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Prologue

The present doctoral thesis is subdivided into five main parts including one chapter on general introduction, three
chapters describing research results and one general conclusion. At the beginning of each research chapter, a
specific introduction into thtopic is provided followed by results and discussion and a conclusion. The structures
and references are numbered continuously throughout the thesis. The experimental section is found at the end of
the thesis.

Chapter 1: gives an introduction on fundantah aspects of transition metal catalyzetdHCactivation and
summarizes the most successful and pivotal examples for the development of the intramolecutatégten

CI H activation reaction to form smaknd mediurrsized rings.

Chapter 2: presentshe design and optimization of a new Pd(0)/NHC* catalytic system for the activation of
secondary CH bonds to form chiral indanes. The project was developed in collaboration with Romain Melot,
Diana Cavalli and Nadja Niggli. The presented results are palolisn Angew. Chem. Int. EcR021, 60,

7245 7250.

Chapter3:di scusses t hsabstiuents brutte meactivityoof CBH bonds based on differences in
initial rates. Kinetic analysis of the reaction showed that the &bstraction step is ratiniting, thus confirming
that the comparison is relevant. The study was conducted in collaboration with Dr. Matthew Wheatley and his

results are included in the chapter. At the time of writing this thesispameiscript is in preparation

Chapter 4: describes preliminary results on the optimization of an enantioselective Pd(0)/L* catalytic system to
activate remote C(8p H bonds enabled by 1/ad shift. This strategy has seen significant developments over the
past 5 years and complements the direfDPcatalyzed CH activation methods in terms of structures that can

be prepared.

A General conclusionis provided at the end of this thesis.
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Abstract

Direct transition metal catalyzed & bond functionalization has emerged as a powerful strategy to form new
Ci C or 0 X bonds over the past decades. Advantages such as no requirementfémrcpomalization of the
reagents and therefore the wedd metal waste makes it an attractive alternative to theestalblished cross
coupling reactions. In this regard, Pd(@talyzed C(sP)i H activation has been applied in the past for the
construction of complex molecules and in numerous total syntldseatural products. In addition, elegant
enantioselective methodologies have granted access to important scalemic products for the pharmaceutical and
agrochemical industry. However, most of these methods rely on the desymmetrization of prochirabafkyl gr
leading to the formation of the stereogenic center distal to the activation site. The activation of enantiotopic
secondary CH bonds remains underdeveloped, mainly attributed to their low intrinsic reactivity, with only one
report on the synthesis bflactams.

To address this longtanding challenge, a highly reactive PA/NHC catalytic system was design and optimized
for the synthesis of chiral indanes. A variety of products were obtained in good to high yields and high
enantioselectivities using IBié&x NHC ligands developed by the Glorius group. Furthermore, the first synthesis
of chiral 3 amides by Pd(6gatalyzed C(s)1 H activation was described in consistent high enantioselectivites.
Moreover, a stereochemical analysis provided valuable insightlse relationship between ligand structure and
enantioinduction.

Mechanistic studies were performed on the newly developed Pd/NHC catalyzed activation of mefhilene C
bonds to examine the selectivity trends observed in the coursedstbi®pment of the Pd(@atalyzed C(spi H
activation reaction. For instance, primaryHKbonds are preferentially activated over secondand Gonds or
the selectivity betweeni® bonds is altered b y-positom mgdntnagt t&(sff)eH sub st i t
bond activation, where the use of Hammet plots has helped to quantify the influence of substituents with different
electronic properties on thel @ activation process, the design and development of new?)Ckbmctivation
methods has been mairdyided by chemical intuition. In this context, a reactivity scale was constructed putting
C(sp)iTH bonds di-dulfsttutionrog a semes df most to least reactive by performing initial rate
experiments. Prior kinetic isotope studies and kinetidyaisaof the reaction to obtain the orders in reaction
components confirmed thel @ activation step to be ratemiting, thus suggesting that the comparison of the
different @ H bonds is significant.

The activation of remote C(3pH bonds enabled by 4-Pd shift has experienced significant growth in the
past 5 years. With this strategy new type of complex molecules, lacking structural motifs promoting the ring
closure otherwise required for direct i€ activation, could be synthesized. Nevertheless, mantoselective
methods are reported to this date. To this end, new substrates were designed and synthesized and preliminary
screening of chiral ligand families previously applied in direct enantioselective-€atédyzed CH activation

wasundertaken to contribute to the progress of asymmetric remoté)Cspctivation.






General Objectives

The objectives ofhis Doctoral Thesis include the development of an enantioselective method for the activation of
secondary CH bonds under Pd(0) taysis and the study of the operative mechanism particular, our

investigations focused on:

f The synthesis of enantioenriched indamesd a mi des f e atereogenioapntesingckiralt i ar y U
IBiox-type ligands

1 The correlation betweesteric properties of the ligands and enantioselectivity.

f The ef tsabstitution dn the reaction rate employing the visual kinetic analysis method variable

time normalization.






Chapter 1: Introduction

1.1 General aspects

1.11Crossc oupl ing reactions to form CiC and Ci X Bonds

Synthetic organic chemistry is driven by the formation of nhew chemical bonds to construct highly complex
mol ecules from simple and abundant buil di ngentfal ocks.
importance. A major historical milestone was set with the discovery of catalytic-aooping reactions
complementing classical functional group interconversion chemistry. In fact, the pioneering efforts by Heck,
Suzuki andNegishion Pd-catalyzed crossouplings was awarded with the Nobel prize in 28#0The general
catalytic cycle for this transformation starts with the oxidative addition of the acth/spkkies into the
carbon halogen (or pseudo halogen) bond of substtdtéeading to the formation of oxidative addition complex
1.2 (Scheme 1.1). Then, transmetalation with a nucleophilic coupling partner, typically of struciirgiRes
intermediatel.3, which upon reductive elimination is transformed to the desired praddcthe catalytic active
MO species is restored.

n
n 1
MLn u

reductive oxidative

elimination addition

M = Pd, Ni, Cu, Fe, Co
X =1, Br, Cl, OTf
Y = ZR;,, SnR3, B(OR),, RMgX

transmetalation

Scheme 1.1General catalytic cycle for crossupling reactions.

To date, crossoupling reactions have been expandeditheferoatom bond formatibrf! andcatalysts based on
transition metals such as Ni,Col! Fé2 and Cl#*671have been employed with numerous applications in the
total synthesis of natural produsnedicinal chemistry, agricultural chemistry and-smale industrial processes.
However, despite the great utility of this extremely powerful tool, major drawbacks include the use of expensive
metalcontaining reagents and the high quantities of toxicameaste that comes with it. Thus, finding more

environmentally friendly and cheaper alternatives has been standing challenge.

1.1.2The HoffmannLoffler-Freytag reactioe ar | y advances in CiH bond functio

Organic molecules consist of linear or cyclic consecutive hydrocarbon matifs, interrupted by heteroatoms such
as nitrogen, oxygen, sulfur and phosphorus. TRUS,H bonds are omni present in or
direct and selective functionalizationo f or m new CT1 C, Ci O, CiI N and C1 X bonc
and sustainable alternative to crassipling chemistry. Molecular diversity can be easily achieved by selective

9



functionalizationo f di stinct CiH bonds based on ekprectirsopni ¢ an
facilitating latestage functionalisation of active compouffd§! Addi ti onal |y, direct Ci H
eliminates the preparation of metal containing cowyppartners as required for crassuplings, thus significantly
reducing, synthetic steps, t oxi c was tzationaverd madelyt s . Ea
Hoffmann showing that homolysis of bromand chloroamias led to cycliation with nethylene or methyl
groups. Homol ysis of t lhlbdormhl | Bighly beactiveN-cemtared gadibak twhich t e
subsequently triggers a 1,5 hydrogen atom transfer (HAT) to fof@iter recombination. The ring is then closed

by nucleophilic subgtition completing the synthesis of nicotirled Schemd..2a). Similarly, onanine alkaloids

were prepared by Buchsacher and Jé@day subjecting substrate.9 to a mixture of sulfuric and acetic acid.

Although this reaction proceeds through an ablgt primary radical intermediatel], the 1,5HAT is facilitated

by the structural preorganisation of the molecule (Schegi®. In the same year, Corey reported the synthesis of

the structural related dehydroconessine employing similar reaction costfiti

intramolecular
~ 1,5 HAT/ 'Ry isati
H\. NMe x B r.lxlj Me cyclisation N N
recombination H | _ Me
Z
N N

1.5 1.6 1.7 nicotine (1.8)

HMe, Me e

cH,—\Me N Me,
wH Cl HyS0,4 ey CHC NMe
AcOH wH H
Me > Me q
via 1.1
1.9 conanine (1.10)

Scheme 1.2Early applications of the Hoffmarnbffler-Freytag reaction.

This transformation, to date known as the Hoffrhéiffler-Freytag reaction, set the fundamdot the

consideationofi nherently inert CTH bonds as a retron for wvar

1.1.3 Transitonmetad at al yzed CT H functionalizati on

1.1.3.1general mechanisms

In the past decades, transitonmateht al yzed CT H functionalization has e
as it constitutes an elegant strategy to introduce molecular complexity starting from simple substrates. However,
asmostorganc mol ecul es possess sever al CiTH bonds, the sel
other remains highly challenging. As described by Sarfdrtiyo main mechanisms are operative in transition
metalc at al yzed C1T H f utheftii mmmgmH dmeehanisng an.orggndmpetallic mtermediate of
structurel.13i s f or med after CIT H b ondandtstermaseleatyity of {utohadtione 1. 3 a)
are driven by structural and electronic properties of the formed intermddiahgs type of transformation high

selectivity for the I ess hindered CiH bond is observe
mechani sm of the CTH bond cleavage but also tshe 1iga
encountered in CiH activation processes bubondal so i n

metathesig#!

10



a. inner-sphere mechanism b. outer-sphere mechanism

g TE { T® [|v|1=x:g9

R % XK C.n / /\

S : Ml , X / , XJ

[M]C—H bond cleavage/ “?r '\T( [M]formation of MIEX \ 1.16 '\\\( H
[M]

metalation active species 115 ] H . “1418
113 114 MEX) *

Scheme 1.3a. Innersphere mechanisrh. Outersphere mechanism

(2) Thefi o u-s p h emreehanism is reminiscent of biological oxidation reactions catalyzed by cytochrome P450
and methane monooxygend$e? Initially, a high oxidation state metal compléxi5is formed possessing an
activated ligand X (Scheme 1.3b). T h e 1l.1R e¢itlgenby diredt hen r
insertion (path) or H-atom abstraction/rebound (pdth. As opposed to the innsphere mechanism, the substrate

diredly reacts with the ligand and not with the metal center. In this case the selectivity is driven by thg build

of cationic or radical character and therefore weaker bonds such as benzylic, &@Wiie, i8 U-position to
heteroatoms are cleaved prefdially. Typical reactions proceeding over an otgphere mechanism are
carbenoid*”*nitrenoid*®*!CT H i nK¥amnd o8T H bo®dd oxi dati on.

1.1.3.2 Transitonmetad at al yzed Ci H bond activation

e

Labinger and Bercai#!definedCT H bond acti vation as a process where

cleavage of a CiH bond. Thus, Cl Hsmhtdriev amée oma rfiad ms
functionalization (see section 1.1.3.1, Scheme 1.3a). Dependingeonature of the substratiiye different
mechanisms have been widely accefet?! (1) In theoxidative additiormechanism the metal species oxidatively

inserts into the carbehydrogen bond of.12leading to transition metal intermedidt0(Scheme 1.4a).

a. Oxidative addition b. c-Bond metathesis
M ¥ R
DY o M- Mmoo R
N R v Y L0 — g
1.12 1.19 1.20 1.21 1.12 - 1.22 - 1.23 1.24
c. Electrophilic substitution d.B isted i — —_
R ¥
X o4, A
X i M R M. O o=
M’ + M /o_< * S /, M/ O
ﬁ 7/ " Y \\\ \@ @
HX \T

1.25 1.26 1.27 1.28 1.29 1.12 - 130 1.31
e. Heck-type
. M R M N M
.R 1,2-insertion isomerization /. p-H elimination
@ ' @ > ' @
R R R
1.21 1.32 1.33 1.34 1.35 1.36

Scheme 1.4Mechanisms of CH bond activation.

(2) G-Bondmetathesiproceeds through-thembered transition state22leading to the formation of intermediates

1.23and 1.24 This pathway is generally preferred by early transition metals (Scheme 1.4b). (3) During the
11



electrophilic substitutiormechanism the mdtapecies is attacked by aromatic or unsaturated subdtri2ée
forming a positively charged metal intermediat27. Abstractionof the proton gives structure28 (4) In the
base assisted mechanisntarboxylate or carbonate ligand is involved in the proton abstraction over a concerted
process forming cyclic transition staie30 To date, this mechanism is known as concerted metalation
deprotonation (CMD) or ambi p)¥i?iFinaly, (BdheHetkiypemertaanish act i v a
begins with 1,Znsertion of organometallic specids21 into aromatic structures of typ#.32 leading to
intermediatel.33 After isomerization, structurk.34is formed with the metal anldydrogensubstituents irsyn
relationship to each othdy=H Elimination gives then functionalized proddc85and metahydride specie$.36

Additionally, transition metatatalyzedCi H activation reactions can be furthebbdivided in three different
classe®® (1)Di r ect ed Clrddctians rely on éhe ¢oardination of the active catalyst to a Lieagic
acceptor tethered to the substrate37). Upon coordination of the metal structute38 is formed which is
transformed to produdt.39by functionalization (Figure 1.1a). Typicallmonodentate amides, pyridines, esters
or imines as well as bidentate directing groups are utilized to ensure sel&étiVitys strategy, although not ideal
as often the directing group is not part of the desired product, it is the most widespecddowever, recent
efforts have been focused on the use of transient directing groups, which are attached to theisditsteatd
cleaved aft ef'¥SI@)Ndndaectedoruadi o e ct e d Explélts thednnateweadtivity of
the substrate. Selectivity is thereby guided by fact
hindrance. This method is more attractive since the installation and removal of a directing group can be avoided.
Instead, the metal catalystt er acts directly wi tLhOfoiming me@icbmplexb4id of su
Productl.14 is then obtained after functionalization (Figure 1.1wever, this transformation suffers from
major drawbacks such as high catalyst loadings, harsh corgddimh often difficult separations due to lower
selectivity leading to mixtures of unseparable products. (3) Finally, in the third type of activation reactions the
transition metal catalyst oxidativel y eudohalegerts)bond nt o a
of the substrate to form compléx43 hence the namaxidative additonir nd uc ed C1 KFigaeltlc)v at i on
The oxidation state of the metal is thereby increasetibyunits and an external base is used to abstract the
desired proton and form metalated comple&4d Upon functionalization and reductive elimination produds

is formed and the metal catalyst is reduced to its initial oxidation&téte.

a. directed C—H activation b. undirected C-H activation
M] X
' ' ' X
h h M h
p YO Py
M]

1.39 1.40 1.41 1.14

M]

coordination
'

1.37

c. oxidative addition-induced C-H activation

M7 [n@] X
@ ( i base Q[Mmz]
'\\_ '\\ ' . M) .
1.42 143 1.44

e D
4

Figure1.1:Di f f er ent c¢l asses of CITH bond activation reactions. a Direc
additoni nduced CT H activation.

1.45
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l2Pdcat alyzed CiT H bond activation

Palladium is arguably one of the most widely used transition metdls fébond activation reactions and has
been thoroughly reviewed in several artidf€$? This is mainly attributed to its ability to operate under several
catalytic manifolds suchs Pd(I1}Pd(0), Pd(I3Pd(1V), and Pd(GPd(Il) among other8® The two first are more
wi despread in directed C1H acd4dQ) sdtalytx rcycle saats with tha s . Ti |
activation of t h&.47@adidg tipaladated sdecicks4® higahdrexchange, usually by trans
metalation gives intermediatie50 from which productl.51is formed by reductive eliminatiofScheme 1.5a)
The resulting Pd(0) species is oxidized to regenerate catalytic active Pd(ll) by an external oxidant. Similarly, the
first step in the PA(I} | V) mani fold is the 1@7gHNingantetmediatel.48clhe o f sub
functional group is then intduced to the catalyst by an oxidative process leading to Pd(IV) interm&diéite

Productl.51is formed by reductive elimination releasing the catalytically active Pd(ll) species (Scheme 1.5b).

a. Pd"-Pd° catalytic cycle —~ b. Pd"-Pd" catalytic cycle
~N n L C-H ~N - 7\

Pd Pdll —
oxidant - B 1.47 PN L Cc-H
+ 1.46 HeB 1.53 1.47

H—BH oxidation C-H activation C-H activation
[Pd] CCpat” M ducti Cpat”
reductive e ~

g L CeX elimination L1 48
1.52 1.48 1.51 -
ligand
exchange
X oxidant——X

X o
~pyll <
C(E/Pd\ C(E/Fl’dlv\ 1.54

1.50 1.55

reductive ligand
elimination exchange
Yo X
N\
1.49
L CctX
1.51

c. Pd%-Pd'" catalytic cycle

-~ PN -

:’:, \\\1 , f: q. C=H
‘ ~ - v
U\/—C /de\ \/\X
1.61 1.56 1.57
reductive oxidative
elimination addition
- PSS
A oy cH
n 1 N /
Uz P{jn ‘/\Fl’d”
X
1.60 1.58
C-H activation ligand
exchange
B—H Y - X
Lz
/\|I:dll
B
1.59

Scheme 1.5Catalytic gclesof Pdc at al yzed C1 H -Bd0) catalgsis.ib.dd(Hpd(I) caRalygisl d. Bd(@pd(Il) catalysis.

The Pd(0)Pd(Il) manifold is generally operative in noiirected orintamo | ecul ar oxi dati ve addi:
activation (Scheme 1.5¢). in this particular case the catalytic cycle begins with the oxidative addition of the Pd(0)
species i nto CT-Xhalbgem a sulfsiXates57géneratimglPd(l0 intermediale58. After ligand
exchange, CiH bond acti vat i l60fromeviiah she prazluctcisyobthireg layl | ad at

reductive elimination with concomitant reduction of the Pd(ll) to the active Pd(0) species. Notably, in all three
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cases t hationGaadtionaacurs frem the Pd(ll) species. Althotghthree manifolds are well established
in CiH activat iPZ%hthetmaia fiosus ofr thisa intioductien, is the Pdy(ll)-catalyzed

intramol ecul ar CiH activation.

1.2.1 Pd(O)xatalyzed intramolecular C€pT H bond acti vat i on-tofnmediumsizeckringsor mat i c

The first example of Pd(@atalyzed activationof C@pT H bonds was r ep@Reaetiilg by Ame
cinnoquinolinel.62ain presence of catalytic Pd(OA@&nd ethyl acrylate gave dibenzofuraty$3ain 19% yield
instead of the expected alkenlyation at th@o3ition(Scheme 1.6)A similar reaction outcome was observed with
1.62b giving product1.63bin 55% yield. In absese of ethyl acrylate no product formation was observed
presumably, because the acrylate is responsible for the reduction of the Pd(ll) precatalyst to the Pd(0) active
species. Later, examples for the formation of 5 and 6 membered rings from the cormggEoydiodides and
arylbromide precursors were presenfé® Substituted dibenzofurand.g4ac), carbazolel-carboxylic acid
1.65 fluorenonel.66 lactonel.67and lactani.68were prepared in good to high yields.

Ames 1982

y/© Pd(OAG), (5 mol%)
_—

gt 7 COEt -
SN Et;N, CH4CN, 150 °C
(1.05 equiv)
N
N
1.62a,Y=0 1.63a, 19%
1.62b, Y = NH 1.63b, 55%
1983 1984
“COZ * ‘L—. ﬁ
1.64 1.65, 73% 1. 66 quant 1.67,41% 1.68,53%
X =Br X=1 = X = Br X =Br

1.64a, R =H: 74%
1.64b, R = 4-NO,: 78%
1.64c, R = 2-CH,0H: 56%

Scheme 1.6early contributions to Pd(@atalyzed C(sh) T H acti vati on.

The first application in the total synthesis of ancistrocladising?( was reported by the Bringmann group in
1989 (Scheme 1.7). Starting from substituted phen®9, substratel.70 for the Pd(Q)catalyzed C(sp T H
activation was reached by Pictepengler reaction with acetaldehyde and acylation of the phenol with the
comesponding naphthoyl chloride. SubjectibgOto catalytic amount of Pd(PBEBCI in presence of NaOAc

afforded1.71in 87% yield. The synthesis was completed by opening of the lactone ring, epimerization
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Bringmann 1989

Br M C(sp?)-H activation eO
.\Me 1) Pictet-Spengler r ey, Pd(PPha),Cl, cat.
2) esterification MeO d(PPh3);Cl; cal NB
NaOAc MeO
NHBn ——— > MeO — » Me
> e DMA, 130 °C, 87%
MeO
1.71

1.69

2) epimirization
3) deprotection

l 1) lactone opening
4) imine formation

ancistrocladisine (1.72)

Scheme 1.7First application of Pd(@atalyzed C(sh T H acti vation: totall7®ynthesis of anc

deprotection and imine formation. Although other examples of applications into the synthesis of imptutaht na
products were demonstrated by the Bringmann dtétfpthe scope of the method is limited and relies on harsh
conditions including temperatures up to 190 °C.

Fagnou introduced the use of Buchwajge ligands for the intramolecular arylation of Gjsp H b nd s .
Susbtrates of typ#.73readily cyclisedd tricyclic productsl.74with high efficiency under catalyst loadings as
low as 0.1 mol% Pd(OAg)and 0.2 mol% of ligand.1.1 (Schemel.8a). A broad scope of products featuring
electrondonating(1.74b) and-withdrawing (.749 groups on tharomatic ring was presented. Additionally, the
oxygen on the tether could be changed to a nitrogen or cakhtt), The formation of a-membered ringl(. 741

was achieved by introducing an electwithdrawing group in position of the dimethyl amino gpoon the biaryl
ligand.

O
a. Fagnou, 2004
Pd(OAc); (0.1 mol%) ‘ ‘
L1.1a (0.2 mol%) (0]
s () .
L omwe ~
DMA, 140 °C 1.74a, R = H: 96% 1.74d, 79%
Br 1.74b, R = Me: 92%

1.74c, R = CF3: 98%
0]

! R O N O P
L1.1a: Ar = Ph, R" = NMe, ‘ O

L1.1b: Ar = 4-CF3-CgHg, R' = H 1.74e, 79%

1.73 1.74
Ar,P

1.74f, 79%
L1.1b

b. Fagnou, 2004 & 2007

MeO.
‘ Pd(OAc), (5 mol%) MeO MeO
NPG  L1.1b (10 mol%) NPG NR
MeO KOAc MeO MeO
H T e H —_— H
O DMA, 130 °C O O
Br

1.75a, PG = CO,Me 1.76a, 84% (R)-Nuciferine (1.77a), R = Me
1.75b, G = CO,0tBu 1.76b, 80% 58% from 1.76a
(R)-Nornuciferine (1.77b), R =
90% from 1.76b

Scheme 1.8a Highly efficient C(sp) T H ar y | at i o rypaligands.co. ABplicatiowiratbtal synthesis Bf-(Nuciferine (.779
and R)-Nornuciferine L.77b).
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This improvedprotocol was applied in the total synthesis of aporphine alkal@deeme 1.80%%4"1 From
substrate4.75aand1.70bdiffering in the protecting group of the amine, the corresponding tetracyclic@Gzs
and1.76bwere obtained by C8T H acti vation in 84%RadncHerie@%gwasel d r es
then accessed by reduction of the @@ protecting groupf 1.76awith LiAIH 4. Similarly, deprotection of the
COutBu group onl.76b gave R)-Nornuciferine {.77h in remarkable 90% vyieldAfter this report, the field
experienced a strong growth and several methods relying on thedatfjzed activationof C8p1 H act i vat i o
were disclose&>48!

An important milestone was reached with a thorough mechanistic study of Echavarreraserddvbn the
formation of phenanthren&8:5% Subjecting substrates of tyfpe78under the conditions optimized by Fagnou and
subsequent treatment with DDQ gave either pro@ut@or 1.80depending on the nature of thesBbstituenbn
the aromatic ring (Scheme 1.9). It was found that when R was eletiftfrawing cyclisation preferentially
occurred with the substituted aromatic ring giving produég. Conversely, product.80was observed when R
was of electrordonating natureThis is in disagreement with the electrophilic palladation mechanism originally
thought to be operative. With density functional theory (DFT) calculations difeehd metathesisT61) could
be ruled out based on the high energy of 43.3 kcallimokteal, a basessisted proton abstraction mechanism
either intef or intramolecularTS2 andTS3) was found plausible.

Echavarren & Maseras 2006

EWG EDG PR3
‘ 1. Pd(OAc), (5 mol%) |\ A |\\ Ts1
L1.1a (10 mol%) >z — 43.3 keal mol™'
DMA or DMF, 100-130 °C -
> HO,CO
2.DDQ H-- \
o

) :
o' S0—Re—_)  Br—Fd

1.78 1.79 1.80
PR3 PR3
R = EWG or EDG = T
23.5 kcal mol™’ 17.4 kcal mol™"

Scheme 1.9Formation ofphenanthrenet.79and1.80and calculated transition states for Gfsp atylation.

Enantioselective CpT H acti vation methods rely on the desymme
the stereogenic center distal to the Ci H activation
example ofasymmetricQf§ T H acti vation was r ep o r® akenyldrijlatesl88 Cr amer
easily accessed from ketone precursors, were subjected to Pd(0) catalysis with chirhiseldphosphoramidite
ligand L1.2a furnishing indanesl.82 in high vyields and enantioselectivities (Scheme 1.10a). Later the
desymmetrization of arylbromide substrates of typ83 to form 7membered rings using a similar
phosphoramidite ligand1.2b was demonstratdoly the same groupn this case, the reaction proceeds through a
thermodynamically unfavouredr@embered palladacycle. Dibenzazepinone produ8#featuring a quaternary

stereogenic center were obtained in excellent yields and enantioselectivities.
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a. Cramer 2009

Pd(OAc), (5 mol%)
L1.2a (12 mol%)
NaHCO;3
-

DMA. 23 °C

1.82 L1.2a: Ar = 4-tBu-CgHy4, R = nBu

13 examples L1.2b: Ar=Ph,R=Me

70-99%, up to 98.5:1.5 e.r.

b. Cramer 2013
Pd(dba); (5 mol%)

Br
(@) L1.2b (10 mol%)
PivOH, Cs,CO3
—
N 2 )
| R mesitylene, 80 °C
S

1.83 1.84
18 examples
78-99%, up to 97.5:2.5 e.r.

Scheme 1.10First report of enantioselective Cfspi H acti vati on.

The Baudoin group reported the use of bifunctional ligands for enantioselectiv® C(¢p act i vat i ol
Binapthalene derived phosphine ligands3 featuring a carboxylic acid substituent on the aromatic scaffold are
responsible for both, proton abstraction and enantioindu¢8cheme 1.11a)Substrated.85were efficiently
converted to dihydrophenanthridine86with high selectivities of up to®5:1.5 e.r. It was found that the length
of the linker of the carboxylic acid to the aromatic ring has an impact on the enantioselectivity. The e.r. value
decreased with increasing chain length of the linker. The control experiments@etijulvalent othe potassium
salt derived from ligandl1.3a omitting CsCO; showed that theroductwas formed in in comparable yield and
selectivity. This result suggests that the ligand is operating in bifunctional mode and.@®@s Ssnot involved
in the proton astraction process. Additionally, parallel kinetic resolution from racemic mixturés86bearing
di fferent aromatic groups undergoing CiTH activatior
enantioenriched products. A similar protocol was employeatiénsynthesis of highly strained fluoraderie87

and other warped molecules of typ88by the same group (Scheme 1.11b).

a. Baudoin 2018 b. Baudoin, 2021

Pd,dbas (2.5 mol%) z
L1.3 (10 mol%) N OO R R
Cs,CO; -
s, e |8 X
N. n @ ’
celi o | G GO
Z
X CO,H

1.85

X =Br, Cl, | 25 e:(:rﬁ les L1.3a: Ar = 3,5-Me-CgH3 Z=0or C(CHs),
Z = COLAlk, Ts, Me 44-93% up to gg 515er L1.3b: Ar = 1,1'-biphenyl-4yl 1.87 1.88
U] L1.3c: Ar = 4-F-3,5-Me-CgH; L1.3b or L1.3c L1.3¢c
9 examples 8 examples

84-99%, up to 92:8 e.r.  45-97%, up to 96:4 e.r.

Scheme 1.11Binapthalenederived bifunctional ligands as enantioinductor and active base.

The use of electrophiles other than ayl alkenyl(pseudghalides were reported by the Cramer and Tang
group. In 2017 the reaction of ketene aminal phospHa8% which are more stable than triflate derivatives, to
chiral isoindolines.90was reportd.>? With electronrich phospholane liganidl.4 high yields and selectivities
were obtained at room temperature (Schehi?a). Interestingly, when the reaction was conducted under
carboxylate free conditions, i.e. Pd(dbajthout PivOH, traces of thproduct were still observed indicating that

the diphenyl phosphate anion acts as a poor active base. Moreover, a rare exampleazitéygfey parallel
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kinetic resolution was demonstrated. Shortly after, the same group reported the synthidsisoaidbles1.92
bearing highly congested quaternary stereogenic centers from perfluorsatiisgituted imidoyl chloride%.91
(Scheme 1.1205%! The products could be further elaborated by reducing or nucleophilicly attacking the imine
moiety. The Tag group reported the synthesis of chiral isoindolib&glfrom carbamoyl chloride precursors of
type 1.93 using R)-Antphos previously develaul in the sage group. In this case, CO pressure was essential to

prevent decarbonylation of the starting materaid ensure high yields and selectivities (Scheme 15#2¢).

a. Cramer 2017 b. Cramer 2018

Pd(OPiv), (5 mol%) @ CIGRF py
A (dba), (5 mol%)
L1.4 (20mol%) T (5,5)-L1.5 (10 mol%)
PivOH, Cs,CO3 N CsOAc
It

O NopOsp?0 ——— o N
w I>OPh  CHsPh,23°C, | CH3Ph, 40 °C
OPh
R R R R
1.89 Me 1.90 1.91 1.92
13 examples [\ 21 examples
OO P 59-91%, up o 97:3 e.r. Bu, N_ N pBU|76-08% upto96.535er.
[
Me Al OMe AT
O‘ OTDBDPS
(8,8)-L1.5: Ar = 1-naphthyl
L1.4
Tang 2019
O

o Pd(OAc), (1mol %)
(R)-Antphos (4 mol%)
CI)I\N’R PivOH, Cs,CO3, CO @ N—-R
_— /7
CH3Ph, 80 °C z
1.93 P

1.94
18 examples
57-98%, up to 99.5:0.5 e.r.

(R)-Antphos

Scheme 1.12: Use of alkenylphosphate (a), imidoyl chlorides (b) and acyl chlorides (c) as electrophiles.

In addition to the formation of carbon stereogenic centers, methods to syntBesaal P-stereogenic
compounds have been developed over the past d&8aieearly example is the synthesis of chiral dibenzosiloles
1.96featuring arSi-stereogenic center from triflate precursbi@5reported by Hayashi and Shint&il.Not only
was the bidentate phosphine ligafiRiS;)-L1.6 responsible for high enantioselectivities, it also suppressed the
formation of achirall.97arising from a 1,8”d shift mainly formed with monodentate ligands screened during this
study (Scheme 1.13a). In 2015, Di8nand M&® simultaneously disclosed the synthesisPe$tereogenic
phosphinic amide$.97by desymmetrization of aryl bromid&<98(Scheme 1L3b). With almost identical taddol
derived posphoramidite ligandsl1.2b and L1.2b the products were obtained in excellent yields and
enantioselectivities in both cases. Similar tricyBlistereogenic phosphonate89were also reported by the Tang

group using Antpho$ype ligandL1.6 (Schemel.13c).5
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a. Hayashi and Shintani 2012

Pd(OAC); (5 mol%)
@ (R,Sp)-L1.6 (5.5 mol%)
R Et,NH R R

-

Me

) PCy,
Fe Par,

Si _— Si Si
CHyPh, 50-70 °C @ @ @ D
OTf (R,Sp)-L1.6: Ar = 3,5-Me-4-MeO-CgH,

1.95 1.96 1.97
10 examples achiral
64-99%, up to 98.5:1.5 e.r.  from 1,5-Pd shift

b. c. Tang 2015
1} 0
Duan 2015 _ -\OAI‘Z >
L1.2¢c 0O-P ;
9 / 102 examples_ "’tBu
np—N 58-94%, up to 96:4 e.r. o o
Ma 2015
L1.2b
19 examples 1.99 L1.6
12-99% and 98.5:1.5 e.r. L1.6

18 examples
17-99%, up to 98.5:1.5

Scheme 1.13Syntheses dbi-andP-stereogenic compounds: a. benzosildl&§ b. phosphinic amidek98and c. phosphonatés99

Cui and Xul®? and Duai" reported the synthesis Bfstereogenic phosphole oxid&g01(Scheme 1.14).
Bidentate phosphine ligandsS$)-Duphos and K)-Segphos furnished the products in high yields and
enantioselectivities. Moreover, Duan also demonstrated that chiraldenwkd phosphoric acids and amides can

induce enantioselectivity in presence of a4cbiral ligand as a part of the same study.

Cui and Xu 2017

o]
@ (S,5)-Duphos ,~""e/© ( O
12 examples
5 O\\P PO Q, 65-78%, up to 97:3 e.r. g Me™ & / o PPh;
r A P
P Duan 2019 Me Me O PPh,
(R)-Segphos <
15 examples o)
21-94%, up to 98:2 e.r.

1.100 1.101

(S,S)-Duphos (R)-Segphos

Scheme 1.14Enantbselective arylation of phosphine oxide85to phosphole oxidek.96

The synthesis of planar chiral metallocenes by RPdé@lyzed C(sh) T H acti vati on was repo
groups. The formation of cyclic lactarisl02and1.103was reported by the Gu grdédhand Liu & Zhadf®l in
2014. Although the protocol of Gu was compatible with both ferrocenes and ruthenocenes, theR&g of (
OPINAP led to moderate enantioselectivities. Converdeiigher enantioselectivities (up t97:3 e.r.) were
reported by Liu and Zhao employing phosphoramide ligah@c (Scheme 1.15a). A major improvement was
made by introducing chiral bidentate phosphine ligand BINAP as enantioinductor for the formatioe mi&red
rings in the same year.usroul® and KangGu®® independently reported the same reaction forming ferrocenes
1.104 and metallocenesl.105 in excellent yields and enantioselectivities. Later, the synthesis of
ferrocenylpyridines.106%!and C(sp) 1 #&lkenylatioff”! to form ferrocenes of typé.107was reported by the
same grougScheme 1.15b).
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M = Fe, Ru
1.102
(R,S,)-O-PINAP
13 examples
50-98%, up to 82.5:17.5 e.r.

Seih

(R,S,)-O-PINAP

| @
~.N

O

1.103
L1.2¢c

11 examples
80-91%, up to 97:3 e.r.

Gu & You 2016

b. Gu & You 2014 Kang & Gu 2014 Gu & You 2015
o) o} 0 OO
.A.‘@ O CAD‘Q 'n PPh,
] "’ ] Fo PPh,
R R M R R R R OO
X s <> R g
R
R M = Fe, Ru R (R.)-BINAP
1.104 1.105 1.106 1.107
(R,)-BINAP (R,)-BINAP (R,)-BINAP (R,)-BINAP
12 examples 18 examples 18 examples 21 examples

82-99%, up to 99.5:0.5 e.r.

71-97%, up t0 99.5:0.5er.  83-99%,

upt0 99.5:0.5er. 58-99% and >99.5:0.5 e.r.

Scheme 1.15Synthesis of planar chiral metallocenes. a. Formationmégbered rings. b. Formation ehtembered rings.

The Guiry group presented the synthesis of planar, central and axially chiral ferrocenyl diols by applying the

protocol disclosed by Gu and Y&8. Although the preparation df.109from precursor.108by twof o | d

Ci H

activation was already reportedthine study of the reaction scope, the Guiry group slightly modified the reaction
conditions to obtain a quantitative yield. 18 different ferrocenyl diols of typ&0were prepared by reacting
1.109with the corresponding orgasithium or -Grinard reagets (Scheme 1.16). Ferrocenyl didlsLl10were

applied as catalysts in the asymmetric hei@iels-Alder reaction leading to moderate to high enantioselectivities.

Br

Fe
B
‘—CZ ¢

1.108

Pd(OAc), (2.5 mol%)

(S.)-BINAP (3.5 nol%)
Cs,CO;, PiVOH

—_—P
CH4Ph, 100 °C

99%,

% : Fe I
e R-Li or RMgX =
ior g OH
o) ::j Z'OH

R
1.109 1.110
99.5:0.5 e.r.,, 99% de 18 examples
planar, central and
axial chiral

Scheme 1.16&ynthesis of ferrocenyl diols.

More recently, the Duan group reported the synthesis of planar chiral benzothidpéetheferrocenes
1.1129n the presence of bidentaf®){segphos, ferrocenyls111were efficiently arylated to the corresponding

products in high yields and enasdelectivities. Moreover, planar chitaénzothiophenéused ferrocené.112a

featuring a phosphinoxide substituent on the lower Cp ring was reduced to the corresponding phdsiitaae

and engaged in crogsupling chemistry. The Suzukiaura couplingbetween aryl bromidé.113and boronic

acid 1.114 using 1.112aaas chiral ligand led to the formation of biar§l115in good yield and moderate

enantioselectivity (Scheme 1.17).
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Duan 2018

Br 0]
Pd(OAC), (5 mol%) <
(R)-Segphos (15 mol%) S e}
S PivOH, Cs,CO3 < PPh;
@ ? —_—

] PPh
] CH3Ph, 120 °C Fe O 2
F‘e H R <
= o

1.1 1.112 (R)-Segphos
15 examples
74-98%, up to 99:1 e.r.
application in Suzuki-Miyaura reaction
Me Me,

Pdy(dba)z (2.5 mol%)
1.107aa (6 mol%)

K3POy4 MeO O 9
CHaPh, 50 °C OO P(OEt),

OMe
S HSiCls, Et;N S

Br (IDI
P(OEt),
—_— +
s [ | = ()
e

B(OH),

)
Fe
\——PRPh, . —PPh,
&Y TS
1.112a 1.112aa 1.113 1.114 . 1,115
82%, 99:1 e.r. 86% 75%, 72.5:27.5 e.r.

Scheme 1.17Synthesis of of planar chiral benzothiophduged ferrocene$.107and application ithe SuzukiMiyaura crosscoupling.

Enantioselective intramolecular Pd{€jtalyzed C(s) TH acti vati on reactions for

with chiral axes are more scarce and only two protocols have been presented in the past 5 years. In 2017 The Gu
netic CITH
cyclization of substrate$.116 (Scheme 1.18a). Using phosphoraniite. 12d, high yields of up to 99% and

group demonstrated the atroposelective synthesis of hidaled biaryls1.117 by dyname ki

enantioselectivities of 95.5:4.5 were observed. The OMOM substituent on the naphthyl moiety was essential to
ensure high enantioselecties as with the less sterically demanding OMe the rotational barrier was too low.
Shortly after, the Cramer group demonstrated the synthesis of axially chiral dibenzazefiid®assing
phosphoramidité.1.2b (Scheme 1.188Y% In contrast to the appach of Gu, in this case, the axis of chirality is

ng the CTH

Ortho and metasubstitution on Arplayed an important role to ensure high levels of enagléotivity as non

formed duri functionalization process by di

substituted products racemized withing 2 hours.

a. Gu 2017 b. Cramer 2018

! I OMOM

PdCl, (5 mol%)
L1.2d (6 mol%)
PivOH, Cs,COj

DCE, 65 °C

Ar —:"-\r

(T
TS

1.117

19 examples
75-99%, up to 95.5:4.5 e.r.

Pd(dba), (10 mol%)
L1.2b (20 mol%)
Ph,MeCCO,H, K,CO3

) ()

R, ———> R+
" mesitylene, 60 °C ;
R R-
N
R © R O
1.118 1.119
12 examples

67-96%, up to 98:2 e.r.

L1.2d: Ar = 4-Ph-CgH,

Scheme 1.18Approaches for the synthesis of axially chiral molecude®ynamic kinetic resolution. b. De novo formation of chiral axis.
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1.2.2 Pd(Oxatalyzed intramolecular CpT H bond activation

The first observation of Pd(@atalyzed C(sh TH acti vati on was reported by Dy
of structurel.123by selfcondensation ahreemolecules of Aodoanisolel.120(Scheme 1.19f1 They proposed
the formation of cyclopalladated specikd21by acti vati on of the OMe group.
intermediatel.122is presumably formed by oxative addition of a new molecule df1200n intermediatd..121

and subsequent reductive elimination leading to an overakd ghift to the OMe group.

Dyker 1992

HsCO
I HsCO O
| Pd(OAGC), (4 mol%) [Pd ]"\
OCH3 K2003 nBuyNBr
—_— (@]

DMF, 100 °C
o/\[F’d”] H;CO O

1.120 1.121 1.122 1.123

Dyker 1994
| M
®Me  Pd(OAc), 25mol%) e Me
K,CO3, nBuyNBr
Me _~ = = o Me
DMF, 105-110 °C Me Me
1.124 ]

1.128

/o \

r
1 |
[Pd"] Mel| Ami |_Pdl\/ Ve Ar Me Me
—_— —_—
Me Me ©)S 0
[PdT]
1.125 1.126 1.127

Scheme 1.19Early C(sp) T H activation reactions.

Later, the same group reported the formation of benzocyclobuieh28 by activation oftBu groups. In
analogy to the previous report, the activation oftBiegroup leads to cyclopalladated spedig?5followed by
oxidative addition of another moleeubf starting material to give intermedidté26 Reductive elimination gives
structurel.127from which productt.128i s f or med by a second CTH activation
In 2003, the Baudoin group reported the use of phosphine ligand&i{0}catalyzed C(sp T H acti vati o
which prevented the setiondensation of the starting material by suppressing competitive oxidative addition to
Pd' intermediate§’? Depending on the nature of the starting material$29 either olefins 1.130 or
benzocyclobutene$.131 were formed (Scheme 1.20a). The proposed pathway for the formation of the olefin
products proceeds through the formation whémbered palladacycle132 and subsequefitH elimination and
reductive elimination. In the case of the benzocyclobutenes direct reductive elimination -fremtiered
intermediatel.133forges the 4nembered ring. In 2007 the same group reported improved reaction conditions for
the selective dehydrogenation of alkanes using the newly designd®TFP (tris(5fluoro-2-
mehtylphenyl)phosphane) ligand (Scheme 1.2GbAdditionally, with the new reaction conditions product
1.130a was obtained in 82% yield and was further elaboraidgHe antihypertensive drug verapamili34).
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R2Z Ak R

B
a. Baudoin 2003 W\ E:fﬁ/H
H Pd

R1 R2 Pd(OAc); (10 mol%) R1 = secondary alkyl
P(o-tol)3 (20 mol%) R2 = Me
K,CO3 1.130 via 1.132
z —_— Rz
. DMF, 150 °C : |7 Ak g
1.129 ©\)§
R = Me Pd
1.131 via 1.133
b. Baudoin 2007 ,Me
Pd(OAc), (5 mol%) N
; F-TOTP (20 mol%) =\ Pr
iPr, iPr
K,CO3 MeO
MeO. N ————— MeO N e N
c DMF, 100 °C C .
MeO MeO

MeO Br
Me
1.129a 1.130a verapamil (1.134) MeO OMe
82%
P F
3

Schemel.2Q a. Preparation of olefing.1300r benzocyclobutenels131by Pd(O)catalyzed C(sh T H f uncti onal i zati on. b.
improved protocol in theynthesis of verapamil(134.

After the initial report on alkane dehydrogenation of the Baudoin group several, methodologies for the
formation of smalto mediumsized rings by arylationof C@p7T H bonds were reported and
in Scheme 1.2 Examples for the formation ofdhembered rings include the formation of benzocyclobutenes
1.131from aryl bromide precursors initially reported by the Baudoin group in Z8Q8ater, similar products
were prepared from cheaper andrenabundant aryl chloridé8! Although benzazetidine intermediatés 35
could never be isolated, benzoxazides36were formed by 4 electrocyclic opening of the-chembered ring
followed by a 6 electrocyclization of the azartho-xylylene moiety with the carbonyl substituent on the nitrogen
atom!’® The formation of Emembered rings was demonstrated as well by Baudoin and Fagnou in 2010 giving
indanes, indolines or dihydro benzofuranes oétyd 37 Examples of the more challenging methylene &(sp H
bond activation were reported by the group of KndéRdbr the synthesis of strained tricyclic structufe$38
and the Baudolff! groupto access indands139 Electronrich trialkyl phosphine PGyproved to be the ligand of
choice for a selection of methods for the formation -ei&mbered rings. In fact, dihydrobenzofurdns4Qql’
indolines1.141[" oxindoles1.142and sulphonamides.143%% could be prepared in good to high yields under
similar conditions with PCyas the ligand. Oxindoles144were accessed by activation of congested cyclopropyl
C(sp)T H bonds. Nevertheless, the products were obtained in good to excellent yields up to 14#Antble& of
6-membered rings were presented by KndéAgll.145 and SHPY (1.1469. Remarkably, in the case of Shi, the
unprotected nitrogen was compatible with the reaction conditions. Additionally, the Baudoin group reported the
synthesis of tetieyclic structured.147by simultaneous formation of aghd a 5membered ring?? This strategy
was applied in the total synthesis of lycorine alkaloids. Among otherlqadane 1.148 was prepared in 4 steps

with an overall yield of 47%.
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4-membered rings

Baudoin 2008

1.131
PtBu;
28 examples
44-92%

Baudoin 2007

1.139
F-TOTP
3 examples
62-83%

Knochel 2006

(]

1.145
P(p-Tol);
3 examples
75-81%

o Me
NTN

N

_ Pdo/L
H
X

Baudoin & Fagnou 2010

1.131
PtBu;
15 examples
60-87%

Fagnou 2007
O_RrR
R

1.140
PCy;
13 examples
57-97%

6-membered rings

Shi 2014

celicga B,

1.146

P(o-Tol);
14 examples

32-78%

Baudoin 2018

oA CO1

1.135

Ohno 2008

/COR
NOR
R
1.141
PCy;
15 examples
38-99%

1.147
PCy;
12 examples
26-99%

5-membered rings

Baudoin & Fagnou 2010 Knochel 2006

s

R2

R4
Z=CRy NR, O @
1.136 1.137
PCy; PtBu; 1.138
17 examples 21 examples Plp-Tol)s
55-96% 7 examples

_06Y
36-96% 33.83%

Fagnou 2010

Charette 2013
R

6] (e}
w0
S\
N—Alk N—R
1.142 1.143 1.144
PCy; PCy; PCy;
7 examples 6 examples 18 examples

37-83% 47-82% 62-99%, up to 14:1 d.r.

Baudoin 2018

(£)-y-lycorane (1.148)
47% over 4 steps

Scheme 1.2: Examples of Pd(G}atalyzed C(spi H activation for the formation of-%-,6-membered rings.

In analogy to Pd(Gtatalyzed C(sPi H activation, other electrophiles were used for the oxidative addition

step. For instance, the Takemoto group reported the cyclization of carbamoyl cHidt#is the corresponding

oxindole productd.150by activation of a benzylic methyl group (Schei22)8! Similarly, the Baudoin group

reported the synthesis of strainédactams1.152 from carbamoyl chlorided.1514 To prevent in situ

decarbonylation of the starting material an excess of COgen was added usirghartwber system developed by

the Skrydstrup groufs® In contrast to directly purging the reaction with CO as reported by Takemoto, the use of

COgen regires fewer safety precautions. An alternative approach for the activation of benzyfj G(&onds

was reported by the Cramer group a few years f&téndoles1.154were prepared from imidoyl chloridés153

in good to high yields using either PGy SIPr as ligand. The latter was usually superior tosRCihe case of 6

substituted imidoyl chlades. The alkenylation of C($p H bonds from alkenyl(pseuéalide precursors is an

attractive alternative to the arylation reactions as the double bond in the formed products can be easily reduced.

Acyclic alkenyl bromide substratésl55were efficiently converted tmlactams by th@audoin group in 20167

It was found that the substituentlkposition to the nitrogen is essential for high yields, presumably by inducing

a significant Thorpéngold effect that is necessary for the ring contraction. In the same year, the Tagemupto

demonstrated the synthesis of tetrahy®rbfluorenesl.157by alkenylation of a bezylic methyl gro(f!

24



Takemoto 2012 Baudoin 2017
PdCl, (10 mol%)
Pd(OAc), (3.0 mol%) Ad,PnBu (20 mol%)

(e}
Me Ad,PnBu (6.0 mol%) 1 COgen or CO 1
N (0] N H\RZ i

mesitylene, 120 °C \ mesitylene, 120 °C

é R 3 R3 R2
R
1.149 1.150 1.151 1.152
16 examples 30 examples
49-88% 48-99%

Cramer 2016
Pd(dba); (5.0 or 2.0 mol%)

Me SIPr (5.0 mol%) or PCy3 (4.0 mol%)
cl KOAc, K,COy A\
A X
NG CHgPh, 110 °C N

Ry H
1.153 1.154
17 examples
40-99%
Baudoin 2016 Takemoto 2016
R RS
R [Pd(x-allyl)Cl], (5 mol%) R4 d(OCOCF3), (10 mol%)
ﬁ"'\ PPh; (20 mol%) OTf PPh; (20 mol%)
JUR PivOH, Cs,CO3 » AdCOzH C32003
R 'P) DMF 100 °C R
1 mesitylene, 160 °C 1 2
RiANg, Me R~ R
R2 R?
1.155 1.156 1.157 1.158
17 examples 5 examples
22-92% 60-91%

Schemel.21 Synthesis of Bnembered rings by cyclization of carbamoyl chloridealkenyl(pseudghalides.

1.2.2.1 Application in the total synthesis of natural products

Although the synthetic relevance of newly described arlyation/alkenylation methodologies has been
demonstrated by disclosing concise syntheses of natural produistsiagtedients or core structures ther&of,

9 significant efforts towards total syntheses of natural products featuring adad@)zed C(spi H activation
key step to form small rings were made by the Baudoin group.

As a part of the newly reported methodology for the formation of hexahydroiridb&&from alkenylbromide
precursors of typd.159 the core structure of aeruginosirk1(6]) was constructed in 2 additional stés.
Aeruginosins 1.170 are marine rtarral products that have shownvitro inhibition of serine proteasé$! Their
structure consists of a-@rboxy6-hydroxyoctahydroindole (Choi) and hydroxyphenyllactic (Hpla) subunits
(Scheme 1.23a). Motivated by these results, two congeners &drttilg of natural products were prepared a few
years latef!l The synthesis of the Choi fragment began with alcdhd62 from which the alkenyl bromide
substratel.159awas prepared in 6 steps. Pd@@Yalyzed C(sPtH alkenylation using Pd(G)x furnished
hexahydroindold..160ain gramscale with yields ranging between-88%. Hydrogenation and further functional
group transformations led to the Choi fragment in 1.2th e yield of 15% over 9 steps. For the Hpla fragment
they applied a Pd(latalyzed intermolecular C@pH arylation method reported by the Daugulis gr&&ff!
The substratel.165 for the intermolecular arylation reaction was obtained frbi64 by benzyl protection,
hydrolysis to the acid and installation of thé€@ridine-2-yl)isopropyl (PIP) amine directing group. Subjecting
1.165to Pd(OAc) with aryl iodidel.166in presencef K,COzled to the formation of.167without racemization
of the labile stereogenic center. Removal of the directing group and amide coupling gave frdght&aisnd
1.168bbearing a Ballo-lle-OMe and DLeu-OMe hydrophobic amino acid respectively iigtnyields (Scheme
1.23b).
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a. Baudoin 2012

Choi

oy

y COCFs ,
2 o ==N NHR
OYR Pd(OAc), (10 mol%) 0 R2 N RO H
R®  PCy; (20 mol%) N9 R3 o
N 4 PivOH, Rb,CO3 N R3 2steps e} < C-terminus
R . D — H NH
Me CH3Ph, 120 °C R
Br o ~OH
1 1 R
1.159 1.160 NO S
14 examples 1161 2 | /\
40-86% ' Hpla = OH
aeruginosins (1.170)
b. Baudoin 2015
Pdo-cata/yzed
Synthesis of Choi fragment C(sp®)-H alkenylation
@Br Me Pd(PCya)s (10 mol%) OTBS
63teps KOPiv, K2CO3 CO,Me
/\)\/\ —>R'o" N/'\/OTBS R'0O™ ™ ’
\ CH3Ph, 120 °C H R'O
COCF,4 COCFs
1.162 1.159a: R = TBDPS 1.160a: R = TBDPS 1.163: R = TBDPS
29, 71% 1.29, 15% overall
Synthesis of Hpla fragment 4.89, 68%
PIP directing arou Pd'-catalyzed intermolecular
9 group C(sp®)-H arylation
=z N OBn Pd(OAc); (10 mol%) OBn OBn 1) NOBF,, pyridine OBn
3 steps K,CO4 H CHZCIZ -30 to 20 °C R

— 2 > PPN
\ﬂ/\Me CH4CN, 110 °C
Me Me O

OH
MeO\n/:\M

1.164
1.165

1.166

Scheme 1.23aPd(0)catalyzed C(sh T H

o
OBn
O 1.167: 78%, >99:1 e.r.
|

al kenyl ation

2) amide coupling

1.168a: R* = D-allo-lle-OMe, 77%
1.168b: R* = D-Leu-OMe, 82%

t 10160f boSyniheseseok Ghdi gnd Hptaicared af | e s

aeruginosins.

The two fragments were then combined by hydrolysis of the methyl ester on the Hpla fragment followed by peptide

coupling to give intermediatds169aand1.169b(Scheme 24).

endgame

@ar

mCOZMe
RO 033\\ K
1) hydrolysis \/\/E 5 steps \/\/l\Q
2 d i z
1163 + 1.168a )aml ¢ couping, NH >=NH2
\\OBn \\OH
1.169a aeruginosin 98B (1. 170a)
R'0" HO™ B H
1) hydrolysis \(\? 5 steps \(\? >=NH

2) amide couplin,
1163 + 1.168b — 3= ) ping

OBn

1.169b

'CF3COZ

aeruginosin 298A (1.170b)

Scheme 1.24Coupling of Choi and Hpl&ragments and installation oftermini.
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Finally, installation of the-¢erminus and global deprotection gave the natural products aeruginosit.288g
and 298A 1.170b in 5.1% and 8.2% overall yield respectively. Later, other members of the sanhe vidttni
halogen substituents on the aromatic ring were reported by the samé®group.

Another major application of Pd@ptalyzed C(shi H alkenylation was the divergent total synthesis of
dithiodiketopiperazine (DTP) natural productg-€picoccin G 1.176 and(1)-rostratin A (L.177) very recently
disclosed by the Baudoin group (Schem252°8° Starting from cheap and abundant cycladmene (.171),
enantioselective organocatalyzed epoxidation reported by the List'§fdfipgavel.172in 97:3 e.r. Subsequent
triflation followed by regioselective and stereospecific epoxide opening with aitBinester and acetylation
gave intermediatd.173 The free acid derivative df.173 obtained by deprotection of th&u group was
recrystallized to further improve the d.r. to >99:1 and was then dimerized furnishing dialkeny! iriflatén
decagram scale. The key tfmd C(sp) TH al kenyl ati on wa sl.1pdeor4fnol rofe d
Pd(PCy). catalyst. The addition of 20 mol% of free R@yoved essential to avoid mixtures of substdatir4
monao-cyclized product and detriflated byproducts. Overall, the common intermédiatecould be prepared in

by

51% yield over 7 steps inuttigram scale. A 7 step sequence including the oxidation of the double bonds, the

introduction of sulfur substituents on the diketopiperazine core and deprotectiongilg¢epicoccin G 1.179
in 19.6% over 14 steps in the longest linear sequence \gracmajor improvement compared to the first synthesis
(1.5% over 15 step&f?1%For (1 )-rostratin A (.177) 3 additional steps from common intermediat&75were

required due to the highly challenging installation of ttemstrans ring junction. Nevertheless, the first total

synthesis ofT1 )-rostratin A (L.177 was completed in 12.7% yield over the longest linear sequence of 17 steps

(Scheme 1.25Moreover,the high efficiency of the presented route allowed the synthesis of the natural products

and derivatives in significant amounts which allowed for cytotoxicity assessments of these structures in the

leukemia cell line K562.

1. triflation (')A cO,
(0] 2 e;zo/)q(;deoot;éenmg oTf H 1. tBu deprotection M
. o -Ala-OtBu P e .
List epoxidation 3 acetylation oN vCOZtBu & recrystallization TfO \HkN\\
= 2.dimerization N OTf
° Me - Me
OAc o
OAc
1471 1.172 1.173 1.174
97:3er 97:3d.r.

Pd°-catalyzed
C(sp®)-H alkenylation

AcO,
O Pd(PCys3), (4 mol%),

OH

PCys (20 mol%)
TfOMe N PivOH, Cs,CO; (-)-epicoccin G (1.176)
R 19.6% over 14 steps
N OTf CH3Ph, 110 °C
X Me
(©]
OAc
1.174 1.175

51% over 7 steps

(-)-rostratin A (1.177)
12.7% over 17 steps

Scheme 1.25T ot al synt hesi s o f-epibo€cth GA.279 u raaistEtin @ .17 enabled by key twdold Pd(0}
catalyzedC(sh TH al kenyl ati on.

In general, Pd(Gatalyzed C(spt H enables the access to ef4,6- and Zmembered heter@r carbocycles with

5-membered examples being by far the most studied (for an examphaerhBered ring formation see chapter 2,
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section 2.1.1). The activation of methyl groups is predominant avitéw examples of methylena B bond
activation, mainly attributed to higher steric encumbrance and reduced acidity oHH®o@d. Electrophiles such

as alkenyl(pseudd halides, carbamoyl chlorides and imidoy! chlorides are compatible witrettstiongiving

access to nearomatic products. Moreover, enantioselective versions, which are of high interest for the
pharmaceutical and medicinal industry were developed (see chapter 2, section 2.1). Finally, a wide range of active
ingredients and natural procks were accessed by Pd(@talyzed C(sp)i H activation strategies further
underlining the importance of this method in synthetic organic chemistry.
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Chapter 2: Palladium(0)-catalyzed enantioselective intramolecular arylation

of enantiotopic secondaryCT H bonds for the synthesi:

2.1 Introduction: Pd(0)-catalyzed enantioselective activationof CSpT H bonds

The threedimensional shape of organic molecules is of fundamental importance as it is directly linked to their
activity in biological system8%41%51Therefore, enantioselective transformations have been a field of constant and
intensive research and in particular transition metal catalysis has been key to develop improved and more efficient
methodd1%611%|n this re@rd, enantioselective Rahtalyzed C(shi H activation has attracted great interest from
the synthetic community2% 113 For the P&Pd' manifold three main strategies have been established over the
past decade$t? (1) The desymmetrization of enantiotopic alkyl grougsdies on the differentiation of two
identical alkyl groups on substrates suck2 49y the chiral catalyst. In this case, the stereogenic center is formed
remoteto the activated TH bond on produ@.2 (Scheme 2.1a). (2) Tteetivation of enantiotopic®® Cr H bonds
of structure2.3leads to chiral produ@4 The stereogenic center is formed o
activation site (Scheme 2.1b). Because of unfavorable stereoelectronitipsypkis enantioselective C&pH
activation process represents an important challenge. (3) The third strakémggtiis resolution Starting from a
racemic mixture of.5chiral producR.6and enriched starting materfalZis obtained performing elassic kinetic
resolution, whereas two different enriched prod@dand2.9are obtained by parallel kinetic resolution (Scheme
2.1c).

a. desymmetrization of enantiotopic alkyl groups b. activation of enantiotopic 2" C-H bonds
H H
RT ¢~ o~ r":\ /)\
PN 5 cat® 1 | 7 R2 e | cat* 1 |
Id R — > . ‘R1 IS —_— .
o Sy o A H! 2 Sy "H
[N H ~ R
S¥7TNY 2 YR2 R? XH R2
H
2.1 2.2 2.3 24
X =Br, Cl, I, OTf stereogenic center stereogenic center
R2=Hor alkyl formed on the adjacent formed on the C-H
carbon atom activation site
c. kinetic resolution H H
~ 2
AN « B N PR T .
- TR ~~ cat* ~ R cat* | i ~
L | o -~ — ! i
Sy X \\/ R classic k\\\\/ x & H parallel < 4 L\\\\\/ R
HH R
27 2.6 2.5 2.8 29
enriched starting material with formation of two chiral products

formation of one chiral product

Scheme 2.1Strategies for asymmetric Pd{@talyzed C(s}) 1 &ttivation. a. Desymmetrization of enantiotopic alkyl groups. b. Activation
of enantiotopic2C1 H bonds. c. Kinetic resolution.

2.1.1 Activation of methyl and methylene CiTH bonds

The very first example of Pd(0)/Pddthatalyzed enantioselective intramolecul(sp)1 H activation was
reported by Kiindig in 20144 for the synthesis of indolinés10( Scheme 2. 2). The activati
bonds was achieved in high yields and enantioselectivities employing bhiieterocyclic carbene (NHC)
ligandsL2.1, reported by the same group shortly befél@17 Later, in addition to expanding theape to primary
CiH bonds, DFT calculations were pertiwasdodndthatthe | uci da
reaction proceeds over a concerted metalation deprotonation mechanism which is alsdithigimgtetep with
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an achiral NKC ligand. However, when a bulky chiral NHC ligand was used, the ligand exchange (bromide for
pivalate) was ratéimiting. This change in ratémiting step is probably attributed to high steric congestion
increasing the ligand exchange barrier. Additionateorthomethyl group in ligandl2.1awas essential for high
enantioinduction. A study on parallel kinetic resolution was presented from thegsanpeshortly afteft®.120
Starting from a racemic mixture of substr&él two different product®.12 and 2.13 were obtained. Using
ligandsL2.1b orentL2.1aup to 49% vyield for both products and enantioselectivities of 99:1 and 98:2 respectively

were achieved.

Kiindig 2011 & 2013 Kiindig 2012 & 2014

=\
parallel kinetic resolution tBu AN N tBu
N
Ar Ar
Rl —— ,, R? + ,/ L2.1a: Ar = 1-naphthyl
N H L2.1b or ent-L2.1a L2.1b: Ar = o-tolyl

CO,Me COzMe COzMe COzMe Bu. T\ sy

2.10 rac-2.11 2.12 2.13 YNVN\\»‘

up to: 49 %, 99:1 e.r. 49 %, 98:2 e.r. Ar o Ar

indolines
L2.1a
14 and 20 examples
39-94%, up to 99.5:0.5 e.r.

ent-L2.1a: Ar = 1-naphthy

Scheme 2.2Pioneering studies on enantioselective §(spH act vati on for the synthesis of

At the same time of Kiindigs first report, Kagfdh and Cramét?>12%l disclosed enantioselective
methodologies for the activation 6{sp’)T H bonds. A limited scope of indoline structut$3was presented by
Kagan employing commercially available diphosphine liganBHas. The more complete study on indolieit

by Cramer included the activation of secondaryHonds in high yields and enantioselectivities, using chiral
monodentate phospte ligandL2.2 designed for this methodology. Interestingly, with chiral trialkyl phosphine
ligand L2.3, which shows comparable electronic properties tosPidgoline2.15was prepareavith 96% yield

and 85.5:14.5 e.r. (Scheme 213!

Kagan 2011 Cramer 2012 Cramer 2012

R2 iPr

.-|R2 N R1
\ 1 N
CO,R ‘ :Tf

Tf

RO\ OR;p-
(

Me
Me N
N QPtBu

213 214 215 Me
indolines indolines 96%, 85.5:14.5 e.r. L2.3
DuPhos L2.2aorL2.2b
6 examples 16 examples L2.2a:R=Pr
65-97%, up to 97.5:2.5er.  46-85%, up to 98:2 e.r. L2.2b: R =Cy

Scheme 2.3Follow-up indoline syntheseby Kagan and Cramer.

Similarly, the Baudoin grouplisclosedthe synthesis of chiral indan&s16 via the desymmetrizatioof
enantiotopic methyl groups (Scheme 2.4). Using chiral monodenate binepine ligands b2.gperiginally
designed for asymmetric hydrogenatidid$, high yields andenantiselectivities were observéd® In 2015 a
more thorough study was puthied including the activation of secondafyHCbonds leading to indolinea 17,
whereup to threeadjacent stereogenic centers are controlled at the same time with high level of diastereocontrol.
Three different ligands were used for the substrate scope. Ferratdasyituted 2.4b was the most effective for
methyl activation whereas for methylenetiaation o-tolyl-substitutedL2.4c showed the highest reactivity.
Finally, ligandL2.4d with a 9methylfluorenyl substituent pyridine-basedsubstrate could be converted to the
indane productDFT computations showed that London dispersion forces betaalstrate and ligand are
important to stabilize the transition st&fé!
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Baudoin 2012 2015

)
NC i OO :
A PR
,”Me PBu
1) 3, | OO

H
2.16 L2.4a 217 L2.4b: R = ferrocenyl
indanes indanes L2.4c:R = o-tolyl
L2.4a L2.4b, cord L2.4d: R = 9-methylfluorenyl
10 examples 11 examples
72-95%, up to 90:10 e.r. 61-96%,

up to 99:1 e.r. and >99:1 d.r.
Scheme 2.4Synthesis of chiral indanes using monodentate binepine ligands.

Besides chiral jandsactive bases can be ugednduce chirality in Pd(G}atalyzedC(sp)T H activation For
the synthesis of chiral indoliné®! (see Scheme 2.3) the Cramer group hypothesized that the active base relays
the chiral space created by the ligand to the substrate. Indeed, a matched effect was observed when &hiral base (
Al was used in presence of a Pd(0) catalyst and ligarizh leading to the formation of chiral indolineR3S)-
2.14ain 75% vyield and 82:18 e.r. In the mismatched combination, with chiral IB®s&1( diastereocisomer
(2S53R)-2.14awas obtained with dower 71:29 e.r. Additionally, the same substrate was subjected to reaction
conditions with an achiral IPr and chiral bas2 resulting in moderate 71:29 enantiomeric ratio (Scheme 2.5a).
This result further underlined the ability of chiral bases to induce iesatdctivity. In 2017the Baudoingroup
reported the synthesis of chiral indolin8sl9 using chiral phosphoric acid3 via desymmetrization of
enantiotopic methyl groups and 27 examples were reported with high yields and enantioseld&ohéase
2.5b)*21 However, in the case of the less reactive methyldrig iibnds a significant decrease in reactivity was
observe albeit with consistent high enantioselectiviti&netic resolution from ra2.20 featuring competing
methyl and methylene groups resulted in the formation of prait@aby methyl G H activation exclusively. In

contrast to the report of Kiindig, prod&f9barising from methylene iGH bond activation was not observed.

a. Cramer 2012

75%, 82:18 e.r.

f oTf PdYIPr H,
k A2 ;
(2R.35)-2.14a | Pdo/L2.2a E:[
N 20% 71:29 e.r.

H Tf N H

., -A1
- Ry 218 CO-H (2s,3RE.14a
N 81%, 71:29 e.r.
f 0O
(2S,3R)-2.14a . CO,H A2

tBu

W
b. Baudoin 2012 R
kinetic resolution OO
Me
. Me Br Me Q _0
N R Me PAOIL an/ 2Xg
N + Me
N

. Me ™ > g “OH
L2 e - . : OO
2.19 Tf 2Me CO,Me R

indzlénes rac-2.20 2.19a 2.19b
27 examples 31%, 73:27 er. 0% A3: R = 3,5-CF3-CgH3

49-96% and 98:2 e.r.

Scheme 2.5Chiral active base approach to induce chirality for the formation ofiivek.
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The enantioselective Pd(@)at al yzed Ci H activation reaction i s
biologically active molecules. The first total synthesis of natural products including a-dadé8)zed
enantioselectiv€(sp)i H activation as key stepas reported by the Baudoin group in 2019 (Schemd2865!

The norilludalane sesquiterpene natural produStspraquinoic 2.25 acid, §-deliquinone 2.26 and §)-
russujaponol F2.27) share a bicyclic core with a characterigtiaternary stereogenic center. The formation of

such quaternary stereogenic centers is a major challenge in synthetic organic chemistry mainly attributed to the
build-up of high steric bulk in the transition st##& %2 The CT H act i \2.a2wasotainpdiseven r s o r
steps from commercially availab®5-dimethyl phenoR.21 Under the conditions reported by Kiindig with the
Hermanntype NHC ligand_2.1a (see Scheme 2.%)dane produc?.23was obtained in 87% yield and 85:15 d.r.

The prolinederived auxiliary on2.22 with an isopropyl ester was essential to enhance selectivity as with the
methyl ester derivative &.22a significantly lower 66:34 e.r. was observed. Acidic removal of the auxiliary with
concomitant deprotection of the methoxldd to indane.24 whose enantiomeric ratio was further improved by
recrystallization. Common intermedia2e25was prepared itwo additional steps from which the three natural

products2.26 2.27and2.28could be accessed in 14 to 15 overall steps for the longest linear sequence.

Baudoin 2019 Enantioselective
C(sp®)-H activation

OH COz’PF [Pd(n—cin)Cll, (5 mol
— > (5 mol%),
Me L2.1a (10 mol%) COZ’Pr
Me Me CsOPiv, Cs,CO;3, |) aq. HBr
Me' ii) recryst.
2.21

mesitylene, 160 °C

2.23
87%, 85:15 d.r.

OH OH
Bu,, N‘ N\ tBu
y ~ | p CO,Me - p CO,H
O ‘Me ‘Me
Me’ Me
OO Q 2.25 224
L2.1a common intermediate 57%, 96:4 e.r.
11 steps-15.6 %

w u u

)-puraquinoic acid (2.26) (S)-deliquinone (2.27) (S)-russujaponol F (2.28)
15 steps - 9. 6% 14 steps - 9.7% 15 steps - 12.1%

Scheme 2.6Total synthesis ofS)-puraquinoic 2.25 acid, §-deliquinone 2.26) and §)-russujaponol F2A.27) by enantioselective Pd(0)
catalyzed C(si H activation.

The enantioselective Pd(@atalyzed activation of cyclopropyli & bondshas gained greatterestT he CT1 H
bonds in cyclopropyl rings adopt a moré-Eke character because the pronounced singin leads to the overlap
of the @ H p-orbitalsi*3313% Thus, theC T Hctivation process is more facile comparedinear methylene or
methyl @ H bonds. In 2012 the Cramer group reported the use of taddol derived phosphoramiditéli@end
for thesynthesis of tetraisoquinolin@s29in high yields and enantioselectivities (Scheme 22#)interestingly,
when R = H, this methine position was activated preferentially leading to the racemiefgpa indoline product.
Later the scope was exmied to the synthesis of dihydroquinolones and dihydroisoquinot®/3sand 2.31,
respectively employing theamephosphoramidite ligantl.2e.[%6]
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Cramer 2012 Cramer 2015

<] <l .
et el
Tf R2

2.29 2.30

Tetrahydroisoquinolines Dihydroquinolones Dihydroisoquinolones R = NMe
15 examples 14 examples 15 examples L2.5a: Ar=3 5-!2\/Ie-C H
80-99%, up to 97:3 e.r. 74-99%, up to 98:2 e.r.  64-99%, up to 95:5 e.r. T R=Ph 6

L1.2e L1.2e

Cy
O N O OMe pdo/L* O
N ’ CO,Et

EtO,C Br

CO,Et

2.32

et
(0]

2.31

L1.2e

L1.2e: Ar=3,5-Me-CgH3

Cy

N

<
EtO,C
2.33

\ O OMe
O,
0=s

L1.2e:73%,925:75eur.

\l/\
V\NMe
BMS-791325 (2.34)

L2.5a: 80%,94.5:55e.r.

Scheme 2.7Synthesis of tetrahydroisoquinolin2®9 dihydroquinolone2.30and dihydoisoquinolonea31and applicationn the
synthesis of the core structure of BMS1325 2.34).

The utility of this method was demonstrated in the synthegs38in 73% yield and 92.5:7.5 e.r. representing
the major carbon framework of BMB1325 2.34), a hepatitis C virus NS5B replicase inhibitor featuring a highly
functionalized membered ring3"! The selectivity could be furthéncreasedusing more electrodonating
phosphonite ligand2.5a
In a similar reaction the Charette group observed enantioinduction when using hemilabile phosphine oxide ligand
BozPhos for the synthesis of cyclopropdagsed azacycl@.35(Scheme 2.8). In this case, the palladium source
played an important rolé&® with Pddba, product2.35was obtained in 37% yield and 94:6 e.r. whereas with
Pd(OACc) the yield could be improved to 87% but the dropped to of 70:30Later, the same group reported a
more thorough study on the enantioselective activation of cyclopropanes to access dihydroqui@Gemes
dihydroisoquinolone®.37 similar to the reports of the Cramer group (see Scheme 2.7). Using BozPhos as the

ancilary ligand up to 99% yield and 99:1 e.r. was obtaifi&d.

Charette 2016 Charette 2019

Me,,
<] R’ Q
N (0]
“R2 i Me
0 P— .nwMe
e}
2.35 2.36 2.37
cPr-fused azacycles Dihydroquinolones Dihydroisoquinolones BozPhos
BozPhos 2 examples 19 examples

Pdydbag: 37%, 94:6 e.r.
Pd(OAc),: 87%, 70:30 e.r

70-99%, up to 97.5:2.5 e.r.  51-99%, up to 99:1 e.r.
BozPhos BozPhos

Scheme28Enanti osel ective activation of cBorPhospropane C1 H bond:
Different electrophiles were used for the intramoleculia @ctivation of cyclopropanes. Cycloproguised

o-lactams2.69were prepared from chloroacetami@e38[14% In this case high enantioselectivities were observed

using taddoiderived phosphordtligandL2.5b at relatively mild condition§Scheme 2.9a). However, wheA R

H, only starting material was recovered. The same group reported the synthesis of pyrrolididdrfesm

imidoyl chlorides2.40bearing a ©per fl uor i-positioretd the nitlogeh atosnuBckhemer e n t i

2.9b)*41 Previously employed phosphoritite and phosphonite ligands of typg.2 andL2.5 respectively failed

to provide sufficient reactivity and enantioselectivity. Instead, chiral alkoxy diazaphosphg¢RjR)el1.5,142

with a backbone reminiscent of the NHC ligah@s1 described byte Kiindig group (see Scheme 2.2), led to the
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formation of product®.41in excellent yields and enantioselectivities. A variety of postfunctionalizations of the
pyrrolidine products were presented including a-pae procedure for the formation of produzil with

subsequent nucleophilic attack on the imine moiety.

a. Cramer 2015 b. Cramer 2017
(0]
R! 0 ;
R? J\/CI Pd®/L2.5b cl Pd%(R,R)-L1.5 RY,
N [ — .
R2 /)\ R? P
1,b AdCO,H, Cs,CO3 5 N RF CsOAc, CH3Ph, 110 °C 5 Re
R CH;Ph, 70 °C R R
2.38 2.39 2.40 Bu Bu 2.41
N N -
y-lactams p \\ pyrrolidines
17 examples Ar | Ar 15 examples
65-99%, up to 98:2 e.r. OMe 59-90%, up to 98.5:1.5 e.r.
(R,R)-L1.5: Ar = 1-naphthyl

L2.5b: Ar = 3,5-tBu-CgHs

Scheme29Enanti osel ective activation of ¢ 238&ndimdaylcldonde2.4Dia8yboh-ési &r om c
lactams. b. Synthesis of pyrrolidines.

The abovedescribedmethods mainly rely on the desymmetrization of methylene or methyl groups
Consequentially, the stereogenic center is formednmteto the G H bond undergoing activation. Examples of
enantiotopicC(sp)1 H bond activation, where the stereogenic center is formed on the carbon of the acfivated C
bond are rareThe only precedenwasreported by the Cramer group in 20141 b-Lactams2.42 were prepared
from chloroacetamide precursoz43 in excellent yields and enantioselectivities using taddol derived
phosphoramidite ligantd1.2f (Scheme 2.10). Chloroacetamidegprone to substitution reactions. Thus, one of
the major challenges of thprotocol was to suppress substitution reactions with nucleopgalientsn the system
such as the ligand and the active base. Timigation was overcome using a less nucleophilic phosphoramidite
ligand compared to phosphines and more sterically ddmg AdJCQH as the active base. Additionally, a
competition experiment was performed with subst2ad@acontaining an electrerich p-OMe-substituted phenyl
ring electrondeficientp-CN-substituted phenyl ring. A product ratio of 4.8:1 in favour of struck#@aarising

from the activation of the more acidic benzylic position wbserved.

Cramer 2014 CN

O (0]
(0] R
N N N
(0] Pdo/L1.2f
“ —_— + .
242 AT NJ\/Cl .
P-lactams Ar —Ar
75% 92:8 e.r. MeO NC
16 examples
74-99%, up to 99.5:0.5 e.r. OMe CN OMe

L1.2f 2.43a 2.42a 2.42a'
48%, 98.5:1.5 e.r. 10%

L1.2f
Ar = 3,5-tBu-4-MeO-CgH,

Scheme 2.10Synthesis ob-lactams by activation of enantioteqpi CT H bonds .
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2.2 Enantioselective Pd(G at al yzed i ntramol ecul ar activation

The devel opment of enantiosel ective tran-standngon met
challenge as it enables easy accesscalemic intermediates from readily available precurdtr¥¥ The
functionalization of noractivated enantiotopic methylene Clsg H bonds remains underexpl
the high bond dissociation energy of 800 kcal mdl* and accessibility écause of steric hindrance. To date, the
enanti os el ec t-lactams regppried by ¢he Cramerogfouppis the only precedent (see section 2.1.1,
Scheme 2.10). However, this type of CITH bomrctmmdsi s easi
due to the increased acidity arising from mesomeric stabilization. In this doctoral thesis we describe the
development and optimization of an extremely reactive Pd(0)/NHC catalytic system, which is capable of activating
secondary enantiotopic C&pT H bonds f or the formation of chiral
enantioselective Pd(@atalyzed C(sp T H bond activation where the stereog

activation site.

2.2.1 Optimization of reaction conditions

We envisiored to use substrates of type44 where the modular design allows for easy exchange of the
aromatic part and the alkyl chain undergo@(@P)T H activation by sequential alkylation of a malonic ester. In
addition, the bulkiness of the malonic estean tune the Thorgdagold effect required for the ring contraction
facilitating cyclization to produc2.45 (see experimental part for substrate synthesis). We chose suBstrde
featuring a fluorine atom para to the alkyl chain to monitor the madty 1> NMR spectroscopy. An initial
screening of achiral ligand classes under reported conditionS(fgf)T H activation was performed. Mainly
dehalogenated byprodu2t45 was observed with trialkyl and triaryl phosphine ligands under the conditions
described by Ohné” for the synthesis of indolines (Table 1, entried)1This observation indicates that the
putative Pd(ll) intermediate does not under@bH activation. Consequentially, more strongfirdonating
NHCI! and cyclic alkyl amino carbene (CAAEY! ligands, that form more stable and electrich metal
catalysts, were tested. Only starting mate?iddaor protodehalogenation was observed under the conditions
described by the Kiindig groli with classic NHC ligands IAd, IMes and IPr (entrieg)5In the case of CAAC
ligand L2.6 almostno conversion occurred, presumably due to its higher degree of saturation compared to the
other NHC ligands, thus leading to decomposition under elevated tempeFafugdostantial product formation
was obtained with IBiottype ligands developed by the Glorius grétp.With IBioxMe4 and 1Biox6 30% and

73% of he desired product was observredpectively (entries 9 and 10).
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Table 2.1 Screening of achirdigands

conditions a:
Pd(OAc), (5 mol%), L (10 mol%)

S O 0 e
2400 O SV et L
Entry conditions? L Product ratio®
24m 2462 2.44a others

1 a PCys - 75 - 25

2 a P({Bu)s 5 26 69 -

3 a CatacCXiun - 68 26 6

4 a PPh 2 82 - 16

5 b | AdAHCI 7 13 80 -

6 b | Mes AHC - 20 75 5

7 b | PrAHCI - 72 19 9

8 b L2.6 - 4 96 -

9 b IBioxMes AHOT 30 55 - 15

10 b | Bi ox6AF 73 14 - 13

P4
/§+]
;
I

,_
g
o

. o o)
R-NSN-R N%_N
_ R X R
R R

|
oTf
IAd*HCI: R = Ad
IPreHCI: R = 2,6-iPr-CgH3
IMes*HCI: R = 2,4,6-Me-CgH,

IBioxMe4*HOTf: R = Me
IBiox6*HOTf: R,R = (CH,)s5

3Determined by°*F-NMR

Encouragedy these initial results, we turned our attention to chiral ligands. Binepine ligaat failed to

provide any product formation in this case. Instead, Krajtghe decarboxylation was observed as only side

product (Table 2, entry 1). Phosphoramidifie2b and Phosphinit&2.5¢c werealso not suitable ligandgntries

2 and 3). Surprisingly, no traces of prod@cetsa were observed with NHC ligadd2.1a (entry 4) Chiral IBiox

ligands IBioxMenth and IBioxtBgave producg.45with 41% and 33%product formatiorand high o excellent

86:14 and 99:1 e.respectively (entries 5 and 6).
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Table 2.2: Screening of chiral ligands.

conditions a:
Pd,dbag (5 mol%), L (15 mol%)
Cs,CO0; (2.0 equiv)
DMSO (0.1M), 140 °C, 15 h

CO,Me COM COyMe -
2CO,Me ” awve -.CO,Me conditions b:
conditions a, b or ¢ CO,Me Pd,dbag (5 mol%), L (10 mol%)
F - CsOPiv (1.0 equiv), Cs,COg3 (1.5 equiv)
F Br F H mesitylene (0.1M), 160 °C, 15 h
Me’
2.44a Me 2.45a 2.46a Me _conditions c:
[Pd(1r-cin)CI)]2, L(10 mol%)
CsOPiv (1.0 equiv), Cs,CO3 (1.5 equiv)
mesitylene (1M), 160 °C, 15 h
. Product ratio?
Entry Conditions L
245 2.46a 2.44a others e.rp
1 a L24AHBF - - - 100 n.d¢
2 b L1.2b - 7 93 - n.de¢
3 b L2.5¢c - 31 57 12 n.de¢
4 c L2.1aA H | - 10 90 - n.de
5 c | Bi oxMent 41 34 19 6 86:14
6 c IBioxtBu AHO1 33 47 11 - 99:1
OO Fc MeO (0]
Py P-Ar
BF, MeO" \,—O
Art A
L2.4b-HBF, L1.2b L2.5¢
Ar' = 3,5-CF3-CgH3
Ar? = 3,5-tBu-4-OMe-CgH,
tBu, (0) 0}
Ny I\
e ey
o /N

L2.1a-HI IBioxMenth*HOTf IBioxtBusHOTf
aDetermined by°F-NMR. ®Determined by HPLC on a chiral stationary ph&sel. = not determined

These results prompted us to prepare chiral congeners of the same liBamdRamily and examine them in
our reaction. Identical results were obtained WBhoxiPr andIBioxCy, with 13% of produc®.45aalongwith
37% of protedehalogenated byprodu2t46a(Table 2.3, entries 1 and 2). In the casdRibxiBu very poor
reactivity was observed leading mainly to recovery of starting mat@rigda(entry 3).A 1:1 ratio of product
2.45aand byproducg.46awere formed with IBioxAd as ligand (entry dhe e.r. of 95:5 was comparable to the
one obtained withBioxtBu (see Table 2.2,réry 6). Further optimization was undertaken with IBioxAd because

the best reactivity/enantioselectivity compromise was obtained.
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Table 2.3: Screening of chiral IBioxRype ligands.

COMe [Pd(r-cin)Cl]; (5 mol%), L (10 mol%)
22CO2Me csoPiv (1.0 equiv), Cs,CO; (1.5 equiv)
E Br mesitylene, 160 °C, 15 h
Me
2.44a
1na
Entry L Product ratio
245 246 2.44a others erb
1 IBioxiPrAHOT f 13 37 45 5 n.df
2 IBiOXCyA HOTf 13 37 45 5 n.db
3 IBioxiBUAHOT1 1 19 79 1 n.d¢
4 | Bi ox AdA 40 40 10 10 95:5
(o) (0) (0) O
Ry =
Ni N—, SNEN
R o R Q IO
IBioxiPreHOTf: R = jPr

IBioxiBu*HOTf: R = iBu IBioxCy*HOTf
IBioxCy*HOTf: R = Ad

aDetermined by°F-NMR. "Determined by HPLC on a chiral stationary phé&sel. = not determined

Reaction parameters such as concentration, temperature and base loading were evaluated. Diluting the reaction
from 0.1 M to 0.05 M gavée3% of 2.45aand 98:2 e.r(Table 2.4, entry 1)Conversely,a higher0.2 M
concentratiored to slightly increased product formation of 60% and unchanged 98:2 e.r. (entry 2). At 120 °C only
traces of product.45a were observed along with 69% of starting matef@al4a indicating that higher
temperatees are required tachievefull conversion (entry 3)At 140 °C again full conversion was observed with
55% product formation (entry 4). Combining a concentration of 0.2 M with a lower temperature of 140 °C slightly
increased the product formation to 598atry 5).At 160 °Camarginal increasi product formatiorto 60% and
63% was obtained wit2.0 or 3.0 equiwf CsCO; loading(entries 6 and 7)WVith 2.0 equiv of C&8C0zat 140 °C
resulted in lower product formation of 49% (entry 8).

Table 2.4: Effect of concentration, temperature and amount of stoichiometric baS©4m the product formation.

[Pd(n-cin)Cl], (5 mol%),

CO,M . . mol% CO,M
Z éone CsOl;tiu(’:gde:uci)v.l)-,fSS(ZCOL/(e)quiv) ‘\\ggzmz S éOjMe
- 2 +
F Br mesitylene, T, 15 h F H
Me e
2.44a 2.46a
ina
Entry Conc.[M] TI[°C] C2COs Product ratio
(equiv) 24 246 2.44a others e.rp
1 0.05 160 1.5 53 35 6 6 98:2
2 0.2 160 15 60 28 - 12 98:2
3 0.1 120 1.5 7 20 69 4 n.d¢
4 0.1 140 1.5 55 38 - 7 98:2
5 0.2 140 1.5 59 35 - 6 n.d.>p
6 0.1 160 2.0 60 25 - 15 98:2
7 0.1 160 3.0 63 24 - 13 n.d.>p
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8 0.1 140 2.0 49 42 - 9 n.d?
aDetermined by°F-NMR."Determined by HPLC on a chiral stationary ph&sel. = not determined

Solventand base screenings were conducted at dCctincentration. The active basereening with 1.5 or
2.0 equiv CgCO;s at either 140 °C or 160 °€howedthat pivalate derivatives were the most effectival€ 25,
entries 16). Since the free pivalic acid and its cesium salt performed similarly giving 65% product formation, we
decidal to continue our study with CsOPiv for practicality reasons. Changing mesitylene for the mone polar
dibutyl ether solvent did not have any positive effect (entryiri¥ xylenes, producR.45awas obtained with
comparablgroduct formation 062%. (entry8). In presence of88and 4A nolecular sieves the product formation
droppedsignificantlyto 15% and 36% respectively (entries 9 and 10). Convers&lndecular sieves proved to
be highly beneficial as indared5awas formed in 80% together with 18%pmbto-dehalogenated byprodue#6
(entry 11). Different active base loading did giste improved resultgntries 12 and 13). Performing the reaction

in isolated isomere- andp-xylenes was not fruitful either (entries 14 and 15).

Table 2.5: Influence of active basemount of stoichiometric base £©;, temperature and solvent on the formation of produtia

[Pd(n-cin)Cl], (5 mol%),

COyMe IBioxAd*HOTF (10 mol%) «CO,Me €O Me
:2COMe  ctive base (equiv), Cs,CO3 (equiv) X CO-Me :2CO,Me
* 2 +
F Br solvent, T, 15 h F F H
Me Me

2.44a Me 2.45a 2.46a
Entry Active _base CsCOs _— Solvent Product ratio®

(equiv) (equiv) 245 2462 2.44a others  e.rb

1 PivOH (0.3) 2.0 160 mesitylene 65 24 - 11 98:2
2 PivOH (0.3) 2.0 140 mesitylene 32 38 23 7 98:2
3 CsOAc (1.0) 1.5 160 mesitylene 14 41 43 2 n.de
4 CRCO.Cs (1.0) 1.5 160 mesitylene 51 39 10 - n.de
5 AdCO:H (0.3) 2.0 160  mesitylene 22 33 43 2 n.ds
6 MesCQH (0.3) 2.0 160 mesitylene 60 25 - 15 98:2
7 CsOPiv (1.0) 1.5 140 nBu,O 57 39 - 4 n.de
8 CsOPiv (1.0) 15 140 xylenes 62 33 - 5 98:2
gd CsOPiv (1.0) 1.5 140 xylenes 15 32 18 35 n.ds¢
10° CsOPiv (1.0) 15 140 xylenes 36 31 4 29 n.d¢
11 CsOPiv (1.0) 1.5 140 xylenes 80 18 - 2 98:2
12 CsOPiv (0.3) 1.5 140 xylenes 72 20 - 8 n.d¢
13 CsOPiv (0.3) 2.0 140 xylenes 71 26 - 3 n.de
14 CsOPiv (1.0) 1.5 140 o-xylenes 77 20 - 3 n.d¢
15 CsOPiv (1.0) 1.5 140 p-xylenes 74 24 - 2 n.d¢

aDetermined by°*F-NMR. Determined by HPLC on a chiral stationary phésel. = not determinedReaction perfomed in presence & 3
(25 mg/ 0.1 mmol):Reaction perfomed in presence & @5 mg/ 0.1 mmol)Reactiorperfomed in presence 0A525 mg/ 0.1 mmol)
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Despite the high product formation of 80%afle 2.5.entry 11), the separation from the pratehalogenated

byproduct was very challenging. Thus, additional palladium sources were screened to suppress the dehalogenation.

Table 2.6: Screening oPd(ll) precatalysts.

[Pd] (mol%),
COyMe IBioxAd-HOTF (10 mol%) «CO,Me gOzMe
32C02Me csopiv (1.0 equiv), Cs;CO3 (1.5 equiv) N oMo :2COzMe
* 2 +
F Br xylenes, 5A MS, 140 °C, 15 h F F H
Me Me Me
2.44a 2.452 2.46a

Product ratio?
Entry [Pd] (mol%)
245 2.46a 2.44a others

1 Pd{ally)Cp (10) 15 34 14 37
2 Pd{if)Cp(10) 26 35 - 39
3 [ Padlyl)Cll2(5) 79 16 - 5

3Determined by°F-NMR. "Determined by HPLC on a chiral stationary ph&sel. = not determined

Precatalyst® d {a’l | y | ) C pcin)&€mlet topabf product formation of 15% and 26% respectiveliglé
2.6, entries 1 and 2). Arsilar reactivity was observed with P dalyl)Cl]2 giving 79% of indane.45a This
precatalyst was chosen for further studies due ttigéghtforwardpreparatiorwith high purity, thus preventing
reproducibility issues.

With no major improvement after the screening of palladium sourcetummed back to the active and
stoichiometric bases. Keeping ££L9; as the base, with xanthoic acid, dibenzyl phosphonate, PivNHOH only

traces of produc2.45awere observedT@ble 2.7, entries-3).

Table 2.7: Second screening of active and stoichiomédase.

[Pd(r-allyl)Cl], (5 mol%),
COyMe IBioxAd-HOTF (10 mol%) +CO,Me COyMe
:4COzMe active base (1.0 equiv), base (1.5 equiv) N CO,Me :4COzMe
* 2 +
F Br xylenes, 5A MS, 140 °C, 18 h F E H
Me Me Me
2.44a 2.45a 2.46a

Product ratio?

Entry active base base
245 246 2.44a others
1 xanthoic acid C=2CO0s - 11 87 2
2 dibenzyl phosphate CsCOs; 3 8 88 1
3 PivNHOH CsCOs 4 14 66 16
4 hexanoic acid C=2COs 61 30 2 7
5 AdCOH C=2COs 5 3 91 1
6 MesCQH CsCOs 14 14 67 5
7 AcOH CsCOs 1 8 88 3
8 CsOPiv K2COs 4 17 35 44
9 CsOPiv R,COs 35 18 - 47
10 CsOPiv KsPOy 12 18 45 25
11 CsOPiv CsOH 3 32 57 8

3Determined by°*F-NMR.
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With hexanoic acid a significant proddotmation of 61% was observed however, still not outperforming CsOPiv
(entry 4). Retesting AdC®1, MesCQH and AcOH under the new conditions was not beneficial (ent¥sBhe

size of the counter ion of different carbonate sources played an impotwgnagavith the smaller Kand Rb
(compared to C3 a significant lower product formation of 4% and 35% respectively was observed (entries 8 and
9). Presumably, this behaviour is attributed to increased solubility of the carbonate as the larger counter ion
dissociates more easily. WithsRQy only traces ofndane2.45awere observed (entry 10). Similarly, with CsOH

only 3% of the product was formed. Unfortunately, in this optimizationsorease irproduct formationwas
observedand therefore the e.r. values were not recorded.

We reevaluated the solverifert under the new reaction conditioligith etheric solvents CPME, 1;dioxane
andnBu;O, no improvement compared to xylenes was made (Table 2.8, en8)e®Vith t-Amyl alcoholas the
reaction mediummo product was observed (entry 4). Aromatic solvents such as pseudocumene, cungne and
cymene, led to significant lower product formation (entrig9.6n toluene,76% of2.45awas obtainedentry 8).
UUU-Trifluorotolueneoutperformed xylenes giving product formation d4%and 98:2 e.r. (entry 9). This result
could be further improved to 95% together with only traces of dehalogenated byp2otheusing freshly

distilled anddegassedolvent (entry 10). The 98:2 enantiomeric ratio remained stable.

Table 2.8: Screening of solvents

[Pd(n-allyl)Cl]; (5 mol%),

COyMe IBioxAd*HOTF (10 mol%) «CO,Me €OgMe
22COMe csopiv (0.3 equiv), Cs,CO5 (1.0 equiv) N COoMe :2CO,Me
" 2Me .
E Br solvent, 140 °C, 18 h F F H
Me Me Me
2.44a 2.452 2.46a

Product ratio?

Entry solvent e.rp
245 246 2.44a others

1 CPME 45 34 - 21 n.de¢
2 1,4-dioxane 25 23 31 21 n.d¢
3 nBu,O 60 33 - 7 n.de¢
4 t-amylOH - 26 40 34 n.de¢
5 pseudocumene 40 36 20 4 n.de
6 cumene 24 37 7 32 n.ds¢
7 p-cymene 4 55 22 19 n.ds¢
8 toluene 76 21 - 3 n.ds¢
9 triflu;(l;';(glijene 84 14 - 2 98:2
10° Luu- 95 2 - 3 98:2

trifluorotoluene

aDetermined by°F-NMR. "Determined by HPLC on a chiral stationary ph&sel. = not determinedReaction run with freshly distilled and
degassed solvent.
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The chiral IBioxR ligands were revisited UyU U-trifluorotoluenel Bi o x Me n gakefptod@dRi45ain
high 89% isolated yield albeit in low 14:86 gTable 2.9, entry 1)BioxiP r A Hledrtd 14% yield and a similar
85:15 e.r. (entry 2). Slightly higher e.r. was observed wii o x C ydéspit@ambderate 39%ield (entry 3).
Finally, IBioxtB u A H@idf Bi o x A dp&rfd@&d similarly giving indane product in 88% and 91% yield

respectively and 98:2 e(entries 4 and 5).

Table 2.9 Screening of IBioxR ligands under optimizeahditions.

COsMe  (py(r-allyl)Cll, (5 mol%), L (10 mol%) .
4CO,Me csopiv (3’.3 equiv), Cs,CO3 (1.0 equiv)‘ - / \ ggzm:
E Br CF3Ph, 5A MS 140 °C, 18 h
Me Me
2.44a 2.45a
Entry L yield (%)%  e.rp
1 | Bi ox Ment 89 14:86
2 IBioxiPr AHO" 14 85:15
3 | Bi oxCyA 39 7:93
4 IBioxtBu AHO™ 88 98:2
5 | Bi ox AdA 91 98:2

aYield of isolated productDetermined by HPLC on ehiral stationary phase.

2.2.2Scope of the Pd(&atalyzed asymmetric synthesis of indanes

The reaction scope was investigated under the finalized condiRoesursor®.44b-e with aliphatic chains
varying in length and steric bulkere suitable substratgéving indane product2.45b-e in good to high yields
and high enantioselectivities (Scheme 2.11). Additionally, pro@ubc could be prepared from both the
corresponding aryl broide and aryl chloride precursor, demivasngthe compatibility of the protocol witlnore
economicabnd readily available aryl chlorides. Alkyl chains with a terminal fluorine a#b{) and functional
groups such as esteta459, protected alcohol.45h, 2.45) and protected amide2.45)) were well tolerated.
To demonstratehe robustness of the method, prodRe5j was prepared in a 2.0 mmol scale in slightlyer
63% yield but high >99:1e.r. after recrystallization. The malonic estesiety plays a fundamental role for the
cyclization of the products as it induces a Thelmgold effect that contracts the bond angle bringing the targeted
Ci H bond closer to the Pchtalyst!*®! More sterically demanding ethyl and isopropy! estersewemployed
(2.45k, 2.45)). The latter was obtained with moderate 34% isolated yield dthettifficult separation from the
protodehalogenated byproduct. Products with fluorine substitnestisor para to the newly formed TC bond
were obtained iigh yields and enantioselectivit@.45m 2.453. Notably,2.45awas prepared with the well
defined [Pd(IBo x A d-3lly)Cl] complex in comparable yield and selectiviBlectron withdrawingubstituents
on the aromatic ring such as W@k, CO:Me an SGMe were also compatible with the protocdl45n 2.45q
2.45p 2.45q). Despite the moderate yield, substraté4r featuring a strongly electron donating -ti®xolan
substituent was convert@to the product in comparable enantioselectivity. Finally, tricyclic pro2lid&sarising

from two-fold CI H activation was prepared by doubling the catalyst loading.
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[Pd(r-allyl)Cl]; (5 mol%)

IBioxAd*HOTf (10 mol%) z
7 CsOPiv (0.3 equiv), Cs,CO5 (1.0 equiv) @’ o
Z
CF3Ph, 5A MS 140 °C, 18 h B
X R R
2.44a-s 2.45a-s

N

4=

variations of the chain undergoing C-H activation

\CO,Me \CO,Me mC02Me
/co,Me /COo,Me / COMe
- = ;)2
R Et R
2.45b, R = Me: 74%, e.r. 96:4 2.45¢c, X = Br, 72%, e.r. 98:2 2.45f, R=F:91%, e.r. 98:2
2.45d, R = n-Bu: 61%, e.r. 99:1 X =Cl, 92%, e.r. 98:2 2.45g, R = CO,Me: 48%, e.r. 98:2

245e,R =i-Bu:61%, er. 98:2 2.45h, R = OPMP: 59%, €.r.99:1 (>99:1)°

variations of the malonic ester
mcozm mCOZMe COR
/ COQMe F / COQMG ) CO,R
M3 px Et
TBSO PhthN

2.45i: 77%, 98:2 er. 2.45), 82%, e.r. 97:3 (98:2)° 2.45k, R = Et: 71:%, e.r. 98:2
2.0 mmol scale: 63%, e.r. 95:5 (>99:1)? 2.451, R = iPr: 34%, er. 98:2

variations of the aromatic ring

R /\O
~COsMe wCO,Me (o]
S WCO,Me
CO,Me R / "COMe
A z CO,Me
Et Et -
Et
2.45m,R =F:72%, e.r. 98:2 2.45a,R = F: 86%, e.r. 98:2 (84%, e.r. 98:2)b 2.45r: 51%, e.r. 98:2
2.45n, R = NO,: 61%, e.r. 94:6 2.45p, R = CO;Me, X = Cl: 89%, e.r. 96:4

2.450, R = CF3 X = CI: 92%, e.r. 99:1 2.45q, R = SO,Me X = Cl: 64%, e.r. 97:3

double C-H activation

Et

MeO,C._/ «COMe
MeO,C" / ~CO,Me
Et

2.45s: 55%, e.r. >99:1°

Scheme 2.11Scope of the reactioPAfter recrystallization’Reaction performed with P d ( | B I -aly)@Jcompléx.°Reaction
performed in pr esayCl]eanod 2100 rmmooll %6 o[fPdI(Bi ox AdAHOTT .

Chiral tertiary amides are highly desirable motifs found in natural and synthekszutes with nhumerous
applications in the pharmaceutical industf§** However , due to i ts egasitichiofc stere
the carbonyl they are very challenging to access. We therefore attempted the synthesis of2pt6tbgt
activaing the methylene T b o n gbosition of B dimethyl amide substituent. Surprisingly, the product was
obtained in almost quantitative yield and a h§§h5 e.r.(Table 2.10, entry 1). With substra2e44u bearing a
morpholine amide functional group lower yield and a decrease in enantioselectivity to 68:32 e.r. was observed
(entry 2). We hypothesized that racemization occurred after the reaction went to full completion and therefore
reduced the reaction tenfrom 18 to 8 h. Indeed, enantioselectivity was restored to 97:3 (entry 3). Similarly,
product2.45vwas obtained in 80% yieldnd 70:30 e.rientry 4) after 18 h and reducing the reaction time to 4 h
increased the enantioselectivity agaif8o2 e.r(entry 5). Methyl este.44whowevergave onlyracemic product
2.45w before full completion. This suggests, that the racemization process is faster tharHtrectation
reaction. Nevertheless, we prepared three tertiary argid&sv by enantioselectsr Pd(0)catalyzed C(spt H

bond activation, which, to our knowledge, is the first report of this kind of transformation.
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Table 2.10:Synthesis of amides

[Pd(r-allyl)Cl], (5 mol%)
CO,Me IBioxAdsHOTf (10 mol%)

= “CO,Me
:aCOsMe o opiv (0.3 equiv), Cs,CO3 (1.0 equiv) mCOZMe
/ 2
Br 0 CF3Ph, 5A MS 140 °C, t (h)

i R/\O
2.44t-w 2.45t-w
Entry Product R t[h] Yield[%]2 e.rP
1 2.45t NMe> 18 94 95:5
2 2.45u NC4HsO 18 87 68:32
3 2.45u NC4HsO 8 95 97:3
4 2.45v  N(Me)OMe 18 80 70:30
5 2.45v N(Me)OMe 4 75 98:2
6 2.45w OMe 2 n.d¢ 55:45

2Yield of isolated productDetermined by HPLC on a chiral stationary ph&sel. = not determined

Heteroaromatic substrates were less effigieigplayinglow product formation or no reactivity at all. For
pyridine derived substrat@s44x and2.44y;, the reaction did noeachfull conversion and only a product formation
of 55% was observed for botantries (Scheme2.12). The product could not be separated by column
chromatography because the reaction mixture contained substantial amounts of atgitibgpmide and
dehalogenated byprodu¢h the case of pyrazin@nd quinolonebased substratés44zand2.44aaonly traces
of the product were observed. Presumably, coordination of the nitrogen to Pd led to catalyst sequestration. For
thiazolederived substrates2.44& and 2.44a similar results were obtainedHigh amounts of proto
dehalogenation and starting material were observed, presumably due to the challenging reductive elimination to
form the strained 5;8used ring systenSubstrates featuringtrongly electrordonating substituents para and
metaposition to the bromine on the aromatic ridgddal, 2.44a and244d) were not efficient leading to mainly
proto-dehalogenation. Finally, the modification of the ritwntractingsubstituents from a malonic ester to a
dimethyl ether 2.44a) to tune the Thorpéngold effect had a negative impact on the reaction outcome. Also in

this case, mostly protdehalogenation together with nopnverted starting material was observed.

[Pd(z-allyl)Cll, (5 mol%)

IBioxAd*HOTf (10 mol%) Z

Z
Z CsOPiv (0.3 equiv), Cs,CO3 (1.0 equiv) @’ \ 5
X R CF4Ph, 5A MS 140 °C, 18 h R
2.44x-ag 2.45x-ag

- inefficient reaction

- coordination to Pd

- high amounts of
proto-dehalogenation

unproductive substrates:

e N

Scheme2.12Unsuccessful

44

\

J

Ci H

activation

( heteroaromatic substrates electron-rich aromatic rings
CO,Me
CO,Me CO,Me CO,Me |[TBSO -.CO,Me
N sCOMe N -.CO,Me N -.CO,Me
| [ | B ring-contracting substituents
N Z 7 r
7N x N™ "Br N~ “Br 244ad ) s OMe
Me 2442 Mg 244aa  Me CO,Me
2.44x: X = Br MeO,C CO,Me Me ~»CO,Me Br OMe
2.44y: X =Cl -, Br
Me
1\ I\ o\COZMe R Br 2.44ag
g7 Br Me g COMe Me
2.44ab 2.44ac 2.44ae: R = NMe;
\ J 2.44af: R = OMe

substrates.



To demonstrate the utility of the chiral indar2e45we aimed to derivatize representative examples. Based on
recent literature reports converting malonic acids to-gémoro and fully decarboxylated derivative®153lwe
envisaged to prepare produ2td5cband?2.45cc(Scheme 2.13a). However, sulijag starting materia®.45ca
which was obtained from racem&45cby saponification, to Agatalyzed gerdifluorination conditions was
unsuccessful. Similarly, produgt45ccwas not observed undphotoinducediecarboxylation condition§hese
resultsprompted us to select substré&xd5 featuring a heavy phthalimide functional group and change our
functionalization strategies (Scheme 2.12b). Deprotection of the phthalimide moiety with hydrazine hydrate and
concomitant cyclization led ts-configured tricyclic structur@.45jain very hgh yield and as single observable
diastereoisomer. Additionally, spirocyclic dimettbdrbiturate derivative.45jb was prepared fron2.45j by

condensation with urea and subsequent methylation.

WCO,Me
CO,Me

2.45¢c

KOH,
H,0, EtOH, 100 °C, 3 h
97%

Mes-Acr-Ph

AgNO3, PhCO@%Na COLH (PhS),, KOH
WF Seelctfluor 2 Blue LED H
F COH ——X—> )
ACN/H,0/hexane 55 °C 18 h Ly TFE, 24°C,72h
Et Et
2.45¢cb 2.45ca 2.45cc

o CO,Me
OMe 2 1. urea, tBuOK
0 H NNH,+H,0 F / CO,Me DMSO 24°C,2h >:O

E NH EtOH, 78 to 24 °C, 16 h 2 Mel, K,COs,
H 95% DMF, 24 °C, 18 h
NPhth
44% NPhth
2.45ja 2.45) 2.45jb
d.r. >99:1 (e.r. >99:1) (e.r. >99:1)

Scheme 2.13Derivatizatims of indane produc&45

Efforts to grow crystals suitde for X-ray analysisvere unsuccessfulherefore, the stereogenic center was
determined to have thHe configuration based on the vibrational circular dichroism (VCD) spectroscopy analysis
of products2.4%, 2.45tand2.45a performed in collaboration with Prof. Dr. Thomas Bifgge experimental
section for further details).

In orderto determine the kinetic isotope effect (KIE) protia?edflah and deuterate?.44ah-d5 were prepared
and parallel kinetic experiments were performed using thedvellf i ne d [ P lyl)CBcomplek.Bhe ) ( -
observed induction period is attributdthe reduction of the Pd(ll) precatalyst to the Pd(0) active sp&¢iasd
therefore an exact value could not be determined. Nevertheless, a clear isotope effect is visible as the reaction
profile for protiated?.44ah(deep blue curve) is steeper thtie one of deuterate?tl44ah-ds (deep reccurve.
This resultsuggestshat the € H activation step is ratémiting.
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CO,Me

= [Pd(IBioxtBu)(r-allyl)Cl], (10 mol%) ~COsMe
:#CO2Me coopiy (0.3 equiv), Cs,CO3 (1.0 equiv) X
- / "CO,Me
R > F 152
F Br

CF3Ph, 5A MS 140 °C, t (h) R'R
(parallel experiments)

2.44ah: R = CH,CH3 2.45ah: R'=H,R2 = CHs
2.44ah-ds: R = CD,CD3 2.45ah-d,; R'=D R2= CDs
80
° °
70 | ®2.45ah
€60 | o245an-d4
g 50 ° o
=
% 40
= °
n 30 °
" 20
°
10 . ® b
0 g o o © L]
0 2 4 6 8 10

t (h)

Figure 2.1: Parallel KIE experiments with.45ahand2.45ahds.

2.2.3Evaluation of steric properties of IBioxR ligands

In parallel to this study, investigations on new modifications of IBjge ligands were ongoing in our group.
IBioxMestBu was designed and pr epar e dpoditign of thet oxygedimthe ng me't
bioxazoline scaffoldn collaboration with Diana CavalliThis would bring thesubstituents on the stereogenic
centerscloser toeach other leading to a tighter chiral space enhancing the enantioinduction. Satisfyingly, using
IBioxMe4tBu under our optimized conditions led to prod2e5ain almost enantiopure form although in slightly
lower 78% yield(Scheme 2.14). Additionally, @could improve the e.r. of produ&u5n with the lowest e.r. in
the scope, from 94:6 to 98.5:1.5 with the newly synthesized ligand.

[Pd(r-allyl)Cl], (5 mol%)

COyMe IBioxMeyBu-HOTF (10 mol%) 1
R! 5 R
2aCO,Me  CsOPiv (0.3 equiv), Cs,CO3 (1.0 equiv) mcoznﬂe
R2 Br CF4Ph, 5A MS, 140 °C, 18 h R2 A CO,Me
Me Me, O o. Me ~Me
2.44a (R'=H,R?=F) Me'"* — jMe 2.44a: 78%, e.r. 99.4:0.6
2.44n (R'= NO,, R?= H) N+§/N . 2.44n: 72%, e.r. 98.5:1.5
tBu To tBu

IBioxMe4tBuHOTf
Scheme 2.14Influence of gerdimethyl substitution on the bioxazoline scaffold ofd@etBu on the enantioinduction.
We studied the correlation between enantioinduction and the structure of the ligand. A typical model to describe
sterics for NHC ligands is the percentage of buried volumés(%s originally presented by Nolan afvallo!*>S!
The %Vg.r value is defined as the percentage of the total volume of a sphere occupied by the ligand. The metal
center is thereby positioned at the core of the sphere with a defined radius r (FigurerRe2aptential
coordination spherefdhe metal is represented by the volume of the sphere. We calculated/ghevétues of

IBioxAd, IBioxtBu, IBioxiPr, IBioxCy, IBioxMenth and IBioxM@gBu ent er i ng t he par-ameters

allyl)Cl] complexes obtained by DFT structusptimization in the samca (Salerno molecular buried volume
calculation) online tool (Figure 2.285¢!
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O\ /o a T — —% 7; = I R R R 7 Lt R R 7 i
S—N NJ», IBioxMenth IBioxiPr IBioxCy
R R % Vgyr 43.5 % Vgyr 30.1 % Vgyr 30.1
%VBur(QD) 1.4 %VBur(QD) 14.0 %VBur(QD) 141
er. 6.1 er. 57 er 13.3

O] T

IBioxtBu IBioxAd IBioxMey4tBu
% Vgyr 34.2 % Vgyr 34.5 % Vgyr 34.7
e.r. 49.0 er. 49.0 er. 165.7

Figure 2.2:a. Schematic representation%¥g,.. b. Heat maps of the IBioxB/pe NHC ligands and their %,/%Vzurqp) values %Veu(qp)
= [%Veu(NE quadrant) + %s,{ SWqu ad rVa i NW 1 u %d Vea(BE quadrant)]f.

The quadrant difference buried volumeM§@qp)) is then obtained by adding the&q, of the more occupied
guadrants of the heat map aubstracting the %, of the less populated quadrants.

No direct correlation between the enantiomeric ratio and theu%was observed when plotting the
enantiomeric ratio as a function of th&/84, (Figure 2.3a). However, the enantiomeric ratearly increases with
the 9%/surop) (Figure 2.3b). This provides an explanation why the more congestedlikaggructure of
IBioxMenth is the least effective in terms of enantioinduction compared to the IBioxR ligands featuring a tertiary

stereogenic ager on the bisoxazoline backbone.

. 0 ) .
a. Correlation between %V, and enantioselectivity b. Correlation between %Vp,(qp) and enantioselectivity

160 ® |BioxMe4tBu 160 IBioxMe4tBu”
120 120
:1_5 80 © g0 g
. ) " _ IBioxAd
[ o
20 IBioxtBu IBioxAd 20 L IBioxtBu
IBioxCy . IBioxMenth 1BioxCy.
o IBioxiPr IBioxMenth 0 O ee-&BiGKPE
29 34 39 44 0 5 10 15 20 25
%Vegyr (%) %%V gu(0p) (%)

Figure 2.3: Study of ligand structure and enantioselectivity. &s%&s a runcuon or enanuoselecuvity. DV¥agp) &S & Tuncuon ot
enantioselectivity
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2.2.4Application of enantioselective Pd(@atalyzed C(s) TH bond activation in total

products

Becausehiralindanes are common motives in natural prodéetaye thought of demonstratirtge utility of
ourmethodology in the total synthesis of prenylated flavonoids indide@624 7-2.49 and Renifolin BDH (2.50
2.54 (Scheme 2.153)°%1% Indidene AC (2.47-2.49 were isolated from the bark of ti®reblusindicustree,
andexhibit cytotoxic activity against human lung epithelial A549 and human breast adenocarcinorvaddiCF
lineswithIGov al ues ranging from 2.2 N 0.1 to 7.2 N 0.9
We envisioned that the synthesis m#presentative structures indidenene 247, renifolin D .50 and

indidene C 2.49 could be realized in a divergent fashioa common intermediat2.56 (Scheme 2.%b).

indidene A (2.47) indidene B (2.48) indidene C (2.49) renifolin D (2.50), R =H renifolin F (2.52), R = OH
renifolin E (2.51), R = Me renifolin G (2.53), R = OMe

renifolin H (2.54), R=H

dehydration,

renifolin D (2.500 > indidene A (2.47)

~U¢ deprotection

OPG

PGO
OPG  |Ar=MeO
S 0

2.55’\( OPG
Weinreb-amide coup/ingu Ar

Grignard
OPG OPG
" Y Grignard PGO
Pd'- catalyzed PGO OMe protection/deproptection decarboxy-
C(sp)-H arylation OPG oxidation CO,Me  jation
indidene C (2.49)————> + —— / p—
deprotection B (o) >
OPG
OH OPG
Y =1,BrorBR;
2.56 2.57 2.58
OPG Enantioselective OPG COMe
PGO 3)_, ivati 2
' COo,Me c(sp;dg;:grat:on PGO CO,Me O/—~o
/ 'COMe —————— —
z X
2.4 2.44 2.59 Br
-45 - OPG -5
OPG

Scheme 2.18: Application of enantioselective Pd{oatalyzedC(sp)i H activation of secondaryi® bonds. a. Prenylated flavonoids
natural products feating a chiral indane core. beRresentative retrosynthetic analysisnofidenene AZ.47), renifolin D .50 and
indideneC (2.49.

Weinrebamide formation followed by nucleophilic addition of Grignard reagent derivedZrbitwould give
intermediate2.55 Global deprotection would directlgadto the first natural product, indinedine &.47), and
further dehydration of the tertiary alcohol would form RenifolinZ36(0) featuring an isopropenyl substituent on
the 5membered ring. The biaryl scaffold of indidengZ49) is envisioned to be comacted by employing a
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Pd(ll)-catalyzed directed C(3p H arylation strated$?® between structur2.57 and common intermedia®56
using the carboxylic acid substituent as traceless directing group. Following deprotection reactions would then
grant access to the natural product. Common intermeliaéds traced back to structur258by attack of the
methyl ester with an excess lleMgBr followed by deprotection of the aliphatic alcohol and oxidation to the
corresponding carboxylic acidransconfigured2.58would be prepared by krapctigpe monodecarboxylation
of 2.45which in turnis accessed by our developed enantioselective)diC catalyzed arylation of secondary
C(sp)T H bonds. Substrat2 44for the enantioselectivel® activation could be prepared from cheap and readily
available benzodioxol2.59via a sequence of functional group manipulations inclutithgathion/formylation,
reduction to the benzylic alcohol, Apgtybe reaction and sequential alkylation of dimethyl malonate.

We sstarted the forward synthesis of natural products indidef2e4R), renifolin D 2.50 and indidene CX.49
with commercidly available dioxolan@.59(Scheme 2.16). Following a literature procedifféjntermediate?.60
was obtained over 3 steps in 83% overall yield. Alkylation of methyl malonate at room temperature afforded
benzylic malonate.61 Then, alkylation with the desired alkylbromide allowed for the installation of chains
bearing protected alcohols in good lgie We selectetbenzyl (Bn) (2.44a) andtert-butyldimethylsilyl (TBS)

(2.44a)) protecting groups due to their orthogonality to the protected catechol moiety.

4 ] CO,Me
/O NaH (1.2 equiv) NaH (1.2 equiv) COzMe
(@) 3 steps C(COzMe)z (1.4 equiv) ‘O CO,Me Br(CH;);0PG (1.4 equw)
83%overally|eld THF 24°C,16 h, 77% Cone THF, 67 °C, 16 h Br
Br OPG
2.59 2.61 2.44ai, PG = Bn: 31%

2.44aj, PG = TBS: 67%
Scheme 2.16Synthetic route to model substrafed4aiand2.44ajfor the enantioselective Pd¢0atalyzedC(sp)T H activation.

Subsequently, substrat&s44ai and 2.44aj were subjected to our optimized conditions. The reaction was
monitored by GEMS and 83% of produ@.45aiwas observed along with 12% predehalogenation byproduct
2.46ai(Table 2.11, entry 1). The product could not be isolated due to difficulties in separation from the proto
dehalogenated byproduct. Nevertheless, the e.r. of the crude mixture could be determined to be 98:2. Less product
formation and increased prettehal@enation was observed with TBS protected subsidtaj presumably due

to higher steric hindrance interfering with the CITH

Table 2.11:Test of modelsubstrates for the enantioselective Ré(@)yzed C(sh) 1 H a c t ¥ step of thetatal $ymthesis.

o
O [Pd(r-allyl)Cl], (5 mol%) [~ CO,Me
OF €OMe IBioxAd-HOTT (10 mol%) o COMe .CO,Me
Y COZMe CsOPiv (0.3 equiv), Cs,CO3 (1.0 equiv) N 2 +
/ ~CO,Me
Br CF3Ph, 5A MS 140 °C, 18 h z
OPG OPG
OPG
ZA4aii 2.45ai-j 2.46ai-j
Product ratio?
Entry Substrate PG erb
2.45 2.46 2.44 others
1 2.4%i Bh 83 12 - 5 98:2
2 24%] TBS 62 31 - 7 n.de

aDetermined by GAVS. "Determined by HPLC on a chiral stationary ph&sel. = not determined
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With these preliminary results, the fundament for the total synthesis was layed as it was proven that the key
enantioselectiv€(sp)T H activation occurs in high product formation amdtellentenantioselectivity. Efforts to

complete the total synthese® aurrently ongoing in the group.

2.3Expansion of enantioselective Pd(63atalyzed activation of secondary CH bonds to different
substrate families

To explore chemical diversity, we prepared new substrates for our developed enantioselectivat&lgged
methodology including sulfonamide62amide2.63andbiaryl-basedsubstrate®.64and2.65(Scheme 2.17)A
brief screening under our optimizedratitions with achiral ligand IBiox& H O $hbwed that sulfonamic2.62
and amide2.63were not compatible with our protocol as mostly starting material and-gettalogenation were
observed by GE@S. With the biaryl substrates the possibility of forminggkr 6 or 7-membered rings was
interrogatedWith 2.64again no product was observed. Although-B6 analysis showed the presence of product
2.65 'H NMR spectrum of the crude mixture was not insightful and the isolation of the compound for
characterizatin was not successful due to the low amount observed and the presence of tdelmlutigenated
byproduct.

[Pd(r-allyl)Cl], (5 mol%)
7 IBiox6+HOTf (10 mol%) 7

(:[ Y CsOPiv (0.3 equiv), Cs,CO3 (1.0 equiv) \Y
Br CF3Ph, 5AMS 140 °C, 18 h n
CO,Me
0 O Me CO,Me CO,Me
Y CO,Me 2

©E K
Br kMe

Scheme 2.17Substrate screening for Pd@)at al yzed enanti oselective activation of

Me

We turned our attention to the enantioselective synthesis of benzocyclobutene2d T§imen aryl bromides
2.66 Chiral benzocyclobutenes are highly desirable motifs found in several bioactive and pharmaceutical
compounds. In this context, we also tghtiof targeting the longtanding challenge that is the formation of tertiary
st er eog e ni-positoretn an@mide withrour Bubstrate design. Moreover, since the first report from the
Baudoin group in 2008 on the racemic synthesis of benzocyteloes by Pd(GFatalyzed C(spiH
activationl’*"*Ino enantioselective version has been published to date. Fhustyure2.66awas subjected tthe
reported conditions for the formation of benzocyclobutdme$d(0) catalysisWith trialkylphosphine ligand
PtBuz at 140 °C in the presence of £©s;in DMF only Krapchetype monodecarboxylation of the starting
material was observedTéble 2.12, entry 1)Using our optimized conditions with achiral NHC ligand
IBioxeAHOTf a complex mixture of d4iM8 &and NMRianalygisrobtliewcrades wa's
mixture was not conclusive (entry 2). We then tested subg@ébbearing a more acidici® b o n d-pdsition U
to an ester group. Similarly, withtBus decarboxylation of the malonate occurred and with the NHC ligand a

complex mixture was obtained.
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Table 2.12: Screening of conditions fahe formation of benzzyclobutenes.

Conditions a:
COzMe Pd(OAc); (10 mol%), PtBug (20 mol%)

MeO,C CO,Me Cs,CO3 (1.3 eq.)
“, WCO,Me 23
A conditions a or b " 2 DMF (0.1M) 140 °C, 18 h
_————
\R (0] Conditions b:
Br ~O [Pd(r-allyl)Cl)],, IBiox6-HOTf (10 mol%)

R CsOPiv (0.3 equiv), Cs,CO3 (1.5 equiv)
2.66a, R = NMe, 2.67a, R = NMe, CF3Ph (0.1M), 5A MS, 140 °C, 18 h
2.66b, R = OMe 2.67b, R = OMe
Entry R conditions observation

1 NMe; a mono decarboxylated.66a

2 NMe; b complex mixture of product:

3 OMe a mono decarboxylated.66b

4 OMe b complex mixture of product:

To further expand and establish 8yathesis of chiral tertiary amides by Pd(@}alyzed C(spt H activation,

we prepared glycine derived substrates of 868 Subjecting substra&68ato our optimized conditions led to

recovery of starting material. Based on this result we modifiecstubstrate changing the protecting group from

COCFK to COAd to increase steric bulk at this position and therefore enhance the -Tigojek effect.

Additionally, we introduced a methyl ester in place oftBe ester to reduce the stehindrance, thus making the

CiH Db o n gosition mdde accessible for activation. Under the same conditions, with suBsé@ienainly

starting material with traces of prettehalogenated byprodu2t7Obwas obtained. Changing to a more classical

catalytc system with phosphine ligands P@nd PPhwas not fruitful either as mainly starting material and other

not identifiable byproducts by both G@S and NMR spectroscopy, weobserved (entries 3 and 4).

Table 2.13: Screening of conditions fahe formation of indolines.

conditions a:
[Pd(mr-allyl)Cl)],, IBiox6+HOTf (10 mol%)
CsOPiv (0.3 equiv), Cs,CO3 (1.5 equiv)

CF3Ph (0.1M), 5A MS, 140 °C, 18 h

_PG _PG "
N N—-PG N conditions b:
0 conditions a,b or ¢ + 0 Pd(PCys3), (10 mol%)
Br - > H AdCO,H (0.3 equiv), Cs,CO3 (1.0
RO © OR

OR

2.68a, PG = COCF3, R = tBu 2.69a-b 2.70a-b conditions c:

2.68b, PG = COAd, R = OMe

equiv) CH3Ph (0.1M), 140 °C, 18 h

Pd(dba), (10 mol%), PPh (10 mol%)

Cs,CO3 (1.5 equiv),
CH3Ph (0.1M), 140 °C, 18 h.

Product ratio?

Entry Substrate PG R conditions?
2.69 2.70 2.68 others
1 2.68a COCkR tBu a - 6 94 -
2 2.68b COAd OMe a - 2 98 -
3 2.68b COAd OMe b - - 78 -
4 2.68b COAd OMe c - - 62 38

#Determined by GEVS.
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Finally, we engaged sulfonami@71to our optimized conditions with achiralB i o x 6. Alté @ask of a
CI H activation product, along with not identifiable traces of other byproducts, was observedMg @aalysis.
NMR analyss of the crude mixture indicated the formation of produ@® arising from the activation of the

C(sp)1 H bond of the aromatic ring on the sulfone (Schemg)2.1

Me Me
[Pd(n-allyl)Cl]; (5 mol%)
IBioxAd*HOTf (10 mol%)
CsOPiv (0.3 equiv), Cs,CO3 (1.0 equiv) N
520
= S
N~ \\’O CF3Ph, 5A MS 140 °C, 18 h O ~o N—ﬁ\\o
© 0}
Br H
Me
2711 2,72 2,73

not observed
Scheme 2.18Construction of &nembered ring.72 viamethyl C(sf) TH acti vati on.
Interestingly, the formation of a thermodynamicaligfavored8-membered palladacycle by activation of the

C(s)T H bond was preferred over the activation of a secondan?)Cpond to form2.73 Future efforts will

focus onthe suppression of this pathway by blocking this position.
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2.4Conclusion

The enantioselective synthesis of chiral indanes by Rd{@yzed arylation of secondary B bonds was
developed. Key for the realization of this project was the design of dBi®dR® catalytic system which
outperformed previously applied phosphine based ligands in the activation §i €(bpnds. The reaction proved
to be tolerant to numerous functional groups as a broad variety of chiral indanes were obtained in highdyields an
enantioselectvities (up to 95% and >99:1 e.r.). Moreover, the first synthesis of3ghmatides featuring a labile
stereogenic center was achieved by Pdéiplyzed C(s1 H activation with consistent high enantioselectivities.
Additionally, with a steric analysis of IBioxR ligands the correlation between the ligand structure and
enantioseletivity could be elucidated. The e.r. does not correlate directly with ¥g,¥owever it was found to
increase as a function of\¥,qp). The total synthesis of prenylated chalcones natural products featuring a chiral
indane core is envisaged as anlegagtion for the developed method. Preliminary results showed that the key
enantioselective C(8p H activation step in high product formation and consistent high e.r. of 98:8ate,
attempts to expand the protocol to new substrates for the formatiemalfer or bigger rings and tertiary

st er eog e n i-positoretedarbonyds weraundiiccessful.
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Chapter 3: T h e e f fsabstitution én the reactivity of Pd(0)catalyzed

Csp’) TH activation for the formation of

3.1 Introduction

Mechanistic studies are central to the development of synthetic organic chemistry as they allow for the
understanding opreviously unknown features of reaction mechanisms and can enable rational design for the
development of new reactions or the improvement of existing methods. In this context, DFT calculations have
been demonstrated to be a powerful computational toolfpast such studies inf® bond activation, providing
insights that would otherwise be difficult or impossible to obtain experimefllFor the Pd(Oxatalyzed
oxidative addition induced C(¥pH activation important developments towards understanding the operational
mechanism have been made over the past two decades. In this context, the Fagnou group reported the synthesis of
benzohydrofurang.140 from aryl bromide precursor3.1 (Scheme 3.1¥8 With DFT methods the TH bond
insertion pathway proceeding through a Pd(IV) intermediate could be excluded based on the calculated energy of
47.7 kcal mdl*. Instead, intramolecular carboxylate assisted transitionZ@tea s f oun d Vigevalleave a o
of 27.7 kcal mdltin benzene. The kinetic isotope effect was determined both experimentally and computationally
resulting in 5.4 and 3.6 respectively. This is in accordance with the proton abstraction being-liétirege
stepl*® Additionally, during the study of the reaction scope importantsstectivity trends were observed.

Methyl groups were preferentially activated over methylene grdlifidCp and1.140c) however, the formation

of a émembered ring arising from the actiia of the terminal methyl TH bond on the ethyl substituents was
not observed. With a substrate bearing a §1$p bond that could compete in the reaction, this position was
favored, forming a -‘membered palladacycle to give struct@rd rather than thectivation of the methyl TH
bond.

Pd(OAc); (3 mol%) Me Me

R'_,  PCy, (6 mol%)
O\I/R PIVOH, Cs,CO% ‘:@ O: R O&H o
‘@ S
; S R2 H/ -
BrMe Mesitylene, 135 °C prld_o/(Me
34 1.140 /
12 examples MesP
57-92% 3.3
27.7 kcal mol™’
O, O, O, o iy
Me Me Et
o,N O,N O,N 02N ‘
1.140a 1.140b 1.140¢ 3.4
91% 85% 96% 89%

Scheme3.1 Synthesis of bermhydrofuransl.140by Pd(0)-catalyzed C(spi H activation.

To rationalize the observed site selectivity, the transition states for the activatiortluletndifferent C(sg)T H
bonds on substrat1bwere calculated (Scheme 3.2). The lowest enbagyier of 27.0 kcal mét was obtained
for transition stat&.5, derived from the activation of the methyi B bond followed by transition sta6 with
32.5 kcal mdl* arising from the activation of theethylene CH bond on the ethyl substituent. The activation of
the terminal methyl group & bond of the ethyl substituent requires an activation energy of 33.1 kcal mol
further underlining the greater ease with which the activation of the)\Cksond occurs to form produgt4

over a fmembered palladacycle.
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@[O{A’
Br
3.1b
MigMe Me Me Me Me
o~ H O)S)/Me E}H
Z _-0 Z.,,.--0 O 0
HY H” HY “H” H7 SH7
Ol oA |

M63P Me3P M 93P
3.5 3.6 3.7
27.0 keal mol™’! 32.5 keal mol™ 33.1 kecal mol™’!
methyl activation methylene activation terminal methyl activation on Et group
6-membered palladacycle 6-membered palladacycle 7-membered palladacycle

Scheme3.2: Calculated transition states fibve activation CH bond of the methyl grouB(5), methylene CH bond 8.6) and terminal
methyl  H bond B8.7) of the ethyl substituent.

In 2008 the Baudoin group disclosed a thorough mechanistic study based on the formation of
benzocyclobutene$.131 from aryl bromide precursor3.8 (Scheme 3.3¥4 To gain a complete mechanistic
picture of thereaction, the authors computationally interrogated the critical mechanistic steps: 1) oxidative
addition, 2) €H bond activation and 3) reductive elimination. It was found that the oxidative addition proceeds
through transition statg.9with a low activaibn barrier of 4.7 kcal mbét forming an oxidative addition complex
with the aryl substituent in thieans position relative to the phosphine ligand. Following ligand exchange with
carbonate, proton transfer perpendicular to thePhP plane via CMD trarion state3.10takes place with an
activation barrier of 27.6 kcal mdl This result is in line with the value obtained by the Fagnou group although
the aryl and the ligand were arranged icisfashion during the transition state in their case (see Scheme 3.1).
Finally, reductive elimination was found to proceed throughsiteon state3.11 lacking the protonated active
base, as no minima could be located with the base still coordinated. Although, a high ring strain builds up during
the G C coupling process the calculated energy of 22.5 kcdfisdbwer than for the proh abstraction process.

Thus, the CH activation is ratdimiting, which is supported by a significant primary KIE being observed.

Baudoin 2008 oxidative addition CMD reductive elimination
Pd(OAc), (10 mol%) (0] ¥
R'R2  PtBu; (20 mol%) R Br t 4/
K,CO3 R2 / ‘\\ 0O 5 E
Me ;- -Pd— N —-Pq—
@ DME, 140 °C Q(l\ﬁg PtBus \\Rld o Q\;f]d PtBus
- u
Br me Me 2 s Me” Me
3.8 1.131 ~H
28 examples Me Me H
44-92% . » »
4.7 kcal mol 27.6 kcal mol 22.5 kcal mol
3.9 3.10 3.11

Scheme3.3: Synthesis of benzocyclobutenk431 and @mputationainvestigation of oxidative addition, CMD and reductive elimination.

The synthesis of amidds142 and sulfonamide$.143 from substrates of typ&12and3.13respectively was
used by the Fagnou group to further elucidate the mechanism of thecRti{l§)ed C(sp)T H activation by both,
experimental and DFT methods (Scheme B%)-or the formation of amide4.142 an energy barrier of
29.1 kcal mdl* was obtained for the proton abstraction via CMD transition 8ta# This step was proven to be
ratelimiting by the measurement of an intend intermolecular KIE of 3.4 and 6.5 respectively, which are in the

range of previously disclosed KIE values.
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Fagnou 2010

a Pd(OAc), (5 mol%)

7 R _PCys (10 mol%) 0 06 0 Me +
“N” Rb,CO3 or Cs,CO3 \é/, /
[} _— \ N
Me Mesitylene, 150 °C N—R —R l
Br ~H
Pd” o
CysPp O
3.12:2=CO 1.142 1.143
3.13:Z=80, 7 examples 6 examples
37-83% 47-82% 29.1 keal mol™"
b. 3.14
intramolecular KIE intermolecular KIE

Pd(OAc), (5 mol%) Pd(OAc); (5 mol%)

6]
PCy; (10 mol%) 2 o PCyél()1gg10|%)
Rb,CO _CR
D — N—<:> N N—CRs
)< Me5|tylene 150 °C (I:RS Mesitylene, 150 °C
B R
g f R

312a 1.142a 3.12b:R=H 1.142b
3.12c:R=D 1.142¢

Scheme3.4: a. Synthesis of amides andfenamides by intramolecular C&pH arylation. b. Measurement of inérand intermolecular
KIE.

To show that pivalate is directly involved in the proton abstraction step, stoichiometric experiments with the
oxidative addition complexed.15band3.1& derived from3.12band3.13bin the absence of either £0; or
CsOPiv were performed (Scheme 3.3abderestingly, no product was observed when on0OCs (10 equiv) was

added to the reaction mixture. Even though aridé2b and sulfonamidé.143b were obtained in 28% and 35%
respectively in the presence of only CsOPiv (10 equiv), high yields could only be obtained with a mixture of
CsCO0s (10 equiv) and CsOPiv (3.0 equiv). Therefore, the authors concluded that@@;@sinvolved in the
deprotmation of the PivOH ligand o.17after CMD to render the process irreversible by impeding the reopening
of the palladacycle and pushing the equilibrium towa3ds8 (Scheme 3.5b). This conclusion was further
supported by DFT calculations as acetate adirie of 3.17was calculated to be a highly energetic ground state

structure and could readily revert to the starting material.

a. NMR yield (%) _ _@
base 1.142b  1.143b o
Me .Me
Z\NMez b . none 003 N
ase (equiv) Z
PCy; —_— (:E/NMe Cs,CO3 (10 equiv) J PdJ 0
oy p'Pd‘Br Mesitylene, 150 °C, 4 h CsOPiv (3.0 equiv) 28 R3P O R3P' o
3
CsOPiv (3.0 equiv) tBU HCO5" tBu
3.15b; Z = CO 11420 Cs2C0; (10 equiv) 80 3
3.16b: Z = SO, 1.143b 347 _ 348 —

Scheme3.5: Stoichiometric experiments to elucidate the rol€sOPiv and GEOs.

Following this, kinetic studies were performed to obtain the order in substeatdyst ligand and active base.

The reaction was found to be of zeroth order in substrate indichtihthe oxidative addition is not rdimiting.

The reaction is first order in catalyst. Excess of £dig not interfere with catalysis as even with a ratio of 12:1
ligand to Pd the reaction rate remained unchanged. Finally, the order in pivalate mésoftse 1 for ratios of
pivalate/Pd < 3:1. In the case of pivalate/Pd > 3:1 ratio, the zeroth order in pivalate was likely obtained due to
saturation kinetics. Additionally, DFT calculations and experimental analysis indicated that pivalate promotes

phosphine dissociation bg?-coordinationwhichis essential for theiGH activation to occur.
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3.2 The effect ofU-substitution on the reactivity of Pd(O)catalyzed C(sf) T H ar yl at i on

The field of intramolecular Pd(@atalyzed C(s})i H activation hagxperienced significant development over
the past two decades as it constitutes a straightforward method to introduce molecular complexity from simple
precursors. Consequently, many reports of both enantioselective anenawtioselective Pd(@atalyzed
C(sp)1 H activation methodologies have been disclosed with impressive applications in natural product synthesis
and other active compound$64Throughout these studies, general trends for the activation of different types of
C(sp)T H bonds have beeabserved. For instance, methyl i€ bonds are preferentially activated when in
competition with methylene bonds and the presence of a heteroatdiosition increasing the acidity of the
Ci H bond may facilitate the activation proc&€sFor C(sg)i H activation this effects are well understood as
Hammet plots constitute a reliable tool for quantification of the influence of arene substifitidf ! However,
for C(sp)T H activation these effects remain unexplored as there é®@mparable system for alkyl substituents
Consequently, the design and development of new methods is reliant upon experience and chemical intuition rather
than accurate data. This lack of quanitie data in C(sP1 H activation might be attributed to the significant
challenge that was until recently the activation of methylend Bonds. Recently, we reported a highly reactive
Pd/NHC system for the enantioselective activation of methylene bozelsiiapter 2), which enabled the present
study®8 | n t his doctoral t hes-substitwien on thgreactivity of Pd@htalygede f f e c t
methylene C(sPi H activation by measurement and comparison of relative initial ratesmpanied by

experimental and DFT studies for a complete mechanistic picture.

3.2.1 (ptimization of the catalytic system.

At the outset of this study the previously disclosed Pd/NHC catalytic system had tojpnmeed as a
substantial induction pierd was observed during the KIE studies (Se@pter 2Figure2.1). This induction period,
presumably originating from the reduction of the Pd(Il) precatalyst to the Pd(0) active species, significantly
interfered with the reliable evaluation of the kioaturves. To overcome this challenge we decided to use Pd/NHC
complex3.19similar to the ones reported by the Hazari group (Figuirg*%*17%The sterically demandingtBu-
indenyl ancillary ligand on this catalyst prevents the formation ofcydfe dimeric Pd(l) species by
disproportionation, which slows down the generation of the Pd(0) active species. We tested this new catalyst under
our optimized conditions with premisly synthesized substrafe44ah and stopped parallel experiments at
different reaction times. The formation of prodi&#5ahwas monitored by**F NMR spectroscopy using
fluorobenzene as external standard (see experimental section for more detad@)gBievhen this complex was
employed as the catalyst, an induction period was not observed, confirming that Gal8lystcompatible for

this study.
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CO-Me 3.19 (10 mol%) N__N

z éone CsOPiv (0.3 equiv), Cs,CO3 (1.0 equiv) ~CO,Me

- CO,Me _Pd {B

CF3Ph, 5A MS 140 °C, t (min) F Cl \

F Br Me (parallel experiments) Me )
2.44ah 2.45ah
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Figure 3.1: Initial rate experiment of Gp’)-H activation of with substrat.44ahemploying new catalys.19 ®Determined by°F
NMR using fluoronobenzene as external standard.

We began this study by examining the effects of different activators which play the role of reducing the Pd(ll)
precatalysB.19 by attacking thel-tBu-indenylligand. The reactions were stopped at t = 120 min as a point of
reference in order to observe affect on the rate of the reaction. With the standard conditions pradibethis
formed in 35% yield (Table 3.1, entry 1). Increasing the equivalents of CsOPiv from 0.3 to 0.6 led to a comparable
yield of 36% (entry 2). We therefore further increasedltiading of CsOPIv to 1.5 equivalents but in this case the
yield was decreased probably because the high amount of solids in the reaction mixture interfered with the stirring
(entry 3). When KOPiv was used as an additive, a much lower yield was obSériged. consistent with the use
of a more sparingly soluble carboxylate salt (entry 4). With the less sterically demanding CsOAc only traces of
the product were observed (entry 5). The addition ofdin®thylbarbituric acid (DMBA) was not fruitful and
with PivNHOH again only traces of the product were observed (entries 6 and 7).

Table 3.1: Screening of activators

CO,Me 3.19 (10 mol%)
g (ZZOZMe activator (equiv), Cs,COj3 (1.0 equiv) wCO,Me
CO,Me
CF3Ph, 5AMS 140 °C, 2 h F
F Br Me Me
2.44ah 2.45ah

Entry  activator (equiv) yield (%)?

1 CsOPiv (0.3) 35
2 CsOPiv (0.6) 36
3 CsOPiv (1.5) 30
4 KOPiv (0.3) 19
5 CsOAc (0.3) 9
6 DMBA (0.3) -

7 PivNHOH (0.3) 2

aDetermined by°F NMR using fluoronobenzene as external standard.
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Subsequently we turned our attention to different temperatures and concentrations. When the concentration
wasincreased from 0.M to 0.2 M, a marginally higher yield of 38% was observed. However, dilution to 0.05 M
almost completely shut down the reaction, as only trace amounts of the product was observed (Table 3.2, entries
1 and 2). Increasing the temperatwd 50 °C and 160 °C could have led to catalyst decomposition as only traces
of the product was observed (entries 3 and 4).

Table 3.2: influence of concentration and temperature on the formation of pradi#iah.

CO,Me 3.19 (10 mol%)
S éone CsOPiv (0.3 equiv), Cs,CO3 (1.0 equiv) \‘\COZMe
> CO,Me
CF3Ph, 5AMS T (°C), 2 h F

F Br Me Me
2.44ah 2.45ah
Entry concentration Temperature yield (%)?
(M) cC)

1 0.2 140 38

2 0.05 140 4

3 0.1 150 3

4 0.1 160 4

aDetermined by°F NMR using fluoronobenzene as external standard.

3.2.2 Mechanistic aspects of tRel(O)catalyzed methylene C@&pH bond activation: KIEprders in reaction
components and stirring rate experiments

Having established a robust catalytic system, we had to ensure thatkhac@vation step is ratkmiting
before examining theeactivity of different €H bonds. This would enable us to conclude that differences in the
rate could be attributed to differences in theHbonds, rather than a different process in the reaction. Thus, we
performed intermolecular parallel KIE experimemiith substrate®.44ahand2.44ahds and obtained a value of
3.5, which confirms that the proton abstraction process idinaiting (Figure 3.2). Additionally, the calculated
value of 4.8 is in accordance with our experimental observation. Bagbésmresults, it is likely that tha &
activation is the ratéimiting step and that differences in the observed initial rates will be correlated to the
differences in the reactivity ofié{ bonds wi tsubstimiénts.f er i ng U
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COzMe

= 3.19 (10 mol%) ~CO,Me
mCOzMe CsOPiv (0.3 equiv), Cs,COj3 (1.0 equiv) /@Q\C%Me
F 5
R CF4Ph, 5A MS 140 °C R1R?

F Br
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2.44ah: R = CH,CH3 2.45ah: R! = H, R? = CH,4
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~
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Figure 3.2: Parallel KIE experiments with substrateg4ahand2.44ahds. “Determined by°F NMR using fluoronobenzene as external
standard.

To obtain deeper insights into the reaction mechanism the order of each reaction compodetenvased
using the Variable Time Normalization Analaysis (VTNA) developed by Buarésllaboration with Dr. Matthew
Wheatley'!! This method enables kinetic data to be gathered using relatively few data points and is determined
by the overlay of the graphs.
Initially we examined the order in substrate, as this was reported to be zero order by Fagnou. Initial rate
experiments at Q.M (black squares) and 0.2 M (red trianglesP@f4ahled to overlay of the curves when the
exponent was set to 0 (Figure 3.3a). Zeroth order in substrate suggests that oxidative addition ismibingate
which is in accordance to the positive KIEs Axpected, the reaction is first order in catalyst as observed with
experiments at 0.01 M (black triangles) and 0.02 M (red squares) catalyst concentration. This supports the KIE
suggesting that TH activation is the ratémiting step as it means thatishstep is orcycle. In the study of the
Baudoin group, GE£0O; acted as the active base. In this case, zeroth order was observe@@s, @swever this
can be explained by poor solubility of this component iRRRE Finally, the order in pivalate wésund to be 0O
for concentrations of 0.015 M (blue triangles) 0.03 M (orange squares) and 0.06 M (black circles) (Figure 3.3d).
This is in contrast to the report of Fagnou employing a Pd(0)/phosphine catalytic system where an order of 1 was
observedor ratios of pivalate/Pd < 3:1 whereas saturation kinetics were observed for a ratio of pivalate/Pd > 3:1.
Zeroth order in pivalate for our case could be explained by the pivalate being involved indhelefictivation
of the Pd(ll) precatalyst but not ingtld H activation step. However, upon examining the solubility of CSOPiv in
CRsPh, it was found to be insoluble at even low concentrations. This means that it is possible that the zero order
kinetics we observe are as a direct result of saturation withaegpthe concentration of CsOPiv, whereby adding

more of this component does not increase the amount of this species in solution.

61



3.19 (0.01M/0.02M)
QOzMe

[2.45aH (M)

[2.45aH (M)

CsOPiv (0.015M/0.0311/0.06M)
=.COo,Me Cs,C0;5 (0.1M/0.2M) ~CO2Me
> CcO,Me
CF3Ph, 140 °C, 4 h F
F Br "Me Me

2.44ah

(0.1 M)
(0.2 M)

2.45ah

Figure 3.3: Determination of order ia. substrate, b. catalyst, c. ££&; and d. CsOPiv by VTNA.
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Next, we examined the influence of the stirring on the rate of the reaction. Since the reaction set up is
heterogeneous, the stirring rate might affect the concentration of a component which is involveatédithiging
step such as CsOPiv or ££5.172178lIndeed, when the reaction was stirred at a rate of 250 rpm (blue crosses)
almost no product was observed (Figure 3.4). When comparing these results with the standard stirring rate for
these reaction€. 000 rpm, purple squares) it is clear that there is a significant difference in the reaction due to the
stirring rate. This is a result of the Gibbhomson effect, as smaller particles have a higher chemical potential and
therefore more of the compourslsolvated. The increase in reaction rate with higher concentration of the species
in solution, suggests that one or both scarcely soluble reaction compone@B(@sCsOPIv) play an important
role in the @ H abstraction process.

3.19 (10 mol%)
CO,Me CsOPiv (30 mol%)
z éone Cs,CO0; (1.0 equiv) ~COyMe
— > CO,Me
CFsPh, 140°C,4h F
F Br Me variable stirring rate Me
2.44ah 2.45ah
60 = stirring rate
o
g (rom)
3 0 1000
o) 40 o
=
250
o
20
o
o
0=
0 100 200 300

time (min)
Figure 34: influence of stirring on reacth rate ®Determined by*F NMR using fluoronobenzene as external standard.

Based on the obtained data supported by DFT calculations (see section 3.2.4) and on the results of previous
mechanistic studies, we propose the following catalytic cycle for the -Ba(@lyzed methylene C&pH bond
activation shown in Scheme 3.6. First, precata@yBis reduced to the Pd(0) active species. Reports by the Nolan
group for similar Pd/NHC sysims suggest that this process occurs by nucleophilic attack of an activator species
on the alkenyl ancillary ligand’*'"5lUnfortunately, stoichiometric experiments with only precatadyf and
CsOPiv as activator have as yet failed to give stre@®#Q However, this is perhaps due to a challenging ligand
exchange being required. After generating the active Pd(0) species, it oxidatively inserts int@ithm@ to
give complex3.21 Subsequent ligand exchange with a carboxylate ligand gives intermadiateom which
C1 H bond activation via a CMD transition staB43 takes place leading to palladacy8l24 Finally, reductive

elimination closes the newriembered ring giving thane.45and restores the Pd(0) active species.
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Scheme 3: Proposed catalytic cyclerfthe Pd(0)catalyzed activation of methylené B bonds.

3. 2. 3 | n{fsubstitetiorcom thereactiviity ofiethylene C(s) T H bonds

Having studied the general aspects of the mechanism and showed thaHthet®ation step is likely to be
ratel i mi ting, we turned o0 usubsttutidanemtheireactiontrate. Welervisionedfusing e n c e
substrée 2.44ahas the base line and set the obtained relative rate to 1 (Figure 3.5). Consequently, the rates obtained
with the other substrates are set on scale compared to the base line rate of 1. The substrate featuring the most acidic
Ci H bond @.44&, R = CO:Me) displayed the fastest rate with a reaction 22.1 times faster than the standard
reaction. On the other side of the scale, subskdégp b e ar i ng a Opbsitiorgreaotedpnuch mord)
slowly with a relative rate of 0.583. In between thege substrates, the observed trends were not trivial. For
instance, the activation of a cyclopropyil i€ bond on substrat2.44d occurs 15.8 times faster than the standard
reaction. In this particular case, spirocyclic prod2et5d was obtained by activation of the most hindered
position, underlining the preference for the formation ofraénbered palladacycle. The observed high rate is
presumably attributed to the increased siparacter of the TH bond associated with strainedctypropane
ringst7¢l Substrate?.44am, where R = CONMgreacted 15.2 times faster. When compared to subStrdek
the slower reaction rate is in line with the lesser eleewvitindrawing ability of amides relative to esters, which is
translated in lower acidity of theT® bond. For the activation of the methyi & bond on substrat2.44ana
higher reaction rate was observed compared to the activation of the benzyllmo8d @.440) although the pKa
value of a methyl proton is sigrifaintly higher than that of a benzylic proton (~56 vs.~43). This suggests that the
rate of activation is not solely dependent on the electronic nature ofitHeb@nd but steric effects have a
significant impact. In summary, this leads to the following ellasrder of activationCO,Me (2.44ak > cPr
(2.44a) > CONMe (2.44am) > H (2.44a) >> Ph @.44ad > Me (2.44ah) > OMe Q.44).

64



100

P 2.44ak
80 ? e 2.44al
il ® 2.44am
€ o $ . 2.44an
5 . ® 2.44a0
'GSJ\ o . 2.44ah
40 | i . e 2. 44ap
L4 ° ®
[ ]
0 ; .- P
0 50 100 150 200 250 300 350

time (min)

Figure 3.5: Initial rateexperiments to determine the relative rate constantPletermined by°F NMR using fluoronobenzene as
external standard.

3.2.4 DFT calculations

To support our experimental data, DFT calculations were performedthsiBj86 functionah collaboration
with Prof. Dr. Stuart A. MacgregoAs experimental evidese for the role of CsOPiv and £&©; has thus far
proven to be elusive, both reaction profiles were calculated individually using our model subd#ateR =
Me group) at 413 K. Setting oxidative addition com@Be35as the zero point, an energy barrier of 26.7 kcal‘mol
was calculatedior the G H activation step via transition staf&(3.253.26) (Scheme 3.7a). From palladacycle
3.26 reductive elimination with the protonated carbonate base still coordinated to the Pd center goes through the
highly energetic transition staf€S(3.263.28) with an energy barrier of 24.Rcal mol'. However, from
intermediate3.27, formed after dissociation of HGO reductive elimination is energetically more favorable
leading to the produ@.45ahover transition stat&S(3.27%2.45al) which lies 12.5kcal mol!lower in energy.
Overall, the CH activation process is computed to bedlatéting which is in accordance to our experimentally
obtained positive KIE value. With CsOPiv as the active base, the proton abstraction process takeswplace fro
intermediatel(3.28-3.29) (Scheme 3.7b). Again, reductive elimination with coordinated Piv@RY( is less
favorable than from palladacy®e30( g¥@5.0 vs 11.5 kcahol'). However, in this reaction profile the reductive

elimination step liekigher in energy than thei €l activation.
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