Mechanistic Investigations and Development of Ni-Catalyzed Cross-

Electrophile Coupling Reactions

Thesis by

Raymond F. Turro

In Partial Fulfillment of the Requirements
for the Degree of

Doctor of Philosophy

Caltech

CALIFORNIA INSTITUTE OF TECHNOLOGY

Pasadena, California

2023

(Defended May 22, 2023)



© 2023
Raymond Turro
ORCID: 0000-0001-9774-4556

All Rights Reserved

i



To my parents for unwavering support,
Bridget for inspiration,
and Larissa for compassion and strength.
I couldn’t have made it without you.

111



v
ACKNOWLEDGEMENTS
I am extremely grateful for all the opportunities and support that [ have been given
that has led to where I am today. It has been such a privilege to join the ranks of the brilliant
minds of the scientists and engineers here at Caltech. I have gained so much from
interacting with my peers and mentors here and it truly is a “special place” as many before
me have said. I would not have made it to this point without all of the love and support I
received during my time before Caltech and while I was here
I have to begin by thanking my advisor, Professor Sarah Reisman, for giving me
the opportunity to research in her lab for my Ph.D. studies. My time under Sarah’s guidance
over these years has forged who I am as a scientist. I could not have asked for a more
supportive, motivating, rigorous, and exciting environment to do my graduate studies. I’'m
not sure there would be another place where I could be aligning light sources for
spectroelectrochemical detection of a key reaction intermediate with an exotic electronic
structure one day, then scaling up material to scout out new routes in our synthesis the next.
Sarah has shown compassion and kindness when it matters and has pushed me to achieve
the best of my abilities. I am grateful to have worked for someone who puts so much into
what she loves and is such a force for good in our field.
I would also like to thank the rest of my committee: Prof. Max Robb, Prof. Brian
Stoltz and Prof. Theo Agapie, for their insight over the years and constructive feedback on
my progress. As stressful as our meetings have been, they are such an opportunity for
intellectual growth. You are all perfect role models for the scientist that I should be and
have always been so respectful and facilitative during my journey. I would like to thank

Max for being a great committee chair who has made each step of this degree feel



\%
productive and treats me with a refreshing combination of kindness and professionalism.
Theo has been a great committee member yet I think I will remember him more for his
excellent teaching skills as I don’t think I would have passed Ch112 with another professor
or set of TAs. I would also like to specifically thank my committee member, and “academic
grandfather”, Brian for being a great second advisor to us in the Reisman lab and a friend
outside of the lab. You are another great example of a compassionate researcher who is
truly an expert in their field and always can offer a fresh perspective.

I have had the pleasure of working with many talented scientists over the years on
the 3 floor of Schlinger. I need to start by acknowledging my amazing mentor, Dr. Julie
L. H. Wahlman, for welcoming me into the lab and introducing me to graduate-level
research. Although we only overlapped in the lab briefly, I learned so much about how to
be a successful graduate student in terms of time management, data acquisition, and good
scientific practices. I am truly lucky to have worked with Julie and I am relieved to know
that you are training the next generation of scientists at Cal State Long Beach. I would also
like to acknowledge all of the previous work done by Julie and the rest of Team Nickel Dr.
Kelsey Poremba, Dr. Caitlin Lacker, Dr. Alex Shimozono, and Dr. Travis DeLano who
dedicated time with me to ensure their knowledge and skills survived in the lab after they
left.

I would also like to acknowledge my other senior student mentor in the group, and
close friend, Dr. Nicholas Fastuca. Over the years in Pasadena, I had so many positive
experiences with him in and out of the lab. He eventually recruited me onto his new
synthesis project and taught me about the practical aspects of total synthesis research.

When we weren’t making natural products in the lab, we were making them in my



vi
apartment as we learned how to brew beer together. Many of these experiences kept me
grounded and gave me much needed perspective during my time in graduate school. It also
helps that Nick was a part of a wonderful class with Dr. Catilin Lacker and Dr. Skyler
Mendoza who were also great friends (and cat sitters) to me. The three of you really lead
by example by gave so much of yourselves to the lab and the people in it over the years.
The lab has never really been the same without you all.

Another star Reisman class that made a huge impression on me was the year ahead
of me consisting: Dr. Mike Maser, Dr. Alex Shimozono, Dr. Travis DeLano, and Dr. Karli
Holman. All of these people were model senior lab members when I joined and made us
all feel welcomed and wanted. Alex not only played a big role in recruiting me to the
Reisman lab but also went above and beyond in supporting me early on. I look forward to
our continued friendships into the future, especially with my future neighbors, Karli and
Travis, in Boston.

I was fortunate enough to have many great project partners and collaborators over
the years. These people were essential intellectual collaborators and spent the time to teach
me so much about different aspects of organic, physical, or analytical chemistry. In
particular, my partner in Ni, Jaron Tong has been an invaluable asset to my degree and a
great friend. I truly would have been lost if it weren’t for Jaron’s intelligence and patience
as a collaborator and was thrilled when he joined our lab. I also was lucky enough to work
on a project with Dr. Marco Brandstitter whose creativity, attention to detail, and
laboratory skills was such an inspiration. I also worked on projects with Emily Chen and
Nathan Friede in our lab and collaborated with Dr. Brendon McNicholas, Dr. Daniel Bim,

and Professor Ryan Hadt. While not an official project partner I have to also thank Dr.



vii
David Hill for his mentorship, friendship, and help with analytical techniques I never
thought I would be doing. I learned so much from these people and developed so many
skills I never thought I would pick up in graduate school which I am truly grateful.

I was joined by two very talented post-docs on the total synthesis project Dr. Sven
Richter and Dr. Philip Bohm. Both of them came to the lab with excellent experimental
skills in method development which they were both quickly able to translate to progress on
our synthesis. It’s always a pleasure to sit down with them as a team and brainstorm new
ideas. [ was also joined by a very impressive and ambitious Caltech undergraduate student,
Tessa Pierce, who joined our group as an FSRI student before her freshman year. Despite
having no college-level chemistry background she tackled a summer of organic chemistry
research and signed up to continue to work on total synthesis throughout her Freshman
year into that summer. It was a pleasure working with a beginning scientist like Tessa and
I can’t wait to see what she does after Caltech.

I have really felt like I was a part of a community these last 5 years (COVID aside)
working on the 3™ floor of Schlinger. Working so close to the Stoltz lab has allowed me to
make some important connections with them over the years in particular: Zack Sercel,
Alexia Kim, Tyler Casselman, Ali Stanko, Dr. Eric Welin, Dr. Nick Hafeman, Dr. Eric
Alexy, Dr. Chris Reimann (go Yankees!), and especially Alex Cusumano. Whether it was
in the classroom or playing ping-pong I gained a lot from overlapping with these amazing
scientists. I could say the same to the friends I’ve made beyond the 3™ floor including: Dr.
Brooke Versaw, Anna Overholts, May Zeng, Chloe Williams, and Sepand Nistanki.

I didn’t have to leave the lab to forge great friendships over the years with Reisman

lab members. I am incredibly grateful to have had such tight-knit class of students to join



viii
the group with me. Dr. Yujia Tao, Dr. Sara Dibrell, and Jeff Kerkovius are all incredibly
hard-working and intelligent scientists who have never stopped making me feel humble. I
have to credit a lot of my education over the last few years by just working in proximity to
such ambitious and intelligent people. I can’t wait to see what we all do from here.

It is very safe to say that I would not be a scientist if it were not for my
undergraduate institution, Juniata College, and the stellar Chemistry & Biochemistry
Department. I got to learn amongst an amazing class of students including: James
McGettigan, Kevin Schofield, Sam Gary, Andrew Guide, Margret Vos, and Larissa Bubb
who all made college as fun as it was educational. In particular James McGettigan was
truly a great friend who toughed out so many difficult classes and assignments with me. I
was a part of the last class at Juniata to take part in the “organic first” experiment where all
(STEM) students take organic chemistry as the introductory chemistry course. It was here
that a science class actually clicked for me and I realized that this “boogeyman” of a subject
was perfect for someone like me. This spark of passion was truly nurtured in the chemistry
department by the best teachers I have ever had. The amount of work that professors like
Dr. William Ames, Dr. Richard Hark, Dr. Dan Dries, Dr. Ursula Williams, Dr. Sharon
Yohn, Dr. Peter Baran, Dr. Alec Brown, and Dr. John Unger put into teaching students and
introducing them to research felt truly unique.

I could probably write a page to each of those people but I have explicitly thank my
advisor Dr. John Unger. John is a great teacher who always kept are attention like when he
brought the president of Juniata into class to drink enough scotch that blowing on some
Jones reagent would cause it to change color. He is also a great research advisor who was

always encouraging and willing to get in the lab to show you a new technique or decode a



X
mysterious piece of data. All of the encouragement he gave me to go to conferences, take
up leadership roles in the department, get summer internships, etc... played a huge role in
my development as a chemist to get me where I am today.

When I was not doing research at Juniata, was in Dallas working with an incredible
set of researchers that taught me a lot about the field and what graduate school was like. In
particular I really enjoyed working with and learning from Dr. Aaron Nash, Dr. Chris Sleet,
Dr. Vaishnavi Nair, Dr. Mohammed Sharique, Dr. Bin Xu, and Dr. Madhu Manna. Others
in the group, like Dr. Liela Bayeh-Romero and Dr. Jackson Gartman, went above and
beyond with mentoring me in not only how to be successful in the lab but also taught me
important lessons that prepared me for graduate school. Of course I need to thank Dr. Uttam
Tambar who 1 can probably credit for most of the opportunities I have been afforded on
my path to a career in research. It was during that first summer in Uttam’s group that I
knew I wanted to get a Ph.D. in organic chemistry. Even though I was in undergrad he
spent so much time talking to me about chemistry and introducing me to advanced topics
as well as showing me how to do basic lab techniques like column chromatography and
pTLC. Even now as I look back, I think I am still riding the enthusiasm he instilled in me
to the end of this degree.

None of my research would have been possible without the amazing support staff
and facilities we have access to at Caltech. Most importantly, I have to thank Dr. Scott
Virgil who never hesitates to help you solve a problem, develop an assay, or purify the
impossible. Beyond all he does for us in the lab I will miss his and Silva’s wonderful
Christmas parties as they really made me feel like I was at a home away from home. I

would also like to thank the instrumentation staff: Dr. David VanderVelde, Dr. Mona



Shahgholi, Dr. Paul Oyala, Dr. Nathan Dalleska, and Dr. Jay Winkler.

I have to thank those who are closest to me for helping me get to Caltech as much
as they helped me get through it. My younger sister Bridget is such an inspiration to me
and a joy in my life. Despite all of the adversity she faces, she always perseveres and laughs
while doing it. She truly keeps me grounded and I am happy we have become so close even
though I have been living across the country. Her and I have always found relentless
support from our parents, whose love fuels us to keep moving. They have been great role
models teaching me to be compassionate towards others and do the right thing. Throughout
my life they have also been there to listen and provide support even if I didn’t want it at
the time or know what was best for me. I hope I have reflected the values they instilled in
me while I was at Caltech and continue to do so with my own family.

I have to thank the Bubbs/Hackenbergs as well who have welcomed me into their
family with open arms. I fondly look back at all the visits or vacations we took with Mike
and Tammy over the years. Whether it is playing board games, fishing, horse-riding, or a
raucous Hackenberg family gathering, you all really feel like family. You were also able
to make Pasadena feel more like home by visiting during Thanksgiving and other important
life events. I admire all your hard-work and ambition and will carry that with me as I start
my new life.

Most importantly, I have to thank the most impactful person in my life, Larissa.
Without of the support, love, and companionship over the last eight years this book would
end right here. I could not have asked for a better partner to take on this monumental task
while you achieve so much on your own. She took a big chance on me to move across the

country and stick out the madness of graduate school and now we leave as a married couple



X1
with a bright future. I am proud to be your partner and will never forget all you have done
for me. I cannot wait to start our new life together in Cambridge and begin a new chapter

of our story.



xii
ABSTRACT

Transition metal-catalyzed cross-coupling reactions have proven to be a powerful
technology for the modular construction of carbon-carbon and carbon-heteroatom bonds
over the last half century. More recently, reductive cross-coupling catalyzed by nickel has
emerged as a complementary synthetic approach that couples electrophilic fragments and
is rendered catalytic by the inclusion of a terminal reductant. These reactions are
advantageous because the use electrophiles as coupling partners which display greater
stability, functional group tolerance, and commercial availability over the corresponding
nucleophilic coupling partners. Additionally, Ni catalysts are less prone to B-hydride
elimination compared to later transition metals which enables C(sp*)-C(sp") couplings.
The challenge with using coupling partners of the same polarity is developing a catalyst
that can activate each electrophile in a mechanistically distinct way in order to get high

levels off cross-selectivity, over statistical mixtures of cross- and homocoupled products.
Herein, we describe a mechanistic investigation on Ni-catalyzed cross-electrophile
couplings developed in our lab; specifically, the asymmetric reductive alkenylation of N-
hydroxyphthalimide (NHP) esters and benzylic chlorides. Investigations of the redox
properties of the Ni-bis(oxazoline) catalyst, the reaction kinetics, and mode of electrophile
activation show divergent mechanisms for these two related transformations. Notably, the
mechanism of C(sp®) activation changes from a Ni-mediated process when benzyl
chlorides and Mn° are used to a reductant-mediated process that is gated by a Lewis acid
when NHP esters and tetrakis(dimethylamino)ethylene is used. Kinetic experiments show
that changing the identity of the Lewis acid can be used to tune the rate of NHP ester

reduction. Spectroscopic studies support a Ni'-alkenyl oxidative addition complex as the
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catalyst resting state. DFT calculations suggest an enantiodetermining radical capture step
and elucidate the origin of enantioinduction for this Ni-BOX catalyst.

Efforts to expand the scope of coupling partners in XEC reactions to include novel
classes of electrophiles, such as N-alkyl imines, are also described. The preparation of
heterobenzylic amines by a Ni-catalyzed reductive cross-coupling between heteroaryl
imines and C(sp?) electrophiles is reported. This umpolung-type alkylation proceeds under
mild conditions, avoids the pre-generation of organometallic reagents, and exhibits good
functional group tolerance. Mechanistic studies are consistent with the imine substrate
acting as a redox-active ligand upon coordination to a low-valent Ni center. The resulting
bis(2-imino)heterocycle-Ni complexes can engage in alkylation reactions with a variety of

C(sp?) electrophiles, giving heterobenzylic amine products in good yields.
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Chapter 1

Mechanistically-Guided Strategies for Developing Selective Ni-

Catalyzed Cross-Electrophile Couplings

1.1 INTRODUCTION

Transition metal-catalyzed cross-coupling reactions have proven to be one of the most
powerful developments in synthetic chemistry over the last few decades. This technology
has enabled the efficient and selective formation of carbon—carbon and carbon—heteroatom
bonds with applications ranging from bioactive pharmaceuticals and agrochemicals, to
materials science, as well as electronics.! More recently, cross-electrophile coupling
(XEC) reactions have emerged as a complementary method to couple electrophilic
fragments. These electrophilic fragments, usually organic halides, make up a class of
compounds that are abundant from commercial sources or can be readily synthesized;
making them an attractive alternative to organometallic nucleophiles used in traditional,

redox-neutral, cross-coupling reactions which are less stable and less tolerant of functional



Chapter 1 — Mechanistically-Guided Strategies for Developing Selective Ni-Catalyzed Cross- 2
Electrophile Couplings

groups. In the context of cross-coupling, electrophiles are substrates that undergo C-X
activation through a reductive mechanism such as oxidative addition or single-electron
reduction. As a consequence of using two electrophiles, a stoichiometric reductant is
needed in order to render the process catalytic.?

Figure 1.1. Comparison of Ni and Pd as catalysts in cross-coupling reactions.
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Nickel has proven to be an effective transition-metal catalyst for XEC reactions. This
is due to the favorable properties of the metal in terms of reactivity, cost, and sustainability
relative to 2" or 3™ row transition metals popular in traditional cross-couplings. Ni has
accessible odd-electron oxidation states (Ni”/VIVIV) meaning it can engage in either one
or two-electron elementary steps with a substrate. Compared to Pd (Pd”", E® = 0.95 V vs.
SHE), there is a greater driving force for oxidation of Ni (Ni”!, E® = -0.26 V vs. SHE)
making substrate reduction reactions, like oxidative addition, facile. Additionally,

intermediate Ni-alkyl complexes are less prone to B-hydride elimination making Ni
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amenable to C(sp*)—~C(sp") couplings.® The intrinsic reactivity of Ni makes it attractive for
XEC reactions as it can activate substrates through a variety of mechanisms; however, its
promiscuity can make the design of a general and selective catalyst challenging (Figure
1.1).4

Figure 1.2. General scheme for Ni-catalyzed XEC reactions.

reductant

cross-coupled homocoupled

The challenge that arises from using two electrophilic coupling partners (1 and 2) is
achieving high levels of cross-selectivity over statistical mixtures of cross- (3) and
homocoupled (4-5) products. A cross-selective reaction is achieved by using a catalyst
system that activates each electrophile through a distinct mechanism, such that the
activation of 1 then 2 can outcompete sequential activation of two equivalents of 1 or 2
(Figure 1.2).° This poses a challenge when designing or optimizing XEC reactions due to
the ambiguity in how modifying reaction parameters influences the relative rates of
electrophile activation (e.g., how electronic perturbations on a ligand may impact the
reduction of one coupling partner over the other). Over the last decade of research on XEC
reactions, several mechanistically-guided strategies have emerged to achieve remarkable
selectivity, enabling exceptionally mild methods for modular construction of strategic

bonds.
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1.2 Background and Scope

1.2.1 Evolution of Selective Ni-Catalyzed XEC

Scheme 1.1. Early examples of reductive couplings using Ni.

a) Semmelhack stoichiometric biaryl synthesis

X 'Y . 'Y
Ni(COD) (1 equiv) R—-
O e OO ° -
R DMF (0.38 M)
tolerated R
7

1.8 equiv 25-40°C, 36 h unreactive
(X =1, Br, C) 14 - 93% yield
6 R=H, Me
79, 93 % yield

R =2,4-Me, 4-EDG,

b) Kumada catalytic biaryl synthesis
Kl as beneficial additive

Br Ni(PPh3),Cl5 (5 mol %) Br standard
PPh; (40 mol %) 9 examples conditions 8
> € —_—
Zn° (1 equiv) 12 - 89% yield +KI (5 mol%)
DMF 89% yield room temp 85% yield
o

50°C,20 h
8

c) electroreductive cross-coupling

Br Br ) - 11, 50% vyield
+ Ni(PPh3)2Clp - ) statistical
12, 25% vyield mixture
Ve AU()Mg(+)

\
|

-1.3V (SCE) — 8, 25% yield
9 10 und/m((/leg cell
1 equiv 1 equiv
product distribution trends OMe OMe
cat. Ni(bpy)Cl i
N X . Cl 2, O o-anis X
R Au(-)/Mg(+) gL Rt
W - 1.3V (SCE) ' o (A /s
undivded cell
NMP
13 14 15 16 17
1 equiv 1 equiv (XC) (HC 1) (HC 2)
80
mR=H,X=Cl )
s 70 mR=p-CN, X = Cl product ratio
=60 mR =p-OMe, X = Cl —
'%50 mBR=H, X=Br R X 15:16 :17
2
40 H Cl 82:34:34
hel
B 30 4-CN Cl 18:26:13
320 4-OMe Cl 55:42:19
o
10 B I I H Br 1.2:35:82
0
XC HC1 HC 2

Early investigations of Ni in reductive coupling reactions were performed by
Semmelhack and coworkers through the 1970-1980s. These examples utilized

stoichiometric Ni® complexes and were limited to homocoupling of reactive aryl halides 6
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but demonstrated functional group tolerance (7) not seen with traditional couplings that
employ organometallic coupling partners (Scheme 1.1a).%7® Following these early reports,
Kumada and coworkers in the late 1970s demonstrated that aryl bromide homocoupling
could be made catalytic in Ni when Zn° is used as a stoichiometric reductant. Kumada also
observes a significant rate acceleration upon the inclusion of KI as an additive enabling the
reaction to proceed at room temperature to give 8 in 85% yield (Scheme 1.1b).° It was not
until 1986 that Périchon and coworkers observed the first cross-coupled products in an
electroreductive coupling using aryl bromides (9 and 10) with similar reactivity, albeit as
a statistical mixture of cross- (11) and homocoupled (8 and 12) products.'? Subsequent
reports showed the distribution of products (15-17) could be perturbed as a function of
varying steric and electronic properties of an aryl halide coupling partner 13 when the other
coupling partner was an ortho-substituted aryl halide 14 (Scheme 1.1¢)."!

Scheme 1.2. EFarly example of Ni-catalyzed XEC and proposed mechanism.

Br o] NiBro(PPhg), (50 mol %) Q
. Br LICIO,) (03 M) OEt
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rt
18 19
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0
Br.
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] PhBr PhsP  Br +2e PhsP  © Me 18 PhgP  .Br OEt
LNi® ——— Nl —_— Ni2 —— N+ Ph
o PhsP” Nph  cathode PhsP” Nph —> PP’ g de
21 19
unreactive highly reactive
with 18 with 18

Shortly after their initial report, Périchon and coworkers attained greater cross-
selectivity in an electroreductive coupling with electrophiles of different hybridization, in

this case, a-bromoesters 18 and aryl halides produced high yields of a-arylated products
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19.'2 Subsequent electroanalytical experiments suggest that the origin of selectivity in this
case is due to a change in the relative rates of electrophile activation at different oxidation
states of Ni where a Ni’ complex 20 preferentially reacts with aryl halides and the
subsequent nickelate complex 21 would react with 18 (Scheme 1.2).!3 These studies in the
1980s and 1990s laid the foundation for how the field would come to think about XEC
reactions going forward. Although redox-neutral cross-couplings dominated the literature
in the 1990s and 2000s, reductive couplings would undergo a renaissance in the early 2010s

that continues to this day.

1.2.2 Proposed Mechanisms of Substrate Activation by Ni in XEC

Mechanistic studies on the oxidative addition of reduced Ni complexes into C—X bonds
constitute an ongoing area of research that predates Ni-catalyzed XEC. It is evident that
there are numerous pathways that could be operative for a given combination of substrates,
ligand environment, and reductant.? The evidence and origin of these mechanistic nuances
are beyond the scope of this review and unnecessary as a guiding principle in reaction
optimization. Instead, we will focus on a practical overview of general mechanisms that
have been proposed for C(sp?) and C(sp?) electrophile activation in XEC reactions.

The mechanisms of C(sp?)-X oxidative addition with Ni have been proposed to
proceed through both one- and two-electron mechanisms. These reactions have been
studied extensively for aryl 22 electrophiles but are underexplored for the corresponding
alkenyl 23 or acyl 24 electrophiles. In the context of catalytic couplings as well as
stoichiometric reactions, oxidative addition with aryl halides have been proposed from both

Ni® and Nil,!41643.15 proposed C—X activation mechanisms can be summarized as either a
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concerted oxidative addition!®!743, polar SnAr,'® or a stepwise Srn1'® mechanism (Figure
1.3a).
Figure 1.3. Mechanisms of oxidative addition into C(sp®)-X bonds.

a) proposed mechanisms of C(sp?)-X activation
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Reactions involving oxidative addition from a Ni' complex (26) yield a high-valent
Ni''Ar (27) via a radical or two-electron mechanism (Figure 1.3a). This electron-poor
intermediate 27 will undergo subsequent reduction reactions by either comproportionation
with another equivalent of 26 or by single electron transfer (SET) from the terminal
reductant to give Ni" (28).20:1%0 Alternatively, oxidative addition from Ni’ 25 would
directly furnish complex 28. Deleterious C(sp?)~C(sp?) homocoupling reactions have been

proposed to occur from disproportionation of 28 to 30 followed by reductive elimination.?!



Chapter 1 — Mechanistically-Guided Strategies for Developing Selective Ni-Catalyzed Cross- 8
Electrophile Couplings

Subsequent reduction of oxidative addition complex 28 to a Ni'-Ar 29 has been proposed
in Ni-catalyzed XEC reactions, and is a key step in sequential activation mechanisms (vide
infra).>?? Alternatively, 29 can undergo a second oxidative addition of C(sp?)-X and
furnish Ni'! species 31 which can undergo reductive elimination to give biaryl product 32
(Figure 1.3b).

Figure 1.4. Mechanisms of oxidative addition into C(sp’)-X bonds.
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The oxidative addition of Ni into C(sp) electrophiles can proceed through several
mechanisms depending on the substitution on C, identity of the coupling handle, and ligand
environment of the Ni catalyst. This includes two-electron reactions that proceed through
an Sn2 mechanism to displace the leaving group to forge a Ni—C bond.?® This polar
mechanism is favored for oxygen-based electrophiles, primary electrophiles, or Ni—
phosphine/NHC catalysts.?* Radical mechanisms have been proposed for various alkyl
halide and redox-active coupling handles that proceed through an inner-sphere X-atom

transfer (XAT)?32%27:28 or by an outer-sphere Srn1 process.?*3%31-32 These proceed through
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an alkyl radical intermediate 33 that either rapidly recombines or will escape the solvent
cage to be intercepted by another Ni complex (Figure 1.4). In this review, cases will also
be discussed where the Ni—C(sp?) bond is formed by capture of a free radical that was

69,33,34,118,83

generated through a non-Ni mediated process, or by transmetalation of an in situ

generated organometallic species.®

1.2.3 Mechanistic Models of Ni-Catalyzed XEC Reactions

From studies on Ni-catalyzed XEC reactions, several mechanistic frameworks have
emerged that can be used to rationalize reactivity during reaction development. Here, we
will define two general categories that encompass proposed mechanisms of Ni-catalyzed
XEC: 1) sequential activation®® and 2) parallel activation.’” Practically, these models are
not always distinguishable without extensive mechanistic studies as the difference can
come down to accessibility of certain oxidation states for the Ni catalyst, or whether the
reduction of a given catalytic intermediate is kinetically feasible.’® These models can be
useful for honing in on challenging processes in a XEC that are responsible for their poor
performance such that hypothesis-driven modifications to the reaction conditions can be
made in subsequent optimization experiments.

In a Ni""! sequential activation mechanism, a reduced Ni catalyst (26) is proposed to
activate the more reactive electrophile 1 via oxidative addition to give 34. This high-valent
intermediate 34 is then reduced to Ni' (36) by the terminal reductant which can react with

the other electrophile 2 via oxidative addition. The resulting Ni'!

(37) can then undergo
reductive elimination to regenerate 26 and furnish product 3 (Figure 1.5a). For this to be

cross-selective, the oxidative addition of 1 by 26 must outcompete pathways leading to
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homocoupling that can arise from 26 reacting with 2 or 36 reacting with 1. The preference
for 26 reacting with 1 over 2 has been attributed to matching of the steric and electronic
properties of reduced Ni intermediates 26 and 36 modulating their respective reactivities
towards oxidative addition of either 1 or 2 (Figure 1.5b).3273°

Figure 1.5. Sequential activation mechanism.

a) sequential activation mechanism b) general selectivitiy principles
selective 15 oxidative addition:

1 LNi—X @ X LN'”)1( on-cycle
jl=X —— LNi
3 @— LNi'—x\(& fast Ny foprodt

o 26 34
reductive 26 ‘;ﬁgﬁ%‘f X /@
odLCtV X
elimination LNl 2
34 X —X X P
| _X LNil=X —— LNi'”\
i slow X
26 38
37 R e S
—
reduction selective 2 oxidative addition:

.. ®
Q—X X results in
—X LNi'—@ — i RIRTHC

slow
2 35 N 36 39
LNi'—@ 36 X
/ 2
N __ reduction ~ —X | _Xx  on-cycle
€ LN — > Wi to product
fast
example Ni""" cycle shown 36 37

In a Ni"™" parallel activation mechanism, a reduced Ni catalyst (26) will react with
electrophile 1 to give 34 which is followed by reduction to Ni' 35. This intermediate 35
then intercepts the activated form of the other electrophile 40 (Y = radical or metal), to
forge the second Ni—C bond and give 37. This Ni''! 37 can then undergo reductive
elimination to give 26 and cross-coupled product 3. In versions of this mechanism where
26 acts as chain carrying radical, 26 then goes on to activate electrophile 2 followed by
reduction of 41 to turn over the catalyst. This can also be thought of as two parallel catalytic

cycles where one Ni catalyst 26 activates one electrophile and another catalyst (possibly



Chapter 1 — Mechanistically-Guided Strategies for Developing Selective Ni-Catalyzed Cross- 11
Electrophile Couplings

26) can activate the other electrophile. In either case, the origin of cross-selectivity can be
explained by comparable rates of converting electrophiles 1 and 2 to their corresponding
activated intermediates 35 and 40 in combination with slow homocoupling of the activated
intermediate 35 derived from the more reactive electrophile (Figure 1.6). This framework
is analogous to the persistent radical effect*® and the terminology has been extended to
cross-coupling as the persistent metal effect (PME).*!

Figure 1.6. Parallel activation mechanism.
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These models can be used to interpret the reaction outcomes in a Ni-catalyzed XEC
optimization. No different from any other optimization, the conversion of the starting
materials and their distribution among potential products is the experimental output for
every input set of conditions. Specifically, the electrophile conversion as a ratio of desired
cross-coupled to undesired homocoupled or decomposed products can be informative of
the relative rates electrophile activation. For example, if a set of conditions results in
significant conversion of one electrophile A to homocoupled A—A with poor conversion of

the other electrophile B then this may indicate that A activation needs to be slowed or B
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activation needs to be accelerated (Figure 1.7a).

Figure 1.7. Ni-catalyzed XEC principles of cross-selectivity relevant to optimization.
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The output obtained from typical optimization by screening (i.e., the yield/ee/dr at the
end of the reaction) may not be sufficiently representative of relative rates and obtaining
temporal conversion data may be necessary. For example, if it is found that both

electrophiles (A and B) convert to their corresponding homocoupled products (A—A and
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B-B, respectively) at the end of the reaction then it is not clear which one is activated faster
as one could be completely consumed before the other starts converting. This can be
investigated by monitoring the electrophile conversion over time to gauge the relative
activation rates. Reaction monitoring like this is certainly more resource intensive and may
not be feasible for every set of conditions tested, but can be informative for calibrating

optimization efforts and generating mechanistic hypotheses (Figure 1.7b).

1.2.4 General Strategies for Cross-Selective XEC Reactions

In this review we will attempt to formalize general classes of strategies that researchers
have employed to achieve selectivity in Ni-catalyzed XEC reactions. Specifically, these
methods utilize a mechanistic hypothesis regarding the rate of electrophile activation in
order to increase yields of cross-coupled products. This notably does not include the well-
established, and still frequently employed, strategy of using a large excess of one coupling
partner to get high yields of cross-coupled product. This strategy is undoubtedly effective
but typically results in concomitant formation of undesired homocoupled products, limiting
the efficiency of these transformations. For this reason, examples that use greater than 2-
fold excess of one coupling partner are not considered successful examples of cross-
selective XECs in this review.

Given the explosion in XEC literature that has evolved after Weix initially formalized
XEC optimization strategies in 2014,> the community’s understanding of how these
reactions work has grown with the field. The principles that dictate how a given
combination of substrates may perform in an XEC still hold true but recent advances have

given synthetic chemists more options to modulate substrate reactivity in order to improve
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cross-selectivity. These strategies will be classified as: 1) electrophilic coupling-handle
modifications, 2) Ni-catalyst or co-catalyst design, 3) reductant or external driving force
control (Figure 1.8). Each of these methods uses a mechanistically-driven hypothesis to
accelerate the rate of activation of one electrophile over the other. These strategies are
attractive in that they are readily accessible within a traditional reaction optimization
campaign and do not require expensive mechanistic studies or extensive ligand design.

Figure 1.8. Summary of strategies for cross-selective XEC reactions.
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1.3 Tuning the Electrophilic Coupling Handle

The rate of electrophile (R—X) activation is dictated by the identity of the electrophile
(X) as much as it is dictated by the inherent stereoelectronic properties of the substrate (R).
As previously mentioned, the coupling handle can also influence particular mechanisms of

oxidative addition by the Ni-catalyst from a concerted, two-electron process to a step-wise,



Chapter 1 — Mechanistically-Guided Strategies for Developing Selective Ni-Catalyzed Cross- 15
Electrophile Couplings

radical sequence (Figure 1.4). For a given combination of fragments in a cross-coupling,
the reactivity of the electrophiles is directly modulated through the choice of coupling
handles. Tuning the reactivity of the coupling handle is a complementary strategy to the
later-discussed (Section 1.4) catalyst-based strategies, but obviates resource-intensive
screening of catalysts which can be difficult to rationally design a priori. In these cases,
selectivity is achieved through careful consideration of coupling partners that are

synthetically accessible or can be generated in situ at a controlled rate.

1.3.1 Coupling Handle Modifications for Changing C(sp®)-X Activation

Rates

While there continues to be major advances in our understanding the mechanism of Ni-
catalyzed XEC reactions, extensive studies on the relative rates of oxidative addition as a
function of coupling handles across ligand-catalyst frameworks is limited. Kinetic studies
using a bidentate phosphine Ni° catalyst (L1Ni(COD)) with various aryl electrophiles 42
have observed, in the case of aryl halides, that weaker Ar—X bonds undergo faster oxidative
addition (I > Br > Cl >> F) via a concerted mechanism. Interestingly, sulfonates or esters
were all slower than Ar-Cl following the trend C1 > OTs > CO;R > OTf >> OMe (Figure
1.92).#? Studies on acyl 43 and alkenyl halides 44 have observed much faster reactivity
over aryl substrates, although the quantitative rate was not determined for a more precise

comparison (Figure 1.9b).43
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Figure 1.9. Highlighted mechanistic studies on aryl halide oxidative addition.
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In addition to the coupling handle, it is important to consider stereoelectronic effects of
the substrate itself. For example, electron-deficient aryl electrophiles 46 will undergo faster
oxidative addition than the corresponding electron-rich substrates 45.'5!642 Sterics also
play an important role where a more hindered C—X bond will undergo slower oxidative
addition,*> however the resulting oxidative addition complexes display greater kinetic
stability towards homocoupling (Figure 1.9b) Frror! Bookmark not defined.27 There are also

significant substituent effects that can impact the reactivity that are well understood to the
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point where the regioselectivity of polyhalogenated (hetero)arenes oxidative addition can
be reliably predicted.**-4> Additionally, substituents that can assist in the binding or
association of the Ni catalyst with the C(sp?) electrophile can also effect a profound rate
increase (Figure 1.9¢).#3

Scheme 1.3. Selective C(sp®)-C(sp®) cross-couplings.
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Out of these guiding principles, selective XEC reactions of aryl halides have been
developed with remarkable cross-selectivity. In a report from Lautens and coworkers, the

XEC of aryl chlorides 50 and heteroaryl chlorides 49 was achieved with a 1.5:1
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stoichiometry. This sequential activation mechanism leverages the fast oxidative addition
into 2-chlorobenzimidazoles 52 as well as the slow homocoupling of the oxidative addition
complex 54 due to the electron-deficient nature of the C bound to Ni and the steric
environment. For less reactive aryl chlorides they demonstrate that the cross-selectivity can
be recovered by moving to the more reactive Br coupling handle.*® This has also been
leveraged in an electroreductive biaryl synthesis from heteroaryl chlorides and aryl
bromides. Notably, the high cross-selectivity here is also attributed to the faster reduction
of the electron-deficient Ni'' complex 53 to give Nil-heteroaryl 54. This complex is
hindered and reactive enough to activate the electron-rich aryl bromide, outcompeting
deleterious homocoupling processes (Scheme 1.3a).%

The corresponding strategy can be used for the cross-coupling of alkenyl
(pseudo)halides to make unsymmetrical dienes. Important considerations with alkenyl
electrophiles are that 1) oxidative addition is faster,* and 2) Ni insertion to C(sp?)-X bonds
is more readily reversible for alkenyl halides compared to that of aryl halides Error! Bookmark
notdefined- Thig means in systems with multiple halides, scrambling of the alkenyl halide can
occur, thus accumulating the thermodynamic C—X species.*® In an example from Shu and
coworkers, the more reactive bromide coupling handle was used on the more sterically
hindered boron-substituted alkenyl electrophile 55 and the triflate handles were used on
the more reactive alkenyl electrophile 56 to achieve impressive cross-selectivity. Evidence
supports the interaction of the Bpin group with the adjacent Ni-center S8 which occupies a

coordination site to stabilize the intermediate towards homocoupling (Scheme 1.3b).*
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1.3.2 Coupling Handle Modifications for Changing C(sp®)-X Activation

Rates

Analogous principles from C(sp?)-X modifications can be applied to tune the reactivity
of C(sp?®) electrophiles. However, there are additional considerations with C(sp?) substrates
because activation via an organic radical intermediate can occur depending on the
substrate, coupling handle, and the catalyst. For C(sp®) halides, the rate of activation
generally follows trends according to C—X bond strength (I > Br > C1).%° In the cases where
oxygen electrophiles are employed or when ligands that favor 2-electron pathways are
used, the relative reactivity is dependent on the stability of the displaced coupling handle,
similar to leaving group stability trends in organic Sn2-type reactions.”!

There are many examples where modifications of the C(sp?) electrophile’s coupling
handle improves cross-selectivity when the activation rate of the other substrate is vastly
different than what the system was optimized for. A informative case study of this in
practice from Baran and coworkers is the Ni-catalyzed XEC of in situ generated anhydrides
60 (from the corresponding carboxylic acid 59) with NHP esters 61 to make ketone
products 62. This reaction is uniquely modular given both electrophiles are derived from
carboxylic acids meaning either coupling fragment can be employed as the C(sp?)
electrophile (59) or the C(sp®) electrophile (61) if it is pre-functionalized as the NHP ester
to access the same product. The authors report a reactivity guide for how different alkyl
electrophiles perform as either the “acyl electrophile” 60 or the “radical electrophile” 63
across different substrate classes which reflects the combinations that are activated at

similar rates (Figure 1.10a).%?



Chapter 1 — Mechanistically-Guided Strategies for Developing Selective Ni-Catalyzed Cross- 20
Electrophile Couplings

Figure 1.10. Examples of changing C(sp’) coupling handle for different C(sp®)

electrophiles.
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Another case study can be seen in the XEC of redox-active imines 64 and alkyl

electrophiles 65 to give benzyl amine products 66 from Reisman and coworkers. In this
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reductive alkylation reaction, more hindered N-alkyl imine 69 produced significant
quantities of homocoupled diamine 67 with 2° alkyl electrophiles (70), while the less
hindered N-alkyl imine 68 exclusively produced the desired cross-coupled product 66. It
was found that by using alkyl radical precursors that were easier to reduce than alkyl
bromides or iodides (E™¢ = -2.06 V vs. SCE for 70 X = I),%3 like NHP esters (E*¢ = —-1.4
V vs. SCE), cross-coupling could then outcompete deleterious homocoupling for the
more challenging sterically-hindered imines (Figure 1.10b).>

Scheme 1.4. Controlled in situ generation of alkyl halide electrophile.
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Another approach is to keep the concentration of the active electrophile low by
generating it in situ from a less reactive precursor. While this strategy is not limited to
reductive Ni-catalysis,*®7 it has been used both intentionally to improve selectivity or
uncovered as an operative mechanism afterwards. Alkyl tosylates®® or mesylates 71 have
been used as precursor electrophiles to generate alkyl halides from the addition of a
catalytic halide salt or from the halide counter ions on the Ni precatalyst. Here, the
tridentate Ni catalyst is slow at alkyl mesylate 71 activation via a polar mechanism but can
rapidly react with 1° alkyl iodides 72 via a radical mechanism to give a radical intermediate

73. This allows for control of the concentration of the active electrophile by changing the
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halide additive concentration enabling higher yields of cross-coupled products compared
to using the alkyl iodide (72) as a coupling partner directly (Scheme 1.4).>° This has also
been used to convert relatively unreactive halide precursors to more reactive halide
electrophiles. Weix and coworkers utilized this halide exchange in the cross-coupling of
challenging aryl chlorides with alkyl chlorides employing catalytic iodide to generate low
concentrations of alkyl iodide in situ from the alkyl chloride.

Figure 1.11. Regioselective activation of strained heterocycles with additives.
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Strained heterocycles, like azirines and epoxides 74, have been used extensively as
C(sp?) electrophiles. These substrates can be directly activated by the Ni-catalysts via
oxidative addition, 6'626> or they can undergo C—O/N bond activation through other
mechanisms for a controlled release of the activated species. Redox-active co-catalyst
systems will be addressed later (see section 1.4.2), but halide additives have also been used

to generate reactive bromo/iodohydrin intermediates (75 or 76) that proceed through



Chapter 1 — Mechanistically-Guided Strategies for Developing Selective Ni-Catalyzed Cross- 23
Electrophile Couplings

radical intermediates (77 or 78) like other alkyl halides (Figure 1.11a).

The Doyle group has leveraged this to achieve selective coupling to give arylated
products at either the more substituted position, if benzylic, or less substituted position if
aliphatic.% This has also been used by Nevado and coworkers in an electroreductive
alkenylation of aziridines. In this transformation, anodically-generated acid mediates the
formation of B-amino halide from the aziridine (75, Y = NTs) as the active electrophile.®
The regioselectivity here in these cases is dictated by the substitution of the heterocycle
towards nucleophilic substitution where resonance stabilizing groups can direct addition to
the more substituted position otherwise the more sterically accessible position is preferred.
These examples exhibit great regioselectivity along with improved cross-selectivity over
using the less stable -halo amines of halohydrins directly (Figure 1.11b).

Coupling handle-based rate-tuning has also been achieved by derivatizing or modifying
a parent coupling handle. The Baran lab has popularized the use of redox-active radical
precursors, like NHP esters or Barton esters, in Ni-catalyzed XEC reactions. They have
used both the parent NHP ester as well as more reactive derivatives for a myriad of Ni-
catalyzed reactions, albiet in fairly unselective processes requiring >3 equivs of one
component in some cases.® Recently, the Weix group has used these derivatives 81 to
rationally optimize a selective cross-couplings with aryl iodides 82. For less reactive aryl
iodides they observed improved yields when more electron-rich (harder-to-reduce) NHP
ester derivatives were employed. They could also extend the scope to include aryl bromides

when electron-rich NHP ester derivatives are used (Figure 1.12a).”
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Figure 1.12. Methods of controlling rate of NHP ester activation.
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A conceptually related strategy from Reisman and coworkers uses Lewis acid additives
to gate the reduction of NHP esters. In this specific system, it was determined that the NHP

ester electrophile X was not activated by the Ni catalyst X but instead by the terminal
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reductant, N, N -tetrakis(dimethylamino)ethane (TDAE), in the reported asymmetric XEC
of alkenyl bromides 84 with NHP esters 83.%% It was found that the TMSBr additive
facilitates NHP ester activation by acting as a Lewis acid to give a species 85 that is easier
to reduce such that SET from TDAE is kinetically competent. The rate of reduction can
then be modulated by changing the Lewis acid where less hindered acids and better leaving
groups led to faster radical generation (Figure 1.12b). This could then be used to lower the
catalyst loading to 1 mol % of the chiral catalyst to achieve highly cross-selective coupling
when a less reactive Lewis acid was used.®® Similar Lewis acid effects with NHP esters
have been observed in other XECs that employ metal powder reductants.”®

Scheme 1.5. Additive-gated activation of aldehyde electrophiles
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Lewis acids have also been used to activate aldehyde electrophiles for Ni-catalyzed

XEC. The Montgomery group has published several XEC couplings of aliphatic aldehydes
86 and alkyl electrophiles 87 to synthesize 2° silyl ether products 88. These reactions are

proposed to proceed through a-oxy-Ni species 89 mediated by the halosilane additive.
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Accessing these products from a direct alkyl-alkyl coupling would be quite challenging
due to the matched hybridization of the electrophiles,”! but by activating the aldehyde in
situ to generate the alkyl-Ni intermediate 89 through an orthogonal mechanism to other
pathways to access an alkyl-Ni.”? Silyl halides have also been used to trigger the generation
of oxonium ions from the corresponding dialkyl acetals in Ni-catalyzed XEC to access
similar products.’”® In related mechanistic studies, it was found the efficiency of this
reaction is sensitive to the sterics of the halosilane, suggesting that the rate of acetal

activation could also be tuned by the Lewis acid additive (Scheme 1.5). 7

1.4 Modulating Electrophile Activation Rates with Ni Catalysts and

Co-Catalyst

A conceptually distinct strategy from the aforementioned substrate control-based
approaches is to achieve selective reactions through catalyst-control. While there are many
examples of Ni catalysts that alone can activate each electrophile in a mechanistically
distinct way, this reactivity is challenging to predict as changes to the catalyst can impact
the rate of activation for both electrophiles. Instead of relying on one Ni catalyst to activate
both substrates, it can be enabling to employ a co-catalyst system where a Ni catalyst
activates one electrophile and a different catalyst activates the other. The added complexity
of optimizing two catalyst systems is offset by the ability to tune the activation rate of each
electrophile independently. This is achieved by changing the chemical properties of the
catalysts or their relative concentration to modulate the rate of one electrophile conversion

to match the other.
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1.4.1 Dual Ni Catalyst Systems

The use of two Ni-catalysts in XEC reactions has proven to be a powerful technique
for achieving high levels of cross-selectivity. This is typically done by using two ligands
whose sum is approximately equal to the amount of nickel precatalyst that is added. In this
case one ligand forms a catalyst that is optimal for the activation of one substrate and is
slow to react with the other electrophile and vice versa. The substrate activation rates are
then tuned by changing the relative ligand ratio and thus the concentration of each active
catalyst in solution. Considerations about the speciation, equilibrium binding to Ni, and
reduction potentials of each catalyst must be taken into account when designing these
systems.

Scheme 1.6. Dual Ni-catalysis with bidentate phosphine and nitrogen catalysts.
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This strategy was used by Weix and coworkers in 2010 for the coupling of alkyl
iodides 91 and aryl iodides 90. In this report, a combination of a bidentate phosphine ligand

L6 and a bidentate pyridine ligand L5 in a 1:1 ratio with ~2 equiv of Ni'! precatalyst. Here,
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good selectivity is only seen when both ligands are employed and if one is omitted,
significant quantities of homocoupled product is observed. The observed homocoupling
trends suggests that the bidentate phosphine-ligated LL6Ni catalyst is well-suited to activate
the aryl electrophile 90 via a 2-electron oxidative addition,* while the L5Ni complex
preferentially reacts with the alkyl halide electrophile 91 via a radical mechanism. For
particularly activated aryl iodides, it was found the phosphine ligand can be omitted, as
oxidative addition with the LSNi ligand is fast enough to match activation of 91 (Scheme
1.6).7576

This strategy was used by Kishi and coworkers in a method for the coupling of alkyl
1odides 92 with thiopyridine esters 93 to make ketone products 94. Here, they observe that
the activation of the acyl electrophile 93 was fast with bidentate Ni complex L8Ni and
alkyl halide 92 activation was slow. Conversely, a tridentate Ni' complex L7Ni%® was found
to rapidly react with the alkyl halide 92 and was relatively inert towards thioester 93
activation. By using these independently prepared catalysts in a 1:1 ratio efficient cross-
coupling was achieved with 1:1 electrophile equivalency and catalyst loadings as low as 1
mol % (Scheme 1.7a). Once optimized, this was applied in a convergent fragment coupling
towards the synthesis of Halichondrin B, using significantly more complex substrates 96
and 97. By modifying the conditions for these substrates to a 4:1 ratio of L8Ni: L7Ni the

complex ketone product 98 was obtained in 80% yield on 100 mg scale (Scheme 1.7b).”’
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Scheme 1.7. Dual Ni-catalyzed XEC with application to complex molecule synthesis.
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b) application to natural product synthesis
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Halichondrin B

Dual Ni catalysts has also found use in selective electroreductive XEC reactions. This
was first done in a collaborative study from between the Weix group and the Pfizer process
team in a reductive coupling of 1° alkyl bromides 99 and aryl bromides 100. This reaction

utilized a divided cell under constant current electrolysis (CCE) as a means to drive the
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reaction in their dual catalytic system. Selective coupling was achieved by using a
combination of tridentate L9 and bidentate L5 ligands with varied stoichiometric ratios of
L9:L5 based on the substrate combination. The reaction could also be extended to more
reactive 2° alkyl bromides 101 by increasing the relative amount of L5 (Scheme 1.8a).8
A follow-up study from the Weix group achieved the same transformation in an undivided
cell and highlights how the selectivity changes as a function of L9:L5 for several
substrates. This provides a roadmap for how to extend this methodology to new substrates
that are not included in the scope by performing a small screen varying 0 — 100% L9:L5
to identify the ideal ligand ratio (Scheme 1.8b).”°

Another example of dual Ni catalysts in electrochemical XEC comes from Sevov and
coworkers. This mechanistically-guided study identified the optimal combination of
ligands to be bidentate P,N ligand L.11 and tridentate L10NiBr, for the coupling of aryl
(pseudo)halides (102, X = Cl, Br, OTf) with 3° alkyl bromides (103). The design principle
here is based on the observations that L10NiX> is readily reduced at the cathode (1.4 V
vs. Fc”*, 0.1 M KPF¢ in DMF) to give a L10Ni' complex (104) that can readily react with
103 to give radical 105. This is in contrast to L11NiX> which is difficult to reduce (no
cathodic wave in solvent window), but the (LL11)2Ni’ complex rapidly reacts with 102 and
slowly reacts with 103. Spectroelectrochemical experiments reveal that ligand exchange is
possible following reduction of L10NiX; resulting in the formation of (L.11),Ni® when L11
is present in solution. Additionally, they show that following oxidation addition of
(L11)2Ni° to 102, the resulting complex (106) can undergo another ligand exchange with

L.10 to give 107 which is competent at capturing the hindered radical 105 to give product
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108 (Figure 1.13). This leverages the dual ligand strategy to not only influence the relative
concentration active catalyst in solution, but also the accessible oxidation states of Ni
where Ni° and Ni' have can have different rates and mechanisms of oxidative addition.?°
Scheme.1.8. Dual Ni-catalyzed electroreductive coupling.
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Figure 1.13. Dynamic ligand exchange for dual catalytic sequential activation.
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1.4.2 Transition Metal Co-Catalysts for C(sp®)-X Activation

Beyond dual Ni catalysis, other transition metals capable of oxidative addition to
activate substrates have also been used as co-catalysts for Ni-catalyzed XEC. Perhaps the

most popular is the use of cobalt catalysts to activate C(sp®)-X electrophiles through
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orthogonal mechanisms invoked for Ni. Specifically, nucleophilic square planar Co!
complexes 109 will rapidly react with alkyl electrophiles 110 to give an alkyl-Co 111 via
an Sn2 reaction. Reduction or photolysis of 111 triggers Co—C homolysis thus releasing an
alkyl radical that can be captured by a Ni catalyst (Figure 1.14).8! This is complementary
to Ni catalysis because it proceeds though an overall distinct mechanism to generate alkyl
radicals and, unlike Ni, they are slow to react with C(sp?)-X electrophiles.?32%27-28 This
allows for more precise control of alkyl radical generation by making changes to the ligand
on Co as well as the Co catalyst loading.

Figure 1.14. Mechanism of alkyl radical generation with square-planar Co' catalysts.

R
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This strategy was first used in Ni-catalyzed XEC by Weix coworkers for the coupling
of benzyl electrophiles 112 (X = OMs 112, O;P(OEt), 113) with aryl halides 114 (X = Br
or I). Activation of 1° benzyl halides with reduced LSNi (117) is much faster than
activation of the aryl halide 114 coupling partner to such a degree that selective cross-
coupling is challenging and would require extensive ligand optimization. The reaction of
reduced Ni complex 117 with the corresponding benzyl mesylate 112 is much slower and

provides some cross-coupled product 115 with reactive coupling partners, like aryl iodides.
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They observed greater control over the rate of benzyl radical (118) formation when CoPc
was used as the mesylate 112 activator in a 7:1 ratio of LSN1:CoPc to successfully suppress
formation of 116 and favor product 115. For less reactive benzyl electrophiles like 113, the
concentration of CoPc had to be increased to compensate for the slower benzyl electrophile
activation where ~1:1 Co:Ni was found to be optimal (Scheme 1.9).3?

Scheme 1.9. Dual Ni/Co arylation of benzyl electrophiles.
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In a related system reported by Hazari and coworkers, CoPc was used to facilitate the
coupling of various alkyl electrophiles 119 with aryl and alkenyl halides 120 employing a
TDAE as a reductant. Here, they show how adjusting the ratio of Ni:Co can enable cross-
coupling of fragments to accommodate diverse coupling handles, electronics, and steric
properties (Scheme 1.10a). They also show how this could be used for a 3-component

alkylation of dihalogenated aryl substrates 121 containing an iodo and bromo coupling
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handle. In this system, alkylation first occurs at the Ca—I position with the more activated
alkyl electrophile 122 then at the Ca—Br position with a less activated alkyl halide substrate
123. This can be achieved in one pot with fine tuning of the catalyst concentrations or by
supplementing the reaction after the first cross-coupling is complete with additional
catalyst to change the ratio so that it is optimal for the second coupling (Scheme 1.10b).%3

Scheme 1.10. Varying catalyst ratios for different substrates in Ni/Co catalyzed XEC.
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The ligand environment on the Co catalyst can also be used to modulate the reactivity

faster

act/vatlon [Ni] [Co]
at C-1

in order to achieve high levels of selectivity. In the coupling of aryl iodides with epoxides
124 developed by Gryko, Giedyk, and coworkers, the regioselective epoxide opening was
achieved with cyanocobalamin (Vitamin Bi2), a square planar Co complex, as a cocatalyst.

Notably, the opposite regioselectivity is observed in this system for styrenyl epoxides






