(dJ = 3.9 Hz), 118.3, 112.8, 107.7 @z 37.8 Hz), 46.8 (dJ = 3.2 Hz).F
NMR (376 MHz, CDC)): & -68.12.IR (neat): 3345, 3060, 1602, 1264, 732 crARMS
calc. for [GoH1oFN,]* 203.0979; found 203.0977.

29p_ Allevi, P. Ciuffreda, A. Longo, M. AnastasiEetrahedron: Asymmetr998 9, 2915-2924.
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2-Fluoro-4-hexylpyridine (78)

_N

F
Chemical Formula: C41HgFN
Molecular Weight: 181.25

J

Following general procedure G with hexylsilic&€0.45 mmol, 285 mg) and 4-bromo-
2-fluoropyridine 76 (0.3 mmol, 31uL). The crude product was purified flash column
chromatography (pentane/diethyl ether, 99/1 thes)%%/ afford78 as a colorless oil (47 mg,
87%).

'H NMR (400 MHz, CDC}): § 8.07 (d,J = 5.1 Hz, 1H), 6.98 (dt] = 5.1, 1.7 Hz, 1H), 6.72
(t, J=1.8 Hz, 1H), 2.68 — 2.56 (m, 2H), 1.68 — 1.56 i), 1.30 - 1.28 (m, 6H), 0.87 (=
6.8 Hz, 3H)**C NMR (100 MHz, CDC}):5 164.2 (d,J = 237.9 Hz), 158.0 (d] = 7.8 Hz),
147.3 (d,J = 15.5 Hz), 121.7 (d) = 4.2 Hz), 109.1 (dJ = 36.3 Hz), 35.2 (dJ = 2.7 Hz),
31.6, 30.1, 28.9, 22.6, 14'%F NMR (376 MHz, CDC)): & -69.4. IR(neat): 2955, 2925,
2857, 1612, 1567, 1481, 1465, 1410, 1276, 11466,10972 crit. HRMS calc. for
[C1:H16FNNa] 204.1159; found 204.1166.

3-(2-Fluoropyridin-4-yl)propy! acetate (79)

0]

AO/\/\Q\I

Chemical Formula: C4oH4,FNO,
Molecular Weight: 197.21

Following general procedure G with acetoxypropidaie17 (0.45 mmol, 292 mg) and
4-bromo-2-fluoropyridine76 (0.3 mmol, 31pl). The crude product was purified by flash
column chromatography (pentane/EtOAc, 80/20) tordff9 as a colorless oil (48 mg, 81%).
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'H NMR (400 MHz, CDC}): 38.09 (d,J = 5.2 Hz, 1H), 7.02 — 6.98 (m,1H), 6.74 (s,1HD&A.
(t, J= 6.4 Hz, 2H), 2.74 — 2.71 (m, 2H), 2.03 (s, 3RP2 — 1.95 (m, 2H).*C NMR (100
MHz, CDCh): 5170.9, 164.1 (dJ = 238.5 Hz), 156.2 (d] = 7.7 Hz), 147.5 (d) = 15.4 Hz),
121.5 (d,J = 3.9 Hz), 109.1 (dJ = 36.9 Hz), 63.2, 31.5 (d,= 3.0 Hz), 28.9, 20.8°F NMR
(376 MHz, CDC}): 5 -68.84.IR (neat): 2935, 1733, 1612, 1411, 1233'ciRMS calc. for
[C10H12FLINOZ]* 204.1007; found 204.1015.

4-(2-Fluoropyridin-4-yl)butanenitrile (80)

NC | N
N

F
Chemical Formula: CgHgFN,
Molecular Weight: 164.18

J

Following general procedure G with cyanopropylsiteel4 (0.45 mmol, 277 mg) and
4-4-bromo-2-fluoropyridineZ6 (0.3 mmol, 31ul). The crude product was purified by flash
column chromatography (pentane/EtOAc, 80/20) tordiB0 as a colorless oil (29 mg, 59%).

'H NMR (400 MHz, CDC}): 88.15 (d,J = 5.1 Hz, 1H), 7.04 — 7.01 (m,1H), 6.78 — 6.74
(m,1H), 2.85 — 2.81 (m, 2H), 2.39 — 2.36 (m, 2HR— 1.98 (M, 2H)**C NMR (100 MHz,
CDCl): 5164.2 (d,J = 239.0 Hz), 154.6 (d] = 7.7 Hz), 147.9 (d) = 15.3 Hz), 121.5 (d] =
4.0 Hz), 118.7, 107.7 (d,= 37.0 Hz), 33.5 (dJ = 3.0 Hz), 25.6, 16.5°F NMR (376 MHz,
CDCly): & -68.10.IR (neat): 3060, 1672, 1613, 1412, 1265, 73I'cMRMS calc. for
[CoH1oFN,]* 165.0823; found 165.0822
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4-(3-Chloropropyl)-2-fluoropyridine (81)

Cl | N
_N

F
Chemical Formula: CgHoCIFN
Molecular Weight: 173.62

. J

Following general procedure G with 3-chloropropidsite 12 (0.45 mmol, 281 mg) and
4-bromo-2-fluoropyridine76 (0.3 mmol, 31uL). The crude product was purified flash
column chromatography (pentane/diethyl ether, #h 95/5) to afford1 as a colorless oill
(42 mg, 81%).

'H NMR (400 MHz, CDC}):8 8.12 (d,J = 5.1 Hz, 1H), 7.02 (dt] = 5.0, 1.6 Hz, 1H), 6.85 —
6.68 (m, 1H), 3.53 () = 6.3 Hz, 2H), 2.83 (dd] = 8.4, 6.8 Hz, 2H), 2.19 — 2.02 (m, 2Hg
NMR (100 MHz, CDC}):8 164.1 (dJ = 239.5 Hz), 155.7 (dl = 7.7 Hz), 147.6, 121.7, 109.3
(d, J = 38.0 Hz), 43.6, 32.5, 31.9 (d~= 2.8 Hz)."*F NMR (376 MHz, CDC}): 5 -68.6.IR
(neat): 2926, 1613, 1558, 1411, 1275, 1148, 908,cf@". HRMS calc. for [GHsCIFNNa]J*
196.0300; found 196.0306.

3-(2-methylpyridin-3-yl)propylacetate (82)

A%

Chemical Formula: C44H45NO5»
Molecular Weight: 193.21

J

Following general procedure G with acetoxypropidate17 (0.45 mmol, 292 mg) and
3-bromo-2-methylpyridine (0.3 mmol, 3fl). The crude product was purified by flash

column chromatography (pentane/diethyl ether, 50t&&fford82 as a colorless oil (39 mg,
67%).
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IH NMR (300 MHz, CDCY): 8.34 (d,J = 3.5 Hz, 1H), 7.40 (dJ = 7.5, 1H), 7.06 (ddJ =
7.6 Hz,J = 3.5 Hz, 1H), 4.10 (1) = 6.4 Hz, 2H), 2.70 — 2.65 (m, 2H), 2.53 (s, 3BIP5 (s,
3H) 1.96 — 1.87 (m, 2H])3.C NMR (75 MHz, CDC}): 8171.0, 156.5, 147.7, 136.3, 134.4,
121.3, 63.6, 29.0, 28.5, 22.0, 20IR. (neat): 2942, 1736, 1574, 1441, 1232, 1035, 728.cm
HRMS calc. for [GiH1sNNaO,]* 216.0995; found 216.1003.

Methyl 5-(3-acetoxypropyl)nicotinate (83)

Chemical Formula: C4,H15NO,4
Molecular Weight: 237.25

Following general procedure G with acetoxypropidaie17 (0.45 mmol, 292 mg) and
methyl 5-bromopyridine-3-carboxylate (0.3 mmol,r6§). The crude product was purified by
flash column chromatography (pentane/ethyl ace&&l0) to affordB3 as a colorless oil (47
mg, 75%).

'H NMR (400 MHz, CDC}): 39.05 (d,J = 1.7 Hz, 1H), 8.61 (d) = 1.9, 1H), 8.12 (ddj =
1.9 Hz,J = 1.7 Hz, 1H), 4.09 (t) = 6.4 Hz, 2H), 3.94 (s, 3H),2.78 — 2.74 (m, 2HPAL(s,
3H) 2.02 — 1.95 (m, 2Hy'C NMR (100 MHz, CDC}): 5 171.0, 165.8, 153.4, 148.6, 136.8,
136.5, 125.8, 63.3, 52.4, 29.7, 29.2, 20R0(neat): 2942, 1722, 1426, 1231, 1027, 765'cm
HRMS calc. for [G,H1sNNaQy]* 260.0893; found 260.0897.
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3-(5-(trifluoromethyl)pyridin-2-yl)propyl acetate ( 84)

0]

)J\O | AN
N
7 CF,
Chemical Formula: C44H2F3NO,
Molecular Weight: 247.21

Following general procedure G with acetoxypropidaie17 (0.45 mmol, 292 mg) and
2-bromo-5-(trifluoromethyl)pyridine(0.3 mmol, 67 grhe crude product was purified by
flash column chromatography (pentane/diethyl etB@f20) to affordB4 as a colorless oil (30
mg, 40%).

'H NMR (400 MHz, CDC}): 58.80 (d,J = 0.8 Hz, 1H), 7.84 (dd] = 8.1 Hz,J = 1.9 Hz,
1H), 7.30 (d,J = 8.1 Hz, 1H), 4.10 (&) = 6.4 Hz, 2H), 2.97 — 2.94 (m, 2H), 2.16 — 2.09 (M
2H), 2.04 (s, 3H)*C NMR (75 MHz, CDC}): 5 171.1, 165.0(dJ = 1.3 Hz), 146.3 (¢) =
4.1 Hz), 133.5(q,) = 3.5 Hz), 124.4 (q) = 30 Hz), 123.7 (q) = 270 Hz), 122.6, 63.6, 34.6,
28.2, 20.9°F NMR (376 MHz, CDC)): § -62.3.IR (neat): 2940, 1737, 1608, 1326, 1232,
1125, 732 cit. HRMS calc. for [GiH1:FsNNaQ,]* 270.0712; found 270.0707.

3-(Pyrimidin-5-yl)propyl acetate (85)

O
)J\O | N
7
Chemical Formula: C9H12N202
Molecular Weight: 180.20

Following general procedure G with acetoxypropidaie17 (0.45 mmol, 292 mg) and
5-bromopyrimidine (0.3 mmol, 48 mg). The crude ptdwas purified by flash column
chromatography (pentane/ethylacetate, 50/50) tw&85 as a colorless oil (18 mg, 33%).

'H NMR (300 MHz, CDC}): 59.09 (s, 1H), 8.60 (s, 2H), 4.12 Jt= 6.3 Hz, 2H), 2.73 — 2.68
(m, 2H), 2.05 (s, 3H), 2.03 — 1.94 (m, 2C NMR (75 MHz, CDC4): 5 170.9, 156.9 (2 C),
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156.7, 134.2, 63.1, 29.4, 27.0, 20IB. (neat): 2942, 1734, 1232, 1040, 697 trhiRMS
calc. for [GH12NoNaO,]* 203.0791; found 203.0797.

3-(Quinolin-3-yl)propylacetate (86)

)J\O AN
W
N
Chemical Formula: C44H5NO,

Molecular Weight: 229.27

Following general procedure G with acetoxypropidaie 17 (0.45 mmol, 292 mg) and
4-bromoquinoline (0.3 mmol, 41l). The crude product was purified by flash column

chromatography (pentane/diethyl ether, 90/10) tord86 as a colorless oil (45 mg, 65%).

'H NMR (400 MHz, CDCY): 58.78 (d,J = 2.2 Hz, 1H), 8.07 (d] = 8.5 Hz, 1H), 7.92 (d] =
2.2 Hz, 1H), 7.76 (dJ = 8.2 Hz, 1H), 7.68 — 7.62 (m, 1H), 7.58 — 7.5Q {H), 4.14 (tJ =
6.6 Hz, 2H), 2.90 — 2.85 (m, 2H), 2.10 — 2.06 (iH),22.05 (s, 3H)**C NMR (100 MHz,
CDCl): 8171.0, 151.9, 146.9, 134.2, 133.8, 129.2, 128.8.012127.3, 126.7, 63.5, 29.8,
29.6, 20.9.IR (neat): 2938, 1732, 1605, 1494, 1365, 1232cHRMS calc. for
[C14H16NO;]* 230.1176; found 230.1183.

3-(benzofuran-5-yl)propylacetate (87)

)J\O/\/m

Chemical Formula: C13H403
Molecular Weight: 218.25

Following general procedure G with acetoxypropidatie17 (0.45 mmol, 292 mg) and
5-bromobenzofuran (0.3 mmol, 38). The crude product was purified by flash column

chromatography (pentane/diethyl ether, 95/5) tordf87 as a colorless oil (48mg, 73%).
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'H NMR (400 MHz, CDC}): 87.60 (d,J = 2.2 Hz, 1H), 7.41 (m,2H), 7.12 (ddl= 8.4 Hz,J

= 1.7 Hz, 1H), 6.71 (dd] = 2.2 Hz,J = 0.9 Hz, 1H),4.10 (t) = 6.6 Hz, 2H), 2.80 — 2.77 (m,
2H), 2.06 (s, 3H) 2.03 — 1.96 (m, 2HJC NMR (100 MHz, CDC}): & 171.1, 153.6, 145.2,
135.6, 127.6, 124.8, 120.5, 111.1, 106.3, 63.8),320.8, 21.0IR (neat): 2948, 1733,1467,
1234, 1030, 734 cth HRMScalc.for [GsH14NaOs]* 241,0835; found 241.0841.

3-(1-Methyl-1H-indol-5-yl)propyl acetate (88)

N
\
Chemical Formula: C44H47NO,

Molecular Weight: 231.29

Following general procedure G with acetoxypropidatie 17 (0.45 mmol, 292 mg) and 5-
bromo-1-methyl-1H-indole (0.3 mmol, 63 mg). The d#uproduct was purified by flash
column chromatography (pentane/diethyl ether, 90tA@&fford88 as a colorless oil (12 mg,
17%).

'H NMR (400 MHz, CDC)): 5 7.47 — 7.42 (m, 1H), 7.28 (s,1H), 7.09 — 7.04 (m, 344 (d,

J=3.1Hz,J=1.8 Hz, 1H), 4.13 () = 6.6 Hz, 2H), 3.80 (s, 3H), 2.84 — 2.79 (m, 2P{},0 —

2.05 (m, 3H), 2.04 — 2.00 (m, 2H)®*C NMR (100 MHz, CDC}): 5171.2, 135.5, 132.0,
129.0, 128.7, 122.4, 120.1, 109.1, 100.5, 64.(8,322.2, 31.0, 21.0R (neat): 2912, 1732,
1615, 1239, 1101, 1036, 718 ¢mHRMS calc.for [G4H:/NNaQ,)* 254.11151; found
254.1153.
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3-(Thiophen-3-yl)propyl acetate (89)

Ao _
/\/I)S

Chemical Formula: CgH4,0,S
Molecular Weight: 184.26

Following general procedure G with acetoxypropidaie17 (0.45 mmol, 292 mg) and
3-bromothiophene (0.3 mmol, 29). The crude product was purified by flash column

chromatography (pentane/diethyl ether, 90/10) ftordB9 as a colorless oil (28 mg, 50%).

'H NMR (400 MHz, CDCY): 7.13 (dd,J = 5.2 Hz,J = 1.2 Hz, 1H), 6.92 (dd] = 5.1 Hz,J

= 3.4 Hz, 1H), 6.80 (s,1H), 4.12 (t= 6.4 Hz, 2H), 2.95 — 2.90 (m, 2H), 2.06 (s, 3BP4 —
1.99 (m, 2H).*C NMR (100 MHz, CDC}): 5171.1, 143.9, 126.8, 124.5, 123.2, 63.5, 30.5,
26.3, 20.9.IR (neat): 2942, 1734, 1232, 1040, 697 triiRMS calc.for [GH:,SLiO,]*
191.0713; found 191.0710.

1-(3-(2-(Diphenylphosphoryl)ethyl)phenyl)ethan-1-oe (90)

O

thFI;V\@Y

O

Chemical Formula: Cy,H,1O5P
Molecular Weight: 348.37

Following general procedure F with 2-(diphenylphusp oxide)ethylsilicatd6 (0.45
mmol, 350 mg) and 4’-bromoacetophenat®e(0.3 mmol, 60 mg). The crude product was
purified by flash column chromatography (dichlordhame/ethyl acetate, 60/40 to 40/60)) to
afford 90 contaminated with 15% of ethyldiphenylphosphinedexas a white solid (79 mg,
68%).

'H NMR (400 MHz, CDCY): § 7.82 (d,J = 8.3 Hz, 2H), 7.77 — 7.72(m, 4H), 7.53 —
7.43 (m, 6H), 7.23 (d] = 8.3 Hz, 2H), 3.06 — 2.87 (m, 2H), 2.60 — 2.54 i), 2.53(s, 3H).
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13C NMR (100 MHz, CDC}): § 197.7, 146.8 (d) = 14.6 Hz), 135.5, 132.6 (d,= 98.8 Hz, 2
C), 132.0 (dJ = 2.7 Hz, 2 C), 130.8 (d,= 9.2 Hz, 4 C), 128.8 (d,= 11.2 Hz, 4 C), 128.8 (2
C), 128.4 (2 C), 31.5 (d] = 69.8 Hz), 27.7 (dJ = 3.0 Hz), 26.6'P NMR (162 MHz,
CDCl): 31.11.IR (neat): 3015, 2895, 2257, 1904, 1674, 1601, 142384, 1174, 1111, 747,
725 cmt. HRMScalc.for [GoH21NaOP] 371.1171; found 371.1159.

4’-(Acetoxymethyl)acetophenone (91), 1-(4-(hex-4-éniryl)phenyl)ethan-1-one (91") and
1-(4-(cyclopentylmethyl)phenyl)ethan-1-one (91”)

e 2 s 3 e N

0O @) @)

e

Chemical Formula: C44H4g0O

| Molecular Weight: 202.29 |

vsh

Chemical Formula: C14H450

_ Molecular Weight: 202.29 |

o

Chemical Formula: C14H150

| Molecular Weight: 202.29 |

Following general procedure H with hex-5-enylsileed (0.45 mmol, 279 mg) and 4'-
bromoacetophenon&t (0.3 mmol, 60 mg). The crude product was purifiydflash column
chromatography (pentane/diethyl ether, 90/10) tordfa mixture 0B1, 91’ and®1” in a ratio
of 10:13:77 as a colorless oil (51 mg, 88%).

The spectroscopic data are in agreement with tregs@rted in the literature.
Compound 91 (characterictic signals)

'H NMR (400 MHz, GDg): & 7.80 (d,J = 8.3 Hz, 2H), 6.97 (d] = 8.4 Hz, 2H), 5.72 (ddf =
16.9, 10.2, 6.7 Hz, 1H), 5.03 — 4.96 (m, 2H), 2(453H), 1.98 — 1.83 (m, 2H}*C NMR
(100 MHz, CDC}): & 196.2, 138.8, 114.8.
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Compound 91’ (characteristic signals)

'H NMR (400 MHz, GDg): 85.54 — 5.35 (m, 2H), 1.97 — 1.85 (m, 2H), 1.45391(m, 3H).
13C NMR (100 MHz, CDC}): 6 196.2, 130.3, 124.6, 12.9.

Compound 912%°

'H NMR (400 MHz, GDg): 6 7.80 (d,J = 8.3 Hz, 2H), 6.97 (d] = 8.4 Hz, 2H), 2.40 (d] =
7.5 Hz, 2H), 2.16 (s, 3H), 1.94 — 1.83 (m, 1H),11-61.38 (m, 5H), 1.08 — 0.99 (m, 1H5C
NMR (100 MHz, CDCY): & 196.2, 147.7, 135.7, 129.1, 128.7, 42.2, 42.07,326.2, 25.2.
HRMS calc.for [G4H1gNaQ,] " 225.1250; found 225.1247.

3-Phenylpropyl acetate (92)

)LO«AQ

Chemical Formula: C11H140,
L Molecular Weight: 178.23 )

Following general procedure H with acetoxypropwsite 17 (0.45 mmol, 292 mg) and
bromobenzene (0.3 mmol, 32 pl). The crude produes wurified by flash column

chromatography (pentane/diethyl ether, 95/5) tordf®2 as a colorless oil (41 mg, 76%).
The spectroscopic data are in agreement with tregs®ted in the literature?!

'H NMR (400 MHz, CDC}): 87.30 — 7.23 (m, 2H), 7.20 — 7.15 (m, 2H), 4.00 &, 6.5 Hz,
2H), 2.70 — 2.65 (m, 2H), 2.04 (s, 3H), 2.03 — 180 2H).**C NMR (100 MHz, CDC}): &
171.2, 141.3, 128.5 (2C), 128.5 (2C), 126.1, 63293, 30.3, 21.1.

220R Ortiz and M. YusTetrahedron2005,61, 1699-1707.
221 B Karimi, H. M. Mirzaei, A. Mobaraki and H. ValGatal. Sci. Techngl2015 5, 3624—3631.
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3-(Naphthalen-1-yl)propylacetate (93)

J oL
®

Chemical Formula: C15H450>
| Molecular Weight: 228.29 |

Following general procedure H with acetoxypropwsile 17 (0.45 mmol, 292 mg) and
1-bromonaphthalene (0.3 mmol, 42 ul). The crudedpeb was purified by flash column
chromatography (pentane/diethyl ether, 95/5) tordf®3 as a colorless oil (43 mg, 63%).

'H NMR (400 MHz, CDCJ): 58.03 (dt,J = 7.8, 0.9 Hz, 1H), 7.87 (dd,= 8.2, 1.3 Hz, 1H),
7.74 = 7.72 (m, 1H), 7.55 — 7.46 (m, 2H), 7.42397m, 1H), 7.34 — 7.32 (m, 1H), 4.171t,
= 6.5 Hz, 2H), 3.18 — 3.15 (m, 2H), 2.14 — 2.07 2H), 2.09 (s, 3H)**C NMR (100 MHz,
CDCl): 6171.2, 137.2, 133.9, 131.8, 128.8, 126.9, 126.5,9,2125.5, 125.5, 123.6, 64.1,
29.5, 29.3, 21.0IR (neat): 2052, 2953, 1930, 1733, 1592, 1360, 14840, 738 cni.
HRMScalc.for [GisHigNaOy] " 251.1043; found 251.1041.

3-(Phenanthren-9-yl)propylacetate (94)

Chemical Formula: C4gH450-
__Molecular Weight: 278.35 |

Following general procedure H with acetoxypropwsite 17 (0.45 mmol, 292 mg) and
9-bromophenanthrene (0.3 mmol, 77 mg). The crudeymt was purified by flash column
chromatography (pentane/diethyl ether, 95/5) tordf®4 as a colorless oil (38 mg, 45%).
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'H NMR (400 MHz, CDCY): & 8.76— 8.74 (m, 1H), 8.68 — 8.65 (m, 1H), 8.11781®, 1H),
7.85 — 7.82 (m, 1H), 7.70 — 7.56 (m, 5H), 4.23&,6.5 Hz, 2H), 3.23 — 3.19 (M, 2H), 2.20 —
2.14 (m, 2H), 2.10 (s, 3H)*C NMR (100 MHz, CDCY): §171.3, 135.5, 131.9, 131.28,
130.9, 129.9, 128.2, 126.8, 126.8, 126.4, 126.6,3,2124.3, 123.5, 122.6, 64.3, 29.9, 29.1,
21.2.IR (neat): 2917, 1957, 1929, 1722, 1245, 1067, 1835, 736 crit. HRMS calc. for
[C1H1sNaO,] " 301.1199; found 301.1195.

3-(Pyren-1-yh)propyl acetate (95)
Lo LI
28006

Chemical Formula: C54Hg05
Molecular Weight: 302.37

N

Following general procedure H with acetoxypropwsile 17 (0.45 mmol, 292 mg) and
9-bromophenanthrene (0.3 mmol, 84.3 mg). The cprdduct was purified by flash column

chromatography (pentane/diethyl ether, 95/5) tordf®5 as a colorless oil (58 mg, 64%).

'H NMR (600 MHz, CDC4): 58.26 (d,J = 9.2 Hz, 1H), 8.18 — 8.16 (m, 2H), 8.12 Jd 9.2
Hz, 2H), 8.05 — 8.02 (m, 2H), 8.00 {t= 7.6 Hz, 1H), 7.87 (d] = 7.7 Hz, 1H), 4.21 () =
6.4 Hz, 2H), 3.45 — 3.42 (m, 2H), 2.23— 2.19(m, 2B{1L1 (s, 3H)°C NMR (150 MHz,
CDCI3)$ 171.3, 135.5, 131.6, 131.0, 130.1, 128.8, 12728,6, 127.3, 126.9, 126.0, 125.3,
125.1, 125.1, 125.0, 124.9, 123.2, 64.1, 30.6,,2B1RIR (neat): 3140, 2953, 2895, 1728,
1361, 1238, 1036, 836, 769, 708 EMHRMS calc. for [GiHigNaO,]* 325.1199; found
325.1209.
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(E)-3-(Cyclooct-1-en-1-yl)propyl acetate (96)

)

AO%

Chemical Formula: C13H5,0,
Molecular Weight: 210.31

. J

Following general procedure H with acetoxypropysite 17 (0.45 mmol, 292 mg) and
(E)-1-bromocyclooct-1-ene (0.3 mmol, 44 pl). Theids product was purified by flash
column chromatography (pentane/diethyl ether, 985 fford 96 as a colorless oil (29 mg,
46%).

The spectroscopic data are in agreement with tregsted in the literatur&®

'H NMR (400 MHz, CDCY): 8 5.34 (t,J = 8.1 Hz, 1H), 4.05 (1) = 6.7 Hz, 2H), 2.15 — 2.12
(M, 2H), 2.09 — 2.01 (m, 4H), 2.04 (s, 3H), 1.78.70 (m, 2H), 1.53 — 1.43 (m, 8HYyC
NMR (100 MHz, CDCY): 5171.3, 139.6, 124.5, 64.6, 33.7, 30.1, 29.0, 2879, 26.7, 26.4,
26.4, 21.2.

4-(((tert-Butyldimethylsilyl)oxy)methyl)pent-4-en-1-yl acetde(97)

O

)J\O/\/ﬁ(\OTBDMS

Chemical Formula: C14H5g03Si
Molecular Weight: 272.46

\ J

Following general procedure H with acetoxypropysite17 (0.45 mmol, 292 mg) and
((2-bromoallyl)oxy)tert-butyl)dimethylsilane (0.3 mmol, 68 pl). The crugeoduct was
purified by flash column chromatography (pentarethdil ether, 95/5) to affor®7 as a
colorless oil (46 mg, 56%).
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'H NMR (300 MHz, CDC}): 5.05 (dt,J = 1.6, 0.8 Hz, 1H), 4.83 (8,= 1.5 Hz, 1H), 4.10 —
4.05 (m, 4H), 2.11 — 2.06 (m, 2H), 2.04 (s, 3H¥1-81.74 (m, 2H), 0.91 (s, 9H), 0.07 (s,
6H). 3¢ NMR (75 MHz, CDC}): $171.3, 147.6, 109.3, 66.0, 64.3, 29.1, 26.9, 28.C)
21.1, 18.5-5.2 (2 C).IR (neat): 2972, 2945, 2885, 2852, 1740, 1653, 14861, 1237,
1116, 1078, 1039, 839, 773¢mHRMS calc. for [G4H2gNaSiQ)]* 295.1700; found
295.1710.

Cyclohexylidenebutyl acetate (98)

Fgmn L

Chemical Formula: C45H,005
Molecular Weight: 196.29

Following general procedure H with acetoxypropysite 17 (0.45 mmol, 292 mg) and
bromomethylenecyclohexane (0.3 mmol, 40 ul). Thederproduct was purified by flash
column chromatography (pentane/diethyl ether, 9&®=fford 98 as a colorless oil (32 mg,
55%).

The spectroscopic data are in agreement with tregsted in the literatur&®

'H NMR (400 MHz, CDC}): 5 5.09 — 4.93 (m, 1H), 4.04 (,= 6.8 Hz, 2H), 2.12 — 2.03 (m,
6H), 2.04 (s, 3H), 1.65 (p] = 6.8 Hz, 2H), 1.56 — 1.45 (m, 6HYC NMR (100 MHz,
CDCly): 5171.2, 140.8, 119.7, 64.0, 37.2, 28.9, 28.7, 2868, 26.90, 23.3, 21.

(E)-5-Phenylpent-4-en-1-yl acetate (99)

Ao~
W\@

Chemical Formula: C43H460,
Molecular Weight: 204,26

J
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Following general procedure H with acetoxypropysite17 (0.45 mmol, 292 mg) and
(E)-(2-bromovinyl)benzene (0.3 mmol, 39 ul). Theud®w product was purified by flash
column chromatography (pentane/diethyl ether, 90tA@&fford 99 as a colorless oil (46 mg,
75%).

The spectroscopic data are in agreement with tregsted in the literatur&®

'H NMR (400 MHz, CDC}): 87.41 — 7.31(m, 4H), 7.28 — 7.23(m, 1H), 6.50 — Gr41H),
6.25 (dt,J = 15.8, 6.8 Hz, 1H), 4.18 (§ = 6.6 Hz, 2H), 2.39 — 2.31 (m, 2H), 2.11 (s, 3H),
1.92 — 1.83 (m, 2H):3C NMR (100 MHz, CDC}): 5171.2, 137.7, 130.8, 129.5, 128.6 (2C),
127.2,126.1 (2C), 64.1, 29.5, 28.5, 21.1.

(2)-5-Phenylpent-4-en-1-yl acetate (100)

=

Chemical Formula: C14H4g0
Molecular Weight: 202.29 |

Following general procedure H with acetoxypropysite 17 (0.45 mmol, 292 mg) and
(2)-(2-bromovinyl)benzene (0.3 mmol, 39 pl). Theude product was purified by flash
column chromatography (pentane/diethyl ether, Yoid @fford100as a colorless oil (39 mg,
65%).

The spectroscopic data are in agreement with tregs®ted in the literaturé®

'H NMR (400 MHz, CDCY): & 7.41 — 7.36 (m, 2H), 7.34 — 7.26 (m, 3H), 6.53.516(m,
1H), 5.70 (dtJ = 11.5, 7.3 Hz, 1H), 4.13 (8,= 6.6 Hz, 2H), 2.46 (qd] = 7.4, 1.8 Hz, 2H),
2.05 (s, 3H), 1.87 — 1.80 (m, 2HJC NMR (100 MHz, CDCY): §171.2, 137.5, 131.4, 130.0,
128.8 (2 C), 128.3 (2 C), 126.8, 64.0, 28.9, 23110.
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5-Phenylpent-4-en-1-yl acetate (101)

)J\/\/\/\Q\
O/

Chemical Formula: C45H2002
Molecular Weight: 232.32

Following general procedure H with acetoxypropysite17 (0.45 mmol, 292 mg) and
(E)-1-(2-chlorovinyl)-4-methoxybenzene (0.3 mmol0.6 mg). The crude product was
purified by flash column chromatography (pentarettdil ether, 90/10) to afford01 as a
colorless oil (46 mg, 65%, Z/E:8/92). The spectopsc data are in agreement with those

reported in the literatur&®
(E) isomer:

'H NMR (600 MHz, CDC}):  7.27 (d,J = 8.8 Hz, 2H), 6.84 (d] = 8.7 Hz, 2H), 6.35 (d] =

15.8 Hz, 1H), 6.05 (dt] = 15.8, 7.1 Hz, 1H), 4.12 (d,= 6.6 Hz, 2H), 3.80 (s, 3H), 2.26 (qH,
= 7.1, 1.5 Hz, 1H), 2.05 (s, 3H), 1.82 — 1.78 H). *°C NMR (150 MHz, CDC}) & 171.3,
158.9, 130.5, 130.2, 127.2, 127.2 (2 C), 114.0X(B&.1, 554, 29.5, 28.6, 21.1.

(2) isomer:

'H NMR (600 MHz, CDCY): 57.21 (d,J = 8.7 Hz, 2H), 6.87 (d] = 8.7 Hz, 2H), 6.39 (d] =

11.7 Hz, 1H), 5.54 (dt] = 11.6, 7.3 Hz, 1H), 4.08 @,= 6.6 Hz, 2H), 3.81 (s, 3H), 2.40 (qH,
= 7.3, 1.9 Hz, 2H), 2.01 (s, 3H), 1.80 — 1.76 2H). *°C NMR (150 MHz, CDC}) § 171.2,
158.4, 130.1, 130.0, 129.8, 129.4 (2 C), 113.7X%5€.0, 55.4, 29.0, 25.1, 21.0.
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(2)-4-Chloro-5-(4-methoxyphenyl)pent-4-en-1-yl acette (102)

'a )

0]
o /

Cl
o~
Chemical Formula: C14H47CIO4

Molecular Weight: 268.74

Following general procedure H with acetoxypropwsite 17 (0.45 mmol, 292 mg) and
1-(2,2-dichlorovinyl)-4-methoxybenzene (0.3 mmdl, ®g). The crude product was purified
by flash column chromatography (pentane/diethy¢etf0/10) to afford02as a colorless oill
(44 mg, 54%). Geometry of the double bond deterchimeNOESY experiment (see below).

'H NMR (400 MHz, CDC}): 57.55 (d,J = 8.7 Hz, 2H), 6.88 (dJ = 8.7 Hz, 2H), 6.43 (s,
1H), 4.14 (tJ = 6.4 Hz, 2H), 3.82 (s, 3H), 2.55 (t#l= 7.3, 0.9 Hz, 2H), 2.06 (s, 3H), 2.04 —
1.98 (m, 2H).**C NMR (100 MHz, CDC}) 6 171.2, 159.1, 131.6, 130.4 (2 C), 127.6, 124.7,
113.7 (2 C), 63.4, 55.4, 37.8, 26.9, 21R. (neat): 2948, 2846, 1734, 1605, 1508, 1361,
1240, 1175, 1032, 819, 609 ¢mHRMS calc.for [G4H:1/CINaO;j]* 291.0758; found
291.0763.
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5.6.2 C(sp’)-C(sp°) bond formation

General procedure | for photoredox/nickel cross-copling dual catalysis

Q © Ir[(dF(CFﬁj)-?g}(I))E)(;)p(}g](Pﬁ%} §5 mol %)

@,O _C- I 2 (O MOl 7

O-gi- [ T1BCEl X dibbpy (5 mol %) R<alkyl
RO/ O + y -

DMF, Blue LEDs, 24h, rt

To a Schlenk flask was added alkyl halide (1 e@ ,n@mol), silicate (1.5 eq., 0.45 mmol),
Ir[(dF(CR)ppy)r(bpy)](PFs) (5 mol %, 15umol, 15 mg), and 2,2’-bipyridine (3 mol %,@nol,
2.4 mg). The Schlenk flask was taken into a gloxednad Ni(COD} (3 mol %, 9umol, 2.5 mg)
was added. The Schlenk flask was sealed with aerubdptum, removed from the glovebox, and
evacuated / purged with vacuum / argon three tildegassed DMF (3 mL) was introduced
(followed by the aryl or heteroaryl halide if ligiand the reaction mixture was irradiated with
blue LEDs (477 nm) for 24 hours. The reaction migtwas diluted with diethyl ether (50 mL),
washed with saturated NaHGQ@ times), brine (2 times), dried over Mg&énd evaporated
under reduced pressure. The residue was purifidthsly column chromatography on silica gel to

afford the cross-coupling product.

Ethyl decanoate (104)

NSNS CO2E

Chemical Formula: C4,H»40,
Molecular Weight: 200.32

Following general procedure | with ethyl 4-bromojyate 103 (0.3 mmol, 43 pul) and
hexylsilicate 2 (0.45 mmol, 284 mg). The crude product was purifisd flash column
chromatography (pentane/diethyl ether, 98/2) tordff04 as a colorless oil (26 mg, 43%).

The spectroscopic data are in agreement with tregs®ted in the literature?

222\1. Blimel, J.-M. Noy, D. Enders, M. H. Stenzel, \..Nguyen,Org. Lett, 2016,18, 2208—2211.
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'H NMR (400 MHz, CDCY): 34.12 (q,J = 7.1 Hz, 2H), 2.30— 2.26 (m, 2H), 1.65 — 1.58 (m,
2H), 1.35 — 1.25 (m, 12H), 1.25 (= 7.1 Hz, 3H), 0.88 (tJ = 6.8 Hz, 3H)*C NMR (100
MHz, CDCh): 5 174.1, 60.3, 34.6, 32.0, 29.6, 29.4, 29.4, 29.2,2.8, 14.4, 14.2.

Diethyl octanedioate (105)

10,0~ COE

Chemical Formula: C15H04
Molecular Weight: 230.30

Following general procedure | with ethyl 4-bromojyate 103 (0.3 mmol, 43 ul) and
hexylsilicate 2 (0.45 mmol, 284 mg). The crude product was purified flash column
chromatography (pentane/diethyl ether, 90/10) tordfLO5 as a colorless oil (26 mg, 38%).

The spectroscopic data are in agreement with tregs®ted in the literature?

'H NMR (400 MHz, CDCY): 84.12 (q,J = 7.1 Hz, 4H), 2.28 (1) = 7.5 Hz, 4H), 1.66— 1.58
(m, 4H), 1.35 — 1.31 (m, 4H), 1.25 {t= 7.1 Hz, 6H)*C NMR (100 MHz, CDC}): §173.9
(2 C), 60.3 (2 C), 34.4 (2 C), 28.9 (2 C), 24.T(2 14.4 (2 C).

Ethyl 6-cyanohexanoate (106)

Chemical Formula: CgH5NO,
Molecular Weight: 169.22

Following general procedure | with ethyl 4-bromojyate 103 (0.3 mmol, 43 ul) and
cyanoethyilsilicatel 3 (0.45 mmol, 271 mg). The crude product was puribgdlash column
chromatography (pentane/diethyl ether, 80/20) tordfLO6 as a colorless oil (10 mg, 20%).

The spectroscopic data are in agreement with tregsmted in the literaturé?

22y Cai, X. Qian, C. GosminiAdv.Synth. Catal 2016,358 2427-2430
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'H NMR (400 MHz, CDC}): 84.13 (q,J = 7.1 Hz, 2H), 2.35 () = 7.1 Hz, 2H), 2.32 (§ =
7.3 Hz, 2H), 1.72— 1.63 (m, 4H), 1.53— 1.45 (m, 2H26 (t,J = 7.1 Hz, 3H)}3C NMR (100
MHz, CDCk): 5 173.4, 119.7, 60.5, 34.0, 28.3, 25.3, 24.2, 1%4%.1

Ethyl 7-cyanoheptanoate (107)

Chemical Formula: C1oH47NO,
Molecular Weight: 183.25

Following general procedure Iwith ethyl 4-bromobmatg 103 (0.3 mmol, 43 ul) and
cyanopropylsilicatd 4 (0.45 mmol, 277 mg). The crude product was puribgdlash column
chromatography (pentane/diethyl ether, 80/20) tordfL07 as a colorless oil (15 mg, 27%).

'H NMR (400 MHz, CDC}): 54.12 (q,J = 7.1 Hz, 2H), 2.35 — 2.28 (m, 4H), 1.70— 1.60 (m,
4H),1.51- 1.42 (m, 2H), 1.40- 1.32 (m, 2H),1.25)(§ 7.1 Hz, 3H).**C NMR (100 MHz,
CDCly): 8173.5, 119.7, 60.3, 34.1, 28.3, 28.2, 25.2, 24%1,114.2.HRMS calc. for
[C1oH17NNaQy] " 206.1151; found 206.1158R (neat): 3058, 2988, 2939, 2863, 2365, 2328,
1728, 1264, 1188, 734 cm-1.

Ethyl 7,7,7-trifluoroheptanoate (108)

F3C\/\/\/C02Et
Chemical Formula: CgH45F302
Molecular Weight: 212,21

Following general procedure | with ethyl 4-bromojate 1030.3 mmol, 43 pl) and
3,3',3"-trifluoropropylsilicate 6 (0.45 mmol, 290 mg). The crude product was puritid
flash column chromatography (pentane/diethyl et®®f5) to affordLl08in a mixture with the
starting material03in a (1/0.9) ratio as a colorless oil (30 mg, 25%)

224 M. Tokuda, Y. Watanabe, M. ItoBulletin of the Chemical Society of Japd®78,51, 905 — 908.
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The spectroscopic data are in agreement with tregs®ted in the literature®

'H NMR (400 MHz, CDCY): 84.14 (d,J = 7.1 Hz, 2H), 2.31 () = 7.4 Hz, 2H), 2.13— 2.01
(m, 2H),1.69— 1.62 (m, 2H), 1.60— 1.54 (m, 2H),+4436 (m, 2H),1.26 (] = 7.1 Hz, 3H).
13C NMR (100 MHz, CDCY): 5173.6, 127.3 (dJ = 276.3 Hz), 60.5, 34.1, 33.7 = 28.4
Hz), 28.3, 24.6, 21.8 (d,= 2.9 Hz), 14.4'°F NMR (376 MHz, CDC}): -66.44.

Ethyl 7-chloroheptanoate (109)

Chemical Formula: CgH47CIO,
Molecular Weight: 192.68

Following general procedure | with ethyl 4-bromojyate 103 (0.3 mmol, 43 ul) and
chloropropylsilicatel 2 (0.45 mmol, 281 mg). The crude product was puribgdlash column
chromatography (pentane/diethyl ether, 95/5) tordff09as a colorless oil (19 mg, 33%).

H NMR (400 MHz, CDCJ): 84.12 (q,J = 7.1 Hz, 2H), 3.52 (t) = 6.7 Hz, 2H), 2.29 (] =
7.5 Hz, 2H), 1.81 — 1.74 (m, 2H), 1.67 — 1.60 (id),21.49 — 1.42 (m, 2H), 1.39 — 1.31 (m,
2H),1.25 (t,J = 7.1 Hz, 2H)X*C NMR (100 MHz, CDCY): 5173.8, 60.4, 45.1, 34.3, 32.5,
28.5, 26.7, 24.9, 14.4RMS calc. for [GH1;CINaQ,]" 215.0809; found 215.0808R (neat):
2961, 2922, 2854, 2364, 2329, 1739, 1459, 1374 cm

Ethyl 7-(oxiran-2-ylmethoxy)heptanoate (110)

0 7/\O/\/\/\/COZE’I

Chemical Formula: C15H2,0,4
Molecular Weight: 230.30

Following general procedure | with ethyl 4-bromojyate103 (0.3 mmol, 43 ul) and 3-
glycidyloxypropylsilicate9 (0.45 mmol, 298 mg). The crude product was puritigdflash

22Y. Imagawa, S. Yoshikawa, T. Fukuharaa and S. Hettam. Commun.2011,47, 9191-9193.
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column chromatography (pentane/diethyl ether, 80i@@&fford110as a colorless oil (19mg,
27%).

'H NMR (400 MHz, CDCJ): 34.12 (q,J = 7.1 Hz, 2H), 3.70 (dd] = 11.5, 3.1 Hz, 1H), 3.48
(qt, J = 9.3, 6.6 Hz, 2H), 3.37 (dd,= 11.5, 5.7 Hz, 1H), 3.14 (ddi,= 5.8, 4.1, 2.9 Hz, 1H),
2.79 (dd,J = 5.1, 4.1 Hz, 1H), 2.60 (dd,= 5.1, 2.7 Hz, 1H), 2.29 (§,= 7.5 Hz, 2H), 1.66 —
1.55 (m, 4H), 1.41 — 1.29 (m, 4H), 1.25 Jt= 7.1 Hz, 3H):*C NMR (100 MHz, CDC)):
5173.9, 71.7, 71.6, 60.3, 51.0, 44.5, 34.4, 29.71,295.9, 25.1, 14.4HRMS calc. for
[C1oH2oNaOy]* 253.1410; found 253.1420R (neat): 2994, 2935, 2862, 2365, 2329, 1728,
1463, 1104, 1030 ct

Ethyl 4-cyclohexylbutanoate (111)

O\/VCOZEt

Chemical Formula: C15,H55,0,
Molecular Weight: 198.30

Following general procedure | with ethyl 4-bromojyate 103 (0.3 mmol, 43 pl) and
cyclohexylsilicate1(0.45 mmol, 282 mg). The crude product was puritdflash column
chromatography (pentane/diethyl ether, 98/2) tordft11 as a colorless oil (19 mg, 31%).

The spectroscopic data are in agreement with tregs®ted in the literature?®

'H NMR (400 MHz, CDCY): 54.11 (q,d = 7.2 Hz, 2H), 2.26 (1) = 7.6 Hz, 2H), 1.70— 1.58
(m, 7H), 1.25 (tJ = 7.2 Hz, 3H), 1.27— 1.11 (m, 6H), 0.90 — 0.81 gH). **C NMR (100
MHz, CDCk): 174.0, 60.3, 37.5, 37.1, 34.8, 33.4 (2 C), 26.85 2B C), 22.5, 14.4.

226 A E. Jensen and P. Knoch&l,Org. Chem.2002,67, 79-85.
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Ethyl 5-phenylpentanoate (112)

Chemical Formula: C43H4g0-
Molecular Weight: 206.28

Following general procedure | with ethyl 4-bromojyate 103 (0.3 mmol, 43 ul) and
benzylsilicate4 (0.45 mmol, 287 mg). The crude product was purifimd flash column
chromatography (pentane/diethyl ether, 95/5) tordffLl12 in a mixture with the starting

material in a (1/0.3) ratio as a colorless oil (1§, 18%).
The spectroscopic data are in agreement with tregs@ted in the literature’

'H NMR (400 MHz, CDC}): 87.30- 7.25 (m, 2H), 7.20- 7.16 (m, 3H), 4.12Jq, 7.1 Hz,
2H), 2.65— 2.61 (m, 2H), 2.34— 2.30 (m, 2H),1.69%61(m, 4H), 1.25 (t) = 7.1 Hz, 3H)*C

NMR (100 MHz, CDC)): 5173.8, 142.3, 128.5 (2 C), 128.4 (2 C), 125.9, 68547, 34.4,
31.1, 24.8, 14.4,

Ethyl 5-(phenylamino)pentanoate (113)

H

Chemical Formula: C43H;gNO>
Molecular Weight: 221.30

-

Following general procedure | with ethyl 4-bromojyate 103 (0.3 mmol, 43 ul) and
anilinomethylsilicate8 (0.45 mmol, 294 mg). The crude product was puribgdlash column
chromatography (pentane/diethyl ether, 80/20) tordfl13 as a white solid (26 mg, 38%).

'H NMR (400 MHz, CDCY): 87.19— 7.15 (m, 2H), 6.71— 6.67 (m, 1H), 6.62— §rB9 2H),
4.14 (q,d = 7.1 Hz, 2H), 3.66 (bs, 1H), 3.14 Jt= 6.8 Hz, 2H), 2.36 (] = 7.2 Hz, 2H), 1.79—

22T M. Yoshida, H. Otaka and T. Ddtur. J. Org. Chem2014, 27, 6010-6016.
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1.72 (m, 2H),1.70— 1.62 (m, 2H),1.26 {,= 7.1 Hz, 3H)"*C NMR (100 MHz, CDC}):
5173.6, 148.4, 129.4 (2 C), 117.4, 112.8 (2 C), 8357, 34.2, 29.1, 22.7, 14M4RMS calc.
for [C1sH10NNaOy]" 244.1308; found 244.1301R (neat): 3052, 2986, 2932, 2861, 1722,
1601, 1551, 1323, 1266, 1171¢m

6-Phenylhexyl acetate (117)
O /\/\/\Q
)J\O

Chemical Formula: C14H200,
Molecular Weight: 220.31

Following general procedure | with 1-bromo-3-phemgpane (0.3 mmol, 46 pl) and
acetoxypropylsilicatel7 (0.45 mmol, 292 mg). The crude product was purifigd flash
column chromatography (pentane/diethyl ether, 9&/3fford117 as a colorless oil (26 mg,
37%).

The spectroscopic data are in agreement with tregsted in the literatur&®

'H NMR (400 MHz, CDCY): 57.26— 7.22 (m, 2H), 7.16— 7.13 (m, 3H), 4.02)(t 6.7 Hz,
2H), 2.59 — 2.56 (m, 2H), 2.01 (s, 3H), 1.62 — 1(66 4H), 1.38 — 1.30 (m, 4HC NMR
(100 MHz, CDCH): 5171.3, 142.8, 128.5 (2 C), 128.4 (2 C), 125.8, 636/0, 31.5, 29.0,
28.7, 26.0, 21.1.

6-Chlorohexyl acetate (118)

o)
)Lo/\/\/\/c'

Chemical Formula: CgH45CIO,
Molecular Weight: 178.66

228 A Furstner, R.Martin, H. Krause, G. Seidel, Rd@ard and C.W. Lehmand, Am. Chem. Sqc2008,130,
8773-8787.
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Following general procedure | with 1-bromo-3-chlompane (0.3 mmol, 30 ul) and
acetoxypropylsilicatel7 (0.45 mmol, 292 mg). The crude product was purifigd flash
column chromatography (pentane/diethyl ether, 9t/3fford 118 as a colorless oil (16 mg,
28%).

The spectroscopic data are in agreement with tregsted in the literaturé®

'H NMR (400MHz, CDC}): 5 4.06 (t,J = 6.7 Hz, 2H), 3.53 (] = 6.7 Hz, 1H), 2.04 (s, 3H),
1.82 — 1.75 (m, 2H), 1.68 — 1.61 (m, 2H), 1.51341(m, 4H)*C NMR (100 MHz, CDC}):
5171.3, 64.5, 45.1, 32.6, 28.6, 26.7, 25.4, 21.1.

7-Cyanoheptyl acetate (119)

O

)J\O CN

Chemical Formula: C4gH{7NO,
Molecular Weight: 183.25

Following general procedure | with 5-bromopentatréai (0.3 mmol, 37 ul) and
acetoxypropylsilicatel7(0.45 mmol, 292 mg). The crude product was purified flash
column chromatography (pentane/diethyl ether, J0i@@fford119as a colorless oil (15 mg,
27%).

'H NMR (400 MHz, CDC}): 54.06 (t,J = 6.7 Hz, 2H), 2.34 (1] = 7.1 Hz, 2H), 2.05 (s, 3H),
1.70 — 1.60 (m, 4H), 1.49 — 1.41 (m, 2H), 1.39331(m, 4H)*C NMR (100 MHz, CDC}):
5171.7, 120.2, 64.8, 29.0, 28.9, 28.9, 26.1, 2517%5,217.6 HRMS calc.for [G7H20NNaO;]*
206.1151; found 206.114@R (neat): 2930, 2858, 2356, 2329, 2246, 1734, 12639, 1365,
1237, 1034, 733 cm-1.

229 p Dolakova, M. Dracinsky, J. Fanfrlik and Antokioly, Eur. J. Org. Chem 2009, 1082—1092.
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Non-8-en-1-yl acetate (120), non-7-en-1-yl acetai@d20’), 4-cyclopentylbutyl acetate
(1207)

OAc
,J*’“\/\/\/\/OAC /\/\/\/\/OAC O/\/\/
Chemical Formula: C41H500> Chemical Formula: C;1H500, Chemical Formula: C;1H500,
Molecular Weight: 184.28 Molecular Weight: 184.28 Molecular Weight: 184.28

Following general procedure | with 6-bromo-1-hexe(@3 mmol, 33 ul) and
acetoxypropylsilicatel7 (0.45 mmol, 292 mg). The crude product was purifid flash
column chromatography (pentane/diethyl ether, 95@5pfford a (3/2/5) mixture ofl18
118'and118” as a colorless oil (18 mg, 32%).

The spectroscopic data are in agreement with tregsted in the literature!
Compound 120 (characteristic signals)

'H NMR (400 MHz, CDC}): 5.94 — 5.77 (m, 1H), 5.10 — 4.80 (m, 28 NMR (100
MHz, CDCk): 139.1, 114.2, 64.6, 25.1.

Compound 120’ (characteristic signals)

'H NMR (400 MHz, CDCJ): 55.69 — 5.58 (m, 1H), 5.51 — 5.38 (m, 2. NMR (100
MHz, CDCk): 5 131.4, 1303.3, 124.8.

Compound 120”

'H NMR (400 MHz, CDCY): 84.05 (t,J = 6.8 Hz, 2H), 2.04 (s, 3H), 1.83 — 1.70 (m, 1H),

1.68 — 1.58 (m, 3H), 1.54 — 1.47 (m, 1H), 1.47 201(m, 8H), 1.16 — 1.01 (m, 1H), 0.98 —

0.83 (M, 1H)}*C NMR (100 MHz, CDCJ): 8 171.2, 64.7 , 40.0, 35.8, 33.7, 32.7, 28.9, 28.6,
25.9, 25.2, 21.0.
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3-Cyclohexylpropyl acetate (121)

o

AO«AO

Chemical Formula: C441H»,0,
Molecular Weight: 184.28

Following general procedure | with bromocyclohexa@3 mmol, 37 ul) and
acetoxypropylsilicatel7 (0.45 mmol, 292 mg). The crude product was purifisd flash

column chromatography (pentane/diethyl ether, 985 fford 121 as a colorless oil (9 mg,
16%).

'H NMR (400 MHz, CDCY): 34.03 (t,J = 6.8 Hz, 2H), 2.04 (s, 3H), 1.71 — 1.59 (m, 6H),
1.28 — 1.11 (m, 7H), 0.92 — 0.86 (m, 2¥%¢ NMR (100 MHz, CDCY): 8171.4, 65.1, 37.5,
33.7, 33.4, 26.8, 26.5, 26.1, 21HRMS calc. for [GyHNaOy]* 207.1356; found 217.1352.
IR (neat): 2925, 2852, 2386, 2289, 1731, 1455, 18885, 1243, 1038 cih

3-Cyclohexylpropyl acetate (122)

o

)kom

Chemical Formula: C4gH1502
Molecular Weight: 170.25

J

Following general procedure | with bromocyclopropa(0.3 mmol, 32 ul) and
acetoxypropylsilicatel7 (0.45 mmol, 292 mg). The crude product was purifigd flash

column chromatography (pentane/diethyl ether, 9&/3fford 122 as a colorless oil (10 mg,
19%).

'H NMR (400 MHz, CDC)): 53.98 (t,J = 6.8 Hz, 2H), 1.97 (s, 3H), 1.75 — 1.64 (m, 2H),
1.64 — 1.38 (m, 6H), 1.34 — 1.22 (m, 2H), 1.1095Qm, 2H), 0.83 — 0.74 (m, 1HYC NMR
(100 MHz, CDC}): 5171.2, 64.9, 39.8, 32.7, 32.3, 29.7, 27.9, 25.2)221.0.HRMS calc.
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for [C1oH1sNa0,]*193.1199; found 193.1194. Ir (neat): 2954, 2925628364, 2329, 1741,
1459, 1366, 1239, 1037 m

3-((1R,2R,4S)-bicyclo[2.2.1]heptan-2-yl)propyl acete (123)

o

)J\O/\/Y

Chemical Formula: C15H2004
Molecular Weight: 196.29

J

Following general procedure | with exo-2-bromonarame (0.3 mmol, 39 ul) and
acetoxypropylsilicatel7 (0.45 mmol, 292 mg). The crude product was purifid flash
column chromatography (pentane/diethyl ether, 9&/3fford123 as a colorless oil (21 mg,
35%).

'H NMR (400 MHz, CDC}): 84.05 (t,J = 6.8 Hz, 2H), 2.28 — 2.15 (m, 1H), 2.06 (s, 3H),
2.00 — 1.89 (m, 1H), 1.70 — 1.53 (m, 2H), 1.53 241(m, 6H), 1.23 — 1.06 (m, 4H), 1.06 —

0.95 (m, 1H)**C NMR (100 MHz, CDCJ): 8171.3, 64.0, 42.1, 41.2, 38.3, 36.7, 35.4, 33.1,
30.3, 28.9, 27.2, 21.HRMS calc. for [G2H2oNaQ,]" 219.1356; found 219.1350. Ir (neat):

2948, 2863, 2364, 2329, 1739, 1456, 1363, 12372 to#.
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5.7 Synthesis of non-inocent ligand complexes

Synthesis of complex Cu(kg)2 (125)

tBu Ph
O N tBu
_Cu
tBu N O
Ph tBu

Chemical Formula: C4oH5oCuN,0,
Molecular Weight: 654.38

To a colorless solution of 2-(3,5-dimethoxyanil#6-ditert-butylphenol, prepared
following a previously reported procedufg,(3.56 mmol, 2 equiv.) in acetonitrile (40 mL),
were added at 40°C, CuCl (176 mg, 1.78 mmol, 1\wepaind triethylamine (992 uL, 7.12
mmol, 4 equiv.). The resulting dark green mixturaswefluxed for 2 h under air. After

cooling down to romm temperature, the dark greenpdex formed was filtered and washed
with cold acetonitrile.

The UV-vis data were consistent with those repbinethe literaturé®®
UV-vis [CHoCly; A nm €, ML.cmid)]: 307 (21000), 460 (4610), 795 (7270).

Synthesis of complex Cu(kq)2(OTf)2 (127)

+
tBu Ph _| 2

_0. Nw tBu
. Cu _ 2TfO
tBu N O
Ph tBu

Chemical Formula: C4,H5qCuFgN,OgS,
Molecular Weight: 952.52

To a flame-dried Schlenk flask was introduced clexi25 (200 mg, 0.31 mmol, 1
equiv.). The flask was back-filled three times walgon and degassed DCM (9 mL) was
added. A 2.8M solution of bromine in DCM (111 pL30D mmol, 1 equiv.) was added and the
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resulting dark-red solution was stirred for 1 hr@am temperature. After evaporation of the
solvent, the residue was triturated in hexane ahdrdd to afford a red-brown solid
(quantitative). This Cu(gg)2Br. complex (249 mg, 0.31 mmol, 1 equiv.) and silvétate
(157 mg, 0.62 mmol, 2 equiv.) were introduced imtoSchlenk flask under an argon
atmosphere. Degassed acetonitrile (5 mL) was addddhe resulting mixture stirred for 2 h
at room temperature. The suspension was filteredi{lze filtrate was evaporated. The residue
was dissolved in DCM and filtered. The filtrate wamcentrated to give complé27 (245
mg, 83%).

The UV-vis data were consistent with those repbinethe literaturé®®

UV-vis [CH.Clo; A nm €, M .cmi®)]: 290 (14100), 434 (6970), 504 (7370)
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General Conclusion
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The visible-light photoredox catalysis has provedé an efficient alternative to toxic
tin-mediated radical transformations and redox @sses involving a stoichiometric amount
of organometallic complexes, for the generatiorranfical species. This catalytic approach
and the use of visible-light offers several advgesain terms of mild, selective and more eco-

compatible process.

In this manuscript, we first reported the formatamon-stabilized alkyl radicals under
photooxidative conditions. Photooxidation of alkys-catecholato silicates, simply obtained
from organosilanes, which are substrates of solgyecesses, by a photoactive iridium
complex under visible-light irradiation can providkyl radicals. Electrochemical studies of
bis-catecholato silicates showed lower oxidatiorieptials than alkyl trifluoroborates or
carboxylates. Spin-trapping experiments revealedt tthe silicates are good radical
precursors. Further experiments demonstrated tligyabf the generated radicals to be
engaged in radical addition reactions such asadibn, vinylation or Giese-type reaction. In
addition, the organic dye 4CzIPN (1,2,3,5-tetrgk&rbazol-yl)-4,6-dicyanobenzene), proved

to be an efficient photocatalyst as well.

The second part of this Ph. D. thesis focuses edfyeon a promising and growing
application of photoredox catalysis: the merge lodtpredoxandorganometallic catalysis. In
conjuction with photooxidative processes, nickdhlysis showed to be a suitable candidate
to perform cross-coupling reactions. With an iridibased photocatalyst and a nickel
complex, alkyl bis-catecholato silicates were cedplto (hetero)aryl bromidesia the
formation of alkyl radicals. A “greener” versiomas further developed with 4CzIPN without
loss of performance. The conditions for Cfsp(sff) cross-coupling reactions were
compatible to aryl and alkenyl halides. Subseqyetitie C(sp)-C(sp) bond formation in
photoredox/nickel dual catalysis was studied. Havethe methodology developed suffers of

a side reaction of homocoupling which affects tiedyof the reactions.

Finally, the ability of alkyl bis-catecholato sidites to be easily oxidized provides an
opportunity to engage these precursors in otheaiexreatalytic systems. Organometallic
complexes with non-innocent ligands can particiggatéhe generation of radicals by a single

electron transfer through oxidation or reductiorelifhinary results concerning the oxidation
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of silicates by a bis-iminobenzoquinone copper€dmplex are promising but still require

more investigations.

The alkyl bis-catecholato silicates previously used Lewis-acid proved to be excellent
radical precursors upon photooxidation and thusatée substrates for synthetic applications.

Radical addition reactions

R® R®
R
P
R3 Fg& RN)\ R4 Rﬁ)\R“ ——R2
\[ R2 R2
Q ® < R?
o Y o
02/ - . Q
Si- [ {Photooxidatio
O/ ! 0 » Q Br
(SR \j Nickel catalysis
T R~

: __________________ \' : __________________ \' : —————————————————— : R\/\/I R
. | (PRl . F CFs . : 2 3 2 3
! G/@ N Lo @/(N] ~ (PFe), L NG N oN ! C(sp?)-(Csp”) and C(sp“)-(Csp~)
UN T N PSS N ! ]@[ ! cross-coupling reactions
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Photooxydation de silicates hypervalents pour la g@ération de radicaux
carbonés: processus radicalaires et catalyse duale

La catalyse photoredox en lumiére visible a réassimposer comme une méthode douce et
éco-compatible de formation d'espéces radicalaie¢splus particulierement de radicaux
carbonés. Bien que cette catalyse ait su prouvereffcacité pour la formation de liaisons
carbone-carbone/hétéroatome, les radicaux carbfonéses sont trés souvent stabilisés. A
I'inverse, les alkyles bis-catécholato silicates oamontré leur capacité a engendrer des
radicaux alkyles non stabilisés par photooxydatohaide de complexes polypyridine de
métaux de transition (Ru, Ir) photoactifs en lurai&isible mais aussi de photocatalyseurs
organiques. Les radicaux formés peuvent ainsi @iggés par difféerents accepteurs
radicalaires. En outre, les alkyles bis-catécholailicates sont engagés en présence
d’électrophiles comme des halogénures éthylénigoes (hétéro)aromatiques dans des
conditions de catalyse duale photoredox/nickel @éifformer des liaisons C@&p- C(sp). La
méthodologie a été étendue au couplage T(siC(sp) avec toutefois quelques limitations.
D’autre part, une étude comparant les silicatete®t« ate-complexes » de bore pour la
formation de radicaux par processus d’oxydation psisentée. Enfin, des travaux
prometteurs sur I'oxydation des silicates par desplexes de cuivre portant des ligands non-
innocents ont été amorces.

Mots clés: Catalyse photoredox, photooxydation, photocatailys&licate, radical, couplage
croisé, catalyse duale, catalyse au nickel

Photooxidation of hypervalent silicon species for e formation of carbon
centered radicals: radical processes and dual catais

Photoredox catalysis in visible light has succeedegstablishing itself as a gentle and eco-
compatible method of formation of radical spece®] more particularly of carbon radicals.
Although this catalysis has proved to be efficieior the formation of carbon-
carbon/heteroatom bonds, the generated carbon rednte radicals are
oftenverystabilized.Conversely, bis-catecholatacaiés have shown to be capable of
generating alkyl radicals that are not stabilizeg ghotooxidation using polypyridine
complexes of transition metals (Ru, Ir) that aretphctive in visible light but also organic
photocatalysts. The radicals formed can thus bgpé&@ by various radical acceptors. In
addition, the bis-catecholato silicates can be eggal in cross-coupling reactions with alkene
halides and (hetero)aromatic halides under photovedtkel dual catalysis conditions for the
formation of C(sp) — C(sp) bonds. The methodology can also be extended $p’)C¢ C
(sp’) with some limitations. On the other hand, a stadgnparing the silicates and the "ate-
complex" of boron for the formation of radicals byidation process is presented. Finally,
promising works on the oxidation of silicates bypper complexes bearing non-innocent
ligands have been initiated.

Key words: Photoredox catalysis, Dual catalysis, photooxafgtiphotocatalyst, silicate,
radical, cross-coupling
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