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Abstract

Over the past decades, transitioetatcatalyzed crossoupling reactions have witnessed
considerable growth and emerged as a powerful fmothe construction of carberarbon

bonds. These reactions have found numerous applications in assemblingadlyumbmnplex
molecules ranging from maines to materials. While th€(sp)-C(sp) crosscoupling
reactions hee seen a tremendous development, less effort has been devoted to the more

challenging C(sP-C(sp’) couplings.

The selectivity control in thealladium(O)catalyzed crossoupling of alkyl nucleophiles is
an important topic of research in the Baudoin group. Both direct and migrative

crosscouplings can be achieved by simply switching the ligand involved.

Following the longstanding interest inhts field, we firstly extended the migrative
crosscoupling reactions to simple and easily available secondary alkyl bromides under
Barbier conditions. Moreover, the termirsadlective functionalization of simple alkanes could
be achieved when this reactiovas coupled to a neselective radical monobromination

process.

On the other hand, a series of azioésed bulky phosphine ligandsasdesigned and applied
to direct C(sp)-C(sp’) BarbierNegishi crosscoupling reactions, successfully preventing the

b-hydride elimination process while favouring the direct reductive elimination.

Finally, -ctoma r@dllieglamdk|l ecti vitybdd strategy

enantioenriche-amino acid derivatives.

Keywords: Negishi crosscouplings, palldium, C(sp)-C(sp) bond formation,
ligand-controlled, secondary alkyl bromides, Barbier conditions, enantiodivergeaceino

acids
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1. Overview of metalcatalyzed crosscoupling reactions

1.1Discoveries and developments

A coupling reaction is a general term for a variety of reactions where two hydrocarbon
fragments are coupled with the aid of a metal catalysstorically, the first reported
metatcatalyzed coupling reaction could date back to thecE®itury, when Glaser discovered

the homocoupling of aromatic acetylides in the presence of stoichiometric amounts of copper
salts (Scheme 1.1&following the development of C(s@)(sp) homocoupling, this method

was extended to C(4pC(sp) bond formation. In 1901, Ullmann described the dimerization

of 2-bromonitrobenzene promoted by excess copper (Scheme ?1Alfough harsh
conditions wereusually required for the early coppenediated reactions, these discoveries

paved the way for later developments.

a) Glaser coupling (1869)

H
NH,OH, EtOH

11

NH,OH, EtOH
2

1-2 (isolated)

b) Ulimann coupling (1901)

NO, NO,
Cu (3.7 equw)
o oo e O O
200 °C, neat
76%
1-4 1 5

Scheme 1.1Glaser and Ullmann couplings

Over the past decades, metatalyzed crossouplings, especially palladiumediatel
transformations, have been developed rapidly and advances in recent years have greatly
increased their scope and practicality. These findings revolutionized the way chemists
construct moleculesand provided new methods for previously impossible, but lyighl
desirable carbeoarbon and carbeheteroatom bond forming processes. Due to their great
contribution to palladiuntatalyzed crossoupling reactions, Richard Heck,-i€hi Negishi

and Akira Suzuki shared the Nobel Prize in chemistry in 2010.

Since then these discoveries inspired chemists to develop a broad range of additional
crosscoupling reactions, such asH activation and decarboxylative couplirfgt. is also
noteworthy that a great deal of progress has been made on the development of asymmetric

versions of crossouplings® | n addi t i on ;coupling rreacion® arec anaothers
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interesting research field. This includdee use ofcatalysts basednocheap and abundant
transitionmetals® as well as using water or ionic liquids as the reagtiedium’ Given their
essential role in carberarbon/heteroatom bond formation processes, -@msgling

reactions continue to attract attention from both the academic and industrial communities.
1.2Applications in organic synthesis

Due to their mild conditins associated with the reactions, together with their tolerance of a
wide range of functional groups, cressupling reactions have had a great impact on
synthetic organic chemistry and have found many applications in -@anigated synthesis.

Among thempalladiumcatalyzed crossoupling reactions are the most promiriént.

Quadrigemine C is representative of the highreler members of the pyrrolidinoindoline
alkaloid family?® First described in 1987, quadrigemine C is reported to exhibit significant
antibacterial and analgesic activities, and behave as a weak antagonist of the SRIF
(somatostatin) receptd?. Therefore, the total synthesis of such a molecule is highly
interestng and desirable. In 2002, the Overman group described an elegant synthetic route to
the enantioselective total synthesis of quadrigemidelC, in which sequential tandem Stille
couplings and catalytic asymmetric intramolecular Heck cyclizations werégaapas the

key steps (Scheme 1.9).

N\
BnN@ Pd(OAc),
(o] .Me
(R)-Tol-BINAP
17

o CH4CN, 80 °C
Pd,dbageCHCly

9
Cul, P(2-furyl)s @NBH - NMe Me>(j<Me

NMP, 25°C
9 o

Me N Me N
Me >
71% - tandem asymmetric
tandem Still coupling TS'/\I Heck cyclization N AN

Me — Bn O ’\\‘TS P. —
Me 1.9

p-hydride | 62% yield
elimination| 90% ee

~

P P = (pTol), I\N/le H Me,

I l P(pTol), —NBn

(R)-Tol-BINAP

NBn

-

1-11 (-)-quadrigemine C

Scheme 1.2Sequential tandem Stille couplings and asymmetric intramolecular Heck reactions in the

enantioselective synthesis ef-Quadrigemine C
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An impressive example of application of Negishi couplings in total synthesis is the novel and
general synthetic route to tHecarotenoids reported by the Negishi group. As shown in
Scheme 1.3, these remarkable carbarbon bonds forming processes, eadhwhich
involved four different organometallic intermediates and three transmetallation steps
(Zr- Al- Zn- Pd), proceedvell with remarkable overall efficiency and stereoselectivity,

affording the target molecule20in more than 99% stereoisomeric putity.

S BrZn—=—=—TMS Br
Br Y = TMs
1-12 Pd(PPhg), (2.0 mol%)
THF, 23 °C 113

81%
Negishi coupling

Me Me
Me_ Me Me_ Me R i Me,_ Me Me R
_~ AlMeg, [Cp,ZrCly] 1-13 (1.1 equiv.), ZnCl, €. Me_ Me
Z X AlMe, =
W CH.Cl, 2350 w 2 Pdydbas (0.5 molth) P ez
Rl P MLl A NG
Me zirconium-promoted Me P(2-furyl)s (10 mol%) Me Ve
1414 carboalumination 115 DMF, 23 °C
- : Negishi coupling 1-16 K,COj3, MeOH 117 R=TMS

70% from 1-14 118 R=H

AlMe3, [Cp,ZrCl,]
CH,Cl, 23 °C

Me Me

Me 1-12 (0.5 equiv.), ZnCl, Me_ Me
me e I K < _Pdzdbay (25 mol%) NN A,
A N T Yo VG NP P(2-furyl)s (10 mol%)
Me” Me DMF, 23 °C Me
Me Me Me 1-19

68% overall from 1-18
1-20 p-carotene Negishi coupling

Scheme 1.3Application of Negishi coupling reaction in the total synthesis-cérotene

In addition, the impact of palladiwwcatalyzed coupling reactions has been witnessed beyond
academic field, particularly in the pharmaceutical indust@neexample is the synthesis of
Crizotinib, a potent and selective Mesenchymal epithelial transition factor/Anaplastic
lymphoma kinase (dMet/ALK) inhibitor that is currently in phase 11l clinical trials. In 2011,
Koning and ceworkers from Pfizer reported alyust sixstep process for the synthesis of
Crizotinib, in which the highly selective SuzeMiiyaura coupling could be conducted on a 50
kg scale (Scheme 1.%).

N’ NH

PdCl,(dppf)-CH,Cl,

N—N
Br / 4 P
Cl = ‘ cl =

SN _Boc  C52COs, BugNBr i
o ! /CN toluene/water, 70 °C _ Deprotection oSN

NH
cl 2 75-85% - NH,

22
1-23

Suzuki-Miyaura Coupling

F 1-

o
1-21 76-80%

1-24 Crizotinib

Scheme 1.4Application of the SuzukiMiyaura coupling in industrial process

2. Palladium-catalyzed Negishi crosgouplings
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Negishi and cavorkers originally studied the cressupling of organoaluminum reagents in
1976 employing palladium and nickel catalyStd.ater, they reported that organozinc
compounds could be readily partiated in N+ or Pdcatalyzed crossoupling reactions,
providing a general and mild protocol for the preparation of unsymmetrical biaryls and
diarylmethanes. It is noteworthy that the described reaction features high -chedho
regioselectivity as well asigh crossslhomao-coupling ratios® Although organozincs are air

and moisturesensitive, a fact that has hindered their use compared to othercougsisg
reactions, their fast transmetallation to palladium compared to boronic acids allows the
investigaors to achieve Negishi cressuplings between a wide range of unsaturated halides
and organozincs under very mild conditions (Scheme 1.5). In addition, the low t@ndity
easy prepationof organozinc compoundas well as the increasing number of coencmlly
available zinc reagents have greatly promoted the development and applicaiegistii

crosscoupling reactions in numerous fieltls.

Palladium is the most often used transiioatal in Negishi crossoupling reactions, but in
some casepalladiumbased catalyst systems can also be replaced by alternative metals, such
as Ni, Fe, Co, or Cl. Considering the length of the bibliographic part and the focus of this

thesis, mainly palladium catalysis will be discussed here.

ML
R-X + RZZnX* ———— RI-R2

R'= aryl, alkenyl, alkyl, allyl, alkynyl etc.
R2= aryl, alkenyl, alkyl, allyl, alkynyl etc.
X = (pseudo)halides

X' = halides

M = Pd, Ni, Fe, Co, Cu etc.

L = mono or diphosphine ligands etc.

Scheme 1.5Generascheme for Negishi couplings
2.1Palladium-catalyzed Negishi crosgouplings of alkylzincreagents

In general, transitiometalcatalyzed crossoupling reactions undergo three consecutive
steps as outlined in Scheme 1.6: oxidative addition, transmetallation and reductive

elimination.
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R'-R? R'-X

PdoL,,

Reductive Oxidative

Elimination Addition

Transmetallation

M-X R2-M
Scheme 1.6General catalytic cycle for palladiyoatalyzed crossoupling reactions

Due to the presence of an empty #ying p orbital of zinc, the alkylzinc reagents exhibit an
excellent ability to undergo transmetalation. Therefore, palladiatalyzed Negishi
crosscoupling reactions of alkylzincs have demonstratedbe powerful tools in numerous

areas of synthesis.

However, the use of C(3porganozincs in Negishi crossupling reactions has suffered from
several serious problems. Consequently, although the Negishi protocol has been extensively
studied using varias coupling partners, such as alkynyl, aryl, alkenyl, allyl, and benzylzinc
reagents, the frequent use of more challenging alkylzinc reagents confamydgogen(s) as

coupling partners has only attracted attention and been investigated more rfécently.
2.2Mechanistic studies orpalladium-mediated Negishi crossouplings

In light of the importance of Negishi cressupling reactions in synthetic organic chemistry,

the study of thie mechanism has been the subject of extensive investigaiio2010,
Knocheland Mayr groups studied the influence of the structures of both aryl halides and
arylzinc reagents on the rate of various st€g@ompetition experiments were conducted to
determine these structureactivity relationships. The cressuplings were foundo be
accelerated by electron acceptors on the aryl bromides and the accelerating effect decreases in
the orderpara > meta> ortho. On the other hand, the presence of eleeawreptors on the
arylzinc species diminished the reaction rate. Hammett cooedashowed that substituents

on the aryl bromides have a larger impact than the substituent variations on the arylzinc
reagentsy(=+2.5 VS, =-0.98).
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Espinetand coeworkers reported a detailed study on the Negishi ecospling reaction of

Arl (Ar = 2-CO:EtCsH4) and E#Zn in the presence of two different palladium catalysts:
conventional phosphine ligands (e.g. BPAnd hydride phosphirglectronwithdrawing

olefin (REWO) ligands?® Their research provided useful insiglto the two competitive
pathways: reductive elimination giving rise to the crosspling product versu$-H
elimination leading to the reduction prodadter subsequent reductive eliminatigcheme

1.7). With P-EWO ligands, theb-H elimination from the pdadium complex is slow
compared to the fast reductive elimination, thus favouring the formation of thecougssng
product. However, in the presence of traditional phosphine ligands, the formation of reduction

product is always a big problem.

reductive

elimination
PdAr(alkyl)L, — O Aralkyl + PdL,

SH
elimination
olefin

reductive

elimination
PdArHL, ——————> Ar-H +PdL,

Schemel.7.Crosscoupling VS. reduction

Additionally, halide salts were reportediavea remarkableffecton Negishi crossoupling
reactions.In this regard, Organ and -@eorkers studied the charged zinc species that are
formed upon addition of LiBr tm-BuzZnBr in different solvent$! They disclosed thaess

polar solverd, like THF, do not allow the formation ofn-BuzZnBr> and the Schlenk
equilibrium shifts towarah-BuxZn, which is not the active transmetallation species in Negishi
crosscouplings (Sbheme 1.8h On the contrary, i mixed solvent system (THF/DMI 2/1),

the Schlenk equilibrium tends to form a highly charged organozinc spe@egnBr®
(Scheme 1.8a). Based on these studies, they proposed the following catalytic cycle as
described in &heme 1.9or the alkyl alkyl Negishi reactionOn the other hand, the Clyburne
group developed anethod to prepare and identifgZnXs*> species, which allowed the

crosscouplingto occurin the absencef addedmetal salts and polar eolvent??
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a) THF : DMI 2:1

LiBr LiBr )
n-BuZnBr =———===2[n-BuZnBr,|’ +2Li* ~——== [n-BuZnBrs]* +2Li"

b) THF only

iBr
n-BuZnBr ———== n-BuyZn

2 LiBr/THF
2 LiBr/THF
2[n-BuZnBry] + 2Li* - 4[n-BuZnBrs]% + 4Li*

Not formed

Schemel.8. Schlenk equilibriumnvolved in Negishi crossouplings

ZnX4Z(M*), R'

+ MX
ZnXyM*
MX

R-R’
Reductive

Elimination
Transmetallation

+ MX -
RZnX, M* RZnX3%(M"),

” active ;

transmetallating R 0
+MX || -MX species pd'-x PdL,
|
RZNX 0.5 ZnR, bn
: +0.5 ZnX, Oxidative
Addition

R'-X
Scheme 1.9Proposed catalytic cycle for the alkglkyl Negishi reaction

However, a significantly different phenomenon was observed in the reaction system of
arylzinc compound$® Diarylzinc reagents were found to have the ability of transmetallation
in low dielectric solven{such as THFwithout the aid of saltwhereasArZnX compounds
behaved differentlytequiiing either a high dielectric solvent arlower polarity solverdgided

with enoughsalt. Moreover, unlike the alkylzinc systefor which higherorder zincatesre
needed to facilitate the transmetallation step, there is no evidemacsiraflarrequirement in

the crosscoupling of arylzinc reagents.

3. Site-selectivity issus in palladium-catalyzed Negishi cros€ouplings of

secondary alkylzincreagents

The palladiuracatalyzed Negishi crossouplings involving secondary alkylzincs remain
challenging. A major limitation arises from the competitiydride elimination and
migratory reinsertion that resultes in the formation of undesired isdfhérssimplified
mechanism for the reaction of @&vo-propyl organozinc with an aryl halide is shown below

(Scheme 1L0). The reaction is initiated by oxidative addition of a palladium(0) complex with

22



an aryl halide, which is then followed by transmetallation with a secondary alkylzinc,
producing intermediatd-26. At this stage, direct reductive elimination would affolet t
branched product-27 and regenerate the palladium(0) complex for the next catalytic cycle.
Alternatively, the competitive-H elimination can occur reversibly to form intermedi&t28.

It then undergoes a migratory insertion step to produce the pa#adium (II) complexi-29,
which can then reductively eliminate to give the isomerized prodBcAr 1-30.

Arge
1-30
Ar / Ar-X
LoPd'\  H

Reductive Elimination LnPd(0)

1-29 Me

Reductive Oxidative
Migratory Elimination Addition

Insertion

B-hydride
/l'\l' elimination
L,Pd"-H
I

X<
I'T‘d”Ln
Ar

1-25

/I
Me Transmetallation
1-28

ZnXy ZnX

Scheme 110. Mechanism for the palladium(@gtalyzed Negishi cross couplingisd-propylzinc halide with an
aryl halide

From the mechanism, it is clear that controlling the rate of direct reductive elimination
relative tob-H elimination is an important factor to achieve a bettersstectivity. Previous
studies have shown that the structure of ligands hasa gffect on this competition. Over
the last decades, various ligands and catalyst sgdtewe been developed to supress the
migration pathway and favour direct cressuplings. In the meantime, the Baudoin group has
a longstanding interest in migragvcrosscouplings, which provide a new catalytic approach

to functionalize unactivated-8 bonds at remote positions of alkyl chaffs.
3.1Direct crosscouplings
3.1.1 Development of phosphine ligands

To address the issue bfH elimination during the reaction pathway, studies from several
groups demonstrated that tfieH elimination and migratory pathway can be limited by
employing catalysts containing bulky phosphine ligands that increase the steric bulk around

palladium, wheh can then favour the reductive elimination.
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In 1972, Kumada/Tamao reported thatkel-diphosphine complexes could couple secondary
alkyl Grignard reagents with a limited number of aryl hali@eEhey discovered that the
extent of isomerization strongljepends on the electronic nature of the phosphine ligand in
the catalyst (Table 1.1). While dppe and dppp gave the direct coupling product in good yield
and excellent selectivity (entry 1& entry 2), changing of diphosphine ligand to dmpe afforded

mainly the migrated linear product (entry 3).

Table 1.1 Ligand effect innickel-catalyzed crossoupling of secondary alkyl Grignard reagents with aryl

halides
cl NiL,Cl, (1.0 mol%)
N \l/ Et,0, reflux ©/\/
MgCl 20h *
1-31 1-32 1-33 1.34
Entry L2 in catalyst Total yield C : ©/\/ ©
1-33 1-34
PhPCHCH.PPh
74% 96 4 0
(dppe)
PhPCH.CH.CH.PPh
89% 96 4 0
(dppp)
MezF)CHzCHzPMQ
3 84% 9 84 7
(dmpe)

Later, in 1984, [1,1-bis(diphenylphosphino)ferrocene] palladium(ll) [Pe@ppf)] was
found to be an active and selective catalyst for the @ogpling of secondary and primary

alkyl Grignard andhlkylzinc reagents with organic halides (Scheirtif).?

Br
PdCl,(dppf)
N . e, .
MgCl Et,0, R.T.
. . 1

:‘ \
! /
Br <R
© PdCl,(dppf) I
N —_— + A/\© PdCly(dppf)
ZnCl THF, R.T.

1-39 1-36a 20h 1-37a 1-38a
100 0

Scheme 111. Grignard and Negishi couplings of secondary alkyl organometallics catalyzed hydpg@)!

Further studies showed that the selectivity and activity of the palladium complexes with

bidentate phosphine ligands are strongly dependent upon the molecular framework lying
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between the two diphenylphosphino groups in the ligand. As shown in Tableel\&ltes
of the RPd-P and CIPd-Cl angles in the complexes may well correlate with the activity and
selectivity of the palladium complexes: the largePdPP and smaller GPd-Cl angles, the

faster is the reductive elimination to form the direct cimmgpling product.

Table 1.2 P-Pd-P and CIPd-Cl angles in PdGL. complexes and their activities in the crasaipling

B > /\l/ NS
R—Br R

MgCl
1-35 1-36 1-37 1-38
5 & @ Tm
OMe (with n-BuMgCl)
1-37a 1-37b 1-37¢c 1-38a
Angle, deg. Yield, %

Entry PdCLL» P-Pd-P Cl-Pd-Cl 1-37a 1-37b 1-37c 1-38a
1 PdChk(dppf) 99.07 87.8 95 97 75 92
2 PdCb(dppp) 90.6 90.8 43 76 4 12
3 PdCb(dppe) 85.8 94.2 0-4 3 - 3

ﬁe PhaP_~_ PPh, php~ PP
E—PPh, ’
dppf dppp dppe

Because of the important role of ligands in controlling the selectivity, different types of
phosphine ligands were developed and applied to the coupling of secondary alkyl
organometallics, such as theilky monodentate phosphine ligandsténit-butylphosphine
P@t-Bu)s?’ and cataCXium AnBuPAd?®. In addition, an elegant work reported by the
Buchwald group detailed the palladitoatalyzed Negishi coupling of secondary alkylzinc
halides with aryl bromides, activated aryl chlorides and heteroaryl halides using bulky
CPhostype ligands. Under theirptimal conditions, good to excellent ratios of direct to
migrative (isomerized) couplingroducs were observed for a variety of substrates (Scheme
1.12).2°
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CPh

Ar—X + R-zny _rdCPhos iR
THF/toluene

1-40 1-41 1-42

Selected examples:

O PR,
Me;N NMe,
MeO NC COMe O

1-42a 1-42b 1-42¢c
CPhos: R =Cy
X =Br X = Br X =Cl X = Br X=Cl | EtCPhos:R=Et |
Yield: 92% Yield: 87%  Yield: 94% Yield: 91%  Yield: 97%
n/r=37/1 n/r=59/1  n/r=43/1 n/r=37/1  nir=30/1
S Ph o
N /
N Me N
X e acae
N Me CO,Et
1-42d 1-42e 1-42f
X=Cl X=Br X =Br
With EtCPhos: Yield: 74% Yield: 85%
Yield: 98%, n/r = 98/2 n/r = 99/1 n/r > 99/1
With CPhos:
n/r = 98/2

*n = normal product, r = rearranged product
Scheme 12. C(sp)-C(sp’) Negishi crossouplingswith CPhostype ligands developed by tBeichwald group

To have a better understanding of the unique activity and selectivity of pallbadised
catalyst system featuring CPhoge ligands, an aistable oxidative addition complex
[L-ArPdBr] (Ar = 4cyanophenyll1-43 was prepared and studied (Schenie)l.First of all,
catalytic amount (1 mol%) of complex-43 was engaged in the reaction of
methyt4-chlorobenzoate ando-propylzinc bromide, giving the same ratio of direct and
migrative products as when a palladaeygrecatalyst featuring CPhagas used. They
believe that this demonstrated the catalytic competentetdffor the coupling of secondary

alkylzinc halides.

IR

P——Pd—Br
] ™S
>Pd/> . . PCy, L O Me;N.
). \—Tms MeoN O NMe, RT,3h Q
CN Me,N

CPhos 1-43,61%

Scheme 113. Preparation of oxidative addition complex featuring CPhos

The X-ray structure ofi-43 (Figure 1.1) showed a nearly squatanar Pd(ll) center featuring
k? bound CPhos ligand through P atom &dpdo-C moiety of the bottom aromatic ring
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(ipso-C-Pd bond length = 2.478(3) A). In addition, the saidte structure af-43 indicates

the maodentate nature of CPhos, since neither of the two dimethylamino substituents
coordinates to the Pd(Il) center. Further examination of conipsuggests that neither of

the two dimethylamino groups lies in the plane of the bottom ring of CPhos. riabty
discloses that the lone pair of the e group is not conjugated with the lower ring of CPhos
and the two MgN- group could probably act adectronwithdrawing substituents, thereby
rendering the bottom ring of CPhos lesiectrondonating Basedon these results, they
believed that the use of CPhitype ligand in the coupling of secondary alkylzincs may
facilitate the reductive elimination and that carefully balancing the eledtyoating ability of
P-bound substituents and the biaryl backb@neritical to obtain good selectivities.

Figure 1.1.X-ray structure ofl-43

3.1.2 Development of Nheterocyclic carbene ligands

Besides phosphine ligands, the search for different -wmggling catalyst systems turned
chemi st so6 at t eNrhetéramyelic tatbene (NEC) liganésNHCE ligands have
shown many different interesting characters compared to phosphine ligands. The thermal
stability of PANHC bonds is relatively high. In addition, NHC ligands usually provide a
longer catalyst lifetira and a consistent reactivity throughout the course of the transformation,
since the strong binding of the electnach carbene to the metal center helps the palladium

retain its ligand.

Therefore, numerous monoligated palladium NHC complexes have b&ignatkand applied
to crosscoupling reactions (Schemeld). In general, the bulkier the NHC catalysts, the
higher is the catalytic activit}%. Of note, PAPEPPSI type complexes (PEPPSI is an acronym

for pyridineenhanced precatalyst preparation, stadtion, and initiation) developed by
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Organ and cavorkers showed comparable activity and selectivity and established them as

successful alternatives to palladium phosphine complexes in@sapting reactiong® 30d

Q Q
e i

1-44 1-45 1-46a: R' = R? = Me 1-47 1-48a: R' = R? = Me
2001, Caddick and Cloke®' 2002, Bellemin- 1-46b: R' = iPr, R2 = H 2002, Beller 1-48b: R' = iPr, R? = Me
Laponnaz and Gade®? 2002, Nolan3? 2003, Nolan®

ST

@Z%T?Q s S (= LA

Pd R1 Cl—Rd—CI
O-Pd<, cw Pd—PPhy N Cl—Pd—CI
o ! i
¢ g N
1-50a: R' = R? = Me cl \\
1-49 1-50b: R' = iPr, R2 = H 1-51: R' =P, R*=H 1-52: Pd-PEPPSI- ¢l
2005, Nolan®® 2006, Nolan®” 2006, Herrmann?® 2006-, Organ®® 1-53
2013, Tu®

Scheme 114. Selection of monoligated palladium NH&@mplexes used in palladivoatalyzed crossouplings

PdPEPPSIseries complexes have found great applications in not only cadsbon bond
formation, but also carbemeteroatom bond formation. Particularly, sonfetttese NHC
ligands could suppress tliehydride elimination process efficiently and afford the desired,
direct coupling products in good to excellent selectivities (Schend DET studies suggest

that the relative energy barrier difference between atedai elimination andb-hydride
elimination correlates very well with the observed selectivities. In addition, the effect
imparted to the NHC substituents is primarily due to stété? Therefore, bulky PdNHC
catalysts, like P®PEPPSIIPent®, Pd-PEPPSIPent! 3°¢ and PdPEPPSIHep® 3% were
designed, showing great selectivity for the reactions of a wide range of secondary alkylzincs

and highly functionalized aromatic and heteroaromatic halides.
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Pd-PEPPSI-
THF/toluene

Selected examples:

With Pd-PEPPSI-IPent 1-52a With Pd-PEPPSI-IPent® 1-52b With Pd-PEPPSI-IHep®! 1.52¢
NH; N_OCHs S,
NC \ N B
HC - g NN
SO,Ph
1-54a 1-54b 1-54c 1-54d
15 15 R 1-54e 1-54f
Y;elfi.1‘g(/51"/c: :/Iflfl-s 231% Yield: 81% Yield: 84% Yield: 85% Yield: 85%
nir= = n/r=61/1 n/r > 99/1 n/r=13/1 n/r=13/1
? : ; ; Cl_  cl
Cl— Pd Cl
Cl— Pd Cl

/

\

1-52a: R = H, Pd-PEPPSI-IPent
1-52b: R = Cl, Pd-PEPPSI-IPent®!

1-52¢: Pd-PEPPSI-IHep®!

Scheme 1.3. PAPEPPSI catalyzed Negishi cdimgs of secondary alkylzincs
3.2Migrative cross-couplings developed in the Baudoin group
3.2.1 Initial discovery and mechanistic understanding

In 2010, the Baudoin group studied the-dadialyzed arylation of isobutyric estéfsinitial
attempts showed that ligands have a great effect on the selectivity fo¥ treb-product
(Table 1.3). Whereas the bulky phosphine ligandsBB); gave rise to the direct coupling
product (entry 1), more flexible ligands afforded a completehersed selectivity, generating
b-arylated product-58a(enties3-8).

Table 1.3 Effect of the ligands on the Rzhtalyzed arylation of isobutyric esters

szdba3 (5 mol%)

s O
Br | (10 mol%) Q
MeO)H/ c a OMe + OMe
y,oNLi, toluene .
o F
1-55a 1-56a s0°C 1-57a 1-58a
Entry Ligand Conversion (%6 Ue? Yield (%)
1 P(tBu)s:HBF4 100 85/15 55%, U
2 PCys-HBF4 6 n.d. <1
3 PCy-HBF4, 110°C 100 <1/99 71%,b
4 SPhos 100 3/97 >95%,b
5 RuPhos 100 1/99 >95%,b
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6 CyJohnPhos 100 1/99 >05%,b
7 DavePhos 100 <1/99 >95%,b

8 DavePhos, 28C 100 <1/99 >95%,b

2 Determined by GEMS.

R PCy, Cy,P
R = OMe, SPhos R =H, CyJohnPhos
R = Oi-Pr, RuPhos R = NMe,, DavePhos

However, only aryl halides witbrtho-electron withdrawing substituent$-$8a 1-58b VS.
1-58¢ or a heteroatom (O, S) at the adjacent positieh8(d) to the CX bond gave a high
selectivity for theb-products. A wide range of ester grouds58e to 1-58h) were well
tolerated under theptimal conditions. Finally, the asymmetric version of this transformation

was also investigated, albeit with moderate enantioselectivities in most L& $0(1-58l).

Scheme 1.6. Scope and limitations of Pehtalyzed arylation of isobutyric esters

The unexpectefl-arylation under the current catalytic conditions attracts our attention. To the
best of our knowledge, only two examples of similar observations have been reported before.

In 1996, Meijere group observed an unexpected palladatalyzedsubstitution on the
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