Pushing It to the Limit, Advancements in Negishi Couplings

Philip Eckert

Thesis submitted to the University of Ottawa
in partial fulfillment of the requirements for the
Doctorate in Philosophy degree in Chemistry

Department of Chemistry and Biomolecular Sciences
Faculty of Science
University of Ottawa

© Philip Eckert, Ottawa, Canada, 2023



Abstract

Palladium catalyzed cross-couplings have revolutionized the field of organic synthesis. Using this
family of reactions, many different bonds can be formed in a selective manner, include C-C, C-N,
C-S and C-O bonds. One reaction included in this family is Negishi cross-coupling, which uses an
organozinc reagent as the nucleophilic coupling partner. One aspect of these reactions that has
gone largely overlooked is their dependence on inorganic salt additives. In this work, the
beneficial, and sometimes harmful, effects of salt additives are investigated. This work realized
two new roles for salt additives on Negishi-coupling, the prevention of product inhibition and
catalyst deactivation. Throughout these studies, the choice of catalyst is shown to have significant
impacts on the yield and selectivity of Negishi coupling reactions. In particular, the use of a
chlorine functionalized N-heterocyclic carbene (NHC) ligand is shown to be a critical choice that
must be carefully considered. In alkyl-alkyl couplings, this modification was shown to erode the
selectivity under certain circumstances. This thesis comes around full circle in the final chapter
where insights from mechanistic studies are applied to a commercially relevant cross-coupling. A
variety of unnatural amino acids were synthesized using a Negishi coupling as the critical,
diversification step. A chlorine functionalized catalyst and salt additive were critical for these

couplings, highlighting the importance of studying mechanistic intricacies.
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Chapter 1: Introduction



1.1 Negishi couplings

Palladium catalyzed cross-coupling reactions have become a crucial tool for the assembly of
small organic molecules. Using this methodology, the selective coupling of alkyl and aryl halides
with a variety of nucleophiles can be achieved under mild conditions.!? These reactions are
classified by the type of nucleophile employed, with some of the most common being organoboron
reagents (Suzuki-Miyaura coupling),® amines (Buchwald-Hartwig couplings)® and alkenes (Heck
couplings).** One subfamily of cross-couplings that is renowned for its mild conditions, low
toxicity and excellent functional group tolerance are Negishi cross-couplings, which utilize an
organozinc nucleophile (Scheme 1).® The discovery of palladium catalyzed cross-couplings has
revolutionized modern organic synthesis. Indeed, this whole family of reactions are so powerful
that in 2010 three pioneers of this field, Ei-ichi Negishi, Richard Heck, and Akira Suzuki were

awarded the Nobel prize for their contributions.

Scheme 1: Representative example of a Negishi cross-coupling.
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Negishi cross-coupling follows the same general mechanism that nearly all palladium

catalyzed cross-coupling reactions follow (Scheme 2). The nomenclature used to describe the
different steps in the catalytic cycle are based on changes to the metal centre and its binding
environment. To begin, the active palladium (0) catalyst (1) oxidatively adds to the electrophilic
C-X bond producing intermediate 2. In this step palladium is oxidized from Pd(0) to Pd(II), giving
rise to the name oxidative addition (OA). The species formed at this step is often referred to as the

OA intermediate (2). From there, the nucleophile (organozinc) exchanges its carbon substituent



for the halide on palladium in a redox neutral step referred to as transmetallation (TM). The Pd(II)
centre of the resulting complex (3) can be reduced back to Pd(0) by the two carbon groups. This
process is called reductive elimination (RE) as it eliminates the cross coupled product (4) and
reduces Pd(II) to regenerate the active Pd(0) catalyst (1). This is the generally accepted mechanism
for most palladium catalyzed cross-coupling reactions. However, this mechanism assumes a Pd(0)
source to initiate couplings. More stable Pd(II) catalysts (5) can also be used, since these palladium

salts can often be reduced in situ.

Scheme 2: Generalized mechanism for the Negishi cross-coupling reaction.
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1.1.1 Catalyst activation

The use of air-sensitive reagents poses a significant challenge to organic chemists. While
air-sensitive solutions can be stored under an inert atmosphere in bottles equipped with a rubber
septum, air-sensitive solids usually require the use of a glovebox. It is for this reason chemists
often avoid using air-sensitive Pd(0) catalysts, rather opting for Pd(I) precatalysts. Palladium in
its +2 oxidation state is considerably more air and moisture stable, making for a much more user-
friendly option. While these complexes are not intermediates on the desired catalytic cycle, in most
cases they can be readily reduced in situ to their neutral oxidation state.”” Palladium (II)
complexes used for this type of catalysis are commonly referred to as precatalysts, since they must

first be reduced to Pd(0).

Often, the nucleophile (coupling partner) is capable of reducing the Pd(II) precatalyst. For
Negishi cross-coupling reactions, organozinc reagents are known to rapidly reduce palladium (IT)
precatalysts in most cases.!? The generally accepted mechanism for catalyst activation in Negishi
cross-coupling reactions consist of two TM steps followed by a RE (Scheme 3). The facile
reduction of palladium by aryl and alkyl organozinc reagents allows for the substitution of air-
sensitive Pd(0) catalysts for more robust Pd(I) precatalysts. Other couplings that use different
nucleophiles such as amines, thiols and organoboron reagents are also known to reduce Pd(Il)

precatalysts in situ through analogous pathways.!!"!?

Scheme 3: Mechanism for precatalyst activation in Negishi cross-coupling reactions.
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The activation step is not always an easy step. In some cases where a very bulky or electron-
deficient organozinc coupling partner is used, the two TM steps can be challenging. In these cases
either a Pd(0) catalyst must be used, or a Pd(II) precatalyst can be preactivated prior to introducing
the coupling partners. Common activating methods use mild reducing agents such as DIBAL,'
lithium- or potassium isopropoxide,'* B-hydrogen-containing amines'* and even phosphine

ligands.'*

1.1.2. Oxidative Addition (OA)

Following the generation of an active catalyst (or direct addition of an active catalyst) the
next step in the catalytic cycle is OA. Since palladium is being oxidized, electron-deficient arenes
tend to undergo OA faster than electron-rich ones since the C-X bond is more electrophilic. The
choice of halide is also a critical parameter that dictates the rate of OA. The general order of activity
for the OA of palladium into carbon halogen bonds is [>Br>CI>>>F, which is in line with the
relative strength of these bonds.!>!® While iodine is the easiest bond to activate, the liberated iodide

anion is a good ligand for palladium, causing potential catalyst poisoning.'”

The mechanism by which OA takes place varies depending on the nature of the catalyst as
well as the hybridization of the carbon electrophile. Oxidative addition of monoligated palladium
tends to proceed through a concerted 3-centred transition state (TS) (Scheme 4A).'%2° Aryl
substrates coordinate their pi system to the metal, allowing for a “ring slip” type OA.?! In contrast,
the OA of alkyl halides is often more challenging despite the weaker carbon-halogen bonds,*
which can be attributed partially to the fact ring slip type OA is impossible without an aryl ring.
There are three predominant pathways for OA of alkyl halides; a similar concerted 3-member TS
state, an Sn2 type displacement, and radical pathways (Scheme 4B).!® In 2009, Organ et al.
modeled the three-step cross-coupling mechanism of a simple alkyl-alkyl coupling, considering

4



the concerted 3-member transition state.>> The OA barrier of bromoethane was found to be

relatively low with a AG* of 78.4 or 68.2 kJ/mol depending on the angle of approach.

Scheme 4: Generalized mechanisms for OA of monoligated palladium (0) catalysts with aryl
(A) and alkyl (B) halides.
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The Sx2 type mechanism dominates in highly polar solvent systems.'® It has been noted
that increased solvent polarity is often necessary for efficient activation of alkyl halides with zinc
dust.>*In 2011 Organ et al. showed the selective OA of polyhalogenated alkanes could be carefully
controlled by adjusting the solvent polarity (Scheme 5).2> The coupling of 1-bromo-10-
chorodecane (6) could be done in an orthogonal manner by using a polar co-solvent, 1,3-Dimethyl-
2-imidazolidinone (DMI). Selective activation of the C-Br bond was possible with a 2:1 THF:DMI
solvent system. Once this reaction was complete, more DMI can be added to create a 1:2 THF:DMI
mixture in which the C-Cl bond could then be activated. Using this methodology, a variety of
dihalogenated substrates could be chemoselectively coupled to varying organozinc partners. This
dependence on a polar co-solvent supports the proposed Sn2 type mechanism which would benefit

from the higher dielectric constant.

Scheme 5: One-pot, orthogonal alkyl-alkyl Negishi cross-coupling reactions that rely on a
change in solvent polarity to achieve selective halogen activation.
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1.1.3. Transmetallation (TM)

It is generally accepted that the OA intermediate (Scheme 2, structure 2) undergoes
substitution with either the mono- or disubstituted organozinc, replacing the halide of the OA
intermediate with an R group. The complex following TM (3) is referred to as the TM intermediate.

Transmetallation is historically one of the most challenging steps to study experimentally, due to



the large number of possible ways in which palladium and zinc species can coordinate and
exchange ligands. Further complicating the picture, both the OA intermediate and TM intermediate
are challenging to isolate and study. Often highly electron-deficient ligands and substrates must
be used to stabilize these intermediates.?® Furthermore, direct experimental evidence has been
reported primarily for bisligated palladium complexes, with no direct experimental studies on the

more reactive monoligated catalyst systems.?*8

These challenges have led to many DFT studies aimed at revealing the details of this
process.?*?%272% One advantage of these studies is the detailed geometric insights that can be
derived. Furthermore, more active monoligated palladium catalysts, which are normally very
challenging to isolate and study, can be modeled with ease. Most modeled pathways involve first
forming a direct Pd-Zn bonding interaction, followed by an exchange of ligands between the two
metals. A representative example is shown in Scheme 6 where Aurrecoechea et. al. modelled the
TM of MeZnCI(THF), (7) and an OA intermediate (PdLx(Vinyl)Br (L=PMes)) (8).%°
Transmetallation is initiated by coordination of the organozinc to palladium, with the loss of one
solvent molecule coordinated to zinc to form 9. Loss of the second solvent molecule proceeds
through transition state TSo.10, creating a bridging bromide. Transmetallation takes place through
a 4-member transition state (TS10-11) in which the CH3 group and bromine are swapped in a
concerted manner. In this case, the product (11) is not significantly lower in energy than the starting
materials (8 & 7), implying reversibility of this step. Indeed, this observation is in line with many
studies on the often problematic reversibility of TM.?®3! While the TM may be reversible, the

following RE step is almost always irreversible.



Scheme 6: Representative TM step of PdL:(Vinyl)Br (L=PMes) (8) with Zn(Me)CIS;
(S=THF) (7).
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The Gibbs free energies (kcal/mol) of the elementary transformations were computed at the ®B97D/6- 31G*-SDD level in THF.>

1.1.4. Reductive Elimination (RE)

The catalytic cycle is completed with the final step, RE. This elementary step can be
thought of as the reverse reaction for OA. In this step, palladium is reduced by the two carbon
groups, regenerating the active Pd(0) catalyst while a bond forms between the formally oxidized

carbon groups. The mechanism for this reaction is analogous to the 3-centre concerted TS seen for



OA (Scheme 7).*? This final step is often an exothermic process, which acts as the thermodynamic
driving force of this reaction due to the strong C-C bond formation. Similar to how electron-rich

ligands help facilitate OA, electron-deficient ligands have been shown to promote the RE step. >3

Scheme 7: Representative mechanism of a RE.
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1.2. Byproducts also formed during cross-coupling

While palladium catalyzed cross-coupling has revolutionized the field of organic synthesis,
it has notable limitations, which can be caused by a fault with any one of the three fundamental
steps. Oxidative addition with poor electrophiles, TM with bulky organozincs and RE of the
ancillary ligand(s) are all obvious challenges for this chemistry. In addition to these limitations,
some side-reactions erode yield and selectivity of Negishi cross-coupling reactions including 3

hydride elimination (BHE) and subsequent rearrangements.

1.2.1. p Hydride Elimination (BHE)

One fundamental transformation of palladium complexes that can create problems is BHE.
This transformation requires a metal center with a free coordination site and an alkyl ligand bearing
B hydrogens (Scheme 8).3* ¢ The B hydrogens can form agostic interactions with the palladium
centre, leading to the formation of a concerted 4 member TS from which the hydrogen is

transferred to palladium as a hydride. This produces a palladium complex with a hydride and the



corresponding ligated alkene. While this step is critical to the success of Heck couplings,* and
certain cascade reactions,’’ in most other palladium catalyzed coupling reactions it is a problematic

competing pathway.*3 40

Scheme 8: Representative example of a B-hydride elimination (BHE).
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The most challenging subset of cross-coupling reactions are alkyl-alkyl since many stages
of the catalytic cycle are susceptible to BHE. A common method for preventing BHE is to use
bidentate ligands because they occupy the free coordination site on the metal needed for BHE to
occur.*! This can significantly reduce BHE, although the lower reactivity of bisligated palladium

complexes is a limitation when compared to monoligated systems.*>~#4

1.2.2. Rearrangements

B hydride elimination is a reversible transformation, presenting an opportunity for
rearrangements to occur. Consider TM intermediate 12 bearing an isopropyl chain (Scheme 9A).
Following BHE, a complex with both an alkene and hydride ligand are formed (13). The alkene
has free rotation and in theory will be distributed across 13 and 14 following a standard Boltzmann
distribution. The reverse reaction, migratory insertion (MI) can occur on either substrate, leading
to the original branched complex (12) or the linear rearranged product (15). This side reaction is
especially prevalent in cases where there is a thermodynamic driving force favoring the rearranged
species. A common example of this are the couplings of secondary alkyl zinc reagents (Scheme

9B), where the rearrangement from a secondary to primary alkyl group is essentially irreversible.*!
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The use of extremely bulky ligands has been shown to help favor RE over these unwanted

transformations by disfavoring BHE.*04>~4

Scheme 9: Rearrangement pathway for secondary alkyl organozinc reagents.
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1.3 Catalyst design

Catalyst design has played a crucial role in the general advancement of palladium catalyzed
cross-coupling reactions. This field of study has been heavily researched since the initial inception
of transition metal catalyzed cross-coupling. Many different scaffolds have been synthesized and
successfully employed as ligands for Negishi coupling.® Two ligand classes that have proven to be
powerful, versatile, and relatively easy to handle are phosphine and N-heterocyclic carbene (NHC)

ligands.

1.3.1. Phosphines

Phosphine ligands are based on trivalent phosphorous and rely on its Lewis basic lone pair.
Thanks to their strong coordination to metal centres and modularity of the substituents, a plethora

of phosphine ligands have been developed for many transformations (Figure 1). A few common
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examples include bidentate ligands containing C; axial symmetry such as BINAP (16), frequently
used for asymmetric transformations.”® The use of extremely bulky phosphines, like tri-tert-
butylphosphine P(#-Bu)s (17), have been shown to favor monoligated palladium species, allowing
for remarkably low catalyst loadings.**! Designer ligands from Buchwald et al. containing biaryl
moieties such as SPhos (18) and RuPhos (19) have been shown to act as hemilabile chelators
through the ancillary aryl system.>> This hemilability gives the best of both worlds in terms of
mono and bisligated palladium catalysts. The tethered aryl system can stabilize important
monoligated palladium intermediates without imparting the same overall steric demand of
bisphosphine ligands. In recent work from Buchwald, the latest iteration of phosphine ligands,
GPhos (20) contains an O#-Bu substituent in the ortho position of the primary aryl ring which helps
improve stability of the most active conformer.”® This new ligand can be complexed with a
palladium source to create a potent catalyst capable of promoting cross-coupling reactions between

a variety of sterically hindered primary amines and aryl halides.

Figure 1: Phosphine ligands commonly employed for palladium catalyzed transformations.
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Two key parameters that are important to compare when choosing a catalyst are the steric
and electronic parameters. Since bulky ligands favor monoligated species, chemists have
extensively debated the best method in which to measure, quantify and compare the steric bulk of

different ligands. Among the different methods for benchmarking size, the use of Tolman cone
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angles is the most widely accepted method.*> In this method, the space a phosphine ligand
occupies around the metal center is measured by obtaining the angle of a cone containing the metal
at its point, and with edges of the cone touching the van der Waals radii of the outermost atoms of
the ligand (Figure 2). The cone angle increases as the size of the substituents on phosphorus grows,

thereby creating a method for measuring and comparing the steric bulk of phosphine ligands.

Figure 2: Tolman cone angle diagram and table of selected examples.
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Tolman did not solely focus on the steric nature of ligands, indeed he also developed a
standardized method for comparing the electron donation of different ligands.”® This method
requires the synthesis of LNi(CO)s complexes, where L is the ligand of concern (Figure 3). This
complex can then be analyzed using infrared (IR) spectroscopy to measure the CO bond stretches.
Ligands with stronger -donation will allow the metal centre to donate more electron density into
the Ni-C bond through pi-backbonding. This strengthens the Ni-C bond but weakens the C-O bond,
resulting in a lower vibrational frequency for the CO stretch. By comparing the CO stretch of

different complexes, the Lewis basicity of a variety of phosphine ligands can be approximated.
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Figure 3: Tolman electronic parameter (TEP) diagram and table of selected examples.
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1.3.2. N-Heterocyclic Carbenes (NHC)

The carbon coordinative counterparts to phosphine ligands are NHC ligands (Scheme
10A).°” Many different NHC scaffolds exist, with the most common motif being an imidazole
core. These species are considered persistent carbenes, due to their high stability and prolonged
lifetimes. This stability comes from the two nitrogens adjacent to the carbene, which can donate
electron density from their lone pairs into the empty p-orbital of the singlet carbene. While the free
carbenes have been isolated and characterized, they are usually synthesized and stored as their
protonated HX salt forms. These carbenes were first prepared in the 1960s,°®> but not used as
ligands for palladium catalyzed cross-coupling reactions until 1995.%° At that time Herrmann et al.
discovered complexes 21 and 22 could be used as catalysts for Heck couplings (Scheme 10B).
This reactivity captured the attention of the catalysis community and since then a large collection

of NHC ligands have been synthesized.
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Scheme 10: A) Representative synthesis of an NHC from its protonated salt form. B) First
use of a Pd-NHC complex as the catalyst for a cross-coupling reaction.*
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Frequently modified locations are the nitrogen substituents and the backbone of the
imidazolium ring (Figure 4). In recent years diortho-substituted aryl groups have proven to be
optimal substituents for the nitrogen centres. Two classic, readily available, and highly effective
examples are IMes (23) and IPr (24). In recent years, work by Organ**°!62 and Nolan® % have
expanded the size of the ortho substituents from iPr all the way up to isononane (24-27). Increasing
the steric bulk of the N-aryl rings by switching to naphthalene (28,29)°7 and adamantyl (30)*
substituents has also been reported. While many different N-substituents have been developed,
this field has not been limited to just these modifications. Numerous modifications to the backbone

have been investigated with a few noteworthy examples being the saturation of the alkene to make
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SIPr (31),% as well as substitution with NMe> (32),°® methyl (33)% and chlorine (34)*>*¢ groups.

Furthermore, the use of chiral NHC ligands like IMes* (35) and others (36,37) have allowed for

various asymmetric transformations.®"

Figure 4: Commonly used imidazole based NHC ligands.
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One of the most pronounced advantages of NHC ligands is their remarkable c-donating
capabilities. In 2008 Nolan measured the TEP of a series of NHC and phosphine ligands using a

(D)Ir(CO)2Cl system in which L was a variety of commonly employed phosphine and NHC
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ligands.”! The measured CO stretches revealed the increased 6-donating nature of NHC ligands.
The phosphine ligands screened ranged from 2085 — 2072 cm™' while the NHC ligands ranged
from 2072 — 2063 cm™! (Figure 5). This significant increase in Lewis basicity was also observed
by Crabtree while investigating NHC iridium and rhodium complexes.’>”* This strong 6-donating
nature is believed to be partially responsible for the excellent activity seen in some transition metal-
mediated processes, such as OA. The highly electron-rich metal centres created by NHC ligands
have allowed for activation of challenging electrophiles such as alkyl chlorides®® and sterically

hindered aryl chlorides.”

Figure 5: Nolan's correlation of average v., values for [(L)Ir(CO):Cl] complexes with the
Tolman electronic parameter (TEP). !
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An additional factor largely believed to be crucial for the success of NHC ligands is the

directed bulk provided by ortho substituted N-aryl rings. When considering Tolman’s cone angle
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method (Figure 2) for quantifying and comparing the steric bulk of phosphines, a key assumption
is the steric bulk is spread around the metal centre in a cone shape. This is a reasonable assumption
for phosphine ligands considering they are usually sp® hybridized with large bulky groups that
stick out, away from the lone electron pair. In comparison, NHC ligands have a distinct distribution
of the steric bulk around the metal centre. Many studies have used X-Ray crystallography to
understand the preferred conformations of these bulky ligands.>® It is commonly observed that the
N-aryl (or alkyl) substituents are pushed towards the metal centre through steric clash with the R
groups on the backbone of the imidazole based NHC (Figure 6A). Further complicating the matter,
large substituents on the ortho positions have been shown to apply additional steric demands on
the metal centre. Considering the many differences between the overall geometry of NHC and
phosphine ligands, it was apparent a new method for quantifying and comparing steric bulk was
necessary. To this end, Nolan and Cavallo proposed a method for quantifying the steric demand
of these ligands by measuring the percentage of a spherical volume around a metal centre that is
occupied by the ligand. This measurement is referred to as the percent buried volume (% Vour).”
This information has been measured and catalogued for many prevalent NHC ligands using
[(NHO)Ir(CO)2Cl] complexes (Figure 6B). Very recently, Ogoshi updated this methodology by
considering the flexibility of bulky NHC ligands by measuring the change in % V.- over the course
of a transformation using DFT.”® This provided a new parameter (A% Vi), Which essentially
measures the flexibility of a ligand. This is an important consideration because bulky ligands have
indeed been shown to increase catalyst activity, but the ligands must remain flexible enough to
allow the reactants to interact with the metal. This delicate balance between ligand bulk and

flexibility is one of the main challenges for chemists in this field.
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Figure 6: A) Representative NHC metal complex with accentuated bond angles. B)
Diagram of the spherical model used to calculate % V.- with a table of comparisons for
select NHCs.
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1.3.3. Pd-PEPPSI precatalysts

An important choice chemists face when performing a Negishi coupling is the choice of
catalyst. These usually fall into two general classes, those generated in situ by complexation of a
ligand with a palladium source and pre-ligated palladium complexes. The benefits of the in-situ
method are the simplicity of not having to isolate a preligated catalyst, ability to choose between
the +2 or 0 oxidation state of palladium and easy control of metal to ligand ratio. However, the
purity and exact identity of the in sifu generated catalyst can be questionable. This is especially

true for extremely bulky ligands that are challenging to coordinate with palladium.

Considering the high reactivity of Pd-NHC catalysts, but sometimes challenging in situ
ligation of the NHC,”””® pre-formed Pd-NHC complexes have seen an increase in usage. One of
the most popular series of Pd-NHC precatalysts are those developed by Organ et al., termed
PEPPSI (Pyridine Enhanced Precatalyst, Preparation, Stabilization, and Initiation) (Figure 7). This
series of precatalysts is defined by their bulky ortho substituents and a pyridine ligand that
stabilizes the precatalyst, allowing it to be prepared as an air-stable, free-flowing powder. The

pyridine also acts as a “throw-away ligand” upon in sifu activation that enables rapid precatalyst
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initiation and gives rise to its name. The suffix in these catalyst common names refer to the size of
the alkyl chain (iPr, iPent, iHept) at the ortho position of the N-Aryl substituents and any backbone
modifications, such as the exchange of hydrogen for chlorine or methyl groups, is identified by a
superscript at the end of the name i.e. (IPr and IPr™e, respectively). In recent years, some new
bulky ligands require a n-cinnamyl group to stabilize the NHC and serve as the throw-away ligand.
The complexes are labeled as (NHC)Pd(cinnamyl)CI, the most notable example being

(DiMelHept“") Pd(cinnamyl)C1.6"7°
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Figure 7: Select examples of Pd-PEPPSI precatalysts.
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There have been many iterations of Pd-PEPPSI with significant improvements having
come from increasing the steric bulk of the ortho substituents, and installation of chlorine on the
imidazole backbone.*7-#! Using various 2,6-disubstituted anilines, multiple generations of Pd-
PEPPSI have been prepared with alkyl chains such as iPent (n-pent-3-yl), iHept (n-hept-4-yl), and
DiMeiHept (2,6-dimethyl-n-hept-4-yl). These large chains help place steric bulk closer to the
metal centre and to further enhance this effect, the imidazole backbone can be substituted, which
pushes the N-Aryl rings and alkyl chains even closer to the metal center. Since the inception of
these catalysts, they have successfully catalyzed many challenging Negishi couplings, including
the synthesis of tetra-ortho-substituted biaryls (Scheme 11A),%? alkyl-alkyl couplings (Scheme
11B),*? and couplings in flow with solid-supported Pd-PEPPSI (Scheme 11C).% Other notable
84-86

uses for Pd-PEPPSI precatalysts include the selective coupling of challenging amines,

thiols'**” and boronic acids.®®
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Scheme 11: Examples of challenging Negishi couplings successfully catalyzed by Pd-
PEPPSI catalysts.

A) Tetra-Ortho-Substituted Biaryls
ZnCl, (1.4 equiv.)

Pd-PEPPSI-IPent Ar-X

o 1.0 equiv.
Ar—MgBr (2 mol%) A—znx H0eu) e ar
THF, RT, 20 min NMP
RT - 60 °C
4-24 hr
O OBn
Quant 96% 87%

B) Alkyl-Alkyl couplings

Br
©/\/\ Pd-PEPPSI-IPr (1 mol%)
LiBr (2.0 equiv.) m

DMI : THF (2:1) Quant.
RT
N z0Br

C) Negishi Coupling in Flow

Ar—X
== (09)0999%P 9) == Ar—R
R—ZnBr 9/ 9900

<;§ ?—f“‘”ﬁ\ <o)

Pd Cl

N
]
N"¢f

As previously mentioned, a major improvement to the reactivity of Pd-PEPPSI was the

replacement of hydrogen with chlorine on the imidazolium backbone.***¢*73% One case stud
P ydarog y
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which highlighted the drastic change in selectivity brought about by these chlorines was the

coupling of secondary organozincs (Table 1).*

The coupling of isopropylzinc bromide (39) to 3-
bromobenzonitrile (38) is challenging due to the rearrangement of the alkyl chain. This
rearrangement is initiated by BHE at the TM intermediate, followed by rotation about the metal-
olefin bond and reinsertion, in a process known as migratory insertion (MI) to give the more
thermodynamically favored linear product (41) instead of the desired branched product (40). This
rearrangement presents a weakness for alkyl couplings since the rearranged product can be
extremely difficult to prevent. An increase in the steric bulk of the catalyst resulted in higher
selectivity for the desired branched isomer (entries 1 and 4). Chlorine modified backbones further
increased the selectivity (entries 1 & 4 compared to 2 & 5 respectively). Furthermore, methyl
groups on the backbone of /Pr increased the selectivity (entries 1 & 3). Combining this
information, an even bulkier and chlorine functionalized catalyst, Pd-PEPPSI-IHept“, was
created, which was able to produce the branched product only (entry 6). Later, it was shown Pd-
PEPPSI-IHept“ can also selectively couple 5-membered heteroaryl halides that are especially

challenging since the smaller rings have greater difficulty undergoing reductive elimination and

leave more space for B hydride elimination, leading to rearrangement.*’
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Table 1: Effect of catalyst choice on the coupling of 3-bromobenzonitrile (38) with
isopropylzinc bromide (39).

Br ) CN
ZnBr Catalyst (1 mol%) b ~o "~ CN
+ )\ > + O/
THF/Toluene
CN RT, 30 min
38 39 40 41
(1.0 equiv.) (1.5 equiv.) Branched Linear
Entry Catalyst 40 : 411
1 Pd-PEPPSI-IPr 1:1
2 Pd-PEPPSI-IPr“ 14.7 : 1
3 Pd-PEPPSI-IPr™¢ 15:1
4 Pd-PEPPSI-IPent 10:1
5 Pd-PEPPSI-IPent 561
6 Pd-PEPPSI-IHept“ Only Branched

[a] Ratio of branched to linear determined by analyzing the '"H NMR spectrum of the purified product, since the two isomers co-
elute.

Upon discovery of these dramatic improvements in selectivity, the source of this beneficial
effect was investigated.*’ Considering the precedent for the benefits of larger catalysts, Organ et.
al. suspected the chlorines were pushing the N-aryl rings down towards the metal and restricting
the motion of the alkyl chains. This would cause the alkyl chains to aggregate closer to the metal
centre, limiting the space around the metal needed for BHE. These suspicions were supported by
modeling the rearrangement pathway with Pd-PEPPSI-IPr and Pd-PEPPSI-IPr“' using DFT
(Scheme 12).%¢ Both catalysts displayed similar barriers for RE leading to the branched product
(TS42-47). The barriers to BHE showed a significant difference between the two catalysts, with Pd-
PEPPSI-IPr“" possessing a barrier higher than Pd-PEPPSI-IPr (15.3 versus 13.0 kcal/mol

respectively, TS42.43). Furthermore, the rearranged intermediate (45) was confirmed to be the more
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favorable metal-alkyl isomer, lower in energy than the branched intermediate (42) by -1.7 and -

1.9 kcal/mol for the two catalysts.

Scheme 12: DFT potential energy surface for RE versus BHE with Pd-PEPPSI-IPr and Pd-
PEPPSI-IPr°.
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The Gibbs free energies (kcal/mol) of the elementary transformations were computed at the B3LYP level with LANL2TZ(F) on
Pd and 6-31G* on the remaining atoms for the case of L = IPr (—) and IPr’ (s+s+).46

In this report, TEP values were calculated for the NHC ligands studied using the vco of the
corresponding (NHC)IrCI(CO), complexes (Table 2). As expected, a general trend was observed
where an increase in carbonyl stretch was seen with increasing electron withdrawing backbone
modifications. Interestingly, the selectivity of Pd-PEPPSI-IP¥*¢ and Pd-PEPPSI-IPr“ were

comparable but their TEP were different (entry 2 and 3). Based on these results, and the
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observations that the larger /Pent and [Hept ligands gave better selectivity (Table 1), it was

concluded the effect imposed by the NHC backbone groups is primarily steric.

Table 2: TEP analysis of (NHC)IrCIl(CO); complexes.

Entry NHC Vco (CH2Clo, em™) Vo (average) TEP (cm™)
1 1Pr 2066.8, 1981.0 2023.9 2051.5
2 1PrMe 2064.5, 1978.2 2021.3 2049.3
3 1P 2071.4, 1985.1 2028.3 2054.0
4 IPent 2064.7, 1978.6 2021.7 2049.6
5 IPent” 2069.3,1982.2 2025.8 2053.0

1.4 Salt effects in Negishi coupling

One important aspect of Negishi coupling is the strong dependence on salt additives, which
was overlooked since the discovery of the reaction because most methods for synthesizing
organozinc reagents generate stoichiometric salt byproducts or benefit from the direct addition of
salt (Scheme 13A-D). Synthetic protocols such as metathesis of organolithium and Grignard
reagents with zinc salts (Scheme 13A)%3 and the use of Rieke zinc (Scheme 13B)** generate
stoichiometric salt byproducts, the composition of which depends on the choice of reagents. The
use of inexpensive, readily available zinc powder for direct insertion into C-X bonds is of great
interest for synthetic applications. Unfortunately, zinc powder on its own is not capable of C-X
bond insertion, possibly due to the stable zinc oxide protective layer on the metal surface. Knochel
developed a robust protocol for the preparation of organozinc reagents by preactivating zinc dust
with TMSCI and 1,2-dibromoethane along with 1-2 equivalents of LiCl, which aided activation

of more challenging C-X bonds (Scheme 13C).”> Huo’s protocol is one of the few commonly
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employed techniques that does not require salt, nor generate salt byproducts (Scheme 13D).>* In
this protocol the organozinc is prepared by direct insertion of zinc dust into C-X bonds. This
method is similar to Grignard formation in that iodine is used to activate the surface of the metal,
but one important distinction is the need for a very polar solvent (e.g., DMA or DMI). For

simplicity’s sake, freshly prepared organozinc solutions are usually titrated, then used as-is.

Scheme 13: Commonly employed techniques for the preparation of organozinc reagents,
such as a) metathesis,®* " b) the Rieke zinc protocol,” c) the Knochel protocol,” and d) the
Huo protocol.*
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1.4.1 Early evidence of salt effects in Pd catalyzed cross-coupling

One of the earliest reports of salt additives affecting the outcome of a palladium catalyzed
cross-coupling came from Stille in 1986”® who observed that LiCl was crucial for the successful
coupling of alkenyl triflates (48) with tributyl(vinyl)tin (49) (Table 3). When this coupling was

performed in the absence of LiCl only trace amounts of product were produced (entry 1). In

28



comparison, the same coupling produced a yield of 71% with 0.6 equivalent of LiCl (entry 2).
Increasing the LiCl loading to 1.1 or 3.0 equivalents gave nearly quantitative yields of 50 (entries

3 & 4).

Table 3: Influence of LiCl on the cross-coupling of vinyl triflate, 48, and
vinyltributylstannane, 49."!

Pd(PPh3),

oTf LiCl (x equiv.) A
+ Bu3Sn/\ -

THF, 62 °C, 24 hr

48 49 50
(1.0 equiv.) (1.2 equiv.)
Entry Pd(PPhs)s (mol%) LiCl (equiv.) Yield of 50 (%) !
1 1.97 0 <10
2 2.07 0.6 71
3 2.04 1.1 >95
4 1.98 3.0 >95

The authors discovered the palladium catalyst was irreversibly degrading in the absence of
LiCl. Oxidative addition of Pd(PPhs)s into alkenyl triflate 48 was successful in the presence of
LiCl, producing OA intermediate 51 but failed without the additive (Scheme 14). The salt-free
attempts produced a brown solution with a new singlet at 22.9 ppm in the *'P NMR. The authors
were unable to identify this new compound, but showed it was incapable of catalyzing the coupling
of 48 and 49. It was suggested that LiCl coordinates to palladium, forming electron-rich
choloropalladium(0) anions [L,PdCI]", which then undergo OA. Even though this report was not

able to pinpoint the exact role of salt in keeping the catalyst alive, the findings are still applicable
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to other palladium catalyzed cross-coupling reactions. Smooth OA and ensuring catalyst survival

are crucial tasks in nearly all palladium catalyzed cross-couplings.

Scheme 14: Effect of LiCl additive on the OA of Pd(PPhs3)4 into alkenyl triflate 48.
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1.4.1 Evidence of salt effects in Negishi cross-coupling

Stille’s observations on these salt effects were largely overlooked until 2006 when Organ
et al. discovered a notable salt dependency in an alkyl-alkyl Negishi coupling while testing the
capabilities of Pd-PEPPSI-IPr precatalyst.®> Two organozinc preparations that should have
generated identical organozinc reagents yielded drastically different results when used in the same
coupling (Table 4). In this work, the same alkylzinc (53) prepared using Rieke’s protocol,”* which
generates 2.0 equivalents of LiBr in sifu, produced quantitative conversion (entry 1) while the

12* (salt-free) did not provide any of the cross-coupled

organozinc prepared from Huo’s protoco
product (entry 2). It was proposed that LiBr, produced as a byproduct of Rieke’s protocol, was

responsible for the observed reactivity. This hypothesis was confirmed by adding 2.0 equivalents

of LiBr to the salt-free reagent, resulting in full conversion of 52 to 54 (entry 3).
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Table 4: First discovery of a salt effect in Negishi coupling.

©/\/\Br
52

Pd-PEPPSI-IPr (1 mol%)

(1.0 equiv.) *Additive* . :
* Solvent
/\/\ZHBI’ RT, 30 min 54
53
(1.3 equiv.)
Entry Solvent n-BuZnBr (53) source Additive Yield of 54 (%)
1 THF:NMP, 2:1 Rieke’s protocol” - Quant.
2 THF:DMI, 2:1 Huo’s protocol** - 0
3 THF:DMI, 2:1 Huo’s protocol** LiBr (2 equiv.) Quant.

1.4.2 Alkyl-alkyl couplings (higher order zincates)

To shed more light on the exact role of such salts in the alkyl-alkyl Negishi reaction, the

researchers carried out an additive study where a variety of organic and inorganic salts were

evaluated (Table 5, entries 3-9).°” The additives containing bromine were generally more effective

than those containing chlorine or iodine, while the counterion did not seem to play a significant

role, aside from ensuring solubility. To this end, when 12-crown-4, a known chelator for Li*, was

used, coupling still proceeded without interruption (Table 5, entry 10). These observations

established that it was the anion (i.e., the halide) in the added salt that was essential for the cross-

coupling reaction.

31



Table 5: Effect of n-BuZnBr (53) formation method and additives on the Negishi cross-
coupling of 52 and 53 catalyzed by Pd-PEPPSI-1Pr.

WBF Pd-PEPPSI-IPr (0.6 mol%)
52 additive ©/\Ms/

(1.0 equiv.)
" THF:DMI (2:1) 54
B N, RT, 2 hr
53
(1.3 equiv.)

Entry n-BuZnBr (53) Source Additive (2.0 equiv.) Conversion to 54 (%)
1 Rieke’s protocol” none Quant.
2 Huo’s protocol** none 0
3 Huo’s protocol** LiCl/Br Quant.
4 Huo’s protocol** Lil 5
5 Huo’s protocol** MgBr> 92
6 Huo’s protocol** MgCl, 15
7 Huo’s protocol** TBAB 79
8 Huo’s protocol** TBAC 34
9 Huo’s protocol** TBAI 2
10 Huo’s protocol** LiBr + 12-crown-4 84

[a] TBAB = tetra-nbutylammonium bromide; TBAC = tetra-nbutylammonium chloride; TBAI = tetra-nbutylammonium iodide.

To determine the amount of LiBr required for coupling to occur, a titration experiment was
performed in which a salt-free solution of #n-BuZnBr was coupled with 52 in the presence of
increasing amounts of LiBr (Figure 8). No coupling was observed until approximately 1.0
equivalent of LiBr (with respect to organozinc) was added. Once one full equivalent of LiBr was
introduced, a steep increase in conversion occurred with each successive addition of 0.1 equivalent

of LiBr, achieving quantitative conversion after 1.4 equivalents. The fact that a super-
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stoichiometric amount of LiBr was required for the initiation of the reaction led the researchers to

postulate that higher-order zincates of type (2Li") RZnBr3? are the active transmetallating species.

Further supporting evidence was obtained by a second titration in which increasing amounts of

ZnBr; were added to the reaction containing 2.0 equivalents of LiBr (Figure 8). It was thought

ZnBr; would sequester LiBr from the solution, preventing the formation of higher-order zincates.

The observed decrease in yield supports the idea that ZnBr, was sequestering LiBr, which in turn

lowers the concentration of active transmetallating species. Upon addition of 1.0 equivalent of

ZnBr: coupling shut down completely.

Figure 8: Double titration study of alkyl-alkyl coupling between 52 and n-BuZnBr (53).
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(1.6 equiv.) catalyzed by Pd-PEPPSI-IPr (0.6 mol%). In the second titration (), increasing amounts of ZnBr2 (2.0-x equiv.) were
added to the same reaction with 2.0 equiv. of LiBr present.

Related to this work, Koszinowski and Bohrer analyzed THF solutions of organozinc(ate)
species formed by LiCl-mediated zinc insertion®® or metathesis between organolithium compounds
and ZnCl,” using anion-mode electrospray ionization (ESI) mass spectrometry. Mononuclear
ZnCls~, Zn(n-Bu)Cly™ species and polynuclear Zna(n-Bu)Cls, LiZna(n-Bu):Cls™ species were
detected in significant quantities, alongside smaller amounts of LiZnCls and LiZn(n-Bu)Cl3™
(Figure 9).”® These ESI studies also revealed that the nature of the halide present in the zincate
complexes has a profound effect on the aggregation state of organozinc reagents. For example,
mononuclear zincates are dominant with alkyl bromides and iodides, while many polynuclear

zincates are formed with chlorides.
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Figure 9: Anion-mode ESI mass spectrum of a 10 mM solution of Li #-Bu/ZnCl; in THF.

100
ZnCly Zn"BuCl,” LiZn,"Bu,Cls~
w
5 Zn,"BuCl,”
E
©
o
2
n
o
= i}
% LiZn"BuCl,
o i
0 -
100 150 200 250 300 350 400 450 500
mlz

Later in 2011, Organ et al. employed mass spectrometry in combination with NMR
spectroscopy to identify and characterize the higher-order zincate species that were believed to be
involved in alkyl-alkyl Negishi coupling.!® To do so, solutions of n-BuZnBr with increasing
amounts of LiBr in THF, DMI or NMP (or combination of these solvents) were prepared and
analyzed using ESI mass spectrometry. Only various solvent and Li" adducts were observed in
positive-ion mode, however negative-ion mode confirmed the presence of n-BuZnBr,™ and ZnBr3~
as the dominant species. By increasing the amount of LiBr from 0 to 1.5 equivalents the ratio of

n-BuZnBr,™ to ZnBr3~ changed from circa 1:8 (Figure 10A) to 5:1 (Figure 10E).
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Figure 10: Mass spectra showing the change in ratio of n-BuZnBr:;™ toZnBr; ion intensities
as a function of LiBr loading.
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The data were collected with n-BuZnBr (51) in DMI solvent with the following equiv. of LiBr added: a) 0; b) 0.5; ¢) 0.75; d) 1.0;
ande) 1.5.

According to Organ’s previous study,”’

no coupling occurs unless a minimum of 1.0
equivalent of LiBr is added to the reaction mixture (Figure §). However, significant quantities of
n-BuZnBr>~ were detected after addition of only 0.5 equivalent of LiBr (Figure 10b). This finding
suggested the mono-anionic “ate” species, analogous to the purported active transmetallating

101,102

organoborates in Suzuki-Miyaura couplings, are not the active transmetallating species in
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alkyl Negishi coupling. At this loading of LiBr, the higher-order zincates (n-BuZnBrs*") would not
be expected to exist until all the lower-energy n-BuZnBr>~ would be first populated. When the
loading of LiBr eclipses 1.0 equivalent, the coupling now becomes catalytic in Br™ because each
turnover of the catalytic cycle liberates one bromide ion from 52. This is perhaps also important
in keeping the electrophilic zinc bromide coordinatively saturated to eliminate its disruptive effects
on coupling. By increasing the LiBr loading to 1.5 equivalents, trace amounts of n-BuZnBr;Li~
could be detected (not shown in Figure 10, see original manuscript), which was concurrent with

the commencement of coupling.'®

An opportunity to study the role of higher-order zincates in Negishi coupling was provided
when Clyburne’s group developed an approach to isolable higher-order zincate 55.!% Initially, 55
was prepared in situ and coupled with 52 using Pd-PEPPSI-IPr precatalyst but no conversion was
observed (Table 6, entry 1).!% There was concern that the phosphonium cation could be interfering
with catalysis, so PPh4Br was substituted with #n-BusNBr (TBAB) and the reaction did proceed,
albeit with incomplete conversion (Table 6, entry 2). The presence of competing byproducts
including dehalogenation (58), elimination (59), and homo-coupling (60) prompted Organ et al. to
use Pd-PEPPSI-1Pent, which was known to be a more active catalyst. With Pd-PEPPSI-IPent, the
reaction proceeded to completion and no byproducts were detected (Table 6, entry 3). The most
telling result was obtained when this coupling was successfully repeated in pure THF (Table 6,

25,39,82,97

entry 4). Up until that point, all alkyl-alkyl Negishi couplings reported by Organ and

OtherSIOS,l%

required highly polar co-solvents, such as DMI, to proceed, consistent with the
formation of a higher-order zincate. In Table 6, the alkylzincate(s) form(s) under conditions that

do not permit a Schlenk equilibrium to establish. That is, each catalytic cycle liberates a bromide

ion from 52, which sequesters the ZnBr; byproduct, leading to coordinatively saturated ZnBrs*".
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Table 6: Effects of salt additives on the coupling of 52 with various ethylzinc derivatives.

EtpZn EtZnBrs2 (PPhy*),

Solvent W
+ —_— 5

PPh,Br or EtZnBr3?" (BuyN*),
or BuyNBr 56 catalyst, RT
additives
©/\/ ~ H
(s
57
©/\/ ©/\/ +
2
59 60
Entry Zincate Solvent Catalyst (%) Ratio
52:57:58:59:60
1 55 THF/DMI (2:1) Pd-PEPPSI-IPr (4) no reaction
2 56 THF/DMI (2:1) Pd-PEPPSI-IPr (4) 1:3:3:3:0
3 56 THF/DMI (2:1) Pd-PEPPSI-IPent (4) 0:1:0:0:0
4 56 THF Pd-PEPPSI-IPent (4) <0.1:1:0:0:0

1.4.3 Aryl-aryl couplings (solvent polarity)

The above studies on salt effects focused on alkyl organozinc nucleophiles, with the main
contributing factor believed to be formation of higher order zincates. Following these initial
discoveries, the effect of salt additives on arylzinc species was studied. In 2014, Organ et al.
showed that the increase in solvent polarity caused by the addition of salt additives or polar co-

solvents was critical for biaryl couplings.'?’
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For Negishi cross-coupling, one of the most common solvents is THF for several reasons.
First, it is a reliable solvent for the preparation of organozinc solutions, which are often used as is,
and it is generally compatible with most palladium catalysis. While THF is the most common
solvent choice, many other solvent combinations are often employed to aid in solubility of
substrates and adjust reactivity. Common co-solvents used for Negishi couplings include toluene,
DMF, DMI, NMP, and other aprotic solvents. Regardless of the choice of solvent, one physical
change brought about by the addition of salt is an increase in the dielectric constant (€) of the
solvent medium. This is believed to be the source of the beneficial salt effects observed in aryl-

aryl couplings catalyzed by NHC-Pd complexes.

Aryl zinc halide (ArZnX) reagents are often generated by TM of the corresponding
Grignard reagent with 0.5-1.0 equivalent of ZnX, generating either the mono- or diaryl zinc
species in solution, along with the corresponding MgX> byproduct. A series of experiments were
performed to investigate the role of MgXo in the coupling of PhZnX (62) and 2-bromoanisole (63).
PhZnX was generated from equal amounts of Grignard reagent 61 and ZnCl, in THF, generating
a stoichiometric amount of MgX> as a byproduct (Scheme 15A). This solution of 62 was then
combined with 63 and Pd-PEPPSI-IPent producing biaryl product 64 quantitatively. When the
magnesium salts were removed, minor amounts of 64 where produced (Scheme 15B), but
reactivity was restored when 1.0 equivalent of MgCl, (Scheme 15C) or a polar co-solvent was
added (Scheme 15D). The researchers proposed that PhZnX forms highly stabilized aggregates
that are too poorly nucleophilic to undergo TM, similar to the observations made by Marder and
Lei who discovered that organozinc compounds prepared from the Grignard reagent were far more

active than those prepared from organolithium species.!?® With a salt additive or polar co-solvent,
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the increase in solvent polarity helps break up these aggregates, leading to an increase in the

nucleophilicity of PhZnX, thereby facilitating TM.

Scheme 15: Effect of magnesium salts and solvent polarity on the cross-coupling of PhZnX
(62) with 2-bromoanisole (63) using Pd-PEPPSI-1Pent.
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In comparison, diphenylzinc (Ph2Zn, 65) did not display the same polarity dependence.

Diaryl zinc compounds are inherently more reactive than ArZnX, due to the decreased electron

richness of the latter caused by the halogen ligand. When a 1:1 ratio of 65/63 was employed,

quantitative yield was achieved; however, when a 1:2 ratio was employed, only 47% of 64 was
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seen (Table 7, entries 1 vs. 2). Presuming that Ar,Zn readily transferred the first aryl group, a ratio
of 1:2 suggests that the remaining ArZnX, the byproduct of the first TM, does not undergo TM
nor does it enter into a Schlenk equilibrium to produce additional Ar>Zn that can further react. This
slow TM of ArZnBr is believed to be the bottleneck that halts the reaction below 50% conversion
(Table 7, entry 2). When LiBr or ZnBr; was added to the couplings, high yields were restored
(Table 7, entries 3 and 4). The fact that ZnBr; helps this reaction is noteworthy because it is one
of the rare cases where ZnX; salts do not harm Negishi coupling, which seems to support a role
for the salt of increasing polarity of the medium and not a direct interaction with the nucleophile.
In support of this hypothesis, a similar increase in yield was observed when DMI was used as
cosolvent (Table 7, entry 5) with no additional salt. Both results can be explained by the increase

in solvent polarity that helps facilitate TM of PhZnX.
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Table 7: Effects of salts and solvent polarity on the cross-coupling of diphenylzinc (Ph2Zn,

65) with 2-bromoanisole (63).
Pd-PEPPSI-IPent
(4 mol%)

"o O
©/ \© Conditions O

8 hr 0
65 63 64
(1.0 equiv.) (x equiv.)
Entry 63 (equiv.) Solvent Additives Yield of 64 (%)
1 0.95 THF - 98%
2 1.9 THF - 47%
3 1.9 THF LiBr (1.0) 87%
4 1.9 THF ZnBr; (1.0) 90%
5 1.9 THF:DMI 2:1 - 80%

1.4.3 Aryl-alkyl couplings

Prior to the work in this thesis, the only report on the role of salt additives in aryl-alkyl
couplings came from Koszinowski ef al. in 2015.'% When aryl iodide 66 was coupled to salt-free
n-BuZnBr (53) using a Pd-phosphine catalyst, a similar dependence on LiBr additives was
immediately observed (Figure 11). In the absence of salt, only trace amounts of the coupled
product were produced (Figure 11A). The addition of either 4.0 or 8.0 equivalents of LiBr was
necessary to achieve full conversion. When this coupling was carried out with 4.0 equivalents of
ZnBr; the reaction was significantly slower and suffered a large decrease in yield (Figure 11B).
Consistent with Organ’s proposal, the authors concluded ZnBr, was sequestering the critical LiBr
needed for coupling to occur. Worth noting is the varying potency of these inhibitory effects. With

a Pd-NHC catalyst, only 1.0 equivalent of ZnBr, was required to significantly disrupt coupling
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(Figure 8), whereas Pd-phosphine systems can achieve moderate coupling with 4.0 equivalents of
ZnBr; present (Figure 11B). Even though the two systems show different levels of susceptibility
towards ZnBr», there was a consensus that this was caused by zinc salts sequestering crucial LiX

additives.
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Figure 11: Time profile of the coupling between aryl iodide 66 and n-BuZnBr (53) with
different salt additives.
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a) Time profile of coupling with no LiBr, 0.4M LiBr and 0.8M LiBr. b) Time profile of successful coupling conditions with and
without ZnBr» (0.4 M).!%®
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In a separate experiment, the coupling was initiated in the absence of LiBr and allowed to
proceed for approximately 40 min before adding LiBr (Figure 12A). While the addition of the LiBr
did revive the reaction, full reactivity was not restored. This suggested the palladium catalyst was
decomposing, and salts such as LiBr prevent deactivation or revive deactivated catalyst. The
researchers suspected palladium was forming colloidal aggregates based on the commonly
observed colour change from bright yellow (or red) to black upon initiation of the reaction. The
authors also noted the precatalyst solutions changed colour from yellow to red, but at a slower rate

when LiBr is present.
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Figure 12: Time profile of the coupling between aryl iodide 66 and n-BuZnBr (53) using

different procedures.
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added last to initiate the reaction.

Studying the order in which the reagents are combined provided Koszinowski with further

evidence of catalyst poisoning. In Figure 12B the coupling of 66 and n-BuZnBr (53) was initiated

by the addition of either the precatalyst solution or the electrophile (66). Under standard

conditions, the precatalyst solution was added last to initiate the reaction. In one experiment the
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aryl iodide 66 was added last to initiate the reaction, meaning the Pd(Il) precatalyst was first
incubated with the organozinc. This presumably formed L,Pd(0) in situ before the aryl iodide was
added 5-10 min later. Palladium(0) species are almost always air and moisture sensitive, requiring
a strictly inert atmosphere to prepare and handle them. Producing these species in situ with no
electrophile to quench them could create optimal conditions for the formation of palladium
aggregates. This would explain the different kinetic profiles seen in Figure 12B, which the authors
noted were mildly inconsistent. Three different runs were reported with poor overlap between all
three trials, one representative trial is shown in Figure 12B. This irreproducibility is problematic,
but not surprising considering the unstable nature of Pd(0) species. Furthermore, palladium
aggregates are already known to be catalytically active to varying extents.''® This varying

reactivity likely explains the observed irreproducibility.

One plausible source of catalyst failure in Koszinowski’s study was discovered using mass
spectrometry. When a 1:2 solution of Pd(OAc), /S-PHOS was immediately analyzed using positive
mode ESI MS, the base peak was identified as a dimer with the formula L,Pd>(PCy>)". This hinted
at ligand degradation via cleavage of the P-Ar bond on S-PHOS (18). When the same solution was
analyzed 90 min later the intensity of this peak grew. The same solution with LiBr added (5.0
equivalents with respect to palladium) showed the same L,Pd2(PCy2)" cation, but this time as a
minor peak with L,Pd>Br" as the base peak. The decrease in signal intensity for the LoPd2(PCy2)"
peak in the presence of LiBr supports the idea that LiBr is involved in preventing ligand

degradation.

1.5 Plan of study

Significant progress has been made in uncovering the diverse roles of salt additives in

Negishi coupling and the benefits of using organozincs prepared in the presence of salts. It has
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been established that simple lithium salts, in particular LiCl and LiBr, are generally beneficial
additives. However, not all salt additives show these improvements, and some even harm these
reactions (i.e., ZnBr2). To realize the wider use of the Negishi coupling reaction, a more

comprehensive understanding of these salt effects is critical.

With Pd-NHC catalyzed aryl-aryl and alkyl-alkyl couplings well understood, the last piece
of the puzzle left to investigate is aryl-alkyl couplings. These couplings are a hybrid between the
two already well studied cases. In these couplings, an aryl halide is usually coupled with an alkyl
organozinc so only one intermediate on the catalytic cycle (i.e. the TM intermediate) is capable of
undergoing BHE. These reactions will have aspects similar to aryl-aryl couplings in the sense that
an aryl-Pd intermediate will be the electrophile. However, most roles for salt additives are centred
around adjusting the reactivity of the organozinc. This means the formation of higher order
zincates should be thoroughly investigated while also considering other potential factors, such as

the change of solvent polarity.

Initial plans included a substrate scope in which aryl bromides with different functional
groups will be coupled to a simple alkylzinc reagent, both with and without salt additives. This
will firstly confirm whether or not there is a salt effect in this class of couplings, as well as provide
clues for what step(s) in the catalytic cycle are being affected. It is expected that electron deficient
aryl bromides will undergo coupling with ease, since they are inherently activated. Electron
withdrawing groups create a more electrophilic C-Br bond and the resulting OA intermediate
should be more susceptible to TM due to the more electrophilic Pd(II) centre. In comparison,
electron rich aryl bromides will likely struggle to undergo both OA and TM due to their low
electrophilicity. These trials are expected to see a significant salt effect based on the previous work

on higher-order zincates. The increased nucleophilicity of the organozinc could help overcome a
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higher barrier to TM. These preliminary studies should provide fundamental information on aryl-
alkyl coupling, such as under what conditions salt improves these couplings and provide clues as
to which step is determining. With this information future experiments can be developed to further

probe the role of salt on aryl-alkyl couplings.
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Chapter 2: The role of LiBr and ZnBr; on the coupling of
sp>-hybridized oxidative addition partners with sp*-
hybridized organozincs
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2.1 Effect of LiBr on couplings with monoalkylzinc species

1>* and

In the initial experiments, salt-free n-BuZnBr was prepared using the Huo protoco
treated with a series of aryl bromides (Table 8). Whereas alkylzinc reagents experienced zero
coupling with alkyl electrophiles until at least 1.0 equivalent of LiBr was present, bromobenzene
could be coupled to 60% conversion without any LiBr added (Table 8, entry 5). As a control, the
Pd catalyst was omitted from the transformations in Table 8. Only 68a containing a nitro group
showed background conversion when no Pd was used (~30% conversion). When electron-poor
electrophiles were examined, all gave excellent conversion without LiBr, which improved slightly
in some cases (Table 8, entries 1-5). In the case of electron-donating groups, conversion without

salt was low (Table 8, entry 6) or nonexistent (Table 8, entry 7), yet when LiBr was added a

significant increase in conversion was observed in all cases.
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Table 8: Negishi coupling of n-BuZnBr (53) with aryl bromides (68a-g) with, and without,

LiBr.

Pd-PEPPSI-IPent

/©/FG . O "znmr (1 mol%) \/\/@/FG
Br 53 THF:DMI, 2:1
68a-g (1.6 equiv. in DMI) 16 hr, RT 69a-g
(1.0 equiv.) **Prepared salt-free using  LiBr (x equiv.)
Huo's protocol
Entry (compound) FG % conv. (No LiBr)[¥  %conv. (3.2 equiv. LiBr)
1 (68a) NO: 93 98
2 (68b) CHO 88 90
3 (68c) COCH3 82 86
4 (68d) CO:Me 96 92
5 (68e) H 60 72
6 (68f) OCHs 28 65
7 (68g) N(CHs)2 trace 25

[a] Percent conversion was determined by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard.

Experiments were carried out in duplicate, and the average

result is reported.

2.2 Effect of salts on couplings with dialkylzinc species

If an argument can be made that the LiBr is enhancing the nucleophilicity of the organozinc

reagent through the formation of higher order zincates, and this is why there is such a stark increase

in conversion in entries 5—7 in Table 8, a similarly dramatic increase in conversion should also be

expected by simply constructing a more electron-rich organozinc reagent. Indeed, when n-BuxZn

(70, freshly distilled to remove any salts) reacts with 68g, a poorly reactive OA partner, under

similar conditions to those used in Table 8, 50% conversion was attained without any LiBr (Table

9, Series 1, entry a). Interestingly, now adding any amount of LiBr (0.3—1.2 equivalent, Table 9,
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Series 1, entries b—e) did not further increase conversion. Even 3.2 equivalents of this salt made

no difference (Table 9, Series 1, entries f).

Table 9: Impact of LiBr and ZnBr; on Negishi coupling using n-Bu:Zn (70) and 4-bromo-
N,N-dimethylaniline (68g).*!

| Pd-PEPPSI-IPent |

N -
~ n Buz.Zn.(70) (1 mol%) N
* (0.6 equiv. in THF)
Br **Distilled to

THF
68g remove salts 16 hr, RT 69g
(1.0 equiv.) Salt (x equiv.)

Entry (equiv. of salt employed)

Series Salt a (0) b (0.3) ¢ (0.6) d (0.9) e (1.2) £(3.2)
1 LiBr 50(®] 50 49 52 50 43
2 ZnBr» 50[°] 39 20 13 10 -

[a] Percent conversion to 68g was determined by '"H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard.
Experiments were carried out in duplicate, and the average result is reported. [b] Under otherwise identical reaction conditions, 1.0
equivalent of #n-Bu2Zn led to 55% conversion.

Since both butyl groups could be transferred there could / should have been full conversion
to 69g with only 0.6 equivalent of #n-BuxZn. This raised the question as to whether the Schlenk
equilibrium was active under these coupling conditions. That is, without LiBr, n-BuZnBr may not
be active enough to couple with a deactivated OA partner (e.g., Table 8, entry 7), and n-BuzZn is
not forming in these runs and therefore no coupling takes place. Conversely, if only #-BuzZn is
able to react in the absence of LiBr, once consumed there is nothing left to undergo coupling, thus
the reactions halt near 50% conversion. When the amount of n-Bu;Zn was increased to 1.0
equivalent, there was only +5% increase in conversion (Table 9, footnote [b]). This implies that

the reaction stalls when poorly reactive OA partners, such as 68g, are employed.
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The impact of ZnBr; on the coupling of #-BuxZn was next evaluated. Interestingly, whereas
adding LiBr had no major effect on n-BuZn, when ZnBr; was added in increasing amounts,
coupling was proportionally reduced (Table 9, Series 2, entry a vs. entries b—e). There are two
proposed explanations for this result. The increasing amounts of ZnBr, could allow the Schlenk
equilibrium to become active and more #n-BuZnBr forms which cannot undergo coupling with such
a deactivated electrophile and conversion plummets. Alternatively, ZnBr: is certainly more Lewis
acidic than LiBr and can bind to the reduced Pd(0) strongly enough following RE to poison it in

an off-cycle resting state. >

In the case of n-BuxZn, neither LiBr nor ZnBr,, natural byproducts of making the
organometallic species and the coupling, respectively, seem to help the transformation.
Structurally and functionally, these two salts are quite different. LiBr has significant Lewis basic
behaviour through the halide as a consequence of a looser ion pair with the low electronegativity
lithium (c=0.98).!'? Conversely, the more electronegative zinc (c=1.6) creates a tighter metal-

halide bond and the Lewis acidic properties of zinc dominate for the salt as a whole.

We wondered if LiBr and ZnBr>, might interact in some way to exert either a positive or
negative influence over the coupling (Table 10). With no LiBr added, the increasingly negative
impact of the exogenous ZnBr; is apparent as conversion drops from 39% to 13% as the amount
of this salt is increased from 0.3 to 0.9 equivalent (Table 10, Series 1-3, entry a). Strikingly, when
equimolar or slightly higher amounts of LiBr were added to the reaction mixtures containing
ZnBr, cross-coupling was restored to the level seen with no salt at all (Table 10, Series 1-3, entries

d and e compared with Table 9, entry a).
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Table 10: Impact of adding LiBr and ZnBr; together on Negishi coupling using #n-Bu:Zn (70)
with 4-bromo-N, N-dimethylaniline (68g).*!

| Pd-PEPPSI-IPent |

N -
N n Buz.Zn.(70) (1 mol%) N
+* (0.6 equiv. in THF)
Br **Distilled to

THF
68g remove salts 16 hr, RT 69g
(1.0 equiv.) LiBr (x equiv.)

ZnBr, (y equiv.)

Entry (LiBr equiv. used)

Series a(0) b (0.3) ¢ (0.6) d (0.9) e (1.2)
(ZnBr; equiv. used)

1(0.3) 39 49 48 52 61

2 (0.6) 20 37 38 46 49

3(0.9) 13 23 30 36 44

[a] Percent conversion was determined by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard.
Experiments were carried out in duplicate, and the average result is reported.

That LiBr failed to improve conversion of the dialkylzinc nucleophile in the absence of
ZnBr,, but so profoundly increased conversion when ZnBr, was present, suggests that the most
important interaction of LiBr is not with n-Bu,Zn, which may be different in the case of n-BuZnBr,
but rather with ZnBr. It is proposed that the Lewis basic bromide ion coordinates to ZnBr> to form
LiZnBr3 and/or possibly LioZnBrs. This mitigates the Lewis acidic zinc by strong coordinative
saturation of the metal centre. If this situation is operative, it could be possible to incorporate

catalyst design elements to aid in circumventing poisoning.

2.3 Effect of backbone modification on couplings with dialkylzinc

species

Installing chlorines on the backbone of Pd-PEPPSI-IPent to produce Pd-PEPPSI-IPent
has been shown to profoundly accelerate the rate of cross-coupling in general.'*#*8>113 The
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dramatic improvements in these reactions were attributed to electronic and steric influences of the
chlorines. NHC ligands are among the strongest 6-donors making the metal centre quite electron-
rich.”! While this is beneficial for OA, it makes TM and RE more difficult. It also renders the metal
more susceptible to Lewis acids, such as ZnBr>. Chlorines on the NHC backbone reduce the Lewis
basic nature of Pd(0), thereby making it less susceptible to poisoning. When Pd-PEPPSI-IPent“
was substituted for Pd-PEPPSI-IPent consumption of 68g was now quantitative with 80%
conversion to 69g (Table 11, entry a), up from 50% with Pd-PEPPSI-IPent (Table 9, Series 1,
entry a). Consistent with the developing hypothesis above, when ZnBr; was added in increasing
amounts (Table 11, entries b—d) conversion to 69g slightly decreased whereas when the same
amounts of this salt were added to the reaction with 68g, conversion dropped by a factor of four

(Table 9, Series 2).

Table 11: Influence of NHC backbone modifications on the negative impacts of ZnBr; in the
Negishi coupling of n-Bu,Zn (70) with 4-bromo-, V-dimethylaniline (68g).*!

| Pd-PEPPSI-IPent® |

N n-Bu,Zn (70) . N
/©/ + (0.6 equiv. in THF) (1 mol%) \/\/©/
Br **Distilled to THF

689 remove salts 16 hr, RT

. 69
(1.0 equiv.) ZnBr, (x equiv.) g
Entry (ZnBr2 equiv. used)
a(0) b (0.3) ¢ (0.6) d (0.9)
80 77 69 60

[a] Percent conversion was determined by '"H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard.
Experiments were carried out in duplicate, and the average result is reported.

2.4 Conclusion

These results have shown that LiBr has a profound effect on the coupling of

alkylzinc halide nucleophiles with deactivated (electron-rich) aryl OA partners, but its role is less
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important with activated (electron-deficient) ones. It is proposed that in this case, like with alkyl
OA partners that Organ et al. have investigated in the past,””!1%%114 the alkyl zincates are again
forming in the presence of LiBr which are necessary to help drive TM. If the aryl halide is electron-
poor, the Pd metal centre becomes more electron-deficient, which helps drive TM forward, making

the LiBr much less important.

Dialkylzincs, which are known to be much more nucleophilic than mono alkylzinc species,
might be expected to undergo TM more readily with deactivated (electron-rich) OA partners.
Indeed, this was observed; whereas 68g did not react at all with n-BuZnBr (53), it reacted to 50%
conversion with n-Bu2Zn (70). Interestingly, the addition of LiBr had zero impact on conversion
but when ZnBr> was added to the reaction of 68g with n-Bu>Zn (70), coupling plummeted.
However, the addition of LiBr, which on its own had no impact, restored full coupling in the

presence of ZnBr; to levels seen when no salt was present at all.

The fact that n-Bu,Zn couplings see no benefit upon the addition of LiBr but show dramatic
improvement when ZnBr; is in the mixture points to a different, or at least an additional, important
role. It is thought that this role is to coordinatively saturate ZnBr»>, a Lewis acid that can bind to
the electron-rich NHC-Pd(0) centre, thereby slowing catalyst deactivation. Since these zinc salts
are a natural byproduct of these types of couplings, the term product inhibition is used to describe
this effect. In support of this, when the catalyst was modified with two chlorines on the backbone
of the NHC ring, coupling dramatically increased (still in the absence of any LiBr). One could
argue that the chlorines withdraw electron density away from Pd(0) making it less basic.
Additionally, there is now an increased steric presence in the coordination sphere of the metal as

repulsion between the chlorines and N-aryl substituents on the NHC force these two rings toward
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the Pd metal centre. Together these two effects disfavour binding to ZnBr», thus avoiding the

formation of off-cycle resting states.

2.5 Further developments

The results from this experimental study were published in September of 2019.!> Two
months earlier, in July of 2019, Pidko ef al. reported a theoretical DFT study on the formation of
intermetallic Pd-Zn species and their involvement in inhibition pathways.'!® The authors used the
TPSSD3/DZP level of theory to examine the binding strength of ZnX>S; (S = THF, X = Cl, Br, I)
to the LoM(0) active catalyst, as well as several isomerizations (Scheme 16). Both nickel and

palladium were studied with a trialkyl (PMe3) and a triaryl (PPhs) phosphine ligand.

Scheme 16: Possible transformations of [Ni(PR3):] and [Pd[PR3):] (71) in THF involving
ZnX; and PhX.

72d
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N X RPT N M 23.8 (-24.7) -39.5(-51.5) RPT X
N -10.3 (-7.1) -23.0 (-31.7)
PhyP / 0.0 (7.7)
-0.1 72¢ -5.6 (-7.1)
Mesﬁ’ X -THF
MegP—Ni—2zri " THF
>‘< THF 72b R3P/,,,M‘\\\Ph
. . MesP X X7 SPR
TM=Ni o e Ni-PPh (Ni-PMes) 73b
andR=Me = fd=zn] Pd-PPh; (Pd-PMes)
MesP X

and R = Me
The Gibbs free energies (kcal/mol) of the elementary transformations were computed at the ®B97-3¢ level of theory for the case
of X=I and are listed under the corresponding arrows. Select Gibbs free energies (AG) of the 72a—72b—e transformations are
shown below the corresponding structures. AG values in Ni systems are given in regular typeface while AG values in Pd systems
are in red, italic typeface. PPhs values are presented without parentheses and PMes values are presented in parentheses. For X=Cl,
see SI of original manuscript.

The binding of Znl»S; (where S = THF) to all combinations of metal and phosphine ligand

was exergonic (71—72a). Furthermore, various transformations of 72a to form more stable
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complexes were investigated, exposing many other off-cycle intermediates that were even lower
in energy (72b—e). These inhibitory pathways were compared to OA, representing productive
coupling. Oxidative addition to form the cis product 73a followed by isomerization to the trans
product 73b was found to be exergonic for all metal and ligand combinations. However, no
transition states for OA were reported, making it difficult to appreciate how far uphill the catalyst
must go in order to get back on cycle once 72a—e forms. Nonetheless, these results paint a picture
of an LoM(0) catalyst that is in a dynamic competition between OA and reversible product

binding/inhibition.

In addition to the binding affinity of zinc salts to the LoM(0) intermediate, the LoM(II) OA
intermediates (73a,b) were investigated to see if they were susceptible to ZnBr, coordination
(Scheme 17). In comparison to the active M? catalyst (71), the OA intermediate (73a,b) is now
M(II) and coordinatively saturated, meaning the most favorable structures did not involve any
direct palladium-zinc interactions. Rather, zinc formed a bridging complex (74a,b) with the halide
on 73a,b. These interactions were also favorable but not as strong as the previously discussed M(0)
interactions. As with the M(0) interactions, the binding affinity of zinc salts was compared to
productive coupling. For this intermediate, productive coupling was the complexation of an
organozinc reagent (EtZnXS,) to form a pre-transmetallation complex (75a,b). This binding
interaction was favorable for nearly all the metal/ligand combinations but was still weaker than
the ZnX>S> interactions, suggesting this intermediate is also susceptible to inhibition by the zinc
salt. The authors acknowledged this pathway is likely not as significant since the organozinc is
typically used in excess and ZnX> byproducts build up over time. The M(II) interactions were also
repeated using a truncated NHC ligand (1,3-diisopropylimidazol-2-ylidene) to represent

commonly employed NHC ligands. The same trend was seen where the interactions between

59



LoM(II)PhX and ZnX>S: were slightly stronger than EtZnXS,. The authors did not report anything

regarding the binding affinity of zinc salts to the NHC-M(0) intermediate.

Scheme 17: Competitive binding of [(THF)2ZnX:] and [(THF):EtZnX] to cis-[L,PhM'PX]
(73a) and trans-[L.PhM"YX] (73b), M=Ni or Pd, L=PMe; or PPhs.
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The elementary reaction free energies (kcal/mol) were computed at the ®B97-3c¢ level of theory for the case of X=I and are given
under the corresponding arrows. AG values in Ni systems are given in regular typeface while AG values in Pd systems are in red,
italic typeface. PPhs values are presented without parentheses and PMes values are in parentheses. For X=Cl, see SI of original
manuscript.

While Pidko’s study has pointed out the harm in these Pd-Zn interactions, other DFT
studies have shown them to be crucial to the success of some Negishi couplings. In 2012
Aurrecoechea et al. investigated cooperative Pd-Zn interactions during Negishi coupling.’® The
authors modeled the entire catalytic cycle using DFT, specifically looking at the different ways in
which Pd-Zn interactions affect the barriers of the three fundamental steps (OA, TM, RE). It was
discovered that these bimetallic Pd—Zn interactions were detrimental to OA but helped favor RE
by relief of steric crowding around the metal centre. Indeed, the results from this study remind us
that Pd-Zn interactions are critical to the success of Negishi coupling, even if at times they are

inhibitory. Based on the results from this chapter, readers can better plan and execute Negishi
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cross-coupling reactions by being mindful of the harmful effects excess zinc salts pose, and how

to counteract them with LiBr.
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Chapter 3: The critical role of LiBr in avoiding catalyst
death and its impact on cross-coupling
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3.1 Initial discovery of catalyst deactivation

Similar to the observations made by Kosinowksi et al.,!®

a stark color change from bright
yellow to dark black was seen for nearly all the Negishi couplings performed in Chapter 2. This
drastic color change seemed to be slower in the reactions employing LiBr. Based on these

observations, catalyst deactivation to form palladium aggregates was suspected, warranting an

investigation into the lifetime and activity of Pd-PEPPSI precatalysts.

When activated (electron-poor) OA partner methyl 4-bromobenzoate (68d) was reacted
with n-BuzZn (70) in the presence of Pd-PEPPSI-IPent, the reaction proceeded to full conversion
(Table 12, entry 1). In fact, the reaction was so rapid it was complete in under 5 minutes (entry 2).
Conversely, when deactivated (electron-rich) OA partner (4-bromo-N, N-dimethylaniline, 68g)

was reacted under the same conditions the reaction never proceeded beyond ~50% conversion

(entry 4).

63



Table 12: Coupling of electron-poor (i.e., activated) and -rich (i.e., deactivated) aryl
bromides 68d and 68g, respectively, to n-BuzZn (70).

Pd-PEPPSI-IPent

FG
o,
/©/ n-Buyzn (70) (1 mol%) FG
Br ’ (0.6 equiv.)
THF, RT,

y .g?:q’giv.) time, additive 69d,g
Entry FG time Additive % conv to 69
1 CO:xMe (68d) 24 hr - 95
2 CO2Me(68d) 5 min - 95
3 CO:Me(68d) 5 min LiBr (2 equiv.) 95
4 N(CH3)2(68g) 24 hr - 49
5 N(CHs3)2(68g) 24 hr LiBr (2 equiv.) 50

[a] All experiments were conducted in duplicate, and the average conversion is reported.

Since there were concerns about the catalyst lifetime, the activity of the used catalyst was
tested by continued additions of coupling partners to the initial reaction mixture (Scheme 18, entry
1). Strikingly, when additional portions of 68d were added to the mixture after just 10 min., there
was essentially no additional coupling of the newly added electrophile. This implied that despite

the extremely rapid kinetics, the catalyst was undergoing irreversible deactivation along the way.
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Scheme 18: Sequential coupling of aryl bromide 68d and n-Bu:Zn (70) with, and without,
additive.

Step 1 Step 2

Pd-PEPPSI-IPent 68d

CO,Me CO,Me
/©/ 2 (1 mol%) (1.0 equiv.) \/\/©/ 2
Br

n-BuyZn (70) n-Bu,Zn (70)

68d (0.6 equiv.) (0.6 equiv.) 69d
(1.0 equiv.) THF, RT, 10 min 16 hr
additive |
N
1) no additive, 52% conv.
2) LiBr (2.0 equiv.), 95% conv. ©/
3) dimethylaniline (1.0 equiv.), 76% conv.
4) dimethylaniline (0.1 equiv.) 76% conv. dimethylaniline

[a] Percent conversion is based on 2 equiv of 68d reacting to provide 2 equiv of 69d for full conversion, i.e., both steps together.
All experiments were conducted in duplicate, and the average conversion is reported.

Even more perplexing, 68d was added to the coupling of 68g after it had taken place to the
extent that it normally does after 10 min (~50%), significant conversion of the new coupling
partner (68d) to 69d (~60%) now takes place (Scheme 19, entry 1). This suggests that something
harmful is happening to the catalyst in the coupling of an activated electrophile (68d), which

happens to a much smaller extent (if at all) when the deactivated OA partner 68g is present.

As previously discussed in chapter 2, the standard couplings of 68g and 68d with n-Bu>Zn
never showed much improvement upon addition of LiBr. The coupling of ester 68d is nearly
quantitative either way (Table 12, entries 1-3), and the aniline 68g showed no improvement (Table
12 entries 4 and 5). When LiBr was added to the sequential coupling of 68¢g followed by 68d, no
improvement in conversion was observed (Scheme 19, entry 2 vs. 1). In sharp contrast, when salt
was added to the sequential coupling of just 68d, now the additional equivalent of 68d was fully

coupled (Scheme 18, entry 2 vs. entry 1).
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Scheme 19: Sequential coupling of aniline 68d followed by ester 68g with n-Bu,Zn with, and
without, LiBr.

Step 1 Step 2
,L Pd-PEPPSI-IPent 68d ,L
~ 0 . ~
/@/ (1 mol%) (1.0 equiv.) \/\/©/
Br
n-Bu,Zn (70) n-Bu,Zn (70) 699
689 (0.6 equiv.) (0.6 equiv.) N
1.0 iv. [

(1.0 equiv.) THF, RT,. .10 min 16 hr CO,Me

additive

1) no additive, 52% conv. to 69g & 60% conv. to 69d

2) LiBr (2.0 equiv.), 60% conv. to 699 & 57% conv. to 69d 69d

[a] Percent conversion is based on 1.0 equiv of 68g reacting to provide 1.0 equiv of 69g for full conversion, and 1.0 equiv of 68d
reacting to provide 1.0 equiv of 69d for full conversion. All experiments were conducted in duplicate, and the average yield is
reported.

These observations suggest that LiBr is acting to protect the catalyst during couplings with
68d, but it is not necessary for improving catalyst performance in the coupling of 68g. This implies
the electron-rich aniline is somehow able to stabilize the activated form(s) of Pd-PEPPSI-1Pent
within the catalytic cycle, or in a resting state, and in doing so prevents the pathway responsible
for its irreversible decomposition. One reasonable explanation is that the aniline nitrogen
coordinates to palladium on and off during catalysis, and this plays an essential role in preventing

actions by the metal that lead to untoward consequences.

To examine this theory, 1.0 equivalent of dimethylaniline was added to the sequential
reaction of 68d resulting in a dramatic increase in the coupling of the second equivalent of 68d
(Scheme 18, entry 3 vs. 1). The interaction between dimethylaniline and Pd must be strong for
when the amount of aniline is reduced 10-fold, the enhanced catalytic performance was identical
(entry 4 vs. 3). These experiments therefore suggest a critical role for LiBr in protecting the catalyst

from degradation.
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3.2 Byproducts of catalyst degradation

With confirmation of catalyst degradation, the byproducts of these harmful pathways were
searched for. Careful isolation by silica gel chromatography of spent reaction mixtures provided
two separate salts, 77 and 78, which are byproducts of Pd-PEPPSI-IPent and presumed to be the

endpoints of catalyst death (Figure 13).

Figure 13: Byproducts arising from degradation of Pd-PEPPSI-1Pent.

x© %©
NN NN
77

78d =CO,Me R  78g = NMe,

One question was if the protonated NHC salt 77 was forming in situ, or if the free carbene,
produced by simple ligand dissociation form Pd, was being protonated during the work up. It is
believed (vide infra) that imidazolium byproduct 77 forms in the catalytic cycle from BHE and RE
of butyl-Pd complex 80 (Scheme 20).!!'” Conversely, it is believed the aryl-NHC byproduct 78
forms from RE of OA intermediate 79."'7:!!8 It is important to remember these mechanisms must
take into account how LiBr, dimethylaniline, and the aniline substrates and/or products prevent

these irreversible catalyst death events from occurring.
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Scheme 20: Proposed catalytic cycle to account for the formation of the imidazolium (77)
and aryl-imidazolium (78) byproducts derived from their corresponding Pd-NHC complexes
(80 and 79, respectively).

/V\Ej\ .
R
69d, R = CO,Me R/©/

i@ 699, R=NMe, 68d, R = CO,Me
Ar—N" SN=Ar NHC-P® 68g, R = NMe;
\—/ @ RE OA
Hydrido R
Byproduct
77 R R
©
’ Ar Re X N
RE BHE H N — Ar=N" N-Ar
/ Pd—< ] \—/ ®
P|d I N Arvl
’ NHC Br y
| 80 79 Ar Byproduct
R Pd-NHC 78d, R = CO,Me
81 789, R = NMe,
+ ™
/\/
82
n-BuZnBr n—BUZZn

To examine this, the impact that LiBr has on the presence, and the ratio, of byproducts 77
and 78 was assessed (Table 13). To accomplish this both the scale of the reactions and catalyst
loading had to be doubled, giving a 4-fold increase in the total amount of NHC byproducts. This
produced enough material to isolate and characterize, without deviating too far from the
established results. When the electron-rich (deactivated) OA partner 68g was treated with a slight
excess of n-BuyZn the ratio of imidazolium - (77) to aryl- (78g) byproduct was 2.3:1. Importantly,
this ratio sharply inverted (1:2.3) when LiBr was present (Table 13, entry 1 vs. 2). Strikingly, 68d
was substituted for 68g, which now is a highly activated OA partner, only imidazolium byproduct
77 formed without LiBr (entry 3). These results illustrate that the nature of catalyst death (i.e., 77

vs. 78) is indeed influenced by the presence of salt.
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Table 13: Impact of LiBr and number of equivalents of n-Bu:Zn on the formation of
imidazolium byproduct (77) and aryl-imidazolium byproduct (78).

x© «©
Pd-PEPPSI-IPent —\ —\
Br (2 mol%) N__ N@ N_ N®
R THF, RT, \( +
Time, Additive H
68 . 77
(1.0 equiv.)
R
+ n—BUZZn (70) 78d R = COzMe
(x equiv.) 78g R = NMe,
Entry  n-BuxZnequiv. Time Additive Imidazolium  Aryl byproduct
[a] [a]
(hr) byproduct (77) (78)
1 (68g) 0.6 16 - 2.3 1
2(68g) 0.6 16 LiBr (2 equiv.) 1 2.3
3(68d) 0.6 16 - 1 0
4(68d) 0.45 1 - 1 2.3
5(68d) 0.45 1 LiBr (2 equiv.) 0 1
6(68d) 0.45 1 ZnBr: (1 equiv.) 1 2.3

[a] The ratio of 77 to 78, obtained by "H NMR of the crude product, is provided in these columns. All experiments were conducted

in duplicate, and the average yield is reported

We can rationalize the above outcomes by suggesting that bromide ion (from the salt

additive) coordinatively saturates the TM intermediate (80), thereby driving RE to the desired

product (69) and slowing the BHE necessary to deliver the imidazolium byproduct (77). Clearly,

this BHE pathway is much faster than the RE process that takes 77 to aryl-imidazolium byproduct

78 because without the salt, BHE dominates. In support of this theory, when n-BuZn was made

the limiting reagent, now the limiting reagent and, without salt, the ratio of 77:78d inverted from

1:0 to 1:2.3 (entry 4 vs. 3). This can be rationalized as the extra catalyst from the higher loading
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making it to the end of the reaction and getting captured by the excess OA partner (68d) to form
79. This intermediate is eventually converted to the aryl-imidazolium byproduct 78d since no
organozinc remains to proceed through TM. Interestingly, when LiBr was added to these
conditions (entry 5), BHE could be completely suppressed thereby eliminating the formation of 77
altogether. When ZnBr; was tested, there was no effect (entry 6). These results support the notion
that RE of 79 (to give 78) is relatively slow and mostly happens when there is no #n-BuxZn left with
which to react, or an electron-rich OA partner is used. This leaves BHE from complexes such as

80 as the primary culprit in the loss of catalyst activity in the cross-coupling of alkyl nucleophiles.

3.3 Effect of slowing or eliminating BHE on catalyst lifetime

It is possible to imagine that the catalyst death occurring in Table 12 could be curtailed
with reagents that do not have B hydrides. It was believed that if BHE could be significantly
slowed, if not halted completely, by a primary kinetic isotope effect (KIE) associated with the -
deuterated analogue of n-Bu>Zn. Consistent with the above hypothesis, the yield of the cross-
coupling of per-deuterated n-BuxZn-dig (70°) was significantly increased over its protio
counterpart (Scheme 21). The crude reaction mixture contained primarily coupled product 69g’,
trace starting 68g, and some deuterio-reduced product (83) illustrating that BHE was not entirely

shut down.
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Scheme 21: The use of per-deuterated n-Bu:Zn-Ds (70°) to examine its effect on BHE from
TM intermediate 80.!

5 Pd-PEPPSI-IPent
r 0,

. n-BuyZn-Dyg (70 _ U Mol%) nC4Dg D
~N (x equiv.) THF, RT, 16 hr \N/©/ N

| e8g | |
(1.0 equiv.)

69¢’ 83
75% conv.

With Bu,Zn, conv. to 69g never exceeded 50%

[a] All experiments were conducted in duplicate, and the average yield is reported.

To push this concept to its limit bis-neopentylzinc (84), which has no B hydrides, was
prepared and subjected to a sequential coupling experiment (Scheme 22 and Scheme 18). Despite
the profound hindrance associated with nucleophile 84, full conversion of both equivalents of 68d
now occurred without the need for any salt additives. Furthermore, couplings with this reagent did
not display the characteristic color change from bright yellow to black that nearly all other Negishi

couplings displayed. These findings further implicate BHE as the primary cause of catalyst death.

Scheme 22: Sequential reaction of bis-neopentylzinc (84) with 68d with Pd-PEPPSI-IPent in
the absence of LiBr.

Step 1 Step 2

24 hr

Pd-PEPPSI-IPent 68d (1 equiv.)
Br (1 mol%) 84 (0.6 equiv.)
/©/ . Yz{?( T e > MeO,C
MeOQC
8

68d 4 ) 35_ .
(1.0 equiv.) (0.6 equiv.) (99% yield)

[a] Percent yield is based on 2 equiv of 68d reacting to provide 2 equiv of 85 for full conversion. All experiments were conducted
in duplicate, and the average yield is reported.

3.4 Conclusion

We have demonstrated that BHE is the primary cause of catalyst death in the coupling of

alkyl nucleophiles with aryl electrophiles using Pd-NHC catalysts. There are a number of factors
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that impact the rate at which decomposition by this pathway occurs. Electron-rich OA partners
such as 68g (and their associated cross-coupled products, e.g., 69g) possessing coordinating
functionality curtail BHE, by coordinating to the metal center of the RE intermediate (e.g., 80).
Conversely, electron-poor substrates (e.g., 68d) cross-couple very rapidly and neither they, nor
their corresponding products (e.g., 69d) can coordinate suitably well with 80, and catalyst
decomposition to imidazolium byproduct (77) is rapid. This makes the catalyst shorter-lived,
which is why there is zero coupling if additional substrates are added to the reaction mixture after
the initial coupling takes place (Scheme 18 entry 1). That 68g and/or 69g help stave off BHE is
supported by the fact that the coupling of 68d takes place to a significant extent when it is added
to the coupling mixture comprised initially from 68g after it has reacted as much as it is capable.
Related to this, catalytic amounts of dimethylaniline can be added to the coupling of 68d and when

more 68d is added, the reaction continues to completion (Scheme 18 entry 4).

In addition to the positive impact that LiBr has on the coupling of alkyl nucleophiles within

the catalytic cycle,””-!!*

it plays a clear role in keeping the catalyst out of undesirable resting states.
Seemingly related to the role proposed above for aniline derivatives, bromide ion, a very good
ligand for Pd,!'” can help keep the metal centre coordinately saturated and prevent it from
undergoing BHE. Consistent with the above developing hypotheses, transformations involving
alkyl substrates that are incapable of readily undergoing BHE (e.g., 70°) see improved catalyst

lifetimes and activity. Removing all § hydrides all together (e.g., 84) eliminates BHE completely,

leading to much higher turn-over numbers for the catalyst.

BHE is not the only hurdle Pd-NHC complexes face in these cross-coupling procedures.
The aryl-imidazolium byproduct 78 represents a minor pathway leading to catalyst deactivation.

RE from OA intermediate 79, rather than TM with the nucleophile to provide 80, gives rise to aryl-
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imidazolium byproduct 78. Based on these results, electron-rich OA partners undergo this RE
faster than electron-deficient partners. This is likely due to the electron donating group helping to
drive the reduction of Pd(II) to Pd(0). It cannot be concluded that the bromide ion coordinating to
79 slows down the RE process that delivers 78, but the presence of LiBr certainly does not prohibit
78 from forming. What is known is that the presence of the bromide ion directs catalyst death away
from the dominant BHE pathway, leaving RE of 79 (to give 78) as the primary catalyst deactivation

mechanism.
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Chapter 4: Benchmarking the electronic effects of chlorine
bearing NHC ligands
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4.1 Effect of chlorine modified NHC ligands on alkyl-alkyl couplings

The role of salt additives on alkyl-alkyl Negishi couplings has already been well
documented.””!!* These studies were performed around the same time as the initial discovery of
the beneficial effects of chlorine substituents on the core of NHC ligands.****> Considering the
impact Pd-PEPPSI IPent“"had on aryl-alkyl couplings as shown in chapters 2 and 3, it would seem
likely that NHC ligands with chlorine backbones would have an impact on alkyl-alkyl couplings.
To address these effects, all available versions of Pd-PEPPSI, including isopropyl, iPent (3-
(n)pentyl) and iHept (4-(n)heptyl) with, and without chlorine backbones were screened for their
ability to catalyze the coupling between n-BuxZn (70) and a simple alkyl bromide (52). In most
studies from Organ et al., the larger and chlorine modified versions outperform their counterparts.
In alkyl-alkyl Negishi couplings, chlorine substituted NHC ligands were harmful at times. The
first 3 catalysts (Pd-PEPPSI-IPr, Pd-PEPPSI-IPr" and Pd-PEPPSI-IPent) were successful at
producing hexylbenzene (54) with minimal elimination (86) and dehalogenation (87).
Furthermore, Pd-PEPPSI-IHept was also able to produce moderate amounts of the coupled
product 54. The larger catalysts were clearly capable of performing this reaction, but introduction
of the chlorine backbone produced primarily the elimination byproduct 86 (Pd-PEPPSI-IPent and
Pd-PEPPSI-IHept compared to Pd-PEPPSI-IPent’ and Pd-PEPPSI-IHept“, respectively). This
was intriguing since it was unclear if this was due to a steric or electronic effect. Considering that
Pd-PEPPSI-IHept was still able to achieve modest yields while Pd-PEPPSI-IHept“' was almost
entirely incompetent suggested sterics was likely not a contributing factor. In contrast, Pd-
PEPPSI-IPr and Pd-PEPPSI-IPr“' were both effective, but Pd-PEPPSI-IPr“' displayed a slightly
higher selectivity, which contradicts the trend seen in the larger catalysts. It is unusual that large,

chlorine modified NHC ligands lowered selectivity, given the numerous times they showed
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improvements in other similar applications. 4*4647:8¢ Elucidating the source of these undesirable

effects could help design future generations of Pd-PEPPSI precatalysts.

Figure 14: Effect of catalyst size and chlorine substitution on alkyl-alkyl couplings.!?!
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LiBr (2 equiv.)
Br + n-BuyZn (70) n-dodecane (1.S.) Product (54)
©/\/\ (0.6 equiv.) 2:1
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: 0.2 M wrt R-Br
(1.0 equiv.) 16 hr, RT
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[a] All reactions performed in duplicate, average of two reported. Yield determined using GC-FID with calibration curves.

4.2 Determining the source of BHE

The initial discovery that large, chlorine modified NHC ligands were a poor choice for
alkyl-alkyl couplings was unexpected and raised many questions. Before tackling these queries, it
was important to confirm the source of the major elimination product 86. Two control tests were
performed to determine the source of this unwanted pathway. First, a control test with no palladium

catalyst ruled out E2 elimination followed by palladium catalyzed isomerization (Scheme 23). The
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full recovery of starting alkyl bromide (52) confirmed that the formation of the elimination

byproduct (86) is Pd catalyzed.

Scheme 23: Control test used to determine the source of BHE.?!

NO CATALYST
LiBr (2 equiv.)

Br . n-BuyZn (70) Br
(0.6 equiv.) 21
THF : DMI 52

52
(1.0 equiv.) 16 hr, RT

No Reaction

[a] All reactions performed in duplicate, average of the two trials is reported.

The second test was able to pinpoint which step on the catalytic cycle was undergoing
BHE. It is possible for both the OA intermediate 88 and the TM intermediate 90 to undergo BHE
under alkyl-alkyl coupling conditions (Scheme 24). If the OA intermediate undergoes BHE, it can
only produce 89, which could lead to elimination product 86. The TM intermediate 90 has two
possible BHE pathways, producing either 91 or 86. As a result, the detection of both these alkenes
can be used to determine the source of BHE. Unfortunately, the use of GC-FID to analyze these
couplings makes it challenging to detect butene isomers due to their low boiling point. To address
this problem, n-Bu,Zn was substituted with a longer chain analogue (decyl) so its elimination
byproducts could be easily detected using GC-FID. The detection of decene isomers would be
indicative of BHE occurring at the TM intermediate (90), while the lack of these artifacts would

suggest the OA intermediate (88) is the source of BHE.
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Scheme 24: Mechanism for the formation of potential elimination byproducts.
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Decylzinc bromide (92) was prepared salt-free in DMI using Huo’s?** protocol and coupled
with 52 using the unsuccessful catalysts (Pd-PEPPSI-IPent“' and Pd-PEPPSI-IHept“', Table 14).
The results from these couplings suggest that the OA intermediate is the primary source of 86,
based on the trace amounts of decenes detected. Nearly all the organozinc was converted to decane,
which is likely formed by neutralizing the HBr that is produced, and thus turning over the Pd(II)
catalyst. One important caveat from this experiment is the switch from dialkyl to monoalkylzinc
reagent since the analogous dec,Zn could not be distilled under vacuum like n-BuZn. It is already
well established that the monoalkyl organozinc reagents are less reactive and likely contain some
amount of ZnBr» as a result of the Schlenk equilibrium. To compensate for this, the couplings were
repeated with a larger dose of LiBr (3 equivalent) resulting in similar amounts of 86 being formed
(entries 3 and 4). Considering these couplings are already known to work under these conditions

with monoalkyl-zinc reagents and Pd-PEPPSI-IPr,*%3°°71% it can be concluded that large catalysts
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with chlorine functionalized backbones cause BHE to occur at the OA intermediate (88). With the
source of BHE identified, it was possible to investigate the extent to which electronic and steric

interactions from the NHC ligand impact formation of 86.

Table 14: Alkyl-alkyl couplings with decylzinc bromide (92) and 3-bromo-1-phenyl propane
(52).1

Catalyst (2 mol%)

LiBr (2-3 equiv.) AN
Br <
©/\/\ n-dodecane (I.S.) ©/\/ 98/\ ©/\/

52 2:1
(1.0 equiv.) THF : DMI Product (93) Elimination (86)
i 0.2 M wrt R-Br
16 hr, RT _
\t’)8/\ZnBr ANy
92 Decenes

Salt Free in DMI trace amounts

(1.2 equiv.)
Entry Catalyst LiBr equiv. Yield of 86
1 Pd-PEPPSI-IPent 2.0 89%
2 Pd-PEPPSI-IHept“ 2.0 97%
3 Pd-PEPPSI-IPent“ 3.0 90%
4 Pd-PEPPSI-IHept“ 3.0 93%

[a] All reactions performed in duplicate, average of the two trials is reported. Yield of 86 determined using GC-FID with calibration
curves. All reactions saw trace amounts of decene isomers by GC-MS.

4.3 Comparing chlorine and methyl functionalized NHCs

In previous studies, a useful method for determining the electronic and steric contributions
was to compare chlorine substituted NHCs to their methyl counterparts.***’ Methyl groups on the
backbone have a similar size to chlorine, but act as electron donating groups. Making these
comparisons was possible for Pd-PEPPSI-IP¥“ but the methylated versions of Pd-PEPPSI-IPent

and Pd-PEPPSI-IHept have yet to be synthesized. To find the root cause of this chlorine effect,
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the methylated versions of Pd-PEPPSI-IPent and Pd-PEPPSI-IHept were prepared so they could
be compared to their chlorine counterparts. The synthesis of Pd-PEPPSI-IPr¢ was trivial, with
literature procedures readily used to prepare the precatalyst.*’ In comparison, Pd-PEPPSI-IPent"
and Pd-PEPPSI-IHept" could not be synthesized using the conditions used for their chlorine

counterparts.

The 2,6-dialkyl anilines (94) could be prepared according to literature procedures,” but the
bis-condensation onto 2,3-butadione was problematic (Scheme 25). With 2,6-diisopropylaniline
the condensation was trivial, providing nearly quantitative yield of the bisimine. With larger
anilines, the first condensation goes smoothly, producing monoimine 97, but condensation of the
second aniline is very slow. Refluxing with toluene in a Dean-Stark apparatus was challenging due
to the extreme temperatures and insulation needed to effectively carry over the toluene vapors.
Furthermore, 2,3-butadione could carry over if the mono condensation product is not first formed
at lower temperatures. To avoid these harsh conditions, the biscondensation was performed in
DCM with an excess of the 2,6-dialkylaniline (95) and magnesium sulfate to help push the reaction
to completion by sequestering the water produced. Column chromatography was then used to
separate the bisimine (96) and the remaining aniline (95) and monoimine (97) could be recovered
and submitted to further condensations. Cyclization to form NHC salts 98 using previously
reported conditions proceeded with adequate yields and crystallization from the EtOAc used for
the liquid-liquid extraction conveniently provided the NHC salt in high purity.”* Unfortunately,
conventional ligation attempts of NHC salts 98 to palladium to form Pd-PEPPSI analogs were
unsuccessful. Multiple attempts under previously reported conditions used for the chlorine
functionalized analogs failed, producing only palladium black and recovered NHC salt. To get

around this hurdle, the methylated NHCs were ligated to palladium-(w-cinnamyl)-chloride dimer
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to give (NHC)Pd(cinnamyl)chloride complexes (99). The switch to cinnamyl chloride complexes
was not ideal due to the difference in the stabilizing ligand employed. However, the selectivity of
the reaction should not be affected since both the pyridine'?® and cinnamy1'?!'?? ligands are known

to readily generate active NHC-Pd(0) species.

Scheme 25: Synthesis of methylated (NHC)Pd(cinnamyl)chloride complexes.
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These cinnamyl-based catalysts were found to require cold storage conditions as the bright
yellow powders degraded into brown clumpy solids after sitting approximately 3 months at
ambient temperature in a well-maintained glovebox. The identity of the byproducts and source of
this degradation was not investigated, but based on visual appearances it appeared
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(IPent"®) Pd(cinnamyl)CI degraded faster than (IHept)Pd(cinnamyl)CI. This was unexpected
since the larger (DiMelHept”)Pd(cinnamyl)chloride complex (Figure 7) is known to be
indefinitely air stable at ambient temperatures.’”® These observations highlight the importance of

pyridine as a stabilizing throw away ligand.

With the methylated precatalysts in hand, their performance in the alkyl-alkyl coupling of
interest was tested. Surprisingly, the results mirrored those of the chlorine functionalized catalysts
(Figure 15). The smaller NHC ligands with iPr chains all provided relatively high yields of the
coupled product 54, with minimal side products. The catalysts with larger alkyl chains produced
similar yields of the elimination byproduct 86 for both the methyl and chlorine modified ligands
(Pd-PEPPSI-IPent®’ and Pd-PEPPSI-IHept“" compared to (IPent''®)Pd(cinnamyl)Cl and
(IHept"*®) Pd(cinnamyl) CI respectively). These results also continue the trend in which the NHC
ligands with large iHept chains produce more elimination product than those bearing iPent and iPr
chains, suggesting sterics cause the change in reactivity seen in chlorine functionalized NHC

ligands.
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Figure 15: Effect of methyl functionalized NHC ligands on alkyl-alkyl couplings.'?!
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[a] All reactions performed in duplicate, average of two reported. Yield determined using GC-FID with calibration curves.

The increased selectivity for product 54 vs elimination (86) can be rationalized by
considering the approach an organozinc reagent must take for a successful TM to occur. The OA
intermediate can undergo two different pathways, TM with the organozinc or BHE followed by
isomerization to the highly stable elimination product 86 (Scheme 26). In this case, productive
coupling (TM) is bimolecular while BHE is unimolecular, making it a challenging competition.
As alkyl chains on the N-aryl NHC rings become larger, the coordination sphere around palladium

becomes progressively more hindered, making TM with organozinc reagents increasingly
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challenging. This is problematic since the longer the OA intermediate waits to undergo TM, the
more time it has to undergo BHE and produce 86. Adding to this problem, large backbone
modifications restrict the motion of the alkyl chains, mitigating their ‘flexible steric bulk’,’’

making it harder for them to free up space around palladium for the organozinc approach

Scheme 26: Effect of ligand size on alkyl-alkyl couplings, resulting in the selectivity between

BHE and TM.
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This delicate balance between TM and BHE is in line with the increase in elimination
byproduct seen with backbone modification on NHC ligands with iPent and iHept chains, but not
iPr (Figure 15). Since the isopropyl chain is the smallest in this series, it is the least capable of
shielding the palladium centre, even with backbone modifications. This explains why Pd-PEPPSI-
IPr<" and Pd-PEPPSI-IP* both displayed similar selectivity to Pd-PEPPSI-IPr (Figure 15).
Further supporting this theory, higher selectivity was seen when the couplings with the ineffective
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catalysts were repeated with a higher loading of the organozinc (Figure 16). By doubling the
concentration of the organozinc, the balance between TM and BHE is skewed towards TM,
resulting in higher conversion to the coupled product. Indeed, the /Pent and /Hept NHC ligands
saw an improvement in the yield of 54 no matter the backbone modification. Again, the difference
between the methyl and chlorine NHC core substituent is minimal, and a slightly higher yield was
achieved with the smaller /Pent based NHC ligands. However, the yield of these reactions still
fails to match those of the /Pr based ligands at half the organozinc loading. These findings further

display the superiority of small, /Pr based ligands for alkyl-alkyl couplings.
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Figure 16: Effect of n-Bu,Zn loading on alkyl-alkyl couplings.?!
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[a] All reactions performed in duplicate, average of two reported. Yield determined using GC-FID with calibration curves.

Even though this new chlorine effect was mostly caused by steric influences, it was still
believed there remained an undiscovered electronic contribution. Analysis of the kinetic profiles
of the successful catalysts provided further insights. First, the size of the alkyl chains was
compared by monitoring the same reaction with Pd-PEPPSI-IPr, Pd-PEPPSI-IPent and Pd-
PEPPSI-IHept (Figure 17A). Consistent with the developing hypothesis, the larger catalysts had
slower kinetics. This decrease in reaction rate can be reasonably explained by slower kinetics for

both OA and TM based on the steric hindrance introduced by large alkyl chains. It is important to
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note that this steric hindrance reduced the overall rate of the reaction, but ultimately still produced
the coupled product in reasonably high yields. More interesting was the comparison between Pd-
PEPPSI-IPr and its modified analogues (Figure 17B). An electronic trend becomes quickly
apparent, in which reaction rates improved with increasingly electron withdrawing ligands (/Pr’
> [Pr > IPr¢). Since the isopropyl chains are too short to be effectively pushed towards the
palladium centre, and the methyl and chlorine modified backbones displayed significantly

different activity, these observations are believed to be caused by electronic factors.
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Figure 17: Kinetic profiles for the coupling of 52 and n-Buz:Zn catalyzed by different versions

of Pd-NHC complexes.!!
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[a] Yields determined using GC-FID with calibration curves.

A change in c-donating ability of the NHC is likely lowering the barrier(s) to one or more

of the three fundamental steps of the catalytic cycle. OA seems unlikely to be the step that is
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enhanced since it usually relies on an electron-rich Pd(0) centre. Chlorine substituted imidazoles
have been reported to increase the rate of RE as previously discussed with secondary alkylzinc
couplings (Table 1).*° However, the control tests with decylzinc bromide (Table 14) suggested RE
is very rapid and identified the OA intermediate as the source of elimination product. With these
considerations, it seems the chlorine groups are enhancing the rate of TM by increasing the
electrophilicity of the OA intermediate. This increase in electrophilicity would help drive TM,
increasing the observed rate of reaction (Figure 17B) and suppressing the formation of the
elimination byproduct 86 (Figure 15) by shortening the lifetime of the OA intermediate. While
installing chlorines on the backbone probably enhances the electrophilicity of larger catalysts like
Pd-PEPPSI-IPent and Pd-PEPPSI-IHept“, the extremely bulky alkyl chains block the approach
of the nucleophile and instead favor BHE producing 86 (Scheme 26). For this reason, large,
chlorine bearing catalysts should be avoided for alkyl-alkyl couplings and reserved for couplings

of OA partners that do not contain § hydrogens.

4.4 Revisiting Negishi coupling with secondary organozincs

With the revelations from the alkyl-alkyl couplings reported above and the new methylated
NHC-Pd catalyst in hand, the coupling of secondary alkylzinc reagents was revisited since they
are the original case study that highlighted the selectivity of large, chlorine functionalized NHC
ligands.*” It is well understood that larger catalysts gave better selectivity for the desired product
over the rearranged product. Comparisons between Pd-PEPPSI-IHept and Pd-PEPPSI-IHept“!
have already been made,***” but at that time the only catalyst that had a methylated version
available for comparison was Pd-PEPPSI-IPr. Without the comparison of Pd-PEPPSI-IHept“' to
its methylated counterpart, it is not clear if electronic changes were also enhancing RE. It could be

purely steric in nature, but the combination of steric hindrance and a more electron-deficient
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palladium centre would facilitate RE, meaning that both steric and electronic effects are operative

leading to enhanced selectivity.

Couplings were performed with diisopropylzinc (iPr.Zn) and a series of 5-membered
heteroaromatic bromides, known to be especially problematic for these couplings since they tend
to produce the rearranged, linear product (Table 15). All reactions proceeded with full
consumption of aryl bromide (99), with varying degrees of selectivity. The general trend seen for
all heteroaryl bromides tested was an increase in selectivity (i.e., the RE product (branched) vs the
MI product (linear)) when the backbone is substituted with methyl or chlorine. This is consistent
with the steric clash induced by the large groups on the backbone thereby preventing access to the
requisite conformation necessary for BHE. When comparing the two modifications, Pd-PEPPSI-
IHept“ consistently provided better selectivity than (IHept¢)Pd(cinnamyl)CI. This further
supports the arguments that a combination of both steric and electronic influences contributes to
the increased selectivity of chlorine bearing catalysts. Both modifications apply similar steric
pressure on the alkyl chains, but chlorines take it one step further by providing an electronic driving

force in parallel that helps drive RE.
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Table 15: Comparison of Pd-PEPPSI-IHept and its analogs in the coupling of iPr.Zn (100)
and various 5-member ring heteroaromatic bromides (99).?!

Y Catalyst (1 mol%)
HetAryl —Br  + jn\ HetAryl —< HetAryl —/_

THF, RT
16 hr
99 100 _
(1.0 equiv.) (0.6 equiv.) Branched (A) Linear (B)
SO,Ph Ph
o & .
Y, \ ’{
\ / w7
101 102 103
Catalyst 101A : 101B 102A : 102B 103A : 103B
Pd-PEPPSI-IHept 1:1 1:3 1:8
IHeptMePd(cinnamyl)Cl 7:1 1.5:1 1:1
Pd-PEPPSI-IHept“ 13:1 33:1 23:1

[a] Ratio of branched to linear determined by analyzing the '"H NMR spectrum of the purified product, since the two isomers co-
elute.

4.5 Conclusion and outlook

The results from this chapter further highlight the intricate balance between the steric and
electronic changes brought about by modification of the backbone of NHC ligands. Through a
combination of catalyst screening and kinetic profiling, it could be concluded that chlorine
backbone modifications help drive both TM and RE. Both steps are believed to be enhanced by a
more electrophilic palladium centre. RE is also enhanced by a combination of this change in c-
donating ability and the increase in steric pressure on the palladium centre. However, these benefits

come with an important caveat, that backbone modifications severely restrict the motion of the
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larger alkyl chains such as /Pent and [Hept. For alkyl-alkyl couplings this is a fatal flaw since

large, chlorine bearing ligands block the approach of the organozinc and end up favoring BHE.

In another study, the ratio of rearranged to branched product in secondary alkylzinc
couplings was examined. Unlike the alkyl-alkyl couplings, now BHE can only occur at the TM
intermediate. Again, a combination of steric and electronic influences is responsible for the
enhanced selectivity of Pd-PEPPSI-IHept“' under these conditions. The methylated analog
(IHept"®)Pd(cinnamyl)Cl had selectivity that was consistently between the smaller Pd-PEPPSI-
IHept and more electron withdrawing Pd-PEPPSI-IHept“'. From these findings it was clear that
chlorines on the backbone helped by both restricting the motion of the alkyl chains and creating a
more electron-deficient palladium centre, which increases the rate of RE leading to less isomerized

product in these couplings.

Future reaction optimizations can benefit from the considerations investigated in this
chapter. Based on the trends seen, chemists can carefully choose the right variation of Pd-PEPPSI
for their desired coupling. Couplings of alkyl organozinc reagents with challenging TM and RE
steps can be enhanced with chlorine substituted NHC ligands, while couplings that are susceptible
to BHE at the OA intermediate should only be conducted with small /Pr based catalysts. While
the newly synthesized methyl series of catalysts never outperformed the chlorine substituted
catalysts, they nonetheless found application in reactions with challenging electrophiles. For the
activation of strong C-X bonds, an electron-rich catalyst such as (IHept*)Pd(cinnamyl) Cl might
find utility. Finally, future unexpected results from large chlorine bearing NHCs can be compared
with the newly synthesised methylated (NHCY¢)Pd(cinnamyl)CI catalysts to aid in mechanistic

studies.
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Chapter 5: Negishi coupling of a-methyl amino acids
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5.1 Background

Proteins are large, complex biomolecules that perform many crucial roles in the body. They
are responsible for the structure, function, and regulation of the body's internal processes. Peptides
are generally considered smaller versions of proteins, both consisting of amino acids bound in a
linear fashion to create biopolymers. These chains fold up on themselves into various
conformations that ultimately give rise to their functionality. The first example of a peptide being
used as a medication was the use of insulin to treat type 1 diabetes. This landmark discovery
highlighted many of the benefits of peptide-based drugs including high potency, high selectivity
and low toxicity. All these benefits derive from the fact that peptides are the machinery already
used and recognized by nature. Using peptides, very potent therapies can be developed that have
the capability of binding biological targets in ways small molecule drugs cannot. Furthermore,

these drugs often have very low toxicity since they are eventually broken down into amino acids.

While these benefits are great for patient care, there are many challenges associated with
peptide-based drugs including low oral bioavailability,'”® short half-lives!** and costly
production.'?® Low oral bioavailability is a result of the extremely acidic environment in the
stomach which is incompatible with peptides, thus limiting the delivery of these drugs to injection.
Another drawback is the immune system’s extraordinary ability to rapidly detect and destroy
foreign biomolecules. Once the immune system detects foreign peptides, it deploys specialized
enzymes called proteases that hydrolyze the amide backbone, releasing the free amino acids in a
process called proteolysis.'?® Finally, the large and complex nature of peptides makes their
chemical synthesis challenging. Advances have been made in this field, with solid phase synthesis
(SPP) proving to be an effective method for circumventing the poor solubility of peptides during

stepwise syntheses.!?’ Peptide synthesizers are now capable of preparing peptides comprised of
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more than 200 amino acids.!?® However, the iterative stepwise synthesis still slows drug discovery

campaigns in which rigorous structure activity relations (SAR) studies become time intensive.

Since the average half-life of peptide-based drugs is about 30 minutes in vivo, a major goal
for this field is the extension of these lifetimes.!?* Unnatural amino acids have been investigated
for their ability to enhance peptide half-lives. Usually, the goal of these modifications is to modify
the amide bond, or its surroundings, to make it less likely to be recognized by natural proteases.
This is a delicate balancing act because the peptides must be modified enough to evade detection
and hydrolysis, but not so much that biological activity/recognition is lost. One effective
modification reported by Horne et al. was methylation of the peptide backbone (Scheme 27).'* In
this study, the authors investigated four different modifications and their effect on stability towards
proteolysis. Methylation of the alpha carbon (Cy-Me) and inversion of the R group (D-a) proved
to be the most effective at slowing proteolysis, while N-methylation (N-Me-a) and  amino acids
(B) had mild to modest increases in half lives. The results from this study suggest the incorporation
of a-methylated amino acids into peptides at strategic positions could significantly improve their

metabolic stability.
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Scheme 27: Representative example of proteolysis and the unnatural residues used by Horne
et al. to slow proteolysis.'”’
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To the best of our knowledge, few methods exist for the preparation of a-methylated amino
acids and these are lengthy synthetic approaches that lack the ability to diversify the R group.!*
132 This lack of literature precedence limits the implementation of these unnatural amino acids in
peptide-based drug discovery programs. It was envisioned an amino acid scaffold (104) could be
prepared with the a-methyl backbone, protecting groups on the two ends, and a CH>X group for
the sidechain (Scheme 28). With this amino acid template, Negishi coupling (and other Pd
catalyzed cross-coupling reactions) could be performed either using this template as the
electrophile (Scheme 28A) or as the nucleophile (Scheme 28B). This would allow for the R group
to be installed last, simplifying the development of a library of amino acids containing this
backbone modification. While these couplings will be especially difficult due to the steric bulk
surround the C-X bond, it was believed that the Pd-PEPPSI series of precatalysts would be capable

of performing these couplings.
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Scheme 28: Electrophilic (A) and nucleophilic (B) approach to Negishi coupling with amino
acid template 107.
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Fortunately, the conversion of non-methylated analogs to the corresponding organozinc
reagents and subsequent couplings have been well documented.'**~!3° One problem that commonly
plagues these couplings is 3 elimination of the N-Boc group. A study from Jackson et al. examined
the zinc insertion step and subsequent decomposition of the non-methylated version of 104 using
NMR spectroscopy. '’ They noted this organozinc reagent (105) undergoes p elimination in THF,
releasing the eliminated ester and Boc-NH: (Scheme 29). By comparing the '*C and 'H NMR
spectra of 105, the authors concluded the carbamate coordination to zinc is predominant in THF.
This is corroborated by experiments conducted in DMF that produced good yields of the
organozinc. It is for this reason the zinc insertion and subsequent couplings are usually performed

in DMF. Using this protocol, the authors employed 105 in Negishi couplings with various acyl
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chlorides, achieving yields of 20-59%. Further developments from Jackson et al. have shown that

swapping the Boc protecting group for trifluoroacetamide greatly slows the rate of B elimination.'*!

Scheme 29: Predominant structures of organozinc 108 and decomposition pathway via
elimination.
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In 2010 Jackson et al. published improved conditions for the Negishi coupling of 105 with
various aryl halides (Scheme 30). '** DMF was again the solvent of choice due to the stability of
the organozinc species. Various palladium sources and phosphine ligands were tested for the
subsequent Negishi coupling, and Pdx(dba); and SPhos (2:1) proved to be the most efficient
catalyst system. The general procedure began with the zinc insertion step, treating 106 with 3
equivalents of zinc dust that had been preactivated with I> in DMF. A solution of Pdz(dba)s, SPhos,

and aryl halide were added directly to the mixture without removing the remaining zinc powder.
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The resulting slurry was stirred either at room temperature for aryl iodides or 50 °C for aryl
bromides. Using this technique, a wide range of aryl halides could be coupled to produce new,

unnatural amino acids (107).

Scheme 30: Improved Negishi coupling conditions for 106.'°

1) Zn dust, cat. |,
2) ArX, sz(dba)3

_N_ _CO,Me
Boc/NYCOZMe SPhos Boc : 2
N RT or 50 °C, DMF SAr
= | (80%) | (75%) X =1 (66%) = (70%)
x Br (77%) X = Br (58%) = Br (65%)
OO O @ X
H,N
X =1 (53%) X = | (88%) X =1 (71%) X =1 (79%)
oot o O
O,N Cl F ?
X =1(51%) X = 1(69%) X =1(80%) X =1 (76%)
X = Br (59%) X = Br (75%) X = Br (69%)

5.2 Plan of study

The goal of this project is to make a-methylated amino acids more readily available, the
progress of which can be measured by a few key milestones, the first of which is the synthesis of
the a-methylated amino acid template (Scheme 31). Initial reaction development on racemic

template 108 will save time and once the Negishi coupling of this amino acid is optimized, a
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substrate scope and a route to the enantiopure amino acid template (104) can be prepared. With
this methodology, some of the challenges associated with the discovery, production, stability, and

bioavailability of peptide-based therapeutics can be addressed.

Scheme 31: Key milestone accomplishments for this project.
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5.3 Synthesis of racemic amino acid template

The first task was the synthesis of a racemic amino acid bearing the a-methylated backbone
and a CH>X group. One straightforward method would be the protection of a-methyl serine
followed by Appel halogenation of the alcohol. Unfortunately, this halogenation reaction is known
to be ineffective, likely due to the steric bulk surrounding the alcohol.'*? Instead, our synthetic
route began with the preparation of racemic a-methyl-serine (110)!** followed by installation of
the N-Boc protecting group to give 111 (Scheme 32).!4* To install the halogen, a method developed
by Olma et al. was employed where the acid is first cyclized to give 112! followed by treatment
with MgXs (X = Cl, Br) to open the lactone and install the halogen in the desired position (113).!43
Initially Olma et al. performed this reaction with MgCl> and MgBr: to install chlorine or bromine
respectively, and it was discovered this methodology also worked with Mgl, to produce the

corresponding iodide (113b). The only step that had no literature precedence was the final step in
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which the carboxylic acid is protected as a methyl ester. Due to the acid sensitive Boc group,
Fischer esterification was ruled out. Treatment with iodomethane and base produced trace amounts
of 108. Esterification using a carbodiimide coupling agent (DCC or EDC) along with catalytic 4-
dimethylaminopyridine (DMAP) provided the final amino acid template 108 in reasonable yields.
EDC was the optimal coupling agent due to the challenges associated with filtering the byproduct
arising from DCC. The urea byproduct from EDC (N-[3-(dimethylamino)propyl]-N'-ethyl-urea)
was washed away readily with acid, while the DCC urea byproduct (N,N'-Dicyclohexylurea)
produced extremely fine solids that were difficult to filter. With this synthetic scheme, 108a and
108b could be prepared on a multigram scale, using column chromatography only for the

purification of the final product.

Scheme 32: Synthesis of racemic amino acid template 108.
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5.4 Optimizing Negishi coupling

With the halogenated amino acid template in hand, multiple attempts were made to perform
Negishi couplings of 108a with a variety of alkyl and aryl organozincs, derived from different

precursors. The choice to use a variety of precursors for these organozinc reagents was based on
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the previous work on salt effects (Chapters 1-3). These couplings were performed under previously
established conditions, with a variety of catalysts and salt additives. Unfortunately, none of these
couplings were successful and a range of unwanted byproducts were observed by GC-MS (Scheme
33A). One unexpected byproduct was aziridine ring 114 and control reactions without any catalyst
still led to significant 114 (Scheme 33B) illustrating that the inherent basic conditions were
responsible for the side product. Performing these couplings with Znl, and Mgl, additives in an
attempt to reopen the ring in situ were unsuccessful. Furthermore, the iodo analog (108b) was not
investigated for these couplings since the weaker C-X bond would likely undergo cyclization even

faster than 108a.

Scheme 33: A) Failed attempts at coupling 108a with various organozinc reagents. B)
Proposed mechanism to account for the formation of aziridine byproduct 114.
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After ruling out use of 108a as the electrophile, the conversion of 108 to its corresponding
organozinc and subsequent use in Negishi coupling was investigated. Initial optimization was
performed with brominated template 108a with no success. It was discovered the C-Br bond was
indeed activated by zinc dust preactivated with I> in polar solvents such as DMF, DMI and NMP
at slightly elevated temperature (40-50 °C). While these temperatures are regularly used to
synthesize ‘“standard” aromatic and alkyl organozinc reagents, this organozinc undergoes f3
elimination at these temperatures, releasing methyl methacrylate (MMA) and tert-butylcarbamate
(Boc-NH»). This was not surprising considering the non-methylated analogs are well known to
undergo this type of decomposition (Scheme 29).!*" Swapping the bromine (108a) for iodine
(108b) provided a much more active C-X bond that readily reacted at room temperature in just a
few minutes. Various conditions were tested to determine the optimal solvent and additive
combination needed for efficient activation of the C-I bond (Table 16). DMF was the optimal
solvent, consistently producing a 78% yield of the organozinc 115 (entry 1 vs 3 and 4), while the

presence of salt had no impact on organozinc formation (entry 2).
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Table 16: Optimization of zinc insertion step to form organozinc 115.!?!

H 9 1) Zn Dust (3.0 equiv.) with I, activation H 9
Boc/N o~ Solvent, Additive Boc/N o~
RT, 20 min, 1.25 M
| Znl
108b 115
(1.0 equiv.)
Entry Solvent Additive Yield of 1151

1 DMF - 78%
2 DMF LiCl (2 equiv.) 78%
3 DMI - 49%
4 NMP - 56%

[a] Yields determined using 'H NMR spectroscopic analysis of the reaction mixtures and 1,3,5-trimethoxybenzne as an internal
standard. Average of two trials.

With the zinc insertion optimized, Negishi couplings with 115 could be attempted.
Employing 4-bromomethylbenzoate (68g) as the electrophile, since it was known to be active, a
variety of Pd-PEPPSI precatalysts were screened, along with a variety of salt additives at various
temperatures. Unfortunately, initial attempts failed to produce any coupled product and destruction
of the organozinc through B elimination, especially upon heating, was the only side reaction.
Finally, after an exhaustive catalyst and additive screening, the first successful coupling was
achieved after preactivating the catalyst and leaving the reaction overnight at room temperature
(Scheme 34). This trial produced a 40% yield of the desired product and confirmed these Negishi

couplings were indeed possible with PA-NHC complexes, albeit at a slow rate.
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Scheme 34: First successful coupling with a Pd-NHC complex.
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[a] Isolated yield.

With this first hit, optimization could begin to try and increase the efficiency of this
transformation (Table 17). A duplicate trial revealed mildly inconsistent yields (entry 1). This
capriciousness could be caused by unreacted organozinc remaining after 24 hrs as evident by 'H
NMR analysis. Extending the reaction time to 72 hr produced more consistent results (entry 2). A
control test in which LiCl was excluded produced no observable product (entry 3), reinforcing the
importance of the salt effects discussed in chapters 2 and 3. Substituting Pd-PEPPSI-IPr for Pd-
PEPPSI-IPr“ produced similar yields of 116 (entry 4). Finally, the preactivation step was shown
to be unnecessary with Pd-PEPPSI-IPr< when the same coupling produced similar yields without

a preactivation step (entry 5).
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Table 17: Optimization of Negishi coupling of 108b with 68d.

H 0] 1) Zn Dust (3.0 equiv.) with I, activation H 0]
BOC/N7<J\O/ DMF, RT, 20 mins _ Boc/N O/
I 2) 68d (1.2 equiv.)
108b LiCl (2.0 equiv.)
(1.0 equiv.) Pd-PEPPSI-IPr° (5 mol%)
*preactivation with n-Bu,Zn*
RT, time O (lj
DMF, 0.8M wrt Alkyl lodide, Zn Removed 116
Entry Time Conditions Yield of 116
1 24 hr As written above 40-60%
2 72 hr Longer time 53%
3 72 hr No LiCl NR
4 72 hr Pd-PEPPSI-IPr instead of Pd-PEPPSI-IPr 45%
5 72 hr No preactivation 58%

[a] Isolated yields. Average of two trials unless otherwise specified.

With a better understanding of the optimal reaction conditions, other Pd-PEPPSI
precatalysts were screened. The established coupling conditions were performed with a variety of
precatalysts both with and without a preactivation step (Table 18). Unsurprisingly, the most
successful couplings used catalysts with lower steric hindrance (Pd-PEPPSI-IPr, Pd-PEPPSI-
IPr™¢ and Pd-PEPPSI-IPr“, entries 1-3). This is critical since the larger catalysts will likely hinder
the approach of the organozinc. With a less hindered catalyst, both the preactivation and TM steps
should be easier. This hypothesis was confirmed when all couplings with larger precatalysts failed

(entries 4-7).
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Table 18: Catalyst screening for the Negishi coupling between template 108b and 68d.!*!

1) Zn Dust (3.0 equiv.) with |, activation H 9
N

/H P DMF, RT, 20 mins Boc” o~
Boc @) g
2) 68d (1.2 equiv.)

I LiCl (2.0 equiv.)
catalyst (5 mol%)

(1 (; (()ezziv.) *PREACTIVATION* o o
RT, 72.hr |
DMF, 0.8M wrt Alkyl lodide, Zn Removed 116
Entry Precatalyst No Preactivation!® Preactivated®/’!
1 Pd-PEPPSI-IPr Trace 45%
2 Pd-PEPPSI-IP"¢ 18% 26%
3 Pd-PEPPSI-IPr“! 58% 53%
4 Pd-PEPPSI-IPent Trace Trace
5 Pd-PEPPSI-IPent Trace Trace
6 Pd-PEPPSI-IHept Trace Trace
7 Pd-PEPPSI-IHept“ Trace Trace

[a] Isolated yields. Average of two trials. Trace yields judged by "H NMR spectroscopy of reaction mixture. [b] Preactivation was
performed by first stirring the catalyst, LiCl, Ar-Br and DMF with a few drops of n-Bu2Zn prior to adding the organozinc (115).

Under both conditions, the highest yield of 116 was observed with Pd-PEPPSI-IPr“,
making it the catalyst of choice moving forward though it was still unclear what made /Pr“' the
optimal ligand. Looking closer at the trials using smaller ligands (entries 1-3) an interesting trend
appears. Both Pd-PEPPSI-IPr and Pd-PEPPSI-IPr™¢ showed significant improvements when
preactivated (entries 1 & 2), while Pd-PEPPSI-IP¥“! had a slight decrease in yield when
preactivated (entry 3). This result was unexpected since the preactivation seemed to benefit /Pr
and IPr™¢, In addition, less of the organozinc is used as a sacrificial reductant, leaving more

available for the desired transformation. Furthermore, Pd-PEPPSI-IPr“' was the only Pd-NHC
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complex that was capable of being activated by the bulky organozincs. These differences could
once again be explained through a combination of steric and electronic effects arising from the
chlorine functionalized backbone. When comparing the preactivated trials of all the /Pr variants
(entries 1-3, preactivated), a trend is seen where an increase in electron donation from the NHC
leads to lower yields. This is in line with the results from Chapter 4, where NHC ligands with
chlorine substituted backbones helped drive the challenging TM step. Due to the large steric bulk
of the organozinc, it is reasonable to believe the TM step is rate limiting in this reaction. Using a
chlorine bearing NHC ligands helps increase the electrophilicity of the OA intermediate, leading
to higher yields. However, the trials with no preactivation show a different trend where only Pd-
PEPPSI-IPr“ can efficiently enter the catalytic cycle (entry 3), while Pd-PEPPSI-IPr"* shows
some reactivity (entry 2) and Pd-PEPPSI-IPr gives no reaction (entry 1). This could be
rationalized by the large groups on the backbone helping push the pyridine ring away, likely an
essential step for preactivation. This would explain why Pd-PEPPSI-IPr*¢ shows some potential,
but the increase in yield upon preactivation still suggests not all of the catalyst is being activated
by 115. The chlorine functionalized precatalyst Pd-PEPPSI-IPr“' likely has both steric and

electronic driving forces that work together to get it on cycle and encourage TM.

One aspect of these couplings that differs from all the other Negishi coupling in this thesis
was the disregard for the excess Zn° remaining after the insertion step. Normally after forming an
organozinc reagent from zinc powder, the residual zinc is allowed to settle to the bottom of the
flask, and the solutions are carefully collected with a syringe and needle without disturbing the
solids. However, the zinc dust is often left in the reaction solution when performing couplings with
the non-methylated amino acid.!3*"13%!%¢ The zinc dust is seemingly inert to the coupling

conditions and left in out of convenience. Up until now, the excess zinc was removed by letting it
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settle before carefully collecting the supernatant by syringe. It is possible the zinc dust could act
as a reducing agent and help the precatalysts enter the active cycle. The established conditions
were tested under similar conditions except all reagents were added to the same vial, resulting in
a slurry of zinc dust (Table 19). It was immediately obvious that zinc dust was incapable of
reducing the palladium precatalyst under these conditions. The zinc dust lowered the yield of the
functional catalysts (Pd-PEPPSI-IPr“' and Pd-PEPPSI-IPr** entries 1 & 2) and failed to activate

Pd-PEPPSI-IPr (entry 3). Based on these results, excess zinc dust was removed in further trials.

Table 19: Negishi coupling of 108b and 68d performed with and without excess zinc dust.!?!

H 1) Zn Dust (3.0 equiv.) with |, activation H
BOC/NKkO/ DMF, RT, 20 mins Boc” o~

I 2) 68d (1.2 equiv.)
LiCl (2.0 equiv.)

108b
(1.0 equiv.) Pd-PEPPSI-IPrc! (5 mol%)
RT, 72 hr, no preactivation (e) (0]
DMF, 0.8M wrt Alkyl lodide |
116
Entry Precatalyst Zn Slurry Zn Removed
1 Pd-PEPPSI-IPr“! 52% 58%
2 Pd-PEPPSI-IPr¢ Trace 18%
3 Pd-PEPPSI-IPr Trace Trace

[a] Isolated yields, average of two trials. Trace yields judged by "H NMR of reaction mixture

The catalyst loading was varied to see how low it could go in an effort to make this
methodology more applicable to large-scale production. Performing the established couplings with
decreasing catalyst loadings severely decreased the yields (Table 20, entries 1-3). Dropping the

catalyst loading from 5 mol% down to 2.5 mol% lowered the yield to 18%, and 1 mol% produced
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only trace amounts of 116. Considering this was a model reaction with an activated electrophile,

it was clear the catalyst loading could not be lowered any further.

Table 20: Catalyst loading and additive optimization for the coupling of 108b and 68d.'*!

H O 1) Zn Dust (3.0 equiv.) with I, activation H 0
BOC/NKkO/ DMF, RT, 20 mins Boc” o~
I 2) 68d (1.2 equiv.)
108b Additivle )
(1.0 equiv.) Pd-PEPPSI-IPrc (X mol%)
RT, 72 hr, no preactivation O (o)
DMF, 0.8M wrt Alkyl lodide |
116
Entry Additive Precatalyst loading Yield of 116
1 LiClI (2 equiv.) 5 mol% 58%
2 LiCl (2 equiv.) 2.5 mol% 18%
3 LiCl (2 equiv.) 1.0 mol% NR
4 LiBr (2 equiv.) 5 mol% Trace
5 MgCl»(2 equiv.) 5 mol% Trace
6 Nal (2 equiv.) 5 mol% NR

[a] Isolated yields, average of two trials. Trace yields judged by 'H NMR spectroscopy of the reaction mixture

Lastly, the choice of salt additive was investigated. It was already made clear that LiCl was
crucial for these couplings (Table 17, entry 3). Various salt additives were tested including LiBr,
MgClz and Nal, all of which failed to produce results similar to that of LiCl (Table 20, entry 1
compared to entries 4-6). The decrease in yield upon switching to LiBr was confusing, since in all
previous studies on the salt effect, LiBr and LiCl displayed very similar reactivity.””!04107.114

Magnesium salts such as MgCl, were only beneficial to aryl-aryl couplings, owing to the increase

in solvent polarity.'’” This salt additive showed no reactivity, which is not surprising considering
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the reaction is already conducted in a very polar solvent. Finally, the I, used to activate the zinc
dust led us to attempt the reaction using Nal, but this salt had poor solubility in DMF, and no
reaction was observed. These results showed there was something unique about LiCl which allows

this reaction to proceed.

To decipher the role of LiCl the 'H NMR spectra of organozinc 115 in the presence of the
salt additives was collected. Solutions of 115 were prepared and dosed with the additives of
interest. These solutions were then analyzed using '"H NMR spectroscopy, calibrating the axis on
the upfield CHj signal of the solvent (Figure 18). These results provided some insights into what
was unique about LiCl versus all the other additives tested. All samples with salt additives showed
a general upfield shift for the two C-H signals alpha to the zinc atom. This suggested the formation
of higher order zincates as previously reported by Organ et al (chapter 1).°”!'* As halides
coordinate to the zinc centre, they form anionic zincates. These zincates are electron rich and push
the alpha C-H protons upfield, indicating an increase in the nucleophilicity of the organozinc which
helps drive the TM step forward. This increase in reactivity can be compared by examining how
far upfield the alpha proton signals are shifted in comparison to a salt-free sample. When
considering the shifts for the different salt additives, it becomes clear why LiCl is far superior to
LiBr. The latter had the smallest shift while LiCl had the largest upfield shift. It would seem the
choice of halogen is critical since MgClz and LiCl both had larger shifts than LiBr. These results
point to a previously established role of salt additives, the formation of higher order zincates.
Tetramethylethylenediamine (TMEDA), a common bidentate chelator was also tested, showing a
surprising downfield shift of the alpha proton signals (see SI). These findings confirmed that LiCl

was the best salt additive for these couplings.
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Figure 18: '"H NMR spectra of organozinc 115 in DMF with various salt additives.
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5.5 Substrate scope

Until this point, the only coupling partner used for couplings with 108b was 4-
bromomethylbenzoate (68d). This substrate served its purpose as an easy electrophile to activate,
with minimal steric hindrance. It was important to test the optimized conditions on more
challenging substrates that more closely resemble those that are likely to be employed in drug
discovery. A handful of heteroaryl halide coupling partners were tested. These are substrates that
are more likely to be incorporated into pharmaceuticals, but more challenging for palladium
catalysis due to unwanted interference from the Lewis basic functional groups.®’ Not surprisingly,
the yield of these couplings decreased when these new electrophiles were employed (Scheme 35).
Various pyridine derivatives were tested, with disappointing and sometimes inconsistent results.
The coupling was inconsistent with 2-iodopyridine, producing between 38-58% of the coupled

product 117, while 3-iodopyridine produced none of the desired coupled product (121).
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Regioselective activation of a polyhalogenated pyridine was attained with 118, albeit with low and
inconsistent yields. Performing the reaction at a higher temperature with a preactivation step
produced no significant increase in coupling. The analogous reaction with a polyhalogenated
pyrimidine 119 failed entirely, potentially due to the bromine/iodine combination or the switch
from pyridine to pyrimidine. Finally, the most challenging coupling partner, iodouracil (120), was
also incapable of participating in the coupling. From these preliminary results it is clear this

methodology requires further optimization for coupling of such challenging electrophiles.
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Scheme 35: Substrate scope for the coupling of 108b.
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[a] Reactions performed in duplicate. Average of two trials, unless otherwise specified. Isolated yield is reported. [b] Catalyst was
preactivated with n-BuzZn and the reaction mixture was heated at 50 °C for 3 hr.

5.6 Synthesis of chiral amino acid template

With the zinc insertion and Negishi steps nearly optimized, it was important to prepare an
enantiopure amino acid template. Both lactone 112 and N-Boc-o-methyl serine 111 are
commercially available as enantiopure intermediates; however, they are very expensive, making
the large-scale preparation of the final amino acid template with these intermediates impractical.
A chiral resolution was chosen for the sake of keeping the synthesis short and easily scalable.
While chiral resolutions lead to the loss of at least half the material, for initial drug discovery
efforts this is acceptable. In fact, having access to both enantiomers in one preparation actually

benefits drug discovery campaigns. Furthermore, there was already a reliable procedure reported
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for the chiral resolution of a closely related derivative of a-methyl serine using an inexpensive and

readily available resolving agent.

The first step of the racemic amino acid synthesis was taken from a report by GSK on a
scale up campaign for GSK 1842799, an API being investigated for its ability to treat transplant
rejection and autoimmune diseases.'** The authors could prepare racemic o-methyl serine (110)
on kilogram scales, with the only purification being precipitation with acetone as a counter solvent
(Scheme 36). From there, a Fischer esterification protected the carboxylic acid as a methyl ester.
This produced a crude oil which could be resolved using (1S)-(+)-Camphorsulfonic acid (CAS),
producing salt 122 with diastereomeric excesses (de%) of up to 95%. The only drawback of this
method is the need to install a methyl ester prior to the resolution since our synthetic sequence
requires the free carboxylic acid for the cyclization step. Ultimately, this introduced three new
steps (esterification, resolution and saponification) to the synthetic sequence in order to set the
stereocenter. Fortunately, the esterification and resolution proceeded smoothly and could deliver
30-40g of diastereomeric salt 122 with de% of 94%. Once the ester derivative was resolved, it
could be hydrolyzed under basic conditions to regenerate the now chiral a a-methyl serine (123)
and release the resolving agent. From there, the final chiral amino acid template could be prepared
using the same procedures for the racemic material. Surprisingly, the final chiral amino acid 127
was an oil while the racemic template 108b was a solid. With the chiral amino acid template in
hand, it was possible to confirm the optimized conditions worked on the enantiopure amino acid.
Indeed, when subjected to the optimized zinc insertion and Negishi coupling conditions, a yield of

55% was achieved of the coupled product (128).
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Scheme 36: Synthesis of chiral amino acid template 127 and use in a Negishi coupling.
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5.7 Conclusion and outlook

The work conducted so far has laid the groundwork for this project. Initial work centred
around preparing and optimizing the Negishi coupling of a racemic a-methyl amino acid template.
By using the racemic amino acid, the synthesis was expedited so time could be spent on the
challenging Negishi coupling. With help from literature reports on metallating analogous non-
methylated amino acids DMF was established as the ideal solvent for converting the template
amino acid to its corresponding organozinc. After optimization, it was determined that the
subsequent Negishi coupling worked best using Pd-PEPPSI-IPr“' in DMF with LiCl additive.
With these conditions the bulky nucleophile could be coupled with various aryl and heteroaryl
halides. Finally, the enantioenriched amino acid was synthesized to provide a template that can be
used for peptide synthesis.
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There remains a great deal of work to further develop this methodology and achieve its
final objectives. With the findings so far, there are now many new routes open to continue this
project. One end goal near completion is the generation of a large library of amino acids bearing
this a-methyl group. To realize this goal, the coupling should be further optimized to allow for a
broader substrate scope. Furthermore, the chemistry must be scaled up as couplings to this point
have only been performed on 0.25 mmol scales, thus production of the template will similarly need

to be scaled.

Once the Negishi reactions are mastered, this chemistry can be migrated to short peptides.
This would further enhance its use in drug discovery campaigns and give credence to the
importance of studying the intricacies of palladium catalysis. However, this endeavor is
complicated by the choice of protecting group. Initially this chemistry was conducted with a N-
Boc and methyl ester protecting groups. N-Boc was chosen for its versatility, ease of installation
and removal, and resistance to the basicity of an organozinc. These properties made Boc protecting
group a wise choice for the coupling of individual amino acids, but for peptide synthesis, F-moc
protecting groups are dominant. This is because the conditions used to cleave it are much milder
than those needed for Boc groups. Furthermore, many biorelevant modifications such as
glycosylation and phosphorylation are incompatible with the strong acidic conditions needed to
cleave Boc groups.!*” For these reasons, future work will need to investigate the use of different
protecting groups. This will entail the synthesis of different versions of the amino acid template
with different protecting groups, and the incorporation of these residues in short peptides. Once

these peptides are prepared, work can begin on performing Negishi couplings with peptides.

Finally, one last avenue for this project is the preparation of other a-methylated templates.

Current efforts in the Organ lab are focused on extending the CH2X group to longer chains. This
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will allow for even larger libraries of unnatural amino acids bearing these a-methyl groups.
Currently, Kyle Passley, a PhD candidate within our group, is working on preparing an analog of
127 bearing a CH,CH»X sidechain. With the longer chain it might be possible to switch from
iodine to bromine or even chlorine. With the steric bulk further away from the C-X bond, the TM
should be easier. Furthermore, with the N-Boc group an extra carbon away, the B elimination
pathway should be shut down. This will make Negishi coupling with this template much easier
since heating would now become an option, if necessary. Indeed, this new compound could

provide a new route to a wide range of unnatural amino acids.
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Chapter 6: Conclusions and outlook
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The work from the final amino acid project highlights the importance of the previous
chapters, and ultimately brings this thesis around full circle. This thesis began with the study of
salt additives on Negishi coupling in aryl (electrophile)-alkyl (nucleophile) couplings. During this
time, two new roles for salt in these couplings were discovered. Product inhibition by the ZnX>
harmed the reaction but this could be circumvented using LiBr, which is believed to sequester the

ZnX,. The second overlapping role was prolonging the catalyst lifetime.

Another aspect of the aryl-alkyl couplings discovered was the beneficial effects of chlorine
modified NHC ligands, inherently resisting product inhibition and prolonging catalyst lifetimes.
This chlorine effect was investigated on alkyl-alkyl couplings to see if there were similar trends.
The delicate balance between steric and electronic effects were benchmarked by preparing the new
methylated catalysts (IPent"¢)Pd(cinnamyl)Cl and (IHept*®)Pd(cinnamyl)Cl. The results from this
case study showed that chlorine bearing NHCs both restrict the motion of the alkyl chains and

provide an electronic driving force that enhances both TM and RE.

In the final chapter, the knowledge and experience from the previous chapters was applied
to an industrial collaboration. The Negishi coupling of an a-methylated amino acid was
accomplished through the development of optimized reaction conditions that included a salt
additive (LiCl) which was likely forming higher order zincates. The other critical aspect was the
use of Pd-PEPPSI-IPr“" as a catalyst. The small, chlorine bearing catalyst helped address the
challenging TM step by offering a less sterically hindered approach for the bulky organozinc and
providing an extra electronic driving force to help drive TM (and RE). This final chapter truly
exemplifies the importance of studying the mechanistic intricacies of these reactions. The salt

effect was initially discovered serendipitously by curiosity driven research and has since turned
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into a corner stone of our group’s research. Considering the depth and complexity of this field

there is certainly a plethora of interesting details that remain to be discovered.
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Chapter 7: Supplemental information (by chapter)
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7.1 General experimental

All experiments were conducted under an atmosphere of dry nitrogen in oven or flame
dried glassware using standard Schlenk techniques unless noted otherwise. Glovebox
manipulations were performed in an MBraun Unilab glove-box under an atmosphere of dry
nitrogen. All reagents were purchased from Sigma-Aldrich, Oakwood chemicals, or Alfa Aesar
and were used without further purification, unless noted otherwise. Unless otherwise specified,
precatalysts were provided by Total Synthesis Ltd., Toronto, Canada. All reaction vials (20 mL
disposable scintillation vials) were purchased from VWR. Analytical thin layer chromatography
(TLC) was performed on EMD 60 F254 pre-coated aluminum plates and spots were visualized
with UV light (254 nm). Column chromatography purifications were carried out using the flash
technique on ZEOprep 60 silica gel (40 - 63 um) unless noted otherwise. NMR spectra were
recorded on a Bruker 400 AVANCE II, Bruker 500 AVANCE III or Bruker 600 AVANCE III
spectrometer. NMR spectra using non deuterated solvents were performed using proton gradient
shimming. DMI (1,3-dimethyl-2-imidazolidinone) was referenced to tetramethylsilane (TMS) in
order to set its chemical shift. Percent conversion determined by 'H NMR spectroscopy used 1,3,5-
trimethoxybenzene as the internal standard. The chemical shifts for 'H NMR spectra are given in
parts per million (ppm) referenced to the residual proton signal of the non-deuterated solvent;
coupling constants are expressed in Hertz (Hz). '>*C NMR spectra were referenced to the carbon
signal(s) of the solvent. The following abbreviations are used to describe peak multiplicities: s =
singlet, d = doublet, t = triplet, q = quartet, m = multiplet. GC-FID analysis was performed on a
Agilent 6850 Series II instrument. High resolution mass spectrometry (HRMS) analysis was

performed by the John L. Holmes Mass Spectrometry Facility at the University of Ottawa.
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7.2 Supporting info for chapter 2

Synthesis of n-BuZnBr (53)**

Zn Dust (1.5 equiv.)

l, (10 mol%)
/\/\Br /\/\ZI’IBI’

DMI, 70 °C 53

Procedure adapted from literature.?* In a glovebox, a 100 mL round bottom flask was charged with
a stir bar, zinc dust (1.0 g, 15 mMol, previously dried under high vacuum at 100 °C) and iodine
(127 mg, 0.5 mMol). The flask was sealed with a rubber septum and moved out of the glovebox.
Dry 1,3-dimethyl-2-imidazolidinone (DMI, 10 mL) and 1-bromobutane (1.1 mL, 10 mMol) were
added by syringe. The flask was then placed in an oil bath preheated to 70 °C and the mixture
stirred vigorously for 12 hr after which it was allowed to cool to room temperature. The resulting

solution of n-BuZnBr was then titrated using Knochel’s method.!#3

N znBr

n-Butyl Zinc Bromide (53) 'H NMR (DMI, 300 MHz) & 1.26 (m, 2H), 1.06 (m, 2H), 0.61 (t, J =

7.3Hz, 3H), 0.05 (t, J = 7.8Hz, 2H) ppm.

Synthesis of n-Bu,Zn (70)'#

ZnCl, (1 equiv.) Vacuum Distillation
/\/\Li

BuyZn + LiCl > BuyZn
(2 equiv.) Et,0,0°C \, 70

Salt-Free

In a glovebox, a 100 mL round bottom flask was charged with a stir bar and dry free flowing zinc

chloride (3.407 g, 25 mMol). The flask was sealed with a rubber septum and moved out of the
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glovebox. Dry, inhibitor-free diethyl ether (24 mL) was added by syringe. The solution was stirred
vigorously for approximately 30 min. or until the zinc chloride was fully dispersed. The flask was
then placed in an ice bath and n-Butyllithium added drop-wise over 20 min. (20 mL of a 2.5 M
solution in hexanes, 50 mMol). The reaction was then removed from the ice bath and allowed to
warm to room temperature while stirring. After 60 min. stirring was stopped and the LiCl solid
allowed to settle to the bottom of the flask. While the salt settles, a short path distillation apparatus
was assembled with a 100 mL boiling flask containing a stir bar, a 50 mL receiving flask, and a
rubber septum used to seal the thermometer joint. This apparatus was then evacuated and purged
with nitrogen (3X). The supernatant in the first reaction flask was carefully collected using a 24
mL syringe and a long needle. The distillation apparatus was put under positive pressure of
nitrogen and the rubber septum was removed. The supernatant was then added to the boiling flask
by threading the long needle through the thermometer joint and into the boiling flask. The rubber
septum was placed back into the thermometer joint and the boiling flask was placed in an oil bath
and stirred at 40 °C. The solvent mixture (diethyl ether/hexanes) was removed under a gentle
vacuum until only the crude n-Bu,Zn was left (pale yellow oil). The vacuum was reduced to 500
mTorr and the receiving flask was placed in a liquid nitrogen bath. The neat n-Bu>Zn was vacuum
transferred until only a small amount of cloudy oil remained in the boiling flask. The apparatus
was removed from the oil/liquid nitrogen baths and purged with nitrogen. The receiving flask was
removed from the distillation apparatus and quickly sealed with a new rubber septum. This flask
was immediately placed back in the liquid nitrogen bath and evacuated/purged with nitrogen (3X)
using a needle and syringe connected to a Schlenk line. The flask was removed from the liquid
nitrogen bath and 12 mL of dry THF was slowly added. The flask was allowed to warm to room

temperature and the resulting solution was titrated using Knochel’s method.'*® The remaining
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contents of the boiling flask were slowly and carefully quenched by drop-wise addition of

isopropanol, followed by water.
/\/\ Zn/\/\

Di-n-Butyl Zinc (70) '"H NMR (THF, 500 MHz) & 1.47 (m, 4H), 1.24 (m, 4H), 0.83 (t, / = 7.3 Hz,

6H), 0.11 (t, J = 7.8 Hz, 4H) ppm.

General coupling procedure A (coupling of n-BuZnBr 53)

FG FG
Pd-PEPPSI-IPent (1 mol%)
. BuznBr (53) *additive* X
(1.6 equiv. in DMI) 2:1
THF:DMI
Br RT, 16 hr n-Butyl
68 69
(1.0 equiv.)

In a glove box, a 20 mL disposable scintillation vial was charged with a small stir bar, aryl bromide
(0.4 mMol), Pd-PEPPSI-IPent (3 mg, 0.004 mMol) and any necessary additives (e.g. LiBr 69 mg,
0.8 mMol). Dry THF was added (twice the volume of the DMI organozinc solution required, e.g.
2.1 mL) and the solution stirred until everything dissolved. The solution of #-BuZnBr in DMI
(1.05 mL of a 0.6 M solution, 0.64 mMol) was added by syringe. The vial was capped and the
solution stirred for 16 h after which it was passed through a pad of dry silica. This plug was flushed
with 20 mL of 10% ethyl acetate in hexanes and the resulting eluent washed (3X) with brine. The
organic phase was dried over anhydrous sodium sulphate, filtered and concentrated under vacuum.
Percent conversion was determined by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as
the internal standard. In a standard experiment, a precisely weighed amount of 1,3,5-
trimethoxybenzene (20-30 mg) was added to the crude reaction mixture. The entire mixture was

dissolved in CDCl; (ca. 2 mL) and analyzed using '"H NMR spectroscopy. The percent conversion
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to the coupled product, byproducts and remaining starting material was quantified by comparing
the integrations to the aromatic signal from the internal standard. A representative 'H NMR

spectrum is shown below.

Figure 19 Example of a '"H NMR spectra of the crude product with 1,3,5-trimethoxybenzene
as an internal standard.
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General coupling procedure B (coupling of n-Bu:Zn 70)

FG FG
Precatalyst (1 mol%)
Bu,Zn (70) *additive*
(X equiv.) THF (0.2M wrt to Ar-Br)
Br 16 hr, RT n-Butyl
68 69
(1.0 equiv.)

In a glove box, a 20 mL disposable scintillation vial was charged with a small stir bar, aryl bromide

(0.4 mMol), Pd-PEPPSI-IPent (3.2 mg, 0.004 mMol) or Pd-PEPPSI-IPent®" (3.4 mg, 0.004
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mMol) and any necessary additives (e.g., LiBr 69 mg, 0.8 mMol). Dry THF was added so that the
final volume was 2 mL after the n-Bu>Zn solution was added (e.g., 1.7 mL). This solution was
stirred until everything dissolved. n-Bu>Zn in THF was added by syringe (e.g., 0.30 mL of a 1.25
M solution, 0.24 mMol). The vial was capped, and the mixture was stirred for 16 h after which it
was passed through a pad of dry silica gel. This plug was flushed with 20 mL of 10% ethyl acetate
in hexanes and the combined eluent was washed (3X) with brine. The resultant organic phase was
dried over anhydrous sodium sulphate, filtered, and the solvent was removed under vacuum to
give the crude product, which was then purified via flash chromatography. Alternatively, the
percent conversion was determined by '"H NMR spectroscopy using 1,3,5-trimethoxybenzene as

an internal standard.

Spectral data

1-n-Butyl-4-nitrobenzene (69a) Following General Coupling Procedure A, the title compound
was isolated as a yellow oil. "TH NMR (500 MHz, CDCl3) § 8.11 (d, J = 8.8 Hz, 2H), 7.30 (d, J =
8.8 Hz, 2H), 2.69 (t, J = 7.7 Hz, 2H), 1.61 (m, 2H), 1.34 (m, 2H), 0.92 (t, J = 7.3 Hz, 3H) ppm;
BC NMR (125 MHz, CDCl3) § 150.8, 146.3, 129.2, 123.6, 35.6, 33.1, 22.3, 13.8 ppm; HRMS (EI)
calculated for C1oH13NO2", 179.0946; found 179.0929. The spectral data are consistent with those

reported in the literature.'>°

0]

e
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4-n-Butylbenzaldehyde (69b) Following General Coupling Procedure A, the title compound was
isolated as a clear oil. '"H NMR (400 MHz, CDCI3) § 9.95 (s, 1H), 7.77 (d, J = 8.2 Hz, 2H), 7.32
(d, J = 8.0 Hz, 2H), 2.67 (t, J = 7.8 z, 2H), 1.61 (m, 2H), 1.34 (m, 2H), 0.91 (t, J = 7.3Hz, 3H)
ppm; *C NMR (100 MHz, CDCl3) § 192.0, 150.5, 134.4, 129.9, 129.1, 35.9, 33.2,22.3, 13.9 ppm;
HRMS (EI) calculated for C11Hi40", 162.1045; found 162.1026. The spectral data are consistent

with those reported in the literature. !

‘o

4-n-Butylacetophenone (69c¢) Following General Coupling Procedure A, the title compound was
isolated as a clear oil. '"H NMR (500 MHz, CDCls) & 7.86 (d, J = 8.4 Hz, 2H), 7.25 (d, J = 8.4 Hz,
2H), 2.65 (t, J = 7.7 Hz, 2H), 2.56 (s, 3H), 1.60 (m, 2H), 1.34 (m, 2H), 0.91 (t, J = 7.4 Hz, 3H)
ppm; *C NMR (125 MHz, CDCl3) § 197.9, 148.8, 134.9, 128.6, 128.5, 35.7, 33.3, 26.6,22.3, 13.9
ppm; HRMS (EI) calculated for Ci2Hi6O", 176.1201; found 176.1191. The spectral data are

consistent with those reported in the literature.'>!

(@]

Methyl 4-n-Butylbenzoate (69d) Following General Coupling Procedure A, the title compound
was isolated as a clear oil. 'H NMR (400 MHz, CDCl3) § 7.93 (d, J = 8.3 Hz, 2H), 7.22 (d, J = 8.4
Hz, 2H), 3.88 (s, 3H), 2.64 (t, J = 7.8 Hz, 2H), 1.59 (m, 2H), 1.33 (m, 2H), 0.91 (t, J = 7.3 Hz,
3H) ppm; *C NMR (100 MHz, CDCl3) § 167.2, 148.5, 129.6, 128.4, 127.6, 51.9, 35.7, 33.3,22.3,
13.9 ppm; HRMS (EI) calculated for Ci2Hi602", 192.1122, found 192.1150. The spectral data are

consistent with those reported in the literature.'>?
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4

n-ButylBenzene (69¢) Following General Coupling Procedure A, the title compound was isolated
as a clear oil. "H NMR (400 MHz, CDCls) § 7.28-7.22 (m, 2H), 7.18-7.12 (m, 3H), 2.59 (t,J = 7.7
Hz, 2H), 1.58 (m, 2H), 1.34 (m, 2H), 0.91 (t, J = 7.5 Hz, 3H) ppm; *C NMR (100 MHz, CDCl5)
0 142.9,128.4,128.2,125.5,35.7, 33.7, 22.4, 13.9 ppm. The spectral data are consistent with those

reported in the literature.'>’

/O\©\/\/

4-n-Butylanisole (69f) Following general coupling procedure A, the title compound was isolated
as a clear oil. '"H NMR (500 MHz, CDCl3) & 7.13 (d, J = 8.8 Hz, 2H), 6.87 (d, J = 8.8 Hz, 2H),
3.83 (s, 3H), 2.60 (t, J = 7.7 Hz, 2H), 1.61 (m, 2H), 1.39 (m, 2H), 0.97 (t, J = 7.4Hz, 3H) ppm;
BCNMR (125 MHz, CDCl3) § 157.6, 135.1,129.3,113.7, 55.3, 34.8, 33.9, 22.3, 14.0 ppm; HRMS

(EI) calculated for C11Hi60", 164.1201; found 164.1204. The spectral data are consistent with

those reported in the literature.'>?

|
Ay
4-n-Butyl-N,N-dimethylaniline (69g) Following General Coupling Procedure A, the title
compound was isolated as a clear oil. "H NMR (400 MHz, CDCls) § 7.05 (d, J = 8.7 Hz, 2H), 6.69

(d, J = 8.6 Hz, 2H), 2.90 (s, 6H), 2.51 (t, J = 7.7 Hz, 2H), 1.55 (m, 2H), 1.34 (m, 2H), 0.91 (t, J =

7.3Hz, 3H) ppm;"*C NMR (100 MHz, CDCl3) § 148.9, 131.4, 129.0, 113.1, 41.0, 34.6, 34.0, 22.4,
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14.0 ppm; HRMS (EI) calculated for C12Hi9N", 177.1517; found 177.1518. The spectral data are

consistent with those reported in the literature.'>?

7.3 Supporting info for chapter 3

General synthesis of n-Bu2Zn Dis (70°) and bis-neopentylzinc (84)

1) ZnCl, (1 equiv.)

Mg® (2 equiv.) 2) Vacuum distillation
R-Br —— > R-MgBr > R,Zn
I2 (cat.) (2 equiv.)
THF (Salt Free)

In a glovebox, a 250 mL round bottom flask was charged with a stir bar, Mg turnings (2.43 g, 100
mMol), and iodine (approximately 15 mg). The flask was sealed with a reflux condenser affixed
with a rubber septum at the top. This was moved out of the glovebox and dry THF (50 mL) was
added through the septa using a 60 mL syringe equipped with a long needle. The Mg turnings were
stirred for 15 min, or until most of the black color in solution dissipated after which the alkyl
bromide (50 mMol) was added dropwise while gently warming the flask with a heat gun. Once the
reaction initiated (as indicated by a mild exotherm and the loss of color from the iodine) the heat
gun was turned off and the rest of the alkyl bromide was added dropwise at a rate fast enough to
maintain a gentle reflux. After addition of the alkyl bromide was complete, the reaction was stirred
for 30 min. The final solution was titrated using Knochel’s method'*® after which it was transferred
to another 250 mL flask already under Nitrogen using a 60 mL syringe while making sure to note
the volume of solution. This flask was then brought into a glovebox and zinc chloride (0.5
equivalent with respect to the Grignard) was added to the vigorously stirred solution. After stirring

for 1 hr the flask was put in a freezer to induce precipitation. After the salts settled to the bottom
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of the flask (approximately 1 hr) the supernatant was purified using the same vacuum transfer

method previously described in the synthesis of n-BuxZn.

REx

Bis-neo-Pentyl Zinc (84) '"H NMR (THF, 500 MHz) § 0.97 (s, 18H), 0.35 (s, 4H) ppm. The spectral

data are consistent with those reported in the literature.'>*

D DD DD DD D

D3C Zn CD3
D D D D

n-BuaZn dis (70°) °C NMR (THF, 500 MHz) § 15.9, 18.1, 26.2, 31.9 ppm. The spectral data are

consistent with those reported in the literature.

General procedure C (sequential addition experiments)

CO,Me
. R,Zn
(0.6 equiv.)
Br
Pd-PEPPSI-IPent (1 mol%) (1 equiv.)
R,Zn *Additive* 0.4 mmol
" (0.6 equiv.)
(0.6equiv)  ThE (0.2M wrt to Ar-Br) 16 hr
Br RT, Time R R
68
(1.0 equiv.)
0.4 mmol

In a glove box, a 20 mL scintillation vial was charged with a small stir bar, aryl bromide (0.4
mmol), Pd- Pd-PEPPSI-IPent (3.2 mg, 0.004 mmol) and any additives (e.g., LiBr 69 mg, 0.8

mmol). A separate vial was also charged with methyl 4-bromobenzoate (86 mg, 0.4 mmol). Dry
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THF was added to bring the final volume to 2 mL after the first organozinc (R2Zn) addition (e.g.,
1.7mL). The resultant solution was stirred until everything after which the organozinc solution
(R2Zn) was added in one shot by syringe (e.g., 0.30 mL of a 1.25 M n-BuZn solution, 0.24 mMol).
The reaction was stirred for the desired amount of time after which the methyl 4-bromobenzoate
in the separate vial was quickly dissolved in an aliquot of the organozinc solution (e.g., 0.30 mL
of a 1.25 M n-BuyZn solution, 0.24 mMol). The resultant solution was then transferred to the first
vial using a 1 mL syringe and the reaction mixture was stirred for 16 h before quenching on a pad
of dry silica. This plug was flushed with a solution of 10% ethyl acetate in hexanes (20 mL). The
resultant organic wash was extracted (3X) with brine and the organic phase was dried over sodium
sulphate, filtered, and concentrated under vacuum to give the crude product which was then
purified via flash chromatography or analyzed with 'H NMR spectroscopy using the previously

detailed protocol.

General procedure D (isolating catalyst byproducts)

THF, 16hr, rt

Br n-but
68 69 FG R =iPent

FG FG
n-Bu,Zn Pd-PEPPSI-iPent (2 mol%) Q/N ~ N\© Q/N P N\Q
(X equiv.) +

78

General coupling procedure A was used with the following modifications, the reaction scale was
doubled and the precatalyst loading was increased from 1 to 2 mol% (12.0 mg of Pd-PEPPSI-
IPent, 0.016 mMol). The reaction was quenched on a pad of dry silica and flushed with a solution
of 10% ethyl acetate in hexanes (20 mL). The receiving flask was exchanged for a new empty
flask, and the plug was flushed subsequently with a solution of 10% methanol in DCM. The
resultant MeOH/DCM mixture was concentrated under reduced pressure to give the crude catalyst

133



byproducts, which were then purified by flash chromatography on a glass pipette column to afford

the catalyst byproducts (0 = 1% MeOH in DCM).

Spectral data

(@]
\OJ\©\><

Methyl 4-Neopentylbenzoate (85) Follow general coupling procedure A, the title compound was
isolated as a clear oil. '"H NMR (500 MHz, CDCl3) & 7.92 (d, J = 8.4 Hz, 2H), 7.17 (d, J = 8.4 Hz,
2H), 3.89 (s, 3H), 2.53 (s, 2H), 0.89 (s, 9H); '*C NMR (125 MHz, CDCl3) § 167.3, 145.4, 130.5,
129.0, 127.8, 52.0, 50.2, 31.9, 29.4; HRMS (EI) calculated for Ci3Hi30,", 206.1307; found

206.1286. The spectral data are consistent with those reported in the literature.'>

R
Q/N y N\@
R
CO,Me

a2

R = iPent

2-(4-Methyl Benzoate)-1,3-bis-(2,6-diisopentylphenyl)imidazolylidinium (78d) Following
procedure D, the title compound was isolated as a clear oil. "H NMR (500 MHz, CDCls) § 8.35 (s,
2H), 7.83 (d, J = 8.7 Hz, 2H), 7.62 (t, J = 7.8 Hz, 2H), 7.30 (d, J = 7.4 Hz, 4H), 7.19 (d, J = 8.7
Hz, 2H), 3.90 (s, 3H), 2.05 (m, 4H), 1.60-1.80 (m, 16H), 0.92 (t, J = 7.4 Hz, 12H), 0.63 (t, J = 7.4

Hz, 12H); *C NMR (125 MHz, CDCl3) § 164.9, 142.8, 142.3, 133.3, 132.3, 131.9, 129.7, 129.6,
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128.3, 126.2, 124.8, 52.8, 43.5, 29.3, 26.6, 12.2, 12.1; HRMS (ESI) calculated for C43HsoN20:",

635.4577; found 635.4571.

x@

R R
@H@@
N__N
RéR
/N\

a2

R =iPent

2-(4-N,N-dimethylaniline)-1,3-bis-(2,6-diisopentylphenyl)imidazolylidinium (78g) Following
procedure D, the title compound was isolated as a brown oil. "H NMR (500 MHz, CDCl3) & 7.81
(s, 2H), 7.66 (t, J = 7.8 Hz, 2H), 7.34 (d, J = 7.8 Hz, 4H), 6.83 (d, J = 9.3 Hz, 2H), 6.30 (d, J =
9.3 Hz, 2H), 2.96 (s, 6H), 2.10 (m, 4H), 1.56-1.81 (m, 16H), 0.89 (t, J/ = 7.4 Hz, 12H), 0.67 (t, J
= 7.4Hz, 12H); *C NMR (125 MHz, CDCls) § 142.8, 142.4, 133.2, 132.7, 131.9, 130.7, 127.5,
126.3, 125.6, 124.8, 51.4, 43.6, 29.2, 27.2, 12.4, 12.3; HRMS (ESI) calculated for C43HeN3",

620.4944; found 620.4958.

©
R R

N/_i—\N&)
Oy

R

=

R = iPent

1,3-bis-(2,6-diisopentylphenyl)imidazolylidinium (77) Spectra and physical data are in
agreement with the literature.'>¢
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7.4 Supporting info for chapter 4

o o0
NH, ; ( \/ /
(1.0 equiv.) N

Formic acid (cat.)
DCM, RT, MgSO,

94a 95a
(3.5 equiv.)

A round bottom flask equipped with a stir bar was charged with DCM (10 mL), 2,6-
diisopentylaniline (3.277 g, 14.04 mmol, 3.5 equivalent) and 2,3-butanedione (344 mg, 4.0 mmol,
1.0 equivalent). To the stirred solution was added formic acid (~3-4 drops) and a large excess of
anhydrous MgSOy stirred for 24 h, filtered through celite, washed with DCM, concentrated to
approximately 10mL, charged with more anhydrous MgSO4 and stirred for 24hr. This process was
repeated twice more. The solution was filtered through celite, concentrated under reduced pressure,
and purified by column chromatography to separate the bisimine, monoamine and excess aniline.
Note, a large ratio of silica to crude product aas required. The bisimine can be eluted with hexanes,
the monoamine with 1% EtOAc in hexanes, and the aniline elutes with 2% EtOAc in hexanes. The

monoimine and aniline can be recycled using the same procedure.

'H NMR (400 MHz, CDCl3) § 7.01-7.11 (m, 6H), 2.25 (m, 4H), 2.02 (s, 6H), 1.54-1.69 (m, 12H),
1.34-1.50 (m, 4H), 0.85 (t, J = 7.3 Hz, 12H), 0.76 (t, J = 7.3 Hz, 12H); '3C NMR (100 MHz,
CDCLs) & 167.3, 149.0, 132.4, 123.7, 123.2, 43.1, 29.3, 27.2, 17.0, 12.8, 11.9; HRMS (ESI)

calculated for CscHs¢N2H', 517.4522; found 517.4536.
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o) o)

NH H >_<

(1.0 equiv.) N N

Formic acid (cat.)
DCM, RT, MgSO,4

94b 95b
(3.5 equiv.)

A round bottom flask equipped with a stir bar was charged with DCM (15 mL), 2,6-diisoheptyl
aniline (3.500 g, 12.09 mmol, 3.5 equivalent) and 2,3-butanedione (297 mg, 3.454 mmol, 1.0
equivalent). To the stirred solution was added formic acid (~3-4 drops) and a large excess of
anhydrous MgSQO4. The mixture was stirred for 24 h, filtered through celite, washed with DCM,
concentrated to approximately 15mL, charged with more anhydrous MgSO4 and stirred for 24hr.
This process was repeated twice more. The solution was filtered through celite, concentrated under
reduced pressure and purified by column chromatography to separate the bisimine, monoamine
and excess aniline. Yield of bisimine was 0.7883g (1.525 mmol, 38%). Note, a large ratio of silica
to crude product was required. The bisimine can be eluted with hexanes, the monoamine with 1%
EtOAc in hexanes, and the aniline with 2% EtOAc in hexanes. The monoimine and aniline can be

recycled using the same procedure.

"H NMR (400 MHz, CDCl3) § 7.05 (s, 6H), 2.44 (m, 4H), 2.01 (s, 6H), 1.35-1.61 (m, 16H), 1.10-
1.30 (m, 16H), 0.87 (t, J = 7.3 Hz, 12H), 0.80 (t, J = 7.3 Hz, 12H); '3*C NMR (100 MHz, CDCl;)
5 167.3, 148.5, 133.1, 123.7, 123.3, 39.2, 38.8, 37.6, 21.2, 20.4, 17.0, 14.4, 14.2; HRMS (ESI)

calculated for C44H72NH", 629.5774; found 629.5746.
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HCI in Dioxane (1.5 equiv.)
\/ \/ Paraformaldehyde (1.1 equiv.) H® CI@
N/ }\l ZnCl, (1.0 equiv.) . N\?

THF, 70 °C, 16 hr

95a 97a
(1.0 equiv.)

Procedure adapted from literature.*’ In a glovebox, a 3-neck round bottom flask equipped with a
stir bar, reflux condenser, a Schlenk adapter and a rubber septum was charged with bisimine (1.37
g, 2.65 mmol, 1.0 equivalent), ZnCl (361 mg, 2.65 mmol, 1.0 equivalent) and THF (13 mL). The
flask was sealed and moved out of the glovebox. Paraformaldehyde (87 mg, 2.9 mmol, 1.1
equivalent) was added against a positive nitrogen pressure followed by a 4M solution of HCI in
dioxane (0.99 mL, 3.975 mmol, 1.5 equivalent) using a syringe and long needle. The mixture was
stirred and heated at 70 °C overnight. The mixture was concentrated, diluted with EtOAc (ca. 10
mL) and washed with water (3 x 10 mL). The combined aqueous phases were extracted with
EtOAc (ca. 10mL), the combined organic phases washed with brine (ca. 10 mL) and dried over
anhydrous Na;SOs. The organic phase was concentrated using a rotary evaporator until a
precipitate begins to form. The flask was removed, stored at —18 °C for 6 h, and the resultant
precipitate collected using vacuum filtration. The white precipitate was washed with pentane and
dried under high vacuum to yield IPent™® HCI as a white powder (460.8 mg, 0.8608 mmol, 32%).
Additional crops of crystals can be obtained by concentrating the filtrate, seeding with crystals

from the first crop and storing at—18 °C overnight (270.9 mg, 0.4792 mmol, 18%).

'H NMR (400 MHz, CDCls) & 8.45 (s, 1H), 7.62 (t,J = 7.8 Hz, 2H), 7.31 (d, J = 7.8 Hz, 4H), 2.30

(s, 6H), 1.86-1.98 (m, 4H), 1.48-1.77 (m, 16H), 0.87 (t, J = 7.3 Hz, 12H), 0.73 (t, J = 7.3 Hz,
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12H); *C NMR (100 MHz, CDCls) § 142.9, 133.9, 131.9, 131.2, 130.4, 126.0, 42.7, 28.6, 27.6,

12.5,11.5, 10.2; HRMS (ESI) calculated for C37Hs7N>", 529.4522; found 529.4501.

HCI in Dioxane (1.5 equiv.) H o
>—< Paraformaldehyde (1.1 equiv.) N - N@ Cl
N N ZnCl, (1.0 equiv.) A

THF, 70 °C, 16 hr
95b 97b

(1.0 equiv.)

Procedure adapted from literature.*’ In a glovebox, a 3-neck round bottom flask equipped with a
stir bar, reflux condenser, a Schlenk adapter and a rubber septum was charged with bisimine (1.90
g, 3.02 mmol, 1.0 equivalent) and ZnCl> (411 mg, 3.02 mmol, 1.0 equivalent) and THF (15 mL).
The flask was sealed and moved out of the glovebox. Paraformaldehyde (99.7 mg, 2.9 mmol, 1.1
equivalent) was added against a positive Nitrogen pressure followed by a 4M solution of HCI in
Dioxane (1.15 mL, 3.975 mmol, 1.5 equivalent) using a syringe and long needle. The mixture was
stirred and heated at 70 °C overnight. The mixture was then concentrated, diluted with EtOAc (ca.
10mL) and washed with water (3 x 10mL). The combined aqueous phases were extracted with
EtOAc (ca. 10mL), the combined organic phases washed with brine (ca. 10mL) and dried over
anhydrous Na>SO4. The organic phase was concentrated using a rotary evaporator until a
precipitate begins to form. The flask was removed, stored at —18 °C for 6 h, and the resultant
precipitate collected using vacuum filtration. The white precipitate was washed with pentane and
dried under high vacuum to yield IHept™® HCI as a white crystalline powder (814.8 mg, 1.206
mmol, 40%). Additional crops of crystals can be obtained by concentrating the filtrate, seeding

with crystals from the first crop and storing at —18 °C overnight (226.3 mg, 0.3340 mmol, 11%).
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'H NMR (400 MHz, CDCL3) & 8.15 (s, 1H), 7.65 (t, J = 7.8 Hz, 2H), 7.33 (d, J = 7.8 Hz, 4H), 2.23
(s, 6H), 2.07-1.98 (m, 4H), 1.43-1.65 (m, 16H), 1.23-1.38 (m, 4H), 1.09-1.21 (m, 4H), 0.94-1.07
(m, 8H), 0.87 (t,J = 7.2 Hz, 12H), 0.82 (t, J = 7.2 Hz, 12H); 3C NMR (100 MHz, CDCl3)  143.3,
133.6, 132.3, 131.2, 129.5, 126.1, 39.9, 38.5, 38.0, 21.1, 20.4, 14.5, 14.2, 9.9; HRMS (ESI)

calculated for C45H73N>", 641.5774; found 641.5744.

o 1) NaOtBu (1.1 equiv.)
—\ o Cl 2) Palladium (1r-cinnamyl)
N\?N chloride dimer (0.45 equw T

THF, RT CI—Pd
Ph
97a . _
(1.0 equiv.) (IPentVe)Pd(cinnamyl)Cl

In a glovebox, a vial was charged with a stir bar, iPent™® HCI (81.3 mg, 0.1240 mmol, 1.0
equivalent), NaOtBu (13.1 mg, 0.1363 mmol, 1.1 equivalent) and THF (0.83 mL). The mixture
was stirred for 5 minutes to produce a light brown solution and 'H NMR of the solution confirmed
the absence of the IPent™® HCI. To this solution was added Palladium(rn-cinnamyl) Chloride Dimer
(28.9 mg, 0.0557 mmol, 0.45 equivalent) to form a yellow solution. The solution was stirred for
20 minutes, at which time '"H NMR of the solution confirms the absence of the Palladium(n-
cinnamyl) Chloride Dimer. The reaction mixture was flushed through a plug of neutral alumina,
eluting with DCM until the yellow band passes. The filtrate was concentrated under reduced
pressure and the resulting yellow oil was dissolved in pentane (ca. 0.5 mL) and concentrated under
vacuum to produce a sticky foam. A minimal amount of pentane was added to the foam (ca. 0.5
mL) and the foam was manually broken up to produce a slurry. The solids were sonicated for 5
minutes then collected by filtration, washed with ice cold pentane, and dried under vacuum to

produce (IPent"®)Pd(cinnamyl)Cl as a free flowing, bright yellow powder (32.5 mg, 37%). When
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left at room temperature under an inert atmosphere, the complex decomposed over the course of

3-4 months. When stored at -28 °C under an inert atmosphere this complex was stable indefinitely.

'H NMR (400 MHz, CDCls) § 7.38 (t, J = 7.8 Hz, 2H), 7.10-7.19 (m, 9H), 5.08-5.18 (m, 1H), 4.36
(d, J = 13.0 Hz, 1H), 2.55-2.63 (m, 4H), 1.93-2.03 (m, 4H), 1.91 (s, 6H), 1.72-1.82 (m, 4H), 1.47-
1.65 (m, 8H), 1.54 (t, 3.7 Hz, 2H), 0.95 (t, J = 7.4 Hz, 12H), 0.77 (t, J = 7.4 Hz, 12H); 3C NMR
(100 MHz, CDCL:) 8 178.0, 143.7, 138.0, 136.6, 128.5, 128.3, 127.7, 127.2, 126.7, 126.3, 125.7,
108.3, 91.7, 77.2, 47.6, 41.2, 40.2, 26.9, 25.7, 12.6, 11.9, 11.5, 11.2, 10.9, 10.6; HRMS (ESI)

calculated for C46HssNoPd", 749.4188; found 749.4213.

o 1) NaOtBu (1.05 eq.) H
H@ cl 2) Palladium(tr-cinnamyl)
N\?N chloride dimer (0.5 eq.)

THF, 65 °C CI—Pd
Ph
97b
e -
(1.0 equiv.) (IHept"®é)Pd(cinnamyl)CI

In a glovebox, a vial was charged with a stir bar, IHept™® HCI (106.0 mg, 0.1564 mmol, 1.0
equivalent) and NaOtBu (15.8 mg, 0.1642 mmol, 1.05 equivalent) and THF (1.1 mL). The mixture
was stirred for 1 hr to produce a light brown solution and '"H NMR of the solution confirmed the

absence of the IHept™®

HCI. To this solution was added Palladium(n-cinnamyl) Chloride Dimer
(40.5 mg, 0.0782 mmol, 0.50 equivalent) to form a yellow solution. The mixture was stirred at
room temperature for 9 hr, at which time '"H NMR of the solution shows only the desired complex
and no starting materials. The reaction mixture was concentrated under vacuum at room

temperature then flushed through a plug of neutral alumina, eluting with DCM until the filtrate

was clear. The filtrate was then concentrated under high vacuum to produce a foamy yellow solid.
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A minimal amount of pentane was added to the foam (ca. 0.5 mL) and the foam was manually
broken up to produce a slurry. The solids were sonicated for 5 minutes then collected by filtration,
washed with ice cold pentane, and dried under vacuum to produce (IHept*¢)Pd(cinnamyl)ClI as a
free flowing, bright yellow powder (44.2 mg, 31%). When left at room temperature under an inert
atmosphere, the complex decomposed over the course of 3-4 months. When stored at -28 °C under

an inert atmosphere this complex was stable indefinitely.

'HNMR (600 MHz, CDCL3)  7.36 (t, J = 7.8 Hz, 2H), 7.10-7.19 (m, 9H), 5.07-5.14 (m, 1H), 4.40
(d,J = 12.8 Hz, 1H), 3.75 (t, J = 6.5 Hz, 1H), 2.64-2.70 (m, 4H), 1.87 (s, 6H), 1.76-1.84 (m, 4H),
1.67-1.75 (m, 4H), 1.50-1.58 (m, 4H, overlaps with H,0), 1.30-1.47 (m, 12H), 1.24-1.27 (m, 1H),
1.13-1.23 (m, 8H), 0.81-0.87 (m, 24H); 3C NMR (150 MHz, CDCls) § 177.6, 144.2, 137.9, 136.4,
128.5, 128.1, 127.8, 127.1, 126.6, 125.6, 108.1, 92.1, 68.0, 46.8, 38.7, 36.7, 20.3, 20.2, 14.8, 14.5,

10.7; HRMS (ESI) calculated for CssHgiNoPd" 861.5440, found 861.5459.
Synthesis of decylzinc bromide (95)

Zn Dust (4.0 equiv.)

|2 (5 mOl%)
AN NN R, g g N T

DMI, 70 °C

92

Procedure adapted from literature.?* A 25 mL, round bottom Schlenk flask equipped with a large
stir bar was charged with zinc dust (1.255 g, 19.2 mmol, 4.0 equivalent) and flame dried under
vacuum for 5 minutes. The flask was allowed to cool then purged with nitrogen three times. DMI
(5mL) was added, and the suspension was stirred vigorously to create a uniform slurry. lodine
(60.7 mg, 0.239 mmol, 5 mol%) was added, followed by 1-bromodecane (1 mL, 4.8 mmol, 1.0

equivalent). The flask was heated in an oil bath set to 70 °C overnight, at which time GC-MS
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analysis confirmed the full consumption of starting material. The flask was removed from the oil
bath, left to cool and let the excess zinc settle for 24hr, after which it was titrated using Knochel’s

protocol (0.76 M) and used for the general cross-coupling procedure below.
General alkyl-alkyl cross-coupling procedure using n-Bu:Zn (70)

Catalyst (2 mol%)

LiBr (2 iv.
©/\/\Br + n-BUzZn (70) IBr ( eqUIV) _ ©/\/\/\/
2:1

52 THF : DMI 54
RT, time

Procedure adapted from literature.*°”!!* In a glovebox, a 1-dram vial was charged with a stir bar,
LiBr (35 mg, 0.4 mmol, 2.0 equivalent), catalyst (0.004 mmol, 2 mol%), THF (0.55 mL) and DMI
(0.33 mL). 3-bromo-phenylpropane was added (40 mg, 0.2 mmol, 1.0 equivalent) and a precisely
measured amount of internal standard (dodecane, ca. 17 mg). The solution was stirred and #n-Bu,Zn
(0.12 mL, 0.97M, 0.12 mmol, 0.6 equivalent) was added in one shot. For kinetic trials, 75 uL
aliquots were taken at different time intervals and quenched on silica loaded in glass pipettes.
These pipettes were then eluted with 5% EtOAc in hexanes and analyzed using GC-FID and
calibrated curves for each product (see below). In all other cases, the reactions mixtures were left
overnight before 75 uL aliquots were quenched on silica and analyzed using the same method. A

example of calculating the GC-FID yield is below.

143



DA:
5000—: é
44::00—: z
3-000—:
ZCICICI—: 1
3?"5
1000— o e
\L e
oL I\a__‘_.‘_k 'll A f —
' ! ' ' ' s ' ' T 6 g 10 mmin zl
[=] I i
File Information # Time Type Area Height Width Area% Sy
GCFile |PE 2021 March 2 rxn DFID.D 1 3.712 MM 344.5 408.7 0.014 3,395
File Path |C:\Chem32\1\Data\Organ'Philip 2 4,114 VW5 3352.2 35116 0.0151 33.037
Date |02-Mar-21, 15:30:43 3 5,001 VB S 4425,1 4579.3 0.0151 43612
Sample |PE 2021 March 2 rxn D FID 4 5.593 PYT 2024.8 2112 0.0152 19,956
Sample Info
Barcode
Operator |SYSTEM
Method |Philip.M
Reference
Product Signal | Concentration in diluted Amount of product in reaction | % Yield
Area aliquot (M) mixture (mMol)
Internal Standard 4425.1 0.01561 0.1227 -
(20.9 mg)
trans-1-Phenyl-1-propene | 3352.2 0.01625 0.1277 64
(86)

Propylbenzene (87) 344.5 0.00172 0.0135 7
Heptylbenzene (54) 2024.8 0.00677 0.0532 27
Concentration of IS in diluted aliquot = 2oL+ 814 10° _ 0 0 61

oncentration of IS in diluted aliquot = > 886+ 105 =0.
C tration of 86 in diluted aliquot = 33522+ 1143 0.01625 M
oncentration o in diluted aliquot = So0e3=108 - O
A tof 86 i ti ixt [86] Mol 0.01625M 0.1227 mMol = 0.1277 mMol
= — % = ——— % (. = 0.
mount o in reaction mixture 1] mMo 001561 M mMo mMo
Percent yield of 86 = el - MOl 00 = 6496 Yield
= % =
ercent yield o 020 mMol o Yie
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Figure 20 Calibration curve for the internal standard (dodecane) using GC-FID.

Internal Standard (dodecane)
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Figure 21 Calibration curve for trans-1-phenyl-1-propene (86) using GC-FID.

trans-1-Phenyl-1-propene

9.00E+03

8.00E+03 o
7.00E+03 ’
6.00E+03 .

5.00E+03 -

4.00E+03 "

3.00E+03 Lo y = 2.063E+05x - 1.143E+00
-'.. 2 N
2.00E+03 R?=9.998E-01

Slgnal Area (GC-FID)

1.00E+03 o

P
0.00E+00
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045

Concentration (M)

145



Figure 22 Calibration curve for heptylbenzene (54) using GC-FID.
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Figure 23 Calibration curve for propylbenzene (87) using GC-FID.
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Figure 24 Calibration curve for 1-bromo-3-phenylpropane (52) using GC-FID
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General heteroaryl-alkyl cross-coupling procedure using iPr:Zn (99)

Y Catalyst (1 mol%)
HetAryl —Br  + jn\ HetAryl —< HetAryl —/_

THF, RT
16 hr

99 100 .
(1.0 equiv.) (0.6 equiv.) Branched (A) Linear (B)

In a glovebox, a 1-dram vial was charged with a stir bar, catalyst (0.001 mmol, 1 mol%), aryl
halide (0.1 mmol, 1.0 equivalent) and THF (0.14 mL). The solution was stirred and iPr.Zn (0.36
mL, 0.16 M, 0.06 mmol, 0.6 equivalent) was added in one shot. The reaction mixture was stirred
at room temperature overnight. The reaction mixture was flushed through a plug of silica with 5%
EtOAc in hexanes and the filtrate was concentrated to yield the crude product. The mass was
recorded, and the crude mixture was analyzed by 'H NMR to confirm the reaction went to full

conversion and measure the ratio between branched and linear using the benzyl signals (see

below).
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Figure 25 Representative example for the measurement of branched to linear product using
'"H NMR analysis.
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7.5 Supporting info for chapter 5

Synthesis of racemic amino acid 108b

KCN / NH,
(NH,4),CO
OH ~  HoN Boc” OH
Product Percipitates )ﬁj\OH C#Jd'e p:oduct
50% sufficiently pure
OH 90% OH
109 110 111
PPh; /DIAD  Boc-pNH O EDC / MeOH o)
@) H
Under Air Mgl, _N DMAP H P
- = — = Boc OH — > Boc” o
Multiple Selective O Quant Yield | Chromatography
Crystallizations 70% I
65% 112 113b 108b
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o)
0 1) KCN / (NH,);CO3 H,N
)J\/ OH
OH 2) KOH, A
OH

109 110
a-Methyl-DL-serine

Procedure adapted from literature.'* A 1L flask was equipped with a condenser and a large stir
bar. Ammonium carbonate (113.7 g, 1184 mmol, 1.5 equivalent), water (150 mL), ammonium
hydroxide solution (S.G. 0.88, 59 mL, ~1062 mmol) and potassium cyanide (50.0g, 767.6 mmol,
1.0 equivalent) were added in that order, washing the powder funnel with water. Hydroxyacetone
(55.2 mL, 791.6 mmol, 1.03 equivalent) was added dropwise to the stirred solution. The solution
was stirred at room temperature for 30 minutes, heated to 60 °C over 2 hours, then to 85 °C over
another 4 hr. The reaction was cooled to room temperature and placed in an ice bath. Potassium
hydroxide (208.8 g, 85%, 3163 mmol, 4.1 equivalent) was added slowly to control the amount of
ammonia discharged during the addition. The resulting mixture was heated at 90 °C overnight.
The mixture was cooled, and 300 mL of methanol was added to help precipitate the potassium
sulfate. The mixture was placed in an ice bath and slowly neutralized with H>SO4 (35 mL of 50%
HSOy4 : water until pH~13, followed by 100mL of concentrated H>SOs, until pH~6). There was
significant CO, effervescence during the neutralization. Following the neutralization, the
potassium sulfate was removed by filtration and washed with a 1:1 mixture of water: methanol.
The filtration of potassium sulfate was very slow due to the fine precipitate it forms. The filtrate
was placed in an ice bath and stirred gently. Acetone was added in two batches, 240 mL in one
shot, followed by another 240 mL slowly added over the course of an hour. The precipitated o.-

methyl-DL-serine was collected by filtration, washed with acetone, placed in a large round bottom

149



flask and dried overnight under high vacuum while heating in an oil bath at 65 °C resulting in a

dry, free flowing white powder (43.6g, 366 mmol, 48%).

'H NMR (500 MHz, DMSO Ds) § 7.00 (br s, 3H), 3.54 (d, J = 11.1 Hz, 1H), 3.41 (d, J = 11.1 Hz,
1H), 1.20 (s, 3H); '"H NMR (400 MHz, D,0): § 3.93 (d, J = 12.2 Hz, 1H), 3.68 (d, J = 12.2 Hz),

1.44 (s, 3H); 13C NMR (100 MHz, D,0) § 175.4, 64.7, 62.5, 18.4.

0 Boc,O (2.0 equiv.) H 9
HaN _N
OH MeOH : Et;N : 1M NaOH Boc OH
RT, overnight

OH OH
110 111
(1.0 equiv.) N-Boc-a-Methyl-DL-serine

Procedure adapted from literature.'** A 1L flask was charged with a-Methyl-DL-serine (37.1 g,
311.5 mmol, 1.0 equivalent) followed by triethylamine (85 mL, 613.5 mmol, 2.0 equivalent),
aqueous 1M NaOH solution (84 mL, 84 mmol, 0.25 equivalent) and MeOH (780 mL). Boc
anhydride (136.0 g, 623 mmol, 2.0 equivalent) was added in one addition and the suspension was
stirred at room temperature overnight. The mixture was concentrated using a rotary evaporator to
remove approximately 700-800 mL of solvent. EtOAc (400 mL) and water (100 mL) were added,
and the aqueous layer was acidified to pH~1 using 1M HCI. The organic layer was collected, and
the aqueous phase was extracted twice more with EtOAc (2 x 400 mL). The combined organic
phases were washed with acidified (pH = 1) brine (200 mL), dried over anhydrous Na>SOs,
concentrated, and dried under high vacuum over night to yield a viscous, sometimes foamy, yellow
oil (67.6 g, 85% purity, 262 mmol, 85%). The purity of the oil was assessed using '"H NMR, the
residue often contains small amounts of Boc anhydride and ethyl acetate that can be difficult to
remove. These impurities do not interfere with the subsequent cyclization and the oil can be used

as is.
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'H NMR (400 MHz, CDCl3) & 6.8 (br s, 2H), 5.5 (br s, 1H), 3.88 (s, 2H), 1.50 (s, 3H), 1.44 (s,

9H).
o
§ PPh; / DIAD Boo-NH
Boc” )<J\OH THE T(
-78°C —RT 0
OH
111 112

N-Boc-DL-Serine-B-Lactone

Procedure adapted from literature.'*> A 2L round bottom flask was charged with PPhs (75.67 g,
288.5 mmol, 1.1 equivalent) and three vacuum/ purge cycles were performed. THF (750 mL,
uninhibited) was added to the PPhs. The crude N-Boc-a.-Methyl-DL-serine was dissolved in THF
(250 mL, uninhibited). Dissolving the viscous oil can be slow, sonication and gentle heating helped
speed up the dissolution. The flask containing the PPhs was cooled to -78 °C, DIAD (56.8 mL,
288.5 mmol, 1.1 equivalent) was slowly added using a syringe, and the mixture was stirred for 15
minutes. The solution of N-Boc-a-Methyl-DL-serine was then added dropwise using an addition
funnel and left to warm up to room temperature overnight. The solution was concentrated using a
rotary evaporator to remove approximately 550 mL of THF. Hexanes (500 mL) was added, and
the solution as placed in a freezer for 24 hr. The solution was decanted from the precipitated PPh;O
and concentrated. The resulting residue was flushed through a plug of silica with an excess of
DCM. Note, in later experiments it was found that 112 is unstable on silica gel. In the future, silica
should be substituted with neutral alumina. The filtrate was concentrated, redissolved in 100 ml of
DCM and 80 mL of hexanes, and placed in a freezer for 24 hr. The precipitated Diisopropyl
Hydrazine-1,2-dicarboxylate was removed by filtration and the filtrate concentrated, redissolved
in 50 ml of DCM and 45 mL of hexanes and placed in a freezer for 24 hr. The white precipitate

was collected by filtration and washed with hexanes to yield N-Boc-DL-Serine-f-Lactone as a
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white powder which should be stored under nitrogen in a freezer (31.6 g, 157.2 mmol, 60%). Note,
all precipitates should be analyzed by 'H NMR to confirm the identity of the precipitate and ensure
no product is discarded. The final filtrate still contains some product which can be recovered by
column chromatography using neutral alumina. The next ring opening step can tolerate minor to

moderate amounts of Diisopropyl Hydrazine-1,2-dicarboxylate and PPh3O.

'H NMR (400 MHz, DMSO dg) § 7.69 (br s, 1H), 4.48 (d, J = 4.5 Hz, 1H), 4.15 (d, J = 4.5 Hz,
1H), 1.59 (s, 3H), 1.44 (s, 9H); '>*C NMR (100 MHz, CDCls) § 172.9, 154.3, 79.3, 71.2, 65.9, 27.9,

19.4; HRMS (ESI) calculated for CoHisNO4Na", 224.0899; found 224.0903.

O
Boc~ny Mgl, H
0 0°C—RT I
112 113b

Procedure adapted from literature.!* In a glovebox, a round bottom flask was charged with a stir
bar and THF (27 mL). This flask was cooled in a freezer. Once fully cooled, the flask was removed
and stirred aggressively while Mgl, (3.754 g, 13.5 mmol, 2.0 equivalent) was added to create a
slurry. The N-Boc-DL-Serine-3-Lactone (1.358 g, 6.75 mmol, 1.0 equivalent) was added slowly,
and the resulting slurry was left to warm to room temperature while aggressively stirring. After
3hr, most of the THF was removed using a rotary evaporator. The resulting residue was dissolved
in 40 mL of EtOAc and 10 mL water. The aqueous phase was acidified to pH~1 using 1M HCI.
The organic layer was collected and washed with 1M aqueous sodium thiosulfate (20 mL) to
quench any iodine present. Before draining the sodium thiosulfate aqueous phase, it was acidified

to pH ~ 1 and shaken with the organic layer. The organic layer was washed with acidified brine
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(20 mL, pH ~ 1), dried over anhydrous Na;SO4, and concentrated under reduce pressure to

produce a grey powder (2.22 g, 6.75 mmol, quantitative yield).

'H NMR (400 MHz, CDCls) & 5.30 (br s, 1H), 3.88 (s, 2H), 1.66 (s, 3H), 1.4 (s, 9H); 13C NMR
(100 MHz, CDCls) & 175.8, 154.4, 59.3, 28.4, 23.7, 22.0, 12.8; HRMS (ESI) calculated for

CoH1sNO4INa", 352.0022, found 352.0001.

EDC (1.1 equiv.)

H o MeOH (2.5 equiv.) H o
N 9 N
Boc” OH DMAP (25 mol%) Boc” o~
DCM

I 0°C—RT I

113b 108b

A round bottom flask equipped with a stir bar was placed in an ice bath and charged with DCM
(20 mL), MeOH (2.0 mL, 50.5 mmol, 2.5 equivalent), DMAP (617 mg, 5.05 mmol, 25 mol%) and
116 (6.652 g, 20.2 mmol, 1.0 equivalent). EDC (4.26 g, 22.2 mmol, 1.1 equivalent) was added and
the mixture was left stirring in the ice bath, allowed to warm to room temperature overnight. The
mixture as diluted with DCM (20 mL) and washed once with water (20 mL), twice with 1M HCI
(2 x 20 mL) then once with brine (20 mL). The organic phase was dried over anhydrous Na>SOj4
and concentrated to produce a brown oil. The crude product was purified using column
chromatography (0 = 7% EtOAC in hexanes) to yield a brown oil. This oil should be protected
from light to prevent discoloration. The product was dried under high vacuum, then placed in a
freezer overnight. The resulting solid can be ground up and further dried under high vacuum at

room temperature to produce a free-flowing white powder. (4.844 g, 14.1 mmol, 70%).

'H NMR (600 MHz, CDCls) & 5.46 (br s, 1H), 4.03 (br s, 2H), 3.77 (d, J = 10.3 Hz, 1H), 1.66 (s,
3H), 1.45 (s, 9H); '3C NMR (150 MHz, CDCls) & 172., 154.1, 106.2, 80.2, 59.7, 53.4, 28.5, 23.5;

HRMS (ESI) calculated for C1oH;sNO4INa", 366.0178; found 366.0178.
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Synthesis of chiral amino acid 127

o KCN /NH, o 1) SOCI, / MeOH
Mo (NHa)CO; HQN%OH 2) (+) CSA - o O
HsN
A 3 -
(% );:)ko
%o “OH
122

OH
109 110
o) O
Boc,O H -
KOH H,0  HN L At BOC/N)_)kOH PPhy/DIAD BOC~NH
~oH “OH THF o
123 124 125
h O EDC / MeOH 0
Mgl, N DMAP H
—— > Boc” »~ OH — Boc” O 0~
THF 2 z
\I \I
126 127
(0]
2 © HoN
H,N SOCl, Cl 3 O/
OH
MeOH, reflux, 16 hr OH

OH
110 a-Methyl-DL-serine

a-Methyl-DL-serine methyl ester hydrochloride

Procedure adapted from literature.'** A flask was charged with a stir bar and a-Methyl-DL-serine
(10.0 g, 83.9 mmol, 1.0 equivalent) then evacuated / purged with Nitrogen 3 times. Methanol (100
mL) was added, and the slurry was stirred in an ice bath. Thionyl chloride (12 mL, 168 mmol, 2.0
equivalent) was added dropwise using an additional funnel. The mixture was stirred at room
temperature for 30 mins then heated to 75 °C overnight. A small aliquot was concentrated to
produce a-Methyl-DL-serine methyl ester hydrochloride as mildly viscous orange oil containing

trace amounts of methanol and HCI.
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'H NMR (400 MHz, DMSO Ds) 5 8.61 (br s, 3H), 3.75 (s, 3H), 3.74 (d, J = 10.8 Hz, 1H), 3.64 (d,

J =10.8 Hz, 1H), 1.39 (s, 3H); *C NMR (100 MHz, DMSO Dg) § 170.8, 64.7, 61.1, 53.2, 18.3.

0] (0]
O ua® P (+) CSA s an®
Cl 3 o - 00 5 3 . O/

0 N

OH SO, OH
C)
a-Methyl-DL-serine 122

methyl ester hydrochloride a-Methyl-L-serine

methyl ester (1S)-(+)-Camphor-10-sulfonate

Procedure adapted from literature.'** (1S)-(+)-Camphor-10-sulfonic acid (71.0 g, 305.6 mmol, 1.0
equivalent) was added to the solution of a-Methyl-DL-serine methyl ester hydrochloride. The
excess HCl was removed by distilling the methanol off with a rotovap, adding methanol (50 mL)
and repeating with two more additions of DME (2 x 75 mL). DME (75 mL) was added once more,
and a suspension slowly formed. This suspension was left stirring at room temperature for 3 days.
The suspension was filtered, washed with fresh DME (2 x 75 mL) and then dried to give the crude
salt 122 a free-flowing white powder (32.2 g). The crude salt, acetone (76 mL), and methanol (13.6
mL) were heated at 58 °C for 2 hr, slowly cooled to room temperature, and then filtered. The solid
was washed with acetone (2 x 75 mL) and dried to give the salt 125 as a free-flowing white powder
(28.8 g, 78.8 mmol, 26%). The diastereomeric excess (94%) was measured using the protocols for

measuring diastereomeric excess of 122 described below.

'H NMR (400 MHz, DMSO D) & 8.4 (br s, 3 H), 5.82 (t, J = 5.0 Hz, 1 H), 3.73-3.79 (m, 1H),
3.76 (s, 3 H), 3.56 (dd, J = 11.3, 5.0 Hz, 1H), 2.90 (d, J = 14.7 Hz, 1H), 2.62-2.73 (m, 1H), 2.40
(d,J = 14.7 Hz, 1H), 2.25 (dt, J = 18.1, 3.9 Hz, 1H), 1.95 (t, J = 4.5 Hz, 1H), 1.81-1.92 (m, 1H),

1.81 (d, J = 18.1 Hz, 1H), 1.37 (s, 3 H), 1.24-1.34 (m, 2H), 1.05 (s, 3H), and 0.75 (s, 3H); 13C
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NMR (100 MHz, DMSO Dg) 6 216.8, 170.6, 64.5, 60.8, 58.1, 53.0, 47.0, 46.5, 42.1, 42.0, 26.3,

24.0,20.0, 19.4, 18.1.

0 Boc,O H o H O
@ N N
« HsN ))J\ o EtsN Boc” %o/ +  Boc” )._)ko/
o) z THF ~ H ~
SOs, “OH © (E?;OC
122
122a 122b
Mono Boc protected Bis Boc protected

Protocols for measuring diastereomeric excess of 122

Procedure adapted from literature.'* A 1-dram vial was charged with camphor sulfonate salt 122
(10 mg, 0.027 mmols, 1.0 equivalent), Boc anhydride (20 mg, 0.092 mmols, 3.4 equivalent),
triethylamine (40 pL, 0.29 mmols, 10 equivalent) and THF (0.2 mL). The suspension was stirred
at room temperature for 4 hr, flushed through a plug of silica eluting with MTBE, and analyzed
using chiral GC. The mono boc protected derivative (122a) could be analyzed using method 1 and

the bis boc protected derivative (122b) analyzed with method 2.

Method 1 for chiral analysis of 122a

Instrument: Agilent 6850 Series II Network GC system.
OVEN

Equilibration time: 0.25 min
Maximum temp: 200 C

Initial temp: 150 C (On)
Initial time: 15.00 min
Ramps:

# Rate Final temp Final time
1 20.00 175 10.00

2 0(Of)

Post temp: 0 C

Post time: 0.00 min
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Run time: 26.25 min

INLET (SPLIT/SPLITLESS)
Mode: Split

Initial temp: 250 C (On)
Pressure: 19.32 psi (On)
Split ratio: 50:1

Split flow: 59.9 mL/min
Total flow: 64.0 mL/min
Gas saver: Off

Gas type: Helium

COLUMN

Capillary Column

Manufacturer: Agilent

Model Number: 19091G-B133E
Description: HP Chiral 3

Max temperature: 240 C
Nominal length: 30.0 m
Nominal diameter: 250.00 um
Nominal film thickness: 0.25 um
Mode: constant flow

Initial flow: 1.2 mL/min
Nominal init pressure: 19.32 psi
Average velocity: 33 cm/sec
Source: Inlet

Outlet: Detector

Outlet pressure: ambient

DETECTOR (FID)

Temperature: 250 C (On)
Hydrogen flow: 40.0 mL/min (On)
Air flow: 450.0 mL/min (On)
Mode: Constant makeup flow
Makeup flow: 45.0 mL/min (On)
Makeup Gas Type: Nitrogen
Flame: On

Electrometer: On

Lit offset: 2.0 pA

SIGNAL

Data rate: 20 Hz
Type: detector
Save Data: On
Retention Times:
(S): 7.50 minutes.
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(R): 7.69 minutes.

Method 2 for chiral analysis of 122b

Instrument: Agilent 6850 Series II Network GC system.

OVEN

Equilibration time: 0.25 min
Maximum temp: 200 C
Initial temp: 50 C (On)
Initial time: 3.00 min
Ramps:

# Rate Final temp Final time
1 20.00 100 10.00

2 20.00 150 10.00

3 20.00 175 5.00

4 0 (Off)

Post temp: 0 C

Post time: 0.00 min

Run time: 34.25 min

INLET (SPLIT/SPLITLESS)
Mode: Split

Initial temp: 250 C (On)
Pressure: 13.84 psi (On)
Split ratio: 50:1

Split flow: 59.9 mL/min
Total flow: 64.0 mL/min
Gas saver: Off

Gas type: Helium

COLUMN

Capillary Column

Manufacturer: Agilent

Model Number: 19091G-B133E
Description: HP Chiral

Max temperature: 240 C
Nominal length: 30.0 m
Nominal diameter: 250.00 um
Nominal film thickness: 0.25 um
Mode: constant flow

Initial flow: 1.2 mL/min
Nominal init pressure: 13.84 psi
Average velocity: 29 cm/sec
Source: Inlet

Outlet: Detector

Outlet pressure: ambient
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DETECTOR (FID)

Temperature: 250 C (On)
Hydrogen flow: 40.0 mL/min (On)
Air flow: 450.0 mL/min (On)
Mode: Constant makeup flow
Makeup flow: 45.0 mL/min (On)
Makeup Gas Type: Nitrogen
Flame: On

Electrometer: On

Lit offset: 2.0 pA

SIGNAL

Data rate: 20 Hz
Type: detector
Save Data: On
Retention Times:
(S): 23.5 minutes.
(R): 23.82 minutes.

o © o)
S g oo e L,
o) z 50 °C, 24 hr Z
SO, “OoH “OH
© 12 123

A round bottom flask was charged with camphor sulfonate salt 122 (3.600 g, 9.87 mmol, 1.0
equivalent) and water (15 mL). KOH pellets (85% purity, 78.9 mmol, 8.0 equivalent) were added
and the slurry was heated at 50 °C to produce an opaque, homogenous solution. The solution was
heated at 50 °C for 24 hr after which it was cooled to room temperature and left standing for 30
minutes during which time a precipitate formed. Sometimes crystallization was slow and must be
seeded with potassium camphorsulfonate from previous batches. The resulting potassium
camphorsulfonate precipitate was removed by filtration and washed with a minimal amount of
acetonitrile. The filtrate was seeded with the filtered crystals and placed in an ice bath for an hour.

The resulting potassium camphorsulfonate was removed by filtration and washed with a minimal
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amount of acetonitrile. Methanol (5 mL) was added to the filtrate and the flask was cooled in an
ice bath while it was neutralized with concentrated H>SO4 (until pH=6). CAUTION, the addition
of H2SO4 was extremely exothermic and releases fumes if added to fast. The H>SO4 should be
added slowly using a suitable addition funnel. Following neutralization, the flask was left in the
ice bath for 30 minutes before the potassium sulfate was removed by filtration and washed with a
1:1 mixture of water: methanol (10 mL). The filtrate was concentrated to approximately 3/4 the
initial volume using a rotovap with the water bath set to 60 °C. The solution was placed in an ice
bath and stirred gently while acetone (30 mL) was added dropwise. The precipitated o-methyl-L-
serine (123) was collected by filtration and washed with acetone (30 mL). A second batch of
crystals were obtained by seeding the filtrate and adding more acetone (20 mL) to provide a total
yield of 914 mg, 7.68 mmol, 86%. NMR characterization was identical to the racemic material.
The measured optical rotation was inconsistent, presumably due to potassium sulfate

contamination.

O O

HoN Boc,0 (2.0 equiv.) H
2 -
)%J\OH MeOH : Et;N : 1M NaOH Boc %OH

| RT, overnight |
OH OH

123 124

The same procedure as previously described was used. NMR spectral data and physical properties

were identical to the racemic material.

H Q PPh; / DIAD Boc~NH o
BOC/ )%J\OH THF Q:—(
| -78°C —RT 0
OH
124 125
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The same synthetic procedure as previously described was used. The reaction mixture was
concentrated and purified using column chromatography to produce the title compound in a low
yield (168.5 mg, 0.837 mmol, 18%). The low yield is believed to be caused by the instability of
125 on silica gel, future procedures should either perform multiple crystallizations or use other
stationary phases such as neutral alumina. NMR spectral data and physical properties were

identical to the racemic material.

0
Boc~NH o Mgl, H
_ ~
=0 0°C —RT I
125 126

The same procedure as previously described was used. NMR spectral data and physical properties

were identical to the racemic material.

EDC (1.1 equiv.)

H 9 MeOH (2.5 equiv.) v 0
N B N
Boc” %OH DMAP (25 mol%) o %o/
| DCM |
| 0°C —RT |
126 127

The same procedure as previously described was used, resulting in a colorless oil while the racemic
material was a solid. NMR spectral data were identical. The enantiomeric excess could be analyzed

using Method 3 below.

Method 3 for chiral analysis of 127

Instrument: Agilent 6850 Series II Network GC system.
OVEN

Equilibration time: 0.25 min

Maximum temp: 200 C

Initial temp: 100 C (On)
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Initial time: 50.00 min
Ramps:

# Rate Final temp Final time
1 10.00 165 10.00

2 0(Off)

Post temp: 0 C

Post time: 0.00 min

Run time: 66.50 min

INLET (SPLIT/SPLITLESS)
Mode: Split

Initial temp: 250 C (On)
Pressure: 16.58 psi (On)
Split ratio: 50:1

Split flow: 59.9 mL/min
Total flow: 64.0 mL/min
Gas saver: Off

Gas type: Helium

COLUMN

Capillary Column

Manufacturer: Agilent

Model Number: 19091G-B133E
Description: HP Chiral 3

Max temperature: 240 C
Nominal length: 30.0 m
Nominal diameter: 250.00 um
Nominal film thickness: 0.25 um
Mode: constant flow

Initial flow: 1.2 mL/min
Nominal init pressure: 19.32 psi
Average velocity: 33 cm/sec
Source: Inlet

Outlet: Detector

Outlet pressure: ambient

DETECTOR (FID)

Temperature: 250 C (On)
Hydrogen flow: 40.0 mL/min (On)
Air flow: 450.0 mL/min (On)
Mode: Constant makeup flow
Makeup flow: 45.0 mL/min (On)
Makeup Gas Type: Nitrogen
Flame: On

Electrometer: On
Lit offset: 2.0 pA
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SIGNAL

Data rate: 20 Hz
Type: detector
Save Data: On
Retention Times:
(R): 57.05 minutes.
(S): 57.19 minutes.

H Q Zn Dust (3.0 equiv.) H Q
Boc” N><J\O/ lodine (1 5 mol%) Boc” N)<J\O/
[ DMF, RT, 20 min Znl
108b 115

In a glovebox, a 1-dram vial was charged with a stir bar, Zn dust (47 mg, 0.75mmol, 3.0
equivalent), 108b (86 mg, 0.25 mmol, 1.0 equivalent) and any additives (such as LiCl, 21 mg, 0.5
mmol, 2.0 equivalent). DMF (0.2 mL) was added, and the mixture was stirred aggressively to
suspend the zinc dust. Iodine (10 mg, 0.039 mmol, 15 mol%) was added and the mixture was
stirred for 20 minutes. After 20 minutes, a precisely measured amount of 1,3,5-trimethoxybenzene
(~13-15 mg, 0.33 equivalent) was added and stirring was halted so the zinc can settle to the bottom
(approximately 5-10 minutes). The mixture was then carefully to an NMR tube using a syringe.
"H NMR analysis was used to determine the yield of the organozinc using a proton gradient shim

for non-deuterated DMF mixtures, and calibrating the axis to the solvent peaks.

115 (salt-free) '"H NMR (500 MHz, DMF) § 6.07 (br s, 1H), 3.55 (s, 3H), 1.48 (s, 3H), 1.34 (s,

9H), 0.63 (d, J = 12.6 Hz, 1H), 0.51 (d, J = 12.6 Hz, 1H).
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Figure 26 '"H NMR of organozinc 115 with an internal standard.
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Figure 27 "TH NMR of organozinc 115 with and without TMEDA (1 equivalent).
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General cross-coupling procedure for 108b

H 1) Zn Dust (3.0 equiv.) H
Boc/N)<J\O/ lodine (15 mol%) Boc” o~
2) Aryl Halide (1.2 equiv.)

' Additive (loading) =
108b Catalyst (loading) |

In a glovebox, a 1-dram vial was charged with a stir bar, Zn dust (47 mg, 0.75 mmol, 3.0
equivalent) and 108b (86 mg, 0.25 mmol, 1.0 equivalent). DMF (0.2 mL) was added, and the
mixture stirred aggressively to suspend the zinc dust. lodine (10 mg, 0.039 mmol, 15 mol%) was
added and stirred for 20 minutes. A second vial was charged with a stir bar, the aryl halide (0.3
mmol, 1.2 equivalent), additive (e.g. LiCl 21mg, 0.5 mmol, 2.0 equivalent) and catalyst (e.g. Pd-
PEPPSI-Pr“, 9.8 mg, 0.0125 mmol, 5 mol%). Stirring was halted to allow the zinc to settle
(approximately 5-10 minutes). DMF (0.1 mL) was added to the second vial and stirred to create a
slurry. The organozinc solution was carefully collected using a syringe and added to the second
vial. In trials where the catalyst was preactivated, approximately 0.05mL of 1M #n-BuZn in THF
was added to the solution of catalyst, aryl bromide and LiCl. A strong color change was usually
observed, creating a bright yellow solution in 1-2 minutes. The freshly prepared organozinc was
then transferred to the solution of active catalyst. The vial was capped, sealed with parafilm, moved
out of the glovebox, and stirred for 72 hr at room temperature. The reaction mixture was analyzed
by 'H NMR to test for the presence of organozinc and purified directly by column chromatography

(6> 20% EtOAc in hexanes).
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Boc” o

CO,Me

116
Following the general coupling procedure, the title compound was isolated as a clear oil. 116 'H
NMR (600 MHz, CDCl3) 6 7.93 (d, J = 8.4 Hz, 2H), 7.14 (d, J = 8.4 Hz, 2H), 5.15 (br s, 1H), 3.90
(s, 3H), 3.76 (s, 3H), 3.49 (br s, 1H), 3.27 (d, J = 13.4 Hz, 1H), 1.57 (s, 3H), 1.47 (s, 9H); 1°C
NMR (150 MHz, CDCl3) 6 174.1, 167.0, 154.3, 142.1, 130.1, 129.4, 128.8, 79.6, 60.32, 52.6, 52.1,

41.3, 28.4, 23.8; HRMS (ESI) calculated for CisH2sNOgNa", 374.1580; found 374.1608.

H O
N

Boc” o~

7 N\
=z

117

Following the general coupling procedure, the title compound was isolated as a pale-yellow oil.
117 'H NMR (500 MHz, CDCl;3) & 8.52 (d, J = 4.7 Hz, 1H), 7.62 (t, J = 7.4 Hz, 1H), 7.05-7.20
(m, 2H), 6.08 (s, 1H), 3.73 (s, 3H), 3.34 (s, 2H), 1.60 (s, 3H), 1.41 (s, 9H); 3*C NMR (125 MHz,
CDCl3) 06 174.5,157.1, 154.6, 149.1, 136.4, 124.6, 121.9, 79.2, 59.6, 52.4, 44.6, 28.4, 23.3; HRMS

(ESI) calculated for CisH2N204Na", 317.1477; found 317.1490.
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Following the general coupling procedure, the title compound was isolated as a bright yellow oil.
118 'H NMR (500 MHz, CDCl3) & 8.46 (s, 1H), 8.21 (s, 1H), 7.47 (s, 1H), 5.20 (br s, 1H), 3.79 (s,
3H), 3.49 (d, J = 13.8 Hz, 1H), 3.29 (d, J = 13.8 Hz, 1H), 1.56 (s, 3H), 1.48 (s, 9H); *C NMR
(125 MHz, CDCls) 6 174.5, 157.1, 154.6, 149.1, 136.4, 124.6, 121.9, 79.2, 59.6, 52.4, 44.6, 28.4,

23.3; HRMS (ESI) calculated for C1sH21N2O4CIH", 329.1268; found 329.1243.
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NMR spectra for chapter 2
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