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ABSTRACT

Palladium catalysts were used to control selectivity in two different classes of reaction. The first
reaction, developed in the Cook lab, aims to tackle the limited methods available towards the
asymmetric synthesis of all-carbon quaternary stereocenters, which are a common motif in natural
products and high-value pharmaceuticals. We developed an auto-tandem, branched-selective
rearrangement of substituted N-alloc-N-allyl ynamides that proceeds through two separate and
distinct catalytic cycles using the same catalytic entity. This reaction provides ready access to
complex quaternary nitrile products with vinylogous stereocenters in excellent diastereoselectivity
(>20:1 d.r.), including contiguous all-carbon quaternary centers. The stereochemical outcome is
determined via a Pd(0)-catalyzed dipolar ketenimine aza-Claisen rearrangement and
computational studies exemplify the key role ligand geometry plays. The second reaction,
developed in the Neufeldt lab, aims to disrupt the inherent reactivity trends of 2,4-dihalogenated
pyrimidines. 2,4-Disubstituted pyrimidines appear frequently in bioactive small molecules;
however, strategies to elaborate the pyrimidine core through divergent synthesis (e.g., to prepare
a library) are limited because 2,4-dihalopyrimidines tend to react only at C4 in both cross-
couplings and nucleophilic aromatic substitutions. Substrate-controlled approaches can enable C2-
selective functionalization, but a catalyst-controlled strategy to invert the conventional selectivity
of cross-coupling would be more step-economical and general. Here we report that Pd(II)
precatalysts supported by bulky N-heterocyclic carbene ligands uniquely effect C2-selective cross-
coupling of 2,4-dichloropyrimidines with thiols and amines. The unusual selectivity is proposed
to arise from a novel isohypsic mechanism in which there is no oxidative addition step, enabling a
new mode of Pd catalyzed cross-coupling. Additionally, we demonstrated the synthesis of a novel
thermally stable Pd(0) complex, Pd(Ph.-COD); with the potential for future applications in cross-
coupling reactions.



CHAPTER ONE

INTRODUCTION

Allvylic Substitution Reactions

The palladium (Pd) catalyzed allylic substitution reaction is an indispensable tool in organic
synthesis, commonly applied in the late-stage functionalization of high-value small molecules
including pharmaceuticals, agrichemicals and organic materials.! These reactions employ a
transition metal catalyst, a nucleophile and an alkene electrophile. The transformation is often
applied in academic and industrial settings to access new sp> chemical bonds including C—C, C—
N, C—S and C—O0.2

The Pd catalyzed allylic substitution reaction proceeds through a catalytic cycle involving
four elementary steps: alkene complexation, oxidative addition (ionization), nucleophilic addition
and alkene decomplexation (Figure 1.1). Initial complexation takes place when a Pd(0) catalyst
coordinates to an alkene in n* fashion. During oxidative addition, Pd inserts into the carbon—
leaving group bond on the alkene electrophile. This generates a cationic n® Pd(II) n-allyl complex
resulting in a partial positive charge located on both the Pd center and the allyl group, rendering
both fragments susceptible to nucleophilic attack. The nucleophile may attack through two
mechanistically distinct pathways. Soft nucleophiles, such as those derived from conjugate acids
with a pKa <25 (e.g malonates and B-dicarbonyl compounds), attack the least hindered carbon of
the allyl moiety via an outer-sphere mechanism, whereas hard nucleophiles (e.g alkyllithium and

Grignard reagents) attack the metal center directly through an inner-sphere pathway (Figure 1.1.)?



In the latter case, reductive elimination follows nucleophilic attack to access the new C—Nu bond.

The final step is decomplexation of the alkene completing the catalytic cycle and reforming Pd(0).

Nu Nu R~ X
PdO

Py

Pd “Rd

RW/\/R or RW R\/\RX

o

Figure 1.1 General Catalytic Cycle of the Pd-Catalyzed Allylic Substitution Reaction

R\/ \/R

Transition metal catalyzed allylic substitution reactions were first pioneered by Jird Tsuji in
1965 and later adapted by Barry Trost for the incorporation of phosphine ligand promoted Pd
catalyzed approaches.** The transformation later became known as the Tsuji-Trost reaction due to
its high functional group tolerance, relatively mild reaction conditions and its overall contribution
to the field of asymmetric catalysis. Prior to the development of this approach, synthetic chemists
relied on alternative methodologies requiring high temperatures and strong base to construct new

C(sp*)—(C(sp®) and C(sp>)—heteroatom bonds.®

Controlling Selectivity in Allylic Substitution Reactions

The Tsuji-Trost reaction becomes more synthetically useful depending upon the nature of
the substituents bound to the alkene. For 1,3-disubstituted alkenes, the steric bulk, electronic
effects and the relative configuration of substituents bound to the alkene (cis/trans), all impact the

regioselective outcome of the reaction. In theory there are two possible regioisomers: linear and



branched. The linear substituted product results from a nucleophilic attack at the least substituted
carbon of the m-allyl Pd complex (Scheme 1.1) and is typically the major product as it is less
sterically hindered and thermodynamically favored.” The kinetically favored branched product
results from nucleophilic attack at the more substituted carbon of the m-allyl Pd complex. The
pathway leading to the branched product is significantly higher in energy when employing a Pd

catalyst, due to fast n-6-m isomerization between n'-n* haptomers.®

Scheme 1.1 General Example of an Allylic Substitution Reaction Leading to the Formation of
Linear and Branched Products

LG N Pd cat. Nu
+ u /\/\ +
iti R Nu =
R)\/ conditions R)\/
linear branched

Selectivity for the branched product has been achieved by employing bulky bi-dentate
phosphine ligands, which prevent nucleophilic attack at the less substituted carbon of the n* n-allyl
Pd complex.® However, this approach has proven to be limited due to poor functional group
tolerance. Alternative transition metals such as iridium and molybdenum provide more robust
routes to access the branched isomer by slowing down the rate of n-6-1 isomerization between n'-
n® haptomers.” The stereochemical outcome of the reaction favoring the branched product may
also be controlled by application of a chiral phosphine ligand.?

Prochiral electrophiles add an additional layer of complexity in attempts to control both the
diastereoselective (when multiple stereocenters are present) and enantioselective outcome of the
reaction. A single enantiomer can be accessed when both substituents on a 1,3-disubstituted alkene
are an aryl or a bulky alkyl group. In these cases, the syn/syn isomers are energetically favored

over the syn/anti and anti/anti isomers . (figure 1.2).



Asymmetric  Synthesis of All-Carbon  Quaternary
Stereocenters via Branched-Selective Tsuji-Trost Allylation
Reactions

syn/syn syn/anti anti/anti

77\ i /N . VRN

L. L H L. L , L. L
Pd Pdg R Pd R

{
13
¢

R = Aryl or bulky alkyl more favored less favored less favored

Figure 1.2 Formation of Pd n’-Allyl Intermediates Starting from a 1,3-Disubstituted Alkene

One key synthetic application of the Tsuji-Trost reaction is the asymmetric construction of
all-carbon quaternary stereocenters. Historically, achieving efficient construction of all-carbon
quaternary centers remains a daunting challenge, primarily due to the steric congestion around
each center.!® Increasing the number of contiguous quaternary centers inherently leads to more
complex synthetic routes. Contiguous all-carbon quaternary centers are often found in natural
products and active pharmaceutical ingredients (API's).!! In fact, 20 of the 200 best-selling
pharmaceuticals reported in 2018 contain at least one all-carbon quaternary stereocenter (examples
in Figure 1.3).!> However, the majority of these high-value intermediates cannot be synthesized in
a laboratory and are sourced directly from nature.'® Therefore, the ability to access such motifs
would provide a vital, strategically useful tool for the synthesis of currently inaccessible prodrugs
and natural products with application towards medicinally relevant pharmaceuticals.

Prior methods to synthesize these all-carbon quaternary centers asymmetrically include the
works of Stoltz who demonstrated an iridium-catalyzed asymmetric allylic alkylation of acyclic
B-ketoesters.!* Limitations of allylic substitution reactions include the requirement of a strong
base, which limits functional group tolerance. In addition, high temperatures are required to

functionalize hindered tertiary centers. '



('OH

)

Cortisone Morphine

Figure 1.3 Chemical Structures of Cortisone and Morphine with the All-Carbon Quaternary
Stereocenter(s) Highlighted.

Cascade Reactions in Organic Synthesis

Cascade organic reactions (or domino/tandem reactions) are powerful synthetic processes
where multiple chemical bonds are formed in a single vessel without isolating intermediates.
Cascade reactions allow chemists direct access to functionally complex molecules from simple
achiral starting materials.'® These diverse synthetic pathways provide step-and atom-economical
routes, in contrast to linear synthetic methodologies that require sequential purification in a multi-
step pathway. Cascade reactions typically require mild conditions, which drive the reaction
forward via highly reactive, short-lived intermediate.!” Cascade reactions are advantageous when
designing pathways to natural products, as nature has adapted analogous strategies. '8 Although
controlling the stereochemical outcome of a short-lived intermediate remains ambitious,
successful examples of stereoselective multi-component cascade reactions include the gold
catalyzed synthesis of Waitziacuminone and the palladium-catalyzed cascade sequence towards
quaternary nitriles.'>?° To date, cascade reactions have yet to be applied towards the synthesis of
multiple, contiguous all-carbon quaternary stereocenters.

Chapter 2 of this dissertation will detail the development of a cascade reaction enabling
access to contiguous all-carbon quaternary stereocenters, asymmetrically with high-branched

regioselectivity using a palladium catalyst supported by a chiral phosphine ligand.



C—N and C—S Cross-Coupling

Pd catalyzed cross-coupling reactions are a mainstay in organic synthesis. This is in part due
to the broad functional group tolerance and high reproducibility of these methods for forming
C(sp?)—heteroatom bonds.?! These reactions enable access to a broad range of APIs and facilitate
the rapid development of compound screening libraries for structure activity relationship studies
(SAR).2! A commonly used cross-coupling method is the Buchwald-Hartwig amination reaction,
enabling C(sp?)—N bond formation. The reaction is broadly defined as the Pd catalyzed cross-
coupling of amines with heteroaryl(pseudo)halides, resulting in the formation of a new C—N
bond. More traditional approaches for C—N bond formation such as nucleophilic aromatic
substitution (SxAr), reductive amination, and amide coupling have limited applicability due to the
harsh conditions employed. In contrast, the Buchwald-Hartwig amination has proven to be a robust
reaction with broad application across several different electrophiles.?? Pd-catalyzed C(sp?)—S
cross-coupling has also been demonstrated to enable access to a range of pharmaceutical targets,
due to the prevalence of thioethers in a range of bioactive compounds.>***

The mechanism of the Buchwald-Hartwig amination reaction involves a catalytic cycle with
three key elementary steps: oxidative addition, amine coordination/deprotonation, and reductive
elimination (Figure 1.4). During oxidative addition, Pd inserts into the carbon—Ieaving group
bond present on the electrophile (Ar—X) and Pd(0) is oxidized to Pd(II). The amine then
coordinates to Pd and undergoes deprotonation to form the Pd(Il) amido complex. Finally,

reductive elimination takes place to construct the new C—N bond, reforming Pd(0) and

completing the catalytic cycle.
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Figure 1.4 General Catalytic Cycle of the Buchwald-Hartwig Amination Reaction

Catalyst Activation

Within the context of transition metal catalyzed cross-coupling, generation of the active
Pd(0) catalyst is an often-overlooked elementary step. Pd(II) precatalyts do not themselves
participate in the catalytic cycle, and activation pathways are off-cycle. However, ignoring the
activation mechanism can lead to complications when adapting reactions from lab-scale to the
industrial scale, as differences in activation kinetics can cause high catalyst loading requirements,

).2> There are several

poor reproducibility, and unwanted side reactions (e.g., homocoupling
approaches to access the active Pd(0) catalyst that can enter the cross-coupling catalytic cycle. The
first is to begin with a pre-formed Pd(II) pre-catalyst (e.g Pd(OAc)2) and combine this with the
free ligand (Figure 1.4.). The anionic ligands also bound to palladium are displaced upon reduction
to Pd(0) and are commonly described as “throwaway” ligands since they do not participate further
in the catalytic cycle. An alternative approach is to begin from a Pd(0) precatalyst and combine
this with the free ligand. In solution, the free ligand binds to Pd forming the active catalyst in-situ.

In certain cases, the ancillary ligand is pre-bound to the Pd(0) complex (e.g. Pd(PPh3)4). From an

industrial perspective, the Pd(II) precatalysts have greater utility since they are generally not prone



to oxidation and can often be stored and applied outside of an inert atmosphere glovebox. Chapter
5 of this dissertation will discuss approaches towards the design, synthesis and isolation of a novel
Pd(0) complex.

Studies have shown that the rate and mechanism of catalyst activation of Pd(II) to Pd(0) can
impact the overall efficiency of cross-coupling reactions.?? Several research groups including those
of Buchwald, Hazari, Organ, and Nolan, have dedicated years of research and development to
commercializing bench stable Pd(II) precatalysts which work in a broad range of cross-coupling
reactions (Figure 1.5).262728 For example, the Hazari type pre-catalysts (bearing a tert-butyl
indenyl ligand) are reported to be effective in preventing the formation of deleterious Pd(I)
dimers.?® The mechanism of activation for each class of named precatalyst has been investigated.
There are several known pathways of activation for both of the Hazari and Nolan precatalyts
however, these are generalized to outer-sphere nucleophilic attack of the n3-allyl moiety or initial
dissociative ligand exchange/transmetallation, followed by reductive elimination.?’ The Buchwald
palladacycle variants (generation 3 and 4) are activated by initial deprotonation of the Pd-amido
complex followed by reductive elimination of the carbazole moiety.*® Activation of Organ’s Pd-
PEPPSI-NHC complexes is promoted by initial ligand exchange/transmetallation followed by
reductive elimination however, the preferred mechanism is highly dependent upon the nature of
the nucleophile applied.! Interestingly, the mechanism of activation of Pd-PEPPSI-NHC
precatalyts with aniline remains unknown and is currently under investigation.’?> Based on DFT
calculations, Bao and co-workers proposed a redox-neutral sigma-bond metathesis pathway for
the cross-coupling of chlorobenzene with aniline, whereby the Pd-PEPPSI-NHC precatalyst is not

reduced to Pd(0); although this proposal has not been validated experimentally.>*> The proposed



mechanism is highly unlikely, due to application of potassium tert-butoxide as a base in this
system, which is known to reduce Pd(II) to Pd(0).>*
Chapter 4 of this dissertation will discuss the role of Pd-PEPPSI-NHC complexes in redox

neutral (isohypsic) catalysis.

O Cl—Pd—Cl Pd
d<—L \ l ( \
N Cl
O OMs | X
Ph
= Cl
Buchwald Hazari (tert-butyl indenyl) Organ (PEPPSI) Nolan

Figure 1.5 Selected Examples of Commercially Available Pd(II) Precatalysts Commonly
Supported by Phosphine or N-heterocyclic Carbene Ligands

Oxidative Addition at Pd(0)

L |#
Ll‘j(/jL ' Pld
X
14 e Pd(0) 12 e” Pd(0)
displacement mechanism 3-centered concerted mechanism

Scheme 1.2 General Mechanisms for Oxidative Addition Leading to Site-Selective Cross-
Coupling

In the majority of Pd catalyzed cross-coupling reactions, oxidative addition is the selectivity
determining step.*> This becomes particularly important when considering an electrophile with
multiple reactive sites present. In these cases, regioselectivity is dictated by which site (C—X or
C—Y) oxidative addition takes place at most preferentially. (Scheme 1.2). There are two primary
operative mechanisms for oxidative addition at Pd(0) of aryl halides (Scheme 1.2). First (left) is a

nucleophilic displacement mechanism, which takes place at 14 e bisligated Pd(L)(L’). The second
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(right) is a 3-centered concerted mechanism, taking place at 12 ¢ monoligated Pd(L). The 3-
centered concerted mechanism has also been reported to take place at 14 ¢ bisligated Pd with a
large L—Pd—L bite angle.® Therefore, the steric bulk of the ligand(s) applied to the cross-
coupling reaction conditions, influences the ligation state of Pd and thus the mechanism of
oxidative addition. Ultimately, this can enable ligand choice to influence the site at which cross-
coupling takes place preferentially.’” Ligand sterics enables the Buchwald-Hartwig amination to
be effectively tuned towards the site and chemoselective functionalization of heteroarenes bearing
multiple leaving groups, due to the extensive range of phosphine and N-heterocyclic carbene

ligands that can be applied.

Conventional Site-Selectivity of Di-Halogenated
Heteroarenes

Heteroarenes rank amongst the most prevalent classes of structural motifs in
pharmaceutically relevant compounds. Therefore, their selective substitution when two (or more)
halogens are present is of significant interest to the synthetic community.*® Typically, aromatic ring
substitution reactions are limited to C—H functionalization, electrophilic aromatic subsitution,
nucleophilic aromatic substitution, and cross-coupling. All of these reaction classes have
established trends in reactivity and selectivity. In the context of cross-coupling of heteroaryl
halides, bis-ligated Pd(L)(L’) tends to preferentially undergo oxidative addition at sites adjacent to
a heteroatom. This has been rationalized by Houk and Merlic to be related to C—X bond
dissociation energy.® Hence, the most reactive site (typically the weaker bond) will react
preferentially leading to the observed selectivity. For example, 2,4-dichloropyridine (Figure 1.6)
(1a) conventionally reacts at the weaker C2—Cl position over the C4—CIl under cross-coupling
conditions. The Neufeldt lab has used a ligand-based strategy to overcome the conventional C2

selectivity of la by exploiting the larger LUMO coefficient at C4. Monoligated Pd(L)



11

preferentially undergoes oxidative addition at the site with the larger LUMO coefficient via the
three-centered mchanism.*® However, for 2,4-dichloropyrimidine (1b), both BDEs and LUMO
coefficients favor reaction at C4, so there is no obvious substrate characteristic that can be
exploited to achieve preferential reaction at C2. Hence, oxidative addition at Pd(0) always takes

place at the C4 C—CIl bond regardless of the ligation state of Pd and the ligands applied.

26% 23%
85 9
86 3 87 2
8% <1%

Figure 1.6 Calculated Bond Dissociation Energies (BDEs) in kcal/mol and LUMO coefficients for
Selected Dihalogenated Heteroarenes. The Highlighted Halide Corresponds to the Conventional
Site of Reactivity.*”*°

Developing a strategy to achieve C2-selective cross-coupling of 2,4-dihalopyrimidines
would be valuable due to the prevalence of pyrimidine scaffolds in biologically active compounds
(nucleic acids, alkaloids, folic acid, etc) in addition to synthetic analogs and pharmaceutical drugs

(Figure 1.7).4!

The pyrimidine core can be accessed via cyclocondensation between amidine, guanidine or
thiourea derivatives with 1,3-diesters or 1,3-diketones.*? This strategy can enable the synthesis of
pyrimidines substituted at both the 2 and 4 positions “from scratch”. However, a more modular
method to functionalize both the 2 and 4 positions would be to proceed via pre-formed halogenated
pyrimidines. Buchwald has demonstrated C2-selective amination of certain 24
dichloropyrimidines, however, a bulky C5 substituent is required in order to prevent reaction at
C4.% Hence prior to the work described herein, there were no methods to achieve catalyst-

controlled selective functionalization of 2,4-dihalopyrimidines.
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Chapters 3 and 4 of this dissertation will detail the first demonstrations of a Pd catalyzed

C2-selective thiolation and amination of 2,4-dichloropyrimidine.
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Brilinta (AstraZeneca) Edurant (Johnson & Johnson) Tasigna (Novartis)
$1.59 Billion $1.01 Billion $1.92 Billion
Cardiovascular Infectious diseases Hematology

Figure 1.7 Pyrimidines in High-Value Pharmaceutical Drugs

Isohypsic Catalysis

Transition metal mediated transformations usually proceed through catalytic cycles that
involve oxidation and reduction of the metal. Less commonly, the oxidation state of the metal may
remain unchanged throughout the entire catalytic cycle, referred to as isohypsic catalysis.** Lewis
acid catalysis is technically a form of isohypsic catalysis, as a Lewis acid accepts an electron pair
to activate a substrate without changing its own oxidation state throughout the catalytic cycle.®’
However, the term “Lewis acid catalysis” is generally used to describe processes for which the
Lewis acid merely activates a substrate, and the mechanism otherwise takes place in the outer-
sphere of the catalyst. In contrast, the term “isohypsic catalysis” is more useful when the catalyst
mediates (or is a metal that might be expected to mediate) bond formation within its inner-sphere.*®

As an example, Ziegler-Natta catalysis is a powerful method used to polymerize a-olefins
with high linearity and stereoselectivity.*’ The reaction is promoted by a transition metal catalyst
(most commonly early d° transition metals including Ti, Zr, Hf) and an organoaluminum co-

catalyst.*’ The transition metal catalyst does not behave as a traditional Lewis acid because the
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primary mechanism of Ziegler-Natta catalysis involves an intramolecular 1,2-migratory insertion
of an olefin (Scheme 1.3). The process can be described as isohypsic catalysis, because all of the
mechanistic steps (olefin association and 1,2-migratory insertion) are redox-neutral. Indeed,
isohypsic catalysis is perhaps most common for early transition metals (as opposed to late ones)
because their reduction pathways are associated with high energy barriers and d° metals cannot be

further oxidized.

Scheme 1.3. Ziegler-Natta Polymerization of Olefins Involving a 1,2-Migratory Insertion

Ilustrated with a Metallocene Catalyst*’
zrl
N
" !

via: X R 1 2-insertion

M—|| ——— M/\(X

=/

Isohypsic catalysis is also operative in certain reactions involving late transition metals,
including the rhodium-catalyzed addition of organoboronates to unsaturated carbonyl
compounds.*® An isohypsic process catalyzed by Co(IlI) has also been used to synthesize a range
of isoquinolines (Figure 1.8).* The mechanism of this reaction was proposed to proceed via
reversible C—H activation through a concerted metalation-deprotonation pathway, followed by a
1,2-migratory insertion of an alkyne. C—N bond formation then takes place without change to
cobalt’s oxidation state due to cleavage of the N—O bond of the oxime ester, followed by facile

acetate transfer in a concerted fashion affording the final isoquinoline product (Figure 1.8).
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Figure 1.8 Proposed Mechanism of the Cobalt(IIT)-Catalyzed Isohypsic Access to Isoquinolines*’

With palladium in particular, certain classes of reactions also proceed through isohypsic
mechanisms. These include the Pd(Il)-catalyzed oxidative Heck reaction, used, for example, for

the C—H functionalization of benzoquinone.*

L,Pd(OTf),
conjugate addition ArB(OH), or [ArBO]5
product
protonolysis transmetallation
(e}
Ar

LnPd_
Ar OTf
0 migratory insertion
o
Ly o
OPdOTf L,
PdOTf
Ar Ar o
0 (e}
\ o | 0
n
WPdOTf
H —_—
\ Ar syn B-H elimination Ar
o (0]
oxidative Heck
product

Figure 1.9 Proposed Mechanism of the Pd(II)-Catalyzed Oxidative Heck reaction Enabling
Formation of Substituted Benzoquinones>°
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The reaction also may proceed to provide the corresponding conjugate addition product. A
Pd promoted desymmetrization of polycyclic cyclohexenediones was shown to provide access to
five contiguous stereocenters with high diastereo and enantioselective control.’! The isohypsic

mechanism proceeds via a Pd(I)-catalyzed conjugate addition desymmetrization reaction (Figure

1.11).

L,Pd(X
nPd(X): ArB(OH), or [ArBO],

transmetallation

O R,
conjugate addition
duct A
pro LnPd_
X

migratory insertion

Figure 1.11 Proposed Mechanism of the Pd(II) Promoted Desymmetrization of
Cyclohexenediones’!

Pd(II) catalysts have also been shown to promote a wide range of [3,3]-sigmatropic
rearrangements enabling new C—O, C—N, C—S and C—C bonds.”?> Notably these

transformations proceed through a n-Lewis acidic Pd(II) pathway (Scheme 1.4).

Scheme 1.4 Pd(II) Catalyzed [3,3] Sigmatropic Rearrangement of Allylic Esters
o o)

R N Pd(Cl),, LiCI R™ NS
e . Pdch e
=
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More recently, tandem isohypsic and redox active manifolds have been used to form
multiple bonds in a single transformation.** This tandem sequence proceeds through the unification
of Pd(Il)-catalyzed isohypsic alkene heteroallylation (Figure 1.12A) with a redox active process

such as a Suzuki-Miyaura coupling or a Buchwald-Hartwig amination (Figure 1.12B).
A =
Br 2. RoNH, Brettphos RoN
Pd” Pd" 0 pd” o) =
Isohypsw redox RoN

Figure 1.12 (A) Tandem Heteroallylation-Buchwald-Hartwig Amination Reaction and (B)
[lustration of Isohypsic-Redox Tandem Catalysis

To date, however, all cross-coupling reactions catalyzed by transition metals are thought to
proceed through traditional redox pathways (i.e., involving oxidative addition and reductive
elimination). The traditional redox cycling is expected based on the reductive/oxidative roles of
common reagents applied. For example, in a conventional Buchwald-Hartwig amination reaction,
the organo(pseudo)halide serves as an oxidant for Pd(0), generating the organometallic oxidative
addition adduct. The electron-rich amine nucleophile employed serves as a stoichiometric
reductant of Pd(II) in the reductive elimination step. In many C—C bond-forming cross-couplings,
organometallic reagents (e.g., arylboronic acids in a Suzuki-Miyaura coupling) serve as the
stoichiometric reductants of Pd. In others, such as the Heck coupling, the base promotes on-cycle
reduction step (e.g., deprotonation of a Pd-hydride).

Although the canonical cross-coupling reactions bring together an electrophilic and
nucleophilic coupling partner via a Pd(0)/Pd(II) catalytic cycle, other cross-coupling variants use

photo- or electrochemical control,>>** couple two electrophiles together,” involve catalyst
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oxidation states other than Pd(0)/Pd(1I),>® and/or use first-row metals like Ni or Co.7’® Despite
the variety of mechanistic manifolds through which cross-coupling can occur, even these more
modern variants involve redox steps. For example, a Ni(I)/Ni(III) redox cycle is common for Ni-
promoted metallaphotoredox catalysis.’® These catalytic cycles generally proceed via initial
generation of Ni(I) via single-electron transfer from a starting Ni(I) precatalyst. Oxidative
addition then takes place most commonly at Ni(I) leading to a high-valent Ni(III) intermediate. A
redox neutral radical addition of an organic radical then takes place followed by reductive
elimination, regenerating the starting Ni(I) complex.>® Finer details regarding the resting states of
metallaphotoredox catalytic cycles and the roles of base in electron transfer quenching have been

thoroughly investigated by MacMillan and co-workers (Figure 1.13).%°

DABCO™
Ar-Br Ni
\?7////’ DABCO
Ni® Ni'l
A
Ir' Ni
Ar-NHR

Figure 1.13. Catalytic Cycle of Metallaphotoredox C—N Coupling®”

Of relevance to Chapter 4 of this dissertation, migratory insertion is an example of a
“redox-neutral” elementary organometallic step for which the oxidation state of the metal center
remains unchanged. This step involves an anionic ligand migrating to a cis-positioned neutral
ligand creating a vacant coordination site at the metal center. This elementary step is critical to

several multi-ton scale industrial processes including the Cativa and Monsanto Acetic Acid
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processes.®“! There are two types of migratory insertion reactions: a 1,1 and a 1,2-migratory
insertion. A 1,1-migratory insertion involves a ligand migrating to the same atom of an unsaturated
ligand also bound to the transition metal (like CO), essentially inserting the unsaturated ligand into
the metal-X bond; while a 1,2-insertion involves a ligand migrating to the second atom of an
unsaturated ligand (like an alkene or alkyne) as demonstrated in the Pd-catalyzed Mizoroki-Heck
coupling reaction.®? The isohypsic mechanism described in Chapter 4 of this dissertation includes
a mechanistically distinct migratory insertion-like step (i.e., that is neither a 1,1- nor a 1,2-
migratory insertion), where Pd(II) facilitates an intramolecular nucleophilic attack on C2 of 2,4-

dichloropyrimidine by an amido ligand.
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Abstract

An auto-tandem catalytic, branched-selective rearrangement of substituted N-alloc-N-allyl
ynamides was developed. This reaction provides ready access to complex quaternary nitrile
products with vinylogous stereocenters in excellent diastereoselectivity, including the formation
of contiguous all-carbon quaternary centers. The stereochemical outcome is determined via a
Pd(0) catalyzed dipolar ketenimine aza-Claisen rearrangement inside a deep cleft on the catalyst.
Computational studies exemplify the key role ligand geometry plays throughout the reaction
coordinate in this previously unreported mechanism. This study provides new reaction pathways

for both m-allyl and sigmatropic rearrangements.

Scheme 2.1 TOC Graphic for Manuscript in Chapter Two
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Introduction

Using a single catalyst to perform multiple, mechanistically distinct reactions (auto-tandem
catalysis [ATC])! can be a very powerful approach in synthesis.> ATC reactions are particularly
impactful when multiple C—C bonds are formed,* especially if stereogenic elements are generated
during these processes. Of particular interest is the generation of all-carbon quaternary centers
using ATC approaches, especially if additional vinylogous stereocenters are formed during the
reaction, as these motifs can be problematic to access.*

The high reactivity and linear geometry of unstabilized nitrile anions have made them
problematic in many catalytic reactions. Lewis basic additives (to form aggregated complexes),’
decarboxylative/deacylative approaches,® and silyl ketenimines’ have all been utilized to
circumvent these issues, however many challenges remain. Our contribution to the field was
developing a palladium catalyzed rearrangement of N-alloc-N-allyl ynamides which formed
quaternary diallyl nitriles (Scheme 2.1 A).%’

This ATC process performs two mechanistically distinct allylic rearrangements and avoids
the formation of nitrile anion intermediates. Importantly, during this study we discovered a new
mechanism for allylic rearrangements, whereby Pd(0) was acting as a nucleophilic catalyst,
donating electron density into the o*c.n orbital triggering a concerted [3,3]-rearrangement
(Scheme 2.1 A). In contrast, other palladium catalyzed aza-Claisen rearrangements proceed
through an electrophilic Pd(II) pathway with the metal acting as a n-Lewis acid.!” We reasoned
that substrates encompassing y-substituted N-allyl groups would provide branched products
containing two contiguous stereogenic centers in this reaction.

Moreover, if substrates include vy,y-disubstitution, contiguous all-carbon quaternary

stereocenters could be formed. Importantly, these are mechanistically distinct from previously
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reported branched-selective allylations.!! Herein, we report the development of a highly
diastereoselective ATC reaction with complete branched selectivity under very mild conditions
(Scheme 2.1 A). Of particular note is the dipolar allyl ketenimine-[3,3]-rearrangement which
achieves high levels of diastercoselectivity, including the formation of vicinal all-carbon

quaternary stereocenters (Scheme 2.1 B).

Results and Discussion

Optimization Studies

Optimization studies revealed that a variety of bidentate phosphine ligands provided
complete branched selectivity (2a). Of note, were catalytic systems derived from Pd>dbas and
phosphine ligands (LL1-3) due to the abundance of commercially available variants (Table 2.1).
Unsubstituted phenyl, alkyl and furyl substituted ligands (LL1a—¢) gave poor reactivity and
selectivity (entries 1-3). Ligands containing 3,5-disubstituted phenyl groups (L1d—e) led to
improved selectivity (entries 4 and 5). The addition of electron donating groups at the 4-position
(L1f=h), improved both yield and selectivity (entries 6—8), with DTBM MeOBiphep (L1g)
proving optimal. Other DTBM substituted ligands (L2g/3Lg, entries 9 and 10) also provided

selectivity, but with poor reactivity.
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Table 2.1: Selected Optimization Studies
o

P'Y 2.5 mol% Pd,dbaj Ph
fN o 6 mol% Ligand
Ph Il ﬁ 0.25 equiv. Et;B ~ g

1 equiv. N,O-BSA Ph” CN
Ph PhCF3, 60 °C, 16 h
1a 2a
Entry Ligand Yield” drc
1 MeOBiphep (L1a) 11% 1.8:1
2 i-Pr-MeOBiphep (L1b) 5% 1:1.2
3 Fur-MeOBiphep (L1¢) 35% 1:1.1
4 DM-MeOBiphep (L1d) 8% 3.6:1
5 DTB-MeOBiphep (L1e) 20% 5.4:1
6 DMM- MeOBiphep (L1f) 40% 9:1
7 DTBM-MeOBiphep (L1g) 70% (63%)° 13:1
8 iPr-Me;N-MeOBiphep (L1h)  57% 13:1
9 DTBM-Segphos (L2g) 15% 13:1
10 DTBM-Garphos (L3g) 25% 5:1
OMe
0
.. 0
MeO PR, 0 PR, MeO PR,
MeO PR, o PR, MeO PR,
JENRe§ 9
o
OMe
MeO-Biphep (L1) Segphos (L2) Garphos (L3)

R = Ph (a); i-Pr (b); 2-Fur (c); 3,5-Me-Ph (d); 3,5-t-Bu-Ph (e);
3,5-Me-4-MeO-Ph (f); 3,5-t-Bu-4-MeO-Ph (g); 3,5-i-Pr-4-Me,N-Ph (h)

“ Determined by '"H NMR using mesityene as internal standard; ® Isolated yield; ¢ Determined by
'H NMR of crude reaction

Substrate Scope

With the optimized conditions in hand (Table 2.1, Entry 8), we began examining the
substrate scope (Scheme 2.2). Substitution on the ynamide phenyl group was investigated and the
stereochemical outcome appears to be influenced by the mesomeric stabilization of an anion,'?
suggesting a dipolar mechanism (Scheme 2.1 B). Weakly n-donating groups, such as fluorine (1b,
0-=-0.03), gave lower selectivity than 1a, whereas strongly anion stabilizing groups including CF3
(Ie, 0-=0.65), NO, (1d o-=1.27), and CN (le, 0-=1.00) provided very high levels of

stereoselectivity (>26:1 d.r.). Next our attention turned to modulation of the y-substituted N-allyl
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group. Basic heterocycles could be tolerated in this reaction with pyridine (1f) and quinoline (1g)
variants providing high yields and diastereocontrol. Other substitution could be tolerated on the
migrating allylic group, with electron deficient groups providing excellent outcomes. 4-Nitro (1h),
3,4,5-trifluoro (1i), and 3,5-bis-(trifluoromethyl) (1j) substrates all gave high chemical yields with

exquisite diastereoselectivity.

v,y-Disubstituted N-allyl groups were also examined, which upon rearrangement, produced
highly congested vicinal all-carbon quaternary centers. Cycloalkyl and thiopyranyl substituted
ynamides (1k-m) variants gave highly efficient routes to cyclic branched nitriles 2k-m. We also
investigated diastereoselectivity in the formation of contiguous all-carbon quaternary centers.
Facial selectivity on the N-allyl group was probed by installing a 4-fert-butyl cyclohexyl group
(In), which provided the 2n in 15:1 d.r. The formation of two contiguous all-carbon stereogenic
centers could also be achieved, with tetralone derived ynamide 1o providing nitrile 20 in good
yield and an impressive 13:1 d.r. This example (1o to 20) demonstrates the power of this approach
in forming very congested C—C bonds as part of an auto-tandem catalytic sequence with high-

levels of diastereoselectivity.
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_Scheme 2.2: Substrate Scope

NJ\O 2.5 mol% Pdy(dba)s Ri R,
/E\ 6 mol% L1g
R Ryl ﬁ 0.25 equiv. Et;B N R oN =
i 3
R 1 equiv. N,O-BSA 5| Branched-only)
e PhCF3, 60 °C, 16 h 4

2a, 63%,% 13:1d.r.b 2b,39%,25.3:1d.r.’ 2c, 57%,2 26:1 d.r.
Ph

2d, 39%,2 >30:1 d.r.? 2e, 82%,2 >30:1 d.r.> 2f 64%,211:1 d.r.b

P’ “CN P’ “CN P’ CN
2g, 70%,% >30:1 d.r.? 2h, 69%,2 >30:1 d.r.? 2i, 84%,2>30:1 d.r.?
F,C CF,

Ph’ “CN P’ “CN P’ CN
2j, 75%,% >30:1 d.r.b 2k, 55%? 21, 45%2

P’ “CN
2m, 50%? 2n, 45%,2 15:1 d.r.? 20, 63%,2 13:1 d.r.b

Substrate scope. “ Isolated yield. ? Determined by 'H NMR. ¢ 21 produced in 16% ee.

Reaction Stereospecificity and Synthetic Utility

The stereospecificity of this reaction was further investigated by comparing the relative
outcomes using £ and Z-carbamates E-1p and Z-1p (Scheme 2.3 A). Both reactions proceeded
with similar chemical efficiency, however E-1p provided a 3 : 1 mixture of diastereomers (2p:2p’),

whereas the Z-1p resulted in a 1.2: 1 ratio. These outcomes demonstrate stereospecificity, albeit
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with a competing isomerization pathway. This m—c—n pathway is a common source of low
stereoselectivity with acyclic Z-n-allyl donors." Interestingly, v,y-diphenyl substituted allyl
ynamide 1q provided the only example where linear selectivity was achieved, affording nitrile 3 as
as a single isomer (Scheme 2.3 B). This alternative regiochemistry can be rationalized due to the
increased conjugation of the linear isomer and the additional steric encumbrance in the branched
product. Indeed, only one example of branched selectivity from a 1,1-diphenyl m-allyl metal
species has been reported.!* The cyclic products could be converted into spirocycles using Grubb's

2nd generation catalyst to form [5,5]-spirocycle 4 in excellent yield (Scheme 2.3 C).!°

Scheme 2.3: Additional Allylic Substitution and Synthetic Utility Studies: (A) Alkene
Stereospecificity, (B) Diaryl Allyl Substitution and (C) Spirocyclic Nitrile Formation

A - Alkene Stereospecificity
(o}

I 2.5 mol% Pd,dbay Me  Me 2.5 mol% Pd,dbag PI]
N 6 mol% L1g = S 6 mol% L1g | N9
Me‘ ‘ ‘\’ 0.25 equiv. Et;B Me Me Me \\/W 0.25 equiv. Et;B Me ‘ ‘ ‘\’
| 1equiv. NO-BSA | Xx ;N o’ oN 1 equiv. N,0-BSA \
| Ph PhCF3, 60 °C, 16 h Ph" CN PhCF3, 60 °C, 16 h | Pn
Me” “me E-1P 59%,2 3:1 d.r.? 2p 2p 64%,°1.2:1dr® g me 219
B - Diaryl Allyl Substitution 3 C - Spirocyclic Nitrile Formation
0 2.5 mol% Pd,dbas ' NC Ph
Nko 6 mol% L1g Ph ! 5 mol% Grubbs Il = X
f 0.25 equiv. Et;B ph)W LN 7, 7 CH,Cly, 40°C, 6 h
Ph” Ph||| ﬁ 1 equiv. N,0-BSA Ph’ TN 3 Ph” “CN
19 pn PhCF3, 60 °C, 16 h 3, 42% (l-only) ‘ 2k 4,76%

“Isolated yields; “Determined by 'H NMR and ratios refer to 2p:2p’ selectivity

Origin of Stereoselectivity

To elucidate the origin of diastereoselectivity, we conducted a DFT study of the formation
of 2a at CPCM(Trifluorotoluene) MO6L/BSII//ONIOM(MO6L/BSI:PM6) level of theory (for BSI
and BSII see Scheme 2.4 footnote). We found that the palladium bound ligand (L.1g) forms a deep
cleft in which reactivity occurs. This conformational restriction results in a dissociative formal

process rather than a concerted [3,3]-rearrangement.®” Although ketenimines are stereogenic, they
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are highly epimerizable and exist as a dynamic mixture of isomers.!¢ Allyl
ketenimine 6 coordinates deep within the binding pocket, forming diastereomeric complexes 7/13.
These interconvertible complexes (7/13) ionise though transition states TS-8/TS-14, determining
the stereochemistry and forming ion pairs 9/15. A possible explanation for this selectivity is the
coplanarity of the phenyl groups leading to an offset n-stacking interaction (3.5 A) in TS-8 that is
not present in TS-14.'7 Indeed, an IGM 3D plot showed an isosurface consistent with a non-
covalent stabilizing interaction between the two aromatic rings in TS-8 (see Appendix A for full

details).'®

The possibility of competing concerted [3,3]-process was considered;®” however, 7/13 do
not have the necessary orbital overlap and no [3,3]-transition state could be located. The dihedral
angle between the allylic termini and the phosphines can be used to highlight the conformational
changes required between C—N bond breaking and C—C bond formation. Following ionisation, the
two reaction pathways diverge for C—C bond formation. In the major pathway, ion-pair 9 (5.9°)
undergoes a reorganisation of the ligand, rotating the m-allyl group within the cleft. Initially
intermediate 10 (—12.3°) is formed, which is in reactive conformation for C—C formation via TS-
11 (—13.9°; +1.0 kcal mol ™! from 10), to afford 12. In contrast, ion pair 15 (21.61°) is much further
from the reactive conformation for C—C bond formation, requiring rotation through TS-16 (0.7°;
+1.4 kcals mol™! from 15). This produces shallow intermediate 17 before proceeding directly into
a C—C bond formation via TS-18 (14.21,0.1kcalmol from 17), to form nitrile 19. Despite the
dipolar pathway, the ion pair does not fully dissociate or solvent separate, with the energetics

suggesting a very rapid C—C bond formation following ionisation.


https://pubs.rsc.org/en/content/articlelanding/2022/cc/d2cc03399b#cit17
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Scheme 2.4: Summary of DFT Analysis Examining the Diastereoselectivity in the Formation
of 2a. “ DFTcalculations done at CPCM(trifluorotoluene) MO6L/BSII//ONIOM(MO6L/BSI:PM6),
where BSI = 6-31+G(d) (C, H, P, O)/LANL2DZ (ECP Pd) and BSII = 6-311++G(2d,2p) (C, H, P,
O)/LANL2DZ (ECP Pd); ® Quasi-Harmonic Solvent and Temperature (333.15 K) Corrected Gibbs
Free Energies at 1 mol L™! Standard State are Reported; ¢ For Optimised Structures, see Appendix

P
N@ Pd
P \ 2 o+ Ph
‘P Pd Ph”™"ph P N \
16 (6= 0.7° ML
o/ P TS-16 (0= 0.7°) 4 J / ;

15 (6 = 21.6°)

-9.8
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Conclusions

In conclusion, a highly diastereoselective ATC method for the construction of
stereochemically complex nitriles has been developed. This provides a highly attractive route to
nitriles containing an all-carbon quaternary stereocentre and further vicinal substitution, including
contiguous all-carbon quaternary stereocentres. In addition, we have developed a highly accurate
computational model to deconvolution of the ketenimine rearrangement mechanism, including the

discovery of a dipolar [3,3]-process which occurs in a deep cleft within the catalyst.
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Abstract

Under most conditions, 2,4-dihalopyrimidines undergo substitution reactions at C4. Here
we report that Pd(II) precatalysts supported by bulky N-heterocyclic carbene ligands uniquely
effect C2-selective cross-coupling of 2,4-dichloropyrimidine with thiols. The regioselectivity of
this reaction stands in stark contrast to ~1500 previously reported Pd-catalyzed cross-couplings
that favor C4 in the absence of other substituents on the pyrimidine ring. Selectivity in the catalytic
system reported herein is extremely sensitive to the structure of the Pd(Il) precatalyst, largely due
to competing C4-selective nucleophilic aromatic substitution. C2-selectivity is high with most 1°
thiols and thiophenols, and a range of substituted dichloropyrimidines can be used. The atypical
selectivity of this transformation may facilitate diversity-oriented synthesis, as demonstrated for
derivatives of an antiviral agent. Under these conditions, C2—Cl cleavage may not take place

through a typical oxidative addition pathway.

Scheme 3.1 TOC Graphic for Manuscript in Chapter Three
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Introduction

Pyrimidines are common motifs in bioactive small molecules such as pharmaceutical drugs
and agrichemicals, and are also of value for organic materials.!” The privileged role of
pyrimidines in bioactive compounds can be understood by their ubiquity in nature. In particular,
nucleobases (the building blocks of DNA) are pyrimidine derivatives. The majority of pyrimidine
motifs in small molecule drugs are substituted at both the 2- and the 4-positions.® As such,
synthetic strategies to functionalize these sites are of high value. Readily available 2,4-
dichloropyrimidines are logical precursors to 2,4-difunctionalized derivatives. These substrates
typically undergo reaction at C4 to yield Regioisomer B (Scheme 3.2 A) in both cross-coupling
and nucleophilic aromatic substitution (SNAr) reactions.” In fact, a survey of the literature
indicates that, out of nearly 1500 reported examples, at least 99% of Pd- or Ni-catalyzed C—C, C—
N, or C-S cross-couplings of 1 afford Regioisomer B as the major product.’ The handful of
reported exceptions lack definitive structural characterization.!® Thus, obtaining Regioisomer A
through the cross-coupling of unsubstituted 1 has not been feasible. Buchwald found that
introducing bulky C5-substituents promotes formation of Regioisomer A in Pd-catalyzed and
catalyst-free (SnAr) aminations (Scheme 3.2 B).!! A removable C5-substituent like TMS presents
a useful workaround to the selectivity problem but also introduces additional synthetic steps.

The inability to directly cross-couple at the C2 position of 2,4-dihalopyrimidines without
a bulky 5-substituent limits the chemical space that is likely to be targeted during diversity-oriented
synthesis, for example, during the development of screening libraries. A catalyst-controlled
approach to C2-functionalization would facilitate access to Regioisomer A and, therefore, broaden

the landscape of readily accessible pyrimidine derivatives.



44

Scheme 3.2 Derivatization of 2,4-Dichloropyrimidines
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Results and Discussion

Optimization Studies

We began investigating cross-coupling with thiols, as thiopyrimidines represent a common
substitution pattern in druglike compounds (Scheme 3.2 C). Although thiols are good nucleophiles,
especially in the presence of base, the uncatalyzed SnAr reactions of 2,4-dichloropyrimidines with

thiols tend to afford C4-substituted products (for example, see ref ' as well as Table 3.1, entry 1).
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Thus, we envisioned that a C2-selective catalytic process for C—S coupling would enable bond
construction that was currently not possible to make in a single step. We were further inspired by
reports of Pd-catalyzed C—S cross-coupling reactions of other substrates because these often
benefit from the use of bulky monodentate ligands.'>”!” We had recently found that bulky
monodentate N-heterocyclic carbene (NHC) ligands are key to inversion of conventional site

selectivity in cross-couplings of other dihalogenated heteroarenes.'®

PEPPSI-Pd-IPent precatalyst 3 and its analogue 4 were selected for our initial studies
(Table 3.1). '7 Unfortunately, a preference for the conventional C4-functionalized product was
observed with both precatalysts (entries 2 and 3). The C4-selectivity using 3 is even higher than
that of the Pd-free control reaction (entry 1), suggesting that the selectivity observed with 3 may
be due to Pd-catalysis and not to background SyAr. Interestingly, morpholine complex 4 displayed
a weaker preference for C4, leading to more C2 product (2a) than the Pd-free control (compare
entries 1 and 3). Complex 4 is known to activate more quickly than 3 under C—S coupling

conditions, which may be relevant to the difference in selectivity between these two precatalysts.

Remarkably, switching to precatalysts 5a or 6, supported by #-Bu-indenyl ' or allyl
ligands, 2° led to a complete reversal of selectivity (entries 4-5). The contrast between 5a/6 and
the other Pd-1Pent precatalysts 3 and 4 is notable, considering that they are all expected to generate
12¢” Pd°(IPent) as the active catalyst.?! The selectivity with commercial precatalyst Sa was further
improved by running the reaction at 0 °C, affording almost exclusive selectivity for C2-
functionalized product 2a (entry 6). This temperature effect may be partially due to suppression of
background SnAr, as the Pd-free control reaction is somewhat slower at 0 °C (compare entry 8

with 1).
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Table 3.1 Optimization of a C2-Selective Cross-Coupling of 2,4-Dichloropyrimidine
Cl cat. [Pd] @ mol %) ¢ SCsH
| N A S-SH | N . | N
N/)\CI K3PO4 (2 equiv) N//kSC5H11 N/)\CI
1 MeCN, 3 h 2a %b

IPent MfM Me
es
IPent c IPznt Fl’l_d
I-Pd-Cl P
Cl=Pd-Cl LA cl /‘:@ [Pent
N [ ] tBu a-Foyy
< 5a, L = IPent
cl 0 5b, L = IPr 6

3 4 5¢c, L = IMes
entry cat. temp 2a+2b (%) 2a:2b
1 none r.t. 82 1:7
2 3 r.t. 70 1:22
3 4 r.t. 71 1:2
4 S5a r.t. 62 14:1
5 6 r.t. 50 >99:1
6 5a 0°C 90 >99:1
7 6 0°C 73 77:1
8 none 0°C 51 1:6
9 5b 0°C 86 25:1
10 Sc 0°C 61 3:1

204 Product yields and ratios determined by '"H NMR spectroscopy of the crude reaction mixture
using mesitylene as an internal standard
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t-Bu-indenyl precatalysts bearing the smaller NHC ligands IPr and IMes (Sb and 5¢) also
promote unconventional selectivity at C2 (entries 9—10), but the preference is weaker and appears
correlated with ligand sterics, where C2 selectivity follows the trend IPent > IPr > IMes.
Product 2a remains the major product in other polar solvents, but 2b is favored in ethereal solvents

(see Appendix B).

Substrate Scope

With Sa identified as the optimal catalyst based on its selectivity and commercial
availability, the scope of this reaction was examined (Figure 3.1). With other 1° thiols (7a-23a),
high selectivity is maintained in most cases. Esters, amides, and alcohols are tolerated on the thiol
reagent (9a-11a, 13a-15a, and 23a). These functional groups can be sensitive to POCI;, a
chlorinating reagent that would typically be used to install a chloride at the 4-position after
constructing the thioether at C2.?? Synthetically useful, albeit much lower, C2-selectivity was also
observed with 2° thiols (24a-26a), though selectivity was sometimes variable across reaction trials
especially on small scales.?? Notably, for these more hindered thiols, room temperature conditions
tended to afford selectivities better than those at 0 °C. A tertiary thiol gave C4-selectivity (42b) in
a ratio similar to the catalyst-free control, which could indicate that 42b arises from SnAr and not

from catalysis.

Electron-rich, -neutral, and moderately electron-deficient thiophenols are also effective
coupling partners (27a-33a). An aryl chloride and even an aryl bromide was tolerated on the thiol
coupling partner (32a and 33a). However, the reaction favors C4 coupling with a very electron-
deficient thiophenol (43b). In this case, selectivity mirrors that of the catalyst-free reaction. The
increased acidity of an electron-poor thiophenol would lead to a higher concentration of thiolate

anion, which may allow S~Ar to outcompete catalysis. Interestingly, it was necessary to change
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the base to KF and to increase the reaction temperature to 50—80 °C to get high conversion and

C2-selectivity with thiophenol reagents (Table Appendix B.3).

reaction alkyl thiols
HS- _ fa@mol®) AN J/r\ ﬁ\ J)kOMe ‘
K3POy or KF (2 equiv) R
MeCN, 0-80 °C, 3 h KN/)\SR, /k /K /K
7a 72% 2a, 73% (1 mmol) 8a, 56% 93 81% 10a, 48% HN
cl cl cl (>99:1) (>99 1) (>99 " (>99:1) (25:1) “Boo
‘ Sy Oxy OBt A ‘ \N cl
A | //K / SN NHBoc
s e j Y
o
11a, 31%° 12a, 87% 13a, 58% NHAC ﬁ\
(1:1) (>99:1) (>99:1) 14a, 62% 15a, 48% 16a, 57% o 17a, 55%
o- (>99:1)
(5:1) (>99:1) (up to 34:1)° 18a, 88%
(>99:1)
@\ ] C\ @\ 7 L @\ O C\ BON JQO
19a, 55% 20a, 68% 21a, 72% 22a,31% 23a, 29% 24a, 33% 25a, 43% 26a, 44%
(>99:1) (>99:1) (>99:1) (2.5:1) (2:1) (up to 3:1)° (up to 3:1)° (1.5:1)
aryl thiols
Cl cl Cl
@ﬁ@ @@3@“ (LD QLI Lo
X A X L oLy
N™ 7S N//kS N//KS
27a, 86% 28a, 88% 29a, o5% M 30a, 68% 31a, 76% 32a,61% 33a, 76%
(19:1) (92:1) (>99:1) (90:1) (92:1) (42:1) 27:1)
substituted pyrimidines other d/hal/des limitations
{ J< NO2oe
ﬁ\ ﬁ\ SCsH1 s s 5H11
)\ )\ A HaN A SN
sc H SCsH N Z N Z "N
SCsHi  Me SCsHu1 sHis " A Iy Iy | L
34a 43% 35a 66% 39a, 28% 40a, 56% SN el SN el FsC™ 'N” CI
(6:1)? (18:1) (1.5:1) @11 41b 76% 42b,38%  43b,37% 44b, 94%
cl cl cl from from (<1:99)d (1:7) (1:11) (<1:99)
dibromopyrimidine diiodopyrimidine
Ph SN MeO SN Me;Si N
N/)\scsHﬁ )\ )\sc sHit
36a, 72% 37a, 35% 38a, 47%
(49:1) (3:1) (>99:1)

Figure 3.1 Scope of C2-Selective Thiolation. Isolated Yields of the Indicated Regioisomer. Ratios
Represent C2:C4-Functionalized Products Prior to Purification Based on 'H NMR Analysis of the
Crude Reaction. “Calculated Isolated Yield Adjusted to Account for ~96% Purity (Isolated Product
is Contaminated by a Small Amount of C4-Functionalized Product). Variable Selectivity was
Observed on Smaller Scale Trials with Certain Thiols: *Selectivity as low as 3:1 was Observed on
a Smaller Scale. “Selectivity as low as 1:3 was Observed on a Smaller Scale. “The Catalyst-Free
Control (SnAr) Favors the Same Regiosomer.

Dibromo- and diiodopyrimidines also react preferentially at C2 (39a, 40a). Unexpectedly,
the dibromopyrimidine is less selective than either the dichloro or diiodo analog. Moderate to high
C2-selectivity is upheld for a range of substituted 2,4-dichloropyrimidines (34a-38a). A substrate

bearing a bulky C5-substituent !! gives exclusive C2-selectivity (38a), even though the
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corresponding catalyst-free SNAr reaction slightly favors C4 (see p.23 Appendix B). However, the
5-amino analogue of 1 led to exclusive reaction at C4 (41b) under both catalytic and catalyst-free
conditions. Furthermore, a very electron-deficient pyrimidine, which should be highly activated
toward SnAr, also gave exclusive C4-selectivity identical to that observed under catalyst-free

conditions (44b).

Synthetic Utility

Scheme 3.3 Divergent Synthesis of Analogues of a Reverse Transcriptase Inhibitor (PNU-142721)

this work: cl

()
H,N Néks/\/\/

C2-selective 45a, 81% (>99:1)
thiolation

Cl
Cl 5a (2 mol %) bN
RSH |
—
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N
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Cl

1 reaction per product | N o
(includes aryl thioethers like 46a)
7
H,N N*S/\)J\OMe

47a, 54% (16:1)

2 reactions per product; only suitable
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literature:

OH PN OH cl
/ﬁ\ Br R POCI,
SN NaOH =N 2-picoli =N
| | -picoline |
— EtOH, H,O — Pz
H,N N*SH > HN N/kS/\R H,N N/kS/\R

To demonstrate the utility of this C2-selective thiolation for divergent synthesis, the
reaction was applied toward the preparation of analogues of PNU-142721, a reverse transcriptase
inhibitor (Scheme 3.3).2>?* 6-Amino-2,4-dichloropyrimidine was compared to the previously
reported synthetic methods; the C2-selective thiolation chemistry enables shorter divergent
syntheses that avoid the use of POCIl; and enable access to a broader scope of thioethers (Scheme

3.3).22,25
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Mechanistic Studies

The mechanistic origin of the unusual selectivity afforded by PA/NHC precatalysts such
as 5a is unclear and is a topic of ongoing study in our lab. We have previously shown that bulky
NHC ligands enable inversion of conventional site selectivity in C—C cross-couplings of
dichloroheteroarenes 48 and 49 (Figure 3.2 A).!® The ligand-controlled divergent selectivity with
those substrates apparently hinges on the complementary influences of bond strengths and frontier
molecular orbital coefficients. With bulky NHC ligands, unconventional selectivity for reaction at
the C—CI bond distal to nitrogen in 48 and 49 is attributed to oxidative addition at monoligated
12e” PdL. PdL is biased toward reaction at the site with the larger LUMO coefficient (distal to
nitrogen for these substrates), due to its preferred oxidative addition mechanism (LUMO pictures
in 3.2 A, bottom).!8>26:27 On the other hand, the site selectivity of bisligated 14e~ PdL; tends to
trend with bond strength, and conventional selectivity for the weaker C—Cl bond proximal to
nitrogen is seen when oxidative addition takes place at 14¢” PdL, (BDEs ** in Figure 3.2 A, top).
However, 2,4-dichloropyrimidine 1 does not fit the pattern of 48 and 49. For substrate 1, C—Cl
bond strengths and LUMO coefficients both favor reaction at the same site (C4), suggesting that

both 14¢™ and 12¢ Pd would favor the conventional C4 site.

Indeed, DFT calculations indicate that both PdL (L = IPr) and [Pd(L)(L’)]” (L=1Pr, L’ =
SMe) should prefer to insert into C4—Cl (Figure 3.2 B, compare TS50a with TSS0b and
compare TSS51a with TS51b). This prediction is inconsistent with our experimental results using
precatalyst 5a, although it is consistent with the large body of prior literature describing C4-
selective cross-coupling. It appears that the thiol itself is significant to the unique C2 selectivity: a

Suzuki cross-coupling using analogous conditions minus the thiol affords a C4-arylated product
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(Figure 3.2 C). However, the addition of thiophenol to the Suzuki reaction in Figure 3.2 C does

not alter the selectivity of arylation (see Appendix B).

We find no evidence to suggest that the reaction is under thermodynamic control, even
under the high-temperature conditions optimized for coupling with aryl thiols. A C2 product is not
predicted to be more stable than a C4-substituted regioisomer (Figure 3.2 D). Furthermore,
resubjecting C4-coupled products such as 31b to the catalytic reaction conditions did not result in
any isomerization to C2-coupled product 31a, even in the presence of a chloride source such

as 1 (Figure 3.2 E); see also Appendix B).

Experimentally evaluating the reversibility of the individual C—ClI oxidative addition step
is challenging, in part because Pd(II)(NHC)Ar complexes are generally not isolable.?-** However,
DFT  calculations indicate that C—-Cl oxidative addition through transition
structures TS50 or TS51 should be highly exergonic and thus not reversible at 0 °C (AG* for C—
Cl reductive elimination >30 kcal/mol, see Figures S7 and S8 in appendix B). Thus, it appears that

C2-selectivity in the C—S coupling may involve a nontraditional mechanism for C—Cl cleavage.
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A previous work: ligand-switchable selectivity when
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Figure 3.2. (A) For Heteroarenes 48 and 49, 14e— Pd Favors the Site with the Weaker C—CI bond,
while 12e— Pd Favors the Site with the Larger LUMO coefficient. For pyrimidine 1, both Factors
Favor the Same site (C4); (B) DFT Calculations Suggest that both 12e— and 14e— Pd Should Favor
Oxidative Addition at C4; (C) a Suzuki Coupling Under Conditions Analogous to the Thiolation
Reaction Favors C4; (D) a C2-Functionalized Product is not Thermodynamically Fbased on DFT
Calculations; (E) C—S Coupling is not Reversible.
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Conclusions

In summary, we report the first example of the C2-selective cross-coupling of 2.4-
dichloropyrimidines that does not rely on substrate control. Palladium complexes containing the
[Pent ligand are optimal for promoting C2-selectivity, although the selectivity is highly dependent
on the structure of the Pd" precatalyst. The C2-selectivity is general for many thiols and substituted
2,4-dihalopyrimidines, but sterically hindered thiols and some substituted pyrimidines favor C4-
coupling. In at least some of these cases, C4-selective SyAr likely outcompetes the desired
catalysis. Mechanistic investigation is ongoing, but preliminary studies indicate that the thiol
coupling partner is an important element in C2-selectivity, and C—Cl cleavage under the catalytic

thiolation conditions is unlikely to take place through a traditional oxidative addition mechanism.
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Abstract

4-Substituted-2-(arylamino)pyrimidines are a priviliged motif found in protein kinase
inhibitors, but synthetic routes to these compounds are limited by the reactivity of 2,4-
dihalopyrimidine precursors. 2,4-Dihalopyrimidines typically react preferentially at C4 during
Buchwald-Hartwig cross-couplings and nucleophilic aromatic substitutions, which is problematic
when late-stage installation of the 4-substituent is desirable. In Pd-catalyzed cross-couplings,
selectivity arises during oxidative addition, which is heavily biased toward the C4—Cl site. We
report a Pd"-catalyzed cross-coupling that enables the first C2-selective amination of 2,4-
dichloropyrimidine. The unusual selectivity arises from a novel isohypsic mechanism in which
there is no oxidative addition step. Diverse 4-chloro-2-(arylamino)pyrimidines can be synthesized
by this method, and the work also reveals that redox steps do not have to be a part of cross-coupling

catalytic cycles using Pd.
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Introduction

Pyrimidine rings are common features of pharmaceutical drugs, appearing in around 20%
of all small-molecule drugs approved by the FDA in the past decade.!> These heteroarenes are
especially well-represented among protein kinase inhibitors, a rapidly growing class of therapeutic
agents used primarily to treat cancer and inflammatory diseases.** Of the 95 FDA-approved small
molecule protein kinase inhibitors, 49 (~52%) contain pyrimidine cores.!” Pyrimidines also appear
in other drug classes such as antivirals,® antibiotics,”® and cardiovascular agents,” as well as in
organic electronic materials.!® Among small molecule drugs, 2-(arylamino)pyrimidines bearing an
additional substituent at C4 are particularly privileged, appearing in fifteen protein kinase
inhibitors currently on the market as well as others in clinical 10 trials (examples in Fig. 4.1A).>!!

Despite the importance of 4-substituted-2-(arylamino)pyrimidines, synthetic routes to
make these molecules are limited. The most modular and cost-effective strategies typically begin
with 2,4-dichloropyrimidines. These substrates can be elaborated through cross-coupling or
nucleophilic aromatic substitution (SnxAr). However, in the absence of certain substituents at C5,
both types of reactions occur with preferential cleavage of the C4—CI bond (Fig. 4.1B).
Consequently, synthetic routes to 4-substituted-2-(arylamino)pyrimidines usually require that the
4-substituent is installed prior to the 2-(arylamino) substituent. This requirement is problematic
for discovery chemistry, where structure-activity relationship studies demand highly modular
routes for which the order of synthetic steps can be manipulated. Furthermore, during synthesis of
compounds on a large scale, the early-stage installation of a 4-substituent is undesirable if that
portion of the molecule is complex and more costly to prepare than the group at C2 (e.g.,
fostamatinib). Thus, the ability to selectively aminate 2,4-dichloropyrimidines at the 2-position

could benefit drug discovery and production.
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Excluding our recent work, over 98% of >1600 reported Pd-catalyzed C—C and C—N
cross-coupling reactions of 2,4-dichloropyrimidine (1)—and all examples for which
regiochemistry is unambiguously established—favor the C4-functionalized product.'>!*> Although
C2- selective amination of certain substituted 2,4-dichloropyrimidines is possible, these
transformations require bulky (Fig. 4.1E) or strongly electron-withdrawing substituents at C5,
limiting their generality.!*!> C2-selective amination of 4-chloro-2-(methylsulfonyl)pyrimidine (2)
can be achieved by exploiting the greater reactivity of a sulfonyl leaving group over a chloride
toward SnAr (Fig. 4.1F), but 2 is considerably more costly than 1, and the scope of the reaction is
limited by strongly basic conditions and the requirement for activating the arylamine nucleophile
by first converting it to a formamide.'®

The site-selectivity of cross-coupling reactions typically arises during oxidative addition
(Fig. 4.1C and 1D).!"?° This step is generally assumed to be conserved across cross-coupling
reactions catalyzed by transition metals and can take place through a polar or radical mechanism.?!-
23 During oxidative addition of aryl halides (ArX) at palladium, low-valent Pd (usually Pd(0)
behaves like a nucleophile, formally donating two electrons as it cleaves an Ar—X bond.** With
2,4-dichloropyrimidine, Pd(0) reacts preferentially at C4 because the C4—Cl bond is weaker and
C4 has a larger LUMO coefficient than C2, which lies on a node (Figure 4.1D).?>?¢ Two distinct
mechanisms have been established for Ar—X oxidative addition at Pd(0) (Fig. 4.1D), and we and
others have shown that ligand choice can influence the operative mechanism.?’* For some
dihalogenated substrates, the two mechanisms favor different reaction sites, and selectivity can be
manipulated through ligand choice.?”-?® These cases seem to require that the site with the larger
LUMO coeftficient is not also the one with the weaker C—X bond. With 2,4-dichloropyrimidine,

for which both LUMO coefficients and bond strengths favor the C4 site, both mechanisms for
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oxidative addition are faster at C4.2° Nevertheless, here we describe a Pd-catalyzed amination of
2,4-dichloropyrimidine that is highly selective for the C2 position. We report evidence that the
observed inversion of selectivity arises from a novel redox-neutral (isohypsic) mechanism: a

Pd(II)-catalyzed cross-coupling cycle for which there is no oxidative addition step.>®3!
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Figure 4.1 Relevance and Selectivity of Reactions of 2,4-Dihalopyrimidines. (A) 4-Substituted-2-
(arylamino)pyrimidines in Protein Kinase Inhibitors. (B) Conventional Selectivity of Cross-
Coupling and SNAr. (C) Mechanism of Traditional Pd-Catalyzed Cross-Coupling Reactions. (D)
Bond Strengths and LUMO Coefficients Favor Oxidative Addition at C4. (E) C2-Selective
Amination Enabled by a Bulky C5 Substituent (F) Chemoselective Approach to C2-Selective
Amination.
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Results and Discussion

Optimization Studies

During initial efforts to study the selectivity of a Pd-catalyzed amination of 1 with aniline,
the use of conditions similar to those we had developed for C—S coupling, using the precatalyst
(n-t-butylindenyl)Pd(IPent)Cl in acetonitrile, resulted in poor yield and exclusive reaction at the
undesired C4 site (Fig. 4.2A, entry 1).2® A Pd-free control reaction suggested that the uncatalyzed
SnAr reaction is competitive under these conditions (entry 2). To suppress S~Ar, we turned to less
polar solvents that would destabilize anions. Gratifyingly, aromatic solvents in combination with
a more soluble inorganic base (Cs2CO3) enabled high yields of cross-coupled product (entry 3).
Although the major product still resulted from reaction at C4 (3b), a significant quantity of the
desired regioisomer 3a was also formed. No aminated products are detected in the absence of Pd
under these conditions (entry 4), indicating that 3a and 3b result from Pd catalysis and not from
background SnAr. Remarkably, changing the precatalyst to Pd-PEPPSI-IPent, another Pd(II)
source supported by the same ancillary ligand [Pent, resulted in exclusive formation of the desired
C2-coupled product 3a (entry 5). Pd-PEPPSI-IPr afforded similar results (entry 6), but a smaller
N-heterocyclic carbene (NHC) ligand IMes provided a substantial improvement in yield (entry 7).

The related dichloride dimer gives similarly high yield with identical exclusive C2-selectivity

(entry 8).

Substrate Scope

Thus, the optimal reaction conditions use Pd-PEPPSI-NHC or [(NHC)PdCl;]>, where NHC

is usually IMes, although slightly better results were obtained with [(IPr)PdCl:]> for a few
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anilines.*?* Under the optimized conditions, simple primary anilines bearing electron-donating
(4a—6a), -neutral (3a), and -withdrawing (7a-10a) groups can be coupled to 1 (Fig. 4.2B). Mono-
ortho substitution (4a and 5a) and a terminal alkene are tolerated (11a), with no evidence for
occurrence of Heck coupling in the latter reaction. Remarkably, the reaction tolerates halogen
substituents on the aniline (12a—14a), including ortho-iodo (14a). This result is notable because
aryl iodides typically react rapidly with Pd(0).?° The optimized conditions also enable installation
of arylamino substituents at C2 reminiscent of the structures of several known protein kinase
inhibitors (15a—19a). (C2-selective amination of some 5- and 6-substituted 2.4-
dichloropyrimidines also occurs under these conditions (20a-24a). 2,4-Dibromo and 2.4-
diiodopyrimidine also give exclusively the C2-aminated regioisomers (25a and 26a), with
conversions similar to those obtained with 1.° Finally, three analogues of momelotinib (27-29)
were prepared through derivatization of the common intermediate 16a, which was synthesized by
the C2-selective amination protocol. These analogues contain pharmacophores at C4 that are found

in other protein kinase inhibitors, and two of these analogues are novel (28 and 29).
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Figure 4.2 Pd-Catalyzed C2-Amination of Dihalopyrimidines. (A) Optimization. (B) Scope. (C)
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Mechanistic Proposal

We next turned to understanding the mechanistic origin of the unique C2-selectivity in this
catalytic amination. All evidence to date indicates that oxidative addition at Pd(0) should favor
reaction of the C4—Cl bond, which contradicts the observed C2-selectivity in this case. In contrast
to the C2-selective amination, a Suzuki-Miyaura coupling under the conditions optimized for
amination leads to exclusive arylation at the conventional C4-position (30b, Fig. 4.3A). When
aniline is included in the Suzuki-Miyaura reaction (to better imitate the optimized conditions),
amination is observed exclusively at C2, but arylation still takes place only at the C4 site. The
observed selectivity in the Suzuki-Miyaura coupling corroborates DFT calculations, which
indicate that oxidative addition should be faster at C4—Cl regardless of whether it takes place at
mono- or bisligated Pd(0) and whether it occurs through a 3-centered concerted or a nucleophilic
displacement mechanism. Oxidative addition involving PdI /PdI dimers has been described as an
alternate mechanism for Ar—X cleavage, but literature precedent suggests that a mechanism
involving a PdI /PdI dimer would also favor the conventional C4 site of 1.>* DFT calculations do
not support reversible oxidative addition which precludes a Curtin-Hammett scenario in which a
later step could be selectivity-determining. The reaction conditions are not typical for catalysis by
Pd nanoparticles (i.e., no tetralkylammonium salts, no polar solvents), and the reaction mixtures
do not turn brown or black (Figure Appendix Cl1). Thus, catalysis by nanoparticles or
heterogeneous Pd is unlikely.

Ultimately, the observed catalyst trends pointed us toward considering a redox-neutral
mechanism. In particular, the optimal precatalysts (Pd"-PEPPSI-NHC or [(NHC)Pd"'Cl,]>) do not
have an obvious low-energy path for reduction to Pd’. Although such catalysts are known to effect

other Buchwald-Hartwig couplings using aniline, presumably proceeding through Pd’, those
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couplings require significantly higher temperatures (80-110 °C) and/or addition of alkoxide
activators.>> " In contrast, the optimized conditions for C2-amination of 1 involve a weaker
carbonate base and a temperature of 50 °C; in fact, the reaction proceeds to >50% conversion even
at room temperature (Table Appendix C1, entries 45-46). As such, we considered whether the C2-

selective amination could be catalyzed by Pd" rather than Pd’.

Remarkably, DFT calculations support the feasibility of a redox-neutral catalytic cycle in
which Pd" facilitates an intramolecular nucleophilic attack on C2 by an amido ligand (Fig. 4.3B).
The computed mechanism begins with coordination of aniline to break up the dimer, followed by
deprotonation to generate Pd-amido complex 33. These steps are predicted to be exergonic,
although it should be noted that DFT is not expected to provide very accurate relative energies of

ionic compounds (Cs>CO3, CsHCO3, and KCI) due to difficulty in accounting for solvent effects

and salt speciation. Complex 33 can coordinate to N1 of 1 to give 34a, placing the amido ligand
in close proximity to C2, but far away from C4. The calculations then predict a facile migratory
insertion-like step TS35a to transfer the amido ligand onto C2, displacing chloride (AG] 30 = 14.3
kcal/mol measured from 34a). An intrinsic reaction coordinate calculation in the forward direction
starting from TS35a appears to lead to an ion pair involving hydrogen bonding between chloride
and NH (Figure Appendix C6), although calculations attempting to optimize this putative ion pair
intermediate did not converge. Intermediate 36a, representing the collapse of the ion pair, then
undergoes ligand exchange to regenerate complex 32 and release aminated product 3a.
Importantly, formation of the experimentally disfavored C4 regioisomer through an analogous
mechanism would require substrate 1 to coordinate to Pd through N3 (34b). N3-coordination is
predicted to be less favorable than N1 coordination, which is consistent with the expected weaker

Lewis basicity of N3 due to both electronics and sterics. The higher energy associated with N3-
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coordination persists in the transition state for migratory insertion (TS35b). Overall, reaction at
C2 through TS35a is predicted to be favored by 2.4 kcal/mol. Other DFT methods predict a similar
preference for reaction at C2, with AG} TS35b—TS35a values ranging from 2.2—4.4 kcal/mol

(Table Appendix C6).
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Figure 4.3 Mechanistic Information. (A) A Suzuki-Miyaura Coupling Gives Conventional C4
Selectivity Under Conditions that Afford C2-Selective Amination (B) DFT Calculations Support
a Redox-Neutral (Isohypsic) Mechanism for Amination; Calculated at the SMD(p-xylene)-
MN15/def2-TZVPD//SMD(p-xylene)-MN15L/6-31G(d)  (C, H)/6-31+G(d) (N, CI,
O)/LANL2DZ(Pd) Level of Theory; Free Energies in kcal/mol.

Experimental Corroboration of Mechanism

The isohypsic Pd"-catalyzed mechanism suggested by DFT leads to several predictions that

are experimentally testable. First, complex 37 was prepared by the reaction of [(IMes)PdCl,]» with
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1. As confirmed by X-ray diffraction, the pyrimidine ligand indeed coordinates to Pd" through N1
(Fig. 4.4A). Second, if the greater Lewis basicity of N1 is key to selectivity, and if Pd° is not
operative, then C2 selectivity might still be expected even for substrate 38, which is extraordinarily
biased toward reaction at C4 through an oxidative addition mechanism. However, amination was
observed exclusively through cleavage of the C2—CI bond to give 26a, despite the presence of an
iodide at C4 (Fig. 4.4B). This result supports the conclusion that oxidative addition is not part of

the operative catalytic cycle.

Next, we evaluated the effect of Pd® precatalysts in the amination reaction. If the C2-
selective transformation is catalyzed by Pd", then Pd® complexes might be expected to give worse
selectivity, as they can engage in C4-selective oxidative addition. Under the optimized conditions
with Pd"-PEPPSI-IMes, the overall ratio of reaction at C2:C4 is >99:1 (Figure 4.4C, entry 1). This
ratio takes into account a minor side product 39a, corresponding to aniline diarylation via reaction
at the C2 positions of two equivalents of 1. Only a trace amount of the diarylated regioisomer 39b
(involving reaction at C4) is observed, and none of 39c¢ is detected. Similar results are obtained
with the combination of Pd"'Cl, and IMes*HCI (entry 2). However, the use of Pd° sources together
with IMes*HCI leads to a large increase in the amount of products resulting from reaction at the
C4 position (39b and 39c¢, entries 3—5). These results are consistent with the hypothesis that Pd"
reacts selectively at C2 through a redox-neutral pathway, while oxidative addition at Pd® prefers
the C4 site. It is interesting that reaction at C2 occurs to a substantial extent even when starting
with Pd° sources. The exclusive C4-selectivity observed in the Suzuki-Miyaura coupling (Figure
3a) and DFT calculations suggest that Pd is highly selective for C4 functionalization, so the C2-

aminated products in all of the reactions in Fig. 4.4D likely result from Pd"-catalysis. This suggests
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that there is a pathway for Pd° to become converted to catalytically active Pd" (e.g., oxidative

addition and ligand exchange).

Finally, the effect of Oz on the C2-selective reaction was examined. If the catalytic cycle
involves only Pd", and not Pd’, the reaction should not be oxygen-sensitive. To test this, the
reaction mixture was first sparged with pure O> and then allowed to stir overnight under a balloon
of oxygen (~1 atm). Remarkably, the reaction is equally efficient under O> compared to an inert
atmosphere (Fig. 4.4C). This result is unusual because Pd-catalyzed cross-couplings typically
require an inert atmosphere and Pd tends to react rapidly with O..***” Although some rare
examples of Pd-catalyzed cross-couplings using NHC ligands have been described under air, the
use of pure O, (1 atm) has been reported to shut down catalysis.*® The lack of oxygen sensitivity

of the C2-selective amination of 1 is thus inconsistent with a mechanism involving Pd’.
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Figure 4.4 Experimental Data are Consistent with Pd(II)-Catalyzed Mechanism. (A) Substrate 1
Coordinates to Pd(II) through N1. (B) Pd(0) Sources Lead to Worse Selectivity. (C) C2-Selective
Amination is Insensitive to Pure O2.
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Comparison to Catalyzed SNAr

The proposed Pd"-catalyzed amination of dihalopyrimidines (Fig. 4.5) might be described
as either a cross-coupling or a catalytic SNAr reaction. However, its mechanism (Fig. 4.5) differs
from other SnAr reactions catalyzed by electrophilic transition metals (Ru" or Rh') because
nucleophilic attack takes place within palladium’s inner sphere in a migratory insertion-like step.
In contrast, Ru"l and Rh'"-catalyzed SxAr reactions are proposed to involve m-coordination of the
metal to one face of an aryl halide substrate and outer-sphere attack of the nucleophile to the
opposite face.*>! DFT predicts that such a n-coordination mechanism for the reaction of 1 with
Pd" and aniline would be prohibitively high in energy. Furthermore, outer- sphere attack on a o-
coordinated intermediate like 34a would be a high-energy pathway with neutral aniline and would
result in the wrong (C4) selectivity with anilide. Instead, the inner-sphere mechanism that we
propose more resembles a stoichiometric “internal SNAr” reaction reported by Goddard, I1I and
Gunnoe, wherein a Rh' complex was observed to transfer a carboxylate group onto a fluoroarene

fragment of a diquinoline ligand.>?

cl Cl
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L N
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NHAr‘> cl— Pd” cl N Cl
V
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Figure 4.5 Proposed Isohypsic Catalytic Cycle
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Analysis of Other Catalysts

Main group and d'° Lewis acidic metals, including Mg?*, Zn**, and Cu™! have been reported
to direct SNAr ortho to Lewis basic functional groups preferentially over more distal sites.>*’
Notably, Zn>" salts enable C2-selective SnAr of activated 2,4-dichloropyrimidines that are
substituted by a strong electron-withdrawing group at C5.!'* However, under our conditions, no or
very little reaction is observed when replacing catalytic Pd" with traditional Lewis acids (Table
Appendix C5). Some Lewis acids in stoichiometric quantities lead to higher conversions, but give
selectivity ~1:1 or favoring the C4 product. Trials using catalytic Ni'! or Cu! NHC complexes led
to low yields and selectivity, while a Au'! NHC complex affords relatively high yield of the
conventional C4 product (Table Appendix C5). Some Pd/phosphine precatalysts also promote C2-

selectivity, but yields are low (Table Appendix C1). Thus, at present, Pd"/NHC precatalysts offer

uniquely high C2-selectivity and yield.

Conclusions

Because of the medicinal relevance of 2-aminopyrimidines and the absence of alternative
general methods for selective amination at the 2-position of 2,4-dihalopyrimidines, the reported
transformation is expected to be useful for the synthesis of pharmaceutical drugs, including protein
kinase inhibitors. Furthermore, a vast body of work has established that oxidative addition is a
fundamental step of cross-coupling cycles catalyzed by transition metals. However, the C2-
selective amination of 2,4-dichloropyrimidines described herein demonstrates that redox steps are
not always a part of these cycles. It is possible that the isohypsic mechanistic manifold for Pd-

catalyzed cross-couplings may prove relevant to other cross-couplings that were assumed to be
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catalyzed by Pd’, and the isohypsic mechanism also presents a new strategy for improving or

developing new cross-couplings.
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CHAPTER FIVE

TOWARD THE SYNTHESIS AND CHARACTERIZATION OF
A LOW-VALENT, THERMALLY STABLE PALLADIUM(0)

COMPLEX

Introduction

Pd catalyzed cross-coupling is one of the most-widely used methodologies in modern
synthetic organic chemistry with broad applicability in process chemistry, total synthesis,
agrochemistry, and materials synthesis, among others.! Whilst ligand identity is critical in tuning
the reaction yield, selectivity, and generality of these systems, recent attention has also turned to
focusing on the nature of the precatalyst scaffold.? Screening of reaction conditions with a single-
component Pd(IT) precatalyst can be advantageous in certain systems however, a more general
strategy would be to combine a free ligand with a Pd(0) source, generating the active catalyst in
situ. A possible advantage of using the latter approach is not requiring a formal reduction step in
activating the catalyst which can lead to the formation of inactive palladium (I) dimers and

nanoparticles.’

Pdydbaz and Pd(PPh3)s effectively the only available commercial Pd(0) precursors for
general use in catalyst screening, albeit with having significant limitations.*> Pd,dbas and its
various solvates suffer from poor solubility, batch to batch inconsistency in catalytic performance,
and are prone to decomposition whether in the solid state or in solution.® In contrast, Pd(PPhs)4
alleviates the prior inconsistencies in catalytic performance, but is limited in application since PPh;
is a common ligand applied in several areas of transition metal catalysis and due to its

noninnocence may outcompete other ligands applied in situ.’
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Figure 5.1 Chemical Structures of Commercially Available Pd(0) Precatalyts

In 2021, Leitch and co-workers reported an alternative Pd(0) precursor "MP-Pd-MAH
stabilized by the N,N -diaryldiazabutadiene (DAB) and maleic anhydride (MAH) ligands (Figure
5.1).8 The complex demonstrates good solubility in a range of organic solvents, high solid state
and solution stability when open to air, and can be applied towards the synthesis of alternative
[phosphine]-Pd-MAH precatalyts. "MPDAB-Pd-MAH was also demonstrated to have high
catalytic performance at low Pd loading (0.25-5 mol %) in a range of C—C, C—N and C—O
cross-couplings. Whilst this presents a significant breakthrough to the field of Pd catalyzed cross-
couplings, "MPDAB-Pd-MAH is synthesized from Pd,(dba); and has low solution state stability in
several frequently used solvents e.g (acetone, CHCl3). Additionally, maleic anhydride is a
relatively strong m-acceptor ligand, which may limit application in stoichiometric studies, for

example in isolating oxidative addition adducts.

Engle and co-workers also reported the synthesis of Pd(COD)(DQ) (COD = 1,5-
cyclooctadiene, DQ = duroquinone), demonstrating similar properties to "M’"DAB-Pd-MAH in
terms of stability and applicability towards a range of organic transformations, with the added
benefit of the relatively inert duroquinone ligand instead of maleic anhydride.? Similar to "PDAB-

Pd-MAH, Pd(COD)(DQ) also exhibits low solution stability in certain reaction solvents
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commonly used in cross-coupling reactions such as benzene, toluene, and THF.® Duroquinone also

has similar properties to maleic anhydride with potential limitations for use stoichiometrically.

Therefore, the synthesis of a Pd(0) precatalyst bearing weakly m-accepting properties should
permit a more general precatalyst scaffold for Pd-catalyzed cross-couplings, with the potential for
applications in stoichiometric studies (e.g. facile synthesis of oxidative addition adducts). For
instance, Ni(cod): is the most widely used precatalyst in Ni cross-coupling despite its high
sensitivity to oxidation and thermal decomposition, due to the lack of sensitive functionality on
cyclooctadiene (COD) that does not impede catalysis upon ligand dissociation. COD is a bidentate
chelating ligand with relatively weak m-accepting properties. This enables facile ligand exchange
with strong m-acceptor ligands such as phosphines.!? Interestingly, the synthesis of the analogous
Pd(COD). complex has been reported by Gorls and co-workers, however this complex decomposes
above cryogenic temperatures (Figure 5.2).!! Alternative derivatives of COD have shown
promising applications as ligands in catalysis including Dibenzo[a,e]cyclooctatetraene in iridium
catalyzed allylic substitution and 1,5-diphenyl-1,5-cyclooctadiene in rhodium catalyzed 1,4-

addition reactions.'*!3

L

|
@>Ni Q\Pd/ Q(\

0 Pd/
Q ~ Q/ ~ Q\/ \/Ih
Ph Ph
Ni(COD), Pd(COD), Pd(ph,-COD),
Air sensitive Air sensitive Unknown

Decomposes above -20 °C Decomposes above -25 °C

Figure 5.2 Structures of Metal Precatalyts Bearing Cyclooctadiene Derived Ligands With
Documented Limitations
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We selected 1,5-diphenyl-1,5-cyclooctadiene as our ancillary ligand towards the synthesis
of a more stable Pd(0) complex bearing an innocent throwaway ligand, leveraging the well-
established ability of COD to coordinate with late transition metals and form stable chelate
complexes.'* The increased m-acidity and steric hindrance of the phenyl substituents should

stabilize the proposed complex over Pd(COD), (Figure 5.2).

Results and Discussion

Synthesis of (Ph,-COD) Ligand

Initially, we conducted a series of experiments in attempt to directly access the (Ph.-COD)
ligand via a Pd catalyzed Heck coupling of COD and iodobenzene. To our surprise, application of
standardized conditions towards the Heck coupling reaction yielded only trace amounts of the

desired product.’?

Scheme 5.1 Attempted Synthesis of (phz-COD) via a Heck Cross- Coupling

Pd(PPh3), (2 mol %)
O P(o-tol)3 (4 mol %)
NEt; (4 Equiv)

Reflux, 16 h

trace products

We then proceeded to synthesize 1,5-dibromo-1,5-cycloocatdiene which can be accessed
from COD by bromination with Br, followed by dehydrobromination with potassium tert-
butoxide.!® However, instead of selectively forming 1,5-dibromo-1,5-cyclooctadiene 3b, we
observed the formation of a near 1 : 1 mixture of 3b and 1,6-dibromo-1,5-cyclooctadiene 3a
(regioselectivity was confirmed by comparison to the reported 1,5-dibromo-1,5-cyclooctadiene

isomer) (Figure 5.3).!” Separation of the respective isomers was unsuccessful by normal or reverse
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phase chromatography. As a result, both 4a and 4b were obtained by the palladium catalyzed
Kumada cross-coupling between phenyl-magnesium bromide and the mixture of 3a and 3b in
excellent yield (Figure 5.3).!* Separation of isomers 4a and 4b also proved unsuccessful by

chromatography or distillation methods.

Br;, (2.2 equiv) '
hexanes Br Br KOBuU (4 equiv)  Br Br Br
0°Ctort16h Br Br Et,0,0°Ctort, 16 h + Br

3a 3b
75%

Pd(dppf)Cl, (2 mol %)
PhMgBr (4 equiv)
Et,0, 35°C, 48 h

|

“ /1/ Ph Ph Ph
| \/ kf%‘/\“/\\\“— + Ph

r
!

)J\f
4a 4b
85%

Figure 5.3 Synthesis of the (Ph,-COD) Ligand (Pathway 2) and 'H-NMR Spectrum of Product
Mixture 4a and 4b, Zoomed in on the Alkene Region

Synthesis of Pd(Ph;-COD); (Pathway 1)

The first synthetic pathway explored to metalate Pho-COD to Pd required the careful choice
of a Pd(Il) precursor, enabling access to Pd(0) whilst avoiding the formation of inactive
nanoparticles. (COD)Pd(CH2TMS); is commonly employed for studying reaction mechanisms due
to its ability to readily form Pd(0) in-situ. The trimethylsilylmethylene groups undergo reductive
elimination at ambient temperatures, as demonstrated by Skrydstrup towards the synthesis of
[phosphine]-Pd-COD complexes.'® Therefore, we first synthesized complex 5 by analogy to a
procedure as described by Ruiz et al (Figure 5.4).!° Interestingly only one alkene signal was

observed by 'H-NMR spectroscopic analysis of 5, suggesting that a single isomer of the (Phy-
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COD)PACl, complex was formed in this reaction. Complex 6 was obtained by stirring 5 with
(trimethylsilyl)methylmagnesium bromide in diethyl ether. Notably, 6 demonstrates unique
stability in the solid state at room temperature under an inert atmosphere, following a period of 24
h. This is in stark contrast to the unsubstituted COD analog reported by Skrydstrup which rapidly
decomposes at room temperature.'® An excess of the Ph,-COD ligand was then applied to complex

6, yielding target complex 7 as light-yellow crystals (Figure 5.4).

Ph Ph Ph
Ph Ph Ph PdCl, (1 equiv) Ph | ™S |
N HO! (excess) \)\Pd,m . )\Pd,m (CH3)3SICHMgCI (2 equiv) NNy . )\PdﬁTMS
Ph  EtOH,rt, 4h Q Q( cl Q Ph “—TMS Q( \—TMs

“Ph ClI Et,0, -20 °C to rt
(4.4 Equiv) Ph 2 Ph
85% 35% 34%
4a 4b 5a 5b 6a 6b
Ph 50 °C, THF
| [Ph|1en
4 Equiv

.I Ph Ph Ph Ph
| |
AR vl T e
/o _Pd or Pd
Q‘ Ph PR Q( \/ﬁ
Bl 25% Ph Ph

7a 7b

Figure 5.4 Synthesis Route 1 towards Pd(Ph,-COD), and 'H-NMR of Complex 5 Zoomed in on
the Alkene Region

Assessment of Pd(Ph,-COD); Stability

We began running diagnostics on complex 7 by assessing its stability under ambient
conditions. To our delight, Pd(Ph2-COD), showed no evidence of decomposition in the solid state
by '"H-NMR analysis following 14 days storage at room temperature in a nitrogen atmosphere
glovebox. Complex 7 was then stored open to air at room temperature. The color of the solid did
not change until 5 days after exposure to oxygen. Following this time, the bright yellow crystals
of Pd(Ph,-COD); turned to an off-white color. Indeed, in the solid state, the complex would need

to be stored under inert atmosphere.
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Synthesis of Pd(Ph;-COD); (Pathway 2)

The aim of synthesizing an alternative thermally stable Pd(0) complex was achieved, albeit
over six synthetic steps with a low overall yield. Therefore, we were interested to assess if an
approach used by Gorls and co-workers towards the synthesis of Pd(COD), would streamline the
synthesis of Pd(Ph.-COD),.!! Their approach involves the use of a nickel(0) complex
Ni(bpy)(COD) as a mild reducing agent of Pd(COD)CI, in the presence of 1,3-butadiene.
Butadiene was also key in stabilizing the Pd(butadiene),(COD) intermediate from dimerization to
(Pd(COD)CI)2. The Ni(bpy)(COD) complex was synthesized as a stock solution in THF by a
ligand substitution reaction of Ni(COD); with bipyridine. (Scheme 5.2). The stock solution of
[Ni(bpy)(COD)] was then combined with complex 5, followed by 1,3-butadiene, and finally the
Ph;-COD ligand in one-pot fashion. This resulted in the formation of complex 7 at a 5% isolated
yield (Scheme 5.3). Synthesis pathway 1 is therefore preferred due to the low yield observed in

pathway 2, even with an additional synthetic step required.

Scheme 5.2 Synthesis of [Ni(bpy)(COD)]

—N —
Ni(COD), + @—Q — TR L3R Nitpy)cOD)]
N

(1 equiv) (1.1 equiv)

Scheme 5.3 Synthesis Route 2 to Accessing Pd(Ph2-COD)»

(1) @)
t("h N Ph Ph Ph Ph
_ IN_Cl (excess) h\ )ﬂ Q)/\ )ﬂ )
[Ni(bpy)(cod)]  + Pd’ - _Pd Pd + Ni(bpy)(Cl),
Q\/ cl (3)Ph Q’ B PR Q( \/h
Ph \O—Ph 5% Ph Ph
5
(4 Equiv), THF Ta b

-25°C tort
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Conclusions

The synthesis of a novel thermally stable Pd(0) complex Pd(Ph2-COD)> was achieved using
two separate synthetic strategies. Studies to investigate the stability of the complex demonstrated
high thermal stability in contrast to Pd(COD), and improved resistance to oxidation relative to
alternative commercially available precatalysts. Due to the innocence of the Pho-COD ligand, this
complex may be compatible with a broad range of organic transformations than Pd,dbas and/or
DMPDAB-Pd-MAH. Future work is required to definitively confirm the complex structure and its
regioselectivity by X-ray diffraction analysis and to evaluate the competency of the catalyst in

cross-coupling reactions and related Pd-catalyzed transformations.
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CHAPTER SIX

CONCLUSIONS

Asymmetric Synthesis of All-Carbon Quaternary
Stereocenters via Auto-Tandem Catalysis

Chapter 2 of this dissertation detailed the development of a Pd-catalyzed cascade reaction
enabling access to all-carbon quaternary stereocenters with high diastereoselectivity and branched
selectivity (over linear). The reaction was demonstrated with 17 examples including access to
vicinal all-carbon quaternary stereocenters. The mechanism of this reaction initially proceeds
through a decarboxylative Pd-m allyl rearrangement to access the N-allyl ketenimine intermediate.
This intermediate then undergoes a separate distinct Pd catalyzed dipolar [3,3] rearrangement. The
origin of diastereoselectivity in this reaction is rationalized by the allyl ketenimine coordinating
deep within the binding pocket of the active catalyst, undergoing ionization to the 13 m-allyl
complex, with the favored diastereomeric complex stabilized by a n-stacking interaction between
the two aromatic substituents on the allyl ketenimine.

Whilst the optimal conditions provide a high degree of diastereocontrol over the
transformation, the resulting 16% enantiomeric excess imparted by the DTBM-MeOBIPHEP
ligand, limits the application of the reaction in asymmetric synthesis. A broader ligand screen
should be evaluated to improve the enantioselective outcome. Additionally, utility of this reaction
could be expanded towards the synthesis of three contiguous all-carbon quaternary stereocenters,

mediated by substitution across the N-allyl and N-alloc alkenes.
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C2-Selective  Amination and Thiolation of 2,4-
Dichloropyrimidine via Pd(II) Promoted Isohypsic Catalysis

Chapters 3 and 4 of this dissertation discuss the discovery of a catalyst-controlled approach
to C2-selective functionalization of 2,4-dihalopyrimidines. The reaction was optimized to furnish
exclusive selectivity for the 2-position with both primary alkyl thiols, thiophenol derivatives and
later aryl amines. Profoundly, competing reactions including nucleophilic aromatic substitution
and conventional cross-coupling do not arise under the reaction conditions for C2-selective
amination that would lead to substitution at the C4 position. This suggests that the unique
selectivity afforded in both the C2-selective amination and thiolation proceeds through a non-
conventional catalytic cycle.

Critically, it was found that the C2-selective amination reaction proceeds through a redox-
neutral isohypsic pathway whereby palladium is not reduced to Pd(0) at any stage during catalysis.
The key selectivity determining step involves a migratory insertion like mechanism, where the
C2—carbon of pyrimidine migrates over to the Pd—N-—(aryl) bond as a result of palladium’s
preference to coordinate to the more Lewis basic nitrogen 1 of pyrimidine. This demonstrates a
new mode of cross-coupling in Pd catalysis, whereby a highly electrophilic substrate such as 2,4-
dichloropyrimidine does not undergo oxidative addition or nucleophilic aromatic substitution.

Future work is required to provide experimental confirmation of the selectivity determining
migratory insertion step, especially for the C—S coupling. In theory, the rate-limiting step of the
transformation is also migratory insertion, so the reaction may be first order with respect to 2,4-
dichloropyrimidine and aniline. Kinetic studies should be performed and later validated by
advanced techniques such as a '3C kinetic isotope effect for migratory insertion. Whilst it is likely
that the origins of C2-selective thiolation also arise from the same mechanism, this needs to be

validated using a similar strategy, which would enable a mechanistic guided approach to
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developing a C2-selective C—O cross-coupling of 2,4-dichloropyrimdine and other related

transformations.

Toward the Synthesis and Characterization of a Low-Valent
Thermally Stable Pd(0) Complex

Chapter 5 of this dissertation demonstrated progress toward the synthesis of a novel
thermally stable Pd(0) complex Pd(Ph.-COD),. The complex has potential for use as a precatalyst
in reaction screening due to the possible relative innocence of the 1,5-diphenyl-1,5-cyclooctadiene
“throwaway” ligand in contrast to alternative Pd(0) sources. Stability studies demonstrated
relatively slow oxidation of the complex when exposed to air, and resistance to decomposition at
room temperature, which could render this an alternative user-friendly palladium source. Future
work should evaluate the competency of the catalyst in a range of cross-coupling reactions and

related Pd-catalyzed transformations.
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