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Résumé

L’application des métaux de transition a la fonctionnalisation directe a ouvert la
voie a une nouvelle classe de réactions pour la formation de liens carbone-carbone. De par
I'omniprésence des liaisons C—H, I’introduction de nouvelles fonctionnalités chimiques par
voie directe et pré-activation minimale s’impose comme une stratégie de synthése tres
attrayante. Ainsi, il est envisageable de préparer de maniere rapide et efficace des supports
complexes menant a des molécules complexes, qui pourraient €tre utiles dans divers

domaines de la chimie.

L'objectif principal de la présente thése vise la fonctionnalisation directe des arénes
hétérocycliques et non hétérocycliques et, plus précisément, les techniques d’arylation.
Dans un premier temps, nous allons aborder le théme de I’arylation directe tout en mettant
I’accent sur les pyridines (Chapitre 1). Ces molécules sont a la base d'une multitude de
composés biologiquement actifs et jouent un role important dans le domaine des sciences
des matériaux, de 1’agrochimie et de la synthése des produits naturels. Dans un deuxi¢me
temps, nous discuterons de nos travaux sur I’arylation directe catalysé par un complex de
palladium sur des ylures de N-iminopyridinium en soulignant la dérivatisation du sel de
pyridinium aprés une phénylation sp* (Chapitre 2). L’étude de ce procédé nous a permis de
mettre en lumiere plusieurs découvertes importantes, que nous expliquerons en détails une
a une : I’arylation benzylique directe lorsque des ylures N-iminopyridinium substituées
avec un groupement alkyl a la position 2 sont utilis€és comme partenaires dans la réaction;
les allylations Tsuji-Trost catalysée par un complex de palladium; et 1’alkylation directe et

sans métal via une catalyse par transfert de phase.

Plusieurs défis restent a relever pour le développement de procédés directs utilisant
des métaux de transition peu coliteux, d’autant plus que la synthése par transformation
directe des pyridines 2-alcényles, lesquelles sont pertinentes sur le plan pharmacologique,
n’a pas encore été rapportée a ce jour. Avec cette problématique en téte, nous avons réussi a

mettre au point une alcénylation directe catalysé par un complex de cuivre sur des ylures de
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N-iminopyridinium. Nous discuterons également d’une nouvelle méthode pour la
préparation des iodures de vinyle utilisés dans les couplages. Ces réactions sont non
seulement remarquablement chimiosélectives, mais sont aussi applicables a plusieurs
substrats (Chapitre 3). En optimisant ce procédé direct, nous avons découvert une fagon
unique de synthétiser les pyrazolo[1,5-a]pyridines 2-substituées (Chapitre 4). Le
mécanisme global met en jeu une séquence tandem de fonctionnalisation-cyclisation directe
et un procédé direct en cascade, qui n’avais jamais €té rapporté. Cela simplifie ansi la
synthése autrement compliquée de ces substrats en y apportant une solution a un probléme

de longue date.

Dans les deux derniers chapitres, nous examinerons en détail les techniques
d’arylation directe qui n'impliquent pas les partenaires de couplage hétérocycliques. Entre
autres, au Chapitre 5, nous soulignerons notre découverte d’un umpolung dirigé et catalysé
par un complexe de palladium du benzeéne et de quelques autres dérivés arenes. Il s’agit 1a
du premier cas de fonctionnalisation directe dans laquelle le groupe directeur se trouve sur
le partenaire halogene et il s’ajoute a la courte liste d’exemples connus dans la littérature
rapportant une arylation directe du benzéne. Finalement, au Chapitre 6, nous passerons en
revue une nouvelle arylation directe catalysée au fer, qui se veut un procédé peu coliteux,
durable et présentant une économie d’atomes. Nous discutons des substrats possibles ainsi

des études mécanistiques réalisés.

Mots-clés : Ylures de N-iminopyridinium, arylation directe, vinylation, catalyse, palladium,

cuivre, fer, groupement directeur.
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Abstract

The application of transition metals towards direct functionalization processes has
exposed an opportunistic new class of carbon-carbon bond forming reactions. Given the
undeniable ubiquity of C—H bonds, the possibility of introducing functionality through
direct means with minimal preactivation is an irresistible strategy in synthesis. As such one
can envision rapidly and efficiently building up complex scaffolds towards complex

molecules of interest in a plethora of chemical fields.

The focus of this thesis is on the direct functionalization of heterocyclic and non-
heterocyclic arenes, focusing on arylation technologies. First, the topic of direct arylation
will be introduced, with special emphasis being on pyridines (Chapter 1). These molecules
comprise the backbone of a myriad of biologically active compounds, and are also relevant
in material sciences, agrochemicals, and natural products synthesis. This will be followed
by a discussion of work on the palladium-catalyzed direct arylation of N-iminopyridinium
ylides with accent on the derivatization of the pyridinium following the sp” phenylation
(Chapter 2). The exploration of this process led to the discovery of direct benzylic arylation
when 2-alkyl N-iminopyridinium ylides are employed as reacting partners, in addition to
palladium-catalyzed Tsuji-Trost allylations, and metal-free direct alkylation via phase

transfer catalysis. All of these findings will be discussed in detail.

There remains a significant challenge in developing direct processes utilizing
inexpensive transition metals. Furthermore, the synthesis of pharmacologically relevant 2-
alkenyl pyridines through direct transformations had not yet been reported. We focused on
these challenges and developed a copper-catalyzed direct alkenylation of N-
iminopyridinium ylides. A novel method to prepare the vinyl iodide coupling partners will
also be discussed. The scopes of these reactions are quite large and remarkably
chemoselective (Chapter 3). Through the optimization of this direct process we uncovered
an unique means of synthesizing 2-substituted pyrazolo[1,5-a]pyridines (Chapter 4). The

global process involved a tandem direct functionalization/cyclization sequence, and may be
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the first account of a direct process used in a cascade. This work also solves an important

problem, as the synthesis of these substrates through alternate means is not straightforward.

The last two chapters will detail direct arylation technologies that do not involve
heterocyclic coupling partners. Chapter 5 will highlight our uncovering of a palladium-
catalyzed, directed, umpolung arylation of benzene and other arene derivatives. This was
the first account of a direct functionalization whereby the directing group is situated on the
pseudo electrophile. Also, it adds to the few examples of direct benzene arylation exisiting
in the literature. Finally, a discussion of an atom economical, inexpensive, sustainable iron-
catalyzed direct arylation process will be presented with special emphasis on substrate

scope and mechanistic investigations (Chapter 6).

Keywords : N-Iminopyridinium ylides, direct arylation, alkenylation, catalysis, palladium,

copper, iron, directing group.
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Chapter 1
Transition Metal Mediated Direct Functionalization of

Pyridine Derivatives

1.1 Introduction

Six-membered nitrogen-containing heterocycles are privileged structures present
in many aspects of the physical and biological sciences.! They are prevalent in nature,
pharmacophores, as well as in supramolecular and organomaterials.” The importance of
their biological activity is reflected in recent surveys of several pharmaceutical companies
demonstrating that 88% of small molecules in the drug pipeline contain 6-membered
aromatic heterocycles, and the majority of these are nitrogen based.** Given this reality,
it is of no surprise that these motifs have garnered much interest from synthetic chemists
and significant efforts have been put forth in the development of new and efficient

reaction methodologies towards their structural elaboration (Figure 1).'?

Nex:um OUINAP OIigoamide Foldamer)
Z: %“\\ /
Anabasine ’ Lepadm B

Figure 1. Examples of molecules bearing 6-membered azacycles.



The pyridine family is the simplest of the azines. The presence of the endocyclic
nitrogen atom has several important implications for their properties and reactivity. The
lone pair of this Lewis basic site is perpendicular to the n-system, and is essential for the
binding motifs in many compounds. The electronegative nitrogen atom provides the
heterocycle with a dipole of 2.22 D, giving access to unique macromolecular chemical
reactivity.! The nitrogen lone pair brings additional anisotropy to the system, further
increasing the electron deficiency at the 2- and 6- positions relative to the 3- and 5-
positions."” Given these actualities, pyridine is amenable to derivatization, giving
potential access not only to pyridine products, but also to various dihydro- and
tetrahydropyridines, as well as piperidines (Figure 2). Covering all facets of pyridine
elaboration is not possible without writing an extensive review. As such, this chapter will
focus on outlining past work of both 1) transition metal-mediated and catalyzed activation
and 2) direct functionalization of activated pyridine derivatives, with later emphasis on

direct arylation processes, as this aspect is most pertinent to this research.

Figure 2. Various heterocycles accessed from pyridine.

1.2 A Brief Overview of Direct Arylation Reactions

The synthesis of biaryl compounds can be traced back to the Ullmann reaction first
disclosed in 1901 (Scheme 1).” This reaction effectively couples two iodo or

bromoarenes in the presence of copper salts at elevated reaction temperatures. Despite the



power of this transformation there are a few drawbacks to this reaction.®® First the
reaction is largely limited to the synthesis of symmetrical biaryl compounds.
Heterocoupling is possible when one of the two halide partners is more electron-rich,
though limited accounts of this type of coupling have been described.®® Secondly, in many
cases an activated copper species is needed, potentially increasing the cost of the reaction.
In conjunction, the majority of the cases reported use stoichiometric quantities of metal
reagent, decreasing the overall economy of the process. Lastly, many cases require
elevated reaction temperatures, leading to potential problems with functional group

. . . . 8b
tolerance. Curiously, the exact mechanism of the reaction remains unknown.”*

Scheme 1. Original Ullmann reaction.
©i8r Brt@ Cu powder
+ s
NO, O,N >200 °C

The development of several important cross-coupling reactions provided powerful

+ CuBr,

tools for the preparation of biaryl scaffolds. These now traditional methods have
dominated the way these compounds have been synthesized since the 1970s (Scheme
2).5%%9 The first accounts of a nickel-catalyzed cross coupling between an aryl Grignard
reagent and an aryl halide were reported independently in 1972 by Kumada and Corriu."
This was later developed into a palladium-catalyzed process and Stille found that the aryl
magnesium species could be replaced with more stable aryl stannanes.'' Suzuki and
Miyaura found that non-toxic boronic acids and esters were viable pseudo-nucleophiles,
followed later by a report of the application of organosilanes in the 1980s by Hiyama.'?
Given the plethora of available coupling partners available, it is no surprise that these
procedures are the methods of choice in the synthesis of biaryl compounds. However, as
with the Ullmann coupling, there are a few drawbacks to these reactions. The most

important of these is the need for hoth a pseudo-nucleophile and a pseudo-electrophile to

effect the coupling. This preactivation decreases the atom economy of the process as the



organometallic or organohalide species must first be synthesized, in addition to the

generation of stoichiometric quantities of sometimes toxic salts during the transformation.

The activation of C—H bonds is a conspicuous challenge due to their high energy
and relative inertness, and has received much attention in recent years."> The ideal
coupling situation would involve the oxidative coupling of two C—H groups. Though
stunning efforts have been made in this domain, there are issues with reactivity, and

perhaps more importantly with selectivity.'*"'*

As a compromise, efforts over the past
half-decade have been directed towards direct arylation reactions whereby one of the two
preactivating groups is replaced by a simple C—H bond."” Clearly the challenge in such a
reaction lies in breaking the strong sp> C—H bond in a chemoselective manner. This is

1.133

illustrated by the fact that benzene homocoupling is disfavored by 3.4 kcal/mol. ”* Despite

this, numerous catalytic systems have been reported describing intra and intermolecular

. . . . 13
arylation reactions, as well as numerous other direct transformations.

Scheme 2. Various modern methods for the synthesis of biaryl compounds.

Traditional Cross-CoupIing)

Transition metal catalyst
+ Ar—X or M >
M or X Ar

Oxidative Cross-Coupling of C—H Bonds ’
Transition metal catalyst
+ Ar-H »
H Ar

Direct Arylation )
Transition metal catalyst
+ Ar-X or M >
H Ar




Scheme 3. Various proposed mechanisms for direct arylation reactions.
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Anti B-Hydride Elimination

Though direct arylation reactions have been largely successful on arenes and electron-rich
heteroarenes, electron-poor arenes such as pyridine have presented a significant
challenge.'® Several mechanisms for direct arylations have been proposed, each of which
are difficult to apply to electron-poor species. The first is a SgAr pathway (Scheme 3,
path A). This route requires an electron-rich arene to attack the transition metal center,
generating a Wheland intermediate. Rearomatization and reductive elimination then
provides the biaryl product. This route would be difficult to obtain with pyridine adducts
as the electron density is not sufficient to attack the metal center, and the resulting
Wheland intermediate would be energetically not favored. Similarly, concerted Sg3
sequences have been reported (Scheme 3, path B), though such a mechanism would lead
to a partial build up of positive charge in the arene, which again would be disfavored in
electron-poor substrates. The same can be said for a o—bond metathesis pathways
(Scheme 3, path C). Heck-like mechanisms have been proposed, though are often not
considered due to the unlikelihood of anti B-hydride elimination (Scheme 3, path D), and

the high cost of isomerization to permit syn elimination. The last proposed addition



involved the oxidative addition into the aryl C—H bond. This is possible for certain but not
all transition metals. Given these studies, it becomes clear the difficulties in performing

the direct arylation, and other C—H activation, of pyridine.

(Classical cross coupling at the 2-position of pyridine has also been problematic.
Catalyst poisoning by the Lewis basic nitrogen must be considered, though can be
overridden with the judicious choice of ligand.'® 2-Halopyridines are viable pseudo-
electrophiles, though their commercial availability is limited (as evidenced by their cost)
and synthesis often non-selective.”® 2-Metallopyridines are largely limited to Stille cross
coupling reactions, which present environmental challenges with regards to toxicity of tin
reagents (Scheme 4)."® Pyridines bearing a zinc or boronic acid at the 2-position are also
viable pseudo-nucleophiles,' though their synthesis and stability are not trivial. Again this
is reflected in their high cost. In light of these realities, the development of transition-
metal catalyzed activation o to the nitrogen atom would provide not only an efficient
route to synthesize more complex pyridine derivatives, but would also solve the two

aforementioned outstanding problems in the elaboration of this azine.

Scheme 4. Example of Stille cross coupling on pyridine.'*®

SnMej3 Br
X Pd(PPh
N .\ | (PPhg)4
| P N/ xylenes, reflux
N SnMe3

N
48%

The following sections will outline progress made towards transition metal-
mediated activation and functionalization of pyridyl C—H bonds with particular emphasis
on processes involving d-block transition elements. The first section will outline some of
the early work in the area, with the focus on early transition metals and their use to

activate the pyridine ring followed by their insertion into the pyridyl C—H bond. Several



of these transformations, though requiring a stoichiometric amount of metal reagent,
describe the first forays into C—H activation and functionalization. This section will be
non-exhaustive, providing only a flavour of the work in the area. This will be followed by
a description of the application of catalytic quantities of transition metal to the
functionalization of pyridines leading into current direct arylation methodologies with late

transition metals.

1.3 Transition Metal Activation of Pyridyl C—H Bonds

1.3.1. Initial Studies of Groups III, IV, and Other Metals to Form Pyridine-Metal

Complexes

Observations in the early 1980s noted that sp” hybridized C—H bonds were deemed more
reactive towards insertion than their sp® counterparts despite their increased bond
strengths, due to the initial formation of a m-complex with the metal. However, accessing
the C—H bonds of pyridine still proved problematic due to the electron-poor nature of the
azine.'” Consequently, by using a more electrophilic metal, it was reasoned that systems
with increased reactivity could be employed to activate these elusive bonds.!” This was
exploited by Bercaw and co-workers as they applied derivatives of permethylscandocene
prepared from ScCls in C—H activation of various arenes, most notably the a-position of
pyridine, through a metathecal pathway (Scheme 3, path C). While non-heterocyclic
arenes formed n' complexes, pyridine provided an orthometallated C,N—n* compound as
determined by X-ray crystallography (Scheme 5).'” The C—H insertion first occurs with
the scandium reagent coordinating with the Lewis basic nitrogen as a reaction between
Cp »ScMe and pyridine provided a Cp >ScMe(Pyr) complex 1 that was observable by 'H
NMR."” This quarternization of the nitrogen presumably activates the pyridine ring,
further favoring the insertion into the C—H bond, liberating methane in the case of
Cp »ScMe. Complex 2 does not aggregate in solution due to the crowded coordination
sphere of the scandium. As such, they were found to have poor affinity towards basic

phosphine and aza reagents, due to the lack of access of the metal, thereby limiting their



application towards structural elaboration.'” Various derivatives of Cp ,ScR were applied
to confirm that the insertion does occur via a o-bond metathesis pathway (Scheme 5).
More recently DFT studies demonstrated that though the scandium does insert via o-bond
metathesis, this might not be the case for all Group III metals, as evidence points to ionic

pathways being more favorable with later metals having larger ionic radii.®

Scheme 5. Insertion of pyridine into Cp »ScMe.
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Titanium is the first element of the Group IV metals, and the first transition metal
believed to be involved in a C—H insertion into the a-position pyridine. In 1978 Klei and
Teuben described the insertion of Cp > TiMe into 2-picoline to give C,N—n’ titanocycles 3,
4, and 5 at the 6-position of the ring, isolated as purple crystals.'” The Cp",TiMe was
prepared from Cp >TiCl, which in turn arose from a reduction of Cp > TiCl, by iPrMgCl.
This was the first report of a 3-membered azametallocycle. The colour change during the
reaction (due to the partly filled d-orbitals of the metal) suggested the complexation of the
titanium with the pyridyl nitrogen, thereby generating a more reactive pyridinium species,
and the insertion was observed via the evolution of methane.”® Substitution at the 2-
position was mandatory for the reaction to occur and a small substrate scope was explored
(Scheme 6). The a-substitution is required to force the pyridine ring out of plane to force
interaction with the 7t system and favour o-bond metathesis (Scheme 6).%° In 2005 it was
found that unsubstituted pyridine does undergo C—H insertion with Cp »TiCl, but instead
forms the ‘dimeric’ compound 6 bearing two titanium atoms separated by a hydride

bridge as inferred by X-ray crystallography.21 This insertion was suggested to be



concerted in nature, avoiding the build-up of positive charge in the transition state. This

complex though thermally stable, is extremely air sensitive.

Scheme 6. Insertion of pyridine into Cp > TiMe.
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Other Group IV metals (Zr, Hf, Th) have also been demonstrated to insert a- to the
nitrogen of pyridine. A common feature of these reagents is their increased
electropositivity, permitting attack of electron poor arenes, such as pyridine, on the metal.
Zirconium is perhaps most applied, in particular with the direct functionalization of
pyridine, forming C,N—1’ metallocycles (vide infra). Hafnium has been seldom
reported.”” Thorium, though in the same group exhibits unique properties in part to its
large atomic radius, thus reactivity is often governed by sterics, and its access to 5f
orbitals.”* Unlike Ti, Zr, and Hf, it does not have a tendency to complex to sp® and sp
hybridized systems. Despite this, where (CsMes),ZrMe, and (CsMes),HfMe, reagents
show no ability to insert into the oo C—H bond, (CsMes),ThMe, readily inserts forming a
C,N—1* metallocycle similar to that reported with Sc and Ti (Scheme 5, Scheme 6).%
Additionally, the thorium reagent can also insert into the a-site of pyridine N-oxide,
generating an m' organometallic species.”” This metal has not been applied in the

derivatization of pyridine.

Several late transition metals have been known to generate pyridinium-like
complexes that permit functionalization of the heterocycle. For example,

Cp (CO),FeSiMe,NPh, will lead to silyl-metallation of pyridine (Scheme 7).*%

Irradiation complexes the pyridine to the iron reagent, simultaneously expelling carbon
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monoxide. Heating to 60 °C, initiated the hydrosilation of the activated Fe-Pyr complex
through an n'—o—allyl intermediate, which following isomerization provided the observed

n°'—(C,C,C) Fe-Pyr product.”

Scheme 7. Insertion of pyridine into Cp (CO),FeSiMe,NPh,.

/ Pyr, hv :Fe—SiMezNth 60 °C \Fe—SiMeZNth
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Metals such as Ta, Cr, Mn, Re, Os, and U are known to activate pyridine and
insert to give a-metalated C,N—n* complexes.”>***’ In most of these cases, the complexes
were not used to further elaborate the azacycle. The following section will describe the
use of stoichiometric quantities of Zr, Ti, Ru, and other reagents to activate and further

functionalize the pyridine ring.

1.3.2. Application of Metal Complexes Towards Further Pyridine Activation and

Functionalization

1.3.2.1 Zirconium-Mediated Functionalization

Zirconium was one of the earlier metals reported in the activation/functionalization
of the pyridine ring (vide supra). This Group IV metal had long been known to be able to
activate and insert into molecular hydrogen via a four-centered transition state following

initial coordination of the H-H o-bond.”’ It was reasoned that a similar metathecal
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pathway should be possible for C—H bonds on molecules complexed to the metal
centers.”® The fact that such transformations would undergo a concerted o-bond
metathesis pathway would make it compatible with a myriad of insertion and p-hydride
elimination chemistries, leading to the direct functionalization of molecules.”
Furthermore, at the time this was the only way seen to perform such C-H activated
transformations as conditions for similar reactions with late transition metal chemistry
were not yet discovered. Such 18-electron complexes were made through the oxidative
addition of the metal into the C—H bond, and the resulting compounds were resistant to

insertion and B-hydride elimination chemistry.”®

In the mid 1980s Rothwell and coworkers described the use of Zr(2,6-di-tert-
butylphenoxide),Me, in the synthesis of a,a-disubsituted-2,6-pyridinedimethoxide
compounds from pyridine and carbon monoxide (Scheme 8).°° These products are an
important class of ligands and have been applied as metalloenzyme models.* It was found
that the methyl-group could be replaced with benzyl functionality without an appreciable
drop in yields (50-75%).* The presence of groups at the 4-position appear to be required,
and perhaps function as ‘blocking groups’ despite the fact that this position is outside the
coordination sphere of the metal. Where bipyridine could be directly alkylated with a
similar zirconium reagent,”’ carbon monoxide was determined to be essential. Though the
role of 2,6-di-tert-butylphenoxide is unclear, it is also required and the steric hindrance of
the ligand suggests a role as a non-transferable group. It is possible to liberate the bis-
substituted pyridine product from the metal through hydrolysis and purification via

elution on silica.
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Scheme 8. Zr-Mediated synthesis of bis-hydroacylated pyridines.
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The mechanism of the reaction was found to proceed through the migratory
insertion of CO into the Zr-alkyl bond generating an n*-complex. The pyridine then
complexes to the zirconium and the COR proceeds to insert into the 2- and 6-positions of
the heterocycles (Scheme 9). The N—Zr bond length is 0.18 A shorter than expected,
indicating a strong interaction and the likelihood of the pyridine ring being activated by
the metal center.”’ The primary kinetic isotope effect was found to be 1, suggesting that
the rate limiting step is the complexation of the pyridine ring and not the insertion into the
C—H bond. The acyl group is thought to be carbene-like, and thus the electrophilicity on
the carbon affects the reactivity (Scheme 9).”2° As only the disubstituted pyridine is
observed, the formation of the C,N—1" complex observed with other Group III and IV
metals is ruled out (Scheme 6), as steric congestion would inhibit reactions at the 6-
position.*® Addition of the 2,6-position exclusively and not the 4-position is a result of the

acyl nucleophile addition to the pyridine within the coordination sphere of the metal.

Scheme 9. Proposed mechanistic pathways for pyridine acylation.
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The Jordan group has been active in applying cationic zirconium complexes in the
functionalization of pyridine derivatives. The authors found that the highly Lewis acidic

Cp, ZrMe(THF) could quickly complex and insert into 2-picoline (and derivatives)
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generating a stable C,N—1r" complex as a single isomer bearing a THF ligand while
liberating methane.* This in turn was found to react with various unsaturated compounds
via migratory insertion (Scheme 10). Tetrahydrofuran does not undergo C—H insertion as
crystal structures show that steric considerations force the o C—H bonds out of plane
relative to the LUMO of the zirconium center, precluding any reaction.”® The lability of
the Zr—O interaction is key to the reaction of pyridine, as when the insertion is attempted
in THF no C,N—n* Zr-Pyr complex is noticed, presumably as pyridine cannot gain access
the metal center. When bound, the pyridine is found to be perpendicular to the plane
between the two cyclopentadiene ligands. This places the a-pyridine hydrogen atoms in
the LUMO of the zirconium, and initiating a weak agostic interaction that is observable
by 'H NMR leading to the insertion.”® Substitution at the 2-position of the pyridine ring is

needed to help force this arrangement.

Scheme 10. Mechanism and scope of Zr-mediated functionalization of pyridine with

unsaturated compounds.

7
gpz
+ +
CpoZr” Me Me~zrcp, |\ THF U R,———R

| pyr / 2 3

o R,_ N + —
( ; i a co -THF
A CH, Zr 2

EtO

TMS
CpoZr CpoZr
P2 PN CpoZr. 2 ONTX CpoZr.
| + N | FNTY
Me ™ 7 - Ph™ |
Ph

Ph
77% 81% 97% 95%
8 9 10 11 12




14

The scope of the reaction is quite general, providing 5-membered azametallacycles
in all cases. 2-Butyne (Scheme 10, (8)), ethylene, and propene are all viable reagents for
insertion, in decreasing order of reactivity.”® Addition of allyltrimethylsilane, propene,
and allyl ethyl ether afforded 1,2-insertion products (compounds 9-11).**** This is the
expected insertion product as the least encumbered metal complex is formed, and the §" is
stabilized by being on the more hindered carbon atom (Figure 3).>* However, a reverse
2,1-insertion product is observed with vinyltrimethylsilane, styrene, and 2-vinyl pyridine
(12). In these cases, electronic effects outweigh steric considerations. It is reasoned that in
the case of vinyltrimethylsilane the silicon atom is able to simulatenously stabilize both
the positive and negative charges built up in the polar transition state.”® This was later
confirmed through DFT calculations, showing that the 2,1-transition state is lower in
e:nergy.35 Furthermore, the steric repulsion between the TMS group and the Cp groups is
not as strong as initially thought, due to the longer C—Si bond.**** The addition of alkenes
to the Zr—Pyr complex is thermally reversible as was demonstrated through competition
studies, though the addition of alkynes is not. 2-Substituted pyridines react faster than
pyridine itself, though the products obtained from 2-methyl pyridine were significantly
more soluble than 2-phenyl pyridine.** The 5-membered azametallocycle could be
hydrolyzed to liberate the free pyridine through several ways. 2-Alkenyl pyridine could be
prepared through B-hydride elimination. However, this was only possible in MeCN as the
cyano nitrogen atom was effective in trapping the Zr—H species generated.”® Hydrolysis in
water provided 2-alkyl pyridines,* and alkynyl adducts were not susceptible to

hydrolysis.

G i LY
R N/’/ . o ! R N/,’/ St
+ ‘Zr/ d SiMeg i + 7f- ,6
/ 5 6' 1 / "', IS|Me
C % . Cp 3

Figure 3. Site selectivity for the addition of allyl and vinyl silane to pyr-Zr complexes.
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As can be seen in the scope of the reaction (Scheme 10, products 9, 10, 11), it is
possible to generate a stereogenic center. The use of chiral zirconium complexes bearing
either ethylenebis(indenyl) (EBI) or ethylenebis(tetrahydroindenyl) (EBTHI) ligands
permitted the elaboration of a stereoselective version of this reaction (Table 1).*
Moderate to excellent diastereoselectivities were obtained with both ligands, though again
2-substitution was required on the pyridine ring. In the case of propene and 1-hexene, the
major diastereomer obtained had the alkyl group pointing towards the Cp ring. The
orientation is the result of the steric interaction of the 2-position of the pyridine ring with
the other Cp unit, causing a ‘tipping’ of the pyridine ring.”” In the case of vinyl silane and
styrene, the Si and Ph group point away from the cyclopentadienyl ring, presumably due
to m—m interactions. Low temperature studies indicate that the major diastereomer formed

. . . . . . . . . 37
is the kinetic product, as heating leads to racemization and isomerization.

Table 1. Selected scope for the diastereoselective addition of alkenes to Zr-activated

pyridines.
C4Hn
( L
i Me —
\+ H c
Q\)
CH,
n =4; EBI
n=8; EBTHI
entry ligand a b c de
1 EBI H H Me 83
2 EBTHI H H Me 64
3 EBI H H Bu 83
4 EBTHI Ph H H >98
5 EBI Ph H H >98
6 EBTHI Si H H >98
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1.3.2.2 Activation and Functionalization by Other Metals

In the late 1980s Tilley and co-workers demonstrated the ability of C,N—#’
pyridine complexes of both halfnium®® and tantalum® to undergo silaacylation reactions
(Scheme 11). As was previously reported by Rothwell with zirconium,™ the reactions first
proceed by insertion of carbon monoxide into the M—Si bond, forming an n*-complex.***
Pyridine can then coordinate to this complex, activating the ring and permitting attack of
the silicon atom to the 2-position. With both metals the reaction proceeds smoothly in the

absence of any substitution on the pyridine ring. Unlike in Rothwell’s study, only mono

acylated products were reported.

Scheme 11. Hydroacylation of pyridine by halfnium and tantalum.

N
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M = Hf, X =2

Teuben described the cyclometallation of pyridine with (Cp ,YH), to form C,N—#’
Y—Pyr complexes, showing that Group III metals can also be used to derivatize pyridine
(Scheme 12).*° These complexes were determined to be quite robust, though reversibly
bound with benzene at elevated temperatures. These Y-Pyr complexes were found to react
with ethylene and propene to produce 2-alkyl pyridine adducts. In the case of propene, the
1,2-insertion product was observed. It should be noted that the rate of reaction with
propene was much slower (4 d at 60 °C vs 1 h at rt). This is reasoned to be the result of the
steric saturation of the yttrium center, thereby the bigger the molecule, the more difficult
it is to access.”” Propyne and 2-butyne did not insert and only the alkynyl metal complex
was observed. Curiously, 2-pentyne did successfully insert in 63% yield after two days at
75 °C. This was reasoned to be the result of steric hindrance forcing insertion.** A unique

feature of these complexes is their reaction with CO to prepare bi-metallic bis-pyridine
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compounds (Scheme 12). In all these cases no attempts were reported to liberate the free

pyridine ring.

Scheme 12. Yttrium-mediated carbonylation of pyridine to make bis-pyridyl adducts.
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Finally, other metal complexes of titanium
demonstrated to insert at the 2-position of the pyridine ring. However, these efforts will

not be discussed due to limited scope and reactivity.

1.3.3. Catalytic Functionalization of Pyridine Derivatives

These methodologies were essential in providing the understanding required to
minimize the pre-functionalization of the pyridine moiety necessary for structural
elaboration. However, the use of a catalytic amount of transition metal is usually desired.
Group III, lanthanide, actinide, as well as late transition metals tend to be costly, as are
several of the ligands needed to induce their desired reactivity, several of which must be
synthesized. Additionally, the reduced environmental impact and improved atom
economy of catalytic quantities of transition metal is important to enable the use of a
methodology on scale. This section will highlight progress and advances towards the
catalytic application of both early and late transition metals in the direct alkylation and

arylation of pyridine.

1.3.3.1 Direct Alkylation and Acylation of Pyridine

Jordan’s first account of zirconium-mediated alkylation of 2-picoline was
developed into a catalytic reaction.* Through the application of a catalytic quantity of H»

(1 atm), 4 mol % of the complex 7 could be used to directly functionalize pyridine with
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alkenes, providing 2-alkylpyridine derivatives. The catalytic cycle proceeds as follows
(Scheme 13). First the C,N—1* complex undergoes migratory insertion into propene,
giving a 5-membered azametallocycle (A). The C—Zr bond is then cleaved by the addition
of H, (B). Isolating the metallocycle and submitting it to hydrogenation verified this
cleavage.” Later, DFT calculations indicated that this was energetically favorable as it
relieves steric strain, replacing a bulky alkyl group with a hydride.*® The sterically
encumbered 2-methyl-6-isopropyl pyridine is then displaced by a less hindered 2-picoline
(C), liberating the intended product. Again, this was determined to be thermodynamically
favored, and is likely driven by the tighter binding association of the 2-picoline due to
decreased crowding of the complex. Insertion of the zirconium into the a-position of the
pyridine simultaneously regenerates H, and the CN-1° Zr-Pyr complex (D).
Enantioenriched 2-alkylpyridine products were obtained using the chiral ligands described
above in the catalytic Zr species. One example was provided, using 1-hexene (R)-2-Me, 6-
(2-hexyl)pyridine was isolated with 58% ee (c.f. 64% de for the metallocycle prepared
with the stoichiometric chiral reagent, Table 1 entry 2).*® Curiously, there have been few
if any accounts of similar transformations since this disclosure. The scope of the reaction

is largely unexplored, and the need for simpler catalytic systems remains.

Scheme 13. Catalytic cycle for the Zr-catalyzed direct alkylation of pyridine.
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An analogous methodology using yttrium was also reported. However, in this case
hydrogen was not required to effect the catalytic cycle.*” The cycle is driven by the fact
that Group III metals undergo more readily metathecal transformations due to their
increased electrophilicity, and thus the yttrium azametallocycle can directly insert into
another molecule of pyridine. It was found that 2-ethylpyridine could be prepared in 44%
yield from pyridine, 3 mol % of complex 13 (Scheme 14) and 40 bar of ethylene.*’
Another advantage of the reaction is that substitution at the 2-position of the pyridine ring

is not needed to drive the reaction, though this is offset by the high cost of the metal.

Scheme 14. Yttrium-catalyzed ethylation of pyridine.
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More recently Ellman and Bergman reported a [RhCl(coe),], catalyzed direct
alkylation of 2-substituted pyridines with 3,3-dimethyl-1-butene in the presence of PCys
(Scheme 15).** This elegant approach is the first account of a late transition metal
catalyzed direct alkylation of pyridine. Though an in-depth mechanistic investigation was
not performed, the reaction presumably proceeds though the coordination of the Rh—
phosphine complex to the Lewis basic nitrogen, activating the pyridine ring. The alkene
may then coordinate to the complex, possibly generating a carbene-like species that can
proximally insert into the 2-position of the pyridine ring.42 The scope of the alkene was
explored with only the quinoline series, which provided superior results to pyridines due
to the decreased aromaticity of the heterocycle. However, 2-isopropyl and 2-
triisopropylsilyl (TIPS) pyridine were found to be effective partners with moderate yield
(products 14 and 15).** The latter is of particular interest as the TIPS can serve as a

blocking group (16), as demonstrated though its cleavage by HF. However, a drawback of
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the reaction is the relative high catalyst loading, as well as reaction temperatures that

exceed 160 °C.
Scheme 15. Ellman's direct alkylation of pyridine.

[RhCl(coe),], (5 mol %)
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165 °C, THF R N 16, R = TIPS, 64%

Triruthenium dodecylcarbonyl was found to catalyze the direct acylation of

\

pyridine in presence of terminal alkenes under a CO atmosphere (Scheme 16).*> Carbon
monoxide is essential as the photochemical direct alkyation of pyridine with Ru3(CO);;
was not observed. The metal activates the pyridine ring through a trinuclear cluster. The
fact that the reaction was found to be first-order with regards to the catalyst and zero-
order in CO led the authors to postulate that the reaction proceeds first through pyridine
coordination and ortho insertion into the heterocycle.* Olefin coordination and insertion
into the bridging hydride is followed by alkyl to acyl migratory insertion and reductive
elimination. 2-Substitution on the ring was permitted, though electron-withdrawing
groups on the heterocycle inhibited the reaction, presumably by decreasing the ability of
the basic nitrogen to coordinate to the metal center. Finally, other systems bearing a
pyridine ring (i.e. quinoline) are reactive, albeit less so than pyridine.* As with the
rhodium-catalyzed direct alkylation, the reaction suffers from the drawback of elevated

reaction temperatures.
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Scheme 16. Ru-catalyzed direct acylation of pyridine.
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1.3.3.2 Late Transition Metal Catalyzed Direct Arylation of Pyridine Derivatives

Though there have been very recent advances in the synthesis and cross-coupling
of 2-metallopyridine derivatives, as mentioned earlier, historically this approach to the
synthesis of 2-arylpyridines has been problematic.*** This is due to the lack of stability
in these organometallic reagents, in particular pyridines with a boronic acid at the 2-
position, which readily undergo proto-deborylation reactions. In the mid 2000s, the direct
arylation of pyridine was viewed as a solution to the problem of cross-coupling of 2-
pyridine. It can be argued that the work described in the previous section provided better
understanding in the activation of pyridyl C—H bonds. This section will cover the progress

and development in the area of direct arylation.

In 2005 Sames described the cross-coupling of pyridine with iodobenzene to give
2-aryl pyridines in the presence of a ruthenium catalyst.*® Initial screening led to the
discovery that the same Ru3(CO);; used in the aforementioned direct acylation provided
the desired product in 36% yield in presence of 1.2 equiv of Cs;CO3 in fBuOH (Scheme
17). Optimization led to the discovery that the inclusion of PPh; provided vastly improved
yields (70%). Mechanistic investigations demonstrated that the phosphine likely disrupts
the trinuclear complex formed upon oxidative insertion into pyridine, thereby giving a

phosphido-bridged binuclear ruthenium complex though sequential C—H and C—P bond
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cleavage (Scheme 17, A).* This complex could in turn oxidatively add into iodobenzene

(B), providing the biaryl product after reductive elimination (C). The scope of the reaction

was not explored.

Scheme 17. Sames' ruthenium-catalyzed arylation of pyridine
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Aside from this ruthenium-catalyzed direct arylation of pyridine by Sames, there
had been no reports of direct arylation reactions on pyridine and only more electron-rich
arenes such as indoles and non-heterocyclic aromatic systems had been applied in these

processes. It was thought that an SgAr pathway was required for the arylation to proceed,
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which an electron deficient arene should not be able to participate.*” However, around the
same time as Sames’ disclosure, Fagnou reported the palladium-catalyzed direct arylation
of pyridine N-oxides with aryl bromides.”’ An advantage of the N-oxide group was that it
prevented nonproductive binding between the transition metal catalyst and the nitrogen
lone pair (and poisoning the catalyst), thus favoring productive n-binding interaction with
the arene ring.'® The N-oxide functionality also helped to increase the electron density in
the pyridine ring, while increasing the Bronsted acidity of the C—H bonds at the 2-
position.'® Because of the former, the use of a more expensive, electropositive early
transition metal complex could be avoided. Finally, though the argument can be made that
forming the pyridine N-oxide is a form of preactivation, their high stability, wide
commercial availability, and ease of synthesis makes them an attractive alternative to 2-

metallopyridines.

The initial conditions with aryl bromides used 4 equiv of the pyridine N-oxide in
the presence of Pd(OAc), (5 mol %), P(rBu);*HBF4 (15 mol %), K,COs (2 equiv) in
toluene at 110 °C.* The scope of the reaction tolerated hindered, electron-rich, and
electron-poor substrates, though the latter provides slightly lower yields (Table 2).
Though a large excess of the pyridine reagent was needed, it was reported that 95% of the
unreacted material could be recovered. It was later discovered that by increasing the
catalyst:ligand ratio from 1:3 to 1:1.2 and decreasing the base loading from 2 equiv to 1.5
equiv permitted the use of 2 equiv of the pyridine N-oxide while maintaining moderate
yields.* Similar reaction conditions allowed the reaction to be scaled-up, being performed

16
on a 50 mmol scale.
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Table 2. Selected scope for Fagnou’s direct arylation of pyridine N-oxides.

" P(tPBd()O?—ICI%F s
u .
Ra P K,CO5 e e
| +_ + Ar-Br > | +
H N Ry toluene, 110 °C Ar l}l R
o) o)
entry Ar R, R, R, R, yield (%)
1 4-MePh H H H H 91
2 3-MeOPh H H H H 97
3 4-CF,Ph H H H H 76
4 4-MePh Me H H H 54
5 3.,5-MePh H Ph H H 80
6 3.,5-MePh H H H F 78

“ Isolated yield of the major isomer.

The use of aryl triflates was explored (Scheme 18) due to their ease of synthesis
from phenols, and thus has applications in the late stage synthesis of complex
molecules.® Though aryl triflates are known to undergo oxidative insertion at comparable
rates to aryl bromides,® in this instance they proved more reactive and had an increased
propensity to form diarylated products (Scheme 19). As such, reaction conditions were re-
optimized and two sets of conditions were reported (Scheme 18, Reactions A and B), one
for unsubstituted pyridines and one for 2-substituted pyridine derivatives. The former
required Pd(OAc), (5 mol %), bulky PCy; (10 mol %), Rb,COs3 (2 equiv), and PivOH (40
mol %) as an additive.*” The scope of the reaction was found to be general, though like
the bromides electron-rich aryl triflates outperformed electron-poor substrates. Unlike

with the aryl bromides, steric hindrance led to decreased reaction yields.
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Scheme 18. Overview of various Pd-catalyzed arylations of pyridine N-oxide derivatives.
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Scheme 19. Example of bis-arylation of pyridine N-oxides with aryl triflates.
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(0]
F3C — CF3

76%

With a wide variety of pseudo electrophiles tested, various pyridine derivatives
were considered. Substitution on the pyridine ring was tolerated. As mentioned, in the

case of aryl triflates, a separate set of conditions using Pd(OAc), (5 mol %),
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P(Bu,Me)*HBF, (10 mol %), K»COs (2 equiv), and PivOH (30 mol %) were required for
2-substituted pyridines (Scheme 18, Reaction B).*’ It is reasoned that the bulkier substrate
requires a less hindered ligand, facilitating the insertion of the transition metal into the C—
H bond. In the case of aryl bromides, 2-substitution was tolerated under the standard
reaction conditions, with the exception of a 2-methyl where decreased yields were noted.
It was found that this is due to competing arylation at the benzylic site (Scheme 18,
Reaction E).** Optimization led to the use of a stronger base (KO7Bu) and X-Phos to
provide excellent arylation of the sp® hybridized site, which in turn provided conditions
for the site-selective arylation of the picoline (6— vs benzylic).** 3-Substituted pyridines
provide unsymmetrical products (Table 2, entries 5, 6), with a mixture of 2- and 6- aryl
products observed. When the 3-group was phenyl or ethyl ester, strong preference for the
least hindered product was noted.'® 3-Picoline N-oxide gave weak preference for the less
hindered substrate, possibly due to competing weak agostic interactions. Other groups
such as F, CN, and NO, gave strong preference for the more hindered product.'®
However, this phenomenon is not unknown with palladium-catalyzed processes, and may
be the result of a combination of increased acidity and electrostatic interactions at reaction
site. Competition studies between 4-nitropyridine N-oxide (17) and 4-methoxypyridine N-
oxide (18) showed that electron poor heterocycles reacted much faster (Scheme 20)."
This may be in part due to the increased Bronsted acidity at the reaction site of these
substrates. Other heterocycles such as diazine N-oxides and quinolines N-oxides were also
possible, but required either the inclusion CuCN as a catalytic additive, or less sterically

demanding ligands (Scheme 18, Reaction D).'0

Scheme 20. Competition studies in Fagnou’s direct arylation of pyridine N-oxides.

NO, OMe Br Pd(OAc), NO, OMe
P(tBu)3'HBF4
L)+ 0 KoCOs B B
+ + > +
,;( ,g/ toluene, 110 °C ,g/ El/
(@) O (0] (@)
3 equiv 3 equiv 17 18

17:18 =>20:1
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N-Methyl 6- and 7-azaindole N-oxides readily undergo arylation with bromoarenes
a- to the pyridyl nitrogen atom in moderate to excellent yields (Scheme 18, Reaction
C).”! The optimized conditions employed 5 mol % Pd(OAc),, 15 mol % DavePHOS, 30
mol % PivOH, 2 equiv Cs,COs in toluene at 110 °C. By applying the Larrosa arylation
conditions (Pd(OAc),, Ag,O, 2-NO,PhCO,H) selective azole arylation with iodoarenes
was also achieved (Scheme 21), thereby offering site selectivity for the arylation

51
Process.

Scheme 21. Site-selective Larossa arylation of azaindoles.

Pd(OAc), (5 mol %)
Ag,0 (0.75 equiv)

m | 2-NO,PhCO,H (1.5 equiv) m@
n v s

N DMF, 80 °C N°

76%

The reaction has been postulated to proceed through a concerted metallation-
deprotonation (CMD) sequence (Figure 4).* Not surprisingly an SgAr pathway was
calculated to have too high of an energy barrier due to the buildup of a positive charge on
an already deficient species, as would oxidative insertion leading to Pd"v
intermediates.”>*>> A key feature to these reactions is the necessity for palladium acetate
and in some cases pivalic acid. Both acetate and pivalate groups are known to be effective
proton shuttle agents. The deprotonation step was determined to be the rate-determining
step as the KIE was measured to be 4.7. The 6-membered transition state that is postulated
to be active is also energetically favored. Finally, DFT calculations have shown that the
activation energy for CMD metallation of the 2-position of pyridine N-oxide is ~3
kcal/mol lower than at the 3- and 4-positions, explaining the selectivity for that site

(Figure 4).° 2
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CMD Pathway ’ Calculated Free Energy of Activation

30.5 kcal/mol

N\ ! " 31.1 keal/mol
+ : M
"" | \

H 27.3 kcal/mol
0]

Figure 4. Mechanistic pathway for the Pd-catalyzed arylation of pyridine N-oxides.

An advantage of using pyridine N-oxides is the fact that the arylation products
themselves are activated pyridinium species and are amenable to further reactions. Also,
deprotection of the nitrogen to prepare the naked pyridine is possible under many
reductive techniques.'® Though large excess of the pyridinium were needed, it could be
recovered. The application of aryl triflates in the bis-arylation of pyridine N-oxide
provided a 2,6-bisarylated pyridine derivative that is a key intermediate in the preparation
of a biologically active molecule known to exhibit antimalarial and antimicrobial
activity.* This route employed three fewer steps than previously reported methodologies.
The use of aryl iodides was also employed in the preparation of a sodium channel

inhibitor in only five steps with 31% overall yield (Scheme 22)."°
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Scheme 22. Pyridine N-oxide arylation in the synthesis of a Na pump inhibitor.

Pd(OAC),
MeReOj N P(Bu)s*HBF, N
S HyOs |K|/ o KiCO3 o |,§/ "
N“ oy DCM 5 toluene, 110 °C Q 5
_ (@) _
72%
quant.
)
3 steps N
D ——
_—
. F 2
NS

31% overall yield

Daugulis and co-workers have described the copper-catalyzed direct arylation of
2-phenylpyridine N-oxide with iodobenzene in 66% yield.® The obvious advantage of a
Cu-catalyzed process over Pd, Rh, Ru, etc. is the low cost of the catalyst. The initial
reaction conditions employed Cul (10 mol %), LiO/Bu (2 equiv), at 140 °C in DMF.
There were however a few issues with the reaction. First, it was determined that the
copper catalyst was not stable at the required reaction temperature. The stability was
improved through the inclusion of bathophenanthroline, which was found to stabilize the
organocopper intermediates formed in the reaction.”” Secondly, the use of KOsBu led to
regioselectivity issues, through the formation of benzyne. The regioselectivity issue was
remedied through the use of weaker bases such as LiO/Bu and K5PO,..>” When a stronger
base was needed for less reactive substrates, the very hindered KOCEt; was determined to
be effective, minimizing both substitution and benzyne formation. The scope of the
reaction was explored, though lower yields were obtained relative to Fagnou’s palladium-

catalyzed method. 2-Picoline N-oxide gave decreased vyield, likely due to the
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aforementioned acidity of the benzylic group (Table 3). For 2-iodopyridine, alkoxide

bases could not be used due to the formation of 2-alkoxidepyridines.”’

Table 3. Direct arylation of pyridine N-oxides with iodoarenes under copper catalysis.

Cul (10 mol %)
bathophenanthroline (10 mol %)

AN AN
| + + Ar-l base > | +
N R DMF, 125 °C Ar N Ry
O O
entry R, Ar base yield (%)

1 H Ph LiO7Bu 58
2 H Pyr K,PO, 41
3 Me Ph LiOrBu 43
4 Ph 4-CF,;Ph LiOrBu 80
5 Ph naphthyl LiO7Bu 91

1.4. Conclusions and Research Goals.

C-H functionalization constitutes an exciting class of chemical reactions that is
enjoying resurgence in the current literature. The direct functionalization of electron-
deficient heterocycles, most notably pyridine, remains a synthetic challenge. This is
substantiated by the fact that far more accounts of rich arenes continue to be reported in
the literature. Though some elegant forays into the direct functionalization of pyridine
were achieved in the mid 1980s through the early-to-mid 1990s, the majority of these
accounts require stoichiometric quantities of expensive early group metals, or in the case
of catalytic systems, the multi-step synthesis of the active catalytic species. Additionally,

the substrate scope of these reactions have not yet been fully explored.

More recently, some research groups have begun to explore late-transition metal

catalyzed process for the functionalization of pyridine. Again, though clever altering of
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the electronic properties of pyridine have provided seemingly attractive tools towards
solving this problem, the chemistry is largely limited to the use of large excesses of
pyridine N-oxides. Furthermore there remains a deficiency in both the arylation of sp’

hybridized groups, and the use of less expensive transition metals.

The goal of this thesis is to describe our work towards solving problems associated
with the direct functionalization of pyridine and other arene derivatives. Chapter 2 will
briefly describe our work on the direct arylation of N-iminopyridinium ylides and focus
on our efforts towards the derivitization of the benzylic position of N-imino-2-picolinium
ylides. Chapter 3 will describe our work on the use of copper catalysis in the synthesis of
2-alkenyl pyridines, which prior to this thesis was still a challenge in synthesis. Chapter 4
will describe the palladium-catalyzed addition of halostyrenes and alkynes to the 2-
position of N-iminopyridinium ylides to access a pyrazolopyridine core. Finally, the last
two chapters will highlight our work on the palladium and iron catalyzed direct arylation

of non-heterocyclic arenes.



Chapter 2
Benzylic Functionalization of 2-Alkyl V-

Iminopyridinium Ylides

2.1 Introduction

2-Alkyl pyridine derivatives are an important class of compounds often seen in a
variety of pharmacophores (Figure 5). In particular, 6-membered azaheterocycles such as
Concerta© and CGP 49823 bear a phenyl ring separated from the piperidine core by a
single methylene group, and display important biological activity. Given that the piperidine
motif can be accessed from pyridine (Section 1.1), a reasonable synthetic route to these

compounds could be via the direct arylation of 2-alkyl pyridine derivatives.

OMe Q NH
N o cl d
-z . MeO,C CO,Et 5 0
N B | o N
HN OMe N I
NH, 0
Nexium ’ Norvasc ’ Actos ’
N/
« |

NH
H N
o

Concerta ’ CGP 49823 )

Figure 5. Various biologically active 2-alkyl pyridine and piperidine derivatives.
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The direct functionalization of sp® hybridized C—H bonds has received increased
attention in recent years.”® However, the arylation of benzylic sites of alkyl substituted
pyridine and other aromatic azine derivatives have not been well addressed. In the early
1990s Jordan reported the first example of a transition metal-catalyzed direct
functionalization of picolines.”® This elegant account described the insertion of a
Cp 2ZrMe*THF complex into the benzylic site of 2,6-lutidine (Scheme 23). The
dissociation of the tetrahydrofuran ligand allows for coordination and insertion of various
unsaturated systems to provide the 2,1-insertion products in good to excellent yields. They
later reported that the resulting 6-membered azametallocycle Zr—N complex can be broken
upon hydrolysis in water and that the pyridine scope can be expanded to include 2,6-
diethylpyridine.”® The relief of ring strain drives the reaction as the 4-membered

azametallocycle is converted into a less constrained 6-membered ring.

Scheme 23. Jordan's direct functionalization of pyridyl benzylic sites.

N
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The first benzylic arylation of azaheterocycles was reported by Miura in 1997.%
During their studies of the arylation of electron poor arenes, they found that 4-
methylpyrimidine could be readily arylated in the presence of Pd(OAc),, PPh;s, and Cs,COs
in DMF. The reaction provides only the bis-arylated product in 68% yield (Eq. 1). Given
the high solubility of the Cs;CO3; in DMF the reaction is proposed to occur through the
deprotonation of the benzylic methylene carbon atom. The formation of the bis-arylated
product can be reasoned by the increased acidity of the benzylic protons following the first

arylation, facilitating a second deprotonation event.

Pd(OAc)5 (5 mol %)
PPhg (20 mol %) O
rN\ Br Cs,CO3 (2.1 equiv)
| + =
NJ \© DMF, 140 °C WN\ )
N__=
68%

In 2005 Sanford described the arylation of 8-methylquinoline (19) with aryl
iodonium salts.®! Though the alkyl group of interest is not directly linked to the pyridine
ring, this is still an excellent example displaying the potential of benzylic arylation
reactions. The reaction was thought to proceed by an oxidative insertion process where the
palladium acetate first inserts into the benzylic C—H bond (Scheme 24). This process is
likely directed, and stabilized by the Lewis basic quinoline nitrogen atom, and the resulting
Pd" species then oxidatively adds into the phenyl iodonium salt. Reductive elimination of
the Pd" species gives the desired product. A useful feature of this reaction is the ability to
control mono vs di-arylation by altering the stoichiometry of the reaction.”’ Two years later
the process was improved to a palladium-catalyzed oxidative cross coupling with benzene
in the presence of benzoquinone and Ag,CO; (Eq. 2).%* This advancement eliminates the
need for prefunctionalization of the coupling partners, affording a highly economical

methodology.
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Scheme 24. Pd-catalyzed oxidative benzylic arylation of 8-methylquinoline.

X | | X
| Pd(OAC), [Ph,IIBF, |
2 ~
N —_— D ] —_— N
-HOAc Pd” /Pd'V
Ph

PhI
H \OAC Ph OAc
19

When 2 equiv 19 = 72%

Pd(OAc), (10 mol %)

Ag,CO3 (2 equiv)
X BQ (0.5 equiv)
| H DMSO (4 equiv)
~
N + > 2
130 °C

Yorimitsu and Oshima were the first to describe a benzylic arylation of 2-alkyl
pyridines through the chelate-assisted retroaldol-type reaction of 2-pyridyl alcohols
(Scheme 25).°> The reaction proceeds first through the oxidative addition into an aryl
halide (step A). The pyridyl nitrogen and the hydroxyl group then chelate the resulting Pd"
species (B). This promotes cleavage of the Csp~Csp® bond, irreversibly liberating pivalone
(B). Migration of the palladium on the pyridyl amide (C) and reductive elimination
generates the 2-benzylpyridine (D). Aryl chlorides are viable cross coupling partners in the
presence of PCys, though PPhs can be used with aryl iodides without sacrificing yields.”
The reaction was demonstrated to indeed proceed through the aformentioned double
chelation, as when the pyridine moiety is replaced with benzene, or if the aliphatic alcohol
was placed at the 4-position of the heterocycle, none of the desired product was observed.
Though a wide range of substrates are reported giving products in moderate to excellent
yields, the reaction suffers from the drawback of poor atom economy and the need of

reaction temperatures in excess of 150 °C.
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Scheme 25. Proposed catalytic cycle for the benzylic arylation of 2-alkyl pyridines through

chelation assisted cleavage of Csp’—Csp® bonds.
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Shortly after this account they also reported the benzylic arylation of 2-
benzylpyridines (Eq. 3).°* The reaction relies on the deprotonation of the benzylic site by
cesium hydroxide followed by a presumed cesium/palladium transmetallation to afford the
product following reductive elimination. This process relies on the methylene site being
doubly arylated, as the acidity of the protons is otherwise not sufficient for the reaction to
occur, and thus the only products that can be obtained are triarylmethanes.** Another

problem is again the elevated reaction temperatures needed for the process.

PdCI5(MeCN), (5 mol %)
PCy; (15 mol %)

X = Cl CsOH-H,0 (2 equiv)
| ~ N | + >
X N xylene, reflux

X =CH; 87%
X=N;91%
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Our group’s foray into the benzylic arylation of 2-alkyl N-iminopyridinium ylides
begins with our work on the direct sp’-arylation of the 2-position of these pyridiniums. The
following section will describe the work in the area performed by Alexandre Larivée, as
well as some work performed following his graduation. This will lead into the main topic

of this chapter.

2.2 Direct sp>-Arylation of N-Iminopyridinium Ylides

2.2.1 Introduction

Over the past decade the Charette group has exploited the use of N-iminopyridinium
ylides in the elaboration of pyridine structures.®® These reagents are readily prepared in a 2-
step/one-pot process where pyridine is reacted with O-(2,4-dinitrophenyl)hydroxylamine
followed by benzoyl chloride in presence of aq. NaOH.®® These pyridinium compounds
have been effective in undergoing attack by Grignard reagents to give a variety 2-alkyl
tetrahydropyridine (Scheme 26). The presence of the N-imino moiety plays a dual role in
both activating the pyridine and directing the delivery of the organomagnesium

nucleophile.

Scheme 26. Directed addition of Grignard reagents to N-iminopyridinium ylides.
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As mentioned in the introductory chapter, in 2005 the Fagnou group reported the
palladium-catalyzed direct arylation of pyridine N-oxides with various aryl bromides
(Scheme 27).*” This was a breakthrough for the arylation of pyridines, and demonstrated
the power of pyridinium species in such transformations. An important drawback however
was this need for a large excess of the N-oxide partner. Almost simultaneously, Daugulis
disclosed the ortho arylation of various protected anilines with aryl iodides (Scheme
27).7%% A key feature of this process is the directing ability of the Lewis basic N-Piv
g,roup.69 Unlike the arylation of pyridine N-oxides, an excess of the halide partner was
necessary for good reaction yields. Given the ability of pyridinium species to undergo the
desired C—H phenylation, and the similarity of the N-imino group to the anilide group, we
reasoned that these N-iminopyridinium ylides would not only be suitable for such
processes, but may also be able to do so without large excess of either coupling partner.
The next section will highlight our work in the area disclosing novel reactivity of these

ylides.”

Scheme 27. Comparison of pyridinium and anilide arylation.

Fagnou N-Oxide Arylation) Daugulis Anilide Arylation)
Ar—Br (1 equiv)
Pd(OAc) (5 mol %) ! Ar-l (2 equiv)
X P(tBu)3*HBF,4 (15 mol %) N ! Pd(OAc), (5 mol %)
| ;\rl/ K5CO3 (2 equiv) o | ’J\rl/ A AgOAc (1 equiv)‘ Ar
- r | -
o toluene, 110 °C o HNYO CF3CO5H, 120 °C HN\(O
E tBu tBu
. 15E | ' . 12E |
4-5 equiv 5 4;3?02 es 1 equiv ss)fgg",}: es

Directing Group Similarity of N-Iminopyridinium Ylides and Anilides )
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2.2.2 Reaction Optimization, Scope, and Application

Alexandre Larivée explored the optimization and scope of the reaction. A selected
optimization is provided in Table 4.” A series of palladium catalysts were screened and
Pd(OAc), was proven to be most effective. A range of phosphine and amine ligands were
studied and P(rBu); proved superior (entry 1), suggesting the need for a bulky,
monodentate, electron-rich phosphine to effect the intended transformation. Curiously, the
air-stable BF,4 salt of the ligand provided decreased yields (entry 2). The pre-made
palladium-phosphine complex gave slightly better results (entry 3), but the increased cost
of the reagent did not justify its use.”” The process is sensitive to the loading of the ylide
(entries 4 to 6), with 1.5 equiv proving optimal. Diluting the reaction had minimal impact
(entries 7, 8). Slightly higher yields were obtained with molecular sieves present, though
the presence of water in the reaction vessel did not severely impair the transformation

(entries 9, 10). Aryl bromides were chosen due to their wider availability and lower cost.
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Table 4. Selected optimization for the direct sp” arylation of N-iminopyridinium ylides.

Ph—-X
| X Pd(OAc), (5 mol %) | AN
ligand (15 mol %)
E( KoCOs (3 equiv) Ph E,/
NBz toluene, 3 A MS, 125 °C NBz
20 21

entry ligand X  equiv of ylide conc. (M) temp. (°C) yield (%)°

1 fBu,P Br 15 0.30 125 87
2 {Bu,PsHBF, Br 15 0.30 125 55
3 Pd(fBu,P) Br 15 0.30 125 90
4 Bu,P Br 15 0.30 110 66
5 Bu,P Br 13 0.30 125 64
6 Bu,P Br 1.0 0.30 125 36
7 Bu,P Br 15 0.10 125 82
8 Bu,P Br 15 0.050 125 73
9 Bu,P Br 15 0.30 125 81
10 Bu,P Br 15 0.30 125 83
11 Bu,P I 15 0.30 125 95
12 fBu,P Cl 15 0.30 125 42

“ Yields are measured by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as the
internal standard. ” 5 mol % of Pd(PfBus), was used instead of Pd(OAc),/ligand. © Run
without 3 A mol. sieves. ¢ Run without 3 A mol. sieves and in presence of 5 equiv of H,O.

The scope of the reaction was then investigated using various aryl bromide coupling
partners (Scheme 28).”° Under the optimized reaction conditions of 20 (1.5 equiv),
Pd(OAc); (5 mol %), P(fBu); (15 mol %), K,CO; (3 equiv), 3A mol. sieves, toluene at 125
°C using bromobenzene (1 equiv), the 2-phenyl-N-iminopyridinium ylide 21 was obtained
in 80% isolated yield. Electron-rich and more encumbered substrates provided the products
in good yield (22-24). Electron-poor aryl bromides arylated with moderate to good results
(25-29), though an additional equivalent of ylide 20 was needed to promote the
transformation.”® Enolizable centers were tolerated (25), highlighting the mild reaction

conditions. Of note was the ability of heterocyclic aryl bromides to affect the arylation (30-
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32). Again an extra equivalent of 20 was needed, except with 3-bromopyridine where the

original conditions were sufficient to give the biaryl in 83% yield.

Scheme 28. Scope of the aryl bromide in the arylation of ylide 20.

Ar-X
AN Pd(OAC)2 (5 mol °/o) >
| P(1Bu); (15 mol %) -
H™ N KoCOj5 (3 equiv) Ar“ N
20 NBz toluene, 3 A MS, 125 °C NBz
= | = = | = |
>+ | AN \R-l | <O \[—\{—l >+
| | | |
NBz MeO ¥ NBz 0 NBz NBz
21,80 % 22, 77% 23, 69% 24, 72%
(1.5 equiv 20) (1.5 equiv 20) (1.5 equiv 20) (1.5 equiv 20)
~ ] ] ] a
W I W S W N
NBz NBz NBz NBz
Me(0)C B2 Meo,c” % Fc” Y 0 A
F
25, 65% 26, 76% 27, 56% 28, 53%
(2.5 equiv 20) (2.5 equiv 20) (2.5 equiv 20) (2.5 equiv 20)
= = | =
S | N| AN \’JT] | N \N |
| |
NB
NG NBz LN/ NBZ N/ NBz
29, 76% 30, 50% 31, 50% 32, 83%
(2.5 equiv 20) (2.5 equiv 20) (2.5 equiv 20) (1.5 equiv 20)

Cognizant that many pyridines are available already bearing substitution, Dr.
Larivée next considered the scope of the pyridinium ylide. For the most part, the substrates
provided poorer yields and an excess of bromobenzene was required, giving the 2-phenyl
azines in moderate yields (33, 35, 36).”° An exception was noted with isoquinoline 34
where 1.5 equiv of the pyridinium and 1 equiv of the Ph—Br could be used with the
arylation proceeding in good yield. Furthermore, the reaction proceeded giving the product
as a single regioisomer. A similar result was noted with the 3-methyl-N-iminopyridinium

ylide, with the arylation occurring on the least hindered position (35).7°
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Scheme 29. Scope of the pyridinium ylide.

Ph—Br (2.5 equiv)
Pd(OAc), (5 mol %)

R P(Bu); (15 mol %) R
[ KeCO; (Bequiy) [+/
N" "H  toluene, 3 AMS, 125 °C N “Ph

33 34 35 36
50% 78% 54% 57%

The synthetic potential of this methodology was demonstrated though the synthesis
of (£)-anabasine (Eq. 4). It was reasoned that this natural product could be obtained from
the chemoselective hydrogenation of ylide 32.° Indeed this was the case, as only the
activated pyridine moiety was reduced under standard conditions affording the racemic

natural product.

1) H2, Pt02, MeOH

= | 2) Sml,, HMPA, THF
3) TFA, CH.CI
| NS ) 2Clp - (\ \ @
I
_ H
N NBz TFA
32 (x)-anabasine

73% over 3 steps

2.2.3 Further Investigations

A few concerns of the reaction were raised following Dr. Larivée’s departure from
the Charette group. Among these included the possibility of synthesizing 2,6-diarylated
pyridinium ylides, as well as cleavage of the ylide N-N bond to give access to the free

arylated pyridine. Several trials were made to form the diarylated product from the 2-
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phenyl-N-iminopyridinium ylide, however they were unsuccessful, providing <5% of the
desired product. Attempts included using excesses of both coupling partners, increased
catalyst loadings, and temperature variation. We believe that the reaction was not
successful due to the conformation of the directing group following the arylation (Figure
6).”' As can be seen in the crystal structure of the non-arylated ylide A the N—carbonyl
moiety is approximately in plane with the heterocycle, allowing for conjugation and
positioning the Lewis basic group to direct the palladium catalyst following complexation
of the metal. However, following arylation, the activating/directing group is twisted to be
perpendicular to the plane of the heterocycle (crystal structure B). This is likely due to a
combination of steric and m—m interactions between the 2-phenyl and benzoyl rings.
Consequently, the N-imino group is no longer in position to direct palladium towards the 6-

position, possibly precluding any further reaction from occurring.

Figure 6. Comparison of crystal structures before (A) and after (B) arylation.

Efforts to cleave the N—N bond of the biaryl were more fruitful. Initial attempts were
made with Sml, due to our success applying this reagent in the cleavage of this bond in
other substrates, though the reagent proved ineffective in this case.”” Alvarez-Builla

reported several accounts of methylating the nitrogen atom of similar ylides and performing
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a range of reductive transformations on the corresponding pyridinium salt and cleaving the
N-N bond.”*”® The ylide methylation proceeded smoothly employing iodomethane in
acetone at reflux overnight (Scheme 30). The resulting pyridinium salt was then subjected
to several hydride sources (Et;SiH, LAH, NaBH3CN), though no conversion of the starting
material was observed. In Alvarez-Builla’s accounts, they described the use of HCO,NH4
as a hydride source in the presence of Pt/C as being effective for the cleavage of the N-N
bonds of pyridinium salts.”> These conditions proved effective in providing the 2-
phenylpyridine. Other reported conditions were also attempted in order to provide a variety
of possible conditions and thus give flexibility towards functional group tolerance. Radical
cleavage by tristrimethylsilyl silane and AIBN proved equally effective,” as was zinc dust
in acetic acid.” Given the latter could be performed at room temperature the scope of the
N-N cleavage was then considered. Ylides 23, 34, and 35 all provided the 2-phenyl
heterocycles in good yields over the two steps (Scheme 30). 2-Phenyl quinolinium ylide 33
gave poor yields, though this is believed to be related to the poor stability of the compound,
and other reduction methods were not attempted, as they required elevated reaction

temperatures.
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Scheme 30. Efforts towards cleaving N—N bond.
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In 1975 Sainsbury and co-workers described the addition of KCN in presence of
NH4Cl to 1-(N-methylacetamide)pyridinium salts en route to the synthesis of 4-
cyanopyridine derivatives.”* To date that process had not been applied to the benzoyl salts,
and given the similarities between the two pyridinium species it was reasoned that the
reaction should proceed. Indeed this was determined to be true as 2-phenyl-4-cyanopyridine
42 was obtained in 69% yield when water was used as the reaction medium (Eq. 5). Given
the incomplete solubility of the salts in water, methanol and methanol/water mixtures were
attempted to improve solubility, though this proved to be detrimental to the yield of the

reaction.
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KCN (1.5 equiv) CN
NH,CI (2.0 equiv) 7N Solvent = H,0; 69% ©
solvent > N/ Solvent = MeOH; 58%
42

2.3 Direct Benzylic Arylation of 2-Alkyl N-Iminopyridinium Ylides

2.3.1 Reaction Optimization and Scope

During the course of our direct arylation studies, it was noted that the 2-picolonium
ylide 43 gave a marked decrease in the yield for the expected product 44 (Eq. 6).
Investigation of this found that the arylation of the benzylic position was indeed preferred,
giving product 45. Not only did these results add to one of the few examples of direct
arylation of sp’-sites, they provided for facile access to these privileged motifs. Excited by
this we pursued the optimization of the reaction conditions.”

Ph-Br (1 equiv)
Pd(OAc), (5 mol %)

| AN P(tBu)s (15 mol %) | A | X
K>COs5 (3 equiv) + "
NG > Me N ph T Nig (6)

Me N o
toluene, M.S. 3A

| | |
NBZ 125 °C NBz NBZ
1.5 equiv 44 45
43 7% 19%

Several N-heterocyclic carbene (NHC) complexes failed to provide any conversion
to the desired product (Table 5, entries 1-3), though bulky, monodentate, electron-rich
phosphines generally provided encouraging results. Tricyclohexylphosphine only provided
7% of the desired product (entry 4), though (2-biphenyl)di-tert-butylphosphine, PMe(¢Bu),
and CyJohnPhos proved superior to P(zBu); (entries 5-8). Interestingly PPh; provided the
desired product in good yield (entry 9) while DavePhos and PhenDavePhos proved to be
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the best (entries 10 and 11).” However, given the similar yields, low cost, and wide

availability of PPhs, this was chosen as the ligand for the remainder of the optimization.

Table 5. Ligand screening for the direct benzylic arylation of N-iminopyrdinium ylides.

Ph—Br (1 equiv)

| = Pd(OACc), (5 mol %) | X | N
+ 2 Ligand (15 mol %) + Ph +
Me™ N KiCOs (3equiv) ~ Me” "N”“Ph * =TT N
NBz > NBz NBz
43 ~ toluene [0.8M], M.S. 3A 44 45 ~
1.5 equiv 125°C, 16-19 h
entry ligand yield 44 (%) yield 45 (%)"
1 PEPPSI"* <5 <5
2 (IMes),PdCl,>* <5 <5
3 IMeseHCI* <5 <5
4 PCy, <5 7
5 P(tBu), 7 19
P(tBu),
6 <5 20
7 PMe(7Bu), 8 33
PCy,
8 <5 33
9 PPh, <5 40
o
10 <5 83
MeoN O
O PPh,
11 <5 42
Me,N O

“ Yields are measured by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as the
internal standard. ” Pd(OAc), not added. © Cs,COs used in place of K,COs.

We next considered the reaction concentration and solvent. The transformation
appeared insensitive to the concentration (entries 1-3) and 0.80 M was chosen for ease of

the reaction set-up. Dimethylformamide (DMF) as the solvent provided the best results as
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other solvents gave slightly lower yields.” This may be due to the increased solubility of
the base, facilitating deprotonation and enabling the reaction to proceed. Furthermore,

formation of 44 was not observed in any case.

Table 6. Solvent optimization for benzylic arylation of N-iminopyridinium ylides.

Ph-Br (1 equiv)

R o U
Me™ N K:COs Bequ)  Me” TN PR+ TN
NBz > NBz NBz

3 - Solvent [X], M.S. 3A 44 - 45 -

1.5 equiv 125 °C, 16-19 h
entry solvent (conc.) yield 44 (%)“ yield 45 (%)“

1 toluene (0.40 M) <5 27
2 toluene (1.5 M) <5 27
3 toluene (0.80 M) <5 24
4 DMA (0.80 M) <5 16
5 MeCN (0.80 M) <5 17
6 1 ,4-dioxane (0.80 M) <5 21
7 DME (0.80 M) <5 22
8 DMEF (0.80 M) <5 31

“ Yields are measured by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as the

internal standard.

A survey of bases showed that only alkali carbonates were viable in effectuating the
arylation (Table 7). Silver carbonate, NaHMDS, KO7Bu, and CuOAc were effective in
consuming the ylide starting material (entries 1-4), though the resulting side-products could
not be identified. Sodium acetate was ineffective (entry 5). An encouraging result was
obtained when employing Cs>CO; as the yield was increased to 63% (entry 7). This is
likely attributed to the ‘Cesium Effect’” whereby the large ionic radius and high
polarizability allows for easy solvation and formation of naked ions in highly polar solvents

such as DMF.”® These properties give this reagent a basicity much greater than K,COs,
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while remaining considerably milder than strong bases such as the tert-butoxides.”®
Replacing PPh; with DavePhos (12 mol %) increased the yield by 21% and it was found
that 1.1 equiv of the ylide relative to the aryl bromide was tolerated (entry 8).”

Table 7. Base screening for the direct benzylic arylation of N-iminopyridinium ylides.

Ph—Br (1 equiv)

h Pd(OAC), (5 mol %) m ﬁ
+ Ligand (15 mol % + +
N gand ( ) Me” SN Sph + TN N

Me , Base (3 equiv) \ |
NBz > NBz NBz

- DMF [0.8M] - -

1.5 equiv 125°C, 16-19 h 44 45
43
entry base ligand yield 44 (%)* yield 45 (%)“

1 Ag,CO; PPh, <5 <5
2 NaHMDS PPh, <5 <5
3 KOrBu PPh, <5 <5
4 CuOAc PPh, <5 <5
5 NaOAc PPh, <5 <5
6 K,CO; PPh, <5 31
7 Cs,CO;, PPh; <5 63
8" Cs,CO, DavePhos 10 84

“ Yields are measured by 'H NMR using 1,3,5-trimethoxybenzene as the internal standard. ”
1.1 equiv of 43 and 12 mol % of DavePhos used.

Bromobenzene and chlorobenzene were both effective coupling partners at 125 °C
giving the benzyl arylated products in 84% and 88% 'H NMR yield respectively (Figure
7).” Milder conditions were sought and the reaction temperature could be lowered to 70 °C
for aryl clorides while still maintaining 86% yield while the typically more reactive
bromobenzene gave poorer results (66%). The reaction was not reproducible with
iodobenzene and none of the phenyl halides were reactive at room temperature. The
increased reactivity towards aryl chlorides can be attributed to the application of DavePhos,

which is well known to be able to oxidatively add into aryl chloride bonds.”” Coupling
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reactions using aryl chlorides has received much recent interest due to the wide availability

and low cost of the reagents.

Ph-X (1 equiv)

| ~ Pd(OAc), (5 mol %) | N
+ DavePhos (15 mol %) Ph +
Me™ N K,COj (3 equiv) N
NBz > NBz
- DMF [0.8M] -
1.5 equiv Temp °C, 16-19 h
43 45
100%
90%
80%
70% = PhCI
60% — PhBr
NMR  50% — Phl
Yield 40%
30%
20%
10%
0%
0°C 70°C 125°C

Reaction Temperature

Figure 7. Comparison of phenyl halides at various reaction temperatures.

Finally we studied the conversion of the ylide to arylated product as a function of
time (Figure 8). This was achieved by analyzing aliquots of the reaction mixture by 'H
NMR at designated time intervals. The reaction was deemed essentially complete after § h,

though it was decided to leave it overnight for ease and efficiency.”
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PhCI (1 equiv)

| = Pd(OAc), (5 mol %) | N
+ DavePhos (15 mol %) Ph +
Me™ N K,COs (3 equiv) N
NBz > NBz
T DMF [0.8M] -
1.5 equiv 70 °C, Time h
43 45
4
3
Ratio of
Product to
Starting
Material
1
0 0 0.75 1.5 2.5 35 5 6.5 8

Reaction Time (h)

Figure 8. Ratio of product to starting material as a function of time.

Under the optimized conditions we eagerly pursued the scope of the reaction.” As
seen in Table 8, chlorobenzene afforded the desired benzyl arylated product in 86% yield.
As evidenced by 2-chlorotoluene (entry 2), steric encumbrance did not hinder the reaction
and a range of electron-rich substrates are tolerated (entries 2-5). Most electron-poor
substrates reacted with moderate to good yields (entries 6-12), though reagents bearing
electron-poor substrates ortho to the halide tended to couple less effectively (entries 10 and
11). 6-Chloroquinoline gave poor yields and may be the result of catalyst poisoning by the
reagent. Functional group tolerance is broad, permitting ethers, esters, ketones and Boc-
protected amines (entry 13). However, free alcohols and amines, as well as nitro and ketone
groups bearing enolizable centers remain a challenge. It should be noted that in cases where
lower yields are noted the results are attributed to unreacted starting material and not side
reactions.” As a result, these materials may be recuperated and reused in further

transformations.
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Table 8. Reaction scope of the aryl chlorides for the sp® arylation of 43.

X Pd(OAc), (5 mol %) = X
|+/ Cl X DavePhos (12 mol %) R_\ | | i
Me” "N + | —R Cs,CO5 (3 equiv) N
l = I
NBz DMF [0.8M], 70 °C, 16 h NBz
43 1.1 equiv 1 equiv
yield yield
entry product (%" entry product (%)"
4 - ~ ]
1 \'ﬁ 45 86 8 AN 52 64
NBz NBz
& F N A
2 SN 46 93 9 NN 53 04
NBz NBZ
A L C
3 s Y 76 | 10 AN 54 43
NBz COMe  NBz
A A
4 ST 48 72 11 SN 55 11
NBz CFs  NBz
MeO = | _N | - |
5 NT 49 69 12 X NN 56 19
N_Bz IIYBZ
MeO,C = BocHN =
| |
6 S50 72 13 SNOST 48
N_Bz NBz
Bz = |
7 >N- 91 71
@Bz

“Yield of isolated product.

The reaction conditions were readily transposable to other pyridinium species

(Table 9).” The 2,5- and 2,3-dimethyl ylides reacted exclusively at the expected 2-position
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(entries 1 and 2). Interestingly, though electronically equivalent, the more hindered
substrate provided the arylated product in higher yield. 2-Ethyl-N-iminopyridinium ylide
also reacted exclusively at the benzylic site. No side-products from potential -hydide
elimination were observed, and aryl chlorides with electron-rich and poor substituents were

tolerated (entries 3-6).

Table 9. Effect of the ylide in the benzylic arylation reaction.

R R,
N Pd(OAc), (5 mol %) = X
j+ P Cli DavePhos (12 mol %) R2—\ | |,
Me~ °N + | —R, Cs,CO;3 (3 equiv) N
I — > I
NBz DMF [0.8M], 70 °C, 16 h NBz
1.1 equiv 1 equiv
entry ylide aryl chloride product yield (%)*
= =
oy . e |
1 SN 58 \© SN 61 43
ll\l_Bz IIYBZ
a c A
59 >
2 X @ i e 9
NBZ NBz
A c A
N 60 ~
3 5 @ i~ 63 86
NBz NBZ
= | o MeO Z |
4 \'T+‘ 60 \©\ S 64 79
NBz OMe NBz
MeO,C
: L N
NBz COzMe NBz

) w O O
6 i Q Wow e
' CF3

“Yield of isolated product.
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It is noteworthy that the double arylation of the benzylic site was formed in a non-
reproducible manner in most of these reactions. This side product was easily removed via
column chromatography.” Cognizant of this, we subjected the ylide to the reaction
conditions in presence of an excess of chlorobenzene (Eq. 7). This furnished the di-sp’-
arylated product in 72% yield.”

Ph-CI (2.2 equiv)
Pd(OACc), (5 mol %) X

X DavePhos (12 mol %) X O | 4
| g Cs,CO3 (3 equiv) | + N
Me” "N > N + )

|
o NBz
l:lle DMF [0.8M], 70 °C, 16 h @Bz O _
43 45 67
1 equiv 15% 72%

2.3.2 Asymmetric Benzylic Arylation of 2-Ethyl-V-Iminopyridinium Ylides.

Given the formation of a stereogenic center in products 63-66, we became interested
in the possibility of performing the arylation in an asymmetric fashion. A survey of the
literature at the time confirmed that this indeed has not yet been reported and further

. . . . 78
convinced us to investigate the reaction.

Given the results published by Oshima describing the high acidity of 2-benzyl
pyridines (Eq. 3), we were concerned about epimerization of the product under the reaction
conditions. Consequently racemic 63 was separated by SFC and the individual enantiomers
were submitted to the reaction conditions for 3 h (Eq. 8). Analysis of the resulting ylides
demonstrated only 13% ee erosion, suggesting that if the reaction time is kept relatively
short, an asymmetric process should be viable. Bearing this in mind several chiral ligands
were screened with the focus being on finding a chiral ligand with similar reactivity to

DavePhos. Bisoxazoline ligands were inoperative under both palladium and nickel
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catalysis. MeDuPhos monoxide and PHOX derivatives were unsuccessful at converting the
starting materials (Table 10, entries 1 and 2). In light of this, the reaction temperature was
increased to 110 °C and bromobenzene was used in place of chlorobenzene in an effort to
facilitate the oxidative addition. While BinaPhane did not give the arylated product (entry
3), other bidentate phosphines such as DIOP, SegPhos, and Ferrotane did give some of the
arylated product (entries 4-7). Not surprisingly, due to its similarity to DavePhos, MOP
gave improved yields (entry 8). The best conversions were found with S-NMDPP as yields
of 81% were obtained for reactions left for 16 h (entry 9). However, only 10% ee was
observed, and even leaving the reaction for 1 h gave the product in 8% yield also with 10%
ee, suggesting that ee erosion by the react