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General Overview

The main aim of this research thesis is to develop enantioselective, photochemical
organocatalytic reactions that can provide new strategies for the synthesis of-enantio
enriched chiral compounds. Tieeis an obvious need for the synthesis of single
enantiomers, since any molecule created by humankind to interacatatitiehas to act
within a chiral environment. The crucial role of stereochemistry has direct implications
in pharmaceutical chemistrZhiral drugs have to be producedén enantiomerically

pure form to eliminate risks of possible harmful activity of the opposite enantioFher.
history of drugs has taught that, while one enantiomer of a drug can have beneficial
effects, the other carelvery toxic and even teratogeRi€he growing demand for chiral,
enantiomerically pure compounds and drugs in the pharmaceutical industry has created a
formidable synthetic challenge for chemists to find -@ff&ctive and highly
stereoselective means tssemble these molecules. Besides these considerations,
stereoselective synthesis constitutes an intrinsically interesting research field in its own
right. The ability to combine the fields of geometry and topology with the understanding
of organic molecle reactivity has always fascinated synthetic chemists.

Enantioselective catalysis is one of the most efficient chemical apprdachasyeting

useful chiral compounds with high optical purity in an economical, ersaigiyng and
environmentally benign ay3 Developments in this ardead an enormous impact on
organic synthesesas testifiedby the Nobel Prize for chemistry awarded in 2001 to
Knowl es, Noyori, and Sharpless for their
reactionso amddookidatti gncaeatyi onso.

Oneeffective strategin enantioselective catalysis reli@stheuseof small chiral organic
molecules as catalysta fieldwh i ¢ h i ssymneetrimoegdnocatalysié The roots
of this field date back to the beginningtbge 20th catury, when Bredig reported his

*https://www.fda.gov/Drugs/GuidanceComplianceRegulatorylnformation/Guidances/ucm122883:htm
date accessed 13.07.2017

2N. Vargesson, Thalidomideduced Teratogeesis: History and Mechanism8irth Defects Research Part
C: Embryo Today: Review§15105 2, 140.

3R. Noyori, Synthesizing our futuré\lat. Chem2009, 1, 5.

4H. U. Blaser, H. J. Federsel, Asymmetric Catalysis on Industrial Scale, 2nd editiey, 2010

5R. Noyorj Asymmetric Catalysis: Science and Opportunities (Nobel Lectufg)gew. Chem. Int. E002
41 2008, b) W. S. KnowlesAsymmetric Hydrogenations (Nobel LecturefAngew. Chem. Int. EB002 41
1998. c¢) K. B. Sharpless, SearchfogNew Reactivity (Nobel Lecture)Angew. Chem. Int. EB002 41 2024

6 D. W. C. MacMillan, The Advent and Development of Organocatalysiature,2008, 455, 304



now legendary study on the use of natural cinchona alkaloids as chiral cateBgdtsife
1.1).7 Another remarkable example, reported by Hajos and Wiechéneih970, was
the enantioselective aldol reaction catalyzed dysimple proteinogenic amino acid:
proline®

a) Bredig 1912 b) Wiechert 1971 and Hajos 1974
(o]
o o
o Quinine OH L- proline
P e PN —
ph” ~H HCON  pn” cN o
<10% ee [¢] OH
1 2 3 4
Tvia via

Scheme LLEarly examples of enantioselective organocatalysi¥ Bredig's assymetric ldrocyanationof
aldehydes b) enantioselective aldol reaction developed byiechertand Hajos

Because of a poor understanding of their activatiechanismsthose early examples of
enantioselective organocatalysis were considered as rather exotic earsynthetic
potential of enantioselective organocatalysis was not fully recognizedever overthe
last 20 yearsthe progress in organocatalysis has been breathtaking and thisdee
grown to become an established and independent fieldasyfmmetric catalysis,
complementing metal and biatalysis®

1.1Strategies in Enantioselective @anocatalysis

On a mechanistic basis, organocatalytic transformations can be divided into covalent and
noncovalent catalysislepending on the type of interactidhe organic catalyst has with

the substratdn the former case, a catalyst forms a covalent adduct with a substrate within
a catalytic cycléScheme 11 - intermediatdl )*°. Noncovalent catalysisis governed by

7G. Bredig, P. S. Fiske. Asymmetric Synthesis Caused by Catdjysthem., 2191246, 7.

8 a) U. Eder, G. Sauer, R. Wiechert. New Type of Asymmetric Cyclization to Optically Active Steroid CD
Partial Structures,Angew. Chem. Int. Ed. Endl9711Q 496, b) Z. G Hajos, D. R. Parrish, Asymmetric
Synthesis of Bicyclic Intermediates of Natal Product ChemistryJ. Org. Chem1974 39, 1615

° P. Melchiorre, M. Marigo, A. Carlone, G. Bartoli, Asymmetric Aminocatalysgold Rush in Organic
Chemistry,Angew. Chem. Int. E@20Q08, 47, 6138

10K. L. Brown, L. Damm, J. D. Dunitz, A. EschennmmpBe Hobi, C. Kratky, Structural Studies of Crystalline
EnaminesHelv. Chim. Actd,97861 3108

1 R. R. Knowles, E. N. JacobseAttractive Noncovaent Interactions in Asymmetric Catalysis: Links
Between Enzymes andrBall Molecule Gitalysts,Proc. Nat Acad. Sci. U.S.2010107 20678.



weak electrostatic interactions or hydrogen bonds between substrates and a catalyst. The
quinine-catalyzedaddition of cyanidereported by BredigScheme 1.1a)s anexample
of noncovalent catalysisvhich most likelyinvolvesthe formation ofa chiralsalt |.

1.1.Enantioselective Phase Transfer Catalysis

Noncovalent catalysis has been successfully applied to cah#okactivity andthe
enantioselectivity of processes involvingorganic and inorganic anionsThe
stereochemicalontrol is providedy weak electrostatic interactisbetween the reactive

anion and aationicchiral catalyst. In many reactigngeneration of the reactive anion
requires the use of a stoichiometric amount of paké&h complicateghe development

of a catalytic variantThis limitation can be overcome by employing phase transfer
catalysis (PTC}?

The foundatios of PTC were laid in thenid-1960sby Stark ad MN k 0.§ ZThe
pioneering studies demonstrated that reactions between substances located in two
immiscible phasesan be catalyzed by tetraallg@nmonium or phosphonium salts*¢Q

(Figure 1.1) The key element of this process is the formation of an onium s&tt)(Qf

the catalyst (Q+) with an organic or an inorganic anionic substraje WRich can
undergo furthereactionin the organic phase. The pathwiay which the onium salt is
generated is often a topid discussioncentered on th8tark’s extraction dMNk o s z a E s
interfacialmodels Figure 11). The Starld extraction mechanism implies that a phase
transfer catalysfQ*X") can move across both phases and extract a hydroxide ion from
the aqueous, basic solutionto the organic phase. While present in the organic solvent,
the resulting hydroxide anion {QH’) can deprotonate an acidic organic substrate (RH)
and form the reactive species'i®) . I n t he MNKk,depmtanBton offemc h an i
acidic substrate (RHpkes place at the interfacef organic and aqueous phasében,

the phase transfer catalystQ) equilibrates with the anionic substrated transfesthe

reactive species (®) from the interphase to the organic solvent. Chiral phase transfer
catalys$s usually contain highly piophilic organic scaffold thanhakes them practitig
insoluble in water.ithesecasest he i nt er fsnechanism iMNkepBusible

123, Shirakawa, K. Maruoka, Recent Developnieim Asymmetric Phas@ransferReactions Angew. Chem.

Int. Ed. 201352 4312.

13a) C.M. Starks, Phasdransfer Catalysis. |I. Heterogeneous Reactions Involving AniomriBfer by

Quaternary Ammonium and Phosphonium, Salts Am. Chem. Sp&97193, 195AQq -8 - aET OUAh 2AA
of Organic Anions. XI. Catalytic Alkylation of Inden@etrahedron Lett., 1966 4621 AQ -8 - aET OUATF
Reactions of Organic Anions. XIl. Vinylation of Phenylacetonitrile DerivativEsirahedron Lett., 1966

54809.



Stark’s extraction mechanism Makosza’s interfacial mechanism
. +y- - | _RH o
Organic phase QX Q'R [« Q*OH
Interphase RH + M*OH™ + Q"X == M*X + H,0 + Q'R
Aqueous phase q*x-+ M"'OH" =—= M'X + Q'OH" M*OH" M*X H0

Figure 11Mechanisms of generation of reactivenium carbanion peciesQ'R.

The first meaningful discovery in enantioselective PWas reported in 1984 by
researchers from Merck S¢heme R). The N-(p-(trifluoromethyl)benzyl)
cinchonidinium bromide/ was found to catalyzthe S2-type methylation reaction of
indanone derivativé and methyl choride with high stereoselectivity (up to 92% éé).
Following this breakthrough, many other cinchafi@loid-based phase transfer catalysts
were developedbr different enantioselective transformatidf In 1999 a new rational
approach to the design efficient phase transfer catalysts wasoducedby Maruoka
(Scheme ). C2symmetric chiral quaternary ammonium sdld were successfully
applied as highly efficient catalysts for enantioselective alkylatiora dért-butyl
glycinatebenzophenone Schiff ba84® Nowadaysthese twaatalyst typesrecommon
toolsin enantioselective PTC.

S o 7 (10 mol%) cl o o 10 (F1a g\ol%) o
-Br
c Mecl _ C Me Ph N\)L . ———> Ph N ’
Ph toluene: AN OBu  toluene: Y O'Bu
Ph 0% KOH

MeO' 50% aq. NaOH MeO' Ph 50% eq Ph R

5 6 8 9
92% yield up to 95% yield
95% ee up to 96% ee

soliee
S<sinee

R- B-Naphyl 10

Scheme 2 Enantioseletive alkylation of carbonyls undephase transfer conditions

U. H. Dolling, PDavis, E. J. J. Grabowski, Efficient Catalytic Asymmetric Alkylations. 1. Enantioselective
Synthesis of (+) Indacrinone via Chiral PhaBensfer Catalysis]. Am. Chem. S0&984 106 446.

15K eiji Maruoka, Asymmetric Phase Transfer Catalysis, ChaptdY, p. 968, Wiley,2008.

18T, Ooi, M. Kameda, K. Maruoka, Molecular Design of aSg&hmetric Chiral Phas€&ransfer Catalyst for

00OAAOQEAAIT | OUI I AdidpRA&ds,3. Bih. Chedh GEAO99 1246519



1.1.Enantioselective Aminocatalysis

Catalysis with chiral primary or secondary amirfasymmetric aminocataly$fshas
become a powerful strategy for enantioselective functionadizati carbonyl compounds
(Scheme B). Condensation of the amine catalgdtwith the carbonyl compound2
produces a covalent intermedigtesiminium ionlll , which can be deprotonated to give
the correspondingnamindV . The 4” electronenamine speciexhibitsahigh electron
density athe U-carbon. This can be attributed to the overlafhehitrogenlone pair with
the ° styeernaming winich leadsto an increase inthe energy of the highest
occupia molecular orbital (HOMOY! Chiral enamines can selectively trap a vgrigf
el ect r op h iHuneisnalized prédoctdan U

Conjugated minium ions formed upon condesation of an amine cataly&fl with the
carbonyl substraté3, on theother side resemblea classicalewis acid adwation of
unsaturated carbonyl compoun@@oordination of the Leis acid tothe carbonyl group
displace an electronic distributiofin a “-systemtoward the positively charged metal
center, which leads to the lowering the energy of the lowest unoccupied molecular
orbital (LUMO). The same effect is responsible foe LUMO lowering within the
positively charged iminium ions intermediat®d, which facilitates the conjugate
addition ofsoft nucleophiles and pericyclieactions.

Enamine activation

HOMO Rising
(3o e I ®) 0o
Ha - H,0 O N*-A -HA O N O INTA +H,0_ 11 H
11 — P — - E - HA
Q +H,0 R +HA RN R -H0 0
2 2
R1Jl\ m R R R’JJYE
12 R? Iminium ion Enamine 12 R?

Iminium ion activation | ;uo Lowering

C } ‘C j
u\l H,0 O(N A O N _tHAHO ( !
4— — 1 47 R1
J\RZ N +H,0 ‘\ -HA R i -HA, H,0

HNu w R Nugy R?

Iminium ion Enamine

Scheme B Enamine and iminium ion activation modes: 8ectrophile, Nu: nucleophile, HA acid,the
filled grey circle represents dulky substituent on the chiral amine catalyst

5], Fleming, Molecular Orbitals and Organic Chemical ReactionsieRmce Edition, Chapter 2 p. 885
Wiley,2010



These modesf organocatalytic reactivityare well understood In particular, the
nucleophilic reactivity of stoichiometric enaminbas been extensively exploréxy
Gilbert Stork in the 196088 Despite a few isolated examplésee Scheme 1.1)
enantioskective aminocatalysig/as conceptualized as a field researclonly in 200Q
Inspired by the mechaniswf Class |aldolase¥, which utilizes an enaminéased
mechanismBarbas lll, Lernerand List developedan enantioselective aldol reaction
employing L-proline aghechiral organocataly§Scheme #).2° Almost simultaneously,
MacMillan reported a new organocatalytic strategy darenantioselective Dielé\lder
reaction employing chiral iminium ionX .2 Since tlen, the use of chiral aminocatatys
to functionalize carbonyl compounds has grown exponentially and features broad scope
and high enantioselectivities.

a) List, Barbas and Lerner 2000 b) MacMillan 2000
O\ ./
(- L
COOH Bn s o R3
N 3 N A
18 2 R 2 N -
- j\ (30 mol%) O OH H‘\ X (Emol%) Q
)J\ H R! )l\/'\ , P Iminium ion R?
Enamine activarion 19 R 20 activarion 21
15 16 17
t0 97% vield up to 90% vyield
up o 97% yie endo:exo 14:1
up to 96% ee up to 96% ee
via via o /
N o
N Bn + 3
, ,',§|/I,’ o iy X N| R
R \'?O"rH—‘ ---- X
O
H vii X Rga-.

Scheme Y4 a) Enaminemediated asymmetric organocatalytic aldolreaction developed by List, Barbas
and Lernet b) Iminium ionmediated asymmetric organocatalytidDielsAlder reactiondeveloped by
MacMillan.

1.1.2.Enantioselective OrganeCascade Catalysis

One step forward in the evolutiofithe field of aminocatalysisvolvedthecombination
of the iminium ion and enamine activation modes in a cascade seq&ahesne b).

8G. Stork, A. Brizzolara, H. Landesman, J. Szmuszkovicz, R. Terrell, The Enamine Alkylation and Acylation
of Carbonyl Compounds). Am. Chem. S9&963 85, 207.

9A. J. Morris, D. R. Tolan, Lysifid6 ofRabbit Muscle Aldolase Is Essential for Cleavage and Condensation

of the C3C4 Bond of Fructose 1;Bis(phosphate),Biochemistry, 1994 33 12291

20 B. List, R. A. Lerner, C. F. Barbas. ProlineCatalyzed Direct Asymmetric Aldol Reactions,

J. Am. ChenSoc, 2000, 1222395

21K. A. Ahrendt, C. J. Borths, D. W. C. MacMillblew Strategies for Organic Catalysis: The First Highly
Enantioselective Organocatalytic Dielslder Reaction J. Am. Chem. S2000, 1224243



The ability of chiral amine catalydtl to control disinct consecutivetsps allowsthe
design of elegant cascade reactions leading to complex, stereochemically dense
molecules in a single operation. Development of such transformatidrish offer
rapidly increasing structural and stereochemical complesétyairs a constangoal for
chemical science®. Additionally, by combining multiple asymmetric, catalytic
transformations in a&ascadesequence, chemists can impart increased enantiomeric
excess to the final product when compared to the corresponding discrete
transformatios.?® Various cascade sequences have been devefolpeding a variety

of mechanistic pathways.ndong them the iminium iorenaminesequence has been
recognized as the most effective (Scheme.? Bjrst, an enantioselective, nucleophilic
conjugate additiois triggeredby theformation of an iminium ion intermediaté . Next,

the resulting enamin®Il undergoes reactiowith an electrophile to forge a second
stereogenic centewhile affording the doublesubstituted produc23. Enantioselective
cascade proses and theeasons for the intrinsiasymmetric amplificatiorwill be
further discussed in Chapter 1V of this thesis.

LUMO Lowering HOMO Rising

-H,0 O@A OQ/ e
MWL OO +H,0 M\m -HA RN :z;RMTE

R Nu” “R? RY “Nu
HNU y) il 23
Iminium ion Enamine

Scheme B Iminium lon/EnamineCascade. Eelectrophile, Nu: nucleophile, HA: acid, the filled grey circle
represents a bulky substituet on the chiral amine catalyst

1.2Photochemistry and Enantioselective @anocatalysis

Recently it was found thahé synthetic potential of organocatalytic intermediates is not
limited to the groundstate domain, but can be expanded by exploiting their
photochemical activityBy bringing an organocatalytic intermediate to an electronically
excitedstate, light excitation unlocks reaction manifolds that are unavailable to

22C. Grondal, M. Jeanty, D. EndefStganocatalytic CascadeReactions as aNew Tool in Total Synthesis,

Nat. Chem2010Q 2, 167

23 The Horeau principle provides the mathematical foundation for the rationalization of the enantio
enrichment observed in successive catalytic asymmetric cycleShe first statistical asymmetric
amplifications were observed and quantified in dimerization reactions, see: F J. P. Vigneron, M. Dhaenens,

18 (1 OAAOh .1 O00GATIT A -AOGET AA DPi OO 01 OOAO AO - AgEI OI
$AAT OAT AARAAD! AGT £ 3 Ofetdbedioil87320ABOH AT AR

24D. Enders, C. Grondal, M. R. M. Httl, Asymmetric Organocatalytic Cascade Reactingsw. Chem. Int.

Ed, 2007, 46, 1570



conventional groundtate organocatalytic pathwayde reactions of organic molecules
initiated by the absorption of light has always played an important role in synthetic
methodology. Photochemical retrosynthepi®vides unique disconnections thate
mostly not availabléo thermal processe8 Additionally, recent progress of visible light
mediated reactivity haprovided mild and efficient routes forealizing previously
difficult transformationg® Therefore, it is very alluring and widely sought to control
stereochemidautcome of light induced processes.

Photochemistry and enantioselective organocatalysis represent two powerful fields of
molecule activation. Merging these two strategies brought new perspectives and solutions
for longstanding synthetic problems in aswyetric catalysis. In 20Q8MacMillan
demonstrated thathe combination ofenamine and photoredox activatiomad the
potential to perfornanenantioselectiveatalytic intermoleculaalkylation of aldehydes,

a widely sought yet elusive transformati@cheme 5).2” Despitethe great interedor

this transformationan enaminenediatedenantioselectiveatalytic approach was not
accessible beforelhe main obstacléor achievingthe polar |2 reaction pathways

mainly ascribable to thenodest reactivity of alkyl halides, which complicatee ionic
alkylation step while favouring side processeg,N-alkylation of the Lewis basic amine
catalysts with the alkyl halides and salflol condensatiorRealzing that tre main hurdle

to overcome was intrinsic to the ionigZSpath,MacMillan envisioned theuseof alkyl
bromides not as electrophiles but as precursors for generating radicals. The underlying
idea was to exploit the innate tendency of electteficient radials to rapidly react with

“-rich olefins, including enaminesthus allowing the formation of difficuito-make
carboncarbon bonds.

A rutheniumbased polypyridyl photocatalys?8 (Ru(bpy}** wher e b p-y i s
bipyridine) was used to easily generate opagil reactive species froorganic bromides
25.

25p. Klan, J. Wirz, Photochemistry of Organic Compounds, Chapter B5466, Wiley, Chichester2009.

26M. H. Shaw, J. Twilton, D. W. C. MacMillan, Organic Photoredox CatalysB3g. Chen201681, 16, 6898

27D. A. Nicewicz, D. W. C. MacMillan, Merging Photoredox Catalysis with Organocatalysis: The Direct
Asymmetric Akylation of AldehydesScience2008 322 77
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Ru(bpy)?*: photocatalyst.

The proposed photoredox process is initiatedHgphotoexcitation othe Ru(bpy)?*
catalystto form an electronically excitedtate intermediate *Ru(bpyf* which can
remove one eldron fromthe enamineX (acing as asacrificial compound in the first
cycle of the photoredogatalytic manifold) to provide the electrerich intermediate
Ru(bpy). This Ru(l) conplex is a potent reductant thedn transfer an electron the
organic bromide25 to regenerate Ru(lys®* while furnishing the active radical species
29, upon reductive cleavage of the carlmomide bond The electrordeficient radical
29 rapidly combine with the chiralelectronrich enamineX to forge the nevearbori
carbonbond and generatiéhe steregenic center withinhte U-aminoradicalX|. This
electronrich intermediate carundergo singleelectron transfer (SETpxidation by
"Ru(bpy)}?* to form the iminium ion intermediat¥ll while restartingthe phobredox
cycle Hydrolysis of XII returns the chiral amine catalyst27 and delives the
enantioenriched alkylation produ26.



This report was a milestone for the enantioselectivganeatalysisfield, since it
uncovered the potential ofvisible-light-driven reactions employing classical
organocatalytic toolsBesides proviohg a general solution for the asymmetric catalytic
U-alkylation ofunmodified aldehydes, the main synthetic impact was the demonstration
that radical intermediates could be generated from readily available, -betdé
precursors and at ambient temperatwhen using a photocatalyst activated by weak
light. This stands in sharp contrast wéthssical radical generation strategies, which often
requires hazardous radical initiators, toxic reagents, and in many cases, high
temperaturesThe combination witha lightactivated catalysts meant that the tools and
the mechanisms of stereocontrol inherent to enantioselective organocatalysis, which
require mild conditions for optimal efficiency, could be successfully applied within
radical reactivity patterns.

1.21PhotochemicalActivity of Electron Donor Acceptor (EDA) @mplexes

In 2013 our research group demonstrated that theisible-light-promoted,
enantioselectivalkylation of aldehydesoriginally developed by MacMillamould be
achieved without the addith of an external photocataly&cheme I7).28 This intriguing
result is a consequence of lightlucedgeneration of radica32 by directexcitation of
the EDA compleXIV , agroundstate associatiometweerthe diral enamindV andthe
alkyl bromide30. The reductive cleavage 80, triggeredby photainduced SETwithin
the EDA complexX1V , provided access to the key carbmmtered radica82.

JH é chiral amine catalyst )k(\©‘ \©/
EWG

n>T

catalyst co/ored EDA complex
N otms CFs

( ! H
O‘ N 32 chiral amine catalyst
,§'+3o = —= EWG
H

Iv R R xiv

Scheme T The EDA complex activation strategipr the enantioselective) -alkylation of aldehydes
SET: singleelectron transfer, EWGelectron-withdrawing group, the filled grey circle represents a bulky
substituent on the chiral amine catalyst

8 E, Arceo, |D. Jurberg, A. AlvareEernandez, P. Melchiorre, Photochemical Activity of a Key Donor
AAAADPOT O #1101 DBl Ag #A1 $ ORlikyatiod @ AldeAyted Ndt. Bifed Z0(BA, 750.A OAT UOE,



In this system, th chiral amine catalystllows thephotoactivation of subsates by
inducingthe formation of a lightibsorbing enaminbasedEDA complexXIV . At the

same time, iensures effective stereochemical contndr the following radical trapping
event This mechanistically peculiar approach demonstrateshe potential &
organocatalytic intermediates to participate in photochemical activation pathways. The
characteristics and uses of EDA complexes véllfbrther discussed in the second and
third chapter®f this thesis.

1.2.2Photoexcitation of Chiral Iminium lons andEnamines

The photochemical activity of aminocatalytic intermediates is not limited to the formation
of groundstate EDA complexesdt was found in our laboratories that thieedt phote
excitation of chiral enamines and iminium io@sablesunique enantiselective redox
processes, which are not achievable under thermal condichsifie B). Enaminesn
the excited statd\(* ) becomestrong reductantsThey can be used toe d u-lora@mo U
malonate83by SETto generatelectrondeficient radical29, whichthencan be trapped
by thegroundstate enamine intermediaté .2° On the other side, excited iminium ions
VI* serve as strong phoetixidants which can generate reactiopenshell specie87
upon SET oxidtion ofelectronrich silanes® The nechanisrs of actionsof thesephoto
excitedchiral organaatalytic intermediatewill be further discussed imore details in
the second and fourth chapter of this thesis.

29M. Silvi, E. Arceo, I. D. Jurberg, C. Cassani, P. Melchiorre, Enantioselective Organocatalytic Alkylation of
Aldehydes and Enals Driven by the DatePhotoexcitation of Enamines,J. Am. Chem. Sg2015137 6120

30M. Silvi, C. Verrier, Y.P. Rey, L. Buzzetti, P. Melchiorre, ViigiieExcitation of Iminium lons Enables the

%l AT OET OAIT A Adikgdiidh oftEAaldMat. Cherg 2017 DOL 10.1038/nchem.2748
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These phot@rganocatalytic approaches provide unique strategies tloe
enantioseldive functionalization of carbonyl compounds, which until very recently has
been hidden in the dark.

1.30bjectives and Summary of Thehlesis

The main objedte of this research thesigasto developnew enantioselective phaoto
organocatalyticransformatnscapitalizing upon the unique reactivities unlocked by the
direct excitation of common chiral organocatalytic intermediates.

1.3.TThe Photochemistry of Ebctron Donorzacceptor (EDA)ComplexesDerived
from Chiral Eolates

The first objective ofthe thesiswasto further advance the EDA complex activation
strategyto include electrosich chiral organocatalytic intermediates other than enamines
namely enolates. The abjlitof achiral enolates to formrEDA complexes with
perfluoroalkyl iodidesvas previously demonstrated by our grougpecifically, a light
driven aryl perfluoroalkylation of Ucyano aylacetates was developed which
demonstrated the ability of narhiral enolates to form an EDA compl&Building upon

this precedent, he goal of my studies was to develogn enantioselective

31 M. Nappi, G. Bergonzini, P. Melchiorre, Metatee Photochemical Aromatic Perfluoroalkylation of
1 -Cyano ArylacetatesAngew. Chem. Int. E201453 4921

r



per fl uor oa tkétoesdteasi8i pcomoted by isfble light excitation of chiral
enolatebasedEDA complexeqScheme B). Enantiocontrobf this process relies on a
phase transfer catalyst2, which provided a suitablehiral environment forthe
enantioselectie trapping othe reactiveperfluoroalkylradical41. This work represents
the first implementation of chiral enolat¥¥ as partners in photorganocatalytic EDA
complex activation for theonstructionof chiral stereocenters.

PTC catalyst w-c" RE- stereogenicity
colored EDA complex

o
H Q lL
or * R OR
-/ 38 39 PTCcataIyst RF 10 on
l base quatemarys(ereocenfer Ar. ~ N

| XV
chiral cation hy

R 42
0 0.0 Re—l |=— F-41 F
0 = DF’Q + 70 PTC catalyst
A -
AN OR hjto: SET
XV o w4 xvi

Scheme B EDA complex activation strategy employinghiral enolates as donors and perfluoroalkyl

iodides (R-l) asacceptors SETsingleelectron transfer, PTCphase transfer catalysis

The work was undertaken icollaboration with Dr. John Joseph Murphyho was
involved in the initial optimization studies and greatly contributed to the discussion and
experimental desig#t.

1.3.ZEnantioselective Photahemical ganocascade Catalysis

The second goal of my doctd research was to uncoviire reactivity of photeexcited
iminium ion intermediate¥| to designenantioselectiveatalytic cascade reactiors
Chapter 1V, | will describe therealization of this goala new photeorganocatalytic
cascade process, whighoceeds through a photochemidatinium ion-mediatedstep
followed by a polaenaminemediatedorocessis discussedScheme 1.10)This reaction
sequence has been accomplished employing racemic cycloprogdrbég, uponSET
oxidation by the photoexdted iminium ion VI*, undergo ring-opening of the
cyclopropane ring to fornthe b-ketaradical XVII alongwith thec hi r-al e&fr on b
enaminyl radicalintermediate XVIIl . The subsequent radical coupling geneyate
compoundXIX , bearing a carbonyl moiety Wwih is amenablé furtherreacts througha
polar enaminenediated intramolecular aldolprocess Overall, this photéminium

18 71 ITTEAEh *8 *8 - Odyarodatalytic Bhantodldciive Beifl@odkylatianefi O
[ -Ketoesters ,J. Am. Chem. So20151375678



ion/enaminecascadesequenceaffords highly enantioenriched, stereochemically dense
cyclopentened5 from readily available startjmmaterials in one step while consuming
only photons.

S H OTDS
secondary pa
Ph amine catalyst secondary
43 rac-44 45 amine catalyst
*Iminium ion: 1e” acceptor Enamine: 2e” donor

excited state

(o L
+ 1
20 Py o Lo GO0
_frac4d —> OL_R' — > 45
R SET H ~—F H
vI* oxidation /I € J“./
R

Xvi

R
photo-oxidant
Scheme ILOEnantioselective photochemical organ@ascade catalysis to afford chiral cyclopentanes

SETsingleelectron transfer, Im': photo-excited iminium ion, En: eamine

This work demonstratalatthereactivity of two chiral catgtic intermediatesonein the
excitedstate andthe otherin the groundstate,can be combinedo implement an
enantioselective, photochemical cascade process.

The project was conducteth collaboration with Giandomenico Magagnansho
contributed to the final stage of the optimization pescandievelopednost of thescope
of thistransformation.
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Enantioselective Photochemical Reactions

The purpose of this chapter is to piser the raders with a general overview of
enantioselective photochemistry, a field which pervades the whole research work
developed during this thesis. Specifically, | wi#itail the general strategies and concepts
underlyingthe implementation ofatalytic enantioselective lightnediated processés
solution IUPAC provides the following definition o photochemical reactiond a
chemical reaction caused by absorption of ultraviolet, visible or infrared radiation. There
are many grounetate reactionswhich have photochemical counterparts. Among these
are photochemical nitrogen extrusions, photocycloadditions, photodecarbonylations,

photodecarboxylations, photoenolizations, phBtEs rearrangement,
photosomerizations,  photooxidations, photorearrangerants,  photoreductions,
photosubstitutions, etc. 6

From this definition, it iSmportant to distinguish between processes where the key bond
forming or bondfragmenting event takes place in the electronically exatate and
transformations where photoahially generated reactive species undergobseaquent
groundstate reaction This distinction is especially important when discussing
enantioselective transformations. The contfdhestereochemicalutcomeis a difficult
taskfor both processesutit requires different approaeh

Excitedstae photochemical processes hayeat synthetic potential, but developing
enantioselective variantsave provenparticularly difficult. The reasons for this are
related to the challenge of a thorough mechanistiderstanding of the photochemical
process. Indeed, chéstry that evolves from excitestatess more complex than ground
state reactivity. Reactions and conformational analysis of the electronic ground state of a
molecule can be represented by a singiergy surfacé.Upon excitaibn, each
electronically excitedstae of the molecule possessesatsn energy surface placed a
higher energy than the grourstlate.Figure 21 showsthe Jablonski diagramwhich
represents three energy sacks (represented by Morse potentials) and the key
photophysical processes that must be consilehen irradiating moleculédt is very
common that the chemical and structural properties of moleenteslifferent in the

LE. V. Anslyn, D. A. Dougherty, Energy Surphaces and Kinetic Analyses, Chapter 7:/41956%Modern
Physical Organic Chemistap06.

2 E. V. Anslyn, D. A. Doughertyhétochemistry, Chapter 16, p. 93339 in Modern Physical Organic
Chemistry 2006.



varioussurfaces.In this respect, careful and often very sophisticated desigrchiral
catalyst is required to channel thaotochemical reactiothrough anenantioselective
path. The catalyst has to ensure thatghiestrate molecule alreadgsides in a chal
environmentduring the excitation stepthus securing a selective irradiation of the
catalystsubstrate aggregate, and that the catslybstrate interactions are maintained in
the exciteestates’

Controlling the stereochemistry of photochemical tieas in which the enantioselective
bondformation takes place in the groustite offers a less severe problem, since it can
be often controlled by classical strategies of asymmetric catalysis. This approach
generally relies on the lightiggered generain of reactive intermediates, such as epen
shell species, that can be intercepted using traditional tools of getatedasymmetric
catalysis (including organocatalysis). This raises interesting possibilities of developing
new enantioselective photoindectreactions, employing establishedls of asymmetric
synthesis.

> \

1- Absorption

2- Relaxation

3- Fluorescence

/ 4- Internal conversion

1 2 5- Intersystem crossing

s 6- Phosforescence
0

—————> Radiative transitions

» Radiationless transitions

Figure 21Generaldablonski diagram

2.1Asymmetric Induction by Chiral Templates

Early approaches to control enantioselattivof photochemical reactionsised
stoichiometric amounts of chiral templates, which can bind to the substrates before of
their photoexcitatiort. A molecule that can absorb light, upon excitation, possesses an
energy that is sufficient to undergo fastwlenergybarrier steps without additional
activation. Therefore, the controlled formation of a new stereogenic center is facilitated
when the achiral substrate is fgesembled within a chiral environment during the

2 R. Brimioulle, D. Lenhart, M. M. Maturi, T. Bach, Enantioselective Catalysis of Photochemical Reactions,
Angew. Chem. Int. E@Q1554, 3872

4 C.Mdller, T.Bach Chiraity Control in Photochemical ReactionsEnantiselective Formation of Complex
Photoproducts in Solution Aust. J. Chem2008, 61, 557.



excitation. The chiral complexing agesécures this condition. Multiple weak ron
covalent interactions between the substrate and the chiral template can lead to chirality
transfer in photochemical proceg&oth supramolecular and small molecule templates
have been employed to transfer stereaghbal information in photimduced processes.

To date, few highly enantioselective transformations have been achieved applying
stoichiometric or super stoichiometric amount of chiral templates.

In 2000, Bach reported highly enantioselective intramoletatat intermolecul&{2+2]
photocycloaddition reactions ofduinolonesl using chiral amide$ derived fromthe
Kemp's triacid (1,3 4rimethylcyclohexarl,3,5tricarboxylic acid) as the chiral
templates $cheme ). The success of this transformation is attributed to the formation
of well-organized association between the chiral template and the prochiral lhctam
which can aggregate through a network of hydrogen bonding interactions. This chiral
hostguest commx, when excited, can successfully undergo a highly stereoselective
[2+2] photocycloaddition. This approach requires low temperatures to avoid any racemic
background reaction while favoring the complete association of all substrate molecules
with the chirdtemplate.

hu (A> 300 nm) O
N 6 (2.6 equiv.)
toluene
N™ ~0 -60°C N
1 H 2 H

77% yield
93% ee

OMe OAc hv (2> 300 nm)
)/ 624 equlv
A +
©\)l =z toluene
N™ O -60°C
4

81% yield
95:5 dr
91% ee

Scheme 2lEnantioselective [2+2] photocycloadditionmediated by a chiral template.

With regard to supramolecular templates, a major achievement was accomplished in
2007. Inoue andBohne demonstrated thAtiman serum albumifHSA), acting as a

5T.Bach, H. Bergmann, K. Harms, Enantioselective Intramolecular [Pt#tocycloaddition Reactions in
Solution, Angew.Chem. Int. EQ000, 39, 2302

6 T.Bach , H. Bergmann Enantioselective Intermolecular [22jotocycloaddition Reactions of Alkenes
and a 2Quinolone in Solution,J. Am. Chem. Sa2000, 12211525
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natural supramolecular chiral host, can effectively transfer reinxironmental chirality

to the prochiraR-anthracenecarboxyla®(Scheme 2).” The protein was tested for the
[4+4] cycloaddition of7, which is a popular model system to study temptageliated
enantioselective photochemical reactions. In this transformation, four dimeric products
can be formed, two of which are chirdiSA providesa good photehirogenic
environment for photeyclodimerization to give both chiral produ8@and8b with high
enantiomeric excess (ee). Other supramolecular templates tested in this transformation,
such as cyclodextrins, produced the chiral produdis with low ee®

HOOC,

HOOC O.‘O O.‘O

COOH hu >320 nm O 8a O COOH HOOC ™ O

45% yield 8% yield
HSA 82% ee 90% ee
e ® e Sy
serum albumin HOOC O
LT L T
S=hg SNy
HOOC COOH
5% yield 42% yield

Scheme 2 Enantioselectiveg/4+4] photocycloadditions mediated by biological template.

The chiral template strategy was also applied in the synthesis of enantiopure
Rocaglamigs 12 and 13 (Scheme 3).° Intramolecular excitedtate proton transfer
(ESPT) within9 leads to the formation of the intermedi&tevhich undergoea [3+2]
cycloaddition with10 as controllecby the chiral TADDDL derivativel4. A hydrogen

bond assembly between the oxidopyrylibiwith the chiral alcohol4 was proposed to
explain the observed enantioselectivity.

7M. Nishijima, T. Wada, T. Mori, T. C. S. P&eBolme, Y. Inoue, Highly Enantiomeric Supramolecular [4 +
4] Photocyclodimerization of 2Anthracenecarboxylate Mediated by Human Serum Albumih,Am. Chem.
Soc, 2007,129 3478

8 A. NakamuraY. Inoue Electrostatic Manipulation of Enantiodifferentiating Patocyclodimerization of 2
1T OEOAAAT AAAOALCwlodexki® Bavity Ex@EgE Chemical Modification. Inverted Product
Distribution and Enhanced Enantioselectivity, Am. Chem. So2005 127 15, 5338

°or 8 ' AOAOAR 38 3 APgds frfEnahtdselecive Phbtociclvddtitton Mediated By Chiral
Brgnsted Acids: Asymmetric Synthesis of the Rocaglamid&sAm. Chem. So2006, 128 7754
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Scheme 23 Enantioselective[3+2 photocycloadditionsmediated by chiral template.

2.2Enantioselective Catalysis of Photochemical Reactions

The fundamental idea of catalysis is to decrease the activation barrier of the reaction under
study by means of a catalyst, which secures a lower epathway Figure 22a). Indeed,
prohibitive energy activation barriers often faced in common organic transformations can
be overcomemploying suitable catalysts. When a chiral catalyst is used, it is passible
direct the reactiothroughan enantioselective pathway. This scenario, however, is more
difficult to achieve for photochemical processes. After excitation, the molecule gains
sufficient energy to overcome an activation barri@s such, it does not neeayacatalyst

to undergo a productive procegsgure 22b). This creates a central issnedeveloping
enantioselective photochemical process, namely the difficult control of racemic,
background photoreactio#%. Additionally, the short lifetime of the excitedtate
intermediates limits the ability of a chiral catalysgtdde the selectivity of these highly
reactive speciedn photochemical reactions proceeding through exetate energy
surfaces, the main rold a chiral catalyst is not to lower the activation barrier, but instead

to interact with the substrates during the excitation event. This may ensure that a strong
binding could be maintained also in the excitate, thus allowing the reaction to proceed
through a stereocontrolled manifold.

WAAEOEEE 08 91i11h OoETOIAEAI EAAT 3O0AOATATT OOIs] 50ET G
Acc. Chem. Reg01649, 2307
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Figure 22 Enthalpy diagrams of a) thermal and b) photochemical reactians

Processes where the photochemical step is separated from the enantioseledtive bo
forming event offers a completely different scenario. In this case, an extsidé-
light-absorbing photocatalyi responsible for the generation of reactive species, which
can be successively trapped by a greatade chiral catalytic intermedétin an
enantioselective fashion. The photochemical generation of reactive species does not
always require an external photosensitizesr example, or group demonstrated that
chiral organocatalytic intermediates can directly servghawactive specide generate
radicals upon lighabsorption (section 2.2.3) the same time, the chiral organocatalyst
ensures effective stereochemical coninothe ensuing radical trapping eveht these

cases, however, the sterdefining event happens in the graustate.

Catalytic enantioselective photochemical reactions wilbeally discussed in terms of

the mechanistic frameworks underpinning these main strategles first part is
dedicated to transformations in izh the chiral catalysts absdibht andundergo energy

or electron transfer with the substratéhis chemistry happens in the excited state
second part will describe reactionsvitich the chiral catalysts doot urdergo light
excitation but worlcooperatively with an achiral external pboatalyst. The last section
focuses on transformations which employ chiral catalysts that do not absorb light but,
when interacting with substrateform a photoactive intermediates inducing
enantioselective photochemical reactidrse processes disc@skin the last two sections
mainly rely on steredlefining steps in the grourstate.

2.2.1Chiral Photocatalysts

Chiral photoactive catalysts often transfer the chirality to the substhatesggh weak
interactionghat are maintained in the shdisted excitedstate This secures the formation

of enantiomerically enriched products. Efficient photosensiteeahtiedifferentiation

is a difficult process to achieve. Despite considerable efforts over several decades, Bach



accomplished a major breakthghuin this field in 2005* when ke developed an
enantioselectivephotocatalytic intramolecular conjugate addition f -antiho alkyl
radicals to enorg(Scheme 2l). A significant enantiomeric excess was obtained by using
the designed electresxccepting chiral organocatalydt7, which secured a chiral
environment around the sstbate through hydrogen bonding interactions. The high
rigidity of the linker was key to secure a strong association with the substrate. The
reaction is believed to proceed through phottucedsingleelectron transfer (ST) to

form theradical pairll . Next, afast cyclization takeplace beforef possiblecompeting
backelectron transfer. The catalytic cycle is presumably closed by SET reduction of the
Uketoradical by the reduced form of the catalfiatermediatelll ), and subsequent
protonation of the resulting enolate.
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Scheme 24 Catalytic enantioselectivgphotochemicalcyclization of15

A bridge between aromatic ringwas installed in thenext generation of chiral
photocatalysts, which resulted in a completely flat structure of the photoactive unit
(thioxantane catalys?0 in Scheme &). The pganarity of the xantone or thioxantone
motifs was found to be essential to control the enantioselgctof the [2+2]
cycloaddition®? It is believed that any distortion fiothe planar structure of the excited
benzophenone (catalys?) can facilitate dissociatioof the substrate, which resultsan
racemic pathway.Additionally, the thioxantone catalys20 exhibits a significant

11 A. Bauer, F. Westkdamper, S. Grimme, T. Bach, Catalytic Enantioselective Reactions Driven by
Photoinduced Electron TransfefNature, 2005 436 1139

2 R. Alonso, T. Bach, A Chiral Thioxanthone as an Organocatalyst Eoantioselective [2+2]
Photocycloaddition Reactions Induced by Visible Ligithgew. Chem. Int. E201453 4368



absorption in the visibléght region, whid providesa catalyst system activated by low
energy, visible light irradiatiarThis chemistry follows energy transfer pathway from the
photoexcited chiral cataly@0to substratd 8.

H
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Scheme 25 Catalytic enantioselective [2+2] photocycloaddition

A different organocatalytic systemenabling a highly enantioselective [2+2]
cycloaddition was developed by Sibi and Sivagd#The chiral thiourea cataly28 was
employed to transfer stereochieal information to the excitedtates of cumaring1
(Scheme &). Interestingly, two mechanissnwere proposed depending on the
concentration of the catalyst. When using a high concentration, the catalyst possesses
higher optical density than other reaction components. In this case, a direct excitation of
the catalyst takes plac&ggregation of the catalyst excitathtewith the substrate21

leads to the formation of an exciplB%* (a noncovalent electronicallikeited compex

of a molecule in an excitestate with adifferent molecule in a grounstate that acts
together to emit a photon). However, when a low catalyst loading is used, the major
species absoitg light is a grounestate complex between the catalgsd the substrate,
leading to intermediaté/. Direct photoexcitation ofV triggers the stereocontrolled
formation of the produc®2. In both cases, the sterddferentiation arises from the
atropoisomeric binaphthyl motif of the catalyst, which inté&savith the substratbitough
hydrogen bonding.

BN. Vallavoju, S. Selvakumar, S. Jockusch, M. P. Sibi, J. Sivaguru, Enantioselective @tganoatalysis
Mediated by Atropisomeric Thiotea DerivativesAngew. Chem. Int. E®014 53 5604
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More recently, Xiao reported visiblaght-responsive lairal ligands by grafting chiral
bisoxazoline with thioxanton26.* These new ligands were successfully applied in

visible-light-promoted Lewis acit at al yzed

hydr oxyl2dty on

of

molecularoxygen Scheme Z). The thioxantone photosensitizer is responsible for the
generation of an electrophilic singlet oxygen, which is next trapped by the chiral Ni
enolateV. The bifunctional cataly®6 is crucial to form produc5 with high efficiency

and selectity. Both the yield and enantioselectivity of the product decreased
significantly when the photooxygenation reaction was performed with the chiral
bisoxazoline ligand and thioxantone separately.

¥ W. Ding, Q. Lu, QQ. Zhou, Y. Wei, R. Chen, WJ. Xiao, Bifunctional Photocatalysts for
Enantioselective Aerobic Oxidatioh AZKgtoesters,J. Am. Chem. So2017139 63
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2.2.2Chiral Catalysts in Cooperation with Achiral Photocatalysts

Dual catalytic approaches, whichergethe redox activity of a visibiight-absorbing
photocatalyst with the grourstate reactivity of a chiral intermediategve emerged as
powerful strategies to control the stereochemistry of digtiticed reactionsThis
approach, by exploiting the unique reactivity of photocatalytically gded opershell
intermediates, allows to expand the successful tools of classical enantioselective catalysis
from apolar to aradical reactivity domain.In this scenario, the rolef the achiral
photocatalyst is to generate a reactive, oftadical speies which then undeyoes
subsequerttondforming stepn the ground stateontrolled by the second chiral catalyst.

MacMillan introduced this strategy in 200 thefield of organocatalysis. Specifically,
anenaminene di at ed e n aalkylation sfe@ltlebydds with @lkylhalides was
developed, which could not be accomplished through a traditiog2dtyfe ionic
pathway Echeme B). The reaction, as alreadysdussed in Chapter |, sectio df this
thess, combinedasymmetric organocatalysis with a photoredox catalytic cycle. Later,
the same group expanded this methodology to the enantioseledlive
trifluoromethylatiod® andU-benzylatiod” of aldehydes. These studies, along with others

15D. A. Nicewicz, D. W. C. MacMillan, Merging Photoredox Catalysis with Organocatalysis: The Direct
Asymmetric Alkylation of AldehydesScience2008 322 77

16D, A. Nagib, M. E. Scott, D. W. C. MacNiilla %1 AT O Erriflubronefhdefich Af Algehydes via
Photoredox Organocatalysis). Am. Chem. So2009, 13110875

7478 3EEEh -8 .8 6ATAAO 7A1h 28 ,8 ' @éky@ohof$8 738
Aldehydes via Photoredox Organmatalysis,J. Am. Chem. So201Q 13213600



published almost athe same timeébut not dealing with stereoselective chemistry,
provided the impetus for the conceptualization and development odipidly growing

field of light-mediated photoredox catalys$fsThe use of a photoredox catalyst offers an
effective way ofgenerating radical intermediates from readily available, bstaible
precursors under very mild conditions. This means that enantioselective organocatalysis,
which requires mild conditions for optimal efficiency and stereocontrol, could be
successfully pplied within radical reactivity patterns.
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Scheme 28 Cooperation of photoredox catalysis with enaminenediated catalysisDMF dimethyl
formamide.

Despite this progress, it was difficult tapand redoactive photocatalysts in synergy

with the grounestate reactivity of welestablished chiral organocatalytic intermediates

other than enaminesParticulaty difficult was the development of catalytic
enantioselective addition of photochemicajgnerated radicals to chiral iminium ions, a

problem that was only recenthddressedgcheme 2).2° The key issuestens from the

nature of the radical intermediatél, generated upon radicabnjugateaddition ad
carboncarbon bond formation. The shdrti v e d , hi gimihyyradical eatoni ve U
VIl tends to undergo reverse reaction¢sa | |-seissionpto regenerate the more stable

83) M. A. Ischay, M. E. Anzovino, J. Du, T. P. Yoon, Efficient Visible Light Photocatalysis of [2+2] Enone
Cycloadditions,J. Am. Chem. So20Q08, 130, 12886, b) J. M. R. Narayanam, J. W. Tucker, CStephenson,
ElectronTransfer Photoredox Catalysis: Development of a Finee Reductive Dehalogenation Reactiod,

Am. Chem. So@009, 1318756

M. H. Shaw, J. Twilton, D. W. C. MacMillan, Photoredox Catalysis in Organic ChendistBrg. Chem

205, 81 16, 6898

203, J. Murphy, D. Bastida, S. Paria, M. Fagnoni, P. Melchiorre, Asymme€saialytic Formation of
Quaternary Carbons bylminium lon Trapping of Radicals,Nature2016 532 218



iminium ion precursorVl. The solution came with the design of a redokve
organocatalystamine 36, which secured a fast, intramolecular SET reduction of the
unstable radical intermediatél .

hv
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Scheme 2 Cooperation of photoredox catalysis with the imonium ion aittation mode to realize the
enantioselective radical conjugate addition to enong2 PC: photocatalyst, P&: reduced photocatalyst,
TBABE: tetrabuthylammonium tetrafluoroborate.

Upon radical conjugate addition to the iminium Mh an electrofrelay mechanism, by
shuttling electrons form the red@xtive carbazole moiety, bypasses the unstable radical
cation VII producing a carbazoliumyl radical catiafill , which is prevented from
undergoing baclelectron transfer by tautomerization of the secondagngne to the
corresponding iminéX. Regengation of the photocataly$s achieved by reduction of
the carbazoliumyl radical cation X, while the aminocatalys36 is liberated upon
hydrolysis of imineX. Detailed mechanistic investigations uncoverediaanticipated
turnoverlimiting step of this reaction, which is the reduction of the carbazole radical



cation within intermediaté X and the regeneration of the photocatalyst (PQ)his
knowledge allows rational tuning of the redox properties of thalkbiganocatalys36

to improvethe catalytic activity.

Photoredox catalysis was also combined with another chiral organocatalytic intermediate,
the Breslowintermediate $cheme 2.0).22 In 2012, Rovis reported thenantioselective
nucleophilic addition of acyl anion equivalentd to the photochemicaly generated
iminium ions42 employing chiral Nheterocyclic carbeneatalyst4 1.
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Scheme 210Cooperationof photoredox and Nheterocyclic carbene catalysis:,
m-DNB meta-dinitrobenzene.

In addition to covalent catalysis, organocatalytic strategies employing noncovalent
catalystsubstrate interactions were successfully coupled with photoredox systems. A
nove approach was demonstrated by Knowles, who used chiral phosphoric acids to

21 A, Bahamonde, J. J. Murphy, M. Savaresédiniamd, A. Cavalli, P. Melchiorre, Studies on the
Enantioselective Iminium lon Trapping of Radicals Triggered by an ElectRatay Mechanismj. Am. Chem.
Soc.2017139 4559

2M. N. Hopkinson, C. RichteM. Schedler, F. Glorius, An Overview ofHiterocyclic CarbenesiNature,
201451Q 485



promote stereocontrolled intramolecular qumaacol reactions $cheme 2.1).2% In this
process SET from the lightactivated iridium catalst 46 to the ketone43 occurs in
concert with proton transfer, as aided by the presence of the chiral phosphodé.acid
During the course oBET, the position of the proton within the-bond shifts from the
phosphoric acid to the more basic ketyl radicBhe hydrogen bond complexiii
between the ketyl radical and phosphate anion persists on thedaieeof the carben
carbon bond forming step, thus allowing an effective chirality transfer from the catalyst.
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Scheme 211Cooperation of photoredox andchiral Brgnstad acid catalysi$iEH Hantzsch ester SET:
singleelectron transfer.

Chiral cationic catalysts can also leenployed to dictate the enantioselectivity of
photochemical reactions. Mg reported the enantioselective photygenatbn of
b-ketoesters under phasansferconditions Scheme 2.2).%* In this reaction, a chiral
enolate reacted with photochemically generated, electrophilic singlgen affording
hydroxylated product8 with moderate enantioselectivities.

21.J.Rono, H. G. Yayla, D. Y. Wang, M. F. Armstrong, R. R. Knowles, Enantioselective Photoredox Catalysis
Enabled by ProtonCoupled Electron Transfer: Developmemf an Asymmetric Az&Pinacol Cyclization).

Am. Chem. So201313517735
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Combining chiral Lewisacid catalysis with photoredox catalysis was also a successful
steroslective strategy, as nicely demonstrated by Yoon to perform highly
enantioselective intramolecular [2+2] cycloaddition of enoBés(Scheme 2.3).2°
Coordination of a chiral europium complex to the substrate facilitated the SET reduction
of enoneb1 from the rutheniunrbased photocataly8tl while, at the same time, securing

a suitable chiral environment for the subsequent radical cyclizatiorb@ith
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Scheme 213Cooperation of photoredox andLewisacid catalysisSET: singlelectron transfer, L': chiral
ligand, Tf: trifluoromethane sulfonate.

2 ]J. Du, K. L. Skubi, D. M. Schultz, T. P. Yoon, A -Datdlysis Approac to Enantioselective [2+2]
Photocycloadditions Using Visible Ligh§cience2014 344 392




The marriage of transition metal and phettox catalysis has also bearsuccessful
strategy for the synthesis of valuable enaiiched chiratompounds. The MacMillan

and Fu research groups combined their efforts to developed an enantioseléetive sp
coupling by means of nick@liotoredoxsynergisticcatalysis Scheme 2.4).2527 The
proposed reaction mechanism starts with an oxidative addition of Ni(0) into the aryl
halide 56 to produce a Ni(ll) intermediate. Concurrently with this procéiss,SET
oxidation of a carboxylate, formed upon deprotonation of the carboxylic acid substrate
55by cesium carbonatéy the photoexcited catalygt6 andsubsequent decarboxylation
generats a n -aniino radical, which is intercepted by the Ni(ll) complex to give the
organometallic Ni(lll) adduct. Carberarbon bond faning reductive eliminatioforms

the enantioenriched benzyl amine prodbi¢t The resulting Ni(l) complex is returned
into theoriginal Ni(0) species by SET from theduced form oftheiridium photocatalyst,
closing both the photoredox and nickel catalytic cycClé® stereochemical information

is dictated by the chiral ligarfB.
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The selected examplesthie combination of photoredox catalysis with various substrate
activation modes available toyasmetric catalysis highlight the generality and utility of
these strategies as new powerful tools for making chiral molecules.

2.2.3Chiral Photoactive Catalytic Intermediates

In 2013, our research group identified a different strategy to promote eselatitive
photochemical reactions based on the photochemical activity of chiral organocatalytic
intermediates. Specifically, chiral enamin@g could aggregate in the grousthte with
electronpoor alkyl halidesof type 60 to afford visiblelight absorbing electron doner
acceptor compless EDA complexXV1 in Figure 23).28 These aggregates, upon light
excitation, could provide access to reactive eglegll intermediates, which could then be
trappedstereoselectivg by the grounestate chiral enamines. This strategy opened a new
research line in our group dedicated to the development of new enantioselective reactions
initiated by direct visibldight excitation of chiral catalytic intermediates, without the
need ofan external photocatalyst.
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Figure 23a) Formation and excitaion of an EDA complex. D: donor, A: acceptor, SET: sirgygetron
transfer, BET backelectron transfer. b) Optical absorption spectra of reaction components, the filled grey
circle repreents abulky substituent on the chiral amine catalyst.
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Applying EDA complex strategyhe enantioselectivenamineme d i aalkglationof
aldehydesnvasaccomplished by simple irradiation of the reaction mixture with visible

light (Scheme 2.5).28 The key initiation steppromoted byisible light excitation of the
EDA complexXV1, leads to a radical ion pa#V Il and subsequent formation of benzyl
radical XVIII upon carbofbromide bond fragmentation. The resulting elecfponr

benzyl radical can be trapped in enantioselective fashion by another molecule of chiral
enamineXV. The newly formealectronrich U-amino radicaXIX can reduce, by SET,

a newmolecule of benzyl bromide teform thepropagating benzyl radicalhe resulting
iminium saltXX undergoes hydrolysis to release the product and the catalyst.
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Overall, the process proceeds thoughraalical selfpropagating chain process.
Measurements of the quantum yield of this process, which defiaamount of product
formed per photon absorbeg the reaction, reveatithat a radical chain mechanism is
oper at i forthe feactiod Between butanal and benzyl bro@levhichimplies
thatat least 25 molecules of produ&t are formed upon absorption of one pholyn
XV1).2° The reactiorprofile analysis and raterder assessment indicatéhe trapping of

the carborcentered radical byhe enamine, to form the carboarbon bond, as rate
determining.This work demonstrated the use of chiral EDA complexes to connect two
powerfulfields of molecule activatiorasymmetricorganocatalysis and photochemistry.

This study constituted the first use of the EDA complex strategy in asymmetric catalysis.
However, chemists have been fascinated by the featuEd3A4tomplexes since the past
century, and their photophysical propesthave been investigated for almost 70 y&ars.
EDA complexes are grourstate associations between donors, having low ionization
potentials, and acceptor molecylegth high electron affinities The mainpeculiarity of

EDA complexes is that their formah is accompanied by the appearamiea new
absorption bandhe chargdransfer band, associated with a charge transition from donor
to acceptorThe new band is shifted from the individual absorbances and is often in the
visible range ofhe spectrunfFigure 23), whichresults intheappearance of a new color

of the reaction mixture. Elucidation of this phenomenon was a subject of studies for many
chemists. The concept of an electron demoreptor interactisywas introduced by
Benesi and Hildebrand in 19%&nd soon after had been related to the molecular orbital
theory by Muliken®® Formation of these complexes was explained by an energetically
and geometricallyavored overlap of accessible molecular orbitals of donor and acceptor
molecules.

The EDA complexes feature charge distribution between donor and acceptor molecules
in the ground state. The electron mobility within the complex depends on two key factors:
resonance stabilizatiofiipa) of donoracceptor assembly [D,A] and the reorganization
energy penalty(ar) required for the interconversion into the chatgmsfer state

[D*, A7] (Figure 21).%2

218 "AEAITTAAR 08 - Al AEET 00A hzalkylibrioAdidéngdes Diriven btk 3 OA O A
Photochemical Activity of Enaminesl. Am. Chem. Sp2016138 8019
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Hpa
D + A —= [D,A]

[ A]

Figure 24 Formation and excitation of an EDA complex.: Bonor, A acceptor, Hba: resonance

Those twovariablesgive a factor Q= 2Hpa/ 1 thatrepresents a quantitative measure of
the inner sphere/outer sphere interactichat are possible betweethe precursor
complexes.Two extreme situations can be describgdhen Q << 1 and Q O

In the first scenarigqQ << 1), a high intrinsic activation barrigreorganization energy
penalty ey anda low stabilization energy bh of the encounter complex leatts slow
electrontransfer ratés Figure 25a). These SET characteristics resemble the classical
Marcus outeisphere SET mechanistin this situation, théormation of the new charge
transfer band is usually insufficient for expeentalobservation The other extrem@Q

O ik Jepresented by an overwhelming dominance of the resonance stabilizaion
which predicts that the SET within the Bccurswithoutany barriersuch as it is just

in coincidence with the diffusional association of donor and accépigure 25c). The

new absorption band formed upon mixing a donor with an acceptor is most likely
associated with the absorption of the resulting donor radical cation or acceptol radica
anion after immediate barriéessSET. In these casgexperimentalobservation of a
chargetransfer band might be possiplaut mainlyat low temperature¥.In between of
these two extremes liescantinuumset of states where 0 < Q <Hidure 25b). These
charge transfer complexasecharacterize by asignificant resonance stabilizatiorb i

and SETpossessesome activation barrier. In this scenative charge transfer band is
usually easily observable in solution.

The energy needed for SETight be delivered by heat or direct excitation of the EDA
complex The later produces an excitestate with electrons equally distributed between
the donoracceptor [Df,A"] irrespective of the grounstate charge distribution.

33Marcus, R. A. Electrotransfer Reactions in Chemistry: Theory and Experiment (Nobel Lecturshgew.
Chem., Int. Ed1,99332 1111

% S. V. Rosokha, S. M. Dibrov, T. Y. Rosokha, J. K. Kochi, Electronic Structures of Intermolecular-Charge
transfer States in Fast Electron Transfers wiffetrathiafulvalene Donor. Thermal and Photoactivation of

[2 + 4] Cycloaddition ta-chloranil Acceptor,Photochem. Photobiol. S¢R006, 5, 914
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Figure 25 Three distinctive mechanisms for bimolecular electron transfexs progressively modulated by
the donor/acceptor bindingwithin the encounter complex D: donor, Aacceptor, Q: aguantitative
measure of inner phere/outer sphere interactionsbetween precursor complexes.

From a synthetic point of vievthe key requirement to achieve productive pathway is
often an efficient dissociation of the resulting radical pair, which can be accelerated by
the presence ofsuitable leaving group within the EDA complex. Fast, irreversible bond
fragmentation within the radical ion pair is crucialavoid unproductive BET (back
electron transfer)which would lead tothe regeneration ofhe starting materialsThis
strategywa cr uci al for the dev e-hdkylationofakdehydés t h e
discussed irscheme 2A5.

Our research group has identified that a mechanistidifigrent scenario takes place

w h e sbrorfdbmalonateare employed as reaction partners with chiraienes Scheme
2.16).%° The reaction proceeds with high yields and enantiomeric excasde®quires

light illumination (at about 400 nm).dwvevetr no EDA complex érmation was detected

on bringing together the chiral enamine with the subs@&t&his intriguing observation
suggested that a different mechanism of photoinitiation was involved in this process.
Mechanistic investigations demonstrated that the dirduitgexcitation of chiral
enaminexXV, which could barely absorb lighntil 420 nm, indues the formation of an
electronpoor radical, which further reaed with the grounestate enamines in a similar
mechanism as depicted in Scheme 241.820).

35M. Silvi, E. Arceo, I. D. Jurberg, C. Cassani, P. Melchiorre, Enantioselective Organocatalytic Alkyfation o
Aldehydes and Enals Driven by the Direct Photoexcitation of Enaminkshm. Chem. So2015137 6120
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This study demonstratetiat electrorrich enamines, which are primarily understasd
nucleophiles in their grounstate, could become strong reductants upon ligtitagion

and trigger the formation of radicals through the SET reduction of elegtr@norganic
halides. At the same time, the groustdte chiral enamines provided effective
stereochemical control over the enantioselective radical trapping processtrategy,
where stereoinduction and photoactivation merged in a sole chiral organocatalytic
intermediate, enabled ligllriven enantioselective transformations that could not be
realized using theéhermal reactivity of enamine®ecently our group exparet this
methodologyto achieve thé o r ma | e n a Anteihydatioa of aldehyde.e U

An important step forward in the development new photochemical activation pathways
has beerthe direct photoexcitation of other chiral aminocatalytic intermediates, such as
iminium ions. Recetly, ourgroup demonstratetthatexposure to visible lighbrings the
electronpoor iminium ionXX1l to an electronically excitestateXXII* , thus unlocking
reactivities not available to iminium ion grousthte chemistrySince an excitedtate
possesses much higr electronic affinity” (that is, it is a better etéron acceptor) than

the groundstate, the photoexcited iminium iofXII* function as a strong oxidant,
affording reactive opeshell inermediates upon SET oxidation from electrarh
substratesThiss t r at egy al | o wealkylatom afrehalsdtts stiblsteates | v e

%' g &EIEPPETEh -8 3EI OEh 08 AOKIUA ADEDYAtIBToWId4hyddE T OAT AA

by Means of PhoteOrganocatalysisAngew. Chem., Intl. EQR01756, 4447
ST E. V. Anslyn, D. A. Dougherty, &tbchemistry, Chapter 16, p. 95856 in Modern Physical Organic
Chemistry 2006.



that are recalcitrant to polar conjugate addition manifol8cheme 2.7).38
Mechanistically, SEDxidation ofthe electrorrich alkyl trimethysilane67 by the phote

excited iminium ionXXI1l* furnishest h e-e |5 é ¢ tenamimyl rdical intermediate

XXl along with the silyl radical catiodXIV . Irreversible fragmentation of the carfion

silicon bond inXXIV triggersthe generation of neutral riad! intermediateX XV, along

with a formal trimethylsilyl cation (TMS. At this juncture, a stereocontrolled

i ntermol ecul ar c-enamiryliradigaX>ollf with X>&/ farnfs & mew | b
carboncarbon bond while forging the stereogenic center. Tiesulting enamine
intermediateXXV 1, upon hydrolysis, regeneratthe catalys69whilstl i ber ati ng t |
functionalized aldehydés.

hv

o
20 mol% 69 [ > T Q
H o, TMS 40moi% TFA H)ﬁ N oms CF
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R™cHeN 4n R | 69

Organocatalyst
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XXVI H X
b, R Rground state
R™ coloured (>400 nm)
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.
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X N

R—
Xxv vh‘ XX:—I|I ground state J)‘\H
R” reagents XXII*
&SOIV - OO % Rexcited state
Solv-TMs* X N % strong oxidant
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X R—/
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Scheme 2170 O1 BT OAA 1 AAEAT EOI | -dklyétsriof ehdlsAliivénby phdioexkikd E OA |
iminium ionVII'. SET: singlelectron transfer, TFA: trifluoroacetic acidBET: baclelectron transfer, TMS:
trimethylsilyl, the filled grey circle represents bulky substituent on the chiral amine catalyst.

38 M. Silvi, C. Verrier, Y.P. Rey, L. Buzzetti, P. Melchiorre, VighieExcitation of Iminium lonsEnables the
%1 AT OET OAIT A Adikigdiidh offEAaldMat. Cherg 2017 POI: 10.1038/nchem.2748.



In addition tothesestudies there are a few repartin which metal complexes form
photoactie chiral catalytic intermediatagoon bindig with a substrate and promote
enantioselective photochemical reactiéhs.

The photcorganocatalytic strategies descdlaboveprovided theconceptuarootsand
the synthetic tools for the chemistry developedhis doctoral thesis and foritine
conceptual basis for the discussio the following chapters.

39 For selected examples a) R. Brimioulle, T. Bach, Enantioselective Lewis Acid Catalysis of Intramolecular
Enone [2+2] Photocycloaddition ReactionSgience2013342 840, b) H. Huo, X. Shen, C.Wang, L. Zhang, P.
R¢se, L-A. Chen, K.Harms, M. Marsch, G. Hilt, E. Meggers, Asymmetric Photoredox Transiteial
Catalysis Activated by Visible Lightlature 2014 515 100, c) Q. M. Kainz, C. D. Matier,Bartoszewicz, S.

L. Zultanski, J. C. Peters, G. C. Fu, Asymmetric Copatalyzed QN Crosscouplings Induced by Visible
Light, Science2016 351 681



# EADPOAO )))
Photo-Organocatalytic Enantioselective
PerfluoroA1 E U1 A dEtbebters &£

Target
Developing a visibldight-driven, phase Chiralication 1 o
transfer-catalyzed, enantioselective 050  Re—l W R R

. . . [Cfeo = 5 o Re
perfluoroalkylation and trifluoromethylation ﬁ OR PTC “CO,R
| £ A Ulktodstérs tg forge quaternary Q quaternary stersacenter
carbon stereocenterst EDA complex

Tool

Photochemical activity ofin situgenerated electron donoracceptor (EDA) complexes, arising
from the association of chiral enolates and perfluoroalkyl iodides

3.1ntroduction

The chemistry of chiral enolates has a rich history in stereoselective synthesis. The
diverse portfdb of possible bondorming processes, offered by the reactivity of
enolates, makes this branch of asymmetric synthesis particularly interesting. Generally,
enolates are generated upon deprotonation of carbonyl substrates. The first strategies to
forge newstereogenic centers using enolates relied on the extant asymmetry of chiral
substrates to provide suitable stereochemical control for-fmynung events $cheme

3.1a)? Later, the use of removable chiral auxiksr provided a robust and highly
predictabl e t ool -finctionalizatiom ofsarbenylsSghemeldb)ét i v e
Interestingly enough, such traditional asymmetric approaches, despite the great advances
in catalytic enantioselective strategies, remain often the methods of choice, both in
academia and industfstill, enantioselective catalysis provides a vast array of methods

to control the stereochemical outcome of enehaszliated processes. Both metal
catalysis and organocatalysis are widely applied to channel those reactions through
enantioselective pathways. A broad scope of electrophiles can be employed to achieve

14EA x1 OE AEOAOOOAA ET OEEO AEAPOAO EAO AAAT - POAI EOI
organocatalytic Enantiod 1 AAOE OA 0 A O £Fi-Kaloadterdd. A Chand Bded15137E6678

2J. A. Marshall, P. G. M. WutStereorational Total synthesis of The Marine Diterpene Dictyolene and its

G11 Epimed. Am. Chem. S0&97810Q 1627.

3D. A. Evans, M. D. Ennis, D. J. Mathre, Asymmetric Alkylation Reactions of Chiral Imide Enolates. A Practical
Approach to the Enantioselective 8T O E A CgaiistitlitedECarboxylic Acid Derivatived, Am. Chem. Soc.,

1982104 1737.

4 M. M. Heravi, V. Zadsirjan, B. Farajpour, Applications of oxazolidinones as chiral auxiliaries in the
asymmetric alkylation reaction applied to total synthesi®SC Adv.2016 6, 30498.



enantioselective functionalizations of carbonyls, for exampet§jpe alkylations with
organic halides, arylations® conjugate addition, aldol reactiorf, or oxidations’
Selected examples of stereoselective alkylations of enolates are preseBtdtine

3.1.10.

OSnBU3 9 (2.5 mol%)

: LDA
: /u\ /H\V/’ BnBr /u\ /ﬂ\?//
: THF Bn
: 3 -78°C 4
91% yield H 92% yield
dr> 99:1 : dr> 99:1
i d) 10 (10 mol%) o
- H BnBr
: thc-N\)j\ e Ph2C=N\)I\ .
é’B” : OBU  50% aq. KOH T OBu
: toluene Bn
6 91% yield : 7 8 68% yield
93% ee 91% ee
( N\
N

BnBr

benzene
0°C

Scheme 3LExamples of stereoselective alkylation of enolates controlled by: a) extant asymmetry of
chiral substrates. b) Chiral auxiliary. c) A chiral chromium salen catalyst. d) A chiral phase transfer
catalyst. LDA: lithium dsopropylamide.
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%1 -Anhind Bdid§Tktadedrdire), 499838 UDE A OE O
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6 J. Ahman, J. PWolfe, M. V. Troutman, M. Palucki, S. L. Buchwald, Asymmetric Arylation of Ketone
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Enolates,J. Am. Chem. S9&998 120 8, 1918

7 D. Uraguchi, K. Yoshioka, Y. Ueki, T. Ooi, Highly Red)asteres, and Enantioselective 1;@and 1,8

Additions of Azlactones to Di and Trienyl NAcylpyrroles,J. Am. Chem. So2012134 19370

8N. Yoshikawa, Y. M. A. Yamada, J. Das, H. Sasai, M. Shibasaki, Direct Catalytic Asymmetric Aldol Reaction,
J. Am. Chem. S08999 1214168

9M. Lian, Z. Li, Y. Cai, Q. Mg
Transfer Catalysis Using Molecular Oxygebhem. Asian 20127, 2019

10A, G. Doyle, E. N. Jacobsen, Enantioselective Alkylations of Tributyltin Enolates Catalyzed by &)(ale
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Generally, enantioselective enolate chemistry has been used within polar reactivity
domains. In sharp contrast, few examples of radical trap from enolates have been
reportedt!

In 2001, Schéfer reported an enantioselective oxidative emupli titanium enolaté
employing the chiral ligand2 in stoichiometric quantity§cheme3.2).12 The titanium
enolatel, upon treatment with ferrocenium cation, urgiees a singlelectron transfer
(SET) oxidation to form the radical catitin This species can undergo a radical coupling
with another molecule df or radical addition to the enolalt¥ to form the product 1.

o o) 12 (1 equiv.) o 0
N (0}
)\\N/U\,Ph TiCly, Et;N )\\NJH:Ph >
o —_— > w OH
_ Fe(CP),BF4 ¥, °
10 1 12 Ph" Ph
91% yield *L- chiral ligand
. RR:meso- 25:75
12 (1 equiv) 6% ee
TiCly, EtzN

T~ T~
1o __FelCoF; 30
4_\Re approach
Ph Ph

Ph Ph PR Torll

Scheme3.2 Enantioselective oxidative coupling of the titanium enolate. Cp: cyclopentadien.

A catalytic enantioselective radical transformation of enolates was reported by Meggers
in 2014 Scheme R).1* A chiral-atmetal iridium complex.6 was employed to achieve

a photochemical, enantioselective alkylation of ketones. The reaction is initiated by the
coordination of Zacyl imidazolel3to the irdium catalystl6 to form complexl7. The
nucleophilic iridium enolate compld¥d , formed upon deprotonation &, serves as a
chiral photocatalyst, which upon photoexcitation reduces the elgotrmmnalkyl bromide

14 via a SET manifold. Carbebromide lond cleavage within the radical anivth lead

to the formation of the alkyl radiclll , which can be trapped by the chiral iridium
enolatelll. Oxidation of the resulting ketyl intermediate’ to a ketone by SET

1a) P. Q. Nguyen, H. J. Schéafer, Enantioselective Oxidative Coupling of the Titanium Enolate of 3
Phenylacetyi2-oxazolidinone,Org. Lett., 2001 3, 2993,b) H. Huo, X. Shen, C.Wang, L. Zhang, P. R¢se, L.A.
Chen, K. Harms, M. Marsch, G. Hilt, E. Meggers, Asymmetric Photoredox Transitetal Catalysis
Activated by Visible LightNature 2014 515 100.

23, Ullrich, Highly Efficient Generation of Raxhls from Ester Enolates by the Ferrocenium lon. Application
to Selective FOxygenation and Dimerization Reactions of Esterks,Org. Chem1998 63, 7130.



regenerates the iridium photosensitizer pravides the iridium coordinated product
which is released upon exchange with the unreacted starting magrial

hy

N R! 16 (2 mol%)
\\HJ\/ T B Ewe
\_x NaHPO4 <’

‘R2 MeOH-THF
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Scheme 3 Enantioselective alkylation of ketones by asymmetric photoreddransition-metal catalysis.
THF: tetrahydrofuran, EWG: electrawithdrawing group.

We envisioned that the strategy developed in our research group, which is based on the
photochemical activity of EDA complexes generated from chiral enamines (discussed in
Chapter 2), could be translated to the chemistry of enolates. This would allow the
development of lightriggered enantioselective radical transformations of enolates that
might not be possible through classical polar reactivity.

3.2Reactions of Enolates’roceeding by Electron Transfer Mechanism

Despite the high nucleophilicity of enolates, many substitution reactions with alkyl
halides have been shown to proceed slowly or be not possible under traditional ionic
pathways. The lack of reactivity is usuatlye to strain, steric and electronic factors or a
combination of them. For example, secondary and tertiary halides are unreactiZe in S



pathways mainly because of the steric bulk generated by neighboring substituents.
Electronic factors have a strong lirdnce on the reactivity of perfluoroalkyl iodides,
which are completely recalcitrant to the nucleophilic displacement of iodide ugler S

Svl conditions. The shielding of the carbon by the surrounding lone electron pairs on
fluorine atoms destabilizend repel the approaching carbonantén.

In these cases, when classical ionic pathways are precluded, nucleophilic substitution can
be accomplished byrgl mechanisms that involve opshell intermediates, generated

by SET events, as originally demonstrabgd<ornblunt*and RusselPin 1966.Scheme

34b shows the &1 mechani sm of the reaction repo
ketoested 7 and the electropoor alkyl halidel8. The process is initiated by SETrom
theenolatel to 18, which leads to the formation of the neutral radXand the radical
anionXl. Carbonchlorine bond fragmentation withil affords the benzyl radicall ,

which can be trapped by the enol&Xe The resulting intermediatélll can reducevia

an SET, another molecule b8to form the product9and the propagating benzyl radical

XII'. Overall, this process proceeds through asepagating radical chain mechanism.
Even though theN® pathway is feasible, Kornblum proposed thglSmechaism based

on the observed suppression of the alkylation process when adding a catalytic amount of
oneelectron acceptor, such pglinitrobenzene, which can interfere with the SET event
underlying the radical chain manifold. Additionally, a markedly défé product
distribution between C and O alkylation addudi8 §énd20, respectively, witl20 being
associated to a purely ionic path) was observed when adding a small amount of cupric
chloride (Scheme 3.2a), which was proposed to suppress the +au@aleaction while
allowing the displacement through axg2%rocess. One year later, Kornblum reported a
remarkable example ofzgl process employing tertiary benzyl chlori2i a substrate

which definitely cannot undergo a classica3eaction $cheme 3lc).”

13p, Kirsch, Modern Fluoroorganic Chemistry Synthesis, Reactivity, Applications, Chapter 2;92, Wiley

2004.

¥ N. Kornblum, R. E. Michel, R. C. Kerber, Chain Reactions in Substitution Processes Which Proceed via
RadicatAnion Intermediates,J. Am. Chem. S0&966 88, 5662.

15G. Russell, W. C. Danen, Coupling Reactions of tit@-2-propyl Anion', J. Am. Chem. Sod.966 88,

5663.

B R. C. Kerber, G. W. Urry, N. Kornblum, Radical Anions as Intermediates in Substitution Reactions. The
Mechanism of Carbon Alkylation of Nitroparaffin Saltd, Am. Chem. So&96587, 4520.

N. Kornblum, G. W.&l, N. L. Holy, J. W. Manthey, M. T. Musser, D. H. Snow, R. T. Swiger, New and Facile
Substitution Reactionsat Tertiary Carbon. The Use of Oxygen as a Mechanistic Pradbédm. Chem. Soc.,
196890, 6221
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Scheme 34 a) Alkylation of enolates through an &l pathway employing primary electropoor benzyl
chlorides. b) The proposed reaction mechanism) Alkylation of enolates through an &l pathway
employing a tertiary electronpoor benzyl chloride.

The distinction between any& and an SET process is related to bonding interactions
between the enolate and the electrophile in the transition statm &2 process, the
transfer of electrons is accompanied with significant bond reorganization within the
reaction complex and is favored in terms of energy by the bonding interactions. However,
S\2 transition states have a strict requirement for théivelalignment of the nucleophile

and the carboihalide bond within the electrophile. On the other side, the transition state
in the electron transfer mechanism has a looser structure with no substantial bond



formation!® This makes theSET pathways rathensensitive to steric hindrance, thus
explaining why &1 mechanisms are favored ove2Sfor sterically encumbered
substrates.

In general, the electron transfer event can be spontaneous or may require thermal or
photochemical activation. Photochemicak$ -adylation of ketone4 was reported in

1973 by Bunnett §cheme 3).1° Photochemically induced SET from enolate to the
aromatic partne5 results in the formation of aryl radical aniot/, which after
fragmenation of a leaving group, produces an aryl radidél . Trapping of this resulting
radical by the enolat¥VIl generates the ketyl radical intermedixtlll, which can

reduce another molecule of the aromatic substat® propagate a chain reaction and
release the produ@6. Although Bunnet did not provide mechanistic details of the
initiation step, this reaction was later studied by Fox who proposed the involvement of
charge transfer complexes in this transformatfon.

)J\ ©/ base )J\ ‘/LG T’ )J\ O

*K LG *K'LG Xvi

chain process /‘\J. XVI
xvn
é\ % Xviil

Scheme 3 SnE -atylation of enolates initiated by photoexcitation of EDA complexes. LG: leaving group.

BR. A. Rossi, A. B. Pierini, A. B. Pefiéfiory, IBlyghilic Substitution Reactions by Electron TransfeChem.
Rev.,2003 103 71

R. A. Rossi, J. F. Bunnett, Photostimulated AromatigBReactions). Org. Chem197338, 1407.

20M. A. Fox, J. Younathan, G. E. Fryxell, Photoinitiationth&f Sml Reation by Excitationof ChargeTransfer
ComplexesJ.Org.Chem.198348,18, 3109



Due to the low ionization potentials, enolates can be considered as suitable donors for the
formation of EDA complexesBased on our group previous studies on EDA complex
activation involving enaminé% and their electronic similarities with enolates, our group
developed an enolateased EDA complex activation strategy to access synthetically
appealing photochemical trdoemation?? Perfluoroalkyl iodides28 were selected as
reaction partners, because sparse literature prec&depialify them as potential
acceptors for facilitating associations of EDA complexes. This study focused on the
react i vi tcyanoelienymdeta®? with perfluorohexyl iodide28 under visible
lightirradiation Scheme &). In analogy to our group previous work involving enamines,

the radical trap by the enola¥Xll was ant i ci p a tperifuordal&lylated r m t h
product 30 with a new quaternary stereogenic center. The arene perfluoroalkylation
product29 was generated instead. Mechanistically, the reaction is initiated by-photo
induced SET within the EDA complexIX . A rapid carboriodine bond fragmentation
renders the perfluoroalkyl radicdX| under mild conditionsXXI further reacts with the
aromatic system of the deprotonated substrXt€éll , through a classical homolytic
aromatic substitution (HAS) pathwéy.Upon GC bond formation, the resulting
cyclohexadienyl radical intermediadeXlll most likely reduces another molecule of
perfluoroalkyl iodide28 to propagate the reaction chain and release the praéuct

2LE, Areo, |. D. Jurberg, A. Alvarezernandez, P. Melchiorre, Photochemical Activity of a Key Dagor
AARAADOI O #11 Pl Ag #Al $ Ombyatiod & AldeAyieSMat. BhariD13% 758 A OAT UOE
22\, Nappi, G. Bergonzini, P. Melchiorre, Metatee Ph@di AEATI EAATI ! OT i AGEA-0A Q&I OI
Cyano ArylacetatesAngew. Chem. Int. E@201453 4921

23 D. Cantacuzene, C. Wakselman, R Dormmndensation of Perfluoroalkyl lodides with Unsaturated

Nitrogen Gmpounds, J. Chem. Soc., Perkin Trand 9%, 1365.

2D. H. R. Barton, W. Doering, Homolytic Aromatic Substitution, International Series of Monographs on

Organic Chemistry1960yvol. 4.
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photochemical activity of EDA complexesSET: singlelectron transfer, Re: perfluorolakyl.

This method provides an easy access to valuable perfluoroalklylated aromatic compounds
29. Nevertheless, the initial idea of this studies was to apply EDA complex strategy to
initiate the enantioselest transformation of enolates and trapping the resulting
perfluoroalkyl radicalXXl a t t-position Wo the carbonyl group to forge a new
stereogeni c c e nperBuoroalkythtiow predacB0,wastnéver obderved

e mp | o ycyanogrylaktetate®7. The overall reaction mechanism and the origin of the
regioselectivity, with theexclusive aromatic perfluoroalkylation, was studied by DFT
(density functional theory) calculatiodsThis work indicated that the highest occupied
molecular orbital (HOMO) oKXIl has a significant component in the phenyl ring, which
favors the HAS manifd. The key factorprealdi ng t he r ad-tathaenyl at t a
position is the large cost for the distortion of the anionic frag&iit associated with

this pathway.

We hypot hesi ze d-regidsedettivity dowld bd ackievedeedploying an
enolate possessing difient electronic and structural features. This would allow the use

25V, M. Fernandedlvarez, M. Nappi, P. Melchiorre, F. Maseras, Computational Study with DFT and Kinetic
Models on the Mechanism of Photoinitiated Aromatic Perfluoroalkylation©rg. Lett., 201517 2676



of the EDA complex activation strat-egy to
perfluoroalkylation of carbonyls.

3.3Target of the Roject

The aim of the research project describied this chapter is to investigate the
photochemical reactivity of EDA complexes transiently generated from chiral enolates.
The synthetic target is to develop efficient methods for the enantioseleatiaigtic
production of perfluoralkytontaining steregenicity, which would not be possible via
classical ionic pathways. Based on our group’s previous sfiidies, identified
perfluoroalkyl iodides as suitable radical precursors for an enantioselective
transformation initiated by the photoexcitation ofrehEDA complexes (Scheme 3.7).
Specifically, we envisioned that photochemically generated perfluoroalkyl radixals
could be trapped by chiral enolates of typ€VI to achieve enantioselective electrophilic
Uperfluoroalkylation of carbonyls, a functialization which is largely underdeveloped.
One effective strategy to provide a chiral environment for reactive enolates relies on phase
transfer catalysi&> where chiral quaternary ammonium salts serve as chiral cations. We
envisioned that this strategy ynaserve as a suitable platform for developing an
enantioselective photochemical radical perfluoroalkylation of enolS&wefne ).

colored EDA complex
chiral
cation

OQ +Rp—I| OQ hy
-~ \ Re ! |
R R OO R!

2
xxvi R R? xxvil
R2- alkyl
o
@ chiral Jj\(R - <Dy
; 1 F o XXIX
cation R Re.
R? N
31 XXI R2 XXVI

Scheme 37 Design plan for the enantioselective perfluoroalkylation of enolates promoted by the
photoexcitation of chiral enolatebased EDA complexes.ARperfluorolakyl.

There are only two existing -peiflgptodlkylatienn a nt i ¢
of carbonyls. One of them relies on the reactivity of chiral enamines, which can
selectively forge perfluoroalkyl stereogenicity reacting with Togni’s re&&fnthich is

26 S Shirakawa K. Maruoka, Recent Developments in Asymmetric Pha$eansfer ReactionsAngew. Chem.
Int. Ed, 201352 4312



an electrophilic source of the trifluoromethyl group allowing ionic trifluoromettigh
(Scheme ®a)?” Chiral enamines can also intercept photochemically generated
perfluoroalkyl radicals, as demonstrated MgcMillan (Scheme ®b)28 In a distinct
approach, Gade used a copper catalyst with a chiral pincer Wgaindberform a highly
enantiosel ecti ve tketoeStdrs370 usiognmth Tgghie®B8B and n o f
Umemoto’s reagenBd (Scheme &c).?°

a) i b)
—— 29 (20 mol%) H 35 (20 mol%)
F3C—l o} H
O| 3 CuCl (5 mol%) | H O| 36 (0.5 mol%) |
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Scheme 3B Enantioselective electrophilic perfluoroalkylation of carbonyls. a) Enantioselective anionic
trifluoromethylation of aldehydes using chiral secondary amine catalyah b) Enantioselective radical
trifluoromethylation of aldehydes; R: perfluorolakyl. 9 Enantioselective anionic trifluoromethylation of
[ -ketoesters employing chiral copper complex. Tf: trifluoromethyl sulfonate.

2TA. E. Allen, D. W. C. MacMillafhe Productive Merger of lodonium Salts and Organocatalysis: A Non

PEI O1T 1 UGEA ! DDOI AAE -Téfiuorotnetidylatiri oAAldényde VAAMAGhENE $oR01Q

1324986.

2838 18 . ACEAh -8 %8 3A1 OOh $Bifludr@netiytion oh Mdelydes vial h %I Al
Photoredox Organocatalysis). Am. Chem. So2009, 13110875

2 Q-H Deng, H. Wadepohl, L. H. Gade, Highly Enantioselective Cofjagalyzed Electrophilic

4 OE &1 O1 Ol | AKefotsierd, O Eni. Chein. 02012134, 10769



GadeEs met hod f e a tketoestess, bat isHimitechatathesnstallgtien ofo f b
trifluoromethyl group, which is an fnnsic limitation of the ionic pathway. The
electrophilic reagents available as a source of trifluoromethyl group are expensive, and
access to other perfluoroalliyagments is rather limited.

Other attempts to achieve enantioselective electrophili¢uoecalkylation using chiral
bases or phase transfer catalysts feature only low to moderate enantioselectivities (19
70% ee)P

3.4Results and Discussion

We ¢ h o &etoestenbedying an indanone scaff®fchs a model substrate and tested
the feasibility of charge transfer interactions between the resulting exotate and
perfluorohexyl iodide28 (Scheme 3). EnolateXXVI was formed upon deprotonation

of tkéteestdB7 with an excess of base (DBU, dd&zabicyclo[5.4.0]unde@-ene).
Subsequent addition of perfluorohexyl iodi@8 to the colorless solution oXXVI
resulted in the immediate appearance oéléoyw color, which suggests the formation of

a lightabsorbing EDA complexXXXVIl . The confirmation was obtained from the
absorption spectra of separate reaction components and their mixigne® (31). The
formation of a new absorption band indicated the generation of the charge transfer
complex, and its absorption until 480 nm explains the appearance of the yellow
coloration. Direct, visible light irradiation of this mixture resulted in the formation of the
desred product4l in 73% yield. Importantly, no redion was observed in theark
(Scheme 3).

0 o
DBU (2 equiv.)
COMes Re—l white LEDs Re
e —_
? F CeHsCl COzMe
37 28 25°C, 16 h 41
1,2 equiv.  Rg= CF,CsF 4 73% yield

Scheme 3 Racemic perfluoroalkylation oB5using 2 eq. 6 DBU- 1,8diazabicyclo[5.4.0Junde€7-ene.

%0 a) S. Noritake, N. Shibata, Y. Nomura, Y. Huang, A. Matsnev, S. Nakamura, T. Torua, D. Cahard,

%1 AT OET OAT AAGEOA %l AA O OikeikHstert With UniefioE RedgéntsinduCel byl AOET 1
Chiral Nonracemic Guanidine€rg. Biomol. Chm., 2009, 7, 3599,b) J-A. Ma, D. Cahard, Strategies for
Nucleophilic, Electrophilic, and Radical Trifluoromethylation, Fluor. Chen2007, 128 975
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Figure 31Optical absorption spectra recorded in chlorobenzene in a 1 cm path quartz cuvettes L
A 3EEI AAUO ToPz0o# 56 MOEOEAI A ODPAAOOI PET OI i
the substrates37and 28are achromatic, the resulting enolatexv! (formed upon mixing37with 2
equiv. of DBU) showed a weak absorption at about 380 nm (red line), its combination with
perfluorohexyl iodide 28 determines a strong bathochromic shift (blue line).

Next, we evaluated the formation of the EDA comp¥ekVIl and its reactivity under
phase transfer conditions. We observed that, upon addition of perfluorohexyl 2&dide
to the heterogeneous mixture ®f and cesium carbonate in chlorobenzene, yellowish
spots appeared on the surface of the white solid on the bottom of the Schlenk tube (the
insoluble cesium carbonate), while the solution remained coloftéggré 3.®). This
indicates the formation of the EDAmplexXXVIl between the enolate, which is formed
after deprotonation 087 by cesium carbonate and &lsorbedon its surface, with
perfluorohexyl iodide28. Next, upon addition of the cinchona alkalbidsed phase
transfer catalyst2, the colorless sation became yellow as well. This visual observation
showed that the catalyé® can transfer the EDA complé&XVIl from the surface of the
insoluble inorganic base into the solution. Direct, visible light excitation of this mixture
by a simplecompact florescent light bulb (CFL) resulted in the formation of the product
41in low yield and low enantioselectivitfFigure 3.3a). The absorption spectrum of the
yellow mixture, measured upon filtration of LLL;, featured a charge transfer band
which overlays vith the absorption band observed when using DBidure 3.2.
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Figure 32 Opticalabsorption spectra recorded irchlorobenzene in a 1 cm pathugrtz cuvettes
using a ShimadzT ® P I 0 visib® Spkttrophotometer, [37=15 - h ¢ Ti ¥ € I
t - h £ ®T Whi€thersubstrat8s3d7and 28 are achromatic, the resulting enolateXXu
showed a weak absorptiorat about 380 nm (red line)the optical absorption spectrum of he
reaction mixture under PTC conditins (recorded upon filtration ofC3CQ) determines a strong
bathochromic shift (blue line),DBU-1,8diazabicyclo[5.4.0]Junde€7-ene.

37 28 DCM, 25°C, 16 h a

OH
O H
a) (o} 42 (20 mol%) _/a\‘ H
oMo + Rt 23W CFL Re — 2
e e ~
2 P77 Cs,C0; (2 equiv) CO,Me Br AN

1.2 equiv.  Rg= CF,CsFq 34% yield F3C 42
15% ee PTC
b) enolate adsorbed collored EDA complex adsorbed collored EDA complex
on the surface of the base on the surface of the base in the solution
o ED
Rg—l O'\ Re—l PTC O’\ Re—I
R — o — F
R? ) R! R!
R2 R2
XXVI XXVl XXVl

Figure 33 a) Enantioselective perfluoroalkylation in phase transfer conditions. b) Images showing the
formation of the EDA complex (yellow) on the surfacef C3CQ (white solid) and its subsequent
dispersion into the organic phase (chlorobenzene) upon addition of the PTC cataf&t



3.4.10ptimization Studies

Next, we focused on identifying a chiral PTC organocatalyst that could infer high
stereocontrol onthe photochemical perfluoroalkylation &7. The commercially
available cinchonidine derivative cataly4® yielded the desired product with low
efficiency’! and enantioselectivity. We decided to modify the structure of the cinehona
based catalysts to stytheir structureactivity and selectivity relationship.

Various structural modifications of the core of the cinchona alkaloid scaffold did not
significantly influence the enantinduction Scheme 3.0). Higher eaction yields were
obtained employing epimet3, where the hydroxyl moiety a9 position has been
inverted, and cupreidine derivati¥d, but he stereocontrol remained low.

1) PTC catalyst o)
(20 mol%)
COMos Ro—l 23W CFL wRe
e+ Rg—| e —
2 F Cs,CO0;4 (2 equiv.) CO,Me
¥ DCM, 25°C, 16 h 4“1
1,2 equiv. Rg= CF,CsF 14
oH OH OH C_) ‘Antracene
+) = ’N + = <
) 23 — N N N
d Br N Br N d d B N
F4C 42 F3C 43 FaC 44 HO 45 HO
34% NMR yield 63% NMR yield 44% NMR yield 6% NMR yield
15% ee 20% ee 20% ee 15% ee

reference structure

Scheme 310Initial catalyst screening. CFL: compact fluorescent light.

Next, we evaluated some structural modifications of the benzyl substituent, used to
quaternarized the nitrogen within the quinuclidine, while keeping the core of the
cinchonidine structure unalteregGcheme 3.1). Here, the situation became more
interesting because every modification of the structure of the benzyl substituent led to an
almost racemic product.

3INMR yield determined by NMRanalysis of crude reaction mixtures employingfllioro-2-nitrobenzene
asthe internal standard.
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F3C 42 CF, 46 FsC 47
34% NMR yield 66% NMR yield 39% NMR yield 49% NMR yield
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OH oH
N H
3 Ho™ : N
Bu ‘Br N E
Bu 49 ‘ 5 51
64% NMR yield 69% NMR yield ",'g'z 45% NMR yield
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Scheme 3110ptimization of the catalyst structure modification of the benzyl substituent.

This seemingly unfortunate situation brought a new hypothesis for our optimization
strategy. We questioned why this specific substitution pattetl@HRPhCH>-) in the

catalyst structure@l2 had a unique ability in inferring stereocontrol and what kind of
possible secondary interactions might be involved between the substrate and 42talyst

that is not present with other cataly4&51.

We hypothesized #t the role of the benzyl substituent was not only to provide steric
shielding and shaping the catalyst pocket, as proposed by Corey for a similar 8ystem.

The specific substitution pattern might also provide a suitable handle for attractive weak
interactons between the benzyl substituent and substrates. One possible interaction that
can be con$Sidetedacsi an  between the benzy
However, it is rather difficult-" t&ihgnel at e
Next, we considered the benzyl substituent as acting as a hydrogen bond donor. The
importance of such an interaction has been observed and discussed in other
transformations employing cinchona alkalddrived PTC cataly&t and binaphty

modified cliral PTC catalys#* Since the ability of an aromatic-& group to serve as
hydrogen bond donor increases with the number and strength of eledtindnawing

32a) E. J. Corey, Feng Xu, Mark C. Noe, A Rational Approach to Catalytic Enantioselective Enolate Alkylation
Using a Structurally Rigidified and Defined Chiral Quaternary Ammonium Salt under Phase Transfer
Conditions,J. Am. Cém. S0c.199711912414, b) T. C. Cook, M. B. Andrus, D. H. Ess, Quantum Mechanical
TransitionState Analysis Reveals the Precise Origin of Stereoselectivity in Chiral Quaternary
Cinchonidinium Phas&ransfer Catalyzed Enolate AllylatioQrg. Lett 202, 14 23, 5836

33E. F. Martins, J. Rodriguez Pliego, Unraveling the Mechanism of the Cinchoninium lon Asymmetric Phase
TransferCatalyzed Alkylation Reaction JACS Catal20133, 613

34 T. Kamachi, K, Yoshizawa, Enantioselective Alkylation by BinaghChiral Phas@ransfer Catalysts: A
DFFBased Conformational Analysi©rg. Lett, 201416 472



groups on the aromatic rirf§the particular substitution pattern of the benzyl group (4
CRPhCH-) might be crucial to allow hydrogdrond interactions between the benzyl
substituent and the substrate (the ester gro8@ may act as a hydrogen bond acceptor).

In consonance with this hypothesis, moving the @Bup from the pard2 to the meta
posiion 46 led to a racemic product formation, which might be attributed to the change
of the geometry of the benzyl group affecting the hydregemd interaction. Other
catalysts possessing electrdonating 48) or bulky substituents4Q, 50, 51) on the
benz!l group, which may decrease or blocks a hydrogen bond donor ability, led to product
with a negligible levels of enantioselectivity.

To further evaluate this hypothesis, we introduced different small elewitbdrawing
groups at strategic positions ¢t benzyl substituent so to leave hydrogen atoms in 2,6
positions availableScheme 3.2). Employing catalysb2, only traces of produetl were
observed, but the enantiomeric excess remained similar to the poddaicted with the
sofar-best catalysti2. Gratifyingly, the introduction of three fluorine substituents in 3,

4, 5 positions of the benzyl group (catal§8) brought about a significant improvement

of the enantioselectivity of the model reaction (frob%dto 47% ee). In order to further

test the viability of our hypothesis, we prepared cat&@igstith fully substituted phenyl

ring to suppress the proposed hydrogen bond interactions. In line with our mechanistic
hypothesis, the produdtl was olained inalmost racemic form.

OH N

N H N = l N
] Br N y ’

F

H
52 F
F
1

N
FsC 42 O2N L
34% NMR yield % NMR vyield 6% NMR yield 63% NMR yield
15% ee 17% ee 47% ee 3% ee

reference structure

Scheme 3120ptimization of the catalyst structure-rational design of the benzyl substitution pattern.

After identification of the best substitution pattern of the fegmoup, we found that the
diastereoisomeric cataly$5, derived from cinchonine, inferred a higher level of
stereocontrol generating the opposite enantiomer of the pro@gatieihe 3A3).
Cinchonine and cinchonige (the same for quinine and quinidine) are diastereoisomers
with different absolute configurations &8 and C9 stereogenicenters (absolute
configuration of cinchonine: 1S,3R,4S,8R,9S and cinchinidine: 1S,3R,4S,8S,9R). This

35 A. Allerhand, P. R. Schleyer, A Survey éfl Groups as Proton Donors in Hydrogen Bondidg Am. Chem.
Soc, 196385, 1715



diasteroimeric pairsof natr al al kal oi ds are commonly ref
because often behave like enantiomers when catalyzing and enantioselective reaction.
When used as chiral catalysts, cinchonine often yields one enantiomer while cinchonidine
yields the opposite @mtiomer of a produéf However, the diastereomeric relation of

those molecules means that they can impart a slightly different reactivity and selectivity
when catalyzing the same reaction, a situation which (likely) was magnified in our
sygem.

6% NMR yield 15% NMR yield
47% ee -75% ee

Scheme 3130ptimization of the catalyst structure: comparison of the pseudenantiomeric
cinchonidine-and cinchoninederived catalysts.

We observed that changing the solvent from dichloromethanedmblehzene provided

the produc#t1 with higher enantiomeric excess, albeit with a very low yiglable 31).
Replacing the original source of irradiation (CFL: compact light fluoresce bulb) with a
white lightemiting-diode (LED) strip containing 240 diodem@ximum emissions at
about 450nm and 560 nm, see experimental section) resulted in a small increase of the
reaction yield. This might be attributed to the higher number of photons provided to the
reaction mixure by 240LED diodes a compared to single CFL bulb.

Table 310ptimization studies: influence of the solvent and the light source.

o PTC catalyst

[e]
55 (20 mol%)
Rt Light Re
+ — —_— %,
COMe F solvent, CO,Me

37 28 Cs,CO3 (2 equiv.) M
1,2 equiv. Rg= CF,CsF4q 16h, 25 °C
entry solvent light yield [%] ee [%]
1 DCM CFL 15 75
2 CeHsClI CFL 4 86
3 CeHsCl White LED 12 86

Yields determined by’F NMR analysis of crude reaction mixtures employiriubro-2-nitrobenzene as the
internal standard, DCM: dichloromethane, CFL: compact fluorescent light, LED: light emitting diode.

3% E. M.O. Yeboah, S. O. Yeah, G. S. Singh, Recertpplications of CinchonaAlkaloids and their
Derivatives asCatalysts inMetal-free Asymmetric Synthesis Tetrahedron 20157, 1725.



We wereintrigued by the increase of the enantiomeric excess upon changing the solvent
from DCM (dichloromethane) to chlorobenzene and tried to rationalize this effect. One
possible explanation might be related to different conformation adopted by the chiral
enohte in different solvents. In addition to that, the enantioselectivity change can be
attributed to a different contribution of the racemic, background reaction in different
solvents. We performed control experiments without the PTC catalyst in bgtnsol
(Table 32). In DCM, we observed the formation of 7% of the product after 16 hours. This
result suggests that the inorganic base (cesium carboniatef) be slightly soluble in

DCM. This would result in a smallugntity of cesium enolate in the organic phase that
triggers a background, racemic transformation by forming an achiral enolate. On the other
hand, no background reaction was observed in chlorobenzene, even after prolonged
reaction time. The lack of baclaynd reaction in this case might explain the higher
enantiomec excess of the final product.

Table 32 Examination of the racemic, background reaction in different solvents.

o) O

No PTC catalyst
Ro—I white LED Rg
COMe* Re solvent, CO,Me
37 28 Cs,CO0;3 (2 equiv.) 41
1,2 equiv. Rg= CF,CsF 4 time, 25 °C racemic
background
reaction
entry solvent time [hours] yield [%)]
1 DCM 16 7
2 CeHsCl 64 0

Yields determined by’F NMR analysis of crude reaction mixtures employingubro-2-
nitrobenzene as the internal standard. DCM: dichloromethane

Next, we focused on further optimization of the catatsticture §cheme 3.4). We

tested the effects of subtle changes of the catalyst scaffold with the hope to increase the
reaction yield without affecting the stereocontrol. We first evaluated different substitution
patterns of the quinoline ring. The quinididerived catalyss6 gave the reaction product

41 in similar yield as catalydi5, but with lower enantiomeric excess. The introduction

of the phenyl substituent at the C2 position of the quinoline ring (sh&dyturns out to

be beneficial for both yield and enantioselectivity. In order to avoid the presence of an
electronrich aromatic ring in the catalyst structure, which might be exposed to the attack
of perfluoroalkyl radical, we introduced an electfmyor aromatic substituent (catalyst

58). This catalyst gave access to proddtivith 35% yield and 92% ee.



o PTC catalyst o)
(20 mol%)
R white LED Re
CO,Me+ — —_—— d
2Me e chlorobenzene "“Co,Me
37 28 Cs,C0;3 (2 equiv.) 41
1,2 equiv. Re= CF2CsF 14 64h, 25 °C
s N
—
?D
H +
T (
7N F F
F F
55 F
12% NMR vyield 11% NMR yield 25% NMR yield
L 86% ee ) 67% ee 89% ee

reference structure

35% NMR yield
92% ee

Scheme 3140ptimization of the catalyst structure functionalization of the quinolinering. The Xray
structure of catalyst54is shown.

This result was a turning point of our optimization studies, since we could obtain for the
first time the reaction produetl with a reasonable yield and high enantioselectivity.
However, careful analysisf the reaction mixture indicated that the starting materials
were completely consumed regardless of the stoichiometry oé#otion (

Table3?).

Table 33 Examination of the stoichianetry of the reaction.

o PTC catalyst

o]
58 (20 mol%)
com Rt white LED Re
e+ Rp—| > K
2 F CH5ClI CO,Me
37 28 Cs,CO;3 (2 equiv.) 41

Rg= CF,CsF 14 64h, 25 °C

entry 37[equiv.] 28 [equiv.] conv. yield [%)] ee [%)]
1 1,2 1 Full 35 92
2 1 3 Full 41 92

Yields are of isolated products; conv.: conversion of the limiting reagent.

We wondered what kind of d& reactions could hamper the productive pathway.
Therefore, we aimed to isolate and identify the reaction byproduibes.two main



isolated side product9 and60, shown inScheme 35, indicated that both subates
can undergo undesired reactions.

o PTC catalyst o)
(20 mol% 58)
R white LED Re
+ Ro—| —_— > 7
COMe+ Re chlorobenzene CO,Me
C 7 28 Cs,CO(2equiv) 359 yield 4!
1,2 equiv. Rg= CF2CsF 11 64h, 25 °C 92% ee

50% yield 25% yield

Scheme 3l5Identification of main byproducts.

We found that the catalyst was partially converted into the perfluorohexyl derig&tive
most likely dueto atom transfer radical addition 28 onto the olefinic catalyst moiety
followed by a net HI elimination. In order to avoid this side reaction, we prepared catalyst
61and tested it in the same conditioBglleme 3.6). The productl was obtained with
slightly higher yield, but with lower steremmntrol indicating that the double bond is
beneficial for the enantioselectivity of this reaction. The activity of the in situ generated
catalystc9 was evaluated late6¢heme 3.8).

o PTC catalyst o]
(20 mol%)
R white LED Re
. — _— 0
COMe F chlorobenzene “CoMe
37 28 Cs,CO; (2 equiv) 4“
1,2 equiv. Rg= CF,CsF1q 64h, 25 °C

35% NMR yield 41% NMR yield
92% ee 79% ee

Scheme 316 Optimization of the catalyst structure presence of the double bond.

The other identified byproduct (compoud@ was adimer of the ketoester substrafée
hypothesized th&0was formed by the nucleophilic addition ofenolé¥vit o t-he U, b
uns at u-ketoesterb2. Gompound62 could be formed by a hydrogen atom



abstraction from t h-&etomdicalXXX bycthe pediwiodlkyl o n
radicalXXI , but the exact mechanism of the formatio®0fs unclear cheme 3.7).

colored EDA complex o
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Scheme 317A possible mechanism of for the formation of byprodudiO. SET: singlelectron transfer.

Following this mechanistic hypothesis, wettito channel the reactivity of perfluoroalkyl
radicals exclusively toward the desired reaction manifold while avoiding the formation
of 60. Specifically, we hypothesized that decreasing the concentration of the free
perfluoroalkyl radicalxXI in the orgaic phase might improve the selectivity toward the
reaction with the enolatéXVI . We decided to introduce a perfluoroalkyl phase to our
reaction mixture. The idea was that the radicAlsl could accumulate in the
perfluorinated medium and be slowly extet by the organic solvent. This could ensure

a constantly low concentration of perfluoroalyl radicéld in the organic phase, which
could selectively react with the most nucleophilic species: the chiral ebxoate.

Table 34 Influence of the perfluorinated medium.

PTC catalyst

2 58 (20 mol%) 2
white LED Re
CO,Me + Rg—I ~ —————— 7
solvent ‘CO,Me
M

37 28 i
3 &, Cs,CO3 (2 (iqulv.)
Re= CF,CsF 11 64h, 25 °C

entry solvent yield [%)] ee [%]
1 CeHsClI 41 92
2 CeHsCl/CeF141:1 58 89
3 CsHsCl/CsF14 2:1 49 92
4 CeHsCl/CroF22 2:1 56 92
5 CeHsCl/CgF18 2:1 59 93

Yields are of isolated prodts.

We were pleased to see that the addition of a perfluoroalkyl plaBes)(positively
influenced the reactivity, without affecting the stereoselectivity of the pro€abi(34).
By employing the three pbka system (solid: G80O; organic: GHsCl and
perfluorooctaneCgFig), we obtained the desired prodddtwith 59% isolated yield and
93% ee.

of



The last improvement of the reaction conditions was achieved employinertieityl
ketoeste63, which afforde the corresponding adduét with 71% yield and 93% ee
(Scheme 3.8).

o) PTC catalyst o)
(20 mol%)
[ - white LED Re
COBu + Re—l ~——————
2 CoHsCl/CqF g 2:1 CO,Bu
63 28 Cs,C05 (2 equiv.) 64

3 equiv.
Rg= CF,CsF 4

64h, 25 °C

71% yield 60% yield
93% ee 86% ee

Scheme 318Evaluation of the catalytic activity generated in situ catalySe.

We also evaluated the catalytic activity of the in situ generated perfluoroalkylated catalyst
59. The isolated9was tested it in the final catalytic conditions and provided only slightly
inferior results than the progenitbB. In contrast, cataly#hl, which does not bear the
alkene moiety, provided markedly lower stereoselectivity, as previously shown in scheme
3.16. This experiment concluded our optimization studies indic&8was the catalyst of
choice.

3.4.2Reaction Scope

With the optimized caditions in hand, we evaluated the synthetic potential of the photo
organocatalytic enantioselective perfluoroalkylation strategy. We tested differently
substituted indanoré e r i -ketodsteffs with perfluoroalkyl iodides employing catalyst
58 (Scheme 3.9). A variety of electrorwithdrawing substituents were well tolerated,
independently of their position on the aromatic ring, giving prodébs64f with good
yields and high enantioselectivities. The presence leétndonating substituents
lowered the reactivity, however, the enantioselectivity remained 6#&gahd64h). Both
shorter and longer perfluorinated chains could be also instal@Riina good yields and
with a high stereocontrol (ee ranging fro8%8 to 94%, product84i- 64k). Additionally,
triffluoromethylcontaining quaternary stereocenters could be forged, with high fidelity,
when r eletoastersivgth @F (products64l-64n).



PTC catalyst

58 (20 moi%)  R! ?
) whlte LED WwCO,Bu
CO,Bu + Rg—|
28U e e CCoFr 2 Re

052003 (2 equiv.)
63a-n 3 equiv. 255C 64 h 64a-n

WCO2'Bu WCO2'Bu \\002 Bu wCO2'Bu
CeF 13 CeF13 C5F13 CeF 13
64a: 71% yield; 93% ee 64b: 63% vyield 64c: 70% yield CF; 64d: 61% yield;
(45% vyield; 91% ee)* 85% ee 86% ee 90% ee
]
wCO,Bu wCO,Bu \Cd\\coz Bu
CeFi3 CeF13 E CeF1s
64e: 60% yield 64f: eo% yield ‘ CCDC: 1055351 649 55% yield
82% ee % ee % ee
1
mooz Bu WCOZBU ~COzBu wCO,Bu
CeF13 C4Fg CgF17 C1oF21
64h: 38% yield 64i: 62% yield 64j: 68% yield 64k: 60% yield
86% ee 90% ee 93% ee 94% ee
d) [o] [o] [o]
i 1 Me ]
WCO;'Bu WCO,'Bu WCOZBu
CF3 B CF3 CF3
r
641: 50% yield 64m: 53% yield, 64n: 38% yield
92% ee 84% ee 78% ee

Scheme 319Photochemical enantioselective perfluoroalkylation of indanord A O E $elolsters under
PTC conditions. (a) Reactions performed using the optimized conditions. Yields are of isolated products.
The Xray structure of64f is shown. (b) The scope& O-kefoesiers using perfluorohexyl iodide28. (c)
The scope of perfluoroalkylating agents. (d) Enantioselective trifluoromethylation.
*1 mmol scale reaction.

The process is amenable to scale up to 1 mrédk 45% vyield, 91% ee), but with a
slightly reduced yield. This might be a consequence of a lower amount of photons per
mole of reagents delivered to the reaction at higher scale employing the same light source.
Crystals of compound4f were suitable for Xay crystallographic analysis, which
estdlished the stereochemical outcome of the plooganocatalytic process.

3.4.3Reaction Mechanism

Control experiment revealed that the exclusion light or of the PTC catalyst completely
suppressed the process. Inhibition of the reactivity also occurrdakipresence of
TEMPO (1 equiy), which is indicative of a radical mechanism. Under an aerobic
atmosphere only traces of the desired pro@datere observed together with byproduct
65, which wasmost likely formed in the reaction of enolate with oxyjéB8cheme 20).

37H. H.Wasserman, B. H.EDOEOOUR 2AAAOQEI T O 1 £ , EOE EHfydroxgetion] AOAO x
of Amides and Other Carboxylate Derivative$etrahedron Lett, 197521 1731



under air

PTC catalyst o) o
2 58 (20 mol%)
Re—1 white LED Rg . OH
COptBu + Re—l ~————>
z CeHsCl/CF 1 2:1 CO,t-Bu CO,t-Bu
63 28 Cs,CO3 (2 equiv.) 64 65

3 equiv. o
Re= CF,CsF 4 25°C, 64 h
traces 15% yield

Scheme 30 Model reaction under an aerobic atmosphere.

Additionally, an experimenising a 300 W xenon lamp, equipped with a bpasdfilter

at 400 nm so to exclude higimergy photons, did not significantly alter the reaction
efficiency (53% vyield, 13% ee: conditions from Figure 3.2a). This result is
mechanistically relevant since it excluded both pdsshomolytic cleavage of the
caton iodine bond in36 and direct photoexcitation of the enol&XVI (which is
unable to absorb at 400 nm, red lineFigure 31 andFigure 3.2 as pathways for the
generation of perfluoroalkyl radicaXI. All of these observations, together with the
optical absorption spectra presentedrigure 31 and Figure 3.3, are consonant with the
EDA complexdriven photochemical initiation of the perfluoroalkylation process.

As for the mechanism of this asymmetric photochemical perfluoroalkylation, we propose
a radical chain propagation pathway, as depicte8ameme 21. The chain reaction is
initiated by the photochemical activity oftiEDA complex of typ&XXVIl , formed upon
aggregation of the chiral enolabeXVI with 28. A visiblelight-promoted electron
transfer leads to the formation of the electdwdicient perfluoroalkyl radicaXXl
through the reductive cleavage of tterbon iodine bond within28. The electrophilic
perfluoroalkyl radical is next trapped by the chiral enod¥/I in a stereocontrolled
fashion. The resulting ketyl intermediaX&X would then abstract an iodine atom from
28, thereby regenerating radicdX| . The aduct XXXl is not stable and collapses to
release the produdtl and the PTC cataly8i8. At the present level of investigation, an
alternative electron transfer process, where the ketyl intermediéXe reduces?8 to
directly afford the final produetl, cannot be excluded.
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chain sCO?R
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XXX

Scheme R1Proposed mechanism: initiation, triggered by the photactivity of the EDA complexXXVI|
and radical chain propagation.

The chain mechanism is supported byamqau m yi el d (0) of 1.2 (
was deter mi ned f o rketoedte87) pnamdtedl by DB& d2ceguiyon ( b
DBU is a competent promoter of the photochemical perfluoroalkylation, providing the
corresponding produétl in 73% yield (
Scheme 3 Racemic perfluoroalkylation o35using 2 eq. 6DBU-1,8diazabicyclo[5.4.0Jundeer-ene.
3.9). Our attempts to determine the quantum yield under PTC conditions were frustrated
by the heterogeneity of the rdimm mixture, which precluded a homogeneous
illumination, a crucial requirement for a reliable quantum yield determination. Quantum
yield is an indicator of how efficient a particular photochemical process is and indicates
a number of defined events ocdng per photon absorbed by the system.
Al T GTEboT ABIAG AA
Wa E OENR 6 &i £1 OQQ

The obtained number of quantum yield [ (0)
of the product is generated upon absorptionr@ photon. It is important to point out

that, upon excitation, organic molecules can release the excitation energy in many
different nonproductive processes, such as phosphorescence, internal conversion, or
back electron transfer, that can only decreasedabserved quantum yield. The small



quart um vy i e I2doedqnatprovide aldefinitive conclusion; it is however consonant
with a chain mechanism being operative.

3.5Conclusions and Bmarks

In conclusion, we have developed a photochemical enargaisel perfluoroalkylation

of ¢ yketbesters. Dhe photoorganocatalytic process occurs at ambient temperature
under visible light illumination.This study establishes the ability of chiral enolates,
generated under PTC conditions, to be suitable dampistoactive EDA complex while
providing effective asymmetric induction in the trapping of the resulting radical species.
Preliminary mechanistic studies indicated that the reaction is promoted by a visible light
excitation of the key EDA complex ancthain propagation mechanism is operative.

3.6 Experimental Section

The NMR spectra were recorded at 400 MHz and 500 MH#f@nd 100 or 125 MHz
forC. The c¢ he miand®Csare giier in ppra lelatieaa residual signals

of the solvents (CHGI@ 7.26 ppmH NMR and 77.16 ppm*C NMR). Coupling
constants are given in Hertz. The following abbreviations are used to indicate the
multiplicity: s, singlet; d, doublet; g, quartet; m, multiplet; bs, broad signal.

High resolution mass spectra (HRMS) were obtained from the ICIQ HRMS unit on
Waters GCT gas chromatograph coupled tofiflight mass spectrometer (GC/MS
TOF) with electrospray ionizatio(ESI). Xray data were obtained from the ICIQRay

unit using a BruckeNonius diffractometer equipped with an APPEX 2 4K CCD area
detector. Optical rotations are reported f o I"d (airs g per[100 JmL, solvent).

UV-vis measurements were carried out on a Shimadz24DAPC spectrophotometer
equipped with photomultiplier detector, double beam optics arah® Wlight sources.

Cut off and bangpass photochemical expments have been performed using a 800
xenon lamp AsashiSpectra Co., Ltd.) to irradiate the reaction mixture.



General Procedures.

All reactions were set up under a
argon atmosphere in owahied
glassware using standard Schler
techniques, mless otherwise stated “«:=== " _us =
Synthesis grade solvents were used 13080 ] e
purchased and the reaction mixture 10543 5 als A
were degassed by three cycles u.

freezepumpthaw. Chromatographic Figure 34 White LED strip used to irradiated the reactio
purification  of products was

accomplished using foredbow chromatography (FC) on silicalg@5-70 mesh). For thin

layer chromatography (TLC) analysis throughout this work, Merck precoated TLC plates
(silica gel 60 GEs4, 0.25 mm) were employed, using UV light as the visualizing agent
and basic aqueous potassium permangante (KMmtain solutbns, and heat as
developing agents. Organic solutions were concentrated under reduced pressure on a
Buchi rotatory evaporator.

The light source used for illuminating the reaction vessel consisted of white LED light
strips  (19.2 WI/m, 240 LEDs per meter) ¢goased from Farnell
(http://www.farnell.comy. A picture of the utilized white LED light strip is portrayed

the Figure 3.4.

Determination of Enantiomeric Purity: HPLC analysis on chiral stationary phase was
perfomed on an Agilent 1208eries instrumentation using a Daicel Chiralpak-lAD
column and hexanéPr-OH and/or DCM as the eluent&C analysis was performed
using a chiraAlphadex column. HPLC and GC traces were compared to racemic samples
prepared using auperstechiometric amount of DBW,8-diazabicyclo[5.4.0Jundec-

ene,2 equiv) as the promoter of the pthocemical perfluoroalkylation

Materials. Commercial grade reagents and solvents were purchased from-Sigrich,
Fluka, Alfa Aesar, Fluorochem,yBQuest and used as received, without further
purifications.

TheH NMR, F NMR, *C NMR spectra and HPLC traces are available in literature
and are not reported in the present dissertation.


http://www.farnell.com/

RepresentativeProcedure for the Synthesis of the Cyclitert -Butyl-Ketoesters 63.

NaH (5.2 mmol, 210 mg, 2.2 eq., 60% dispersion in mineral oil) and anhydrous dimethyl
carbonate[PMC, 10 mL) were added sequentially to a dry thneeked flask equipped

with a septum, aodenser, argon inlet, and a large stirring egg. The #iemme derivative
67(2.37 mmol, 1 eq), partially solubilized in anhydrous dimethyl carbonate (10 mL), was
addedvia a syringe pump over treurse of 30 minute§ he heterogeneous mixture was
brough to reflux (80 °C), and heated overnight at this temperature. The reaction was
allowed to cool and cautiously quenched at 0°C under an argon atmosphereQ\itoH

mL). The mixture was transferred to a separative funnel with EtOAc while adding
additional50 mL of 1M HCI. The reaction was extracted with EtOAc (50 mL x 3) and

the combined organic layers washed with a saturated brine solution before being dried
over solid anhydrous magnesium sulfate and concentrated. The crude material was then
dissolved intoluene (20 mL), andBuOH (30 eq, 71.1 mmol, 6.5 mL), and dibutiy

oxide (0.2 eq, 118 mg) was added. The flask was fitted with an air condenser and the
heterogeneous mixture was heated at 115°C until the starting methy3&stas fully
consumed (1:36h), as judged by TLC. The mixture was allowed to cool to room
temperature and concentrated under reduced pressure and the residue was purified by
column chromatography on silica gel (elueniZHexanel:9 to 2:8) to yield the pure
keto-ester63.

o) o BUOH o
R NaH R o "Bu,SnO (20 mol%) R o
[ —_
DMC, reflux toluene, 115 °C
12-14h OMe 12-36h OtBu
67 37 63

Scheme 22 Synthesis of cyclic terbutyl-ketoesters 63

Synthesis of the PTC Catalyst 58.

Br nBuLi
. \@\ MTBE,
CFs from -10°C to rt

69

Cinchonine

Scheme 23Synthesis of cinchonine derivativéd



Based on the procedure reported by Hinterrffar@inchonine (1.5 g, 5,1 mmol) was
suspended in 25 ml of dry MTBElrfed over molecular sieves) and cooled-16°C
(ice/EtOH bath) under an argon atmosphere. The orligaiam compound was prepared

in a sgarate flask by addingBuLi (5.1 mL, 12,75 mmol, 2.5 M) to a 5 mL MTBE
solution of 4bromobenzotrifluorides9 (1.785 mL, 2.869 g, 12.75 mmol). The organo
lithium compound was added at once to the vigorously stirred MTBE solution of
cinchonine and stirredt -10°C for 20 min. Then the mixture was warmed to ambient
temperature and stirred over 2 h. The reaction was quenched by dropwise addition of
HOAc (2.5 mL) with rapid stirring and cooling, followed by the addition of water (30
mL) and EtOAc (30 mL).

Solid iodine (1.25 g) was added in several portions and the mixture shaken vigorously
after each addition until all the solids had dissolved. A solution of sodium metabisulfite
(NaxS0s; 0.500 g) in water (10 mL) was added to quench the excess of iodine. The
mixture was made basic with the addition of agueous ammonia (concentrated, 28%) and
shaken thoroughly. The aqueous phase was extracted with ACOEt twice and the collected
organic phases were washed with brine and dried over sodium sulfate. After evaporation
of the solvent, the crude product was purified by column chromatography on silica gel
(30% MeOHEtOAC) to give the reaction produ@d as an orange solid in 51% vyield
(1.129 g, 2%=570.0@m055 PMSOJ. U]

IHNMR (400 MHz, CDCJ) G 8J.=38.8 Hz(2iH), 8.24 8.17 (m, 1H), 8.08 (s, 1H),

8.01 (dJ= 7.9 Hz, 1H), 7.80 7.75 (m, 2H), 7.75 7.70 (m, 1H), 7.54 (ddd,= 8.3, 6.9,

1.3 Hz, 1H), 5.99 (ddd] = 17.1, 10.5, 7.4 Hz, 1H), 5.72 (@= 4.8 Hz, 1H), 5.07 4.97

(m, 2H), 3.26( 3.12 (m, 2H), 2.92 (dd] = 13.9, 9.7 Hz, 2H), 2.84 2.71 (m, 1H), 2.24

(q,J = 8.4 Hz, 1H), 2.07 1.96 (m, 1H), 1.82 1.75 (m, 1H), 1.58 1.48 (m, 2H), 1.35

i 1.27 (m, 1H).

1F NMR decoupledH (376 MHz, CDC4+ TFA) (i-62.68 (s, 3F).

13C NMR (101 MHz, chloroforrd) i 1 6 2J.=37.2(Hg,,C=0, TFA), 154.5, 149.8,
144.9, 139.8, 135.7, 132.3 (@= 32.7 Hz), 131.2, 128.6, 128.4, 128.0, 126.0)(g,3.7
Hz), 123.9 (qJ = 272.5 Hz, CH 123.5, 122.2, 118.1, 117.216.20 (q,J = 290.7 Hz,
CFs, TFA) 66.9, 60.7, 49.5, 48.7, 37.3, 27.3, 23.2, 18.0.

HRMS calculated for @H26F3N20 (M+H): 439.1992, found: 439.1996.

38 L. Hintermann, M. Schmitz, U. Engleriucleophilic Addition of Organometallic Reagents to Cincha
Alkaloids: Simple Access to Diverse Architecturésigew. Chem. Int. EA007, 46, 5164



. CHCl3:MeCN

_ =

F 50°C, 16h

Scheme 34 Synthesis of catalys&8

5-(Bromomethyl}1,2,3trifluorobenzen&’1 (0,27 mL, 457 mg, 2,03 mmol) was added to

a MeCNCHCI; (1:1, 34 mb suspension otinchonine derivativer0 (742 mg, 1,69

mmol). The reaction mixture was stirred for 16 h at 50 °C under an argon atmosphere.

After complee consumption of O (inferred by TLC analysighe solvent was evaporated

under reduced pressure. DCM was added to the resulting orange solid followed by a small

amount of MeOH in order to completely dissolve the crude product. Ng&Xxivizs added

and themixture was slowly concentrated under reduced pressure. When precipitation of
a solid began, more 2 was added and the mixture was concentrated again. This
procedure was repeated twice in order to remove traces of methanol and dichloromethane
and the mixure was placed in a freezer. The precipitated yellow solid was filtrated and
washed with cold EO to give the produ&8i n 70% yi el d ( 7 8%%= mg,

+131.8 (c= 0.52 DMSO).

!H NMR (400 MHz, DMSGdg) i 8 . 328.2(Hd, 2H), 8.47 8.38 (m 2H), 8.22 (d,
J=8.3 Hz, 1H), 8.04 7.87 (m, 5H), 7.84 7.75 (m, 1H), 6.92 (d] = 3.6 Hz, 1H), 6.55
(s, 1H), 6.10 (dddj = 17.4, 10.0, 7.2 Hz, 1H), 5.315.17 (m, 3H), 4.98 (d] = 12.4 Hz,
1H), 4.29i 4.18 (m, 1H), 4.07 3.86 (m, 2H), 3.59 () = 11.4 Hz, 1H), 3.14 2.99 (m,
1H), 2.62 (qJ = 8.3 Hz, 1H), 2.42 (= 11.8 Hz, 1H), 1.87 (s, 1H), 1.821.71 (m, 2H),
1.22i 1.08 (m, 1H).

1%F NMR decoupledH (376 MHz, DMSGdg) i -61.18 (s, 3F);134.68 (dJ = 21.7 Hz,
2F),-159.61 (tJ = 21.7 Hz, 1F).

13C NMR (101 MHz, DMSGdg) i 15 4 . & 151.6 (B2 149.5 149.2 (m), 148.1,
147.1, 142.9, 139.3, 137.7, 130.7, 130.2),31.8 Hz), 128.56, 128.2, 126.4 (¢ 3.9

Hz), 125.87 125.1 (m), 124.3 (q] = 272.1 Hz), 124.3, 124.3, 119.4, 119.4J¢;, 21.7

Hz), 119.3, 117.7, 117.6, 68.2, 65.7, 61.1, 56.4, 54.6, 37.6, 26.8, 23.5, 21.0

HRMS calculated for @H29FsN2O (M*): 583.2179, found: 583.2176

The relative and absolutenfiguration for58 was unambiguously inferred by anomalous
dispersion Xray crystallographic analysis, s¥eray Crystallographic Datsection.



General Procedure A for Synthesis of other PTC Catalysts Employed the
Optimization Studies 4257 and61

To a flamedried flask equipped with a magnetic stirring bar and a reflux condenser was
added cinchona alkaloid, solvent, and desired benzyl bromide derivative. The mixture
was heated to the indicated temperature until judged to be complete bgriEly3isand

then cooled to room temperature. The crude product was purified by crystalliaation
flash column chromatography.

OH 8 OH
N H +N H
z | . Solvent — z )
- —_— .
Br N Temperature Br NN
F3C
42

F3C

Scheme R5Synthesis of PTC catalysts Employed in the Optimization Stsdie

oH Prepared according to general procedure A using cinchonidine (1.00
:/d:\” o 9,34 mmoljand t(bromomethyl)4-(trifluoromethyl)benzene3(4
mmol, 812 mg). The mture was stirred in THF (50 n)lat reflux
FaC 42 until complete consumption ofinchonidine. The mixturevas
cooled to room temperature and poured ong®Hitith stirring.The resulting suspension
was stirred for 1 h and the precipitated solids were isolated by filtration and recrystallized
from MeOH/EtO to afford the product2(1.404 g, 77% yield).
H NMR (400 MHz, CDC) i 8 . 394.5(Hd, 1H), 8.20 8.12 (m, 1H), 7.88 (d] =
7.8 Hz, 2H), 7.78 (d) = 4.5 Hz, 1H), 7.59 7.51 (m, 1H), 7.41 (d] = 7.9 Hz, 2H), 7.06
i 6.98 (m, 2H), 6.57 6.44 (m, 2H), 6.35 (d] = 11.9 Hz, 1H), 5.56 (dl = 11.8 Hz,1H),
5.45i 5.27 (m, 2H), 4.95% 4.87 (m, 1H), 4.71 4.58 (m, 1H), 4.28 4.17 (m, 1H), 4.05
T 3.94 (m, 1H), 3.08 2.88 (m, 2H), 2.54 2.43 (m, 1H), 2.07 (dtJ = 3.9, 2.0 Hz, OH),
1.99 (s, 1H), 1.92 (] = 3.6 Hz, 1H), 1.89 1.78 (m, 1H), 1.60 (d] = 7.4 Hz, 1H), 1.07
T 0.93 (m, 1H).
19 NMR (376 MHz, CD(J) 1i-63.20 (s, 3F).
C NMR (101 MHz, CDG)i 149 . 3, 146. 9, 144. 0, 135. 6,
129.6, 128.3, 127.2, 125.4, 125.3, 125.3, 124.7, 123.3, 122.6, 122.0, 119.6, 118.0, 67.2,
65.2, 60.9, 60.0, 50.5, 37.7, 26.2, 25.1, 22.5.

Br

OH Prepared acading to general procedure A usimgrresponding
:/CQN Z3 cinchonidine derivativéd.187mmol, 55 mg) and-{bromomethyl)
D/ - 4-(trifluoromethyl)benzened;206mmol, 49 mg). The mture was
FoC ® stirred in THF (2.5 m). at reflux until complete consumption of



cinchonidine The mixture was cooled to room temperature and poured osf@ovith

stirring. The resulting suspension was stirred for 1 h and the precipitated solids were
isolated by filtration and recrystallized from DCM/hexane to af#éBds a yellow solid

(48 mg,48% vyield).

H NMR (500 MHz, CDC)) i 8 . 364.4(Hd, 1H), 8.56 (d] = 8.4 Hz, 1H), 8.07 (d,
J=8.4 Hz, 1H), 7.95 (d]) = 7.9 Hz, 2H), 7.67 (1) = 7.6 Hz, 1H), 7.62 (m, 1H), 7.58

7.50 (m, 3H), 6.72 (s, 1H), 6.496.40 (m, 1H), 5.70 (m, 1H), 5.655.54 (m, 2H), 5.16

T 5.06 (m, 2H), 4.95 () = 12.5 Hz, 1H), 4.61 4.51 (m, 1H), 3.92 3.83 (m, 1H), 3.83

T 3.74 (m, 1H), 3.31 () = 10.2 Hz, 1H), 2.75 2.65 (m, 1H), 2.18 2.06 (m, 1H), 2.03

i 1.86 (m, 2H), 1.83 (s, 1H), 1.62 (@= 12.6 Hz, 1H, 1.05 (d,J = 14.5 Hz, 1H).

BBC NMR (75 MHz, CDC) i 150. 2, 148. 6, 145. 5, 135. 1,
130.5, 129.7, 127.9, 126.1, 125.9, 125.8, 125.3, 123.7, 120.0, 118.6, 118.6, 67.7, 65.04,
60.7, 50.8, 37.4, 26.6, 25.0, 25.0.

oH Prepared according to the procedure repoirtdiderature3®
:/éN\E 'H NMR (400 MHz, DMSQdg) i 10. 17 (s J=4H), 8.
Q/ B NN Hz, 1H), 8.040 7.91 (m, 5H), 7.69 (d] = 4.5 Hz, 1H), 7.48 (d] =

Fic” 44 HO 2.5 Hz, 1H), 7.38 (dd]= 9.1, 2.4 Hz, 1H), 6.59 (d,= 4.1 Hz, 1H),

6.39 (d,J=4.2 Hz, 1H), 5.73 (ddd,= 17.2, 10.5, 6.5 Hz, 1K%.37 (dJ=12.2 Hz, 1H),

5.19 (dt,J = 17.3, 1.3 Hz, 1H), 5.084.96 (m, 2H), 4.33 4.19 (m, 1H), 3.93 () = 8.8

Hz, 1H), 3.84i 3.73 (m, 1H), 3.30 3.17 (m, 1H), 2.74 2.62 (m, 1H), 2.26 2.06 (m,

2H), 2.01 (dJ = 3.7 Hz, 1H), 1.87 1.74 (m,1H), 1.44i 1.32 (m, 1H).

19 NMR (376 MHz, DMSQde) Ui -61.38 (s, 3F).

BC NMR (101 MHz, DMSOYi 156 . 4, 147. 1, 143. 5, 143. 4,

131.3, 131.0, 130.7, 130.7, 130.4, 126.2, 126.2, 126.1, 122.2, 120.4, 117.0, 104.7, 68.6,

64.4,62.5,59.5,51.1, 37.4, 26.4, 24.6, 20.9.
Spectral data mah with the ones reported in literatuife.

o ~anracene  PYEPared according to general procedure A using corresponding
N H

— 23 cinchonidine derivative (0.3 mmol, 150 mg) and -1
Br

Q/ g (bromomethyh4-(trifluoromethyl)benzene (36 mmol, &

Foc” 45 HO mg). The mixtire was stirred in toluene (5 miat 80°C until

39 K. C. Nicolaou, G. Liu, K. Beabout, M. D. McCurry, Y. Shamoo, Asymmetric Alkylation of Anthrones,
%] AT OET OA1 AAOEOA -aid@AViridicatUntaRirs BGaBdOANdlogEies] THMeCeof: Absolute
Configuration and Potent Antibacterial Agents]. Am. Chem. So2017139 3736.



complete consumption o€inchonidine derivative.Product was crystalized from
toluene/MTBE to affordi5as a yellow solid (29 mg, 13% vyield).

'HNMR (400 MHz, CDC)ti 9. 12 ( s ,J=4.4Hz,1H)98.50 (8, 1H),B.A1
8.07 (m, 5H), 7.93 (d]= 2.5 Hz, 1H), 7.88 (d] = 4.4 Hz, 1H), 7.60 (m, 2H), 7.567.47
(m, 3H), 7.43i 7.36 (m, 2H), 6.64 (d) = 7.9 Hz, 2H), 6.07 (d) = 2.7 Hz, 1H), 6.00
5.85 (m, 2H, 5.63 (d,J = 13.4 Hz, 1H), 5.46 (d] = 11.5 Hz, 1H), 5.36 5.27 (m, 2H),
5.12 (dt,J=17.2, 1.0 Hz, 1H), 4.92 (§,= 11.5 Hz, 1H), 4.34 (t) = 9.9 Hz, 1H), 3.90
(ddd,J=11.9, 8.6, 2.7 Hz, 1H), 2.97 (@= 11.5 Hz, 1H), 2.80 2.70 (m, 1H), 2.4&m,
2H), 2.34i 2.23 (m, 1H), 1.99 (t, 1H), 1.97 @~ 4.8 Hz, 1H), 1.95 1.80 (m, 1H).

F NMR (376 MHz, CDCJ) 1i-63.16 (s, 3F).

oH Prepared according to general procedure A using cinchor(idiaé

4/&'“ A mmol, 100 mg) and -{fbromomethyl)3-(trifluoromethyl)benzene
(0.37mmol, 89 mg). Thenixture was stirred in THF (5 mlat reflux

tr, 46 until complete consumption afnchonidne. The mixture was cooled
to room temperature and poured onteCEWwith stirring. The resulting suspension was
stirred for 1 h and the precipitated solids were isolated by filtration and recrystallized
from MeOH/EtO to afford46 as a white solid (122 mg0% yield)
'H NMR (300 MHz, CQOD) &  8J.=9.6 Hz( 1), 8.30 (d] = 8.1 Hz, 1H), 8.18
8.08 (m, 2H), 8.04 (d) = 7.8 Hz, 1H), 8.0 7.75 (m, 5H), 6.66 (s, 1H), 5.69 (m, 1H),
5.29 (d,J = 12.5 Hz, 1H), 5.14 (m, 2H), 5.01 @= 10.5 Hz, 1H), 4.62 4.42 (m, 1H),
4.02 (t,J= 94 Hz, 1H), 3.70 (dJ = 12.7 Hz, 1H), 3.54 3.34 (m, 2H), 2.77 2.17 (m,
2H), 2.09 (dJ=4.7 Hz, 1H), 1.89 (s, 1H), 1.43 &= 11.9 Hz, 1H).

oH Prepared according to general procedure A using cinchonidine (0.34
:/é A | mmol, 100 mgq) and -{bromomethy2,4-
d*a bis(trifluoromethyl)benzene (0.37 mmol, 115 mg). Tgture was
Fc” 47 stirred in THF (5 ml. at reflux until complete consumption of
cinchonidine. The mixture was cooled to room temperature and poured eDtovi
stirring. The resulting suspension was stirred T h and the precipitated solids were
isolated by filtration and recrystallized from toluene/MTBE to affévchs a white solid
(145 mg, 60% yield).
'H NMR (300 MHz, ODYi 8 . 9=74.5(Hd, 1H), 8.40 (ddl= 16.0, 7.9 Hz, 2H), 8.30
i 8.17 (m, 2H), 8.3 (d,J = 8.3 Hz, 1H), 8.03 7.93 (m, 1H), 7.93 7.76 (m, 2H), 6.63
(s, 1H), 6.01 (ddd) = 17.3, 10.5, 7.0 Hz, 1H), 5.695.41 (m, 2H), 5.33 5.15 (m, 2H),
4.47 (t,J = 10.3 Hz, 1H), 4.34 4.08 (m, 2H), 3.56 3.35 (m, 1H), 2.63 (dd] = 16.7,




8.5 Hz, 1H), 2.44 (dd) = 24.3, 12.7 Hz, 1H), 2.061.84 (m, 3H), 1.23 0.97 (m, 2H).

13C NMR (75 MHz, CQOD)&d 149 .7, 147.4, 145.7, 137.8,
129.9,129.3, 128.9, 127.9, 124.9, 124.8, 123.1, 119.8, 116.5, 68.2, 65.8, 58.0, 57.5, 55.9,
37.4,26.6,23.4, 21.1, 10.2.

Prepared according to general procedure A using cinchor(idié@

mmol, 200 mg) andl-(bromomethyl2-methoxybenzene 0(88

mmol, 178 mg).The mixture was stirred in THF (5 mLat reflux

until complete consumption of cinchonidifroduct was purified by

flash column chromatography to afford (CH@®8eOH 10%)48 (300 mg, 89% ield).

'H NMR (400 MHz, CDCY) i 8 . 94.5(Hd, 1H), 8.12 8.04 (m, 2H), 8.01 (dd]

= 8.3, 1.4 Hz, 1H), 7.87 (d,= 4.5 Hz, 1H), 7.60 7.54 (m, 1H), 7.54 7.47 (m, 1H),

7.41 (dddJ=8.2, 7.4, 1.7 Hz, 1H), 7.03 (td,= 7.5, 1.1 Hz, 1H), 6.88 (d,= 8.0 Hz,

1H), 6.78 (d,J = 5.7 Hz, 1H), 6.66 (d] = 6.6 Hz, 1H), 5.96 (d] = 11.8 Hz, 1H), 5.58

5.47 (m, 1H), 5.11 (dd] = 17.2, 0.9 Hz, 1H), 5.06 4.90 (m, 3H), 3.86 (s] = 4.5 Hz,

3H), 3.80 (tJ = 9.0 Hz, 1H), 3.45% 3.35 (m, 1H), 3.24 (dd] = 13.2, 10.6 Hz, 1H), 3.10
(td,J=11.9,5.7 Hz, 1H), 2.582.47 (m, 1H), 2.37 2.25 (m, 1H), 2.25% 2.14 (m, 1H),

1.99 (ddJ = 6.4, 3.2 Hz, 1H), 1.76 1.64 (m J = 14.7, 8.6 Hz, 1H), 1.361.26 (m, 1H).

3C NMR (101 MHz, CDG) 4 158. 6, 150. 1, 147. 8, 145. 6,
128.9,127.3,124.4,122.4,121.4,120.3, 117.7, 115.5, 111.2, 77.4, 77.2,77.0, 76.7, 69.7,
63.8, 60.6, 58.1, 55.8, 50.9, 38.1, 26.4, 25.0, 21.6.

on Prepared according to general procedure A usinghonidine
‘/&N A (0.34 mmol, 100 mg) and -{bromomethyl3,5di-tert
tsu\TQ) B AN butylbenzene @.41 mmol, 115 mg).The mixture was stirred in
19 THF (5 mL) and MeCN (I1mL at reflux until complete
consumption of cinchonidineProduct was purified by flash
column chromatogrdyy (AcOEt/MeOH 520%) to afford49 (189 mg, 96% vyield).
'H NMR (300 MHz, CDCY) U i 8.7078, 1H), 8.07 7.99 (m,1H), 7.92 7.81 (m,
1H), 7.76 (dJ = 4.5 Hz, 1H), 7.62 (dd] = 8.0, 1.5 Hz, 2H), 7.47 7.41 (m, 1H), 7.41
7.30 (m, 2H), 6.85% 6.72 (m, 1H), 6.48 (s, 1H), 5.93.74 (m, 1H), 5.43 5.29 (m, 2H),
5.147 5.03 M, 2H), 4.54 4.40 (m, 1H), 4.32 () = 10.6 Hz, 1H), 4.04 3.90 (m, 1H),
3.43 (t,J=11.4 Hz, 1H), 2.98 2.77 (m, 1H), 2.35 (dd}=17.2, 8.7 Hz, 1H), 2.2i72.11
(m, 1H), 1.78 1.48 (m, 3H), 1.34 1.21 (m, 18H), 0.74 0.62 (m, 1H).
BC NMR (75MHz, CDCk) & 151. 7, 151. 7, 149. 7, 147. 5,
128.5, 127.8, 126.5, 124.3, 124.0, 123.6, 120.1, 117.9, 67.1, 65.0, 63.4, 56.3, 54.3, 38.2,
35.0, 31.5, 27.2,24.0, 21.4, 11.3.




Prepared according to general procedure A using
cinchonidine  (0.83 mmol, 245 mg) and 1;4
bis(oromomethyl)benzene (0.38 mmol, 100 mg). The
mixture was stirred in the mixture of EtOH, DMF, CHCI

(2.5 mL, 3 mL, 1 mL) at 100°C until complete consumption

of cinchonidine. Product was crystalizéddm MeOH/EtO to afford50 (312 mg, 97%

yield).

'H NMR (400 MHz, DMSO)Yi 9 . 04 4.4 Ht,,2H), 8.34 (d) = 8.4 Hz, 2H), 8.13
(dd,J=8.3, 1.0 Hz, 2H), 7.98B 7.82 (m, 8H), 7.82 7.73 (m, 2H), 6.75 (d] = 4.2 Hz,

2H), 6.59 (dJ = 2.7 Hz, 2H), 5.71 (ddd,= 17.1, 10.5, 6.4 Hz, 2H), 5.265.06 (m, 6H),

4.97 (d,J = 10.5 Hz, 2H), 4.33 4.20 (m, 2H), 3.94 (1) = 8.7 Hz, 2H), 3.84 3.66 (m,

4H), 3.571 3.43 (m, 2H), 2.88 2.76 (m, 2H), 2.20 2.10 (m, 2H), 2.08 1.88 (m, 6H),

1.371 1.25 (m, 2H).

BC NMR (101 MHz,DMSOYi 150. 7, 148. 1, 1430.2,7129.90,3 8. 8,
127.7,124.8,124.1, 120.6, 116.7, 79.7, 68.1, 64.6, 62.6, 59.6, 51.0, 37.2, 36.3, 26.4, 24.6,
21.6.

Prepared according to general procedure A using
cinchonidine (0.93 mmol, 272 mg) and 1,3,5
tris(bromomethyl)benzene 028 mmol, 100 mg). Th
mixture was stirred in the mixture of EtOH, DMF, CH(@.5

mL, 3nmL, 1 L) at 100°C until complete consumption of
cinchonidine.Product was crystalized from MeOH4Et to
afford51 (271 mg, 78% yield).

45% NMR yield

3% ce !H NMR (400 MHz, DMSOYi 9 . 034.5(Hd, 3H), &7

(d,J=8.2 Hz, 3H), 8.26 (s, 3H), 8.16 (dlii= 8.4, 1.4 Hz, 3H), 7.987.71 (m, 9H), 6.84

i 6.55 (M, 6H), 5.73 (ddd}= 17.1, 10.6, 6.5 Hz, 3H), 5.23 (s, 6H), 5.13&,17.2 Hz,

3H), 4.96 (d,J = 10.5 Hz, 3H), 4.34 4.11 (m, 6H), 3.95 (tJ = 79 Hz, 3H), 3.75 (dJ =

11.0 Hz, 3H), 3.70 3.55 (m, 3H), 3.01 2.84 (m, 3H), 2.21 2.11 (m, 3H), 2.04 (df]

=10.9, 5.2 Hz, 3H), 1.93 (dd= 19.3, 11.6 Hz, 6H), 1.471.25 (m, 3H).

3C NMR (101 MHz, DMSO)i 162.8, 150.7, 148.1, 145.5,
129.9, 127.7, 124.8, 124.1, 120.6, 116.6, 68.3, 65.0, 62.8, 59.8, 50.9, 37.2, 36.3, 26.1,
24.6,21.8.




on Prepared according to general procedure A using cinchonidine
=/&N N | (0.34 mmol, 100 mg) and-(bromonethyl)-4-nitrobenzene (0.41
Q/ B NN mmol, 88 mg). The mixture was stirred in the mixtafeTHF,
EtOH, CHC} (1.5 L, 1.25nk, 0.5 niL) at 100°C until complete
consumption of cinchonidine. Product was purifigdiash column
chromatography (CH@MeOH 10%) to affod 52 (97 mg, 56% yield)
'H NMR (300 MHz, DMSO)i 8 . 994.5(Hd,,1H), 8.47 8.37 (m, 2H), 8.30 (dJ
= 8.0 Hz, 1H), 8.12 (dd] = 8.4, 1.1 Hz, 1H), 8.08 8.02 (m, 2H), 7.92 7.70 (m, 3H),
6.84 (d,J= 4.3 Hz, 1H), 6.55 (d] = 4.5 Hz, 1H), 5.69 (ddd,=17.1, 11.7, 6.5 Hz, 1H),
5.33 (d,J=12.2 Hz, 1H), 5.20 5.10 (m, 2H), 4.96 (dt]= 10.5, 1.2 Hz, 1H), 4.404.24
(m, 1H), 3.94 (tJ = 9.0 Hz, 1H), 3.85 3.71 (m, 1H), 3.30 3.18 (m, 2H), 2.64 (s, 1H),
2.207 1.95 (m, 3H), 1.87 1.70 (m, 1H), 1.38 1.24 (m, 1H).

on Prepared according tgeneral procedure A using cinchonid{i@e34
‘/éN A mmol, 100 mg) and-(bromomethyl1,2,3trifluorobenzene @.37
F\Td B N mmol, 84 mg). The mixture was stirred in the mixture of EtOH,
F 53 DMF, CHCk (1.25 i, 1.5 i, 0.5 nL) at 100°Cuntil complete
consumption of cinchonidne. Product was crystalized from
MeOH/EO to afford53 (127 mg, 72% yield).
!H NMR (300 MHz, DMSOYi 8 . 9=84.4(Hd, 1H), 8.30 (d] = 8.4 Hz, 1H), 8.11 (d,
J=8.1Hz, 1H), 7.95 7.79 (m, 4H), 7.79 7.68 (m, 1H), 6.69 (d] = 4.3 Hz, 1H), 6.53
i 6.42 (m, 1H), 5.67 (ddd} = 17.0, 10.5, 6.2 Hz, 1H), 5.285.03 (m, 3H), 4.95 (d] =
10.5 Hz, 1H), 4.38 4.19 (m, 1H), 3.88 (t) = 8.5 Hz, 1H), 3.82 3.70 (m, 1H), 3.48
3.35(m, 1H), 2.71 2.59 (m, 1H), 2.21 1.97 (m, 3H), 1.88 1.69 (m, 1H), 1357 1.17
(m, 1H).
19F NMR (376 MHz, DMSOY}i-127.10 (d,J = 21.8 Hz, 2F);152.03 (tJ = 21.8 Hz, 1F).
BC NMR (101 MHz, DMSOYY 150.6, 148.1, 145.5, 138.5,
123.9, 120.5,119.4, 119.1, 116.9, 68.5, 64.7, 61.8, 59.8, 51.3, 37.5, 26.2, 24.7, 21.4.

\’é oH Prepared accordingo tgeneral procedure A using cinchonidine

A ) NP 1 (0.34 mmol, 100 mg) and-(bromomethyh2,3,5,6tetrafluore4-
ﬁ:r Y methoxybenzene (0.34 mmol, 102 mighe mixture was stirred in
MOk g THF (5 niL) at reflux until complete consumption @hchonidine.

The mixture was cooled tmwom temperature and poured onto Et20 with stirrifige
resulting suspension was stirred for 1 h and the precipitated solids were isolated by



filtration, purified by flash column chromatography (CH®eOH 10%)and crystalized

from MTBE/DCM/E%O to affoid 54 (97 mg, 50% vyield).

'H NMR (400 MHz, CROD)U 8 . 9#64.6(Hd, 1H), 8.31 (d] = 7.9 Hz, 1H), 8.17

8.09 (m, 1H), 7.97 (d] = 4.5 Hz, 1H), 7.87 (dddl = 8.4, 6.9, 1.4 Hz, 1H), 7.81 (ddd,
=8.3,7.0, 1.4 Hz, 1H), 7.2567.07 (m, 1H), 6.69 6.62 (m, 1H), 5.71 (ddd) = 17.3,

10.4, 7.0 Hz, 1H), 5.36 (d,= 13.4 Hz, 1H), 5.13 (dt] = 17.2, 1.2 Hz, 1H), 5.07 4.93

(m, 2H), 4.54i 4.41 (m, 1H), 4.17 4.07(m, 1H), 3.73 (tJ = 11.5 Hz, 1H), 3.66 3.56 (m,

1H), 3.467 3.34 (m, 1H), 2.85 2.74(m, 1H), 2.31i 2.20 (m, 2H), 2.15 2.05 (m, 1H), 2.02

1.85 (m, 1H), 1.50 1.37 (m, 1H).

3C NMR (101 MHzCD:OD)U 149 . 7, 147. 4, 146. 0, 137.22
127.78, 125.0, 124.8, 122.7, 120.1, 116.4, 99.9, 68.6, 65.2, 61.6, 61.1, 51.9, 51.6, 38.1,
26.2,2.7,21.2.

19 NMR (376 MHz,CDsOD) -189.11 (dJ = 19.2 Hz, 2F);158.58 (dd,) = 20.9, 8.3

Hz, 2F).

= Prepared according to general procedure A using cinch¢hi@e

?“% mmol, 405 mg) and-(bromomethyl)1,2,3trifluorobenzene 1.38
N : Br F mmol, 310 mg). The mixture was stirred in the mixture of EtOH
%\[\QF DMF, CHCk (2.5 n_, 3 m_, 1 mL) at 100°C until complete

s 07 corsumption of cinchonine. Product was crystalizedfrom

MeOH/EtO to afford55 (374 mg, 52% yield).
'H NMR (400 MHz, DMSQ 0  8J.=9.9 Hz( 1H), 8.3% 8.24 (m, 1H), 8.12 (dd]
= 8.4, 0.9 Hz, 1H), 7.92 7.79 (m, 4H), 7.79 7.69 (m, 1H), 6.79 (dJ = 3.4 Hz, 1H),
6.501 6.37 (m, 1H), 6.06 5.88 (m, 1H), 5.31 5.19 (m, 2H), 5.09 (d] = 12.5 Hz, 1H),
4.85 (d,J= 126 Hz, 1H), 4.3Q 4.17 (m, 1H), 4.12 (s, 1H), 3.933.74 (m, 2H), 3.09
2.90 (m, 1H), 2.66 2.52 (m, 1H), 2.34 2.21 (m, 1H), 1.94 1.85 (m, 1H), 1.80 1.70
(m, 2H), 1.13 0.97 (m, 1H).
19F NMR (376 MHz, DMSOYi-134.51 (dJ = 21.8 Hz),-159.41 {, J = 21.8 Hz).

OH% Prepared according to general procedure A using quinidis
AN N mmol, 150 mg) and-(bromomethyl1,2,3trifluorobenzene .51
NP B'K©:F mmol, 140 mg). The mixture was stirred in the mixture of EtOH
" DMF, CHCk(1.25 ni, 1.5 m_, 0.5 niL) at 100°C util complete
consumption otinchonine.Product was purified by flash column
chromatography (CH@MeOH 10%)and crystalized from DCM/MTBE to afford6
(195 mg, 77% yield).

OMe
56 F



'H NMR (400 MHz, CDC) Ui 8 . 454.5(Hd, 1H), 7.76 7.69 (m, 2H), 7.58 (d] =
2.6 Hz, 1H), 7.50 (t) = 6.8 Hz, 2H), 6.94 (dd] = 9.3, 2.5 Hz, 1H), 6.44 (d,= 5.8 Hz,
1H), 6.417 6.30 (m, 1H), 6.14 (dJ = 12.2 Hz, 1H), 5.84 (ddd} = 17.3, 10.5, 6.9 Hz,
1H), 5.67 (d,J = 12.3 Hz, 1H), 5.30 5.16 (m, 2H), 4.59 4.46 (m, 1H), 4.40 4.26 (m,
1H), 4.19 (t,J = 10.4 Hz, 1H), 3.67 (s, 3H), 3.25 {t= 11.5 Hz, 1H), 2.90 2.75 (m,
1H), 2.38 (dd,J = 17.1, 8.6 Hz, 1H), 2.27 2.16 (m, 1H), 1.9G 1.68 (m, 3H), 0.94
0.79 (m, 1H).

9F NMR (376 MHz, CDGJ) Ui-131.56 (d,J = 20.4 Hz, 2F);156.58 (tJ = 20.4 Hz, 1F).

Prepared according to general procedure A using cinchonine
derivative (0.27 mmol, 100 mg) and-(bromomethyh1,2,3
trifluorobenzene .30mmol, 64 mg). The mixture was stirred

in the mixtureof EtOH DMF, CHC}(1.25 ni, 1.5 niL, 0.5

mL) at 100°C until complete consumption oifnchonine.
Product was purified by flash column chromatography (Me&i®Et 5 40%) and
recrystalized from DCM/MTBE to give7 (58 mg, 36% vyield).

IH NMR (400 MHz, CDC)) i 817. 8216 (m, 4H), 7.66 7.55 (m, 3H), 7.5% 7.43 (m,

3H), 7.03i 6.95 (m, 1H), 6.96 6.87 (m, 1H), 6.60 (s, 1H), 6.526.44 (m, 1H), 6.30 (d,
J=12.0 Hz, 1H), 5.86 (ddd,= 17.4, 10.4, 7.3 Hz, 1H), 5.60 (@= 12.3 Hz, 1H), 5.35

i 5.12 (m, 2H),4.627 4.46 (m, 1H), 4.23 3.98 (m, 2H), 3.3G 3.19 (m, 1H), 2.89

2.73 (m, 1H), 2.35 (dd] = 17.5, 8.8 Hz, 1H), 2.282.07 (m, 1H), 1.91 1.69 (m, 3H).

19 NMR (376 MHz, CDGJ) 1i-131.32 (d,J = 20.3 Hz, 2F);156.46 (tJ = 20.3 Hz, 1F).

3C NMR (101 MHz, CDCh)i 156 . 3, 147. 2, 144. 1, 139. 8,
128.9, 128.0, 127.7, 127.0, 123.2, 122.4, 122.2, 118.9, 118.6, 118.4, 117.3, 67.5, 65.8,
59.7,56.5,54.1, 49.4, 38.1, 29.7, 27.0, 23.7,.21.7

Prepared according to general proaeduA using
corresponding cinchonine derivati{227mmol, 1 g) and
5-(bromomethyl1,2,3trifluorobenzene.50,mmol, 532
mg). The mixture was stirred in the mixture 4#iOH and
DMF, (2 mL, 12 L) at 70°C until complete consumption
of cinchonine derivéive. Product wasrystalized from MeOH/E&O to afford61 (226 mg,
15% yield).

'H NMR (400 MHz, DMSQdg) ' 8 . 3=88.1(Hd, 2H), 8.42 (s, 1H), 8.38 (@= 8.4
Hz, 1H), 8.21 (dJ = 8.2 Hz, 1H), 7.97 (d] = 8.2 Hz, 2H), 7.95 7.86 (m, 3H), 7.78 (t,
J=7.6 Hz, 1H), 6.94 (s, 1H), 6.51 (s, 1H), 5.12J¢,12.3 Hz, 1H), 4.92 (A= 12.4
Hz, 1H), 4.03 3.82 (m, 3H), 3.53 (1) = 11.2 Hz, 1H), 3.00 (q] = 10.2 Hz, 1H), 2.37




(t, J=11.8 Hz, 1H), 1.83 (s, 1H), 1.801.63 (m, 3H), 1.64 1.46 (m, 2H), 1.17 1.06
(m, 1H), 0.88 (tJ = 7.3 Hz, 3H).

19F NMR (376 MHz, DMSGde) i1-61.16 (s, 3F):134.64 (d,J = 21.7 Hz, 2F);159.60
(t, J=21.7 Hz, 1F).

3C NMR (101 MHz, DMSGdg) i 154 . 6, 148.1, 147.2, 142.
128.2 , 126.58 126.17 (m), 126.1 , 125.5 , 124.3, 124.2, 123.4, 119.4, 119.4, 119.2,
117.8, 68.4, 65.6, 61.1, 56.5, 3520.4, 24.7, 24.2, 24.1, 20.7, 11.9.

General Procedures B for the Photochemical Enantioselective Perfluoroalkylation
I /EKgtoesters under PTC Conditions

A 15 mL Schlenkt ube was c Ketaegges68d (0.
mmol), the PTC cataly$i8 (0.02 mmol),chlorobenzene (0,2
mL), perfluorooctane (0.125 mL), the perfluoroalkyl iod{6e3
mmol, 3 equiv) and cesium carbonate (0.2 mmdlhe reaction
mixture was degasseth freeze pump thaw (x3), and the vess
refilled with argon. After the reaction mixeiwas thoroughly
degassed, the Schlenk tube was sealed and positioned i
middle of a 250 mL evaporation bath surrounded by 1 m g
containing white LEDs. A small fan was installed directly abo
the Schlenk tube so as to keep the temperature conAftart
stirring (1000 rpm) for 64 hours, reaction was quenched
adding an aqueous 1M HCI solution and extracted 3 times
DCM. The organic phase was dried over8@, the solvent

. Figure 35Reaction set up
was removed under reduced pressure and the crude mixture ,,qer irradiation of white LED:

purified by column chromatography to give the prodéatin

the stated yield and optical purity.

o Methyl (9)-1-oxo-2-(perfluorohexyl)-2,3-dihydro-1H-indene-2-

©:‘§\;{M carboxylate (41).Prepared according to general procedure B using
FC ) methyl 1-oxo-2,3-dihydro-1H-indene2-carboxylate (0.1 mmol, 19
FzC;:z 4 mg), perfluorohexyl iodide (0.3 mmol, 134 mg, 0.06b)ithe phase

FoC’ transfer catalysb8 (0.002 mmol, 13 mg) and cesium carbonate (0.2

mmol, 65 mg). Time of irradiation: 64 hours. The crude mixture was purified by flash
column chromatography (hexane, EtOAc:hex 5:95) to afford the product as a white solid
(21 mg, 41% yield92% ee) The enantiomeric excess was determined by HPLC analysis
on a Daicel Chiralpak ABH c ol u mn, 99: 1 hexane:i Pr OH,



254 pur D 8mygd n1,0 .08 mi n p?¥E 3TBB (ce ®8B,;CHEINAY%
ee).

H NMR (400 MHz,CDCl) i 7 . 82 7.7(H&,,1H), 7.69 (td) = 7.6, 1.2 Hz, 1H),
7.53 (d,J= 7.7 Hz, OH), 7.44 () = 7.1 Hz, 1H), 3.94 (d] = 17.9 Hz, 1H), 3.80 (s, 3H),
3.61 (d,J=17.6 Hz, 1H).

19F NMR decoupledH (376 MHz,CDCl) i -80.77i -81.06 (m, 3F);109.21i -111.91
(m, 2F),-116.22i -116.74 (m, 2F);122.16 (m, 2F) ;122.59 (m, 2F) ;126.09i -126.
(m, 2F).

13C NMR (126 MHz,CDCL) G 192 . 158.7HH,4519, 1868, 133.9, 128.4,
126.2, 125.5, 63.1 (dd,= 24.2, 18.5 Hz), 53.9, 33i433.2 (m)

HRMS calculated for @HoF13NaO; (M+Na): 531.0236, found: 531.0222

o tert-Butyl  (S)-1-oxo-2-(perfluorohexyl)-2,3-dihydro-1H-indene-2-
@i&....{o carboxylate (64a)Prepared according to general procedure B usirig
cm\’CFQOtB” butyl 1-oxo-2,3-dihydro-1H-indene2-carboxylate(0.1 mmol, 23 mg),
FZC\/CFZ sa Perfluorohexyl iodide (0.3 mmol, 134 mg, 0.06% )nphase transfer
Fc catalyst58 (0.002 mmol, 13 mg) and cesium carbonate (0.2 mmol, 65

mg). Time of irradiation: 64 hours. The crude mixture was purified by flash column
chromatography (heme, EtOAc:hex 5:95) to give the product as a white solid (39 mg,
71% vyield, 93% ee). The enantiomeric excess was determined by HPLC analysis on a
Daicel Chiralpak ABH column,99.5:05hexane: i Pr OH, fl ow rate O
N Mimnord 6. 7mgohd n7,. 60 mi n p{>0 48w (e=€l 0§ CHEIUBY ee).

IH NMR (400 MHz, CDChH 4 7 . 847.2(Hd, 1H), 7.71 7.62 (m, 1H), 7.56 7.48

(m, 1H), 7.48 7.40 (m, 1H), 3.85 (d) = 17.5 Hz, 1H), 3.55 (d] = 17.5 Hz, 1H), 1.44

(s, 9H).

1%F NMR decoupledH (376 MHz, Chloroforred) Gi-80.88 (t,J = 10.0 Hz, 3F);108.19

T -111.48 (m, 2F);115.687 -115.89 (m, 2F)-122.087 -122.38 (m, 2F);122.417

-122.73 (m, 2F);126.11i -126.33 (m, 2F).

BC NMR (75 MHz, CDC) i 192. 7,J=8.8H2, 161.9 136.0, 134.1, 128.2,
126.1, 125.3, 84.6, 64i463.6 (m), 33.9 32.1 (m), 27.5.

HRMS calculated for @H1sF13NaGs (M+Na): 573.0706, found: 573.0697




tert-Butyl (S)-5-fluoro-1-oxo-2-(perfluorohexyl)-2,3-dihydro-1H-
m 2 indene-2-carboxylate (64b)Premred according to general procedure
F LCFROBu B ysing tert-butyl  5fluoro-1-oxo-2,3-dihydro-1H-indene2-
CF2 carboxylate (0.1 mmol, 25 mg), perfluorohexyl iodide (0.3 mmol, 134

FSC/‘CFZ mg, 0.065 rh), phase transfer catalys8 (0.002 mmol, 13 mg) and
cesium carbonate (0.2 mm@5 mg). Time of irradiation: 64 hours. The crude mixture
was purified by flash column chromatography (hexane, EtOAc:hex 5:95) to give the
product as a yellow solid (36 mg, 63% vyield, 87% ee). The enantiomeric excess was
determined by HPLC analysis on a i@ Chiralpak ADH column, 99.5:0.5
hexane:i PrOH, flow rat gn®d. 501 pupd B mb o =
(87 % &¥)+29.71 (651,00, CHEI87% ee).
IH NMR (400 MHz, CDC) i 7 . 812 8.6,6.d Hz, 1H), 7.21 7.10 (m, 2H), 3.85
(d,J=17.6 Hz, 1H), 3.52 (d] = 17.6 Hz, 1H), 1.44 (s, 9H).
1%F NMR decoupledH (376 MHz, CDC}) 1i-80.89 (tt,J = 10.3, 2.8 Hz, 3F)%99.85 (s,
1F),-108.11i -111.75 (m, 2F);115.71i -115.94 (m, 2F);122.08i -122.42 (m, 2F),
-122.42i -122.71 (m, 2F);126.12i -126.34 (m, 2F).
13C NMR (101 MHz, CDG) i 190 . 8,J)J=2%B HB, 1628 (d) = 9.1 Hz),
154.9 (dJ = 10.5 Hz), 130.3, 127.8 (d,= 10.8 Hz), 116.8 (d] = 24.0 Hz), 113.0 (d]
= 23.0 Hz), 84.9, 64.0, 33.1, 27.5.

HRMS calculated for ggH14F1sNaO; (M+Na): 591.062, found: 591.0604

0 tert-butyl (S)-5-chloro-1-oxo-2-(perfluorohexyl)-2,3-dihydro-1H-
/@:&...«O indene-2-carboxylate (64c)Prepared according to general procedure
¢ cm"CFZO‘B” B using tertbutyl 5-chloro-1-oxo-2,3-dihydro-1H-indene2-
qu’CF2 ec  cCarboxylate (0.1 mmol, 27 mg), perfluoroheiadide (0.3 mmol, 134
Fc mg, 0,065 n), phase transfer catalys8 (0,002 mmol, 13 mg) and

cesium carbonate (0.2 mmol, 65 mg). Time of irradiation: 64 hours. The crude mixture
was purified by flash column chromatography (hexane, EtOAc:hex 5:95) to give the
product as a yellow solid (41 mg, 70% yield, 86% ee). The enantiomeric excess was
determined by HPLC analysis on a Daicel Chiralpak - ADcolumn, 99.5:0.5
hexane:i PrOH, flow rat gno®. 801 auod 14 mp o =
( 86 % &¥)+46.74 (£H0.88, CHGI86% ee).

'H NMR (400 MHz, CDG) i 7 . 04 8.3 Ht, 1H), 7.52 (d) = 1.0 Hz, 1H), 7.41
(dd,J=8.3, 1.8 Hz, 1H), 3.83 (d,= 17.5 Hz, 1H), 3.51 (d] = 17.6 Hz, 1H), 1.44 (s,

9H).




19 NMR decoupledH (376 MHz,CDCl) -80.89 (t, J = 10.0 Hz, 3F)-108.161
-111.52 (m, 2F)-115.707 -115.97 (m, 2F)-122.057 -122.41 (m, 2F)-122.42
-122.72 (m, 2F);126.10i -126.41 (m, 2F).

13C NMR (101 MHz, CDG)&i 19 1. 3 ,J=8BHy), 153.3, #42.8, 132.5, 129.2,
126.4, 12634, 85.0, 64.5 63.9 (m), 33.3 32.8 (M), 27.5.

HRMS calculated for @H14CIF13NaG; (M+Na): 607.0316, found: 607.0331

o tert-Butyl (S)-1-oxo-2-(perfluorohexyl)-4-(trifluoromethyl) -2,3-
(;:&--40 dihydro-1H-indene-2-carboxylate (64d)Prepared according to general
ok procedure B usingert-butyl 1-oxo-4-(trifluoromethyl}2,3-dihydro-1H-

FC e INndene2-carboxylate (0.1 mmol, 30 mg), perfluorohexyl iodide (0.3
FaC mmol, 134 mg, 0,065 h), phase transfer catalys8 (0.002 mmol, 13
mg) and cesium carbonate (0.2 mmol, 65 mg). Timerafliation: 64 hours. The crude

mixture was purified by flash column chromatography (hexane, EtOAc:hex 3:97) to give
the product as a yellow oil (38 mg, 61% yie@% e@ The enantiomeric excess was
determined by GC analysis on Alphadex column (120@0.25mm, 0.25um, Tinj/aux
280Flow 1.5mL/minsplit 50:1 (1uL)Isotherm 80°C, FID detectothine: = 486.0,1 min,
Gaor= 495. 9 mi np®f R26/4c=&.40, CHGIOed).

IH NMR (400 MHz, CDC))i 8 . 0©8.2(Hd, 1H), 7.96 7.92 (m, 1H), 7.64 7.24
(m, 1H), 4.03 (dJ = 18.2 Hz, 1H), 3.67 (dl = 18.2 Hz, 1H), 1.44 (s, 9H).

1%F NMR decoupledH (376 MHz, CDCJ) 1i-62.45 (s,3F) ,-80.88 (it,J = 9.9, 2.5 Hz,
3F),-107.991 -111.60 (m, 2F);115.63i -115.88 (m, 2F);122.051 -122.39 (m, 2F),
-122.42i -122.71 (m, 2F);126.11i -126.36 (m, 2F).

13C NMR (101 MHz, CDCGJ) U 6,1.62.B (dJ = 8.4 Hz), 149.1, 135.6, 132.6 (&=
4.6 Hz), 128.8, 128.7, 128.3 (@= 33.0 Hz), 123.4 (q) = 273.3 Hz), 85.2, 64.2 63.4
(m), 32.3, 27.5.

HRMS calculated for @H14F1eNaO; (M+Na): 641.0580, found: 641.0572

. . tert-Butyl 6-bromo-1-oxo-2-(perfluorohexyl)-2,3-dihydro-1H-
m'% ' indene-2-carboxylate (64e)Prepared according to general procedure
cm\’Con > B using tert-butyl 6-bromol-oxo-2,3-dihydro-1H-indene2-
qu’CF2 ese  Carboxylate (0.1 mmol, 31 mg), perfluorohexyl iodide (0.3 mmol, 134
Fc mg, 0.065 n), phase transfecatalyst58 (0.002 mmol, 13 mg) and

cesium carbonate (0.2 mmol, 65 mg). Time of irradiation: 64 hours. The crude mixture
was purified by flash column chromatography (hexane, EtOAc:hex 5:95) to give the



product as a yellow solid (38 mg, 60% yield, 82%. 8&)e enantiomeric excess was
determined by HPLC analysis on a Daicel Chiralpak - ADcolumn, 99.5:0.5
hexane:i PrOH, flow r at=066Rmnd74mn@2% o =
e e ) p%= f1.53 (c= 1.00, CHGI82% ee).

H NMR (400 MHz, CCClz) G 7 . 93 1.8 Ht,,1H), 7.77 (dd] = 8.2, 1.9 Hz, 1H),

7.41 (d,J = 8.2 Hz, 1H), 3.80 (dJ = 17.5 Hz, 1H), 3.48 (d] = 17.6 Hz, 1H), 1.44 (s,

9H).

F NMR decoupledH (376 MHz, CDC}) U -80.86 (t,J = 10.0 Hz, 3F)-108.03i

-111.50 (m, 2F)-115.727 -115.94 (m, 2F)-122.071 -122.39 (m, 2F)-122.411i

-122.71 (m, 2F);126.10i -126.33 (m, 2F).

BC NMR (75 MHz, CDC) i 19 1. 3,J=8.8Hz), 550.4,d38.8, 135.8, 128.1,
127.6,122.4 , 85.0, 65i163.6 (m), 33.3 32.7 (m), 27.5.

HRMS calculated for @H14BrFisNaQ; (M+Na): 650.9811, found: 650.9799

O tert-Butyl (S)-5-bromo-1-oxo-2-(perfluorohexyl)-2,3-dihydro-1H-

/@:&“40[ indene-2-carboxylate (64f)Prepared according to general procedure
y FzC\'CFZO > B using tert-butyl 5bromol-oxo-2,3-dihydro-1H-indene2-
cmé(:z ear  carboxylate (0.1 mmol, 31 mg), perfluorohexyl iodide (0.3 mmol, 134
FoC’ mg, 0.065 ), phase transfer catalys8 (0.002 mmol, 13 mg) and

cesium carbonate (0.2 mmol, 65 mg). Time of irradiation: 64 hours. The crude mixture
was purified by flash column chmatography (hexane, EtOAc:hex 5:95) to give the
product as a yellow solid (38 mg, 60% vyield, 88% ee). The enantiomeric excess was
determined by HPLC analysis on a Daicel Chiralpak -tADcolumn, 99.5:0.5
hexane:i PrOH, flow r ati=06 5 Bnym8R min@3% o
e e) p%=§48.52 (c= 0.41, CHGI88% ee).

'H NMR (400 MHz, CDC) Ui 71. 782 (m, 1H), 7.66 (d] = 8.2 Hz, 1H), 7.61 7.54

(m, 1H), 3.84 (dJ = 17.6 Hz, 1H), 3.52 (d] = 17.7 Hz, 1H), 1.44 (s, 9H).

197 NMR decopled *H (376 MHz, CDCY) ii-80.88 (t,J = 9.9 Hz, 3F);109.02 (m, 2F),
-115.70i -115.93 (m, 2F)122.077 -122.40 (m, 2F)-122.41i -122.71 (m, 2F),
-126.10i -126.35 (m, 2F).

13C NMR (101 MHz, CDG) i 19 1. 5 ,J=8%H), 163.3 k82.8, 132.131.72,
129.4, 126.3, 84.9, 64i463.6 (m), 33.0° 32.8 (m), 27.5.

HRMS calculated for @H14BrF1sNaO; (M+Na): 650.9811, found: 650.9811

The absolute configuration féf was unambiguously inferred by anomalous dispersion
X-ray crystallographic analis seeX-ray Crystallographic Datsection.

Ny
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0 tert-Butyl  (S)-6-methyl-1-oxo-2-(perfluorohexyl)-2,3-dihydro -
Me\@[&...f 1H-indene-2-carboxylate (64g) Prepared according to general
cm\’CFEO‘BU procedure B usingtert-butyl 6-methytl-oxo-2,3-dihydro-1H-
cm"CFz g Indene2-carboxylate (0.1 mui, 25 mg), perfluorohexyl iodide (0.3
Fc mmol, 134 mg, 0.065 h), phase transfer catalys8 (0,002 mmol,

13 mg) and cesium carbonate (0.2 mmol, 65 mg). Time of irradiation: 64 hours. The crude
mixture was purified by flash column chromatography (hexar@AEthex 5:95) to give

the product as a yellow oil (31 mg, 55% yield, 83% ee). The enantiomeric excess was
determined by HPLC analysis on a Daicel Chiralpak -t ADcolumn, 99.5:0.5
hexane:iPrOH, flowat e 0. 6 0 mL/ MbnofF, 6& 2w rdE84mini86es U
e e) %= [+22]98 (c= 0.95, CHGIB3% ee).

'H NMR (400 MHz, CDC))ii 7. 60 ( s, JA%b)15HZ 1H),8.4Q (d d ,

7.9 Hz, 1H), 3.78 (dJ = 17.4 Hz, 1H), 3.49 (d] = 17.4 Hz, 1H), 2.41 (s, 3H), 1.43 (s,

9H).

F NMR_decoupledH (376 MHz, CDC}) U -80.90 (t,J = 9.8 Hz, 3F),-108.251
-111.39 (m, 2F)-115.667 -115.94 (m, 2F)-122.047 -122.40 (m, 2F)-122.417
-122.72 (m, 2F);126.11i -126.36 (m, 2F).

13C NMR (100 MHz, CDCR) Ui 19 2 . 8 ,J=8.8H), 9.4, 138.4, 137.3, 134.3,
125.7, 125.1, 84.5, 64i763.9 (m), 33.2 32.8 (m), 27.5, 21.0.

HRMS calculated for gH17F13NaO; (M+Na): 587.0862, found: 587.0855

e . tert-Butyl (9)-5-methoxy-1-oxo-2-(perfluorohexyl)-2,3-dihydro -
Meom;go‘su 1H-indene-2-carboxylate (64h) Prepared according to general
FﬂC‘% procedure B usingtert-butyl 5methoxyl-oxo-2,3-dihydro-1H-

“%. ™ indene2-carboxylate (0.1 mmol, 26 mg), perfluorohexyl iodide (0.3

F3C

mmol, 134 mg, 0,065 h), phase transfer catalys8 (0.002 mmol, 13 mg) and cesium
carbonate (0.2 mmol, 65 mg). Time of irradiation: 64 hours. The crude mixture was
purified by flash column chromatography (hexane, EtOAc:hex 5:95) to give the product
as a yellow solid (22 mg, 38% vyield, 86% ee). The enamianexcess was determined

by HPLC analysis on a Daicel Chiralpak AfDcolumn,99.5:0.5hexane:iPrOH, flow
rate 0.60 mL/ b+, 7 07 m50m2rB4 S mi nUp{=8+6RG6 e e ) ;
(c=0.52, CHG, 86% ee).

'H NMR (400 MHz, CDG) Ui 7 .,3=88.5Hz, 1H), 6.97 6.91 (m, 2H), 3.91 (s, 3H),
3.79 (d,J = 17.5 Hz, 1H), 3.46 (d] = 17.5 Hz, 1H), 1.44 (s, 9H).




19 NMR decoupledH (376 MHz, CDCJ) i -80.88 (t,J = 10.0 Hz, 3F)-108.29i
-111.88 (m, 2F)-115.717 -115.93 (m, 2F)-122.087 -122.40 (m, 2F)-122.417
-122.69 (m, 2F);126.10i -126.35 (m, 2F).

13C NMR (101 MHz, CDG)&i 190 . 6, 1 669.43Hz), 155131281, {211,
116.5, 109.1, 84.4, 65i063.2 (m), 55.82, 33.#4 33.1 (M), 27.56.

HRMS calculated for @Hi7F13NaO4 (M+Na): 603.0811, found: 603.0827

tert-Butyl (S)-1-oxo-2-(perfluorobutyl) -2,3-dihydro -1H-indene-2-
(:ES 40 carboxylate (64i)Prepared according to general procedure B using tert
CFOB putyl 1-ox0-2,3-dihydro-1H-indene2-carboxylate (0.1 mmol, 23 mg),
ek perfluorobutyliodide (0.3 mmol, 104 mg, 0,052 Im), phase transfer
catalyst58 (0.002 mmol, 13 mg) and cesium carbonate (0.2 mmol, 65
mg). Time of irradiation: 64 hours. The crude mixture was purified by flash column
chromatography (hexane, EtOAc:hex 5:95) to givepttoeluct as a yellow solid (28 mg,
62% yield, 90% ee). The enantiomeric excess was determined by HPLC analysis on a
Daicel Chiralpak ABH column,99.5:05hexane: i Pr OH, fl ow rate O
N Miminord 7 . 8magt® NnY9,. 0U mi n p{*=0+G2023 E&=0)40, CHGIOD% ee).

'H NMR (400 MHz, CDC) i 7 . 8% 7.7(Ht,, 1H), 7.67 (td) = 7.6, 1.2 Hz, 1H),
7.52 (dtJ= 7.7, 0.9 Hz, 1H), 7.487.39 (m, 1H), 3.85 (d] = 17.5 Hz, 1H), 3.55 (d] =
17.5 Hz, 1H), 1.44 (s, 9H).

19F NMR decoupledH (376 MHz,CDCl) -80.75 (tt,J = 10.4, 3.1 Hz, 3F);108.46i
-111.60 (M, 2F);116.56i -116.87 (M, 2F);126.49 (m, 2F).

13C NMR (101 MHz, CDC) i 192 . 7 ,J=8.BH), 161.9, #36.0, 134.1, 128.2,
126.1, 125.3, 84.6, 64i263.6 (m) 33.5 33.2 (M), 27.5.

HRMS calculated for @HisFgNaO; (M+Na): 473.0770, found: 473.0761

2 o tert-Butyl  (S)-1-oxo-2-(perfluorooctyl)-2,3-dihydro-1H-indene-2-
@iﬁ\cfotm carboxylate (64j) Prepared according to general procedBresing
cmE;F tert-butyl 1-oxo-2,3-dihydro-1H-indene2-carboxylate (0.1 mmol, 23

: s4  mg), perfluorooctyl iodide(0.3 mmol, 164 mg, 0.079 Im), phase
transfer catalys68 (0.002 mmol, 13 mg) and cesium carbonate (0.2
mmol, 65 mg). Time of irradiation: 64 hours. The crude mixture was
purified by flash column chromagoaphy (hexane, EtOAc:hex 5:95) to give the product

as a yellow solid (44 mg, 68% vyield, 93% ee). The enantiomeric excess was determined
by HPLC analysis on a Daicel Chiralpak AfDcolumn,99.5:0.5hexane:iPrOH, flow

_CF
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rate 0.60 mL/ MixeR6. & mjb¥2,564050n mnmi n0 of50+296 ee) ;

(c= 1,17, CHCJ 93% ee)

'H NMR (400 MHz, CDC) & 7 . 847.9(Hd, 1H), 7.71 7.62 (m, 1H), 7.52 (dY]

= 7.8,0.9 Hz, 1H), 7.4B7.39 (m, 1H), 3.85 (d] = 17.4 Hz, 1H), 3.55 (d] = 17.5 Hz,
1H), 144 (s, 9H).

19 NMR decoupledH (376 MHz, CDC}) Ui -80.88 (d,J = 9.9 Hz, 3F),-108.19i
-111.62 (m, 2F);115.61i -115.87 (m, 2F);121.41i -121.75 (m, 2F);122.03 (s, 4F);
122.64i -122.94 (m, 2F);126.13i -126.32 (m, 2F).

13C NMR (101 MHz, CDG) i 192 . 7 ,J=8.BH), 161.9, #36.0, 134.1, 128.2,
126.1, 125.3, 84.6, 64i463.8 (M), 33.5 33.2 (M), 27.5.

HRMS calculated for @H1sF17NaOs (M+Na): 673.0642, found: 673.0638

o tert-Butyl (S)-1-oxo-2-(perfluorodecyl)-2,3-dihydro-1H-indene-2-

©:‘§\.,,/<° carboxylate (64k) Prepared according to general procedsinesing
%% tertbutyl 1-oxo-2,3-dihydro-1H-indene2-carboxylate (0.1 mmol, 23
Fa‘c'\CFZ s M), Perfluoren-decyl iodide (0.3 mmol, 194 mg), phase transfer
FQQ/CFZ catalyst58 (0.002 mmol, 13 mg) and cesium carbonate §@n2ol, 65
P " mg). Time of irradiation: 64 hours. The crude mixture was purified by
Fio flash column chromatography (hexane, EtOAc:hex 4:96) to give the

product as a white solid (45 mg, 60% vyield, 94% ee). The enantiomeric excess was
determined by HPLC analysis om Daicel Chiralpak AEH column, 99.5:0.5
hexane: i PrOH, flow r atmi=06 6 0mnw78mn®4% o
e e) = 28.3 (c= 1.12, CHGI94% ee)

'H NMR (400 MHz, CDG) & 7 . 8% 7.6 HE,,1H), 7.66 (td) = 7.5, 1.2 Hz, 1}
7.52 (d,J=7.6 Hz, 1H), 7.43 (tJ = 7.5 Hz, 1H), 3.85 (d] = 17.5 Hz, 1H), 3.54 (d] =
17.5 Hz, 1H), 1.44 (s, 9H).

¢ NMR decoupledH (376 MHz, CDC}) U -80.93 (t,J = 10.0 Hz, 3F),-108.12i
-111.41 (m, 2F);115.62i -115.88 (m, 2F);121.56 (n, 2F),-121.69i -122.22 (m, 8F),
-122.67i -122.97 (m, 2F);126.10i -126.53 (m, 2F).

BCNMR (101 MHz, CDGQ)u 192 . 7 ,J=847%H), 161.9 186.01, 134.1, 128.2,
126.1, 125.3, 84.6, 64i862.58 (m), 33.5 33.2 (m), 27.5.

HRMS calculated foiCz4H15F2:NaQ; (M+Na): 773.0578, found: 773.0575

NY



0 tert-Butyl  (S)-1-oxo-2-(trifluoromethyl) -2,3-dihydro -1H-indene-2-
carboxylate (64l) Prepared according to general proceduusingtert-

butyl 1-oxo-2,3-dihydro-1H-indene2-carboxylate (0.1 mmol, 23 mg),
phase transfer cataly&8 (0.002 mmol, 13 mg) and cesium carbonate
(0,2 mmol, 65 mg). Trifluoroiodomethane (0.3 mmol, 7.5 mL, gas) was added after the 3
cycles of freeze pump thawia gas syringe atLl96°C (nitrogen bath). Time of irradiation:

64 hours. Tk crude mixture was purified by flash column chromatography (hexane,
EtOAc:hex 4:96) to give the product as a white solid (15 mg, 50% vyield, 96% ee), The
enantiomeric excess was determined by HPLC analysis on a Daicel Chiralpek AD
column, 99.5:0.5 hexanei Pr OH, flow rate 0 m6®994min, mi n,
Ghaior= 1 0. 7 mi n p%E 926.9(c=e025, CHGI96%% ee)

H NMR (400 MHz, CDCh UG 7 . 837.6(Hd, 1H), 7.72 7.63 (m, 1H), 7.52 (dJ
=7.7,0.9 Hz, 1H), 7.48 7.40 (m, 1H), 38 (d,J=17.6 Hz, 1H), 3.56 (d]= 17.6 Hz,

1H), 1.43 (s, 9H).

F NMR decoupled *H (376 MHz, CDCl) -69.19 (s, 3F).

BC NMR (101 MHz, CDQ) i 1 9 3. 4 ,J=2.GHk), 161.7, 186.0, 134i7134.5

(m), 128.3, 126.2, 125.4, 123.6 (= 281.3 Hz) 84.3, 63.9 (gJ = 25.8 Hz), 34.3 (¢

= 1.9 Hz), 27.7.

CF;0'Bu
641

Spectral data match with the ones reported in literdture.

0 tert-Butyl  (S)-5-bromo-1-oxo-2-(trifluoromethyl) -2,3-dihydro-
mm{o 1H-indene-2-carboxylate (64m) Prepared according to general
& CFsOu procedureB usng tert-butyl 6-broma1-oxo-2,3-dihydro-1H-indene
2-carboxylate (0.1 mmol, 31 mg), phase transfer cat&l$<0.002

mmol, 13 mg) and cesium carbonate (0,2 mmol, 65 mg). Trifluoroiodomethane (0.3
mmol, 7.5 mL, gas) was added after the 3 cycles of freem® thawwia gas syringe at
-196°C (nitrogen bath). Time of irradiation: 64 hours. The crude mixture was purified by
flash column chromatography (hexane, DCM:hex 4:6) to give the product as a white solid
(20 mg, 53% vyield, 84% ee). The enantiomeric exesssdetrmined by HPLC analysis
on a Daicel Chiralpak ABH c ol u mn, 99.5: 0.5 hexane:i Pr O
= 254 mn@m: 1 3. Fnomi 2,2. 8 mi n X84 B(ce0®8B,,CHGI U]
84% ee).

64m

4 QH. Deng, H. Wadepohl, L. H. Gade, Highly Enantioselective Coagalyzed Electrophilic
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!H NMR (400 MHz, CDC) Ui 71. 78 (m, 2H), 7.62 7.56 (m, 1H), 3.67 (d] = 17.8
Hz, 1H), 3.53 (dJ = 17.8 Hz, 1H), 1.44 (s, 9H).

1F NMR decoupledH (376 MHz, Chlorofornd) -@9.20 (s, 3F).

3C NMR (101 MHz, CDG) i 19 2. 1 ,J=2.5H), 163.1( 183.5 (@,= 1.8 Hz),
132.1, 131.6, 129.6,26.5, 123.4 (q) = 281.5 Hz), 84.6, 63.94 (d,= 26.0 Hz), 33.9
33.7 (m), 27.7.

Spectral data match with the ones reported in literdfure.

o tert-Butyl  (S)-6-methyl-1-oxo-2-(trifluoromethyl) -2,3-dihydro-
Me\@(&..f 1H-indene-2-carboxylate (64n) Prepared according to general
G OB procedure B using tert-butyl 6-methytl-oxo-2,3-dihydro-1H-
indene2-carboxylate (0.1 mmol, 25 mg), phase transfer catalyst
(0.002 mmol, 13 mg) and cesium carbonate (0.2 mmol, 65 mg). Trifluawiethane
(0.3 mmol, 7.5 mL, gas) was added after the 3 cycles of freeze pumpithgas syringe
at-196°C (nitrogen bath). Time of irradiation: 64 hours. The crude mixture was purified
by flash column chromatography (hexane, DCM:hex 4:6) to give ttaupt@s a white
solid (12 mg, 38% vyield, 78% ee). The enantiomeric excess wasrdeed by HPLC
analysis on a Daicel Chiralpak AB column, 99.5:0.5 hexane:iPrOH, flow rate 0.60
mL/ min, omw=252. Bgwimi 3. & mi np®E¥_%c=ldy, ; [ U]
CHCl3, 78% ee).
'H NMR (400 MHz, Chloroforrd) i 7 . 6 2 (89dd,J 4 7D) 1.1 HZ, 1H), 7.39
(d, J = 7.8 Hz, 1H), 3.62 (dJ = 17.5 Hz, 1H), 3.50 (d] = 17.4 Hz, 1H), 2.42 (s, 1H),
1.43 (s, 9H).
1%F NMR decoupledH (376 MHz, Chlorofornd) -@9.23 (s, 3F).
13C NMR (101 MHz, Chloroforrd) i 1 9 3 . 4 ,J= 24H¥), 129.1( 188.5, 137.3,
134.8 (d,J= 1.7 Hz), 125.9, 125.2, 123.7 (b= 281.3 Hz), 64.2 (d] = 25.8 Hz), 34.0
33.8(m), 27.7, 21.0.
Spectral data match with the ones reported in literdture.

64n

Byproducts.

59 was purified by column chromatography (AcOEt, 30%
MeOH-AcOEt) from reaction mixturégeneral procedure Bjs
violet solid (11 mg, 54% vyield]. @%= +64.0 (c= 0,80 DMSO).
'H NMR (400 MHz, DMSQdg) U 81. 32 (m, 3H), 8.27
8.19 (m, 2H), 7.96 7.87 (m, 5H), 7.78 (ddd] = 8.4, 6.9, 1.3
Hz, 1H), 7.21 (dJ = 3.8 Hz, 1H), 6.76 6.66 (m, 1H), 6.57
6.51 (m, 1H), 6.26 (¢J = 14.0, 13.4 Hz, H)), 5.19 (dJ =125




Hz, 1H), 5.09 (dJ = 12.5 Hz, 1H), 4.48 4.37 (m, 1H), 3.94 (t) = 10.0 Hz, 2H), 3.66
(t, J=11.6 Hz, 1H), 3.09 (g] = 10.2 Hz, 1H), 2.96 2.84 (m, 1H), 2.17 (tJ = 11.6 Hz,
1H), 2.12i 2.04 (m, 1H), 1.90 1.73 (m, 2H), 1.23 1.17 (m, 1H).

H {19F} NMR (400 MHz, DMSQde) i  81. 8432 (m, 3H), 8.27 8.19 (m, 2H), 7.96
i 7.87 (m, 5H), 7.78 (ddd} = 8.4, 6.9, 1.3 Hz, 1H), 7.21 (d= 3.8 Hz, 1H), 6.71 (dd]

=16.1, 5.4 Hz, 1H), 6.576.51 (m, 1H), 6.26 (ddl= 16.1, 1.7 Hz, 1H), 5.19 (d= 12.5

Hz, 1H), 5.09 (dJ = 12.5 Hz, 1H), 4.48 4.37 (m, 1H), 3.94 (tJ = 10.0 Hz, 2H), 3.66
(t, J=11.6 Hz, 1H), 3.09 (g] = 10.2 Hz, 1H), 2.96 2.84 (m, 1H), 2.17 (tJ = 11.6 Hz,
1H), 2.12 2.04 (m, 1H), 1.90 1.73 (m, 2H), 1.23 1.17 (m, 1H).

197 NMR decoupledH (376 MHz, DMSOdg) ii-61.63 (s, 3F):80.47 (tJ = 9.9 Hz, 3F),
-108.677 -112.29 (m, 2F)-121.237 -121.62 (m, 2F)-122.287 -122.95 (m, 4F),
-125.74i -126.18 (m, 2F);134.67 (dJ = 21.8 Hz, 2F);159.54 (tJ = 21.8 Hz, 1F).

19 NMR (376 MHz, DMSQds) Ui -61.62 (s3F), -80.47 (t,J = 9.6 Hz, 3F));108.63i
-112.29 (m, 2F)-121.207 -121.64 (m, 2F)-122.237 -123.10 (m, 4F)-125.72i
-126.18 (M, 2F);134.67 (dd,] = 21.6, 9.1 Hz, 2F)159.54 (itJ = 21.7, 6.9 Hz, 1F).

13C NMR (126 MHz, DMSQdg) i 1 5 4 .77 151.4 (f)l 149.7 149.2 (m), 148.2,
147.1, 143.7 (t, J = 9.6 Hz), 143.1, 139.5, 130.7, 130.6, 130.2 (g, J = 31.9 Hz), 128.3,
128.2, 126.2° 126.0 (m), 125.51 125.1 (m), 124.6 (g, J = 272.0 Hz), 124.3 , 124.2,
119.4,119.4 (d, J = 20.9 Hz), 119.3719, 117.7, 79.6, 68.0, 65.4, 61.2, 56.5, 53.8, 35.5,
31.4,26.1, 23.1, 22.5, 21.0, 14.4.

HRMS calculated forCsgH2gF19N20 (M*): 901.1893 found:901.1883

0 60was purified by column chromatography (D&idxane 40%, AcOEt)
" c;Me from reaction mixture(general proedure B)as a mixture of two
2 e °©  diastereoizomers 1:2.5 dr (5 mg, 25%).
Heo O 'H NMR (400 MHz,CDCl) i 7 . 887.8(Ha,,1H), 7.84 7.73 (m,
® 2H), 7.65 (ttJ= 7.4, 1.1 Hz, 1H), 7.58 (td,= 7.5, 1.3 Hz, 1H), 7.52
7.39 (m, 3H), 7.39 7.30 (m, 3H), 7.2%" 7.11 (m, 1H) aromatic protons of both
diastereoizomers, 5.15 (@ 3.8 Hz, 0.4H, minor), B3 (d,J = 3.5 Hz, 1H, major), 3.87
(s, 1.2H, minor), 3.84 (s, 3H, major), 3.78 (s, 1.2H, minor), 3.71 (s, 3H, major)j 3.68
3.57 (m, 2.8H, both diastereoizomers), 3.07J@,3.9 Hz, 0.4H, minor), 2.681.56 (m,
1,4H, both diastereoizomers).

MS!EQ) 378Cy,H1506 (M + Na)*




o 65 was purified by column chromatography (AcGigxane £0%)
@é@ozmu from reaction performed under air (seeheme 20), (7mg, 15% yield).
on H NMR (400 MHz,CDCL) i 7 . 397.4(Hd, 1H), 7.68 7.56 (m,
1H), 7.501 7.36 (m, 2H), 3.98 (s, 1H), 3.65 (@= 17.2 Hz, 1H), 3.22
(d,J=17.1 Hz, 1H), 1.36 (s, 9H).
C NMR (101 MHz, CDG) i 201 . 3, 170. 5, 152. 3, 135. 8,
84.0, 80.5, 39.4, 29.
Spectral data match with the ones reported in literdture.

65

Quantum Yield Measurement

A ferrioxalate actinometry solution was prepared by following the Hammond variation
of the Hatchard and Parker procedure outlinedHandbook of Photochemistdy
Ferioxalate actinometer solution measures the decomposition of ferric ions to ferrous
ions, which are complexed by 1;pbenanthroline and monitored by UV/Vis absorbance
at 510 nm. The moles of irgphenanthroline complex formed are related to moles of
photons absorbed.

The solutions were prepared and stored in the dark (red light):

1. Potassium feioxalate solution: 589,5 mg of potassium ferrioxalate
(commercially available from Al fa Aes:
were added to a 100 mL volumetric flask, and filled to the mark with water
(HPLC grade).

2. Phenantroline solution: 0,2% by waigof 1,18phenanthroline in water (200
mg in 100 mL volumetric flask).

3. Buffer solution: to a 100 mL volumetric flask 4,94 g of NaOAc and 1 mL of
sulfuric acid (96%) were added and filled to the mark with water (HPLC grade).

4. Model reaction solution: teftutyl 1-oxo-2,3-dihydro-1H-indene2-carboxylate
1b (0,2 mmol, 46 mg), perfluorohexyl iodid28 (0.6 mmol, 0,130 ml)
tetradecane (0,1 mmol, 0,026ml) ab@ Diazabicyclo[5.4.0lJunde@-ene (0,4
mmol, 0,06 m)wer e added to a 5 mL volumetric
mark with chlorobenzene.

4M, Lu, D. Zhu, Y. Lu, X. Zeng, B. Tan, Z. Xu, G. Zhong, Chiral Brgnstéd A€dAT UUAA %l AT OET OAI
(UAOT gUI -Biéakbbnyl Cim@dunds). Am. Chem. Se009, 1314562
423. S. Murov, L Handbook of Photochmistry, Marcel Dekker, New York,973



The actinometry measurements were done as follows:

1.

1 mL of the actinometer solution was added to a quartz cuvette (I = 10 mm). The
cuvette was placed along with a gdensolution (1 mL in a similar cuvette)
whose quantum yield has to be measured (our model reaction). The sample and
actinometry solutions (placed 10 cm away from the lamp) were irradiated with
300 W Xenon Lamp (50% of light intensity, 400 £ 5 nm bandiétes high
transmittancejor specified time interval, 7.5, 10, 12.5) min.

After irradiation all the actinometer solution was removed and placed in a 10
mL volumetric flask. 0.5mL of 1,phenanthroline solution and 2 mL of buffer
solution was addeatthis flask and filled to the mark with water (HPLC grade).
The UV-Vis spectra of actinometry samples were recorded for each time
interval. The absorbance of the actinometry solution was monitored at 510 nm.
The moles of F& formed for each sampleisdet mi ned according t
Law:

W w Youpama
PTT W &-vpad

a ¢ aan

where Vi is the irradiated volume (1 mL),2Ms the aliquot of the irradiated
solution taken for the determination of the ferrous ions (1 mk)s\the final
volume after coplexation with phenanthroline (10 mll)js the optical path
l ength of t he i r A@LD inm)tthe copticalcdéférdnce (n1 ¢ m)
absorbance between the irradiated solu
nm) is that of the complex Fe(pheti)(11100 L mof cm).
The moles of F& formed (dx) are plotted as a function of time (dt). The slope
of this line was correlated to the moles of incident photons by unit of titng (q
by the use of the following equatio6)(
5. ————— (6

h
where dx/dt is the rate of change of a measurable quantity (spectral or any other
property), the ¢@amn00unmisy,itBalnd (AX)a)f ars
absorbance at the efation wavelength (400 nm). The absorbance at this
wavelength, &%), was measured using a Shimadzu 2401PC-Mi&V/
spectrophotometer in 1 mm path quartz cuvettes in the presence of the bandpass



filter of 400 nm employed to carry out the measurements, robtpian
absorbance of 0,256%g was determined to be 5,2596instein .
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The moles of products formed for the reaction of interest (performed by irradiating the
sample alongside with the actinometer solution) are described below.

The moles of prducts formed were determined by GC measurement (FID
detector) using tetradecane as reference standard. The number of moles of
product per unit time is related to the number of photons absorbed. The number
of photons absorbed is correlated to the numbénaidlent photons by the use

of the equation displayed in the previous point.

6.

According to the equation the slope (dx/dt) is equalith: ¢1QA“00 "m).q0,

were- (2104740 M) \was measured using a Shimadzu 2401PC-Mis/
spectrophotometer in 1 mpath quartz cuvettes in the presence of the bandpass
filter of 400 nm employed to carry out the measurements, obtaining an

absorbance
photoreaction =,2

of 0,302.

The cal cul ati on



0,0000025
0,000002

2 y = 0,6532% 5E-07
S 0,0000015 R2=0,9991
a
©
@ 0,000001
(o]
=

0,0000005

0
0,00E+00 1,00E-06 2,00E-06 3,00E-06 4,00E-06
Mols of incident photons

X~+ay Crystallographic Data
Single Crystal Xray Diffraction Data for Compound 64f

X-ray structure determinations: Crystals of compouwsd were obtained by slow
diffusion of hexane into a saturated ethyl acetate solutibata Collection
Measurements were made on a BruKenius diffradometer equipped with an APPEX
2 4K CCD area detector, a FR591 rotating anode witkaMadiation, Montel mirrors
and a Cryostream Plus low temperature device ((00K). Fultsphere data collection
was used withwand; scans.




Table S2.Crystaldata and structure refinement &4f at 100 K:CCDC 1055351

Identification code
Empirical formula
Formula weight
Temperature
Wavelengh

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges
12<=l<=21

Reflections collected
Independent reflections
Completeness to theta =31.632°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodnesof-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Flack parameter

Largest diff. peak and hole

mo_LW3021_0Om

C20 H14 Brl F13 03

629.22

100(2) K

0.71073 A

Triclinic

P1

a = 6.7268(7)i, U=
b = 12.1525(10) j,
c = 14.3989(15) i,
1137.38(19) R

2

1.837 Mg/n$

1.935 mml
620

0.40 x 0.1x 0.10 mn$
1.463 to 31.632°.
-9<=h<=9;17<=k<=17;

14059

8670[R(int) = 0.0208]
91.1%

Empirical

0.830 and 0.625

Full-matrix leastsquares on#
8670/ 3/ 673

1.087

R1 = 0.0285, wR2 = 0.0778
R1 = 0.030, wR2 = 0.0869
x =0.000(4)

0.915 and0.549 e.A3

b
2



Single Crystal Xay Diffraction Data for compound 58

X-ray structure determinations: Crystals of compoa@iadiere obtained by slow diffusion

of hexane int@ saturated methanol, diethyl ether solutidieasurements were made on

a Rigaku XtaLab P200 diffractometer equipped with a Pilatus 200K area detector, a
MicrofocusHFOO7 rotating anode with Ma radiation, Confocal Max Flux optic and a
Cryostream Plus low temperature devi€e (LOOK). Fullsphere data collection was used
with wand; scans.

For the absolute configuration determination of the }afioim molecule58 the
methodology descrilekin the following work has been followed:

The use of Mo KU radiation in the -@omsi gnme
molecules; the importance of higbsolution data

E. C. Escuderddan, J. BeneBuchholz, P. Ballestekcta CrystB, 2014 70, 660668

Table S3.Crystal data and structure refinement38rat 100 K:CCDC 1056560

Identification code mo_LWCN13 Om
Empirical formula C35 H34 Br F6 N2 01.50
Formulaweight 700.55

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)



Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Thetarange for data collection

Index ranges
19<=I<=14

Reflections collected
Independent reflections
Completeness to theta =28.095°
Absorption correction

Max. and min. trangsission

Refinement method
Data / restraints / parameters

Goodnes®f-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Flack parameter

Largest diff. peak and hofe.118 and0.523 e.A3

a= 12.0338(6);,
b= 8.9481(6) i,
c= 15.3554(9),

1624.76(17) B
2

1.432 Mg/n?®

1.332 mml
718

0.20 x 0.05 x 0.01 m#éh
1.722 to 28.095°.
-13<=h<=15.11<=k<=11;

13252

6279[R(int) = 0.0338]

87.5%

Empirical

0.987 and 0.651

Full-matrix leastsquares on &
6279/ 220/ 525

1.064
R1 = 0.0564, wR2 = 0.1612
R1 = 0.0699, wR2 = 0.1746
x =0.015(7)

b

U=

1






# EAPOAO ) 6
Enantioselective Photochemical Organo
cascade Catalysis

Target

Development of visiblelight-promoted o
enantioselective photoorganocatalytic casade

hv
,
o R? O/-\ R oH
) o oy Um¥EnY H
transformations to uncover new strategies in JH\H 7[>L L%
Ph Ph

domino processes. secondary

amine catalyst

racemic

Tool

Photochemical reactivity of exciteestate chiral iminium ions and groundtate reactivity of
chiral enamines combined in a cascade process.

4 . 1introduction

Enantioselective rganocacade catalysis has been extensively explored over the last 10
yearst A great number of novel concepts and chemical transformations has been
developed at an impressive pace. Nowadays, it is remarkably hard to bring further
innovation to the field, whiclhas been growing exponentially and reached a high level
of maturity and sophistication. We belietieat an importanstepfor the evolution of
organocascade processes would be merging classical egstated aminocatalytic
transformations with the recentljuncovered excitegtate reactivity of chiral
organocatalytic intermediaté$ This would open new avensifor the design of cascade
processes. In this chapter, | will describe how this idea was reduced to practice.

4.2 Ground-state Enantioselective Iminum lon Catalysis

In 2000 MacMillan’s laboratory introduced a new strategy for asymmetric synthesis
based on the ability of chiral amines to function as LUMO (lowest unoccupied molecular
orbital) lowering catalyst through iminium ion activation of unsatied carbonyl

1C. Grondal, M. Jeanty, D Enders, Organocatalytic Cascade reactions as a New Tool in Total Syiaesis,
Chem.20102, 167

2M. Silvi, C. Verrier, Y.P. Rey, L. Buzzetti, P. Melchiorre, VisgileExcitation o Iminium lons Enables the

%1 AT OET OAIT A Adikigdiidh offEAaldMat. Cherg2017POI: 10.1038/nchem.2748.

3 M. Silvi, E. Arceo, I. D. Jurberg, C. Cassani, P. Melchiorre, Enantioselective Organocatalytic Alkylation of
Aldehydes and Enals Driveby the Direct Photoexcitation of Enamines). Am. Chem. So2015137 6120.



substrates (Scheme 4.1, see also Chapter |, section 1A r2nge of stereocontrolled
transformationswhich traditionally employed Lewis acids, has been achieved using

chiral secondary amine catalysts. This strategy is founded on thexni&ah postulate

that the LUMO of iminium ion possesses significantly lowenergy than the
corresponding carbonyl substrate precursor. The reversible condensation of chiral amines

t o -udsatfrated ketones and aldehydes esabtaover of the catalyst. Additionally,

the amine catalyst is generally able to infer a high lef/ghmium ion geometry control

and selective differentiation of the ol efi
high enantioselectivity to the reaction.

The iminium ion strategy was originally implemented to perform the enantioselective
Diels-Alder reaction of enald and dienes2 using the imidazolidinone catalygt,
providing an alternative to the existing Lewis acatalyzed reactionStheme 4.).° The
control of the iminium ion geometrl, by meas of steric constraints on the catalyst
architectured, was crucial to provide higlevels of enantioselectivity.

Scheme 41 Iminium ion activation for enantbselective DielsAlder reactioni /£ -un$ajurated
aldehydes.

4 K. A. Ahrendt, C. J. Borths, D. W. C. MacMillan, New Strategies for Organic Catalysis: The First Highly
Enantioselective Organocatalytic Dieslder Reaction J. Am. Chem.d8.,2000, 1224243

5L. C. Dias, Chiral Lewiid Catalysts in DielsAlder Cycloadditions: Mechanistic Aspects andSynthetic
Applications of Recent Systems,J. Braz. Chem. Sot9978, 4, 289






















































































































































































































































