Advancements in Nickel-catalyzed Cross-Electrophile Coupling

by

Keywan A. Johnson

A dissertation submitted in partial fulfillment of the

requirements for the degree of

Doctor of Philosophy

(Chemistry)

at the
UNIVERSITY OF WISCONSIN-MADISON

2019

Date of final oral examination: 7/02/2019

The dissertation is approved by the following members of the Final Oral Committee:
Daniel J. Weix, Professor, Organic Chemistry, Inorganic Chemistry
Tehshik P. Yoon, Professor, Organic Chemistry, Inorganic Chemistry
Shannon S. Stahl, Professor, Organic Chemistry, Inorganic Chemistry
John F. Berry, Professor, Organic Chemistry, Inorganic Chemistry



Dedication

To all those that believed in me even when I didn’t believe in myself
and in loving memory of Prof. Burnaby Munson, without whom I would not be where |

am today



Biographical Sketch

The author was born on April 24", 1991 in Manhattan, New York and relocated to
Saint Croix, U.S. Virgin Islands. He attended the University of Delaware for his
undergraduate studies. While there he conducted research on palladium and nickel-
catalyzed silyl-Heck reactions under the supervision of Professor Donald A. Watson from
2011 to 2013. During the summer of 2012 he studied the use of ionic liquids as
photosensitizers in dye-sensitized solar cells at Louisiana State University under the
supervision of Professor Isiah Warner.

After graduating with a Bachelor’s of Science in Chemistry in 2013, he joined the
lab of Professor Daniel J. Weix at the University of Rochester. His research focused on the
use of vinyl halides in cross-electrophile coupling, the coupling of organochlorides, and
macrocyclization. He received a Master’s of Science from the University of Rochester in
2015. He was awarded the Sherman Clarke Fellowship from the Department of Chemistry
in 2014, and in 2015 he was awarded both the Graduate Research Fellowship from the
National Science Foundation and the Gilliam Fellowship from the Howard Hughes
Medical Institute. In 2017, he was awarded the Graduate Research Opportunities
Worldwide Program award from the National Science Foundation, which allowed him to
study the functionalization of alkenes using gem-diborylmethane derivatives under the
supervision of Professor Yoshiaki Nakao at Kyoto University in Kyoto, Japan.

In 2017, the author relocated with Professor Daniel J. Weix to the University of
Wisconsin-Madison. After graduation, he will pursue postdoctoral studies in asymmetric

transformations with Professor F. Dean Toste at the University of California, Berkeley.



study:

The following publications were a result of work conducted during doctoral

Huihui, K. M. M.; Caputo, J. A.; Melchor, Z.; Olivares, A. M.; Spiewak, A. M.;
Johnson, K. A.; DiBenedetto, T. A.; Kim, S.; Ackerman, L. K. G.; Weix, D. J.
“Decarboxylative Cross-Electrophile Coupling of N-Hydroxyphthalimide Esters
with Aryl Iodides” J. Am. Chem. Soc. 2016, 138 (15), 5016-5019

Johnson, K. A.; Biswas, S.; Weix, D. J., “Cross-Electrophile Coupling of Vinyl
Halides with Alkyl Halides” Chem. Eur. J. 2016, 22 (22), 7399-7402

Johnson, K.; Weix, D., “When two metal atoms are better than one” Science

2019, 363 (6429), 819.



Acknowledgments

For me, this achievement would not have been possible without the help and
guidance of a multitude of people in my life. However large or small, their collective
contributions have led to this point and | cannot be more grateful.

First and foremost, | would like to thank my family, especially my mother
Claudette, for instilling in me the drive and passion to pursue my dreams and the things
that interest me most. Even if they don’t completely understand what it is that I do, they
believe in my ability to accomplish my goals and be successful.

| would like to acknowledge Prof. Donald A. Watson at the University of Delaware
for giving me my first real look into the world of chemistry research, showing me what it
is to develop new ideas, and for giving me a taste of what graduate school would look like.
I would also like to thank Dr. Sara Martin, now a professor at the College of Wooster, for
being an amazing mentor and teaching me how to apply my ideas in the laboratory. Finally,
| would like to thank former members of the Watson Lab, Jesse McAtee, Derek Ahneman
Peter Gildner, Amber Gietter-Burch, Kirk Shimkin, Scott Shuler, Andrew Cinderella, and
Will Reid for providing a nurturing environment for a young chemist in the making and
for enabling me to pursue graduate studies. Special thanks to Kirk and Scott for driving 7-
hours from Delaware to Rochester, NY in cars full of my stuff in order to take me to
graduate school.

| would like to thank Prof. Dan Weix for being an outstanding mentor, courageous
leader, great collaborator, and an overall swell guy. He is always ready to have a good

conversation, whether it is about chemistry, whiskey, or computers. A man who never takes



himself too seriously, it has been a pleasure working with you for the past six years. Thank
you for pushing me beyond my limits, showing me what | am truly capable of, and always
believing in me, even when | don’t.

I would also like to give thanks to the Weix group, both former and current. The
group has always been a collection of eccentric intellectuals, and | am grateful for my time
with each of you. | want to particularly acknowledge Dr. Laura Ackerman, who will be
starting her independent career with her husband Kyle at Arizona State University. She
was the first member of the Weix group that | met and has taught me the most about what
it is to be a good chemist, friend, and person. From our times in 443 to brushing elbows at
the Gordon Research Conference to your beautiful wedding in Hawaii, you will always be
atreasured friend. I also want to thank all of the friends that I have made in graduate school,
both at Rochester and at Wisconsin, for making these past six years truly the best of my
life.

I would like to thank my committee members, Profs. Shannon Stahl, Tehshik Yoon,
and John Berry for great scientific discussion, life and career advice, and for reading this
dissertation. 1 would also like to acknowledge my former committee members at the
University of Rochester, Profs. Joseph Dinnocenzo and Michael Neidig, for helping me
move forward in graduate schools and for help generating ideas and directions for my
research to move forward.

Lastly, | would like to acknowledge the late Prof. Burnaby Munson from the
University of Delaware. Prof. Munson taught incoming freshman chemistry majors in a

special course designed to expose us to the different career paths that our degrees could



Vi

take us. He held a party at his home every semester, and supplied Smartees at every exam
he gave. He would track every year of his life by the periodic table and made it to Pb. He
is also the person that convinced me to stay in college when | was about to drop out due to
underperforming and a general lack of interest. He saw this future about to be wasted and
prevented that from happening. Without his intervention, | would not be writing this

dissertation, and | am grateful to have had his influence in my life.



vii

Abstract

In this thesis, the extension of cross-electrophile coupling to engage vinyl halides,
organic chlorides, and dihalides for cyclization will be described in detail.

Chapter 1 will provide an introduction to cross-electrophile coupling and the
current state of the art for these transformations.

Chapter 2 describes the development of improved coupling conditions for the
nickel-catalyzed cross-electrophile coupling of vinyl halides with alkyl halides. The
application of these conditions to aryl-alkyl coupling, substrate scope and limitations, and
preliminary mechanistic insights are also discussed.

Chapter 3 describes studies performed for the coupling of aryl and alkyl chlorides.
The effects of a dual ligand system on reaction selectivity, as well as implications of
dimethoxyethane and diglyme nickel precatalysts are also conferred.

Chapter 4 provides a survey of macrocyclization methodologies and details the
application of cross-electrophile coupling to the synthesis of macrocyclic rings. Efforts

towards the total synthesis of (x)-Recifeiolide are also discussed.
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Chapter 1: State of the Art for Nickel-Catalyzed Cross Electrophile Coupling

1.1. Introduction

Transition-metal catalysis has revolutionized the way that we approach the
formation of carbon-carbon (C-C) bonds. These methods have allowed for significant
advances in the synthesis of advanced drug candidates, complex polymers, and fine
chemicals through the development of novel transformations that target difficult bond
disconnections.  Pioneering work on the palladium-catalyzed coupling of
organomagnesium,’2 organozinc,® organostannane,* organoboron>® and organosilane’®
reagents with organic electrophiles has been the impetus of many academic research groups
(Figure 1.1). Our increased understanding of the mechanisms by which these couplings

occur has led to the rational improvement and expansion of these methods.®

X [Palladium catalyst] R'
£ -

X =Cl, Br, | Y =8nRj, MgX, BR,
pseudohalide ZnX, SiR;

Figure 1.1. Palladium catalyzed cross-coupling.

While there have been noteworthy advances with these methods in the formation
of C(sp?)-C(sp®) bonds, they are still not at the level of C(sp?)-C(sp?) bond formation. The
challenges that still plague these transformations are usually associated with the
organometallic reagent. These reagents can limit functional group tolerance, tend to be air
and moisture sensitive, and suffer from low commercial availability, requiring additional
steps for their synthesis. Methods for the in-situ formation of these reagents have been

reported,'! however a complimentary approach that would allow for the direct coupling



of two organic electrophiles would circumvent the requirement for a stoichiometric

organometallic reagent and allow for an increased substrate pool to be used.

1.2. Transition-Metal Catalyzed Cross-Electrophile Coupling
In 1855, Wurtz reported the dimerization of alkyl halides using sodium metal as
both reductant and reaction mediator (Figure 1.2, A).*2 Soon after, Fittig reported the
coupling of alkyl iodides with aryl bromides also mediated by sodium metal (Figure 1.2,
B).'® These reports revealed that the coupling of two organohalides is possible, and that
selectivity can be garnered through differences in the activation of the electrophiles.
Ullman also reported in 1901 the reductive dimerization of aryl halides with stoichiometric

copper (Figure 1.2, C).1
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Figure 1.2. Reductive coupling of organohalides.

Decades later the Ullman was rendered catalytic using nickel catalysts. Key to this
development was discovering that the nickel catalyst could be turned over by a
stoichiometric metal reductant, such as zinc.®>*" Durandetti and coworkers reported the
coupling of aryl halides with a-chloroesters using a nickel catalyst, a bipyridine ligand, and
manganese as the reductant (Figure 1.3).1® While they had previously reported the
electrochemical coupling of aryl halides and alkyl halides,**%° this was the first report of

catalytic C(sp?)-C(sp®) bond formation from organic electrophiles catalyzed by nickel



using a chemical reductant. However, all these methods were limited to the use of activated

alky! halides.

)\H/OR bpyNiBr; (7 mol%) R OR
"ol Mn (2.0 equiv) ]

DMF(O 67 M), rt or 50 °C

(1.3 equiv)
=1, 87% yield =1, 69% yield X = Br, 78% yield

Figure 1.3. Reductive coupling of aryl halides and a-chloroesters.

Our group reported the first general nickel-catalyzed cross-electrophile coupling of
aryl iodides and unactivated alkyl iodides (Figure 1.4, A).2! Two years later we reported
the coupling of aryl and vinyl bromides with alkyl bromides (Figure 1.4, B).?? The key
finding in both of these reports is that the ligand used for nickel has significant influence
on the selectivity of the reaction for cross-product over dimerization.?* This demonstrates
the need for ligands outside of the bipyridine ligand class. This led to the discovery of novel
ligand classes for the coupling of difficult aryl and heteroaryl halides via nickel-catalyzed

cross-electrophile coupling (Figure 1.4, C).252°
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Figure 1.4. Nickel-catalyzed cross-electrophile coupling.

1.3. Mechanistic Insights into Nickel-Catalyzed Cross-Electrophile Coupling

A thorough mechanistic understanding of metal-catalyzed transformations allows
for rational improvements and advances to be made. In palladium-catalyzed cross-coupling
reactions, selectivity is gained from the preferential interactions of the coupling partners
with different oxidation states of palladium. Organic electrophiles prefer to react with low
valent palladium via oxidative addition, and the nucleophile then reacts with the higher
valent palladium species via transmetallation (Figure 1.5).2 While this typical
transmetallation paradigm holds true for the majority of palladium-catalyzed cross-

coupling, there are several instances that deviate from this mechanism. A notable example



is the “back”-transmetallation of Pd onto organozinc reagents to form more functionalized

organozinc reagents in situ.?-2°

R1
R1 Pdo \X 1
“R2 R" = aryl, vinyl
X = (pseudo)halide
1
~
" X/Pd”
Pd"
R
X R2 R? = alkyl, aryl, vinyl
~ ~
Y Y Y=8n,B, Mg, Zn

Figure 1.5. General mechanism for palladium-catalyzed cross-coupling reactions.

However, for nickel-catalyzed cross-electrophile coupling, both coupling partners
are organic electrophiles that can undergo oxidative addition. Mechanistic studies by our
group for the nickel-catalyzed coupling of aryl halides and alkyl halides suggested that (1)
oxidative addition of the aryl halide occurs faster than the alkyl halide, (2) the alkyl halide
reacts through an alkyl radical, (3) the reaction proceeds through a radical chain

mechanism, and (4) an organozinc reagent is not formed in this reaction (Figure 1.6).%°

Figure 1.6. Proposed mechanism for nickel-catalyzed cross-electrophile coupling.



LnNi(0) (A) undergoes oxidative addition into the aryl halide bond, followed by
capture of an alkyl radical to form a LaNi(l11) species (C). This species undergoes reductive
elimination to give the desired product and LnNi(l)-X (D), which can abstract a halogen
atom from the alkyl halide, forming another alkyl radical and LyNi(11)X2 (E), which is then
reduced by the stoichiometric reductant. The key finding in these studies is that the
Ni(IDAryl(X) (B) species can capture an alkyl radical and then form a C-C bond upon
reductive elimination. This species can also initiate the radical chain, and Hegedus
suggested this mechanism for the reaction of alkyl halides with Ni(ll)allyl species.3! Our
group and others have taken advantage of this mechanistic proposal to develop new

reactions.

1.4. Recent Advances in Cross-Electrophile Coupling

As the formation of the alkyl radical is independent of the oxidative addition of the
aryl halide, decoupling the alkyl radical formation from nickel allows for this strategy to
be extended beyond alkyl halides. Our group has shown that epoxides can be opened with
a titanocene co-catalyst to form a secondary radical which is then captured by a
Ni(IDaryl(X) species to form product.? This reaction can also be rendered enantioselective
for pro-chiral epoxides with the use of a chiral titanium co-catalyst (Figure 1.7).® The
opening of epoxides and aziridines can also be achieved through the use of an iodide co-
catalyst to furnish the iodohydrin or B-iodoamine, respectively.3? 343% These intermediates

can then participate in the cross-electrophile coupling as previously described.
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Figure 1.7. Enantioselective arylation of meso-epoxides.

We have also reported the Ni/Co catalyzed coupling of benzyl mesylates with aryl
halides (Figure 1.8).3¢ Cobalt phthalocyanine (Co(Pc)) is capable of undergoing
nucleophilic substitution with benzyl mesylates, after which homolysis of the Co-C bond
furnishes the benzyl radical.>” This radical can then be captured by the nickel (1) aryl
species and form product upon reductive elimination. This work was further extended by
Komeyama and coworkers to non-activated alkyl tosylates.3 They were able to achieve
this through the use of vitamin B1. (cyanocobalamin) as a co-catalyst for the activation of
the alkyl tosylate. Molander has also reported the nickel-catalyzed cross-electrophile
coupling of unactivated alkyl tosylates with aryl and heteroaryl bromides using Kl as a
mediator.3® More recently, Shenvi and coworkers have reported a Ni/Fe catalyzed olefin
hydroarylation that proceeds through Markovnikov H atom addition catalyzed by Fe,

followed by trapping by a Ni(Il) aryl intermediate.*
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Figure 1.8. Nickel/Cobalt co-catalyzed coupling of aryl halides and benzyl mesylates.

Recently, a number of photochemical approaches to generating alkyl radicals have
been coupled to the same nickel system. Doyle and MacMillan reported the photochemical
oxidation of alkyl carboxylates to generate an alkyl radical via decarboxylation which can
be coupled with nickel (Figure 1.9).** The photocatalyst, after oxidation, is capable of
reducing the nickel catalyst to regenerate the low valent nickel, resulting in a redox-neutral
reaction. Fu and MacMillan reported the enantioselective coupling of a-amino acids with
aryl halides catalyzed by a chiral nickel catalyst and a photocatalyst.*? This also undergoes
oxidative decarboxylation to give a stabilized alkyl radical. MacMillan has also reported
the photochemical generation of alkyl radicals from alkyl bromides using
tris(trimethylsilyl)silane, a photocatalyst, and nickel.*® They hypothesize that a silyl radical
species, formed photochemically, is capable of abstracting the halide atom, forming the

corresponding alkyl radical.
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Figure 1.9. Nickel/Photoredox co-catalyzed coupling of aryl halides and carboxylic acids.

While the previous examples utilize a co-catalyst, nickel is capable of forming alkyl
radicals from substrates other than alkyl halides. Overman and Okada have shown that
alkyl radicals can be formed through photochemical reduction of N-hydroxyphthalimide
(NHP) esters.*+*> Our group has shown that NHP esters can be reduced in the absence of
a photocatalyst by nickel and zinc (Figure 1.10).#® These can be readily prepared from
carboxylic acids and N-hydroxyphthalimide, and undergo reductive decarboxylation to
give the alkyl radical. They participate in cross-electrophile coupling with aryl iodides
similar to alkyl iodides, and mechanistic experiments suggest that a similar reaction
mechanism is operative. This work can be extended to the coupling of alkynyl bromides,*’
and Reisman has reported the enantioselective coupling of NHP esters with vinyl bromides
using a chiral nickel catalyst.*® More recently, Baran and our group have reported the
coupling of acyl electrophiles with NHP esters for the synthesis of ketones, with both

coupling partners being derived from carboxylic acids (Figure 1.10).4-%0
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Figure 1.10. Nickel-catalyzed cross-electrophile coupling of redox-active esters with
various electrophiles.

The identity of the reductant also plays an important role in nickel catalyzed cross-
electrophile coupling. Tetrakis(dimethylamino)ethylene (TDAE) was utilized in our
mechanistic studies to show that an organozinc intermediate was not necessary for cross
coupling.®® Our group has found that the use of TDAE as reductant in cross-electrophile
couplings allows for the use of non-amide solvents such as acetonitrile and propylene
carbonate (Table 1.1).5! These solvents qualify as “green” solvents and avoid workup and
purification issues that are present with amide solvents. Nevado and coworkers reported
the difunctionalization of alkenes with aryl and alkyl iodides.>? Interestingly, the three-
component coupling only occurred when TDAE was used as the reductant (Figure 1.10).

No product was observed when Zn or Mn were used.
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Table 1.1. Effects of TDAE vs. Zn as reductant.

cl I dtbbpyNiBr, (7 mol%)
©/\ + ©/ reductant (2 equiv)
solvent, 80 ° C

Entry Solvent Zinc Yield (%)? TDAE Yield (%)?
1 DMA 82 79
2 MeCN 15 88
3 propylene carbonate 58 102
4 diethyl carbonate 19 75
5 isopropyl acetate 53 79
6 2-Me-THF 51 76
7 toluene 4 66
8 2-butanol 64 20

4GC yields vs. dodecane as internal standard.

NiCly(py)s (10 mol%)

| o
. f RN ¢ ] dtbbpy (10 mol%)
TDAE (2 equiv), THF, 25 °C

(2 equiv) (1.5 equiv)
AcO AcO
Meo/@)\k
78% yield 59% yield 53% yield

Figure 1.11. Three-component cross-electrophile coupling.

1.5. Outline of Thesis
Our increased mechanistic understanding of the nickel-catalyzed cross-electrophile
coupling of aryl and alkyl halides has led to the development of improved reaction
conditions, the expansion of the methodology to new substrate classes, and the proliferated
interest in cross-electrophile coupling as a complimentary and orthogonal approach to the
formation of C-C bonds. This dissertation will describe some of the advances made in
cross-electrophile coupling in greater detail. Chapter 2 will discuss the cross-electrophile

coupling of unhindered vinyl halides with alkyl halides as well as improved conditions for
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aryl-alkyl coupling. Chapter 3 details the extension of cross-electrophile coupling to aryl
and alkyl chlorides, which have been previously inert under previous reaction conditions.
Chapter 4 applies our newfound mechanistic understanding to the synthesis of macrocycles

through intramolecular cross-electrophile coupling.
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Chapter 2: Nickel-Catalyzed Cross-Electrophile Coupling of Vinyl Halides and
Alkyl Halides

2.1. Introduction

Olefins are ubiquitous functional groups in synthetic chemistry. In addition to being
useful precursors for a plethora of organic transformations and polymer syntheses, they
have also found utility in catalysis as ligands,' and are ever-present in natural products and
pharmaceutical targets. Among the several methods reported for the synthesis of alkenes,
only a few address the synthesis of (Z)-alkenes. These include the semi-reduction of
alkynes, the use of Wittig reagents and other phosphonium ylides, olefin metathesis, and
transition-metal catalyzed cross-coupling transformations.? While these methods have
found wide use in organic chemistry, there exists certain limitations that these methods
suffer which will be discussed herein.

2.1.1. Established Methods for the Synthesis of (Z)-alkenes

Since its discovery in the early 1950s, the Wittig olefination remains one of the
most widely applied methods for the synthesis of alkenes.> A phosphonium ylide,
generated from deprotonation of an alkyl phosphonium salt, reacts with an aldehyde or

ketone to form the desired alkene through a [2+2]/retro [2+2] mechanism (Figure 2.1).%

AN

PPh; O Ph3PxO retro-[2+2 X
FPha l [2+2] _S [2+2] R/\g'
R™ — R R R' R

PhsP=0

Figure 2.1. Mechanism of Wittig olefination.

This reaction usually furnishes a mixture of isomers, and selectivity for the (E)-
alkene vs. the (Z)-alkene is significantly dependent on the carbonyl compound and the
phosphonium  ylide used. Additionally, the generation of stoichiometric

triphenylphosphineoxide waste can be problematic for purification of the desired product.®
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Therefore, efforts have been made to make this transformation more general and address
these challenges. The most notable advances are the Still-Gennari modification of the
Horner-Wadsworth-Emmons (HWE) olefination® and more recently the use of tunable N-
sulfonyl imines in place of aldehydes.”® The Horner-Wadsworth-Emmons olefination is a
variant of the Wittig reaction in which the use of a stabilized phosphonate carbanion in
place of a phosphonium ylide allows for the selective formation of (E)-olefins.®° Still and
Gennari found that when the phosphonate ester is substituted with electron-withdrawing
groups, the synthesis of (Z)-olefins can be achieved under non-coordinating conditions
(Figure 2.2, A).® Ando has also seen similar results with the use of diarylphosphonoacetates
for the formation of (Z)-a,p-unsaturated esters.'’? Tian and co-workers reported the
olefination of semi-stabilized phosphonium ylides with N-sulfonyl imines. They observed
that they can control the olefin geometry by varying the substituent on the sulfonyl group
(Figure 2.2, B).’

These methods allow for (Z)-alkenes to be synthesized in modest to high yields
with excellent selectivity; however, they still require stoichiometric phosphorous reagents
which need to be prepared prior to use. Additionally, generation of the ylide usually

requires a strong base, which limits functional group compatibility.
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A.) Still-Gennari

o o KHMDS P
18-crown-6
N -P —_—
S \O + F3CF2CO I\)J\OMe THF. -78 °C /\/\/;\
F3CF,CO 07 OMe
87% yield
B.) Tian >50:1 ZE
_SO,R @
AR LDA N PPhaX" LDA AR
R2 THF, -78 "Cto rt. R1U L, ~THE 78Ctort. R Y
R
>99:1 Z/E for R = alkyl, vinyl, aryl >99:1 E/Z for
R = MeCgH, R2 = vinyl, aryl R ="CygH33

Figure 2.2. Wittig olefination of N-sulfonyl imines.

One of the earliest metal-catalyzed reactions to yield (Z)-olefins with excellent
selectivity is the partial reduction of alkynes by use of a poisoned catalyst and hydrogen
gas.** The most common catalyst for this type of transformation is Lindlar’s catalyst,
which consists of palladium deposited on calcium carbonate and treated with lead (I1)
acetate, which deactivates the catalyst.'® The catalyst is further deactivated with quinoline,
which prevents the alkene from being further reduced. Since addition of the metal hydride
occurs on the same face of the alkyne (syn), the (Z)-alkene is usually observed. Other
catalytic methods have explored other heterogenous palladium catalyst,'®1® homogeneous
systems,'%2° and photochemical reduction.?! Partial hydrogenation of alkynes has found
significant use in the synthesis of polyenes due to its selectivity for the reduction of alkynes
over alkenes.?? However, starting from internal alkynes limits this methodology to the
synthesis of 1,2-disubstituted alkenes.

Olefin metathesis is one of the most widely used methods for the synthesis of
alkenes in complex systems. A metal alkylidene exchanges olefins to furnish the desired
alkene via a [2+2]/retro-[2+2] mechanism (Figure 2.3, A). This reaction allows for a

diverse array of alkene products to be generated through a myriad of various reaction types
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(ring closing/opening metathesis, cross metathesis, ring opening metathesis
polymerization, etc.). For their efforts in elucidation of the reaction mechanism and
development of robust catalysts capable of performing these transformations, Chauvin,
Grubbs, and Schrock received the Nobel Prize in Chemistry in 2005. In the decade since
this achievement, there has been an extensive effort to expand the range of this
transformation to afford previously inaccessible products. Recently, Hoveyda and Schrock
have reported successes in both the development of catalysts capable of (Z)-selective olefin
metathesis as well as its application in the total synthesis of a number of natural products
(Figure 2.3, B).2%2% While these advances showcase the utility of olefin metathesis in
synthetic chemistry, there still exist limitations to these methods, primarily the synthesis
of tri- and tetrasubstituted olefins and the high cost of evaluating these sophisticated

catalysts for different substitution patterns of the desired olefin.

>{ Y

(g
e

R./\

Figure 2.3. A.) General mechanism of olefin metathesis. B.) Molybdenum alkylidene, left,
used in the total synthesis of Disorazole C1, right.

2.1.2. Coupling of Vinyl/Alkyl Halides with Organometallic Reagents
The formation of C-C bonds through transition-metal catalyzed cross-coupling
reactions has found widespread use in academia and industry.?’-2 The native reactivity of
group 10 metals towards organohalides, mainly C(sp?)-X bonds, and their subsequent

reactivity with organometallic reagents has been heavily exploited in organic synthesis.?
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A palladium (0) center oxidatively adds to the C(sp?)-X bond to give a palladium (I1)
complex, which then reacts with the chosen organometallic reagent via transmetallation.

Reductive elimination furnishes the desired product and regenerates the metal catalyst

(Figure 2.4).
R1
R1 Pdo \X ) )
“R2 R" = aryl, vinyl
X = (pseudo)halide
RL
I
R1\ I X/F)d
_Pd
R2
X R2 R? = alkyl, aryl, vinyl
~ ~
Y Y Y=8n,B, Mg, Zn

Figure 2.4. General mechanism for palladium catalyzed cross-coupling reactions.

This inherent ability for the metal catalyst to react selectively with the substrates
depending on oxidation state enables high cross selectivity in these C-C bond forming
reactions. However, the limitations of these methods stem from the organometallic reagent;
due to their reactivity, these reagents are often air and moisture sensitive. This restricts
their commercial availability and therefore they must be synthesized prior to use. Finally,
the nucleophilic, and often basic, organometallic reagent limits the functional group
compatibility of the method.?

Unlike the aforementioned methods, transition-metal catalyzed cross-coupling
reactions with (Z)-vinyl halides differ in that the stereochemistry of the olefin is generally
retained throughout the reaction rather than produced as a result of the method. This can
be advantageous in reaction development as the geometry of the resulting alkene is
independent of the method. Lipshutz has reported the stereoretentive Stille,® Negishi,®

Kumada-Corriu,? and Suzuki-Miyaura® couplings of vinyl halides with the respective
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alkyl organometallic reagents. Lipshutz has also disclosed studies into the loss of olefin
geometry for these reactions, and has deduced that the ligand on palladium plays a crucial
role in the retention of the olefin’s stereochemistry (Figure 2.5).3% 3334 These findings
provide key insights into the loss of stereochemical integrity of vinyl halides and the factors
that contribute therein, however only palladium catalyzed transformations were
investigated.

Me PdL, (2 mol%) \/\/\/\é
\/M . ©: o NaO'Bu (2 equiv) Me

Br B EtOH/H,0, rt, 24 h ©/
OH

(1.2 equiv) 82% yield, 91:9 E/Z for L = P('Bu)s
91% yield, 1:99 E/Z for L = P(o-tol)3

Figure 2.5. Ligand effects on the stereochemical outcome of Suzuki-Miyaura couplings.

2.1.3. Previous Results and Concurrent Work

A.) Weix

N||2.XH20 (5 mOl%)
dmbpy (5 mol%)
Mef“'\/Br . B coLp, Pyridine (5 mol%) Me™™ 0,80
Me 2 Nal (25 mol%) Me
Zn (2 equiv)
DMPU (0.25 M), 60 °C  (E) = 76% vyield, 89:11 E/Z from pure E
(2) = 58% vyield, 71:29 Z/E from 88:12 Z/E

B.) Hu
FeBr, (10 mol%),
Iodiné((2-10 m(;l)%) AN e More than 50 examples
Ar—= + X : r/\I ¢ 42-90% vyield
Zn (1.5-5 equiv) R o Up to >50:1 Z/E
DMA (0.5 M), 1t-60 °C e Limited to styrene synthesis
C.) Reisman
NiCl,dme (10 mol%), Me
Me bis(oxazoline) (11 mol%) * 32 examples
+ R/\/ Br S Ar | © 40-93% yield
Ar”>Cl 'l\\l/lal (350 mol%) e Upto 97% ee
Dl\n/bg\ (?qou:\\/ll)) 0°C R ¢ Limited to (E)-alkenes
: ’ e Requires activated
substrate

Figure 2.6. Olefin synthesis via reductive cross-electrophile coupling.

The application of reductive coupling to the synthesis of (Z)-olefins has seen
limited success. Our group reported a few examples of coupling vinyl bromides with alkyl

bromides.®® While satisfactory yields were obtained, some erosion of the olefin geometry
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was observed, especially for the (Z)-isomer (Figure 2.6, A). Hu has recently reported an
iron-catalyzed reductive coupling of alkyl halides with terminal alkynes to form (Z)-
alkenes (Figure 2.6, B).% While this method boasts high functional group tolerance and
selectivity, it is limited to terminal arylalkynes. Reisman has disclosed the enantioselective
reductive cross-coupling of vinyl bromides with benzyl chlorides (Figure 2.6, C),* but this
report is limited to (E)-vinyl bromides, as the corresponding (Z)-vinyl bromides do not
react under the reaction conditions. These reports showcase the need for a general set of
conditions that are high yielding, stereo-retentive, and compatible with various functional
groups. Herein is discussed the nickel-catalyzed cross-electrophile coupling of vinyl

halides with alkyl halides.

ZnX, [

Figure 2.7. Proposed mechanism for cross-electrophile coupling of alkyl and vinyl halides.
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2.2. Results
2.2.1. Reaction Optimization

2.2.1.1. Initial Reaction Conditions

Nil, (5 mol%)

dmbpy (5 mol%) X
X PhCN (5 mol%
/\/\/\l N Br/\/\CozEt ( mo 0) /\/\/\I\/\
Br TMS-CI (20 mol%) CO,Et

Mn (2 equiv)
21 2.2 DMA (0.25 M), 60 °C 23

Figure 2.8. Preliminary Reaction Conditions.

We started with conditions similar to those employed for the coupling of aryl
bromides with alkyl bromides (Figure 2.8).% During our mechanistic studies on the
coupling of aryl iodides with alkyl iodides,*® we found that the use of chlorotrimethylsilane
(TMS-CI) accelerated the rate of reaction without loss of selectivity, presumably by
activation of the manganese reductant.®® We decided this would be beneficial for this
investigation. Anhydrous Nilz and 4,4’-dimethoxy-2,2’-bipyridine (dmbpy) were utilized
as the precatalyst and ligand, and the pyridine additive from previous reports was replaced
with benzonitrile as nitrile additives have been shown to stabilize low valent nickel

species. 04t
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2.2.1.2. Salt Additive

Table 2.1. Effect of Sodium lodide.

Nil, (5 mol%)

dmbpy (5 mol%) N AN
/\/\/\ . NN PhCN (5 mol%) +
Br C02Et o =
Br TMS-CI (20 mol%) CO,Et
23 24

Nal (x mol%)
21 2.2 Mn (2 equiv)
DMA (0.25 M), rt

Entry mol% Nal Time (h) Yield 2.3 (%)*  Yield 2.4 (%)

1° - 2 12 27

2 - 20 15 19

3 25 20 36 14

4 50 20 57 21

5 100 70 53 13
aUncorrected GC yields vs. dodecane as internal standard. PReaction performed
at 60 °C.

It was quickly observed that dimerization of the vinyl bromide 2.1 was favored
under these reaction conditions, even when the reaction temperature was lowered from 60
°C to room temperature (Table 2.1, 1-2). We hypothesized that while activation of the vinyl
halide happened readily, the alkyl halide was not as reactive. Previously, the use of iodide
salts was found to turn on selectivity for the cross product in cross-electrophile couplings.®
While the exact basis of the selectivity enhancement can be debated,*? one possibility is
that the iodide anion displaces the bromide of the alkyl bromide (an in-situ Finkelstein
reaction)*® leading to the more reactive alkyl iodide. We were pleased to find that when we
introduced sodium iodide to the reaction the yield of the cross-product increased
substantially (Table 2.1, 3-5). Since turnover of the catalyst forms iodide salts from
reduction of nickel (1), the iodide can be recycled. Increasing the amount of sodium iodide
to 50 mol% did increase the yield, but a stoichiometric amount of the salt lead to increased

reaction times, presumably due to unfavorable saturation of the catalyst.
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2.2.1.3.  Catalyst Concentration

2.5-125 mM
i L
ph icod)y L andpy . pp Goty, + PhoPh + HyyCa-CeHir
I_CSH17 (2a)
2 mn0 pmPU, GO 332 4a >
I 200 | T T T T
g 180, i
«© a
5 160~ 1
g 140 | 7
|
3 120 1
= |
g 100
T 80 n
g
= 60 ]
g 40 .
e |
T "o 20 40 60 80 100 1200 140

Catalyst Concentration (mM)
Figure 2.9. Selectivity as a function of catalyst concentration.

Work by Osakada and coworkers suggests that the rate of dimerization of aryl
halides using a bipyridine-ligated nickel catalyst is directly dependent on the catalyst
concentration, with the rate increasing as the catalyst concentration increases.**> We also
observed this trend when interrogating the coupling of aryl and alkyl iodides (Figure 2.9).%°
We hypothesized that this scenario was present in our system and that by lowering the
catalyst loading, we could decrease the rate of the undesirable dimer formation and favor

product formation.
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Table 2.2. Effect of Catalyst Concentration.

Nily (x mol%)

dmbpy (x mol%) SN
X PhCN (5 1%
/\/\/\l + Br/\/\COZEt ( mo °) /\/\/\I\/\ +
Br TMS-CI (20 mol%) CO,Et

Nal (50 mol%)
21 2.2 Mn (2 equiv) 23 24
DMA (0.25 M), rt

Entry Catalyst Yield 2.3 (%)*  Yield 2.4 (%)
Loading
1 5 mol% 57 15
2 1 mol% 62 10
3 1 mol% 71 7

aUncorrected GC yields vs. dodecane as internal standard. "bpyNil, used as
precatalyst.

When applied, this was the case; lowering the catalyst loading from 5 mol% to 1
mol% gave an increase in yield and decrease in diene formation (Table 2.2, 2).
Additionally, changing ligands to simple 2,2’-bipyridine (bpy) led to further improved
yield and selectivity (Table 2.2, 3).
2.2.1.4.  Solvent Screen

Table 2.3. Effect of Solvent.

bpyNil, (1 mol%)

PhCN (5 mol%) N
X TMS-CI (20 mol9
M . Br/\/\COZEt (20 mol%) . /\/\/\I\/\ .
Br Nal (50 mol%) CO,Et

Mn (2 equiv)
21 2.2 solvent (0.25 M), rt 2.3 2.4
Entry Solvent Yield 2.3 (%)*  Yield 2.4 (%)
1 DMA 71 7
2 DMF 61 11
3 DMPU 88 (80)° 4
4° NMP 28 3
5¢ THF 3 -
6° MeCN 6 1

4Uncorrected GC yields vs. dodecane as internal standard.
16 h. PIsolated yield. *Starting materials remain.

t

t
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Reactions conducted in amide solvents were superior, as previously observed,
with DMPU giving an 80% isolated yield of the desired product (Table 2.3). We
observed very low conversion of starting materials in non-amide solvents.

2.2.2. Evaluation of Substrate Scope

Table 2.4. Effect of Benzonitrile.
bpyNil, (2.5 mol%)

PhCN (x mol%) N AN
X TMS-CI (20 mol%
g N (20 mol%) /\/\/\I\/\ * im
Br Nal (50 mol%) CO,Et
23 2.4

Mn (2 equiv)
21 2.2 DMPU (0.25 M), rt

Entry PhCN Loading time (h) Yield 2.3 (%)*  Yield 2.4 (%)
1 5 mol% 15 74 13
2 - 3 74 13
4Uncorrected GC yields vs. dodecane as internal standard.

The scope of the reaction was then evaluated. We observed that reactions at 2.5
mol% catalyst consumed all starting materials in reasonable reaction times. Additionally,
at this catalyst loading the beneficial effects of benzonitrile was not seen, so we omitted it
from the reaction (Table 2.4). Therefore, the substrate scope was examined with these

changes made.



28

Table 2.5. Substrate Scope.

bpyNil, (2.5 mol%)
! Nal (50 mol%)

| I
N TMS-CI (20 mol % AN
A e Alkyl-X ( 0) > \/\Alkyl
Mn (2 equiv)
DMPU(0.25 M), rt, 16 h

CO,Et CO,Et CO,Et CO,Et
CGH13\)/\/ O\/l/\/ ©\/|/\/ ©\/(\/

2.3 67% 86% 2.5, 69% (89% Z 2.6, 80% (98% Z 2.7, 73% (96% Z
80% (93% Z

WCI F3C\©\/I/\/C02Et F\©\/I/\/002Et CI\©\/I/\/COZEt

2.8, 79% (95% Z 2.9, 59% (94% Z 2.10, 74% (99% Z 2.11, 63% (98% Z

2.12, 45% (90% 2) 2.13,64% (98% Z 2.14,70% (97% Z)° 2.15,72% (>99% 2)
MeO O/\L

\©\;|/\ Q_Q CGH\‘</>—) CO,Et

2.16, 71% (95% Z)P4 2.17,87% (>99% Z 2.18, 82% (90% Z 2.19, Vinyl-Br  70%

Vinyl-OTf 73%

Reactions were performed on 2.0 mmol scale with 1:1 ratio of starting materials. Yields
are of isolated product mixtures. 0.5 mmol scale, 1 mol% bpyNilz, 5 mol% PhCN.
bStarting material was 91% (Z). ¢1.5 equivalents of alkyl bromide used. “Alkyl iodide used;
Nal was omitted.

Primary and secondary alkyl substituted vinyl bromides coupled well under these
conditions (Table 2.5, 2.3, 2.5). Styrenyl bromides with varying electronic properties, 2.6-
2.9, also coupled in good yield, with a-substitution being well tolerated. Various halide
substitution on the aryl ring are also well tolerated (2.10-2.12), allowing for further
functionalization of the products (see Chapter 3.3). In the case of vinyl bromide 2.12,
prolonged reaction times led to dimerization of the product along with other
defunctionalization of the aryl C-Br bond. This observation suggests that (1) vinyl

bromides are more reactive than aryl bromides,*® and (2) aryl bromides can be

functionalized under these reaction conditions. This is discussed further in section 2.2.4.
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A variety of alkyl coupling partners were evaluated under these conditions. Allyl
silane 2.13 was isolated in 64% yield with good stereoretention. This product can be
utilized in further transformations (allylation, oxidation) or protiodesilylated to give net-
methylation of the vinyl bromide. An alkyl bromide with a -silyloxy group also coupled
in 70% vyield (2.14), which is noteworthy as these types of substrates are difficult to couple
using other methods due to completing B-silyloxy elimination.?” A tertiary amine was also
well tolerated (2.15). When we tried to couple secondary alkyl bromides, we found that
selectivity for the product and conversion of the alkyl bromide were both low. We
hypothesized that this was due to the slower conversion of the alkyl bromide to the more
reactive alkyl iodide, akin to what was observed in the optimization of the reaction (Table
2.1).2 As expected, the reactivity was recovered when we started with the secondary alkyl
iodide, resulting in high yields of the desired products (2.16-2.18). We found that vinyl
triflates also participate in the reaction with the same selectivity of its vinyl bromide
counterpart (2.19).

(dmbpy)Nil, (0.5 mol%)
TMS-CI (20 mol%)

N Br
Nal (50 mol%) X
/@/\/ o NN . /@/\/j
MeO Mn (2 equiv) MeO cl

DMPU (0.25 M), rt, 16 h
2.20 2.21, 63% yield

Figure 2.10. Coupling of (E)-vinyl halides.

When the optimized conditions were applied to the coupling of (E)-vinyl bromides,
the yield of the product was low due to competing dimerization of the vinyl bromide. Based
on the lessons learned through optimization of the reaction conditions, dimerization could
be suppressed by lowering the catalyst concentration; lowering the catalyst loading to 0.5

mol% and using a different ligand provided a satisfactory yield (Figure 2.10).
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2.2.3.  Unsuccessful Substrates

EtO__O X
Br O
To ol & 700
X Br Me,N O

2.22 2.23 2.24
Figure 2.11. Problematic Coupling Partners.

A few of the substrates examined proved problematic for the coupling reaction
(Figure 2.11). The vinyl bromide based on ethyl acrylate, 2.22, gave no observable yield.
The fate of the vinyl bromide also could not be discerned; we hypothesize that under these
reaction conditions polymerization of the substrate is facile. The electron-rich aryl bromide
2.23 coupled with good selectivity (assay by GC), however we observed both the cross-
coupled product and the vinyl bromide were unstable, readily decomposing into
unidentified byproducts. Finally, the cyclic acetal 2.24 did not react with the vinyl bromide,
similar to the secondary alkyl bromides. We did not attempt in this case to couple the
corresponding alkyl iodide but hypothesize that it would couple in good yield.

2.2.4. Improved Aryl/Alkyl Coupling
Table 2.6. Coupling of Aryl and Alkyl Halides.

Br bpyNil, (x mol%) o
TMS-CI (20 mol%
/©/ A i e I v (50 r(nol%) . /@M
CO,Et CO,Et

Mn (2 equiv)

2.25 DMPU (0.25 M), rt 2.26
Entry  bpyNilz (mol%) time Yield 2.26 (%)?
1 1 18 h 85
2 2.5 14 h 78
3 5 3h 78
4 10 60 min 84
5P 10 20 min 79

4Uncorrected GC yields vs. dodecane as internal standard.
bReaction performed at 60 °C.

We were interested in how these new reaction conditions compared to the previous

conditions reported for the coupling of aryl halides with alkyl halides. We examined the
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coupling of ethyl 4-bromobenzoate 2.25 with 1-bromo-3-chloropropane under the
optimized conditions and found that the product 2.26 was furnished in 85% yield (Table
2.6). As aryl bromides are less reactive than the vinyl bromides surveyed in this study, we
wondered if the selectivity would be lost at higher catalyst concentrations with aryl
bromides due to competing dimerization. Surprisingly, we found that this was not the case
as the yield remained consistent between 1-10 mol% catalyst. Additionally, we also
observed that as the catalyst concentration increased, the reaction took less time to reach
completion, with reactions at 10 mol% nickel loading being complete in 60 minutes.
Heating the reaction led to faster conversions with full conversion of starting materials
being observed after 20 minutes, consistent with our previous observations.®® However, at
temperatures higher than these or prolonged reaction times the alkyl chloride of the product
starts to react. In an effort to demonstrate the utility of this new method, the coupling of
ethyl 4-bromobutyrate 2.2 and 4-chlorobromobenzene 2.27 was conducted on a 22 mmol
scale using standard equipment. The reaction gave 72% isolated yield of the desired
product at only 0.5 mol% catalyst loading, the lowest catalyst loading reported to date for
cross-electrophile coupling (Figure 2.12).

Br bpyNil, (0.5 mol%) COLEt
_ 0,
b B NGO TMS-CI (20 mol%) /@/\/\ \
o 2 Nal (50 mol%) cl

Mn (2 equiv)
2.27 DMPU (0.25 M), rt 2.28, 3.6 g (72% yield)

Figure 2.12. Large scale coupling of aryl and alkyl halides.
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2.2.5. Studies on Product Isomerization

bpyNil, (2.5 mol%)

Nal (50 mol%)
/\/\/\K/\ TMS-CI (20 mol %) /\/\/\K/\
Mn (2 equiv)
CO,Et CO,Et
2= DMPU (0.25 M), rt 2

2.3,85% Z 84% Z after 6 h
84% Z after 50 h

bpyNil, (2.5 mol%)
Nal (50 mol%)

N, COEL  TMs-CI (20 mol %) CO.Et
Br _— 2.2 (1 equiv) P
Mn (2 equiv)
2.5,89% Z DMPU (0.25 M), rt 2.5,88% Z

bpyNil, (2.5 mol%)
Nal (50 mol%)

N, COEL  TMs-cl(20mol%) CO,Et
Br _— 2.2 (1 equiv) _—

Mn (2 equiv)
2.6, 98% Z DMPU (0.25 M), rt 2.6, 96% Z

Figure 2.13. Mechanistic studies on isomerization.

For the coupling of vinyl bromides, we observed that a small amount of the (E)-
alkene even though we started from pure (Z)-vinyl bromides. Isomerization of the alkene
can occur either prior to, during, or after C-C bond formation. More specifically, the (E)-
product is derived from either (1) coupling of isomerized (E)-vinyl bromide, (2)
isomerization of a vinyl-nickel intermediate, or (3) isomerization of the (Z)-product to the
(E)-product. To interrogate this further, the isolated product 2.3 was re-subjected to the
reaction conditions. After 50 hours, no significant isomerization was observed.
Additionally, to rule out isomerization of the product by an on-cycle nickel intermediate
isolated products 2.5 and 2.6 were added in excess to active reactions with coupling
partners present. In these reactions, the added alkenes did not isomerize nor did they affect
the Z/E ratio of the products formed. With these results, we can confidently rule out
isomerization of the product as the source of (E)-alkene. While isomerization of the (Z)-

vinyl bromide was not observed by GC analysis, we cannot rule it out as the (E)-vinyl
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bromide is significantly more reactive (see above) and may not accumulate. Therefore, the

mechanism of isomerization remains unknown.

2.3. Conclusion

We have developed an improved method for the coupling of aryl and vinyl halides
with alkyl halides. Key to the success of this method was identifying conditions that
accelerated turnover of the catalyst, allowing for lower concentration of catalyst to be used.
This in turn lead to significant suppression of the dimerization of unhindered vinyl
bromides. We were even able to use simple 2,2’°-bipyridine as a ligand, where other reports
require functionalized and more expensive bipyridine ligands. The method is applicable to
both (E)- and (Z)-vinyl bromides, as well as vinyl triflates, with high yields and
stereoretention. When applied to the coupling of aryl bromides, these reaction conditions
are comparable to previously reported methods. We have also demonstrated how high
catalyst concentrations can allow for very rapid reactions and low catalyst concentrations
can be utilized for gram scale synthesis. We reported the lowest catalyst loading (0.5
mol%) for cross-electrophile coupling to date. This method has already been utilized by
other groups successfully in the total syntheses of two natural products, (-)-6,7-
Dideoxysqualestatin H5 and (-)-Rasfonin.*”#¢ It has also become the state of the art for the
coupling of aryl and vinyl halides with alkyl halides, leading to a number of reports based

on this method.*%-%2

2.4. Experimental
2.4.1. Materials
Anhydrous Nil> and sodium iodide were purchased from Strem and used as

received. 2, 2’-bypridine nickel (I1) iodide (bpyNil2) and 4, 4’-dimethoxy-2, 2’-bypiridine
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nickel (I1) iodide (dmbpyNil.) were prepared as described below. Trimethylsilyl chloride
was purchased from Gelest and used as received. Manganese powder (-325 mesh) was
purchased from Alfa Aesar and used as received.

The following substrates were synthesized according to a common literature
procedure:>3 (Z)-1-bromooct-1-ene, (2)-(2-bromovinyl)cyclohexane, (2)-(2-
bromovinyl)benzene, (Z)-1-(2-bromovinyl)-4-fluorobenzene, (Z)-1-(2-bromovinyl)-4-
chlorobenzene, (2)-1-bromo-4-(2-bromovinyl)benzene, (2)-1-(2-bromovinyl)-4-
methoxybenzene, (Z)-1-(2-bromovinyl)-4-(trifluoromethyl)benzene, (Z)-(2-bromoprop-1-
en-1-yl)benzene.

(E)-1-(2-bromovinyl)-4-methoxybenzene was synthesized according to a known
literature procedure.>

1-bromo-3-chloropropane and 1-bromo-4-chlorobenzene was purchased from
Aldrich and used as received.

Ethyl-4-bromobutyrate, ethyl-4-bromobenzoate and 2-iodobutane were purchased
from Alfa Aesar and used as received.

N-Boc-4-iodopiperidine was purchased from Combi-blocks and used as received.

(Bromomethyl)trimethylsilane was purchased from Gelest and used as received.

(2-bromoethoxy)tert-butyldimethylsilane,®™  1-bromocyclohex-1-ene,®®*  and
cyclohex-1-en-1-yl trifluoromethanesulfonate®” were prepared according to known
literature procedures.

4-(2-bromoethyl)morpholine was prepared as described below.

DMPU (1,3-Dimethyltetrahydropyrimidin-2(1H)-one, absolute, over molecular

sieves (H20 <0.03%), >99.0% (GC)) was purchased from Aldrich or AK Scientific and
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was used as received (Aldrich) or distilled over CaH> (AK Scientific). All other dry
solvents were prepared from ACS grade, inhibitor free solvents by passage through
activated alumina and molecular sieves in a Vacuum Atmospheres solvent purification
system. Water content was routinely measured using Karl-Fisher titration (Metrohm) and
was less than 50 ppm in all cases.

2.4.2. General Methods
NMR Spectroscopy.

'H and 3C NMR spectra were acquired on 400 and 500 MHz Bruker NMR
instruments. NMR chemical shifts are reported in ppm and referenced to tetramethylsilane
at 0.00 ppm (*H) and 0.00 ppm (3*C), o, o, o-trifluorotoluene at 0.00 ppm (*°F), or the
residual solvent peaks for CDCls at 7.26 ppm (*H) and 77.16 ppm (*3C). Coupling constants
(J) are reported in Hertz. For substrates that existed as rotamers at ambient temperature,
the *'H NMR spectrum was obtained at 55 °C.

Gas Chromatography.

Instrument. GC analyses were performed on an Agilent 7890A GC equipped with

dual DB-5 columns (20 m x 180 um x 0.18 um), dual FID detectors, and using hydrogen

as the carrier gas.

Sample preparation. A 50 uL aliquot was removed from the reaction mixture using
a gas-tight syringe and quenched with 1.5 mL each of water and diethyl ether, and the
resulting mixture was then passed through a 1-inch pipette column of silica. The filtrate is
used for GC and GC-MS analysis.

Analysis Method. 1 pL injection of sample, injection temp of 300 °C, 100:1 split

ratio, initial inlet pressure was 20.3 psi but varied as the column flow was held constant at
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1.8 mL/min for the duration of the run. Initial oven temperature of 50 °C was held for 0.46
min followed by a temperature ramp up to 300 °C at 65 °C/min and finally the temperature
was held at 300 °C for 0.69 min. Total run time was ~ 5 min. FID temperature was 325 °C.
GC/MS Analysis

GC/MS analyses were performed on a Shimadzu GCMS-QP2010 equipped with an
RTX-XLB column (30 m x 0.25 mm x 0.28 pum) with a quadrupole mass analyzer using
helium as the carrier gas. The analysis method used in all cases was 5 pL injection of
sample, injection temp of 225 °C, 25:1 split ratio, initial inlet pressure was 7.8 psi, but
varied as the column flow was held constant at 1.0 mL/min for the duration of the run, the
interface temperature was held at 250 °C, and the ion source (El+, 30 eV) was held at 250
°C. Initial oven temperature was held at 50 °C for 3 min with the detector off followed by
a temperature ramp, with the detector on, to 280 °C at 40 °C/min, and finally the
temperature was held at 280 °C for 3 min. Total run time was 11.75 min.
Low Resolution Mass Spectrometry (LRMS) Analysis

LRMS analyses were performed on a Thermo LTQ Velos LC/MS equipped with
an electrospray (ESI) probe operating in positive ion mode (ESI+) with an ion trap mass
analyzer. Direct injection analysis was employed in all cases with a sample solution in
methanol.
Chromatography

Chromatography was performed on silica gel (EMD, silica gel 60, particle size
0.040-0.063 mm) using standard flash techniques Products were visualized by one of the
following methods: UV light, KMnOj4 stain or by GC.

Elemental Analysis.
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Elemental analyses were performed by CENTC Elemental Analysis Facility at

University of Rochester, funded by NSF CHE-0650456.
2.4.3. General Reaction Procedures
General procedure for Nickel-catalyzed cross-coupling reactions

Glovebox procedure: In a nitrogen-filled glovebox, to an oven-dried 1-dram vial
containing a teflon-coated stir-bar was sequentially added: nickel catalyst (5.9 mg of
bpyNilz, 0.0125 mmol), Mn® dust (55 mg, 1.00 mmol), sodium iodide (37 mg, 0.25 mmol),
DMPU (2 mL), dodecane (if used, 10 pL as internal GC standard), organohalides (0.50
mmol each), and trimethylsilyl chloride (0.10 mmol). The reaction vials were capped with
a PTFE-faced silicone septum cap, removed from the glove box, and stirred on the
benchtop (1200 rpm) at room temperature.

Benchtop procedure: To a 25 mL round-bottom flask containing a teflon-coated
stir-bar was sequentially added: nickel catalyst (23.4 mg of bpyNil, 0.05 mmol), Mn® dust
(220 mg, 4.00 mmol), sodium iodide (148 mg, 1.00 mmol), solid organohalides (2.00 mmol
each). The reaction flask was sealed with a rubber septum and the headspace was purged
with argon gas for two minutes. DMPU (8 mL), organohalides (2.00 mmol each), and
trimethylsilyl chloride (51 pL, 0.40 mmol) were sequentially added via syringe, then the
reaction was stirred on the benchtop (1200 rpm) at room temperature under Ar. Yields on
the benchtop were comparable to those obtained with the glovebox procedure.

GC analysis

After 16-24 h reaction time, 50 pL aliquots of the reaction mixture were removed

with a 250 pL gas-tight syringe and quenched with water (1.5 mL), extracted with ethyl

ether (1.5 mL), and filtered through a short silica pad (1.5 cm) in a pipette packed with
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glass wool. The filtrate was analyzed by gas chromatography and percent yield was
calculated vs. the internal standard (dodecane).
Isolation and purification
After 16-24 h reaction time, the reaction mixture was poured into water (40 mL).
This aqueous mixture was then extracted with diethyl ether (3 x 40 mL). The organic layers
were combined, washed with 50 mL of brine, and dried over anhydrous MgSO4. After
filtration of the organic layer, volatile materials were removed on a rotary evaporator. The
crude product was purified by flash chromatography on silica gel to afford the pure product.
2.4.4. Product Characterization
Ethyl-(Z)-dodec-5-enoate (2.3) General benchtop

CO,Et
/\/\/\;\/ procedure was followed with ethyl-4-bromobutyrate

(390 mg, 2.0 mmol, 1.0 equiv) and (Z)-1-bromooct-1-ene (382 mg, 2.0 mmol, 1.0 equiv)

at room temperature for 16 hours. The product was isolated by flash column
chromatography (10% ethyl ether/hexane) as colorless oil in 67% yield (302 mg).
'H-NMR (400 MHz; CDCL):  5.45-5.39 (m, 1H), 5.39-5.32 (m, 1H), 4.17-4.13 (m, 2H),
2.32(t,J=7.5 Hz, 2H), 2.09 (q, J = 7.2 Hz, 2H), 2.03 (q, J = 6.7 Hz, 2H), 1.70 (quintet, J
= 7.4 Hz, 2H), 1.35-1.26 (m, 11H), 0.90 (t, J = 6.9 Hz, 3H).

BC-NMR (101 MHz, CDCls): 6 173.87, 131.27, 128.53, 60.33, 33.92, 31.91, 29.82, 29.13,
27.37,26.69, 25.08, 22.79, 14.39, 14.23.

GC-MS m/z (% relative intensity, ion): 226.15 (2.12, M"), 180.20 (15.98, M*-C,Hs0),
101.05 (23.95, M*-CgH17), 88.05 (100.00, M*-C1oH19).

Ethyl-(Z)-6-cyclohexylhex-5-enoate (2.5) General benchtop

CO,Et
O\;\/ procedure was followed with ethyl-4-bromobutyrate (390 mg,
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2.0 mmol, 1.0 equiv) and (Z)-(2-bromovinyl)cyclohexane (378 mg, 2.0 mmol, 1.0 equiv)
at room temperature for 15 hours. The product was isolated by flash column
chromatography (10% ethyl ether/hexane) as colorless oil in 69% yield (311 mg).
TH-NMR (400 MHz; CDCL): § 5.29-5.20 (m, 2H), 4.17-4.13 (m, 2H), 2.34-2.31 (m, 2H),
2.24 (dt, J=17.8, 3.7 Hz, 1H), 2.10 (q, J = 6.9 Hz, 2H), 1.73-1.59 (m, 7H), 1.28 (t, J= 7.1
Hz, 5H), 1.19 (dd, J=13.9, 10.8 Hz, 1H), 1.07 (qd, J = 12.0, 2.9 Hz, 2H).

BC-NMR (101 MHz, CDCL): 6 173.72, 137.13, 126.56, 60.20, 36.28, 33.75, 33.31, 26.76,
26.03, 25.95, 25.10, 14.25.

GC-MS m/z (% relative intensity, ion): 224.15 (3.29, M"), 178.20 (20.41, M*-C,Hs0),

101.10 (30.22, M*-CgoH1s), 88.05 (34.90, M*-C1oH17).

Ethyl-(Z2)-6-phenylhex-5-enoate (2.6) General benchtop

CO,Et
W procedure was followed with ethyl-4-bromobutyrate (390 mg,

2.0 mmol, 1.0 equiv) and (Z)-(2-bromovinyl)benzene (366 mg, 2.0 mmol, 1.0 equiv) at

room temperature for 16 hours. The product was isolated by flash column chromatography
(10% ethyl ether/hexane) as colorless oil in 80% yield (351 mg).

TH-NMR (400 MHz; CDCL): & 7.35 (t,J= 7.5 Hz, 2H), 7.28 (d, J = 7.0 Hz, 2H), 7.26-7.23
(m, 1H), 6.48 (d,J=11.7 Hz, 1H), 5.66 (dt, J=11.7, 7.3 Hz, 1H), 4.13 (g, J = 7.1 Hz, 2H),
2.40 (qd, J=7.4, 1.5 Hz, 2H), 2.35 (t, J = 7.5 Hz, 2H), 1.81 (quintet, J = 7.5 Hz, 2H), 1.25
(t, J=17.1 Hz, 3H).

BC-NMR (101 MHz, CDCls): 6 173.50, 137.48, 131.65, 129.74, 128.71, 128.14, 126.59,
60.26, 33.84,27.91, 25.14, 14.21.

GC-MS m/z (% relative intensity, ion): 218.15 (14.90, M*), 173.15 (8.86, M*-C,Hs0),

130.15 (100.0, M*-C4H702), 117.10 (29.10, M*-CsHgO2).
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Ethyl-(Z)-5-methyl-6-phenylhex-5-encate  (2.7)  General

CO,Et
©\/<\/ benchtop procedure was followed with ethyl-4-bromobutyrate

(390 mg, 2.0 mmol, 1.0 equiv) and (Z)-(2-bromoprop-1-en-1-yl)benzene (394 mg, 2.0

mmol, 1.0 equiv) at room temperature for 15 hours. The product was isolated by flash
column chromatography (10% ethyl ether/hexane) as colorless oil in 73% yield (341 mg).
1H-NMR (400 MHz; CDCL): & 7.30 (t, J = 7.6 Hz, 2H), 7.18 (t, J = 7.8 Hz, 3H), 6.32 (s,
1H), 4.08 (q, J = 7.1 Hz, 2H), 2.26 (q, J = 7.8 Hz, 4H), 1.88 (s, 3H), 1.85-1.78 (m, 2H),
1.23-1.21 (m, 3H).

BC-NMR (101 MHz, CDCl): 6 173.47, 138.32, 138.28, 128.56, 128.09, 126.36, 125.98,
60.25, 34.08, 31.78, 23.76, 23.31, 14.22.

GC-MS m/z (% relative intensity, ion): 232.15 (30.47, M*), 187.15 (8.42, M*-C,Hs0),
129.10 (100.0, M*-CsHg0>).

(2)-1-(5-chloropent-1-en-1-yl)-4-methoxybenzene  (2.8)

MeO Cl
W General benchtop procedure was followed with 1-bromo-3-

chloropropane (314 mg, 2.0 mmol, 1.0 equiv) and (2)-1-(2-bromovinyl)-4-

methoxybenzene (426 mg, 2.0 mmol, 1.0 equiv) at room temperature for 16 hours. The
product was isolated by flash column chromatography (10% ethyl ether/hexane) as
colorless oil in 79% vyield (333 mg).

TH-NMR (400 MHz; CDCL): & 7.24 (d, J = 8.5 Hz, 2H), 6.90 (d, J = 8.7 Hz, 2H), 6.43 (d,
J=11.5 Hz, 1H), 5.55 (dt, J= 11.6, 7.2 Hz, 1H), 3.84 (s, 3H), 3.58 (t, J = 6.7 Hz, 2H),
2.53-2.48 (m, 2H), 1.99-1.92 (m, 2H).

BC-NMR (101 MHz, CDCl3): 6 158.32, 129.96, 129.89, 129.53, 129.13, 113.61, 55.24,

44.54, 32.84, 25.94.
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GC-MS m/z (% relative intensity, ion): 210.10 (33.61, M"), 147.10 (100.00, M*-C2H4Cl).

Ethyl-(Z)-6-(4-(trifluoromethyl)phenyl)hex-5-enoate

FsC CO,Et
W (2.9) General benchtop procedure was followed with

ethyl-4-bromobutyrate (390 mg, 2.0 mmol, 1.0 equiv) and (Z)-1-(2-bromovinyl)-4-

(trifluoromethyl)benzene (502 mg, 2.0 mmol, 1.0 equiv) at room temperature for 16 hours.
The product was isolated by flash column chromatography (10% ethyl ether/hexane) as
colorless oil in 59% yield (339 mg).

TH-NMR (400 MHz; CDCL): § 7.57 (d, J = 8.0 Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 6.47
(d,J=11.6 Hz, 1H), 5.75 (dt, J= 11.7, 7.3 Hz, 1H), 4.09 (q, J = 7.1 Hz, 2H), 2.36-2.30
(m, 4H), 1.79 (quintet, J = 7.4 Hz, 2H), 1.23 (dt, J = 13.6, 6.7 Hz, 3H).

BC-NMR (101 MHz, CDCL): 6 173.70, 141.41, 134.19, 129.29, 128.97 (q, J = 32.1 Hz),
128.95, 124.62 (q, J = 270.4 Hz), 125.47 (q, J = 3.8 Hz), 60.69, 34.07, 28.26, 25.31,
14.56.

YF-NMR (376 MHz, CDCl;): 6 0.37.

GC-MS m/z (% relative intensity, ion): 286.15 (13.17, M"), 241.05 (13.68, M*-C,Hs0),
185.05 (8.84, M*-CsHq0y).

Ethyl-(Z)-6-(4-flurophenyl)hex-5-enoate (2.10) General

F CO,Et
W benchtop procedure was followed with ethyl-4-

bromobutyrate (390 mg, 2.0 mmol, 1.0 equiv) and (Z)-1-(2-bromovinyl)-4-fluorobenzene

(402 mg, 2.0 mmol, 1.0 equiv) at room temperature for 16 hours. The product was isolated
by flash column chromatography (10% ethyl ether/hexane) as colorless oil in 74% yield
(347 mgq).

"H-NMR (400 MHz; CDCL): § 7.21 (dd, J = 8.5, 5.6 Hz, 2H), 7.03-6.99 (m, 2H), 6.40 (d,
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J=11.6 Hz, 1H), 5.61 (dt, J = 11.6, 7.3 Hz, 1H), 4.10 (q, J = 7.1 Hz, 2H), 2.36-2.30 (m,
4H), 1.78 (quintet, J = 7.5 Hz, 2H), 1.22 (t, J = 7.2 Hz, 3H).

13C-NMR (101 MHz; CDCls): & 173.1, 161.2 (d, J = 246.7 Hz), 133.1, 129.9 (d, J = 8.1
Hz), 128.3, 14.7 (d, J = 21.4 Hz), 59.9, 33.4, 27.4, 24.7, 13.9

“F-NMR (376 MHz, CDCls): § -52.89.

GC-MS m/z (% relative intensity, ion): 236.10 (14.67, M™), 191.10 (9.57, M*-C2Hs0),
148.15 (100.0, M*-C4H702), 135.10 (33.01, M*-CsHg0y).
Ethyl-(Z)-6-(4-chlorophenyl)hex-5-enoate (2.11)

Cl CO,Et
W General benchtop procedure was followed with ethyl-4-

bromobutyrate (390 mg, 2.0 mmol, 1.0 equiv) and (Z)-1-(2-bromovinyl)-4-chlorobenzene

(435 mg, 2.0 mmol, 1.0 equiv) at room temperature for 16 hours. The product was isolated
by flash column chromatography (10% ethyl ether/hexane) as colorless oil in 63% yield
(317 mg).

'H-NMR (400 MHz; CDCL): § 7.29 (d, J = 8.4 Hz, 2H), 7.18 (d, J = 8.4 Hz, 2H), 6.39 (d,
J=11.6 Hz, 1H), 5.65 (dt, J= 11.6, 7.3 Hz, 1H), 4.10 (q, J = 7.1 Hz, 2H), 2.35-2.30 (m,
4H), 1.78 (quintet, J = 7.5 Hz, 2H), 1.23 (t, J= 7.1 Hz, 3H).

BC-NMR (101 MHz, CDCls): 6 173.40, 135.87, 132.35, 132.32, 129.99, 128.59, 128.30,
60.30, 33.74, 27.84, 25.00, 14.21.

GC-MS m/z (% relative intensity, ion): 252.10 (14.17, M*), 207.05 (7.55, M*-C,Hs0),
151.05 (10.56, M*-CsHg0>).

Ethyl-(2)-6-(4-bromophenyl)hex-5-enoate (2.12)

Br CO,Et
W General benchtop procedure was followed with ethyl-4-

bromobutyrate (390 mg, 2.0 mmol, 1.0 equiv) and (Z)-1-bromo-4-(2-bromovinyl)benzene
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(523 mg, 2.0 mmol, 1.0 equiv) at room temperature for 16 hours. The product was isolated
by flash column chromatography (10% ethyl ether/hexane) as colorless oil in 45% yield
(270 mg).

'H-NMR (400 MHz; CDCL): § 7.44 (d, J = 8.4 Hz, 2H), 7.12 (d, J = 8.4 Hz, 2H), 6.37 (d,
J=11.6 Hz, 1H), 5.66 (dt, J=11.6, 7.3 Hz, 1H), 4.10 (q, J = 7.1 Hz, 2H), 2.31 (t, J= 7.5
Hz, 4H), 1.77 (quintet, J = 7.5 Hz, 2H), 1.23 (t, J = 7.1 Hz, 3H).

BC-NMR (101 MHz, CDCI3): & 173.76, 136.71, 132.85, 131.64, 130.72, 129.01, 120.85,
60.70, 34.12, 28.24, 25.37, 14.61.

GC-MS m/z (% relative intensity, ion): 298.05 (8.59, M™+2), 296.05 (8.47, M"), 251.00

(4.00, M*-C2Hs0), 208.00 (28.97, M*-C4H702).

Ethyl-(Z)-6-phenylhex-5-enoate (2.13) General benchtop procedure

T™MS
©\)/ was followed with (bromomethyl)trimethylsilane (334 mg, 2.0 mmol,

1.0 equiv) and (Z)-(2-bromovinyl)benzene (366 mg, 2.0 mmol, 1.0 equiv) at room

temperature for 15 hours. The product was isolated by flash column chromatography
(hexanes) as colorless oil in 64% yield (279 mg)

'H-NMR (400 MHz; CDCl:): § 7.33-7.28 (m, 4H), 7.20-7.17 (m, 1H), 6.33 (d,J=11.7 Hz,
1H), 5.72 (dt,J=11.6,9.1 Hz, 1H), 1.84 (dd, J=9.1, 1.4 Hz, 2H), 0.04 (d, J= 0.6 Hz, 9H).
BC-NMR (101 MHz, CDCl3): 6 138.37, 129.18, 128.72, 128.23, 126.92, 126.15, 19.77, -
1.45.

GC-MS m/z (% relative intensity, ion): 190.10 (25.83, M*), 73.05 (100.00, M*-CgHo).
Ethyl-(Z2)-6-phenylhex-5-enoate  (2.14) General benchtop

OTBS
©\f procedure  was  followed  with  (2-bromoethoxy)tert-

butyldimethylsilane (718 mg, 3.0 mmol, 1.5 equiv) and (Z)-(2-bromovinyl)benzene (366
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mg, 2.0 mmol, 1.0 equiv) at room temperature for 16 hours. The product was isolated by
flash column chromatography (hexanes) as colorless oil in 70% yield (365 mg)

IH-NMR (400 MHz; CDCla): & 7.37-7.32 (m, 4H), 7.27-7.23 (m, 1H), 6.53 (d, J = 11.7
Hz, 1H), 5.73 (dt, J = 11.7, 7.3 Hz, 1H), 3.74 (t, J = 6.7 Hz, 2H), 2.58 (qd, J = 7.0, 1.7 Hz,
2H), 0.92 (s, 9H), 0.08 (s, 6H).

13C-NMR (101 MHz, CDCls):  137.93, 130.79, 129.40, 129.12, 128.50, 126.97, 63.28,
32.62, 26.35, 18.77, -4.88.

LRMS (ESI+) m/z: 263.3 [M+H"], 285.3 [M+Na'].

(2)-4-(4-phenylbut-3-en-1-yl)morpholine  (2.15)  General

©\f N/\
= K/O benchtop procedure was followed with 4-(2-

bromoethyl)morpholine (388 mg, 2.0 mmol, 1.0 equiv) and (Z)-(2-bromovinyl)benzene

(366 mg, 2.0 mmol, 1.0 equiv) at room temperature for 16 hours. The product was isolated
by flash column chromatography (10% ethyl acetate/hexane) as a pale yellow oil in 72%
yield (311 mg)

IH-NMR (400 MHz; CDCla): 8 7.33 (t, J = 7.5 Hz, 2H), 7.27 (d, J = 7.1 Hz, 2H), 7.22 (t,
J=7.1Hz, 1H), 6.48 (d, J = 11.6 Hz, 1H), 5.67 (dt, J = 11.7, 6.8 Hz, 1H), 3.70 (t, J = 4.7
Hz, 4H), 2.55-2.43 (m, 8H).

13C-NMR (101 MHz, CDCls): & 137.83, 130.39, 130.33, 129.04, 128.57, 127.04, 67.35,
59.17, 54.03, 26.36.

LRMS (ESI+) m/z: 218.7 [M+H"], 240.3 [M+Na'].

MeO (2)-1-methoxy-4-(3-methylpent-1-en-1-yl)benzene (2.16)
\Q\DA General benchtop procedure was followed with 2-iodobutane

(368 mg, 2.0 mmol, 1.0 equiv) and (Z)-1-(2-bromovinyl)-4-methoxybenzene (426 mg, 2.0
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mmol, 1.0 equiv) at room temperature for 16 hours. The product was isolated by flash
column chromatography (10% ethyl ether/hexane) as colorless oil in 70% yield (267 mg)
'H-NMR (400 MHz; CDCL): § 7.20 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 6.31 (d,
J=11.7 Hz, 1H), 5.34 (t, J= 11.0 Hz, 1H), 3.80 (s, 3H), 2.69-2.61 (m, 1H), 1.39-1.31 (m,
2H), 1.03 (d, J = 6.6 Hz, 3H), 0.86 (t, J = 7.4 Hz, 3H).

BC-NMR (101 MHz, CDCIlz): & 158.49, 138.44, 131.03, 130.17, 127.32, 113.94, 55.63,
34.14, 30.80, 21.07, 12.21.

GC-MS m/z (% relative intensity, ion): 190.15 (32.87, M), 175.10 (10.71, M*-CHa),
161.15 (100.0, M*-C2Hs).

Tert-butyl (2)-4-styrylpiperidine-1-carboxylate (2.17) General

Boc
|
N benchtop procedure was followed with N-Boc-4-iodopiperidine (622 mg,
2.0 mmol, 1.0 equiv) and (Z)-(2-bromovinyl)benzene (366 mg, 2.0 mmol,
=

1.0 equiv) at room temperature for 16 hours. The product was isolated by
flash column chromatography (10% ethyl acetate/hexane) as a white crystalline solid in
87% yield (500 mg).
mp 63-66 °C
'H-NMR (400 MHz; CDCL): & 7.34 (t, J = 7.6 Hz, 2H), 7.24 (d, J = 7.9 Hz, 3H), 6.40 (d,
J=11.6 Hz, 1H), 5.46 (dd, J = 11.5, 10.1 Hz, 1H), 4.09-4.07 (m, 2H), 2.76-2.70 (m, 2H),
1.67 (dd, J = 12.1, 0.7 Hz, 2H), 1.46 (s, 9H), 1.38-1.34 (m, 2H).
13C-NMR (101 MHz, CDCls): & 155.24, 137.91, 136.99, 128.89, 128.73, 128.70, 127.13,
79.73, 43.78, 35.48, 32.48, 28.87.

LRMS (ESI+) m/z: 310.3 [M+Na'].
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Tert-butyl  (2)-4-(oct-1-en-1-yl)piperidine-1-carboxylate  (2.18)

Boc

|

N General benchtop procedure was followed with N-Boc-4-iodopiperidine
(622 mg, 2.0 mmol, 1.0 equiv) and (Z)-1-bromooct-1-ene (382 mg, 2.0

mmol, 1.0 equiv) at room temperature for 16 hours. The product was
isolated by flash column chromatography (5% ethyl acetate/hexane) as colorless oil in 82%
yield (483 mq)
IH-NMR (500 MHz; CDCls, 55 °C): & 5.35-5.30 (m, 1H), 5.17 (t, J = 9.7 Hz, 1H), 4.03
(d, J = 12.8 Hz, 2H), 2.77 (t, J = 12.6 Hz, 2H), 2.41-2.39 (m, 1H), 2.04 (t, J = 6.3 Hz, 2H),
1.55 (d, J = 12.4 Hz, 2H), 1.45 (s, 9H), 1.29 (s, 9H), 0.89 (s, 3H).
13C-NMR (101 MHz, CDCls): § 155.26, 134.09, 129.92, 79.62, 44.01, 34.84, 32.54, 32.14,
30.21, 29.34, 28.86, 27.88, 23.02, 14.48.

LRMS (ESI+) m/z: 318.5 [M+Na'].

- Ethyl 4-(cyclohex-1-en-1-yl)butanoate (2.19) General benchtop
2
W procedure was followed with ethyl-4-bromobutyrate (390 mg, 2.0

mmol, 1.0 equiv) and either 1-bromocyclohex-1-ene (322 mg, 2.0 mmol, 1.0 equiv) or

cyclohex-1-en-1-yl trifluoromethanesulfonate (460 mg, 2.0 mmol, 1.0 equiv) at room
temperature for 16 hours. The product was isolated by flash column chromatography (10%
ethyl ether/hexane) as colorless oil in 70% yield (275 mg) for X=Br and 73% yield (285
mgq) for X=0OTf.

1H-NMR (400 MHz; CDCL): § 5.42 (d, J=0.8 Hz, 1H), 4.14 (tt, J="7.1, 3.6 Hz, 2H), 2.28
(td, J=7.5,4.0 Hz, 2H), 1.99 (d, J = 3.6 Hz, 4H), 1.92 (s, 2H), 1.76-1.73 (m, 2H), 1.63 (d,
J=13.5Hz, 2H), 1.57-1.55 (m, 2H), 1.27 (td, J = 7.2, 4.1 Hz, 3H).

BC-NMR (101 MHz, CDCls): 6 174.22,137.08, 122.11, 60.55, 37.74, 34.23, 28.46, 25.61,



47

23.35, 23.28, 22.90, 14.66.
GC-MS m/z (% relative intensity, ion): 196.15 (13.66, M*), 108.10 (100.00, M*-C4H-05),
95.10 (14.16, M*-CsHg05).
(E)-1-(5-chloropent-1-en-1-yl)-4-methoxybenzene

MeO
\©\/\/\/C| (2.21) General benchtop procedure was followed with 1-

bromo-3-chloropropane (314 mg, 2.0 mmol, 1.0 equiv) and (E)-1-(2-bromovinyl)-4-

methoxybenzene (426 mg, 2.0 mmol, 1.0 equiv) at room temperature for 24 hours. The
product was isolated by flash column chromatography (10% ethyl ether/hexane) as
colorless oil in 63% yield (265 mg).

'H-NMR (400 MHz; CDCL): § 7.27 (t, J = 6.1 Hz, 2H), 6.84 (d, J = 8.7 Hz, 2H), 6.38 (d,
J=15.8 Hz, 1H), 6.02 (dt,J=15.7,7.1 Hz, 1H), 3.80 (s, 3H), 3.58 (t, /= 6.6 Hz, 2H), 2.35
(q, J=7.1 Hz, 2H), 1.93 (quintet, J = 6.9 Hz, 2H).

BC-NMR (101 MHz, CDCIl3): & 159.24, 130.95, 130.66, 127.48, 126.84, 114.34, 55.68,
44.79, 32.63, 30.42.

GC-MS m/z (% relative intensity, ion): 210.10 (32.31, M), 147.10 (100.00, M*-C2H4Cl).

Ethyl 4-(4-chlorophenyl)butanoate (2.28) To a 250 mL

CO,Et
C|/©/\A round-bottom flask containing a teflon-coated stir-bar was

sequentially added: nickel catalyst (51 mg of bpyNilz, 0.11 mmol), Mn° dust (2.42 g, 44

mmol), sodium iodide (813 mg, 5.5 mmol), 1-bromo-4-chlorobenzene (4.21 g, 22 mmol).
The reaction flask was sealed with a rubber septum and purged with argon gas for two
minutes. DMPU (90 mL), ethyl 4-bromobutyrate (4.29 g, 22 mmol), and trimethylsilyl
chloride (560 pL, 4.4 mmol) were sequentially added via syringe, then the reaction was

stirred on the benchtop (1200 rpm) at 40 °C under Ar for 21 hours. The reaction mixture
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was poured into water (80 mL), and this agueous mixture was then extracted with diethyl
ether (3 x 100 mL). The organic layers were combined, washed with 100 mL of brine, and
dried over anhydrous MgSOs. After filtration of the organic layer, volatile materials were
removed on a rotary evaporator. The product was isolated by flash column chromatography
(10% ethyl ether/hexane) as colorless oil in 72% vyield (3.6 g). The purified product
contained a small amount (<5%) of diethyl suberate derived from dimerization of the alkyl
bromide.
IH-NMR (400 MHz; CDCls): 6 7.25 (d, J = 8.4 Hz, 2H), 7.11 (d, J = 8.3 Hz, 2H), 4.12
(9, J=7.1Hz, 2H), 2.62 (t, J = 7.6 Hz, 2H), 2.30 (t, J = 7.4 Hz, 2H), 1.93 (quintet, J = 7.5
Hz, 2H), 1.25 (t, J = 7.1 Hz, 3H).
13C-NMR (101 MHz, CDCls): § 173.70, 140.25, 132.10, 130.21, 128.86, 60.72, 34.84,
33.90, 26.81, 14.64.
GC-MS m/z (% relative intensity, ion): 226.00 (23.46, M*), 181.00 (39.25, M*-C,Hs0),
125.00 (71.87, M*-CsHgO>).

2.45. NMR Spectra
Copies of the spectral data have been published® and can be found at

https://doi.org/10.1002/chem.201601320.
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Chapter 3: Nickel-Catalyzed Cross-Electrophile Coupling of Aryl Chlorides
with Secondary Unactivated Alkyl Chlorides

3.1. Introduction
3.1.1. Coupling of Aryl Chlorides with Secondary Alkyl Organometallic
Reagents
Due to the significant emphasis placed on palladium-catalyzed cross-coupling,
palladium catalysis dominates secondary C(sp®)-C(sp?) bond formation reactions with aryl
chlorides. Additionally, most of these examples utilize organoboron reagents as the
organometallic coupling partner.

Pd,(dba)sz (1.5 mol%)

@CI + HO B@ P(tBU):; (45 mol%)
(0% KF (3.3 equiv), THF, 100 °C < >_<

75% yield

Figure 3.1. Early example of coupling secondary boronic acids.

Fu and coworkers reported the coupling of 4-chlorotoluene with cyclopentyl
boronic acid in 75% isolated yield (Figure 3.1).! While this was the first example of
coupling an aryl chloride with a secondary organometallic reagent, they did not follow up
on this result. Santelli et al. later reported the coupling of cyclopropylboronic acid with
aryl bromides and chlorides using a tetraphosphine ligand in combination with a palladium
(11) precatalyst.2 Molander and coworkers have reported several methods for the coupling
of aryl and heteroaryl chlorides with potassium trifluoroborate salts (Figure 3.2, A).>" After
the report by Fu, they reported the coupling of both cyclopentyl and isopropyl
trifluoroborates with a variety of aryl and heteroaryl chlorides.® In the same year, they
reported the extension of this chemistry to cyclobutyl and cyclopropyl trifluoroborates.*
Around this time, Burke and coworkers reported the coupling of the equally stable

cyclopropyl N-methyliminodiacetic acid (MIDA) boronate ester with aryl chlorides
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(Figure 3.2, B). These boronate esters work similarly to the trifluoroborate salts in that they
allow for the controlled release of the boronic acid into the reaction.® Molander and Biscoe
have also reported several stereospecific cross-couplings of enantioenriched potassium
trifluoroborate salts.>"° More recently, Biscoe, in collaboration with Sigman, reported the
enantiodivergent coupling of these salts with aryl chlorides (Figure 3.2, C). They were able
to control stereoretention vs. stereoinversion through statistical analysis and
parameterization of ligands examined for the transformation.°

A.) Molander

-C Pd(OAC), (2 mol%), "BuPAd, (3 mol%) R
FG_' + KF3;B—R - FG_:
L ] Cs,COg3 (3 equiv) _—

(1.1 equiv)  toluene/H,0 (10:1), 100 °C, 24 h .
R = ’Pl', C-CgHs, C-C4H7, Cyp

B.) Burke
Me

N
/©/CI ¢¥o Pd(OAc), (5 mol%), SPhos (10 mol%) /@A
+ )
B-0 =0 :
N K3POy4 (7.5 equiv)
‘BuO « 9 3 'BuO

dioxane/H,0 (5:1), 100 °C, 6 h

C.) Biscoe and Sigman O
2

cl . BF 3K P ous (315 mol%)
o M«E\/\Me K,CO3 (3 equiv) /©
toluene/H,0, 100 °C Ph

92% yield 90% vyield
96% ee 90% ee

for L=PAdj f°r L=

'Pr

Figure 3.2. Palladium-catalyzed coupling of secondary alkyl organoboron derivatives.

96% yield

3.1.2. Coupling of Secondary Alkyl Chlorides with Aryl Organometallic
Reagents
Nakamura and coworkers have reported the coupling of both aryl Grignard reagents
and the coupling of arylzinc reagents with primary and secondary alkyl halides catalyzed

by FeCls.1*12 While these methods boast high yields, there are only a few examples of
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secondary alkyl chlorides presented, most of which are unfunctionalized hydrocarbons.
Later, they were able to expand upon the scope of alkyl chlorides by utilizing an NHC
ligand in place of the often used TMEDA (Figure 3.3, A).13 While this report focused solely
on the coupling of alkyl chlorides, again the alkyl scope lacked functionality. Shen and
coworkers reported in 2016 the intra- and intermolecular coupling of aryl bromides and
unactivated alkyl chlorides catalyzed by Fe(PPhs).Cls.* The use of magnesium turnings
forms the Grignard reagent in-situ, allowing for a broader aryl scope. However, due to the
reactivity of the Grignard reagent, the transformation suffers the same limitations in the
alkyl scope that were previously mentioned. More recently, Nakamura and coworkers have
disclosed the synthesis of aryl C-glycosides via the iron-catalyzed cross-coupling of
chlorosugars (Figure 3.3, B).X> While the C-Cl bond is in an activated position on the ring,
this is a marked improvement in terms of the reaction scope. They are able to arylate these
carbohydrate rings with high o/ selectivities employing aryl zinc, aryl aluminum, and aryl

boronate esters under similar reaction conditions.
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A.)

FeCl3 (5 mol%)

MgBr C IPr(tomol%)
THF,40°C

(1.5 equiv) 99% yield
B.)
Ar_  Ar i
P' Cl ~ SIM63
O e e
el
7\ .
ACO Ar Ar SiMe; ACO
O cl FeCly(TMS-SciOPP) (5 mol%) O Ar
AryZn(tmeda)e2MgBrCl (1.7 equiv)
THF, 0 °C
AcO OAc
84% yield 73% yield 64% vyield

Figure 3.3. Iron-catalyzed coupling of secondary alkyl chlorides.

The Fu group have made significant efforts in the Ni-catalyzed couplings of alkyl
electrophiles. In 2006, they reported the nickel-catalyzed Suzuki coupling of unactivated
alkyl halides with aryl boronic acids (Figure 3.4, A).Y® The method is tolerant of both
primary and secondary alkyl chlorides, furnishing the desired alkylated arenes in high
yield. Key to the success of this method is the identification of prolinol, derived from the
amino acid proline, as a competent ligand for nickel. Molander and coworkers also made
this observation when they reported the coupling of potassium (hetero)aryltrifluoroborates
(Figure 3.4, B).}” While bathophenanthroline as a ligand for nickel was effective in the
couplings of alkyl bromides and iodides, only the proline/Ni system was operative in

coupling alkyl chlorides.
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A.) Fu

OH
i NiCl,glyme (6 mol%)

B on prolinol (12 mol%) R
FG * C—R . ~ FG
KHMDS (2 equiv)

i-propanol, 60 °C

(1.5 equiv)

O O
F3C
80% vyield 84% yield 79% vyield

B.) Molander

NiCloglyme (5 mol%) Me

Me BF3K . /O prolinol (10 mol%)
cl KHMDS (3 equiv)

s-butanol, 80 °C

49% yield
Figure 3.4. Nickel-catalyzed coupling of secondary alkyl chlorides.

3.1.3. Previous Results and Working Hypothesis

While there are a number of reports on the coupling of aryl halides with secondary
benzyl chlorides,'8?? a-chlorocarbonyls,?-? and other activated alkyl chlorides,?5?° there
are fewer examples of couplings employing aryl halides and non-activated alkyl
chlorides.3%3 All of these examples go through the stoichiometric formation of an
organometallic reagent prior to coupling. Additionally, there are no reported couplings of
aryl chlorides with non-activated secondary alkyl chlorides. Aryl chlorides represent the
largest pool of aryl coupling partners (Figure 3.5), have higher stability compared to their
iodide and bromide counterparts, and are relatively unreactive under most reaction
conditions which can allow form subsequent functionalization. Alkyl chlorides share these
advantages as well, and functionalization of these strong bonds would allow for substantial

growth in the pool of compounds available through cross-coupling methods.
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Commercial Availability of Aryl Coupling Partners
200000
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Cl Br I OH CN CO2H NH2 NO2 SO3H CHO B(OH)2 BF3K

Aryl-X ®m Heteroaryl-X

Figure 3.5. Availability of aryl coupling partners.

We hypothesized that in the coupling of aryl chlorides with secondary alkyl
chlorides, the alkyl chloride would be the problematic coupling partner (Figure 3.6). We
have shown that under previous conditions for cross-electrophile couplings alkyl chlorides
remain unreactive,®” both providing an impetus for realization of this coupling and
highlighting the challenges to achieve it. Vicic et al. have shown that tridentate terpyridine
ligands, in combination with a nickel catalyst, were effective in cross-couplings to form
C(sp®)-C(sp®) bonds and have provided mechanistic insight into how these reactions
proceed.®®3% We have found in our lab that using 4,4',4"-tri-tert-butyl-2,2":6',2"-terpyridine
(ttbtpy, L1) as a ligand that we could dimerize alkyl bromides and primary alkyl
chlorides.*® Additionally, terpyridine ligands are effective in couplings that go through an

allyl-Ni intermediate.**** However, these ligands have not been thouroughly investigated
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for aryl-alkyl cross-electrophile coupling. We posited that this ligand would allow us to

achieve the goals of coupling alkyl chlorides with aryl chlorides.

ZnCl,

Ly Ni® ©\CI
Oxidative addition
Q is known
n

Cleavage of LaNIx_ \

stronger bond B \Cl
C-1 = 58 kcal/mol
C-Br = 72 kcal/mol CH2
C-CI = 84 kcal/mol

%7

Ni
CCI

Figure 3.6. Challenge in coupling aryl and alkyl chlorides
3.2. Results

3.2.1.  Preliminary Optimization
Initial investigations by Dr. Laura Ackerman and Seoyoung Kim found that L1
with NiBrodiglyme as precatalyst was able to couple chlorobenzene with
cyclohexylchloride in 87% assay yield by GC. While this was a promising result, these
conditions were not general (Figure 3.7). Other secondary alkyl chlorides coupled in
significantly lower yields, displaying unique reactivity of cyclohexyl radicals that has been

previously observed.*4-46
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NiBrydiglyme (10 mol%) R

Cl R
ttbtpy (L1) (10 mol%) N
©/ + CI_<R Zn (3 equiv), R

DMA (0.25 M), 80 °C, 24h

sallls aae

87% GC yield 37% GC yield 48% GC yield

(2 equiv)

Figure 3.7. Initial Conditions.

In search of more general conditions, we decided to optimize the coupling of
chlorobenzene with cyclopentyl chloride. Evaluation of various nickel (1) precatalysts
revealed NiCl.dme as the optimal nickel source, providing 48% yield of the desired product
(Table 3.1). Reactions in NMP were comparable to those in DMA in terms of yield and
selectivity.

Table 3.1. Nickel Precatalyst Screening.
cl nickel source (10 mol%) Ph
oo EEET OV 07 O

(2 equiv) DMA (0.25 M), 80 °C, 24 h
31 3.2 33

Entry Nickel Source 3.1 (%)? 3.3 (%)? 3.4 (%)? 3.5 (%)?

1 NiBr2diglyme 6 31 12 3
2 NiBr 20 27 9 1
3 NiCl2 12 26 13 1
4 Nil2 21 16 14 1
5 NiCl2+2H.0 - 14 14 5
6 NiBrze3H:20 5 14 20 3
7 NiCl.dme 2 48 12 2
8 NiBr.dme 18 29 11 1

8GC vyields vs. dodecane as internal standard.

We observed dramatic differences in selectivity when ligands were examined. We
found that while ttbtpy remained the optimal ligand, all the terpyridines tested resulted in
complete conversion of the alkyl chloride and incomplete conversion of the aryl chloride

(Table 3.2, 1-5). Interestingly, when we examined bidentate bipyridine ligands we
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observed the opposite trend; complete conversion of the aryl chloride and incomplete
conversion of the alkyl chloride (Table 3.2, 6-8). This is consistent with the results seen
during our mechanistic studies on the coupling of aryl and alkyl iodides.*’ Oxidative
addition is faster of aryl iodides than alkyl iodides for bipyridine-ligated nickel. This trend
appears to be opposite for terpyridine ligated nickel, where oxidative addition of the alkyl
chloride is faster. Given our previous success utilizing dual catalyst systems where each
catalyst is selective for a different coupling partner,*8->° we speculated that a combination

of both a bipyridine and a terpyridine ligand could provide high yield and selectivity.
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Table 3.2. Ligand Screening.

cl NiCl,dme (10 TOI%) H Ph
©/ . I:>’C' igand (10 moi%) ©/ ©/
Zn (3 equiv)

(2 equiv) DMA (0.25 M), 80 °C, 24 h

3.1 3.2 3.3 3.4 3.5
CO,Me
X
| \/ N lN/ N MeO,C | \/ CO,Me
| SO | | | NT S
_N N~ N N~ _N N__~
L1 L2 L3
A OMe CF3
N |
| _ N | N/ | N | AN | X | X
N — —
Br Br N_ N~ N~
L4 L5 L6 L7 L8
Entry Ligand 3.1 (%)? 3.3 (%)? 3.4 (%)? 3.5 (%)?
1 L1 5 48 28 2
2 L2 32 26 23 4
3° L3 29 11 7 1
4 L4 26 26 24 -
5 L5 43 1 54 -
6° L6 - 3 15 19
7° L7 - 4 8 24
8¢ L8 - - 34 12

4GC yields vs. dodecane as internal standard. Alkyl chloride completely consumed.
bReaction in NMP as solvent. °Sodium iodide (50 mol%) added. 12 mol% of ligand.
Alkyl chloride remaining.
3.2.2. Evaluation of the Dual Ligand System
We chose 4,4’-dimethoxy-2,2’-bipyridine (dmbpy, L7) as our bidentate ligand as
it resulted in the lowest amount of alkyl chloride conversion. When we used a 1:1 ratio of
ttbtpy and dmbpy we achieved a similar yield as ttbtpy alone, but complete conversion of

both starting materials (Table 3.3, 1). Since the terpyridine ligand appeared to have the

greater influence on the reaction, we looked at varying the concentration of ttbtpy while
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keeping the loading of dmbpy constant. We observed that as the amount of terpyridine is
increased, the yield of product also increased from 25% to 72% yield at 7 mol% ttbtpy
(Table 3.3, 2-4). If dmbpy is omitted from the reaction, the yield drops significantly.
Additionally, when we examined other bidentate ligands in combination with ttbtpy we
observed a range of results (Table 3.4). This data supports the hypothesis that the bipyridine
ligand is playing an active role in catalysis and that both ligands are necessary for high
yields.
Table 3.3. Evaluation of Dual Ligand System.

NiCl,dme (10 mol%)

cl ttbtpy (L1) (x mol%) H Ph
©/ . E>70' dmbpy (L7) (6 mol%) ©/O ©/ ©/
Zn (3 equiv)

(2 equiv) NMP (0.25 M), 80 °C, 24 h
31 3.2 3.3 3.4 3.5

Entry mol% ligand 3.3 (%)? 3.4 (%)? 3.5 (%)?

1 6 mol% 51 4 11
2 3 mol% 25 11 16
3 5 mol% 41 9 13
4 7 mol% 72 18 6
5P 7 mol% 32 29 4
gbe 7 mol% 40 48 5

8GC vyields vs. dodecane as internal standard. Starting materials completely
consumed. °dmbpy omitted from reaction. 7 mol% NiCl.dme used.
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Table 3.4. Effects of Bidentate Ligand

"+ O

31

NiCl,dme (10 mol%)

ttbtpy (L1) (7 mol%) H Ph
bidentate ligand (6 mol%) ©/ ©/
Zn (3 equiv)

(2 equiv) NMP (0.25 M), 80 °C, 24 h
3.2 3.3 3.4 3.5
Entry Ligand 3.3 (%)? 3.4 (%)? 3.5 (%)?

1 L6 58 6 4

2 L7 68 2 3

3 L8 46 19 2

4 2,2’-bipyridine 63 8 6

5 phenanthroline 76 7 1

6 neocuproine 10 27 1

7 bathophenanthroline 58 10 -

8 bathocuproine 18 23 4
8GC vyields vs. dodecane as internal standard. Starting materials completely
consumed.

As the total amount of ligands was in excess compared to nickel, it was unclear as

to how much nickel was ligated by each nickel. Our initial hypothesis was that ttbtpy

ligated nickel stoichiometrically and excess nickel was ligated with dmbpy. In this case,

the extra 3 mol% of dmbpy might be unnecessary. We explored the ligand ratio further,

keeping the total ligand concentration constant and stoichiometric with nickel (Table 3.5).



Table 3.5. Effect of Ligand Ratio.

NiCl,dme (10 mol%)
ttbtpy (L1) (x mol%)

Cl
O/ N E>70' dmbpy (L7) (y mol%
Zn (3 equiv)

(2 equiv) NMP (0.25 M), 80 °C, 24 h

3.1 3.2 3.3 3.4
Entry Ligand ratio (x:y) 3.3 (%)? 3.4 (%)? 3.5 (%)?
1 1:9 15 6 23
2 2:8 25 5 19
3 3:7 27 4 17
4 4:6 39 4 14
5 5:5 46 5 15
6 6:4 52 6 12
7 7:3 67 5 6
8 8:2 86 5 1
9 9:1 85 5 -

3.5

65

_ oY o o

8GC vyields vs. dodecane as internal standard. Starting materials completely

consumed.

As we previously observed, as the amount of terpyridine increases we see a steady

increase in product yield and decrease in aryl dimer. A ligand ratio of 4:1 ttbtpy to dmbpy

appeared to be the optimal ratio for the transformation, with higher concentrations of

terpyridine resulting in lower yields. We also found that a slight increase in the temperature

(80 °C to 100 °C) allowed for less reductant and a smaller excess of alkyl chloride to be

used while keeping the same trend observed before (Figure 3.8). We also examined

electronic effects on the ligand ratio by using aryl chlorides with varying electronic

properties. We found that while electron-rich aryl chlorides follow the same trend as

chlorobenzene (albeit at a lower yield), electron-poor aryl chlorides coupled in higher

yields with increasing terpyridine ligand, the highest yield being in the absence of the

bipyridine ligand (Figure 3.9).
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NiCl,dme (10 mol%)
cl ttbtpy (L1) (x mol%) H Ph
©/ . E>70' dmbpy (L7) (10-x mol%) ©/ ©/
Zn (2 equiv)

(1.4 equiv)  NMP (0.25 M), 100 °C, 24 h
3.1 3.2 3.3 3.4 3.5

Product Distribution vs. Ligand Ratio

60

Yield (%)

0 1 2 3 4 5 6 7 8 9 10
Tridentate ligand (x mol%)

e s o

Figure 3.8. Effect of ligand ratio on product selectivity.
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NiCl,dme (10 mol%)
cl ttbtpy (L1) (x mol%)
/@/ . O*CI dmbpy (L7) (10-x mol%)
R Zn (2 equiv) R

(1.4 equiv)  NMP (0.25 M), 100 °C, 24 h
3.2

Electronic Effects on Selectivity

Yield (%)
= RO s U Oy~ 00 D
o O O O O O o O O

o

0 1 2 3 4 5 6 7 8 9 10

Tridentate ligand (x mol%)
Cyp Cyp Cyp
~ " - O O
MeO Fs;C

Figure 3.9. Effect of aryl electronics on product selectivity.

3

3.2.3. Investigation of Dimethoxyethane and Diglyme Nickel Precatalysts

While investigating the effect of the ligand ratios on the reaction, we became
curious about the supporting ligand on the precatalyst, as this can play a role in the initial
ligation of the ligand. We reinvestigated the ligand ratio with a new set of substrates
(chosen for facile separation) and NiClzdiglyme as the nickel precatalyst (Table 3.6). We
observed, once again, that the product yield increases with increasing terpyridine
concentration (Figure 3.10). However, high yields were obtained in the absence of the
bipyridine ligand (Table 3.6, 11). We decided to take these new conditions forward to

evaluate the substrate scope.
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Table 3.6. Effect of Ligand Ratio with NiCl.diglyme
NiCl,diglyme (10 mol%)
cl ttbtpy (L1) (x mol%) Ar
" o it Q O
MeO (1.4 equiy) NMP (0.25M),80°C,24h o0
3.6 3.7

Entry Ligand ratio (x:y) 3.6 (%)? 3.8 (%)? 3.9 (%)?*  3.10 (%)?

1 0:10 0 5 16 84
2 1:9 17 15 16 58
3 2:8 19 31 16 44
4 3:7 28 41 14 30
5 4:6 23 55 10 25
6 5:5 31 59 10 13
7 6:4 18 75 11 12
8 7:3 21 77 10 6
9 8:2 8 83 12 6
10 9:1 0 87 13 11
11 10:0 0 82 11 16

4GC yields vs. trimethoxybenzene as internal standard.

Product Distribution vs. Ligand Ratio

100
90
80
70
60
50
40
30
20
10

Yield (%)

0 1 2 3 4 5 6 7 8 9 10
Tridentate ligand (x mol%)

y : ®
— = /©/ —=
MeO

MeO MeO

Figure 3.10. Effect of ligand ratio on product selectivity with NiClodiglyme.
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3.2.4. Preliminary Substrate Scope

Table 3.7. Substrate Scope

NiClodiglyme (10 mol%)
ttbtpy (L1) (10 mol%)
Zn (2 equiv)

NMP (0.25 M), 80 °C, 24 h

(2 equiv)
(0] O (o) (0]
MeO
MeO FsC MeO,C
3.11, 86%>2 3.12, 68%2 3.13, 72% 3.14, 58% 3.15, 50%
D/O /@/O B In/@/@ Meo/@/@ )
P CO,Me </o
3.16, 58%? 3.17, 72%? 3.18,70%°2 3.19, 59%2 3.20, 90%
92% 77%
o o
o)
O Meo
99 ®
~
[ cl F4CO MeO” >N
3.21, 41% 3.22, 73% 3.23,57% 3.24, 75% 3.25, 70%

9:1 selectivity

Reactions were performed on 0.5 mmol scale. Yields are of isolated products. 21.4
equivalents of alkyl chloride used.

A variety of aryl chlorides were successfully coupled under these conditions.
Electron-rich and electron-poor aryls are well tolerated (Table 3.7, 3.12-17). In a few cases,
an improvement in yield was seen when 2.0 equivalents of the alkyl coupling partner was
used (3.18-19). An aryl chloride with a boronic ester coupled in 92% yield, allowing for
further functionalization through palladium catalysis. 4-Chlorobenzaldehyde decomposed
under the reaction conditions, but protection as the ethylene glycol acetal furnished the
coupled product 3.20 in high yield. The reaction is sensitive to steric hindrance at the

C(sp?)-Cl bond, but leveraging that sensitivity allowed for 3.23 to be produced in good
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selectivity. Finally, 2-methoxy-5-chloropyridine was able to be coupled in high yield
(3.25).

3.2.5. Unsuccessful Substrates

cl cl
cl
©C| Lj WKC( /© \/@CI
I = N
o) 0 Z
3.26 3.27 3.28 3.29 3.30
cl cl )C\' N cl
NS
BocHN NC S N
3.34

3.31 3.32 3.33
Figure 3.11. Problematic coupling partners.

As discussed in the previous section, sterically hindered aryl chlorides did not
perform well in the reaction. Additionally, aldehydes and ketones resulted in complex
mixtures of unidentified products. Substrates with unsaturated C-C bonds, such as 3.29 and
3.30, also underwent unproductive side reactions, even when 3.29 was protected with a
silyl group. Protected amines also proved problematic, perhaps due to the increased acidity
of the N-H bond. Substrates with coordinating groups (3.32-3.34) are challenging due to
possible deactivation of the catalyst by the substrate. This hypothesis was tested by adding
benzonitrile, similar to 3.32, to the optimized reaction. We observed that the nitrile has a
negative effect on the reaction, leading to significant amounts of unreacted aryl chloride,
consistent with our hypothesis (Table 3.8). We plan to investigate if this effect is general

amongst some of the unsuccessful substrates tested.
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Table 3.8. Effect of PACN on Reaction Selectivity.
NiCl,diglyme (10 mol%) O
C>7 ttbtpy (L1) (10 mol%) H Ar
+0
Zn (2 equiv) . MeO MeO
(20equy) MP(0.25M),80°C,24h
3.6 3.7 3.8 3.9 3.10

Entry  Added PhCN (equiv) 3.6 (%)? 3.8 (%)? 3.9 (%)?*  3.10 (%)?
1 0 equiv 4 81 15 6
2 1 equiv 85 8 16 0
4GC vyields vs. trimethoxybenzene as internal standard.

3.3. Conclusion and Future Work

We have established reaction conditions for the coupling of aryl chlorides with
unactivated secondary alkyl chlorides. The significant selectivity differences between
bipyridine and terpyridine ligands were investigated, and a synergistic effect of both ligand
types was observed. The method allows for the coupling of a variety of aryl chlorides in
high yields and provides the opportunity for subsequent functionalization. We plan to
further investigate the scope of the reaction by evaluating various secondary alkyl chlorides
as coupling partners (Figure 3.12). While the synergy between ligands was not necessary
for the aryl scope, we hypothesize that it will play a major role for the alkyl scope.
Seoyoung Kim and Dr. Matthew Goldfogel have developed conditions for the coupling of
aryl chlorides with primary alkyl chlorides; however, secondary alkyl chlorides couple in
low yield. This method offers complimentary reactivity as it is able to couple secondary
alkyl chlorides in high yield. Alkyl chlorides can also remain unreacted under previous
cross-electrophile coupling conditions, and we plan to exploit this by performing

subsequent couplings on alkyl and aryl dihalides (Figure 3.13).
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Cbz

N/ /C<COzMe /O /O,BOC
CI/D cl N cl cl

~Boc

Cl Cl Cl Cl CI/W<

Figure 3.12. Potential alkyl chloride scope.

X
Br cl
F 0}
MeOQC

(1 equiv) R Boc
B bpyNil, (2.5 mol%) (1 equiv) N
20C  Nal (50 mol%) Boc  NiCl,diglyme (10 mol%) O
SNZ _TMS-CI (20 mol%) _ N_  ttbtpy (L1) (10 mol%) _
Mn (2 equiv) Zn (2 equiv) —
| o) DMPU, rt., 16 h _ o NMP, 80 °C, 24 h O

CO,Me

Figure 3.13. Difunctionalization via successive nickel-catalyzed cross-electrophile
couplings.

Based on the results presented in this chapter, it is unlikely that the coupling of aryl
and alkyl chlorides is proceeding via our previously posited reaction mechanism (Figure
3.6). It appears that activation of the alkyl chloride via oxidative addition is faster than

reaction with the aryl chloride when a terpyridine is used as the ligand (Table 3.9).
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Table 3.9. Catalyst Selectivity.

NiCl,dme (10 mol%)

_cl ttbtpy (L1) (10 mol%) R+ _H
R™ Zn(3equiv), NMP, 80°C R R
Entry R= Conversion at  Conversion at
3 h (%)? 24 h (%)?
1 Ph 11 96
2 Cyclopentyl 100 100
3 2-heptyl 77 100
4 Cyclohexyl 23 91

/% Conversion by GC.

We plan to confirm this with a stoichiometric nickel complex with an excess of 3.6
and 3.7. We will also conduct this experiment with a mixture of cyclopentyl chloride (3.2)
and 3.7 (Figure 3.14, A). Once confirmed, we will investigate the reactivity of analogous
Ni-alkyl complexes with aryl and alkyl chlorides (Figure 3.14, B). Vicic has shown that
the (tpy)Ni(I)-Me complex 3.36 can react with alkyl iodides via oxidative addition.®® We
hypothesize that we are making a similar intermediate that can undergo oxidative addition
into the aryl chloride and plan to directly test this hypothesis. Finally, based on the results
in Table 3.2, we hypothesize that the role of the second ligand is to facilitate oxidative
addition of the aryl chloride, and that product is formed through a transmetallation between
a Ni-aryl and a Ni-alkyl species. We plan to synthesize both intermediates to investigate

whether transmetallation is feasible under the reaction conditions (Figure 3.14, C).
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(2-10 equiv each)
3.6 3.7

A)
cl Ni(COD), (1 equiv) (0] H

ttbtpy (L1) (1 equiv)
+0 Cl S o
NMP (0.25 M), 80 °C, 24 h D

MeO MeO MeO
e

3.8 3.9 3.35

B.)
72\
» N =N
. Me 11 \ 3.6 (1-5 equiv) =\ Me
[ N ——— N—Ni—Me - \ N—Ni—CI +
' “Me THF / NMP, 80 °C Y, / MeO
I N JN
N 3.37
C) 3.36 3.36

N
> /@/

N NMP, 80 °C

3.38

3.36

Figure 3.14. Proposed mechanistic experiments.

3.4. Experimental
3.4.1. Materials

NiCl.diglyme was prepared according to literature procedure.’! 4,4’-dimethoxy-
2,2’-bypyridine (dmbpy), 4,4’,4”-tri-tert-butyl-2,2°,6’,2”-terpyridine (ttbtpy), and zinc
flake (-325 mesh) were purchased from commercial suppliers and used as received.

The following substrates were synthesized according to a literature procedure: 2-
chloro-2,3-dihydro-1H-indene, tert-butyl 4-chloropiperidine-1-carboxylate, tert-butyl 3-
chloroazetidine-1-carboxylate, benzyl 3-chloropyrrolidine-1-carboxylate, benzyl 4-

chloropiperidine-1-carboxylate,  3-chlorooxetane, = 3-chlorotetrahydrofuran,  ((2-



75

chlorocyclohexyl)oxy)(methyl)diphenylsilane, 1-(tert-butyl) 2-methyl 3-
chloropyrrolidine-1,2-dicarboxylate, ethyl 3-chlorobutanoate, (2-chloropropoxy)benzene,
tert-butyl(3-chlorobutoxy)dimethylsilane, and 3-chlorobutyl benzoate.

4-chlorotetrahydropyran was purchased from Millipore-Sigma or TCI and used as
received. 4-chlorotetrahydropyran purchased from Combi-Blocks led to inconsistent
results.

4-chlorobenzonitrile,  3-chloroanisole,  1-chloronaphthalene,  4-chloro-(N-
Boc)aniline, cyclobutyl chloride, chlorocyclopentane, (-)-menthyl chloride, 1-
chloroadamantane, and 4-chlorobenzeneboronic acid pinacol ester were purchased from
Millipore-Sigma and used as received.

Methyl  4-chlorobenzoate, = methyl  5-chloro-2-methoxybenzoate,  4’-
chloroacetophenone, 5-chloro-1,3-benzodioxole, chlorobenzene, diethyl 4-
chlorobenzylphosphonate, 4-chlorophenol, and 4-chlorobenzotrifluoride, 1-chloro-2-
methylbenzene, chlorocyclohexane, and cholesteryl chloride were purchased from Alfa
Aesar and used as received.

2-chloronaphthalene, 1-chloro-4-(1,1-dimethylethyl)benzene, and 3-chloro-5-
fluoroanisole were purchased from Combi-Blocks and used as received.

4-chloroanisole was purchased from Oakwood Chemicals and used as received.

1-chloro-4-fluorobenzene and 2-chlorocyclohexanol were purchased from Acros
and used as received.

NMP (1-methyl-2-pyrrolidinone, anhydrous) was purchased from Millipore Sigma
and used as received. All other dry solvents were prepared from ACS grade, inhibitor free

solvents by passage through activated alumina and molecular sieves in an Inert
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Technologies solvent purification system. Water content was routinely measured using
Karl-Fisher titration (Metrohm) and was less than 50 ppm in all cases.

3.4.2. General Methods
NMR Spectroscopy.

'H and 3C NMR spectra were acquired on 400 and 500 MHz Bruker NMR
instrument. NMR chemical shifts are reported in ppm and referenced to tetramethylsilane
at 0.00 ppm (*H) and 0.00 ppm (**C) or the residual solvent peaks for CDCl3 at 7.26 ppm
(*H) and 77.16 ppm (**C). Coupling constants (J) are reported in Hertz.

Gas Chromatography.

Instrument. GC analyses were performed on an Agilent 7890A GC equipped with
dual DB-5 columns (20 m x 180 um x 0.18 pum), dual FID detectors, and using hydrogen
as the carrier gas.

Sample preparation. A 50 uL aliquot was removed from the reaction mixture using

a gas-tight syringe and quenched with 1.5 mL each of water and diethyl ether, and the
resulting mixture was then passed through a 1-inch pipette column of silica. The filtrate is
used for GC and GC-MS analysis.

Analysis Method. 1 pL inj. of sample, inj. temp of 300 °C, 100:1 split ratio, initial

inlet pressure was 20.3 psi but varied as the column flow was held constant at 1.8 mL/min
for the duration of the run. Initial oven temperature of 50 °C was held for 0.46 min followed
by a temperature ramp up to 300 °C at 65 °C/min and finally the temperature was held at

300 °C for 0.69 min. Total run time was ~ 5 min. FID temperature was 325 °C.
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High Resolution Mass Spectrometry (HRMS) Analysis

Mass spectrometry data was collected on a Thermo Q Exactive Plus
(thermofisher.com) via flow injection with electrospray ionization or via ASAP-MS (asap-
ms.com) by the chemistry mass spectrometry facility at the University of Wisconsin —
Madison. The purchase of the Thermo Q Exactive Plus in 2015 was funded by NIH Award
1S10 OD020022 to the Department of Chemistry.
Chromatography

Chromatography was performed on a Biotage Isolera One (detection at 200-400
nm). Products were visualized by UV or analyzed by GC.

3.4.3. General Reaction Procedures

General procedure for Nickel-catalyzed cross-coupling reactions

Preparation of nickel solution: In a nitrogen-filled glovebox, to an oven-dried 20
mL scintillation vial containing a teflon-coated stir-bar was added NiClxdiglyme (247 mg,
0.95 mmol), ttbtpy (380 mg, 0.95 mmol), and NMP (19 mL). The resulting solution was
used for the catalytic reactions described. The solution was tested against in-situ formed
precatalyst and no differences in yield or selectivity were observed. The solution is stable
for >3 months in the glovebox. NOTE: After initial dissolution, the dark green
homogeneous solution turns into an opaque light green slurry. Stirring the slurry prior to
use is necessary for the correct stoichiometry of catalyst(s).

General procedure: In a nitrogen-filled glovebox, to an oven-dried 1-dram vial
containing a teflon-coated stir-bar was sequentially added: Zn° flake (65 mg, 1.00 mmol,
2 equiv), NMP (1 mL), nickel/ligand solution (1 mL, 0.05 mmol Ni and 0.05 mmol ttbtpy),

1,3,5-trimethoxybenzene (if used, 10 pL of a 0.44 M solution as internal GC standard),
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aryl chloride (0.50 mmol, 1 equiv), and alkyl chloride (1.0 mmol, 2 equiv). The reaction
vials were capped with a PTFE-faced silicone septum cap, removed from the glove box,
and stirred on the benchtop (1200 rpm) at 80 °C.
GC analysis

After 24 h reaction time, 50 pL aliquots of the reaction mixture were removed with
a 250 pL gas-tight syringe and quenched with water (1.5 mL), extracted with ethyl ether
(1.5 mL), and filtered through a short silica pad (1.5 cm) in a pipette packed with glass
wool. The filtrate was analyzed by gas chromatography and percent yield was calculated
vs. the internal standard (dodecane or 1,3,5-trimethoxybenzene) if applicable.
Isolation and purification

After 24 h reaction time, the reaction mixture was filtered through a pad of silica
gel which was subsequently rinsed with diethyl ether or dichloromethane (15 ml). After
filtration, volatile materials were removed on a rotary evaporator. The crude material was
purified by flash chromatography to afford the pure product.

3.4.4. Product Characterization

4-phenyltetrahydro-2H-pyran (3.11) General procedure was followed

with chlorobenzene (56 mg, 0.5 mmol, 1.0 equiv) and 4-chlorotetrahydro-2H-pyran (84
mg, 0.7 mmol, 1.4 equiv) at 80 °C for 24 hours. The product was isolated by flash column
chromatography (hexane/acetone gradient) as a white crystalline solid in 86% yield (69.8
mg).

'H-NMR (500 MHz, Chloroform-d) ¢ 7.32 (td, J=7.2, 1.4 Hz, 2H), 7.25 — 7.19 (m, 3H),
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4.09 (ddt, J=11.6, 4.4, 1.1 Hz, 2H), 3.54 (td, J= 11.6, 2.5 Hz, 2H), 2.76 (tt, J=11.8, 4.2
Hz, 1H), 1.89 — 1.73 (m, 4H).

BC-NMR (126 MHz, CDCl3) 6 145.87, 128.52, 126.75, 126.32, 68.43, 41.59, 33.95.
HRMS (ESI): m/z calculated for [M+H]* 163.1117, found 163.1117

Spectroscopic data matches with previously reported data.>

O

MeO 4-(4-methoxyphenyl)tetrahydro-2H-pyran (3.12) General

procedure was followed with 4-chloroanisole (71 mg, 0.5 mmol, 1.0 equiv) and 4-
chlorotetrahydro-2H-pyran (84 mg, 0.7 mmol, 1.4 equiv) at 80 °C for 24 hours. The product
was isolated by flash column chromatography (hexane/ethyl acetate gradient) as a white
crystalline solid in 68% vyield (65.2 mg).

'H-NMR (500 MHz, Chloroform-d) 6 7.15 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H),
4.11 —4.02 (m, 2H), 3.79 (s, 3H), 3.52 (td, J = 11.4, 3.3 Hz, 2H), 2.70 (tt, J= 11.2, 4.6 Hz,
1H), 1.85 — 1.70 (m, 4H).

I3C-NMR (126 MHz, CDCl3) 6 158.03, 138.12, 127.60, 113.88, 68.47, 55.28,40.71, 34.22.
HRMS (ESI): m/z calculated for [M+H]* 193.1223, found 193.1223

Spectroscopic data matches with previously reported data.>

(@)
MeO

4-(3-methoxyphenyl)tetrahydro-2H-pyran (3.13) General

procedure was followed with 3-chloroanisole (71 mg, 0.5 mmol, 1.0 equiv) and 4-

chlorotetrahydro-2H-pyran (120 mg, 1.0 mmol, 2.0 equiv) at 80 °C for 24 hours. The
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product was isolated by flash column chromatography (hexane/ethyl acetate gradient) as a
white crystalline solid in 72% yield (71.1 mg).

'H-NMR (500 MHz, Chloroform-d) 6 7.28 — 7.20 (m, 1H), 6.83 (ddt, /= 7.6, 1.5, 0.7 Hz,
1H), 6.80 — 6.73 (m, 2H), 4.12 — 4.04 (m, 2H), 3.81 (s, 3H), 3.52 (td, J= 11.5, 2.6 Hz, 2H),
2.73 (tt, J=11.6, 4.3 Hz, 1H), 1.88 — 1.72 (m, 4H).

I3C-NMR (126 MHz, CDCl3) & 159.73, 147.60, 129.49, 119.15, 112.81, 111.28, 68.40,
55.17,41.64, 33.90.

HRMS (ESI): m/z calculated for [M+H]* 193.1223, found 193.1223

Spectroscopic data matches with previously reported data.>

@)
@)

<

O 5-(tetrahydro-2H-pyran-4-yl)benzo[d][1,3]dioxole (3.16)

General procedure was followed with 5-chloro-1,3-benzodioxole (78 mg, 0.5 mmol, 1.0
equiv) and 4-chlorotetrahydro-2H-pyran (84 mg, 0.7 mmol, 1.4 equiv) at 80 °C for 24
hours. The product was isolated by flash column chromatography (hexane/ethyl acetate
gradient) as a white crystalline solid in 58% vyield (59.4 mg).

'H-NMR (500 MHz, Chloroform-d) § 6.76 (d, J = 7.9 Hz, 1H), 6.73 (d, J = 1.8 Hz, 1H),
6.67 (dd, J=7.9, 1.7 Hz, 1H), 5.93 (s, 2H), 4.13 — 4.00 (m, 2H), 3.57 — 3.43 (m, 2H), 2.67
(td, J=10.7, 4.8 Hz, 1H), 1.84 — 1.68 (m, 4H).

BC-NMR (126 MHz, CDCls) ¢ 147.67, 145.85, 140.03, 119.51, 108.24, 107.23, 100.86,
68.39, 41.37, 34.26.

HRMS (ESI): m/z calculated for [M+H]* 207.1016, found 207.1014

Spectroscopic data matches with previously reported data.>*
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F3C

4-(4-(trifluoromethyl)phenyl)tetrahydro-2H-pyran  (3.14)
General procedure was followed with 4-chlorobenzotrifluoride (90 mg, 0.5 mmol, 1.0
equiv) and 4-chlorotetrahydro-2H-pyran (120 mg, 1.0 mmol, 2.0 equiv) at 80 °C for 24
hours. The product was isolated by flash column chromatography (hexane/ethyl acetate
gradient) as a white crystalline solid in 58% vyield (66.8 mg).

'H-NMR (500 MHz, Chloroform-d) & 7.57 (d, J = 8.1 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H),
4.14 — 4.05 (m, 2H), 3.54 (td, J = 11.6, 2.6 Hz, 2H), 2.82 (ddt, J= 11.6, 8.5, 4.1 Hz, 1H),
1.89 — 1.73 (m, 4H).

BC-NMR (126 MHz, Chloroform-d) 6 149.76 (d, Jcr = 1.6 Hz), 128.66 (q, Jc r = 32.4 Hz),
125.48 (q, Jor = 3.8 Hz), 124.25 (q, Jer = 271.8 Hz), 68.20, 41.51, 33.65.

19F-NMR (377 MHz, CDCl3) & -62.37.

HRMS (ESI): m/z calculated for [M+H]* 231.0991, found 231.0989

Spectroscopic data matches with previously reported data.>

O

MeO
CO,Me

Methyl 2-methoxy-5-(tetrahydro-2H-pyran-4-yl)benzoate

(3.19) General procedure was followed with methyl 5-chloro-2-methoxybenzoate (100 mg,
0.5 mmol, 1.0 equiv) and 4-chlorotetrahydro-2H-pyran (120 mg, 1.0 mmol, 2.0 equiv) at
80 °C for 24 hours. The product was isolated by flash column chromatography
(hexane/ethyl acetate gradient) as a colorless oil in 77% yield (96.7 mg).

"H-NMR (500 MHz, Chloroform-d) 8 7.66 (d, J = 2.4 Hz, 1H), 7.33 (dd, J = 8.6, 2.5 Hz,
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1H), 6.94 (d, J = 8.6 Hz, 1H), 4.11 — 4.04 (m, 2H), 3.89 (d, J= 2.7 Hz, 6H), 3.52 (td, J =
11.3, 3.0 Hz, 2H), 2.73 (td, J= 11.0, 4.8 Hz, 1H), 1.85 — 1.70 (m, 4H).

C-NMR (126 MHz, CDCls) § 166.80, 157.62, 137.62, 131.61, 129.93, 119.86, 112.24,
68.32, 56.15, 52.07, 40.48, 33.97.

HRMS (ESI): m/z calculated for [M+H]* 251.1278, found 251.1275

F 4-(4-fluorophenyl)tetrahydro-2H-pyran (3.17) General procedure
was followed with 4-fluorochlorobenzene (65 mg, 0.5 mmol, 1.0 equiv) and 4-
chlorotetrahydro-2H-pyran (84 mg, 0.7 mmol, 1.4 equiv) at 80 °C for 24 hours. The product
was isolated by flash column chromatography (hexane/ethyl acetate gradient) as a pale oil
in 72% yield (65.1 mg).

"H-NMR (400 MHz, Chloroform-d) & 7.22 — 7.13 (m, 2H), 7.04 — 6.95 (m, 2H), 4.13 —
4.03 (m, 2H), 3.52 (td, J = 11.3, 3.6 Hz, 2H), 2.74 (tt, J = 10.8, 5.3 Hz, 1H), 1.86 — 1.69
(m, 4H).

13C-NMR (101 MHz, Chloroform-d) & 161.39 (d, Jer = 244.0 Hz), 141.53, 128.06 (d, Jcr
=7.8 Hz), 115.23 (d, Jcr =21.0 Hz), 68.35, 40.87, 34.12.

F-NMR (377 MHz, CDCls3) 6 -117.06.

HRMS (ESI): m/z calculated for [M+H]* 181.1023, found 181.1023

Spectroscopic data matches with previously reported data.>
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MeO,C Methyl  4-(tetrahydro-2H-pyran-4-yl)benzoate (3.15)

General procedure was followed with methyl 4-chlorobenzoate (85 mg, 0.5 mmol, 1.0
equiv) and 4-chlorotetrahydro-2H-pyran (120 mg, 1.0 mmol, 2.0 equiv) at 80 °C for 24
hours. The product was isolated by flash column chromatography (hexane/ethyl acetate
gradient) as a white crystalline solid in 50% vyield (54.6 mg).

'H-NMR (500 MHz, Chloroform-d) & 7.99 (d, J = 8.3 Hz, 2H), 7.29 (d, J = 8.4 Hz, 2H),
4.15-4.01 (m, 2H), 3.91 (s, 3H), 3.54 (td,J=11.6, 2.5 Hz, 2H), 2.82 (tt, J=11.7, 4.2 Hz,
1H), 1.93 — 1.71 (m, 4H).

BC-NMR (101 MHz, CDCls): 6 173.87, 131.27, 128.53, 60.33, 33.92, 31.91, 29.82, 29.13,
27.37,26.69, 25.08, 22.79, 14.39, 14.23.

HRMS (ESI): m/z calculated for [M+H]* 221.1172, found 221.1172

Spectroscopic data matches with previously reported data.>

@)

l ! 4-(naphthalen-2-yDtetrahydro-2H-pyran  (3.21)  General

procedure was followed with 2-chloronapthalene (81 mg, 0.5 mmol, 1.0 equiv) and 4-

chlorotetrahydro-2H-pyran (120 mg, 1.0 mmol, 2.0 equiv) at 80 °C for 24 hours. The
product was isolated by flash column chromatography (hexane/ethyl acetate gradient) as a
white crystalline solid in 41% yield (43.3 mg).

'H-NMR (500 MHz, Chloroform-d) & 7.81 (d, J = 8.4 Hz, 3H), 7.65 (d, J = 1.7 Hz, 1H),

7.50 —7.40 (m, 2H), 7.38 (dd, J= 8.5, 1.8 Hz, 1H), 4.21 — 4.06 (m, 2H), 3.59 (td, J=11.7,
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2.3 Hz, 2H), 2.93 (tt, J = 11.8, 4.0 Hz, 1H), 2.01 — 1.80 (m, 4H).

BC-NMR (126 MHz, CDCl3) & 167.02, 151.08, 129.91, 128.30, 126.80, 68.23, 52.04,
41.68, 33.60.

HRMS (ESI): m/z calculated for [M+H]* 213.1274, found 213.1272

Spectroscopic data matches with previously reported data.>

)

O\

B
O
4,4,5 5-tetramethyl-2-(4-(tetrahydro-2H-pyran-4-

yDphenyl)-1,3,2-dioxaborolane (3.18) General procedure was followed with 4-

chlorophenyl boronic acid pinacol ester (119 mg, 0.5 mmol, 1.0 equiv) and 4-
chlorotetrahydro-2H-pyran (120 mg, 1.0 mmol, 2.0 equiv) at 80 °C for 24 hours. The
product was isolated by flash column chromatography (hexane/ethyl acetate gradient) as a
white crystalline solid in 92% yield (132.9 mg).

'"H-NMR (500 MHz, Chloroform-d) 6 7.77 (d, J = 8.0 Hz, 2H), 7.24 (d, J = 8.0 Hz, 2H),
4.18 —4.00 (m, 2H), 3.53 (td, J = 11.7, 2.3 Hz, 2H), 2.77 (tt, J= 11.9, 4.1 Hz, 1H), 1.97 —
1.66 (m, 4H), 1.34 (s, 12H).

BC-NMR (126 MHz, CDCI3) ¢ 149.14, 135.10, 126.23, 83.70, 68.37, 41.80, 33.74, 24.86.

HRMS (ESI): m/z calculated for [M+NH4]* 306.2235, found 306.2232

@)

OMe 4-(3-fluoro-5-methoxyphenyl)tetrahydro-2H-pyran  (3.22)

General procedure was followed with 3-chloro-5-fluoroanisole (80 mg, 0.5 mmol, 1.0



85

equiv) and 4-chlorotetrahydro-2H-pyran (120 mg, 1.0 mmol, 2.0 equiv) at 80 °C for 24
hours. The product was isolated by flash column chromatography (hexane/ethyl acetate
gradient) as a colorless oil in 73% yield (77 mg).

'H-NMR (500 MHz, Chloroform-d) § 6.58 — 6.50 (m, 2H), 6.47 (dt, J= 10.6, 2.3 Hz, 1H),
4.11 —4.03 (m, 2H), 3.79 (s, 3H), 3.55 — 3.46 (m, 2H), 2.71 (td, J= 10.4, 5.3 Hz, 1H), 1.83
—1.72 (m, 4H).

13C-NMR (126 MHz, Chloroform-d) & 163.74 (d, J = 244.4 Hz), 160.91 (d, J = 11.4 Hz),
149.00 (d, J = 8.8 Hz), 108.63 (d, J = 2.5 Hz), 105.89 (d, J=21.6 Hz), 99.14 (d, J=25.2
Hz), 68.22, 55.47,41.58 (d, J= 2.1 Hz), 33.68.

19F-NMR (377 MHz, CDCl3) § -111.88.

HRMS (ESI): m/z calculated for [M+H]* 211.1129, found 211.1128

O

F3CO 4-(4-(trifluoromethoxy)phenyl)tetrahydro-2H-pyran (3.24)

General procedure was followed with 1-chloro-4-(trifluoromethoxy)benzene (98 mg, 0.5
mmol, 1.0 equiv) and 4-chlorotetrahydro-2H-pyran (120 mg, 1.0 mmol, 2.0 equiv) at 80
°C for 24 hours. The product was isolated by flash column chromatography (hexane/ethyl
acetate gradient) as a pale oil in 75% yield (92 mg).

'H-NMR (500 MHz, Chloroform-d) § 7.27 — 7.20 (m, 2H), 7.20 — 7.12 (m, 2H), 4.14 —
4.02 (m, 2H), 3.53 (td, J = 11.4, 3.1 Hz, 2H), 2.77 (td, J = 11.0, 4.8 Hz, 1H), 1.87 — 1.70
(m, 4H).

13C-NMR (126 MHz, Chloroform-d) & 147.60 (q, J = 1.9 Hz), 144.52, 127.97, 121.07,

120.50 (q, J =256.7 Hz), 68.27, 40.99, 33.91.
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19F-NMR (377 MHz, CDCls) § -57.92.

HRMS (ESI): m/z calculated for [M+H]* 247.0940, found 247.0939

)

Cl

Me 4-(4-chloro-3-methylphenyl)tetrahydro-2H-pyran (3.23)

General procedure was followed with 2,5-dichlorotoluene (80 mg, 0.5 mmol, 1.0 equiv)
and 4-chlorotetrahydro-2H-pyran (120 mg, 1.0 mmol, 2.0 equiv) at 80 °C for 24 hours. The
product was isolated by flash column chromatography (hexane/ethyl acetate gradient) as
colorless oil in 57% yield (59.8 mg) as a 9:1 mixture of regioisomers.

'"H-NMR (500 MHz, Chloroform-d) 6 7.27 (d, J= 8.2 Hz, 1H), 7.08 (d, J = 2.2 Hz, 1H),
6.98 (dd, J=8.2, 2.3 Hz, 1H), 4.12 —4.03 (m, 2H), 3.51 (td, J=11.5, 2.8 Hz, 2H), 2.69 (tt,
J=11.4, 4.5 Hz, 1H), 2.36 (s, 3H), 1.84 — 1.68 (m, 4H).

BC-NMR (126 MHz, CDCIl3) o 144.40, 135.95, 132.08, 129.41, 129.05, 125.42, 68.32,
41.00, 33.91, 20.15.

HRMS (ESI): m/z calculated for [M+H]* 211.0884, found 211.0883

@)

0

</O 4-(4-(1,3-dioxolan-2-yl)phenyl)tetrahydro-2H-pyran (3.20)
General procedure was followed with 2-(4-chlorophenyl)-1,3-dioxolane (92 mg, 0.5 mmol,
1.0 equiv) and 4-chlorotetrahydro-2H-pyran (120 mg, 1.0 mmol, 2.0 equiv) at 80 °C for 24
hours. The product was isolated by flash column chromatography (hexane/ethyl acetate

gradient) as a white crystalline solid in 90% yield (105.7 mg).
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"H-NMR (500 MHz, Chloroform-d) & 7.43 (d, J = 8.1 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H),
5.80 (s, 1H), 4.22 — 3.94 (m, 6H), 3.53 (td, J= 11.6, 2.4 Hz, 2H), 2.77 (tt, J=11.8, 4.1 Hz,
1H), 1.90 — 1.68 (m, 4H).

3C-NMR (126 MHz, CDCLs) & 146.98, 135.91, 126.82, 126.63, 103.67, 68.37, 65.34,
41.44,33.88.

HRMS (ESI): m/z calculated for [M+H]* 235.1329, found 235.1327

O

N

—

MeO™ N 2-methoxy-5-(tetrahydro-2H-pyran-4-yl)pyridine ~ (3.25)

General procedure was followed with 2-methoxy-5-chloropyridine (72 mg, 0.5 mmol, 1.0
equiv) and 4-chlorotetrahydro-2H-pyran (120 mg, 1.0 mmol, 2.0 equiv) at 80 °C for 24
hours. The product was isolated by flash column chromatography (hexane/ethyl acetate
gradient) as a colorless oil in 70% yield (67.5 mg).

'"H-NMR (500 MHz, Chloroform-d) 6 8.02 (d, J=2.5 Hz, 1H), 7.45 (dd, J = 8.5, 2.4 Hz,
1H), 6.71 (d, J = 8.5 Hz, 1H), 4.13 — 4.03 (m, 2H), 3.92 (s, 3H), 3.52 (td, /= 11.5, 2.8 Hz,
2H), 2.72 (tt, J= 11.3, 4.6 Hz, 1H), 1.84 — 1.66 (m, 4H).

BC-NMR (126 MHz, CDCIl3) & 162.96, 144.86, 137.15, 133.73, 110.70, 68.25, 53.36,
38.28, 33.85.

HRMS (ESI): m/z calculated for [M+H]* 194.1176, found 194.1176.

3.4.5. NMR Spectra



SL°T A
ST
9/°T 1
9/°T 1
L7
L2771
8411
8T 1
8/°T 1
64T
64T
64T |
08°T q
18T
Z8'T A
78T
€87 X
+8'T 7
b8
S8'T
S8'T
98'T 1
/811
€T

Yara

Yars

Yard

8/'C

15°€

15°€

€5°g

bSE

95°€ |
95°¢

£0'%
L0Y
L0t
80t 1
80'F
80t |
moi
60t

0Tt 1
0T'b 1
0T'p -
0z'L

0z'L

1T

TTL
L
L
L
L
£z
€T
YT L]
v/
0g'L
1€/
Hmi
zeL

z€L
€€/ 1
bEL
pes

o

—-=aT

Foov

Feoe

E06'C
Bv6'1

9.0 85 8.0 7.5 7.0 6.5 6.0 5.5 50 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 05 0.0 -05
f1 (ppm)

9.5

).0

88



N NN N
[*0) n~Nm ™ (o)} n
7o) BRG] < n o
< N NN o] — ™M
— — = O < ™M
e [
|
|
| |
|
rr~r1r 1. ~r1 1. 1. ~r1r. 1~ 15 1~ 1 1~ ~1. 1 ~1r 1 1 1 " 1~ 1.+ 1+ 1" 1 " 1 " 1 * T * T " T °* 1
250 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10 -20 -3(
f1 (ppm)

68



L
€L T
€T
YL
vl
SLTH
SLTH
SL'T
9T 1
9/'T T
9/'T 7
LL7T A
8T 1
8T
64T
64T
08'T /ﬁ
08’17
89'C

69°C

0L

1L°C

1L°¢

e

6v'E
0s°E
0S°€E
15°€
zs'e
Zs°€
bSe
bS'E |
6L'€

S0'b
50t
90'v
90"
90 1
L0
woi
80'p

80't |
60°t |
60'% -

\

1

S8'9~
/89~
PT L~
s’

B

MeO

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

9.0

9.5

90



MeO

158.03

—138.12

— 127.60

113.88

68.47

55.28

—40.71
— 34.22

250 240 230 220 210 200

190

180

170

160

150

140

130

120

T
110
f1 (ppm)

100

90

-10

-20

-3(

16



O
o
<
N\
o

S.'9
529
94794
9,9
7D
L9
7y
8/'9
8,9
8.'9
28'9
789
28'9 1
2891
z8'9 1
€89 |

mm.m#

L
YTl
ST/
9¢’L-

MeO

Ferv

6'T
0°T

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

9.0

9.5

).0

92



[\l o )] n —
~N O < ~ 0 N o N < o
a N g o N = e 2
n < [a\] ™ o] n — ™M
— — — o (o] n < ™M
I VN I
MeO
|
. I,
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
250 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 -10 -20 -3¢
f1 (ppm)

€6



LA
LT
LT
€411
bLT
788
bLT
SLTH
LLTA
LLTA
8411
84T

08'T 7
99°'C
£9°C
89'C

69°'¢
69°'¢
0s¢
8v'€
8t'€
6t'€
0S°€
18°€

SOt
S0y
SO0’y
SO0y
90t
90t
L0
80t
80t

1§8°€
¢S'E
(4R
€G9°€

€6'S —
99'9
£9°9
89'9
89'9
¢L9
€49
SS9
LL9

Fot

0'T
H\.om.o

6°0

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

9.0

9.5

).0

94



N 1 m — T MmO

O 0 O n N N O (o)) ~N O

NS ) BN O “ M o

T T < — o O o [ee] — <

— - - — — - - (o] < ™M

Vol I \ ! I

|

r— 1.~ 1~ 1 1 1 1 1 1 1 T 1+~ 1 1 1 1 *~ 1 * 1 T *~ 1 * T +* T * T *~ T * T * T 7T L B |
250 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 -10 -20 -3(

f1 (ppm)

S6



VA
9/'T 1
9/'T 1
9/'T 1
LLTA
wh.Hg
8L°T 1
8/'T
641
64T 7
08'T 7
T8°T A
28'T A
Z8'T
#8°T
#8°T
¥8°T

S8'T M.

/(8T
08¢
8¢
€8°¢C
¥8'¢

S8'C

18°€
¢S'E
PS'€
¥S'€
95'€

80" -

——

€eL \
S€L—
LSL~
8G9/ /

FsC

IJ

o Lm

il

Feew

Feoc
Fooc

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

9.0

9.5

96



§9°€E —

ISy —

0¢'89 —

10'TZT
L1EeT
£€°62T 1
bb'STT |
Lb'STT
05°S2T A
£5°52T
TT°£2T
6t"L2T N
LT'8TT
£5'8¢T
6.'82T
S0'62T
SL 6T
LL°6bT

e

FsC

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O -10 -20 -3(
f1 (ppm)

190

250 240 230 220 210 200

97



FsC

-62.37

-150

-160

-170

-180

-190

-200

-210

-10

-20

-30

-40

-50

-60

-70

-80

-90

-100
f1 (ppm)

-110

-120

-130

-140

86



€4°T 7
€T
VLT
ST
9L'T 1
9T
LL7TH
LLTA
LLT
8/°T
64T
08T
08'T 4
18T Y
Z8'T A
€8'T /ﬁ
0LT
1T
2T
€T
bLT
Vx4
[Yard
9T
6v€
05°€
05°€
15°€
s
€5°€
bSE
mmi
06'€
90'b
90t |
90'b
L0t
L0
80}
60°t 1
60°p -

——

€6'9~,
5697
1€/
€L
€g/

ve’L
S9°L
99/

MeO

COzMe

Ry

60

Fooz

189
661

101

ot

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

9.0

9.5

).0

99



o o\ N — M O <
[*e) o} O O R @ o~ o n N [<o B Y
SN N = o a o “ —Q DA
(o) n Mm M AN — — 0 O N o ™M
— — — = — — O N Ln T ™
[ NG [ [
MeO
COzMe
1 | - I
| ‘ il l e
r— 1.~ 1~ 1 1 1 1 1 1 1 T 1+~ 1 1 1 1 *~ 1 * 1 T *~ 1 * T +* T * T *~ T * T * T 7T L B |
250 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 -10 -20 -3(
f1 (ppm)

00T



[y
€L°T
€L°T
PL T
SL'T
mh.H.A
9T
9T
LLT
64T 7
08'T 7
08'T 1
18'T

¥8'T 1
TL°¢C
e
vLC

SL'¢C
9/'¢

6t'€
0S'€
0S¢
¢S'E
[AR>
€G5°€
PS'€
¥S'€
SS'E

90t
90t
90t
L0
L0
80t
60'¥
oT'd

86’9
86’9
669
00£
00/
102
0L
9T'L
9T'L
LT'L
8T°L
6T/
6T°L

Yy

Fe6'1
Fooz

0.0 -0.5

0.5

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)

9.0

9.5

).0

101



[=3N ™ o ™Mm N

O n - O ™M~ LN ~ oV}

a o — 0w A “ @ -

O O < NN — - 0 o <

— — — — - (o] < ™

\W4 I NV [

|

1!
r— 1.+~ r1r 1.1 1 1~ 1 1 1 1 1 T 1 1 1 * 1 * T ‘* T ‘* T ‘* T * T * T * T * T * T 7T LI B |
'50 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 -10 -20 -3

f1 (ppm)

400



-117.06

-170

-180

-190

-200

-210

-10

-20

-30

-40

-50

-60

-70

-80

-90

-100
f1 (ppm)

-110

-120

-130

-140

-150

-160

€0T



VA
9/°'T 1
9/'T 1
LLT
LLT
LLT
8L°T
8/°T
8/°T 1
64°T
64T
64T
08'T
78'TH
€8T
¥8'T
P81 A\
S8'T 7
S8'T

08¢

18°C

8T

€8°C

S8'¢C

18°€
¢S'E
PS'€
PS'€

95°'€
95°'€
16°€

80" ]

0Tt
0Tt
0Tt
:.i
Ty

67°L~
ocs”

86/
00’8

1 T

Me()zC

1

I

Fo0°¢

Feoz

=120

Foo0c
FTTo

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

9.0

9.5

).0

104



N [eo] — O O

o o A M ™ < [o0) o

N — o 0 O N e e ©

o) LN N AN AN [o2] o — ™

— — — - O N < ™M

NI I [
Me()zC
|

| | |
-mem WM Il gl o Lol W AR
r— 1.~ 1~ 1 1 1 1 1 1 1 T 1+~ 1 1 1 1 *~ 1 * 1 T *~ 1 * T +* T * T *~ T * T * T 7T L B |
250 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 -10 -20 -3(

f1 (ppm)

SOT



vE L
#8°T 1
S8'T 1
S8'T
98T 1
VA
L8°T 1
L8°T
88'T ]
88'T 1
68T 1
06T 1
6°T
€6'T 9
v6'T
$6°T
S6°T A

56’1 &
16’1
86'T
062
26'C
€6'C
£6°C
s6c/

95°€
[S€
65°€
65°€
19°€
19°€ ﬁ
1Tp
T
an ey
€T

v.:u._
STy

6'0
6'T
oot
Fe6z

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

9.0

9.5

).0

106



onNoOOTOoON—ON

MON—OOONMMN n [ee] —

MO NNGW WY N e o

TOMOMANANNANANANAN [e0) — ™M

A A A A A A A A O < ™M

| S =" [

|
|
Il
r— 1.~ r1 1 1 1 1 1 1 1~ 1+~ 1 T 1 T 1 T 1+ 1 *~ 1 * T +* T * 1T * T * T * T " T " T * T ™ 1T
250 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 0 -10 -20 -3(
f1 (ppm)

L0T



v 1
bLT
SLT A
SLT
9T 1
LLT
LLTH
84T 1
84T 1
64T 1
08'T
18'T 1
8’1
8T
£€8'T
b8'T
b8'T
S8'1
S8'T
SLe
9T
LLe
8.'C
6L'C

|

0S'€
18°€
[AR
€G°€
SS°€
SS'€
90t
L0'Y
60t
60t

L

YT L~
sz

YR
Y

(W]
®
—
-
Toom

9/
10T
81T
6,7
05°€
15°€
A
€5°¢
s6°€
ss'€
90°t
L0°b
60
60t

36 34 32 3.0 28 26 24 22 20 1.8
f1 (ppm)

3.8

4.0

4.2

4.4

=

Feser |
Wmo.w I
W 00T [

W 50z
Fsoz

=TT

Fert

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

9.0

9.5

).0

108



< o m
— — o o [ o < O
) n Qo N M ® N K
< (32} [a\] (W] Q — ™M <
— — — [e0] O < ™ o
I [
O-
B
|
|
|
|
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
250 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 -10 -20 -3(
f1 (ppm)

60T



mm.:
SLT
9T A
9/°T
LL°T
8/°T
64T
89°21
69°C 1
04771
1421
2Ty
€L
SLTA
8v°€ |
me.A
6b7€ | ﬁ
05°€ 7
18°€N
CS°EN
25°€
€57
€5°€
6L€
IR
90'v 7
90 7
90t
L0t
80'%
wo.i
60t

991
meg
TR
8b'9 1
8179
6%°9
25°9
€59
€5°9
59
559
65'9
mm.i
95°9 1
L69

[

N SNe==

—

=T

OMe

Feev

0°T
0°C

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

9.0

9.5

).0

110



89°€E —
LS’ TP
65T

(PSS —

¢C89 —

+0°66
¥C'66
08'S0T
86'S0T
2980T
¥9'80T

£6°8bT
b0'6bT
98°091
$6°09T
LL779T \
T2'%9T

OMe

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O -10 -20 -3(
f1 (ppm)

190

250 240 230 220 210 200

111



OMe

-111.88

-10

-20

-30

-40

-50

-60

-70

-80

-90

T
-100
f1 (ppm)

-110

-120

-130

-140

-150

-160

-170

-180

-190

-200

-210

4%



vL L
YL T
SLT
SLT
9L°T
9L
LLT
LL°T
LT
8L'T 1
8T
64T
08'T
18T
18T A
8T A
€8T\
¥8'T
[ SVAN4

9.'C

LLC

8/'C

8/'¢

6L'C

0S°€

mo.i
0% ]
oT'd

ST'L
ST'L
ST/
LT'L
LT'L
LTL
L
€L
€L
va&L
Y4y
Srava

F53CO

UL

Jul

6'T
6'T

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

9.0

9.5

).0

113



16'€€ —
660 —

L0789 —

F53CO

250 240 230 220 210 200

-20  -3(

-10

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190

114



F53CO

-57.92

-200

-210

-10

-20

-30

-40

-50

-60

-70

-80

-90

-100
f1 (ppm)

-110

-120

-130

-140

-150

-160

-170

-180

-190

GTT



L
14T
LT
LT
€T
€411
v
vLT
BT
SLT
9/'T 7
9L
LLT A
8/'T 1
64T
64T
08'T ;ﬁ
1817
9c'C
S.N/
69'C
69'C
0T
e

8t'€
6t'€
1S8°€
1S8°€
€G9°€

vm.mN
90t
90’y
90t
90t
L0'Y
80t
60t

69
86’9
66’9
66’9
L0,
80/
9C'L
8¢,

e

Cl

Me

F98°0

V0T

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

9.0

9.5

).0

116



O Lmno—Lunan
T OO T oY o~ o — n
CL YRR “ e A -
T MM ANANN @ — ™M o
o H - o T ™ o~
NS/ I
Me
|
|
|
b Il Ll
r—+~ 1.~ 1~ 1 1. 1~ 1 T 1 - 1 1~ 1 * T * T ~ 1T * T * T * T " 1 LI
250 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 40 20

f1 (ppm)

LTT



R AN
bLT
bLT
SLT
94T 1
9T
9T
LL7T A
LLT A
8/'T 1
08T 1
18°T 1
78'T
Z8°T
€8'T

€8'T

ST

9T

LT

0s°'€

0s°'€

z5°€

€5

§5°€

§5'€

20
mo;l
€0'v
b0'b
b0'b
SOy £
90"t 7
90
£0'% ]
L0'% ]
80t |
60'%
60"t
60t
oT'Y
b
€T'b
AR

ow.m.‘

E——

U

R

Feoz

s

o

FS1C
F6o'1

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

9.0

9.5

).0

118



© — oM N
o o © O © N ¥ T ©
) n O v ™ Mo ¥
< m NN o o N - ™
— — — — O O < ™
I Y \ [
| i
TSR AIAT J aveuarernin i i b * l“n” o

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
250 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O -10 -20 -3(
f1 (ppm)

67T



LT
LT
IRE
LT
2T
2T
€T
€471
vLT
bLTA
b/ A
SLT
SLT A
SLTA
ST
9,1
9,1
LLT
LT
6,1
64T
601
08'T
08T -
18°T
z8'1
69°C
0L'T

1T

1T

e

£1'T

€T

bL'T

0s'E

0S°€

)

€59°€
PSE]
SS'E ]
SS°E ]
76°€ ]
90'¥
90't
L0°P ]
(0P
L0
80t
60t
60t
60t
60t
oT'dy
149
¢L9
€L
YL
Sv'L
oL
0’8
0’8

[ S S S S S S S

72\

MeO

Fasv

Rre

Eoe
e

101

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

9.5

).0

120



(o] O nm o
(o)} 0 = N ~N n O o n
N T N ® o N ™M N ©
(o] TN m — (o] ™M o ™M
- i (o] n mMmm
/N I
B
~
MeO N
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
250 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 -10 -20  -3(
f1 (ppm)

1¢T



122

3.5. References

1. Littke, A. F.; Dai, C.; Fu, G. C., Versatile catalysts for the Suzuki cross-coupling
of arylboronic acids with aryl and vinyl halides and triflates under mild conditions. J. Am.
Chem. Soc. 2000, 122 (17), 4020 - 4028.

2. Lemhadri, M.; Doucet, H.; Santelli, M., Suzuki coupling of cyclopropylboronic
acid with aryl halides catalyzed by a palladium-tetraphosphine complex. Synth. Commun.
2006, 36 (1), 121 - 128.

3. Dreher, S. D.; Dormer, P. G.; Sandrock, D. L.; Molander, G. A., Efficient cross-
coupling of secondary alkyltrifluoroborates with aryl chlorides-reaction discovery using
parallel microscale experimentation. J. Am. Chem. Soc. 2008, 130 (29), 9257 - 92509.

4. Molander, G. A.; Gormisky, P. E., Cross-coupling of cyclopropyl- and
cyclobutyltrifluoroborates with aryl and heteroaryl chlorides. J. Org. Chem. 2008, 73
(19), 7481 - 7485.

5. Sandrock, D. L.; Jean-Gerard, L.; Chen, C.-Y.; Dreher, S. D.; Molander, G. A.,
Stereospecific cross-coupling of secondary alkyl beta- trifluoroboratoamides. J. Am.
Chem. Soc. 2010, 132 (48), 17108 - 17110.

6. Molander, G. A.; Wisniewski, S. R., Stereospecific cross-coupling of secondary
organotrifluoroborates: Potassium 1-(benzyloxy)alkyltrifluoroborates. J. Am. Chem. Soc.
2012, 134 (40), 16856 - 16868.

7. Molander, G. A.; Wisniewski, S. R.; Hosseini-Sarvaria, M., Synthesis and
Suzuki-Miyaura cross-coupling of enantioenriched secondary potassium beta-
trifluoroboratoamides: Catalytic, asymmetric conjugate addition of bisboronic acid and
tetrakis(dimethylamino)diboron to alpha,beta- unsaturated carbonyl compounds. Adv.
Synth. Catal. 2013, 355 (14-15), 3037 - 3057.

8. Knapp, D. M.; Gillis, E. P.; Burke, M. D., A general solution for unstable boronic
acids: Slow-release cross-coupling from air-stable MIDA boronates. J. Am. Chem. Soc.
2009, 131, 6961 - 6963.

9. Li, L.; Zhao, S.; Joshi-Pangu, A.; Diane, M.; Biscoe, M. R., Stereospecific Pd-
catalyzed cross-coupling reactions of secondary alkylboron nucleophiles and aryl
chlorides. J. Am. Chem. Soc. 2014, 136 (40), 14027 - 14030.

10. Zhao, S.; Gensch, T.; Murray, B.; Niemeyer, Z. L.; Sigman, M. S.; Biscoe, M. R.,
Enantiodivergent Pd-catalyzed C-C bond formation enabled through ligand
parameterization. Science 2018, 362 (6415), 670-674.

11. Nakamura, M.; Matsuo, K.; Ito, S.; Nakamura, E., Iron-Catalyzed Cross-Coupling
of Primary and Secondary Alkyl Halides with Aryl Grignard Reagents. J. Am. Chem. Soc.
2004, 126 (12), 3686 - 3687.

12. Nakamura, M.; Ito, S.; Matsuo, K.; Nakamura, E., Iron-catalyzed chemoselective
cross-coupling of primary and secondary alkyl halides with arylzinc reagents. Synlett
2005, (11), 1794 - 1798.

13. Ghorai, S. K.; Jin, M.; Hatakeyama, T.; Nakamura, M., Cross-Coupling of Non-
activated Chloroalkanes with Aryl Grignard Reagents in the Presence of Iron/N-
Heterocyclic Carbene Catalysts. Org. Lett. 2012, 14 (4), 1066-1069.

14. Li, Z.; Sun, H.-M.; Shen, Q., Iron-mediated inter- and intramolecular reductive
cross-coupling of unactivated alkyl chlorides with aryl bromides. Org. Biomol. Chem.
2016, 14 (12), 3314-3321.



123

15.  Adak, L.; Kawamura, S.; Toma, G.; Takenaka, T.; Isozaki, K.; Takaya, H.; Orita,
A.; Li, H. C.; Shing, T. K. M.; Nakamura, M., Synthesis of Aryl C-Glycosides via Iron-
Catalyzed Cross Coupling of Halosugars: Stereoselective Anomeric Arylation of
Glycosyl Radicals. J. Am. Chem. Soc. 2017, 139 (31), 10693 - 10701.

16.  Gonzalez-Bobes, F.; Fu, G. C., Amino alcohols as ligands for nickel-catalyzed
Suzuki reactions of unactivated alkyl halides, including secondary alkyl chlorides, with
arylboronic acids. J. Am. Chem. Soc. 2006, 128 (16), 5360 - 5361.

17. Molander, G. A.; Argintaru, O. A.; Aron, |.; Dreher, S. D., Nickel-catalyzed
cross-coupling of potassium aryl- and heteroaryltrifluoroborates with unactivated alkyl
halides. Org. Lett. 2010, 12 (24), 5783 - 5785.

18.  Pal, S.; Chowdhury, S.; Rozwadowski, E.; Auffrant, A.; Gosmini, C., Cobalt-
Catalyzed Reductive Cross-Coupling Between Benzyl Chlorides and Aryl Halides. Adv.
Synth. Catal. 2016, 358 (15), 2431-2435.

19. Durandetti, M.; Nédélec, J.-Y.; Périchon, J., Nickel-Catalyzed Direct
Electrochemical Cross-Coupling between Aryl Halides and Activated Alkyl Halides. J.
Org. Chem. 1996, 61 (5), 1748-1755.

20.  Zhang, J.; Lu, G.; Xu, J.; Sun, H.; Shen, Q., Nickel-Catalyzed Reductive Cross-
Coupling of Benzyl Chlorides with Aryl Chlorides/Fluorides: A One-Pot Synthesis of
Diarylmethanes. Org. Lett. 2016, 18 (12), 2860-2863.

21.  Zhang, Q.; Wang, X.; Qian, Q.; Gong, H., Nickel-Catalyzed Reductive Cross-
Coupling of Benzyl Halides with Aryl Halides. Synthesis 2016, 48 (17), 2829-2836.

22.  Poremba, K. E.; Kadunce, N. T.; Suzuki, N.; Cherney, A. H.; Reisman, S. E.,
Nickel-Catalyzed Asymmetric Reductive Cross-Coupling To Access 1,1-Diarylalkanes.
J. Am. Chem. Soc. 2017, 139 (16), 5684-5687.

23. Durandetti, M.; Gosmini, C.; Perichon, J., Ni-catalyzed activation of alpha-
chloroesters: a simple method for the synthesis of alpha-arylesters and beta-
hydroxyesters. Tetrahedron 2007, 63 (5), 1146 - 1153.

24.  Conan, A.; Sibille, S.; d'Incan, E.; Périchon, J., Nickel-catalysed electroreductive
coupling of a-halogenoesters with aryl or vinyl halides. J. Chem. Soc., Chem. Commun.
1990, (1), 48-49.

25. Durandetti, M.; Sibille, S.; Nédélec, J.-Y.; Périchon, J., A Novel Method of
Arylation of a-Chloroketones. Synth. Commun. 1994, 24 (2), 145-151.

26. Kadunce, N. T.; Reisman, S. E., Nickel-Catalyzed Asymmetric Reductive Cross-
Coupling between Heteroaryl Iodides and a-Chloronitriles. J. Am. Chem. Soc. 2015, 137
(33), 10480-10483.

27.  Wang, X.; Wang, S.; Xue, W.; Gong, H., Nickel-Catalyzed Reductive Coupling
of Aryl Bromides with Tertiary Alkyl Halides. J. Am. Chem. Soc. 2015, 137 (36), 11562-
11565.

28. Wang, X.; Ma, G.; Peng, Y.; Pitsch, C. E.; Moll, B. J.; Ly, T. D.; Wang, X.;
Gong, H., Ni-Catalyzed Reductive Coupling of Electron-Rich Aryl lodides with Tertiary
Alkyl Halides. J. Am. Chem. Soc. 2018, 140 (43), 14490-14497.

29. Zhang, Z.; Xu, L. J.; Chen, Z. K,; Liu, Z. B.; Miao, M. Z.; Song, J. Y.; Ren, H. J,,
Nickel-Catalyzed Regioselective Reductive Cross-Coupling of Aryl Halides with
Polysubstituted Allyl Halides in the Presence of Imidazolium Salts. Synlett 2015, 26 (20),
2784-2788.



124

30. Chen, B.-Z.; Zhi, M.-L.; Wang, C.-X.; Chu, X.-Q.; Shen, Z.-L.; Loh, T.-P.,
Synthesis of Alkyl Indium Reagents by Using Unactivated Alkyl Chlorides and Their
Applications in Palladium-Catalyzed Cross-Coupling Reactions with Aryl Halides. Org.
Lett. 2018, 20 (7), 1902-1905.

31. Melzig, L.; Dennenwaldt, T.; Gavryushin, A.; Knochel, P., Direct
aminoalkylation of arenes, heteroarenes, and alkenes via Ni-catalyzed Negishi cross-
coupling reactions. J. Org. Chem. 2011, 76 (21), 8891 - 8906.

32. Melzig, L.; Gavryushin, A.; Knochel, P., Direct Aminoalkylation of Arenes and
Hetarenes via Ni-Catalyzed Negishi Cross-Coupling Reactions. Org. Lett. 2007, 9 (26),
5529-5532.

33. Huo, S., Highly Efficient, General Procedure for the Preparation of Alkylzinc
Reagents from Unactivated Alkyl Bromides and Chlorides. Org. Lett. 2003, 5 (4), 423-
425.

34. Barluenga, J.; Montserrat, J. M.; Florez, J., Direct coupling between [3-
functionalized organolithium compounds and aryl and vinyl halides. Tetrahedron Lett.
1992, 33 (41), 6183-6186.

35. Barluenga, J.; Montserrat, J. M.; Florez, J., Direct coupling of functionalized
organolithium compounds with aryl and vinyl halides. J. Org. Chem. 1993, 58 (22),
5976-5980.

36.  Czaplik, W. M.; Mayer, M.; Jacobi von Wangelin, A., Domino Iron Catalysis:
Direct Aryl-Alkyl Cross-Coupling. Angew. Chem. Int. Ed. 2009, 48 (3), 607-610.

37.  Johnson, K. A.; Biswas, S.; Weix, D. J., Cross-Electrophile Coupling of Vinyl
Halides with Alkyl Halides. Chem. Eur. J. 2016, 22 (22), 7399-7402.

38.  Jones, G. D.; Martin, J. L.; McFarland, C.; Allen, O. R.; Hall, R. E.; Haley, A. D.;
Brandon, R. J.; Konovalova, T.; Desrochers, P. J.; Pulay, P.; Vicic, D. A., Ligand Redox
Effects in the Synthesis, Electronic Structure, and Reactivity of an Alkyl—Alkyl Cross-
Coupling Catalyst. J. Am. Chem. Soc. 2006, 128 (40), 13175-13183.

39. Budnikova, Y.; Vicic, D.; Klein, A., Exploring Mechanisms in Ni Terpyridine
Catalyzed C—C Cross-Coupling Reactions—A Review. Inorganics 2018, 6 (1), 18.

40.  Prinsell, M. R.; Everson, D. A.; Weix, D. J., Nickel-catalyzed, sodium iodide-
promoted reductive dimerization of alkyl halides, alkyl pseudohalides, and allylic
acetates. Chem. Commun. 2010, 46 (31), 5743-5745.

41.  Shrestha, R.; Weix, D. J., Reductive Conjugate Addition of Haloalkanes to
Enones To Form Silyl Enol Ethers. Org. Lett. 2011, 13 (10), 2766-2769.

42. Huihui, K. M.; Shrestha, R.; Weix, D. J., Nickel-Catalyzed Reductive Conjugate
Addition of Primary Alkyl Bromides to Enones To Form Silyl Enol Ethers. Org. Lett.
2017, 19 (2), 340-343.

43.  Anka-Lufford, L. L.; Prinsell, M. R.; Weix, D. J., Selective Cross-Coupling of
Organic Halides with Allylic Acetates. J. Org. Chem. 2012, 77 (22), 9989-10000.

44, Loginova, K. A.; Knyazev, V. D., Kinetics of the Self Reaction of Cyclohexyl
Radicals. J. Phys. Chem. A 2011, 115 (31), 8616-8622.

45, Freitas, J. E.; Jin Hwang, H.; Ticknor, A. B.; EI-Sayed, M. A., The structure of
the cyclohexyl radical from state-selective photofragment translational spectroscopy of
the axial and equatorial conformers of iodocyclohexane. Chem. Phys. Lett. 1991, 183 (3),
165-170.



125

46.  Currie, J.; Sidebottom, H.; Tedder, J., The reaction of cyclohexyl radicals with
carbon tetrachloride. Int. J. Chem. Kinet. 1974, 6 (4), 481-492.

47. Biswas, S.; Weix, D. J., Mechanism and selectivity in nickel-catalyzed cross-
electrophile coupling of aryl halides with alkyl halides. J. Am. Chem. Soc. 2013, 135
(43), 16192-16197.

48.  Zhao, Y.; Weix, D. J., Nickel-catalyzed regiodivergent opening of epoxides with
aryl halides: co-catalysis controls regioselectivity. J. Am. Chem. Soc. 2014, 136 (1), 48-
51.

49.  Zhao, Y.; Weix, D. J., Enantioselective Cross-Coupling of meso-Epoxides with
Aryl Halides. J. Am. Chem. Soc. 2015, 137 (9), 3237-3240.

50. Ackerman, L. K. G.; Anka-Lufford, L. L.; Naodovic, M.; Weix, D. J., Cobalt co-
catalysis for cross-electrophile coupling: diarylmethanes from benzyl mesylates and aryl
halides. Chem. Sci. 2015, 6 (2), 1115-1119.

51. Petricek, S.; Demsar, A., Syntheses and crystal structures of manganese, nickel
and zinc chloride complexes with dimethoxyethane and di(2-methoxyethyl) ether.
Polyhedron 2010, 29 (18), 3329-3334.

52.  Zhang, J.; Wang, H.; Ma, Y.; Wang, Y.; Zhou, Z.; Tang, C., CaF2 catalyzed SN2
type chlorodehydroxylation of chiral secondary alcohols with thionyl chloride: a practical
and convenient approach for the preparation of optically active chloroalkanes.
Tetrahedron Lett. 2013, 54 (18), 2261-2263.

53.  Zhang, P.; Le, C. C.; MacMillan, D. W. C., Silyl Radical Activation of Alkyl
Halides in Metallaphotoredox Catalysis: A Unique Pathway for Cross-Electrophile
Coupling. J. Am. Chem. Soc. 2016, 138 (26), 8084-8087.

54, Hofmayer, M. S.; Hammann, J. M.; Haas, D.; Knochel, P., Cobalt-Catalyzed
C(sp2)—C(sp3) Cross-Coupling Reactions of Diarylmanganese Reagents with Secondary
Alkyl lodides. Org. Lett. 2016, 18 (24), 6456-6459.

55. Knauber, T.; Chandrasekaran, R.; Tucker, J. W.; Chen, J. M.; Reese, M.; Rankic,
D. A.; Sach, N.; Helal, C., Ru/Ni Dual Catalytic Desulfinative Photoredox Csp2—Csp3
Cross-Coupling of Alkyl Sulfinate Salts and Aryl Halides. Org. Lett. 2017, 19 (24), 6566-
65609.



126

Chapter 4: Efforts Towards the Total Synthesis of (x)-Recifeiolide

4.1. Introduction

Macrocycles, especially macrocyclic peptides, are gaining increased interest in
medicinal chemistry and chemical biology due to their ability to target protein-protein
interactions, their improved metabolic stability, and the balance of flexibility and rigidness
that these molecules possess.'® For these reasons, the development of methods for
macrocyclization continues to be of significant importance. However, there are major
challenges associated with ring-closing reactions of bifunctional molecules that do not exist
for intermolecular bond-forming reactions.*®> For example, the concentration of the
reaction can have substantial influence over the reaction selectivity for ring closing over
intermolecular bond forming.® Nonetheless, many advances have been made in the
synthesis of large cyclic systems.

4.1.1. Non-Transition Metal Catalyzed Macrocyclization

While any intermolecular reaction can be applied to cyclization, the earliest
examples of macrocyclization reactions involve the formation of a carbonyl compound. In
1926, Ruzicka reported the formation of a cyclic ketones through the
dehydration/decarboxylation of a dicarboxylic acid catalyzed by thorium oxide.” Since this
discovery, there has been substantial work on the use of carboxylic acids for the synthesis
of macrocycles. This was spurred by the fact that most macrocyclic natural products
contained either an ester or an amide bond in the ring. Great efforts were directed towards
the activation of the carboxylic acid towards macrolactonization (Figure 4.1).8 The most
notable (and synthetically applied) methods of this type are the Shiina macrolactonization,®

the Yamaguchi macrolactonization,*® and the Corey-Nicolaou macrolactonization.*
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Figure 4.1. General strategy for macrolactonization.

Even with the advent of ring-closing olefin metathesis methods (see section
4.1.2.1), contemporary syntheses of various natural products still employ these methods
for macrocyclization.!? Macrolactamization has found significant utility in the synthesis of
macrocyclic peptides, where amide bonds are abundant.®*** It has also found use in the
synthesis of natural products,’>*” and in some cases provides superior results compared to
macrolactonization.'®-1°

4.1.2. Transition-Metal Catalyzed Macrocyclization
4.1.2.1. Ring Closing Olefin Metathesis

The earliest example of olefin metathesis being used for macrocyclization is a
report from Villemin in 1980. They describe the synthesis of a precursor to Exaltolide, a
15-membered macrolide, and compare strategies for ring closure (Figure 4.2).2° They
reported the formation of the 15-membered ring in 60% yield using WCle and SnMes as
catalyst. Tsuji also reported the synthesis of Civetone using a W/Ti system for ring closing

olefin metathesis.?

o)
o)
/_\i WClg/Me,4Sn (5 mol%) | 8 o
b CgHsCl (6 mM), 75 °C
60% yield

Figure 4.2. Synthesis of Exaltolide.

These initial reports generated an increasing interest in the use of olefin metathesis
for the synthesis of macrocycles. However, certain challenges prevented the initial

widespread use of ring closing metathesis in a synthetic environment; namely catalyst
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availability, stability, and activity. These obstacles were overcome through the
development of well-defined Mo and Ru-based catalyst that are bench stable, highly
reactive, and commercially available.?>?® The development of these catalysts, which was
spearheaded by Grubbs, Hoveyda, and Schrock, has made ring closing metathesis one of
the more reliable and accessible methods for the synthesis of macrocyclic olefins.?” This
reliability and accessibility has led to the application of ring closing metathesis in a
numerous total syntheses.?®3° One of the major challenges with ring closing olefin
metathesis is the formation of oligomers rather than the desired macrocycle. While this
challenge exists for all ring forming reactions, olefin metathesis differs in that the formed
product can also participate in metathesis.3!2 Conversely, the formed oligomers can also
participate to form the desired cyclic compound.® This is usually addressed by lowering
the reaction concentration, however the ring closing metathesis then competes with catalyst
deactivation.®! Recently, Grela and coworkers developed conditions that allow for ring-
closing metathesis at high concentrations to synthesize macrocycles.® Key to this advance
is the use of high molecular weight cyclization precursors and the removal of the desired

product from the reaction via vacuum distillation (Figure 4.3).
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Figure 4.3. Olefin metathesis macrocyclization at high concentration

4.1.2.2.  Intramolecular Cross-Coupling
For the formation of macrocyclic rings via cross-coupling, the Stille coupling has
found extensive use.® Stille reported the intramolecular cyclization of esters containing a
vinyl triflate and a vinyl stannane catalyzed by Pd(PPhs)s (Figure 4.4, A).% This is one of
the first examples of using palladium-catalyzed cross-coupling to synthesize large rings,
and was followed by a number of reports that utilized the coupling of vinyl stannanes for
macrocyclization.>’*° Of particular note is the total synthesis of (+)-mycotrienol, which

involves a double Stille coupling utilizing a bis-stannyl reagent (Figure 4.4, B).4°



130

A)
0 OTf ) n=5,57% yield
(Ph3P)4Pd (2 mol%) n = 6, 56% yield
BusSn o LiCl (3 equiv) =7,57% yield
n THF, reflux o = 8, 56% vyield
0
B.)
OMe
OMe

1. BuzSn \/\SnBus

Pd(MeCN)2C|2

DMF/THF
2. CAN, THF/H,0

3. agq. HF, MeCN

54% yield, 3 steps

Figure 4.4. Intramolecular Stille coupling.

While these methods efficiently furnish the macrocycle, the organotin reagents
present purification and toxicity concerns.** Therefore, the application of other palladium-
catalyzed cross-coupling reactions to macrocyclization has gained increasing interest.®
Nicolaou and coworkers evaluated the Stille, Suzuki, and Heck reactions for the total
syntheses of marinomycins A-C and monomarinomycin A (Figure 4.5, A).*?> They found
that while all three methods effectively furnished monomarinomycin A, only the Suzuki
reaction was able to give the desired dimeric product. Denmark reported the synthesis of
macrolactones through the intramolecular coupling of a vinyl iodide tethered to a cyclic
vinyl siloxane catalyzed by allylpalladium chloride dimer.*® The method allows for the
synthesis of 11- through 14-membered rings with no loss in efficiency due to ring size.
More recently, Baran has reported oxidative coupling in the cyclization of peptides to

synthesize arylomycins on scale (Figure 4.5, B).*
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Figure 4.5. Other transition metal mediated strategies for macrocyclization.

4.1.3. Strategies for the Total Synthesis of (x)-Recifeiolide

First isolated in 1976,% the 12-membered lactone (+)-recifeiolide 4.1 has been a
proving ground for cyclization reactions. Corey reported the first synthesis of the
macrocycle utilizing macrolactonization of an activated carboxylic acid (Figure 4.6).4
Schreiber later reported a radical fragmentation pathway mediated by FeSOsand Cu(OAc):
that leads to ring-expansion, furnishing the macrolide in three synthetic steps from
cyclononanone (Figure 4.6).*” This remains the shortest reported synthesis to date,
although cyclononanone isn’t readily available in useful quantities. Since these initial
reports, syntheses of recifeiolide have been reported using macrolactonization,*®5! olefin
metathesis,?” °2°4 and other methods for forming the ring.>® Interestingly, there are no

reports of intramolecular cross-coupling to form the macrolide.
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Figure 4.6. Synthesis of (+)-recifeiolide.

Peng has reported the nickel mediated intramolecular coupling of alkyl and aryl
halides (Figure 4.7, A),%® and have since provided several reports on the tandem cyclization
of aryl and alkyl halides to form tricyclic ring systems.>"*%° Gong and coworkers reported
the cyclization of alkyl dihalides catalyzed by nickel (Figure 4.7, B),6* and more recently
Jarvo has reported the intramolecular reductive cross-electrophile coupling of benzylic
esters with aryl halides (Figure 4.7, C).%2 In all these cases, the methods are limited to the
formation of medium-sized (5-7 membered) rings. A general method that would allow for
the formation of larger rings from simple starting materials would be advantageous. We
sought to apply cross-electrophile coupling to macrocyclization and identified recifeiolide
as an appropriate target molecule. We envisioned the target molecule coming from the
cyclization of the dihalide precursor shown (Figure 4.8), which can be readily furnished in

four synthetic steps from commercially available starting materials.
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Figure 4.7. Nickel-catalyzed reductive cyclization methods.

(0] = 0
—— /\/\/\)J\ : — + =
Br o/\/\/ Br P
4.2 4.3 4.4

Figure 4.8. Proposed retrosynthesis of (+)-recifeiolide.

4.2. Results
We began our synthesis of recifeiolide with the ring opening reaction of ()-propylene

oxide with the lithiate of trimethylsilyl acetylene (Figure 4.9). Application of this synthetic
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sequence to the enantiomerically pure natural product would simply require starting from
the enantiopure epoxide, which is readily available ($7/g). We observed that the BF3*OEt>
must be freshly distilled prior to use. We obtained the desired alcohol in 50% yield and
took it forward to the next step. The reported reduction of 4.5 with diisobutylaluminum
hydride (DIBAL-H) in refluxing ether gave a mixture of (E)- and (Z)-isomers (Figure 4.9).
Fortunately, conducting the reaction at room temperature gave exclusive formation of the
desired (Z)-isomer of the vinyl silane in 55% yield. Esterification of the homoallylic
alcohol with 7-bromoheptanoic acid, which was prepared from the hydrolysis of ethyl 7-
bromoheptanoate in 90% vyield, gave the ester in 54% yield (Figure 4.9). Finally, the (2)-
vinyl silane was converted to the (E)-vinyl bromide through bromination with elemental
bromine followed by desilylative elimination using TBAF (Figure 4.9). Unfortunately,
displacement of the alkyl bromide by fluorine was observed to be significant. We overcame

this by performing the reaction at -78 °C which led to only 21% yield of the desired

dihalide.
"BuLi (1.5 equiv) OH
o) BF30Et, (1.7 equi OH SiMe3z DIBAL-H (2.5 i
A+ =sive, Lr30EL (.7 equi) y s (2.5 equiv) )\/\
THF, -78 °C, 50% Et,0O, r.t.,, 55%
SiMe;
4.3 4.4 4.5 4.6
(0]
Br/\MéLOH
(1.2 equiv) o ) o
EDC (1.4 equiv) Br, (1.1 equiv) )\/\/
DMAP (10 mol%) Br/\t/)J\O N DCM, -78 °C Br/\t/)J\O X Br
THF, r.t., 54% 5 SiMe then TBAF (1.3 equiv) 5
47 3 THF, -78 °C, 21% 42

Figure 4.9. Synthesis of (x)-recifeiolide precursor

4.3. Conclusions and Future Directions
We have evaluated a synthetic route to the 12-membered macrolide (z)-recifeiolide.

The penultimate intermediate can be synthesized in four steps from readily available in
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starting materials in modest yields. Optimization of these reaction conditions will allow for
the assessment of cross-electrophile coupling towards macrocyclization. Early
investigations with simple precursors found that oligomerization of the starting material
was preferred over cyclization, consistent with previous reports (Figure 4.10).%°
Nil,exH,0 (5 mol%)
©:O\/\/Br negcupioine (5 mol%) ) ©/\Oj
oligomers +
Br Zn (2 equiv), DMF, 60 °C

not observed

Figure 4.10. Preliminary results for reductive cyclization.

When taking into account the mechanistic studies on the intermolecular coupling
of aryl and alkyl halides,®® two conflicting challenges become apparent: (1) at high catalyst
concentrations dimerization of the aryl/vinyl halide is rapid, consistent with studies done
by Osakada and Yamamoto,5% however, (2) the mechanism requires that two discrete
nickel centers react with the same molecule in order for cyclization to occur, which is

favored at high nickel concentrations (Figure 4.11).

Br [Ni]
\ reductant
VII “—Br VIII
VII
MnBr, 1st Challenge: Avoiding vinyl dimerization
Mn® INi%]
L -IN o NN
Nil —Br 11 | — J —> dimer
/CHZ. [ l ]\Br Br Br.
R I A\ | Br
Solution requires low [Ni]
PO f
Br ( D
R . Br™ Nif— Br-[Ni]
N\ ;
~Br
VIII _INi'y Br/[Ni”] [Ni”]\Br
Br |[~~— m VI
2nd Challenge: One substrate
H é must react with two nickel centers
v 2 Solution requires high [Ni]

Figure 4.11. Challenges for reductive macrocyclization.
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To overcome these challenges, the strategies described in Chapter 2 and Chapter 3 will
be applied in unison to intramolecular cross-electrophile coupling to form macrocycles.
We envision that we will achieve macrocyclization by utilizing a low concentration of two
discrete catalytic species (Section 2.2.1.3), one responsible for oxidative addition into the
C(sp?)-X bond and the other responsible for radical formation (Section 3.2.2). We also plan
to investigate tethering the catalysts together as a way to encourage cyclization over
oligomerization by bringing the nickel centers within proximity of one another (Figure
4.12). A similar strategy was applied by Kishi and coworkers for Ni/Cr cross-coupling
reactions.%® By applying these strategies, we ae confident that we will be able to realize
macrocyclization and the synthesis of (x)-recifeiolide in five synthetic steps, making it one

of the shortest synthesis of the natural product reported.

M/\N'O
reductiV MI (NI

N
M Ni
Br’ Br

Figure 4.12. New strategies for reductive macrocyclization.

4.4. Experimental
44.1. Materials
Reagents were purchased from commercial sources and used as received. All dry

solvents were prepared from ACS grade, inhibitor free solvents by passage through
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activated alumina and molecular sieves in a Vacuum Atmospheres solvent purification
system. Water content was routinely measured using Karl-Fisher titration (Metrohm) and
was less than 50 ppm in all cases.
4.4.2. General Methods

NMR Spectroscopy

'H and 3C NMR spectra were acquired on 400 and 500 MHz Bruker NMR
instruments. NMR chemical shifts are reported in ppm and referenced to tetramethylsilane
at 0.00 ppm (*H) and 0.00 ppm (3*C), o, o, o-trifluorotoluene at 0.00 ppm (*°F), or the
residual solvent peaks for CDCls at 7.26 ppm (*H) and 77.16 ppm (*3C). Coupling constants
(J) are reported in Hertz. For substrates that existed as rotamers at ambient temperature,
the *'H NMR spectrum was obtained at 55 °C.
Gas Chromatography

Instrument. GC analyses were performed on an Agilent 7890A GC equipped with
dual DB-5 columns (20 m x 180 um x 0.18 um), dual FID detectors, and using hydrogen
as the carrier gas.

Sample preparation. A 50 uL aliquot was removed from the reaction mixture using

a gas-tight syringe and quenched with 1.5 mL each of water and diethyl ether, and the
resulting mixture was then passed through a 1-inch pipette column of silica. The filtrate is
used for GC and GC-MS analysis.

Analysis Method. 1 pL injection of sample, injection temp of 300 °C, 100:1 split

ratio, initial inlet pressure was 20.3 psi but varied as the column flow was held constant at
1.8 mL/min for the duration of the run. Initial oven temperature of 50 °C was held for 0.46

min followed by a temperature ramp up to 300 °C at 65 °C/min and finally the temperature



138

was held at 300 °C for 0.69 min. Total run time was ~ 5 min. FID temperature was 325 °C.
GC/MS Analysis

GC/MS analyses were performed on a Shimadzu GCMS-QP2010 equipped with an
RTX-XLB column (30 m x 0.25 mm x 0.28 pm) with a quadrupole mass analyzer using
helium as the carrier gas. The analysis method used in all cases was 5 pL injection of
sample, injection temp of 225 °C, 25:1 split ratio, initial inlet pressure was 7.8 psi, but
varied as the column flow was held constant at 1.0 mL/min for the duration of the run, the
interface temperature was held at 250 °C, and the ion source (El+, 30 eV) was held at 250
°C. Initial oven temperature was held at 50 °C for 3 min with the detector off followed by
a temperature ramp, with the detector on, to 280 °C at 40 °C/min, and finally the
temperature was held at 280 °C for 3 min. Total run time was 11.75 min.
Chromatography

Chromatography was performed on silica gel (EMD, silica gel 60, particle size
0.040-0.063 mm) using standard flash techniques Products were visualized by one of the
following methods: UV light, KMnOs stain, or by GC.

4.4.3. General Reaction Procedures

All reactions were performed in flame- or oven-dried glassware fitted with rubber
septa under a positive pressure of argon, unless otherwise noted. All reaction mixtures were
stirred throughout the course of each procedure using Teflon-coated magnetic stir bars.

Air- and moisture-sensitive liquids were transferred via syringe or stainless steel cannula.
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4.4.4. Product Characterization

OH TMS
M

5-(trimethylsilyl)pent-4-yn-2-ol (4.5) To a 500 mL round-bottom flask containing a

teflon-coated stir-bar was added THF (150 mL) and trimethylsilyl acetylene (5.6 g, 57.6
mmol, 1.2 equiv). The reaction flask was sealed with a rubber septum and purged with
argon gas for ten minutes. The reaction flask was then cooled to -78 °C. n-butyllithium (2.3
M in hexanes, 26 mL, 60 mmol, 1.25 equiv) was added dropwise via syringe, followed by
(x)-propylene oxide (2.79 g, 48 mmol, 1 equiv), then freshly distilled boron trifluoride
etherate (10.2 g, 72 mmol, 1.5 equiv). The reaction was stirred at -78 °C under positive
argon pressure for 3 hours. The reaction mixture was poured into aqueous ammonium
chloride (150 mL), and this mixture was then extracted with methyl tert-butyl ether (3 x
100 mL). The organic layers were combined, washed with 100 mL of brine, and dried over
anhydrous NaxSOs. After filtration of the organic layer, volatile materials were removed
on a rotary evaporator. The product was isolated by flash column chromatography (1:3
ethyl ether/hexane) and distillation to afford a colorless oil in 50% vyield (3.73 @).

Spectroscopic data matches with previously reported data.®’

OH

BN

TMS

(2)-5-(trimethylsilyl)pent-4-en-2-ol (4.6) To a 100 mL round-bottom flask containing a
teflon-coated stir-bar under argon was added Et>O (15 mL) and 4.5 (1.0 g, 6.4 mmol, 1
equiv). The reaction flask was then cooled to 0 °C. Diisobutylaluminum hydride (1.23 M

in hexanes, 13 mL, 16 mmol, 2.5 equiv) was added dropwise via syringe. The reaction was
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stirred at room temperature under positive argon pressure for 24 hours. The reaction
mixture was poured into aqueous Rochelle’s salt solution (30 mL), and this mixture was
then extracted with diethyl ether (3 x 20 mL). The organic layers were combined, washed
with 20 mL of brine, and dried over anhydrous MgSOas. After filtration of the organic layer,
volatile materials were removed on a rotary evaporator. The product was isolated by flash
column chromatography (1:3 ethyl ether/hexane) to afford a colorless oil in 55% yield (546

mg). Spectroscopic data matches with previously reported data.5®

O

HO)WBr

7-bromoheptanoic acid To a 250 mL round-bottom flask containing a teflon-coated stir-

bar was added THF (25 mL), H20 (25 mL), EtOH (25 mL), lithium hydroxide monohydrate
(2.0 g, 48 mmol, 2.0 equiv), and ethyl 7-bromoheptanoate (5.7 g, 24 mmol, 1 equiv). The
reaction was stirred at room temperature for 4 hours. The reaction mixture was then
acidified with 1 M HCI (60 mL), and this mixture was then extracted with dichloromethane
(3 x 50 mL). The organic layers were combined, washed with 20 mL of brine, and dried
over anhydrous MgSQs. After filtration of the organic layer, volatile materials were
removed on a rotary evaporator. The pure product was obtained as a colorless oil in 90%

yield (4.48 g). Spectroscopic data matches with previously reported data.®®

(2)-5-(trimethylsilyl)pent-4-en-2-yl 7-bromoheptanoate (4.7) To a 100 mL round-
bottom flask containing a teflon-coated stir-bar was added 4-(dimethylamino)pyridine (39

mg, 0.32 mmol, 0.01 equiv) and N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide
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hydrochloride (843 mg, 4.4 mmol, 1.4 equiv). The reaction flask was sealed with a rubber
septum and purged with argon gas for ten minutes. THF (30 mL), 7-bromoheptanoic acid
(794 mg, 3.8 mmol, 1.2 equiv), and 4.6 (500 mg, 3.15 mmol, 1 equiv) were added
sequentially via syringe. The reaction was stirred at room temperature under positive argon
pressure for 24 hours. The reaction mixture was poured into H>O (30 mL), and this mixture
was then extracted with diethyl ether (3 x 20 mL). The organic layers were combined,
washed with 20 mL of brine, and dried over anhydrous MgSQOas. After filtration of the
organic layer, volatile materials were removed on a rotary evaporator. The product was
isolated by flash column chromatography (1:5 ethyl ether/hexane) to afford a colorless oil
in 54% yield (590 mg).

IH-NMR (500 MHz, CDCl3) § 6.23 (dt, J = 14.4, 7.3 Hz, 1H), 5.61 (dt, J = 14.2, 1.4 Hz,
1H), 4.97 (g, J = 6.3 Hz, 1H), 3.39 (t, J = 6.8 Hz, 2H), 2.46 — 2.30 (m, 2H), 2.27 (t, J= 7.5
Hz, 2H), 1.85 (p, J = 7.0 Hz, 2H), 1.62 (p, J = 7.3 Hz, 2H), 1.51 — 1.40 (m, 2H), 1.38 —

1.31 (m, 2H), 1.21 (d, J = 6.3 Hz, 3H), 0.12 (s, 9H).

i J\/\/
BFWO X Br

(E)-5-bromopent-4-en-2-yl 7-bromoheptanoate (4.2) To a 25 mL round-bottom flask

containing a teflon-coated stir-bar under argon was added DCM (5 mL) and 4.7 (590 mg,
1.7 mmol, 1 equiv). The reaction flask was then cooled to -78 °C. Bromine (303 mg, 1.9
mmol, 1.1 equiv) was added dropwise via syringe. The reaction was stirred at -78 °C under
positive argon pressure for 20 minutes. The reaction mixture was poured into aqueous
sodium bisulfite (10 mL), and this mixture was then extracted with ethyl acetate (2 x 100
mL). The organic layers were combined, washed with 100 mL of brine, and dried over

anhydrous MgSOas. After filtration of the organic layer, volatile materials were removed on
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a rotary evaporator. The crude mixture was transferred to a 25 mL round-bottom flask
containing a teflon-coated stir-bar. The reaction flask was sealed with a rubber septum and
purged with argon gas for ten minutes. THF (5 mL) was added via syringe. The reaction
flask was then cooled to -78 °C. Tetrabutylammonium fluoride (1.0 M in hexanes, 2.2 mL,
2.2 mmol, 1.3 equiv) was added dropwise via syringe. The reaction was stirred at -78 °C
under positive argon pressure for 30 minutes. The reaction mixture was poured into
aqueous ammonium chloride (10 mL), and this mixture was then extracted with diethyl
ether (2 x 100 mL). The organic layers were combined, washed with 100 mL of brine, and
dried over anhydrous MgSOa. After filtration of the organic layer, volatile materials were
removed on a rotary evaporator. The product was isolated by flash column chromatography
(1:3 ethyl ether/hexane) to afford a colorless oil in 21% yield (130 mg).

IH-NMR (400 MHz, CDCls) & 6.17 — 6.05 (m, 2H), 4.94 (h, J = 6.4 Hz, 1H), 3.40 (t, J =
6.8 Hz, 2H), 2.36 — 2.21 (m, 4H), 1.86 (p, J = 7.0 Hz, 2H), 1.62 (p, J = 7.5 Hz, 2H), 1.45

(p, = 7.3 Hz, 2H), 1.35 (q, J = 8.0 Hz, 2H), 1.21 (dd, J = 6.3, 1.2 Hz, 3H).
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Appendix A: Additional Experiments for Nickel-Catalyzed Cross-Electrophile
Coupling of Aryl Chlorides with Secondary Unactivated Alkyl Chlorides
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Figure A.1. Ligands evaluated in this section.

When evaluating the dual ligand system, it was observed that a ligand ratio of 4:1
ttbtpy (L1) to dmbpy (LO) was optimal for the transformation. This trend held constant for
different combinations of terpyridine ligands with dmbpy (Tables A.1-3, Figures A.2-4).

This trend also holds true for different alkyl chlorides (Figure A.5).



Table A.1. Effect of ligand ratio with L15.

"+ D

NiCl,dme (10 mol%)
terpyridine (L15) (x mol%)
dmbpy (LO) (y mol%

Zn (3 equiv)

ODO
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.

(2 equiv) NMP (0.25 M), 80 °C, 24 h
3.2 3.3 3.5
Entry Ligand ratio (x:y) 3.2 (%)? 3.3 (%)? 3.4 (%)? 3.5 (%)?
1 1:9 - 10 4 18
2 2:8 - 19 5 18
3 3.7 4 32 6 14
4 4:6 6 35 5 9
5 5:5 - 44 7 8
6 6:4 10 52 8 4
7 7:3 7 55 9 2
8 8:2 13 57 10 -
9 9:1 11 54 10 -
4GC yields vs. dodecane as internal standard.
Product Distribution vs. Ligand Ratio
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Figure A.2. Effect of ligand ratio on product selectivity with L15.
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Table A.2. Effect of ligand ratio with L12.
NiCl,dme (10 mol%
cl 4-tol-terpy (L12) (x mol%) Ph
O/ 070' dmbpy (LO) (y mol% ©/ ©/
Zn (3 equiv)

(2 equiv) NMP (0.25 M), 80 °C, 24 h
3.2 3.3 3.4 3.5

Entry Ligand ratio (x:y) 3.2 (%)? 3.3 (%)? 3.4 (%)? 3.5 (%)?

1 1:9 1 12 6 18
2 2:8 2 20 7 15
3 3:7 - 24 6 14
4 4:6 4 32 6 10
5 5:5 - 35 8 9
6 6:4 24 46 10 4
7 7:3 - 54 12 5
8 8:2 - 65 13 1
9 9:1 4 62 13 -

4GC yields vs. dodecane as internal standard.

Product Distribution vs. Ligand Ratio

1 2 3 4 5 6 7 8 9
Tridentate ligand (x mol%)

©/O*©/H+©/Ph

Figure A.3. Effect of ligand ratio on product selectivity with L12.



Table A.3. Effect of ligand ratio with L16.

"+ D

NiCl,dme (10 mol%)
terpyridine L16 (x mol%)
dmbpy (LO) (y mol%)

Zn (3 equiv)
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ODO o

(2 equiv) NMP (0.25 M), 80 °C, 24 h
3.2 3.3
Entry Ligand ratio (x:y) 3.2 (%)? 3.3 (%)? 3.4 (%)? 3.5 (%)?
1 1:9 11 12 7 17
2 2:8 10 21 9 18
3 3.7 - 17 9 17
4 4:6 - 30 10 13
5 5:5 - 31 11 11
6 6:4 - 40 11 6
7 7:3 12 51 13 4
8 8:2 6 51 14 1
9 9:1 11 54 14 ,

4GC yields vs. dodecane as internal standard.

Product Distribution vs. Ligand Ratio

3 4

Tridentate ligand (x mol%)

oY~ -~

Figure A.4. Effect of ligand ratio on product selectivity with L16.
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NiCl,dme (10 mol%)
ttbtpy (L1) (x mol%)

c dmbpy (LO 1% R
@( . req by (LO)(y mol%) @(
Zn (2 equiv)

(1.4 equiv)  NMP (0.25 M), 100 °C, 24 h

Alkyl Substrate Effects
0 /

1 2 3 4 5 6 7 8 9
Tridentate ligand (x mol%)

©/O ©/\/\C02Et ©/\/\/\/\
—o— —o—
Figure A.5. Effect of ligand ratio on selectivity for different alkyl chlorides.

At the optimal ligand ratio, various terpyridine ligands were evaluated (Table A.4).
While tthtpy remained the best terpyridine ligand for the transformation, a few other

ligands gave comparable results (L2, L12).
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Table A.4. Effect of tridentate ligand.

ligand (LX) (8 mol%)

NiCl,dme (10 mol%)
Cl H Ph
O/ . o dmbpy (L7) (2 mol%) O/O O/ O/
Zn (3 equiv)
3.1

(2 equiv) NMP (0.25 M), 80 °C, 24 h
3.2 3.3 3.4 3.5

Entry Ligand 3.1(%)?* 3.2((%)? 33(%)? 3.4(%)? 3.5(%)°

1 L1 77 4 3
2 L2 - - 64 6 5
3 L3 17 - 9 13 -
4 L4 27 - 3 22 1
5 L5 44 67 10 3 -
6 L6 32 60 21 8 -
7 L7 53 75 2 - -
8 L8 2 - 16 23 1
9 L9 24 34 9 13 -
10 L10 13 55 30 12 4
11 L11 34 37 16 9 -
12 L12 - 3 69 13 1
13 L13 2 14 50 16 3
14 L14 3 1 23 22 2

4GC vyields vs. dodecane as internal standard.
Control reactions show that both the nickel precatalyst and ligands are necessary
for the reaction to occur (Table A.5, 1-2). Additionally, both ligands are necessary in the

correct ratio for desired selectivity to be observed (Table A.5, 3-6).



Table A.5. Control reactions.

NiCl,dme (10 mol%)
ttbtpy (L1) (8 mol%)

Cl
O/ . 070' dmbpy (L7) (2 mol%)
Zn (3 equiv)

(2 equiv) NMP (0.25 M), 80 °C, 24 h

153

ODO o

3.1 3.2
Entry Deviation 3.1(%)* 3.2(%)* 3.3(%)* 3.4 (%)* 3.5 (%)

1 no Ni 100 126 - - -

2 no ligands 100 124 - - -

3 no dmbpy - - 57 30 7

4 8 mol% Ni, no dmbpy - - 64 26 5

5 10 mol% dmbpy, no ttbtpy - 37 8 25 33

6 no ttbtpy 28 82 5 44 12

7 Mn instead of Zn - - 66 23 6

8 no changes - - 78 15 4

4GC vyields vs. dodecane as internal standard.

An isolated Ni(ll) aryl complex was reacted with an excess of alkyl chloride

independently and in the presence of Ni(0) and Ni(ll) precatalysts (Table A.6). It was

observed that the complex is capable of forming the desired product, although aryl dimer

is preferred (Table A.6, 1). The desired product was only favored in the presence of the

Ni(Il) precatalyst (Table A.6, 3). These experiments should be expanded upon to provide

a more complete mechanistic picture. Reaction of a stoichiometric amount of alkyl chloride

with the isolated complex and reaction of the alkyl chloride in the absence of the complex

would give insight into the reactivity of the alkyl chloride. The use of a deuterated alkyl

chloride will aid in the determination of the source of aryl hydrodehalogenation (Table A.6,

2).



Table A.6. Stoichiometric reactions.
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o

| \N Nickel source (1 equiv)
Z5\ Cl . ttbtpy (L1) (1 equiv)
y N/N' E>70' NMP (0.025 M), 80 °C, 24 h ’ )
| \O\ (10 equiv) cl Ph
N 3.2 /©/ /©/
3.1 3.5
Entry Nickel source 3.1 3.32 3.472 3.5
1 no Nickel 1.87 3.75 1 7.76
2 Ni(COD); 023 022 1 0.46
3 NiClzdme 2.95 4,34 1 3.09

4GC ratios of products with respect to toluene (3.4").



