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Abstract (i n English)

With the common gdldlaotfi aatdires scm@l ICenges i n
its use in industrial applications, in the d
be presented and discussed.

the first chapter, we decided to tackl e

hat inherently harm the cost and atom econ
activity. | nspimhemi Ibayb &hhiket ycronazre pat togmpt t ¢
eric properties and reactivity of our dual
milabile | igands that c¢and®tsabiUsdm gt haesi rmoldiel
action the mabndadgctedoPtliidadlae fyizeatsiCqd s pof
is project enabled the identification of |

- = S n = —~ —
> O®O ® —* ® —+ >

t he second chapter, dwdtl aiwi algl et ,hceewgerl iorpa
ressed the replacement of silver with a n
antages of this protocol would be i mprove
| ower cost, i .e. attractive selTaknigngpoi n
piration from the Wacker Process, promi s
ween Coppetral wmst coand mol ecul ar oxygen a
directed PddidaohéfyizrdtsiCo(sapso fmoadreelner eact i o]l

z

e

- 3> T n o< o

mi ation |l ed us to thelicpuwmicd umaosn tthansfia
t h i mpl ementation of this method.

~ O >3 T T 9 o9 —
O ® O d® 5 5 Q Q 5

I n the third chapter, we focused on how to s
mol ecul es. Since during drug discovery, hi g
done to spot molecules of interest, bemnt ding
way, thereby avoiding de novo synthesi s, [
devel oped anderéemarttrepd PeHdsa Cbepy | afo i mynl anidon
o f arenesompdsemameahypydel ectrophilic aromat i
approa.ches

We aspire that the chapters presented wil/l
i mproveméhtaotfi vt i on met hodol ogi es, for pra
settings.
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Abstract (i n Ger man)

Mi t dem gemei nsamen Zi el , HéH-Alutsif wir@dreumnuag g e
bew2l tigen und deren Einsatz in industrielle
i n der vorliegenden Dissertation drei Projek

I m ersten Kapitel befassten wir uns mit den
(die die Kosten und die Atom°konomie der Un
Katalysatorreaktivit?2t. I nspiriert vom Konze
steri Ecgbenschaften und die Reaktivit?at unse
verbessern, ent wickel ten Wi r ei ne Rei he
Bindungs methwstumem hal ten k°nnen. Anhand der b
ni eghetr i cht ek @mnalepsi edtd p Ol ef i ni erung von Al
Model |l reaktion erm°glichte di eses Projekt

i nteressanten hemilabilen Eigenschaften.

I m zweiten Kapitel befassten wir uns, dem
fol gend, mit dem Ersatz von Silber durch ei|
Die Vorteile dieses Protokolls w2ren eine ve
und gemre ndoisaenr akti ve Argument e fer ei ne
Anwendung. | nspi riPe oz e svso me rVWaacbkeenr si ch Vi e
Ergebnisse durch die KomkKianatliyesrmtwon ulKup fmerl
Sauerstoff als terimitred!| einng éixe rdlati-k osImMPsi er t e

C(8H Ol efinierung von Arenen (als Modellre:
f¢e¢hrte zu dem Schluss, dass die Verbesserung
FI ¢ssigkeit entscheidend fg¢gr die | mplementioe
I m dritten Kapitel konzentrierten wirtr uns d
kompl exer Mol ek ¢l e unterstg¢tzt wer den kanrt
Hochdur-8bhsatkamgagnen durchgef ¢hrt wer den,
Mol ek ¢l e Zu lidsetnt idfeirzi esrcehm,el | e und ef fi z
Substanzbibliothekevwwsyntuhmreseéi ezuDever mei den,

Bedeutung. Daher entwickelten und berichtet
C(dMH Carboxyl iForuryd iemding kKkompAeeraeh?aks Met
zu el ektrophilen aromati schen Substitutionsa
Wi r hoffen, dass di e hier vorgestellten

Ver besseruiil Aktni v€erungsmet hoden zur prakt
i ndustriellen Umgebungen anregen werden.
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1 Gener al | nt roducti on

The i maginary disconnection of chemical bon
precursors iIs called retrosynthekam€oDeyel op
this innovative and | oggeincearlatmroeme odf shaleshegr
synt het i*tCornosuitdeesr i ng t he sweeping ehemiusi on ¢
t he number of possi bl e di sconnections has
sophisticated and el &gant synthetic pathways
Yet , the disconnections perfoemetdhea np orhtafrora

reactions employed, suemaynsolyemirngceai bdveé¢ 20
2021) wusing as keyOrgasoaucc®rbbespgpoResahbrch

( OPRD) , identified that I n a total of 212
synt hesi s, al most 50% includadahyz® da sotveeprne
80% of the catalytic systems used, Pal |l adi u

Mi yaur a boryl atMioyna ua ad ocuspolsisrkg s as t he mo st
reactions.

Catalytcoupglriomgs are an indispensable tool
combining t wo di stinct mol ecul ar entities,
el ectrophile and an organometallic nucleophi
catal ystiCarcCloil®dphO©r iGertkeamaiXg mbo@ds can be f
(Scheme® Wh.ill)e initderdt olatdufdo r@4isyipg( )p bands
nowadays the arsenal of electrophiles and ni

constructiadmmerdsitomrade or gtamr c¢u gl CE@&mp aersd
C(9)iC(8p bond fdr rhati on.

[TM] catalyst
R1-x + M]— —_— R'-

eletrophile nucleophile

{ OK Smd Sy S N2 d2INRAayad NB I Ose 2y a0OKSYSo

It i's not sur-oupliingg trheadctcirmrss pl ay such an
in particular pharmaceuti cal i ndustry. Due t
under mi | d2cnodn doirtoiaodn sf uncti onal group tolerar
delivered in %@ timely manner.

Addi ti onaloluyp,| icnrgssssar e al so reliable and | ow

that result!i n robustness.
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Not
S t he

dependin

is oObserved when a reaction was
whil e emauur iermgyr eprandd @irbialcirtoyys d
mportance of this parameter become

devel opment .

g the

e
r

d

I ni ti al phases of -2rmg) dofscoovmp ¢ u

ypically requi.reHdcttloe foriioln migpalalgdealstiis

n t he f alshteersetf oarned, prueraecstti ownasy .t hat &

substrate scopel {sgesh, asrerpseferred
| d

require optimizati on. Once the <coc
of the s-Yy00hgrsi s0i suapphgesthféolrQuant
arvpgnoénséuvudngsclinical trials, Kk
and i f the drug is wultimately appr
up td8tvns of materi al

he scale increases to comply with compc
a

deep mechanistic understanding i

t |
st processes (e. g. i mpurity identfifica
I

per ceciovnesdu naisn ga ttaisnke, t he knowledge ol

t

prevemht Setbdbae&spossible risks in scal

O run a reaction not above five ti

st I-8cal esmaeétup, external cooling is a

tempeaat uoe, as we move to | arger

di ssipation rate i s -cwlbes tlaanw)i.alToy edienvienn

Purity i,ssimfceutAr®d st niemmpmlo rttoa nfcuel f i |

current Good Manuf%cltRwrsi,ng oPrnd cnd ST &9

d
ti

maxi mi z€oepuurcfewcay, onhenegbods ar
on.-alnnd asdcdeipto noyn,, aantdonpr oper choi ce

are also critical agomiabfid ittoy.i ncr eas

t
s
u
a
I
I
I
r
t
sequences, temperature should be monitor
u
h
t
t
g
w

ithstanding t he oautpyamigagesacdfi omrsgssone of

need for prefunctionali zed substra
el ectrophil e). Thi s I mpl i es additional syn
subsequwernti ofnal i zation, -dreadengm ¢thynl easdgdd i ati @om

g

on the substrate in hand, t he sel

can pbebl ematic

Thus, as
activat.i

on

an alternatiwd alll is< loe ¢ meltriiomstss ,t oC
has the potential to incfP®ase mol



1. G HActi vati on

CiH activatiHonf uasnnck i @nal i zati on are two di st
i ndi scr iumieniddt €luywcti onali zati on encompasses a
mol eculilt Eb o rCd S conveC€CtHedooinwt o da smiotne t he

presence of more react i?fFer ofmunrcadiomall? tnpy ohugprsi
zyme cat al y’?tehde menmphoordtsh nfcuen cotfi o al i zati on i
the synthesabueofcdhmmdihdsesyvel technoliHgy wit
nctionali zaitHh acts wvlageton.i s C

hroaghinner spher eiHmdnah ainsi sat,t iavaQ@ ed by a t
atalyst, foiMmitmagM)d ®Canrdb,o nwhi ch due to i ts mi
t can subsequently undergo functiicnalii ZZati o
) . Consi déH i agt itvhaatti oOh go@®lse rvea amemh aimdinsern an
unctionalizati odanadamsupleeeue mealild nanetmsy atCi on
onsi deitdf uancG i onali zation method, but t he
necessari®ly apply.

This innovative disconnection has key advan
contrasting -daupMiitrhg ad @dpredmsadsz h Wh i | ec oiunp | ci rnogsss,
prefunctionali zed subsiH aatcetsi vaarte orme gneitrheodd,o | i
starting materials can be used since no pre
cost and waste generation deandaace@omomadafi t
t he synthetic rout e. Dur iuwghpdrtugscdiemownar \
campaignsramed perboder to identi fyhimoltea ull east
phases reached, i nd @etnisv ivtey st eluattiuoreshi ps ( SAI
performed, so the synthestiaganidntdevmediidti eati
efficient manner i 3%3Toft witbesatdtiimPaotritoann chea.s b e
f or -sltaatgee functionalization of compl &% #0l ect



Path A: Traditional cross-coupling sequence

pre- N !
functionalization

:. "> Ppath B: C-H activation

Inherent advantages:

Y

v" Novel disconnections

v" No prefunctionalization of SM
v Simpler/cheaper SM

v Shorter synthetic routes

v’ Less inherent waste

v' Potential for LSF

X Use

metallation

]
@r[“’l]

Challenges of many real-life systems:

v" Well-established/reliable

v" Many variants

v’ Very broad scope accessible

X Additional steps

X Inherent waste generation

X Selectivity dictated by pre-functionalization

~
functionalization ~

X Harsh reaction conditions

of (super-)stoichiometric oxidants

X Chemo- and regioselectivity issues

X High catalyst loadings - residual metal in product
X Demanding development of reaction conditions
X Exogenous directing groups required

{OKSMYE 2 YLJF NA a2y 0S¢ S 2 deLI (ANIIR Aoa 2 yiiIREe ZHNRYROL I K . 0d ©®ab T
I RI LG SRS FaNB v
Nevertheless, this field still faces several
1.Site selectivity
Sel eedtuincti onal ik akamd iod werCy chall enging du
A common strategy is the use of directing gr
carboxy(BchamedIhBpugh chel ation to the cat s
Ssubstrate near t he c atianldyuscte di npcrroexai sneist y( ceofnif
enhancing reactivity. Agostic interactions e
i ntermedi ate, hdtah knuset iexhamdtt her modynamic
of the DG within the subs3trNottea bwiyl,| tdnhiec tcahtoe ¢
(tracel ess, transient or native)-aonan ahawme ¢

economy of the 2%Aweraalclonpprioecneesnst.ary approach
nondirected methods with orthogonal reacti vi
H ™ ™ FG
~
~. DG +T™M NN éG ~ DG ~. DG
_— B —— —
. . DG coordination C-H activation > /]i:[
{OKS®BYS ANBOay3d INRdzZL) 62NJ Ay3I LINAYyOALX So



To expl ain t ICEHDbionnedrst,n etshse ddoemegaptti vwd Ipogar it |
mol ecul eEs aci d d-4nseseodcsi atoi cbne ctoarksetnantnt o c on s

1.)3% A7 | ok pmplies higher acidity, i . e, hi gl
species upon heterolytic bondmedieatvvadepr dleas
(e.g. -adaiset ed deprotonation pat hways) , t h
preferential mgr éa&ei pi acpokanti ons, i .e, | ow
Type of bond pKa Examples
Alkyne C(sp)-H ~25 Acetylene (HC=CH)
Aromatic C(sp?)-H ~43 Benzene (CgHg)
Alkene C(sp?)-H ~44 Ethylene (CH,=CH,)
Alkane C(sp3)—H ~50 Methane (CH,), Ethane (CoHg)
Allylic C(sps)—H ~43 Propene (CH,=CHCH3)
Benzylic C(sp®)-H ~41 Toluene (CgHsCH3)

{ OKSHYBIYI 2F 02 YorRyWRE FNRNLIWSHE P o

Despite developments in transition metal cat
cleavacm@iHbondka (>p @Hac¢tivation is commonly p
harsh reaction conditions (e.g. high temper:
potential chemoselectivity issues.

The high temperatures empl oyle2dd (L®)mmornd yahk amv

boilinglpb, hHd & f-Bpurocorpd eIl P) (bp(HFI P} o= 59
solvent typicalabtyl @seadti natPidoA®ghosocownlls.ent
presents sever al strengt hs: its high pol ari
components and therefore a henmocg eenoopuhsi | ri ea cnta
excell ent hy drdoogneorr ) d cemnoarb | @d t he st atbed i zat
| owering energy barriers. Yet, its high cost
some of the drawbacks that Ilidmintt i f tnseawtaip@n i
solvents capable of substituting i BuFrcrPe matiltyh oau
maj foo caurse¢ a .

2. (Supertoichiometric amounts of oxidant

The use of oxidants, sugthoiashisd rhestelrri wsiatd shosu i ér

wi despread aQipllaict atviaom oaoaf on | arge scal e, du

atoeenmtonomy and wad$ife mekerahisesntechnol ogy mor

practical upor astaernagi ve pathways for extra

center and regenerate the active species nee
p



Promisingtegies are the use of enmolr@eauleart a
oxygen) and the use of innovati#t&%*fasetchnceclamg
adjust the redox state of the met al by direc
i mportant t o conGHdaecrt i ¥t At onsomet hods ar e

circumventing the ué®uotfthextéensalghosgi dahbst h
i €iHacti vation wil |l bepdcbhapfhadpaeea foll ow

3.High catalyst | oadings

l deal |l vy, a transition metralceeat alty 2 et rha gdtei
t hleowest possibl 8 catalyst | oading.

During the early stages of drug de’vebkapmhmépmgt ,

accepted for the catalyst i n hand. However,
hi gher 2ahannéb®essary, in order to justify th
and adéthviaddition to cost and catalyst perf
hi gh catalyst | oadings is the possi&dhe@f cont a
l i gand. Strategies to remove residual met al
been developed so that phar mac e ut*Reeagla ridnidnugs t
possible ligand coHOneami mat  hons fhlaved®mdes o bec¢
choice of Iigand can also amper the cost eff
several synthetic steps are required to get
Based on these considerations, the devel opme
number can be extremely beneficial for pharm
4 Lack of ifndroranalin @maader audience

The experience and background of a chemist

reactions over ot her s. To expand the appli
i mportant to bring academi®&a 38°nd industry <clo
Consi der i rCgH atchtaitv aiti on protocol s, speciali ze

Schlenk tubes, h-eapengsbmhmogksts)asseome that wi:i
the reaction mGlghti mnotawdr oW s karmajsomatkrur dl

application of a new chemical met hodol ogy t
information regarding its applicadiHemcleeyon:
providing i nformati on such as fail ed Scope
information, can prevent °febtutomallys or & pprrucsd u cait t
noaxperts decide to apply a novel technol ogy



1. QHAct i vMeclmani s ms

CiHf unctionalization mechanistic regimes can
outsephere spheneemechani sm.

The osupheear e mechani sm does not IMnb/vod dr.e Itrhset ¢

i nserti 6 mdnd iIChto the | igand of a transit
Conversely, as briefly medei pspuepdapisp MBeet i o
mechani sm proceeds throuGithbdrme dcioroedti Inyatti @ nt
center, forming an organometallic species, b
classiGHadt agati cComastindeeayi.ng the topic of th
sphere mechanisms will not be disée®ssed, and

Wit hin tshpeneirrenemani f ol@H &b eineeacnhnaomm s?fs S&r e :
6062 1) oxidati ve Obaodndd t imenh at R2e)si s ; 3) el ectr
mechani smbasaansds i4s)t ed dHnaetritedt CosiThemethpai efn
I nnseprher e mewihlainisen det ermheedabasedaond oxi d:
of the metal

Oxidative addypioal i patthheay f or el ectron r
compl exes. Upon coordination CbH Dbtohneda t-r aneet
membered transition state is f @rMmedh.diHaheM c or
bonds (i .e. and organometallic hydride) inecr
( Sc hdme

| W

N VAT _H

L X
R=H + L M RnITIH ————> L M2

}

R

{ OKS®YS hEARI a®S | RRAaz2Yy

Contrary to an oxidat@-boedanmei ai basipathwayoxi
the metal remains unchanged. I n this common
met al si,bothvie are brokéboadd tawe hewvemedke.r ed fo
tmaition state is formed i nCikvhb atrfod tblree cH yedirveg
wi | | be transferredbdroylIt hger oslspblsyaditttuaecnhte d( et.og
center (1S)&heme



{ OKSYS® 2y R YSAI (KSaAa

El ectrophilic suBstarsewadl lom mpmechammpoousi age e
transition metal s, l'i ke Pd (11) sources, s
Ssubstitet) ogSEPHPEéamel n this mechanism the subs:
(hetero)arene) undergoes nucl eophilic attac
generating a Wheland complex. Aromaticity 1is
of d-dhempl ex, af f o-ardeinneg ctohnep | neext. a |

\ 4
\ ’

\\ II
- H ® = LM
. — ! —_— __ LM
LaMX H n
. ~ = H  -HX
/ \ / \
’ \

’ \

{ OKSwYS f SOGNRLIKAB®AO adodaslidmzy

The mechani sms outlined ailHowe tdrve tds eoenii omeesc hcaln
hel p under st and psreelveicotuirsvligtdiddhsteiaoamanid sstt e gco r y
was di scdcowsas eidst ed Gldnaetr itmeatthiaonf Scmise mé2 1. 8)

| mihsnechani sti wi mamis fals d Fanhceet er o d tommeE@®p.ag .
oxygen atom from gl caabedyhake t oagammeotnmen ails
removbDedpending on the direction and extent of
antdthe catadagsti stledsedHnaettedt Con mefclhratnh ems
di fferemndn adretde d -dmepradtadn aotnimerc h & CiMEWbsi phi | i ¢
met al l igand activati on (aAsMLiAs)t ende cihnatneirsnmasl ael
substitution (BalESa med eltamioprhs | i c CMD (e CMD)
Formoar e detail ecthesdus seornrtelmevwadimtnilsintser at u
provPdet.

+ R

. R’ 0
o R /O\( / §(
R=H + Y \( — [ \ — 3 M
nM\ [@]
L,M o) AN
R--H

{OKSYS I 2 aAAYIOBNIDSBe GIYSDR I A &Y



This brief explanaiH oaxctiinvtaot itohne nveacrhiabnbies m& a
readeirat intricate organic systems imustrdiee
facilitate reaction optimizati on. Thanks to
computer power, complex systems d¢cam rxwmpée em
idepth analysis of tradsi ér mnnisngatesepdg ncanm
underlying factors contr®%lling selectivity a






1. RBRpplicatHAch i vfat Po@p &® nSctail vee

Not withstanding t he di ffi ¢cHil aceées vasttiidn, atshsi

technology has been successfully applied in
as LSBIcthhzeit(eBack i nSzZAD&Es i n Phadegulc/alnBl iadsa tae
for the treat mentUmdsietsitwe gherne a tc epamaer . To
demand for API an efficient synt hetic rou
cowor%®wusing route scouting, one proposed s
coupling reaction however, waste generation
group interconversions, prompted the author s
Pall adium (Pd) has been applied in a wide ra
advantages over other metals: i1ts typical hi
to®%1,0 not only promotes functionalization of

reacti on “tenrdd eé-g aofhesIGidaat i vati on was pursued.

OH OH
OH o o
(0]
Pd(OAc), (4 mol%) / 1
PPh,Cy (8 mol%) \+
B NaOt-Bu in THF (5 equiv.) ﬁ(
RF r d|cyclohexylam|ne AcOH, H,0
5 65°C, 16 h 50 to 20 °C 0
—_—
\ then NaOH, TBME /@ O N O F
H H,0, H3POy, betaine HO S
HO S acetone, 40 °C F
(35 kg) 85% Lsz102 F
v' Oxidant free v' Crystallization

v' Low temperature v Low catalyst loading

{ OKSmpgl | Ooa @l a2y | LIINRI OK Ay (KS ABNFYKSESEEX® 2F [ { %LmnH

Using a | ow catalysdAmoll®@diamngd (iPd (thAec )absence
desired product was obtained in high donvers
lef t) . To purge | mpuCiHt iaecst,i wiade opbbaved bu.
converted t o-ctrlye2.tOmd taa i3n5e kcgo s 2Zvad se a fefaccrtd eodnh ,i n
yi el d.

The authors also state tlhat hwhéeén gasidnag@nmde anre)

could be further decreased. Despite not proc
how starting materi al purity can have a tre
Addi tional i nformation t od:enwaitreer re@mtoadrutci &
bel ow 400 ppm; Il nert condpguriiotnys arraed e equwa lrieto

suppl iJochnksyon Maveé helge best results.



Rel ated to the tight r egvuildaet )spurpsrhae naAPhoman u
a suitable Pdthescapéeongeopyd8 ethyl sulfide sil
LSZ1W&s obtained fro® apsaemtio a6dyHel d.

Examples | ike the @iHe aahlowan 3 dotmwe dmlwi ne t he
of rel evant mol ecul es. Considering the prev
formati d@ boéncd T€et ar €at om bond, can not only
complexity, but also serve as a |linchpin for

Given the wemesRndoiilntter aodd i abhesrel evance of C
chemisevegral me tf hoBr dcod toagli yesse d oof | ed rineaevetes dore e n
devel oped throughout the | ast decades.



1.RBdCat al ysé&iHOCesp nat eamsof

I ndependently distAnmdr Bdmbyt hMi 2ardki 1970s,
Heck reaction i s a comm@Gnbgeghdsatlkegyweencamnygtlr
moi eties 1(3OhdBme coupling a@wli thpoe¢edonisal isdd
ol efG)mse generated. The mhapppdbdchbdsebeannat de
synthesis but also in industry owing to its
tol er*r8dnT€lee catalytic cycle starts with reduc
using phosphines or aminegpskRAd®) hian Dgretni dm n

place via oxidative addition, with concomit &
Upon coordination of the ol efi-md(tkdpbepthes me:t
carbopall adati on takes pl ace, and-hydei dseubs
el imination. The | ast step of the catalytic

of stoircki ametunts of base to regenerate the

H X pPd" R
J— T =
AR
3 4
X =1, Br, Cl, OTf, etc.

Pd" source

NRs or PRy j 1) catalyst generation/ reduction

Vi) reductive  -HX Pd°L,

o Ph=X
elimination

1) oxidative addition

L

|
H—IIDd”—L L
Pd"-

L

L AR

Ph .
H 1ll) carbopalladation
H H
X—F|>d"—L
L

V) p-hydride elimination R
V) product liberation

{ OKSMEDSYSNI f RSAaONMEIOPYy22FUdARb2NRPEA2YT S6AGK NBI Osa2y

Despite its enor mous utility, onecoafpl t hg r
reactions is the need for prefunctionalized
to obtain in situations where selectively I
position is challenging.



Hence, throughout the | ast decades, enor mous
C(9H olefination of arenes have been accompl
direzpepdoaches) or, pref eamoendt iraegcptnegdac me s Xt s a

1. 4Dilr ectCGad aPg s &iHOCEe$s p naAt enas of

Profiting from an accelierdaudeod prhoxoiungiht v heef fce
directing groups was reported by Miura and ¢
(Schelmdll Miura investigated the use of sulf
sel ectively -faunhciteivoenadntztada i on which wupon in
cyclizati on, di hydropheonahdhibiediard ¢ ©olr.dleldA I Sct
and)’Be Vries developed & umicltd omatlhaede tami di i
(Schelmel ) CThe reaction could be carried out
playing two rol es: terminal oxi dant and as
decompohkistiaoni ng a DG typically requires add
the step economy of the process.

A. C(sp?)-H olefination using sulfonamides as DG by Miura et al.

cat. Pd(OAc),
Cu(OAc)," H,O

NaOAc
+ /\Cozn-Bu O N //O
~
DMF, 120°C,5h o//S\ph
under air, 4A MS CO,n-Bu
(co-solvent)
B. C(sp?)-H olefination using carboxylic acids as DG by Miura et al.
COOH Pd(OAc), (0] fo) CO,n-Bu

H Cu(OAc),- H,0 \_/
+ > Co,nBu -
DMF, 120°C,7 h
No/air (5:1), 4A MS

(co-solvent)

C. C(sp?)—-H olefination using aniline derivatives as DG by de Vries, van Leeuwen et al.

T

cat. Pd(OAc),
Benzoquinone

H
N TsOH -H,0
©: Y+ A comss :
(0]
H

-,

- o
AcOH/Toluene (1:2), 20 °C l
overnight CO,n-Bu
{ OKSHiSO EIl YL Sa 27 RANB'@IG SRt $RY 108 21y t 2R SIRNBYEE) dzaAy I 4 RANBC
O Nb2E&@fAO FHOAR& FYyR /0 FyAfAyS RSNAJI oS4
To bypass t he requirement for D&Gat aliytzed s
transformations in which its reactivity and

control and/or’2catalyst control
M



1. 4N2ndirecCaeadl PeéiHOCes pnat enasof

Previously to thei dgewHelkdkp memtc ha fo htelFduat wal1 @60
and Momepamtied t he f i-mesdi antoeddtH Gdesdpi eechtRdon o f
using stoichiometri-Rd acnwluortisd® voammplagx.e hat er
same authors published a catal*yhiic wveadsti iomn c
run umdemo®phere and:ased Ced®Acmedi ator, S
Wacker oX°Tdetcanhal ytic cycle begins@wiyth C
Pd( ORAc)f ol |l owed by camhihhgpal dadaeliiomi namnd on t
ol efinat é6d( Sacrheefneel 2 Even though the need f ol

substrates is obWMbatednitheaFtujowaraequires e
sufficient reactivity. This inhibits the wid
early stages oft ,hdrwhge rdee vcehleonpinsetns usually wor k
100s of mi®l 1l igrams).

Pd(OAc), (10 mol%)
H Cu(OAc), (10 mol%) -Ph
AcOH, 0,, 80 °C, 8 h
3 (1 equiv.) 6
(co-solvent)

V) reductive d"(OAc), Ph=H

eliminatio

n
VI) reoxidation
) I) C-H activation HOAc

H— F’d” ©/Pd”OAC

Zph
1) carbopalladation

Ill) p-hydride elimination
1V) product liberation

Pd”OAc

{ OKSM&SYSNI f RSAONBRRBRYI gXF RBELOsRNI f2y3 gAGK NBI Oo2

I n 2009, an ol efination of highly electron d
of synthettirdisugppst,i2u4ed arenes wals. IfBTbdl i she
promote the reaction, the authors envisioned

t heoordinatiagom, tbogemwi th higher steric hi
car bon ldY oms (

M p



By gradually increasing the steric bulk on t
experience significant mutual steric repul si
met al Asnaeresult, only one |Iigand could bin
site for tReomuesnteq@itei.someri c ratios obtai
combination to steric hindrancel . dli®B=9®Ae t he
subsequent mechanistic study®l supportts of heasd
arene i n excesass ttehremiumseael odxiGdant i s an advar
to Il ess generated waste.

. Pd(OAc), (10 mol%) .
' L1 (20 mol%) :

~~ H NN
7 =
/@E v ZTCOEt a0(1.0-1.5 equiv) . .
- h 0, (1 atm) -

! 90 °C, 2-24 h !
7 8 9
(co-solvent) (1 equiv.)
Et020\© X COEt F3C\© X COEt
9a, 70% 9b, 72%
m:p = 80:20 m:p = 78:22

{ OKSmidt POF Gt el SR 2t SREIUDAS yAIT | NBYSENIRS BSt 2LISR o0& | dz |

A met hod usi ng a commerl2 alSicyhe mp aialnab lteerlti
butyl peroxybenzoate as oxidant wals. Wf#2er r e|
was the best | igand, i nfluencing reaction r
compalkldwi de )swipgthand noticed that wunder their
Llgave | ower reactioll, ratggastdi pgetdattthhae in
on the reactatvaltystosf chadd strongly débend ¢

Functionalization of EW substrates afforded
entries also iBavgstoEBahehe bFEnNYTay( Scheme 1. 14
Though the method stil]l requires excess aren

catalyst reactivity.



H Pd

(OAG), (5 mol%) !
L2 (5 mol%)

~. H

Q- e
7 8

(co-solvent) (1 equiv.)

Q \/COQEt

9d, 73%
o:m:p = 29:34:37

9a, 42%

{ OKSmist FOF GFtel SR

PhCOg3t-Bu (1 equiv.)
! AcOH, 100 °C, 6 h !

Et020\© X CO2Et

o:m:p = 12:69:19

2t S0

>

F3C\© X CO2Et

9b, 32%

Yl e2y 27

o:m:p = 5:75:20

I NBy S&

9e, 93%

dzaAy3 | O2YYSNDALEt& |

To i ncrease the repertoireiHofactigandsesn f met
Fern8§hd&fez investigated the performance o0
(ScheimelB3)82TRegi oi someric mi xt uegleesc-t & lmtmadi n e d
el echbooarr enes show that electronically favol
functi onBahleinzee d1 . 195f9 gEaSt¢r y Even though for som
the arene could be used as | imiting reagent,
its applicabiabetyuhotianeli zation (LSF) wh e
scarce.
! Pd(OAG); (5 mol%) !
~ H L3 (5 mol%) ~ X CO2Et
+ P Coukt >
Pie Se PhCO3t-Bu (1 equiv.) Pig A
! AcOH, 100 °C, 6 h !
7 8 9
(10 - 32 equiv.) (1 equiv.)
OMe & EtO,C CO,Et il
S COEt Meo:© 5 X CO2Et 2 \© €02 /@\ X CO2Et
MeO E E
of, 72% 99, 81% 9a, 42% 9e, 77%
o:m = 60:40 a:p=17:83 o:m:p = 22:60:18

( OKSmift OF GHfal SR

Until this stage
efficient

arenes can be,
synthesis, where
when devel oping

, it i s

already
cat al yntoina i s pdrttas mhsl y fz @it

possible to
tClepi nati on

especially if t hese met hods
cost , trace met al cont ami na
a rout e.



Therefore, It would be highly attractive to
reageartenée ), miwiecdcso (ntondiG),exznedthat coul d
compl ementary regioselectivitiesTot omeeelte ctthr ati
need, ht whinywovatiudees wer¥u rleptdd £2and van
Ge mme ri exn e2alr A8y

Using an el ectron defici &niAplLg)y,r i Mw nee v dIlgamelc
arene IPidlnat a@ldyzed nomidireteédndt(isgn chf aeldec

el ecpoon a’Temeesl.i gand fuhgpeohsgasdaan®& as i
faci |l iitHatbiomgd @€l eavage via CMD mechani sm. A (
catalyst by forming a more robust compl ex wi
(L4: Pd = 2:1). The broad scope shows that the
fact(ddrcheme 1.91h8k). Entry

Mul tiple studies had been published using m
highly efficient -Pldi gaadaslipfzoaad t iPddc¢ aevd n g

i nspiration from them, van Gemmairadn | da4gd ndo W
catalyzed noR)idH rodcetfd dd a® (@somBpe3The synergy bet v
an-hNterocyclic I'igand as rho dBHldbe n sAacGE®H i gand
as bidentate i 88ubd dSmédreanteed a versypere&st i v
(L5.L6: Pd = 1:1:1), capable of using the arene
o f DGs. Thi s novel catal yst i s more steric

selectivity patterns t  Stcthee nmee t1hqlyB [9Daxvhd Irop e d

| | A) Yu (Y), 2017

N H .
. Reaction conditions - X COaE FiC A\ ~CFs  Pd(0AC); (10 mol%)
(Y or vG@) | L4 (30 mol%)
- ~ - - ~ ~ .
| | N OH 8 (2.0 equnv.).
! ! AgOAc (3.0 equiv.)
7 9 La HFIP, 100 °C, 24 h

B) van Gemmeren (vG), 2018

iPr CO,Et TBSO CO,Et
\@//_ ’ \@//_ i CO,Me
NS X MeO,C

9h 9i A .
Y: 70%, mip = 42:58 Y: 81%, o:p = 22:78 FEHEER (0 e )
VG: 53%, m:p = 59:41 VG: 64%, m:p = 47:53 L5 (20 mol%)
' / Ac-Gly-OH (L6, 30 mol%)
Cle_~__Cl 8 (3.0 equiv.)
ROL 7 SN/ COEt Z 3 AgOAc (3.0 equiv.)
P WS\ co,Et 0 HFIP, 90 °C, 24 h
NI
B ok \n’ OH
Y: 9j, R=Me, 71%, m:p = 81:19 Y: 70%, B:o:a’' =67:23:10 o L6
vG: 9a, R= Et, 54%, o:m:p = 18:67:15 VG: 54%, Biao’ = 10:84:6

{ OKSBCA NIOG (tl t e T BRYAGAORYSY2yRANBOGSR 2t SUyYylFoa2y 2F | NBySa
DSYYSNByYy 6@D0 | yR 02¢62NJ] SNE®

For a deeper understanding of the role of ea
mechanistic studi®égs were perfor med.

MYy



Kinetic |Isotope Effect (KIEH @xtpievy atmieamn ss tsd

determining. Initial rates for arene and ol e
proved tiHatacthea®i on step is rate detreor mi ni
order since it enters the catalytic cycle af
for ol efiThiwapr®@mpted van Gemmeren and cowo
CiH activation step was in principleadeversi
converted to pHoadatcitvdtincre tCakes place), a
starting maitHe raicd li vt eaacmgi . MaG@ i on remai ns pi vol
reactivity, but altering olefin eaonokmrftratatoD
and rédHractCi vati on. The hypothesis was fur
experi ment s-HFU-lPe mpgo ad e, whi ch under went Si
DeuteriDymexxdhange in the absence of a coupl:i

CiHacti vatriroemd oec call efi n was added.

Subsequtema gyt hors performed stoichiometry v

the composition of the active catalyst. Hi gt
1: 3: 26:7Pdt han wusi ngPda6Lly:,1:hloweavteiro t(he regi oi
obtained were similar i n both conditions. i
conditions, thphecisemgeraetatved as in tNext; 1:1
the authors investigated the initial rates
| oadings of either ligand had a negative i mp
t he formati onPdvufel Jaccotmpviee x1 :ilnitlo( i nacti ve speci
second equivalent of either ligand. To estahb
ki netic measurements (supported by mass spe:
t hat the adcl)liisvemasmaercu celse aP dLwl ksht oa cihii do;,rnida(h d

i's in equilibrium@wihtlkht ihea sk da:$lil):srtgo2 scthai toeme t r
(and further mononucl ear i nact i vlieh esyp erceiveesa)l.e (
a very |l ow energH hatiivati bor of heel@zewhicli 21
prompted the authors to run the reactions
opti mal temperature (90 UC). Results proved
catalyst turnover at 40 UC. 1t isspneobaddaery
to supress catalyst decomposition pathways i
the information gathered the authdrg7Z7propos
under gidHesacG@Gi vati on tol fllkimgamd eexmellamage occ
coupling partner (ol efin) and acetate ent e

Carbopall adation takes pl alcltelb il & ) wofpdbs$ o®iweld
byb-hydride eNVM)mi Fanabhy( p9 o dauncdt rleidbuecrtaitvieo ne l
take pl ace, and Pd(0) is reoxidized by silve



Pd(OAc),

—
MeO,C™\ N

Ac-Gly-OH (L6) A
Pd

- CO:zMe
Y
N

L7

—_—

COgMe

resting state ()
(1:1:2)

2 Ag°

2 Ag' active state (Il)

reoxidation (1:1:1)

Pd°

Ethyl acrylate

reductive
elimination

Oy _OEt
J

Ar

product
liberation

p-hydride-
elimination

OEt

Vi

P-hydride-
elimination

{ OKSi8t NR2 L2 &

Thi s
foll ow up
have dist( Sicch elmeh 8 elsn
| i gaatune the system
propeanpgdesyenmdat el yst

study

Ac-Gly-OH

T _— inactive

species

C-H activation

Meozc’@/

AcOH
Ethyl acrylate

AcOH

ligand
exchange

MeO2C
ligand
exchange

EtO

/

O---T-0

carbopalladation

By

rei nf odrecse sgii gl poweini viag d md anat al
publicatiantd

t owomr ¥ @ n sGRastite eleiagtaen d <

one hand, thet enpoodeht
Es reemadedidry iatnd sted reicd
decomposition.



On the other hand, t he ebtihdee nit mtt @n de dg aardr aensgt
l igands surrounding the metalH aacctti vaast ii@am isnt

CMDnmechani sm and its secondary donor site off
properties by altering the donor st rteyngd)h. M
and anitoywpe) (Komeconemabl ever the overall c ha
actspecidsn addition, the |inker | engtihidmred s

angle and enable precise tuning of the steri

Donor group:

- Chelating ligand

- Induces cis orientation of the N-heterocyclic ligand to the free
coordination site

- Neutral or anionic donor (NR;, SR, CO,H, CO,NHR, etc)

- Influences catalyst reactivity and selectivity
- Protects catalyst against decomposition
- R for sterics/electronics fine-tuning

N /DO *s. Linker:
Pd\ \ - Control bite-angle, chirality and sterics
0
Free coordination site for OAR'

substrate coordination
Internal base:

- "CMD-base" promoting C—H activation
- R for sterics/electronics fine-tuning

{ OKSH$Y 2y OSLII 0SKAYR (KS RdzZhf tfA3IFYR OFGFEteaand

The -ddeeut erati on studies performed during t he

conf CiHm activavewosi bility. Bui |t upon -the f
deuteration was high in the absence of COouf
workers successfully @2eaél epdedoadiduatt dd gae
arenes (1S.cli¥mies met hoddswattchse awte odF, lhoiwg hcos
functional group tol er asntcaeg,e adnedut euialt a joenl i(tSyc

10-40)c. Depending on the electronic nature of
devel oped: -rfiooh ed weh8dpnrmavteeds t o be the best I i
stoichiometric amounts of §il9«€ondi unonseAY
el ecpboon s ublL®twaast etsh e opti mal l i gand al ong
(Schdmed 9Condi tions B) .



Pd(OAc), (10 mol%)
Conditions A or B

[78%] [64%]

D [78%] ](\::6‘\
[91% [ ! [64%]

. [93%]
D 190%] [94%]
10a 10b
A: 89%, Drota: 4.22 B: 76%, Drotar: 4.03

[59%/83%] R
D o %\OMe
[19%/89%]
D

A) Conditions for electron-rich substrates

CO,Me
L7
L8 (15 mol%) (10 mol%)

HFIP:D,0 = 3:7 (0.1 M), AgF (30 mol%), 80 °C, 18 h

B) Conditions for electron-poor substrates

\(6;&//\"/ 7o eomare

5 \ HFIP:D,0 = 3:7 (0.1 M),
[38%] o [59%/83%] N/ 120 °C, 48 h
D D bezafibrate (30 mol%)
[7%/81%] N [19%/89%] methyl ester 10¢
D A: 99%, Drotar: 1.77
D [38%] B: 98%, Drotal: 5.96
“ D [7%/81%)]
{ OKSmi§s dzl £t BYHOYEBR y2yRANBOGSR RSdziSNI a2y 2F | NEB
The effectiveness of this protocol foll ows
(Scheiméd uEoHn act iavnadt iiom t he pQO,e sae npcreotoofn DOt ar
exchanged by deuteri um, all owing the incorp
mol ecul e. I n the redeutser ateiaccnt)i othh e i s @ame dter
formEdnsidering that the oxidation state of
reoxidation step takes place. Therefore, sil
stoichiometric amounts, acting for example a
\ A
R?=H = RZ2=D
+ D,0 + HDO
{ OKSMH& 5S8dzi SNAdzY Ay O2NLR NI a2y uNJy Ad@y | DbIgk @ Fr2LEREFR BIMNRR/ YT
wSHm K fA3lyRa daSR Ida Y2y2RSydtdS FyR 0ARSydldS Okz2aSy iz
YSOKIyA&da O ¥2geRANDOHBW HRS @It BIUfyd To 2w 7@ LYNB y S &



Al t hough attention should also be giwemd to o
cowor kers on tdeeu tteorpditttt?oont,y (de) |l not be analy
the context of this thesis.

As previously mentioned during the mechani st

that higher I oadings of eithevri dei ¢gsaunpdi@ared ht:
pyri-dyme ILi7fgatnlkde reaction rate increased uni
bet ween 0.1 and 0.2 equivalents. Addition of
the rate, indicating that the catalyst was s

t he restionrg tshteatbei.d dbbt adt.el leagguainvdal ent si 1 ead
reactivity. Additionally, ptr yepva oluisg aredoso,r tisn d

36-di substituted pyridines can dramati é&ally i
88, 90

Considering these observations and motivated
catalyst with high steric control, a new dua
concelpémioifapi |
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2.1lntroducti on

In 19é8frey and Rauchfuss ihretnrid dbagaddsshevhcec o

i nvestigating r ut hSecrhieumz.-A)X°6 Mdgli egesas( -1 i gand
(di phenyl phoslpHhi,n ot)haen iasualheo r(siOCo bhoerdwse & otuhh alt ek
di ssociate from the metal <center, furnishing

Upon reaction with canhkkodt ynono s €#aMNJEdDeg or
complilg&woul d be for med.

A. Jeffrey and Rauchfuss first report on hemilabile ligands

PPhZ
Cl (¢]]
<F>,,,,F{|lj“\F’> <P, | . \p/'\ R =CO, <P, | p/\ OCH3
O/ | \0 [ 0/ | D (CH3)3CNC O/ | R
(¢]] (¢]] Cl

7\
I n m

B. General representation of a Hemilabile Ligand

O = substitutionally inert group
(e.g. phosphines, cyclopentadiene)
O = substitutionally labile group
— (e.g. lewis basic groups)
_—
D = open coordination site
[M] M]

{OKS&E 0 CANRG NBLIR2NI 2F | KSYAtfFo6AES fA3IFLYR YR .0
A hemilabile Iigand is wuswually constituted
enhance the contrast of their i ntZ2.rBactiaons
Asubstitutionally inerto group strongly coor

L10 and a Asubstgnaup cmawegk | bondie wgphsagn aup (
groups, such asL19 hehrat mociaent yr eiandi |y be di spl
active °CMafttaelrywsatr.ds, a smal | mol ecul e can cool
CO in SZhdernseal vent mol ecule). A linker conne.
directly affecting the position of both grou



Recoordination of the dekbometsutfiavmallapl leamiol

t he small mol ecul e is either stpreacasefselt mend nian &
from the reaction mixture, but also to stabi
di sfavour i msgubtste amet alo mpl e x .-t uTnheios daebnitliictiyt yt
hall mark of he&milabile |igands.

Continuing Wi-Alds Sehxame!l e : i n () (®, )0 ctl he eldiog & o
stabilizes and protects the catalyst (Bgai nst
(BP), a vacant site wil.l be created for the

di fference betlieamdt Hd osteaine(df shoul d be s mal
process to be reversible.

Based on its properties, hemi |l abile |igands
novel catalytic systems and have been used |
sensing and homogeneous *°Peamemndinmg hmetchloi c e
substitutionally inert and | abile groups, di
conferred t o t he met al , of fering i mmense
transf orTmatsihmnwc.ase the intricaci-ceast aolfy sledga ¢
H functionalization, three examples wil!/l be
Sul foxide based |ligands are wused in a wide

reactiP¥aors.t he synokasodkdmdan lamBk at (2bares vi a

i ntramol eecwltaarl yRRee(dl 1a)l | yisiud f @ miy h a tchaey nbi al odabt i Bl se,
l i ganlda mi xture of meso and racemic product
and | abiwlas empumy ed.)2°S¢fhrenae f ol l ow up comput
results show that substrate coordination to
substitution reaction, leading t ®-S Ssehtiof t i n
SY°An alternative hypothesis would be the r
mechani sm) while thelileéeméis mwed, ok ncdoeo)r diingaatnido n
However, the energy barrier for this step w
experimental eviHdlactéevBhaobntbkeée@ is the rate
stages of the catalytico*SySl eo photleicdandeg o
decomposition.



Pd(OAC),-L11 (10 mol%)

(0] NHTs
X 2-Phenylbenzoquinone (1.05 equiv.)

PhwvS S+Ph
N\
[0 J(e)

iPr O
THF (0.66 M), 45 °C, 72 h

1"

2-Phenylhydrobenzoquinone

+12 O\\ :’Ph
s\ /OAc
2-Phenylbenzoquinone [ Pd\ 11
+ 2HOAC s TOAc
/e
0 O Ph
o. .Ph TsN J<o

N\
s? rk/
\i Pl NSO NHTs

S S

/) )
O/ Ph Pd\OAC iPr O
S=AH OAc
- =0
HOAC% Php‘:
o\\s JPh H/OAc
o -HOAc
[ bl Vel o, ,Ph

TsN \_§
% ) >= Vg
(0] N ]
7 o PdA iPr
O Php | o
S OAc (0]
\ Php\‘ (0] \(
NHTs

{ OKSYSE v (i NI Y2 reS Qdef fIeNI SRR | f R tzZA ©2 V¥ A Yy Ob RF I TF (0 6 b MizawASyr D oS/ Y A £ |
YSOKI YA aWh adzaYA2yRES f & dzo A G NJ G 2 ET 4 MafahASayd e y i KSaAad 2F ™

Hor and coworkers investigated the use of he
SuztetMdiy aur a-c ocurpolsisn g reaction of aryl chl ori
(Schem#8 an)d®Bhe | igand design proposed by t}
coordinating phosphine as substitutionally
substitutionadhyg & abetepogeone plflalogdk b@orap aarsi sloinr
with contta@aBndil)aindsa (model reaction reveal e
only strong donor g(t dwapss ,v ebriyarlyolw.f owhnearteiaosn u s
|l i gabhd product was obtained in quantitative
be achieved whaetn fbwrt dt idoinsatlii ti es are present
el uci datsep ewliesh f ormed in solution, the syn

compl esesng ar(Ydas odaudpel i wgs patrt@deph & a-eB)
The majperci @s sol uti on tHc oONMRTr mepcecbyoscopy)
mononuspeadeosr di natR do ifraBahi on (



Pdy(dba); (0.2 mol%)
o) 2 3
B(OH), Ligand (L12-L14, 0.25 mol%) MeO
MeO + > O
Cs,CO3 (2.3 equiv.)
Cl Dioxane, 90 °C, 16 h
A. Ligand Effect on the Suzuki Cross-Coupling Reaction

PCyz @/PCVZ
|

e

L12, trace® L13, 26% L14, 100%

B. Synthesis of palladium complex L14

(0]
| ] 7 X Fs
7 Pd,(dba)s o\ ~
La o+ TS - ,:‘e Pd
/

THF, rt
PC

14 y2

I

{ OKSI®YS dzirdlA & dzND2 NP AH¥ I NBF Oe2y 2F | NBt OKf{2NARSEAMMBAGK | NBf

BAStER® La2fF 0SSR 8ASEtR 2FYR G2 BHIEY dzaAAYy I p Y2f£0: tF
Oj wach and cowor kers investigated t he us e
ol igomeri zat (Scrhem@e)#thensnmain | igand design
(i mino)pyridine backbone with different subs
most reactLilbet he gamklsti tutionally | abile gr o

reacti ¢Pda@i ( Mel)wacsodo gt ai rheyd swhiscelquent treat
sodi um tdeittrrai(f3l,u5o0r omet hyl ) pwesybhbborntted. c8mp
H NMR anady Xxrystall ography clamt.i rWtean terteh yplres

was added, the weakly coordinating methoxy g
all owing substr(aitle Addioridomalt i data from dens
(DFT) studies showed that the midstbhoaxdt il ewer gltih
whi ch i ncreases the likelihood of di spl aci

mol ecul es are presendusliCondiraclys Sadc edhe2mpp leevs
and.)3 | ilglasnmdi t ches tri demntNN,eOa@-b, M) dent ate (

X X
[ | N |
z Br” N7 P Br” N7
BT ONTY) PdCI(Me)(cod) \ ] NaB[(3.5-(CF3)CeHals  Br~ N ' CoHa N
N. ——> HsC—Pd—N - A~ —Pds—N
I Et20, rt, 24 h (|:| Z CH,Cly, 30°C, 2 h HsC éﬂd N toluene, 30 °C 2 \C/ Z
O H
() 0 / 2
L15 I I / I 1 /

{ OKSHYS LILIE A Ol a2y 27F[ MBWAS( rodrit Sy § AT VR2YSNRT a2y NBF O

HY



HPMOoti vati on and Goal s

Considering onondepectednPd’didavlhefyzeat Cé¢spof
(see SectRi,omwel .bdecame interested in tackIling
develop its strengths.

Results have shown t(b#&its tehses egrytrii ali nfeo rl i rgeaanadt |
3,6i substituted pyridines, and mechani stic
| oadings of the Imdradenttat d olwviegSameact henr eat
state of our catalyst requires two equivalen
second pyridine equivalent coul d( $oeh esmeb s2.id u

A) this moiety would not only stabililzke t he
al so dissociate more easily from the metal <c
Examples of hemilabile Iigands (see Section
to stabilize | ow coordinate intermediates ag
|l eading to higher turnover number (TONe . The
used, reducing the overal/l cost of the trans:s
metal /1l igand contaminants in the final produ
synthesis of active pharmaceuti cal dunsgtrreydi e |
need to comply with regulatory policies (e.c
the questpdronfrommangéd catalyst that can exhi bl
l i fetiamemedvetv@h oser i edi b 3t,i6tuted pyridines
char aSctreeihd) . As substitutionally inert grou
with an electron withdrawosaigtigoroupo (EWESY e rotn
binding to the metal center. Conmredteaadytlhy )an
we ak Lbeawsiisc gr ouppsos(idan otnhhe wé | | act as substi
Upon dissociation of this group, the active
step, the | evel of coordinatiostbdt wdJsm nigo tt
framework, we hypothesized that | ower | iganc

reactivities in 3hMeobPefcanaipnedf C@spnes cou
A. B.
(0] (o) (o) (0]
N,/ (P,
( /Pd\NT — Pd\NT \(\?]/z
é\ E( 4\ 1or2

resting state active state EWG to avoid excessive bonding to Pd

(@]
o,

Choice of LB should prevent
cyclometallation on the ligand

Potential to decrease ligand loading

{OKS®B v /Idrteald NBasy3d FyR I 0a@S ail A dDdz@BRI &S R KIS NISRM
RSaArday o

H &









2. BI scussResnulaing

2. 3Wolr kK fPl awni ng

The wompkf@lwanwe idstthr ee (Sctheepnse .2 . 6

Firswide &ar rdeitsyu bosft id,u& ed pyridines with di
wereasyntheRevedsi bilitypeexX pe memendwri ng t he

st udi(esseSeect i oh, 1rédvealed that in the absenc
1,1,1-hdxafBuo29propaendz odstHE I-lPenz pdat eunder went
signi HDearmthange. Hence as second step, t o

reversi biilH tayctafv atthe nC st ep, |l igands were sul
H/ D exchange reacti ondsHiIFSlibRe z aatTels @ b dterud tee i
percentages were calculated®>®Fprmasarspectt om

|l i gands were tested in H/ D exchange reaction
building SAR between the different I|igands |
SAR will help i mprove | i dangdandde sdiegsn:g no nwaes ai

attention was directed towards the third ste

The third step is investigation of the most
nondirected Pd?tabalyzaadt Cipiarp otfh earperneessence ¢
acry(@aase coupl i mghdp arstimeye at enroant ed 1 sl pst B8aBes3
hexafl uoR2ppr opadbldPecenzdat a&he use of a substr
strong EWG enables us to optimize the condi
i nvol ved |l igand l oadi ng, temperatur e and t
experiments.



1. Synthesis of 3,6-disubstituted pyridines | .o ._._.
with different electronic properties '

2. Reversibility experiments !
model H/D exchange reaction using as substrate d®-HFIP-benzoate

y .
l High H/D exchange? '

Yes

y Y

3. Testing in a model reaction
non-directed Pd catalyzed C(sp?)-H olefination of arenes using as substrate HFIP-benzoate

l Promissing ligand?

Yes

Further experiments to evaluate catalyst activity/potency
temperature and time screening and catalyst loading experiments

{OKS®B 2N b2g LI Yo

Overall, the workflow plan is an iterative p
|l igand design in improved and meurpe tleisgta nndgs.
additi osnyntohesteil Zed | i gands, <domsmmésctidiiluitessda p g
that had potenti al hemi |l abillea mEavi our wer e



2. 3Li2g&ndt hesi s

The initial stages of the project consisted
di substituted pyridines. I nspired by hemil at
di fferebasiLewpgsoups wer e-pdisteiradredofi nt,lHerepyr
designed to act as substitwutyinanhaeltliyz elda bliilgea ng
trifluorom€wRBhydn gordosei pt3i(on of the pyridine ri.

electrophilicity and prevent stronrge shbamtdiinmg
t hepobsi ti on, theyhmiohétowzed Isieddnds can be su
families: ami desetawmedrnda mt hesr tbroesponding
sul foxides; and ethers.

It is relevant to keep in mind that further
be present -um ¢haptteorldd .owYet, based on the s
devel oped to access, in most cases, previous
a section wil/l be devoted to their synthesis
section and are meuapidnedussai ¢tie a3 | Baws t i o1
L16andly are commercially available |igands
hemil abil e character.

Acyl ation of 1pafimargdged mi me desi rLé 8 Sscehceomed ar )
2.-A) . Amide stability results from the conj uc¢
carbonyl group, making it | ess nucleophilic
|l i gand can successfully sd&#&NNtBidNt s Teoori dir yati
L19vas obtarmeedhyblyatN on of Ls&coimaydho wetbahh dle ( CH
as methyl ation 2.eBdgent ( Scheme

To study the effect of tertiary ami2riDeas as S
obtainedtem @ayRt heti @ .-@putal ¢Skt tledymews idmg | ens
Mar tpemi odi nane gdve faolldowedle by reductive an
family of Iligands and to LlhGent2e0st e ohobbupr & e
in the |iterature.



acetyl chloride (1.6 equiv.)

| N CF NEt; (2.8 equiv.) N 9y | S
> O N
HCle HoN N/ CH,Cl, ﬁ/ N/
15 0°Ctort, 17 h L18
B.
NaH (1.3 equiv.)
\/(j/ CH3I (3.2 equiv.) | | X
O, N Z
THF j’ N
0°Ct070°C,22h L19
c.
Dess Martin Periodinane CF dimethylamine (2 equiv.)
N CF3 (1.2 equiv.) N ¢ NaBH(OAc)3 (3.5 equiv.) X CF3
| > 0 | p > |
HO NG CH,Cl, N 1,2-dichloroethane N NG
i, 16 h H i, 18 h
16 17 L20
{ OKS®YS 0 { &y {(InMKES fniday R[H /90
Thebherse subsequently synthetized. Via bim
() reactil®nwad i ght(daicmemed) . I nspired by th

hemi |l abil®aseldf o xigrtardassmoaoi Ine ecualtaarl yRdedl la)l | yl i c
of sNI fonyl c(asrebea Mm@ @#9'8we decided to synth
sul foxide clRubhe@Rbwptard!l 0d its suAF BobemdBunt er
B) . Depending on t he number of engeut-iav al en
chl oroper oxyb(enmzPoH A) aadf2fdland23( Sc h 2 mB) . A key
di fference bet weenL2tahned23isg atnhde dceosoirgdni noaft i on v
L1220 s expected to shift &-NS ®NoLR2 Gisn aetxipoenc tneodd e
swi tch B?eNtOw eoée.

A. K,COj3 (1.3 equiv.)
| SN CF3; Butanethiol (1.1 equiv.L | N CF3
cl N7 MeCN n-Bu”S N7
18 O°Ct0rt,18h L21
B.
0. O ~\\~CFs MCPBA (25 equiv) x~CFs MCPBA (1 equiv.) ~CF3
= T - 2 C
n-Bu” N CH,Cl n-Bu” N CHCly n-Bu” N
0°Ctort,19h 0°Ctort,17 h
L23 L21 L22
{OKSPS 10 {efRaAD ABYIKSaAa 27T [HKBR O2MNBAYR Yy RAY 3 & d
To 1 nveetshe gampact of di fferent sautbosmt iitruenhes

catalbhpsiwas syntheti 2e-8) .( SEhmmBalk2ldwas oal so

oxidized with mCPBIAf aXB) daadfdh § badecso(unt er part s
(Schém& . To the best of our knowledge, al/l

reported in the |iterature.

op



A.

SH - CFs
SO
Z
N

19 (1.2 equiv.) 18

B. CF,

K,CO3 (1.2 equiv.)

|

Op mCPBA (2.5 equiv.)
N
OQSI -

CH,Cl,
Ommm1m\;:§
L26 L24

A
- P
MeCN S N
0°Ctort,18 h

CF;
= CPBA (1 equi
\ P m (1 equiv.) o \N/
—_— K
CH,Cl, S

0°Ctort, 19 h
L25

S

{OKS@S 0 {ey(HiSyRBYARSaAAE 2F (KS NS adpRipieny s

I nfl uenced by
(see
affolL2aEdcheZzmelAQ .
woul d

Krapcho

does not possess the characteristics
be further discussed in the next
not reported in the I|literature.

t he
Secof%9ing & tva s

l i gand

design usi

a

synt h-met hgHal 8losni napf

Consi der i-sign tt hheatti zaeldl
c rr-meamleera al | agdtaey cd y¥ent tae t4di c
L28st ar ti ngopvieteldi antuecdl eophi | i c
decar boyluattii @om,
Addi til2®vadd ysynt heti zed vi a

K2mdiha.

t o

c hh28t sr s.

ddzf T2EA |

| sieglafn d
rout e
s u,b sftaltluda weodh

aaglt earl coho2. Bt hyl a
cTohuipsl ilnigg



NaH (4.7 equiv)

X CF3 CHjl (2.4 equiv.) X CF3
| S |
HO. Z o) pZ
N 16 THF e N
0°Ctort, 17 h L27
B. Cul (0.15 equiv.)
2-picolinic acid (0.6 equiv.) CF COMe 22
N CF3 Cs,CO;3 (3 equiv.) | Xy 7' 3 LiCl (2.00 equiv.) 2
| Dimethyl malonate (1 equiv.)  MeO,C N/ H,0 (1 equiv.) z |
Z L -
Br” "N - TN
dry 1,4-dioxane CO;Me DMSO CF3
20 70°C,36h 21 120°C, 17 h
NaBH, (10 equiv.
NaH (4 equiv.) 4E(tOH quiv.)
CH3l (4 equiv.)
t,17h
,\/(j/CFS DMF (10 drops) B Chy T
Z
THF HO N
0°Ctort,17h 23
C. ) .
/\/MgCI (2 Min Et,0, 1.5 equiv.)

Y Pd(dppf),Cly (2.4 mol%) 2%

® -
Br” °N THF N

20 -78°Ctort,19h L29

{ OKSHE ' 0 { ef&KS8aNRHID

I n oradlktratm et her derivatives with different
be subsequent | gl eecsttracon i whe d dE W@ i nagn dg reoluepcst r {
donati ngED®Gwampes i nserfpeditnohhef 6the pyridir
2. 11A, B lBrodasL)obtained by nucl eophiAri)c ar o
reaction usi ng 4a sCoenlveecrtsréd gghn d3é&wgamrd obt ai ned

SN2 reaction. To the besl30b¥laod¥yakeowdbedgepot

in the |l iterature.



Br

A 24
FS_: 1.2 equiv.
J (1.2equiv)
CF NaBH, (3 equiv. NaH (1.2 equiv.) CF3
| s NaBhaGeau) X DMF (10 drops) \/(j/
A0 NG MeOH hoo M > A ° N
o 0°Ctort,6h N o I FsC L30
L17 16 0°Ctort, 16 h =
B.
F CF Cs,CO3 (1.1 equiv.) F X3
3
OH X e o |,
cl |N, DMF N
0°Ctort,18h
F F ,
18 F F L31
25 (1.1 equiv.)
C.
S CFs NaOH (1.7 equiv.) N CFs
| . OH > oo M
Cl N/ DMF N
0°Ctort,24h
18 L32
26 (1.7 equiv.)
{ OKSw® 0 { &y (ioKES fohtky R[S /@0
Overall, a variety of sterically and electro
thepobsi tion of the pyridine ring. Even thou
behaviour, we hypothesize that the dubgsatnidt ut
can potentially <coordinate to the metal ce
di ssociate from it, generating the active ca

oy
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3R e3v er shkxlpielriitment s

nce the aim of the project iI's to further
aknesses of the nond£#)iHe ootl eed i lda t f dotnéddl oyhzgead eC
milabile |igands, the reaction conditions
enti cal to the model reacti on. Even thoug
talytic amount s -doeruteelriamii it Pdecet T Ods) on 1.
hypot hesized that wusing identical condit]i
re meaningful data, that could then be mor

e only adjustments werelnefglae dziemga antiigoann d
nditions for the nondiH ecltefdi nPadt i,0anb actfh z &
gands were uee@dtiyh &x@le@Hsle NiAc 30 ImMoln% and
mol %, -9t ei,chli:dBmetry (r atldL6L3) .gi yiemc ea st hPed (&

talyst is a 1:1:1 complex, the |igand | oad
om the optimizedLG6weddt ibeen ucscerddiitni oInGs : mo | %,
mil abile | igand. Due to its second coordin
sting state of the catalyst (1:21:2) or the
entify a | igaedi 6thaH/ Ppr e x%®ihnd slgoganpoh a n

versibility experiments began with the eva

6-met hyl nikpti nhhese(results wi-dgd ddempeasrsiendn .alfF

t h
1)
En

e resul tST he®@iediZ2nedudie@ used in 102mpPEBnt ISg he
, H/ D exchange is already observe@. a2ter
try 2), an increase in H/ D exchange in obs

Pd(OAc); (10 mol%)

O CFg Ac-Gly-OH (L6) (10 mol%)
)\ L7 (10-20 mol%)

D \ A O CF3 >
L [D]27 AgOAc (3 equiv.)

HFIP (0.1 M), 90 °C, 6 h

Entry Deuteration Label (%) Degree of de-deuteration(%)
Deuterium: 3-fold (%): 0,65 0,60
1 Deuterium: 4-fold (%): 5,44 5,07
Deuterium: 5-fold (%): 100,00 93,09 2.2

Label Atom Sum: 4,89 (97,75%)

Deuterium: 3-fold (%): 2,35 1,95
Deuterium: 4-fold (%): 18,11 15,01
Deuterium: 5-fold (%): 100,00 82,87
Label Atom Sum: 4,81 (96,11%)

3.8%

a. 20 mol% monodentate ligand.

{OKSWEL Yy Aol f | k5 SEOKI{fié YRWERBYSYEs dABYFRO



For clarity, -deéet eadregtrieen ogdr adwi ded i n the f ol
taking into accouantto nshet hnauumbcearn oufndBer go H/ D
case 5) and the ALabel 2Atl@ZnEnSumo 809 [K.PxTOBe
2. 2%) .

The sehfhetized | i gands in additionl®tondt wo c
L17 were then tZ2.sitBods s(iSbclhyendeue t o very weak
of t he nitrianegd wmonstyuently poor stabili za
commerci al I 6(ayah &md¢tB&nt ry 1) afforded no i
being excluded from subsequent testing in th

L18 Sche&mel3Entry 2) provided hlildhZz0anl@dlI D exch
(Schéme 3ERBt4r5y, but not7(spkeeméd2EDDry 1) .

Pd(OAc); (10 mol%) D e} CFs
O CF3 Ac-Gly-OH (10 mol%) D )\
P{ LX (10 mol%) XY Y07 CF,
D X 0~ “CF,4 » Hyr _
S oz AgOAc (3 equiv.) D D 28
HFIP (0.1 M), 90 °C, 6 h D
Entry Ligand Deuteration Label (%) Degree of de-deuteration (%)
Deuterium: 3-fold (%): 0,00 0,00
CF3 .
1 A Deuterium: 4-fold (%): 0,00 0,00 0.0
NC | P Deuterium: 5-fold (%): 100,00 100,00 :
N Label Atom Sum: 5,00 (100,00%)
L16
X~ CF3  Deuterium: 3-fold (%): 0,48 0,44
H | Deuterium: 4-fold (%): 7,03 6,54 14
2 O, N Z Deuterium: 5-fold (%): 100,00 93,02 ’
ﬁ/ N Label Atom Sum: 4,93 (98,51%)
L18
CF, Deuterium: 3-fold (%): 0,42 0,40
| I N Deuterium: 4-fold (%): 4,01 3,84 10
3 (0] N P Deuterium: 5-fold (%): 100,00 95,74 :
ﬁ’ N Label Atom Sum: 4,95 (99,06%)
L19
CF Deuterium: 3-fold (%): 0,14 0,13
I A 3 Deuterium: 4-fold (%): 2,75 2,67 0.8
4 N | _ Deuterium: 5-fold (%): 100,00 97,01 :
7 N Label Atom Sum: 4,96 (99,25%)
L20
CF3 Deuterium: 3-fold (%): 0,37 0,35
I N Deuterium: 4-fold (%): 3,84 3,68 0.8
5 (o) P Deuterium: 5-fold (%): 100,00 95,95 :
- N Label Atom Sum: 4,96 (99,11%)

O L17

{ OKSWi® k5 SEOKIy3aS SESESINAIKSSRBE RIzy/RY D2 YYSNOAFt & | G At a



Thioethers along with their corresponding s
( Sche2mel'27: AB& or di ng t oL2#(h%c hreenseuB#rnttsr,y 4) gav
superi or L7é¢Sscuhlet@se 1t20Ent ry 1) and outperfor meoc
count d2 f &cthemd 4EntA yols)s.i bl e reason for the |
i h2lSchemeg 4Entcrow |l d) be aP)iHp haacttiiov a@(iso;m wi t h t
ring actit%g as DG.

Conversely, the hilg@Qhdeéc H&mDddEohaywgd)i noul d d
a stacking type interaction between the 1|ig
catalytic system to a higher degr ee, and c
exchange. Catalyst poison dueenol sheld2gp@i coor
(Sche2mel4 Entry 5) could be a possible expla
exchange. Il n general, increasing the oxidat.
to i mprovements (9chimel 4knobhanpgeBasx:,d X,n @)hat
| i ga@@asnd2 6§ entry 5 and 6) were not investigat



Xy Y07 cF,

Ac-Gly-OH (10 mol%)

Pd(OAC), (10 mol%)
D

»> H+

LX (10 mol%)

~Z D127

HFIP (0.1 M), 90 °C, 6 h

Ligand

S
(0]
/,
,/S/\/(j/
O

" I
Z
N
L25
|
N
L26

| SN CF3
/O N/

L27

D
A
T4
AgOACc (3 equiv.) D
D

Deuteration Label (%)

Deuterium: 3-fold (%): 0,80 0,77
Deuterium: 4-fold (%): 2,30 2,22
Deuterium: 5-fold (%): 100,00 96,42
Label Atom Sum: 4,94 (98,77%)

Deuterium: 3-fold (%): 0,28 0,27
Deuterium: 4-fold (%): 2,80 2,71
Deuterium: 5-fold (%): 100,00 96,70
Label Atom Sum: 4,96 (99,13%)

Deuterium: 3-fold (%): 0,32 0,31
Deuterium: 4-fold (%): 3,09 2,98
Deuterium: 5-fold (%): 100,00 96,70
Label Atom Sum: 4,96 (99,27%)

Deuterium: 3-fold (%): 0,29 0,27
Deuterium: 4-fold (%): 0,00 0,00
Deuterium: 5-fold (%): 100,00 93,83
Label Atom Sum: 4,76 (95,13%)

Deuterium: 3-fold (%): 0,00 0,00
Deuterium: 4-fold (%): 0,04 0,04
Deuterium: 5-fold (%): 100,00 99,94
Label Atom Sum: 5,00 (99,98%)

Deuterium: 3-fold (%): 0,53 0,53
Deuterium: 4-fold (%): 0,05 0,05
Deuterium: 5-fold (%): 100,00 99,38
Label Atom Sum: 4,99 (99,75%)

Deuterium: 3-fold (%): 0,77 0,71
Deuterium: 4-fold (%): 8,18 7,50
Deuterium: 5-fold (%): 100,00 91,71
Label Atom Sum: 4,91 (98,16%)

Degree of de-deuteration (%)

1.2

0.8

0.8

4.8

0.0

0.2

{ OKS& |

K5

Addi t i cecm&l loyx,y gvart oah® nloe wi vsa b asles o
2.

1IEAn t 7).y Even

S e c ohneds t

I n gener al
substanti
C ( 9)iH
dedeut er at
studi es,

al

on

wh i

t hough it

tddeuvudegraeeo®nofobdai ned
t han
ol efinatild)f3 off arienndessi glht , a

y higher

coul d be

ch

di d

Il i gand2#cSiclho@weddAn b y y

t he

not

SEOKI y 384 SEFIPBNRYASHIZVER dza A y 3

ihSelemgat e
&7* f arhd shiwgalse 1t

4) .

t h edi

choice of

for
menoddnPdteat a
possi bl e

t he

react

a | sdoe uetxeprlaatiinosih7.tdheeg rl ecew fdoer

h e

r
(O



Considering the presence of (4], EWGrisherheesat

conditions (e.g. higher temperatures and/ or
more meaningful data iiHtactheafeansi bt epty of
Yet, all | i gands t hadte uatfefroartdi eodn ah idgehgerre et hoafn d

in the ol efimeddhinng etalcd itomi,rd step of the w






2. 3LidgsBaodeeni ndqNohdirretCaecd| d éicH C( s p
Ol efi naAt enasof

Similarly to the previous chapter and to fac
the current | ngaddrese¢eedi Pd)idadlae¢fyizeat Cdis pof
(L7) was investi2galtbed ( Scheme

Using as starting matepoail auBRHfitaddtbeag@oagl e b

catalyst is to functionalize ¢gAoOSs imeitchrodoprogy i
The selectivity obtained shows telladc-tauwrih cat
posi tsiionmetwaas the major functionalization si
steric sensitivity of our catalyst, i.e, pre

positmenhandiariasomers) oandooduct formati on
functionalization).

After 24 h (either in 10 or 20 mb.lPBYHENnttrhye 4
and 8) with slightly higher reactivity when
from 24 h to 48 h i1is2.no3Em8gniFhicanmi ¢IStc hieme
L7i s stabilizing the Pd catalyst to some ex
catalysis. Therefore, once comparing |ligand
the ratio of t heverradtiee orf atde acft i yradd lbbmtwi wes c a
posstifl e.

Pd(OAC), (10 mol%)
CF, Ac-Gly-OH (10 mol%)

Q I L7 (10-20 mol%) | N A
] \ O CF3 e /
HT _ Ethyl acrylate (3 equiv.) \
27 AgOAC (3 equiv.) >

HFIP (0.1 M), 90 °C, x h EtO,C

1 3 15 19:68:13 5 3 13 19:69:12
2 6 20 19:68:13 6 6 18 19:69:12
3 24 37 18:69:13 7 24 34 18:70:12
4 48 40 18:69:13 8 48 40 18:70:12

{ OKSHHE AYS AONBSyYyAy3d dzaAAWHPI62 RAGSNBYld 21 RAY:

Sekfynt heti zed l i gands i n addi Lli7ommer €0 t b e mme
investigated in the model 2eh6tion for 6 and



Supported

Pd(OAc), (10 mol%) O CF,
Ac-Gly-OH (10 mol%)
F
Q  CFs LX (10 mol%) | A OJ\CFa
H @XO . Z 29
e Ethyl acrylate (3 equiv.)
Z 27 AgOAc (3 equiv.) >\
HFIP (0.1 M), 90 °C,xh  EtO,C
Ligand Entry time (h) yield (%) o:m:p
N CF 1 6 1 37:49:14
Ho |
(0] N Z
ﬁ’ s N 2 24 22 37:48:15
| xCFs 3 6 5 19:66:15
(@) N l N/
ﬁ/ L19 4 24 7 18:67:15
| | Y 5 6 1 32:57:11
/N N/
L20 6 24 2 32:57:11
CF
| SN 3 7 6 4 19:69:12
/o N/
O L17 8 24 5 24:65:12
| x-Cfs ° 6 0 0:0:0
S ~
7
n-Bu L21 N 10 24 0 0:0:0
2 M CFs 11 6 0 0:0:0
1
S Z
n-Bu/ N 12
L22 24 1 34:21:45
o CFs 13 6 9 30:63:7
N |
P N7
nBU |, 14 24 9 42:48:10
CF3
| N 15 6 0 0:0:0
S P
N 16

{ OKSWS A3l yR

by the

AO0ONBSyAy3

dzy RSNJ RAUGSNBy

NBI Oa 2y

revech@méd BEhYyr ¢ XR&dif dhe Bljed

hi gher realdt9i S¢hegmda hanidg), YEntryw hke poor regi
combination with ptsvuiggest ¢t Swatsa abte hoanvsi,ng a s
bi dentate |Iigand instead of hefillaZlhloevedCo ht
in preseL-@HLOA SAbEmel 7TEnt ry 3) poor reactivit
were oOobserved. HowevElg Schemtd Ept e ye29ge ofeac
i mproved al most to the same extent wWhen bott
Entry 1) and the steric2cdwtEmdliIr yi & emsha&nced



Hence, we concl luderdomdhtaeds | ¢ gtaamldyt i ¢ activity
l igand insteaanoboi{A®PEMmMIG]I asbakteing as a spect at
the steric control of the catalyst. These e
behaviour in the catalytic cycle.

Even t hreegvher xixlpielriismeqnd ssh 20 Scheéemea 4dEntry 4)
was more r elRdli2i3vec hdmdét 4 EnByrayf tler testing in
reac,t23®chemee 6Entry 13 and 14) was the only
that | ed to pAodecy WeddkaRldamul d be a possilt
for no productL2flio2rZzmati2i4&rc h e snie nEgn.t 1rby2 9&Emd r vy

15 6): | ow coordinate Pd species are not stat
(e.g. Pd (0) WWlack formation).

H/ D exchange resultsHibdnhndatkebowgeiabl eoCoc
results above might slu2g8gaess tn oth atth ee vreonsHtt hroeuagch

activation step, this Iigand might, for e X
subsequent carbopall adation step, l eading to
| i ga®dds.

Pd(OAc), (10 mol%) O CFg

0 CF, Ac-Gly-OH (10 mol%) S )\

)\ LX (10 mol%) I (6] CF;
7 XYY" ~0” “CF, - =
HT _ Ethyl acrylate (3 equiv.) \ 29
27 AgOAc (3 equiv.) >

HFIP (0.1 M), 90 °C, 6 h EtO,C

Entry Conditions yield (%) o:m:p
1 no change 11 37:49:14
2 Without Ac-Gly-OH (L6) 9 31:52:17
3 Without L18 1 35:55:10

{ OKS&i® 2y i NRBf SELISNRYBaGGH 80 2ya0 NOYMR/SY Gilki- S f A 31 Yy RO

Li galnl2ddand 1(7Sc h&mebBnt r8) 5depi cted poor reacti v
poor steric cohni(BohetheinpafTlked tesults suggest
t he ILbeansiisc groups intended to perform as subs
too strongly to the met al center, bl ocking t
Contrd7,y2 A 8chemel8Entry 1) showed i mproved s
or tfhvoncti onali zation) and higher reactivity

i ncrement in yield was observed af tienrac2tdi vhe

from that time onwards.

ny



BasedL2dmr omi si ng

catalyst activity:

resul

t s, sever al

guest.

ons

1 .Fur nii rs@ -fie mbeedpal | adaygiyced @ealk2ithgnkercanhain

enhacae¢ al yst

reactivity?

Af ter,L288Sbhe&@&melBht 4y presented poor efficienc
mol %, confirming that ring sizé!'chd influenc
Pd(OAc), (10 mol%) (0] CF3
Ac-Gly-OH (10 mol%)
Q  CFs LX (10 mol%) I\ o)\CFg,
X 0~ CF,4 > =
H—,/ Ethyl acrylate (3 equiv.) \ 29
27 AgOAc (3 equiv.) >
HFIP (0.1 M), 90 °C, x h EtO,C
Ligand Entry time (h)  yield (%) o:m:p
1 6 20 15:71:14
5 CFs3
/O N/ 2 24 34 14:72:14
L27
3 48 33 15:71:14
¢ 4 48 12 18:68:15
~, | Z
(6) N
L28 52 48 1 15:70:15
a. reaction run with 20 mol% L28.
(OKSWY 2 YLI NR A2 toydRWSSRKSGS00 G(NBYR& Ay NBI Oo@Ale
2.1ls | L»y7aonding in a hemilabile fashion?
To cobhXhemil abile behaviapropwal |l cband wasthsng
(L29 Sch2enie®dr amat i ¢ dreecarcetaisvei tiyn i n addition t
highlights the role of the oxygen containing
|l i gand might tumeN,it®-NdEnticity from

Pd(OAc); (10 mol%) 0 CF3
Ac-Gly-OH (10 mol%)
Q  CFs L29 (10 mol%) | X O)\CF3
A 0~ “CF4 > =
HG P Ethyl acrylate (3 equiv.) \ 29
27 AgOAc (3 equiv.) >
HFIP (0.1 M), 90 °C, x h EtO,C
Ligand Entry time (h) yield (%) o:m:p
N CF3 1 6 0.1 0:100:0
P
N L29 2 24 1 29:57:14
{OKSwmH ydSaodl ayad (KS RISikal Al yoRkE Sy (0 NSEKEF ZKARBENY RO
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3.From a SAR point of viiziper Woamadoe?® | ga
Substituepbsohi bhep8sioni omeof the pyridin

Even though the ideal conditions would requi
| oading experiments can be elucidating to s
catalystommencewral kiBBh 8c hemeA) was i nvestigat e
t o al | ecvh eccrkos smi ssi ng L& @ear ep oiinnvtess tfirgdanm2e0d ( Sc
B). The structural33dnfi2iés enlce $Heb sviepednuietnit o ro.n

The |omtdhuoncti onal iL2&tindrs udiamg hi gher steric
valileh tpesbtion of the pyridine ring is cr
control. I n ter ms olLf3 acfaftoarldyss tp rpoedrufcotr niaonrcnea,t i
both | oadingk2A ncardtdrigariyont,o a sl ight 1increas:
when hli3g3headi ngs are employed, showing that
|l ead to | ower reactlifon rates, in contrast to



A. L33 investigation in the model reaction

Pd(OAc), (10 mol%) (0] CF3

- - 0,
CFs Ac-Gly-OH (10 mol%)

Q )\ L33 (10-20 mol%) | A 0~ "CF4 X CF,
TN O CF3 > 4 /[j
HT _ Ethyl acrylate (3 equiv.) \ 29 N~ L33
2 AgOAC (3 equiv.)
HFIP (0.1 M), 90 °C,xh  EtO,C

1 3 8 20:66:14 5 3 15 19:67:14
2 6 18 20:66:14 6 6 21 19:67:14
3 24 36 19:67:14 7 24 40 19:67:14
4 48 40 19:67:14 8 48 44 18:68:14

B. L27 investigation in the model reaction

Pd(OAc), (10 mol%)
Ac-Gly-OH (10 mol%)

)\ L27 (10-20 mol%) | A
T 0~ “CF3 > =
H< P Ethyl acrylate (3 equiv.) \
27 AgOAC (3 equiv.)

HFIP (0.1 M), 90 °C, x h EtO,C

10 mol% LX

Entry time (h) yield (%) o:m:p Entry time (h) vyield (%) o:m:p
1 3 11 15:71:14 5 3 16 14:72:14
2 6 20 15:71:14 6 6 22 14:72:14
3 24 34 14:72:14 7 24 34 14:72:14
4 48 33 15:71:14 8 48 35 14:72:14

4
>
>

{OKSHEEC AYS AONBSYAYy3d dza A yHods2R[R®IOSNBY G f2FRAYIA 3

Pl otting the/l3izmandl 7/(fRiogure 2illasdr2at2y t hat
|l i gh2n"deaches a plateau after 24 h (in both |
L33and7rare still active, even though product i
first 24 h. We wondered i f during the cataly
i b2 7mi ght be too strongly coordinated to the
of the active catalyst and subsequent substr
l' i fetime could inwpthnt¢ipglaadbéi optiumi ngd



Ligand screening in 10 mol%

yield (%)
N w
o o

=
o o

0 10 20 30 40 50
reaction time (h)

—e—L7 10 mol% —e—L3310mol% —e—L27 10 mol%

CAdweNMBt t 20 2F 2t SUYyFGESR LINRRdzOG g8t KRy Wa WEBHOd 2y oY

Ligand screening in 20 mol%

——

N
a1

w
&)

yield (%)

~h o>

0 10 20 30 40 50
reaction time (h)

——L720mol% —e—L3320mol% —e—L27 20 mol%

CAIweNBt 20 2F 2t SUYIF ISR LINERdzOG g HSHIW[RGY W& WBHKO®2Y oY

Ulti matel y-baskdsexpPABRIi ment s, i ndicated that
Substituepbosini édmmeof the pyridine ring, ster
enhanced (in the case of the etHei asdhkwoabs:!
reactivity increased (inlL3phe case of the met



4 .Can we increase catalyst reactivity by 1in
derivatives?

Results have siCdvam dd@ GdMet nbooitent i eposnt ittcre GFf
pyridine ring led to quite similar reactiv
decided to k-€EBgQr aspngmddhietei 8n since it toler:;

of reaction conditions ttossbestéessfeldl pysydth
Considerl2nvigaf tbatts i mproved steric-faacmobroli nd
compari si8Bamwd tho suppress possible catalyst
synthetize electronically different substitu
steric hindrance. As pointed out earli-er, he
cooreinatter medi at es, however this stabiliza
productive catalysis is not compr omi sed. We

substitutionall yOMealyirl®efggrgd Wp rtelksaud t i n  hi gh
L3 3a n db7.



2 .

Three different | igands were propose2d palnd t e
The |igands shoeaeflideibengh etco riompart el ectroph
metal center, leading to a fkthshd@dh¥ hneetradsaulitosr
show UWWa$cheme 1Ent r yL3 1()Scahm@me 1 Entry 2) f ol l o
criterli3a( Sawh&me2 1 Entry 3) showing slightly I
the modest I mprovement iin reactivili2ylL3a2nd st e
was not further pursued.
Even t hough we coul d consider 6% vyield ga
measuremechethe@@dEntryvdr &gmslr® 3), we deci de
these small increments in yield as significeé
L7antd33 n terms of reaacrt voB Gwidthid pegmpt ed us
i nvesti gaB@adg odtuaemtei {g materi al
Pd(OAc); (10 mol%) (0] CF3
Q  CFs AC_?§-82$3|;:)0%) Ny o7,
H@)ko CF Ethyl acrylate (3 equiv.)= \/ 29
Z AgOAc (3 equiv.) >
HFIP (0.1 M), 90 °C, 48 h  EtO,C
Ligand Entry yield (%) o:m:p
o -CF3
N O IN/ 1 38 18:68:15
FsT/ L30
. l\CF3
/C[O N 2 38 16:68:15
F F L3
x-CF3
I
/f:(o N7 3 32 14:70: 16
L32
{OKS#ES A3l yR AONBSyAy3aIod
l'ts higher rdBlkbPeinvziofayl ewearss usmmedi at el y obser\
conversion3. E3cAemehe reaction times increas
depadtncreasgand perfor madncecheém@eeeEndd gr 8n
the first 3 h the catalyst shows the highest
reachi ng aaf tpelrami2edeculn , suggests that the cataly:

24h.

BEi5net uni kegnidfdibtgldBeds i g n

pn



L7( Schem 2Entr y3&9chaene22Entry 6) are the 1|ig
performance after 24 h. The poor reaction ch
i ndi cat epr adcuactt sbymi ght be formed. Considerin
i nvestigat2d®B8 Scheme

Pd(OAC), (10 mol%)

N Ac-Gly-OH (10 mol%) | SN
H_:()/ LX (10 mol%) P
Z > 31

Ethyl acrylate (3 equiv.) >\
AgOAc (3 equiv.) EtO,C
HFIP (0.1 M), 90 °C, x h

Ligand Entry time (h) conversion (%) yield (%) o:m:p
CF
| N : 3 83 37 6:56:38
Z
O° !
Fs L30 2 24 99 44 4:55:41
CF EE.
F | SN 3 3 3 89 47 7:55:38
0 >
N 4 24 99 47 5:53:42
F £ L3
5 3 72 37 7:57:36
| N CF3
= 6 24 7 2 :55:4
N L33 9 5 5:55:40
| - CO2Me 7 3 63 41 7:56:37
N/ L7
8 24 96 55 5:54:40

{OKSH/ A3+ yR aONBSyAy3a dzadiy 3l & ya B SEOYIMNR Y IN& XK f NS y &

Based on the mechanistic studies, catédlyst
Using this temperature for the follow up sci
3h, a dramatic decrease in reactivity is obs
drops byScheEm@Q2Entri eeer BSwch3de,he’23Entries 1, :
After 72 h, chemoselectivity remains a hurd
throughout the courselL30@dndi3ihe irteaicst i pors s iubsliea
ol efinated product is being formedraagdmad si de
metmr oduct and paniesroenaesre en n72 h. Not withstan
product is for m&d hifghelri ghthi ug itnlgat t he choi
determining to see ligand trends.

pp



Pd(OAC), (10 mol%)

X Ac-Gly-OH (10 mol%) X
H{j/ LX (10 mol%) | _
|
T4
Ethyl acrylate (3 equiv.) >\

AgOACc (3 equiv.) EtO,C
HFIP (0.1 M), 40 °C, x h

Ligand Entry time (h) conversion (%) yield (%) o:m:p
CF
| A 3 33 9 7:55:38
Z
f ° it
50 _ L30 2 72 88 35 5:53:42
CF .40+
F | BN 3 3 3 36 6 10:49:41
(0] 2
N 4 72 90 26 7:49:44
L31
F F
5 3 18 1 0:51:49
| N CO,Me
= 6 72 66 32 7:51:42
N™ L7

{OKSHSH A3JFyR &aONBSYyAy3d dzady 3l & ya &l SOYi MR Yl NS XK §- NBE Sn x

To i mprove chemoselectivity and further i nve
experiments we Bt geffeoer mat (S ehmp2eaRadl siir e

Pd( OAlcgand | Lg&amBdand7al | I n 2 mol %, rass ulhtes r
temperature increases, t he whielh ke nmionscerl eeacstei sy i

wor senwWi thedthechemoywbbecarted80 UC 2(. Q4hEenmer y
2,6,10i)s tHelevant tsot gad twid\giotwy b3tihec hMmd 4
Entr.YCo@}Yr ol exmpleyi mbes enlced Soheme 4Entry 13 a

14) showed that the catalyst functionali zes
positieomwsthe colBLBAtDDWM tRGIAHLOG i s cruci al
achieve higher steri° control and reactivity



Pd(OAC), (2 mol%)

Ac-Gly-OH (L6) (2 mol%) B
H_:(j/ LX (2 mol%) | P
F >
Ethyl acrylate (3 equiv.) >\ 31
30 AgOAc (3 equiv.) EtO,C

HFIP (0.1 M), x °C, 24 h

e L O
FN 0o N /C(O NG /(Nj Without LX
5 — L30 - E L1 L7

T (°C) Entry conv. (%) yield (%) o:m:p Entry conv. (%) yield (%) o:m:p Entry conv. (%) yield (%) o:m:p Entry conv. (%) yield (%) o:m:p

90 1 70 44 9:54:37 5 80 52 9:53:38 9 66 52 10:53:37 13 56 40 19:37:44
80 2 59 42 9:54:37 6 74 52 9:53:38 10 55 44 10:52:38 14 48 38 18:36:45
70 3 42 28 9:55:37 7 59 32 10:52:38 11 42 24 9:53:38
60 4 30 20 9:54:37 8 47 22 11:50:39 12 33 17 9:51:40

{OKSW®& GFtead t2FKRAYy3 SELSNAYSyGao

Catalystekpeadimgmpitcsted an i mprov2d Hewévoe man
advances in catalysis, especially in this pi
the process efficiency in terms of time, cos
Even though the synBlietinmtr dwthgtthoy,obttasi bene
t @7are not significant



2.38ummary

I nspired by the potential of hemilabile | ige
t he goal of this project was towdéehbhi gotantdi
i ndustri alf oapplhiec atoinadri rect® 8 PHetahat ymedoC(

An i terative workfl owwaaendiodtliornwgdof Fimhisedyst
3,6i substituted pyridines with different el e
goal was to build SAR for further enhancing

of CiHeacti vati on step, reversibility studie:
mai nly -deomt edeat i on degrees (under the react.i
studies), |l i gands that presdaretueadce rmdrn e etdiwaetr e0
in the mod@pometaestiiomg i n the model reaction.

we wer e iabelnet itfoy i nterest:Lh@L3 GaenniiBIll alAidide t 1 oga
experiments with a Ibiagsaincd(L @)oatek iengk ey It®wicson
hemil abil e behaviour.

Gi venexthenworvke undaend atkleens Uhskawtfi al i mproven
published,lcohdhestemst emporarily halt further
project.

py
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2. Buture Directions

The discussion of the results highlighted wh
Hence, suggestions of which aspects could be

As briefly mentioned during the reversibili:~
could have been the reason behind the | ow H
pl us cons-gdengngneestigations by van Gemmer ¢
reactc¢omadi ti ons could be tried to observe the
I mprove catalys®2. gBsign ( Scheme

Considering that nNo reoxi dadawtneroaft i FPPdn inse crhea

silver salts could either be removed from ¢t}
amounts (e.g. 30 mol %) since silver salts ca
A smal l screening of silver salts can el uci

reacti on out come or not .

One of the roles of tahcet baisd eart at Bt driilalndbas
activatvo@MDneemani Fralp ownvest i gletuiteerr aam ode h
shown t hat addition of carbonates as extern

(KKQ®) in stoichiometric amounts (-degternatoironZ
degr ee, possi bCiidA tot asitada gi.oanTthlee ef or e, probin
external base could be relevant to study.

Testing har sher riemct henrevedst bohsty studi

temperatures and hi gher reaction ti mes, C O
benzo2aJei 6 a hi eglhelfyi celeendt rsacunbstr at e, and <co
functionali ze, SO increasing temperatures t
using the hemilabile |igands.

Additionally, reversibil O yasr eaadcdtiitcebv)ei ofaeh. hge
al so be studied, since it 20wes oanbnd eersv @ ¢h ctr leaats
deuteration.



Pd(OAc), (10 mol%)

(0] CF3 Ac-Gly-OH (10 mol%)
Hemilabile ligand (10 mol%)
D 1 A O CF3 -
S HFIP (0.1 M), 120 °C, 24 h
Entry Deviation from standard conditions Deuteration Label (%) De-deuterated Product (%)
1 no deviation
2 Silver salts (30 mol% / 50 mol%)
3 K,CO3 (1 equiv./ 2 equiv.)
4 H,0 (10 pL)

{OKSHH dzZ33Sa a2 YLINROS (KS NBI Os2y O2yRAez2ya T2N GKS

| mprovement in the |Iigand design, to ultimat
i's an additional suggestionlLl18akiirgdg eidns mi rSaxth
2.,4a shift in Stoewbiuhat non fomdm offer the i
of hemil abile I|Iigands, but 1 n prGln@EH(W e coul
making the process m®aore patseimbetobhymicoul d be
Lewbasic gsosplssti tuti oanltll gcénabt tassi gerxs earentail
bas(eSche&emeAy Al ternativebygsi addi ogpdetvhat not
substitutionally 4Jdalsiel d SEhBnzel so as CMD

A.
FsC
FiC Y FsC
| N , 3 O
Z N _— ' -
N Pd(OAC), P - N
N —>» AcO—Pd—N -20Ac |
I F—Pd—N
OAc ‘\)
8- F,C
3
AN FsC
| ’ X
z [
N P/

{OKS#8t g2 LIaaiofsS yS¢g fA3IFyR RSaAdya yR Ada Y2



To suppress side product formation (observed
reactions could be run under mdcaowagesconodih

high temperature and heating control and f as
could be adaismwei $had chtaly¥st | oading

It i's possi bl e thaitn persetciad qauiyrsead foao mtah atont he
specda@ars be deltikaté@educt i ochHepreae odt o ensur e
of the |Iigands to the metal before the start
to perform some experiments in which the |ig
at a | ower temperatur e ottHaonweHdFIbR kdiel iandgdip
remaining components.

Considered as a fimagic solvento, HFI P has b
transition metal catalyzed reactions, playin

solvation of transition states) ahnd,Difoonseqlt
to its |l ow pKa, HFIP can be deproton®a®d and

Thus, we considered whether HFIP could behayv
the hemilabile |Iigand to modul ate the cataly
due to the inherent reactivity of heteroar e
develidglpaCti vation methodol ogi es. Hence, we s
active catalysts, foll owing t he hemil abil e
functional ipz @tsieovbuteliseor| tvleent s, s u*éh '%’s et hanol
Additionally, the workfl ow described herein,
i n the choice of reaction conditions for th
di scussed, the reaction conditions wusstd i n
identical t o t hreonmdddeslct eda dPtdi?itha tqd leyffa endat C O ®
aremesHowever, based on the knowledge subseq
in H/ D exchange, reaction conditions could b

i ntloe feasi GiHaicty vat i olmecan be provided.






3SildvedNendir ecCaetdal Bz €)dH C( s
Ol efi nadAt enasof

3.1lntroducti on

Back in 1987, the United Nationsdaeawdli mmpprde rstu
thateets the needs of the present without (
generations to meeéaChtehneiisrt sowni nn eaecdasd.e mi a and
critical role in fulfilling this principle.
i ts i mpact (e. g. wast e generati on, use of
i mpor tta*nce.

Advances in sustainability haCtCieHaldadniama‘de .i n
12However, the use of sil)vest wiadhiso meytpriiccal d g
hampers the widespread use of this technolog

Silver salts exhibit mul3i)fumsctiamnalcthel@awiro
the active species from -Jbat amey@iHapgn etviae $s omn;
step (e.g. for mat i oinmefqlbbomp Mexas) ; as a Le
enhance the electrophilic character of subs
hali des that may decrease catal ystthteurarcdv e/re;
catalyst; and additionall y3it can support th

I t s role in the <catalytic cycle wildl di ct a
stoichiometric amounts. Wh e)nc autsaeldy sats, as il evveirs
be used catalytically. Converseglsyt,oi shil oemet r
amonts when empl oyed as hali de scavenger o]
i nvestigations to elucCHatcei vaei owl|l profocol
directly influencing waste production and co



Metal
percursor

Ag as activator

Ag as terminal 2A9(0) R3C—H

| L,M"X
oxidant Ag as (co-)catalyst
2 Ag(l) HX
n
E(Electrophile)
Ln Ag as co-catalyst
R3C—E /Lewis acid
Mn

Metal
percursor

Ag as activator

Ag—Hal RsC—H

Ag as halide L,M"X
scavenger / \\ Ag as (co-)catalyst

M"—Hal /

E—Hal(Electrophile)
Ag as co-catalyst
R3;C—E /Lewis acid

Ag promotes Ln M(n+2)_E
coupling
Hal

{OKSD®S DSYSNIf NBLNBaSyillez2y 2F (KIS LRAEADE PREYCOMBTERL O NI

I n the context of this dissertation, we wil!/
oxi dant, i@indumecwi @Gnalization methodol ogi es h
cheaper and greener oxidants.

Back in 2010,wRrikdares dawelcooped 2pHH noyan ateicd re

protocol, usi-magsad duatl allyg@@dagumonadénnat ¢ |
and-Ablet-#l aniLh®as( bident 66e hd3mea®Dur i ng reacti
optimizati on, sever al oxidants were tested

Cu(l 1) sourcesprecved, t CUuUb®Ad)he bes€CEQ oxi dar
afforded |l ow yields. Even Xiwagh uderdi ngp Pao
hi gher yields in the awdneatiiemn afresneme ¢lhec
efficientl ypytoasepr €@mgtO&AchPd(0) reoxidati on.



Pd(OPiv), (10 mol%)
L35 (20 mol%)
L34 (30 mol%)

@i KsFe(CN)g (0.17 equiv)  \C @i

KTFA (1 equiv.)
oxidant (2 equiv.)
HFIP (0.77 M), 85 °C, 24 h

Oxidant yield (%)
Ag,CO3 14
CuO 24
Cu(OAc), 81
CuSOy4 9
Cu(ClOy4),'6H,0 6
Na,S,0g 4
Benzoquinone 5

{OK®DMS hEARIY({d &ONBSYyAy3 LISNF2NNSR'GRANEY T NBYDEAFY ALI8 WX KR o
ddz0 AUNAEER RSGSN¥VAYSR o6& D/ dzaiAy3da vSaadetSyS I|a

When substituting silver for an alternative
a chemicahesgpeci @ be addressed, is.teo, gtah en toear
|l ose eldeawewvwers, the redox potentials values
(typically measured in aqueous solutions) ce
solvent, temperature and |idantst agt ashedamp

the oxidant screening pur siHdcnaadn ohheof namai
(Sche8me the standard redox %eat &n fHga IVse rsfusCu
Ag(l)/ AgeE0)0. g8 learly illustrate that und
conditions (T= 298.15 K and 1 atm), Ag(l) [
Since no standard reductiobapedecttal gstor st
we can proposer daatti awwm deean dihtei on3s.,2deipli ¢ ¢ e dmi g
be a |l ess selective oxidant in comparison to

A possible set back when using strong oxidani

i n transition met al catalyzed reactions, i
undermining productive catalysis. Therefore,
feasi bility of an oxidant to restore the acti

at a rate that surpasses cohfeting decomposi

Continuous i mprovement of methods remains es
Section 1.4.1), de Vries, van Leeuwen and c
stoichiometric amounts to reoxi d)iHoe ePfdi(nOa)t itoon
of aniline der3vatBiAvdew( YSelmeme | ater, Liu, G
usi ng catalytic azmiomwm ntcso miwif na@u (0OAcwi t h mo | e
successfully improved the previous method no

in enhanced redc,t3iAd .ty (Scheme



A. Conditions by Liu, Guo et al.
Pd(OAc), (3 mol%)

H Cu(OAc), (3 mol%) \n/
TsOH (0.33 equiv.)
AN -
C[ \g/ * Z 7COzn-Bu > o Benzoquinone (1 equiv.)
H

AcOH/Toluene (2:1), |
0O, (1 atm) CO3n-Bu
60 °C, 16 h

ZT
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During reaction optimization, the authors
consideration. Attempts to increase the yie
byproduct formation. At 80 UC, they observed
reduaedn | owering t he reaction temperatur e
i nvestigating the optimal copper | oadliingght t h
drop in yield, possibly due to copper coordi

Thi s oxi dant system presented by Liu, Guo
similarities with3thmeeWaekeirn pIo®s®ssthe Wack

i ndustrial transformation that( pclo@Bmeles acet
Pd catalyst
Cu co-catalyst (0]

= + 120 —m78M
H

® O
>/—\_|CI

LnPd—”
1/2 0y + L,PdCl, CI/
2H* X ! H,0
HCl
cu?* PdO)L, Cl,

>\ L,Pd
Hel /PdL 4
HJJ\

{ OKDWS aSOKIFyAay 2F G(GKS 21 O1SNILINPOSaa F2NJ G6KS LINE I

The catalytic cycle stddPdod eviitnh (tolmipd febxo ma t i G

nucl eophil i c 20a(di tSiudrs ebghdyednHi d e el i mination
acetaldehyde and Pd(0). To restore the Pd(lI
(Culassadml yst reoxidizes Pd(0) to PdA(I1),

by mol ecul'!d¥ oxygen.



Linking an environment al benign oxi dant a
transformation brings sever al advantages su
i solation and incredasétil atom economy.

One challenge in the application of-l inpied ul

mass transfer effici entsfleyr. cTdetfajviod eubriedt o (i & trniae

at which a gastaet $ qdi st$®nleclgairmi.ines such as a
flow rate, air pressure, temperature, geomet
properties (e.g. viscositvymtdfresdensity), <can
Sinmel ecaxwgen has a | ow solubahdtyyphcalrigy
mechanically agigmpaktledr yeasel she main primary
i nvestigating its ramtdatsldpespbaeeds oaambempr o
transfer. Studies by Arjunwadkar amd canwor k
increase depending on the i mpellLekedwesiegnnu
bi oreactor, reseabekhk aodduoowedkleys identifie
speed (from 100 rpm t o500 ornptn). B it B@acse d t h e
flow rate can also display a positive i mpact
gas flow rate ae®Odiet dohitchteerf akkt t hat kLa i
parameter, once the best conditions to get
should then remain constant i n subsequent e
met hod devel opment adai“d high reproducibility.
Mechanisticahkyespeeakitmgeet mechanistic propoc
Pd(0) to Pd(Il 1) ugiSchamdH3tcul ar oxygen

A.

0 X
LP®+0, —» Lpd]] 285 | pat" +H0,
0 X

1 I}
B.
H JOOH | 1x X
LnPd'(x 0 A LnPd'[X + H0,

L] v

|
0
_0 +L,Pd ”/O\ |
LPd®+ 0, — L,Pdl | —> [L,Pd{___Pd'L,
0 . 0
| +2H [
H V

{ OKSDPS ¢ KNBS YSOKIyA&aaO LINRLRAIfA FT2N GKS 2EARIFa2y 2F tR dz

Vi a an

wEd mMomd

associative substit uwiitdml enceud hmani axy, g

generating per oxolpwaltlha dciounnt ocnoimipalnetx i ncr ease |

cy



I n the presence of acid ¢ kt.agk.e sa cpeltaidca |aochigdr)mi r
wi td02(H5c h 8m&)

The second mechanistic proposal, Si mO2l arly
(Sch&8mbB) Mol ecul ar oxygeniMibondnfseom tme oPdhlI
I nt er meldjilat ¢ or(mi ng a hydropesoxwpahi adi um(ll
subsequently undergo protonolysis. It i s | ik
pat htwgst abntghez +2 oxi dation state of Pd durin

The third catalytic proposal, contr@rythe th
peroxopall adi(lumndernpdeesx reaction with a re
producing two equivalefWSoha8m&r oxi di zed ca

c o



3.8Moti vation and Goal s

The
i's u
t he
econ
gene
proc
addi
alte

Usi n
Si mi
repl
l i ga
bi de
stoi

Ul ti
rest

range of roles thi#éddltastlivati oanwasésunmect n

sed catfasluytsitomalclhyy oonEbcusbhfythe present
use of silver as terminal oxi dant, t he
omically viable oxidant systems, not or
rations but wi || al so al lod wHCt Aet iiwmactrieaal
esses in |l arge scale endeavours. The ind
ti boditees sby St ahl and coworker s, have
rnative and greener oxidant system in a

g as model reacti on t he)ithoolnedfiirodacttaaodm nReds |, ¢
l arly t o t he previous chapter, we bec
acement sshemdazhjf eHFd Pst arting materi al an:

nd system constant tih7Tesgmonode haswwdoamred
ntwet eleci ded to begin our studies with t]|
chiometric amounts, to verify their suit
mately, the goal is to find an environme
ores Pd(0) to PdAd(IIl), without compromisi






3.Bi scussion of resul ts

To begin our investigation on silver replace
oxidants in stoichio#mgéric amounts (Scheme

Pd(OAc), (10 mol%) O CF,
L6 (30 mol%)

Q )\ L7 (20mol%) | N 0~ “CF3
TN O~ "CF, - = 29
HT _ Ethyl acrylate (3 equiv.) \
27 oxidant (3 equiv.) >

HFIP (0.1 M), 90°C, 47h EtO,C

Entry oxidant yield (%) o:m:p
1 AgOAc 51 17:70:12
2 BQ 12 18:59:24
3 Cu(OAc), 13 17:68: 16
Cu(OAc); 8 17:68: 15
4 + KTFA (1.5 equiv.)
5 MnO, 11 17:67: 16
6 KHSOs 2 40: 35: 25
7 K2S,03 1 35:46: 19
8 PIDA 8 54:33: 14
9 H20, 1 25:48: 28
10  TBHP (70 wt% in H,0) 8 28:52: 19
11 TBHP (5.5 M in decane) 4 40: 48: 12

{OKS®BEARI yi 4AONBSYAy3 Ay &02A0KA2YSGNRO | Y2d

I n the presence of AgOAc in stoichiometric a
was obtaine3d,6( Bohemel), similar to &%B®@, previ
Cu( OAacn)d MNHLche8meée Entry 2, 3 and 5) presented
BQ depicted higher stemi ccoandbnthnradli . on Cw({ ®Ac
trifluoroacetate (KBEMS) Eratsrypbad)e dSchemerted
cowor ¥&ras, not superior tiondihei dsa&l loy. Cu( OAc)



Al t hough  :26ay®Athe highest yield, a possible
reactivity in comparison to AgOAc could be
Guo and coworkers: competition between Cu an

turnber .

idant s such ass) ,o0xXx @moe as(sHHISO 2%:03) osahd at e
iacetoxyiodo)benzene (PIDA), gave not onl
ntbsohenie, 3Entry 6HYdramglen8)pedp)o,xiale g Hstr on
idant than mol ecular oxygen afforded al mo:
idizing the <catalyst t(6c henmdes s BEBtdiTga X9 )d at i
tyl hydroperoxi deg (0TBHM)SdehiectameerEHnenr Yy 10 and
oved to be not competent oxidants, affordi

T oo o o0o—~Q
- £ X X 0 a X

I n an attempt to make this protocol more sus
perfor med 3()S.chlednent i cal t of stelee SrhsomMEN § r g b 4 Yy ¢
AgOAc in stoichiometric amounts 3. d@fHmtrrdye dl)a.
Taking into account that the reagd@t,i7Tolbntirny t2he
was not run under inert conditions, a yield
have been enanbolleedcoabliypagémepr esent the at mospt
sol vent .nnOnncge trhue reaction with degassed HF
at mosphere 3(,ScBemey 3) ., the significant dr
hypot hesi s.

Pd(OAc), (10 mol%) (0] CF3
L6 (30 mol%)

)\ L7 (20 mol%) | N OJ\CFs
TN 0~ “CF3 - = 29
HT _ Ethyl acrylate (3 equiv.) \
27 AgOAc (3 equiv.) >

HFIP (0.1 M), 90°C, 47h  EtO,C

Entry Deviation yield (%) o:m:p
1 no deviation 51 17:70:12
2 no AgOAc 22 17:56:27
3 Degassed HFIP 6 18:69:13
+no AgOAc?

a. reaction performed under N, atmosphere

{OKSD®PS / 2y GNRf NBI Osaz2yaod

Another interesting obsemetgariodmcwas nt hdhhedadr
AgOAc (SThemBatry 2). A possible explanation
Lewis acid, turning the Ssebhstci @ane , eaeand mo@®Me
enhancing electronic factors over steric fac
i n thenimesuhhaver | oading experi men3.sBmterye Iper
4) . Results show that the higher the | oading

TO



Catalytic silver |l oadings |l ow as 10 mol % al

(Sch&me8 Entry 1 3v,s7 BRelthreyrnendi cating that in o
silver not only acts as a termihfaltlixs dpmov &
the case, a Lewis acid additive could be ad
| oadings could be reduced. However, this pre

I nterestingly, once AgOAc is added in 10 mol
absefSehe3dmeg8 Entry 1 3d.s7 Eoheweuld)gesting t hat

guenching the molecular oxygen present in th

met al catalystpo3eibdlecidateitbry role, a re

AgOAc in 10 mol % in addition td&.MBoEretcruy a5) .o x’

similar outcome in terms of reactivity in bo
Pd(OAc), (10 mol%) O CF,

o CF L6 (30 mol%) P

)\ L7 20 mol%) | A 0~ “CFj
TN 0~ “CF,4 - = 29
HT _ Ethyl acrylate (3 equiv.) \
27 AgOAc (x equiv.) >

HFIP (0.1 M), 90°C, 47h EtO,C

Entry AgOAc amount yield (%) o:m:p
1 10 mol% 17 18:64:19
2 50 mol% 25 18:68:14
3 1 equiv. 41 18:70:12
4 2 equiv. 50 18:70:12
5 10 mol% + O, (1 atm) 16 17:64:19

{ OKDYPS {Af OSNJ £ 21 RAy3d SELISNAYSyi(iao

From these experiments we can conclude that
solvent and present in the atmosphere can, t
Therefore, inspired by the Wacker process, V
betewe -ei dants (in catalytic amounts) with m

Reactions wer e perfor med using sée amp podr t i
I nformation, GC®hnlenmwad stpirpateidam eof3fLoEmdBn y( I1)

and copper (1I'l') 390uErciLtBy (Skcbeen@ thh,atc aatfatleyrst
turnover was depicted by s3OmeEobpped, 6oanded
Cu(BMNQ3:B (ScHB&meEntry 10) giving the highest

promi ssorRgdants were theh invaddigaboepdt 6oot A&
have beead repobe wused i n combinat$mommemei t h
3101_4—143



Pd(OAc); (10 mol%) 0 CF,4

L6 (30 mol%)
Q )C\F3 L7 (20 mol%) | A O)\CF3
TN 0~ “CF3 - >~ )
HT _ Ethyl acrylate (3 equiv.) \ 9
27 0, (1 atm) + co-oxidant (10 mol%) >
HFIP (0.1 M), 90°C, 18 h EtO,C
Entry? co-oxidant yield (%) o:m:p
1 Cu,0 13 16:60:23
2 CuCl 6 17:59:25
3 Cul 4 17:59:24
4 CuS0,+5H,0 9 17:55:28
5 Cu(OAc), 9 17:63:20
6 CuCO;4 17 17:56:27
7 Cu0, 7 17:60:23
8 CuCl, 2 21:49:31
9 CuBr, 3 18:55:27
10 Cu(NO3),*3 H,0 19 18:53:29

a. reactions following General Procedure D.

{OKDWS 2 R2AREFY(G AONBSYyAy3I LISNF2NY¥SR RdzZNAY3I my |

Cu( OAxnN€u ( BB HO( Sche&3mel 0O Entamy )a2f f orded a subst
increase in yield 0f aed &da&O}fSwhéd8me aEnCuy 1

and TWBwo additional copper (1) sources wer €
regi oselSehteteilOEBDEAENA . Even though BQ afford
i n combinatiham whtem Osed in stochBome@Emticy an

7 vs S@8bhemEemR) ryits reactivity i sCwnOQAxcs)uper i
Cu(BNAB@HO.Apart 2f-8bp mh5b edioc y-h,pabe nz o qu DD@rt én a ¢
gave al most noScheme.tlioiBnmnt8rn y 2Mn20 2 ; 6, 6
tetramet hyl p(i TpEeMR Q)i( Ryci ebtxaybhj @ g 6e,t6 amet hg-l pi per
yl ) oxydeot aamEMBQ)Sche&8mel OEn#ldy, 9gave a regioi sc
similar to the result obtain&gd Emtthe2anbslkeunt

reactivity. |1t is important t-oxnaB@u{(sPAc)t he
an@u(dNBHOTwWi th mol ecular oxygen (1 atm), af
oxygen solely (present in the37soEmeny adpd at

TP
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Pd(OAc), (10 mol%) o) CF4
L6 (30 mol%)

)\ L7 (20 mol%) | N 0O~ “CF,
A (6) CF - Z
H_:())‘\ ® Ethyl acrylate (3 equiv.) \ 29
27 0, (1 atm) + co-oxidant (10 mol%) >

HFIP (0.1 M), 90°C, 47 h EtO,C
Entry co-oxidant yield (%) o:m:p
1 Cuy0 18 16:62:22
2 Cu(OAc), 36 16:62:21
3 CuCO3 13 17:61:22
4 Cu(NO3),+3 H,0 31 18:54:29
5 CuCl,.2H,0 2 24:46:30
6 Cu(TFA), 2 37:37:27
7 BQ 21 17:57:26
8 DDQ 1 0:100:0
9 MnO, 16 17:61:22
10 TEMPO 15 17:58:24
1" 4-acetamido-TEMPO 14 17:59:24

a. reactions following General Procedure D.
{ OK¥& ®BRARI yi &aONBSYyAy3d LISNF2ZN¥SR RdNAYy3I nT

sed on these results, we started to eval ue
ur cCeus( OAacn)@u ( B)MB HOT i n combinati on with mol ec

e reader Sshoul d hlme madhdes Ppwarject encount e
producibility. | n S ome cases, t he high I
reening, prevented wus fr omNodtrwaiwihnsgt aamadc¢ mnrg:
sure that similar pitfalls are nono-nrepeat
produes bll ts wi | | still be discussed. To en
reening tabl-esal wedl ibanmer al sopeactiono: a r
reening t haer aatlotohwesn dtehaed eorp t o assess the d
t ween screening. I n rare cases a control r
w gener al procedure was desitgndd,beamdy mewm
roughout the whole discussion, possibiliti

presented






3. 3l.nli St iagle®Gp toifmi zati on

Cu( OAxn€Cu ( B HOwere tested for | ongeB.lfeactic
WhiCe( B)BHOreactivity reached a p3.52lt eEalt rayf t er
3) Cu( OAdkepi cted a fdrom 4h lyiesee Schende 3. 10,
(ScheSmell En®H)y yf atl | owed by an incfeasecinfyia
possible errors, both 72 h 3d4hcHERtomy,d weiyten r e
similar resul ts being obtained for both <co
exhibited pyi Cud ddict)i on to the | Bctlu&mnitory i
46) , prompt edCus¢ BMBOHOsti inccke tid depicts higher
control

Pd(OAc);, (10 mol%) 0 CF4
L6 (30 mol%)

o )\ L7 (20 mol%) | N O)\CF3
Xy~ ~0” “cF o 7
H—:(j)‘\ 3 Ethyl acrylate (3 equiv.) \ 29
Z 27 O, (1 atm) + co-oxidant (10 mol%) >

HFIP (0.1 M), 90°C, x h EtO,C
co-oxidant Entry? time (h) conversion (%) yield (%) o:m:p
Cu(NO3)5+3 H,0 1 72 41 38 17:55:28
2b 72 41 39 17:55:28
3 96 42 40 17:54:29
Cu(OAc), 4 72 22 20 17:63:20
5P 72 18 18 17:63:20
6 96 34 34 16:61:23

a. reactions following General Procedure D.
b. 72h reaction repetition

{OKHS C¢AYS AONBAYIA YR dakkoyB & 2EA RI yiao

To enhance reactivity and coneoxirdgdamin,| ¢ @amipreg
increased3pbché@me good result from BHRg cont
Entry 1 equad. 1tloEnS ahye n2e) all ows us to draw
Il ndependently of whether the reaction is run
drop once the | oading is increased to 20 mol



A potenti al explanation for this is that th

even higher | oading than Pd itself, the high
the | igands, preventing pr oduattdlvyes tcwadtsad dsisn g
i nvestigated at a | ater stage of this projec
l ncrease in temperature, either wusing 10 or
performing the reaciRbnEmts8yY 0SUE2hSEhe e 2
4) . I'n all entries, the chemoselectivity de]
reactions wil|l be perfor med-catt ad0y sUC and usi
Pd(OAc);, (10 mol%) 0] CF;4
L6 (30 mol%)
Q )C\FC" L7 (20 Egl%) o | N O)\CF3
TN 0~ “CF4 T =
H—,O)L Ethyl acrylate (3 equiv.) \ 29
T4 27 O, (1 atm) + Cu(NO3),*3 H,O >
(x mol%) EtO,C

HFIP (0.1 M), 90°C, 72 h

Entry? Deviation from above  conversion (%) yield (%) o:m:p

1 10 mol% (control reaction) 41 39 17:55:28
2 20 mol% 24 23 18:55:27
3 120 °C + 10 mol% 41 38 17:56:26
4 120 °C + 20 mol% 22 22 18:57:25

a. reactions following General Procedure D.

{ OKDWE& ¢Saey3d G(KS SuSOG 2F KMAIAKSNI (GSYLISNI G dzNB a

Since -bremizPb @G e i a vedgfieclieecnttr ossubstrat e, v
i nvestigat g iarm elidocstt-shgait eB3n2ei f or der to see it

[

under the new oxi da3t.ilo3n Cshyosotse mmtg( Satsh B ma e Kk a 0 h
conditions previously repwontréaerisy 8\odmE@GEmMmmer
1), a yield similar to &WkeonneGur(edp®D HDied was
combination with (nboclheeGuell 8rEn2d), x yyemy | ow vyi el
comparison to AgOAc were obtained. Typically
0.1 mmol scal e, however 3.hle3Ent2r welacandnks) (W
on a 0.2 mmol scale to fully reprodliace the
crosscheck that increasing the scale is not

was run on the wusual scal e (O.Slc hm3nmoel 3 Erftorry |
3) so that we could additional |l HWF tPenmpzaa et ewi t
27 (ScddmeEntry 3).



The fact that the yield is | ower comparing
than when +einrp2afHElAR starti pgompt edi ailse t o
t hat t-cheet grahieni ng step might be the reoxidat
CiH acti vat®’f-oh*?step.

Pd(OAc), (10 mol%)
L6 (30 mol%)
L7 (20 mol%)
H >

Ethyl acrylate (3 equiv.) p ™ 33
32 O, (1 atm) + Cu(NO3),+3 H,0 (10 mol%)
HFIP (0.1 M), 90°C, 24 h CO,Et
Entry? Deviation from above yield (%)°
1b AgOAc (3 equiv.) 64
2b none 24
3 96 h + 31

0.1 mmol scale reaction

a. reactions following General Procedure D.

b. Reactions performed on a 0.2 mmol scale.

c. Yield determined by H NMR using 1,3,5-trimethoxybenzene
as internal standard with B as the sole product.

{ OKSY¥i® ¢SaofBf{SBNBK2A &dzoaldNI GSo

I n 1 ight of this knowl edge, wet eptnidug t d df fae
parameters to explore poteBBt4dlal ThenprsoV erme rt
mol ecul ar oxygen in o&%gHéhcesobasenatsonstpeot
can enh@anc(esele 3Settiwem investigated differert
Supporting |l nf ormati on, Section 5. 3s.clal,e as
experiment 8 40LSEhemg 4); instead of | etting t

flow of mol ecul ar wexngestagmbeghets, vi gor ou
temperature for 10 minutes und3.4l nbonldejcyullar o

I n the id¥edl gas | aw,

nw ¢€Y"Y
whenies the absolute pressutbeoffothbhmédgas (PRa)
the number of miestbé gasveémsh) , h PastKmohst ani
) a'vid temper at urd@antanr ek eklevpitnésc)s,n pitfapo@. t i onal
Therefore, using a Schlenk of higher vol ume

woul d be present i n the headspace, and Pd(0O
(Sche8md Entry 4).



Additionally, S i nCue( B)aB HWCeirn 7o nhb i wmskaitngn with
oxygen no more produ8tlliBnthroy maxd, (&ticlhyelmeacry
in higher amounts, to see whether more desir
side reactions bet weeaareo umlkiimg pdrdicreE n(tSecyhc r
31 4T he results from these experiments are s
3 .41

Evidencer egrondounci bl e results are visible 1in
menti ooned® Js,upirrm case a new gener al procedur e
a |l ack of a cloont3oBedheerti ynl was perfor med
day/ screening. It I's i mportant to recall t

Cu(BaBHOIi n combi naaifarerwi72h hQ | ed to a yield
(Sche&8megllEntry 1 and 2). WhdnaEhorygedl aSeshemi
we were surprised to see that wvigorous stirr

no significant di fferences. Upon reaction r
screening 3(43clkemey 2), a significant drop i
t hough we could argue that the control react

causes seemed mord phatéieblha,r db@se faced whi
reactions.

Pd(OAc), (10 mol%) (0] CF3

L6 (30 mol%)
2 )C\F3 L7 (20 mol%) ©)LOJ\CF3
A (6] CF - =
H_:O)‘\ s Ethyl acrylate (3 equiv.) \ 29
27 0, (1 atm) + Cu(NO3),+3 H,0 (10 mol%) >
HFIP (0.1 M), 90°C, 72 h Et0,C

10 mL schlenk, 1000 rpm

Entry? Deviation from above conversion (%) yield (%) o:m:p

1 none® 43 41 17:54:29

2 none (control reaction) 35 33 17:54:29

3 Ethyl acrylate (5 equiv.) 28 28 18:56:26

4 25 mL Schlenk 23 24 17:62:21
+ 1500 rpm

+ cross shaped magnetic stirrer

a. reactions following General Procedure D.
b. Reaction perfomed in another screning.

{OKDHHECSaoyd 2F RAGSNBY(G LI NrYSyGao
As the project occurred across sever al seas
humi dity conditions had fluctuated. Hence,

behavi Gu(¢ B)MBfHOwas not observed, during this
weighing the copper source were tremendous.

Yy M



Therefore, CuWwad®@HO cnwgt si de of the glovebox colt
source of error Wu( BiBHOtwae hreagtaxdt iiaans.he gl ov

and in all follow up reactions, the copper s
Moreover, the reaction stirring can be anoth
catalyzedybathon of anilides wusing mol ecul ¢
Buchwald and coworkers state Aqi ttahtei o®u pipso r
i mportant for the reaction outcome! The reac

to obtain high yields'*&nd reproducible resul

The vigorous mixing induced by stirring, i mp
| iguid phase, |l eddding to higher yields.






3. 3Lear ni nDat wreamMeitvn®pdt i mi zati on

Drawing on the <collected data and observat
Cu( BB HOwas weighted in the glovebox, and vig
stirring the reacdfiloow mixdearr 8upmdretri n@ | nf o

Pr oceHB)ur e

Based on these modificati ons(,Scthheéem®h eBvn-ttri ynel s

3y show that using the new procedur e, contr a
observed after 72 h, reaching a yield of 52¢
protocol devel oped, a maxi mum yieBdl oEnt3mMys c
2). Addition &f5lw&&menmr y( gghemeler mi BesddEnmterayxct i v
1 vs 4), proving that humi dity could be th

i rrepr odvu dieb)sluiptrya (

Pd(OAC), (10 mol%) O CF,
L6 (30 mol%)
Q )C\F?’ L7 (20 mol%) ©)(O)\CF3
N 0~ “CF - ¥
H_: 3 Ethyl acrylate (3 equiv.) 29
= 27 \
O3 (1 atm) + Cu(NO3)2+3 H20O (10 mol%)
HFIP (0.1 M), 90°C, 18 h EtO,C
Entry?  Deviation from above yield (%) o:m:p
1 none 31 16:68:16
2 47 h 49 15:69:16
3 72h 52 15:69:16
4 10 uL H,O 18 17:64:20

a. reactions following General Procedure E.

{OKD%EF ¢AYS aONBSyAy3d yR (G(Sasy3a ¢l GSNIFa |RR

Sincenotnhdei rect ed Pdd)idathéfyzedt Ceémpaf taor &rnes y

after 47h3.(7SEhéemg 1), our target is to exce
mind potenti al competition between the pres
reducing the Cu(ll) source to 5 nBo.61% Enatvrey a
1). To improve solubility of molecular oxyge

mi xt ur e 2fulnaveratO r oom t e mp e rdaotnuer e,t tloevesrt itrermpr
(Schadmdl Entl'f®l 29 ,showing an increase in reac
control reac3t.6lorEn(tSohe&me



Al t hough these deviations i mproved reaction

combined with other factors, they could | ead
Pd(OAc); (10 mol%) 0 CF3
L6 (30 mol%)
Q )C\F3 L7 (20 mol%) | A 0~ “CF4
A 0~ "CF - =
Hd s Ethyl acrylate (3 equiv.) \ 29
27 0, (1 atm) + Cu(NO3),+3 H,0 (10 mol%) >
HFIP (0.1 M), 90°C, 47 h EtO,C
Entry?  Deviation from above yield (%) o:m:p
1 Cu(NO3),*3 Ho0 (5 mol%) 54 15:69:16
2 30 min O, stirring ice bath 52 15:69:16
3 none (control reaction) 45 15:69:16

a. reactions following General Procedure E.

{ OKD%® ! RRAsa2y It aONBSyAy3 (lotS (2 S@rtdad GS t26SNI /dzoLLO
Y2t SOdz I NJ 2E@3ISy o

So faad, reactions were done at 1 at m. To see

can | ead to enhanced reactivity, we decided
combined with | ower | oad3d.imlg. oTfh eCuf(ollll)o ws anlgt t
combination of two individwouabhcscoprpeakagut &dr
screening presented results within the erro
screenings were combined for easier readabil
The fact that, independently of which pressu
a big variation, drawing conclusions is <chal
Entry 3 and 5, it suggests that regardless o
aply, the resul't i's similar. Even though it
proposes that an increase in pressure of mol

the number of mol es.

On one hmaodepgrmedues kiISehreme 3. 17, Entry 2 wvs

5 ndicate that there i s an additional facto
obtained in a consistent fashion. On anot her
there could be an ideal molecular oxygen con

yp



Pd(OAC), (10 mol%) O CF,

L6 (30 mol%)
Q )C\F3 L7 (20 mol%) | A 0~ “CF4
A O~ "CF - =
H{))J\ ’ Ethyl acrylate (3 equiv.) \ 29
27 0, (x bar) + Cu(NO3),*3 H,0 (5 mol%) >
HFIP (0.1 M), 90°C, 47 h EtO,C

Entry? Deviation from above yield (%) o:m:p

1 AgOAc (3 equiv.) (control reaction) 47 18:70:12

2 1.68 bar 37 16:68:16

3b 1.68 bar 52 15:70:15

4 1.34 bar 39 16:68:16

5b 1.34 bar 51 15:70:15

a. reactions following General Procedure E.
b. reaction repetition.

{ OKDW$c SadoaydI RAGSNBY(G Y2fS0dzZ | NJ 2E&@3Sy LINB A& dzh

As earlier diasccusns ebde, ptohsei tki vel y i mpa'c®*fed by
Regardless of which gener al procedure was f ¢
controll ede pae flow was simply adjusted in
connecting the gas cylinder and the Schl enk

flow rate could be t hea epparoadnuecti ebrl eb erheisnud ttsh ed i
't usipll&a that boosting reactivity and preve
to devel opp ntghat sgeguar antees that the pressur e
accurately defined and adjustedswilThkesbrephunamm
menti oneRutimr @ hREeecit oons

Neverthel ess, it is i mportant to reiterate t
future invest-igaiHi @ecd iivmtsiolnvenet hodol ogi es.






3.8ummary

An attempt t osalatnsli ndaetvee | séipl evae rsriolnde mr ect ed Pd
C(9H ol efinatiwas opuragsweence.s Encouraged by th
exhibited under the exclusive presence of mc
an oxidant system inspired byoxtildenWascker cpart
amounts were sCu(EKMdeld as witthle most -gxiodmE rsti an.g
Since we have o0bsylre8@a (sh atH FdloPel hypotad € dav e

|l ow reactivity, we assumed th@Hathe vaai enl isir
but the reoxidation of Pd(O)anaod ®Xidydysg .i Mpko
t he met hod i n an iterative manner as soon
hypothesi zenohepmodbheshbl & s, t hat -utphemursé a cbtei c

optimized -sioguihatmgsas transfer can work effi
Pd is improved.

The potenti al behind the project would grea
CiHactivation in preparative scal es, since t
atom economy and decrease the cost of the tr
follow the principles behind a sustainable d
Herein, we depict that silvervenenthgeowocernkei al |
under tamlden hes dlmstkammtfi al i mprovement,It datvlee p
chosteon t emporarily halt further devel opment ¢

yy
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3.Buture Directions

The discussion of the results highlighted wh
Hence, suggestions of what aspects could be

The first thing that coul édupbe Somtciemiized si 9 it
gabi quid mass transfer might-repr ddwecirbelaes ome
evaluation of parameters such as gaslpmngssur
side with different stirring magnet shapes),

up i deas can be taken from the | iGQaetraaltyuzreed s
al kenyl ation of arenes reported &dy0amdb doadnd c
purge themirxetaic@e@ eonl i mi tation of this method
excess of arene when-ddeiati egOmwath é6nadpiesctr on
reliable ,aredtrogudgt fferent mol ecul ar oxygen
identify the opti mal operating point. | n ca:c
catal yst turnoaver eateirdmr mhnagn autocl ave ¢
Additionall y,gdssmiintgurde & faev a&inltabl e i n the m

O2and2 Ngas mi xstaurdesAr@grf @ven comraprres saerde (vdarlyu)
experiments.

Most ofoxihdkeamnctos screened were Cu(l) and Cu(1l1
met all oenzymes present in natur e, testing It
out c olhe s .

In c@sEebh)BHO continues to Wwxi daet @eatheydiciorus

Cu(B®NLcould be beneficial, since water as adc
formation. Additionally, acrylate | oading ex
been r epoarctreyd attheatpol ymeri zati 63 it4%8 a potenti

Since silver salts in our model reacti on, a C
principle it might be possible to reduce the
acid. Testinwgoulhd salpssce nmimprove the current me
Last but not |l east, | igand screening is cruc

the most suitable for molecular oxygen medi a
and coworkers has shown that differantakridgan
redox potenti al of Pd(Ill')y/ Pd(O0), and conseq
mol ecul ar oxX§gen can be.






4 Sterically @bt tGaorlbl oexdy | Ca(tsi]
Formyl ation: A Compl &ment
Approaches

4 . 1lntroducti on

The pivot al role of synthetic organic c¢hemi
pressing societal chall enges, ' i ke heal thcart
t his di scipline i s cruci al for t he product
accsisbl e medicines. Hence, the devel opment o
synthetic routes to target mol ecul es, have

bet ween drug discovery and approval

A common approach to functioreAt i zenarbeafi cs
the arene nucleophile at tlacrk sWhenl & e cd o mplhé A
the aromaticity is | ost, the first step is r
restores aromaticity, (chetmd)t?he desired pro
The reactionEsegiedetit vvtyyande determined by
the a®ememeB)£DIG activate the ring awomdthavour

andampasi tEWhsdeactivate the ring andmdtaazour
posi,tiaonnd haloorgtahmogl asdaea ect i ng dFeactivators.

A. General mechanism of SgAr

H ® addition of E E
E electrophile ©_7 H  Joss of proton
- _
®

B. Regioselectivity of SgAr

EDG EWG Hal
+ M-effect - M-effect + M-effect
+ |-effect - |-effect - |-effect

{ OKS YWD SIS NI £ YSPKII yoAlaoy I2yFR {SELIS OGS NBEA BB SEBROWA (i S2 % | {i dz
ydzOt S2 LIKAf So

The predicted regioselectivieAy mecbaei oM. t hh
overriding substrate dependent el ectronic f e
positions vn&xABAwe $ hi rledsev awotu | MG be a val uabl e

support the streamline exploration of novel

dH



Two key FGs that are present in a-wnhndethari e
car bomgilét’y.To* access formylated arenes, a
approach i s -Hahaec kVirlesantetiieorn: el ectron rich are
a carbon el ecitmr ofprhtt th ed imaatehy | f or npahnoisdpeh o(r IMF )
oxychl PO@AETh(&lchl oro amine #Adr mesd hwpdom | § s ed
wor kup, giving the deds.)2 ed al dehyde (Scheme

EDG EDG CI (EDG cl
work-up 7
O == O T O
H |

{ OK SIS + A HAVSNSNBI Oo2y YSOKIyAAY D

For the synthesibsstoftutedbaxyylnes, Grignard r
with carbon)diexadpoé6€Obl(&SchemeEhdt 39 route

A
0=C=0 |\|/|gx
oy o H
Kng 4
e —_— I A
=
X= 1, Br, Cl

{OKS®S {eyiKS&Aa 2F OIND2E&fAO | OARA®

Anot her retrosynthetic approach would be to

oxi dative <cleavage. Common methods to cl eav
compounds include ozonolysi s, Upjohn hydr oxy
t herohnd4emi eux oxidation

Hence, using as foundation the knowledge al
nondirectaecd| Pd¥® 8 €(spinati,omnveofdearcd meped a t
protocol to afford aldehydes and carboxylic

cl assgAirc nchl@fhi sm.

do



Firstly, reoptimization of our dual l i gand
nondirected| pddH & epi nat iwans oifn vaersetniegsat e d .

the discovery of a novel |l igand combinati on,
obtained. Subsequently, the obtained C=C bon.
without intermediate purnfhaatjomnheWiotilkeft wb:

converted to anodeHy ke WwLredné reu x T,9%Whhnesroena so xtihdea
carboxylic acid waalght i msdi wag wetdb owv x dae ( 6
terminall®®dxi dant

I n the following manuscript and4sBQpaaodt i5n @ ,
respeogti wWeltyai |l s regarding reactapml iopab imlizta)
the method in a brmwadd sweb dtirsatues sseadopgen det ai l



4. Manuscript

The resul ts wermreg amu lclaibs gode bisn shed as:

de JesusDew, J., Chakraborty, E. and van
Or g. 2L0e2tbt7. 1 018BUIPS5 4.

For i mpr ovedlil eadmaebnrelsif ey eamade sno Ineucmbleer i ng wi |
remain identical toThédesowoppgi nhiahgpiubmi ocmait ion
i n the appropriate section (see Section 5. 4)
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Sterically Controlled C(sp 2iH Carboxylation and
Formylation: A Complementary Strategy to S  EAr
Approaches

Rita de Jesus, Yy Jyotirmoy Dey, y EIlisa

Otto-Diels-Institut fir Organische Chemie, Christian-Albrechts-Universit™ t zu Kiel, Otto-Hahn-Platz 4,

24118 Kiel, Germany.

N

CO,Et

1. Sterically c d Pd-cataly 2.
nondirected C-H olefination cleavage conditions - ~

+ No intermediate purification « Steric control of regioselectivity v Complementary to S¢Ar approaches

+ Valuable intermediates v Applicable to bioactive molecules

ABSTRACT: Carboxyl and formyl substituted arenes are key motifs in organic chemistry, typically prepared
via electrophilic aromatic substitution (SeAr) reactions. SeAr reactions hold tremendous synthetic value and
one of the key advantages is their predictable regioselectivity. Conversely, certain positions remain out of
reach, such as sterically accessible but comparably electron-poor sites. Herein, we describe a nondirected
C(sp?)i H carboxylation and formylation of arenes enabled by a dual ligand-based catalyst. By optimizing the
steric control of a nondirected olefination of arenes and combining this method with two distinct protocols for
the subsequent oxidative cleavage of alkenes, we can generate a complementary set of regioisomeric
products. The synthetic utility is demonstrated by a broad scope with suitability for late-stage functionalization.

Acyl and carboxyl moieties are among the most broadly applicable CiH acylation protocols with
prevalent functional groups in nature,  featuring in regioselectivities controlled by the DG. *

a wide range of bioactive molecules, ? 3 fragrances, Scheme 1: Comparison between SgAr Pathway (Path A) and
and dyes. 4 Their alkyl/aryl derivatives are prevalent our Sterically Controlled Protocol (Path B).

as precursors for functional materials®’ and as key

synthetic intermediates in natural products MeO

. 8,9 . H path A
synthesis. & ° From a retrosynthetic perspective, a o St memnanism \<):r(R
o

substituted arenes is through electrophilic aromatic

substitution (SeAr) reactions (Scheme 1, path A). 1% Electronic conrol MeO

13 Typical methods to install a carboxyl group M90\©/ R

employ organolithium or Grignard reagents in o N °

combination with CO2. *1° Formyl groups are

introduced using methodologies such as the pathB gn p Sterically controlled MeO

Gattermann-Koch®®  and  Vilsmeier-Haack?! s o C-H olefination ©/
0 oH

common way to synthesize acyl- and carboxyl- ®

reaction, which, upon acid-promoted activation,

MeO
enable the formation of aromatic aldehydes via an

SeAr pathway. Recently, various milder protocols _ 4‘—> or

have been reported such as biocatalytic Loce ? MeO.

approaches?? and heterogeneously catalyzed ’ e \?/

methods using gaseous CO or COx-. 23?5 Transition- conditions o

metal-catalyzed cross-coupling methodologies

giving access to the same product classes have Meo. f\ revious mathiod for Pecatalyasd

also been developed, 8 26 27 put predominantly NPT nondirected C-H Oleinaton: 53%°,aif = 35:65
. . . . . . via , \Nl‘.l

rema.ln llmlted. by the rellar.'(?e on pre-fun.c.tlonallzed NS ©s »_ re-optimized conditions for Pd-catalyzed

starting materials. 28 2° Additionally, transition metal- Lozt W=0  nondirected C-H Olefination: 72%?, o:B = 20:80

catalyzed CiH activation as an elegant tool has
been used on substrates having coordinating
directing groups (DGs) to enable efficient and

2Yields and regioisomeric ratios given were determined by
GC-FID using mesitylene as an internal standard.

dc
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Despite these advances, SeAr reactions and related
transformations remain among the most extensively
investigated and widely utilized reactions in organic
chemistry. One key advantage of these reactions is
their predictable regioselectivity which stems
directly from the SeAr mechanism. However, this
mechanism also implies that certain positions in an
arene substrate remain out of reach, such as
sterically accessible but comparably electron-poor
positions. Recently, arene-limited protocols for the
palladium-catalyzed nondirected CiH
activation/functionalization of unbiased arene Ci H
bonds have been developed, which have proven
useful for late-stage functionalization. 3*° In this
context, our group has introduced dual ligand-
based Pd catalysts in which monodentate ligands
replace the directing group donor atom, allowing
steric and electronic tuning while stabilizing the
catalyst. The bidentate ligands position the ligands
on the metal, facilitate Ci H activation via concerted
metalation-deprotonation (CMD), and can be tuned
(through donor properties, linker length, and bite
angle) to optimize sterics and electronics. By

combining both ligands, the catalyst system enables
efficient nondirected Ci H activation while remaining
sensitive to both steric and electronic control, with
steric  influences typically dominating the
regioselectivity. 4> 4 Due to the versatility of C=C
bonds as linchpins for further transformations, we
envisaged a two-step protocol. First, through
reoptimization of our dual ligand- catalyzed
nondirected olefination of arenes, 3+ 42 enhanced
steric control was achieved using a novel ligand
combination (Scheme 1, path B). Combining this
step with subsequent oxidative cleavage, carboxylic
acid or aldehyde moieties can be accessed. 434

Herein, we report a sterically controlled C(sp?)i H
carboxylation and formylation, an orthogonal
protocol that complements traditional SeAr
pathways. 47 In order to monitor which factors
govern the regioselectivity of the olefination step,
we chose m-cresol ether (1c) as model substrate
since its sterically and electronically preferred
positions are orthogonal to one another (Scheme 1,
path A and B).

Scheme 2: Substrate Scopes for the Synthesis of Carboxylic Acids

' Conditions A? '

| 7*stop | \@(%"’COZEC
Pd catalyzed - ™

i C(spd)-H :
olefination

©/t-5u

07 0H

Simple Arenes

OMe
DA DA
B B
07> 0H

07> oH

® 2a,70%% mp=56:44 @ 2b,83%,p:o =90:10
, 77%, m:p = 59:41 , 72%, B-only

a OMe
OH
g oH
o B gf

® 29, 63%°, B-only
. 53%, -only

® 2¢,72%, o = 80:20
, 51%, B-only

Late-Stage Modification

Phenylalanine derivative
® 2h,70%, m:p = 53:47
, 63%°, m:p = 66:34

©® 2f, 84%7, p-only
, 72%, B-only

. L
HoJ Hj(o

Nateglinide methyl ester
® 2j, 72%, m:p = 55:45
, 44%, m:p = 52:48

OH 0”7 oH

Palonosetron precursor
@ 2n, 82%, m:(o+p) = 80:20
, 66%, meta-only

Thymol Ether

47%", B-only

Oxidative
cleavage

|
0. o
S,

Flurbiprofen methyl ester
® 2k, 49%°, By = 61:39
,61%, By = 65:35

® 20,37%° Bio. = 92:8

i o

- |
o
i Yield and product ratio
of oxidation step®

Conditions A
Pd(OAc), (10 mol%)
BL1 (30 mol%)
ML1 (20 mol%)
AgOAc (3.0 equiv)
0 Ethyl acrylate (3.0 equiv)

oTIPS
\©/ HFIP (2.4 mL), 70 °C, 72 h
F

B

@ Yield and regioselectivity
of olefination step?

3

PN b F F
07 OH PN o H
0~ "OH PN N.
® 2d,72%°9 ponly @ 2e, 72%°(59%)%, B-only Q/T o”s\b F
L

, 29%°, B-only , 71% (40%)%, B-only

BL1
N N
o~ CLID XX
7
N N/ N
=0 ML1 ML9
(0]
Conditions B
0s0,4 (1 mol%)
Oxone (4 equiv)
DMF (0.2 M =1 mL)
RT, overnight

(o] (o]
o [e]
PN o | B
T e o
Y

B
Ketoprofen methyl ester
@ 21,57% (41%, o:Biy:others = 19:42:17:22)°

Evans-type reagent
® 2i,74%, m:p = 53:47
, 76%, m:p = 52:48

® 2m, 79%°, B-only

, 43%, B:p"y =57:22:21 , 75%, p-only
B
F3;CO.
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Sonidegib precursor
® 2p, 65%, B:p':others = 80:12:8
, 63%, B-only

Gemfibrozil methyl ester
® 29, 36%, B:a = 70:30
, 41%", B-only

2Reactions conducted on a 0.2 mmol scale (the olefination was performed on a 0.2 mmol scale and the crude product underwent
oxidative cleavage without intermediate purification); ° Yields and regioisomeric ratios were determined by *H NMR using CH,Br,
as internal standard; °© Isolated yields; ¢ Olefination step with ML9 (20 mol%) at 70°C for 48 h; © Isolated after conversion to the

QT



methyl ester; F OsO,4 (2 mol%), Oxone (6 equiv.), 48 h at room temperature; 9 1.0 mmol scale; " The oxidation was conducted
stepwise, synthesizing 40 and 4q first (cf. Scheme 3), followed by further oxidation with KMnO,.

Scheme 3: Substrate Scopes for the Synthesis of Aldehydes

2 Reactions conducted on a 0.2 mmol scale (the olefination was performed on a 0.2 mmol scale and the crude product
underwent oxidative cleavage without intermediate purification); ° Yields and regioisomeric ratios were determined by *H NMR
using CH,Br; as internal standard; ° Isolated yields;  Olefination step with ML9 (20 mol%) at 70°C for 48 h; 1.0 mmol scale.

Based on our previous mechanistic work, we
expected that fine-tuning the steric and electronic
properties of both ligands could render the catalyst
system less electrophilic. This would enable an
even more synchronous CiH activation pathway,
thus minimizing electronic influences and allowing
steric factors to dominate the regioselectivity. 4
After extensive optimization of the reaction
conditions, we discovered that the combination
between phenazine (ML1) as monodentate ligand
and an N-acylsulfonamide-based bidentate ligand
(NASA-ligand, BL1) delivers optimal results.
Notably, this catalyst system exhibits a substantially
higher catalytic activity and an enhanced steric
control of the regioselectivity compared to previous
dual ligand-enabled catalysts. Contrary to the SeAr
mechanism, which provides functionalization mostly
i n tpositionScheme 1, path A), “®4° our novel
dual ligand system overrides electronic effects,
giving functionalization mostly in the sterically

unhi nde-posittbn (Bcheme 1, path B).
Subsequently, two distinct protocols for oxidative
cleavage were developed. Carboxylic acids could
be obtained by using catalytic osmium tetroxide
(OsOa4) along with oxone as a terminal oxidant
(Scheme 2), % whereas aldehydes could be
synthetized in a two-step protocol, first converting
the alkene into vicinal diols followed by their
oxidative cleavage using NalOs4 under modified
Lemieuxi Johnson oxidation (Scheme 3). 43 With the
optimized conditions in hand, we decided to explore
the substrate scope to obtain carboxylic acids
(Scheme 2) and aldehydes (Scheme 3). 2a was
obtained with meta as major isomer, with
suppressed ortho-functionalization due to the steric
bulkiness of the tert-butyl group. Upon oxidative
cleavage, 3a was obtained in good yield. 1,3-
disubstituted arenes afforded products 2b and 2c in
high yields with remarkable regioselectivity, similar
to silyl protected phenol 2d that was obtained with
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