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1 Introduction

1.1 GH Activation

Carbonihydrogen bond functionali zation met hod

years(Figure 1) This bond, the most ubiquitous bomdnature, is widespread in several organic
molecules and the dewgiment of newstrategies for itsdirect modificationis still under

investigation.
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Figure 1: History of GH activation development.
All the approaches which provide the direct functionalization -off ®onds are called -GH
activationsi, 2,3
As an evolution of the organometallic crassupling theC-H bond functionalizationin last twenty

yearsrise up fastvith applications in the synthesis of complex natural progilgitsiogically active

1 WencetDelord, J.; Glorius, ANat. Chem2013 5, 369375
2 Godula, K.; Sames, Bcience2006 312, 6772
3 Ackermann, L.; Vicente, R.; Kapdi, Angew. Chem. Int. E@009 48, 9792 9826

4Gutekunst, W. R.,; Bar an, Plotal SyntheSis. Bhel. SoccRROIL1040, a | 1i9z7a6tTi109M 1L o gi ¢
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compounds but also idifferent other fields including pharmaceuticals, agriculturdpod and
energys.s

These reactions avoid the use of-prectionalized starting materialsy shorteninghe synthetic
pathways and conferring them an atenonany aspectLess chemical and labor waste are generated
as welland new GC/C-FG (Functional Group) bonds adirectly formed throughout catalytic
approacty

Most common cat al yisnalgatidnoeactiofd alferst-bseaordd antl-third cotv
transition metal§We will talk about hemlater in next chapters).

Theability to transforma G H bond in a selective mannepensnew routego virtually unlimited
use of this technique and allows the {stagediversification of different complex moleculdsor
these reasorns-H activation strateghas been inclugtl in both total synthesis antustrial

chemistry fields.

5 Yamaguchi, J,; Yamaguchi, A. D.; Itami, Kngew. Chem. Int. E@012 51, 89669009.
e6Mcmurray, L. ; O d.H-ChamaSoRdv.2011, 4G 48851898. M.

7a)NewhouseT ., BaranP. S. and HoffmanR. W.,Chem. SodRev, 2009 38, 3010 3021 b) Youngl. S. and Bara®. S.,Nat. Chem,
2009 1, 193 205.
8 Roanel, TranL.D., Acc. Chem. Re&015 48, 105311064.



1.2 GH Activation in Tot&ynthesis

In the context of target oriented synthesis, there are ngrabstrategic advantages in the use of

C-H activation approach. New-C and Gheteroatom borgicould be rapidly obtained withousing
pre-functionalized stamg materiat and by the use of geometricatlgfined intramoleculaneactiors

or target designed catalgst Sever al exampl e sH lorfid adivatpp strategyn t | y ¢
applied to the total synthesiare present in literaturén 1978, Trost an@oworkers reported the
synthesis of ibogamine through a tanderil @ctivation/reductive Heck sequenéagure 3. They
demonstrated that indole could be selectivid Galladated at the-2 with the use of Pd&MeCN)

in presence of silver tetraflumborates The G2 carbopalladate specie could undergo migratory
insertion with the pendant olefigenerating an intermediatecapable ob-hydrde elimination but

able to react with sodium borohydride leading to ibogamnolecule

| N PdCI,(MeCN),, I N
5 AgBF,
N
H H

Me
NaBH,

Iz

Me

Figure 2: Synthesis of ibogamine
In 2008 Bergman and Ellman proposed the synthesidnoéarvillateing a dimeric natural
monoterpenoid whose bicyclic consecutive piperidine ring system contain five sterecEgues (
3).10
Bergman and Ellman faced the challewgéh a thodium catalyzed €& activation,obtainingthe
substituted cyclopentana a good dastereomeric ratiolt is noteworthy that the insertion occurs to
the vinyl GH bond over the methyl-€El bond. An elegant feature of this synthetic pathway is the
direct incorporation of the Directing Group (DG), that promotes tite &tivation step inhte final

product.

9 Trost B. M., Godleski S. A., Genet J. B.Am. Chem. Sod 978 100, 3930 3931.
10 Tsai A. S., Bergman R. G., Ellman J. . Am. Chem. Sq&008 130, 6316 6317.
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5 steps
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Figure 3: Total synthesis dincarvillateine.
An innovative strategy in the preparation of coristatin A been published by Baréans gir ou p .
Cortistatin A Figure 4 is anabecandrostane steroidolated from a marine sponge that selectively
inhibits proliferation of HUVEC cells through a unique mode of actisiey step of the synthetic
pathway is th&C-H gemdibromination reactionLight and in situ generation of acetygobromite
affordedbromination of C19 (methyl group) that could submit a subsequent bromination at reduced

temperature. Cortistatin A was obtaingatoughout13 steg starting from readily available and

O,
H PhI(OAc)y, Bra; . i
:’) TMSCI, imidazole o N 0,
D o 57% O
H [gram-scale) H

Br, Me

1 O
TMSO Bre - o
3 steps
- v " o

o H
OHCN~[-0

inexpensive prednisone.

)
Me,N

cortistatinone |
> 1g prepared

Figure 4: Synthesis of Cortistatin A
Elegant synthesis oBioactive Zbenzazepines asproposed by anoniand ceworkers(Figure 5)12
Virelli et Al. devisedan atoniZand stegzconomicakynthesighrough a versatile palladiufratalyzed
Cidctivation str at e g yslowcatalestldading and a nyild llasej which wase q u

11 Shenvi R. A., Guerrero C. A., Shi J., Li-C., Baran P. SJ. Am.Chem. So¢2008 130, 7241 7243.

12 Virelli M., Moroni E., Colombo G., Fiengo L., Porta A., Ackermann L., ZanoniGaem. Eur.J.2018, 24, 16516 16520



reflected by a broad scope and high functidyralup tolerance. The benzotriazolodiazepinones were
identified as new heat shock protein 90 (Hsp90) inhibitiregd leompounds, with considerable

potential for ancancer applications.

GLY
95

184

GLY
97

138

Figure 5: Synthesis of Bioactive denzazepines



1.3 GH Activation irMedicinal chemistry

Many examplesn literature show the advantages oHCactivation strategy over classical reaction
such as crossoupling or multistep synthesi$o understandat better this phenomenon, a useful
example of €H activation step is exploited in the pharmaceutical resdesohMerck laboratories
for the synthesis oheGABA U2/ 3 anrintiparignt compound for the treatment of CNS
disordersis

Main difficulty found in the classical synthetic rowtasthe preparation of the boronate precursor
needed for theubsequerbuzukicoupling (Figure Hi4

M FsC _N

o 0 Pd(dppf),Cl, 7 =N
B KOAC

FsC /N _N =~ _N /
T / " CN - ; NG
x N 1,4-dioxane, 90 A C
Yield = 70 % O O
Br E
F O F F

Figure 6: Suzuki coupling in the synthesis of GABA2/3 antagonist
Accordingto the scheme3, more than five steps are required bbtaining the desired boronate
making company calls intoreew strategy thateducethe numbers ofyntheticsteps
Exploiting the G H activationmethodology, the intermolecular biaryl couplingsbeenperformed
starting from the &hloro-2',4-difluoro-[1,1-biphenyl}2-carbonitrile(Figure 7.

Cl X-Phos F3C N _N
Bu,NOAc 10 mol % T )
CN FoC /N\r/N Cs,CO; N
* N\/) - NG
X 1,4-dioxane
F
F

Yield = 80 % O
(-
F
Figure 7: Synthesis of GABAUJ2/3 inhibitor through intermolecular-8 activation
The intemolecular G H activation reaction affords the target compound #8eld andhe process
is suitable for kilograrmascak.
In this way, thenew synthetic pathway is made only by six stegtead of nine steps necessary with

the classic approach performed wiitle Suzuki crosscoupling(Figure8).

13 Cameron M.; Foster, B. S.; Lynch, J. E.; ShiJY,.Dolling, U-H. Org. Process Res. De2006 10, 398402

14 Macchia M.; Cervetto L.; Demontis G. C.; Longni B.; Minutolo F.; Orlandini E.; Ortore G.; Papi C.; Sbrana
A.; Macchia B. J. Med.Cham. 2003 46, 161168
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Figure 8: a) Synthesis of GABA antagonist with the Suzuki coupling as a key step b) Synthesis of
the coupling partner
Shibahara and coworkers described the advantage oflthadiivation approach in the synthesis of
Tie-2 Tyrosine Kinase Inhibitor. Theuthors proposed an intermoleculaHCactivationreaction for
the imidazole functionalization, starting from inexpeesstarting materialsF{gure §. Palladium
catalyst has been used in the key step affordintatigetcompound in 58% yields

15 Shibahara F., Yamaguchi E., Murai J.,0rg. Chem.2001, 76, 2680.



1.4 Crosscoupling reactions

CarbonCarbon bond construction have been wellelopediuring yearsln this scenarioyaditional
cross coupling reacti@took an enormous advantage in biaryl system synthesis during last century

(Figure9).16,17,18

M X
SO S
. )

M =8Sn, B, Zn, Si... X =1, Br, Cl, OT{...

Figure 9: Classical crossoupling reaction

The first example of these pioneristioupling was certaintlyhe Mizoroki-Heck reactionInspired
by this discovengtille, Negishi Suzukiand Hartwigand other chemists founded their metal catalytic
empire
Palladium isone ofthe most used metahvolving mainly two oxidation state: pallagm(0) and
palladium(ll). In a classical crosoupling reaction, Pd(0) is the catalytic active specie for the
process.
In reactions requiring K@), is more convenient to generatnitsitu from Pdll) complexesuch as
PdOAc)2 with specifically redumg agents. Any phosphinean be useds reductant avoidinthe
fide nova synthess and isolaibn of Pd(0)species. The reduon of palladium can be achievel$o
with the cooperative aid of amines, afles and some organometallguch as DIBAEH or BuLi
(Figure 10.

ligand p—Hydride reductive
exchange H elimination elimination
Et,N  + PdOL,X, )\N\,Pszx HPAL,X PdOL, + HX
EtEt
ligand ® PPhg rfdl.mt't\./e PhsPPd°
exchange PhsP O. __Pd elimination +
PPh; + Pd(OAc), Pd-OAc — = )
4 |
PhsP o _Jo—prr, 2
o OAc +
OAc PhsP=0
Ligand migratory B-hydride reductive o
exchange = insertion elimination X elimination Pd'L,
Alkene ; _— X X
Pd. X\( + +
X X UL H HPdL,X HX

Figure 10: Mechanisms for in situ generation of Pd(0) from Pd(Il)
Palladium catalyzed crossoupling reactionsstars, as the MizorokHeck reaction, with the

oxidative insertiorof Pd(0) inthe carborhalogen bond of the substrate order to formthe Pd(ll)

16 Engelin, C. J.; Fristrup, Rlolecules2011, 16, 951969
17 Chen, X.; Engle, K. M.; Wang, EH.; Yu, J-Q. Angew. Chem. Int. E@009 48, 50945115
18 Seregin, . V.; Gevorgyan, V. Chem. S&ev.2007, 36, 11731193



complex(square plananhat can be subsequently functionalized to form tiesv desired carbon
carbon bondFigure 1).

In the next stepthe tmansmetalation step, thaucleophile istransferred from the metalof the
organometallic specie to the palladium atahe new plladium(ll) complexformed, undergoes a
first isomeristion step and then a reductive eliminatiesding to the desired product.
Palladiung0) is regenerated in thedective elimination stepeady torestart thecatalytic cycle.

R1R2

L,PdO

R2X
Reductive elimination L .
Oxidative addition
L . . L
! Cross-coupling reactions i
L—Pd'-R2 L—Pd!-R2
| |
R? X
R1M
' cis—t(ans
isomerization Transmetalation
L
R‘—Fl>d”-R2
I
L

M-X

Figure 11. Catalytic cycle for crossoupling reactions

In all the crosscoupling reactions/e take advantage of this type of catalytic cycle and the distinction
of the various type is due only to the organometallic speciesfas#te transmetalation step
An overview of the most important catalytic cross coupling reaction such Sadle, Suzuki

Sonogashiraand Negishreactionds depicted in Figurd 2.
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Figure 122 Summary of common palladium catalyzed coupling reactions

Despitetheseorganometallic reactiorareone of the most important development in the research for

new approach for carberarbon bond formatigrthey have somkmitations.

In particulay these reactions requiran organometallic specie oan organic halide often not

commercially availableTherefore, usually are required additive steps for the preparation of the

intermediates, which blows down the process

Moreover protection and deprotection strategae required sinceome functional groupare not

compatible with lhe reaction conditionand thee are not in accordance with tl@ms of atom

economy.

1C



1.5 GH Activation

C- H activation means akingreactive the €H bond, whichs known to be a padularly stable and
inert bondthanks to the use of transition metals as catalysts.
C- H activation reaction represergs evolutionamong cross coupling reactiofihis methodology

allowsto act directly a the G H bond withoutpre-functionalize or modify it.

a) Conventional approach

R1O + RzO - o R1_R2

b) Cross-coupling approach

R1—X + R2—M _— > R1—R2

M = Sn, B, Zn, Si
c) C-H activation approach

R
Met 2
RT—H —>[ ! R1— [Met] —»O R1—R?2
Activation

Figure 13: Difference between the installation of functional group by a) conventional

interconversion b) classical cressupling reaction c) & activation strategy

It is well known that complexes based on transition reeta react andctivate GH bonds to
produce G M bonds, whiclcould befunctionalizdto afford the targetmaterials.
In particular,in orderto actvate G H bond is quite diffused the use &0 metalggroup through the

formation of square planar metal complexes.

Furthermoremetals of this grup have the ability to circumvent the kinetic barrier associated with

C- H bondbreak that is usuallythermodynamically unfavorable.

19 Engle, K. M.; Mei, T-S; Wasa, M.; Yu, JQ. Acc. Chem. Re2012 45, 788802
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In this type of methodology, in the key step of the proctss metalactivatesdirectly thedesired
carbonrhydrogen bondh what is cakd the metalation step.

This step significantly varies from substrate to substrate, and is also influenced by other factors such
as the solvent, additiveather tharthe presence of binders and the type of transitietal used.

Over the years five different mechanisms to describe thtdCtivation step have been proposed
(Figure 13.

Oxidative addition

R
H _H /
LnM + — Lnl\/l—'T| — > LnM\IIQ e |_n|\/|\
H
Electrophilic substitution
®X . H X ®
LnM BT — LM, . H
\@ R X
R-H
1,2-Addition
_ H X—
M=Xe 1 e T mexe B XN
\ R LnM
R \R

s-bond metathesis

R R
v . Ko vy, .
R - R R

Figure 14: Different mechanism for €1 activation
The first and most common mechanism isdkiglative addition which start with the coordination of
the G H bond on a metal vacant site and it ends with the formationbf@ bond and one MH
bond (it is to be noted that the metal is oxidized, and formally it is a metal oxidative addition in the
C- H bond).Shilov and Shul'pin defined this mechanism as a "true metal complex activation" because
this metal environment igbtained by a contabietween the metal ion and thelbond as close as

possiblezo

20Shi |l ov, A. EChem. Reulbog 97, 287929%2. B.
12



Forelectronrich transition metalsc@lled asolate transition metalsj)he oxidative addition is typical
becauseof the change of the oxidation state and the change of geometry is not energetically
disfavoured.The activation reaction proceedsrdugh the formation of a cycle ofhree atoms
followed by an increase in the oxidation number of the metal.

Th e-boimd metathesis mechanism is favonath electronpoor transition mels (called also early
transition metalsand is characterized by the concerted formation and breaking of the bonds in the
transition statef the reactioniIn this casgit passes through a transition state with four centers and
four electrons with no change of the metal oxidation state.

It is also possible that the metal acts as a Lewis acid and the hydrogen atom afe¢hiteéseeplaced

by the metal:his mechanism is classified as electrophilic substitution.

The G H bond can be activated with a 4g@dition mechanism in which the presence of a couple of
electrons on the heteroatom bond to the metal or thalHmeteroatom duble bond isdndamental.

In this case the new-®/1 bond is formed without breaking tlibond M-X.

At least, an important (H activation mechanism has taken place &kes the name of the base

assistednetalation (Concerted Metalati@eprotonation) Eigure 15.4,21

Base-assisted metalation
R' R R
LnMm O R M. o LnM O
RN R H
R/H

Figure 15: The base assisted metalation pro¢€3dD)
In this process, thieidenaite baseplaysan important roleMore diffused CMD systems involve the
carboxylate basé@.he partecipatiorof the carboxylate leade ametalation in a concerted manner
with the deprotoation; the base acts as a protbuatte helpingtie formation of the newC
bond. The base must balentate because, in coordipatto the metal, take part the concerted
transition state of metalation and dehydrogenation. This mechanism seems tmbeetipéausible

and diffusedo explainmost of the €H activationreactions.

21 Hubrich, J.; Himmler, T.; Rodefeld, L.; Ackermann,ACS Catal2015 5, 40894093
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In general, palladim (0, 1), rhodium (I1), nickel(ll), copper (I1),andruthenium (ll) are widely
used in the €H activation and in literatuns possible to findx lot of waks that exploit these

catalystdn the presence of suitable binders and additives.

14



1.6 Regioselectivity

Since many €H bonds are present in the same molecule one of the main problem ofHhe C
activation reactions is the regioselectivity control.

Chemists consider regioselectivibe ability of a reaction tdistinguishthebreaking or the formation

of a bond with respect to others

To solve the regioselectivity problem, three approaches carplated (Figure 1522 23 24

a) Synthesis of policyclic structures: intramolecular reaction

H
AN
R X Cat. [Metal] O
g - )
n
n

b) Functionalization of heterocycles: intermolecular reaction
H H
‘ '~ \
O PG o)

c) Assistance by directing group (usually heterocycles)

G G
Q M &D N Q
R H R M —>» R R
R,/

R'/ R./

Figure 16. Regioselectivity control

As depicted in Figure Egusing an imamolecular reactiors possible to force the desir€dH bond

to react preferentially due to entroféctor: the substrate should be built in a suitable fashion. In the
second caséhe reactivity of the heterocyder the substrate) itseléad to the functionalized product
mainly due to electronic factors; this approach sometimes is present also in the intramolecular

reaction and works together with the entropic fact@ssthe last onghisis an important pathwan

22 Althammer, A.Angew. Chem. Int. EQ007, 46, 16271629
23Althammer, A. Fenner, 3Angew. Chem. Int. EQ009 48, 201204

24 Ackermann, LTop OrganometChem.2007, 24, 3560



molecular functionatation and in particular for the late stage diversificationiandlves theuse of
directing group,usually heterocycledn principal, is possible to reach f&- H bonds only by
changing the spacer of the directing grasips

Is important taunderline thathe regioselectity in the G H activation strategy is firlst influenced
by the nature of the substrate which takes part in the reaction, but can be modulatexchtxygopn
different parametersSince this thesis is focused on the ws Directing Group chemistry & will

explainthemat the best of our knowledgetime next chapter.

25 Leow, D.; Li, G.; Mei, T-S.; Yu, JQ. Nature2012 486,518522
26 Lyons T. W.; Sanford M. SChem. Rev201Q 110, 11471169
16



1.7 Directing groups chemistry

Due to the ubiquity o€-H bonds inorganic moleculeselective functionalizatioaf a specific bond

is highly challenging. Through the years heteroatoms contaimedppended orarenes and
heteroarenes guide the regioselectivity toward their influendée electron densitf different G

H bonds27 The use of a DG@Directing Groups) consisiof a coordinating moiety pending on the
desired scaffold containing th@rgetC-H bond. DGs act as internal ligand binding and bringing the
metal in the proximity ofa specific GH bond, leading to its cleavage and subsequent
functionalizatiores This strategy allows to overrule innate reactivity (hetero)arenes. Some
examples of the DG concepter the classical approach atewn in figurel8.

In a classical way arenes need leaving groups or EWGS/EDGs for thefaingadnalizationoften
affected by the formation of undesired byproduBigth of DGs chemistry dates back to Fi®90s
after a landmark contribution by the group of Murai and Chdtgure 17)29

Efficient catalytic addition of aromatic
carbon-hydrogen bonds to olefins

Shinji Murai, Fumitoshi Kakiuchi, Shinya Sekine, Yasuo Tanaka,
Asayuki Kamatani, Motohiro Sonoda & Naoto Chatani

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Suita, Osaka 565, Japan

The selective cleavage of carbon-hydrogen bonds in organic compounds Is a critical step in
many organic syntheses, and is particularly important in the conversion of hydrocarbons to
useful organic compounds. An organometallic ruthenium complex can cleave C-H bonds in a
variety of aromatic systems, leading to addition to alkenes by C-C bond formation. The catalyst
operates with a degree of efficiency, selectivity and generality that will make it extremely
valuable in organic synthesis.

27 a) Wilton D. A. A., CRC Press2015 267 304; b)Wu X.-F.,Chem. Eur. J, 2015 21, 12252 12265.

28a) Chen Z., Wang B., Zhang J., Yu W., Liu Z., ZhangOfg. Chem. Front.2015 2, 1107 1295. b) Zhu RY T,

Farmer M. E., Chen YQ., Yu J-Q., Angew. Chemint. Ed, 2016 55, 10578 10599; ¢) Chu J. C. K.; Rovis TAngew.
Chem., Int. EJ.2018 57, 62 101.

29 Murai S., Kakiuchi F., Sekine S., Tanaka Y., Kamatani A., Sonoda M., Chatasatdre 1993 366, 529 531.

17



0 catalyst (0]
RuH,(CO)(PPh3)3
B LY R Ay 2O e Y
X in toluene X
reflux

Ru(0) R, 2N

Figure 17: Murai ketone DG

They developed a ketone based DG able to coordinate the Ru(ll) catalyst that prepsai¢esive

ortho alkylationof arenes with alkenes. The intermediate of thid @inctionalizationis supposed

to be the fie membered metalacycle reported in Figure 17. DGs approach in catalysis gain

momentum since this discovery and chelate assistétl &Ctivation barreled into an enormous

expansion in last decadesWide range of functional group including amide, anilig®jne,

heterocyclic, amine, nitrile, carboxylic acid , ester, ketone and hydroxyl group have been employed

30 a) Colby D. A., Bergman R. G., Ellman J. Ehem. Rey201Q 110, 624; b) Rousseau G. , Breit Brngew. Chem., Int. Ed.

2011, 50, 2450; c) G. Rouquet and N. Chatafigew. Chem., Int. ER®013 52, 11726
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Arenes
1 Normal reactivity:
electrophilic aromatic substitution: nucleophilic aromatic substitution: DG = functional group

o,p directed or m directed o,p to EWG, requires leaving group,
or ipso substitution via diazotization DG DG DG
: EDG EWG H H
I H H Ewe LG LG NH;
| H H
: H " H
‘ LG
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Figure 18 Examples of classical reactivity over DGs chemistry
as DGs for the metal coordinatienArenes C(sp-H bond functionalization pis an important role
in the DG mediated € activation as a means to tailor regioselectivity in ternribio, metg para
positions functionalizationWhile ortho C-H activation have been well established during years,
reaching e distaimetaandpara C-H bondis still rare and challengingp.
While also an enormous amount of metal catalysts and functional groups as reaction partners have

been exploited our attempt is to describe only few examples published in recent years with major

31 Chen Z., Binjie W., Zhang J., Yu W., Liu,Zhang Y.,Org. Chem. Front.2015 2, 1107 1295.

32 Sambiagio C., Schénbauer D., Blieck R., My T., Pototsching G., Schaaf P., Wiesinger T., Zia M.F., Webadord J.,
Besset T., Maes B.U.W., Schniirch ®hem. Soc. Re2018 47, 66036743.
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focus on palladium mediated C¢sid bond functionalizationin this contextpalladium is one of the
most used catalyst thanks to his versataibd for this reason is also the catalgisbose for all the

strategies attempted this thesis. It is noteworthy that metals such as Rh, Ru, Fe and Co have been
used as atalyst for GH functionalization to.
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1.8 Ortho GH functionalization

Among others,ortho C(sp)-H functionalization is one of the most studied in literature. Myriad of
directing groups have been tested to datd further studyo achieve best selectivity arglep
economy process are nowadays ongoing. Threugitde selection, amide DGs haskown unique
reactivity in transition metatatalyz2d GH functionalization and haveerved as a pivotal platform
for the discovery andptimizationof new transformationsia C-H activaion.s1 During last years
several examples of Pd catalyzeeHGactivaton to fulfill different kind of functionalization have
been exploitedLeeuwen and cworkers in 2002 developed an ortbkefination of anilides with
acrylatesusinga Palladium mediated coupling reaction at room temperature.

NHAc
NHA Pd(OAc), (2 mol%) R
< ¢ . /\H/ORz BQ (1equiv) |
o) TsOH (0.05 equiv) > OR,
HOAc/Toluene = 1/2, rt
(0]

Figure 19: Selective ortho olefination of anilides at room temperature.
This was the first example of the use of anilidehasdirecting group for thei® functionalization,
and manyrelevant studies about orttodefination of anilideshave been publishad the following
yearss4Arylation of anilides habeen reported as well from Dauglis aneveorkers in 20055 They
found a suitable systemvolving a palladium catalyswith aloading range of 0.5 mol%, AgOAc
and TFA for the aryl iodide and anilides coupliiggure 20.

Pd(OAc), (0.2-5 mol%)
X NHR, + Arl AgOAc (1 equiv) - X NHR, or o X NHR,
RU TFA, 90-130 °C N, N .

Figure 20: Arylation of anilides with eyl iodide.

An elegantand less expensiwsay for the direct arylation of anilidesyhich includes arylboronic
acids was presented bghi and ceworkersze The aithors proposetivo different pathways for the
reactionpath A (Figure 21 pathA) in which arelectrophilic attack of a Pd(I§pecies at the aromatic

ring with the assisnce of the acetamino group mighitiate the catalytic cycle.Subsequent

33Boele M. D. K., van Strijdonck G. P. F., de Vries A. H. Klamer P. C. J., de Vries J. G, vanLeeuwen P. W. NJMAm. Chem.
Soc, 2002 124, 1586.

34 a) Amatore C., Cammoun C., Jutand Ady. Synth. Catal2007, 349, 292; b) Schmidt B., Elizarov NGhem. Commun2012
48, 4350.

35 Daugulis O., Zaitsev V. GAngew. Chem., Int. EQ2005 44, 4046.

36 Li B.-J., Yang SD., Shi Z:J.,Synlett 2008 949.
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transmetalatiorand reductive elimination redsel the arylated producPath B illustrates firstthe
formation of arylated Pd(Il) speady transmetalation of the boronic acid with Pd(ll) salts, followed
by an electrophilic attack of Pd(ll) at the aromatic ring to form a diaryl palladium species, which

underwent reductive elimination to give the arylation prodegjure 21 path B).

R, Pd(OAc); (2 mol%) R,
- Cu(OTf), (1equiv) N
N 2 N
R_,(j/ et ArB(OH), Ag,0 (1 equiv) > R N Ac
|
Z Toluene, 120°C, 24h F 'Ar

L~
N

OJ\Me PhB(OH),

N'R (_L pq" 4» [PhPdL,]

ACO,‘Pd, /)\

PRBIOH), Path B Path A ©\N,R
[Cl

Ph_A.

Figure 21: Arylation od anilides with boronic acids.

Me

Pd(OAc), (10 mol%)
©)LNHAr ©\ DMF (2 equiv) O NHAr
+ >
R, NFSI (1.5 equiv) O
Ar = (4-CF3)CF4 70°C, 48 h .

Figure 22: Pd-catalyzed C(sp2H arylation using simple arenes as énglating agents.
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Further improvement iorthoC-H ar yl ati on using amides as DGs
groups7 Simple arenes were used as reaction partners in a Pd mediated coupling reaction showing an
excellent para selectivity (Figu&?) for the GC bond formationParticular feature of this reaction

is the use of Fas oxidant in order to readtigh yield and regioselectiviband he elegant method
furnishesan dternative route for synthetiaseful biaryl products access.

Pd(OAc), (10 mol%)
p-TsOH (0.5 equiv)

NHR, 1 atm CO NHR;
4ol - L
BQ (1 equiv) COOH
HOACc/dioxane = 2:1
60-80 °C, 18-36 h

Figure 23: Palladium catalyzed ortho carboxylation.
The ame groupn 2010 presented a fashionable methodology for the direct orttha&boxylation
of anilidesss Pd(OAc} catalystin a strong acid environment-{sOH and HOACc), enables thelC
activation stepoxidation and insertionf the CO molecule in thacetyl anilidegFigure 23. Since
carbon monoxide mighteduce the Pd(ll) to Pd(0) and impede thél @ctivation step, relatively
acidic conditions were requiresh,authors adopted AcOHEscosolvent.
Two years later (2012he first Pdcatalyzedortho-Ci H borylation with Narylbenzamidesand
diboronreagent (BPire) under oxidative conditionsasbeendevised from Yu and eworkersss The
use of electrondeficient dba ligandand a suitable base, such as TsONa, were neceksary
significantly improvethe yield of the borylatedroduct with excellent monoselectivity.
This borylation reactioshowed broad substrate scope and could be easily extertledytam scale
in moderate yield. Notably, the borylated produmsild also be transformed into adsirange of

syntheticallyuseful synthons in excellent yields.

37 Wang X., Leow D., Yu JQ.,J. Am. Chem. Sq&@011, 133 13864
38 Giri R., Lam J. K., Yu 3Q.,J. Am. Chem. Sq®01Q 132, 686.
39 Dai H-X., Yu J-Q.,J. Am. Chem. Sq012 134, 134.
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0 Pd(OAc); (10 mol%)

I Ligand (30 mol %) 0O
NHAr , K5S,03 (2 equiv)
R + B,pin NHAr
2PIny > R

Ar = (4-CF3)CgF4 C-I—Ii:'l;go(’;ll\;la (8105°gq;2/)h opin
0 Me O o)
CfLNHAr CﬁLNHAr O A = O
Bpin Bpin FsC Ligand CF3
71 % 85%
o) 0 0 0
/@f‘\NHAr F\d\NHAr /@fLNHAr NHAr
MeO Bpin Bpin Cl Bpin Bpin
67% 76% 77% 72%

Figure 24: Pd-catalyzed ortheCi H borylation with Narylbenzamides
Although the enormousteps achieved with amides as monodentate ligduweddevelopment of new
types of directing groups is the crucial point for achieving the catalytic transformations that cannot
be completed with existing directing groug$ius, chemistdeveloped bidentateirecting groups
able to promote the €l bond activatiorvia the formation of stable metallacyalth more rigid
coordination to the transition meté@ne explicative example could be the first Palladium mediated
ortho C-H functionalization with the use of@minoquinoline as bidentate directing grodaugulis
and ceworkersshowed as this DG promotes the dire(t[®)/C(sp)-H arylation whose nehanism
is depicted in figure 2@ It is assumedhat the double coordinatiaf the metal by thosauxiliaries
would facilitate the reaction by stabilizing Pd(I¥pecies, which wersuspected to be involved

the key stef the reaction:

o) o)
Pd(OAc),, AgOAc
N | > N |
Ho N Arl, 70-130°C " Ho N
]

Figure 25: Direct orthoarylation with 8aminoquinoline as bidentate directing group.

40 Zaitsev V. G., Shabashov D., Daugulis O.Am. Chem. SqQ005 127, 13154.
41 Shabashov D., Daugulis ., Am. Chem. Sq&01Q 132, 3965.
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Figure 26. Proposed mechanism fdirect ortho arylation with &aminoquinoline as bidentate
directing group.
Ever in 2005 appeared the fingalladiumcatalyzed heterocycldirected arylationpublished by
Sanford and coworke(&igure27).4

42 Kalyani D., Deprez N. R., Desai L. V., Sanford M. 5.Am. Chem. Sq2005 127, 7330.
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l _N I Pd(OAc), (5 mol%) l _N R,
N /©/ AgOAC (3 equiv) O
R et
R ; HOAc, 110 °C R O

Figure 27: First palladiumcatalyzed heterocycldirected arylation
The selectiveortho-arylation of diverse arylpyridinesould be achievedia the Pd(Il)/Pd(IV)
catalytic cycleusing phenyliodonium salts as arylation reageértiss work pavethe basis fofurther
extensive studies on heterocylcle basedl&@ing the scientific community spends tons of afford in
order to find new possiblertho functionalizations.
One outstanding example is tRalladium catalyzedrtho trifluoromethylation of arenes presented
by Yu and coworkergFigure28).43 They demoastrated howa wide range of substituents on the aryl
moiety were compatible with the -B activation protocol involving Htrifluoromethyl)

dibenzothiophenium tetrafluoroborate as the trifluoromethylating agent.

A A
| | O O Pd(OAc), (10 mol%) | |
Z H Z
N ® Cu(OAc), (1 equiv) -
S BFs DCE/TFA (10 equiv) CF3
R CF; 110°C, 48h R

Figure 28: Pd catalyzed ortho trifluoromethylation

43Wang X., Truesdale L., Yu-8.,J. Am. Chem. So@201Q 132 3648.
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1.9 Meta GH functionalization

Meta position in arenes is known to be the less meactor aromatic electrophilisubstitution
rendering thenetaC-H functionalization in arene systetrucid for the synthesis of several natural
products, medicinal drugs, agrochemicatisas

While ortho C-H functionalization has been extensively studiad, intenseDGs researchn
conjunction withmetal induceccaalyss chemistrywas subsequently envisioned to overcome the
metaselectivity challenges

Metals such as Rh, Ru, Cu have been used for diffenetaC-H functionalization by Ackermann,
Hartwig, Frost and Gaunt, nevertheless the majority of literaturetsepmpose Palladium salts as
catalyst for numerous-C, GHeteroatom bond formatiorOlefination, acetoxylation, arylation and
sylilation have bee developed duringecentyears throughout a precise gradual evaluation of DGs.
In this content, a great developmena s made by Yuds group in 2012
metaC-H activation of arendased substrate using Pd(ll) and\s-Gly as Igand ha been published
(Figure29).46

Pd(OAC), CN ~~  CN
N-Ac- Gly N
m + 2 COOEt DG =
0% pe AgOAc
HFIP, 90°C OMe  OMe

COOEt
FiC .\N-phthaloy! ?/I\N phthaloyl
COOEt COOEt COOEt #cook:
82% 40% 40% o

Figure 29: First template assistedetaC-H activation of arendased substrate
Thanks to araccurate design of the nitrile based templdte strain involved in the 12 membered
metallacycle formation was overcame. Palladium was deliyeéhaohks to theelectondonating
terminal nitrogennearby the targehetaC-H bondallowing the GH activation of hydrocinnamic
acid as well as -Biphenylarboxylic acid. Authorsincluded the synthesis of Baclofen drug

derivatives.

44 @) WencelDelord J., Droge T., Liu F., Glorius FZhem. Soc. Rex2011, 40, 4740 4761; b) Tobisu M., Chatani N., Science,
2014, 343, 85M851.

45 Phipps R. J., Gaunt M. Bcience2009 323 1593.

46 Leow D., LiG., Mei T. S., Yu J. QNature 2012 486, 518.
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Later in2013 Tan and cavorkers presented an highdglectivemetaC-H olefination with acrylates
replacing t he Withagslyl-lweazyl becafiolgHigure36).t- Begeral factors such as
the larger size of Silicon, the longerSt, O-Si bond and bulky growg{i-Pr-) increased the proximity

of the donor group (CN) to the desired bond. Further advanced feature of the new DGdvas mi

fluoride or acidic cleavage of the silicon bond in order to access a traceless depr{fegtian30).

Pd(OAc),
5 N-Ac-Gly Sl(l Pr),
L - e
AgOAc
HFIP, DCE, 90°C, 24h s-Bu

Template Removal

| SIi TsOH OH Sl(l Pr),
Pl HO/EIOH 111 .

N B 00°C, 120 N
COOEt i : s-Bu

Ne” Ts-Bu Yield: 83% COOEt

Figure 30: MetaC-H olefination with acrylatesmild acidic cleavage of thalicon bond.
An additional improverant of the Nitrile based DG hagen presentdoly Maiti and ceworkers in a
synthetically and medicinally useful-& activation methodology. In this case,-I®&droxy-5-
methoxybenzonitrile was used as Directing Group. Tieported template afforded different
olefinated productsh combination with a palladium salt as catalyst, acetyl glycine as ligand, silver
carbonate as oxidant and HFIP as reaction solvent. Moreover, the facility to install and remove the
nitrile based [ was the real noveltyf this approach also because of the commercial availability of
the 2hydroxybenzonitrilederivative The introduction oh methoxy groumt thepara position of the
DG ensured the moralefination since facilitated the transesteatfiion of the olefinated product in
presence of HFIRFigure31). The aithors proposed also a catalytic cycle that could be considered

general and representative of the palladium(ll) mediatethC-H olefination (Figure 3R

47 Lee, S, Lee, H.,Tan, K.lJ. Am.Chem. So¢2013 135, 18778.
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Pd(OAc), 5 0
0 N-Ac-Gly R DG : CN
Rm + Z > COOEt —_— : DG =
Ag,CO3, XN
HFIP, 55°C COOEL 5 OMe

Substrate scope

o o) F o
F F F O F
OYC s Ve OYC 3 O.__CF; OYC 3

N CF, N CF, N CF, N CF,

COOEt COOEt COOEt COOEt

78% 72% 77% 74%

Drug diversification

Me Me Me :
o} 0 o) "io
- OYCF3 - OYCF3 . OYCF3 oo ©/CN
N CF, § CF4 \ CF4 5
COOEt COOnBu COOMe :
55% 55% 59%

Figure 31:. Meta oldination and drug diversification with Benzonitrile as DG.

o o)
OYCF3 Q/\fj@ |

X CF3 H

NC
COOEt
0
é Ag [Pd'Ly]
g ,
3
& Catalyst regeneration Metal Coordination 0
&
- 0} ° 1]
]
I L, + Pd H /)@
e
N NC
v COOEt
C-H Activation
L
o}
o (e}
v P, n
& v W#
EtO
Migratory insertion Olefin coordination

Figure 32: proposed catalytic cycle of the palladium(ll) mediateetaC-H olefination.
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OthersimportantmetaC-C bond formatios could be considere@-H arylation and alkylation. An
innovativemetaC-H activation reaction with arbornene as mediator group Haeen presented in
2015 from Yu and coworkers. Even if the reactivity of norbornene lagiam catalysis hakeen
well established by Catellani in the synthesis of 1,2;3ubstituted arenes, Yu thought out of the
box adopting norbornene as a medidgorthePd(OAc) catalyzednetaC-H activationof phenethyl
acetic acid devirativewith an ortho DGFigure 33.4849

Noteworthy was thepplicability of this reaction byhe use of the innovative-B activation protocol
for themetaarylation of the maakelic acid and phenylglycine moieties.

] NHArg Pd(OAc),, ligand R o
v
o} + R—I norbornene, AgOAc
DCE, 95 °C R

NHArg

H R = alkyl or aryl
NHArg NHArg Me NHArg NHArg
I: ; O [ ; O [ ; O [ ; o}
Me CH,CO,Et Me Me
91% 72% 72% 82%

82% 82%

Figure 33: Palladium catalysed norbornene mediated raggiation.

48 Catellani M., Frignani F., Rangoni AAngew.Chem., Int. Ed. EnglLl997, 36, 119.
49 Wang X:C., Gong W., Fang EZ., Zhu R:Y., Li S., Engle K. M., Yu 3Q., Nature 2015 519, 334 338.
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Figure 34: Proposed catalytic cycle foorbornene mediatadetaC-H activation
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1.10Meta GHeteroatombondformation

The versatility of Padldium mediatedneta C-H functionalizationwas explored in terms of-C
Heteroatom bonds as well. Pioneer of thetfinetaC-Oxygen bond formation was Yu two years
after the discovery of the innovative DG for tnetaolefination. Theesearclgroups use catalytic
amount ofPalladium acetate in combination with Phl(OAahd acetic anhydride as acetoxylating
agens in order to achieve metaselective acetoxylatioof N-methylanilines and benzylamines
(Figure35).s0

....................

Pd(OAc),

N-Ac-Gly 5 " H
> X v O
AcO l}l’ © . T= @
T !

PhI(OAC),
ACQO

HFIP, 90°C, 24h

....................

X@\ M
.Me
N
1
CF3 Br
AcO’ : I}J’Me AcO’ i I}I'Me AcO’ i I}J’Me AcO

60% T 32% T 47% T 64%

0, 0,
T,N T'N

Figure 35. metaselective acetoxylation of fhethylanilines and benzylamines.

S
=<
®

Acetoxylation protocol was also important to accasgta substitutedphenolsthrough a simple
hydrolysis ofthe acetoxy group. However, a selective atepmetahydroxylation reaction have
been presented in early 2016 from Maiti andaarkers(Figure 3§. Report shown how Phi(TFA)
could act as an hydroxylating agent in a Palladium catalyzddu@ctionalizatiorof benzyl sulfonyl

esters:

50 Tang R:Y., Li G., Yu J:-Q., Nature 2014 507, 215 220.

51 Maji A., Bhaskararao B., Singha S., Sunoj R. B., MaitiChem. Scj.2016 7, 3147
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Qo Pd(OAc), Q.o

SJ N-For-Gly Sy
0 - 0
PhI(TFA),
H

NC . NC
HFIP, 80°C, 24h OH
O\\S,,O O\\S/,O Q\S”O Q\S”O Q\S”O
\ \ \ \ \
() 0 ¢}
Cl F F
NC NC NC NC NC
OH OH Me OH OH OH
OPh Cl
74% 62% 75% 65% 59%

Figure 36: selective onestep metehydroxylation reaction.
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1.11Para @H functionalization

Ortho andpara positions in arenes still be highly vulnerable towards electrophilic substitution. Due
to electronic factorand steric demanrkgioselectivity control in this kind of reactisemains an
arduous challenge resulting in the formationmegfiasomeric mixtues of productsSeveral reports
during years shown how tleetho position could be functionalized preferentially to thetamainly

with the control of the steric demand. Overcoming this problem Maiti aiwebckers developed the
first ever template basestrategy in performinga highly selective functionalization at tipara
position or arene In thisreport the choice of the DG hbhsen shown to be essensaice it allows

to reach thegpara position.Ortho andmetaC-H activation came null with the sertion of a biaryl
system linked by a sikane unityto the blyl scaffold. Tha-Propyl groups ensured the Thotipgold
effect sol7-memebered palladacycle (Pd(OA@as the catalyst) was forméBigure 37) Broad
scope ofpara olefinated products halseen shown by authors and a variety of olefins such as
unsaturated esters, amide, sa#oand also biological compoud cholesterolhave found to be

suitable with the protocol.

Pr\ /'Pr

\\ //
|Pl'\
f ; 0:1 : f
43% 55% 36% 58%
multiple products p:others = 1:1 p:others = 1:1 multiple products
Me)< Me * Ortho- activation not possible : strained transition state Me Me

® Meta- activation not favoured : rigidity of biphenyl and

/10 linearity of nitrile donor
® Para- activation favoured : longer chain length,
flexibility of template, closer to target bond
14 Hpm * 17- membered flexible macrocyclic transition state
N
5

“Pd-
& 16 47 f;l\ * Effective Thorpe-Ingold Effect
89, S

Figure 37: selective functionalization at thpara position or arenes

52 Bag S., Patra T., Modak A., Deb A., Maity S., Dutta U., Dey A., Kancherla R., Maji A., Hazra A., Bera M., MaitAIn,
Chem. So¢2015 137, 11888 11891.
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iPr

DG : DG= SII,/Pr
be Pd(OAc), ; =0
N-Ac-Gly « :
X + Ry > ‘ O
AgOAc ;
& HFIP, 90°C, 36h RTX NC
NG
DG
Me Me
MeOZC ' MeOZC X
CO,Me CO,Me
N2
62% 60% 70% 75%

R = CO,Me 62%
CO,NBu 59%
COMe 56%
CONMe, 60%

Figure 38: Broad scope gbaraolefination.
Several transformatiendriven by bulky metal catalysts appeared before the first DG promoted
protocol. An outstanding example iset first Rutheniuntatalyzedpara-hydroxylation of arenes
developed by Ackermann and-amrkers in 2013Figure 39)s The aithors avoid the use of a Lewis
acid based DG by using [Rufd-cymene)} as catalyst, Phl(TFARs oxidant and DCE as the solvent
for the C-H hydroxylation of a wide range of anisole derivatives (Figure 24). Experimental control

with TEMPO demonstrated that the reaction is likely to involves a sé&lgtdron transfer oxidation.

53 Liu W., Ackermann L.Org. Lett, 2013 15, 3484 3486.



OMe [RuCl,(p-cymene)], OMe
PhI(TFA),
R R
DCE, 80°C, 3h
OH
OMe OMe OMe OMe
OMe Me
OMe
OH OH OH OH
71% 56% 47% 84%

Figure 39: C-H hydroxylation of anisole derivatives
One year latepara C-H amination appeared as well. Suna andvookers reported a Copper(l)
catalyzedparaamination of arenes. This reaction was based on tbg@tedonating strength of the
para position respect to the electroionating susbtituents. A variety of functional groups shown an
high degree of compatibilitywith the catalytic cycle whose involvas unsymmetrical diaryibdane
intermaediate generat@dsitu with TIPRI(OH)OTs and TsOH (FiguréQ). Further gnthetic utility

of the protocohasbeen demonstrated through the synthesis of antibiotic Linezolid.
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Figure 40: para C-H amination
Many othergpara C-H functionalization appeared in last decade and significant efforts wereimade
reaching diverse functionalization in an aromatic ring. Nevertheless, the introduction of the DG

chemistry allows to overcome problems ratate electronical factors and pave the basis for highly

selectivepara C-H functionalization.
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1.12 Aim of the thesis

This PhD thesis was based mainly othe development ofnew methodologies for €
functionalizationwith a focus in arene C(gpH activation.Thanks to araccurate evaluation of the
template design we envisioned the possibtiityuse the DG chemistry in order to achieve selective
ortho andmeta C-H functionalization of arene$n all the strategies of €& activation, palladium

was chosen as catalyst because is one of the most difiasedirecting group assisted
functionalization.

Olefination reactions at th@tho andmetapositionwereaccessed by a classical Pd(I1)/Pd(0) catalytic
cycle. The first approach to reach tletho position involved the usea DG for the late stage
incorporation of unactivated olefinen benzyl phosponamide eorsince oganophosphorus
compounds are privileged structunalotifs which find widespread applications in the field of
asymmetric catalysis,oapling reaction, pharmaceutical, materaadd agricultural chemistryin
addition, unbiased olefins remain tricky reaction partners rather than classical alkenes containing
electronwithdrawing group (EWG)The second methodologagkpected that perfluoro olefins were
installed at thenetaposition using a Nitrogen based DIEportance of fluorine incorporation in
organic moleculespharmaceuticals an@grochemicals hakeen well established as how the
bioavailability and metabolictability are commonly increased by substitution with fluorine atoms.
Nevertheless, late stage functionalization of organic moiety for the synthesis of arenes bearing
perfluoro alkyl chain at theetapositionremainedunexploredo date For this reasomwe screened
different DG and reaction conditions in order to reach the desireldbGnd. Furthermore meta
perfluoroalkenylation hadeen expandedn different substituted aromatic rings and atso
Ibuprofen.

Beside C(sp-H functionalization a third protml to access-trifluoromethyl substituted enones
starting from allendeveraging e highly electrophilicsp hybridized carbon center in allene core
have been publishe®@ur radical approach involves Langlois reagent and a silver catalyst for the
formation of and intermediate which could be oxidizes by the atmospheric oxygen and affords the
desired enone. Fluorine incorporation in this context inspired the above mentioned

perfluoroalkenylation project of arenes that was published during last year.
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2 Incorporated unbiased, unactivated aliphatic alkenes in Pd{@atalyzed
Olefination of Benzyl Phosponamide

This project, published IACS Catalysis2017, 7 (11), 77327736, is here described as an extension of the corresponding

article

Several years aksearch have been spent toward new synthetic strategy in alkenes oxidative coupling
with arenessince the discovery of thdizoroki-Heckreactionss

The transition metal catalyzed coupling pioneered by Fujiwara and Moritani in 1967 was the first
exampleof an oxidative functionalizatiorthat does not required pifeinctionalized starting
materialsss High atom economy and efficiency are the main feataféhis new approach with only

few limitations such as the regioselectivity problem and the harstiareaonditions As depicted in
Figure41lthe original reaction involved the use of a styrene Pd complex and Benzene in acetic acid.
Even if he mechanism of the Fujiwdnsloritani reaction is not fully understodtie most widely
accepted mechanism tise most knowncatalytic cycle presented in Figu4€.ss The cycle proceed

with theformation of theAryl-Palladiumcomplexvia concerted deprotonation metallation process.

An olefin then coordinates to the palladiundamdergoes a I-@igratory insertion, forminghe new

C-C bond.

A subsequenb-hydride elimination yields the produand a palladium hydride speciafter the
reductive eliminationPd0) is released anth the presence of an oxidant, canrbexidized and

restars the catalytic cycle

R,
fo
HC=CHE, H_ 0
3 +4 + 2R, COOH 4 QO== + 2HC—CH; + 12HC1 + ©6Pd
. PACl,
B m@m
2 R,
I IIa:R, =R, =Ry =H IIIa:R, =CH,

IIb:R, =R, =H, Ry «CH; IIIb:R,=CH, Cl
II1¢:R, =R, =CH; , By =H

Figure 41 Fujiwara Moritani original reaction

54 Heck R. F.Acc. Chem. Re4979 12, 146151
55 Moritani |., Fujiwara Y.Tetrahedron Lett.1967 8, 11191122.

56 Davies D. L., Donald S. M. A., Macgregor S. Al, Am. Chem. Sq005 127, 40, 1375413755
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Figure 42: widely accepted mechanisior the Fujiward Moritani reaction
Based on this innovative reacti@everalimprovement have been achieved during years and
selectivity issue has been resolved by usrgyitable directing group (DG) attached to the arene
substrategsee chapte®). Since the DG could give an in situ formationfiok- to sixmembered
chelatingmetallacycle for thertho C-H functionalization, aexplosive interest faactivated alkenes
as coupling partners fori€ olefinationshas beenwitnessedin recent pastDegite all these
advances, the protocolgerelimited either tothe use ofelectronically biased olefins or scarcity of
examples that diminishethe efficacy and compatibility of IG olefinations with unactivated
alkenesWhile these alkenes remained palyialnexplored as reaction partneurohg the first year
we focused ougaffordson this deartrenvisioning the possibility of & H bond olefination with
aliphatic alkenesMaiti and ceworkersin 2014developed andrtho Q H olefination of phenyl acetic
acid tethered to-&minoquinolinalirecting group with unactivated alkenegssumingthat a similar
or the same DG could be used, malizedthat dganophosphorus compoura® still not addressed

to date as reaction partn@rganophosphorus compounds are privileged struatwtfs which find

57 Deb A., Bag S., Kancherla R., Maiti 0., Am.Chem. Soc2014 136, 1360213605.
4C



widespread applications in the field afymmetric catalysis, coupling reaction, pharmaceutical,
materialand agricultural chemistrgln this context, wéhought to investigatei® bond olefination
with aliphatic alkenes of phosphonamide possessing an aminoquinoline directing sinoap
unbiased aliphatic alkenes remain the most challenging coupling partners Hool€fination
reactions for common organchemicals including phosphorous containing compoukdsdentate,
monac-anionic auxiliary can effectively bindthe Pd-centerin a bidentatefashion to forma six-
membered palladacycle duritiye Ci H olefinationof the arene

We started our investigation with a model reactiobhearizyl phosphonamide withdctenen similar
conditions of the previous report from Maiti andworkerssz

Phosphonamidéerivatives have been synthesized followtimgsimply procedure depicted indure

43. Benzylphosphonate&as refluxed with SOGlo get thecrude phoghonyl chloride derivative that
wasusedfor next step esterificatiowithout purification. A subsequently substitution of the chloride

with 8-aminoquinoline afforded thieenzyl phosponamideusually as a red foam.

X

o)
~ n
o) N P—OEt
" ,9 !
P—OEt sOCl,, reflux P-OEt NH, HN
—_— I —_—
OFEt 3h cl Et;N, DCM OMe
6h,0°C-rt N
OMe OMe overnight I >

Figure 43: Phosphonamide derivatives synthesis.
Unfortunately, only a trace amount of mealefinated producBa from the olefination test reaction

(figure 44)was formed so, we startélok optimization study.

Pd(OAc), (10 mol%) Q_OEt
‘?I\D,OEt rac-BINAM (20 mol%) PSN |
4 .
N Me BQ (1equiv) H
+ - Me NS
é HooNs s NaHCO; (2 equiv) 5 7

DCE, 100 °C, 24 h
3a, traces

Figure 44: Olefination test reaadin.
The first parameter we investigated was the
established that Mono Protected Amino AC{MPAA) are widely recognized as versatile ligand
class in organometallic catalysis gmdmote GH activaton of generally unreactive substrasesh

as unactivated olefins In this regard we focused our main affords on the MPAA ligands screening.

58 a) Kong, W., Merino E., Nevado GAngew.Chem. Int. Ed2014 53, 50785082;b) Demmer C. S., Krogsgaatdrsen N.,
Bunch L.,Chem. Rev2011, 111, 798%8006;c) Surry D. S., Buchwald S. LGhem. Scj 2011, 2, 27-50.

59 a) Park Y., Niemeyer Z. L., Yu J. Q., Sigman M.@rganometallics2018 37, 2031210 b) Engl e K. M. ,

J. Am. Chem. Sq@010Q 132 1413714151
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Q_OEt

'O \ OEt
p’\’OEt Pd(OAC), (10 mol%) “NHQ “NHQ
NHQ . Ligand (20 mol%) S
+ /\(\9»5 e i 5Me + Me™ ‘5= S Me
NaHCO3; (2 equiv)
1a 2a DCE, 100 °C, 24 h 3amono 3ag;
(1 equiv) (1.5 equiv) linear:branch = 10:1
- ¥ P H M Me
no ligand CO,H CO,H Me : e
CO,H CO,H N
NHCOCH NHBOG Me Me |
3 N M
poor NHCOCH; NHBOC N
conversion Ac-Gly-OH Boc-Gly-OH Ac-Val-OH Boc-Val-OH _
85% 87% 85% 79% 10%
mono:di = 1:1 mono:di = 1:1 mono:di = 4:1 mono:di = 2:1
Me CO,H Me CO,H MeS CO,H z |
oh COLH o
NHCOCH N
NHCOCH, Me NHCOCH; Me NHBOC 3 | B
Ac-Phe-OH Ac-Leu-OH Boc-Leu-OH Ac-Meth-OH
89% 81% 65% 69% 14%
mono:di = 1:1 mono:di = 3:1 mono:di = 3:1 mono: di = 4:1
COH HO,C CO,H CO,H Me CO,H COyH
HO,C
NHCOPh NHCOCHS NHBOC Me  NHCO,CH,Ph NHMe
hippuric acid N-acetyl glutamic acid N-Boc-L-aspartic acid Bz-Leu-OH
73% 78% 64% 74% Trace
mono: di = 1:1 mono: di = 1:1 mono:di = 3:1 mono:di = 1:1
Cl CC
2 CO,H
NHBOC NHCHO Z NH, NH,
Boc-te" eu-OH Boc-Ser-OH For-Gly-OH
72% 68% 70% 12% Trace

mono:di = 2:1 mono:di = 1:1 mono:di = 1:1

Figure 45: MPAA ligands screening.
Almost all theamino acids gave the desired product upward 64% of yield. Avatiie was fomnd
the best ligand leading the olefinated product in 85% of wett4:1selectivityratio between mono
olefinatedand diolefinated produst
Traces of aother byproduc{l:10 ratio) supposed to be the branched prodhasbeen foundWe
continued the optimization by the screening of the oxidant requiregémeratéhe Palladium specie
from Pd(0) to Pd(ll). Eight different oxidant agents have been téstiede to conclud that Silver
Carbonate (AgCQOs) was the most suitable for our protocol since we got an NMR vyield of 73% of

monaoolefinated product over the 11% ofaliefinated arene.

g \\ OEt “ OEt
S\/OEt Pd(OAc) (10 mol%)
NHQ Ac-Val-OH (20 mol%)
+ A}%Me Oxidant (1 equiv) é/\/Hs\Me + eWMe
1a 2a NaHCO; (2 equw) s
(1 equiv) (1.5 equiv) DCE, 100 °C, 24 h mono 3ay

linear:branch = 10:1
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Entry Oxidant Yield % (mono) | Yield % (di)

1 AgOAc 61 15

2 Ag2COs3 73 11

3 Adgl 53 16

4 BQ 68 17

5 Cu(OAcy 43 19

6 CuCb 38

7 K2520s8 35 4

8 CuBr 42 11

Figure 46. oxidant screening.
Figure 47 shows different trials with several bas&odium hydrogen carbonate Hasenresulted
effective and remained the best b&sethe amide deprotonatidollowed by theformation of the

intermediatdPalladacycle

é,')—OEt Pd(OAC), (10 mol%) %’:iito %:?«itq
5 e . A e
L DCE, 100+, 54
Entry Base Yield % (mono) | Yield % (di)
1 NaCOs 58 18
2 K2COs 55 21
3 NaOAc 53 11
4 KOAcC 48 13
5 NaHCOs 73 11
6 K3sPOs 42 19
7 C=COs 35 12
8 KHCO:s3 63 13

Figure 47. Base screening.

By diminishing the equivalent d®fase and oxidant from 2 to 1.5 ecalents respectively, amcrease
in the reaction yield up to 77% tfe monoolefinated product haseen noticedFigure48 and49).
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This was might due tavoidance of byproducts formation or to the less degradation of the product

owing to the reagent excess.

o \| OEt “ OEt
JOEt Pd(OAc), (10 mol%) NHQ NHQ
‘NHQ Ac-Val-OH (20 mol%) meths
d . N{)Me Ag,CO; (1 equiv) é/\/(_}\ . *"‘}5\/\<5/\/H\
2a NaHCO3; (x equiv)
“ 1e:uiv) (1.5 equiv) DCE, 100°C, 24 h linear:branch = 10:1
Entry NaHCG (equiv) Yield % (mono) | Yield % (di)
1 0.5 68 16
2 1.0 72 14
3 15 75 7
4 2.0 73 13
5 2.5 73 14
6 3.0 72 19
Figure 48 Amount of base variation
0] \\ OEt \\ OEt
N OEt Pd(OAc), (10 mol%) NHQ
NHQ Ac-Val-OH (20 mol%)
d + N;’Ie AG,CO- (X 6auUiv <5/\/H5\Me . Me/H\/\(S/\/H\
NaHCO3 (1.5 equiv)
1a 2a DCE, 100 °C, 24 h
(1 equiv) (1.5 equiv) linear:branch = 12:1
Entry Ag2CQOs (equiv) Yield % (mono) | Yield % (di)
1 0.5 71 13
2 1.0 77 11
3 15 77 7
4 2.0 76 11
5 2.5 75 12
6 3.0 72 14

Figure 49:Amount of oxidant variation

Finally, we fixed the reaction time at 36 hoursorder to obtain the best conditiasith 80% of
yield (Figure 50.
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\ OEt \\ OEt

FE,')/OEt Pd(OAc), (10 mol% NHQ NHQ
1a NaHCO3 (15 equlv
(Tequiv) (15 equiv) DCE: 100°C time ( Amono e arbranch < 12-1 3ag;
Entry Time (h) Yield % (mono) | Yield % (di)
1 18 74 5
2 24 77 7
3 36 80 8
4 48 79 11

Figure 50: Reaction time evaluation.

Bed reaction conditions are summerizad-igure51 and provide the use of Pd(OA@s catalyst,

Ac-Val-OH as ligand, AgCQOs as oxidant, NaHC&as base and DCE as reaction solvent. In order

to envision all the possibility nitrogen based @ e tested other heterocychag without any

positive results.
?\ OEt

NHQ
+

1a
(1 equiv)

With the optimized condition inur hand, we nextextendedhe scopeof the reactiorstarting from

Pd(OAc), (10 mol%)

/\@)' Ac-Val-OH (20 mol%)
Ag,CO3 (1.5 equiv)
NaHCO; (1.5 equiv)
2a DCE, 100 °C, 36h
(1.5 equiv)

Unsuccessful DG

) OEt ;
“NHQ E
N : |
5 Me ! N
' N
3a, 80% P

Figure 51: Best reaction conditions.

structurally diverse unactivated olefins.
The terminal aliphatic alkenes with different chéngth Figure52) afforded the corresponding

CiT H ol efi
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\\ OEt Q_OEt

Pd(OAC), (10 mol %) P~NHQ
Ac-Val-OH (20 mol %) A
/\Q,R Ag,CO3 (1.5 equiv) n R

Q=
NaHCOj; (1.5 equiv) N
© 3
(0.2 mmol (0.3 mmol) DCE, 100 °C, 36 h
\\ OEt \\ OEt “ OEt ?\,OEt
P<
NHQ
X Me
13
3amono» 80%, I:b 12:1 Bmonos 74%, 1:b 10:1 3Cmonor 69%, b 9:1  3dponos 79%, I:b 10:1
3agj, 8% 3bygi, 13% 3cgi, 9% 3dy, 8%

Q
\ _OEt
R

\ OE!  OFt  OE!
NHQ NHQ Me NHQ NHQ
X

3€mono, 71%, I'b 24:1 300, 66%, single isomer  3g 749, 1:b25:1 3o, 73%, b 11:1
3eqi, 1% (E:Z13:1) 3hgi, 12%

Figure 52: Olefins variation.
Cycloalkanedinked terminal alkenes such as vinylcyclohexane and allylcyclohexane were found

suitable for the reactior8¢ and3h). Furthermore, asymmetric die@&with an hindered olefin tail

was incorporated at tretho position as a single isomer.
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Q OEt 9 Okt ;
“NHQ Pd(0AG), (10 mol %) PsNHQ :
Ac-Val-OH (20 mol %) Poa
/\(\%RIA' Ag,CO4 (1.5 equiv) o nRAAr | o |
NaHCO; (1.5 equiv) : Nx
o, 3 H
(0.2mmol) (0.3 mmol) DCE, 100°C, 36 h :
Q. _oEt Q OEt ?\ OEt \\ OEt
P
‘NHQ “NHQ 0 NHQ mj\
X X
X
" ome m/\/\ NHAc

3imonos 71%, single isomer
3fy, 7%
QOEt
P
“NHQ
A CN
3

3Mpmono» 80%, single isomer
3my;, 5%

3imonos 61%, I:b 11:1 Kmonos 79%, Ib121

3jgir 25% 3Kgi, 8%
Q OEt Q. okt
“NHQ R
o M NR@ OT:
A e X S
X
> \/\r >
Me
3N1onos 81%, I:b 13:1 30monos 83%, I:b 13:1
3ng;, 10% (E:Z8:1)
\\ OEt u OEt

3qmono, 77%, I:b 12:1
3q4i, 8%

Imono» 83%, Ib 13: 1
3rgi, 7%

Figure 53: Broad olefins scope.

3lmonos 83%, I:b 12:1

\\ OEt

Saias

3Pmonos 86%, I:b 8:1

The scope obur protocol was further extended to other different functionalized aliphatic alkenes

(Figure 53. As shown a high degree of functional grogagompatibility was observed in this

catalytic process. An unconjugated diterminal alkene was installed at orttiorpssiectively 8i).

Other functional groups such aster 8j, 3k, anda3l), nitrile (3m), amide 8p) were installed on the

benzyl phosphonamide coead provided the corresponding olefinated products in synthetically

useful yields.More sensitive functonal groups such as etheénj and tosyloxy 8o) were also

toleratedrendering the approach more versatile for the late stage functionalization.

In order to make the scope broaééctronically and structurally different benzyl phosphonamides

and aliphatic alkeng#igure 54 have been tested.
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(0]
) OEt “ OEt

NHQ Pd(OAc), (10 mol %) P\NHQ
Ac-Val-OH (20 mol %) '
R'/Ar Ag,CO4 (1.5 ) Upp !
R + g,C0;3 (1.5 equiv R'/Ar
N, n !

NaHCOj3; (1.5 equiv)

1 2 DCE, 100 °C, 36 h

(0.2 mmol) (0.3 mmol)

\\ OEt n OEt \\ OEt \\ OEt
QS/\/H\ OMe Me\é/\/ﬁ\
OMe
Me 3Smonos 81%, I:b 15:1 Me 3tmonos 73%, I:b 9:1 Me 3Upmones 80%, I:b 16:1 3v, 84%, I:b 9:1
354;,6% 3tgi, 9% 3uy; 6%
“ OEt \\ _OEt \\ _OEt n OEt
\(5/\/(—)\ NHQ \d ’]/NH\/Q \[ : /(5/\/\r
X, 79% MeO
3w, 86%, I:b 8:1 EZ 11:1) 3y, 89%, I:b 14:1 3Z10n0s 74%, single isomer
E:Z6:1
\\ OEt \ OEt \\ OEt ( )
3aamon0s 86%, I:b 31:1 Brmonos 77%, I:b 14:1 3aCmonos 81%, I:b 11:1
(E:Z5:1) 3acy; 9%
\\ _OEt \\ _OEt Q OFt
P
éﬁﬁ i%A:
Cl
dmonos 82%, I:b 14:1, E:Z 8:1 3aenono 80%, single isomer 3af0n0s 73%, I:b 23:1 3a9monos 76%, I:b 9:1
3Xd|, 12% 3ydi, 13%

Figure 54: Electronically and structurally different benzyl phosphonamides Hpidadic alkenes
scope.

Irrespective of the position of the substituent groups, benzyl phosphonamides containing both the

electrondonating and moderate electraithdrawing groups were found to undergo olefination with

good yields.

Furthemore the functional groupsisualsensitive tahis kind of reactionsuch as alcohoBf), ether

(3aa), and ester Jag were comfortable with the catalytisystem Even the halogenated

phosphonamides3éb-3af) neither underwent Heck reaction nor prd&halogenation and were

well-toleratel, enablinga late functionalizatiofor further synthetic manipulatioQrtho substituted

benzyl phosphonamides exclusively formed the corresponding styrenyl derivativedy), and no

allylic selectivity was observeleta-Substituedphosphonamidesid not affect the reaction arioke

respective olefinated product8z(and 3aa) occurredregioselectively athe less hindered ortho

position.
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Bulky aliphatic alkene as reactiomnner could also be employed, which has been exemplified by
the incorporation ofa bioactive compound as thigamin E deriative (3ac).

The benzyl phosphonamidibstituted withnitro group did not react under the standesdction
condition andnly unreacted starting material was recovefesireported in figur&2, 53, and54, in

some cases-Bsomers were obtained, however it has been observeth#haformation was neither
dependent on electronic influence on the aromatic ring of phosphonamadiphatic alkenes nor

steric effectdut further study will be conduadin our laboratories in order to collect more data.

Despite the high versatility of the presented protootérnal alkenesndl , -disNpstituted alkerse

did not workpresumably de totheir steric hindranceSince the possibility to get a-dlefination has

been shown up3@d) the synthetic utility of the present strategy was further investigabgd
synthesizing heterbis-olefination compounds in a sequential fashiémggre 55). Due to the
differences inelectronic and steric behaviors of the manefinatedderivatives compared to the
starting phosphonamides, a second olefination reaction seems to pose inherent challenge. Despite
these potential difficulties, variousmmsymmetrical heterbis-olefinated products were synthesized
under the present catalytic condition. A variety of nonfunctionalized as well as functionalized alkenes
were incorporated at t he or tdebnated ibathzyllpbosptha o f t
mides in good to excellent yield4&j 4e) and thus reflectthe efficiency of this powerful method.

The potential application of this transformatioas supported bgfi g r acalé reaction afawith

1-hexadecen@d.

Q oEt
4 Q OEt
NHQ Pd(OAc), (10 mol %) ‘P:
AR _ 2)r 5 AC-Val-OH (20 mol %) NHQ
r .
n + /\WnR IAr®  Ag,CO4 (1.5 equiv)_ aAfl/R N N REUAL
3 R 2 NaHCOj; (1.5 equiv) n
(0.2 mmol) (0.3mmol)  DCE,100°C,36h R 4
o)
“__OEt
R
NHQ
Me / A Me

13

\
NHQ
MeO / S OBn
|O Cﬂ 7
MeO
Me Cl
4c, 89%, I'b 9:1, E:Z 6:1 4d, 91%, I:b 13:1, E:Z 10:1

C
4e, 82%, I:b 11:1, E:Z 6:1

Figure 55: Sequential hetero eblefination.
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Inordero determine the rate of the CTH ol efi
individually with respect to phosphonamide and unactivated alkene.
It was observed #t the phosphonamide exhibitist-order kinetic rather tharthe aliphatic alkene

thatfollowed zeroorder kinetics (Figur&6).

0.054 0.025+ (b) aliphatic alkene: zero-order
m 0.025 mmol scale
s 005 mmolscale » 0,037 mmaol olefin
0.0204 « 0.05 mmaol olefin
(a) phosphonamide: first-order ?
g = 0.015-
5 .
2
E 2 0,010+
-] =
-g @
B 0.005 4
0.00 - 1 0.000 ¥ T
o 5 time () - 0 5 timeih) 10

Figure 56: Kinetic experiments

Q OEt Q OEt o~y Me Q OEt Q OEt

PSNHQ g P NHQ 13 P NHQ PSNHa
+ D D Pd(OAc), (10 mol %), Ac-Val-OH (20 mol %) X Me + D X 1!;“9
13
D D D

Ag,CO3 (1.5 equiv), NaHCO3 (1.5 equiv)
D DCE, 100 °C, 36 h D
1a 1a-D 3d 3d-D
Py/Pp = 3.57

Og

Y

Figure 57: Competition experiment for the RDS evaluation
To get an insightibout theRate Determing StepRDS) of the catalytic cyclean intermolecular
competitionexperimentbetween [D7{la andla with 2d hasbeen studied. [#Pp] 3.57 valuehas
been calculateduggesting that € activation is the RD@Figure57).
More detailed study such agsificant kinetic isotope effect (KIE) has also been measuredder
to confirm the previous results.
In two different flaskparallel reactions adtaandla-[D7] with 2a(Figure58) have been conducted
ku/ko value result in 3.2@ndboth these results indicateeCT H a ct i v eatedeterminiags

stepof the olefination reaction.
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Q ,OEt
P>NHQ

+ =

1a

Me
13

Q_OEt

P<
NHQ
Pd(OAc), (10 mol %), Ac-Val-OH (20 mol %) N
' 13
Ag,CO; (1.5 equiv), NaHCO; (1.5 equiv)
DCE, 100 °C, 36 h
3d
KHIKD i Ty I
Q OEt
PsNHQ
Pd(OAc), (10 mol %), Ac-Val-OH (20 mol %) b D
- N
1
Ag,CO; (1.5 equiv), NaHCO3 (1.5 equiv) D
DCE, 100 °C, 36 h D
D
3d-D
Figure 58: KIE study.
pl ausi bl e mechani sm

Based on thexperimental resulisa

olefination of benzyphosphonamides with unactivated alkengwdgposedn Figure59.

The catalytic cycle starts with the coordination of Pd(Ilthe bidentate monoanionic chelating

f

o

r

auxiliary 8amino-quinoline, through the assistance of base, followed by the insertia{lbf é&nter

to the

ortho

Ci

H

bond

o fmenpbbredpalddacycke thi d e

t o

Olefin binding to Il and 1nigratory insertion generates two reggomeric cyclepalladated

species

The

of two olefinicst e s

cycl e.

selectivity.

preferential

(U

(0]

r

B) is

responsi bl e

for

I V-hydridelelinMnatio dif@ds the olefinatpdoduct3, followed by reductive
elimination to generate Pd(0), which is oxidized to Pd(ll) aided by Agd)completes the catalytic
a t thiadered pbsition toftthe olegin deitd

t he
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Q OEt
P\NHQ
Ag(0)

HOAc
—= 0
Ag(l -
7D @QN

O N AcO’/ .
L N
Pd(0) 0
NHQ
B-hydride elimination,
reductive elimination
(3), major C-H activation
0 ,OEt
A HOAc
\\ OEt '-\ \
P OEt

‘\

(3"), minor
Pd~ 1,2-migratory =
insertion olefin (I
W) C(\P OEt coW

(III)
Figure 59: plausible mechanism for the palladiema t al yzed ortho CT H ol
In conclusion, Pd(lIPcatalyzed chelatingroupa s si st ed ortho Ci H ol e
phosphonamide with unactivated aliphatic alkenes has been developed. The broad substrate scope
with phosphonamides as well as aliphatic alkenes provided generalityaaitéhgic condition with
excellent linear/branch selectivity. The versatility is further proved by the implementation of
challengig sequential heterbis-olefinaions,byt h e fgralesynthesiwhichdemonstrates the

applicability of the present tnaformation.
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3 Direct metaC-H Perfluoroalkenylationof Arenes Enabled by a Cleavable
Pyrimidine-Based Templadt

This project, published i€hem. Eur. J.2019 25 1-6, is here described as an extension of the corresponding article
Fluorinecontaining compounds are known to play a pivotal role in pharmaceutical/medicinal
chemistry, but also in agrochemical and material scietides. e asy t @0i25% of drigs e wh
in the pharmaceutical pipeline contain at least one fluorine.atbirst example of fluorinated drug

is the antineoplastic agent-fluorouracil (Figure 60) a notel antimetabolitewith high anticancer

activity by inhibiting the enzyme thymidylate

OH
" N O
F 8
F =
HN™S i 00 ) el ©
By F Ho ;
07 >N"o - y i
H N0 FF
H FE F
F S
- )
F
5-fluorouracil Fluoxetine Faslodex Flurithromycin Efavirenz

Prozac®

Figure 60: Bioisosterc fluorine containing bioactive compounds.
After this discovery, the rush to fluoride started andmgresssin this areahave been achieved
by the development of nefluorination processes mediated by new fluorinating agdims.climax
for the use offluorine substitution in drug desigoccurredwith severaldrugs production inthe
pharmaceuticalsmarket. Among others, Fluoxetine (antidepressajt Faslodex (anticancey,
Flurithromycin (antibacterigl and Efavirenz(antiviral) illustrate the wide rangef disease areas
benefiting from fluorine chemistry ankighlight the hugeness dhe structural diversity of the
fluorinatedmolecules(Figure 60). Top sellng drug Fluoxetine more commonly known as Prozac
was approved by the Food and Drug Administration (FDA) in December 1987, andrgildincame
the most prescribed antidepressant drug worldwide, achieving annualf@al@se billion US
dollarseo
It is indeednoteworthythat fluorine and in particulathe incorporation of & bonds into organic
molecules strongly influence their properties such as thermal stability, high chemical inertness and

solubility in organic solvente Many effectscan be tailored bfluorine incorporation since it acts

60 Purser S., Moore P.R., Swallow S., Gouverneu¥iem. Soc. Re\200§ 37, 320 330.

61 Heidelberger C., Chaudhuri N. K., Danneberg P., Mooren D., Griesbach L., Duschinsky R., Schnit2¢aitRrg)1957 179,

663.

62 a) Purser S., Moore P. R., Swallow S., Gouverneu¥iem. Soc. Re2008 37, 320 330; b)Furuya T., Kamlet A. S., Ritter.T

Nature2011 473 4701477, c) Yamamot o K., Li J ., Garber J. A. O. , Ro
van Gastel M., Neese F., Ritter Nature 2018 554, 511-514;
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onprogrties of organi c compoundssize dlettronégativityv e | |
lipophilicity and electrostatic interactions can dramaticaifijuence chemical reactivity

It is knownthat even a single fluorine atom insertion in a small molecarecompletely change
biological properties of a natural or pharmaceutical product. Relevant example might be the mono
fluoroacetic acid biological properties variatjoover the classical oseof the acetic acid.
Fluoroacetic acigFigure61) is infact lethal for humansince it interfees with the Citric Acid Cycle;

it wasalsouseddate backike rat poisorss
O

P Hon

Figure 61: fluoroacetic acid
This shown how only a single fluorine atom could affect a metabolic cascadgeardally a
prediction of thebiological activity of organic compoundsrather subtle and difficult
Despitethe amountof researclreports ad medicinal data accumulatedich allow making some
general predictions about an expected biological actifitgrine scan is still a routine approach in
drug candidates development. Affectionaaidity, basicity, and lipophilicity can strorlg influence
binding affinity; pharmacokinetic properties of the candidabeavailability and metabolic stability
arecommonly increased by substitution with fluorine atems.
Alkenes and aromatic moieties bearing perfluorinated tails are widely usestadeaisosteric and
isoelectronic mimics of the amide bond, and bioisosteres in structure/activity relationshegestud
Although of great importance, the synthesis of perfluoroalkenylated arenes through the incorporation
of fluoroalkyl chains has remained an outstanding challenge. Few strategies for the preparation of
these structural motifs, such as the classicaksroupling reaction have been shown to be
effectivess Leitner and coeworkers synthesizede perfluorinatedaryl bromides, whiclwerekey
building blocks for the synthesis of arylphosphanesaliyu-catalyzedcoupling of the mono
Grignard reagents from dibromides wghrfluorinatedalkyl iodides(Figure 62 &

63Peters R., Proceedings of the Ciba Foundation Symposium on €&dmwime Compounds: Chemistry, Biochemistry, and

Bi ol ogi cal Activities; El sevier: Amster dam, 1972; pp 55176.
64 Wang J., SnchezRosell M., Acefa J. L., del Pozo C., Sorochinsky A. Euskero S., Soloshonok V. A., Liu HChem. Rev.

2014114 243212506 .

65 Tobisu M., Xu T., Shimasaki T., Chatani N.,Am. Chem. Sq&2011, 133 195051951% b) Yasu Y., Koike T., Akita M.Angew.

Chem. Int. Ed2012 51, 95679571, c) Tomita R., Yasu YKoike T., Akita M.,Angew. Chem. Int. EQ014 53, 71447148;d)
Tiwari D.T., Dabral S., Wen J., Wiesenthal J., Terhorst S., Bolr®/@., Lett.2017, 19, 42951 4298;

66 a) Kainz S., Koch D., Leitner W., Baumann \Wngew. Chem. Int. EA997, 36, 1628 1630; b) Betzemeier B., Knochel P.,
Angew.Chem. Int. Ed1997, 109, 2623 2624.
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In the same yedknocheb s g r o u p a qopper snediatedecduplinmeiveen iodoaniline and
perfluorinated alkylodides(Figure 62b).
a)
1. Mg, Et,0

R > R
2. I(CHy),(CFy)F,
(n*-CgH42)CuCl] (10 mol%)

Br (CHy),(CFy) F
Et,0, 0°C to RT

b)

! Cu, CgFy3l CeF1s
>
NH NH

2 DMSO, 120°C
86%

2

Figure 62: Cu-catalyzed coupling of the mor@rignard reagents
As expectedthe existing methods usually requpeefunctionalization of substrates or employment
of nonreadily available starting materialsithough,Hoarauand ceworkers developed aapadium
and copperCatalyzedstereo controlleddirect GH fluoroalkenylation ofheteroarenes usingent
bromofluorodkenes: (Figure 63; this and the previoumethods often suffer from low regior

stereoselectivity and poor functional group tolerance due to the employment of sensitive reagents

=N B cat. [Pd] =N F
REDH L R P RE (@
X X R,

X=0,S F base X=0.5

Figure 63: palladium andcopperCatalyzedstereo controlledlirect GH fluoroalkenylation
Therefore, new synthetic strategies featuring high efficiency and mild conditions are highly desirable.
Over the past decades, transition mettdlgaed GH bond functionalization has been established as
an effective strategy in latgage functionalization of pharmaceuticals and bioactive mole(ades
chapter3). As we already mentioneth) achieve siteselective CH bond functionalization at@esired
position, directing group (DG) approaches/e been employedExtensively the ortho-C-H bond
hasbeen studiedwhile distalmeta andpara-C-H bonds have been much less addressed.
In the past few yearsnetaselective CH functionalizations of arenes have been accomplished by

exploiting the inherent steric and electronic properties of substrates, or by designing suitable

67 Schneider C., Masi D., CowBonnaire S., Pannecoucke X., HoarauAhigew.Chem. Int. Ed201352, 32461 3249

68 a) Murai S., Kakiuchi F., Sekine S., Tanaka Y., Kamatani A., Sonoda M., Chat&tathre1993 366, 529531;b) RouquelG.,
Chatani N. Angew.Chem. Int. Ed2013 52, 1172611743;c) Aihara Y., Chatani NJ. Am. Chem. So2014 136, 898901.



templateso In this context, direct €1 perfluoroalkenylation of arenes is an importanite in terms
of both atom and step economy

Recently, Loh and ceworkers reported ra highly effective rhodium(lil}catalysed U-
fluoroalkenylation of (hetero)arenes throughi HICiF bond activations The ortho-C-H
functionalizationof indole mediated by a pyrimidine groygroceeded in dase and oxidan{free
environment and diverse range of synthetically useful and pharmaceuticattypound$iave been
delivered with the reported protoqéligure64).70

R
A\ N/
\ E [Cp*Rh(CH3CN)3](SbFg), (4.0 mol%) .

N
+
R~ >
N\/\B \)\F MeOH, 80°C, 16 h N\)/\‘B

Figure 64: Rhodium(lll)-catalysed dluoroalkenylation of (hetero)arenes

Ackermannrelegantly reportethe ortho-C-H fluoroalkenylationof arenessia C-F bond activation:

DG F

DG F
H RF
N *
L F

C-F/C—-H activation
sustainable manganese
non-toxic & inexpensive

(per)fluoroalkenes

mild conditions
ketimines & peptides

Figure 65: First example ofmanganese at al yzed CIT F/ Ci H functic
this is the first example of manganeseat al yz e d CiTF/ CtH functione
manganesedy at al yzed or ganomet al 85iricAutldis ldemanstriatedvtlzet i o n
versatility of the protodowith a broad scope which include synthetically meaningful ketimines as
well as amino acids and peptides.

Intriguingly, the metafunctionalization of arenes using sterically demanding electrophilic
perfluoroalkenes remains a difficult task, owingtb@ formation of highly strained macrocyclic
transition states (TSs). Despite its potential application, the distat@rdtperfluoroalkenylation

has not been reported yBtue to this lack in literaturand our continuous effort to reaching out to

69a) Leow D., Li G., Mei T-S., Yu J:-Q.,Nature2012 486, 518522; b) Yang Y-F., Cheng GJ., Liu P., Leow D., Sun Y., Chen

P., Zhang X., Yu JQ., Wu Y:D., Houk K. N.,J. Am. Chem. So2014 136, 344355;c) Deng Y., Yu JQ.,Angew. Chem. Int. Ed.
2015 54, 888891, d) Maji A., Bhaskararao B., Singha S., Sunoj R. B., MaitChem. Sci2016 7, 31473153

70 Tian P., Feng C., Loh IR.,Nat. Commun2015 6, 74727478

71 Zell D., Dhawa U., Mller V., Bursch M., Grimme S., Ackermann IACS Catal2017, 7, 4209714213
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the dstalmetaC-H bond, we envisioned a Ritalyzed met&i H perfluoroalkenylation of arenes

usingreadily available fluorinated partners (Fig&@.

a) This Work:
X
X‘DG ‘DG
A —f— QU
H Rr
b) Compatibility with various perfluoroolefins: c) Diverse scaffolds:

(o)
S S0 B 7 B8
H H

Figure 66:aim of the work.
We focused our initial efforts on the pyrimidibased template which has recently been used for
differentmetaselective GH functionalizationsz We initiated our investigations on a model substrate

la(R =mMe) with the benzylsulfonyl unit and perfluorohexene as coupling partners.

(0]
Os
\/S’ ||/O
OH N cl Et3
DCM RT
=z | R
N N

Figure 67: Benzylsulfonyl scaffold preparation.
Benzylsulfonyl scaffold was prepared following a gehgreocedure depted in Figure 67
2-(pyrimidin-5-yl)phenol and triethylamine were dissolved in dichloromethane and
phenylmethanesulfonyl chloride was addedjetthe chloridesubstitution and the desired product
la. 2-(pyrimidin-5-yl)phenolcould be synthesized by a Skrooupling between-Bromopyrimidine
and 2Hydroxy phenylboronic acid, whereas the sulfonyl chloride could be obtained by a reaction
with the desired benzyl chloride and thiour@ae chlorination process using NCS afforded the

reactionpartner

72 a) Bag S., Jayarajan R., Dutta U., Chowdhury R., Mondal R., Maifirgew. Chem. Int. E@017, 56, 1253812542; b) Bag S.,
Jayarajan R., Mondal R., Maiti DAngew.Chem. Int. Ed2017, 56, 3182 3186; c) Jayarajan R., Das J., Bag S., Chowdhury R.,
Maiti D., Angew. Chem. Int. EQ018 57, 7659 7663; d)Dey A., Sinha S. K., Achar T. K., Maiti DAngew Chem. Int. Ed2019
doi::10.1002/anie.201812116) Bag S., Petzold M., Sur A., Bhowmick S., Werz D., Maiti Chem. Eur. J2019
doi:10.1002/chem.201901317
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Q Pd(OAC), (10 mol%) E
o N-Ac-Gly (20 mol%) o™
o) + HAU N o)
| X AgOAc (2.5 equiv) | O FF
DCE, 90°C, 24h
NN it NN = CF,4
N~ Me ~ Me
FFFF
1a, 0.1mmol 0.1mmol 2a ,45%

Figure 68: first attempt of metgerfluoroalkenylation reaction.
Theperfluoroalkenylation teseaction was carried out in dichloroethane using Pd(&©A6)mol%)
as catalystinonoprotected aminacid (MPAA) N-Ac-Gly-OH (20 mol%) as ligand, and AgOAc as
oxidant at 90 °CThe desiregberfluoroalkenylated product wabtained in 45% yield with complete

metaselectivity(Figure68).
Encouraged by this result, we started the optimization of the saamtinditions.

CF,4 Pd(OAG),, (10 mol%) Q

1l
S

0’5 .\ Ligand (20 mol%) .~ o’(ls)l
X AgOAc (2.5 equiv) | N FF
NI\¢N " DCE, 90°C, 24h NVNMe _ CF,
1a FFFF
Entry Ligand NMR Yi( &l d
1 AcAl-@QH 24
2 AeDLLtVaOH 5
3 AceP h-@H 30
4 AeL-L e-OH 9
5 N( &kL-Ly-O®OH <5
6 N-Bo-Gl-QH 11
7 AcGIl-QH 45

Figure 69: Ligandscreening.
Since Igand is essential for this kind ofig activationwe started our optimization study screening
different MPAA. NMR vyield with 1,3,5 trimethoxy benzene as internal standard was calculated and

N-Ac-Gly-OH remained the best solution for qumotocol.
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o5 N-Ac-Gly (20 mol%) o
o} + : _ o}
| gélgagggészithIV) | NS
NN Ve ’ ' N\¢NMe = CF,
1a FFF F
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3 AgSQ )
4 A gC O, 59
5 A g NO -
6 AgOAcC250s(KL. 0 36
7 AgOAc + TEMPO -
8 AgOAc +( Mn@ e 29

Figure 70:0xidant screening.
Next, we moved throughout the oxidant screerffrigure 70) Oxidant was requiretb regenerate
the catalyssince we suppose that the catalytic cyweiesPd(11)/Pd(0) Actually the silver carbonate
(Ag2COQg) proved to be the most effective and provideetaperfluoroalkylated produ@ain 59%

yield.
ES? e CF3 Pd(OAc), (10 mol%) (us?
o N-Ac-Gly (20 mol%) (o]
o) + > o)
I X Ag,CO3 (2.5 equiv) | N FF
N\4N y Solvent, 90°C, 24h N\¢N _ CF,
e Me
1a FFFF
Entry Sol vent NMRiY¥l d (%
1 HFI P: DCE ( 60
2 HFI P 69
3 Tol uene <5
4 TFE 35
5 DMF -
6 Me CN -
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Figure 71:Solvent screening.
Last \ariable tested was the solvetgsting various solvents, an increase of the yield to 69% was

achieved by using hexafluoroisopropanol (HFIP).

“DG Pd(OAc), (10 mol%) “DG
N-Ac-Gly (20 mol%)
— F F
Ag,CO3 (2.5 equiv) P CF,
H HFIP, 90°C, 24h
FFFF
E OMe
O'}g_i MeO
E | X E ok 035.
NN CN CN
50% 35% Traces
(mono:di 5:1) (m:others 7:1)
Entry Directing NMR Yi( éd) d
1 T1 580
(mono:di 5
2 T2 35
3 T3 Traces

Figure 72. DG screening.
In order to envision all the possible scenaffior the perfluoroalkenylation reaction veereened
different DG, T1, T2 and T3 (Figure72), respectively. As expected pyrimidine based DG was the
best one with an MR yield of 50% over the 35% of yield Gi2 nitrile based DGPara methoxy
nitrle DGdi dnét afford the desired product in dete
Subsequently, the scope of this transformationexasnined under these optimized conditions. First,
we evaluated several perfluorinated olefins. Terminal alkenes with different lengths were found to be
suitable reaction partners leading to the perfluoroalkenylated pro@eds in 69-83% yield.
Interestngly, heptafluoreb,5-bis(trifluoromethyl}1,3-octadiene has been incorporated at the meta
position in synthetically useful yield2d, 2e 2f, and2g). The presence of a bromine atom in product
2c might be effective for a late stage functionalization
Applicability of the protocol habeen demonstrated witwo different grarrscale reactions usiriga

While a slightly higher reaction temperature was required to achieve the desired conversion, products

6C



2a and2g, respectively, were isolated in 58% and 6yi#ds. Next, we tested different substituted
benzylsulfonyl esters with perfluorohexerféigure 73. It was observed that the trifluoromethyl
group at metgoosition did not affect the reaction protoc@l)( In contrast, bulkier substituents at the
ortho (2h, 2i, 2m and 2n) or para 2j and 2k) positions resulted in a slight decrease of the yield,
probably because of steric repulsions affectingnie¢allacycleformation and/or due to ineffective
olefin insertion. Nevertheless, this drawback was partially overcome by changing the perfluorinated

olefin partner as shown Figure 73 moderate to good yields were obtain2g-22).
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Figure 73: Scope with different substituted arenes and perfluorolefin partners.



To demonstrate theersatility and improveour developed protocol, we expanded our study to other

linkers Figure74).

e Pd(OAC),, (10 mol%) be : :
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X/ * F N/ H \0
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. |
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Figure 74: linker length study

Interestingly, a substrate with ethanether (instead of C#$Or) furnished a higher yield of the
respective produca than in the analogous reaction2a The perfloroalkenylation reaction was
found to be feasible with a wide range of substituted ethyl arenes and perfluorinated olefins affording
compounds3a-3i in yields up to 98%. Additionally, we extended the linker length to propyl and
pentyl tethers affording flerentmetaperfluorinated product3j-3p in moderate to good yields
Furthermore, we investigated whether thietaC-H activation process is also possible when
phenylacetic acid derivatives are employed. Since phenylacetic acid is an important ehatgsin

(i.e. -prufen type drugs), we subjected the respective esters to our catalytic préigooe 75).
Fortunately, the reaction did not afford any transesterification product. Thus, six different
phenylacetic acid esters were transformed into prodtee® including derivatives with methyl,

methoxy and fluorine substitution at the arene.
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Figure 75: Phenylacetic acids perfluoro olefination.

To obtain sequential perfluoroolefination in a posksatective manner, morngerfluoroalkenylated
products wereested With the prefunctionalized monrolefinaed products(Scheme 120 and

Scheme 23i), various fluoreolefins were incorporated at the remainingetaposition in an

exclusive manner with preparatively useful yields under the present reaction conditebes (
Figure 76.
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Figure 76: Hetero diperfluorolefination.

To showcase that this transformation can also be used for the derivatisation of pharmaceuticals,

Ibuprofen @€ was attached to the pyrimidhised directing group and submitted to the
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perfluoroalkenylation protocol. The presence of the benzylic substituent (Me) and the bulky group
(iBu) were not found to be lsindrance for the catalytic cycle; reactions procdestaoothly leading
to 6aand6b (Figure 77.

D6 <6 ;. DG:
Pd(OAc),, (10 mol%) :

R S
§ g,C03 (2.5 equiv = :
H HFIP (1 mL) R ; T

90 °C, 48 h

M
€ DG
FF
= CF,Br
Me FFFF

6a, 53% Gb, 62%

Figure 77: IbuprofenC-H pefluoroalkenylation.
Finally, thetemplate could be removed in a traceless fashion as depidtgguire 78affording the
free acid7ain 96% yield or the transesterificated prodtist Barium hydroxide have been employed
for the hydrolisis of the ester for the free acid generation.

Ba(OH),.8H,0
o MeOH, RT, 18 h CFoBr

DG

7a, 96%

= CF,Br S

E FF ~N
4e K2CO; DG
MeOH, 45 °C, 90 m|n CF,Br

7b, 94%

Figure 78 DG removal.
To getinsights into the reaction mechanism, a kinetic study was conducted. A competition experiment
betweenli and the deuterated analbigDs resulted in &+/Pp value of 1.5, which indicates that the
C-H activation step is not the ratietermining stegFigure 79.2s An ESFHRMS analysis of the
reaction without olefin suggested the formation of a palladacycle (intermdédliakegure80).

73 Bag S., Jayarajan R., Mondal R., Maiti Bngew.Chem. Int. Ed2017, 56, 3182 3186
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Figure 79: competition reaction experiment.
On thebasis of these results and previous literature reports, a plausible catalytic cycle is depicted in
Scheme 8. The pyrimidideased DG coordinates the mepmmtected amino acid (MPAA)gated
palladium catalyst (intermediate II) and activates the @ethbond (probably through a concerted
metalation/deprotonation step) affording the macrocyclic intermediate Ill. The olefin binding to the
cyclopalladated compound is followed by-hyh gr at ory i nsertion t-hat
Hydride elimination provids the desired perfluoroalkenylated product VI and Fte latter is

reoxidized by stoichiometric silver(l) and is able to start a new catalytic dyigeré 80.
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Figure 80: proposectatalytic cycle for the meta-@ perfluoroalkenylation.

In conclusion, we reported the first palladhoatalyzed highly selectivemetaC(sp)-H

perfluoroalkenylation of arenes. The choice of a pyrimibased directing group is found to be

v

crucial, givinga high degree of compatibility with perfluoroolefins of different nature. The synthetic
versatility of the protocol was demonstrated by a broad substrate scope including different
benzylsulfonyl, alkylaryl and phenylacetic acid scaffolds. IbuprofeH @eafluoroalkenylation,

facile cleavage of the DG and grawale reactions demonstrate the practical value of this procedure.
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4 Trifluoromethylation of Allenes An Expedi ent Access t
Trifluoromethylated Enonesat Room Temperature

This project, published i@hem. Eur. 32019 25, 750753 is here described as an extension of the corresponding article
Beside the arengpz functionalization an unsual-C and CH functionalization hsbeen explored.

The new strategy involves thap hybridized carbon of the allene$he highly electrophilicsp
hybridized carbon center in allene core structure is expected to be reactive towaradidale
species: and in particular we envisagé¢he idea of the trifluoromethyl radical. As described in the
previous chapterhe ubiquity of carbon fluorine bond {E)7 in myriads of pharmaceuticals,
agrochemicals and functional materials has inspired chemists to develop numerous
trifluoromethylationstrategies over the yeassIrifluoromethyl radical based methods have been
found captivatingn recent yearslue to the reactity of this kind of radical inseveral processes

which involve mildreaction condition and accessible resources.

|n|t|ator ‘
Me X
solvent T,3h

Figure 81: 6-trifluoromethytphenanthridinesynthesighrough radicatrifluoromethylation of

1.2 equiv

isonitriles
Studerand coeworkers in 2013 reported 6&-trifluoromethylphenanthridinesynthesisthrough
radicaltrifluoromethylation of isonitrilessReaction proceeded with 5% mol.BdsNI as initiabr in
1,4-dioxane at 80°CThe metal free radical process uses the commercially available Togni reagent
asprecursoinf the Ck radicd. The first sep of the reactiors the Ck radical formation so it could

react with the isonitrile to afford intermediaté (Figure 82) which cyclizes to givethe

74 a) Tsuchii K., Imura M., Kamada N., Hirao T., Ogawa A.Org. Chem2004 69, 6658; b) Zhu N., Wang F., Chen P., Ye J., G.
Liu, Org. Lett 2015 17, 3580.

75 a) Ller K. M., Faeh C., Diederich FScience2007, 317, 1881; b) Hiyama T.Organofluorine Compounds: Chemistry and
Applications,SpringerBerlin, 200Q c) Fluorine in Medichal Chemistry and Chemical Biolodids.: 1. Ojima), WileyBlackwell,
Chichester2009

76 a) Cho E. J., Senecal T. D., Kinzel T., Zhang Y., Watson D. A., Buchwald Science201Q 328 1679; b) Wei X-J., Boon W.,
Hessel V., Nad T., ACS Catal2017, 7, 7136;

77 Zhu R., Buchwald S. LJ. Am. Chem. So2012 134, 12462; b) Ambler, B. R., Altman R. AQrg. Lett.2013 15, 5578; c) Yasu

Y., Koike T., Akita M.,Angew. Chem. Int. E@012 51, 9567; d) Tomita R., Koike T., Akita MAngew.Chem. Int. EdJ2015 54,
12923; e) Ambler B. R., Peddi S., Altman R. @rg. Lett.2015 17, 2506.

78 Zhang B., MuckLichtenfeld C., Daniliuc C. G.I, Studer AAngew. Chem. Int. E@013 52, 10792
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cyclohexadienyl radicaB. Deprotonation byArylCO 2- specie and Single Electron Transfer (SET)
with the Tanireagent give the produkt
F3

Cy I @)
[—QO - . _
Initiation: [ >§O —>» CF; + o + 121,

ArylCO,

Figure 82 Proposed mechanism of the trifluoromethylation.

Cul (2.0 equiv)
Pyridine (2.4 equiv)
Ar-l + CF3CO5K »  Ar-CF,
NMP, 200-210 °C
t, = 16 min

BPR (200 psi)

EtOAC ci=mm—>

Ar-lin NMP cmm———
CF4CO.K, Cul, cfamm——d

pyridine in NMP

<t

h
T

SS tube reactor
200-210 °C
t. =16 min S
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Figure 83: trifluoromethylation ofaromatic ancheteroaromatic compounds using potassium
trifluoroacetate

Another elegant example is tiefluoromethylation ofaromatic andheteroaromatic compounds
using potassium trifluoroacetag@abled by a flow systefrom S. Buchwaldze Authors proposed a
simple and scalable method for the trifluoromethyl group introduction into aromatic system. This was
the first example of an aromatic trifluoromethylation conducted in flow that involves a highly handle
CRs source such as GEO:K salt. Moreover, the use of the flow chemistry as exemplified in figure
83 neededvery short reaction time in order to achieve the full conversion of the starting nsaterial
Among the substrate scop#ltioromethylpyrazolehas been addressed sincastthe core unit of
many pharmaceuticals, agrochemicals, and potential chndidates (e.g., Celecoxib, Mavacoxib,
Razaxaban, S660).s0
Although their advantageous featusesumber of important trifluoromethylated scaffold synthesis
still remain unadcessed.In this scenarioa-trifluoromethyl substituted enonésve been shown to
be important and received significant attention in recent years due to their prasemeay
pharmaceutical and bioactive molecules.
Focusing on this dearttwe based ourapproach on a previougtrifluoromethylation protocol
developed in Mait i égsedtolacdsd}CH substiutednketortes foom simapse
unactivated olefinsand alkynesusing an inexpensive radical trifluoromethylating sousese
Langl oi s 8la0S0OGE)agrem temperatur@igure84).sz

79Chen M, Buchwald S. L.Angew. Chem. Int. EQ013 52, 11628
80 Lamberth C.Heterocycles2007, 71, 1467.

81a)Zhu W., Wang J., Wang S., Gu Z., Acen J. L., Izawa K., Liu H., Soloshonok J.RAlyorine Chem.2014 167, 37. b)
Chadalapaka G., Jutooru I., McAlees A., Stefanac T., SaBid®rg. Med. Chem. LetR00§ 18, 2633

g2a) Deb A., Manna S., Modak A., PafT., Maity S., Maiti D.Angew. Chem. Int. EQ013 52, 9747; b) Maji A., Hazra A., Maiti
D., Org. Lett.2014 16, 4524
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a)

radical I @

generation step

o e /

Figure 84: U-CFs substituted ketones from sitepunactivated olefinand alkynesisingL an gl oi s 6 :
reagent

Aromatic, heteroaromatic and aliphatic alkenégsve beentransformed in the relative

trifluoromethylated products with the use of the trifluoromethylating agent atadytic oxidizing

agents like AgN® and mtassiumpersulfate in an open air reaction. The same protoc®bhan

applied also on terminal alkynes always for the-rifluoromethyl ketones synthesiSeveral

heterocycles have been tolerated starting froenalkynes rather than alkenes and the sumpose

radical pathway was further demonstrated by a trapping experiment (Bigureuthors employed

P(OEt} as aselective trapping agent for vinylic radical intermedidtesrder to quenctihe U

styrenyl radicalntermediatevhich was presumetb be formedduring the reaction.

NMP, O, 70 °C, 12 h

= AgNOj3 (20 mol%) OspOFt
CF3SO,Na (2 equiv), P(OEt)3 (15 equiv) SOEt

> X

Fs;C

Initiation +
Ag Ag

SO,
0 ® \_\ 2 . f .
CF4S0, Na CF5S0, CF

Trapping
Et
T OE
.} et Ef O\\g,EéEt
P(OEt)s * 4
CF CF3 CF CF
ph— 5 = | o 3 s

Ph CF,
L
o7}

Figure 85: radical pathway demonstrated by a trapping experiment.
Based on these previous experiments, emvisaged the possibility of accessayifluoromethyl

substituted enones starting from alleAs.mentioned,ite highly electrophilicsp hybridized carbon
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center in allene core structure is expected to be reactive towards the trifluoromethyl raglical.
regio- andsterecselectivity of product were expected due to the unique structural feature of allenes
Severalworksin literature reported the reactivity of the allenes with radical species which it could be
better understood in the catalytic aydf a trifluoromethylation reaction depicted in fig@&

CF;radical specieould be trapped bthe highly electrophilicsp hybridized carbon centeaf the
allenegiving CF;-allyl radical species with high regioselectivilihe addition of Ckradical to allene
originally generated the corresponding two allyl radical intermediates (int.I and int.Il) with poor
selectivity. Then, species int.lIl would isomerize to int.l, which is relatively thermodynamically stable,
because of the steric hindraretween the aryl and Ggroup.Generahucleophle could then react

with the terminal carbon that is the more reactive due to the lack of the benzylic conjugation

WA -§_CFJ
] \ R 7= -—‘—Ar%
Ar Cu''Nu Datha O )

Ar | R

Figure 86: catalytic cycle of a trifluoromethylation reactiovolving the allene core.
In this context, thedevelopment of regioselective trifluoromethylation of allenes to acaess
trifluoromethyl substituted enones by direct radical baseH @inctionalization approach could

become one of the highly appealing and useful synthetic strategy.

83a) Tsuchii K., Imura M., Kamada N., Hirao T., Ogawa A.0Org. Chem2004 69, 6658; b)Zhu N., Wang F., Chen P., Ye J., Liu
G.,Org. Lett 2015 17, 3580; ¢) Yu Q., Ma SChem. Eur. J 2013 19, 13304, d) Wang Y., Jiang M., Liu-J., Adv. Synth. Catal
2014 356, 2907. e) Tomita R., Koike T., Akita MGhem. Commur2017, 53, 4681.
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* H™ ~O
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b)
CF open flask
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—
H™ ~O
N R/\rcF:; CF3
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A R =
. 7 CF
L 3
R™ H

Figure 87: overview ofregioselective trifluoromethylation of allenes
Allenes have been preal following one of the three reaction protocol shown in Fig8reMethod
A passeshrough dibromocyclopropanes formation from alkenes followed by an addition of a
Grignard reagent (EtMgBr) which givafter a transmetalatioithe collapse to obtain thessired
allene.
MethodB is the classic Crabbe reactiom alkyneis treated with paraformaldehyde, Copper lodide,
and a secondary amine to give the allene.
MethodC was used for the internal allenes and the reaction start with the tosylhydrazone formatio
from the corresponding aldehyd&ubsequentlycopper mediated coupling in Dioxane afforded the
internal allene. Detailed information about the choice of the suitable protocol for the target allene

specie will be repoed in the experimental section
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a) Allenes from dibromocyclopropane

CHBr;, TEBAC Br EtM

' gBr

A R E— . Br — R&-§

NaOH/H,0 R THF
60°C
b) Crabbe reaction
HO(CH,0)nH; Cul; Cy,NH,; R
N

R/\\\ > N

1,4-Dioxane, 115°C, 2h

c) Internal Allenes //

X
TsNHNH, ’ R

S NS
R4 O > SN \/OR
_ Dioxane, 60°C ~ R—y _ Cul (20 mol%) R

30 min LiO'Bu (3.5 Equiv)

Dioxane, 90°C, 1h

Figure 88: Synthesis of terminal and internal allenes.

At the outset of this study, phenyl

reagent (NaOSOGJto examine the feasibilitg f r adi c al r etdflaoromethylatedt o

all ene

acrolem.To our delight, w e -Ck bubsiitutedeacroleid Gvliich was aighty

encouraging to pursue further optimizati@everal solvents were screened at first, but DMF proved

to be rreplaceable (Figure 89).

CF3
3 equiv CF3SO5Na

. 20 mol% AgNOg5 z
A > H
20 mol% K28208

solvent 4 mL, RT, 24 h
(0.2 mmol)

o

Entry Sol vent GC yield (¢

1 Me CN
DMA
NMP
DMS O
TFT
THF
DCE
DCM
Tol uene

0 DMF

P o o N~ o o M W N

1
6
4
3
6
2
6
1
5

26

2

3

Figure 89: solvent screening.
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Conversely, the choice of the oxidansHieund to be crucialOnly silver salts have been screened
since they have been found more suitable for the trifluoroyhe#idical generatioralso in the
previous protocols. Silver oxide definitely increase the-y&Id from 26% to 70%{Figure 90.
Furthermorethe amount of the salt highlighted the sensibility of the protocol because both increment
and decreasef theoxidant percentage shown a drop in yiedde to the conversion of the aléem

the correspondingldehydgFigure91).

CF3
3 equiv CF3SO,Na 0
. 20 mol% Ag -salt z
X > H
20 mol% K28208
DMF 4 mL, RT, 24 h
(0.2 mmol)

Entry Agsal't GC yield (
1 A g N,O 26
2 A g NO 26
3 AgS Q 40
4 A gO 70
5 AgOAc 34
6 AgCQ 25
7 Agl 50

Figure 90: Silver salt screening.
CF3
3 equiv CF3SO,Na 0
. Ag-0 (x mol%) =~
X > H
20 mol% K28208
DMF 4 mL, RT, 24 h
(0.2 mmol)

Entry AgO ( roo I) GC yield
1 10 18
2 20 70
3 40 17
4 60 16
5 0.25 20



6 0.375 27
7 0.50 19

Figure 91: Silver salt amount optimization.

Optimum use of 20 mol% potassium persulfateSs) wasresulted from detailed optimization
with different oxidantgFigure 92).

CF;
CF3SO5Na (3 equiv)

O
. 20 mol% Ag,0 =z
A ; - H
20% mol Oxidant

DMF 4 mL, RT, 24 h

(0.2 mmol)
Entry Oxi dant GC yield (¢
1 N aS20s 51
2 K2S20s8 70
3 ( NS08 53
4 TBHP 32
5 DTBP 28
6 - 6

Figure 92 Oxidantscreening.
With optimized reaction conditi@n we started to explore the generality of this radical

trifluoromethylation protocol by varying substitueras the aryl ring of phenyl allenggigure 93
and94). Electron rich paratolyl, methoxy @b), and @d) allenes gave thermodynamically favorable
(E)-selective trifluoromethylated acrolein in 65% and 68% yields, respectively. Bulkyuisit(2e)
substituted allene produced corresponding trifluoromethylated product in synthetically useful yield.
E-selecivity of the protocol forth e p r o d u c-hiphehytdealiene lhas beedemonstrated by
X-ray crystallography 29,CCDC1846274) characterization Electron withdrawing halogen
substituted allene and2i) gave the desired product albeit in lower yiéldnetamethoxy group
resulted in exclusive E isome2k). However, electron richness as well as steric influences in the
aromatic ring resulted 10:1 E/Z selectivity for 2l4nethyl allene 20). Polyaromatic allenes like- 2
naphthyl @p) derivative gave the correspondidgrifluoromethylated acroleins in 61% yields. High
synthetic efficiency of the current protocol has beencpen v e d by accessi ng

triluoromethylated cyclohexyl acrolein in 56% yield from unactivated cyclohekgne @2z).
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Internal allenes have been tested as vizedl 2aa) but we were able only to prove by &@eld the

effective reaction.

CF;
3 equiv CF3SO,Na o
. 20 mol% Ag,0 =
R A > N
20 mol% K28208

DMF 4 mL, RT, 24 h R

2, isolated yield

=z 0 =z 0 z 0 z 0
H H H H
Me Et OMe

2a, 67% 2b, 65% 2c, 59% 2d, 68%
CF3 CF3 CF3 &
~° ZCHO ~©
H Me Me i H
Bu Me !
2e, 59% (E:Z 10:1) 2f, 61% 29, 52% (E:Z 8:1) 2g
CF; CF; CF, CF,
z 0 z 0 =z 0 z 0
H H H H
Me' MeO
Br F
2h, 44% 2i, 45% (E:Z 4:1) 2j,63% 2k, 55%
CF; CF, CF, CF;
Z (o) Z 0 Y (o) Z (0]
MeO H Cl H MeO H Me H
OMe
Me
21, 45% (E:Z 4:1) 2m, 48% 2n,63% (E:Z4:1) 20,78% (E:Z 10:1)

Figure 93: Substrate scope with respect to aryl substitueraa@n.
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3 equiv CF3SO,Na

X 20 mol% Ag,0 A °
R‘©/\.\ mol% Ag, - !
20 mol% K28208

DMF 4 mL, RT, 24 h R

2, isolated yield

CF;

2s,49%

Cl
2x, 81%° 2y, 55% 2z, 56%° 2aa, 78%°

Figure 94: Substrate scope with respect to aryl substituent variation.
An investigation into the trifluoromethylation mechanism suggested that theadi€al is likely to
be involved in the reaction.
By introdudng a radical scavenger, such as TEMPO, in the reaction mwii@uld observe that
under the optimized conditions, paeatbutyl allene did not produceCFs substituted enone
(Figure95c). Expectedly, TEMPECFs was detected by G®IS analysis.
In order to really understand the importance of the air as source of the oxygen required to generate
the carbonyl function a closed cap reaction experimesibéen caducted. Homocoupling product
(3a) was isolated in 90% vyielFigure95a). Furthermore, attempt for trifluoromethylation reaction
under Q atmosphere resulted in the oxidation of the aryl allene into the carbonyl derivagues(
95h).
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a) role of air as the oxidant:
3 equiv CF3SO,Na

X 20 mol% Ag,0
©/\ X s >
20 mol% K28208

DMF , Ny 24 h

3a, 90%, isolated yield

b) O, atmosphere experiment:

R 3 equiv CF3SO,5Na
20 mol% Ag,O
.
R AN 20 mol% K,S,0g4 R'
DMF , O, atmosphere, 6 h

4, isolated yield

H (o) Me (o) H (0] H (o)
Me
Me
OMe
4a, 98% 4b, 98% 4c, 94% 4d, 96%

c) evidence in support of a radical pathway:

CF;

Y (0]
XN standard reaction conditions Me Me
A > Ho Me” N7 Me
tBU |

TEMPO (1 mmol)

ON
CF;
Bu
: Detected by
09 Id
%, yie GC-MS

Figure 95: Mechanistic study
On the bas of the previous experiment and literature publications echamism of

trifluoromethylation reaction with different pathways has been propésgdré 96.
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R \ 3
up to 78% Trifluoromethylated product
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o

H
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CF, o
7z RTX CF;
0 (] —>
R\/ + CF; B e R/\’r
e L]
OSOCF; Allylic conjugation Allylic + Benzylic
(less stable / conjugation
more reactive) (more stable / less reactive)
Ag (0) Ag(l
Cat. Ag/Au 9.(0) 9 ()
0z atm. 5,042 / O] Closed cap
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(0]
RJ\H

Homocoupling product

90%  CFs

Figure 96. Proposed Mechanism
We supposed that the trifluoromethyl radical is produced during the reaction, which gsiblee
and NaOSOC# The reaction between GFadical and the allene praads via formation of radical
intermadiates | or Il. In particular, Intermediate il less reactive due to the allylic and benzylic
conjugation. Under the reaction conditionz @romotes oxidation of | into trifluoromethylated
enones. Conversely, closega@action (N atmosphere) afford the homocoupling prod3a) (
To investigate the stability of the radical species involved in the trifluoromethylation reaction,
computational calculations were performed in order to observe the spin density on tli&la@2n
andC3. We hypothesize that the benzylic conjugation increases the spin density@hdhd the
stability of the species lIHgure 97). Moreover, the presence of electdonating group (methyl,
intermediate B) on the arene decreases the spsitgdem the benzyl carbori€(). On the contrary
it was observed that the spin density decreaséiBan presence of electron withdrawing group such
as bromine or naphthyl. Thus, we can assume that the reactive species involved in the oxidation step
is the intermediate | because of lower stability induced by lowest spin dens@.dfurthermore

the property of the aryl substituents could affect the trifluoromethylation reaction.
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F3C Y
A
Level of
computational spin density  spin density  spin density
theory Cc2
6-311++g(d,p) +0.674 -0.258 +0.506
c3
]
]
c2 JL:
F3C N
Me
B C D
Level of spin spin spin
computational Intermediate density density density
theory Cc2
6-311++g(d,p) B +0.627 | -0.247 | +0.506

C +0.631 -0.247 +0.497

+0.622 -0.249 +0.491

Figure 97: Spin density orC1, C2 andC3 involved in trifluoromethylation.
In conclusion, we have developed a direct, efficient, and general method to synth&size
substituted enones from allenes. Various functionalized allenes were employed using an inexpensive
triluoromethylating reagent. Mild reaction condition, easy labdity of starting material make this

method attractive to generatéfluromethylated enones.

81



5 Conclusion

Due to the growing scenario of theKCfunctionalizion over last decades We have proposed in this
thesis the development and thepnovement of three new methodologies. By following thél C
activation approach two different olefination reactions have been studiearthloelefination of

the phosphonamide core with unactivated olefins have been developed with the use of Palladium as
transiction metal catalysifhe broad substrate scopéth phosphonamides as well as aliphatic
alkenes providedenerality of the catalytic condition with excellent linear/braselectivity.

The versatility is further proved by the implementatioh chalenging sequential hetetus

ol efinati ons scae dynthesls edérgonstrate8 the applicability of the present
transformationMoreover a solution to reach theetaposition for the perfluoro alkenylation of the
arenes have been presented overcgntiite lack for this catalytic functionlization approach in
licterature. Infact, w reported the first palladivcatalyzed highly selectivenetaC( s p2) 1 H
perfluoroalkenylation of arenes. The choice of a pyrimibased directing group is found to be
crucial, giving a high degree of compatibility with perfluoroolefins of different nature. The synthetic
versatility of the protocol was demonstrated by a broad substrate scope including different
benzylsulfonyl, alkylaryl and phenylacetic acid scaffolds. Ibtippon CT H per fl uor oe
facile cleavage of the DG and graswale reactions demonstrate the practical value of this procedure.
Different approach have been dedilfor the last presented-B functionalization. A radical catalytic

cycle empowered bthe Langlois reagerior the trifluoromethylation of the allene core in order to
access the preciuos class of the -#ifduoromethylated enones have been optimizZedrious
functionalized allenes were employed using iaexpensive trifluoromethylating agent. Mild
reaction conditioneasy availability of starting material make this method attradtivgeneraté}

trifluromethylated enones.
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6 Experimental section

6.1 Experimental section of: Incorporated unbiased, unactivated aliphatic alkenes in

Pd(Il)Catalyzed Olefination of Benzyl Phosponamide

General Information

The 1H and 13C NMR spectra were recorded on a Bruker Advance 400 Mb20 MHz NMR
spectrometer in CDEwith residual undeuterated solvent (CBCI7.26/77.0) using M&Si as an
internal standard. Chemical shift) @re given in ppm andlvalues are given in Hz. The IR spectra
were recorded either on KBr pellets (for solids) or rfgatliquids) on a Nicadt Impact 410 FTIR
spectrometerThe HRMS spectra were recorded on Bruker Maxis instrumdin&C analyses were
performed on a Agilent 7890A GC system with an FID detector using a J & W B&dumn (10 m,
0.1 mm 1.D.) usingn-decane as the internal standilaOpen column chromatography, thin layer
chromatography (TLC) was performed on Silica gel [CDH silica gddBDmesh, F254 and Mergk
silica gel respectively]. Evaporation of solwv
rotary evaporator. hchemicals were purchased from Aldrickifa Aesar,LancasterSpectrochem

and Fluka Chemicals antsed as received.

Experimental Procedure
Typical procedure for the Pd(ll) catalyzed GH olefination of benzyl phosphonamide 1&o
generatethe monc-olefinated derivative 3a:-

A clean oven dried screw cap reaction tube was chasgbdmagnetic stibar, Pd(OAc)2 (6.7
mg, 0.8 mmol, 10 mol %), N-Ac-Val-OH (9.5mg, 0.06 mmol, 20 mol %), NaHG@37.8 mg, 0.45
mmol, 1.5 equiv)Ag2C0Os (124 mg, 0.45 mmol, 1.%equiv)and benzyl phosphonamidea (97.9mg,
0.3 mmol, 1 equiv) Then0.6 mL 1,2-dichloroethaneDCE was addedo the tube followed by-1
octene2a (50.5 mg, 70.&L, 0.45 mmol, 1.5 equiv). The reaction tube was magnetically stirred in
pre-heated oil batlat 100-C. Upan completion of the reaction (36 imonitored by TLC)the reaction
mixture was cooled to rt amdas filtered through a short pad of celBECEwas evaporated to dryness
undervacuum (10 mm Hg)rhe residue was passed through otatography column (siliecgel: 100
200 mesh) and eluted withexaneEtOAc solvent system to afford thg)-ethyl P-2-(oct-1-
enyl)benzyiN-(quinolin-8-yl)phosphonamidat8a as light brown serssolid, (104.8mg, 80%).3a

TLC (Hexane:EtOAc, 780v/V): Rra 0i1HBEMR (CDCk,50 0 MHz ) 0B1 ¢ BHYm7T.0
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