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Abstract

Abstract: Palladium-mediated O H Functionalization of Aliphatic
Amines via High Valent Palladium(lV) Intermediates

William George Whitehurst

The search for new and distinct disconnection strategies is one of the foremost challenges in
synthetic organic chemistry. To this end, transition medddlyzed CH functionalization
represents a current area of resleavhich aims to develop transformations that directly convert
CiH bonds to €C or Q heteroatom bonds, often enablitige synthesis ofunctionalized
producsthat are noteadily accesble usingclassicakynthetic methods.

The work disclosed in this éisis concerns the Rdediated €CH functionalization of
unprotected aliphatic amines1 which the amine nitrogen coordinates to the Pd centre to
promote cyclometalation to the key palladacycle intermed&pecifically, research focused
on the design andoptimization of novel oxidants that would provide mild and general
conditions to oxidizaminederivedpalladacycle to high valent PY intermediates capable of
undergoing a variety ofeductive eliminabn pathwaysto afford a diverse range of

functionalized products.
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Hypervalent iodine(lll) reagents wermitially investigatedas oxidantsin the
developmentof aPdc at al yzed i nitHramimatidn goaeds dapfm azetidine
productsfrom hindered cyclic amineg~ollowing this, arylhalidescontainingcoordinating
groups at thertho position were discovereds efficient palladacycle oxidantn which the
ortho-group precoordinates to the palladium centre toilftate the oxidative additionf the
carbori halogerbond Employing 2haldbenzoic acid reagépa Pdc at a | yi A aydatiom C
of acyclic secondary amines was developedlving in situ decarboxytéon of the aryl group
Conversely, exchanging tleetho-carboxylc groupfor an acyl sulfonamide resulted in a switch
in the selectivity of reductive elimination to form azetidin8sbsequently, organometallic
studies using an aryl iodide reagent contajntwo ortho-carboxylic acid groups provided
access tasolable aminoalkyl P4 complexes that were stable at room temperature, allowing
for the study of the structure and reactivity of these previously elusive high valent intermediates.

In addition to C(spjiH functionalization of akalkyl amines, C(spiH
functionalization of benzylamines was investigated, with a modified aryl iodide reagent
enabling a Petatalyzed CH arylatiorrlactamization process to form antfembered ring lactam
produd. Finally, a stoichiometric study on benzylamuherived palladacyek led to the
discovery of an unprecedented dehydrogenative intramolecufarcGupling reaction under
oxidative conditions employing 2yridinedicarboxylic acid an@n electrophilic fuorine
oxidant. Preliminary investigations provided support for & ftkdiated CH activation step
preceding €C bond formation.
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Introduction

1. Introduction

1.1 Ci H Functionalization by Transition Metal-mediated QO H Activation

1.1.1. Definitions of G H Functionalization and Ci H Activati on

Ci H functionalization is a class of chemical transformation involving the conversiontbf C
bonds within organic molecules into other types of bonds in ordenawify the carbon
framework (G C bond formation) or install functional groups (@teroatonbond formation).
While a multitude of reactions fall into this broad definition, the worthis thesispecifically
focuses on CH functionalization reactions proceeding via transition metal mediatédtl C
activation (Scheme 1).i€®l activation is defineds he stoichiometric or catalytic reaction of a
transition metal complex with classically unreactiveHCbonds ofhydrocarbonso form
products or catalytic intermediates containing a new iinegabon bond'3 The metalcarbon
bond is a versatile synthetic intermediate due to the plethora of reactivity modes available to
the metal centresuch as insertiof-hydride eliminationfransmetalation or oxidation, that can
occur prior to bondorming reductive elimation. Types of CH functionalization that fall
outside of this definition of Q' H activation include (i) reactions that do not form an
organometalliccomplex resulting from H bond cleavage (e.g. electrophilic aromatic
substitution, insertion of metal d®@nes or nitrenes, and radical hydrogen atom abstraction
processes), and (ii) reactions that do not involve transition metal complexes (e.g. ditbcted

metalation of arenes by organolithium bases).

M] FG
—H - { —M] } —FG

C-H activation functionalization

classically unreactive C—H

bond remote from FG's organometallic intermediate functionalized product

Scheme 1Transtion metatmediated CH activation. [M] = transition metal complex; FG = functional group.

1.1.2. Overview: Concept, Challenges and Opportunities

Ci H functionalization is a highly attractive strategy for chemical synthesis, givenutiazés
the most abundant type of bond foumdorganic molecules: the carlidiydrogen bond.

Consequently, compared to more straightforward synthetic approaclhésngwhe coupling
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of prefunctionalized nucleophilic and electrophilic partners, such irasnucleophilic
substitution or metatatalyzed crossoupling reactions, TH functionalization offers a
fundamentally more direct approach to constructing and atering molecules. Nonetheless,
despite its conceptual appeal,HCfunctionalization preses two significant challenges to the
realization of efficient and useful processes (Schen¥ Bjrstly, G H bonds have high bond
strengths (bond dissociation energy, BDE(alkyl) #289¥ kcal mof, BDE(aryl) = 105110

kcal moft),2°and @ H bonds remote from functional groups have low polaritya(aiyl) =

48/ 53, pKi(benzene) #43)1° Secondly, the ubiquity of i3 bonds, despite being a primary
advantage of thei® functionalization approach, presents a formidable challenge given that
the conditions of the reaction must be sufficiently discerning to react with one partigutar C

bond in the presence of many othéHbonds with similar properties.

alkyl C(sp®)-H 1 aromatic C(sp?)-H H, Hyg He
3 H Hy
H BDE = 95-100 kcal mol™" ! BDE = 105-110 kcal mol’' N Hg
/\ pKa(alkyl) = 48-53 1 pKa(benzene) = 43 H H Hs¢
' a
Challenge 1: simple unactivated C—H bonds have high bond strengths and low polarity Challenge 2: site selectivity must be achieved

Scheme 2Challengeof Ci H functionalization: (1) CH bord strengtrandpolarity, and(2) site selectivity

While reactive free radicals were known for more than a century to functionélize C

bonds in alkanes, i ahd thev iacseasmg ihterestnntorg&transitioe 1 950 6

metal chemistry that & challenge of both reactivity and selectivity coble adequately
met31112 In particular, mild CH activation with transition metal complexes was readily
demonstrated for a range ofbtbck elements, indicating the diverse applicability of such a
mechanistic paradig and the potential for exploiting the distinct properties théint metals.

To date, several decades of research have led to increasingly efficient and selective catalytic
systems that have establishetHCfunctionalization as a powerful alternativescbnnection

strategy for the synthetic chemist.

1.1.3. @ H Activation: Mechanisms of O H Bond Cleavage

Central to the development ofi B activation has beethe understanimhg of possible
mechanisms by which i®& bond cleavage can occur. In general terfoBpwing ligand
displacement to form an agostic interactidmere are two limiting scenarios for transition

2
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metatmediated CH activation: insertion or substitution (Schemée*5)16 Insertion proceeds
by an oxidative addition mechanism, whereas substitution is classically associated with either

al-bond metathesis or electrophilic substitution mechanism.

R |* 2/R
XM] XM
[M] . \H

—

X[M]nfl\? C-H insertion
H

oxidative addition

7
T

L e & T e S
C—H substitution
agostic complex

X =R alkyl or H

R,
M H
-

c-bond metathesis

M"—R

H

R = aryl X[a]” @ — HX M /\:\/

electrophilic substitution

Scheme 3Ci H activationmechanismsoxidative additionl-bond metathesiandelectrophilic substitution.

Oxidative addition is typical of low valent, eleatedch late transition metals (EeRWP,
Cd, RN, Ir'"") that can accommodate the +2 increase in oxidation state and coordination
number® The insertion of the metal can occur for alkyl or aryHCbonds, resulting in the
concomitant formation of MH and M C bonds. Theoncerted threeentred transition state
comprises fforwar do c hdHoglhatal to aneempyfmeta orbitallo m t h
and Areverseo char ge -otrrba ntsafl e rt ofi Hthobhma'* &Bohdiolfl e d
metathesis is a concerted substitutiorchamism and is common fof darly transition metals
(Groups 3, 4, Lanthanides and Actinides) where oxidative addition is not possible due to the
lack ofvalenced-orbital electrons.The substitution process occurs via aaarted fourcentre
transition state that exchaegthe bonds between a hydrocarbon moiety and airakddlor
metal hydride complex. Conversely, electrophilic substitution is a stepwise substitution
mechanism that is associated with highly electropléfe and postransition metals (Pl
PtV Au", Hg").2 Themechanism is limited to aromatid B bonds, given that electrophilic
attack by the metal complex leads to a new rreebon bond to form eationic Whelaneype
intermediate prior to deprotonation of tipsoCi H bond by an anionic ligand on the metal.
Recently, computational investigation into the mechanismiéf &ctivation across a

range of transition metals has suggested tlidl Gond cleavage is better represented by a
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continuum of electrophilic, amphilic, and nucleophilic pathways leading to nlove
mechanisms for {0H activation being proposéd?!’ Significantly, in accordance with the
discovery of carboxylate salts as beneficial additives idd Gctivation!® another prominent
mechanistic pathway was identified pertaining to a substitution meschavith characteristics

of b-bondmetathesis and electrophilic substitution. It is now widely understood that Lewis
basic heteroatornontaining ligands can sulbsitially lower the activation barrier to cleaving

Ci H bonds at a metal centre by actagjan internal base. The ambiphilic mecharidmown

as concerted metalatibdeprotonation (CMD, Scheme #)nvolves simultaneous interaction
between the Lewis acidioetal and the TH bond, and of the I3 proton with the nucleophilic
internal base. Faa bound carboxylate, CMD occurs via a concerteevsembered transition
state leading to concomitant metalation and proton tratdféatably, the concertedness of the
mechanism allows for ehactivation of both alkyl and aryli€& bonds. When a suitable internal
base ligand isqgsent, CMD is the major activation pathway for a range of transition metals
including Pd, I'", RA", Cd" and RU.

R—H +
n__ M—O n__
LIMI"—O, L) Mr—o " R . M0
R ———— | O>F R S ,o/>/ | R
O R—H R—p~ R HO
metal carboxylate concerted metalation-deprotonation
complex (CMD)

Scheme 4Mechanism of concerted metalatideprotonation (CMD) involving a carboxylate as intdrbase.

1.1.4. Cyclometalation: Directed CH Activation

The development of new reactions usirigHCactivation relies on successfully achieving high
levels ofsite selectivity, that is, the activation of a particulaHond over all others in the
molecule. Control of site selectivity is crucial for a synthetically useful process because it
avoids the formation of regioisomeric mixtures which may be diffiaulédgparate. While a
number of catalytic systems have obtained selectivity on the basis stetieor electronic
properties of the substrat®?! the approach that has attracted by far the most interest has been
the use of directing groups (DS¢cheme 5%23° The directing group reversibly coordinates to
the metal cemeé to promote intramolecular conversion of a proximaH®ond to a metalC

bond in a process known as cyclometalation. The directing group favbdrad@ivationboth

in terms of kinetics, by increasing the local effective concentration of the metalexqrapl

well as thermodynamics, by stabilising the metallacycle intermediate by chéfstidn.

4
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general, there is a strongnkitic and thermodynamic preference for cyclometalation via a 5
membered ring metallacycle,diigh 4 to 7-membered ring metallacycles are also readily
formed?® Cyclometaléion may be a reversible or irreversible process, depending on the type

of directing group, ransition metal and reaction conditions. Lastly, the resulting
cycl ometal ation complex may undergo derivat

overalldirected CH functionalization process.

™ DG--[M]
DG H M) oo ML H U FG DG FG
U reversible u cyclometalation functionalization
coordination metallacycle

Scheme 5Directed Ci H Activation: reversiblecoordination, cyclometalatiomndfunctionalization.

Stoichiometric cyclometal at idinitmlly sithf i r st
Group 10 transiobn metals (1963965: Ni, Pd, PE=3to form ortho-metalated complexes of
azobenzenes, followed by various phosphalivscted metallacyclesf @ther platinum group
metals (19671969: Ir, Rh, Ru; Figure £f"3® An important consequence of directing groups
was that alkyl group C(S)i H acivation also became possible under mild conditions, allowing
for the isolation of metallacycles resulting from the cleavage of ber{#ditwell, 19703’ and
later methyl C(sf)i H bonds (Shaw, 1978§.

@ Et /@ =
Vs
Nilt N\\N N\\N N
\ [ | |
N Pd'l_ Pt Pd'l.
/ ‘/ / ‘/ / "r
Cl—L Cl— Cl—r
12 12 P
Kleiman & Dubeck, 1963 Cope, 1965 Cope, 1965 Hartwell, 1970
M Ph
e
PPh, PPh, O~p(0Ph), o sy-OH
I‘rm/H I‘?hl @A IIzP(OPh)3 F{dll '
— — u <
I [ pen, | TPPhs o~ P(OPh) [
PPh; PPhg P(OPh); Cl—s.
2
Bennett, 1967 Keim, 1968 Knoth & Schunn, 1969 Shaw, 1978

Figure 1.Early examples of cyclometalation complexes. Left: €(apetallacycles. Right: C(gpmetallacycles.

However, it was not until the 199006s t h.
development ofcatalytic Ci H activation processes. In 1993, seminal work by Murai and

Chatant® reported the Ruatalysed coupling of aryl ketones with olefins, providing the first

5
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example of an efficient catalytici@ acivation process in which high selectivity, yields and
good scope were attained (Scheme 6a). The reaction proceeds via adkeictied oxidative
addition of a RBicatalyst into thertho Ci H bond, forming a ruthenacycle intermediate which
can react with kefins to form ortho-alkylated products. Over the subsequent decades, a
significant number of directing groups were designed for transition +oati@lysed CH
activation, enabling a wide array of differeritkC functionalization processes. In this regard,
arguably the most widely employed directing group to date has been the venerable 8
aminoquinoline amide (AQ) auxiliary, first reported by Daugulis in 2005 fec&dlyzed C

H arylation (Scheme 6Uy.The AQ auxiliary is a uniquely versatile directing group féiHC
activation?¥4” having been used for a range transition metals across the periodic table including
first-row metals, for both C($}iH and C(sp)i H activation, for a variety of different bond
formations, as well as in the activation of structurally complegrimédiates towards the

synthesis of natural product>°

A. 1993: Murai & Chatani

Me Me
Me O Me O

. 6 mol% [RuH,(CO)(PPhj);3] ~0
Me + /\/SIMea / _ = Me
toluene, reflux Ru'L SiMes
H /

H

100%

B. 8-Aminoquinoline amide directing group (Daugulis

)
0] o] 0]
N cat. [M] N FG .
SNy Ny SN S Neg Ny

alkyl or aryl

carboxylic acid derviatives [M] = 5d, 4d, 3d transition metals

Scheme 6Transition metakatalyzeddirected CH activation: (a) Murai & h a t a ncatélyzeddRho-Ci H
al kyl ati on, aamtoqiroljne dnide djrecting graup. 8

1.1.5. C(sp)i H versus C(sp)i H Activation

Within the field of G H activation a clear distinction is made begwéhe activation of aromatic
C(sp)iH and alkyl C(sp)i H bonds. Although transition metal complexes are capable of
cleaving both types of iG4 bond, activation of aromatic C&pH bonds is generally much
more facile than for alkyl C(S)i H bonds (Figure 2). Notably, this reactivity differenc
between CH bonds isgenerallyconsistent regardless of the mechanism of activation. While

C(sp)i H bonds are typically more acidic and less hindered tharf)CKponds, an additional
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reason for th diminished activation barrier for aromatic Cj$p! bonds stems from the fact

t h at -systane of the arene can interact with the metal centre to preassemble a reactive

conformation, facilitating the formation of an agostic interaction and hencd C
acivation22%>Interestingly, activadn of alkenyl C(spi H bonds has been significantly ses

explored than for aromatic systems due to the competitive reactivity of alkenes themselves as

well as their proximal C($)i H bonds>>°3 Indeed, C(sp)i H bonds whib are adjacent to
unsaturatecirene or alkengroups, sah as benzylic or allylic H bonds, are also readily

cleaved by metals and are considered as electronmetilyated C(sf)i H bonds due to their

low bond strength and increased acidity (BDE(all@idH) = 85 90 kcal motf, pKa = 4319

compared to electronicallynactivated C(spi H bonds. In particular, allylic iGH activation is
f aci | e-dldl gomplexes and tymcally @oaschgt

often extr emel

y

require the assistance of a directing grbefFinally, comparig types of unbiased C&pH

bonds, methyl groups are more readily activated over methylene groups orishef Isterics,

and innersphere CH bond cleavage at tertiary centres is very raregeneral reactivity trend

for metatmediated directed I activation is shown in Figure 2.

C(sp?)—H & activated C(sp®)-H

™I M]

P

aryl benzylic

Figure 2. Reactivity trend for metaiediatedcyclometalation(alkenyl and allylic cases excluded for clarity)
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1.2. Palladiumrmediated Directed G H Activation

To date, palladium has been the most widetyiployed element for metatediated or-

catalyzed directed i® functionalization (Scheme 7):1830:31.41,4445865 The reason for its

prevalence can be attributed to two important factors. Firstly, danplexes bearing

carboxylate ligands are among the most active species for cleavihdp@hds, being able to
activate both C(spiH and Cgp’)i H bonds with high level of efficiency. In fact, Pd

complexes are largely unrivalled in the context of more challendingcted C(sp))i H

activation#>°8596383yhereas essentially all other transition metals require the use of strongly

coordinating bidentate directing groups, or high temperature or harshly acidic conditions to

cleave unactivated alkyl C(3ji H bonds, Pdcomplexes can mediate CEiH activation with

a broad

range

of directi

ng groups

mild, functional group tolerant conditions. Secondly, the metallacycles resulting fiéin C

activation (termed, palladacyclé€$)! have a distinctly versatile reactivity in that befiedming

reductive elimination can occur through a variety of oxidatreductive as well as dex

neutral pathways, meaning that multiple different mechanisms are often possible for a particular

type of bond formation. This mechanistic flexibility afforded by palladium has facilitated the

development of catalytic transfoations, establishing patlaum catalysis as the foremost

approach for metahediated directedi® functionalization.

DG H

U

DG = mono- or bidentate
N, O, C, P, S donors

Pd"!

directed C—H activation

DG-—{Pd"] }

palladacycle intermediate

FG

DG FG

functionalization U

FG = alkyl, aryl, alkynyl,
OR, NR,, BR,, halogen

Scheme 7Pdmediated directed it

activation:

broad

1.2.1. CMD Mediated by Palladium(ll) Carboxylate Complexes

appl i cahbatiohs. ty

t

Ci H activation by a CMD mechanism is available to a variety of transition metals. However, it

is apparent that palladium is uniquely placed in the Periodic Table to satisfy the reqisreme

(0]

of the ambiphilic mechanism across a range of substrate classes. Notably, while palladium can

readily access oxidation statestween 0 and +4Ci H activation almet exclusively occurs at

a square planar Paentre>3172

(iunderl udi ng

a
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A pioneering experimental study into the mechanism of palladium(ll) acetdeated
C(sp)iH activation was carried out by Ryabov in 1985 on dhino-palladation ofN,N-
dimethylbenzylamingn chloroform (Scheme 8§74 Ryabov proposed that coordinatively
unsaturated complek forms prior to CH activation. Thecleavage of the T bond had an
associated kinetic isotope effect (KIEy/ko) of 2.2 and a large, negative activation entropy of
160.7 cal K moltindicative of a highly ordered transition staf&¢1). Consequently, Ryabov
suggested that the transitistate features concerted Bdoond formation and acetaassisted
Ci H bond cleavage (i.e. CMDB%:.">">A computational study of the reaction by Davies and
Macgregof®in 2005 supported the proposal of CMD, highlighting the importantteeafgostic
Ci H complex2 that precedes nedarrierless CH bond cleavage t8. Notably, the studgid
not find evidence supporting the formation of a Wheltypee intermediate characteristic of a
stepwise electrophilic substitution mechanism.

[ BE:
TMean @
o H CMD _~NMe;
AO—Pd— o o \ Mo, —— oM ey | PG
\_A PN KIE=22 AN 2 )
0 Me”~ O o] ! ‘ Me™ O o] Me’<\ AHe /)\Me
Me )\ AS*=-60.7 eu %\ o o
O Me (@) Me
1(0.0) 2 (+11.0) TS (+11.1) B 3(-13.2)

Scheme 8Mechanism for palladium(ll) acetateediated C(sf)i H activation & N,N-dimethylbenzylamine.
Computed energies shown in parentheses in kcalmolfi e u 0*nwlt.c al K

Recently, more detailed studies on'fPaedated aromatic C(i H activation have
attributed the broad applicability of the CMD mechanism to the patefutr significant
asynchronicity in the transition state’’ For example, TH bond cleavage can either be more
or less advanced than iRZ bond formation depending on the relative electrophilicity of the
Pd' centre and electronic propertiebtbe substrate. Conversely, such a detailed analysis of
CMD has not beenonducted for alkyl C(Si H activation, with the mechanism being largely
derived by analogy with $mystems. An early study that implicated a CMD mechanism for
Pd'-mediated C(s})i H activation was conducted by Fagribin 2007 for a P¥catalyzed
intramolecular CH arylation to form dihydrobenzofuran products $chemed). DFT studies
were conducted from Bdntermediates formed from the oxidative addition of a phosphine
ligated P4 complex into the ©Br bond of4, with a low energy transitionate IS-2, ‘9=G
27.0 kcal mot) being found involving carboxylatassised CMD of the pendant methyl group
to form 6membered palladacyci An alternative mechanism involving C&iH oxidative

9
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addition was considered but ruled out on the basis ofirnktbility of the resulting
alkyl,hydridePdVi nt er medi at a m¢tge@tivetos 7. 7 kc

5 mol% Pd(OAGc,)

(0] R 6 mol% PCy3*HBF4 o)
©: \ER ©[><R
o D
Br “H 30 mol% PivOH R

Cs,CO3, mesitylene, 135 °C

4 7, 85%
1
R R o. R
04@ o R R
Pd° H CcMD ; I
n 0 /I/:H\ /Pd\
— Pd 0 o]
ISP /o RaP™
RsP RsP By Bu” “OH
5 TS-2, AG¥ = 27.0 kcal mol”’! 6

Scheme 9Mechanism of Pimediated C(sPi H activation: computational studies conducted by Fagnou.

1.2.2. Mechanism®f Palladacycle Functionalization & Catalytic Manifolds

The Pd metallacycle formed upon directed i€ activation contains a P& bond which can

be functionalized by one of two general mechanistic pathwayshe A hi gh val ent o
val ent 0 T pemnding oty the types of intermediates formed prior to reductive
elimination (Scheme 10)3*'°° The hidh valent pathway involves oxidation of the'Pd
metallacycle to form a Pdintermediate, typically by employing an electrophilic organohalide

or iodine(lll) reagent. These reactive"Pspecies can mediate a range of reductive elimination

pathwaysincludng Ci C as well as more challenging i&teroatom bond formations. Notably,

A. Palladacycle functionalization mechanisms

L
E® ‘ /X reductive DG E
DG------PdV-X + [Pd"]
oxidation @ elimination
DG H [Pd"] DG------ PdlLX high valent pathway: Pd"/Pd!Y
low valent pathway: Pd'/Pd°®
~ L
N ‘ reductve DG Nu
DG------Pd"—Nu ——— + [PdY]
e.g. transmetalation elimination
B. Pd%/Pd'-mediated C—H functionalization
L
[PdY + substrate | reductive DG Y
X—Y X—Pd''L, DG------Pd'—Y + [PdY]
\ C-H activation elimination
Y (= HX)

Scheme 10Palladacycle functionalization: (a) high valent & low valent pathways and fpdPdnechanism.
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under certairronditions, aromatic 8p)-palladacycles also have the possibility to form higher
speciation PH/Pd" dimers upon oxidation, which have been associated with more facile
bimetallic oxidation and reductive elimination proces€é$ On the other &nd, the low valent
pahway involves a redoereutral step, such as transmetalation of a nucleophilic coupling
partner or insertion of an unsaturated reagent such as an alkene, followed by reductive
elimination.

In the context of catalytic processes, thghhvalent pathway refis in the formation of
a Pd by-product that is at the required oxidation state to mediate anoti¢raCtivation.
Conversely, the low valent pathway releases ®bggroduct that must undergo oxidation to
Pd' by a reagent knownsathe terminal oxidartb turnover the catalytic cycle. The terminal
oxidant is typically a Cltior Ag' additive, benzoquinone or simply oxygem catalysis, the
low valent mechanism is generally limited td@bond formation given thati€l activation
requires a vacant site of coordinatiordahus does not usually tolerate the strongly donating
and bulky phosphines required to promoten&eroabm bond reductive elimination from a
Pd' centre®® An exception to the use of phosphine ligann G H activation concerns a less
common catalytic manifold wherein the steps of the low valent pathway are rever$ed(Pd
mechanism§°°such as in the intramolecular CH arylation ofFagnou (above, Scheme
9). Here, an electrerich Pd® complex first undergoes oxidatiaelditionto Pd', followed by
Ci H activation and reductive elimination. Although the%Pd' manifold is an effective
terminal oxidardfree low valent strategy, partilarly for undirected C(Spi H arylation®* for
directed C(sp)i H activation this mechanism is typllyalimited to activated benzylic positions

or intramolecular transformatiofi$.

1.2.3. Pd -catalyzed C(sp)i H Functionalization of Aliphatic Amines

Aliphatic amines are essential molecules for society, in particular due to their high
representation in biactive molecules such as alkalaidtural products and pharmaceutical
agents (Figure 3¥ °©While thepolarnitrogercontining functional groupf aliphatic amines

and their derivativesftenplays a key role in thanteractonswith biomolecules such as proteins
through hydrogen bondinghe nucleophilic charactesf aminesalso provides an opportunity

for interaction withtransition metals for exploiting in catalytic processes'-&atalyzed
C(9°)i1H functionalization directed by amirderived monodentate or bidentate nitrogen

directing groups has emerged as a powerful method to streamline the synthesis of complex

11
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aliphaic amines by the sitselective modification of the hydrocarbon framew A

general catalytic cycle for this process is shown in Scheme 11. Starting from a dsiatydt
nitrogencontaining aliphatic molede, directed CH activation by a PH centre via
carboxylateassisted CMD first takes place to form a palladacycle containing a cyclometalated
amine derivative. The palladacycle is then functionalized via a high valétRd dor low

valent Pd4/Pd® medanism to form the derivatised product, whicheieased from the catalyst

by the binding of another substrate molecule. Catalytic reactions are categorised based on the
type of directing group strategy that is used. In general, there are three maiasseld® (i)
pre-installed aminelerived directing groups, (ii) irsiti-formed and cleaved (transient)

directing graups and (iii) native amindirected (or DGree) strategy.

A. Alkaloid natural products B. Small molecule pharmaceutical drugs
HO
/S H OH
N HO ™ " e N M
‘ K 5 e
X N Me\\\\\ Me Me
‘ 7 Me HO
~ s :
Me ©
nicotine aspidospermidine Gilenya (Novartis) Cymbalta (Eli Lilly) salbutamol (Glaxo)

Figure 3. Bio-active aliphatic amines: (a) alkaloid natural produ@di¥ small molecule pharmaceutical drugs.

T OAc
e.g. X = OAc [N]— -
Pd—_
0 0
0 " %
H-.. < Me
e
re-oxidation: N-directed
Pd° — pg'" C—H activation
\ (= AcOH)

Me

I

N Ay O

\ ,Pd\ or /Pd\NU palladacyle [N]\Pd/ 7/

(= ‘ ( functionalization ( 0
- unctonalzafon ;_/

n

Scheme 11General catalytic cycle for Petatalyzed C(s})i H functionalization of aliphatic amines.
[N] = aminederivedN-directing group

Before entering a discussion of the relevant literature, an important &seghlight
about P#-mediated CH activation is the frequent use of stoichiometric Agt additives in
the reaction conditions of catalytic processes. While not an idedivaddilie to the relatively
high cost and associated toxicity of silver satt$s evident that Agadditives have broadly

12
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resulted in improved catalytic efficiency for a wide variety of cases, and in some instances are
essential for the transformationhigh has enabled the realization of increasingly challenging
catalytic proceses>®%° On the one hand, rudimentary roles of Aglts include their use as
terminal oxidants in low valent functionalizations, or as halide abstractors in high valent
functionalizations using aryl or alkyl dide reagents that result in unreactive'ifadide
complexes being formed (Scheme 20n the other hand, recent analysis has attributed their
widespread use to a more inite role in catalysis, with the proposal that &ginvolved in
heterobimetallic interactionsith Pd' to facilitate the CH bond cleavag&? °° Although the
majority of evidence to date has been from computational studies, there is increasing support
in favour of this privilegedole of silver in @H activation making it an important consideration

in mechanistic discussion

A. Terminal oxidant B. Halide abstraction C. Bimetallic C—H activation
0 I it i ve |
Al [Pd"]-X Agl [Pd"]-X
g \ NN Mgy
TN
re-oxidation funlc‘)tr(\;r:agi\liig:ion ab!ﬁ"alizon funngn:Twl::t:on H/ \O
/\ / JN o) o=
AgX [Pd] AgX [Pd™]-I Me

Scheme 12Roles ofsilver(l) salts: (a) terminal oxidant, (b) halide abstraction, (c) bimetallid &ctivation.

1.2.3.1 Aminederived Directing Group Strategy

The original and most explored approacRtecatalyzed amineid functionalization has been

the aminederived directing group strategy (Scheme #3%.The strategy involves the prior
installation of a DG through a covalent linkage to the amine nittogith the DG being an
electronwithdrawing or chelating moiety that facilitates etited @H activation by the
palladium catalyst. After functionalization, the DG is removed in a subsequent step to reveal
the final product. The drawbacks of the strategythat two (or more) steps are added to the
synthetic sequence and that the usa &G, if not recovered, leads to stoichiometric waste.
Nonetheless, there are several benefits to usingnptalled directing groups. Firstly, DG
installation typically onverts the amine into an amide or sulfonamide, which protects the
aminenitrogen ad significantly increases the thermal and chemical stability of the substrate.
Secondl vy, DG6s often provide a dominant i n
processes tolerant of other coordinating functional groups. Thirdly, the DG candfesthat

will in order to improve catalytic efficiency or alter site selectivity. Overall, despite its

13
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shortcomings, the amirderived directing group strategy is the mstsdightforward approach

to catalytic @H activation, resulting in its widespreadgeufor amine functionalization.

RHN H DG installation RN H C-H activation RN*[Pd] functionalization RN FG DG removal RHN FG

- - - - - - - -
-")\) m}\) .--}\) m}\) m}\)

Scheme 13Amine-derived directing group strategy: DG installation and removal required.

The first exanple of Pdcatalyzed C(s})i H functionalization of an aliphatic amine
derivative was reported by Daugdfisn 2005, in which substrates bearing the picolinamide
directing group &) underwenCi H arylation when using aryl iodides in the presence of AQOAc
(Schene 14A). The picolinamide DG is a strongly coordinating bidentate auxiliary that forms
a 5membered ring chelate with the 'Pdatalyst, promoting the formation of both the

A. 2005: Daugulis

| X | A
N 5 mol% Pd(OAc), N NP
Ar _\1v — >
NH + Npi—N MeO NH
H p OMe C-H activation I
Y then oxidative addition
8 (neat) 9 10, 76%
B. 2011: Chen
H M M !
COMe 4 OMe)CeHa—t (1.5 equiv) COzMe ! COMe
H HN__O 10 mol% Pd(OAc), 1M _ Mag.HOI HCI HN_~0C.04 2
~/ —_— NH,
A3 R Ag,CO; MeOH 80 °C N7
N £-BUOH, 80 °C N | Ar
X Me (R = CH,0OTBS)
1Ma:R=H 12a: 77%
11b: R = CH,OTBS 12b: 69% 3 14,70%
C. C—H alkylation & alkynylation
2013: Chen 2018: Balaraman -~ ‘
N
Z | Me” Z | TIPS———8r N
N N
N 10 mol% Pd(OAc), N 10 mol% Pd(OAc), HN X0
HN ¢} 20 mol% (BnO),PO,H H HN o AgOAc
A~ Nal, Ag2CO; A PhMe, 130 °C
Et Me PhMe/t-amylOH, 110 °C R R Z
TIPS
16, 60% 15 17, 85%

Scheme 14Pd-catalyzedpicolinamidedirected C(sf)i H activation: @ C bondforming reactions.
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palladacycle as well as the subsequent oxidative functionalization. Selectiveanytatmn
was observed with complete selectivity forthe posi t i on, i ndi cdDGi ng t
to promote cyclometalation via anrBemebred palladacycle to form a H8ycle around the
metal centre. Oxidative addition of the aryl iodide to the palladacycle forms putative Pd
intermediate9, which unergoes C(sPi C(sp) bond reductive eliminain to give arylated
product 10. Although good catalytic efficiency was achieved, undesirable features of the
reaction were the use of aryl iodide as solvent and the high reaction temperat () (130
Following the seminal work of Daugulis, in 2011 CHgmleveloped an improved
protocol for the picolinamidd i r e ¢ t €&)icH aylatian((Scheme 14B). The reaction was
conducted with only a small excess of aryl iodide (1.5 equivalents) and at a lower temperature
of 80 °C. The reacti on wmaethyledeeattivatian tof cydiobedylanhine r )
derivatives {1) to afford products bearing the aryl group on the same face as the picolinamide
DG (12). Alkenyl iodides could also be employed under slightly modified conditions to provide
o-alkyenylated products. &ificantly, Chen found that the picolinamide DG within product
12a could not be hydrolytically cleaved in satisfactory yield, presumably due to the steric
hindrance of the quaternary centre adjacent to the amide nitrogen. Consequently, a modified
picolinamide DG was designed, containing a spybtected hydroxymethyl substituent at the
3-position of the pyridine ringl(Lb). After conducting the H arylation (2b), the modified
DG could be cleaved under acidic aqueous conditions (1 M ag. HCI, MeOlg) 8therein
the deprotected alcohol attacks the proximal carbonyl to cleave the amide lidBaged
release the desired primary amine proddcSubsequently, othei© bond forming processes
were developed with picolinamigerotected substrate&s, Schene 14C), such as alkylation
with primary alkyl iodides16; Chen, 2013Y and alkynylation using a TIRSrotected alkynyl
bromide (7; Balaraman, 2018% Interestingly, thealkylation procedure employed an unusual
dibenzyl phosphate additive, which was proposed to act as a phase transfer catalyst to solubilize
the Ad salt. Increased Agconcentration was thought to assist in the reaction between the
palladacycle and alkyl @ide by weakening of theiCbond, thus facilitating the oxidation of
the Pd centre.
Alongside the development off C bondforming reactions, the picolinamide DG was
also used to mediatei Beteroatom bondirfprming reactions. In 2012, Ch&mreported the
i ntr amo | iéddamihadon of picoldamideontaining substrated ) to form strained
azetidine products2Q) by enploying Phl(OAc» as oxidant (Scheme 15A). The mechanism
involves oxidation of the palladacycle by Phi(OAi) form a P& intermediatédearing acetate

ligands (9), which can undergo’i® bond reductive elimination of the deprotonated amide of
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A. 2012: Chen
‘ N S ‘ AS ‘ X
N~ 5 mol% Pd(OAG), L o) N~ N~
PhiI(OAc), AcO N\W
H HN" YO Spg—N N o ¥ A0 HNT O
AcOH Aco// \JW c
MF“ PhMe, 110 °C X RZJZKW '\/kw
R? R? R2
019,
18 19 20, 25-91% 21 (up to 70%)
7 examples

B. 2012: Daugulis (& Chen)
=
5 mol% Pd(OAc), X ‘ (0]
PhI(OAc N
(OAc),
AcO\\IV N
ﬁj PhMe, 80 °C ACO— Y. Q ﬁMe
Me™ 1o

Me Me Me Me

22 23 24, 88%

C. C-H acetoxylation & alkoxylation

2014: Chen B
N = PhI(OAc), Qf "
5 mol% Pd(OAc), AcO_ 37-89%

Li,CO3 (0.2 equiv) AcO— R 9 examples
2 AcOH/xylene, 110 °C R 2
s R |- s R
R R3 R
25 26 27
2012: Chen N ‘ A
PhI(OAc), ‘ _ 0 N~
9 N
10 mol% Pd(OAc), RO\ v I 42-95%
Pd— R! RO HN™ ~O 29 examples
ROH:p-xylene (1:4) RO, )
110 °C L/ R2 2R
RS R3 R
R =1°,2° 3°alkyl
28 29

Scheme 15Pd-catalyzed picolinamideirected C(sf)i H activation: @ heteroatom bonfbrming readons.

the DG onto the car bon of-prdadicel) aesutingvf@m ed o p
competing €O bond reductive elimination from the 'Pdntermediate was also observed in

the majority of cases as the minor product, indicating the significant chalisageiated with

PdY chemistry for selective borfdrming reductive kmination. Notably, the yield of cyclized

azetidine product correlated with the degree of branching along the activated alkyl chain, and

in fact, f or a-substtuert BpR' @ CQsMet FA = Hi),othe fcetoxylated

product became the major prard (70% G O, 25% G N). In the same articl¥,Chen eported

the formation of pyrrolidines using the same conditions iaiaocv at i on of t he U po
was simultaneously reported by Daugdfi$Given that the favoured position of activation is

the o9 position, subsestmiahegsr ¢ aestubstitnton (p.g2)uiod e d i o
to block this position and thus prevent undesireldgactions. Analogous to the azetidine
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formation, thehomologous @nemebred palladacycle is oxidized by Phi(OQ&o)form a P&
intermediate Z3) which promotes cyclization to the pyrrolidir4).

A s e | e citHi acetoxylation Ceaction using the gimamide DG was later
developed by Chéft (25 to 27, Scheme 15C). Although Phi(OAcyvas once again used,
selectivity for acetoxytion over intramolecular amination was improved by the addition of a
substoichiometric amount of kCOs. The role of LiCOs was not elucidated, but it was
proposed thati* could favour the imidate resonance form of the picolinam2ég gnd thus
minimize Q' N bond reductive elimination, which requires an anioNitigand1°>®3 The
ability to modifythe Pli nt er medi at e was al s oH akoxylation t e d
reactioni®® Using PhI(OAc) in the presence of an alcohol-solvent, the putative Pd
intermediate was found to undergo ligand exchange with alkoxide ligaZ®)spfior to
reductive elimination, enabling the formation of alkoxylated prod@8kig good yield. Only
trace quantities of azetidine or acetoxylateepbyducts were observed der theoptimized
reaction conditions, and primary, secondary and tertiary alcohol coupling partners could all be
employed.

While the picolinamide represented a major advance for th&fGnctionalization of
aliphatic amines, CHK°%Scliewe 14B) highlightet lthe difficultdip i n
removing the DG. As a result, atcoudddcle8ved t wo
under mild conditions. Carretéf8reported the sulfonamide analogue of the picolinamide DG
(30, Scheme 16A) and demonstrated te#icient catalysic oul d be achiHeved
arylation procedure. The arylated produgt)(wassubjected to weaklacidic conditions to
cleave the sulfonamide bond and furnish the unprotected aBheSimultaneously, M&°
reported the 2nethoxyiminoacetyDG (33, Scheme 16B). After conductinga-Pdat al y z e d
Ci H arylation 84), the directing group was cleaved under basic conditions at room temperature
and the prduct isolated ashe Boeprotected amine3g). Significantly, in both cases where
amino acid derivatives wer e us estereacsntreswap st r
observed upon isolation after the DG removal. Following these studies, twa #extraples
ofclev abl e DGOs wer e d-msthylisaxazeed-carbaxamide (MICAYY he 5
and benzothiazot@-sulfonyl (Bts}®®* DG6s. Ver y t%reperted dnyimprovsth e s
removal protocol for the picolinamide DG (Scheme 16C). The picolinamide was derivatised
with BocO followed by Nicaalyzed transesterification to give the Bowtected amine
product 88) and ethyl Zpicolinate 89). The protocol was demonstrated for a variety of
substrates containing functional groups sensitive to acidic or basic hydrolysis candition

addition,39 could be recycled for use in further amidation reactions of aliphatic amines.
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A. 2013: Carretero

= =
J ‘ /O po_TO|7| NS ‘ /O
N S‘/:O 10 mol% Pd(OAc), N S‘/:O
HN,, CO,Me AgOAC HN,, _CO,Me
H\/[/H HFIP, 150 °C p—ToI\/[/p—ToI
30 31,98%
B. 2013: Ma
MeO. MeO.
N (3-MeO)CgHy-! N
HJYN,,, COMe 10 mol% Pd(OAc), ! JYN CO,Me
@) AgOAc, PivOH 0] I/r
HFIP, 100 °C
H CeHa(3-OMe)
33 34, 68%

C. Improved protocol for picolinamide DG removal (2019, Maes)

RZ O RZ O
J\ Boc,0 (9 equiv) J\
REINT S DMAP, Et;N R’ N)K@
) El3
H N~ THF, 50 °C Boc N__~
36 37, 63-97%
8 examples

Scheme16Dev el opment of

In 2014, Yd!° demonstrated that monodentate nitro§e® 6 s

Zn powder

THF/aqg. NH4CI (1:1)
60 °C

1M aq. KOH

cleavabl e

1,4-dioxane, rt
then Boc,O

10 mol% Ni(cod),

EtOH

PhMe, 80 °C

38, 80-96%

DG6s and

H:N,, _CO,Me
p-Tol \/[/p-Tol

32,73%
(98% ee)

BocHN,, _CO,Me

CgH4(3-OMe)
35, 82%
(98% ee)
0
+ EtO | N
N -~

39, 70-87%

coul d

i mproved

remo

al so

directed C(sPi H activation in the presence of a neeN-protected amino acid (MPAA) ligand

(Scheme 17A). Yu employdd-triflyl protected amines40) and aryl boronate ester cdimg

partners in combination with AGOz, 1,4benzoquinone and N&0s additives to enable a Pd

cat al yiH argation pr@ess4l) proceeding via a low valent B&@d mechanism. The

ligand that provided the highest catalytic efficiency Waacetytprotectedtert-leucine, and

significantly, no reaction was observed in the absence of the ligand. Subsequently, the essential

role ofthe MPAA ligand was elucidated usingnaputational methods, in which the carbonyl

of the N-acetyl group was found to act as the internal base in the CMD B&p) {11112

Crucially, the increased basicity of theacetyl amide relative to acetate vastly improves the

actvity of the Pd catalyst by reducinghe barrier to CH bond cleavage. In 2018, ¥
enant i o sHdrylaton reacteon of @ifamidersubstratds t

reported an

(Scheme 17B). A series of cairacetytprotected aminomethyl oxazoé (APAO) ligands were

developed to enable either an enantioselective ethyl group desymmetriz&iori4@) or a

kinetic resolution of nosymmetric triflamides 44 to 45) . -Alkenylation could also be

achieved usig vinyl boronate esters, and overall, thedlimnalized products were produced in

good yield and high enantioselectivity. Finally, Yu developed a pyrrohfdimaing reaction

18
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f r o m -G Hhaetivation ofN-triflyl or -nosyl protected amined®) using adwvated acrylate

or styrene coupling partners (Scheme 1#¢A modified catalyst system was employed,
involving a pyridine or quinolindased ligand instead of an MPAA. A selection of three
different ligands were used depending on thescte# substrate in order to obtain high yields
across a broad range of aliphatic amine derivatives with varying substitution patterns. In terms
mechani t he r eakenylated mtermdmies by a llolv waleptr o d u

of s m,

Pd'/PP mechanism, d cycl opall adat i on-H elminaiénj whichh ns er
subsequently undergo in situ cyclization via Michael addition or oxidative\axker

cyclization to give the saturated or unsaturated pyrroliderezatives 47), respectively.

A.2014: Yu
'OYMG ¥
R2 10 mol% Pd(MeCN)4(OTf), R2 /H\ N R R2
20 mol% Ac-D-t-Leu-OH o 16-96%
R! H +  Ar—Bpin Pd ——> R Ar g
VRN 25 examples
Ag,CO3, BQ, NaHCO, RN o~ o
NHTf H,0, DMSO, t-AmylOH S NHTf
100 °C NaO”1i "CF3
(0]
40 TS-3 41
B. 2018: Yu
H Ar/vinyl 41-70%
Me +  Arinyl—Bpin 10 mol% Pd(OAG), Me/\;/\/ up to 99% ee
NHT 15 mol% ligand NHTf 28 examples
42 43
Ag,CO3, BQ, Na,CO3 .
R H , H,0, t-AmylOH or THF R~ AT 18-36%
+ Ar—Bpin 70-80 °C H up to 98% ee
NHTf 44 NHTf 45 6 examples
F
Me_ Me Me_Me Me
Me O Me o] Mewo
ligand: \ ] \ \ ]
¢ AcHN N7 ._-Ph AcHN N~ ,_-Ph AcHN N7 7o
desymmetrization of 42 desymmetrization of 42 kinetic resolution of 44
with aryl boronate esters with vinyl boronate esters with aryl boronate esters
C. 2016: Yu
3 ligand:
) 10 mol% Pd(OAc), ) R CE
R R3 20 mol% ligand R 3 Ph
R! H & A R , R o CF3 A
, Ag,CO3, NaOAc R N _ N/ O
NHTf or Ns DCM or DCE, 105 °C, air Tfor Ns NG
47, 35-95%
46 ’
33 examples

Scheme 17Pd-catalyzed CH functionalization directed by sulfonamigeotected aliphatic amines.

A series of
positions

case

DGO s

19

have

been

d e viéedlbangs extd

epositienrrelativé ta thantink eitrogen. An early example of such a
w a 8H acetorylation o€Bogrotected aminesA8) by Yu''®in 2006 (Scheme

wh i



Introduction

18A). While the use of Phl(OAgps oxidant alone gave no reactidme tombination of 1:1

Phi(OAckand b (| eadi ng

acetoxylated pducts 50) i

met hyl

n good

t o i

t o

f ormati on- of
The

situ

high yields.

g r o u p snetoylere groups résulting in theJoroposal of -Bvected G

H activation via a Snemebred palladacycld®) as opposed to an alternative radicathpvay.
Later, in 2015 Y&*® developed a Rd a t a | -CiHealatidh of saturated azacycles and

acyclic N-methylaminesusing a more strongly coordinatirtgrt-butyl thioamide directing

group 61, Scheme 18B). The reaction employed aryl boronic acids as arylating agents, which

provide d

t-alnylated(productssQ) with high monearylation selectivity. Interestingly, 1,4

benzoquinone was found to be the most effective terminal oxidant, whereaal&ged to

deleterious oxidation of the thioamide to an unreactive amigeduct. De to the exquisite

monao-selecivity of the reaction, aonp 0 t

Chrylatidn pdocedure was developed to provide

heteradifunctionalized pyrrolidines53). Notably, exclusivéransstereoselectivity (>20:1 d.r.)

A. 2006: Yu

tBuO\fO

R/N\/
o

H

48

B. 2015: Yu

51

D. 2017: Daugulis

MeWMe

N-N
"

57

PhI(OAc),:1, (1:1)
10 mol% Pd(OAc),

DCE, 60 °C

B(OH)2

10 mol% Pd(TFA),
KHCO;, BQ
-AmylOH, 100 °C

PhI(OAC),
10 mol% Pd(OAG),

LiOAc
cat. 2,6-(OMe),CgH3CHO
ACOH:AC,0 (4:1), 90 °C

Ar-|
5 mol% Pd(OAc),

Ag,0, TFA
LiOTf, LiOAc
HFIP/AcOH, 80-130 °C

52, 13-99%
46 examples

58, 50-81%
20 examples

tBuO.__O
50-96%

R N vOAc 18 examples

_ >
50

B(OH)Z

BQ, 100 °C
(one-pot)

tBu S

R=H,n=1 53, 52-82% (>20:1 d.r.)

7 examples

MeO
W ; 47-81%

Ts. _N OMe 17 examples
N
R)\/OAC
56
(0]
i) O3 »Me
Cl HN
i) NaBH,4
NiCl,+6H,0 Me
R=H
Ar = 3-Cl-4-MeCgHj; 59, 55%

Schemel8.Pdc at al y z e tH functi@analidation of @liphatic amine derivatives.
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was observed in all cases as a result of a highly stereoselective sétbadti@ation wherein
the steric interaction betweenth® u o f t he t-aryl substitienimnanizetd. U
Yul'| ater devel oped -agylationeoh thioamides dyedmplaying av ohiral U
BINOL-derived phosphoric acid ligand.

Mo r e r e ciélfunctiopalization p@cedurdsmvebeen developed. For example,
in 2016 Dond'®r e p o r t eidH adetbxglatién ofg-alkyl tosylhydrazone substrates4y,
which were readily accessed in a ¢, threestep synthetic procedure from free primary
amines (Scheme 18C). The reantiwa proposed to occur via a &¥cyclic palladacycle
intermediate5) t hat provi ded emethyl graup actatiengfdllavedtby v i t
oxidative functionalization with PhI(OAg) In 2017, Dauguli$®r eport ed an al t
directing auxiliary in the form oN-alkyl pyrazoles %7, Scheme 118 &ylation A b
reaction was developed using aryl iodides, with adi®ethyl substitution géern on the
pyrazok being found to provide the highest yields of arylated prod&@s Subsequent
ozonolysis with reductivework p af f or de d t {phenethydaminesas thideAn-d i n g
protected product).

The mor e-posiomal aliphatiiamines can also @cessed with the amine
derived DG strategy. In 2014, Yao and Ztfdeeported an oxalyl amide D®Q) that acts as a
bidentateN,O-ligand for Pd (Scheme 19A). Using PhI(OAc) i nt r a mbHamioatidna r U
was achieved via a 5ficyclic palladacycle 1) to give pyrrolidine derivatives6g). In
general, the yields of cyclized products correlated with the degreestitstibn along the alkyl
chain undergoing H activation reflecting the impact of the Thorgiegold effect in favouring
the intramolecular €N bond reductive elimination from the putativePuohtermediate over
competing pathways such as acetoxylatioanétheless, for the linearbutylamine derived
substrat€60, R' = R? = R® = H), the pyrrolidine was still obtained in a reasonable 25% yield.

I n |l ater reports, the oxal yl 3aHrfundtienalidaonwa s
processes, such as arylafitt?? and acetoxylatioh?® indicating that transformations
proceeding via a 5;bicyclic palladacycle are also are readily promoted under different reaction
condi ti ons .-sel&tiva @+ alkenglatign, withlinternal alkyne coupling partners

was reportedby Shi?* in 2016, wherein picolinamideontaining substrates6f) were
functi onanteitzheydl apto sai tli o nme tnh y lmethylede €d leponds e o f
(Scheme 19B). Deuteration studies showed thdd @ ct i vati on at the ¢ty
position was reversible under the reaction conditions. Consequéentlyeselegtivity was
explained by the Curtitlammett principle, in which the-and émembered palladacles are

in equilibrium but with the lesstable 6membered palladacyclé4) being more reactive
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towards insertion by the alkyne. Thexembered padldacycle resulting from alkyne insertion
intoédunder goes protodemet al at i o nakdnyatedmoddtt or HF I
(65), liberating aPd' centre and thus providing a rare example of a redaxral P4/Pd'

functionalization mechanism.

A. 2014: Yao & Zhao

5 mol% Pd(OAc),

o R o R o R
(iPr),N R? Phi(OAc), (iPr),N R? (’PWN%N 2 25-91%
N N > R
H . ‘ | 1 e} 7 examples
(o] 5 r? mesitylene O—Pd 3
! R R3
60

80-140 °C \
L

61 62

‘ A
H N~
40-72%

HN © 24 examples

B. 2016: Shi

AN X
\ 15 mol% Pd(OAc), | )
N A 20 mol% Ln N R
5 H 2,6-dimethylbenzoquinone Pd_ R'—=——R?
HN™ S0 Nige) — R
, : NaHCO3, LiF :
v H R TCE:HFIP (6:1) H R
100 °C, O,

HTy H H

63 64 65

Scheme 19Pdc at a | yi B minttiodaliz&ion of aliphatic amine derivatives.

In 2016, Sanfortf® repored the transannular i€ arylation of saturated aza
heterocycles (Scheme 20A). The remote functionalization was achieved using an unusual
tertiary aminebased bidentate DG containing a pendant fluorinated arytamadety 60). The
DG selectively promotechte a ct i v dH Ibonds withifi theocyclie amine to form a
transannular palladacyclgl), which was functionalized using aryl iodide coupling partners to
p r o v {arglaed derivativess@). Notably, CsOPiv was used to abstract iodide from the Pd
cente to turn over the catalytic cycle, whereas more commonly employedaitg led to
un d e s Hoxidatidn ofJthe substrate to the iminium. In general, thél @ctivation was
facilitated by the use of bicyclic amine substrates that could stabilize thkingeduoat
conformation of the cyclopalladated amine, though a simple pipetidineed substrate was
also employed with good efficiency (55% yield). Additionally, the protocol was demonstrated
for the latestage functionalization of pharmaceutical drugs, t -brylated derivatives of
varenicline and cytisine being prepared. In 2018, Satfftddveloped a secorgkneration set
of conditions for the transannulaii B arylation, whereby the yield of the reaction could be
improved by the addition of afcolinic acid or 2quinaldic acid ligand53 to 54, Scheme

20B). The ligand was found to be responsible for recovering the catalyst from an insoluble
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material that formed during the reaction, but was suggested to not be involved in reducing the
barrier to ratdimitingCiH act i vati on based vadinthe fresenseiamdi | ar
absence of ligand kp = 3.2 and 3.3, respectively). However, the increased catalytic
efficiency resulted in a noticeably improved scope of the reaction, allowing for previously

unreactive tropane and homotropane cores to betlgifanctionalized for the first time.

A. 2016: Sanford

ArF\ 0]
Ar-| N
10 mol% Pd(OAc) L ..Me 57-88%
Pd\ Me CArF 11 examples
CsOPlv > r
Me Me t-AmylOH, 130 °C Me Me
50 51 52
B. 2018: Sanford
Ar-| ligand:
Me_Me 10 mol% Pd(OAc), Me_Me
&N\Aﬁ 5 mol% ligand &N\Ar* ‘ N ‘ N
H N Ar N P OH P OH
0 CsOPiv 0 N N
140 °C (0] (0]
53 54, 34-60%
13 examples

Scheme 20Transannular CH activation of saturated adeeterocycles by Sanford.

1.2.3.2. Transient Directing Group Strategy

The transient directing group (TDG) strat&gy>3involves the in sit installation and removal

of a DG, enabling auxiliargontrolled G H activation to be conducted in a epet procedure
(Scheme 21). Al t hough the strategy was or i
catalyzed olefin hydroacylatioprocesse¥*i t was not wuntil 2016 th
for Pdcatalyzed C(s})i H functionalization with the report of benzylic B arylation of o-
tolualdehydes by Yd%° In terms of aliphatic amine functionalization, a reversible covalent
linkage between the amine nitrogen and a Td2i@itive forms a teporary moneor bidentate

DG, most commonly involving reversible imine formation between a primary amine substrate
and TDGcontaining aldehyde. Depending on the reaction efficiency, the TDG additive may be
used in stoichiometric or cdygéic quantities. Oerall, the TDG strategy maintains the benefits

of the aminederived DG approach, but overcomes the major limitation relating to added steps
for DG installation and removal. N-catalgzedch e | e s
amine functionalizatiorand have only been demonstrated foHGrylation processes to date,
indicating that further research is required to improve the scope of transformations available to

this type of strategy.

23



Introduction

DG installation

+ TDG

TDG

cat. [Pd] and TDG additive

C—H activation

TDG

functionalization

DG removal

- TDG

|

TDG

Scheme 21Transient directingroup (TDG) strategy: reversible in situ installation and removal of the DG.

One of the first examples of a TDG strategy for-dathlyzed amine C(gpH

functionalization was reported by Ddrgin 2016 (Scheme 22A). Primary amin&s)(were

directly combined with a stoichiometriamount of quinoline8-carbaldehyde 56) in the

presence of the Batatalyst, a pyridine base and diaryliodonium salt coupling partners. The in

situf or me d

i mi n éH artivatiomdot farnd a 6abicyClic pdladacycle 68), which

underwent oxidative functionalization to give arylated products in protected fnafter

methoxyamine workip and benzoylation. In 2017, Muraka®ideveloped a similartiategy

using a bulky 3,4li-tert-butylsalicylaldehyde TDG6Q)

f or TH dnylatior of @imary

amines usig aryl iodides (Scheme 22B). The optimised protocol involved prior formation of

the imine by the heating of the free aminB8) (with TDG 60, followed by the sequential

addition of the P4 catalyst and reagés for the arylation process. The TDG once again

A. 2016: Dong 10 mol% Pd(OPiv),
X
56 |
i) MeONH;CI
i NH 1.25 equiv CHO Et;N Ar  NHBz
RJ\/ER‘ +  ArlBF, " R
3 R2 2,6-di-tBu-4-Me-pyridine i) Bz,0 3 R2
R DCE, 90 °C R
55 57,37-77%
23 examples
B. 2017: Murakami
tBu CHO
oH 60
H NH, tBu Ar Ar NHBoc
1.05 equiv 10 mol% Pd(OAc),
R! R
R2 DCE, 110 °C 20 mol% iPrCO,H R2
KHCO3, 110 °C
59 61, 46-78%
11 examples

via

Scheme 22Imine-based transient directing group strategies using stoichiometric TDG additives.
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promot ed -fanetioralzationwia a 6;bicyclic palladacycle §2), with the amine
products §1) being isolated after acidic wotkp and Boeprotection. Interestingly, in both the
cases of Dong and Murakami, although decreasing the equivalency of the TDG additive to sub
stoichiometric amounts led to diminished yielth® yields were found to be gter than the

TDG loading suggesting that reversible exchange of the TDG between product and substrate
molecules was occurring during the reaction.

In 2017, G&®r epor t éHl aar yol a@eitiayrprimary anlihes@3) using
calytic quantities of a TDG additive (Scheme 23A). Using aryl iodides, AQTFA and 10 mol%
Pd(OAc), 20 mol% of inexpensive glyoxylic acid monohydrafd)(was used as the TDG
additivetopr ovi de moder at earylated ppducisdp) Waia edrbdysimine f o
intermediate. The optimised conditions required the addition of water (4 equivalents) to
promote the dynamic exchange of the TDG by reversible imine formation and hydrohssis. T
directed CH activation proceeded via a Sfcyclic palladacycle@b), which was confirmed
under stoichiometric palladium conditions by the isolation of a stable pylideted complex
(65: R = R?= Me, L = pyridine). Significantly, the Pcatalyzedeaction gave 0% yield in the
absence of the AgTFA additive. Subsedlyenn 2019, further mechanistic studies by Wang
and Dané’ elucidated the essential role of the' Aglt through in situ mass spectroscopy and
DFT analysis. In particular, it was deduced thaHGctivation was facilitated by l@metallic
Pd'/Ag' CMD mechanismTS-4) as opposed to a more straightforward monometallle Pd
medi at ed CMB5.8kca mpof)( ppG

Around the same timeasGe,¥la | so devel oped a catdlytioc
H arylation of primary amines, oe@gain employing aryl iodides in comhtion with AgTFA
(67to 70, Scheme 23B). The firgieneration conditions, reported in 2016, involved the use of
20 mol% 2hydroxynicotinaldehyde@8) as t he TDG addiildactwationwhi c h
via a 6,5bicyclic palladacycle §9). Notably, the sqgpe o f Yu O s signdicardlyy i on
broader than Ge 6 stertiang dubbstitudion was inat eequiretl And that thore
cha | | e n-methylgne activation was alsonade possibleHowever, a limitation to the
react i on -metlykene CH arylation was not sufficiently robust to allow for the
coupling of heteroaryl iodides. With tléscoveryof electronpoor2-pyridone lIgands as more
active carboxylate surrogates for'Pdediated CH activation'*®4'Yu'4? reported a secaoh
generation reaction employing-dblorosalicylaldehyde 7Q) as the TDG additive with a
separate pyridone ligand7d). DFT studies on thanechanism of the pyridorassisted
functionalization have confirmed that B bond cleavage is fditated by the ligated anionic

pyridone acting as the internal base in the CMD mechani$¥b).1*! Crucially, the greater
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activity afforded by the pyridonegand enabled a significantly improved scope with heteroaryl

iodide coupling partners, as well as the use of previously unreactive heteroaryl bromides.

A.2017: Ge DFT (2019) 7 ¥
Ar-| O/[% R O
10 mol% Pd(OAc), A
H  NH, 20 mol% HO,CCHO#H,0 64 | Ox O——Pd7 R 0 A e
R ! RN - Ju / - > 1
k& | L—Pd—N R
) AgTFA, H,0 N H % 1 R?
ACOH, 100 °C L oL 5
R',R2%H R Yo R
66, 42-74%
63 TS-4 65 :
L FsC _J 26 examples
B. 2016-2018: Yu
Ar-1 N
10 mol% Pd(OAc), 7
20 mol% TDG 68 0 i) HClI
0 41-91%
AgTFA, H,0 R 1 i) Bocg0 | 44 examples
HFIP:AcOH (19:1) R* 5 NaOH
90-150 °C R R
2016
69
H NH, Ar NHBoc
R" | I R’
R4J\/i2 R4 R2
R® R
67 HetAr—X (X = | or Br) 70
2018 10 mol% Pd(OAc), cl i
20 mol% TDG 71 or 68 CFs
o i o [
50 mol% ligand 72 ( = i i) HCI 19-74%
N—Pd—
AGTFA, H,0 AR R i) Bocy0 96 examples
HFIP, 150160 °C O R? NaOH
R* R3
TS5
C.2018: Yu Al

10 mol% Pd(OAc), o OMe
40 mol% TDG 74

Mz 50 mol% ligand 75 i) HCI ArMBOC 20-82% via /IW
L—Pd—N
R2 R? AgTFA, H,0 i) Boc,O R2 R 52 examples @\)\

1
HFIP, 120 °C NaOH R
73 76 R2 77
TDG additives cl OMe O pyridone ligands
- CHO CHO OH F3C N O,N N
B 1 B »
N~ "OH OH N~ "OH N™ "OH
68 71 74 72 75

Scheme 23Imine-based transiemtirecting groug using catalytic TDGadditives by (a) Ge and (b, ¢) Yu.

While developing the secorgkneration reaction, Yf di scover eiH t hat C
activation could be achieved by simply altering the size of the chelate of the TDG (Scheme
23C). Whereas the formation of ax&mebred chelateith TDG68and71lgave excl usi vel
Ci H activaton, using ketoacid4 as the TDG resulted in ariemebred chelate that promoted

U 71K activation via a 5/bicyclic palladacycleq7). Using a slightly modified pyridone ligand
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(75), the G H arylation proe dur e t r a flisubstituted @dmar) antingg3) t-o u
arylated products7@) in generally good yield and high diastereoselectivity (up to >10:1 d.r.).
Conversely, l ow yields (ca. -sRbBtha)ion@eRFr=eH)obt ai
and b r -meihylene CH arylation.

In 2018, Yound™ reported a distinct TDG approaaising carbon dioxide for in situ
protection of aliphatic amineg ) as N-carbamate salts/9, Scheme 24). Using otherwise
similar conditions to Ge and Yu, the e@®ediated conditions provided afficient Q' H
aryl ati on pr o ecgldtedrdenatives 81la Bifgndicamtly, given that imine
formation was not invoked, Youngds reaction
time with TDGO6s, secondaganynesaifliequiealestsiobGinr at e s
the form of dry ice were used, while secondary amines required a higher loading of 30
equivalents of C@ In terms of mechanism, it was proposed that the initially formed carbamate
(79 pr o moH a&csvation vi€ a piative #memebred palladacycle intermedia8®)(

However, it should be noted that comp8Xwas neither directly observed nor isolated.

2018: Young
R Ar-l o o
- 10 mol% Pd(OAc), h 1
H HN \ / R
R CO, (dry ice) ‘fb)ﬁ R L /o%N R Ar HN 40-79%
I ~ —_— 2
Pd R
R3 AgTFA, H,0 H/%RZ - \JRZ L3 55 examples
1_ AcOH, 90-110 °C R® R3
R" =H or alkyl

78 79 80 81

Scheme 24Carbon dioxideme d i a tite atylation Wa an in sitdormed carbamatéDG.

1.2.3.3. Native Amindirected Strategy

The native aminglirected strategy exploits the innate coordinating ability of the amine nitrogen
within unprotected amine substrates to direct tHedathlyst for CH activation® As a result,

the strategy does not require t haeadisatedcforei on
conceptually the most straightieard and atom efficient approach to directed amine
functionalization. A general catalytic cycle is shown in Scheme 25 using Pd(@ctalyst®

The first step involves binding of the Lewis basic free am@® to the P centre to form a
moncamine P complex 83). Th e %-carboxylate ligand withi83 can intercong r t % o a
carboxylate to reveal a vacant site of coordination, promoting &ctivation to from a
palladacycle containing the cyclometalated ami®®).( Complex 86 then undergoes
functionalization to furnis the derivatized amine produ@&7j and returrthe active catalyst.

However, despite its simplicity, the native amulieected strategy is associated with two main
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challenges which must be overcome to achieve cat&Rfisstly, aliphatic amines have a high

affinity for Pd' centres and often associate twice to formrtiealynamically stablérans bis-

amine PY complexes§4).1** Significantly, becaus84is coordinatively saturated in the square

plane, the bimmine complex is unable to undergo cyclonagtah and is therefore an etfcle

intermediate. Secondly, the momnine complex83is susceptible to Peme d i ahydride b

elimination that results in oxidative degradation of the amine substrate as well as reduction of

the catalyst after reductiveimination from the Piohydride intermediateAs a result of these

unigue challenges, although the stoichiametctivation of unprotected amines was among the

first reported examples of cyclometalatitt* catalyss using a native amindirected strategy

was not achieved untilamost a decade after Daugul t sé
mediated proces¥:14¢
B-hydride
elimination R\ﬁ/H
‘ 85
] - P S
\l\‘l/\Mn/\H amine association n
H g2 H ?AC
_ : iat
R N\P\dli amine association
)n OQ& amine dissociation off-cycle
83 but stable
H Me intermediate
Pd(OAc),
C-H activation
(- AcOH) H
¢
T SR
| —
R\N/\M:\FG 4(\% 86 Q H &
}11 37 functionalization n H Ac

Scheme 25Native aminedirected CH functionalization of aliphatic amines: catalytic cycle & challenges.

The first example of a PRdatalyzed C(sPiH functionalization directed by an

unprotected aliphatic amine was reported in 2014 by G8uiBcheme 26). The reaction
conditions included the use of Pd(OAe} catalyst and PhI(OAcas oxidant, radting in an

i ntramol e c uHamination pnoeesshoyfurnistCstrained atnme productsq0). Key

S e mi

to the success of the catalytic process was the use of hindered cyclic secondary amines known

as morpholinones3g)

wher ein

ttonirog@enavere fully sulbsstute®s:

R, RO

H). Employing these substrates had the effect of both destabilizing the unreactweires

Pd' complex due to steric congestion, as well as preventing degradation of the substrate by
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offering no possiblesites for b-hydride elimination. Notably, the reaction was thought to
proceed via a foumembered palladacycl&9), which was confirmed under stoichiometric
palladium conditions by the formation of a stable phosphgaed complex42). Although
four-memberedC N-palladacycles had been previously isoldfed/Ga u nt 6 f wasxiea mp
first to be formed through ai€l activation mechanism. Exposure3#to PhlI(OAc) yielded

the aziridine via oxidative functionalization, demonstrating the unusual reductive elimination
event from a putative Pdintermediate to form the azirigé produt Subsequently, the
hindered aziridines could be rhmpened by different nucleophiles such as thiolate, azide,
fluoride or electror i ch het er ocycl e sfunttionaliped aliphatid amindsi v e r
(92). In 2016, the Paatalyzed aziridia formaton was incorporated into a continuous flow set

up, allowing for large quantities of hindered aziridines to readily synthek&ed.

2014: Gaunt
R_ R R Me R_ R R_ R
o}
%N/H 5 mol% Pd(OAc), //RA',* v %N Nu-H %NH
o B o N—Pd—O — 4 —
ﬁ\H PhI(OAc),, Ac,0 %Z\/ R ﬁT\Nu
o PhMe or PhCI, 70-80 °C o 0 0
88 89 90, 36-81% 01
13 examples
Stoichiometric palladation M
i) 1.4 equiv Pd(OAc), eH cl

PhMe, 60 °C o/ PhI(OAc),
O-Me 'N—pd—PAr,

ii) PAr3, brine %Z\/ PhMe, 70 °C

(R=R'=Me) Me (74% aziridine)

92
[Ar = 3,5-(CF3),CgH3l

92 (X-ray)

Scheme 261 nt r a mo | &l amidation of findeéZed secondary amines to form aziridines

In 2015, a more detailethvestigation imo the mechanism of the aziridif@rming
reaction was reported by Gaudfit.The first stepof the catalytic cycle was proposed to be
coordination of the amine substra@S) to the P4 catalyst to form the moramine complex
(95; Step 1, Scheme 27), which would be followed by either unproductive binding of a second
equivalent of aminedE) or productive CH activation to the foumembered ring palladacycle
(97, Step 2). Kinetic analysis found that the reaction was first order in Pd catalyst, zero order
in PhI(OAc) and had complex order in amine substrate, changingifl order at low reaction
conversion to first order at high conversion. These kinetic data indicated that the turnover
limiting step (TOLS) occurred prior to oxidation of the palladacycle, and that taeriiee P4
complex 06) was indeed an offycle intermediate. A primary KIBvas observed for the
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reaction (k/ko = 3.8) which showed thati® activation was the TOLS. Interestingly,
computational DFT analysis of the transition state for cyclopalladation via CMI6)Y
revealed the importance of a hygembonding interaction beteve n !-aaetate and theil
bond of the ligated amine which assisted in the assembly of the reactive conformatioH for C
activation (Scheme 28). Additionally, dispersimteraction analysis rationalized the observed
regioseletivity for methyl group adtation proximal to the carbonyl of the lactone on the basis
of the greater acidity of thei€l bonds relative to the distal methyl group8& Next, oxidation

of the palladacycle by Phl(OAcyas suggested to access ateate bound PY intermediate

Me Me O
Me_ Me Me> ?Ac ((
NH5~ 1 bis-amine complex

HN—Pd—NH

o
2
fo) Me ‘ : / destabilised by sterics
Me g OAC (e M
Me H eMe 96

amine
slow release association
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O Mel ©° e ~ AcOH

mono-amine complex @

= ®
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coordination mw 1/ 7/
(6] N—Pd—O 97
N~/
Me
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Me Me Me AcO
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Scheme 28Computational DFT analysis of the transitistate for native amindirected C(sf)i H activation.
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(98, Step 3) that could undgw productforming reductive elimination. Once again, DFT
analysis provided crucial insight, in which a low energy pathway was calculated proceeding by
Ni H deprotonationq9; Step 4) prior to intramoleculari® bond reductive elimination to the
aziridine (LOG, Step 5). Conversely, higher energy pathways were calculated for direct reductive
elimination from intermediat@8, or for initial amine decoordination followed by outesphere
S\2 attack of-posittore Tha méchanisiic studies ked toesevaluation of the
catalytic reaction conditions. In particular, it was found that the addition of 20 equivalents of
acetic acid resulted in a dramatically increased i@acate, pesumably due to protonation of
the amine substrat®4) lowering the concentration of free amir88) and thus disfavouring
formation of the offcycle bisamine complex.

In 2017, an enantioselective version of the aziridorening reaction wasleveloped
involving the activationof prochiral methyl groups it-dimethyl substituted morpholinones
and piperazinonesl(1, Scheme 29%° Under slightly modified conditions that included a
chiral BINOL-derived phosphoric acid ligan®R¢TRIP, the caresponding enantioenriched
aziridines 102 were accessed in good yield and high enantioselectuyptyo 97:3 e.r.). Later,
computational DFT studies by Zhaftelucidated the enantidetermining transition state for
the Q H activation TS-7), wherdoy the chiral phosphoric acid was found to act as an anionic
spectator ligand that is hydrogbonded to the amine(NH), creating a chiral environment for

anacetateassisted CMD process.

2017: Gaunt DFT (2018)
r ligand:

Ar
R_R 10 mol% Pd(OAc), _PC0 RR OO
%N/H 20 mol% (R)-TRIP R+ O %N o. 0

~

X R 'T' ‘ X p < O/P\OH
H PhI(OAc),, Ac,0 or I, AgOAC N—Pd—O0 z OO
Me Lol ) Me

»
++

o EtOAc, 70-90 °C X YRS o)
Me H—-O Me Ar
101 0 157 102, 23-91%
L R upto 97:3 e.r. (R)-TRIP: Ar = 2,4,6-(iPr)3CgH>
10 examples

Scheme 29Enantioselective Rdaalyzed aziridingforming reaction using a chiral phosphoric acid ligand.

In 2014, Gaurtf®a | s o dev el o p éHicarhonytation proce of hinderdd C
tetramethylpiperidine (TMP) substratd98 Scheme 30A). The reaction once again proceeded
via a fourmembered palladacyclé@4), which was functionalized by a low valent mechanism
involving CO insertion and C(ON bond reductive eliminadtin t o -kadtam gnodiictsb
(105). Catalytic Cu(OAg) was used to rgenerate the Pctatalyst with air being used as the

terminal oxidant. Notably, the palladacycle could be isolated under stoietniompalladium
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conditions as the acetabeidged trnuclear complex in the solid state0g). Shortly after, in

2015, Gaurtt?r e p o r t iHdrylationfprog@ss of TMP substrates employingphic acid

coupling partners 107 to 108 Scheme 30B). Crucially, a MPAA ligandN{acetyl

phenyl al anine) was r equi faglated producesialsng with t.4 ood vy i
benzoquinone and AGQ:s as other essential additives. The product utdigs demonstrated

by conducting two subseguot aminedirectedortho C(sp)i H functionalizations to access

complex polycyclic amine derivative$d9).

A. 2014: Gaunt ?

Me
Me_ Me 10 mol% Pd(OAc), 0 Me Me. Me
H COVair (1 atm) /M‘e7K,H woy 0
N - .+ X N—Pd—0 _ \/H
x\/k\H cat. Cu(OAc), w X ¥

e

Me PhMe, 120 °C
Me
103 104 105, 55-87% trinuclear palladacycle
7 examples 106 (X-ray)
B. 2015: Gaunt
oh_Bo Pd"-catalyzed
—5pin C(sp?)-H functionalizati o
Me. Me 10 mol% Pd(OAG), (sp?) ‘unctionalization Me. Me
N/H 20 mol% Ac-Phe-OH i) alkynylation (52%) o N
0
</ H BQ, Ag,CO3, NaHCO3 ii) carbonylation (55%) </O Me
O Me t-AmylOH, 80 °C, air ‘ ‘
107 108, 63% 109 TIPS

Scheme 30Pdc at a |l yiH @dcarlionyl@ation and (b) arylation ahdered tetramethylpiperidine substrates.

While the first examples of the native amithé r ect ed strat ey al l

activation of hindered s ecoiiHlaztivationavasipos®be, it w
as well. In 2017, Gaut®®r e por t e OH atkdngation of @orpholinonesl{0 using
electronpoor ol efin coupling par-dkenglats,intermédiate h pr oc

(111 followed by a diastereoselective adlichael adlition to form sterealefined pyrrolidne

products{12 Scheme 31A) .iHS&rylatonlofa MP dubstrated) addition ofan

MPAA ligand (N-acetyl glycine) led to improved reaction yields in the catalytic transformation.

In order to probethe selct i vi ty f aH activationwithis hirdered se€ndary

amines, an intramolecular competition experiment was conducted under stoichiometric
palladium conditions without the MPAA ligand using a morpholinone containing appropriately

di s p emnsethyl B-methylmroups proximal to thadtone carbonyll(10: R = R2=R® =

Me ) . By NMR analysis of the r eBHuiltivatomguaspal | ad e
observed, demonstrating a preference for the formation of arfembered palladacycléX3)

over a fivemembered palladacyclel14). However, upon subjecting the mixture of
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palladacycles to ethyl acrylate in HFIP at°@) only the pyrrolidine product was formetLg,

24%). Conversely, the yield df15 increased to 51% in the presenceNscetyl glycine,
indicating that the MPAAigand had altered the ratio of the two palladacycld(14). The
result of the stoichiometric functionalization was explained by deuterium labelling studies,
which revealed thatiG1 activation was in fact reverséin the presence of the MPAA ligand

but was irreversible in its absence.

2017: Gaunt

2 3
R RS 10 mol% Pd(OAc), R? R® EWG R? RO EWG
- 0, -~ -
%N 20 mol% Ac-Gly-OH %NH Z %N 26-93%
o) O
;

o + 2 Ewe
mH AgOAGc 26 examples
Y

an o R
o) HFIP, 60-80 °C o o R

110 11 112

Stoichiometric palladation /’7&8"' 0 Me Me Me Me. Me CO,Et
1.5 equiv Pd(OAC), e r\i—;d/—g oM AH 1P 2 Co,Et %N
+ N—~Pd—O0 —
CDCly, 35 °C o B o HFIP, 60 °C )
(R'=R2 =R = Me) 13 Me Y 14 o Me

3 : 1 115, 24% or
51% (+ Ac-Gly-OH)

Scheme 31Pdc at al yiHed!| bel €yl ati on & c o-methyltgiodpiaativatiolh. et we e n

In 2015, Gaurtt* reported a series of Rda t a | yi B &udctionaliz&tion processes
for stericaly hinderedN,O-ketals (16, Scheme 32). The products of the transformations could
be converted to amino alcohols under acidic aqueous conditions. Using oxiddtire'Pd
ca al y siH acetoxyatidd with Phl(OAeg)117) a nidH arglatiéh withdiaryliodonium
salts (18 were developed. Notably, the arylation procedure employed dirmsibglituted
N,O-ketal substratesl{6:R6 = Me) which provi ddhe simplegher
cyclohexanonalerived N,O-ketals. Conversely, using levalentPd'/P c at a |l yiHi s,
carbonylation 119 a nidH alkeny(@tion {20 procedures were developed. In both cases,
the reactions produced small quantities of the unsaturatedntebred ring byproduct
containing a doubl e b asyahd thesforesseguantial Hydrogdnatiann d
steps were used to convert thepducts to the desired saturated equivalents. The utility of
the N,O-ketal functionalization strategy as showcased in the festep synthesis of the
pharmaceutical drug fingoliod (124), a treatment for multiple sclerosis (Scheme 32E).
Starting from a commercial amirtol (121), theN,O-ketal substratel@?) was synthesized in

two steps by ketone condetisa and silyl protection, followed by the feda t al yiHed o
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arylation pre@ess to access the arylated derivatd/23). Finally, global deprotection under

acidic conditions provided fingolimod 24) in excellent yield.

C A
<:><O CO (6.25%) PhI(OAC)s,
WR 10 mol% Pd(OAc), . 5 mol% Pd(OAc),
\ 2015: Gaunt
AgOAc, PhMe, 100 °C Ac,0
o] then H, g N Oketals PhMe, 60 °C

117, 39— 84%

119, 37-95% ¥, o)
12 examples . <:>< o 12 examples
> NT\"R
Y

D R H B
Me
o Z>Co,R e M Ar(Mes)IOTf N
<:>< WR 10 mol% Pd(OAc), 15 mol% Pd(OAc), <:><
N
ROLC AgOAc, LizPO, NaOAc NT\'R
) DCE, 100 °C DCE, 70 °C Me H
then Pd/C, H, Ar
120, 54-82% 118, 45-84%
15 examples 20 examples

E. Synthesis of fingolimod using a C-H functionalization approach

oL, o ieen .
HO\J\/ Zsteps <:>< j\\\OTBS mo °O (OAc), <:><N . oTBS - HO
NH D(’:\lEa 9/?)0(; Me  H orene e "CeHyr
121 122, 75% 123, 72% fi"zi‘?’g”;f,’/:’
"CgH17

Scheme 32Pdc at a | yiH @)dacetoxyl@tion, (b) arylation, (c) carbonylation and (d) alkenylatidw, Of
ketalsubstrates ( e) Ap p | i idHatylationnin the foustep synthesis ©f fingolimod.

In general, Patatalyzed CH functionalizaton of aliphsic amines is effective for
hindered substrates because thecygtfle bisamine P8 complex is significantly destabilized
by steric repulsions, promoting the formation of a coordinatively unsaturated intermediate that
can undergo (H activation. However,the ability to functionalize less hindered amines is
typically more desirable given that these types of amines are more commonly encountered in
molecules of interest, such as pharmaceutical drugs. Preliminary investigations byX®aunt
the functimalizatond | ess hi nder ed ami neHscarbonythiocveas e d t h a
potentially viable (Scheme 33A). For example, using the previously developed catalytic
conditions for TMP substraté® N-cyclohexylisopropylamine 125 under wH nt b C
car bonyl atlactamm(28 i 23% kiedd. While this was a promising initial result, it
was found that the putative palladacycle intermedib2&)(could not beobserved indicating
that an alternative mechanism could be operatimg (infra). In 2016, Gaurt® reported an
optimized met hod -lactams ($cheme 33B).nBxtbneiwe isgeening of the

reaction conditions enabled the discovery of efficient gatatonditions, which included the
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addition of a hindered acid additive-étlamantanecarboxylic acid or 24rinethylbenzoic

acid), benzoquinone (XMdenzoquinone or phenyl4-benzoquinone) and a monodentbke

donor ligand (Liquinoline 130 or quinucldine 131). Significantly, the transformation
displayed broad scope, which was enabled by the development of two protocols that were used
depending on whether more substituted (Protocol A) or less substituted (Protocol B, Scheme
33B) amine substrates wereeilly employed. Under the improved conditionkl-
cyclohexylisopropylamine was carbonylated in 83% yidl#6{. Moreover, a wide range of
functionally diverse aliphatic amines were tolerated in the reacti8@ 135, including

complex pharmaceutical compalssuch as salbutamd 33 and dobutaminel@5).

A. B C—H carbonylation of less hindered aliphatic amines

O\ 10 mol% Pd(OAc),, CO (1 atm) O\ o] +\ I Ac ;

)\/H cat. Cu(OAc),, PhMe, 120 °C ,
Me’ Me” -
B H

125 126, 23% 127, not observed

B. 2016: Gaunt

Additi ligands:
5-10 mol% Pd(O,CR), Prot:);‘:: ‘gands Me
R H CO (6.25%, 1 atm) R o s aci
N j]—Jl/ - cat. 1-adamantanecarboxylic acid X %
- 1,4-benzoquinone
RZJ\/H cat. Cu(OAc), R2% - cat. ligand 130 | P YA
Additives H Protocol B N o Me
PhMe, 120 °C o - cat. 2,4,6-trimethylbenzoic acid Li-Quinoline vinuclidine
128 129, 28-90% - phenyl-1,4-benzoquinone 130 q 131
44 exmaples - cat. ligand 131

Protocol A Protocol B Meoj@\/\
O
O\ O\ o - MeO N

4 MeO

o o salbutamol derivative o dobutamine derivative
126, 83% 132, 69% 133, 40% 134, 84% 135, 72%

Scheme 33Pdc at a | yiH eatbon@lati@h: (a) preliminary reswhd(b) optimized cataltyc reaction

The mechani $Hnhcarbdnylatioh eaction wWaextensively explored in order to
explain the generality of the reaction and the role of different addifi¥ In particular,
computational DFT analysis was used to support each step of the proposed mechanism (Scheme
34). Firstly, the aminel36) binds to the B-carboxylate catalyst, forming a mceamine

complex @37, Step 1) which is in equilibrium with the baénine complex 138. CO then
coordinates to form a Pchrbonyl complexX39, Step 2), wherein a low energy pathway was
calculated involving attack of ¢hcarboxylate onto the CO ligand (Step 3). The resulting Pd
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anhydride intermediatel 40 was proposed tandergo attack by the amine onto the proximal
Pdacyl moiety to form a Rdarbamoyl complex141, Step 4), which was also supported
computationally. Dting this step, the bulky acid additive was suggested to favour attack of the
proximal carbonyl over attk of the distal carbonyl of the Rahhydride, which was necessary
given that distal attack would give &facylated byproduct. Notably N-acetylation was a
major byproduct in the absence of the bulky acid additive. Next, a relatively factteé C
activaton process fromi41was predictedn silico ( @G +25.6 kcal mot, Step 5) wherein

the reactive conforman is reinforced by a hydrogdyond between the second equivalent of
bound amine and thi-acyl moiety, resulting in a-BhemberedN-acyl palladacyd (142).
Additionally, deuterium labelling studies revealed that thiéd Gictivation was reversible.
Finally, benzoquinona s si st ed r educt i v e-lactam produchyd3 Stepn af f or
6) and gives a Pdntermediate that is rexidized to the PHcarboxylate active catalyst. Here,
the P4 complex was thought to be stabilized by the addition oRtdenorligand (L300r 131)

prior to reoxidation by the Cu coatalyst.

\
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The or i gi n aiH carbenglationtof lefskindere® amihes was generally only
ef fecti-met hfydr afct i vat i on. -méthylene GadbGnylation mas e f f |
reported;>®in which the use of bisphosphine ligand xantphos was found to give high yields of
transdi-s u b s t i-ldctarhse{44 tofl46 Scheme 35). While the reaction was thought to
proceed via an analogous-Parbamoyl! intermediatel45), the role of the xantphos ligand,
outside of stabilizing Pdspecies, was unclear. Interestingly, control reastishowed that the
monac-phosphine oxide variant of xantphos was as effective as »anipself (80%,146),
whereas the dbhosphine oxide led to a large droff in yield (23%).

2017: Gaunt
Me 0
11
Me\/[ Y 10 mol% Pd(OAc),, CO (1 atm) we  C Eiy M \/(Me
. \ e 0
N 10 mol% xantphos PdH Et O 40-85%
Me B H TTONMTE | —— N 32 examples
AgOAc, BQ, PhMe, 80 °C /" /§ | Et — up to 20:1 d.r.
Me Me N o--H EE YR
e Me H
Et
144 145 146, 82%

12:1dr.

Scheme 35b-Methylene carbonylation déss hindered aliphatic amines using xantphos as ligand.

Recently, primaryamines have also been employed in the native athreeted
strategy for CH functionalization. Given that primary amines are significantly more
coordinating than secondary aminas,general, acidic solvents have been used in order to
protonate the primgramine substrate and thus lower the concentration of free amine that could
form off-cycle bisamine complexes. The first example of native primary ardirected
functionalizationwas reported by ShY in 2017, which simply used Phl(OAGnd catalytic
Pd(OAc) in acetic acid at20°C t o eabetoxylated pmductd47to 148 Scheme 36A).
Notably, the conditions were found to partially acetylate the aminegen during the course
of the reactionand therefore global acetylation was conducted as a second step. Cringally,
control reaction employing ax-acetylated starting material gave zero conversion, supporting
the intermediacy of the primary amidé@ected fivemembered ring palladacycld30). In
2019, Yad®®r e p o r tiél drylation of urprotected primary amines using aryl iodidég (
to 149, Scheme 36B). Yd® also reported an alternative arylation procedwsing
diaryliodonium salts in a separate work. In the same year, Barffistee por t eitH t h e
arylation of primary amines using aryl iodide coupling partners in the presence of an electron
poor 2nitrobenzoic acid lignd (51 to 153 Scheme 37). By idénal og
functionalization processes, the reaction was proposed to proceed via -thensibered
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palladacycle intermediate 1%2). Overall, although primary amirgirected GCH
functionalization has been shown lte possible uret relatively forcing conditions (acidic
solvent and high temperatures), it is important to note that the reactions have much narrower
scope than for the TDG strategies presented previously, indicating that the native primary amine
functiond group is genelly less effective at mediating @& activation compared to the in situ
formed TDGOsS.

A. 2017: Shi
i) PhI(OAC);, 10 mol% Pd(OAc), NHAG
ACOH, 120 °C
EtO,C OAc
ii) Ac,0, Et;N Me
X
NH, 148, 44% Hoo Ty
v i H-N—Pd—L
— via
R%RF/\H B. 2019: Yao R«K)
Ph-I NH, R?

147 10 mol% Pd(OAc),
EtO,C 150
AgOAc, TfOH "CeH13
HFIP/ACOH (6:1), 100 °C

149, 62%

Scheme 36Pdc at a | yiH firtttionaliz&ion of primary amines: (a) acetoxylation and (b) arylation.

2019: Bannister
Ar—|

5 10 mol% Pd(OAc), X u b Ar
NH, 30 mol% 2-nitrobenzoic acid H, /Pd NH,
Me Me AG,CO o\ Ve Me
92003 Me
Me AcOH, 130 °C M& Lo Me
_779,
151 152 153, 42-77%

27 examples

Scheme 37Pdc at a | yiH aryatiol of Gnprotected primary amines.

Very recently, Gaurf' reported a Pdcatalyzed tertiary aminedirected GH
functionalization (Scheme 38). Tertiary aliphatic amines are particularly challenging substrates
given their sensitivity to undergo oxidative dagation through facile Peme d i ahydride b
elimination. However, it was founthat employing an MPAA ligand\-acetyltert-leucine)
suppressed this deleterious side reaction, and instead promoted effidieattivation at the
o-position TS-8). Using boronic acid coupling padrs in combination with A0z and 1,4
benzoquinone dditives, a wide array of tertiary aminekb{) were trans{for med
arylated derivatives165. The substrate scope included the functionalization of simple
commercial amineslf6) as well as m@ complex pharmaceutical drug compounds such as

trimipramine (57). Moreover, since the ligand employed was chiral (and enantiopure),
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subjecting prochiral tertiary amines to the conditions resulted in enantioenriched chiral amine
products {58). For the nethyl group desymmetrization of amine leadind. 58, the observed
enantioselectivity was proposed to result from the dilar transition state of the iC
activation step, wherein the pseualdal N-methyl group is positioned away from the bulky
tertBugr oup of t he | i gamethyl groupis poshii@edsnptee pseadd i n g
equatorial position to avoid a repulsive-tijaxial interaction.

2020: Gaunt t
/o\\rMe
10 mol% Pd(OAc) /
2 4 2 2 4
R R BOH):2 55 mol% N-Ac-t-Leu-OH Rt AN By R® R
Al 8 o T ——
R R
Ag,CO3, BQ NN
3 7 g2L03, 3
R NMP, 50 °C R "N 0770 R
154 5.8 155, 29-96%
56 examples

O Me 158: enantioselectivity model
& cF Me Mo w3
U = i 3 N Me O\ " Me
Me” * 1

me ! N H N\ﬁ\ Pf’\*ﬂ""e
Me Me” O H Me ), 1 1,3-diaxial
156 81% trimipramine derivative 158, 91%, 90% ee J repulsion
’ 157, 82% (DMF, 40 °C) minimized

Scheme 38Pdc at a | yiH andatiom of @rtiary aliphatic amines ngian MPAA ligand.
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1.3. Organometallic Chemistry of Alkyl PdV Complexes

High valent P complexe& 2162167 haye intrigued chemists for decades by virtue of their
distinct electronic and structural properties relativentare commonly encountered 'Pand

Pd® complexes. PY complexes arecaessed by the oxidation of 'Pdomplexes and have d
occupancy, octahedral geometry and are diamagnetic (Scheme 39). Classitatiynitexes

have been viewed as extremely reacanel elusive intermediates given their lower stability
compared to Pt complexeg®%8In paricular, Pd’ intermediates have a strong tendency to
undergo reductive elimination processes, making these high valent species valuable as
intermediates in catalytic processes. Howeteere are often multiple different reductive
elimination pathways thadre available to the Pdintermediate. For example, the anionic
ligands transferred by the oxidant may reductively eliminate to effect the reverse reaction back
to starting materialsath a, Scheme 39), two different adjacent ligands may couple taform
different product (Path b), or alternatively, tivansligands may undergo reductive elimination

via more a complex mechanism involving ligand isomerization or an-epltere proceg®ath

c). Consequently, studying the structure and reactivity of-eflhed P&/ complexes has
become important for understanding ways of controlling the selectivity of reductive elimination

for the development of catalytic processes.

High valent palladium(IV) chemistry path a
L ———— Y—Y
BN Y-y - e - pd! path b
—Pd_ > F’d\ X=Y
X L oxidation ‘ reductive
elimination
path ¢
Pd" complex Pd" intermediate —_ X=X

Scheme 39PdY complexes: access by oxidation of'Rdmplexes and decomposition by reductive elimination.

Alkyl PdV complexesi or ganomet al lic compl exMoendcont air
alkyl ligandsi are important intermediates in catalytic transformations of organic molecules,
such as in PdatalyzedC(sp)i H functionalization reactions. Yet, due to the transientreatu
of PdV species, it was not until relatively recently that stable, crystallographically characterized
examples of alkyl Pd complexes were isolated. Early indications for the obsenmvati these
complexes occurred in ®aned |eaarel yl 91798beyéisb yb yY adntal
phosphindigated alkyl P4 complexes were reacted withlbgens or alkyl halides. Notably,

although phosphines are effectiigands for P centres, they are generally less effective for

40



Introduction

stabilizing P& centres and consequently stable high valent complexes were not isolated.
Conversely, harder nitrogdrasednultidentate ligands proved to be better suited for stabilizing
the hard Lewis acidic PY centre. In 1986, pioneering work by Calffyreported the first
example of an isolable alkyl Fdcomp | e x , c o n +bipyridylisupmprtirey ligand 2ndl
fac-MesPd" organometallic group, with an iodide completing the octahedral coordination
sphere (PdIMgbpy), 159 Figure 4). Shortly after, in 1987, Cah§'’3 found thatfac-
tridentate fAtripodal 6 supporting ligands
tris(pyrazotl-yl)methane ligand giving a stable cationic alkyl “Pdcomplex
([PdMex{(pz)sCH}]I, 160). In 199417417 the isoelectronic anionic tris(pyrazblyl)borate
ligand was employed to generate the neutral tripodal ligapgorted P4 complex
(PdMe{(pz)sBH}, 161). Interestingly, it was not uht2000''° that a phosphinégated alkyl

PdY complex was characterized by crystallogiaphhe complex was synthesized by Canty
through the displacement a Pd"-bound triflate with PMgPh to give a cationic phosphine
PdY product ([PdMe(phen)(PMePh)][OTf], 162). In 2003, Campotd’ moved away from the
fac-trialkyl ligand arrangement and instead synthesised a new type of stdbleoRgblex
containing a cyclometalated {1, Caryl) group known as a cycloneophyl ligari®8). Finally,

in 2010, Vicent&’® reported the first example of an isolableVPecbmplex containing aner

tridentate pincer ligandLg4).

1986: Canty 1987: Canw 1994: Canty 2000: Canty 2003: Cémpom 2010: Vicente
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I\ I
—~ l\‘/le Z N @‘IV Me N/N\P‘dW/Me = @Me ot N ] MeO
/N\ IV_Me l NP~ =N-Z|IV_Me Q Me Me Iv\ X
g / ‘ (\N ,L Me [g /P‘ (\N Meo—Pd

N N Me
;7 \_j }3~N\j PMe,Ph \
H / X = ClorBr
159 160 161 162 163 164
I B | ] ] [ (
| [ | | | | | | -
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Figure 4. The evolution of stable alkyl Pdcomplexes: seminal examples (198610).

A series of factors affect the stability of Pdomplexes®’ Firstly, rigid ligand scaffolds
that reinforce the octahedral geometry result inemstable complexes compared to using
flexible ligands. Accordingly, bipyridine is more stabilizing than tetramethylethylenediamine
(tmeda), while phenanthroline is moralstizing than bipyridine. Secondly, tridentate ligands

are significantly more staling than bidentate ligands, which is a result of the fact that
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reductive elimination typically requires coordinative unsaturation to occur (see: Se8t&hn

As a drect comparison, while comple¥s9 slowly decomposes above 0 °C in solution,
complex 161is stable up to at least to 8G.17%1">Thirdly, more electrosich (Lewis basic)
ligands offer greater stability for the electrpoor P& centre. For example, the anionic
[(pz)sBH]' ligand is more stabilizigp than the neutral (pg3H ligand. Finally, cyclometalated
carbon ligands such as thleycloneophyl group increase the stability of the complex by
increasing the barrier to reductive elimination. Whereagaties group can undergo facile
reductive elimimtion of ethane, intramolecular CBC(si¥) bond reductive elimination of the

cycloneophyl group to form a strained benzocyclobutane is a much less favoured process.

1.3.1. Synthesis of Alkyl Pt¥ Complexes & Mechanisms of Oxidation

The most common approach to synthesizing alkyY Bdmplexes has been to employ alkyl

halide reagentso oxidize the Pldcentre to a Pdcentre. Cantyod'$ofori gina
PdIMex(bpy) 159 involved subjecting PdMepy) (165 to methyl iodide in acetone which

led to instantaneous fmation of159 (Scheme 40A). Thé&ac-arrangement of methyl ligands

gave rise to a 2:1 ratio of methyl protons intle NMR s p e & 1.85uchkh; 1.(14) 3H).

After 30 minutes at room temperature, the complex had completely decomposed to ethane and
PdIMe(bpy) (66). The kinetics of thexidationwere later analysed by PuddepH&tt®®who

found that the reaction had overall second order kinetics (first ordeédSiand Mé' 1) and a

large negative entropy f a c t i ¥=ai 85 cal iK' n{old).STogether, these observations

strongly indicated an N2 mechanism, which was later confirmed ustity NMR at low

temperature to directly observe the cationic intermedikd@) (resulting from the reversible

A. 1986: Canty (synthesis); 1988: Puddephatt (kinetics)
I

5 1.14
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N1 _Me Me—| (W \W/Me 25°C,05h N1 _Me
P - “pPal — P

\ ;N Me acetone, 10 °C =N ‘ Me - Me—Me i :N |

Second order kinetics

AS¥ =35 cal K" mol™!

165 159 166

B. 1990: S\2 mechanism confirmed by observation of cationic intermediate
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Scheme 40Synthesis of PdIMgbpy) and elucidation of the mechanism of oxidation.
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attack ofL650n methyl iodide (Scheme 40B% Using methyl iodideds, scambling of the CHl
and CD ligands was observed both within the cationic intermedia6d) (and final P&
product (68).

Cantyds synt he ssupportedfPd domplepes waa dlso achieyed mising
alkyl halidest’® For example, starting from the dimethyl (tmedd)pakcursor, tmeda was first
displaced by the mercoodinating [(pz)}BH]' ligand to form an anionic Pacomplex (69to
170, Scheme 41A). The [(pBH]' 1 i gand i s known a $gmenth&itcor pi
bindstoPdi n a bidentate fashion while | eaving
capture the PY centre upon oxidation. Canty showed that a series of activated alkyl halide
reagents could be employed, providing access to the methyl, le¢ing y |  ‘aatydPd‘q
complexes161, 1714 c). In an analogous manner, an anionic pallada(ll)cyclopentane complex
(172 was oxidized by a series of tvatectron oxidants such as halogens, a hypervalent iodine
reagent or even water to access hydroxy, atgtiromide or iodide Pdcomplexes1734 d,
Scheme 41B)Y8?18The oxidation ofL72 by water (releasing Hgas) is particularly unusual
given tha H20 is not typically considered as an oxidant. As such, the reaction demonstrated the
unique ability of the scorpionate ligand to siggahtly facilitate the oxidation from Bdo Pd.

I, “k BN
N \%I/Me ‘ N’ oy Me 161: R' = Me, 86%
A @N/ e R-X (= KX) (\\N/ | Nye @R =Et 80%
1995: Canty Nl NG R'-X = Me-I, Et-| Nl NG b:R'=Bn 55%
B—N\j Bn-Br, allyl—| B——N\j c: R =nq-allyl, 71%
/ — ’ / —
M : "
€2
- K{(pz3)BH 170 171
CN:PHd<R S [(pz3)BH]
b % .
€2 ©) X
{ \ \
169 / N_Ou K / N ‘]V
B \Pd N \Pd a: X = OH, 59%
\\N/ [C] N~ b: X = Cl, 82%
L~ N — |\ N,N \ c: X = Br, 33%
) [O] = water, PhICI N x| ¢
\B"N\j Bry I, 2 \B"N S d: X=1,54%
/ —_— / —_—
H H
172 173

Scheme 41Synthesis of [(pzBH]-ligated P& complexes(a) alkyl halidesor (b) other tweelectron oxidnts.

Campora and Palma showed that high valent cyclonediglagéd P& complexes
could be synthesized by either tetectroi’” or oneelectron oxidant$®* Interestingly, the
negatively cheged Pd complex containing the tripodal borate liganti74 could be
crystallized after counteration exchangel{5), allowing for the observain of the primed
Pd'-bound scorpionate ligand in the sefithte'8* Subjectingl 74to one equivalent of Diazald,

a two-electron oxidantprovided the nitrosyl Pd complex (63 Scheme 42A). Conversely,
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using 2 equivalents of [Gpe][PFs] (FCPFs) as an outesphere onelectron oxidant in the
presence pyridine yielded the cationic'Pecbmplex (76, Scheme 42B). The added pyridine
playeda crucial role in stabilizing the resulting "Pgroduct by completing the octahedral
coordination sphere, i the oxidation being additionally facilitated by the use of a more
electronrich pyridine such as DMAP. Later, cyclic voltammetry (CV) studieSagford® on

the tetramethylammonium salt of the'"Parecusor complex(177) in acetonitrile/pyridine
showed a single oxidation wave with an onset potentigd 4f0 V versus Fc/Feorresponding

to the PY/PdY redox couple. Significantly, the fact that two separateaeetron oxidation
events were not observed by CV was in agreement with the known instability of 'the Pd
oxidation state. Conversely, when conducting CV on tHeaNalogue 178 in aceonitrile,
Sanford observed two distinct oxidation processes with onset potentidlsli6fand +0.10 V

versus Fc/Fg corresponding to the NNi'" and NI"/Ni"V redox couples.

2003-2005: Campora & Palma C. 2017: Sanford

o)
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{/ \ S~ Mo 4\ I NMe,
N_On I NN 4—\\
NT A Me (Diazald) N __Pd Me N ou
\ __-Pd Me N~ N = "
(\:N . \ N’\ ‘ Me \\N/ e
PN W = 163,65% BN S ~0.10 V vs. Fe/Fc*
" 17 Ho Y amr
l PPh,CI
B ®
% |PPh, PR [ K
5 B i) pyridine U N LN
/N\®|]V A\ Ni Me gt
ii) 2 equiv FcPF, \’\{ __Pd Me E\N/ Ni'/Ni'":
‘ ° (\,N \ Me Nl N Me  _1.10V vs. Fe/Fc*
N) s /B—N\j NiTNGV:
5 ~ -
175 (X-ray) Hl —I 176, 80% H 178 +0.10 V vs. Fc/Fc

Scheme 42Synthesis of cycloneophyl Pdcomdexes by oxidation with (a) Diazald or (b) FePFe) Cyclic
voltammetry studies comparing the redox properties of cycloneophdriRbNI' complexes.

The mechanism of sequential eslectron oxidations of alkyl Pdcomplexes to PY
complexes s first explored by Sanfof®f (Scheme 43A). Reacting PdM@uzbpy) (179
with FcPFR in acetoneds led to quantitative formation of the solvated cationi¢ Pdmplex
containing one methyl ligand 80 and approximately 50% yield of ethane. Upon repeating the
reaction in the presence of 10 equivalents of Matantaneous formation of a 1:1 mixture was
observed comprising the stable trimethylated fatlide @mplex (82 and a Pt complex
bearing one methyl and one iodide ligah83). After 24 h, decomposition of the Pd¢omplex

led to the overall generan of one equivalent 0183 and half an equivalent of ethane.
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Consequently, it was proposed that FeRfediates a single electron oxidation1of9to a
putative cationic PY intermediate 181), which rapidly undergoes disproportion with a second
moleculeof 181to give the observed produc82and183in the presence of excess iodide.
Although the PH intermediate was not directly observed, a timely subsequent study by
Mirica®’ provided the first example of an isolable moreric Pd' complex (Scheme 43B). A
dimethyl Pd precursor ligated to a tetradentate-8izhor ligand bound in a bidentate manner
(184) was oxidized wh one equivalent of FcRFo furnish a stable cationic Patomplex (.85).

Upon oxidation, the tetradentate N4 ligand filled the ax@l positions within185to form a
distorted octahedral complex. Notably, courdrion exchange enabled structural

detemination of the monomeric Bacomplex byX-ray crystallography1(86).

A. 2009: Sanford
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10 equiv Nal [ =N @ _Me |disproportionation ' =N ‘IV/Me ' =N__II _Me
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(putative intermediate) o
\ 25°C, 24 h
Me—Me
B. 2010: Mirica
/tBue }‘e
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N1l _Me 1 equiv FcPFg Q\N\(D\IH/Me LiCIO, Y ,
« >Pd {_~Pd
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Scheme 43(a) Sequential ne-electron oxidatiomechanism(b) Isolation of an alkyl Pt complex.

1.3.2. PdV-mediated O C Bond Reductive Elimination

One of the most important uses of stable alkyY Rodmplexes is for the study of reductive
elimination mechanisms for different ligand systems and types of bond formation. In 1988,
Puddephatt® conducted the first studies oii C bond reductig elimination from a P4 centre
using Cantyds d'rconplexnl&d Schemegd)r The neductivie @limination
quantitatively produced ethane and thé' Bg-product (66), being studied in a viaty of
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solvents in the presence or absence oésx Nal. The reaction was found to have a first order
kinetic profile and was inhibited by excess Nal, indicating that the reaction involved reversible
dissociation of iodide prior to a concerted@bond eductive elimination. Furthermore, the
reaction acurred faster in more polar solvents, supporting the intermediacy of a charged
intermediate following iodide dissociatioh§7). The activation parameters were obtained in
the case of acetone solvent andaire of added iodidesE 16 + 3 kcal mot, Yp 516 +8

cal K! molt. The low activation energy reflected the facile formation of ethane, while the
negative activation entropy was attributed to therganisation of solvent upon the formation

of a dharged intermediate.

1988: Puddephatt

©

B Me . s I\‘/Ie I s First order kinetics

‘ /N\P‘le/Me 0 or 12 equiv Nal /N\®P(}V/Me NI _Me E, = 16 = 3 kcal mol”
~ - -1 -1

SN ‘ Me solvent: acetone, SNT ‘ Me - Me-Me SNT > AS*=-16 8 cal K'! mol

= | CgHg or MeOH = S) = (in acetone, 0 equiv Nal)

4-40 °C
159 187 166

Scheme 44Mechanism of reductive elimination from PdIillepy).

The synthesis of differentially substituted trialkyl 'Pccomplexes enabled the
selectivity of G C bond reductive elimination to be analysed for the bipyrstylported PY
compkexes. In 1994, Boersrd reacted PdMePh(bpy)188 with methyl iodide to form
PdiIMePh(bpy) as a 1:1 mixture of configurational isomet89 190, Scleme 45A). A
preference for methyl group reductive elimination was observed, giving a 4:1 ratio of ethane to
toluene along with the assiated PH by-products {91 and 166, respectively). Conversely,
reactingl88with benzyl bromide gave a single isomemdPd’ complex that contained three
different carbon ligands: methyl, phenyl and ben2@2. Reductive elimination fromi92
exclusively produced toluene and"Pecbmplex193 Overall, while the involvement of the
methyl group in the reductive eliminatiowas @nerally favoured, there was no clear
explanation for the selectivity ofi©€ bond formation. Moreover, the mechanism was further
complicated by the fact that the'Pdomplexes could undergo facile exchange processes of the
alkyl ligands. For exampl| subgcting P@rMePhBn(bpy) 192 to PdMe(bpy) (165 led to
rapid transfer of the benzyl and bromide ligands to form the more stable (less encumb¥red) Pd
complex PdBrMeBn(bpy) (194 and the respective Pdy-product PdMePh(bpy)188
Scheme 45C).
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1994: Boersma C W n
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Scheme 45Selectivity of G C bond reductive elimination from (a) PdIbRh(bpy) and (b) PdBrMePhBn(bpy).
(c) Alkyl ligand exchange processes betweel Pentres.

One of the first cases where € bond reductive eliminain from an alkyl Pt
intermediate was implicated in a catalytic process was for the Catellani ré&efir®which
was devel oped over sevemuwhstoichrometrE organometadiie e a
studies. The reaction originated from the observation of f{btieat the insdion of an aryl
Pd' complex into norbornene results in akydlPd' pr oduct t hathydidse st a
elimination due to the absence ©inb h y d r 19% &chesne 46). However, it was the
pioneering studies of Catellaf1921% which identified that these arylnorbornylpalladium(ll)
complexes could promotertho Ci H functionalization processes in the preseotsuitable
electrophiles. For example, reacting dimeri¢ Pamplex195with ethyl iodide in the presence
of K2COs led to diortho-alkylation of the pendant aryl group (Scheme 46&Moreover, due
to the steric encumbrance of the resulting inetiate {96) , s p o0 n-¢adon elinunationb
occurredtoreleasemmo r nene and provi de-ardPdhcemplexd®M bl y ¢
Finally, hydrogenolysis of the PP@ bond liberated the l-@ethylated arenel@8). The
mechanism of the norborneassisted TH functionalization was extensively studied by
Catellani. $ibjecting195to KOPh with added phenanthroline ligand enabled the isolation of
the palladacyclic complex199),°® unequivocally confirming this as an interdiate in the
reaction pathway (Scheme 46B). Then, reacting palladat@@evith p-nitrobenzyl bromide
led to the formation of a Pdcomplex @00 that was stable for several hours at room

temperature, allowing for characterization of the high valent @iy NMR spectroscop¥’?
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Interestingly, 200 was the first example of an observableVPdomplex containing a
metallacycle. CC bond reductive elimination fro@00 resulted in the exclusive coupling of
the benzyl and aromatic groug0(), which was in contrast to the befarming selectivity of

the trialkyl bipyridytPdY complexes that disfavoured the coupling of the benayligr(e.g.
192to 193). Following the seminal work of Catellani, a vast array of catalytic transformations
were developed that utilized the directingligb of norbornene for the synthesis of pely
substituted aromatic derivativé¥:1°®Notably, the methodological development of Catellani
type processesemains an active field of research up to the current‘@agflecting the

remarkable versatility of thitype of reactivity mode.

1993-1994: Catellani

Et X

— | n . H

y/ A i) Etl, K,CO4 p-C L—Pd—L i) Ha Et Et
}Ialal 1 /L Et . Et Et

—ClI DMF, rt Pd elimination — Pd°
/;/ / X (- norbornene) CPD

2 L

195 196 197 198, 84%

N Ar
p-nitrobenzyl IIVQ
B phen 1 bromide Pd\Br overnight, rt
n N

~
~Pd’ = N —
KOPh N ON= CH,Cly, 1t
CH,Cly, 1t _ N/ Pd__
/ >N

NO,

characterized by NMR
200, 82% 201, 78%

199, 62%

Scheme 46Development of the Catellani reaction: (a) norborrassistedrtho-Ci H alkylation. (b) Evidence
for a cyclometalated alkyl Pdintermediate and the formation an observable bendylddmplex.

1.3.3. Pd-mediated C(sp)i heteroatom BondReductive Elimination

I n the |l ate 1990606s, )t heteroatera bobdereplactive dliminatiom ¢ u s
from alkyl Pd” intermediates. However, obtaining selectivity for the desirede@roatom

bond formation over competing C coupling proveditallenging. For example, Caftyfound

that simply reacting PdMépy) (165 with benzoyl pergide led to an unstable MRdY
intermediate 202 that underwent bothi® and GO bond reductive eliminations to give a

60:40 mixture of ethane and methyl benzoate (Scheme 47A). Later, a maiteddstudy®®

involved the synthesis of a NrdY benzoate complex203 from the oxidation ofl65 with

Mei | followed by halide abstraction with AgpGPh], but reductive elimination gave only

ethane (Scheme 47B). Conversely, around the same time, Géti8&demonstrated that a
48
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MesPtV acetate complex205 could mediate 0O bond reductive elimination with high
selectivity under certain conditions (Scheme 47C). Notably, the reaction was highly solvent
dependent, favouring i©® bond formatia in nonpolar solvents such as benzene but
completely switched to iGC bond formation in polar solvents such as acetone. A consistently
high yield of G O coupling from PtM&gOAc)(dppe) 205 was also obtained when an excess

of BWNOAC was added, allowindié mechanism of the reaction to be studied in detail. It was
found that the reaction was independent of the concentration of exogenous acetate, faster in
more polar solvents and accelerated by the addition of acetic acid. Consequently, Goldberg
proposed tat Ci O bond reductive elimination occurred via acetate dissociation to form a
cationic 5coordinate PY intermediate, followed by outesphere attack by acetat20g).
Notably, this outesphere §2-type mechanism proved to be general for high valenticto

[M] #* transition metals for GO and G N bond reductive eliminationsifle infra).

A. 1998: Canty

(O2CPh), v
PdMey(O,CPh)y(bpy) ——————— >  ~0.6 Me-Me + ~0.4 Me-O,CPh
acetone, -50 °C (- Pd")
202
| S
=N__1I _Me
Pd
| —~ \Me
—
B. 2004: Canty
165 i) Me—| —~ ’\"'e —~
acetone, —50 °C _ v -30°C _N_ I M
N:Pd<Me _— ~pal_ +  Me—Me
i) Ag[O,CPh] N ‘ Me N 0,CPh
0,CPh
203 204
C. 1999: Goldberg
Phy 1O Me/_\GOA x Me—OA CeDs:
C e— (o} .
[Pi ‘IV/Me CgDg or acetone-dg gf@‘ vV _Me . X = 88-98%, y = 2-12%
P ‘ ~Me 99 °C [ Pt (- Pt acetone-dg:
Phy L Phy Me Yy Me—Me X = 1-5%, y = 95-99%
c
205 206

Scheme 47Ci O bond reductive elimination from (a) MedY, (b) MePdY and (c) MePtV intermediates.

Although C(sp)i X reductive @mination (X = O, N, S) from low valent Batentre&®
and C(sp)i X reductive elimination (X =0, N) from high valent Pt centre$®¥2°! were
extensively studied throughout the 19906s
C(sp)i heteroatom bond reductive elimination wasdéed from highvalent P& centres. In
2012, SanfortP? developed the first system that bleal selective Gp’)i heteroatom bond
formation from a stable alkyl Pdcomplex (Scheme 48). Based on the previous work of
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Campora and Palm4 forming cycloreophyl P& complexes (e.gl63 Scheme 42), Sanford
synthesized an analogous"Péluoride complex supported by a bipyridyl ligan20Q) by
reacting the PU precursor 207) with N-fluoro-2,4,6trimethylpyridinium triflate (NFTPT,

208. Complex209was famed as a single isomer in neprantitative yield by the oxidative
transfer of fluoride and triflate groups fra2f8to 207. 209was found to have notable stability

to moisture and, rather than hydrolysing thei Pdond as was oftenbserved in PY
compkxes?® the addition of water t®09 simply displaced the labile triflate ligand to form a
cationic P& aquo complexZ10). Alternatively, sufecting209to pyridine gave the pyridine
ligated cationic P4 complex @11), which underwent clean C@pF bond reductive
elimination at 8®C t o gi v e t-ard Pdf coroptex @13). Signéichntlyi 213 was

the sole product of the reductiveingination and hence C($pF coupling involving the
aromatic group was not detected. From kinetic experiments,ithéd@hd formation fron211

was found to have a first order kinetic profile and had negative first order dependency with
respect to added pyridine. Consequently, Sanford proposed initial dissociation of pyridine to
form a cationic Ecoordinate intermediat@{2), followed by inner ghere G F bond reductive
elimination. An alternative mechanism involving fluoride dissociation f&drfollowed by
outersphere nucleophilic attack by fluoride was ruled out on the basis that this would require

the formation of a dicationic 1dlectron PY intermediate that would be highly disfavoured.

2012: Sanford eoﬂ Me, Me ®OTf Me_ Me
| 3 3
= Me N® Me = H,O =
‘ it = ‘ 2 ‘ ®
/N\Pd M + ‘ B /N\PC;V - . /N\PC:V
e
‘ \N/ = CH,Cly, 1t ‘ \N/ ‘ ~ ‘ \N/ ‘ ~
= Me = =
Me oTf OH,
207 208, NFTPT 209, 94% 210, 53%
o Me,’ Me
oTf 5 o Me Me Me Me
- = oTf 4 2
pyridine /N\®PC}V 80 °C ~ ~
209 —— AN L _NO®|v _— L _N_®nu
CH,Cly, 1t N ~rd ~Pd
N SN SN pyr
— = Q
@ oTf

211 212 213, 93%

Scheme 48C(sp)i F bond reductive elimination from cycloneophyl*Pdomplex: synthesis and mechanism.

Sanford®® next explored PY-mediated C(sPiN bond reductive elimination.
Subjecting the stable high valent cycloneophyl comgeXto NHTs and CsCOs resulted in
instantaneous ligand exchange of the triflate ligand for NHTs, forming two isoméYic Pd

NHTs complexes in a 6:1 ratio (Schme 49A). The NHTSs ligandtiaas to the methylene of
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the cycloneophyl group in the major isom2i4) andtransto thed-aryl of the cycloneophyl

in the minor isomerA15. Heating the isomeric Pdcomplexes resulted in a mixture of
reductive elimination pathways, in which the desired &{$pbond formation occurred in only
9% vyield to form the palladacyclic produ@ig) after internaN-displacement of the fluoride
ligand. Interestingly, the major pathway was in fact €){gpbond reductive eliminatior2{7,
49%), with intramolecular GC bond reductive elimination also taking place in 29% vyield to
form the benzocycloliane productZ18). However, as was previously observed in the case of
PtV chemistry®29°(Scheme 47C), Sanford found that adding extra optide to the reaction
greatly improved the efficiency and selectivity of the desired bond formation. Adding 1
equivalent of soluble NM&IHTSs, the yield oR216increased to 85% and only traces of side
products217and218were formed. Furthermore, addingQuivalents of bipyridine ligand as
well provided a further increase in the yield21f6 to 98%. Kinetic studies showed that the
reaction was first order in the Paomplexes 214, 215 and zero ordemi added nucleophile

(NMesNHTSs), indicating that a dsociative ionization of thi-nucleophile followed by outer

A. 2014: Sanford
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sphere attack of the cationic '"Pdcomplex was the likely mechanism. Indeddter
computational DFT studies by Zimmerm&calculated a low energy pathway involving an
outersphere mechanisn221to 223, originating from the majoisomeric form of the PY
intermediate 219, Path a, Scheme 49B). However, DFT analysis also revealed an alternative
pathway which was similar ianergy starting from the minor Bdsomer @20), involving N-

to-O ligand isomerization of the sulfonamidalbwed by intramolecular attack of the pendant
nitrogen within a neutral-6oordinate intermediat@22, Path b).

The same cycloneophyl Fccomplex (209 could also be used to study C{g® bond
reductive eliminatiof®>2%®Adding 1 equivalent of a range of oxyanion nucleophiles eis th
sodium salts (NaOR, R = Ph, Ac, NOTs) to 209 at 110 °C in CD:CN gave rise to an
equilibrium mixture of the neutrabxyaniorligated complexes2@4) and the cationic
acetonitrilebound complex 425 Scheme 50). Subsequently, adding an excess of the
nucleophiles, raising the temperature to betweé®@%C and then washing with brine resulted
in exclusive formation of GE’)i O coupled products that were isolated as alkyl édoride
complexes in 6838% yield @264 d). From kinetic experiments, theductive elimination was
once again first order in the Bd¢omplex and zero order in added nucleophile. Crucially, given

that the oxyanion ligand cannot isomerize to a different coordination mode to promote an inner
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i) 4 equiv NaOR

Isolated yields of 226 o O RO, Me:_ Me warm to 25-50 °C
Oe Me O@ 0.® O@ VO i) extract with brine
o T % T | S
(0]
Me —=N" el
—
a: 72% b: 76% c: 88% d: 68% 226

O\\®/O® Me Me Me Me
5 equiv MONO, No \ O2NO, Me
M = Na, NBu, 07
209 L_N@ly — [} -
CD4CN, 25 °C _Pd_ o Pd\
then brine (N ‘ R o+ \ ;N ONOz

NCMe M
226¢ 228
227 M = Na: >98% 0%
M = NBuy: 56% 44%,

Schane 50.C(sp))i O bondreductive elimination frona cycloneophyl Py complex
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sphere reductive elimination mechanism, it was proposed that the mechanism occurred simply
via outersphere nucleophilic attack of the cationic‘Pidtermediate. In addition, aotable
effect of the countecation of the oxyanion was observed. For exammacting209 with
NaONQ and NBuONO; at 25°C led to exclusively C(sSi O bond reductive elimination in
the former case (>989226Q but gave a mixture of C(EHO and C(sp)iF reductive
elimination in the latter case (56226¢ 44% 228). Using'°F NMR, a 1:1 interaction was
observed between the Lewis acidic*Mation and the Lewis basic PdF (227), whereas no
interaction was observed for the tetrabutylammonium salt. Basdte@xperimental results,
this Lewis acidbase interaction wgsroposed to inhibit C(S)i F bond reductive elimination.
Compared t o San f3 Q@ boddsfornsation, diyergennreaqiyitg was
observed by Miric®’ wherein a cycloneophyigated P& complex underwent selective
aromatic C(sp)i O bond reductive elimination as opposed to alkyl group reductive elimination.
Oxidation of a PH complex suported by a scorpionatgpe Metacn ligand (Metacn =
N, N o-trilmethy-1,4, triazacyclononane229 by dioxygen led to quantitative formation of
a cationic Pt hydroxide complexq30, Scheme 51). Heatir280in DMSO to 110°C resulted
in exclusive C(g%iO bond reductive elimination281), presumably via an innaphere
mechanism, which gave the phenol prod32 after protodemetalation. Crucially, the
C(sp)i O reductive elimination product was not detected. However, it was not clear whether
this aternative reactivity could be attributed to ttiéference in supporting ligand (M@cn
versus bpy) or was a feature of hydroxide reductive elimination, given that the use of NaOH or
NMesOH wi t h Sanf 208 dabesa campliveged mixture( of prodsit®®

2014: Mirica
Me
Me~y Py | Me~y o] -
? Me 0, <\ ,Me\ 110 °C Me 1@ oH
NI - - “N__ |V _ > NI _L —
EN/Pd Me  10% H,O in MeCN LN/Pd Me DMSO EN/P"
J) Me pH 7.4, rt / \ Me 1
Me Me OH Me Me !
e OH
229 230, >98% 231 232, 74%

Scheme 51C(s@)i O bond reductive afiination from cycloneophyl P{Mestacn) complex.

Finally, Sanford® showed that P4 complexes which do not contain ligands that
readily dissociate (to form-8oordinate cationic intermediates) can aledargo nucleophile
mediated reductive elimination by direct ousphere attack of the neutral sigordinate PY
complex. For examplea Pd” centre ligated by a cycloneophyl group, [@8)] and Ck

ligands was attacked b®- and N-centred nucleophile® form C(sp)i heteroatom coupled
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products 234) in good to high yields (Scheme 52). Notably, in this instance, kinetic studies
revealedthat the reductive elimination was first order in b@®8 and added nucleophile,

supporting a straightforwarch® meckanism involving the sicoordinate P complex TS-
9).

2017: Sanford

[ ® t Me o
Me Me R4N X@\/—J Me Me X - Me o)
/ S a: 56%
o \
N a o0 | O
/N,N\ @ 1.1 equiv NR,X CN\ by N \PILj\
Pd | Pd —_ A\ o
| ~ N O CF .
@N/ | CFs MeCN, 23-70 °C | N7 TCRs \ N,N 3 o bi9s%
N\\ 'N\ N\\ ,N \\ /N Me o
,B'_N\J first-order in 233 B—N __\ H,B\N \7 ~ o
H first-order in X~ L H _ — N3 c: 90%
233 TS-9 234

Scheme 52C(sp)i heteroatom reductive elimination by ousmhere attack of a€oordinate P4 complex.
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Pd-catalyzed Azetidine Formation

2.Pdc at al y z 8&itH Aminatioh ® porm Azetidines

2.1. Background & Previous Work

Following the discovery ofthe Pdat al yzed aziridine forimhati or
amination of hindered secondary amifsj t was thought t hiadt t he
amination process could be possible under similar conditions usigd®ctatalysis (Scheme
53A). Crucially, t he o f un atibn obfouaremberadringp N w
azetidine products in a single st@pwhich would be a valuable transformation given that
classical methods for azetidine synthesis typically require highly functionalized precursors
capableof mediatingan internal displacement that are often challenging anddansuming

to prepare®® 212 However, while it was previously shown that subjecting morpholirg@te

PhI(OAc) and catalytic Pd(OAg)gave exclusively aziridine formatiori@0, 74%; Scheme
53B)!r e act i odiethgl homoldyeed39 g av e e x c ik acétoxyationZ3d C
75%; conducted by Dr M. Nappi; Scheme 53C) with no detectable amount of the desired
azetidine 238 bei ng f o r-anealationFpoocesst coneputational DFT arsmy

carried out by Dr B. G. N. Chappell calculated that the favoured reductive elimination pathway

involved outersphere attack by acetate onto a cationit/ Rdermediate Z36), which was

A. Proposal: Synthesis of azetidines using Pd"/Pd' catalysis

1} v R R R R I v R Me
_H _H
0 e R Y PR 2y
o%\ aziridine OYP OWH azetidine OYQ
R H formation R' R' formation R'
o o o) ! o)
B. n =0 (2014: Gaunt)
PhI(OAC),, Me  Me
5 mol% Pd(OAc) %
° 2 i NS 100, 74%
Ac,0, PhMe, 70 °C Y
e
Me_ Me o
% _H
N
R R — _ _
OTK C.n= Me
) R .n=1 Me /(
PhI(OAc), O/\O Me MeH Me_ Me
10 mol% Pd(OAc), O/M?Q H @\ y %N’ %N

. - S v
93: R = Me — N—Pd—q ) OAc o
235: R = Et PhMe, 80 °C o \ .
Et <_) (o] Me O Me 0 Me
oA
236 c 237, 75% 238, not detected

putative intermediate
from DFT analysis

Scheme 53(a)Proposal foragt i di ne f or mati on. Co niHfurctiosatzationau§ing( b) b
PhI(OAc) as oxidantReaction C conducted by Dr M. Nappi. DFT study conducted by Dr B. G. N. Chappell.
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analogous to the mechanistic proposal of SaAfefiom the study of C(shi O bond reductive
elimination from stable PY complexes (seeSection 1.3.3). The Pdc at al y ik d 2
acetoxylation of hindered secondary amines was lateptienized and studied in detail using
kinetic and computational analysis to gain further insight into the divergent selectivity for
reductive elimination from aminoalk{d" intermediateg!?

Evidently, i imH aménation peoved tode less favBured than for the
aziridinef o r mifundiondlization reaction, and thus a distinct approach wassagein
order to mediate a selective azetidine formation over competing reductive adlonin
pathways. Previously, in 2016, 34ihad demonstrated that the selectivity of reductive
elimination from a PY centre could be controlled by varying the type of DG that was used
(Scheme 54). Using Phi(OAcand catalytic Pd(OAg) substrates containing triazole amide
based 28)Gélectivdly produced either azetidine produ2é&0( when using a bidentate
vari ant o facetoXylationz43),whem using a tridentate vartazontaining a tethered
pyridine. Although the specific reason for this switch in bémthing selectivity was unclear,
the reactions demonstrated the ability to favour azetidine formation based on the ligand
environment around the Paentre. Nonethelesthe strategy of Shi could not be applied within

a native amingalirected strategy due tbe requirement for chelating auxiliary groups.

Phi(OAC), o) ;4\///0'\"8
2013: Shi 5 mol% Pd(OAC), »\/\N/\/ 240, 81%
H ] N \ ! ) ’
AcOH D N=N 7:1dr.
0 DCE, 120 °C Me" "Cone
H HNLDG
"“'CO,Me _
PhI(OAc) 9 N »/N\j
H C)2 )L\J/ \N N
10 mol% Pd(OA \__
239 mol% Pd(OAc), AcO HN \=N 241, 76%
AgOAc - "'COZMe 3:1 mono:di
DCE, 140 °C U

Scheme 54Controlling the selectivity of reductive elimination through choice of directing group.

In parallel with the current work was the report by Liu and 3wyhich showed that
reductive elimination could alternatively be contrdlley the choice of oxidant (Scheme 55).
Rather than using PhI(OAg)pentafluoroiodobenzene dkl) was employed as part of a
picolinamided i r e amethBytene Junctionalization reaction to promote intramoleculay C
bond reductive elimination, forming lyiclic azetidine product2é2to 244). Importantly, the
putative P& intermediate 243 resulting from oxidative addition contained the highly

electronwithdrawing pentafluorophenyl ligand that did not undergaC(bond reductive
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elimination (arylation) orlcetoxylation (from AgOAc), but instead provided high selectivity

for the desired cyclization process.

2017: Liu & Wu R

R CoFs-I @N 0
NH N 10 mol% Pd(OAc), ol
(
n

R
) / N N 16 examples
(e) AgOAc, benzoquinone X F\’f n Z(\N)

H N83PO4

n=01246 1,1,2,2-TCE, uW, 130 °C E

F
242 243 244

Scheme 55Reagentontrolled reductive elimination to promote intramolecular €){($y bond formation

The ability to control the selectivity of reductive elimination from aminoalRg"
intermediates derived from native amiieected GCH activation remained an unsolved
challenge. In the search for a suitable oxidant that could promote selective azetidine formation,
it was hypothesized that, rather than aiming for a dirédll ®ond formnhg process, the
reductive elimination of a leaving group could instead be used to form an intermediate that
would be prone to cyclization. Specifically, instalment of a tosylate gwagan attractive
strategy given that it would exploit the proclivity afinoalkyl P&’ intermediates to undergo
outersphere CO bond reductive elimination pathways (Scheme 56). For example, oxidative
transfer of a tosylate group to the amierived p#adacycle 245 would result in a PY
intermediate Z46) which could udergo dissociative ionization followed byZtype attack of
the P&’-bound alkyl groupZ47) . T h e rid¢lsosyloxtylationgoroductdds would then

spontaneously cyclize to forthe azetidine derivativ288).

Me Me X Me

X
X ® /\7< X /‘7< A
Om)—' /u TsO ~ oxidant o me\ H IV\/ dissociative ionization o me\ H IV\/@
N—Pd—L ——m7 N—Pd—L ——mmmm N—Pd—L
o palladacycle oxidation o \7 of tosylate o
OTs (VA4S

Et Et Et OTs
245 246 247

Me_ Me Me_ Me

_H
%N internal displacement %N outer-sphere
-
OYG by amine group OT&\/OTS attack by tosylate
Me

(o] O Me (- Pd")
azetidine 238 248

Scheme56Pr oposed strategy fiéltosylaxylationifaloweddy ifitearnalisptacement. o
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The preliminary experiments for the da t a | y rHe @minadion Gf hindewd
secondary aming35were conducted by Dr M. Nappi and Dr C. He. Firssiynply combining
PhI(OAc) with TsOH as an additive (two equivalents each) in PhMe 4C8fave none of
the desired azetidine produ@38 Table 1, entry 1), indicating that fréesOH was not
beneficial for reactivity. However, employing a goemed tosylated iodine(lll) reagent
hydroxy(tosyloxy)iodobenzene (HTIB, also knownk® s e r 0 s ?® prevalep ehe firjt
observation 0f238 albeit in 6% yield (entry 2)Using AQOAc as an additive with HTIB
increased the yield to 27% (entry 3). Meanwhile, cyclic iodonium oxiéfdmisre also tested,
with 2-iodosylbenzoic acid (IBA) giving 17% yield when used with AgOAc (entry 4). Notably,
exchanging IBA for a tosylatedyclic iodonium oxidant Z49), originally reported by
Zhdankirf'8in 1994, increased the yield to 52% (entry 5). The reaction was optimized by Dr
M. Nappi ard Dr C. He using oxidar249to provide the azetidine product in 81% yield, which
included increasing the equivalency2#©and AgOACc to three equivalents each, lowering the
temperature to 60C and changing the solvent to IDZE (entry 6). The controleactbn
removing the palladium catalyst gave no yield238 as was expected (entry 7), though
removing the AgOAc additive also significantly hindered the reaction with only traces of
azetidine formed (entry 8). While the specific role of AgOAc was natiddied, the in situ

formation of AgOTs was ruled out by a further control reaction exchanging AgOAc for AQOTs

Table 1.Reaction Discovery and Optimisatién.

Me_ Me oxidant Me  Me X—I—X X—I—0
%N/H 10 mol% Pd(OAC), %N 5
OW/H additive, solvent OYE

temperature M

O Me o] e

PhI(OAc),: X = OAc IBA: X = OH
235 238 HTIB: X = OTs 249: X = OTs
Entry Oxidant (equiv) Additive (equiv) T (°C) Solvent Yield (%)°
1 PhI(OAc) (2) TsOH (2) 80 PhMe 0
2 HTIB (2) i 80 PhMe 6
3 HTIB (2) AgOAc (2) 80 PhMe 27
4 IBA (2) AgOAc (2) 80 PhMe 17
5 249(2) AgOAc (2) 80 PhMe 52
6 249(3) AgOAc (3) 60 1,2DCE 81
7° 249(3) AgOAc (3) 60 1,2DCE 0
8 249(3) T 60 1,2DCE trace
9 249(3) AgOTs (3) 60 1,2DCE 0

3Reactions were conducted by Dr M. Nappi and Dr C."Milds were determined b{4 NMR using 1,1,2,2
tetrachloroethane or BBH as internal standarthlo Pd(OAC).
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that provided 0% yield (entry 9inally, a stichiometric palladium experiment was conducted

by Dr C. He, wherein the-Bhemebered palladacycle was synthesized as the trinuclear acetate
bridged complex 250 in 84% yield by subjectin@35to 1.5 equivalents of Pd(OAc)n
chloroform at 60C (Scheme 57 Reacting comple250with oxidant249in 1,2DCE at 6(°C

gave the azetidin@88) in 51% yield, confirming the intermediacy of the palladacycle as well

as indicating that the silver(l) difive was not essential for the palladacycle oxidation nor for

the producforming reductive elimination step.

O Me

235

1.5 equiv Pd(OAc), 0
0

CHClj3, 60 °C

Et

250, 84%

oxidant 249

N

1,2-DCE, 60 °C

(X-ray)

238, 51%

Scheme 57Stoichiometric palladation &f35and reaction with oxidar#49. Reactions conducted by Dr C. He.

Having discovered an effective method for azetidine formasomputational DFT

analysis was conducted by Dr B. G. N. Chappell to elucidate the reaction pathway (Scheme

58). Following oxidation of the palladacycle byidant 249, a low energy pathway was

calculated involving dissociation of the tosylate ligand fribva P&’ intermediate Z51) to

generate the corresponding cationicVPspecies Z52). From 252, two potential reductive

elimination mechanisms were calcedt (i) amine(NH) deprotonation followed by direct

(6]
Me # Me
(0] O\-,/
O Mg ,H \/[VW tosylate
N—Pd~—0  ——>
Issociation
o \
Et O:s’o
O// \Ar2
251

NH deprotonation

- TsOH)

Me

%\<

0" Me ,H‘ W\®/
N=rPd—o

Do

Os /0
/S\Arz 252

tosylate attack

_ Patha:direct C-NR.E.
TS-10 Ar'

Me O/\<O

QO Me ) el

N—PRd—o0
o] >

\
Et OA\Me

AG* =293 kcal molt -

Path b: C-OTs R.E.
TS-11

o// \Arz
AG?* = 15.7 kcal mol™

t

Me

>,
o Me
238

Me

T4 T(— TsOH)

M

~5x

248

Scheme 58Computational DFT analysis of possible reductive elimination pathways. Conducted by Dr B. G. N.
Chappell. At = 2-1-CsH4sCOH, Ar? = 4-Me-CgHa.
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CiNbondr educt

attack by

i ve
t he

was found to be significantly lower in energy.

&/ I= 2nBi kealanoh, T6+10; Rath @) and (ii) outesphere
d% =15.7 kcal endt, T6-b1s Bath d)t la liné oG our

proposed strategy,i©Ts bond reductive elimination via an ousgheremechanismRath b)

The scope of hindered secondary amines was explored by Dr M. Nappi and Dr C. He

( Scheme

59) .

substituent wasgaried with alkylchains containing different functional groups such as protected

alcohols, fluoride, phthalimide, ester and aryl groups, providing the desired azetidines in good

to excellent yieldZ54d h, 538 1 %) .
changed from a geminal dimethyl group to a spirocyclic cyclohexyl moi2bgi( 83%).
Finally, changing the morpholinone core for an auybstituted piperazinone core provided the

azetidine in moderate yiel@%4j, 48%).

Ts0—1—0 Pd(OAC), (10 mol%)

AgOAc (3 equiv)
1,2-DCE

-positien distal to the lactone rtnyl was also

60-70 °C, 16 h
253 249 (3 equiv) 254
Me_ Me Me_ Me Me_ Me Me_ Me Me_ Me
%N %N %N %N N
o ° oA o °
o Me o o ~OTIPs o TOAc o °F
Me
254a, 81% 254b, 62% 254c, 66% 254d, 61% 254e, 53%
Me_ Me Me_ Me Me_ Me
%N %N %N Q Me_ Me
o) o) o]
o N N
0] o 0 (0] N
N CO,Et Me /©/ Me
o]
© O,N
o)
254f, 54% 2549, 56% 254h,53%  OMe 254i, 83% 254j, 48%
Scheme59Scope of amines with fully substituted

Significantly,

Reactions conducted by Dr M. Nappi and Dr C. He.

Dr

v

chiral amino aciederiveds u b s t r at e sgermadiethyl substiition g55 Scheme 60).

These

with the more oxidizing Phl(OAg)reagent due to deleterious oxidation of the artifié'?
highlighting the improved chemoselectivity of oxid&d#9. Moreover, while the azetidines
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were obtained in moderate yields for substates defreed alanine, phenylalanine and serine
(2564 c, 50 66%), the azetidine products were produced with high diastereoselectivity (up to
>20:1 d.r.) resul ting f r egemdi¢thylegroup,emoyidinge t r i
essentially enantiand diastereopure chiral products. In each case, the major diastevessme
formed from the activation of the ethyl chaynt o t-Hhsebstiiu@nt, presumably as a result

of the P4 catalyst binding to the least hindered face of the secondary amine leading to C

activation from this face of the morpholinor857 \ersus258 Scheme 61).

H. R oo H. R
a\&\N’H s Pd(OAC), (10 mol%) R\N
o o)
OWH @A AgOAc (3 equiv) Om/‘]
O Me 1,2-DCE & “Me
60-80 °C, 16 h
255 249 (3 equiv) 256
H. Me H_ .—Ph H. .—OTIPS
m o o
o) ~Me o) ~Me o) ~Me
256a, 55% 256b, 50% 256¢, 66%
>20:1 d.r. 131 do. 1:1 dor.

Scheme 60Scope of amino aciderived amines. Yields are for isolated produatkr eactions by Dr C. He.

R M H
/\{J( /OAC N L H /OAC >
o Pd(OAc), R\N’ Pd(OAc), | o T\ N
N—Pd~—0 -oooee- S — N—Pd~—0 —.
. Me H Me 3
o HO g o 4 2
e H- O Me £ H 0 Me
257 (disfavoured) 255 258 (favoured) 256

Scheme 61Rationale for the observed diastereoselectivitthoét i acGvation.

2.2. Project Aims

Upon joining the project of the Rda t a | yiAHeadhination, Geveral areas of research
remained to be explored. Firstly, we were interested in funlvestigating the scope of chiral

amino acidderived morpholione substrates (Figure 5A). Given that the reaction selectively
activated the alkyl chain on the least hindered face of the chiral morpholinones, we aimed to
synthesize isomerically pure substras t hat mai nt ai n é&lbordorsthei t a b |
least hindered faceafiti to the amino acidlerivedRgr oup) but with vari ol

groups containing different functionality on the more hindered face. Consequently, it was
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necessaryat develop a diastereoselective synthetic protocol in ordacdess these substrate
molecules. Secondly, it was planned to test the reaction on acyclic secondary amine substrates
(Figure 5B). For previously reported fédtalyzed CH functionalization reaons employing
unprotected secondary amines, the scope ofliacgubstrates had been extremely limited.
However, the specific reason for this difficulty was unclear and therefore it was planned to use

the azetidindorming reaction as a means to furtbardy this area of chemical space.

A B
H

\\R anti H ! H

L | RO _H RO

R\N /\ . R\N N - Ny
/ ™R

o R © RO Me RO  Me

scope of diastereopure chiral morpholinones scope of achiral secondary amines

Figure 5. Project aims forthe Rd a t a | yi B andnation r&ction.

2.3. Results & Discussion

2.3.1. Diastereopure Chiral Morpholinone Substrates

Previously, hindered econdary amines deri ved -gemdeetnylami no a
group could be synthesized using the Bargellini reacidiror example, the morpholinone
derived from alanine265g was preparedybreactingL-alaninol 599 with 3-pentanone and
chloroform in the presee of sodium hydroxide, initially forming a sodium carboxylate
intermediate Z60) that was cyclized under high temperature acidic conditions (concentrated
ag. HCl, 100C; Scheme 62A). However, given that we required a stereoselective synthesis for
morphol nones containing two different tbdusedubst it u
because it would not be able to adequately control diastereoselectivity. Consequently, we
searched for an alternative synthetic approach.

In 1988, Dellari®®??! reported the diastereoselective alkylation of glycine enolate
equivalents formed from morpholinone&6@) for the synthesis of nenatural amino acids
(Scheme 62B)The transformation was simultaneously reported by Willf&At$3 using a
similar method. Imparticular, highly distereoselective alkylations were observed for Khe
Boc-protected phenylglycinderived morpholinone 261) when using lithium or sodium

hexamethyldisilazle at low temperatures{8 toi 100°C), which gavediastereeand enantie
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A. Bargellini reaction (Dr C. He)

T
=z
(]
T

Me

/[OH NaOH HO\)iN/H conc. aq. HCI RiN/H
S
Me” “NH, 3-pentanone, CHCls e © Me 100 °C, 24 h 0 Me
0°Ctort, 16 h
Na O Me O Me
L-alaninol
259a 260 255a, 30% (over 2 steps)

B. Synthesis of diastereopure chiral morpholinones (1988: Dellaria)

0._0O 0._OM 0._0 ©
/[ f M(HMDS) /[ ]/ e® /[ f 1.H® 02 _o
Ph” N Ph” N Ph" N E @j
t

A A 2. H,, Pd/C HN™E
07 'Bu 0~ 'Bu 07 'Bu
261 chiral glycine enolate anti product 263 non-natural
equivalent 262 up to >200:1 d.r. amino acid 264
— £® o
A
re (0] (0]
O, ! re-face
D o S e . L (,I
lBE?’ v ‘oM .. 4 Ph N E
S g .
Hyo ey
L E® ] siface disfavoured
TS-12
B g® BE: re-face .-~
A g
Phire - . - 0._0
' .- si-face S
O0—N—S=<0 /[ (SI
tBuf ﬁ\/“om PR”TNT E
Ve O%‘Bu
g®
TS-13 favoured
C. Proposed synthesis of a-disubstituted chiral morpholinones
0._0 i) base 0._0 i) base 0.0
LT, e D - L
RN @ ii) alkyl halide RN R ii) Et-1 R7N "u‘
Boc Boc °C Me
265 266 267

pure alkylated product263 up to >200:1 d.r.). Unprotected rraatural amino acids264)

stereoinduction was reasoned on the basis of kinetic control, with four imansiates being
possiblere/si-TS-12 andre/si-TS-13.22 Transition statese/si-TS-13 are favoured ovene/si-
TS-12 on the basis of A(1,3) strain wherein the pseaxi@al amino acietlerived phenyl group
avoids unfavourable steric clashing with tad-butyl of the Boc protecting groupi-TS-13is
then favoured over-TS-13 as the electrophile approaches froml#sst hindered face of the
enol at e. We planned to wutilize Dell ar-i

63

Scheme 62(a) Example of the Bargellini reaction. (b) Literature precedence for stereoselective synthesis of
chiral morpholinones and (c) applica o ndistibstitutéd morpholinones. Reaction A conducted by Dr C. He.

could be generated in two steps by lactone hydrolysis and hydrogenolysis. The model for
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disubstituted chiral morpholinones as single isomers by carrying out two sequential alkylation
steps on morpholinones derived from seveatiéiferent amino acids265 Scheme 62C).
N o t a bethylationWould be carried out as the final alkylation s&§6 (o 267) in order to
place an ethyl chain on the least hindered face of the morpholinone, as required for the Pd
mediated CH activation.

Aminoacidder i ved mor phol i no-nerso methyl sullstitntionrn g s i mp
were first synthesized. Starting frarralaninol,L-phenylalaninol and TIR$rotected.-serinol
(2594 c), a sequential -3tep alkyationBoc-protectiori cyclisation protocol fiorded the
morpholinone core2654d ¢, Scheme 63A). Next, using the conditions developed by Dellaria,
allylation foll owed by -diakyldteg | rmarphadinones pim ovi ded
diastereomerically pure form after chrawgraphy 268a c). The crystal stricture of268a
revealed the expected psetmidal orientation of the alanirg e r i wreethyl gf@dup, as
dictated by the A(1,3) strain of thd-Boc group, and importantly confirmed the relative
st er e oc h e malgltsubstituents. Hydlogenatibn aBdc deprotection furnished the
desired substrate moleculé69&a c) . Foll owing a simil-alrl-yslynl het
ethyl intermediate derived frod-Ts-protected.-lysine was prepared by Dr C. He. As before,
hydragenation and Boc deprotection pided the desired amine substr&269d, Scheme 63B).

A. Alanine, phenylalanine and serine derivatives
O

0__0

i OEt /[ f i) allyl-I, NaHMDS /[ j;\/ i) Hy, PIC /[ j;\/Me
Boc H ll”‘
M

i BocZO ) Et-I, NaHMDS i) TFA
i) TSOH -H,O
259a, R = Me 265a, 36% 268a,69% -~~~ 269a, 98%
259b, R = CH,Ph 265b, 73% 268b, 66% 3 269b, quant.
259¢, R = CH,OTIPS 265c, 70% 268c, 59% ! 269c, 65%
B. Lysine derivative
° ° H,, Pd/C 3
ﬁ\/ ) T, ﬁ\/ 1
Ts \N N ", L
Boc Boc | i) TFA
Me
268d
synthesized by Dr C. He 269d, 72% )2(683
from Ts-protected L-lysine (X-ray)

Scheme 63Synthesis of morpholinorsubstratesglerived from (a) alanine, phenylalanine, serine and (b) lysine.

Using different synthetic intermediates, alanderived morpholinones with alkyl
substituents containing functional |-gthyp Wps wer
substituted intermediab8aunderwent an olefin cross metathesis reaction wityl ecrylate
using Grubbs 1 c -arsaturayed estert derivativ@ 70) e whichhveas U, b
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hydrogenated and deprotected to give amine subgB8teontaining an alkyl ester substituent
(Scheme 64A). Meanwhile, an alkyl phthalimide substituestimeorporated by using an alkyl
iodide containing aerminal phthalimide in the alkylation sequence of parent morpholinone
265a(Scheme 64B). Although the doubly alkylated prod@d2( was formed with moderate
diastereoselectivity (5:1 d.r.), the maj@sited diastereomer was chromatographically isolated

in synthetically useful 37% vyield and deprotected to give the amine sub268fe (

A. Alkyl ester substituent

(0] (0] 10 equiv ethyl acrylate (o} O (0] (0]
/[ j;\/ 1.5 mol% Grubbs Il /[ Moa i) Hy, Pd/C /[ MOB
Me™ N | CH,Cl, 60 °C Me™ N e | o ii) TFA Me™ N° 7 o
Me Me Me
268a 270, 43% 269e, 98%

B. Alkyl phthalimide substituent

0._0
/[ofo I_~_NPhth /EOTO Et-I, NaHMDS /[ ﬁw
. NPhth NPhth
Me” N Me” N7 N MR
Me

NaHMDS
Boc Boc

265a 271, 85% 272, R = Boc: 37% (5:1 d.r.)

TFA 269f, R = H: 97%

Scheme 64Synthesis of alaninderived morpholinones containing (a) ester andglfithalimide groups.

The synthesised chiral diastepeire morpholinorewere subjected to the previously
described P& at a | yiBE angdnatmn c@Gnditions (Scheme 65). Alanine, phenylalanine and
serineder i ved s ubst maropyldrethylcsnbstituiion afforded the azetidine
products in moderatéo good yields Z73d ¢, 55 64%). Lysinederived substrate gave a
synthetically useful yield of the azetidin27@3d, 47%), though was noticeably less reactive
presumably on account of having@ordinating NHTs-containing side chain. Alkyl ester and
phthalmide functional groups were well tolerated under the reaction conditions in the chiral
alaninederived substrates273éf, 52 56%). Azetidine273f was crystalline and hence
analysed by Xay characterization of a single crystal. The conformation of thenembered
ring showed a characteristic twisvat, while the azetidine had the expected puckered
conformation with an angle of pucker of 20.Hotably, the mass balance for the reactions wa
between 708 0 %, i ndicating subs tH d@mimatiord@ @auimlg-0 s i t i
oxidation) was occurring in all cases under the conditions. A more substituted morpholinone
core containinggemd i met hy | s u b s-pasition Ra9g was subjeted im ¢he b 6
reaction to test whether the mass balance

position, though the azetidipeoductwas formed in essentially the same yieldoashe simple
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alaninederived substrate, once again with excellemistireoselectivity27/3g 56% Yyield,

>20:1 d.r.).Several other chiral morpholinone substrates were synthesized and employed in the
Pd-catalyzed reaction by Dr M. Nappi and Dr C. He (Scheme 65, bottom). A derivative of
nor ephedr i nanetbybamdb ghenyl sulistitutiod afforded the azetidine in good
yield and excellent diastereoselectivit278h 54%, >20:1 d.r.). Derivatives of leucine
generallywere optimal substrates for theaction, giving high yields of azetidine/@ir j, 61i

82%), while a E-protected tryptophan derivative gagynthetically useful yield273k, 35%).

H
a'\&‘\NzH TsO —I—O Pd(OAc), (10 mol%) R\\N
0% © e
THT\’H AgOAc (3 equiv) TH:/
I R/' 1,2-DCE o R
60-80 °C, 16-24 h
269 249 (3 equiv) 273

—OTIPS H I\NHTS

H  Me H, < Ph E H_ Me
Pt >y et >y Pt
‘Yj ‘Yj ‘Yj ‘Yj Om)j
— — 6 ™ — 5 \\\
Me Me Me Me 002Et
273a, 64% 273b, 62% 273c, 55% 273d, 47% 273e, 56%
H,  Me Me H_ Me
> :
M
- Bl ’_\
o) \\\ o} Me
NPhth
2739, 56%
0, ~ ,
273f, 52% 273f (X-ray) (>20:1 d.r.)

o0 Me o M o\L 0
Me

273h, 54%

i 0, i 0, 0,
(>20:1 d.r.) 273i, 82% 273j, 61% 273k, 35%

Scheme 65Extended scope of amino adderived chiral morpholinones.
Azetidines273h 273 were synthesized by Dr M. Nappi. AzetidiB@3k was synthesized by Dr C. He.

A mor phol i nomer opsthylsibstiutiog delved from alanine, but
containing the ethyl chain on the more hindered &cdo the alaninalerived methyl group,
was synthesized by Dr C. H274). As expected, under the {fdtalyzed conditins the

corresponding azetide was not detecte@{5 Scheme 66)
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syn

H_ Me H,  Me
o~nH TsO—I—0 Pd(OAC); (10 mol%) 2\\“
OWK‘S\,H @Ao AgOAc (3 equiv) Oj{E\
° e 807G, 161 ° e
synthggiged by 249 (3 equiv) 275 not detected
Dr C. He

Scheme 66-Ethyl substitution on the more hindered face of the morpholinone gave no reaction.

2.3.2. Acyclic Substrates

We were interested in empliog acyclic substrates in the da t a | yiHeachinaton C
reaction in order to move away from the privileged morpholinone scaffold and towards more
commonly encountered classes of amine. Specifically, the greater conformiiixibdity of
acyclic amnes relative to cyclic substrates such as morpholinones makeadiivation more
challenging due to the greater entropic penalty to cyclometalation. Furthermore, the resulting
palladacycle is less rigid and therefore it is atsore difficult to achievehte Pd to PdY
oxidation step. With these considerations in mind, we first tested a hindered acyclic secondary
amine R76) that was synthesized from reductive rpgening and Pppr ot ection of
diethyl substituted alaningerived morpholinone265g. Importantly, substrat276 contained
the same substitution pattern around the amine nitrogen as was in the reactivelimmorp
substrates and thus was thought to give the highest chance of maintaining productive reactivity.
Subjecting amin@76 to the Pdcatalyzed conditions as developed previously @0
1,2-DCE) gave a low yield of the azetidine prod®T7, 15% by NMIR; Scheme 67). Notably,
unlike the morpholinone substrated77 was formed as a 1:1 mixture of diasterewne

indicating that the cyclic structure was crucial for inducing stereoselectivity. Although the

Me

Pd(OAc), (10 mol%) PivO\/:\N Side-product
+ MW = 341.5
AgOAc (3 equiv) 278, trace
1,2-DCE, 80 °C PIvO Me ‘
Me
i : TsO —l—O0 MW = 341.5
PVO A 277, 15% NMR yield (1:1 d.r)
o —
Me
PivO Me
Me
276 249 (3 equiv) Pd(OAc), (10 mol%) PVO~
AgOAc (3 equiv) . Me
PhMe, 100 °C PivO
278, 33% isolated (1:1 d.r.)

Scheme 67Invedigation of morpholinonalerived acyclic amine: observation of rearranged pyrrolidine product.
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conversionwas low, a trace amount of another product with the same molecular weight was
observed when analysing the crude reaction mixture KWSCSubsequehyt, upon repeating
the reaction at higher temperature (260 PhMe) the trace sigaroduct was found to arease
significantly in yield, with the azetidin€2{7) no longer being observed. After purifying the
reaction by silica gel chromatography, the newduct was identified as the rigxpanded
pyrrolidn e pr oduct -quaemanacenmr&(d §3%asolfted, 1:1 d.r.).

With respect to the mechanism of the pyrrolidine formation, it was proposed that the
reaction proceeded via the intermediacyhaf azetidine given that this product was observed
under the lower temperature conditions. Ugearching the literature for similar types of ring
expansion, we f oundchlhaarto nehtefOMsethshesitidies of (U
(279 to 3-substitued pyrrolidines Z81) had previously been reported (Scheme 68AJ%*
Although a concerted mechanism was originally proposed, a study by?€aug008 strongly
favoured a stepwise mechanism on the basis that external nucleoplgle®He CN', N3',
AcO') could intercept the putative bicyclic azetidinium intermedia&0)to form diversely
functionalized pyrrolidines. By anal ogy with
initially formed azetidin@77undergoes an interndisplacement of the paate group present
within the alkyl substituent of the azetidine, forming a-Bigyclic azetidinium intermediate
(282 Scheme 68B). The displaced pivalate anion may then attack the unsubstituted position of
the threemembered ring;e-forming starting meerial, or attack the bridgehead position to form
the observed pyrrolidine produc27d8. The release of ring strain should provide a

thermodynamic driving force for conversion2)7to 278

A. 2008: Couty
R3 o R3 ©Nuc R3S Nu
X Nuc™ (10 equiv) S

R? R? 7 R R4
N R4 DMSO, 50 °C ®N N
| I 4 |
R! Nuc = OH, CN, N3, OAc R'" R R!

(X = Cl or OMs) putative bicyclic 281
279 azetidinium 280

B. Proposed mechanism for pyrrolidine formation

Me

Me
- . PiVO._~
PNO\/]@N: Swi ’ \/51%7 Sn2 PVO £y
N P N
: ‘ VO A
g)J Me

o (:O ~Me o at bnd%ehead Me
Y carbon PivO
Bu Bu
277 - 282 - 278

Scheme68.( a) C o u kparisien of azetidineseand (b) proposed mechafrizm literature precedence.

68



Pd-catalyzed Azetidine Formation

In order to test the limit of the Rda t a | yiH andinatmon r€action, less hindered
acyclic secondary amines derived from vali@83) andtert-leucine @84 were employed
(Scheme 69). These substr at edselimnationtwath one d t w
hydrogen substituent at each of thletoBd and
mediated decomposition. Nonetheless, pleasingly, under the staradalydic conditions the
azetidine was formed for the validerived substrate, albeit low yield (285 12% by NMR,

1:1 d.r.). Conversely, the azetidine was not observed for the more subditdtedicine
derived substrate286), and in both cased)e rearranged pyrrolidine product was not observed
(287). Overall, despite not providingsynthetically useful yield, the observation of azetidine
285 provided a crucial indication that a wider range of aliphatic amines could potentially be

functionalizedusing a high valent P¢PdY-catalyzed CH functionalization strategy.

Scheme 69Investigation of acyclic amines derived from valine éerdtleucine.

2.4. Summary

The current chapter disclosed the investigation into the scope of-tegdtygized intramolecular

2 Tl&amination of hindered aliphatic ares that was discovered by Dr M. Nappi and Dr C.

He. The reaction was effective for a range of cyclic morpholinobstiates, providing access

to an array of densely substituted aziélti di n
amination to fom aziridines via fournembered ring palladacycle intermediates, the present
work demonstrated a novel strategy favouring intramolecular TN bond formation from
five-membered ring palladacycles over other competing #iamding processes. Specifically,

a cyclic iodine(lll) tosylate oxidant was used to access ¥ RPdermediate capable of
undergoing selectivei®©Tsr educti ve el imination, ins+talldi
position that was spontaneously displaced by the amine nitrogen. Ttienmeaxploited the
relative facility of the outesphere reductive elimination mechanism that is possible forianion
oxygen ligands from Pdintermediates, as opposed to a diredil®ond reductive elimination

that was found to be disfavoured from fimembered ring palladacycles.
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