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Abstract: This dissertation will discuss the development of Suzuki-Miyaura cross-coupling
reactions catalyzed by iron-based complexes with an emphasis on addressing limitations
to their practical application in industrial contexts. Chapter I will provide an overview of
the development of the palladium-catalyzed Suzuki-Miyaura cross-coupling reaction and
key factors which have enabled its prevalent use in various industries, with a comparison
to how those factors have limited similar development of iron-catalyzed analogues.
Chapter 2 will discuss the initial discovery and subsequent development of a series of iron-
based precatalysts for the cross-coupling reaction of unactivated aryl boronic esters and
alkyl halides. Chapter 3 will discuss the development and validation of a bench-stable
iron(IlT)-based complex capable of catalyzing the Suzuki-Miyaura cross-coupling reaction
between unactivated aryl boronic esters and alkyl halides. To conclude, Chapter 4 will
discuss the ability of iron-based complexes to participate in the Suzuki-Miyaura cross-
coupling reaction with alkyl tosylate electrophiles and its implications for harnessing the

ability of iron catalysis to operate under different mechanistic manifolds.
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Chet, and I appreciated how I could count on him to match my cynicism in kind whenever
Chet would not (especially during our coinciding month of dissertation writing). We made
a great trio, and my time in graduate school would have been diminished with any other
classmates. Competing with Adam Bensalah during March Madness and in fantasy
football provided a welcome reprieve from the toil of graduate school. Weekly lunches at
El Pelon Taqueria with Marcin Kazmierczak were a highlight of my last few months at
Boston College. One of the few misfortunes of finishing graduate school now is how little
overlap I will have had with Bill Thompson; I am thankful for our fast friendship and his
willingness to take a chance on continuing our research, despite our perpetual funding
issues. I am excited to see the directions in which he will take our research in the coming
years, and wish him all the (likely necessary) luck in doing so. Lastly, I am confident that
the lab remains in good hands with Connor Gallin, Eric Liu, Kexing Xiao, and Stephanie
Johnson, and I wish them all the best. May all your experiments be informative, and may

all your publications come out in a timely fashion.

The Byers group has always had remarkably impressive undergraduate students.
Throughout my first few years, it was not uncommon to return to my desk and find Alex
Sudyn lounging with his legs across my chair. I am thankful that our friendship has grown
since his graduation and for the chance to grab a drink with him every time we are in the

same town. Enric Adillon’s enthusiasm for chemistry is admirable and genuinely
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contagious, and my hope is that he maintains that attitude at Caltech. I am excited to watch
the continued growth of his scientific career, and to one day claim the steak dinner he owes
me. Nancy Yone was the annoying little sister of the small molecule subgroup—the lab
felt a little brighter when she was around, despite her incessant snooping around for pre-
cut TLC plates and details about my love life. There is a special place in my heart for Justin
Wong, my own undergraduate mentee, who tackled a daunting project with tireless

dedication. I can only hope he learned half as much from me as I did from him.

Outside of the Byers group, Dr. Lucas Parvin dropped by often to talk sports and
chemistry; I am thankful for the access he provided to borrowing Zhang lab chemicals and
our few months of roommateship. I have always been especially appreciative of my
entering cohort—with special acknowledgments to Julia Falco, Katie Grasso, Paul
Hicks, Sarah Jayawardene, Vincent Ovalle, and Chris Wilhelmsen—and the many kind
words and encouraging commiserations whenever I saw them in the hallways or at our
many gatherings throughout the past few years. I wish I could have made it to more of

them, and I will miss the camaraderie and support I felt amongst you all.

Teaching undergraduate students never felt like a burden for me. It will always be
breathtakingly humbling to me to fathom how many lives will be saved by the doctors and
medical professionals who will emerge from the 800+ students that have passed through
my discussion sections over the past five years, and even more so when considering how
those who have chosen other career paths will impact the world in myriad other ways.
While I can not claim any credit for their future achievements, I count myself so very lucky
to have been a part of their journey. I have had the distinct privilege of teaching with two
exceptional educators in Prof. T. Ross Kelly and Prof. Holly Deak, who share an
unparalleled commitment to their students’ education and well-being. I am grateful for the
example they have set for me and the kindness and support they have shown me throughout
the years. In the future, I hope that I can approach mentorship with even just a fraction of
Ross’s enthusiasm and flair, Holly’s dedication and compassion, and the effectiveness with

which both communicated organic chemistry.

Special thanks are reserved for the staff of the Boston College Chemistry

Department, who do so much to enable productive and safe research in Merkert. I am
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especially grateful to Dale Mahoney and Dr. Ian Parr for all that they do to keep this
department running as smoothly as possible. In particular, I always looked forward to
saying hello to Lynne Houlihan whenever I stopped by the main office. Dr. Thusitha
Jayasundera and Dr. Jing Jin provided immense amounts of assistance when it came to
nuclear magnetic resonance and electron paramagnetic resonance experiments, for which
I am especially thankful. Additionally, I am proud to have never been the unnamed subject
of one of TJ’s departmental emails (which really should be a low bar to clear, to be fair...).
Dr. Bo Li is a crystallographic sorcerer; his ability to solve X-ray crystal structures from
the gunk I handed him never ceased to amaze me. Sally Wyman’s kind assistance with

finding information in the chemical literature was deeply appreciated.

Many parts of the research presented here would not have been possible without
the generosity of various collaborators. I am grateful to Prof. Michael Neidig and Bufan
Zhang at the University of Rochester for their assistance with collecting Mdssbauer spectra
and their insights toward elucidating the mechanisms of iron-catalyzed cross-coupling
reactions. Dr. Brian Sparling and Dr. Jason Tedrow provided advice and access to the
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to successfully accomplish the research presented herein. Funding for this research has
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Despite two Patriots Super Bowl victories and one Red Sox World Series
championship, my time in the city of Boston has been surprisingly pleasant, in no small
part due to the people who have filled this chapter of my life. Back in 2016, Phil Toomey
was the first person I told about deciding to pursue my PhD in chemistry at Boston
College—which was especially meaningful because he was one of my first friends in
college, whom I met in the first month of taking Prof. Thomson’s Chem 212 together.
When I decided to move into enemy territory, I took solace in knowing that I would get to

hang out with Phil all the time over the next five years; unfortunately, I greatly
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overestimated the amount of free time that would be available to me during graduate
school. Nevertheless, I always looked forward to watching various sporting events together
(despite usually rooting for opposite sides, with the exception of Northwestern) and lunches
with him. Phil has been one of my closest friends since we met; I will always be thankful

for his steadfast friendship across the past decade and the way he welcomed me to Boston.

Despite what can only be characterized as a strange start to our friendship, Michelle
Duan became one of my closest friends during my time in graduate school. From second-
year orals, to my third-year research proposal, to writing this dissertation, she has tried to
keep me accountable whenever I needed to do work almost every step of the way (whether
it worked all the time... is debatable). Since meeting her, I have never once forgotten that
Chick-fil-A is closed on Sundays. Her friendship is one of the most valuable things I have
gained from these past few years, and I am so very grateful and fortunate to have her in my

life. I am excited for her to join me in doctorhood (twice over!) in the near future.

My time in graduate school became immeasurably better the summer that Amanda
Cheng and Grace Lee moved to Boston. Thanks for putting up with my perpetual lateness
to our pre-pandemic monthly dinners, dragging me out to awkward Northwestern alumni
events, and imparting upon me the secondhand anxiety of your annual roommate searches.
Amanda could always be counted on for blunt assessments of how poorly I was taking care
of myself, and for never actually being in town to hang out at any given moment. On the
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me, and then have postgame drinks at the Tip Tap Room. Their friendship and support

through college, and especially since college, have meant a lot to me.
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with, minimizes time in the shared bathroom, friendly and four-legged... their owners
turned out okay, too. Though my time living with Pinto the pug and Bethany Ao was short,
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even after she left Boston. Instead, most of my time was spent living with Yoshi the Shiba
Inu and Brian Wan, for whom I am especially thankful. Though it took the world shutting
down for us to actually spend time together outside of Costco and Wegmans, Brian has

become one of my closest friends and his friendship over the past few years has been
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indispensable to the successful completion of my PhD. Thanks for leaving dinner out on
Monday nights, supporting local businesses with me, enabling one another’s worst
cravings while grocery shopping, and teaching me how to apply topspin to a volleyball
(successfully getting it over a net may be a different story). While our roommateship ended
once Sarah Kim moved up to Boston, I am glad that the two of them decided to move in
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memes she would send me in the middle of the night). I am also appreciative of Luna the
husky and her owners, Alina Chaiyasarikul and Nickolas Cruz, who were fantastic
neighbors and hot pot buddies to have these last two years. Thanks for always thinking of
me every time you went to get bubble tea. I will always hold dear the memories of idyllic
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the height of the pandemic, and perhaps less fondly, the ignominious (for me) afternoons
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gatherings over dim sum and hot pot. In particular, our trip to Acadia National Park will
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acknowledgment of Jason in my dissertation in an exchange while playing Bohnanza on
New Year’s Eve, 2019. I probably still lost the game despite that deal, but my debt is repaid

here in full.
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pillars of support for me during my time in Boston. I am indebted to Juan Santos for his

incredible cooking (but especially his coquito), and for making Thanksgivings in Boston a
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little less lonely. Thanks to Heidi Liu for convincing me that going to law school after
completing my PhD would be a bad idea, and for always keeping it real with me.
Wednesday nights at White Horse Tavern (and at Phoenix Landing, despite the tougher
competition) with Sherwin Chen, Eunice Hong, Sarah Hong, Ash Vallier, and a rotating
cast of sixth trivia team members got me through many stressful weeks, though I apologize
if my competitiveness imparted any of that stress upon you all (mostly Sarah). Despite not
being married, I always felt welcomed amongst Brian and Cerina Li, Annie and Caleb
Kim, and Phoebe Tse and Aaron Zalewski. Thanks for looking out for me since the very
beginning, and for being great friends. Lastly, I will fondly remember the many adventures
and laughs with the crew at Norfolk Terrace. I can’t believe you all literally flew to Chicago
with me to satisfy my cravings for deep-dish pizza and Jeni’s ice cream as the pandemic
loomed; you all have an open invitation to stay with me and relive that adventure in the
immediate future. In particular, I am deeply appreciative of Christie Lau for her
tremendous friendship, hospitality, and adventurous spirit; thanks for dragging me out for
the various escapades over the years. Thanks also to Ash for her indispensable presence
throughout those many exploits, and to June Shin for tolerating my existence and always

being open to commiserate about our time in graduate school.
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ear, and clear-eyed perspective these past few years. There should be no stigma in seeking
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lows of graduate school.
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years are inextricably woven into the words contained within these pages, and I could fill
several more dissertations in trying to properly express the immense debt of gratitude I

have for you all.

I have spent much of the past decade away from my home of New York City to
pursue my education, which would not have been possible without my brother, Nicholas
Wong, holding down the fort. I know that my absence has been inconvenient for our
family, but I am grateful for all the ways he has grown to fill those shoes and more. Any
worries | had from hundreds of miles away were always reassured by the trust I had in his
capabilities. Despite the different paths we have taken, I am so very proud of him for

finding his own path and all that he has accomplished in his own career.
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The completion of my PhD is a bittersweet occasion because my father, Peter
Wong, passed away during my first year of graduate school after a long illness and is not
here to see it. Every single day of the past four and a half years has been tinged with his
memory, because all that I have done, and all that I will do, would not have been possible
without his provisions, guidance, and sacrifices. I hope that I have made him proud, and

that I will continue to make the most of all the doors he has opened for me.
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DEDICATION

22

To my ancestors, to 1518, to EE

Whereas, in the opinion of the Government of the United States the coming of Chinese
laborers to this country endangers the good order of certain localities within the territory

thereof: Therefore, Be it enacted by the Senate and House of Representatives of the United

States of America in Congress assembled, That from and after the expiration of ninety days

next after the passage of this act, and until the expiration of ten years next after the passage
of this act, the coming of Chinese laborers to the United States be, and the same is hereby,
suspended; and during such suspension it shall not be lawful for any Chinese laborer to
come, or having so come after the expiration of said ninety days to remain within the United
States.

Approved, May 6, 1882.

—the 47" United States Congress, Pub.L. 47-126, 22 Stat. 58, Chap. 126.

“Such progress [you’ve] made in one generation that to progress beyond [you],

>

1 feel as if I must leave America and colonize the moon.’

—Weike Wang, Chemistry, p. 22.
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Chapter 1.

The Development of Versatile Palladium-Catalyzed
Suzuki-Miyaura Cross-Coupling Reactions and
Comparisons to Iron-Catalyzed Analogues



1.1  Introduction

In the last half-century, the advent of metal-catalyzed cross-coupling reactions has
fundamentally changed the way we think about the formation of carbon-carbon bonds in
synthetic organic chemistry.! Among many other transition metals capable of enabling the
formation of carbon-carbon bonds, palladium-catalyzed cross-coupling reactions are
especially notable for their ability to employ a wide variety of organometallic nucleophiles
and organic electrophiles (Figure 1.1).>® Development of palladium-catalyzed cross-
coupling reactions have led to its widespread applicability for the preparation of C(sp?)-
C(sp?) bonds in pharmaceutically relevant compounds,* polymeric materials,’ and complex

natural products.®

®RYm + (RP—x (R13—R?

R', R%: aryl, alkenyl, alkynyl, allyl, etc.
M: MgX, SnR3, BR,, SiR3, ZnX, etc.
X: 1, Br, CI, OTf, OTs, etc.

Figure 1.1. Palladium-catalyzed cross-coupling reactions.

Despite the applicability and reliability of these methods, the reliance on noble
metals such as palladium has raised concerns over the toxicity’” and availability® of the
metal catalysts and their associated ligands. Biaryl products in which the C(sp?)-C(sp?)
bond is forged through palladium-catalyzed cross-coupling compose a significant portion
of cross-coupling products,” and the extension of cross-coupling methodology to C(sp?)-
hybridized substrates has been a central focus of the past three decades.'® However,
undesired side reactivity in the form of B-hydride elimination often plagues palladium(II)

alkyl complexes to deliver palladium-alkene complexes.'® In contrast, such a pathway is



not observed in palladium(II) aryl complexes that are common intermediates in the cross-
coupling of C(sp?)-hybridized substrates, leading to a disproportionate representation of
biaryl products. These concerns are especially magnified in the pharmaceutical industry,
where costs associated with removal of toxic metal salts and associated ligands can impact
the implementation of these methodologies on a large scale,” and flat molecules have

become overrepresented among medicinally relevant compounds.'!

A promising avenue of research to address these challenges is the use of first-row
transition metal catalysis for cross-coupling reactions. First-row non-noble transition

metals!'?

such as nickel, iron, and cobalt are more abundant than noble metals, and have
demonstrated the ability to undergo one- or two-electron redox events which enable access
to C(sp’)-hybridized substrates.!*> Among the first-row transition metals, nickel-catalyzed
systems have received extensive attention over the past two decades for the efficient cross-
coupling of C(sp?)-hybridized substrates.!® Despite these successes, nickel-based
complexes are also associated with toxicity concerns.” More recently, our group and
several others have directed efforts toward the development of iron-catalyzed systems for
cross-coupling reactions.'* This growing interest in iron-catalyzed systems is motivated in

part by iron’s low levels of toxicity, high abundance in the Earth’s crust, and demonstrated

ability to access novel reactivity.

In this chapter, a brief discussion of the palladium-catalyzed Suzuki-Miyaura cross-
coupling reaction and seminal studies from the historical development of our mechanistic
understanding are presented. A thorough understanding of the operative mechanism has
led to a number of key advances that have enabled the versatile application of cross-

coupling technologies catalyzed by palladium-based complexes across various industries.



In parallel to the advances of palladium-catalyzed chemistry, the development of iron-
catalyzed analogues will be highlighted, with a special emphasis on overcoming limitations
that have discouraged the practical implementation of iron-catalyzed cross-coupling
reactions for widespread use. Among other reasons, one such limitation is that our
mechanistic understanding of cross-coupling reactions catalyzed by iron-based complexes
severely lags that of palladium catalysis.
1.2 The palladium-catalyzed Suzuki-Miyaura cross-coupling reaction and
its operative mechanism

Of the palladium-catalyzed cross-coupling reactions, the Suzuki-Miyaura reaction
has emerged as the premier method for carbon-carbon bond formation due to its reliability,
broad functional group compatibility, and ready access to a wide variety of commercially
available boron-based transmetalating reagents that are stable to air and moisture.!®> At a
fundamental level, the palladium-catalyzed cross-coupling reactions proceed through an
operative mechanism featuring three elementary steps: oxidative addition, transmetalation,
and reductive elimination (Figure 1.2).!'® These reactions are distinguished from one
another by the identity of the organometallic donor which participates in transmetalation
with the palladium(II) oxidative addition complex. In the case of the Suzuki-Miyaura
reaction, the organometallic donor is an organoboron reagent (e.g. boranes, boronic acids,
boronic esters, borates). Since Suzuki and Miyaura reported their now-eponymous reaction
between an aryl boronic acid and an aryl halide in 1981,'” significant efforts have been
directed at mechanistic investigations of these elementary steps in order to improve

catalytic performance. The prevalence of the Suzuki-Miyaura cross-coupling reaction in



various industries is due in part to insights gained from these extensive mechanistic studies,

which have informed its continued development over the past four decades. '

oxidative -

addition |

. an(ljll
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L,Pd° transmetalation
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reductive L”Pq'

elimination R

Figure 1.2. General mechanism of the palladium-catalyzed
Suzuki-Miyaura cross-coupling reaction.

1.2.1 Oxidative addition

Many investigations have been directed at studying the oxidative addition of aryl
and alkenyl halides with palladium, which is a common entry point for all palladium-
catalyzed cross-coupling reactions.!® The oxidative addition occurs at a palladium(0)

2022 generating palladium(Il) aryl intermediates through a two-electron process.

species,
Notably, it has been shown that the palladium(0) species must have at least two open
coordination sites (of the form L,Pd’) formed through reversible ligand dissociation for the
oxidative addition to occur.”®> The oxidative addition occurs via a three-membered

transition state, initially forming a cis-LoPd"(aryl)(X) complex which rapidly isomerizes

to the trans-L,Pd"(aryl)(X) conformation (Figure 1.3).%*
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Figure 1.3. Cis-trans isomerization following oxidative addition of palladium via 3-membered transition state.

It has been established that the rate of reactivity decreases depending on the identity
of the aryl halide, in the order of Ar-I > Ar-Br >> Ar-Cl1.2>?¢ Moreover, an examination of
the oxidative addition rates of palladium(0) species to aryl iodides with electronically
variable substituents at the para position demonstrated that electron-deficient groups more
effectively facilitate oxidative addition.?®* The activity of palladium complexes towards
aryl chlorides could be enhanced by changing the identity of the supporting ligands from
arylphosphines to sterically hindered alkylphosphine ligands.?’” Fu and co-workers
determined that the use of large, aliphatic, electron-rich phosphines P(‘Bu); and PCys in
combination with palladium-based species could catalyze the coupling of aryl chlorides at

room temperature,?®%°

which was a significant advance for substrates that displayed poor
reactivity with traditional palladium precatalysts such as Pd(PPhs)s, even at elevated
temperatures. Mechanistic studies suggest that the enhanced rate of sterically-hindered
phosphines toward oxidative addition originate from a prior ligand dissociation event to
form a sterically unencumbered palladium monophosphine complex that is the active

species,?? despite the preponderance of Pd(PR3). and phosphine-free palladium observed

in these reactions.



1.2.2  Transmetalation

While the transmetalation step remains the least well-understood of the three
elementary steps in the Suzuki-Miyaura cross-coupling reaction, significant strides have
been made in recent years towards elucidating our understanding.?° It should be noted that
the following mechanistic studies are applicable only to the simple aryl boronic esters used
herein, and that other mechanisms can be operative with more highly functionalized
organoboron reagents (e.g. geminal diborons,*!**? B-hydroxy boronic esters,** and f-amido
boronic esters®**). A unique hallmark of the Suzuki-Miyaura cross-coupling reaction that
distinguishes it from palladium-catalyzed cross-coupling reactions involving other
organometallic nucleophiles is that transmetalation does not occur in the absence of a base
additive.’® The base additive is hypothesized to create a hydroxo u>-bridge between
palladium and boron that facilitates transmetalation (Figure 1.4).3” Soderquist and co-
workers examined the diastereoselectivity of the transmetalation step by subjecting syn and
anti deuterium-labeled isomers of a sterically hindered primary alkylborane (1.1a and 1.1b)
to standard Suzuki-Miyaura cross-coupling conditions (Figure 1.4a).%” It was observed that
the reaction proceeded with complete retention of stereoconfiguration, leading Soderquist
and co-workers to propose that a Pd—O—B linkage is involved in the transmetalation
event (Figure 1.4b). Independently, Woerpel and co-workers observed similar retention of

stereochemistry.>®
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Figure 1.4. a) Suzuki-Miyaura cross-coupling reactions of diasterecomers of sterically hindered primary
alkylborane 1.1 which proceeded with retention of stereochemistry, b) pathways toward a four-centered
hydroxo u2-bridged transition state which facilitates stereoretentive alkyl group transfer.

Generally, there exist two possible pathways proposed for the putative Pd—O—B
linkage to form: via a palladium hydroxide that reacts with the boronic acid (Figure 1.5a)
or via a hydroxide-activated borate with increased nucleophilicity toward reaction with a
palladium halide formed from oxidative addition (Figure 1.5b). In 2011, Hartwig and co-
workers demonstrated that the pathway featuring palladium hydroxide species 1.3 is faster
compared to that of the pathway featuring borate species 1.6 by over 4 orders of magnitude
(Figure 1.5).>° While both species led to the formation of the cross-coupled product, these

findings suggested that the palladium hydroxide is more kinetically relevant, and the

Hartwig group concluded that the role of the base is to activate the palladium catalyst.



Hartwig and co-workers (2011)
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Figure 1.5. Stoichiometric studies by Hartwig and co-workers to evaluate the relative rates of a) the borate
and b) the palladium hydroxide pathways commonly proposed for transmetalation in the Suzuki-Miyaura cross-
coupling reaction.

Through the use of low-temperature, rapid injection nuclear magnetic resonance
spectroscopy, Denmark and co-workers were able to characterize pre-transmetallation
intermediates containing Pd—O—B linkages which underwent the Suzuki-Miyaura cross-
coupling reaction (Figure 1.6).* The identification and characterization of the
tetracoordinate and tricoordinate boron complexes provided strong evidence of the
involvement of Pd—O—B linkages in the transmetalation event of the Suzuki-Miyaura
cross-coupling reaction. It was determined that the formation of an empty coordination site
on the palladium center was required for successful transmetalation, an assertion which has
been supported by other groups.*! A subsequent study demonstrated that catechol and
glycol boronic esters underwent transmetalation at enhanced rates, suggesting that the
nucleophilic character of the ipso carbon bound to boron played a crucial role in successful
transmetalation.*” While a variety of organoboron reagents have been reported as
successful coupling partners in Suzuki-Miyaura reactions,” investigations by Lloyd-Jones

and co-workers have shown that hydrolysis of certain boronic esters to the boronic acid



(i.e. trifluoroborate salts,*** MIDA boronates*’) is required before the transmetalation
event takes place.’® At this time, the precise nature of the active transmetalating

organoboron species remains unclear.

Denmark & co-workers (2016)
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Figure 1.6. Pre-transmetalation intermediates containing Pd—O—B linkages observed by Denmark and co-
workers through the use of rapid injection nuclear magnetic resonance spectroscopy that led to successful
transfer of boron aryl groups to palladium and subsequent formation of cross-coupled product.

1.2.3  Reductive elimination

Reductive elimination of two covalent ligands from a metal complex is the final
elementary step in the catalytic cycle of palladium-catalyzed cross-coupling reactions, and
the one in which the carbon-carbon bond in the product is formed. Concurrent studies by
the groups of Stille***® and Yamamoto***° demonstrated that reductive elimination from
palladium complexes with two monophosphine ligands displayed an inverse dependence
on the concentration of added phosphine, suggesting that the reversible loss of one
phosphine ligand to form a tricoordinate palladium complex enhanced the rate of reductive

elimination. Reductive elimination has been shown to proceed more slowly from
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51,52

tetracoordinate palladium complexes”'>~ and palladium complexes supported by bidentate

53,54

phosphines,””>* which do not readily dissociate to form tricoordinate palladium complexes.

Hartwig and co-workers demonstrated that the reductive elimination step can be
significantly influenced by the electronic nature of the reactive ligands (Figure 1.7).%> The
reductive elimination of symmetrically electron-deficient aryl fragments from a dppf-
supported platinum complex 1.7 proceeded slower than that of symmetrically electron-rich
aryl fragments from the same complex. A further significant enhancement in the rate of
reductive elimination was observed when there existed a greater discrepancy in the
electronic nature of the two aryl fragments (i.e. an asymmetric complex with one electron-

donating aryl and one electron-withdrawing aryl).

R
©—PPh2©/
| \ PPh;
dg-toluene, 95 °C
Q—PPhZ\Q

1.7 R
R R’ Kobs (X 105 8'1)
CF3 CFs 1.39
N(CHa)2 N(CHa)2 32.3
CF3 N(CH3)2 159.0

Figure 1.7. Electronic influence on the reductive elimination of biaryls from platinum complexes.

1.3  The dialkylbiaryl monophosphines: logically designed supporting ligand
frameworks to promote palladium-catalyzed Suzuki-Miyaura reactions

The efficacy of transition metal catalysis to provide expedient access to complex
molecular structures is often derived from the ability to modulate reactivity through
changing the ancillary ligands. In particular, the discovery that certain characteristics of

phosphine ligands (i.e. sterically hindered and electron-donating) could promote the
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56,57

catalytic activity of palladium-based complexes are directly responsible for their

emergence as dependable tools for cross-coupling reactions to assemble substituted
aromatic compounds. While a variety of sterically hindered and electron-rich ligand

frameworks that promote cross-coupling reactions have been developed as a result of

contributions from various groups including Fu,?®?’ Nolan,*®® Hartwig,®!-%* Beller,%-66

and Stradiotto,”% this overview will focus on the development of one pivotal class of
ligands discovered by Buchwald and co-workers. In 1998, Buchwald and co-workers

reported the room-temperature Suzuki-Miyaura cross-coupling of aryl chlorides catalyzed

by palladium-based complexes supported by dialkylbiaryl monophosphine ligands.”®7?

Since then, iterative development of this family of ligands has enabled broad applicability
of palladium-based catalysts toward promoting a diverse array of cross-coupling reactions,
including C—C,”” C—F,”* C—N,”® and C—O’® bond formation. The reactivity of
palladium-based catalysts can be tailored in accordance to a variety of structural

modifications to steric and electronic properties of these supporting ligands (Figure 1.8).”

sterically hindered groups
lock conformation of P(R"),
over bottom ring and electron-donating alkyl
accelerates reductive elimination groups facilitate
oxidative addition
R2

sterically hindered

sterically hindered groups groups accelerate
prevent cyclometalation P(R1 )2 reductive elimination
increased stability and R3 R3
increased concentration

of active Pd° species

inhibits oxidation
of P by O, and promotes
reductive elimination

enables stabilizing
Pd-arene interactions

Figure 1.8. Structural features of dialkylbiaryl monophosphine ligands and the
impacts of those features on palladium-catalyzed cross-coupling reactions.
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The sterically hindered and electron-donating nature of the dialkylbiaryl
monophosphine ligands are believed to impact the oxidative addition and reductive
elimination steps by stabilizing an increased population of monoligated palladium(0)
species. Palladium(0) species with lower coordination numbers have displayed faster rates
of oxidative addition and reductive elimination than their polyligated counterparts (vide
supra). The dialkylbiaryl monophosphine ligand DavePhos was initially used for Suzuki-
Miyaura cross-coupling reactions,’® but further studies revealed substantially higher
reactivity at room temperature when catalysts supported by JohnPhos’! were used (Figure
1.9). These results demonstrated that the dimethylamino group on the non-phosphinated
ring of DavePhos was not necessary for effective catalysis. Reactions employing
CyJohnPhos, the cyclohexyl analogue to JohnPhos, were more active when using low
catalyst loadings or more hindered substrate combinations.’” The higher level of reactivity
observed for JohnPhos in comparison to CyJohnPhos at room temperature is attributed to

a higher concentration of monoligated palladium(0) intermediates.
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PCy, P(‘Bu), P(Cy)2 PCy,

1.11 SPhos (R = CH,)
1.12 RuPhos (R = Cy)

1.8 DavePhos 1.9 JohnPhos 1.10 CyJohnPhos

O OCH3
PR, HsCO ‘ PR,
iPr O ipr iPr O Pr

iPr iPr

1.13 XPhos (R = Cy) 1.15 BrettPhos (R = Cy)
1.14 'BuXPhos (R = 'Bu) 1.16 '‘BuBrettPhos (R = Bu)
1.17 AdBrettPhos (R = Ad)

Figure 1.9. Examples of dialkylbiaryl monophosphine ligands developed by Buchwald and
co-workers.

Suzuki-Miyaura cross-coupling reactions involving substrates with substituents
ortho to the site of reaction are challenging due to the steric hindrance imparted by the
substituents. The dialkylbiaryl monophosphine ligand SPhos (Figure 1.9) was discovered
to promote the cross-coupling reaction of these difficult substrates with high efficiency and
remarkable longevity.”””® The inclusion of electron-donating substituents on the non-
phosphinated ring enhances the ability of the aromatic ring to engage in palladium(0)-arene
or palladium(0)-oxygen interactions,”® which stabilize the oxidative addition intermediate

formed prior to the rate-limiting transmetalation step.’®

Another challenging class of substrates for Suzuki-Miyaura cross-coupling
reactions are heteroaromatic substrates. One hypothesis for this difficulty is catalyst
deactivation as a consequence of heteroatom binding to palladium(Il) intermediates.®° It

was determined that the dialkylbiaryl monophosphines SPhos and XPhos (Figure 1.9) were
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effective supporting ligands for the cross-coupling reactions of aminopyridines,®!
aminopyrimidines,®! thiophenes,®? and pyridines.®? The isopropyl groups on the non-

phosphinated ring help to discourage deactivating cyclometalative pathways.®?

Lastly, C—N cross-coupling reactions of less reactive aryl sulfonate esters were
achieved through the use of the BrettPhos ligand (Figure 1.9), featuring two methoxy
groups on the phosphinated ring.3* The inclusion of these substituents serve to favor a
conformation in which the palladium atom sits over the bottom ring, which improves the
stability of catalytically important intermediates through palladium-arene interactions and
accelerates reductive elimination. More recently, the combination of these guiding
principles for ligand design contributed to the development of the dialkylbiaryl
monophosphine AlPhos (Figure 1.9), which was applied toward the palladium-catalyzed
fluorination of aryl electrophiles.®® An electron-withdrawing arene on the non-
phosphinated ring accelerates reductive elimination by destabilizing aromatic CH—F
interactions in L,Pd"(Ar)(F) intermediates, leading to a highly active catalyst system
capable of activating C—F bonds.

1.4 The development of bench-stable palladacycle-based catalyst precursors
for Suzuki-Miyaura cross-coupling reactions

While the choice of ancillary ligands can have dramatic effects on the success or
failure of a cross-coupling reaction, the source of palladium is of equally critical
importance.’*” However, traditionally used palladium sources (e.g. Pd(OAc)z, PdCls,
PdCl>(CH3CN)», Pdx(dba)s) often encounter problems in generating the catalytically active
palladium(0) species. Due to their commercial availability and bench-stability,

palladium(II) salts such as Pd(OAc), and PdCl, are common choices as catalyst precursors.
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However, their superior stability means that in situ reduction under the reaction conditions
is required in order to enter the catalytic cycle as the active palladium(0) species, which
can vary in efficiency.’® Conversely, direct use of the active phosphine-ligated
palladium(0) species is limited by their difficult preparation and sensitivity to air.®’
Pdax(dba); is a stable source of palladium(0) because of its strongly coordinating dba
ligands, but can also lead to diminished reactivity and slower catalyst activation because
catalyst formation often involves the in sifu coordination of the appropriate ancillary ligand

to palladium.”® As a result, palladium-catalyzed cross-coupling reactions often required the

practitioner to consider the tradeoff between practicality and reactivity.

In response to these challenges, several innovations have been applied toward the
synthesis of stable palladium complexes pre-ligated with monophosphines that could be
activated under mild conditions to eliminate the need for in situ catalyst formation. One
class of catalyst precursors that has demonstrated high activity for cross-coupling and
benefited from extensive development are the palladacycle-based precatalysts. In 1995,
Beller and Herrmann reported the synthesis of a pre-formed palladacycle dimer 1.19 which
catalyzed the Mizoroki-Heck-type cross-coupling reaction between haloarenes and butyl
acrylate (Figure 1.10a).°! Subsequently, the most significant developments of palladacycle
precatalysts have been made by Buchwald and co-workers, who in 2003 demonstrated the
ability of air-stable cyclopalladated complex 1.20 to catalyze amination reactions with
superior efficiency compared to existing in situ systems (Figure 1.10b).°> The
monophosphine ligand of 1.20 is incorporated into the palladacycle itself by
carbopalladation of the ligand; future iterations of precatalysts instead form the

palladacycle between palladium and a hemilabile ligand that dissociates in the course of
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the reaction (Figure 1.10c). Importantly, these later iterations of palladacycles (1.21-1.25)

can be modified with varying ancillary ligands, including different phosphines and NHCs.
a) Beller, Herrmann and co-workers (1995)

O/\O p
@D J@ .
P O\-’O

X O/\/\

CH3 H
(0] R = mesityl
(0.0005 mol %) 0O >99% yield
\)J\O/\/\ (]

NaOAc (1.1 equiv.)

(1.4 equiv.) DMA. 135°C. 12 h

b) Palladacycle precatalysts developed by Buchwald and co-workers

(s

P(Bu), NH N
Pd Pd L O P;d—L
OMs

1.23R=H
1.20 1.21 1.22 1.24 R = CH;
1.25 R =Ph

c) Base-mediated activation of palladacycle precatalysts 1.21-1.25

~

~
NI R

N

reductive
elimination L—Pd® +

_ =

Figure 1.10. a) Initial discovery of palladacycle complexes capable of catalyzing Mizoroki-Heck cross-
coupling reactions by Beller and Herrmann, b) Examples of palladacycle precatalysts for cross-coupling
reactions developed by Buchwald and co-workers through rational iterative ligand design, ¢) Proposed
mechanism of activation for palladacycle precatalysts to generate the active monoligated palladium(0)
species in cross-coupling reactions.

In 2008, Buchwald and co-workers successfully incorporated an amine-bound
oxidative addition palladium complex 1.21%** capable of bearing a variety of phosphine
ligands (Figure 1.10b). 1.21 could be converted into the catalytically active palladium(0)
species through deprotonation of the coordinated amine to form an intermediate palladium

amido species, which readily undergoes reductive elimination to generate LPd® and an
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indoline byproduct (Figure 1.10c). In comparison to traditional palladium sources, which
generate the active species in situ, 1.21 enabled the amination of aryl chlorides in
significantly higher yields when BrettPhos (vide supra, Figure 1.9) was the supporting
ligand.3* Despite these improvements, precatalysts based on 1.21 required high

temperatures for activation and were unstable in solution.

One pathway to enabling the activation of the palladacycle precatalyst at lower
temperatures was to increase the acidity of the coordinated amine by changing the structure
of the palladacycle backbone. Palladacycles based on 1.22, featuring 2-aminobiphenyl in
place of phenylethylamine, could generate active palladium(0) species at ambient
temperatures using a variety of bases and subsequently catalyze the Suzuki-Miyaura cross-
coupling reaction between aryl chlorides and a variety of heteroaryl and aryl boronic
acids.”> However, 1.22 could not accommodate the use of larger dialkylbiaryl
monophosphine ligands such as BrettPhos, and also generated carcinogenic’® carbazole
byproducts that were detrimental to certain cross-coupling reactions.’’ Replacement of the
chloride anion with electron-withdrawing and poorly coordinating methanesulfonate in
palladacycle 1.23 enabled the use of a wide variety of sterically hindered dialkylbiaryl
phosphine ligands,”® and palladacycles 1.24 and 1.25 produced N-substituted carbazoles
that do not pose health risks.”” Notably, palladacycles 1.23-1.25 demonstrated enhanced

stability in solution compared to 1.21 and 1.22.

The development of palladacycle-based precatalysts greatly expanded the utility
and versatility of cross-coupling reactions by enabling the use of milder reaction
conditions, bench-storable precursors, and a variety of ancillary ligand frameworks while

maintaining reactivity and selectivity. This development was enabled by rational iterative
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ligand design, which led to targeted modifications of ligand structure to address the
limitations of previous generations of catalyst precursors.
1.5 Transition metal-catalyzed Suzuki-Miyaura cross-coupling reactions
involving C—O electrophiles

The defining characteristic of the transition metal-catalyzed Suzuki-Miyaura cross-
coupling reaction is the use of aryl boronic acids and esters as the nucleophilic coupling
partner, which is highly advantageous due to the bench-stability and broad commercial
availability of such reagents.!> Conversely, while aryl halides are most commonly used as
the electrophilic coupling partner, they can be difficult to access in densely functionalized
advanced synthetic intermediates and halogenated compounds pose severe toxicological
risks to humans.!® As a result, considerable attention has been directed toward exploring
alternative electrophilic partners that engage in cross-coupling reactions in order to
improve generality and applicability. Among these alternatives, C—O electrophiles are
particularly appealing as naturally abundant and readily available reaction substrates. !°!:1%2
However, in comparison to organic halides, C—O bonds generally have higher bond
dissociation energies and are relatively unreactive (Figure 1.11).!1°71% Moreover, the two
single bonds to oxygen in asymmetric ethers, esters, and alcohols have different levels of
reactivity. It can be difficult to chemoselectively activate one of the two different bonds to
the oxygen atom, which is a necessary consideration for any compound that is not a
symmetric ether. Despite these challenges, the development of C—O electrophiles as
cross-coupling partners offers tremendous economic and environmental benefits, and their
divergent reactivity can be potentially leveraged for the design of orthogonal cross-

coupling strategies in the presence of organic halides.

19



{ availability & atom economy }

halides sulfonates esters ethers alcohols
phosphonates carbamates
R
F,/\rx |/I/,\/()\X,\ rl,%/0\“/X r,/\KOR r./\/OH
e U»'///’J g © e lo) e 0
RI R'/ Rl RI Rl
X=1,Br, Cl| X=S,P X=R, NR,
BDE 65-96 kcal/mol 103 kcal/mol 101 kcal/mol 112 kcal/mol

{ reactivity & toxicity }

Figure 1.11. C—O electrophiles for transition metal-catalyzed cross-coupling reactions.

1.5.1 Suzuki-Miyaura cross-coupling reactions of activated C—QO bonds

The majority of C—O electrophiles employed in palladium-catalyzed cross-

coupling reactions are aryl sulfonate and phosphonate esters,!%>1%

which possess a
relatively low activation barrier for C—O bond cleavage. Early examples employed
alkenyl and aryl trifluoromethanesulfonate (triflate) electrophiles,''® including the first
example of cross-coupling of these electrophiles with an organoboron reagent (Scheme
1.1a)."'" In 2003, Hartwig and co-workers reported the ability for palladium to engage in
Kumada-Tamao-Corriu-type cross-coupling reactions with the less reactive but more
readily available para-toluenesulfonate esters (tosylates),!'?> which was followed shortly
thereafter by a report from Buchwald and co-workers regarding successful palladium-
catalyzed Suzuki-Miyaura-type reactions with the same electrophiles (Scheme 1.1b).!!3
Since then, triflates, tosylates, methanesulfonates (mesylates), and nonaflates have been

gained wide acceptance as electrophiles in Suzuki-Miyaura cross-coupling reactions, even

demonstrating reactivity in systems catalyzed by nickel-based complexes.!!*"!'® However,
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the use of aryl sulfonates is also limited by the production of sulfur-containing waste and

their high price.'"!

a) Miyaura, Suzuki, and co-workers (1993)

Pd(PPhs)s (2.5 mol %)
QOTf ¥ (HO)zBQcm KsPO, (1.5 equiv.) O Q CH;
KBr (1.1 equiv.)

(1.0 equiv.) (1.1 equiv.) dioxane, 85°C,5h 83%

b) Buchwald and co-workers (2003)

o Pd(OAC), (3 mol %) 7N
9 Y N\ XPhos (7 mol %) _
o * (HO)zB@ KaPOs HzO (30 equiv)
'BUOH, 80 °C, 6 h
(1.0 equiv.) (2.0 equiv.) 90%

Scheme 1.1. a) First example of palladium-catalyzed Suzuki-Miyaura reaction of aryl triflates. b) First example
of palladium-catalyzed Suzuki-Miyaura reaction of unactivated aryl tosylates.

More recently, attention in the field has turned toward the use of carboxylic esters
and carbamate electrophiles in cross-coupling reactions. Systems that incorporate these
less reactive electrophiles are predominantly catalyzed by nickel-based catalysts, which
take advantage of inherently higher reactivity!!” than palladium to activate these

challenging substrates (Scheme 1.2).!18-122
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a) Kuwano and co-workers (2005) OH

OH [Pd(7*-C3Hs)Cll, (1 mol %)
DPEphos (2.2 mol %)
* (HO) K>CO3 (2.2 equiv.)
92%

{AmOH, 80 °C, 48 h
HsCO (1.0 equiv.) (1.1 equiv.) HCO

b) Garg and co-workers (2008)

OPiv OCH3
NIC'Q(PCY3)2 (5 mol %) O
¥ (Ho)zB@OCHS KsPOy (7.2 equiv.) OO

toluene, 80 °C, 24 h 92%
(1.0 equiv.) (4.0 equiv.)
c) Shi and co-workers (2008)
Ar\B/O\B,Ar
Cl) (') OCHj3;
OPiv "B~ NiCly(PCys), (10 mol %) O
K3PO,4 (4.0 equiv.)
H3CO ] iv.
3 di = (01 ?Oegglv1)2 p HaCO O
(1.0 equiv.) loxane, , 0
OCH, o 80%
(1.33 equiv.)
d) Garg and co-workers (2009)
OCH;

OC(O)NEtz
NiCl,(PCys), (10 mol %) O
OO K3PO, (7.2 equiv.) 86%
toluene, 130 °C, 24 h
(1.0 equiv.)
(4.0 equw.)

e) Snieckus and co-workers (2009)

OC(O)NEt;  B(OR)2  NiCIy(PCys), (5 mol %)
. PCys HBF, (10 mol %)
OO KsPO, (5 equiv.) 100%
o-xylene, 150 °C, 20 h
(1.0 equiv.) (2.5 equiv.)
(ArBO)3:ArB(OH), = 10:1

Scheme 1.2. a) First example of palladium-catalyzed Suzuki-Miyaura cross-coupling reaction of benzyl acetates.
b,c) Independently reported examples of nickel-catalyzed Suzuki-Miyaura cross-coupling reactions of aryl pivalate
esters. d,e) First independently reported examples of nickel-catalyzed Suzuki-Miyaura cross-coupling reactions of
aryl carbamates.

1.5.2  Suzuki-Miyaura cross-coupling reactions of unactivated C—QO bonds

Despite the success of nickel-based systems to catalyze the Suzuki-Miyaura cross-
coupling reaction of aryl ester derivatives and carbamates, these substrates are not readily

commercially available and their use generates a substantial amount of waste.!”! An
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attractive advancement to address these drawbacks is the use of even simpler aryl alkyl
ethers and phenols, but these C—O bonds have significantly higher bond dissociation
energies and are more resistant to oxidative addition by transition metal complexes.'” As
a result, Suzuki-Miyaura cross-coupling reactions incorporating these substrates are

typically catalyzed by transition metals other than palladium.

In 2004, Kakiuchi and co-workers reported the first example of a Suzuki-Miyaura
cross-coupling reaction between aryl neopentyl boronic esters and aryl methyl ethers
catalyzed by a ruthenium-based complex (Scheme 1.3a).'>* Notably, the scope of
successfully coupled electrophiles was limited to those with ketones positioned ortho to
the ether bond as a directing group for the ruthenium to activate the C—O bond. The
requirement of a directing group was circumvented by Tobisu, Chatani, and co-workers in
2008, when they reported the successful nickel-catalyzed Suzuki-Miyaura cross-coupling
reaction of aryl neopentyl boronic esters and aryl methyl ethers (Scheme 1.3b).!>* In both
examples, m-extended aromatic electrophiles were significantly more reactive than their
anisole-based counterparts, suggesting that the reaction proceeds through partial

dearomatization of the aromatic ring.

Suzuki-Miyaura cross-coupling reactions that employ alcohol electrophiles are rare
and require the use of highly activated alcohol substrates, highly activating conditions, or
both. In 2011, Shi and co-workers demonstrated the nickel-catalyzed cross-coupling
reaction between naphthyl alcohol and aryl boroxine (Scheme 1.3c).!?> The authors
propose that deprotonation of the alcohol followed by coordination to the triethylborane to
form a borate are required to facilitate transmetalation. A similar “double activation”

approach in which the organoboron both initiates the catalyst and activates the C—O bond
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was invoked for their subsequent palladium-catalyzed Suzuki-Miyaura cross-coupling
reaction of naphthyl benzylic alcohols, which demonstrated similar restrictions on the
electrophile scope.!?® To date, the few examples of nickel-catalyzed systems for Suzuki-
Miyaura cross-coupling reactions developed since then still require allylic'?” or n-extended

benzylic alcohols!?® to deliver the desired products in high yields.

a) Kakiuchi and co-workers (2004)

% B(neo) O
Bu + RuH,(CO)(PPhs); (4 mol %) O By
OCH; toluene, reflux, 20 h

(1.0 equiv.) (1.2 equiv.) 92% O

b) Tobisu, Chatani, and co-workers (2008)

B(neo) Ni(cod), (10 mol %)
°CH3 PCys; (40 mol %)
CsF (4.5 equiv.) OO

toluene, 120 °C, 12 h

1.0 equiv.) 1.5 equiv.
(1.0eq (1.5 equiv.) 93%
c) Shi and co-workers (2011)
- Hh Ni(cod), (10 mol %)
B PCys (40 mol %)
+ 0" 0 .
| | NaH (1.0 equiv.)
ph 2o B ph BEt; (1.5 equiv.)
o-xylene/thf, 110 °C, 48 h
(1.0 equiv.) (2.5 equiv.) a4 82%

Scheme 1.3. a) Initial example of Suzuki-Miyaura cross-coupling reaction between aryl boronic ester and aryl
methyl ether catalyzed by ruthenium in the presence of a directing group, b) nickel-catalyzed Suzuki-Miyaura cross-
coupling reaction between aryl boronic ester and aryl methyl ether in the absence of a directing group, c) initial
example of a nickel-catalyzed Suzuki-Miyaura cross-coupling reaction between an unprotected naphthyl alcohol
with aryl boroxine.

Recent developments directed toward the activation of C—O electrophiles for
cross-coupling reactions have inspired a paradigm shift in the field. While palladium-based

catalysts are tremendously effective for cross-coupling reactions of halide and activated
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sulfonate esters, low-valent nickel-based catalysts have led to impressive results when it
comes to the less reactive C—O functionalities, such as ethers and alcohols. While these
methods have not yet achieved the same level of generality and applicability as the
palladium-catalyzed analogues, they demonstrate the immense potential of new cross-
coupling strategies based on first-row transition metal catalysis.
1.6 Recent developments in first-row transition metal catalysis to address
limitations of the palladium-catalyzed Suzuki-Miyaura cross-coupling reaction
The synthetic utility and practical applicability of the palladium-catalyzed Suzuki-
Miyaura cross-coupling reaction have been greatly enhanced as a result of four decades’
worth of investigations by researchers around the world. Despite these advancements, a
few limitations inherent to palladium-catalyzed systems have encouraged the exploration
of reactions catalyzed by first-row transition metal complexes for the construction of
carbon-carbon bonds. Palladium is toxic,” and its most plentiful reserves are located in
areas around the world often facing political upheaval (e.g. Russia, South Africa).®!?° Both
of these concerns have economic consequences, in the form of increased costs associated
with removal of toxic metal catalysts employed in the synthesis of small molecule drugs,
and in the high costs and high cost volatility associated with its scarcity. As a result, the
use of non-precious, first-row transition metals for important catalytic processes is
motivated in part by their potential for improved environmental and economic

sustainability.

However, another compelling motivation lies in the ability of first-row transition
metals to participate in one- and two-electron processes and offer orthogonal reactivity to

that of their second- and third-row counterparts. Unactivated alkyl electrophiles containing
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B-hydrogen atoms are difficult substrates for methods catalyzed by palladium-based
complexes.'*® Two hypotheses for the scarcity of palladium-catalyzed methods for these
substrates concern the relatively slow oxidative addition of palladium into substituted
C(sp®)-X bonds'! and the facile B-hydride elimination of the resultant palladium(II) alkyl
complexes (Figure 1.12).1° As a result, successful examples of palladium-catalyzed
Suzuki-Miyaura cross-coupling reactions are limited to those involving primary alkyl
iodides'*? and bromides'* or alkyl- and aryl-(9-BBN) reagents.!3!3* The ability to form
bonds between C(sp®)-hybridized substrates is important because it could potentially
enable access to stereogenic centers from cross-coupling methodologies. Methods for
asymmetric catalysis remain highly valuable in chemical synthesis, and low-valent
transition metals can participate in the single-electron processes that would circumvent

some of the difficulties associated with palladium for these transformations.

oxidative
addition | ...
(slow) g .
AP d” [hydride elimination
X/\r RI_ Y2 :
5 |
LnPdO transmetalation oo I-nPCH "‘L

X/R R
R' palladium(ll) alkene
e o
H A

Il
reductive d —————————— Phydride elimination -----
elimination

Figure 1.12. Catalytic cycle for the palladium-catalyzed Suzuki-Miyaura cross-coupling
reaction of alkyl electrophiles with possible inhibitory pathways highlighted using dashed
arrows.

Fu and co-workers have made significant progress toward expanding the capability

of nickel-catalyzed systems to address these limitations. In 2004, they demonstrated the
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first Suzuki-Miyaura cross-coupling reaction of aryl boronic acids with unactivated
secondary alkyl bromides and iodides, catalyzed by Ni(cod)> with bathophenanthroline
ligand in the presence of KO'Bu (Scheme 1.4a).!1*> Two years later, they expanded the
scope of nickel-catalyzed Suzuki-Miyaura cross-coupling reactions to include unactivated
secondary alkyl chlorides by changing the ligand in the catalyst system to readily available
aminoalcohols (Scheme 1.4b).!3¢ Nickel(II) iodide with trans-2-aminocyclohexanol in the
presence of NaHMDS displayed superior functional group compatibility compared to their
previously reported system, and using prolinol as a ligand in combination with nickel(II)
chloride glyme complex enabled the cross-coupling of secondary alkyl chlorides with a
variety of electron-poor and electron-rich aryl boronic acids. Finally, the first example of
a nickel-catalyzed Suzuki-Miyaura cross-coupling reaction of unactivated tertiary alkyl
halides was achieved in 2012 by the Fu group (Scheme 1.4c).!*” A nickel complex
supported by the dtbbpy ligand was an effective catalyst for this transformation involving
a variety of tertiary alkyl halides, although the scope of the organoboron nucleophile was
limited to meta-substituted or unsubstituted aryl-(9-BBN) reagents. Fu and co-workers
propose a catalytic cycle in which a tertiary alkyl radical is generated from the electrophile
and oxidatively adds to the nickel complex. At the onset of our investigations, this example
was the most general method for the incorporation of highly sterically encumbered
electrophiles in cross-coupling reactions to furnish products containing all-carbon

quaternary centers.
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a) Fu and co-workers (2004)

B(OH), X
SAR!
R' R" bathophenanthroline (8 mol %)
R

H Ni(cod), (4 mol %)
KOtBu (1.6 equiv.)

s-butanol, 60 °C, 5 h

(1.2 equiv.) X=Br 11 examples

b) Fu and co-workers (2006)

X X=Cl X=Br, |
)\ O\IH OH
R ., _OH or .
+ 1~ /NH2 R'
B(OH), (6 mol %) (12 mol %) R
©/ NiCl,-glyme (6 mol %) Nil, (6 mol %)
R NaHMDS or KHMDS (2 equiv.) R
H 0
(1.2 equiv.) igopropaneal, 50°G 20 examples

c) Fu and co-workers (2013)

dtbbpy (11 mol %) R’
9-BBN B NiBr,-diglyme (10 mol %) R"
N r LiOtBu (2.4 equiv.) R
R‘/\\R" isobutanol (2.4 equiv.)
i R CeHe, 40 - 60 °C R

(2.5 equiv.) 13 examples

proposed mechanism: reductive

elimination

LaNi"—Ph

|
oxidative additioy’ X ﬂ/
Ph
L.Ni"—Ph |
| + LnNI_X
X

S\ /g "
><X L,Ni'—Ph X—

transmetalation

Scheme 1.4. Examples by Fu and co-workers of Suzuki-Miyaura cross-coupling reactions of
C(sp?)-hybridized organoboron reagents with substituted C(sp®)-hybridized electrophiles
catalyzed by nickel-based complexes, and proposed mechanism for c).

Furthermore, Fu and co-workers have demonstrated successful nickel-catalyzed
Suzuki-Miyaura cross-coupling reactions between alkyl nucleophiles and alkyl

electrophiles, 313

and extended them into stereoconvergent variants to furnish products
containing stereogenic centers with high enantioselectivity. Using a chiral 1,2-diamine

ligand, they were able to demonstrate the enantioselective Suzuki-Miyaura cross-coupling
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reaction of homobenzylic halides in high yields (Scheme 1.5).!4° With similar catalytic

systems featuring small alterations to the diamine ligand, the identity of the aryl group on

141,142 2

the alkyl halide could be changed to a carbamate, sulfone,'# sulfonamide,'** or

arylamine!#3:144

which acted as a directing group for the successful cross-coupling of
unactivated alkyl halides. Notably, only one report describes the use of an aryl boronic

ester nucleophile.!'**

Fu and co-workers (2008) Ni(cod), (10 mol %)
R,R)-diami 12 | %
Br (R,R) t|am|ne ( mo o) C(sp)
Ary\ KO'Bu (1.2 equiv.) .
C(sp®) + (9-BBN)—C(sp3) 'BUOH (2.0 equiv.) C(sp?)
racemic (1.5 equiv.) Pr,0, 1t, 48 h up to 94% ee

Fe—<Cp < >—CF

(R,R)-diamine = A
MeHN NHMe

Scheme 1.5. First example of a stereoconvergent Suzuki-Miyaura cross-coupling reaction of
C(sp’)-hybridized organoboron reagents with substituted C(sp’)-hybridized electrophiles
catalyzed by nickel-based complexes.

While the scope of nickel-catalyzed Suzuki-Miyaura cross-coupling reactions of
C(sp’)-hybridized substrates has expanded significantly over the past two decades, these
methods share some limitations with the palladium-catalyzed analogues. Toxicity concerns
likewise remain for nickel-based catalysts,” and while nickel is significantly more abundant
than palladium, sourcing nickel for chemical catalysis has tremendous competition in the
longstanding stainless steel industry and in a growing demand for use in electric vehicle
batteries.'*> Moreover, while nickel analogues overcome a limitation of the palladium-
catalyzed Suzuki-Miyaura reaction in its ability to incorporate C(sp*)-hybridized
substrates, these methods often require the use of 9-BBN boranes (vide supra), which are

more reactive and difficult to handle than the bench-stable boronic esters from which the
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Suzuki-Miyaura reaction derives much of its practical utility. Lastly, nickel-catalyzed
methods involving tertiary alkyl halides often exhibit isomerization due to cascading
elimination-reinsertion steps (i.e. chain-walking).!46-148
1.7 An overview of the development of iron-catalyzed cross-coupling
reactions

Despite the predominance of palladium-catalyzed methods for cross-coupling
reactions, first-row transition metals like iron actually predate palladium for catalyzing the
formation of carbon-carbon bonds between organometallic nucleophiles and organic
electrophiles.!*~13! Kharasch and co-workers initially discovered the synthesis of biaryls
through the reaction of aryl Grignard reagents with aryl halides in the presence of simple
metal salts (Scheme 1.6a).!*’ Three decades passed before this reactivity was revisited by
Kochi and co-workers, who demonstrated the vinylation of alkyl Grignard reagents in the
presence of iron halide salts (Scheme 1.6b).!>%15! However, these early approaches were
low-yielding, due in part to significant homocoupling. Shortly after Kochi’s reports,

152 and Corriu'>® independently reported the ability of nickel-based catalysts to

Kumada
generate carbon-carbon bonds between Grignard reagents and organic halides, and
Murahashi and co-workers soon introduced palladium-based catalysts'>* for the same
transformation. As a result, rapid progress in the development of analogous palladium-

catalyzed transformations rendered further investigations into iron-catalyzed cross-

coupling reactions dormant for the next 30 years.

In 2002, Firstner and co-workers revitalized the field of iron-catalyzed cross-
coupling by demonstrating the ability of simple iron salts to efficiently catalyze what had

since become known as the Kumada-Tamao-Corriu cross-coupling reaction of Grignard
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reagents and organic electrophiles (Scheme 1.6¢).!*!3"157 Their efforts expanded the scope
of iron-catalyzed cross-coupling reactions to include aryl and vinyl chlorides, tosylates,
and triflates, and the potential of iron catalysts to employ these less reactive electrophiles
and provide orthogonal reactivity to the well-established palladium-catalyzed processes'?
sparked renewed interest in the field. In the present day, cross-coupling reactions catalyzed
by iron-based complexes are still most commonly Kumada-Tamao-Corriu-type reactions
employing organomagnesium nucleophiles. It is thought that the increased nucleophilic
nature of the Grignard reagent aids transmetalation;'>® however, this same reagent displays
poor functional group tolerance for reactions at ambient temperatures.'> Paralleling the
development of palladium-catalyzed cross-coupling reactions, the field shifted towards

exploring the use of other transmetalating agents for the iron-catalyzed analogues.

a) Kharasch & co-workers (1941)

Br FeCls (5 mol %) Ph
PhMgBr +
Et,0, reflux

1.05 equiv.
( quiv.) A

b) Kochi & co-workers (1971)

n-CgHysMgBr + X Br FeClz (10 mol %) N\ N-CeHys

(9.0 equiv.) THF, 25°C,1h 67%
70:30 cis:trans 53:47 cis:trans
c) Fiirstner & co-workers (2002)
0]
O
Fe(acac); (5 mol %) OMe
n-C6H13MgBr + OMe
. THF/NMP, 0 OC, 5 min n-C6H13
(1.2 equiv.) X
X =Cl, OTf, OTs

>95%

Scheme 1.6. Early examples of cross-coupling reactions between organometallic nucleophiles and
organic halides catalyzed by iron salts.
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Over the past 15 years, substantial progress has been made toward the development
of iron-catalyzed systems for the Negishi-type cross-coupling reaction of aryl organozinc
nucleophiles and alkyl electrophiles. In 2005, Nakamura and co-workers reported the first
Negishi-type cross-coupling reaction catalyzed by iron salts (Scheme 1.7a).'° A variety of
diaryl and diheteroaryl organozinc nucleophiles were tolerated under these conditions, but
the scope of the secondary alkyl halides was limited to those in 6-membered rings. Acyclic
alkyl electrophiles were not reported. Bedford and co-workers expanded upon this
discovery, demonstrating that iron-based catalysts supported by dppbz ligands enabled the
coupling of benzylic halide and secondary alkyl phosphate electrophiles with diarylzinc

nucleophiles (Scheme 1.7b).'%!

Almost concurrently, Nakamura and co-workers showed
that the same system enabled the cross-coupling of fluoroaromatic zinc reagents (Scheme
1.7¢)!? and that the addition of magnesium salts to the original system enabled the
successful cross-coupling of secondary alkyl sulfonate ester electrophiles via in situ
formation of the corresponding alkyl iodide (Scheme 1.7d).'6* These rapid enhancements
in scope have motivated efforts to understand the effects of the phosphine ligands and the
mechanistic features of this reaction, leading to further incremental improvements over
time.'+16¢ A closer examination of the iron-phosphine precatalysts used shows that the
diphosphine ligands preferentially coordinate to the zinc reagent over the iron species,

raising questions about the nature of the catalytically active species in this

transformation. !¢’
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a) Nakamura and co-workers (2005)

e 2n X FeCl; (5 mol %)
| + O/ tmeda (1.5 equiv.)
7 2
R~ /2 thf, 50 °C, 30 min.

(1.5 equiv.) X =1, Br, Cl 9 examples
b) Bedford and co-workers (2008)

~ Zn @A (dppbz)FeCl, (5 mol %) ©/\©
+
R// i R'// toluene, 45°C, 4 h R// R‘//
X =Br, Cl, 18 examples

OP(O)(OR),
c) Nakamura and co-workers (2009)

FeCl, (3 mol %)
Q/ dppbz (6 mol %) e
toluene, 45°C, 4h | w "
Fn

n=1,2,3 X=Br, Cl
n=1,2 8 examples

d) Nakamura and co-workers (2009)

LWL OTs i) Znly(tmeda) (1.2 equiv.)
|// + /L ii) FeClz (1 mol %)
R S S thf, 25 °C, 3 h

M = MgBr, Li
(2.4 equiv.) 8 examples

Scheme 1.7. Examples of Negishi-type cross-coupling reactions between C(sp?)-hybridized
organozinc reagents and substituted C(sp®)-hybridized electrophiles catalyzed by iron-based complexes.

Despite this progress, the Suzuki-Miyaura cross-coupling reaction remains the gold
standard for cross-coupling reactions. Significant advancements towards the iron-catalyzed
cross-coupling of aryl organoboron nucleophiles and highly substituted alkyl electrophiles
have occurred within the past decade, signaling that this remains an attractive and thriving
area of research. Nakamura and co-workers were the first to report such a transformation
in 2010, when they successfully demonstrated the cross-coupling of preactivated aryl
boronic acid pinacol esters (B(pin)) with a variety of primary and secondary alkyl halide

electrophiles, catalyzed by an iron(Il) chloride complex supported by the diphosphine
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ligand 3,5-TMS-SciOPP (Scheme 1.8a).!°® The aryl boronic ester was preactivated by in
situ borate formation upon reaction with an alkyllithium reagent, and the reaction was
significantly lower-yielding in the absence of a MgBr:> co-catalyst, which the authors
propose accelerates the transmetalation between the borate and the iron catalyst. Two years
later, Nakamura and co-workers expanded upon this work when they demonstrated that the
same system could catalyze the stereospecific cross-coupling reaction of preactivated E-
and Z-alkenyl boronic acid pinacol esters with alkyl halides (Scheme 1.8b).'® In addition
to high levels of stereospecificity, high yields and high functional group tolerance were
observed, and mechanistic experiments suggested the intermediacy of alkyl radicals in the
reaction. In 2014, Bedford and co-workers reported the cross-coupling reaction of
preactivated aryl boronic acid pinacol esters with a variety of primary and secondary alkyl
halide electrophiles, catalyzed by iron complexes supported by inexpensive and
commercially available diphosphine ligands dppe or dppp (Scheme 1.8¢).!”° Like the
system reported by Nakamura and co-workers, the success of the reaction was dependent
on preactivation of the boronic ester with alkyllithium and the inclusion of MgBr2. As a
result, neither group can rule out the possibility that the reaction may proceed via Kumada-
type cross-coupling intermediates, in which a Grignard reagent is formed in situ upon
reaction of the preactivated borate with the magnesium additive. Moreover, the reliance on

pyrophoric alkyllithium reagents limits the practical application of these methods.
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a) Nakamura and co-workers (2010) TMS Q T™MS
S

TMS ™
0 ® B P. P
"Bu | Li ' TMS@/ “rg \QYTMS
B(pin) + cl’ ¢l
TMS TMS
©/ (1 mol %)
MgBr; (20 mol %)

(2 equiv.) 99%
thf, 40 °C, 4 h

b) Nakamura and co-workers (2011)

®
Li Br
fBu_|@ N (SciOPP)FeCl, (5 mol %)
TBSO B(pi MgBr, (20 mol %) TBSGh 4
W (pln)

3

3 thf, 0°C, 24 h
. 98%
(1.5 equiv.) (>99%° E)
c) Bedford and co-workers (2014)
e ® B
t ; r
.B“__I Li (dppe)FeCl, (1 mol %)
B(pin) 4 MgBr, (20 mol %)
thf, 40 °C, 3 h
(1.4 equiv.) 99%

agenerated in situ

Scheme 1.8. Examples of Suzuki-Miyaura-type cross-coupling reactions between C(sp?)-hybridized organoboron
reagents and C(sp*)-hybridized electrophiles catalyzed by iron-based complexes.

While Nakamura and Bedford reported similar catalytic systems for the cross-
coupling of activated aryl boronic esters and alkyl halides, they offer divergent mechanistic
hypotheses for the transformation. Nakamura and co-workers propose an iron(II)/iron(I1I)
redox cycle, in which transmetalation between the iron(Il) dihalide and aryl borate is
facilitated by MgBr» (Figure 1.13).!®® Halogen abstraction of the alkyl halide forms an
iron(Ill) aryl halide with concomitant generation of a carbon-centered radical, which
recombines with the aryl group in a still-undetermined manner to forge the carbon-carbon
bond. This mechanistic framework is supported by spectroscopic studies performed by
Neidig and co-workers, who demonstrate that (SciOPP)—iron(II) species exhibit reactivity

with the electrophile at catalytically relevant rates.!’! Lower-valent iron(I) species are
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formed in only very small amounts (< 0.5%) in solution, and do not react with the

electrophile at catalytically relevant rates.

Nakamura and Neidig

X
|
Ar—R [ © ®
LnF? @ Li
R A Ar—BY,
X
|
L Fe'-x Fe"/Fe cycle MgBr>
|
Ar
. © ©
R \ X Bu Ll
L,Fe' X-BY;
|

Figure 1.13. Catalytic cycle for the iron-catalyzed Suzuki-Miyaura
cross-coupling reaction between C(sp?)-hybridized organoboron
reagents and C(sp®)-hybridized electrophiles proposed by Nakamura
and Neidig featuring iron(II)/iron(III) intermediates.

Conversely, Bedford and co-workers propose a catalytic cycle featuring
iron(I)/iron(IT)/iron(Ill) intermediates (Figure 1.14), in which the iron(Il) precatalyst is
reduced to an iron(I) species that undergoes transmetalation with the aryl borate, facilitated
by MgBr.!7° The resultant iron(I) aryl species produces a carbon-centered radical upon
halogen abstraction of the alkyl halide in the rate-determining step to generate an iron(II)
aryl halide, which reacts with the carbon-centered radical to form an iron(III) intermediate
poised for reductive elimination to forge the carbon-carbon bond and close the catalytic
cycle. EPR analysis of the catalytic reaction identified an iron(I) species consistent with
(dppe)2FeX, which can undergo ligand dissociation to generate the catalytically active

(dppe)FeX species. Norrby and co-workers support this framework, and employ a
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combination of kinetics experiments and DFT calculations to justify the intermediacy of
iron(I) species.!” The ongoing debate regarding the precise mechanism of these reactions
underscores the difficulty of studying systems catalyzed by iron-based complexes, but also

highlights the potential of harnessing its versatile reactivity.

Bedford and Norrby

|
I[N I
LnFi X eycle L,Fe'-Ar
r

|>\ LnFtle”-Ar

X

;U%\
i
X

Figure 1.14. Catalytic cycle for the iron-catalyzed Suzuki-
Miyaura cross-coupling reaction between C(sp?)-hybridized
organoboron reagents and C(sp®)-hybridized electrophiles proposed
by Bedford and Norrby featuring iron(I)/iron(II)/iron(III)
intermediates.

While these few examples demonstrate tremendous promise for the future of iron-
catalyzed Suzuki-Miyaura cross-coupling reactions, the dearth of examples is also a sign
that development of these methods similar to that of their palladium analogues has been
historically lacking. In comparison to the palladium-catalyzed analogues, iron-catalyzed
cross-coupling reactions still demonstrate poor functional group tolerance due to the highly
reactive transmetalating reagents. The iron sources used in iron-catalyzed cross-coupling
reactions are typically simple iron salts, and the ancillary ligands used to promote the

reactions are drawn from a pool of existing ligand frameworks that have been optimized
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for other uses. Unlike the palladacycle precatalysts, the iron-based precatalysts used for
cross-coupling reactions also remain significantly more susceptible to atmospheric
conditions, demonstrating rapid deactivation in the presence of air or moisture and
consequently require the use of inert gloveboxes for reaction assembly. Focused
development of iron-catalyzed Suzuki-Miyaura cross-coupling reactions accompanied by
rigorous mechanistic elucidation has the potential to elevate iron catalysis to provide
complementary reactivity to existing methods while circumventing some of the remaining

environmental and economic concerns of traditional cross-coupling reactions.

1.8  Conclusion

The development of cross-coupling technologies over the past half-century has
predominantly focused on palladium-catalyzed methods.'® The reliable two-electron redox
behavior of palladium has enabled thorough investigations of the operative mechanism by
which palladium-catalyzed cross-coupling reactions proceed, which in turn have led to a
plethora of advances aimed at improving their versatility and utility. Foremost among these
advances is the application of air- and moisture-stable organoboron transmetalating
reagents for what has become known as the Suzuki-Miyaura variant, and further
improvements to the design of ligand frameworks,” the bench stability of the metal
precatalysts,!”® and the breadth of incorporable substrates'’* have also contributed to the
present-day prevalence of the palladium-catalyzed Suzuki-Miyaura cross-coupling

reaction.

Despite these advancements, the remarkable success of the palladium-catalyzed
Suzuki-Miyaura reaction has led to the overrepresentation of certain chemical motifs due

to overreliance on the method across various industries,!! high cost volatility due to
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fluctuating demand of palladium for its various applications, and lagging innovation using
other transition metals. In recent years, interest in the ability of other transition metals to
catalyze cross-coupling reactions has grown in order to address these limitations.! While
methods catalyzed by nickel have benefited from tremendous attention and developed
rapidly in recent years, iron catalysis offers improved environmental and economic
profiles’ that are important considerations for industrial relevance. Moreover, iron-based
complexes are also able to access the one- and two-electron pathways which enable nickel
catalysis to provide reactivity that palladium catalysis cannot. However, the development
of iron-catalyzed methods has been held back by a poor understanding of its operative
mechanism, which in turn has limited the rational development of ligand frameworks and
reaction conditions that can effectively promote cross-coupling reactions demonstrating
valuable reactivity inaccessible to palladium catalysis. Continued efforts toward
investigating iron-catalyzed Suzuki-Miyaura cross-coupling reactions has the potential to
initiate a rapid trajectory of development similar to that of palladium catalysis, with the
goal of addressing remaining practical limitations in order to expand the toolbox of

synthetic organic chemists.
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Chapter 2.

Suzuki-Miyaura Cross-Coupling Reactions of Alkyl Halides and
Unactivated Aryl Boronic Esters Catalyzed by Iron-Based
Complexes Developed Through Rational Ligand Design
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2.1 Introduction

Transition metal-catalyzed cross-coupling reactions are an important set of tools
for the modern synthetic organic chemist to construct carbon-carbon and carbon-
heteroatom bonds of increasing diversity and complexity.! Perhaps the most notable of the
carbon-carbon bond-forming cross-coupling reactions is the Suzuki-Miyaura variant,
which employs organoboron nucleophiles.?* The tremendous utility of the Suzuki-Miyaura
cross-coupling reaction is largely due to the organoboron reagents, which are relatively
nontoxic, easily synthesized, and generally stable to air and moisture* compared to

alternative organometallic nucleophiles.

Despite its widespread application across various industries, the Suzuki-Miyaura
cross-coupling reaction is typically carried out using palladium-based catalysts. These
catalysts have enabled the efficient incorporation of a wide variety of substrates under mild
reaction conditions with low catalyst loadings, but palladium is toxic,> costly, and suffers
from high cost volatility. Moreover, palladium-based catalysts encounter an important
substrate scope limitation in C(sp®)-hybridized electrophiles, due to facile B-hydride
elimination side reactions which lead to catalyst deactivation.® These concerns are
especially magnified in the pharmaceutical industry, where extensive purification of toxic
metal catalysts from the active pharmaceutical ingredient and sourcing of palladium can
lead to higher costs for consumers, and substrate limitations lead to unexplored chemical

motifs for therapeutic activity.’

In order to address these limitations, many groups have turned their attention to the
exploration of more environmentally and economically sustainable first-row transition

metal-based catalysts for cross-coupling reactions. Of the first-row transition metals, Fu
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and co-workers have found that catalytic systems employing nickel-based complexes
demonstrate considerable success for the cross-coupling reaction between alkyl halide
substrates and organoborane nucleophiles.®®? In recent years, less toxic iron-based
catalytic systems have been developed for cross-coupling reactions of various
organometallic nucleophiles by the groups of Fiirstner,'®!! Nakamura,'?!> Bedford,'¢!®
and others.!* 2 The majority of organometallic nucleophiles employed in cross-coupling
reactions catalyzed by iron-based complexes are Grignard-type transmetalating reagents
(i.e. Kumada-Tamao-Corriu-type cross-coupling reactions). At the onset of our
investigations, iron-catalyzed Suzuki-Miyaura cross-coupling reactions using the
potentially more easily handled aryl organoboron reagents were limited to only three
examples (Scheme 2.1).14!718 However, the organoboron reagents employed in all three
examples were borate species preactivated with pyrophoric alkyllithium reagents, and all
required the addition of magnesium bromide for high yields. The requirement of difficult-
to-handle preactivated borate species in these reactions nullifies one of the key advantages
of the Suzuki-Miyaura cross-coupling reaction and limits the application of this
methodology in industrial contexts. Moreover, it is possible that the magnesium additive
in these examples is required to overcome a Schlenk equilibrium which disfavors iron-to-
boron transmetalation,”* and the reaction proceeds instead via iron-to-magnesium

transmetalation.
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a) Nakamura and co-workers (2010) TMS Q TMS
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©/ (1 mol %
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generated in situ 99%
c) Bedford and co-workers (2018)
FeBr; (10 mol %)
’Bu_‘ 2 IMes-HCI (10 mol %)
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@ Q 1,60°C, 31 Q
(2.2 equiv.) 82%

Scheme 2.1. Examples of Suzuki-Miyaura-type cross-coupling reactions of aryl organoboron reagents catalyzed
by iron-based complexes which require magnesium bromide additives for high yields.

In this chapter, we discuss the development of an iron-based catalyst system for the

cross-coupling of alkyl halides and unactivated arylboronic esters in the absence of

magnesium additives.> Mechanistic implications from these studies were applied toward

the rationally guided development of a family of second-generation iron-based catalysts

which demonstrated a broadened substrate scope including heteroaromatic boronic esters

and tertiary alkyl halides.?® An emphasis is placed on examining the transmetalation step

in these reactions, which we believe is of particular importance due to the divergent levels

of efficiency observed between iron-catalyzed Kumada-Tamao-Corriu-type reactions of

Grignard reagents!'?

and the corresponding Suzuki-Miyaura reactions of organoboron

reagents.

65



2.2 The impact of promoting transmetalation and regulating aggregation on
cross-coupling reactions catalyzed by iron-based complexes

The efficiency observed in iron-catalyzed cross-coupling reactions when the
transmetalating reagent is a Grignard reagent led us to believe that transmetalation of the
organoboron reagents was a limiting factor in iron-catalyzed Suzuki-Miyaura reactions.
For comparison’s sake, we turned to the significant body of work that had been established
for the analogous palladium-catalyzed systems in order to better understand the
transmetalation step in iron-catalyzed Suzuki-Miyaura cross-coupling reactions (Figure
2.1a). It should be noted that our understanding of these reactions follow the
iron(II)/iron(IlI) mechanistic framework proposed by Nakamura'* and supported by
Neidig,>”*® but we cannot definitively rule out other proposed mechanisms such as the
iron(I)/iron(1)/iron(I1I) cycle favored by Bedford!” and Norrby.?’ As discussed in Chapter
1.2.2, extensive studies have been carried out to elucidate the role of base additives in
palladium-catalyzed Suzuki-Miyaura reactions.’*3> Two viable pathways have been
proposed: the base can form a nucleophilic organoborate species in situ or it converts the
palladium(II) halide formed after oxidative addition into a palladium(II) hydroxide that is
better suited for transmetalation with boronic acids*® (Figure 2.1b). While neither pathway
has been definitively ruled out, recent studies by the groups of Hartwig®® and Denmark>*
have implicated the formation of palladium hydroxides in catalytic Suzuki-Miyaura cross-
coupling reactions. While palladium hydroxide species can exist as mononuclear
complexes in solution,*’ the analogous formation of iron hydroxides or alkoxides lead to

38-40

irreversible aggregation of higher-ordered iron species, which we believe are

deactivated for cross-coupling reactions.
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Figure 2.1. a) Mechanistic comparison between palladium-catalyzed and iron-catalyzed Suzuki-Miyaura cross-
coupling reactions of halide electrophiles and organoboron nucleophiles. The base-facilitated transmetalation step
is highlighted in red. b) Proposed pathways for transmetalation in palladium-catalyzed Suzuki-Miyaura cross-
coupling reactions and a spectroscopically identified intermediate likely involved in transmetalation.

Transmetalation from boron to iron in iron-catalyzed Suzuki-Miyaura reactions

could be inherently disfavored because iron is less electronegative than boron. To explore

this hypothesis, Dr. Michael Crockett developed a computational model to evaluate the

transmetalation from phenyl boronic acid pinacol ester (PhB(pin)) and (dppe)Fe''X>

complexes bearing various anionic ligands (Figure 2.2).2*' The computations

demonstrated that transmetalation reactions from PhB(pin) to iron chloride complexes

feature prohibitively high thermodynamic barriers, which has also been observed in similar

computations using palladium-based complexes (Figure 2.2, black trace).*> On the other

hand, transmetalation reactions from PhB(pin) to iron methoxide complexes were
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significantly less uphill than those from the iron chloride complexes, with thermodynamic
barriers that are energetically surmountable at room temperature (Figure 2.2, red trace).
Nonetheless, these values were still nearly 10 kcal/mol higher than those of analogous
palladium-catalyzed systems,** underscoring the reactivity differences between palladium-

and iron-based complexes.

[\ , [\ . [
thP\F _.PPh, PhB(pin) thP\F _.PPh, PhB(pin) thP\F _PPh;
e - e - e

X X AH X Ph AHp PH Ph
A
20 +
12.1 kcal /,
10T (dppe)feNEt)  \gq/
= ' \ 12.2 kcal/mol
S FeNEt,Ph 3
é \
50 T — FePh,
(0]
5 242 15.4 keal/mol
T FeOMePh
£-10 1
:qu (dppe)FeOMe,
(0]
=
% 20 4+ 80.8 kcal/mol
N -44.2
FeClIPh
80 T
(dppe)FeCl,

reaction coordinate

Figure 2.2. Density functional theory (B3LYP/6-31G*) computed energies for the
transmetalation from boron to iron in reactions between PhB(pin) and (dppe)FeXa.

The implication that transmetalation from iron alkoxides could be

thermodynamically accessible at room temperature compelled Dr. Crockett to attempt the
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synthesis of mononuclear iron alkoxide complexes for use in cross-coupling reactions
(Scheme 2.2). Unfortunately, neither a salt metathesis reaction of a metal alkoxide with
(dppe)FeClz (2.1) (Scheme 2.2a) nor a protonolysis reaction of (dppe)Fe(CH2SiMes)> (2.2)
(Scheme 2.2b)*° cleanly produced the desired iron alkoxide. Instead, both reactions
resulted in the formation of green insoluble material that proved inactive for cross-coupling

reactions, which were presumed to be higher-ordered iron aggregates.
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) MOR (2.0 equiv.)

P

PH Fe “Ph
CI/ - ,25°C "\
2.1 ;

M = Li, Na, K

green insoluble PhB(pin)

R = p-OMePh, material
b) Ph, / \Ph CH,C(CHa)3 ; OBr

je Ph ROM (2.0 equiv)
Me3Si ~—SiMes ,25°C

no reaction

2.2

c Ph Ph Ph_ Ph .
b Pl Ty LINR, (2.0 equiv.) 4y PhB(pin) o
)

/ = !
Cl Cl RoN NR
2 T Br 2.4
21 2.3

entry R’ R? yield (%)
1 CHs CHs 0%
2a CHs Et 87%
3 Et Et 38%
4 H "Bu 7%
5 CHs Ph 0%
6 Pr Pr 7%
7 Si(CHs)3 Si(CHs)s 0%

Scheme 2.2. Attempted synthesis of (dppe)Fe(OR): via a) salt metathesis, b) protonolysis;
c¢) Synthesis of (dppe)Fe(NR2)2 and evaluation of activity towards cross-coupling reaction of PhB(pin)
and bromocycloheptane with screening of various LiNR2 sources. *the catalytic reaction employing 10
mol % (dppe)Fe(NMeEt) produced the cross-coupled product in 31% yield.

However, Dr. Crockett’s computational studies of the transmetalation reaction also

predicted that transmetalation from PhB(pin) to iron amide complexes would be
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thermodynamically favorable and kinetically accessible at room temperature (Figure 2.2,
blue trace).?>*! An attempt to synthesize the corresponding iron amide intermediate 2.3
through a salt metathesis reaction of lithium diethylamide and 2.1 resulted in a gold-colored
homogeneous mixture that manifested as a single new paramagnetic species by 'H NMR
spectroscopy. Addition of a stoichiometric amount of coupling partners PhB(pin) and
bromocycloheptane to the reaction mixture produced the cross-coupled product 2.4 in 38%
yield (Scheme 2.2, entry 3). The ability to modify the amide substituents enabled a screen
of various lithium amides for optimization, of which it was determined that lithium
ethylmethylamide performed best (Scheme 2.2, entry 2). Successful cross-coupling was
found to be particularly sensitive to the steric properties of the amide substituents, as
amides that were significantly smaller or larger than ethylmethylamide resulted in much
lower yields (Scheme 2.2, entries 1, 4-7). Most encouragingly, a catalytic amount of the
iron amide resulting from salt metathesis with lithium ethylmethylamide (10 mol %)

produced the cross-coupled product in 31% yield.

At this point, Dr. Crockett and Dr. Chet Tyrol evaluated a wide variety of
monodentate and bidentate phosphorus-based and nitrogen-based ligands for their ability
to promote catalytic cross-coupling between PhB(pin) and bromocycloheptane.*!*** Of the
ligands screened, it was found that bis(oxazoline) ligands were exceptionally effective for
the catalytic transformation (Table 2.1). Reactions carried out with iron dichloride in the
absence of any ligand produced the cross-coupled product 2.4 in 25% yield, with
significant byproduct formation resulting from elimination of the electrophile (2.6) (Table
2.1, entry 1). Byproduct formation was reduced and yields were significantly higher when

the commercially available cyanated bis(oxazoline) ligand 2.9 was used (Table 2.1, entries
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4-5) rather than the corresponding unsubstituted ligand 2.7 (Table 2.1, entry 2) or a

bis(oxazoline) bearing geminal dimethyl substituents (2.8) (Table 2.1, entry 3).

Table 2.1. Screen of iron-based complexes supported by bis(oxazoline) ligands for promoting the Suzuki-Miyaura
cross-coupling reaction between PhB(pin) and bromocycloheptane.

Fe source (10 mol %)

ligand (10 mol %)
Br + PhB(pin) LiNMeEt (1.2 equiv.) Ph + +

CeHg, 25°C, 24 h

(1.0 equiv.) (2.0 equiv.) 24 25 2.6
entry Fe source ligand 2.4 (%) 2.5 (%) 2.6 (%)
1 FeCl2 none 25 15 48

0] 0]
T
2 FeCl, N N— 36 14 16
Ph Ph
2.7
HsC. CH,
3 FeCl2 lN N|\> 25 16 26
Ph Ph
2.8
CN
O\H\/O
4 FeClz S/lN HN 58 14 10
Ph Ph
2.9
52 FeCl2 2.9 72 6 6
CN
S/ N. _N \> none 74 0 10
Fe -
Ph él Ph
2.10
7° 210 2.9 82 1 7
8¢ 210 2.9 89 2 6
gbd 210 2.9 75 2 13
10Pe 210 29 69 1 19

320% of 2.9. ° 48 h. ©48 h; 10% 2.10 and 60% LiNMeEt added after 24 h. 5% 2.10 and 2.9. ®1%
2.10 and 2.9.

Moreover, it was determined that discretely synthesized iron complex 2.10

featuring a monoanionic cyanobis(oxazoline) ligand was more effective at carrying out the

71



cross-coupling reaction (Table 2.1, entry 6) than if the catalyst were formed in situ from
2.9 and iron dichloride. (c¢f- Table 2.1, entry 4.) The addition of 10 mol % exogenous ligand
further improved yields when the reaction was allowed to run longer (Table 2.1, entry 7),
which we believe is a critical component to discouraging aggregation (vide infra). Full
consumption of the starting material could be achieved with the addition of catalyst and
base at 24 hours (Table 2.1, entry 8). Catalyst loading could be reduced to as low as 1%,

but formation of the cycloheptene byproduct 2.6 became more prevalent.

In summary, work by Dr. Crockett and Dr. Tyrol established that the key limitation
that had previously limited iron-catalyzed Suzuki-Miyaura cross-coupling reactions was
the irreversible formation of iron oxide aggregates. Computational studies demonstrated
that lithium amides could serve as effective bases to promote transmetalation between
boron and iron in order to enable the cross-coupling transformation. A wide-ranging survey
of ligand frameworks highlighted the unique effectiveness of monoanionic cyanated
phenylbis(oxazoline) ligands for high yields of cross-coupled product.

2.3  Evaluation of substrate scope of a Suzuki-Miyaura cross-coupling

reaction catalyzed by iron-based complexes and extension to a pharmaceutical
target

With optimal conditions in hand, the generality of the cross-coupling reaction
towards a variety of substrates was explored (Table 2.2). Substrates 2.11-2.20 employing
different alkyl halide coupling partners were synthesized by Dr. Tyrol. Primary and
secondary alkyl halides were well tolerated (2.4, 2.11-2.12), though the primary alkyl
halides required heating to reach yields comparable to the secondary alkyl halides.

Typically, the alkyl bromides were superior to the alkyl iodides, which were in turn
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superior to the alkyl chlorides. This trend was reversed for 2.13-2.16 derived from activated
alkyl halides, in which the chloride delivered the product in higher yield. It is believed that
competitive homocoupling of the stabilized benzyl or allyl radical impedes formation of

t.4 Tertiary alkyl chlorides could be used to deliver quaternary

the cross-coupled produc
products 2.17-2.18, albeit in low yields. Lastly, substrates containing a protected alcohol
(2.19) and a protected amine (2.20) were tolerated, though the highly basic reaction

conditions precluded toleration of functional groups containing labile protons (i.e. ketones,

esters, amides, unprotected alcohols).

Table 2.2. Substrate scope of a Suzuki-Miyaura cross-coupling reaction between aryl
boronic acid pinacol esters and alkyl halides catalyzed by iron-based complex 2.10.
Isolated yields are reported with yields based on recovered starting material appearing in
parentheses.

CN
2.10 (10 mol %)

Ar—B(pin) + alkyl=X N BoxPh (2.9) (10 mol %) Ar=alkyl 1 N\)
Fe -
Ph &  Ph

(2.0 equiv.) (1.0 €quiv.) ™) iNMeEt (1.2 equiv.)  Yield (brsm)

X = Brunless 0
otherwise stated CeHe, 25°C, 48 h

2.10
E>—ph L Ph Ph Ph
Ph 6
211 212 558 Cl
24 73% (85) 77% (91) 28% (37) 2.14
85% (85)  X=CI32% (86) X=CI28% (72° x=Cl73% (79) 40% (73)
X=145% (9)  x =145% (91)
Bh N/Cbz
Ph Ph /Q
Ph” " ph Ph.M,SOTBS 5
2.20
2.15 2.16 217 2.18 2.19 56% (96)°
50% (50)° 61% (60)° X=Cl21% X=CI21%  60% (817  X=180% (83)°

CH;
O 2
g c-hept” X c-hept

c-hept
2.21 2.22 2.23 2.24
25% (45) 25% (25) 76% (84) 51% (51)P
OCHs CF3 (/ :s (/D/C-hept
/©/ @\ - N
c-hept c-hept c-hept CF; c-hept  Bog
2.25 2.26 2.27 2.28 2.29
68% (100)° 47% (87)° 67% (76)° 0% 0%

@50 °C. ®10 mol % 2.10 and 0.6 equiv. LINMeEt added after 24 h. °toluene was used as solvent.
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The identity of the boronic acid pinacol ester was screened in the cross-coupling
reaction with bromocycloheptane to deliver substrates 2.21-2.29. Alkenyl boronic esters
could be incorporated to deliver 2.21-2.22 in low yields. Cross-coupling of naphthyl
boronic ester to deliver 2.23 proceeded similarly to phenyl boronic ester to deliver 2.4.
Electron-donating substituents on the aryl boronic esters were tolerated (2.24-2.25), though
these reactions were sluggish as a result of slower transmetalation. The lowered efficiency
could be overcome with the addition of 2.10 and base midway through the reaction.
Electron-withdrawing substituents on the aryl boronic esters resulted in lowered reactivity,
likely due to the formation of less reactive borate species with the amide, and required
heating to liberate the amide base and achieve appreciable yields (2.26-2.27).
Unfortunately, this catalytic system was unreactive toward heteroaromatic boronic esters
(2.28-2.29). In most cases, the cross-coupling reaction proceeded without formation of side

products and gave high yields based on recovered starting material.

To demonstrate the utility of the iron-catalyzed Suzuki-Miyaura cross-coupling
reaction, we envisioned its application toward the synthesis of the active pharmaceutical
ingredient Cinacalcet (trade name, Sensipar®).*’ Cinacalcet is a calcimimetic which is used
for the treatment of secondary hyperparathyroidism, and in 2018 it was the 39" top selling
small molecule drug on the market, grossing $1.774 billion.*® At the time of these
investigations, the most efficient established methods for the synthesis of Cinacalcet
employed two-step synthetic routes using noble metal catalysts to form the precursor
2.30,*7-%° which could then be elaborated to Cinacalcet following alkene hydrogenation
(Scheme 2.3a). We envisioned that this step could be circumvented if the aliphatic skeleton

of Cinacalcet could be incorporated by an iron-catalyzed Suzuki-Miyaura cross-coupling
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reaction with the meta-trifluoromethylphenyl ring. Taking advantage of the
chemoselectivity of our method for unactivated alkyl bromides over the corresponding
chlorides (vide supra), intermediate 2.31 could be synthesized from 1-bromo-3-
chloropropane and meta-trifluoromethylphenyl boronic acid pinacol ester in 55% yield
(Scheme 2.3b). Subsequent alkylation of commercially available chiral amine 2.32 by Dr.
Tyrol delivered Cinacalcet in 75% yield (41% overall). At the time of this writing, this
route is the shortest reported synthesis of Cinacalcet (2.33) from commercially available

starting materials and avoids the use of noble metal catalysts.

Pd-catalyzed
a) cross coupling

2 steps O O
Ll 1
L NI e
F3C

o Cinacalcet (Sensipar® CH3
3 230 75% (41% over 2 steps) 2.33

4

Ru-catalyzed

cross metathesis

2 stops HoN _naphth | KI (20 mol %)
2.32 K2003, CH3CN
Taar . 100 °C, 48 h
2.10 (10 mol %)
/©\ ChBox 29 (10 mol %) J@\/\/CI
FsC B(pin) LiNMeEt (1.2 equiv.) FsC

i CeHe, 50 °C, 48 h 2.31
(2.0 equiv.) 231

Scheme 2.3. a) Retrosynthetic analysis of previously reported synthetic routes to cinacalcet
(Sensipar®), b) a two-step synthesis of cinacalcet (Sensipar®) using an iron-catalyzed Suzuki-Miyaura
cross-coupling reaction between an aryl boronic ester and an alkyl halide.

2.4  Working mechanistic hypothesis and the development of principles for
future ligand design

Our mechanistic understanding of the iron-catalyzed Suzuki-Miyaura cross-
coupling reaction is chiefly guided by the iron(Il)/iron(IIl) catalytic cycle proposed by

Nakamura'® and supported by Neidig and co-workers*’?® for the coupling of alkyl
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electrophiles with preactivated aryl borates. Regardless of the precise details of the

mechanism, carbon-based radical intermediates are likely formed in our method because

ring-opened product 2.35b is exclusively formed in the cross-coupling reaction of PhB(pin)

with radical clock substrate 2.34 (Scheme 2.4, entry 1). A mixture of the direct-cross-

coupling product 2.37a and ring-closure product 2.37b is formed in the cross-coupling

reaction between PhB(pin) and radical clock substrate 2.36 (Scheme 2.4, entry 2), which

suggests that the radical intermediates have rearrangement rate constants on the order of

103 s'.3! Nakamura and co-workers observed similar results,'* which lead us to believe

that the operative mechanism of our iron-catalyzed cross-coupling reaction follows a

similar cycle.

2.10 (10 mol %)

Ph—B(pin) + alkyl—=X  CNBox"" (2.9) (10 mol %)

Ph=alkyl
(2.0 equiv.) (1.0 equiv.) LiNMeEt (1.2 equiv.) yield
CgHg, 25°C, 48 h
entry alkyl-X product distribution
I: \ I: \ + Ph\/\/
1 Br Ph
2.34 2.35a 2.35b
0% 75%
2 Br ~~~ Pha ~~# + E>_\
Ph
2.36 2.37a 2.37b
32% 41%

Scheme 2.4. Reactions of radical clock substrates to examine the intermediacy of
organic radicals in the iron-catalyzed Suzuki-Miyaura cross-coupling reaction.

A key distinction of our system compared to those reported by Nakamura and

Bedford is our use of unactivated aryl boronic esters. While our reaction conditions also

make use of a strong base capable of forming borate species upon reaction with the boronic
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ester (pK, of LiNR> = 35, ¢f. pK, of "BuLi = 50), several observations during optimization
of reaction conditions lead us to believe that the role of the lithium amide is to activate the
iron catalyst for transmetalation, rather than the boronic ester. While the conversion of
PhB(pin) to a new boron species is observed by ''B NMR spectroscopy (PhB(pin): 31.0
ppm, new species: 7.5 ppm, referenced to BF3-O(C:Hs),: 0.0 ppm) when lithium
ethylmethylamide is added,*! aryl boronic ester substrates that are expected to more readily
form borate species result in low yields at room temperature (e.g. electron-deficient boronic
esters 2.26-2.27, and less sterically encumbered boronic acid neopentyl glycol ester 2.38)
(Table 2.2; Scheme 2.5a). Moreover, the borate species 2.39 synthesized discretely from
PhB(pin) and lithium ethylmethylamide likewise leads to low yields of cross-coupled
product 2.4 at room temperature (Scheme 2.5b). However, heating the reaction employing
the preformed borate as a coupling partner resulted in higher yields, though these yields
are still lower than that of the reaction using the unactivated boronic ester (Scheme 2.5b).
Presumably, heating reactions of substrates that are prone to form borate intermediates can

liberate the amide base (vide supra, Table 2.2, entries 2.26-2.27).

2.10 (10 mol %)

LiNMeEt (1 2 equiv.)
| 556 CeHg, 25°C, 48 h 5%
(1.0 equiv.) (2.0 equiv.)

b) W@ 2.10 (10 mol %)
CNBox™" (2.9) (10 mol %)
Br + N /O PhB(pin) (0.8 equiv.) Ph

PH /N—\ CeHe, temp, 48 h

25°C: 6%

(1.0 equiv.) 50 °C: 68%

(1.2 equiv.)

Scheme 2.5. Reactions involving preactivated borate species in the Suzuki-Miyaura cross-
coupling reaction catalyzed by iron-based complex 2.10.
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These observations lead us to propose the mechanistic framework outlined in
Figure 2.3. Iron halide 2.10 undergoes salt metathesis with the lithium ethylmethylamide
to form iron amide complex 2.40, which is thermodynamically favorable for the
transmetalation reaction with PhB(pin). The iron phenyl species 2.41 formed from the
transmetalation reaction abstracts the halogen from the alkyl halide to generate a carbon-
centered radical, which subsequently recombines with the aryl fragment to deliver the
cross-coupled product. Mechanistic understanding of the carbon-carbon bond-forming step
remains limited, and it is possible that the carbon-carbon bond is formed by an inner-sphere

(via 2.42) or outer-sphere mechanism (via radical rebound).

CN
salt metathesis 0 | O transmetalation
LiX \) Ph-B(pin
N, N (pin)
LiNMeEt ph F®  Pn (
N~ N—B(pin)
2.40 /
1 +
CN i CN
0] (0]
| \ \) + LIL <N\F ‘\\\\N> Om
—_— e
NCONSS D N\ oy N N~
ph e Pn pn F& Pn
X 2.43 Ph
X =Cl (2.10), Br 2.41
Ph Br
R)\R ™ R*R
0 X0
radical PN Nl N\) ) halogen
recombination R R \F e/ % R R abstraction
Ph .
Br/ Ph
2.42

Figure 2.3. Working mechanistic hypothesis for the Suzuki-Miyaura cross-coupling reaction of
alkyl electrophiles and unactivated aryl boronic acid pinacol esters catalyzed by an iron-based
complex supported by a cyanated phenylbis(oxazoline) ligand (2.10).
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Another key component of the reaction conditions which enabled higher yields of
cross-coupled product and suppression of byproduct formation was the addition of a second
equivalent of ligand 2.9 to the reaction mixture (vide supra, Table 2.1, entry 7). We
hypothesize that the role of the second equivalent of ligand is to sequester the iron center
and discourage aggregation by forming homoleptic complexes similar to 2.43 (Figure 2.3).
Time course studies conducted by Dr. Crockett indicated that excess ligand provided
greater selectivity at the cost of longer reaction times.*! The slower reaction rates lead us
to believe that 2.43 is a catalyst resting state that exists off the catalytic cycle. Moreover,
the increased acidity of ligand 2.9 in comparison to non-cyanated analogues 2.7-2.8 enable
more facile deprotonation under the basic reaction conditions, which can then engage in
reversible coordination with iron complexes 2.10 and 2.40 to access the homoleptic resting

state and lead to superior performance.

In summary, our mechanistic understanding of the iron-catalyzed Suzuki-Miyaura
reaction implicated two principles for promoting successful cross-coupling: 1) avoiding
the formation of iron aggregates and 2) facilitating transmetalation from boron to iron.
2.5 Examining the viability of p-diketiminate ligand frameworks to promote
Suzuki-Miyaura cross-coupling reactions catalyzed by iron-based complexes

Despite the success of our initial system for Suzuki-Miyaura cross-coupling
reactions catalyzed by iron-based complexes, a significant substrate scope limitation
remained in the inability to incorporate heteroaromatic boronic esters. It has been estimated
that heterocycles are found in over 85% of biologically active compounds®? and over 70%
of pharmaceutically relevant compounds.®® A survey of Suzuki-Miyaura cross-coupling

reactions in the literature confirms the well-known scarcity of such reactions involving at
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least one sp>-hybridized substrate,” and among those that do, fewer still are examples which
react an sp>-hybridized substrate with a heteroaromatic coupling partner (Figure 2.4a).
Moreover, the majority of aryl-alkyl Suzuki-Miyaura cross-coupling reactions involve
primary alkyl fragments (Figure 2.4b). Successful reactions with more substituted aliphatic
fragments remain uncommon, particularly when the alkyl fragment is the electrophilic
coupling partner.® Only four reports describe the successful incorporation of tertiary alkyl

halide substrates,’*>’ and only one tolerates heteroaromatic nucleophiles.>

a) Heteroaryl
Nucleophiles, 47
Heteroaryl
/ = Electrophiles, 77
<
Aryl Nucleophiles, Aol Eleitzr;)philes,
142
200
b) 168 Aryl Boron
- .
160 S5 Aryl Electrophile
" Heteroaryl Boron
g \ Heteroaryl Electrophile
© 120
[-%
Y
°©
Iy
2 80
£
S
2
40
37
1 4 S 4
—
Primary (1°) Secondary (2°) Tertiary (3°)

Type of Alkyl Fragment

Figure 2.4. Survey of journal articles describing Suzuki-Miyaura reactions for: a)
hybridization of nucleophiles/electrophiles and types of nucleophiles/electrophiles involved in
C(sp?)-C(sp?) cross-coupling reactions (inset), and b) types of nucleophiles/electrophiles used
in C(sp?)-C(sp?) cross-coupling reactions for primary, secondary, or tertiary sp3-hybridized
substrates. The dataset was generated using SciFinder®.
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Historically, significant attention has been dedicated toward the development of
cross-coupling reactions of alkyl halide electrophiles using catalysts based on group 10
metals.’®®! However, existing toxicity’ and long-term viability concerns®? of group 10
metals compelled us to address these substrate limitations by further developing our
Suzuki-Miyaura reaction catalyzed by an iron-based complex.?® To expand the scope of
our previous system, the development of new catalysts is required. Based on the working
mechanistic hypothesis presented in Figure 2.3, we targeted ligand frameworks that 1) were
sterically encumbered in order to discourage aggregation and 2) were sufficiently electron-

donating in order to promote transmetalation (Figure 2.5a).

a)
bidentate ligand
anionic donor [ <— environment
N/
» Fe
nucleophilic | \ steric
amide — o-N<n encumbrance
features discourage aggregation
features promote transmetalation
b) R’

R R
Oy W

(0]
§/N ,N\?  — N

N

3 ~_ - 3

Ph Fe //Ph p F'e i
é| Cl

cyanobis(oxazoline) p-diketiminate
iron complex iron complex

R'=H, R? = CH3, R® = 2,6-Me,

E° (vs. Fc/Fc): 1.66 V
s, FalFe') E° (vs. Fc/Fc*): -0.03 V

Figure 2.5. a) Ligand design principles for the development of new iron-
based complexes b) First- and second-generation iron-based complexes for
Suzuki-Miyaura cross-coupling reactions of aryl boronic esters and alkyl
halides.
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A class of ligands adhering to both design principles is the B-diketiminate ligands
(Figure 2.5b). These ligands are better c-donors than the less basic cyanobis(oxazoline)
ligands previously used (E° of 2,6-dimethylphenyl imine iron complex (vs. Fc/Fc¢*) =-0.03
V, cf. 1.66 V for the cyanobis(oxazoline) iron complex).?> Among others,* % Holland and
co-workers® % have demonstrated that these ligands are exceptional for stabilizing low-
coordinate iron species, including 3-coordinate iron alkoxide and amide complexes.®’
Moreover, steric encumbrance in the -diketiminate ligands located closer to the metal
center more effectively hinders aggregation, and the ligand framework features many
handles for modification of catalyst structure in order to tune steric and electronic
properties. Following the working mechanistic hypothesis presented in Figure 2.3, Dr.
Michael Crockett synthesized putative iron intermediates supported by B-diketiminate
ligands (Scheme 2.6, 2.46-2.47) in order to test for their ability to engage in cross-coupling
reactions. Iron amide 2.46 could be accessed through the protonlysis*® of iron alkyl
complex 2.45 with diethylamine. X-ray crystallographic characterization of 2.46 confirmed
the formation of an iron amide species that was dimeric by virtue of two p?-diethylamide
ligands (Appendix B.1.1). However, diffusion-ordered nuclear magnetic resonance
spectroscopy (DOSY) suggested that the structure of 2.46 is mononuclear in solution.”
This assessment is further supported by magnetic moments measured in the solid- and
solution-states, which suggest that 2.46 is diamagnetic in the solid-state and paramagnetic
in solution (uerr= 3.5). Combining 2.46 with an equivalent of PhB(pin) in benzene resulted
in an immediate color change that coincided with changes in the 'H and !'B NMR spectra
consistent with the formation of iron phenyl complex 2.47. Discrete synthesis of 2.47 in

diethyl ether enabled the confirmation of its the structure by X-ray crystallography, which
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determined that it exists as a dimer in the solid-state (Appendix B.1.2). Finally, treatment
of 2.47 with bromocycloheptane delivered the cross-coupled product in nearly quantitative

yields, with the concomitant formation of the iron bromide analogue of 2.44 (Scheme 2.6).

13
N X Fe
W LiCH,SiMe3 W HNEt,  Eta \ LEt

/
N, N NN ——— 5 “ONC NS
ﬂ Fé % pentane o Fe A pentane  Et \Fe/ Et
¢ o rt, 24 h ‘>

cl o -40 °C to rt Ar—y' - Ar
A\\ N
‘U 1h, 61% Q S,Me 90% M
7
- 246 PhB(pin)
(monomeric .
in solution) ~ Et20,-40°C, 1h
50%

N\
Br— :" Ar
W e
N + Ph
@ Fé % CoDs, t, 24 h >©
| Fe

Br quantitative A 4% Ar
N N
2.44-Br 2.4
¥
2.47

Scheme 2.6. Stoichiometric reactions relevant to Suzuki-Miyaura cross-coupling reactions involving iron complexes
supported by p-diketiminate ligands.

Taken together, the monomer-dimer equilibrium of 2.46 suggested by DOSY and
solution-state magnetic moment measurements are consistent with the hypothesis that the
B-diketiminate ligands enable more reversible aggregation events than the
cyanobis(oxazoline) ligand 2.9. Moreover, the rapid conversion of the iron amide 2.46 to
the iron phenyl 2.47 at ambient temperatures highlights the efficient transmetalation
reaction afforded by the electron-releasing and sterically accommodating -diketiminate

ligands. The transmetalation reaction occurs in the absence of a preformed aryl borate
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intermediate. Conversely, transmetalation between 2.44 and a preformed aryl borate
required 24 hours to proceed to completion. Stoichiometric experiments between 2.44, a
preformed amino borate, and the alkyl halide produced the cross-coupled product in lower
yields than the reaction between 2.47 and bromocycloheptane. These observations are
consistent with a mechanistic proposal in which transmetalation proceeds predominantly
through an iron amide intermediate, which is similar to results reported for metal hydroxide
complexes proposed as intermediates in Suzuki-Miyaura cross-coupling reactions

catalyzed by palladium-based complexes.*

2.6  Optimization of catalyst structure and reaction conditions

Encouraged by the stoichiometric experiments, we sought to evaluate [-
diketiminate iron complexes for their ability to catalyze the cross-coupling reaction
between PhB(pin) and bromocycloheptane. In collaboration with Dr. Crockett, we
synthesized a library of B-diketiminate ligands featuring a wide variety of substituents on
the aryl rings (R!, R? and R%) and pentane backbone (R*) (Table 2.3). Using 10% of
complex 2.44, the catalytic reaction proceeded efficiently to deliver >90% of the desired
product. Importantly, the discrete iron complex must be made prior to cross-coupling;
lower yields were observed if the catalyst were generated by combining the ligand with
iron dichloride (entry 2). The rate of the reaction was sensitive to the identity of the aryl
imines installed on the B-diketiminate ligands. In general, the reaction rate increased with
decreasing steric bulk: complexes containing 2-aryl imine ligands (2.49-2.52)
demonstrated superior catalytic performance compared to complexes containing 2,6-
dimethyl aryl imine ligands (2.44, 2.48, 2.53-2.56). Further increased steric bulk (e.g. 2.57)

demonstrated efficient consumption of the starting material but failed to produce an
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appreciable amount of the desired cross-coupled product. We hypothesize that this trend is
due to the accessibility of a less crowded transmetalation pathway. Despite this trend, it
appears that there is an optimal size for the ligands because 2-methylphenyl imine complex
2.52 was less efficient than 2-ethylphenyl imine complex 2.51, and unsubstituted
phenylimine complex 2.58 even less so. We hypothesize that the optimal size is due to the
propensity for less hindered aryl imine complexes to engage in less reversible dimerization

reactions, which hinder productive cross-coupling.

Table 2.3. Screening of iron(I) complexes supported by B-diketiminate ligands for catalytic activity in the
Suzuki-Miyaura cross-coupling reaction between PhB(pin) and bromocycloheptane.

R* R*
X
T e
. N
Ar/ Fle R1
Cl
R3
. Fe catalyst (10 mol %)
Ph—B(pin) + Br = - Ph
LiNMeEt (1.2 equiv.)

CeHe, 25°C, 24 h

(2.0 equiv.) (1.0 equiv.) 2.4
Fe complex R? R? R? R4 kapp (x 10°5)2 ke t12 (h) yield (%)

244 CHs CHs H CH3 2.43 1.0 7.96 91
2.44° CHs CHs H CHs n/a n/a n/a 57
2.48 CHs CHs H CF3 2.34 1.0 8.25 99
2.49 Bu H H CHs 7.95 3.3 2.43 96
2.50 Pr H H CHs 44.0 18.1 0.44 95
2.51 Et H H CH3 454 18.7 0.43 99
2.52 CH3 H H CH3 29.9 12.3 0.65 85
2.53 CHs CHs CHs CH3 3.38 14 5.72 99
2.54 CHs CHs Br CHs 0.63 0.3 30.5 53
2.55 CHs CHs OCHz3 CHs 3.47 14 5.56 99
2.56 CHs CHs N(CHs): CHs 2.67 1.1 7.44 99
2.57 Pr Pr H CH3 2.31 1.0 8.35 1

2.58 H H H CH3 n/a n/a 2.83 28
2.59 CHs CHs H Ph 5.64 2.9 8.25 28
2.60 CHs CHs H Bu n/a n/a n/a 1

2.61 CHs CHs H N(CHa)2 2.55 1.3 449 50

a kapp is based on the conversion of bromocycloheptane and only uses values up to 50% conversion.
b2.44 was generated in situ by reaction of the free ligand and FeCl..
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In comparison to the steric influence of the ligand, electronic effects were
minimally impactful. Iron complexes 2.54-2.56 with electron-donating and electron-
withdrawing substituents on the aryl imines generally led to similar reaction rates and
yields to the 2,6-dimethylphenyl imine complex 2.44. Iron complexes 2.59-2.61 with
various substituents on the pentane backbone generally resulted in lowered yields, likely
due to an altered ligand bite angle which can restrict access to the iron center.”! Generally,
all iron complexes were highly selective for generating the desired cross-coupled product.
Unlike the previously reported system using cyanobis(oxazoline) iron complex 2.10,%°
early catalyst decomposition was not observed (Figure 2.6). As a result, high conversions
to the cross-coupled product were observed at early time points. With some -diketiminate

iron complexes, the reactions reached near completion within the first 8 hours.

100
——2.44
< 90
= 2.48
% 80 2.49
2 79 2.50
5 ——2.51
_% 60 2.52
_é 50 —e—2.53
2 —e—2.54
qg' 40 —e—2.55
g 30 —e—2.57
Iz
g 20
C
8 10
0 ® @ & )
0 2 8 10

time (h)

Figure 2.6. Conversion vs. time plots over the first 8 hours of reaction for the cross-coupling of PhB(pin) and
bromocycloheptane using representative $-diketiminate iron complexes.
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Table 2.4. Screening of reaction conditions for the Suzuki-Miyaura cross-coupling reaction between
PhB(pin) and bromocycloheptane catalyzed by iron(II) complexes supported by p-diketiminate ligands.

) Fe catalyst (x mol %)
Ph—B(pin) + Br Ph
LiNMeEt (1.2 equiv.)

solvent, 25 °C, 24 h

(y equiv.) (1.0 equiv.) 24
entry Fe complex x (cat loading) vy (equiv. B(pin)) solvent yield (%)
12 2.49 10 2.0 benzene 67
2 2.49 5 2.0 benzene 45
3 2.49 1 2.0 benzene 5
4 2.49 10 1.3 benzene 80
5 2.49 10 1.5 benzene 90
6 2.49 10 2.0 benzene 95
7 2.49 10 2.2 benzene 96
8 2.49 10 2.5 benzene 97
9 2.44 10 2.0 benzene 91
10 244 10 2.0 toluene 73
11 2.44 10 2.0 anisole 40
12 2.44 10 2.0 methyl Bu ether 43
13 244 10 2.0 THF 13
14 244 10 2.0 2-MeTHF 79

@ Reaction was carried out with 10 mol % of exogenous ligand.

Reaction conditions were screened using iron complexes 2.44 and 2.49 because a
cursory exploration of boronic ester substrates demonstrated that these complexes were
most general, despite not necessarily being the fastest catalyst precursors. These cross-
coupling reactions demonstrated notable advantages compared to the previously reported
system employing cyanobis(oxazoline) iron complexes.”> Reactions proceeded to
completion significantly faster due to prolonged catalyst lifetimes (Figure 2.6), obviating
the need for additional equivalents of ligand, which now has a deleterious impact on
reaction yield (Table 2.4, entry 1). The catalyst loading could not be lowered without
significant loss in activity (Table 2.4, entries 2-3). The reaction also no longer required an
excess of the boronic ester to be used; however, reactions with a superstoichiometric

amount of the organoboron nucleophile were faster, slightly more selective, and void of
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side reactions (Table 2.4, entries 4-8). Several different solvents enabled successful cross-
coupling reactions (Table 2.4, entries 10-13); however, benzene remained the optimal
solvent choice (cf entry 9). Moreover, the cross-coupling reaction is readily scalable, as
demonstrated by a reaction between PhB(pin) and bromocycloheptane to deliver 2.4 in

85% yield on a gram scale.

2.7  Evaluation of substrate scope

The generality of the cross-coupling reaction for a variety of heteroaromatic
boronic ester substrates was evaluated next (Table 2.5). Catalyst precursor 2.49 was
selected for this purpose because a cursory exploration of boronic ester substrates
demonstrated that this complex led to higher yields. The sterically more encumbered ligand
in 2.49 likely provides the optimal steric environment to overcome irreversible substrate
binding of the heteroatom to the iron center while maintaining the accessibility required
for transmetalation. With this precatalyst, several heteroaromatic boronic ester substrates
produced the desired products in moderate to excellent yields (Table 2.5). Furans were
compatible (2.62), as well as several nitrogen-containing heteroaromatic boronic esters
(2.29, 2.63-2.66). The latter substrates often required the reaction to be carried out at 50 °C
or using an excess of boronic ester. Boc-protected indoles (2.29), quinolines (2.64-2.65),
and sterically encumbered pyridines (2.66) were all tolerated. Such substrates were
completely inactive when iron complexes supported by cyanobis(oxazoline) ligands (i.e.
2.9) were used as precatalysts. Substrates more likely to bind to iron, such as unencumbered
pyridine 2.63 and heterocycles containing multiple nitrogen atoms (2.70) did not undergo
efficient cross-coupling. 2-thiophenyl-B(pin) and 3-thiophenyl-B(pin) produced the

desired cross-coupling products 2.28 and 2.67-2.69 with primary and secondary alkyl
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halides. These results demonstrated complementary reactivity with electrophilic aromatic

substitution of thiophene rings, which selectively functionalize at the 2-position, and are

prone to rearrangement when primary alkyl halides are used.’>”?

Table 2.5. Substrate scope of a Suzuki-Miyaura cross-coupling reaction between aryl boronic acid pinacol esters
and alkyl halides catalyzed by iron-based complex 2.48 or 2.49. Compounds synthesized using complex 2.48 are
highlighted in gray. Isolated yields are reported with yields based on recovered starting material appearing in
parentheses.

F3 C
ArBPIn) + ROBr ) 48or2.49(10mol%) R=Ar i e m Ar”
(15equv) — (10€dN) | iNMeEt (1.2 equiv)  vield (orsm) ,c Q
R = cycloheptyl unless CegHg, 25 °C, 24 h (thf) thf
otherwise specified
2.48 2.49
- D O O OO O
24 2.62 Boc 529 2.63 2.64
95% (99)° 61% (70)2 51% (75)° 32% (56)P 75% (93)P (KN
N\l/
©/\J\ —_— 0 228 R = 2-cycloheptyl, 58% (73) &
2.67 R = 3-cycloheptyl, 82% (88) 2 70
2.65 2.66 2.68 R = 2-n-octyl, 25% (72) O.%
40% (58)P 74% (87) 2.69 R = 3-n-octyl, 61% (90)°
Ph
Ph Ph Ph—CN—Cb
%Ph &Ph A/gg/ ©/\ z ; s
2.7 2.72 2.12 213 2.20 2.73
99% (99)° 63% (63)° 80% (87)° 50% (62)° 67% (95)° 55% (71)°
/\)Qph Bt g 217 R = H, 92% (92)*°
Ph Ph Ph E Ph 277TR = 4-Me, 58% (58)Cd
t =2 0 cd
5 18 274 S o 278 R = 3-CFs, 72% (72)°*
99% (99)™ 69% (99)°% Hare 0% 2.79 R = 4-OMe, 55% (55)

R

2.0.1 mmol of electrophile. ® at 50 °C. ©2.0 equiv. of B(pin). ¢ corresponding chloride used. ®isomer not observed.

In addition to the expanded boronic ester substrate scope, Dr. Michael Crockett
demonstrated that the previously reported alkyl halide substrate scope was maintained to a
high degree. Generally faster and cleaner reactions were observed using 2.49 as the catalyst

precursor compared to cyanobis(oxazoline) iron complexes (Table 2.5, 2.12-2.13, 2.20,
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2.71-2.73). Secondary alkyl halides (2.71-2.72) and primary alkyl halides (2.12-2.13) were
well tolerated, with the alkyl bromide demonstrating superior performance compared to
alkyl chlorides and iodides. Benzylic halide substrates (2.13) were a notable exception; a
moderate yield of product could be achieved but the cyanobis(oxazoline) complexes
performed better (vide supra, cf. Table 2.2). In these reactions, the product resulting from
halide dimerization was observed in higher quantities, leading us to hypothesize that the
higher reducing ability of the B-diketiminate iron complexes enabled more effective
halogen abstraction to generate the carbon-centered radical in higher concentration, leading
to irreversible dimerization. In addition to tolerating heterocycles, the cross-coupling
reaction produced useful yields of products containing suitably protected amines (2.20) and

alcohols (2.73).

Finally, tertiary alkyl halides proved to be excellent substrates for the cross-
coupling reaction (Table 2.5, 2.17-2.18, 2.74-2.79). Previously, the cyanobis(oxazoline)
iron complexes led to low yields of cross-coupled product 2.18 from I-
chloroadamantane,? but this result was not general across a variety of tertiary alkyl halides.
In contrast, cross-coupling reactions using 2.49 resulted in near quantitative yield of 2.18
from 1-chloroadamantane. Despite this, fluorinated catalyst precursor 2.48 demonstrated
more generality for a variety of tertiary alkyl chlorides. We believe that the more electron-
deficient iron complex better facilitates reductive elimination, which can be difficult for
the more hindered substrates. Using this catalyst, cross-coupling reactions between tert-
butyl chloride and a variety of electron-rich and electron-deficient aryl boronic esters
proceed in good to excellent yields (2.77-2.79). More sterically hindered tertiary alkyl

halides of the general formula R(CH3)>CCl also produced the desired cross-coupled
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product in good yield (2.74), though it appeared that an upper limit existed for alkyl halides
of the general formula R2(CH3)CCl and larger (2.75-2.76). Notably, cross-coupled product
2.74 was produced in the absence of byproducts that can result from isomerization due to
cascading insertion/elimination steps (i.e. “chain-walking”). This type of isomerization has
been observed for nickel-catalyzed cross-electrophile cross-coupling reactions of similar

74-76

substrates, and the byproducts can be difficult to remove from the desired product.

2.8 Revised mechanistic hypothesis featuring a bifunctional iron amide
intermediate

Notably, the stoichiometric reaction between iron phenyl complex 2.47 and
bromocycloheptane took nearly 24 hours to proceed to completion (vide supra, Scheme
2.6), which is significantly slower than one would expect based upon the catalytic reactions
described in Chapters 2.6-2.7, which demonstrate high conversions to cross-coupled
product within the first 8 hours (Figure 2.6). This inconsistency suggested that 2.47 was
not sufficiently reducing enough to perform the halogen abstraction and generate the
carbon-centered radical. We surmised that the iron amide species 2.46 could serve as a
reducing agent in addition to engaging in transmetalation. To evaluate this possibility, a
cyclic voltammogram of iron amide 2.46 was collected by Dr. Michael Crockett, which
indicated that this complex possessed a reducing potential of -1.7 V vs. F¢/Fc¢™ (¢f. -0.03 V
vs. Fc/Fc* for the analogous iron chloride complex 2.44, Figure 2.5).*! Unfortunately, the
instability of 2.47 at ambient temperatures precluded the collection of a cyclic

voltammogram.

Furthermore, a 1:1 mixture of 2.46 and 2.47 rapidly produced the cross-coupled

product following the addition of bromocycloheptane in stoichiometric quantity (Scheme
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2.7). Taken together, these results imply that the iron phenyl species 2.47 is catalytically
competent but not kinetically relevant. Instead, the iron amide is required for electrophile

activation on the catalytic timescale.

Ar Et, Et Ar Q Br_Q
=N, _N \ ,N— ,N_
§N i ? Fe,, i (1.0 equiv.) ph_Q
Ar Ef Et Ar 6 CgDg, rt, minutes

2.4
2.46 2.47 el el 4 quantitative

(1.0 equiv.) (1.0 equiv.)

Scheme 2.7. Stoichiometric reaction between 2.46, 2.47, and bromocycloheptane, which leads to rapid and
quantitative formation of cross-coupled product 2.4.

Because these results implicate the iron amide 2.46 in both the transmetalation step
and the halogen abstraction step, we revised our mechanistic hypothesis to account for
these observations (Figure 2.7).”” In this revised catalytic cycle, iron halide precursor I is
activated by salt metathesis with the lithium amide base. Iron amide II is bifunctional—it
activates the alkyl halide electrophile via halogen abstraction to yield iron amide halide

intermediate ITIa,'!!7:23:27-29.78-81

and the organoboron nucleophile via transmetalation to
yield iron aryl species IIIb.?7?%30 The carbon-centered radical generated from halogen
abstraction recombines with IIIb, and reductive elimination from intermediate IV delivers
the cross-coupled product.® It should be noted that the mechanism of the carbon-carbon
bond forming step remains unclear, and could proceed via an outer-sphere mechanism in
which IIIb is converted directly to V.3! Catalyst turnover is achieved by

comproportionation between oxidized intermediate IIla and low-valent intermediate V to

regenerate an equivalent of I and an equivalent of I1.
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Figure 2.7. Revised working mechanistic hypothesis for the Suzuki-Miyaura cross-coupling reaction of alkyl
halides and unactivated aryl boronic esters catalyzed by iron complexes supported by B-diketiminate ligands.

2.9 Examining the transmetalation step with low-temperature nuclear
magnetic resonance spectroscopy

The working mechanistic hypothesis proposed in Figure 2.7 implies that the
transmetalation reaction and the halogen abstraction reaction proceed at competitive rates
from a common intermediate, and suggests that successful cross-coupling reactions hinge
on mediating the delicate balance of the two reaction rates. It was determined that iron
amide 2.46 reacted very rapidly with bromocycloheptane at ambient temperatures to
produce a complex mixture of products as observed by 'H NMR. As a result, we turned
our attention towards gaining insight into the mechanism of the transmetalation reaction.
While the rapid conversion of iron amide 2.46 to the iron phenyl complex 2.47 at ambient
temperatures made the collection of reaction progress data not trivial, this issue could be
ameliorated by tracking the transmetalation reaction at low temperatures using NMR

spectroscopy.®? To do so, a stock solution of 2.46 was made in deuterated toluene and
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dispensed into a J. Young tube, where it was frozen in the glovebox cold well. A stock
solution of PhB(pin) in deuterated toluene was layered on top of the frozen iron complex
solution, and allowed to freeze. The frozen multilayered sample was then transferred into
a dewar of liquid nitrogen, which allowed the reaction mixture to be transported to the
NMR instrument without transmetalation occurring prematurely. Once collection
parameters were set up, the reaction mixture could be thawed in order to trigger the reaction

and quickly inserted into the instrument to collect reaction progress data.

After screening various temperatures for the transmetalation of 2.46 with PhB(pin),
it was determined that the reaction could be suitably slowed down at temperatures ranging
from -30 °C to 0 °C (Figure 2.8). Unfortunately, the paramagnetic peaks were not well-
resolved, and conversion of the iron complexes could only be determined indirectly from
the diamagnetic resonances corresponding to the ortho-protons of PhB(pin) and the
methylene protons of the aminoborane byproduct 2.80 resulting from transmetalation.
From these plots of conversion vs. time, we observed that the consumption of PhB(pin)
occurs rapidly early on and levels off in all cases, independent of temperature. The amount
of 2.80 continues to grow steadily and reaches higher conversions in shorter times at higher
temperatures. We hypothesized that a pre-equilibrium event preceding the transmetalation
reaction could be responsible for the depletion of PhB(pin) early on. Pre-transmetalation
intermediates have previously been identified for palladium-catalyzed systems,** the
discovery of which substantially elucidated the mechanism of the transmetalation event.
Attempts to determine the order of the reaction with respect to these intermediates by
performing the reaction under pseudo first-order conditions were inconclusive because the

obtained conversion vs. time plots did not fit first- or second-order trends.

94



Y e - Ny
ol Si(TMS), 9
Ar/ \F 4 \Ar O\ B/O O\ /O +

X
N
Ar \Fe/ Ar

(0.1 equiv.)
|e * B
N H H dg-toluene H o H
f W -30°Ct0 0°C “ﬁ H
2.46 Sortho-H = 8.0 ppm 2.80 2.47
ScHo = 3.0 ppm
45
40 ® 9 9
a) ® % convSM @ % conv pdt
35
2 30 e °
@ e ®
§ 23 e0°?® o0
© 15 o ®
X 10 /
5
0
0 2000 4000 6000 8000 10000 12000
time (s)
100 ®
80 ® % convsm @ % conv pdt
b)
[
v 60 ..............
o ee0o0?®
> [ [ ] ®
g 40 [ o] : o0
[ N ) [ N J
£ 20 ©000000%00005000
0
0 500 1000 1500 2000 2500 3000 3500
time (s)

100

@ % convsm @ % conv pdt
80

(¢)
%conve
S &8 38
V |

[ )
a»
o0
[ N ]
® o
[ I )
o ©o
[ ] [ )
[ ] [ ]
@ [ ]
@ [ ]
[ ] [ ]
o [ ]
[ ]
[ ]
@
[ ]
[ ]
o
@
[ ]
[ )
[ ]
[ ]
o

0 500 1000 1500 2000 2500 3000 3500
time (s)

Figure 2.8. Conversion vs. time data for the consumption of PhB(pin) (blue traces) and the production of Et2NB(pin) 2.80
(red traces) from reaction of PhB(pin) with 2.46 at a) -30 °C, b) -15 °C, and c) 0 °C.
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We had previously demonstrated that the B-diketiminate complexes could perform
the desired cross-coupling reaction with phenyl boronic acid neopentyl glycol ester
(PhB(neo)), albeit with reduced yields (Scheme 2.8, entry 2). In attempting to screen the
stoichiometric transmetalation reaction of iron amide 2.46 with different boronic esters, we
expected that the lower yields of cross-coupled product resulting from the PhB(neo)
substrate indicated that transmetalation would be less efficient, but to our surprise, the
reaction between 2.46 and PhB(neo) resulted in an immediate color change at room
temperature. Moreover, successful transmetalation was also observed between 2.46 and
phenyl boroxine over 24 hours at room temperature, a substrate which was inactive for
catalytic cross-coupling (Scheme 2.8, entry 5). Subsequent addition of bromocycloheptane
to the putative iron phenyl complex resulted in slow formation of cross-coupled product in
all cases. The successful transmetalation between these less active organoboron reagents
and the iron amide complex 2.46 in stoichiometric reactions leads us to hypothesize that
the success of the catalytic cross-coupling reaction is mediated by competing rates of
transmetalation and halide abstraction by the in sifu-formed iron amide. Halide abstraction
with the iron amide complex 2.46 is extremely rapid at room temperature, demonstrating
an immediate color change and a complex mixture of products in the 'H NMR spectrum of
the reaction mixture. However, when the transmetalation proceeds orders of magnitude too
slowly compared to the fast halide abstraction, the reaction does not occur (i.e. phenyl
boroxine). When transmetalation is competitive with the fast halide abstraction at room

temperature (i.e. PhB(pin), PhB(neo)), the cross-coupling product is observed.
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Scheme 2.8. Scope of phenyl boronic esters for the Suzuki-Miyaura cross-coupling
reaction with bromocycloheptane catalyzed by B-diketiminate iron complex 2.49 featuring

2-'BuPh imine substituents.

97

These findings compelled us to collect reaction progress data for transmetalation of
2.46 with other boronic esters at low temperature, in the hopes of elucidating the generally
observed lower efficiency of catalytic reactions with boronic esters not containing pinacol.
Specifically, it was unclear to us why PhB(neo) was less efficient under catalytic
conditions, despite proceeding to completion in the transmetalation reaction almost
instantaneously at ambient temperature. The stoichiometric transmetalation reaction was
performed with PhB(neo) in place of PhB(pin) at -30 °C (Figure 2.9a). Similar to the
stoichiometric transmetalation of PhB(pin) with iron amide complex, consumption of the
boronic ester proceeded rapidly even at low temperatures; in fact, consumption of the

PhB(neo) was faster than that of the PhB(pin) (Figure 2.9b). However, the production of



the analogous aminoborane was much slower than when PhB(pin) was used (Figure 2.9b).

Fitting to first- and second-order plots was likewise inconclusive.
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Figure 2.9. a) Conversion vs. time data for the consumption of PhB(neo) (green trace) and the production of
Et:NB(neo) 2.81 (purple trace) from reaction of PhB(neo) with 2.46 at -30 °C. b) Overlaid comparison of conversion
vs. time data for transmetalation reactions between PhB(pin) and 2.46 (blue and red traces) and between PhB(neo)
and 2.46 (green and purple traces).

98



While the use of phenyl boroxine in the catalytic cross-coupling reaction produced
no product (Scheme 2.8, entry 5), the stoichiometric transmetalation reaction displayed a
change in the NMR spectrum consistent with completed transmetalation over the course of
24 hours. Thus, reaction progress data for the stoichiometric transmetalation between
phenyl boroxine and 2.46 at room temperature was collected overnight (Figure 2.10). The
transmetalation reaction resulted in the production of 16% of the analogous aminoborane
product, which is consistent with destruction of the boroxine into its constituent monomer
boronic acid products. Moreover, subsequent addition of bromocycloheptane to the
completed transmetalation reaction mixture produced 16% of cross-coupled product,
consistent with full conversion from the transmetalated reaction. Interestingly, NMR
resonances corresponding to phenyl boroxine were not observed, suggesting that

consumption of the starting material occurred prior to the collection of the first data point.
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Figure 2.10. Conversion vs. time data for the reaction of (PhBO); with 2.46 at ambient temperature. NMR
resonances corresponding to (PhBO)3; were not observed; the data points trace the production of EzNB(OH) 2.82
over the course of 24 hours.
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The behavior of the transmetalation reaction of 2.46 with various boronic esters at
different temperatures suggested the existence of pre-transmetalation intermediates. The
productive transmetalation and cross-coupling reaction from phenyl boroxine further
provided more evidence for how the pre-transmetalation intermediate could be formed.
Taken together, a proposal to explain the different transmetalation rates of the different

boronic esters is presented in Figure 2.11.
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Figure 2.11. Hypothesis for the formation of pre-transmetalation intermediates from iron amide complex 2.46
with a) PhB(pin), b) PhB(neo), and c) (PhBO)3, and density functional theory computations (B3LYP/6-31G*) of
ground-state enthalpy values.

Formation of the putative pre-transmetalation intermediate is dependent on the

equilibrium between an intermediate featuring inhibitory iron-oxygen interactions and an

intermediate poised for iron-phenyl bond formation following the rapid formation of a
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boron-nitrogen bond. In the case of boronic acid pinacol esters, the steric bulk provided by
the pinacol group disfavors iron-oxygen bond formation and leads to complete
transmetalation within seconds at room temperature (Figure 2.11a). The comparatively
smaller neopentyl glycol group disfavors iron-oxygen interactions to a lesser extent,
thereby slowing down the transmetalation reaction; however, the transmetalation still
proceeds to completion within minutes (Figure 2.11b). The boronic acid resulting from
cleavage of the phenyl boroxine has no steric bulk to disfavor iron-oxygen bond formation;
thus, formation of the iron-phenyl bond necessary for transmetalation is inhibited by this
competing pathway, though it proceeds to completion over the course of hours (Figure
2.11c). While transmetalation is gated by the rate with which boron-nitrogen bond
formation is completed and a pre-transmetalation intermediate poised for iron-phenyl bond
formation is accessed, the addition of bromocycloheptane following complete
transmetalation leads to cross-coupled product formation in all cases. This hypothesis is
supported by density functional theory computations, which indicate that the equilibrium
between the pre-transmetalation intermediate formed from the pinacol and neopentyl
glycol boronic esters and the putative four-membered transition state featuring an iron-
phenyl interaction are thermodynamically feasible at ambient temperatures (8.83 kcal/mol
and 12.83 kcal/mol, respectively) (Figure 2.11). However, the analogous pre-
transmetalation intermediate formed from phenyl boronic acid is thermodynamically
stable, and turnover to the transmetalation products is unfavorable from this pre-

transmetalation intermediate, with an enthalpy difference of 25.73 kcal/mol.

This hypothesis is also consistent with results obtained for cross-coupling reactions

of bromocycloheptane with thiophenyl boronic esters (Table 2.5, 2.28, 2.67-2.69). In those

101



reactions, regardless of the substitution of the alkyl halide, the 2-substituted thiophenyl
boronic esters delivered the cross-coupled product in lower yield. This was surprising to
us, because the data to this point suggested that the controlling factor for successful cross-
coupling reactions was the use of an appropriately sterically hindered boronic ester such as
pinacol to promote transmetalation. However, this divergence in yields could not be
explained by the identity of the boronic ester. To gain further insight, the stoichiometric
transmetalation reaction between 2-thiophenyl-B(pin) and iron amide complex 2.46 was
studied at -30 °C. Interestingly, the consumption of 2-thiophenyl-B(pin) appeared to
proceed faster than either of the transmetalations with phenyl boronic ester, though the
production of the aminoborane 2.80 plateaued comparatively early (Figure 2.12a). The
formation of hypothesized pre-transmetalation intermediates offers a possible explanation
for these phenomena and the divergent yields (Figure 2.12b). The faster consumption of 2-
thiophenyl-B(pin) and the early plateauing of the production of completed transmetalation
byproduct 2.80 could be attributed to the appropriate positioning of the sulfur atom in 2-
thiophenyl-B(pin) to form a five-membered ring chelate (Fe—N—B—C—S), which could
assist the formation of the boron-nitrogen bond (manifesting as rapid consumption of
starting material) but also inhibit the formation of the iron aryl complex necessary for
product formation (inhibiting production of 2.80, and leading to lower reaction yields).
Conversely, the inherent geometry of the 3-thiophenyl-B(pin) substrate would position the
sulfur atom in such a way that an inhibitory chelation interaction is not possible (Figure
2.12c), which is consistent with our observation that reactions employing that substrate

proceed with greater efficiency.
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Figure 2.12. a) Conversion vs. time data for the consumption of 2-thiophenyl-B(pin) (blue trace) with 2.46 and the
production of Et2NB(pin) 2.80 (red traces) from reaction of 2-thiophenyl-B(pin) with 2.46 at -30 °C. b) Hypothesis for
pre-transmetalation intermediates which inhibit transmetalation of 2-thiophenyl-B(pin). c) Pre-transmetalation
intermediates for transmetalation of 3-thiophenyl-B(pin) which avoid inhibitory interactions.

Unfortunately, the future of the mechanistic studies by low-temperature nuclear
magnetic resonance spectroscopy is limited by the ability of the NMR instrument to

sufficiently resolve the structure of the observed pre-transmetalation species in solution.

While diamagnetic species can be observed and quantified, paramagnetic species cannot
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be effectively monitored at low temperatures. At this stage, it is unlikely that low
temperature NMR spectroscopy is the appropriate tool to further elucidate the mechanism
and kinetics of the transmetalation step. The speed of the reaction at ambient temperatures,
and the poor resolution of the paramagnetic peaks at low temperatures, preclude the ability
to study this reaction further using this method. Stopped-flow instrumentation may provide

greater insight for elucidating this reaction.

2.10 Conclusion and outlook

The development of Suzuki-Miyaura cross-coupling reactions between alkyl
halides and unactivated aryl boronic esters catalyzed by cyanobis(oxazoline) iron-based
complexes is described. Overcoming the irreversible formation of iron oxide aggregates
that are formed under conditions suitable for analogous palladium-catalyzed systems was
key to the initial development of this method. A combination of computational studies and
stoichiometric experiments indicated that lithium amide bases could promote effective
transmetalation and discourage aggregation, enabling successful cross-coupling reactions

to proceed catalytically with good yields.

A second-generation iron-based catalyst was developed to address substrate scope
limitations of the initial method. Our mechanistic understanding of the iron-catalyzed
cross-coupling reaction and stoichiometric experiments informed the rational choice of j3-
diketiminate ligand frameworks that favored reactive intermediates with low coordination
numbers and promoted transmetalation. Iron complexes supported by these ligands are also
less prone to ligand dissociation and irreversible aggregation. As a result, these complexes

demonstrated high catalyst activity toward a broad substrate scope which included a variety
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of heteroaromatic boronic ester nucleophiles and tertiary alkyl halide electrophiles. Both

classes of substrates are particularly valuable motifs in chemical synthesis.

A deeper look at stoichiometric transmetalation reactions between discrete reactive
iron-based intermediates and organoboron nucleophiles produced evidence of pre-
transmetalation intermediates formed in the iron-catalyzed Suzuki-Miyaura reaction with
alkyl halides. While these mechanistic studies were precluded by inherent limitations,
valuable insights were gained toward a clearer mechanistic understanding, which we hope
will allow us to develop ligand frameworks and reaction conditions that perform the cross-

coupling reaction with greater efficiency, selectivity, and substrate tolerance.
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2.11 Experimental section

General Considerations. Unless stated otherwise, all reactions were carried out in
oven-dried glassware in a nitrogen-filled glovebox or using standard Schlenk-line
techniques.®® Solvents including dichloromethane, pentane, toluene, diethyl ether, and
tetrahydrofuran were purified by passage through two activated alumina columns under a
blanket of argon® and then degassed by brief exposure to vacuum. Deuterated solvents
were dried over a sodium/benzophenone pot prior to distillation. All prepared boronic acid
pinacol esters were used after passage through alumina under a nitrogen atmosphere.
Methylethyl amine was purchased from TCI America; diisopropylamine and lithium
dimethylamide were purchased from Alfa Aesar; butylamine and diethylamine were
purchased from Sigma-Aldrich; phenylboronic acid, 2-naphthaleneboronic acid, 4-
methoxyphenylboronic acid, p-tolylboronic acid, 4-trifluoromethylphenylboronic acid,
and 3-trifluoromethylphenylboronic acid pinacol ester were purchased from Oakwood
Chemicals. All amines that were liquids at room temperature were dried over calcium
hydride for at least 24 hours before being vacuum-distilled. 2,3-dimethyl-2,3-butanediol
and 2,2-dimethylpropane-1,3-diol were purchased from Alfa and used without further
purification. Anhydrous iron (II) chloride was purchased from Sigma-Aldrich and used
without further purification. (4S5)-(+)-Phenyl-a-[(4S)-phenyloxazolidin-2-ylidene]-2-
oxazoline-2-acetonitrile was purchased from Sigma-Aldrich and dried over P>Os before
use in the glovebox. Purchased alkyl halides were dried over calcium hydride for at least
24 hours before being vacuum-distilled, while all solids were dried over P>Os before use in
the glovebox. All alkyl halides were purchased from Sigma-Aldrich, Oakwood Chemicals

and Fisher Scientific. Many of the heteroaromatic boronic esters were graciously provided
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by Amgen. These compounds were then dried over P2Os, brought into a nitrogen glovebox,
and passed through basic alumina before use.

'H, "B, {'H}"3C, and "°F nuclear magnetic resonance (NMR) spectra were recorded at
ambient temperature on Varian VNMRs operating at 400 MHz, 500 MHz, or 600 MHz for
'H NMR at 160 MHz for ''B NMR, 125 MHz for {'"H}'3C or 470 MHz for '°F NMR. All
{'"H}'3C NMR spectra were collected while broad-band decoupling was applied to the 'H
region. The residual protio solvent impurity was used as an internal reference for 'H NMR
spectra and {'H}'3C NMR spectra. Boron trifluoride diethyl etherate was used as an
external standard for ''B NMR (BF3-O(C2Hs),: 0.0 ppm) and for '°F NMR (BF3-O(C2Hs),:
-153.0 ppm). The line listing for NMR spectra of diamagnetic compounds are reported as
follows: chemical shift (multiplicity, coupling constant, integration) while paramagnetic
compounds are reported as: chemical shift (peak width at half height, number of protons).
All paramagnetic spectra were collected at 25 °C. Solvent suppressed spectra were
collected for paramagnetic precatalysts in THF using the PRESAT macro on the VNMR
software. DOSY NMR are not usually collected for paramagnetic compounds due to
complications with fast relaxation times. The DOSY spectra collected here were collected
on a 600 MHz Agilent NMR spectrometer using the Doneshot macro. The diffusion delay
was set to 8 ms and the gradients were arrayed between 1000 and 25000. Samples were
typically collected with 4 scans per gradient. Infrared (IR) spectra were recorded on a
Bruker Alpha attenuated total reflectance infrared spectrometer. High-resolution mass
spectra were obtained at the Boston College Mass Spectrometry Facility on a JEOL
AccuTOF DART instrument. Single crystal X-ray Intensity data were measured on a

Bruker Kappa Apex Duo diffractometer using a high brightness IuS copper source with
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multi-layer mirrors. The low temperature device used is an Oxford 700 series Cryostream
system with temperature range of 80-400 K. An Olympus SZ1145 stereo zoom microscope
was used to view and mount crystals. The crystal structure was solved using ShellX.
SQUID magnetometry measurements were performed on a Quantum Design MPMS3
Instrument as provided by National Science Foundation grant DMR-1337567. Samples
were prepared by immobilization in eicosane. Solution magnetic moments were obtained
by dissolving a known quantity of sample in a known volume of deuterated benzene and
adding a capillary that contained benzene. Upon collection of the NMR spectrum, the peak
separation for the two benzene species was measured and used to calculate an effective
magnetic moment.®>

General procedure for literature survey featured in Figure 2.4. The data set was
generated using the Substances: Chemical Structure search function on Scifinder®. In the
reaction editor, a boron fragment and an electrophile fragment were drawn to match the
desired functionality. The initial search set was first refined by the number of steps. We
chose a step count of one to maximize the methodology papers included in the data set
while eliminating some of the papers that simply use already known reactions in a broader
synthesis. From the data set of single-step reactions, the Get References tool was used to
consolidate reactions by document. The set of manuscripts was then refined by document
type to only include journal articles. Finally, the data set was refined by research topic
using the keyword “cross coupling” to generate the final data set used for the graphs. This
procedure was repeated for every disconnection.

Computational procedures. All computations were carried out using Density Functional

Theory (DFT) methodology employing the hybrid B3LYP functional (composed of
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Becke’s 1988 exchange functional®® and Lee, Yang, and Parr’s correlation functional®’) in

conjunction with the 6-31G* basis set.®

All calculations with phosphine ligands were
carried out in a tetrahydrofuran (THF) solvent simulated by Tomasi’s Polarizable
Continuum Model (PCM).* Stationary-point characterization of all optimized geometries
were carried out by means of frequency calculations utilizing the same level of theory as
was used in the geometry optimizations. Gibbs free energies and enthalpies (computed at
298 K and 1 atm) and zero-point corrected energies were calculated using the computed
normal mode frequencies (not scaled). All calculations were carried out using Gaussian 09
program. All iron complexes were calculated in the quintet state. In all cases for minima,

the intermediate (triplet) and low (singlet) spin states were higher in energy between 15

and 40 kcal/mol.

General procedure for cross-coupling reaction of alkyl halides and aryl boronic
esters. In a nitrogen-filled glovebox, iron complex (0.05 mmol) and lithium
ethylmethylamide (0.60 mmol) were added to a 7 mL vial containing a stir bar. In reactions
using cyanobis(oxazoline) iron complex 2.10, ligand (0.05 mmol) was also weighed into
the vial. A 1 mL benzene solution of boronic acid pinacol ester (1.0 mmol) and alkyl halide
(0.50 mmol) was added to the stirring vial followed immediately by benzene (5 mL). The
reaction was allowed to stir vigorously. Reactions employing 2.10 typically formed a
precipitate after 15 minutes; reactions employing the B-diketiminate iron complexes turned
homogeneous. Typically, the reaction turns a dark red-black, though in the case of certain
heteroaromatic boronic esters other colors have been observed. If heating is required, the
reaction vessels are sealed with Teflon cap and electrical tape, then removed and placed in

an oil bath to stir. After 24 hours of stirring (48 hours for reactions using 2.10), the typically
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golden-colored reaction mixture was brought out of the glovebox and quenched with a
saturated aqueous solution of ammonium chloride (10 mL). The aqueous phase was washed
with dichloromethane (3 x 40 mL) and the combined organic phases were dried over
sodium sulfate and filtered. Trimethoxybenzene (42 mg, 0.25 mmol) was added as an
internal standard before evaporating the solvent in vacuo. An estimated yield was
determined by analyzing the 'H NMR spectrum of the crude reaction mixture, and yields
based on recovered starting material were calculated from this spectrum. The product was

then purified by silica gel flash column chromatography.
Synthesis of (2,2-bis((S)-4-phenyl-4,5-dihydrooxazol-2-

CN
yl)acetonitrile)FeCl (2.10). In the glovebox, to a 7 mL scintillation O\H\/\C))
vial equipped with stir bar was added 2,2-bis((S)-4-phenyl-4,5- o NET/N Lﬁ’h
dihydrooxazol-2-yl)acetonitrile (0.81 g, 2.5 mmol). This was then

dissolved in THF (3 mL) and sodium hydride (0.065 g, 2.7 mmol) was added as a
suspension in THF (2 mL). This mixture was stirred for 12 hours before being filtered
through celite. The celite and vial were rinsed with THF (5 mL). To a 20 mL scintillation
vial equipped with a stir-bar was added iron dichloride (0.310 g, 2.5 mmol) and THF (5
mL). After stirring for one hour, the Na{2,2-bis((S)-4-phenyl-4,5-dihydrooxazol-2-
yl)acetonitrile} solution was added. The solution went from pale yellow-brown to a white
suspension almost immediately. After stirring for 12 hours the solvent was removed in
vacuo and the solid washed with THF and redried. This yielded an off-white solid (0.95 g,

81%). To generate X-ray quality crystals, a Soxhlet extraction in refluxing CH3CN was

carried out for two days to remove residual sodium chloride. Concentration of the filtrate
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gave a white solid, and crystals suitable for X-ray diffraction were grown from a cold
CH3CN/toluene solution. The crystal structure contained two molecules of 2.10 in the
asymmetric unit. Each iron was tetrahedral by virtue of coordinating to the nitrile moiety
of the nearest neighbor iron complex. This interaction is presumed to be replaced by solvent
during the cross-coupling reaction. 'H NMR (500 MHz, THF) & -30 (w12 = 307 Hz, 4H), -
4.2 (w12=159 Hz, 2H), -3.8 (w12=33 Hz, 4H), -1.1 (w12=21 Hz, 2H), 10.8 (w12 = 76 Hz,

2H), 56.8 (w12 = 512 Hz, 1H) ppm. IR: 2203, 1606, 1533, 1440, 1067, 694 cm™".

Synthesis of phenylcycloheptane (2.4). Phenylcycloheptane was

synthesized from bromocycloheptane and PhB(pin) using the general O_Ph
procedure with catalyst 2.10 and purified by silica gel flash column chromatography,
eluting with 100% hexanes to afford product as a colorless oil (68 mg, 85% spectroscopic
yield / 85% brsm, 80% isolated yield). 'H NMR matched previously reported values.!'*!”
R¢=0.60 (100% hexanes) 'H NMR (500 MHz, CDCls): § 1.46 — 1.78 (m, 8H), 1.80 (ddd,
J=13.4,6.6,3.4 Hz, 2H), 1.92 (ddt, J = 13.5, 6.6, 3.3 Hz, 2H), 2.66 (tt, J = 10.7, 3.7 Hz,

1H), 7.08 — 7.23 (m, 2H), 7.23 — 7.33 (m, 2H) ppm.

Synthesis of phenylcyclopentane (2.11). Phenylcyclopentane was

synthesized from bromocyclopentane and PhB(pin) by the general O—Ph
procedure with catalyst 2.10 and purified by silica gel flash column chromatography,
eluting with 100% hexanes to afford product as a colorless oil (53 mg, 80% spectroscopic
yield / 85% brsm, 73% isolated yield). '"H NMR matched previously reported values.!” R¢
=0.60 (100% hexane) "H NMR (500 MHz, CDCl3) § 1.53 — 1.74 (m, 4H), 1.75 — 1.87 (m,
2H), 1.99 — 2.14 (m, 2H), 2.99 (tt, J = 9.5, 7.4 Hz, 1H), 7.09 — 7.39 (m, 5H) ppm.

Phenylcyclopentane was also synthesized from chlorocyclopentane and PhB(pin) by the
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general procedure (32% spectroscopic yield / 86% brsm, 32% isolated yield) and
iodocyclopentane and PhB(pin) by the general procedure (45% spectroscopic yield, / 96%

brsm, 45% isolated yield).

Synthesis of phenyloctane (2.12). Phenyloctane was synthesized from /mPh
octylbromide and PhB(pin) by the general procedure with heating to 50 °C °

with catalyst 2.10 and purified by silica gel flash column
chromatography, eluting with 100% hexanes to afford product as a ©/\Ph
colorless oil (73 mg, 85% spectroscopic yield / 91% brsm, 77% isolated

yield). 80% isolated yield / 82% spectroscopic yield / 87% brsm was obtained when using
catalyst 2.49 at room temperature. 'H NMR matched previously reported values.!” Ry =
0.60 (100% hexane) '"H NMR (500 MHz, CDCls) § 0.86 — 0.91 (m, 3H), 1.25 — 1.33 (m,
10H), 1.59 — 1.64 (m, 2H), 2.60 (t, J = 7.8 Hz, 2H), 7.18 (d, J = 7.6 Hz, 3H), 7.27 (t, J =
7.4 Hz, 2H) ppm. Phenyloctane was also synthesized from octyl chloride and PhB(pin) by
the general procedure with heating to 50 °C (28% spectroscopic yield / 72% brsm, 28%

isolated yield) and octyl iodide and PhB(pin) by the general procedure without heating

(47% spectroscopic yield, / 91% brsm, 45% isolated yield).

Synthesis of diphenylmethane (2.13). Diphenylmethane was synthesized from benzyl
chloride and PhB(pin) by the general procedure with catalyst 2.10 and purified by silica
gel flash column chromatography, eluting with 100% hexanes to afford product as a
colorless oil (61 mg, 79% spectroscopic yield / 79% brsm, 73% isolated yield). 50%
isolated yield / 54% spectroscopic yield / 62% brsm was obtained when using catalyst 2.49.
'"H NMR matched previously reported values.!” Ry = 0.50 (100% hexane) 'H NMR (500

MHz, CDCls) 8 4.01 (s, 2H), 7.20 (s, 2H), 7.19 — 7.28 (m, 6H), 7.27 — 7.36 (m, 4H) ppm.
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Diphenylmethane was also synthesized from benzyl bromide and PhB(pin) by the general

procedure (28% spectroscopic yield / 37% brsm).

Synthesis of 1-benzyl-4-chlorobenzene (2.14). 1-benzyl-4- on
chlorobenzene was synthesized from 4-chlorobenzyl chloride and cl /©/\
PhB(pin) by the general procedure with catalyst 2.10 and purified

by silica gel flash column chromatography, eluting with 100% hexanes to afford product
as a colorless oil (40 mg, 54% spectroscopic yield / 73% brsm, 40% isolated yield). '"H

NMR matched previously reported values.!” R¢=0.50 (100% hexane) 'H NMR (500 MHz,

CDCls) 8 3.95 (s, 2H), 7.17 — 7.39 (m, 9H) ppm.

Synthesis of 1,1-diphenylethane (2.15). 1,1-diphenylethane was

synthesized from I-chloroethylbenzene and PhB(pin) by the general Ph
procedure with the addition of an extra equivalent of 2.10 and base at 24

h, then purified by silica gel flash column chromatography, eluting with 100% hexanes to
afford product as a colorless oil (50% spectroscopic yield / 50% brsm, product isolated as
a mixture with biphenyl—the dimer of the alkyl halide). '"H NMR matched previously
reported values.!” Rg=0.50 (100% hexane) 'H NMR (500 MHz, CDCl3) § 1.66 (d, J = 7.2
Hz, 3H), 4.17 (q, J = 7.3 Hz, 1H), 7.19 (t, J = 7.2 Hz, 2H), 7.22 — 7.25 (m, 4H), 7.29 (t, J

= 7.6 Hz, 4H) ppm.

Synthesis of 1,3-diphenylpropene (2.16). 1,3-diphenylpropene was or /\/\Ph
synthesized from 3-chloropropenylbenzene and PhB(pin) by the general

procedure with the addition of an extra equivalent of 2.10 and base at 24 h, then purified

by silica gel flash column chromatography, eluting with 100% hexanes to afford product
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as a colorless oil (58 mg, 61% spectroscopic yield / 61% brsm, 60% isolated yield). 'H
NMR matched previously reported values.!” R¢=0.20 (100% hexane) '"H NMR (500 MHz,
CDCl3) 6 3.56 (d, J = 6.7 Hz, 2H), 6.36 (dt, J = 15.8, 6.9 Hz, 1H), 6.46 (d, J = 15.8 Hz,

1H), 7.15 — 7.39 (m, 10H) ppm.

Synthesis of tert-butylbenzene (2.17). Tert-butylbenzene was synthesized oh

from 2-chloro-2-methylpropane and PhB(pin) by the general procedure with +
catalyst 2.10. Product was purified by silica gel flash column chromatography, eluting with
100% hexanes to afford purified product as a colorless oil (14 mg, 23% spectroscopic yield
/21% 1solated yield). 85% isolated yield / 92% spectroscopic yield / 92% brsm was
obtained when the fluorinated catalyst 2.48 was used. '"H NMR matched previously

reported values.”® R¢=0.20 (100% hexane) 'H NMR (500 MHz, CDCls) § 7.84 — 7.79 (m,

2H), 7.49 — 7.44 (m, 1H), 7.40 — 7.34 (m, 2H), 1.35 (s, 9H).

Synthesis of adamantylbenzene (2.18). Adamantylbenzene was synthesized Ph
from chloroadamantane and PhB(pin) by the general procedure with catalyst

2.10. The yield of this compound was determined by GC because it is formed

as a mixture with biadamantyl chloroadamantane which co-elutes with from silica gel (23%
GC yield/spectroscopic yield). 99% GC yield / 99% brsm was obtained when using catalyst
2.49. The identity of the peak was confirmed through an authentic sample as well as

GCMS.

Synthesis of 3-phenylpropoxy-fert-butyldimethylsilane (2.19). 3- pp ’H/OTBS
3
phenylpropoxy-fert-butyldimethylsilane was synthesized from 3-

bromopropoxy-tert-butyldimethylsilane and PhB(pin) by the general procedure with
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heating to 50 °C with catalyst 2.10, then purified by silica gel flash column
chromatography, eluting with 100% hexanes to afford product as a colorless oil (75 mg,
65% spectroscopic yield / 81% brsm, 60% isolated yield). "H NMR matched previously
reported values.”! R = 0.15 (100% pentane) 'H NMR (500 MHz, CDCls) & 0.5 (s, 6H),
0.91 (s, 9H), 1.79 — 1.89 (m, 2H), 2.64 — 2.71 (m, 2H), 3.64 (t, J = 6.3 Hz, 2H), 3.64 (t, J

= 5.7 Hz, 2H), 7.14 — 7.22 (m, 3H), 7.27 (m, 2H) ppm.

Synthesis of 4-phenylpiperidine-1-carboxylic acid benzyl ester -
.Cbz

(2.20). 4-phenylpiperidine-1-carboxylic acid benzyl ester was /O\l

synthesized from 4-bromopiperidine-1-carboxylic acid benzyl ester i

and PhB(pin) by the general procedure with heating to 50 °C with catalyst 2.10 and purified

by silica gel flash column chromatography, eluting with 1:5

EtOAc/hexanes to afford product as a colorless oil (83 mg, 70%

spectroscopic yield / 96% brsm, 56% isolated yield). 67%

isolated yield / 70% spectroscopic yield / 95% brsm was obtained when using catalyst 2.49.

"H NMR matched previously reported values.”? Ry = 0.2 (16% EtOAc/hexane) 'H NMR

(500 MHz, CDCl3) 6 1.56 — 1.72 (m, 2H), 1.85 (d, J = 12.7 Hz, 2H), 2.67 (tt, J = 12.2, 3.6

Hz, 1H), 2.89 (t, J = 12.9 Hz, 2H), 4.32 (s, 2H), 5.16 (s, 2H), 7.17 — 7.25 (m, 3H), 7.26 —

7.42 (m, 7H) ppm.

Synthesis of (E)-styrenylcycloheptane (2.22). (E)-styrenylcycloheptane was synthesized

from bromocycloheptane and (E)-styrenyl boronic acid pinacol ester by the general

procedure with catalyst 2.10. Product was purified by silica gel

flash column chromatography, eluting with pure hexane to afford

purified product as a colorless oil (25 mg, 27% spectroscopic .
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yield / 25% brsm, 25% isolated yield). '"H NMR matched previously reported values.” R
= 0.8 (100% hexane) 'H NMR (500 MHz, CDCl3) & 1.39-1.75 (m, 10H), 1.79-1.86 (m,
2H), 2.33 (m, 1H), 6.22 (dd, J = 15.9, 7.6 Hz, 1H), 6.32 (d, J = 15.9 Hz, 1H), 7.18 (t, J =

7.2 Hz, 1H), 7.28 (1, J = 7.6 Hz, 2H), 7.34 (d, J = 7.6 Hz, 2H).

Synthesis of 2-cycloheptylnaphthalene (2.23). 2-cycloheptylnaphthalene was
synthesized from bromocycloheptane and naphthalene-2-boronic acid pinacol ester by the
general procedure with catalyst 2.10. Product was purified by silica gel flash column
chromatography, eluting with 100% hexanes to afford purified product as a white
crystalline solid (85 mg, 84% spectroscopic yield /84% brsm, 76% isolated yield). "H NMR
matched previously reported values.”* Ry = 0.45 (100% hexane) 'H NMR (500 MHz,
CDClI3) 6 =1.85-1.58 (m, 10H), 2.01-1.98, (m, 2H), 2.86-2.81 (m, 1H), 7.44-7.45 (m, 3H),

7.61 (s, 1H), 7.79-7.75 (m, 3H) ppm.

Synthesis of p-tolylcycloheptane (2.24). p-tolylcycloheptane CHs
was synthesized from bromocycloheptane and p-tolylboronic

acid pinacol ester by the general procedure with catalyst 2.10 and

the addition of an extra equivalent of 2.10 and base at 24 hours. Product was purified by
silica gel flash column chromatography, eluting with 30% EtOAc in hexane to afford
purified product as a colorless oil (48 mg, 51% spectroscopic yield / 56% brsm, 51%
isolated yield). "H NMR matched previously reported values.”> R = 0.70 (100% hexane)
'H NMR (400 MHz, CDCls3)) & = 1.67-1.55 (m, 8H), 1.82-1.73 (2H), 1.93-1.84 (m, 2H),

2.31 (s, 3H), 2.66-2.58 (m, 1H), 7.08 (s, 4H) ppm.
OCH,4
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Synthesis of (4-methoxyphenyl)cycloheptane (2.25). (4-methoxyphenyl)cycloheptane
was synthesized from bromocycloheptane and (4-methoxyphenyl) boronic acid pinacol
ester by the general procedure with catalyst 2.10 and the addition of an extra equivalent of
2.10 and base at 24 hours. Product was purified by silica gel flash column chromatography,
eluting with 30% EtOAc in hexane to afford purified product as a colorless oil (69 mg,
68% spectroscopic yield / 100% brsm, 68% isolated yield). '"H NMR matched previously
reported values.!” Ry= 0.60 (10% EtOAc in hexane) 'H NMR (500 MHz, CDCl3) § = 1.65-
1.49 (m, 6H), 1.72-1.65 (m, 2H), 1.82-1.73 (m, 2H), 1.93-1.83 (m, 2H), 2.66-2.57 (m, 1H),

3.78 (s, 3H), 6.83-6.81 (m, 2H), 7.12-7.10 (m, 2H) ppm.

Synthesis of (4-trifluoromethyl)phenyl)cycloheptane (2.26). CF,
(4-trifluoromethyl) phenyl)cycloheptane was synthesized from

bromocycloheptane and (4-trifluoromethyl)phenyl) boronic acid

pinacol ester by the general procedure with heating to 50 °C with catalyst 2.10. Product
was purified by silica gel flash column chromatography, eluting with 100% hexanes to
afford purified product as a white crystalline solid (57 mg, 47%

spectroscopic yield / 87% brsm, 47% isolated yield). '"H NMR cFy
matched previously reported values.!” R¢ = 0.50 (100% hexane)

'H NMR (500 MHz, CDCl3) § 1.64 (m, 8H), 1.82 (s, 2H), 1.94 — 1.86 (m, 2H), 2.72 (tt,

1H), 7.52 (d, J = 8.0 Hz, 2H) ppm.

Synthesis of (3-trifluoromethyl)phenyl)cycloheptane (2.27). (3-trifluoromethyl)
phenyl)cycloheptane  was  synthesized from  bromocycloheptane and  (3-
trifluoromethyl)phenyl) boronic acid pinacol ester by the general procedure with heating

to 50 °C with catalyst 2.10. Product was purified by silica gel flash column
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chromatography, eluting with 100% hexanes to afford purified product as a white
crystalline solid (81 mg, 67% spectroscopic yield / 76% brsm, 67% isolated yield). R¢=
0.80 (100% hexane), 'H NMR (500 MHz, CDCl3) § 1.75 - 1.62, 1.82 (s, 2H), 1.90 (d, J =
15.6 Hz, 2H), 2.74 (m, 1H), 7.48 (t, J = 7.7 Hz, 2H), 7.70 (d, J = 7.9 Hz, 1H), 7.97 (d, J =
7.5 Hz, 1H) ppm. {'H}'*C NMR (125 MHz, CDCl3) § 27.1 (s), 27.8 (s), 36.7 (s), 46.9 (s),
122.4 (q,J =3.9 Hz), 123.4 (q, J = 3.8 Hz), 124.3 (q, J = 270.6 Hz), 128.6 (s), 130.1 (q, J
= 1.4 Hz), 130.5 (q, J = 31.4 Hz), 150.7 (s) ppm. '°F NMR (470 MHz, CDCls) § -62.1 (s)
ppm. IR: 2922, 1446, 1327, 1158, 1121, 1073, 796, 702, 664 cm™'. HRMS (ESI) m/z [M]"

calcd. For C14H17F3 242.12769; found 242.12858.

Synthesis of 1-(3-chloropropyl)-3-

(trifluoromethyl)benzene (2.31). In a nitrogen filled F3C/(>\/\/Cl
glovebox, complex 2.10 (84 mg, 0.20 mmol),

cyanobis(oxazoline) ligand 2.9 (66 mg, 0.20 mmol) and lithium ethylmethylamide (156
mg, 2.40 mmol) were added to a 20 mL vial containing a stir bar. Benzene (15 mL) was
added to the stirring vial followed immediately by a 5 mL benzene solution of m-
trifluoromethylboronic acid pinacol ester (1.09 g, 4.00 mmol) and 1-bromo-3-
chloropropane (197 pL, 314 mg, 2.00 mmol). The vial was sealed using electrical tape
before being brought outside the glovebox. The reaction was stirred vigorously at 50 °C.
A precipitate formed on the vial wall after 10 minutes of stirring. After 48 hours, the
reaction was quenched with a saturated aqueous solution of ammonium chloride (10 mL)
and the aqueous phase was washed with dichloromethane (3 x 40 mL). The combined
organic phases were dried over sodium sulfate and filtered. Trimethoxybenzene (42 mg,

0.25 mmol) was added as an internal standard before evaporating the solvent. A
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spectroscopic yield of 60% was determined by '"H NMR spectroscopy before the crude
product was purified by silica gel flash column chromatography, eluting with hexanes to
afford the product (Rr= 0.50), which was then further isolated from the bisarylated product
(although it does not affect the subsequent reaction) through distillation (R¢ = 0.50). The
product was obtained as a colorless oil (244.9 mg, 55%). IR (neat): 2958, 2866, 2360, 1449,
1325, 1161, 1095, 1072, 900, 799, 701, 658 cm™'; 'H NMR (400 MHz, CDCls): § 2.04 —
2.14 (m, 2H), 2.85 (t, J = 7.5 Hz, 2H), 3.53 (t, J = 6.3 Hz, 2H), 7.37 — 7.49 (m, 4H);
{'H}3C NMR (125 MHz, CDCl5): § 32.55, 33.71, 43.88, 123.08 (q, °J = 3.9 Hz), 124.10
(q, 1J = 272.43 Hz), 125.17 (q, 3J = 3.9 Hz), 128.9, 130.81 (q, °J = 32.41 Hz), 131.93,
141.59. F NMR (470 MHz, CDCl;3): § -62.56 ppm. HRMS (ESI) m/z [M]" calcd. For

Ci0H10F3Cl 222.64; found 222.04.

Synthesis of Cinacalcet (2.33). To a 20 mL Schlenk O

tube was added alkyl chloride 2.31 (240 mg, 1.08 @WH O
FsC

mmol) (present as a mixture of 2.31 and bisarylated CHs;

product), potassium iodide (40 mg, 0.24 mmol) and potassium carbonate (331 mg, 2.40
mmol). On a Schlenk line, the Schlenk tube was evacuated and backfilled with nitrogen
and then (R)-(+)-1-(1-naphthyl)ethylamine (2.32, 231 pL, 246 mg, 1.44 mmol) was added
by syringe after addition of anhydrous acetonitrile (4 mL). The flask was sealed and then
heated to 100 °C for 48 hours. At this time, the reaction was cooled, the insoluble material
was filtered, and the solvent evaporated to yield a brown oil. The crude product was
dissolved in dichloromethane (20 mL), washed with 5% aqueous hydrochloric acid (25
mL), saturated sodium bicarbonate solution (25 mL), and deionized water (25 mL). The

combined organic phases were dried over sodium sulfate, filtered, and the solvent was
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removed under reduced pressure. The product was isolated as a pure colorless oil (270 mg,
70%). "H NMR matched previously reported values.”® Ry = 0.30 (1:1 EtOAc/hexane), 'H
NMR (400 MHz, CDCl3): 6 1.36 (bs, 1H), 1.49 (d, J = 6.6 Hz, 3H), 1.84 (tt, J = 7.4 Hz,
2H), 2.55 - 2.79 (m, 4H), 4.62 (q, J = 6.6 Hz, 1H), 7.28 — 7.38 (m, 2H), 7.39 — 7.55 (m,
5H), 7.61 — 7.67 (m, 1H), 7.75 (d, J = 8.1 Hz, 1H), 7.88 (dd, J = 7.6, 1.7 Hz, 1H), 8.17 —
8.22 (m, 1H). *C NMR (500 MHz, CDCl3) § 23.56, 31.83, 33.37, 47.23, 53.73, 122.58 (q,
5] = 4.3 Hz), 122.62, 122.88, 124.24 (q, 'J = 274.33 Hz), 124.99 (q, °J = 3.7 Hz), 125.27,

125.64, 125.72, 127.15, 128.6, 128.94, 130.52 (q, %J = 31.9 Hz), 131.3, 131.72, 133.95,
141.17, 143.04. HRMS (ESI) m/z [M]" calcd. For C22H2F3N 357.41; found 357.18. a%

(c= 1.0, CHCl3) = +21.8°.

Cross-coupling reaction between PhB(pin) and
cyclopropylmethylbromide (2.34). In a nitrogen-filled glovebox complex I>_\Ph
2.10 (21 mg, 0.05 mmol), 2,2-bis((S)-4-phenyl-4,5-dihydrooxazol-2-yl)acetonitrile ligand
2.9 (16.5 mg, 0.05 mmol) and lithium ethylmethylamide (38.5 mg, 0.6 mmol) were added
to a 7 mL vial containing a stir bar. Benzene (5 mL) was added to the stirring vial followed
immediately by a 1 mL benzene solution of phenylboronic acid pinacol ester (204 mg, 1.0
mmol) and cyclopropylmethylbromide (67 mg, 48 puL, 0.5 mmol). The reaction was stirred
vigorously and after 15 minutes, a precipitate formed. After 48 hours of stirring, the
reaction was brought out of the glovebox and quenched with a saturated aqueous solution
of ammonium chloride (10 mL). The aqueous phase was washed with dichloromethane (3
x 40 mL) and the combined organic phases were dried over sodium sulfate and filtered.

Trimethoxybenzene (42 mg, 0.25 mmol) was added as an internal standard before

evaporating the solvent. A spectroscopic yield was determined by 'H NMR spectroscopy
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using trimethoxy benzene as an internal standard. before the crude product was further
purified. This product was purified by silica gel flash column chromatography, eluting with
100% hexanes to afford single purified product 2.35a as a colorless oil (76% spectroscopic
yield / 76% brsm, 55% isolated yield)!” The product was volatile which complicated
isolation. Ry = 0.80 (100% hexane), 'H NMR (500 MHz, CDCls) & 2.36 (q, J = 7.3 Hz,
2H), 2.69 (t, J = 8.2 Hz, 2H), 4.99 (dd, J = 13.7, 26 Hz, 2H), 5.84 (m, 1H), 7.17 (m, 2H),

7.25 (m, 2H), 7.44 (m, 1H) ppm.

Cross-coupling reaction between PhB(pin) and
Pho~~e v [\
6-bromohex-1-ene (2.36). In a nitrogen-filled Ph

glovebox complex 2.10 (21 mg, 0.05 mmol), 2,2-bis((S)-4-phenyl-4,5-dihydrooxazol-2-
yl)acetonitrile ligand 2.9 (16.5 mg, 0.05 mmol) and lithium ethylmethylamide (38.5 mg,
0.6 mmol) were added to a 7 mL vial containing a stir bar. Benzene (5 mL) was added to
the stirring vial followed immediately by a 1 mL benzene solution of phenylboronic acid
pinacol ester (204 mg, 1.0 mmol) and 6-bromohex-1-ene (81 mg, 67 puL, 0.5 mmol). The
reaction was stirred vigorously and after 15 minutes, a precipitate formed. After 48 hours
of stirring, the reaction was brought out of the glovebox and quenched with a saturated
aqueous solution of ammonium chloride (10 mL). The aqueous phase was washed with
dichloromethane (3 x 40 mL) and the combined organic phases were dried over sodium
sulfate and filtered. Trimethoxybenzene (42 mg, 0.25 mmol) was added as an internal
standard before evaporating the solvent. This reaction produced a mixture of the cyclized
and uncyclized products. To verify the ratio, the mixture was also analyzed by gas
chromatography as well as the relative integration of the alkene peaks to the overlapping

benzylic peaks by NMR. The ratio is between 1.25:1 (GC) and 1.56:1 (NMR) for cyclized
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to uncyclized products. Hex-5-enylbenzene (2.37a)°°: Rr= 0.60 (100% hexane). 'H NMR
(500 MHz, CDCl3) 8 1.45 (m, 2H), 1.65 (m, 2H), 2.10 (m, 2H), 2.62 (t, J = 7.5 Hz, 2H),
5.00 (dd, J = 13.7, 26 Hz, 2H), 5.81 (ddt, J = 16.9, 10.1, 6.7 Hz, 1H), 7.18 (m, 3H), 7.26
(m, 2H) ppm. Cyclopentylmethylbenzene (2.37b)°’: R = 0.60 (100% hexane). '"H NMR
(500 MHz, CDCls) 8 1.21 (m, 2H), 1.53 (m, 2H), 1.65 (m, 2H) 1.71 (m, 2H) 2.10 (m, 1H)

2.6 (d,J = 7.5 Hz, 2H), 7.18 (m, 3H), 7.26 (m, 2H) ppm.

General procedure for synthesis of B-diketiminate ligands. To one-necked 250 mL
round-bottom flask equipped with stir bar was added aniline (2.2 equiv.), 2,4-pentanedione
(1.0 equiv.), and ethanol (50 mL). 12 M hydrochloric acid (1.2 equiv.) was added dropwise
to the stirring reaction mixture. A reflux condenser was attached to the reaction vessel, and
the reaction mixture heated to reflux under nitrogen on the Schlenk line for 3 days. The
reaction mixture was removed from heat and allowed to cool to room temperature before
evaporation in vacuo. The resulting tan solid was suspended in hexane, then further washed
with hexane through a Biichner funnel. The collected hydrochloride salts were dissolved
in dichloromethane and washed with saturated NaHCO3 (aq) (5 x 20 mL). The collected
aqueous layers were extracted with dichloromethane, and the combined organic layers
were dried over sodium sulfate, filtered, and concentrated in vacuo. In some cases, the
collected residue was distilled to remove excess aniline before it was dissolved in hot
isopropanol or methanol and subsequently cooled to -40 °C overnight for crystallization.
The crystals were collected by filtration and the mother liquor was concentrated and
resubjected to recrystallization. Yields reported are the combined yields obtained from the

initial crop of crystals and the second crop of crystals obtained from the mother liquor.
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General procedure for synthesis of p-diketiminate iron chloride complexes. To an
oven-dried round-bottom flask equipped with stirbar was added B-diketiminate ligand (9.8
mmol, 1.0 equiv) and pentane (40 mL, 0.244 M). On the Schlenk line, the mixture was
cooled to -78 °C and degassed by placing the solution under vacuum for at least 5 minutes.
A solution of butyl lithium in hexanes (4.21 mL, 2.3 M, 9.75 mmol) was added dropwise
while stirring. In most cases, a white precipitate formed rapidly. The reaction mixture was
warmed to room temperature while stirring before the solvent was removed under vacuum.
The sealed reaction vessel was transferred into a glovebox, where the solid was collected
on a frit and washed with cold pentane (5 mL at -40 °C). The solid was dried and weighed
to determine stoichiometry for the next step. No characterization of the lithium salts of the
ligand were carried out. The collected deprotonated ligand (9.8 mmol) was then dissolved
in THF (10 mL) in a 20 mL scintillation vial. This solution was added dropwise to a slurry
of iron dichloride (9.8 mmol) in THF (10 mL) prepared in a separate scintillation vial
equipped with stir bar. This mixture was allowed to stir overnight. The resulting solution
was cooled and passed through celite which was washed with additional THF (~20 mL),
then concentrated under vacuum. The resulting semi-solid was then washed with pentane,
dried, and collected. Spectra of the 2,4-bis(2,6-diethylphenylimido)pentane®® and 2,4-

bis(2,6-diisopropylphenylimido)pentane® complexes matched literature line listings.

Elemental analysis of the following iron complexes revealed samples with C, H, and N
ratios that match what would be expected for the desired complexes containing variable
amounts of THF (typically 2 or 3 equivalents). We have also independently identified that
there appears to be exactly 1 equivalent of lithium chloride in the 2,4-bis(2,6-

dimethylphenylimido)pentane iron chloride complex by ICP-OES, which is likely true for
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all examined complexes. Discrepancies in the elemental analysis are an unidentified
inorganic impurity that is not lithium chloride, which accounts for ~5-15 % of the mass.

This difficulty has been observed previously in the purification of similar complexes.®’

Synthesis of 2,4-bis[(2,6-dimethylphenyl)imino]pentane Fhf(m)
iron chloride complex (2.44). Synthesized according to general CIII_i\CI

"/
procedure using 2.,4-bis[(2,6-dimethylphenyl)imino]pentane N/Fe\N
(3.0 g, 9.8 mmol) as the ligand which resulted in the formation )\)\

of a yellow crystalline solid (3.3 g, 58% yield). 'H NMR (400 MHz, THF) & -68.7 (w12 =
180 Hz, 6H), -52.0 (w12 = 100 Hz, 2H), -39.7 (w12 = 264 Hz, 1H), 6.2 (w12 = 254 Hz,
12H), 16.1 (w12 = 82 Hz, 4H) ppm. IR: 2916, 1519, 1373, 1038, 760 cm™'. Elemental
analysis for C21H25ClFeLiN2(C4HgO)o.1 cale’d C 66.09% H 6.69% N 7.20% Found C

55.71% H 5.69% N 6.06%.

Synthesis of 2,4-bis[(2,6-dimethylphenyl)imino]pentane iron W

CH2TMS tetrahydrofuran adduct (2.45). In the glovebox,toa 7mL Ar” N\Fé/Nﬁ
scintillation vial equipped with magnetic stir bar was added 2,4-bis[(2- <;O/ LSI(Me)3
methylphenyl)imino]pentane iron chloride complex (2.44) (800 mg, 1.37 mmol) and
pentane (2 mL). This mixture was allowed to cool to -40 °C in the freezer. A solution of
LiCH,TMS (129 mg, 1.0 equiv) in pentane (1 mL) was added to the stirring reaction
mixture. The reaction vessel was sealed and a dark yellow precipitate formed immediately.
The reaction was allowed to stir for 1 hour, at which point the precipitate was filtered off
through celite and the filtrate concentrated in vacuo. The residue was dissolved in pentane

and transferred to a vial to recrystallize in the freezer overnight. The mother liquor was

decanted to afford the product as a yellow solid (434 mg, 61% yield). '"H NMR (400 MHz,
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CeDg) 6 81.30 (w12 = 294 Hz, 6H), 34.65 (w12 = 303 Hz, 9H), 3.31 (w12 = 37 Hz, 4H),
1.58 (w12 =12 Hz, 4H), -4.97 (w12 =42 Hz, 4H), -61.48 (w12 =406 Hz, 12H), -69.12 (w1,

= 68 Hz, 2H). NMR spectrum is in agreement with literature precedence. !

Synthesis of 2,4-bis[(2,6-dimethylphenyl)imino]pentane iron N,/NV- W
diethylamide (2.46). In the glovebox, to a 20 mL scintillation vial Ar~ \Fé/ ﬁ
|

equipped with magnetic stir bar was added 2,4-bis[(2,6- ( Nj
dimethylphenyl)imino]pentane iron CH2TMS tetrahydrofuran adduct (2.45) (200 mg, 390
umol) and pentane (5 mL). To this mixture was added diethylamine (40 uL, 1.0 equiv). The
resulting mixture was allowed to stir overnight, turning from yellow to red-orange. The
reaction vessel was transferred to the freezer to recrystallize overnight. The pentane was
decanted and the resultant red-orange solid washed with fresh cold pentane, and residual
pentane removed in vacuo to afford the product as a red-orange solid (150 mg, 90% yield).
0 121.30 (w12 =780 Hz, 1H), 50.20 (w12 =961 Hz, 6H), 37.77 (w12 =355 Hz, 6H), -14.89

(w12 = 97 Hz, 4H), -73.44 (w12 = 110 Hz, 2H), -78.58 (w12 = 530 Hz, 12H). IR: 1506,
1378, 1173, 1096, 765 cm™. uer (CeDs, 25 °C): 3.5(1) us. When solid state magnetic

moments were collected via SQUID spectrometry, there appeared to be little to no
magnetic moment for this material, suggesting that it is diamagnetic in the solid state with
some paramagnetic impurities. Elemental analysis for C2sH3sFeNs cale’d C 69.28% H

8.14% N 9.70% Found C 68.6% H 7.65% N 9.45%.

125



Synthesis of 2,4-bis[(2,6-dimethylphenyl)imino]pentane iron W

Fe

phenyl (2.47). In the glovebox, to a 7 mL scintillation vial was added Ar~ NQ /Nﬁ
2,4-bis[(2,6-dimethylphenyl)imino]pentane iron N,N-diethylamide ©
(2.46) (100 mg, 190 umol) and diethyl ether (1 mL). To this mixture

was added phenylboronic acid pinacol ester (42 mg, 200 umol). The resulting mixture was
cooled in a glovebox freezer to -40 °C, turning from red-orange to yellow-black. After
approximately one hour, the product precipitated as black metallic crystals that were of X-
ray quality. The diethyl ether was decanted and the resultant solid was washed with fresh
cold pentane (3 x 1 mL) to remove residual boron-containing compounds. Residual pentane
was removed in vacuo to afford the product as a pure black solid (42 mg, 50% yield). 'H

NMR (600 MHz, C¢Ds) 6 158.37 (w12 = 585 Hz, 1H), 116.81 (w12 = 832 Hz, 1H), 71.76

(w12 = 635 Hz, 6H), 23.39 (w12 = 410 Hz, 2H), -6.76 (w12 = 383 Hz, 4H), -72.87 (w12 =
709 Hz, 12H), -78.37 (w12 = 365 Hz, 2H). uerr (CsDs, 25 °C): 3.7(1) us. When solid state

magnetic moments were collected via SQUID spectrometry, there appeared to be little to
no magnetic moment for this material, suggesting that it is diamagnetic in the solid state
with some paramagnetic impurities. IR: 1518, 1377, 1180, 757, 709 cm™. Elemental
analysis for C27H30FeN> calc’d C 73.97% H 6.90% N 6.39%.

Procedure for the stoichiometric reaction of complex 2.47 with bromocycloheptane.
In a nitrogen-filled glovebox, complex 2.46 (12 mg, 0.03 mmol) was dissolved in C¢Ds
(0.5 mL) and transferred into a J. Young tube. A solution of phenylboronic acid pinacol
ester (5.6 mg, 0.03 mmol) in C¢Dg (0.1 mL) was then added. The reaction was checked by
'H NMR to verify that complex 2.46 had fully converted to 2.47. Bromocycloheptane (4.9

mg, 3.8 uL, 0.03 mmol) was added to the tube, it was sealed and then shaken to fully mix.
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Over the course of the next 24 hours, the reaction was checked periodically by 'H NMR

until complex 2.47 was fully consumed to generate 2.4.

Synthesis of 1,1,1,5,5,5-hexafluoro-2,4-bis|[(2,6- thf(2.08)

|

Li
dimethylphenyl)imino|pentane iron chloride complex (2.48). clal

s/

Fe
Synthesized according to general procedure using 1,1,1,5,5,5- N/ \Njg

|
F3C)\)\CF3

2.3 mmol) as the ligand which resulted in the formation of a dark red-purple crystalline

hexafluoro-2,4-bis[(2,6-dimethylphenyl)imino]pentane (0.95 g,

solid (1.44 g, 90% yield). '"H NMR (400 MHz, THF) § -53.9 (w12 = 89 Hz, 1H), 15.5 (w12
=356 Hz, 12H), 18.7 (w12 =760 Hz, 4H ppm. IR: 1564, 1173, 1136, 769 cm’!. Elemental
analysis for C21H19ClaFsFeLiN2(C4HgO)2.08 cale’d C 57.92% H 5.91% N 4.61% Found C

49.27% H 5.03% N 3.88%.

Synthesis of 2,4-bis[(2-fert-butylphenyl)imino]pentane iron thf(0.75)
chloride complex (2.49). Synthesized according to general CIII_i\CI

7
procedure using 2,4-bis[(2-tert-butylphenyl)imino]pentane N/Fe\N /©
(860 mg, 2.4 mmol) as the ligand which resulted in the tBU/U\ B

formation of a yellow crystalline solid (1.25 g, 82% yield). 'H NMR (of the major
rotameric species) (400 MHz, THF) 6 -62.3 (w12 =137 Hz, 6H), -48.1 (w12 = 69 Hz, 2H),
-46.5 (w12 =206 Hz, 1H), -5.1 (w12 =210 Hz, 18H), 14.3 (w12 = 60 Hz, 2H) 16.7 (three
overlapping peaks, 4H) ppm. IR: 2914, 1377, 1187, 1037, 754 cm™!. Elemental analysis for
C25H33Cl2FeLiN2(C4HgO)o.75 cale’d C 62.46% H 8.07% N 3.94% Found C 54.29% H

6.44% N 4.61%.
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Synthesis of 2,4-bis[(2-isopropylphenyl)imino]pentane iron thf

chloride complex (2.50). Synthesized according to the general d| /\CI
Fe
procedure using 2,4-bis[(2-isopropylphenyl)imino]pentane (1.35 N/ \N

g, 4.0 mmol) as the ligand which resulted in the formation of a

yellow-orange crystalline solid (1.0 g, 40% yield). "H NMR (400 MHz, THF) § -67.2 (w1,
=161 Hz, 6H), -50.2 (w12 = 68 Hz, 1H), -49.5 (w12 = 61 Hz, 1H), -22.7 (w12 = 116 Hz,
3H), -21.0 (w12 = 186 Hz, 3H), -1.6 (w12 =59 Hz, 3H), 15.2 (w12 =42 Hz, 1H), 15.7 (w12
=32 Hz, 1H), 16.2 (w12 = 50 Hz, 1H) ppm. IR: 3100, 1594, 1378, 1030, 751, 697 cm™".
Elemental analysis for Ca3H29CloFeLiN2(C4HgO)1 calc’d C 69.37% H 7.98% N 5.99%

Found C 52.29% H 6.14% N 4.66%.

Synthesis of 2,4-bis[(2-ethylphenyl)imino]pentane iron thf(0.7)
chloride complex (2.51). Synthesized according to the general C/II_i\CI

</
procedure using 2,4-bis[(2-ethylphenyl)imino]pentane (1.45 g, N/Fe\N /©
4.7 mmol) as the ligand which resulted in the formation of a = /U\ =

yellow-orange crystalline solid (0.90 g, 33% yield). '"H NMR (400 MHz, THF) § -67.2 (w12
=162 Hz, 6H), -52.1 (w12 =187 Hz, 2H), -14.2 (w12 =103 Hz, 3H), -11.3 (w12 = 132 Hz,
3H), 15.9 (w12 = 289 Hz, 4H) ppm. IR: 2963, 1518, 1373, 1021, 740 cm™'. Elemental
analysis for C21HasClbFeLiN2(C4HgO)o7 cale’d C 67.64% H 7.30% N 6.63% Found C

53.35% H 5.87% N 5.35%.
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Synthesis of 2,4-bis[(2-methylphenyl)imino|pentane iron chloride complex (2.52).

Synthesized according to the general procedure using 2,4- thf(0.05)
Li
bis[(2-methylphenyl)imino]pentane (2.8 g, 9.9 mmol) as the d| cl

/
Fe
ligand which resulted in a yellow-orange crystalline solid (1.1 ©\N/ \N/©

remove from this compound and was done by sequential recrystallization from pentane at

g, 20% yield). A bisligated iron species is very difficult to

-40 °C. '"H NMR (400 MHz, THF) § -20.6 (w12 = 427 Hz, 4H), -15.1 (w12 = 169 Hz, 2H),
-10.4 (w12 = 180 Hz, 1H), 12.4 (w12 = 180 Hz, 6H), 98.2 (w12 = 437 Hz, 4H) ppm. IR:
3301, 1665, 1539, 1320, 752, 691 cm’. Elemental analysis for
Ci19H21Cl2FeLiN2(C4HgO)o.05s calc’d C 64.40% H 6.02% N 7.82% Found C 68.77% H

6.49% N 8.28%.

Synthesis of 2,4-bis[(2,4,6- thf
trimethylphenyl)imino]pentane iron chloride complex C[.__' éCI

(2.53). Synthesized according to general procedure using \Q\/N/ \N\/‘i;’/
2,4-bis[(2,4,6-trimethylphenyl)imino]pentane (2.0 g, 6

mmol) as the ligand which resulted in the formation of a bright yellow crystalline solid (1.9
g, 52% yield). '"H NMR (400 MHz, THF) § -71.6 (w12 = 145 Hz, 6H), -41.3 (w12 = 227
Hz, 1H), 6.7 (w12 =238 Hz, 12H), 16.6 (w12 =71 Hz, 4H), 45.1 (w12 = 41 Hz, 6H) ppm.
IR: 2883, 1524, 1375, 1198, 1038, 759 cm. Elemental analysis for

C23H29Cl2FeLiN2(C4HgO)2 cale’d C 71.11% H 8.66% N 5.35% Found C 58.63% H 7.15%

N 4.35%.
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Synthesis of 2,4-bis[(4-bromo-2,6- tht 1 thf
Li
dimethylphenyl)imino]pentane iron chloride complex Br c{| /\CI Br
Fe
(2.54). Synthesized according to general procedure using N \N: ;

2,4-bis[(4-bromo-2,6-dimethylphenyl)imino]pentane as
the ligand. "H NMR (500 MHz, THF) § -64.5 (w12 = 133 Hz, 6H), -35.5 (w12 = 196 Hz,

1H), 6.1 (w12 = 231 Hz, 12H), 16.1 (w12 = 56 Hz, 4H) ppm. IR: 2974, 1573, 1375, 1180,

1039, 851 cm™..
Synthesis of 2,4-bis[(4-methoxy-2,6- thf(1.1)
|
Li
dimethylphenyl)imino|pentane iron chloride MeO Cil ;CI OMe
Fe
q:[ /N ];j
complex (2.55). Synthesized according to general N N
)\)\
N
procedure using 2,4-bis[(4-methoxy-2,6-

dimethylphenyl)imino]pentane (400 mg, 1.1 mmol) as the ligand which resulted in the
formation of a yellow crystalline solid (400 mg, 56% yield). '"H NMR (400 MHz, THF) &
-74.3 (w12 = 197 Hz, 6H), -42.3 (w12 = 310 Hz, 1H), 2.7 (w12 = 82 Hz, 6H), 6.2 (w12 =
244 Hz, 12H), 15.4 (w12 = 74 Hz, 4H) ppm. IR: 2914, 1600, 1376, 1187, 1037, 892 cm™".
Elemental analysis for C23H29Cl2FeLiN202(C4HgO)1.1 calc’d C 65.16% H 7.54% N 5.55%

Found C 50.80% H 5.90% N 4.32%.

Synthesis of  2,4-bis[(4-dimethylamino-2,6-

thf I thf
Li
dimethylphenyl)imino]pentane iron chloride cl ¢l

Me,N o/ NMe,
complex (2.56). Synthesized according to general \Q\/N/ \Nj@/

procedure using 2,4-bis[(4-dimethylamino-2,6-

dimethylphenyl)imino]pentane as the ligand. 'H NMR (400 MHz, THF) § -77.6 (w12 = 161
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Hz, 6H), -44.8 (w12 =230 Hz, 1H), 5.7 (w12 = 249 Hz, 12H), 7.9 (w12 = 54 Hz, 12H), 15.3

(w12 = 62 Hz, 4H) ppm. IR: 2912, 1602, 1377, 1353, 1029, 822 cm™".

Synthesis of 2,4-bis[(2,6-diisopropylphenyl)imino]pentane
iron chloride complex (2.57). Synthesized according to general
procedure using 2,4-bis[(2,6-diisopropylphenyl)imino]pentane
(5.0 g, 11.9 mmol) as the ligand which resulted in the formation

of a yellow crystalline solid (4.0 g, 48% yield). '"H NMR (400

MHz, THF) § 15.28 (w2 = 40 Hz, 4H), 2.23 (w12 = 51 Hz, 12H), -16.55 (w12 = 115 Hz,

12H), -42.97 (w12 =56 Hz, 2H), -63.88 (w12= 116 Hz, 6H). NMR spectrum is in agreement

with literature precedence.”

Synthesis of 2,4-bis(phenylimino)pentane iron chloride
complex (2.58). Synthesized according to general procedure
using 2,4 bis(phenylimino)pentane as the ligand. 'H NMR (400

MHz, THF) § -20.6 (w12 = 427 Hz, 4H), -15.1 (w12 = 169 Hz,

thf hf the
L
Cl ClI
s/
Fe

/7 \
N N

AN

2H), -10.4 (w12 = 180 Hz, 1H), 12.4 (w12 = 180 Hz, 6H), 98.2 (w12 = 437 Hz, 4H) ppm.

IR: 3301, 1665, 1539, 1320, 752, 691 cm™.

Synthesis of 1,3-diphenyl-1,3-bis[(2,6-
dimethylphenyl)imino|propane iron chloride complex
(2.59). This complex was synthesized using 1,3-diphenyl-1,3-
bis[(2,6-dimethylphenyl)imino]propane as the ligand.

Insufficient data for collection due to a spill of the compound.
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Synthesis of 2,2,6,6-tetramethyl-3,5-bis[(2,6- hs thf g

N,

Li
dimethylphenyl)imino]heptane iron chloride complex (2.60). cl ¢l

./

Fe
Synthesized according to general procedure using 2,2,6,6- N/ \Nji;

tetramethyl-3,5-bis[(2,6-dimethylphenyl)imino]heptane as the
ligand. '"H NMR (400 MHz, THF) & -75.0 (w12 = 105 Hz, 2H), -51.4 (w12 = 348 Hz, 1H),
12.8 (w12 = 152 Hz, 36H), 21.7 (w12 = 383 Hz, 12H), 22.9 (w12 = 82 Hz, 4H) ppm. IR:

3301, 1665, 1539, 1320, 752, 691 cm’".

Synthesis of N,N,N,N-tetramethyl-1,3-diamino-1,3-bis[(2,6- thf D the

N s

Li
dimethylphenyl)imino]propane iron chloride complex (2.61). Cli Cl
e
/ N\
- e RO
Synthesized according to general procedure using N,N,N,N- )\)\
. MezN NMGZ
tetramethyl-1,3-diamino-1,3-bis[(2,6-dimethylphenyl)imino]
propane as the ligand. "H NMR (400 MHz, THF) & -46.6 (w12 = 837 Hz, 2H), -6.8 (w12 =

295 Hz, 1H), 9.4 (w12 = 666 Hz, 12H), 10.7 (w12 = 147 Hz, 4H), 14.1 (w12 = 386 Hz, 12H)

ppm. IR: 3301, 1665, 1539, 1320, 752, 691 cm™.

Synthesis of 3-cycloheptyl furan (2.62). 3-cycloheptyl furan was

synthesized from bromocycloheptane and 3-furyl boronic acid ?;\>_Q
pinacol ester according to the general procedure using the 2-fert-

butylphenyl catalyst 2.49 and purified by silica gel flash column chromatography, eluting
with 100% hexanes (Rf = 0.95) to afford the product as a colorless oil (10 mg, 70%
spectroscopic yield, 70% based on recovered starting material, 61% isolated yield). 'H
NMR (500 MHz, CDCl3) 6 7.33 (s, 1H), 7.19 (s, 1H), 6.28 (s, 1H), 2.63 (septet, 1H), 1.94
(m, 2H), 1.71 (m, 2H), 1.68 — 1.62 (m, 2H), 1.57 — 1.48 (m, 6H). '*C NMR (126 MHz,

CDCl5) 6 142.64,137.53,132.61,110.10, 36.88,35.77, 28.34, 26.50. IR: 2925, 2855, 1752,
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1448, 1346, 1073, 1014 cm™'. HRMS-DART (m/z): [M+H]" calculated for C11HisO,
164.25; found, 165.13.

Synthesis of 5-cycloheptyl-1-N-Boc-indole (2.29). 5-
cycloheptyl-1-N-Boc-indole was synthesized from y

bromocycloheptane and 1-Boc-indole-5-boronic acid pinacol /N

ester according to the general procedure using the 2-tert- .

butylphenyl catalyst 2.49 and heated to 50 °C, then purified by silica gel flash column
chromatography, eluting with 10% ethyl acetate in hexanes (R¢=0.30) to afford the product
as a colorless oil (40 mg, 61% spectroscopic yield, 51% based on recovered starting
material, 75% isolated yield). 'H NMR (500 MHz, CDCl3) & 8.06 — 7.98 (m, 1H), 7.62 —
7.54 (m, 1H), 7.37 (d, J = 1.8 Hz, 1H), 7.16 (dd, J = 8.6, 1.8 Hz, 1H), 6.51 (dd, J = 3.7,
0.8 Hz, 1H), 2.76 (tt, J = 10.6, 3.6 Hz, 1H), 2.00 — 1.91 (m, 2H), 1.91 — 1.78 (m, 1H), 1.80
—1.65 (m, 12H), 1.67 (s, 9H), 1.65 — 1.58 (m, 1H), 1.61 — 1.50 (m, 1H). '*C NMR (126
MHz, CDCl3) 6 144.63, 130.68, 125.87, 123.44, 118.35, 114.87, 107.26, 83.36, 46.98,
37.28, 31.58, 28.20, 27.98, 27.26, 22.64, 14.10. IR: 2925, 2854, 1733, 1469, 1369, 1253,
1161 cm™. HRMS-DART (m/z): [M+H]" calculated for C20H27NOz, 313.44; found, 314.21.
Synthesis of 4-cycloheptyl pyridine (2.63). 4-cycloheptyl pyridine

was synthesized from bromocycloheptane and 4-pyridyl boronic N/_\

acid pinacol ester according to the general procedure using the 2-

tert-butylphenyl catalyst 2.49 and heated to 50 °C, then purified by silica gel flash column
chromatography, eluting with 100% hexanes (R¢= 0.50) to afford the product as a colorless

oil (14 mg, 37% spectroscopic yield, 56% based on recovered starting material, 32%

isolated yield). 'H NMR (500 MHz, CDCls) & 8.49 — 8.44 (m, 2H), 7.08 (m, 2H), 2.64,
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(m, 1H), 1.90-1.83 (m, 2H), 1.82-1.74 (m, 2H), 1.71-1.49 (m, 8H). NMR spectrum is in
agreement with literature precedence.'’!

Synthesis of 6-cycloheptyl quinoline (2.64). 6-cycloheptyl

/)

quinoline was synthesized from bromocycloheptane and 6- =
quinolyl boronic acid pinacol ester according to the general

procedure using the 2-tert-butylphenyl catalyst 2.49 and heated to 50 °C, then purified by
silica gel flash column chromatography, eluting with 30% ethyl acetate in hexanes (R¢ =
0.45) to afford the product as a colorless oil (42 mg, 80% spectroscopic yield, 93% based
on recovered starting material, 75% isolated yield). 'H NMR (500 MHz, CDCl3) & 8.85 (d,
J =42 Hz, 1H), 8.10 (d, J = 8.4 Hz, 1H), 8.03 (d, J = 8.6 Hz, 1H), 7.63 — 7.55 (m, 2H),
7.36 (dd, J = 8.3, 4.2 Hz, 1H), 2.87 (septet, 1H), 2.05 - 1.96 (m, 2H), 1.89 — 1.81 (m, 2H),
1.81 — 1.68 (m, 4H), 1.68 — 1.57 (m, 4H). '*C NMR (101 MHz, CDCls) § 149.59, 148.41,
147.16, 135.90, 129.98, 129.39, 128.52, 124.16, 121.11, 47.04, 36.84, 28.10, 27.41. IR:
2921, 2853, 1593, 1498, 1459, 827 cm™'. HRMS-DART (m/z): [M+H]" calculated for
Ci6H19N, 225.34; found, 226.16.

Synthesis of 3-cycloheptyl quinoline (2.65). 3-cycloheptyl

/

quinoline was synthesized from bromocycloheptane and 3- _—

quinolyl boronic acid pinacol ester according to the general

procedure using the 2-tert-butylphenyl catalyst 2.49 and heated to 50 °C, then purified by
silica gel flash column chromatography, eluting with 30% ethyl acetate in hexanes (R¢ =
0.65) to afford the product as a colorless oil (23 mg, 45% spectroscopic yield, 58% based
on recovered starting material, 40% isolated yield). "H NMR (500 MHz, CDCl3) & 8.81 (s,

1H), 8.08 (s, 1H), 7.92 (s, 1H), 7.78 (d, J = 8.2 Hz, 1H), 7.65 (s, 1H), 7.52 (s, 1H), 2.90
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(septet, 1H), 2.03 — 2.00 (m, 2H), 1.90 — 1.83 (m, 2H), 1.82 — 1.70 (m, 4H), 1.70 — 1.57
(m, 4H). *C NMR (151 MHz, CDCl3) § 151.50, 146.88, 142.35, 132.20, 129.19, 128.57,
128.45, 127.59, 126.60, 44.61, 36.69, 28.03, 27.29. IR: 2922, 2853, 1493, 1460, 787, 750
cm™'. HRMS-DART (m/z): [M+H]" calculated for C16H19N, 225.34; found, 226.16.
Synthesis of  6-(4-Boc-piperazin-1-yl)-3-cycloheptyl
pyridine (2.66). 6-(4-Boc-piperazin-1-yl)-3- NN
cycloheptylpyridine was synthesized from
bromocycloheptane and 6-(4-Boc-piperazin-1-yl)pyridine-
3-boronic acid pinacol ester according to the general procedure using the 2-fert-
butylphenyl catalyst 2.49 and purified by silica gel flash column chromatography, eluting
with 30% ethyl acetate in hexanes (Rf= 0.75) to afford the product as a white solid (66 mg,
81% spectroscopic yield, 87% based on recovered starting material, 74% isolated yield).
'H NMR (500 MHz, CDCls) & 8.04 (s, 1H), 7.35 (d, J = 8.7 Hz, 1H), 6.60 (d, J = 8.7 Hz,
1H), 3.54 (m, 4H), 3.46 (m, 4H), 2.58 (septet, 1H), 1.85 (m, 2H), 1.77 (m, 2H), 1.68 (m,
2H), 1.64 — 1.50 (m, 6H), 1.48 (s, 9H). *C NMR (151 MHz, CDCls) § 154.96, 146.04,
136.40, 135.11, 107.59, 80.12, 45.87, 43.57, 36.82, 29.85, 28.58, 28.02, 27.12. IR: 2923,
2855, 1697, 1604, 1408, 1365, 1238, 1168 cm™'. HRMS-DART (m/z): [M+H]" calculated
for C21H33N302, 359.51; found, 360.30.

Synthesis of 2-cycloheptyl thiophene (2.28). 2-cycloheptyl

thiophene was synthesized from bromocycloheptane and 2- | N

thiophene boronic acid pinacol ester according to the general

procedure using the 2-tert-butylphenyl catalyst 2.49 and purified by

silica gel flash column chromatography, eluting with 100% hexanes (R¢= 0.75) to afford
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the product as a colorless oil (26 mg, 67% spectroscopic yield, 73% based on recovered
starting material, 58% isolated yield). "H NMR (500 MHz, CDCl3) § 7.09 (dd, J = 5.1, 1.2
Hz, 1H), 6.90 (dd, J = 5.1, 3.4 Hz, 1H), 6.78 (d, 1H), 3.03 (septet, J = 4.6 Hz, 1H), 2.12 —
2.03 (m, 1H), 1.81 — 1.64 (m, 4H), 1.57 — 1.48 (m, 5H). '*C NMR (126 MHz, CDCls) &
153.65, 126.32, 122.00, 121.69, 41.61, 37.53, 28.13, 26.32. IR: 2923, 2853, 1459, 1442,
1234, 850, 815, 689 cm™. HRMS-DART (m/z): [M+H]" calculated for C11H6S, 180.31;
found, 181.10.

Synthesis of 3-cycloheptyl thiophene (2.67). 3-cycloheptyl ®_Q
thiophene was synthesized from bromocycloheptane and 3- =

thiophene boronic acid pinacol ester according to the general procedure using the 2-tert-
butylphenyl catalyst 2.49 and purified by silica gel flash column chromatography, eluting
with 100% hexanes (Rf = 0.75) to afford the product as a yellow oil (37 mg, 88%
spectroscopic yield, 88% based on recovered starting material, 82% isolated yield). 'H
NMR (500 MHz, CDCl3) 6 7.22 (t,J = 3.9 Hz, 1H), 6.97 (d, J = 5.0 Hz, 1H), 6.91 (s, 1H),
2.83 (septet, J = 9.9, 4.0 Hz, 1H), 1.98 (m, 2H), 1.80 — 1.72 (m, 2H), 1.71 — 1.47 (m, 8H).
3BC NMR (126 MHz, CDCl3) § 150.46, 127.34, 125.09, 118.10, 41.93, 36.39, 28.26, 26.80.
IR: 2921, 2853, 1459, 771, 645 cm™ HRMS-DART (m/z): [M+H]" calculated for C11HisS,

180.31; found, 181.10.

Synthesis of 2-octylthiophene (2.68). 2-octylthiophene

S
was synthesized from I-bromooctane and 2-thiophene / _
boronic acid pinacol ester according to the general

procedure using the 2-tert-butylphenyl catalyst 2.49 and purified by silica gel flash column

chromatography, eluting with 100% hexanes (Rr=0.65) to afford the product as a colorless
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oil (12 mg, 28% spectroscopic yield, 72% based on recovered starting material, 25%
isolated yield). '"H NMR (400 MHz, CDCl3) § 7.10 (d, J = 5.1 Hz, 1H), 6.91 (dd, J = 5.1,
3.4 Hz, 1H), 6.77 (d, J = 3.4 Hz, 1H), 2.82 (t, J = 7.7 Hz, 2H), 1.67 (p, J = 7.5 Hz, 2H),
1.40 — 1.23 (m, 10H), 0.88 (t, J = 6.7 Hz, 3H). *C NMR (101 MHz, CDCI3) § 146.05,
126.77, 124.02, 122.84, 32.01, 31.96, 30.07, 29.48, 29.37, 29.29, 22.81, 14.25. IR: 2925,
2854, 1464, 907, 733, 690 cm. HRMS-DART (m/z): [M+H]" calculated for Ci2HzoS,

196.35; found, 197.14.

Synthesis of 3-octylthiophene (2.69). 3-octylthiophene was

synthesized from 1-bromooctane and 3-thiophene boronic acid \_/

pinacol ester according to the general procedure using the 2-

tert-butylphenyl catalyst 2.49 and heated to 50 °C, then purified

by silica gel flash column chromatography, eluting with 100% hexanes (R¢=0.65) to afford
the product as a colorless oil (30 mg, 64% spectroscopic yield, 90% based on recovered
starting material, 61% isolated yield). "H NMR (400 MHz, CDCl3) & 7.23 (m, 1H), 6.96 —
6.89 (m, 2H), 2.62 (t,J = 7.7 Hz, 2H), 1.62 (p, J = 7.3 Hz, 2H), 1.37 — 1.25 (m, 10H), 0.88
(t,J = 6.5 Hz, 3H). *C NMR (101 MHz, CDCl3) § 143.44, 128.45, 125.16, 119.89, 32.04,
30.72, 30.44, 29.59, 29.50, 29.41, 22.82, 14.26. IR: 2925, 2854, 1465, 907, 773, 733 cm™".

HRMS-DART (m/z): [M+H]" calculated for C12H20S, 196.35; found, 197.14.

Synthesis of phenylcyclopropane (2.71). Phenylcyclopropane was [>—Ph
synthesized from bromocyclobutane and phenyl boronic acid pinacol ester

according to the general procedure using the 2-fert-butylphenyl catalyst 2.49 and purified
by silica gel flash column chromatography, eluting with 100% hexanes to afford product

as a colorless oil (28 mg, 99% spectroscopic yield, 99% based on recovered starting

137



material, 95% isolated yield). '"H NMR (500 MHz, CDCl3) § 7.47 (d, J = 7.4 Hz, 2H), 7.15
(t,J=17.5Hz, 1H), 7.09 (d, J = 7.8 Hz, 2H), 1.91 (tt, J = 8.7, 5.1 Hz, 1H), 0.97 (q, J = 8.4
Hz, 2H), 0.71 (q, J = 4.6 Hz, 2H) ppm. NMR spectrum is in agreement with literature

precedence.'%?

Synthesis of phenylcyclobutane (2.72). Phenylcyclobutane was

synthesized from bromocyclobutane and phenyl boronic acid pinacol ester a
according to general procedure using the 2-tert-butylphenyl catalyst 2.49 and purified by
silica gel flash column chromatography, eluting with 100% hexanes to afford product as a
colorless oil (20 mg, 63% spectroscopic yield, 63% based on recovered starting material,
61% isolated yield). Rf=0.70 (100% hexanes) "H NMR (400 MHz, CDCl3): § 7.15 — 7.33
(m, 5H), 3.56 (p, J = 8.8, 8.1 Hz, 1H), 1.81 — 2.40 (m, 6H) ppm. NMR spectrum is in

agreement with literature precedence.!®

Synthesis of tert-butyldimethyl((9-phenyldecyl)oxy)silane Ph <

.Si

(2.73). tert-butyldimethyl((9-phenyldecyl)oxy)silane was o

synthesized from fert-butyldimethyl((9-bromodecyl)oxy)silane

and phenyl boronic acid pinacol ester according to the general procedure using the 2-fert-
butylphenyl catalyst 2.49 and purified by silica gel flash column chromatography, eluting
with 100% hexanes to afford product as a colorless oil (48 mg, 71% spectroscopic yield,
71% based on recovered starting material, 55% isolated yield). Slight decomposition was
observed on silica. Rf = 0.45 (100% hexanes) '"H NMR (600 MHz, CDCl3) § 7.31 — 7.26
(m, 2H), 7.21 — 7.12 (m, 3H), 3.59 (t, J = 6.7 Hz, 2H), 2.67 (q, J = 7.1 Hz, 1H), 1.56 —
1.51 (m, 2H), 1.51 — 1.44 (m, 2H), 1.35-1.19 (m, 13H), 1.18 — 1.12 (m, 2H), 0.90 (s, 9H),

0.05 (s, 6H). 3*C NMR (151 MHz, CDCl3) § 150.61, 130.88, 129.62, 128.36, 65.98, 42.59,
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41.09, 35.52, 32.32, 32.19, 32.07, 30.35, 28.65, 28.43, 24.97, 21.03, -2.59. HRMS-DART

(m/z): [M+H]" calculated for C22H410Si, 349.29054; found, 349.29212.

Synthesis of 1,1-dimethyl-1,3-diphenylpropane (2.74). 1,1-
dimethyl-1,3-diphenylpropane was synthesized from 3-chloro-1,1-
dimethyl-1-phenylpropane and phenyl boronic acid pinacol ester
according to the general procedure using the fluorinated catalyst 2.48 and purified by silica
gel flash column chromatography, eluting with 100% hexanes to afford product as a
colorless oil (38 mg, 69% spectroscopic yield, 99% based on recovered starting material,
65% isolated yield). "H NMR (500 MHz, CDCl3) § 7.47 — 7.08 (m, 10H), 2.36 (t, J = 7.3
Hz, 2H), 1.94 (t, J = 8.6 Hz, 2H), 1.39 (s, 6H). NMR spectrum is in agreement with

literature precedence.'®

Synthesis of 1-tert-butyl-4-methylbenzene (2.77). 1-tert-butyl-4-
methylbenzene was synthesized from 2-chloro-2-methylpropane and 4-
tolyl boronic acid pinacol ester according to the general procedure using
the fluorinated catalyst 2.48 and purified by silica gel flash column chromatography,
eluting with 100% hexanes to afford purified product as a colorless oil (21 mg, 58%
spectroscopic yield, 56% isolated yield). 'TH NMR (500 MHz, CDCl3) § 7.31 (d, J = 7.9
Hz, 2H), 7.14 (d,J = 7.9 Hz, 2H), 2.34 (s, 3H), 1.33 (s, 9H). NMR spectrum is in agreement

with literature precedence.'®

Synthesis of 1-ter-butyl-3-trifluoromethylbenzene (2.78). 1-tert-butyl-
3-trifluoromethylbenzene ~ was  synthesized  from  2-chloro-2-

methylpropane and (meta-trifluoromethyl)phenyl boronic acid pinacol CF;
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ester according to the general procedure using the fluorinated catalyst 2.48 and purified by
silica gel flash column chromatography, eluting with 100% hexanes to afford purified
product as a colorless oil (35 mg, 72% spectroscopic yield, 69% isolated yield). '"H NMR
(500 MHz, CDCIl3) ¢ 7.05 (m, 5H), 1.27 (s, 9H). NMR spectrum is in agreement with

literature precedence.'%

Synthesis of 1-tert-butyl-4-methoxybenzene (2.79). 1-tert-butyl-4-

methoxybenzene was synthesized from 2-chloro-2-methylpropane and

4-anisolyl boronic acid pinacol ester according to the general procedure

using the fluorinated catalyst 2.48 and purified by silica gel flash column chromatography,
eluting with 100% hexanes to afford purified product as a colorless oil (21 mg, 55%
spectroscopic yield, 51% isolated yield). "H NMR (500 MHz, CDCls) § 7.33 (d, J = 8.3
Hz, 2H), 6.87 (d, J = 8.3 Hz, 2H), 3.81 (s, 3H), 1.32 (s, 9H). NMR spectrum is in agreement
with literature precedence.'?’

General procedure for the monitoring of transmetallation Kinetics at low
temperature. At room temperature in the glovebox, a solution of iron amide 2.46 in
deuterated toluene (500 uL, 0.0115 M) was added to a J. Young tube. To this solution was
added Si(TMS)4 (50 uL, 0.0115 M) as internal standard. The J. Young tube was placed in
the cold well, where the solution froze under liquid nitrogen. A cold solution of PhB(pin)
in deuterated toluene (50 pL, 0.115 M) was added to the tube and allowed to freeze as a
separate layer on top of the frozen solution of iron complex and standard. The layered tube
was sealed, quickly removed from the glovebox, and immediately submerged in liquid
nitrogen. The frozen tube was transported to a pre-cooled NMR machine. Once array

parameters were set up on the NMR software, the frozen tube was thawed in a dry
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ice/acetone bath to allow for homogenous mixing of the frozen layers. The tube was
quickly inserted into the temperature-regulated NMR machine and the array started.

Integrations were calculated using vNMRJ software.
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Chapter 3.

Synthesis and Characterization of Air-Stable Iron-Based Catalyst
Precursors for the Suzuki-Miyaura Cross-Coupling Reaction of
Alkyl Halides and Unactivated Aryl Boronic Esters
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3.1 Introduction

Over the past four decades, the palladium-catalyzed Suzuki-Miyaura cross-
coupling reaction has become a prominent and powerful tool for the assembly of C(sp?)-
C(sp?) bonds.! The impact of the Suzuki-Miyaura reaction is especially apparent in the
pharmaceutical industry, where it is employed in nearly 25% of reported syntheses of
medicinally active small molecule drugs.? The prevalence of the Suzuki-Miyaura reaction
is due in large part to its success in incorporating a wide variety of substrates, but another
contributing factor is the ability to use boronic esters and palladium catalyst precursors that
are air- and moisture-stable. While most reactions are still run under inert gas conditions,
its user-friendly assembly under atmospheric conditions and robust performance have

made the Suzuki-Miyaura reaction a preferred tool for synthetic organic chemists.

Despite this impressive utility, cross-coupling reactions catalyzed by palladium-
based complexes commonly undergo B-hydride elimination side reactions that often limit
the reaction to sp>-hybridized substrates,® which in turn is likely an underlying reason for
the disproportionate representation of mostly flat molecules in medicinally relevant small
molecule drugs.? In order to explore the efficacy of pharmaceutical targets possessing
three-dimensional features, first-row transition metal catalysis has emerged as a promising
alternative. Of the first-row transition metals, nickel-based complexes have been most
commonly investigated for cross-coupling catalysis.*® In comparison, reactions catalyzed
by iron-based complexes have historically received less attention,'*!? despite the reduced
cost and toxicity of iron when compared to that of palladium and nickel, respectively.'?
Despite these advantages, the development and application of iron catalysis for cross-

coupling reactions is often limited by inconvenient practical considerations compared to
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cross-coupling reactions catalyzed by palladium-based complexes (see Chapter 2).'* In this
chapter,!> we report our progress towards alleviating some of the practical limitations
relevant to the application of iron-based complexes for cross-coupling reactions, so that
they can be leveraged to provide reactivity complementary to that of the palladium-based
analogues. We disclose the synthesis and characterization of a new iron(Ill)-based
precatalyst that is air-stable, stable on the benchtop for at least nine months, and active for
the Suzuki-Miyaura cross-coupling of alkyl halides with arylboronic esters.
3.2 Practical limitations to the general application of iron-based complexes
for catalyzing Suzuki-Miyaura cross-coupling reactions

One challenge facing the broad implementation of iron-based catalysts in cross-
coupling reactions is the propensity for catalyst precursors to undergo rapid deactivation
upon exposure to air or water due to facile oxidation and hydrolysis reactions that form
iron oxides (Figure 3.1). Bench-stable iron salts (e.g. FeCls, Fe(acac)s) have been employed

16-19 and

as catalyst precursors in cross-coupling reactions involving Grignard reagents
alkenes,?% 2 but their efficient activity towards boron-containing coupling partners remains
elusive. Moreover, examples of Suzuki-Miyaura reactions between alkyl halides and aryl
boronic esters catalyzed by iron-based complexes often require the use of reactive lithium
amide bases?* or substrates preactivated by highly pyrophoric alkyllithium bases (see
Chapter 2).2>27 Proposed catalytic cycles for these reactions often invoke the intermediacy
of highly reactive and low-valent iron intermediates.”®>! As a result, cross-coupling

reactions catalyzed by iron-based catalysts usually demand the use of stringently air- and

water-free conditions, which limit their practical implementation on scale.
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Figure 3.1. Appearance of iron complex 3.1 while stored under Nz (left image) and appearance of iron complex
3.1 following 3 minutes of exposure to air (right image).

In Chapter 2, we reported the design of iron-based complexes (e.g. 3.1) supported
by B-diketiminate ligands that proved highly effective for catalyzing Suzuki-Miyaura
cross-coupling reactions.’> The reaction was capable of assembling molecules with
functionality common in many pharmaceuticals, such as functionalized heteroaromatic
rings. It was also capable of carrying out difficult cross-coupling reactions, such as those
involving tertiary alkyl halides. Utilizing these electrophiles in cross-coupling reactions
result in the synthesis of all-carbon quaternary centers, a challenging motif to obtain for
most synthetic methodologies. Despite their synthetic utility, the reactions required that
discrete iron(II) complexes containing the B-diketiminate ligand be synthesized as opposed
to reactions where ligands were added to iron-based catalyst precursors. These discrete
complexes were not stable to oxygen or water, and they rapidly (i.e. within minutes)
underwent decomposition when exposed to ambient air (Figure 3.1). We hypothesized that
iron(III) catalyst precursors would be less prone to oxidation compared to iron(Il) catalyst
precursors we have used previously. Additionally, we believe that the highly reducing

conditions of the cross-coupling reaction would generate in situ the iron(II)-based
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intermediates that are often proposed to be catalytically relevant for successful cross-
coupling.
3.3 Synthesis and characterization of iron(IlI)-based catalyst precursors
supported by B-diketiminate ligands

In order to obtain an air-stable catalyst precursor, we targeted discrete iron(III)
catalyst precursors containing the PB-diketiminate ligand. Initially, we attempted to
synthesize an iron(IIl) halide complex by using the iron(III) salt FeCl; in place of FeClo,
but "H NMR spectroscopy of the resulting product was identical to that of the previously

used iron(Il) complex 3.1 (Scheme 3.1a). An effective magnetic moment (uefr = 5.20 pg)

measured in the solution-state for the product suggested that the iron(III) catalyst precursor
was reduced in situ by the deprotonated ligand. The spin-only magnetic moment can be
approximated from the observed magnetic moment and correlated to the number of
unpaired electrons in a coordination complex by the equation:

feft = tspinonty = n(n + 2) g (eqn. 1)*
where n is the number of unpaired electrons. As a result, a calculation of 4 unpaired
electrons for iron complex 3.1 is consistent with a high-spin @® ion, for which the oxidation
state of iron is iron(I). We next attempted to oxidize the iron(I) complex with the addition
of an external oxidant, ferrocenium hexafluorophosphate (Scheme 3.1b).3* An effective
magnetic moment measured in the solution-state for the resultant purple crystals supported

the successful oxidation to a high-spin iron(Ill) complex (uetr = 6.54 pg). This observed

magnetic moment is significantly higher than what is normally observed for high-spin

iron(Ill) complexes (uetr = 5.7-6.0 pg), which we attribute to contributions from orbital

angular momentum or spin-orbit coupling.*® Nevertheless, the calculation of
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approximately 5 unpaired electrons for this compound is consistent with a high-spin & ion.
The structure was confirmed by X-ray crystallographic characterization as the monomeric,
neutral iron(IIl) dichloride complex 3.2 (Figure 3.2a, CCDC 2088833). Iron(IIl) halide
complexes that contain the B-diketiminate ligand have not been previously reported.
However, Holland and co-workers have previously synthesized four-coordinate [3-
diketiminate iron(II) amido complexes®® with similar Fe-N bond lengths compared to
complex 3.2. These Fe—N bond lengths are shorter than those reported for analogous four-

32,36

coordinate iron(Il) halide complexes, consistent with an increase in oxidation state.
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Scheme 3.1. a) Attempted synthesis of an iron(II) complex supported by a B-diketiminate
ligand through the addition of FeCls, b) synthesis of a neutral iron(IIl) dichloride complex
supported by a B-diketiminate ligand via the oxidation of the analogous iron (II) complex, c)
synthesis of an air-stable iron(IlI) complex supported by a p-diketiminate ligand and two
acetylacetonate (acac) ligands.
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Complex 3.2 Complex 3.3

Metric Measurement Metric Measurement
Fe1-N1 1.966(6) A Fe1-N1 2.065(1) A
Fe1-N2 1.957(6) A Fe1-N2 2.056(1) A
Fe1-Cl1 2.202(2) A Fe1-O1 2.038(1) A
Fe1-Cl2 2.183(3) A Fe1-02 2.024(1) A

N1-Fe1-N2 94.9(3)° Fe1-03 2.041(1) A
N1-Fe1-CI1 107.9(2)° Fe1-04 2.014(1) A
N2-Fe1-Cl2 115.0(2)° N1-Fe1-N2 88.71(5)°
Cl1-Fe1-CI2 116.2(1)° 0O1-Fe1-02 85.62(4)°
03-Fe1-04 85.63(5)°

Figure 3.2. X-ray crystal structures of complexes 3.2 and 3.3 with selected bond metrics. Thermal ellipsoids are
drawn at the 50% probability level; co-crystallized solvent molecules and hydrogen atoms are omitted for clarity.
Crystal refinement tables are located in Appendix B.2.

In addition to the iron(III) halide complex 3.2, we also pursued the synthesis of the
iron(IIT) complex 3.3. Since the iron(Ill) salt Fe(acac)s is often used as a bench-stable

catalyst precursor?!"-

and B-diketiminate ligands are isoelectronic and isolobal to
acetylacetonate ligands,*” we reasoned that replacing an acetylacetonate ligand in Fe(acac)s
with a B-diketiminate ligand could lead to an iron(Ill) complex containing the -
diketiminate ligand that was active for cross-coupling catalysis and was air-stable. We
thought such a complex could be synthesized through ligand substitution reactions between
Fe(acac); and the deprotonated B-diketiminate ligands. As expected, addition of the
deprotonated B-diketiminate ligand to Fe(acac)s resulted in the formation of a dark green

compound 3.3 (Scheme 3.1c). An effective magnetic moment measured in the solution-

state for complex 3.3 remains consistent with a high-spin iron(Ill) center (uetr = 7.04 pg).
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Like complex 3.2, the higher magnetic moment can be attributed to contributions from
orbital angular momentum or spin-orbit coupling, but nonetheless suggests that there exist
5 unpaired electrons (a high-spin &° iron(Ill) ion). X-ray crystallographic characterization
of this complex confirmed the formation of an octahedral iron complex supported by one
B-diketiminate ligand and two acetylacetonate ligands (Figure 3.2b, CCDC 2088834). The
Fe—N bond lengths of compound 3.3 are comparable to those found in previously reported
B-diketiminate iron(Il) complexes,*! but longer than those found in previously reported f-
diketiminate iron(IlI) complexes,’**™** though the reported B-diketiminate iron(IIl)
examples are limited to three- and four-coordinate iron(Ill) amido complexes.
Hexacoordinate octahedral iron(Ill) complexes such as 3.3 would be expected to have
longer Fe—N bonds due to steric hindrance.** The Fe—O bond lengths of compound 3.3 are
likewise longer than those found in Fe(acac)s; (average bond length = 1.991(8)A).*° The
octahedral geometry of complex 3.3 also gives rise to a smaller N-Fe—N bond angle than
that observed in other B-diketiminate iron(I1I) complexes, though the O—Fe—O bond angles
are also smaller than those observed in Fe(acac); (average O-Fe—O bond angle =
87.47(3)°).* In comparison to 3.2, the Fe-N bond distances in 3.3 are significantly longer
and the N-Fe—N bond angle is more acute. The differences in bond metrics between 3.2
and 3.3 may be due to the different geometry of the two complexes, or the trans-influence

of the acac ligands in octahedral 3.3 that is absent in the distorted tetrahedral complex 3.2.

3.4  Evaluation of catalytic competence and bench stability of p-diketiminate
iron(III)-based complexes for the Suzuki-Miyaura cross-coupling reaction

When complex 3.1 was subjected to our previously established standard cross-
coupling conditions®? (Scheme 3.2) following its exposure to in air for one hour, the

Suzuki-Miyaura reaction between bromocycloheptane and phenyl boronic acid pinacol
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ester produced phenylcycloheptane in significantly reduced yield (12 £ 7%), compared to
reactions where 3.1 was not exposed to air (96 = 3%). Conversely, an initial attempt to
subject complex 3.2 to our standard cross-coupling conditions following exposure to air
for one hour delivered the product in 60% yield (compared to 85% without air exposure)
(Scheme 3.2), and complex 3.3 delivered the product in 71 = 11% yield (compared to 83 +

6% without air exposure) under the same conditions (Scheme 3.2).
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Scheme 3.2. Suzuki-Miyaura cross-coupling reaction of bromocycloheptane and phenyl
boronic acid pinacol ester catalyzed by iron complexes 3.1, 3.2, and 3.3 prior to and after
exposure to air for one hour.
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With the competency of an iron(III) precatalyst for Suzuki-Miyaura cross-coupling
established, we next sought to assess the benchtop stability of the iron complexes. The 'H
NMR spectrum of iron chloride complex 3.2 displayed no change immediately following
exposure to air, which is consistent with our working hypothesis that these compounds
would be less sensitive to oxidation. However, further exploration revealed that 3.2 was
not indefinitely stable to air because a color change of the sample accompanied by loss of
all paramagnetic resonances in the 'H NMR were observed within 24 hours after initial
exposure to air. This finding suggested that catalyst deactivation occurred. Conversely,
complex 3.3 remained stable in the solid-state for up to nine months following its storage
in a benchtop desiccator exposed to air, as determined by "H NMR spectroscopy. To gain
further insight, the speciation of the iron center in complex 3.3 was also examined using
STFe Mossbauer spectroscopy. All °’Fe Mossbauer spectra were obtained with the
assistance of Bufan Zhang and Professor Michael Neidig at the University of Rochester.
The 80 K °’Fe Mossbauer spectrum of a powder of iron(IIl) complex 3.3 features a broad
doublet with Mdssbauer parameters of & = 0.47 mm/s and |AEq| = 0.82 mm/s, consistent
with a high-spin iron(IIl) species (Figure 3.3a). Similar broadening has been previously
observed in other high-spin iron(IIT) complexes,***’ though contributions to broadening
from the presence of residual Fe(acac)s cannot be excluded.*® The degree of broadening
can be reduced following extensive recrystallization of the compound. Most importantly,
the spectrum of a sample of 3.3 taken after four months of continued exposure to air
displayed no substantial changes from that of a freshly synthesized sample of the same
complex. A similar analysis of the iron(Il) complex 3.1 before and after only one hour of

exposure to air (Figure 3.3b) displayed marked differences in the Mossbauer spectra that
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suggest near-complete conversion of the iron(Il) complex (6 = 0.90 mm/s and |AEq| =2.41
mm/s) to a mixture of iron complexes, the two major components of which have Mdssbauer
parameters (6 = 0.42 mm/s and |AEq| = 0.81 mm/s, 48 % of total iron, blue component; 6
= 0.38 mm/s and |AEq| = 1.37 mm/s, 46 % of total iron, red component) consistent with
iron(I1I) complexes formed from rapid oxidation.*>>* This rapid oxidation is further
supported from changes in the 'H NMR spectrum of the complex as well as its physical
appearance (Figure 3.4). These changes are also consistent with the decreased yield
observed for reactions where 3.1 was exposed to air for one hour compared to reactions

carried out entirely in the glovebox (vide supra).
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Figure 3.3. a) Comparison of the 80 K >’Fe Mdssbauer spectra of a powder of 3.3, i) prior to and ii)
following exposure to air for four months. b) Comparison of the 80 K *’Fe Mssbauer spectra of the
previously synthesized iron(II)-based cross-coupling precatalyst 3.1 i) prior to and ii) following
exposure to air for one hour. The latter spectrum features three iron species with the following
parameters: red component, & = 0.38 mm/s, [AEq| = 1.37 mm/s (46% of total iron); blue component, &
=0.42 mm/s, |AEq| = 0.81 mm/s (48% of total iron) and green component, & = 1.34 mm/s, |AEq| = 2.55
mm/s (6% of total iron).
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Figure 3.4. Comparison of the "H NMR spectra (solvent-suppressed, THF) of iron complex 3.1 a) prior to and b)
after exposure to air for 1 hour.

These sets of experiments demonstrate that the iron(III) complex 3.3 is less prone
to degradation in air, supporting our hypothesis that higher oxidation state iron species are
less prone to decomposition on the benchtop than iron(II) catalyst precursors. In addition
to oxidation state, we speculate that the iron(II) halide complex 3.1 is less stable to air than
iron(I1I) complex 3.3 due to more rapid hydrolysis of iron halides®' compared to iron
acetylacetonate complexes. This hypothesis is also consistent with the observed behavior
of iron(Ill) halide complex 3.2, which rapidly undergoes deactivation towards cross-
coupling at room temperature, presumably because of hydrolysis rather than oxidation.>!
Thus, with the proper choice of oxidation state and supporting ligands, air- and moisture-

stable catalyst precursors for the Suzuki-Miyaura cross-coupling reaction can be obtained.
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3.5 Examining the mechanism of activation for iron(I1I)-based complexes in
the Suzuki-Miyaura cross-coupling reaction

Y
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LiNR, comproportionation
salt metathesis '
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Figure 3.5. Working mechanistic hypothesis for the cross-coupling reaction of alkyl halides and aryl boronic
esters catalyzed by P-diketiminate iron(II) complexes. Possible pathways for activation of the iron(III)
analogues are highlighted in red.

We have previously proposed a catalytic cycle for the iron(Il)-catalyzed Suzuki-
Miyaura cross-coupling reaction, which is our current working mechanistic hypothesis for
the cross-coupling reaction®! (Figure 3.5). In this proposed mechanism, iron(II) halide
precatalyst I is activated by salt metathesis with the lithium amide base. Iron(Il) amide
species II activates the electrophile and the nucleophile via halogen abstraction to yield
intermediate III and transmetalation to yield intermediate IV, respectively. The carbon-
centered radical formed by halogen abstraction recombines with IV, followed by reductive
elimination from V to deliver the cross-coupled product. Finally, catalyst turnover is
achieved by comproportionation between III and VI to regenerate an equivalent of I and
an equivalent of II. We hypothesized that the presence of a strong reductant like lithium
amide®? could enable the iron(IIl) precursors to enter the catalytic cycle as presumably

iron(Il) amide species II. Alternatively, the iron(IIl) precursors could participate in
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comproportionation with the low-coordinate iron(I) species VI generated from reductive
elimination to enter the catalytic cycle.

To assess the possibility that the iron(III) catalyst precursors were being converted
into iron(Il) species in situ, we sought to examine the speciation of the iron centers in the
presence of possible reductants using °’Fe Mossbauer spectroscopy. A °’Fe-enriched
sample of iron complex 3.3 was discretely synthesized by Bufan Zhang at the University
of Rochester for these studies; however, we cannot definitively conclude that the iron(III)
species can be obtained cleanly (Appendix C). Reactions of iron(IIl) species 3.3 with
possible reductants deliver a complex mixture of iron species observed by >’Fe Mssbauer
spectroscopy, the formation of which is not well understood. An attempt to examine the
speciation of the iron centers under the same conditions with EPR spectroscopy was
similarly inconclusive (Appendix C). We expected that clean reduction of the EPR-active
iron(III) species to the EPR-inactive iron(Il) species would result in the destruction of EPR
signals. Instead, signals remained following the addition of lithium amide reductant.
Investigations into the precise mechanism of activation of the iron(IIl) precatalysts are

ongoing and will be reported in due course.

3.6 Reaction optimization

Having demonstrated the benchtop stability of the iron-based complex, we sought
to evaluate conditions for the catalytic cross-coupling reaction in hopes of eliminating the
need to use a glovebox for the reaction (Table 3.1). Low yields were obtained when the
reaction was carried out with commercially available Fe(acac)s and B-diketiminate ligand
in place of iron complex 3.3 synthesized prior to the cross-coupling reaction (Table 3.1,

entry 1). All other reactions reported in Table 3.1 were carried out with iron complex 3.3
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that was exposed to air for at least 4 weeks (see Experimental section for detailed
procedure). The yield obtained after 4 weeks of exposure to air (56 £ 1%) was lower than
the yield of the reaction carried out after one hour of exposure to air (71 = 11%). However,
we do not attribute these lower yields to catalyst decomposition in the air but rather due to
incomplete activation of the iron(IIl) complex when using 1.2 equivalents of base because
yields obtained with 1.2 equivalents of base varied from 50% to 80%. Increasing the
equivalents of base to 2 resulted in increased average yield (80 £ 6%) compared to when
1.2 equivalents of base was used (Table 3.1, entries 2-6). These reaction conditions also
led to more reproducible results with yield varying by only a few percent for multiple
reactions carried out under these conditions, regardless of how long complex 3.3 was
exposed to air: a reaction carried out with 2.0 equivalents of base with iron complex 3.3
that was not exposed to air gave nearly identical yield (83 + 6%) as the reaction carried out
after 3.3 was exposed to air for nine months (80%). Reactions carried out with 2 equivalents
of base represent the optimal conditions to obtain high yields reproducibly, because further
increasing the equivalents of base led to lower isolated yields (Table 3.1, entries 5-6).

Cognizant of the toxicity of benzene as an ICH class 1 solvent,

more environmentally
friendly solvents such as 2-methyl tetrahydrofuran and anisole (both ICH class 3 solvents)
were also evaluated for the reaction (Table 3.1, entries 7-8). While reactions carried out in
2-methyl tetrahydrofuran led to a slight drop in yield compared to reactions carried out in
benzene, reactions in anisole gave almost the same yield as reactions in benzene. While

benzene was used as the primary solvent for the remainder of this study due to its relative

ease of removal from the reaction mixture, we anticipate that anisole can be used as a
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replacement for benzene in industrial settings where solvent toxicity is a significant
concern.
Table 3.1. Optimization of reaction conditions.

O
& >

_—Fe-_

O~ \ O
(O O_
OBr + PhB(pin) TJ’ O_ph
Fe catalyst 3.3 (10 mol %)
(1.0 equiv.) (2.0 equiv.) LiNMeEt (y equiv.)
solvent, 25 °C, 24 h
LiNMeEt yield (brsm)
entry (equiv.) solvent glovebox® S(I:ihr::!‘k
10 1.2 benzene 24 (40)° n/a
2 1.2 benzene 56 (80)° 40 (61)¢
3 1.5 benzene 66 (77)° 43 (52)¢
4 2.0 benzene 81 (84)f 66 (75)°
5 25 benzene 45 (61)° 52 (59)¢
6 3.0 benzene 22 (31)° 0 (0)¢
7 2.0 2-MeTHF 69 (69)° 49 (49)¢
8° 2.0 anisole 78 (78)° 22 (25)¢
9° 2.0 1:6 anisole:benzene 99 (99)° 69 (73)
10° 2.0 1:6 anisole:benzene n/a 74 (74)*

2 See Experimental Section for details regarding reaction assembly. ® Fe(acac)s
combined with B-diketiminate ligand in place of discrete catalyst. ¢ LINMeEt
added as a uniformly sieved solid. ¢ LINMeEt added as a dispersion in anisole.
¢ LiNMeEt synthesized in anisole in reaction vessel immediately prior to addition
of catalyst and substrates. f average of five trials.

Our previous results suggest that using a lithium amide base is necessary for iron-
catalyzed cross-coupling reactions in order to avoid the irreversible formation of inactive
iron aggregates.?* Unfortunately, using alkyl amide bases precludes facile reaction setup
on the benchtop.’* Because the lithium amide is moderately soluble in anisole and
employing anisole as a solvent did not adversely affect the outcome of the reaction in the
glovebox, a procedure was developed which involved dispensing a dispersion of the
lithium amide in anisole into the reaction vessel for application on the Schlenk line.

Reactions set up using this procedure produced the desired product, although lower yield

was generally observed compared to reactions set up and carried out inside of a glovebox
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with the same solvent ratio (Table 3.1, entry 9). Higher yields could be obtained by
deprotonating the amine with n-butyllithium in anisole in the reaction vessel on the Schlenk
line immediately prior to the addition of the catalyst and substrates under a positive flow
of inert gas (Table 3.1, entry 10). Employing this procedure, yields were comparable to
reactions assembled in the glovebox and employing benzene as the solvent (cf. Table 3.1,
entry 4). This procedure also enabled the reaction to be carried out on a gram scale,

enabling isolation of the desired cross-coupled product in 82% yield.

3.7 Evaluation of substrate scope

Having established an optimal procedure that does not require a glovebox, the
substrate scope of the reaction was explored next (Table 3.2). Heteroaromatic-containing
substrates 3.4-3.10, which were amenable to our previously reported method,** were also
viable for cross-coupling with the air-stable catalyst. As discussed in Chapter 2, these
substrates are highly represented in pharmaceutically relevant compounds and demonstrate
how the new protocol may have value to medicinal and process chemists. Primary,
secondary, and tertiary alkyl halides 3.11-3.16 were well-tolerated, as well as protected
amine 3.17 and a protected alcohol 3.18. While the need for the lithium amide base
somewhat limited the functional group tolerance of the method (e.g., esters, ketones, and
free amines were not tolerated), an alkyl halide containing a nitrile resulted in some cross-
coupled product (3.19). All reactions delivered the desired cross-coupled product
regardless of whether they were assembled in the glovebox or on the Schlenk line, although
lower product yield is generally observed when compared to analogous reactions using the

previously reported B-diketiminate iron(Il) catalyst precursors in the glovebox.
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Table 3.2. a) Substrate scope for cross-coupling reactions performed without the aid of a glovebox using air-
stable complex 3.3 as a catalyst precursor. Isolated yields are reported with yields based on recovered starting
material in parentheses. Yields from reactions employing the iron(II) catalyst 3.1 in the glovebox are reported below

in italics.
W
&t f=
\/
/ \

O/Fe\o
[ 2 O

Fe catalyst 3.3 (10 mol %)
‘ ‘ Li ArB(pin) (2.0 equiv.) R=Ar
H\/ "BuLi (2.0 equiv.) Nv R-X (1.0 equiv.)
~ 7 . .
. anisole, 25 °C, 15 min. - CeHe, 25 °C, 24 h yield with 3.3 (brsm)
(2.0 equiv.) quantitative X = Br unless yield with 3.1 in glovebox
yield assumed otherwise stated

s 0 NS
FsC =
3.4 3.5 3.6 3.7 3.8

29% (38) 51% (58) 68% (68) 56% (60) 36% (45)°
58% 82% 67% 61% 7594
N
7 O—@»OCH Ph O_
N  NBoc 3 Ph >—Ph
% s J(QE’
3.9 3.10 3.1 3.12 3.13
72% (72) 35% (43) 40% (60) 31% (34)  27% (27)
o/a 68% 80% 63% 99%
74%
Ph
o +Ph @\ Ph_CN_CbZ )\M/\ _Bs Ph” 7 CN
Ph ;0
3.14 3.15 3.16 3.17 3.18 3.19
81% (81)  63% (63)°  41% (41)° 27% (45) 49% (49) 20% (20)
95% 92%13 gg%b 92% 55% 15%

@ heated to 50 °C. ° X = Cl.

It is important to mention that the discrepant yields between procedures are chiefly
due to the manner in which the lithium amide is added to the reaction mixture, rather than
the air sensitivity of the catalyst precursor or the fidelity of the air-free procedure. To
illustrate this, reactions for compounds 3.10 and 3.14 were carried out using solid lithium
amide that had been sieved to a particle size of 250 um or smaller (Table 3.3). Lithium

amide prepared in this way was weighed into a sealed reaction vessel inside a glovebox,
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which was evacuated on a Schlenk line prior to addition of complex 3.3, the reaction
substrates, and the reaction solvent (dispensed on the bench) under positive pressure of
inert gas. In both cases, the product yields were comparable to those from reactions using
complex 3.1 inside of a glovebox, which also employed sieved lithium amide rather than
an in situ suspension in anisole (cf. Table 3.2, entries 3.10 and 3.14). We hypothesize that
the particle size of the lithium amide helps regulate its dissolution, which is only partially
soluble in the aromatic solvents used. Consequently, the partial solubility of the base in
benzene and anisole is beneficial because the aromatic solvents provide a convenient way
to gradually introduce the lithium amide to the reaction as it proceeds. Because anisole
more readily solubilizes the base, it is detrimental for reactions when a slurry of lithium
amide is made prior to initiating the reaction. Considering the environmental advantages
of using anisole rather than benzene as the solvent, we have attempted to add the base as a
slurry to reactions carried out in anisole via syringe pump, but such procedures have always
led to lower yields compared to reactions in which all of the base is present at the onset.
Nevertheless, we concluded that the procedure used for the substrates in Table 3.2 and
Table 3.3 benefited from the convenience for assembling the reaction on the bench,
avoiding the use of sieved solid lithium amide which would require access to a glovebox.
While future optimization will still be needed for carrying out the reaction in more
environmentally friendly solvents, access to the bench-stable iron(III) precursor 3.3 and a
procedure that does not require a glovebox should make such optimizations easier for

practitioners who require the use of such solvents.
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Table 3.3. Cross-coupling reactions performed without the aid of a glovebox
using uniformly sieved lithium amide and complex 3.3 as catalyst precursor.

N
S e
o

Br + ArB(pin) Fe catalyst3.3 (10 mol %) Ar
LiNMeEt (2.0 equiv.)

(1.0 equiv.) (2.0 equiv.) CeHe, 25 °C, 24 h

; yield using
RCEUI sieved LiINMeEt

3.10 3.14
67% 90%

3.8 Conclusion and outlook

In conclusion, an air-stable iron(Ill)-based catalyst precursor for the Suzuki-
Miyaura cross-coupling between alkyl halides and aryl boronic esters was developed, and
a protocol for carrying out the cross-coupling reactions without the aid of a glovebox was
established. Bearing one B-diketiminate ligand and two acetylacetonate ligands, the new
iron complex displayed long-term stability in the solid state, as assessed by a combination
of '"H NMR spectroscopy, Mossbauer spectroscopy, and its sustained catalytic activity after
being exposed to air for months. We anticipate that this advance will enable the practical
implementation of iron-based catalysts for the Suzuki-Miyaura cross-coupling reaction in
industrial settings. Considering that the reaction is particularly effective at incorporating
alkyl halide substrates and it is compatible with heterocycles commonly observed in
pharmaceuticals, we expect that the iron-based complexes will provide complementary
reactivity to the well-established palladium-based catalysts used for the Suzuki-Miyaura
cross-coupling of two sp?-hybridized substrates. The low toxicity of iron compared to

nickel may also make these catalysts advantageous compared to air-stable nickel-based
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complexes that have previously been developed for similar reactions.””® Ultimately, we
hope that this improved protocol for iron-catalyzed Suzuki-Miyaura cross-coupling
reactions paves the way for facile access to previously inaccessible structures that may be

useful for structure-activity relationship studies in the pharmaceutical industry.
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3.9 Experimental section

General Considerations. Unless stated otherwise, all reactions were carried out in
oven-dried glassware in a nitrogen-filled glovebox or using standard Schlenk line
techniques.> Solvents including tetrahydrofuran, pentane, and benzene were used after
passage through two activated alumina columns under a blanket of argon® and then
degassed by brief exposure to vacuum. Deuterated solvents were dried over a
sodium/benzophenone pot and distilled prior to their use. Boronic acid pinacol esters were
used after passage through alumina under a nitrogen atmosphere. Methylethylamine was
purchased from TCI America; diethylamine was purchased from Sigma-Aldrich. Amines
that were liquids at room temperature were dried over calcium hydride for at least 24 hours
and then distilled under vacuum. Lithium amides were passed through a 250 micron sieve
to ensure homogenous particle size prior to use. The lithium amide salts are pyrophoric
when exposed to air, but their flammability is mitigated when they are dissolved in
solution. The B-diketiminate ligand used for the synthesis of iron complexes 3.1 and 3.3
was synthesized as described previously.*? Aryl boronic ester precursors for compounds
3.5, 3.8, and 3.9 were graciously provided by Amgen. Iron(IIl) chloride was purchased
from Sigma-Aldrich and used without further purification. Iron(III) tris(acetoacetone) was
purchased from Acros Organics and used without further purification. Alkyl halides were
dried over calcium hydride for at least 24 hours and then distilled under vacuum. Nuclear
magnetic resonance (NMR) spectra were recorded at ambient temperature on Varian
vNMRs operating at 400 MHz, 500 MHz, or 600 MHz for 'H NMR, at 160 MHz for !'B
NMR, and at 125 MHz for {'H}"*C NMR. Spectra were referenced using shifts

corresponding to solvent residual protic impurities. Boron trifluoride diethyl etherate
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(BF3-Et,0) was used as an external standard for !'B NMR (0.0 ppm). The line listing for
NMR spectra of diamagnetic compounds are reported as follows: chemical shift
(multiplicity, coupling constant, integration); paramagnetic compounds are reported as
follows: chemical shift (peak width at half height, number of protons). All paramagnetic
spectra were collected at 25 °C. Solvent suppressed spectra were collected for
paramagnetic complexes in THF using the PRESAT macro on the vNMR software.
Infrared spectra were recorded on a Bruker Alpha attenuated total reflectance infrared
spectrometer. High resolution mass spectra were obtained at the Boston College Mass
Spectrometry Facility on a JEOL AccuTOF DART instrument. Single crystal X-ray
Intensity data were measured on a Bruker Kappa Apex Duo diffractometer using a high
brightness IuS copper source with multi-layer mirrors. The low temperature device used is
an Oxford 700 series Cryostream system with temperature range of 80-400 K. An Olympus
SZ1145 stereo zoom microscope was used to view and mount crystals. The crystal structure
was solved using ShellX. Solution state magnetic moments were obtained following the
method described by Evans.>” For Mossbauer spectroscopy, solid samples were prepared
under an inert atmosphere within a glovebox with a liquid nitrogen fill port to freeze-trap
solid samples at 77 K. Samples were loaded into Delrin sample cups and then frozen in
liquid nitrogen. Low temperature °>’Fe Mdssbauer measurements were performed using a
Janis SVT-400T N: cryostat for analysis at 80 K. Isomer shift values were measured
relative to an a-Fe standard at 298 K. All of the Mossbauer spectra were fit using WMoss
(See Co.) software. The associated parameter errors in the fit analyses include the

following: 6 £ 0.02 mm/s, AEq + 3%. The multicomponent fit analyses have an associated
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quantitation error of £ 3%. Since only zero-field Mdssbauer measurements were

performed, all quadrupole splitting parameters reported herein are absolute values.

General procedure for the iron-catalyzed cross-coupling reaction of aryl boronic
esters and alkyl halides performed in a glovebox. In a nitrogen-filled glovebox, iron
complex 3.3 (0.025 mmol, 10 mol %, 14 mg) and lithium ethylmethyl amide (0.5 mmol,
2.0 equiv., 32 mg) were added to a 7 mL scintillation vial containing a magnetic stir bar.
A 1 mL benzene solution of boronic acid pinacol ester (0.5 mmol, 2.0 equiv.) and alkyl
halide (0.25 mmol, 1.0 equiv.) was added to the stirring vial, followed immediately by
benzene (5 mL) and sealing of the reaction vessel. The reaction mixture was allowed to stir
vigorously and quickly became homogenous. After 24 hours of stirring, the reaction was
quenched with a saturated aqueous solution of ammonium chloride (10 mL). The aqueous
phase was washed with dichloromethane (3 x 40 mL) and the combined organic phases
were dried over sodium sulfate and filtered through celite. Trimethoxybenzene (42 mg,
0.25 mmol) was added as an internal standard before evaporating the solvent in vacuo. A
spectroscopic yield was determined by '"H NMR spectroscopy before the crude product

was purified by silica flash column chromatography to give isolated yields.

General procedure for the iron-catalyzed cross-coupling reaction of aryl boronic
esters and alkyl halides under nitrogen on a Schlenk line. On the Schlenk line, to an
oven-dried 10 mL Schlenk tube equipped with stir bar and purged with N> was added
ethylmethyl amine (0.55 mmol, 2.1 equiv., 31 mg, 45 uL) and anisole (0.5 mL). A solution
of n-butyllithium in hexanes (2.5 M, 0.5 mmol, 2.0 equiv.) was added to the reaction vessel,
whereupon the reaction mixture turned cloudy. The reaction mixture was allowed to stir at

ambient temperature for 15 minutes. Iron complex 3.3 (0.025 mmol, 10 mol %) was
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weighed into a round-bottom flask open to air, which was evacuated on the Schlenk line
and backfilled with nitrogen. The iron complex was dissolved in benzene (1 mL) and then
added simultaneously to the Schlenk tube by syringe with a 1 mL benzene solution of
boronic acid pinacol ester (0.5 mmol, 2.0 equiv.) and alkyl halide (0.25 mmol, 1.0 equiv.)
prepared in a separate syringe. The reaction mixture was diluted to a volume of 7 mL with
benzene, then allowed to stir at room temperature under a nitrogen atmosphere. After 24
hours, the reaction was quenched with a saturated aqueous solution of ammonium chloride
(10 mL). The aqueous phase was washed with dichloromethane (3 x 40 mL) and the
combined organic phases were dried over sodium sulfate and filtered through celite.
Trimethoxybenzene (42 mg, 0.25 mmol) was added as an internal standard before
evaporating the solvent in vacuo. A spectroscopic yield was determined by 'H NMR
spectroscopy before the crude product was purified by silica flash column chromatography

to give isolated yields.
Synthesis of 2,4-bis[(2,6-dimethylphenyl)imino]pentane iron chloride complex (3.1)

To an oven-dried 50 mL round-bottom flask equipped with thf(0.1)
thf (0.

stirbar was added 2,4-bis[(2,6-dimethylphenyl)imino]pentane C/II_l\CI
</

(500 mg, 1.63 mmol, 1.0 equiv.) and pentane (25 mL). On the <;(N /Fe\N\/‘i;
Schlenk line, the mixture was cooled to -78 °C and degassed by M\
placing the solution under vacuum for at least 5 minutes. A solution of butyl lithium in
hexanes (0.9 mL, 1.8 M, 1.63 mmol) was added dropwise while stirring. A pale yellow
precipitate forms upon warming to ambient temperature. The reaction mixture was warmed
to room temperature while stirring before the solvent was removed under vacuum. The

sealed reaction vessel was transferred into a glovebox, where the solid was collected on a
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frit and washed with cold pentane (5 mL at —40 °C). The solid was dried and weighed to
determine stoichiometry for the next step. No characterization of the lithium salts of the
ligand were carried out. The collected deprotonated ligand (500 mg, 1.6 mmol, 1.0 equiv.)
was then dissolved in THF (10 mL) in a 20 mL scintillation vial. This solution was added
dropwise to a slurry of iron trichloride (260 mg, 1.6 mmol, 1.0 equiv.) in THF (10 mL)
prepared in a separate scintillation vial equipped with stir bar. This mixture was allowed to
stir for 1 hour before being placed in a —40 °C refrigerator overnight to precipitate. The
reaction mixture was filtered through celite and washed with THF, then the filtrate
concentrated in vacuo. The residue was washed with cold pentane (10 mL), dried, and
collected as a dark yellow solid (450 mg, 45%). Spectral data matched that of the analogous
iron (II) dihalide complex. '"H NMR (400 MHz, THF) & -68.7 (w12 = 180 Hz, 6H), -52.0
(w12 =100 Hz, 2H), -39.7 (w12 = 264 Hz, 1H), 6.2 (w12 = 254 Hz, 12H), 16.1 (w12 = 82

Hz, 4H) ppm.*? uesr (THF, 25 °C): 5.20 us.
Synthesis of 2,4-bis[(2,6-dimethylphenyl)imino]pentane iron (IIT) dichloride (3.2)

In a nitrogen-filled glovebox, to a 7 mL scintillation vial equipped \N(\N(

with stir bar was added 2,4-bis[(2,6-dimethylphenyl)imino]pentane Ar” b e/ ﬁ
iron (II) chloride complex (100 mg, 0.17 mmol, 1.0 equiv.) and Cl/ \Cl
ferrocenium hexafluorophosphate (57 mg, 0.17 mmol, 1.0 equiv.). The solids were
dissolved in THF (2 mL), at which point the reaction mixture turned a dark purple
immediately. The reaction mixture was allowed to stir for 1 hour at ambient temperature,
then the solvent evaporated in vacuo. The crude material was subjected to recrystallization

from pentane at -40 °C overnight to afford the title compound as a dark purple solid of X-

ray quality (25 mg, 66% yield). '"H NMR (400 MHz, THF, solvent suppressed) & 68.64
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(w12 = 1007 Hz, 12H), 16.12 (w12 = 224 Hz, 2H), -36.25 (w12 = 800 Hz, 4H), -52.01 (w152
=248 Hz, 1H), -68.68 (w12 = 335 Hz, 6H). IR: 3357, 1560, 1523, 1473, 1446, 1276, 1193,
843, 773, 555 cm™. e (THF, 25 °C): 6.54 up. HRMS-DART (m/z): [M+H]" calculated

for C21H26N2CloFe, 432.19; found, 432.08.

Synthesis of 2,4-bis[(2,6-dimethylphenyl)imino]pentane iron (III) bis(acetylacetone)

(3.3)

To an oven-dried 100 mL pear-shaped round-bottom flask

W
S o
equipped with stir bar was added 2,4-bis[(2,6- \ /

O/Fe\o

dimethylphenyl)imino]pentane ligand (4.59 g, 14.97 mmol, 1.05 \(_{O/ \O jj(

equiv.) and pentane (25 mL). A 180° joint with stopcock was

attached and the apparatus was sealed with a rubberband and copper wire. On the Schlenk
line, the mixture was cooled to -78 °C and degassed by placing the solution under vacuum
for 5 minutes. A solution of butyllithium in hexanes (4.75 mL, 3 M, 1 equiv.) was added
dropwise via sidearm while stirring at -78 °C. A pale yellow precipitate forms upon
warming to ambient temperature. The reaction mixture was allowed to stir 30 minutes at
ambient temperature before the solvent was removed under vacuum. The sealed reaction
apparatus was transferred to a glovebox, and the solid was collected on a frit and washed
with cold pentane (10 mL). The collected solid was dried and weighed to determine
stoichiometry for the next step. The deprotonated ligand (4.56 g, 14.6 mmol, 1 equiv.) was
dissolved in THF (5 mL) in a 20 mL scintillation vial. This solution was added dropwise
to a suspension of Fe(acac); (5.16 g, 14.6 mmol, 1 equiv.) in THF (5 mL) prepared in a
separate scintillation vial equipped with stir bar. This mixture was allowed to stir overnight,

during which time it turned from red-orange to dark green. The reaction mixture was cooled

182



before being passed through celite, then washed with additional THF (~ 20 mL) before it
was concentrated under vacuum. The resulting solid residue was washed with pentane,
dried, and collected to afford the product as a dark green solid (4.9 g, 60% yield). 'H NMR
(500 MHz, C¢Ds) 6 42.94 (w12 = 1550 Hz, 4H), 33.09 (w12 = 4136 Hz, 6H), 20.19 (w12 =
1827 Hz, 12H), 15.83 (w12 = 1568 Hz, 8H), -31.79 (w12 = 425 Hz, 3H), -47.02 (w12 =
1410 Hz, 6H). IR: 2919, 1577, 1520, 1371, 1272, 1020, 764 cm™'. et (THF, 25 °C): 7.04
us. HRMS-DART (m/z): [M+H]" calculated for C31H3oN2O4Fe, 559.51; found, 560.23.
Elemental analysis for C31H39N204Fe: calculated C 66.55% H 7.03% N 5.01%; found C
63.17% H 6.65% N 4.52%. Discrepancies in the elemental analysis are believed to be due

to the presence of residual Fe(acac)s.
Synthesis of 2-cycloheptyl thiophene (3.4)

3.4 was synthesized from bromocycloheptane and 2-thiophenyl boronic acid pinacol ester
according to the general procedure on the Schlenk line, using catalyst 3.3 and purified by
silica gel flash column chromatography, eluting with 100% hexanes to afford the product
as a colorless oil (13 mg, 32% spectroscopic yield, 38% based on recovered starting
material, 29% isolated). Rf = 0.75 (100% hexanes). 'H NMR (400 MHz, CDCls): § 7.07
(d, J=5.1, 1H), 6.90 (t, J= 5.1, 3.4 Hz, 1H), 6.78 (d, 1H), 3.04 (septet, J = 4.6 Hz, 1H),
2.12-2.03 (m, 1H), 1.81 — 1.64 (m, 4H), 1.57 — 1.48 (m, SH) ppm. NMR spectrum is in

agreement with literature precedence.
Synthesis of 3-cycloheptyl thiophene (3.5)

3.5 was synthesized from bromocycloheptane and 3-thiophenyl boronic acid pinacol ester

according to the general procedures in the glovebox and on the Schlenk line, using catalyst
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3.3 and purified by silica gel flash column chromatography, eluting with 100% hexanes to
afford the product as a colorless oil (23 mg, 53% spectroscopic yield, 58% based on
recovered starting material, 51% isolated). Rr=0.75 (100% hexanes). '"H NMR (400 MHz,
CDCl3): 6 7.22 (dd,J=5.0,3.0 Hz, 1H), 6.97 (d, ] =5.0 Hz, 1H), 6.91 (s, 1 H), 2.82 (septet,
J=9.9, 4.7 Hz, 1H), 1.98 (m, 2H), 1.80 — 1.72 (m, 2H), 1.71 — 1.47 (m, 8H) ppm. NMR

spectrum is in agreement with literature precedence.>?
Synthesis of (3-(trifluoromethyl)phenyl) cycloheptane (3.6)

3.6 was synthesized from bromocycloheptane and (3-(trifluoromethyl)phenyl) boronic acid
pinacol ester according to the general procedure on the Schlenk line, using catalyst 3.3 and
purified by silica gel flash column chromatography, eluting with 100% hexanes to afford
the product as a colorless oil (41 mg, 66% spectroscopic yield, 66% based on recovered
starting material, 68% isolated). Rr= 0.80 (100% hexanes). 'H NMR (400 MHz, CDCl5):
0 7.43 —7.36 (m, 4H), 2.73 (septet, 1H), 1.95 — 1.86 (m, 2H), 1.86 — 1.77 (m, 2H), 1.74 —

1.51 (m, 8H) ppm. NMR spectrum is in agreement with literature precedence.?*
Synthesis of 3-cycloheptyl furan (3.7)

3.7 was synthesized from bromocycloheptane and 3-furyl boronic acid pinacol ester
according to the general procedure on the Schlenk line, using catalyst 3.3 and purified by
silica gel flash column chromatography, eluting with 100% hexanes to afford the product
as a colorless oil (23 mg, 55% spectroscopic yield, 60% based on recovered starting
material, 56% isolated). Rf=0.95 (100% hexanes). '"H NMR (400 MHz, CDCls): § 7.33 (s,
1H), 7.19 (s, 1H), 6.28 (s, 1H), 2.63 (septet, 1H), 1.94 (m, 2H), 1.76 — 1.62 (m, 4H), 1.57

—1.48 (m, 6H) ppm. NMR spectrum is in agreement with literature precedence.>?
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Synthesis of 6-cycloheptyl quinoline (3.8)

3.8 was synthesized from bromocycloheptane and 6-quinolyl boronic acid pinacol ester
according to the general procedure on the Schlenk line heated to 50 °C, using catalyst 3.3
and purified by silica gel flash column chromatography, eluting with 100% hexanes to
afford the product as a colorless oil (20 mg, 34% spectroscopic yield, 45% based on
recovered starting material, 36% isolated). R¢ = 0.45 (30% ethyl acetate in hexanes). 'H
NMR (400 MHz, CDCl3): 6 8.85 (d, J=4.1 Hz, 1H), 8.13 (d,J=8.3 Hz, 1H), 8.03 (d, /=
8.6 Hz, 1H), 7.63 — 7.55 (m, 2H), 7.45 — 7.36 (m, 1H), 2.88i (septet, 1H), 2.04 — 1.95 (m,
2H), 1.89 — 1.79 (m, 2H), 1.79 — 1.71 (m, 4H), 1.71 — 1.57 (m, 4H) ppm. NMR spectrum

is in agreement with literature precedence.
Synthesis of 6-(4-Boc-piperazin-1-yl)-3-cycloheptyl pyridine (3.9)

3.9 was synthesized from bromocycloheptane and 6-(4-Boc-piperazin-1-yl)pyridine-3-
boronic acid pinacol ester according to the general procedure on the Schlenk line heated to
50 °C, using catalyst 3.3 and purified by silica gel flash column chromatography, eluting
with 100% hexanes to afford the product as a colorless oil (65 mg, 72% spectroscopic yield,
72% based on recovered starting material, 72% isolated). Rr = 0.45 (30% ethyl acetate in
hexanes). 'H NMR (400 MHz, CDCls): § 8.04 (s, 1H), 7.37 (m, 1H), 6.59 (m, 1H), 3.53
(m, 4H), 3.46 (m, 4H), 2.59 (septet, 1H), 1.89 — 1.81 (m, 2H), 1.81 — 1.73 (m, 2H), 1.72 —
1.65 (m, 2H), 1.65 — 1.51 (m, 6H), 1.48 (s, 9H) ppm. NMR spectrum is in agreement with

literature precedence.>?

Synthesis of (4-methoxyphenyl) cycloheptane (3.10)
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3.10 was synthesized from bromocycloheptane and (4-methoxyphenyl) boronic acid
pinacol ester according to the general procedure on the Schlenk line, using catalyst 3.3 and
purified by silica gel flash column chromatography, eluting with 100% hexanes to afford
the product as a white solid (18 mg, 34% spectroscopic yield, 43% based on recovered
starting material, 35% isolated). Rf = 0.60 (10% ethyl acetate in hexanes). 'H NMR (500
MHz, CDCl3): & 7.11 (d, J = 8.4 Hz, 2H), 6.82 (d, J = 8.4 Hz, 2H), 2.61 (septet, J = 10.3,
5.1 Hz, 1H), 1.94 — 1.82 (m, 2H), 1.82 — 1.72 (m, 2H), 1.72 — 1.64 (m, 2H), 1.64 — 1.49

(m, 6H) ppm. NMR spectrum is in agreement with literature precedence.?*
Synthesis of phenyloctane (3.11)

3.11 was synthesized from bromooctane and phenyl boronic acid pinacol ester according
to the general procedure on the Schlenk line, using catalyst 3.3 and purified by silica gel
flash column chromatography, eluting with 100% hexanes to afford the product as a
colorless oil (19 mg, 39% spectroscopic yield, 60% based on recovered starting material,
40% isolated). Re = 0.60 (100% hexanes). 'H NMR (400 MHz, CDCl;): § 7.27 (m, 2H),
7.18 (d, J = 7.2 Hz, 3H), 2.60 (t, J = 7.5 Hz, 2H), 1.65 — 1.57 (m, 2H), 1.32 — 1.26 (m,
10H), 0.90 — 0.86 (m, 3H) ppm. NMR spectrum is in agreement with literature

precedence.?
Synthesis of phenylcyclobutane (3.12)

3.12 was synthesized from bromocyclobutane and phenyl boronic acid pinacol ester
according to the general procedure on the Schlenk line, using catalyst 3.3 and purified by
silica gel flash column chromatography, eluting with 100% hexanes to afford the product

as a colorless oil (10 mg, 34% spectroscopic yield, 34% based on recovered starting
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material, 31% isolated). R¢=0.70 (100% hexanes). 'H NMR (400 MHz, CDCls): § 7.33 —
7.14 (m, 5H), 3.56 (p, J = 8.8 Hz, 1H), 2.40 — 1.81 (m, 6H) ppm. NMR spectrum is in

agreement with literature precedence.
Synthesis of phenylcyclopropane (3.13)

3.13 was synthesized from bromocyclopropane and phenyl boronic acid pinacol ester
according to the general procedure on the Schlenk line, using catalyst 3.3 and purified by
silica gel flash column chromatography, eluting with 100% hexanes to afford the product
as a colorless oil (8 mg, 27% spectroscopic yield, 27% based on recovered starting material,
27% isolated). Ry = 0.75 (100% hexanes). '"H NMR (400 MHz, CDCl3) § 7.47 (d, J= 7.4
Hz, 2H), 7.14 (t, J= 7.5 Hz, 1H), 7.09 (d, J = 7.8 Hz, 2H), 1.91 (m, 1H), 0.97 (q, J = 8.4
Hz, 2H), 0.71 (q, J = 4.6 Hz, 2H) ppm. NMR spectrum is in agreement with literature

precedence.?
Synthesis of phenylcycloheptane (3.14)

3.14 was synthesized from bromocycloheptane and phenyl boronic acid pinacol ester
according to the general procedures in the glovebox and on the Schlenk line, using catalyst
3.3 and purified by silica gel flash column chromatography, eluting with 100% hexanes to
afford the product as a colorless oil (13 mg, 32% spectroscopic yield, 38% based on
recovered starting material, 29% isolated). R¢=0.60 (100% hexanes). '"H NMR (500 MHz,
CDCl3): 06 7.23 — 7.33 (m, 2H), 7.08 — 7.23 (m, 2H), 2.66 (tt, J = 10.7, 3.7 Hz, 1H), 1.92
(ddt, J=13.5, 6.6, 3.3 Hz, 2H), 1.80 (ddd, J=13.4, 6.6, 3.4 Hz, 2H), 1.46 — 1.78 (m, 8H)

ppm. NMR spectrum is in agreement with literature precedence.?*

Synthesis of zert-butyl benzene (3.15)
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3.15 was synthesized from tert-butyl chloride and phenyl boronic acid pinacol ester
according to the general procedure on the Schlenk line, using catalyst 3.3 and purified by
silica gel flash column chromatography, eluting with 100% hexanes to afford the product
as a colorless oil (21 mg, 63% isolated). R = 0.60 (100% hexanes). '"H NMR (400 MHz,
CDCl3) 6 7.84 —7.78 (m, 2H), 7.48 — 7.42 (m, 1H), 7.37 (t, J = 7.4 Hz, 2H), 1.35 (s, 9H)

ppm. NMR spectrum is in agreement with literature precedence.*
Synthesis of adamantylbenzene (3.16)

3.16 was synthesized from chloroadamantane and phenyl boronic acid pinacol ester
according to the general procedure on the Schlenk line, using catalyst 3.3 and purified by
silica gel flash column chromatography, eluting with 100% hexanes to afford the product
as a white solid (22 mg, 41% isolated). R¢ = 0.60 (100% hexanes). '"H NMR (500 MHz,
CDCl3):07.2—7.4 (m, 5H), 2.10 (m, 3H), 1.92 (m, 6H), 1.77 (m, 6H) ppm. NMR spectrum

is in agreement with literature precedence.>?
Synthesis of 4-phenylpiperidine-1-carboxylic acid benzyl ester (3.17)

3.17 was synthesized from 4-bromopiperidine-1-carboxylic acid benzyl ester and phenyl
boronic acid pinacol ester according to the general procedure on the Schlenk line, using
catalyst 3.3 and purified by silica gel flash column chromatography, eluting with 100%
hexanes to afford the product as a colorless oil (20 mg, 31% spectroscopic yield, 45% based
on recovered starting material, 27% isolated). R¢= 0.20 (15% ethyl acetate in hexanes). 'H
NMR (500 MHz, CDCl3): 6 7.40 — 7.26 (m, 7H), 7.23 — 7.17 (m, 3H), 5.16 (s, 2H), 4.34
(brs, 2H), 2.89 (m, 2H), 2.67 (tt, J=12.0, 3.2 Hz, 1H), 1.85 (d, /= 13.2 Hz, 2H), 1.70 —

1.61 (m, 2H) ppm. NMR spectrum is in agreement with literature precedence.
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Synthesis of zert-butyldimethyl((9-phenyldecyl)oxy)silane (3.18)

3.18 was synthesized from tert-butyldimethyl((9-bromodecyl)oxy)silane and phenyl
boronic acid pinacol ester according to the general procedure on the Schlenk line, using
catalyst 3.3 and purified by silica gel flash column chromatography, eluting with 100%
hexanes to afford the product as a colorless oil (43 mg, 48% spectroscopic yield, 48% based
on recovered starting material, 49% isolated). Rt = 0.15 (100% pentane). 'H NMR (500
MHz, CDCl3): 6 7.32 — 7.26 (m, 2H), 7.20 — 7.10 (m, 3H), 3.58 (m, 2H), 2.67 (q, J=7.1
Hz, 1H), 1.58 — 1.54 (m, 2H), 1.51 — 1.45 (m, 2H), 1.34 — 1.19 (m, 13H), 1.18 — 1.11 (m,
2H), 0.90 (s, 9H), 0.04 (s, 6H) ppm. NMR spectrum is in agreement with literature

precedence.?
Synthesis of 5-phenylpentyl cyanide (3.19)

3.19 was synthesized from 5-bromopentyl cyanide and phenyl boronic acid pinacol ester
according to the general procedure on the Schlenk line, using catalyst 3.3 and purified by
silica gel flash column chromatography, eluting with 100% hexanes to afford the product
as a colorless oil (9 mg, 18% spectroscopic yield, 18% based on recovered starting material,
20% isolated). R¢ = 0.15 (5% ethyl acetate in hexanes). 'H NMR (400 MHz, CDCls): §
7.28 (t,J=17.4 Hz, 2H), 7.20 — 7.14 (m, 3H), 2.62 (t, J = 7.5 Hz, 2H), 2.33 (t, /= 7.0 Hz,
2H), 1.74 — 1.51 (m, 4H), 1.56 — 1.43 (m, 2H) ppm. NMR spectrum is in agreement with

literature precedence.’
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Chapter 4.

Progress Towards Suzuki-Miyaura Cross-Coupling Reactions of
Alkyl Sulfonate Esters and Unactivated Aryl Boronic Esters
Catalyzed by Iron-Based Complexes
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4.1 Introduction

While the development of iron-catalyzed cross-coupling methodologies has
historically lagged behind its palladium-catalyzed analogues, we have recently developed
efficient methods for the iron-catalyzed Suzuki-Miyaura cross-coupling reaction of C(sp?)-
halide electrophiles'~ inaccessible by palladium catalysis (see Chapters 2-3). Despite these
developments, the analogous palladium-catalyzed reactions remain far more advanced in
terms of general applicability and practical utility. One useful class of substrates uniquely
accessible to palladium-catalyzed cross-coupling reactions are sulfonate ester
electrophiles, which themselves compose a subclass of compounds known as
pseudohalides—polyatomic analogues of halides which are commonly used as reagents in
organic synthesis because they exhibit similar reactivity to halides.> Sulfonate esters are
usually derived from alcohols through facile reaction with a corresponding sulfonyl
chloride and a base (Figure 4.1).4® As a result, the large libraries of alcohols available to
the pharmaceutical industry’ can be easily converted into a diverse collection of reactive
electrophiles for incorporation into targeted synthetic intermediates via cross-coupling
reactions. Moreover, using sulfonate esters avoids toxicity concerns associated with
halogenated compounds,®® and the aliphatic alcohol precursors are resistant to

decomposition via elimination reactions, which can preclude long-term storage of some

alkyl halides.
2 /
__ Y
OH Cl //S\R4 O/S\R4
AR =
= L )vR:s
R2 pyridine or EtzN R\,
DMAP (cat.) R

R%: CH5 (Ms), CFs (Tf), 4-CHsPh (Ts)

Figure 4.1. Representative synthesis of sulfonate esters from alcohols.
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Among the various sulfonate esters, trifluoromethanesulfonates (triflates) have
been most commonly employed as substrates in cross-coupling reactions since Miyaura
and Suzuki first reported the extension of their eponymous palladium-catalyzed cross-
coupling reaction to include these electrophiles (Scheme 4.1a).!° Their reactivity in
comparison to the halides was established as slower than that of the corresponding bromide
but faster than that of the corresponding chloride.'! Less reactive sulfonate esters, such as
para-toluenesulfonates (tosylates) and methanesulfonates (mesylates), represent attractive
substrates due to their ease of handling and significantly reduced cost in comparison to
their triflate counterparts.'? Since Buchwald and co-workers developed the first general
palladium-catalyzed system for the carbon-carbon bond formation between aryl boronic
acids and unactivated aryl tosylates (Scheme 4.1b),'® significant efforts have been directed

towards developing palladium-catalyzed Suzuki-Miyaura cross-coupling reactions of a

14,15 16,17

wide variety of aryl and alkenyl tosylates and mesylates, in addition to nickel-

catalyzed variants'®2!,

a) Miyaura, Suzuki, and co-workers (1993)

Pd(PPhs)4 (2.5 moI %
KBr (1. 1 equw

(1.0 equiv.) (1.1 equiv.) dioxane, 85 °C, 5 h 83%

b) Buchwald and co-workers (2003)

Pd(OAC), (3 mol %)
OTs 7N XPhos (7 mol %)

o T (HORB— ) K3PO4H,0 (30equw
'BuOH, 80 °C, 6 h

(1.0 equiv.) (2.0 equiv.) 90%

Scheme 4.1. a) First example of palladium-catalyzed Suzuki-Miyaura reaction of aryl triflates. b) First example
of palladium-catalyzed Suzuki-Miyaura reaction of unactivated aryl tosylates.
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Successful cross-coupling reactions of alkyl sulfonate esters are much less
commonly reported in the literature. Examples of palladium-catalyzed cross-coupling
reactions of alkyl tosylates are limited to primary electrophiles, and they also require the

use of (9-BBN)-boranes (Scheme 4.2a-4.2b),2>?* or feature nucleophiles containing other

).24

metals (Scheme 4.2c).” More general examples of cross-coupling reactions of alkyl

tosylates have been observed when using first-row transition metal-based catalysts such as

y?326 and nickel (Figure 4.2¢),2”-?® but these examples are limited to

iron (Figure 4.2d
Kumada-type (i.e. requiring Grignard transmetalating reagents) or Negishi-type (i.e.

requiring arylzinc transmetalating reagents) reactions of alkyl nucleophiles.

a) Fu and co-workers (2002)

0 Pd(OAc), (4 mol %) o
ﬁNMmS +  n-Oct—9-BBN  P'Bu;CH (16 mol %) ﬁNJ\Wn'OC‘
OQ 15 NaOH (1.2 equiv.) o 15
dioxane, 50 °C, 48 h

(1.0 equiv.) (1.2 equiv.) 76%
OCH3
b) Capretta and co-workers (2004) /@/
Bnoﬁs\/\g-BBN 4OL J; OCH,8

= 9-BBN-H (1.2 equiv.)
Brothe ¥ 07~0 (16 mol %) BnOM/O

i &h %OTS : 3

(-0raquiz) Pd(OAC), (4 mol %)

NaOH (1.2 equiv.) 76%

1.0 equiv.
( quiv.) dioxane, 50 °C, 24 h

c) Fu and co-workers (2003)
Pd,(dba)s (2 mol %)

n-Dodec—OTs + n-Bu—ZnBr PCyps (8 mol %) n-Dodec=n-Bu
N-methylimidazole (1.2 equiv.)
(1.0 equiv.) (1.3 equiv.) 2:1 THF/NMP, 80 °C, 14 h 86%

d) Furstner and co-workers (2016)

__ Fe(acac)s (5 mol % __
Phg + n-Hex—MgBr ( Ja ( ) Phq

OTs THF, -20°Ctort n-Hex
(1.0 equiv.) (1.3 equiv.) 86%

e) Kambe and co-workers (2002)
NiCl, (3 mol %)
Pho~o1s *  Et~MgBr 1 3putadiene (30 mol %)  PP~~Ng

(1.0 equiv.) (1.3 equiv.) THF, 0°C, 3 h 87%

Scheme 4.2. a-c) Examples of palladium-catalyzed cross-coupling reactions of alkyl tosylates, d-e) examples of
first-row transition metal-catalyzed cross-coupling reactions of alkyl tosylates.

200



A recently burgeoning research direction that has proven to be an amenable method
for the incorporation of alkyl sulfonate esters is that of reductive cross-electrophile cross-
coupling reactions. In contrast to traditional cross-coupling reactions between a preformed
organometallic nucleophile and an electrophilic partner, two electrophiles are joined in the
presence of a transition metal catalyst and excess reductant, which is needed to regenerate
the catalyst. Nickel-catalyzed systems have proven particularly effective for these
transformations (Scheme 4.3).2°! Molander and co-workers developed a method for the
nickel-catalyzed reductive cross-electrophile coupling of heterocycloalkyl tosylates with
heteroaryl bromides, improving the functional group tolerance of previously reported
methods (Scheme 4.3a).% In 2019, Komeyama and co-workers demonstrated that a nickel
catalyst in combination with cobalt-centered Vitamin Bi2 could catalyze the reductive
cross-electrophile coupling of alkyl tosylates with alkyl halides (Scheme 4.3b).3° Most
recently, Jarvo and co-workers demonstrated the intramolecular reductive cross-
electrophile coupling of 1,3-dimesylates to form cyclopropanes (Scheme 4.3¢).?! However,
mechanistic studies implicate the formation of the corresponding halides as reaction
intermediates, which in turn react with the nickel catalyst to provide the alkyl radicals
responsible for carbon-carbon bond formation. Despite these advances, all of these
examples of cross-electrophile cross-coupling require the addition of superstoichiometric
metal reductants and substrates with significantly divergent rates of oxidative addition in

order to avoid dimerization.3>33
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a) Molander and co-workers (2015)

NiBr,-glyme (5 mol %)
dtbbpy (5 mol %) BoaN

O/OTS \(D 4-ethylpyridine (1.0 equiv.) o
BocN Kl (1 equiv.)

_ Mn (2 equiv.)
(1.0 equiv.) (1.2 equiv.) DMA, 80 °C, 18 h 81%

b) Komeyama and co-workers (2019)
NiCl,(dtbbpy) (10 mol %)

Br
PhthN/\/\OTS + Vitamin B12 (10 mol % PhthN
Mn (2.0 equiv.)

(1.0 equiv.) (1.5 equiv.) DMF, 30 °C, 18 h 839%

c) Jarvo and co-workers (2020)

Ni(cod), (5 mol %)
FsC dppm (5 mol %) FsC O Q
MeMgl (2.0 equiv.)

0,
Cl CH,Cly/toluene, 0 °C, 24 h 79%
MeDO

Scheme 4.3. Examples of nickel-catalyzed reductive cross-electrophile cross-coupling reactions involving alkyl
sulfonate esters.

In this chapter, we report our progress towards developing a Suzuki-Miyaura cross-
coupling reaction between alkyl tosylates and aryl boronic esters catalyzed by an iron-
based complex. Such a reaction would take advantage of using the comparatively more
stable and inexpensive alkyl tosylates in place of the historically more commonly
employed alkyl triflates, leverage the use of the easier-to-handle aryl boronic esters in place
of aryl boranes, and avoid the toxicity and scarcity concerns associated with noble metal
catalysts such as palladium. In the process of these investigations, mechanistic studies
suggest a distinct operative mechanism which can potentially be harnessed to access

otherwise incompatible substrates with a single catalyst system.
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4.2  Initial discovery and catalyst optimization

During the course of evaluating the substrate scope of the initial Suzuki-Miyaura
cross-coupling reaction catalyzed by an iron-based complex supported by a
cyanophenylbis(oxazoline) ligand, it was observed that cycloheptyl tosylate (4.1) was
active for catalytic cross-coupling with phenyl boronic acid pinacol ester (4.2, PhB(pin))
to produce the phenylcycloheptane product (4.3) in 12% yield (Table 4.1, entry 1). Due to
the success and generality of B-diketiminate ligated iron complexes for cross-coupling
reactions discussed in Chapter 2, a selection of B-diketiminate iron complexes was
evaluated for the cross-coupling reaction of 4.1 and 4.2 at ambient and elevated
temperature (50 °C). In all cases, elevated temperatures produced higher yields of 4.3
(Table 4.1, entries 3, 5, 7, 9, 13) than if the reaction were carried out at ambient temperature
with the same catalyst (cf. Table 4.1, entries 2, 4, 6, 8, 12). Temperatures higher than 50
°C led to similar yields of cross-coupled product. Of the iron complexes tested, complex
4.6 containing 2-tert-butylphenylimines on the B-diketiminate ligand generated the cross-
coupled product in the highest yield at 50 °C (Table 4.1, entry 5). Using iron complex 4.9
containing 2-isopropylphenylimines on the B-diketiminate ligand, which has previously
demonstrated catalytic activity for cycloheptyl bromide when using potassium ethoxide in
place of lithium amide at 80 °C,** did not produce appreciable cross-coupled product at
either temperature tested (Table 4.1, entries 10-11). Control reactions in which the iron
precatalyst and the amide base were not included produced no cross-coupled product
(Table 4.1, entries 14-15). The mass balance of all reactions as analyzed by 'H NMR was
cycloheptyl tosylate. Cycloheptene resulting from elimination of the leaving group, which

had been previously observed in reactions of cycloheptyl halides, was not observed.
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Table 4.1. Screening of iron-based catalysts for the cross-coupling of cycloheptyl tosylate
and phenyl boronic acid pinacol ester.

OTs + @—B(pin) Fe catalyst (10 mol %) Ph
LiNMeEt (1.2 equiv.)

: ; CeHs, temp, 24 h 4.3
(1.0 equiv.) (2.0 equiv.) yield
entry Fe catalyst temperature (°C) yield (%)
CN
O O,
W ) ,
12 N'Fe’N / 50 °C 12%
Ph ¢ Ph
4 4
2 25°C 6%
@ SRS
3 thf 50 °C 19%
W
4 ; N N E 25°C 15%
Fe
cl ol
5 (ihn, 50 °C 26%
4.6
6 25°C 20%
ﬁ o 1@
7 (thf)z 50 °C 21%
4.7

8 W 25°C 14%

9 i), 50 °C 19%
4.8
| X
10P N._ N 25°C 0%
Fe
&
cl, ol
110 I(_tlhf)z 80 °C <1%

XN
12 z W 25°C 4%

CI CI
13 thf 50 °C 19%
4.10
14 No Fe catalyst 25°C 0%
15¢ 4.6 25°C 0%

a reaction run for 48 h. ® KOEt (1.2 equiv.) used in place of LINMeEt. ¢ no
LiNMeEt used in reaction.
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4.3 Inconsistencies in the working mechanistic hypothesis when explaining
the reactivity of alkyl sulfonate ester electrophiles

Our previous experience with the Suzuki-Miyaura cross-coupling reaction
catalyzed by B-diketiminate iron complexes led to the development of a working
mechanistic hypothesis in which an iron amide intermediate is implicated in multiple
roles®® (Figure 4.2). In our proposed mechanistic hypothesis, iron precatalyst I is activated
by salt metathesis with the lithium amide. The resulting iron amide species II is
bifunctional; it activates the electrophile by halogen abstraction to yield intermediate I1I,
and it activates the nucleophile by transmetalation to yield intermediate IV. The carbon-
centered radical formed by halogen abstraction recombines with II1, followed by reductive
elimination from V to deliver the cross-coupled product. Subsequent comproportionation
of the resulting low-coordinate solvent-stabilized iron(I) species VI with iron(III) species
III resulting from electrophile activation regenerates iron precatalyst I and iron amide 11,

closing the catalytic cycle.

However, key differences arise when the same mechanistic hypothesis is applied
towards the reaction of alkyl sulfonate ester electrophiles (Figure 4.2, steps with dashed
lines). Firstly, following one turnover of the active catalyst, the regenerated iron-based
precatalyst is a putative iron tosylate species I which forms lithium tosylate instead of
lithium halide following salt metathesis (Figure 4.2, red box). We believe that precipitation
of lithium halide acts as a driving force for the precatalyst to enter into the catalytic cycle
as iron amide II, and the differing solubility properties of the lithium tosylate analogue
could alter the equilibrium of the salt metathesis reaction, inhibiting the formation of the

amide intermediate. Moreover, an inhibitory effect on product yield could result from the
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byproduct remaining in solution. Secondly, our mechanistic hypothesis also implicates II
in the halide abstraction step, a single-electron process (Figure 4.2, blue box). However,
sulfonate ester electrophiles such as alkyl tosylates typically react by two-electron
mechanisms, such as those observed in nucleophilic substitution reactions.®*%” Therefore,
it is likely that tosylate electrophiles require a different mechanism of activation from the
one originally proposed for the Suzuki-Miyaura cross-coupling reaction of alkyl halides
catalyzed by B-diketiminate iron complexes. These two issues informed the course of our

investigations in seeking to optimize the yields and generality of this reaction.

i

Ar/N‘FIe/N\Ar

OTs -
|
LiINRy, - _—
. comproportionation
salt metathesis 0
LiOTs <~

v
1T e
NN

- Fle A ha’l?gen ibstraction W . W
NR; Ar”"Fe" CAr  Ar” Fe CAr
ArB(pin) I " v TsO NR; Solv
transmetalation R-OTs R ]} Vi
R,NB(pin) N N
Ar Fle Ar Ar If(\a Ar
Ar R Ar
v \'}

Figure 4.2. Working mechanistic hypothesis for the Suzuki-Miyaura cross-coupling reaction of alkyl halides
and unactivated boronic esters catalyzed by p-diketiminate iron(II) complexes applied to alkyl tosylate
electrophiles. Changes resulting from replacement of the electrophile with an alkyl tosylate are highlighted.

4.4  Optimization of reaction conditions

4.4.1 Screening of substrate equivalents

We then turned our attention to optimizing the ratio of substrates. In the original

reaction conditions, an excess of boronic ester was used in order to promote
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transmetalation.!> We had originally hypothesized that the rate of transmetalation needed
to be competitive with the rapid rate of halogen abstraction to form a carbon-centered
radical for the catalytic cross-coupling to take place (see Chapter 2). The rate of carbon-
centered radical formation is dependent on the strength of the bond between carbon and

3839 in these reactions, the breaking bond is a C—O sulfonate bond

the leaving group;
instead of a carbon-halogen bond. Consequently, the new leaving group introduced by
using alkyl tosylates may not require an excess of boronic ester in order for the rate of
transmetalation to be competitive with that of radical formation. Instead, transmetalation

may need to be slowed down (or radical formation accelerated) in order for the rates to be

competitive.

Table 4.2. Screening of substrate equivalents for the cross-coupling of cycloheptyl tosylate and
phenyl boronic acid pinacol ester catalyzed by an iron-based complex.

ST

N~!:§,N
Cl, {CI
OOTS + @B(pin) (Ltlhf)z O—Ph
Fe catalyst 4.6 (10 mol %)
4.1 4.2 LiNMeEt (1.2 equiv.) 4.3
(x equiv.) (y equiv.) CeHg, 50 °C, 24 h yield
entry equivalents 4.1 (x) equivalents 4.2 (y) yield (%)
1 1.0 1.0 14%
2 2.0 1.0 42%
3 3.0 1.0 26%

The catalytic cross-coupling reaction was screened for different ratios of 4.1 to 4.2
(Table 4.2). Using catalyst precursor 4.6, a 1:1 ratio of tosylate to boronic ester produced
the cross-coupled product in reduced yields (Table 4.2, entry 1) compared to when a 1:2

ratio of tosylate to boronic ester was used (cf. Table 4.1, entry 5). However, when the ratio
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of tosylate to boronic ester was reversed such that the 4.1 was in excess (2 equivalents to
1 equivalent of 4.2), the yield of the reaction increased to 42% (Table 4.2, entry 2). Further
increasing the ratio of tosylate to boronic ester was detrimental to reaction yield (Table 4.2,
entry 3). The improved yields in the presence of excess tosylate suggests that when using
alkyl sulfonate ester electrophiles, the rate of the difficult electrophile activation needs to

be promoted in order for successful cross-coupling to occur.

4.4.2 Screening of sulfonate ester identity and boronic ester identity

We next evaluated the effect of the identities of the sulfonate esters and boronic
esters used in the cross-coupling reaction (Table 4.3). Employing an aryl sulfonate ester
with an electron-donating methoxy substituent at the para position resulted in reduced
yields in the cross-coupling reaction with PhB(pin) (Table 4.3, entry 2, ¢f entry 1). On the
other hand, an electron-deficient nitro substituent at the para position of the sulfonate ester
(i.e. nosylate) shut down formation of the cross-coupled product completely (Table 4.3,
entry 3). Lastly, a bromo substituent at the para position of the sulfonate ester (i.e.
brosylate) also resulted in reduced yield (Table 4.3, entry 4). No cross-coupled product
was observed when cycloheptyl mesylate was used as the alkyl electrophile (Table 4.3,
entry 5). Using a different phenyl boronic ester in the neopentyl glycol ester resulted in
lower yields overall when compared to the same reaction with PhB(pin) (Table 4.3, entry
6), but the boronic acid neopentyl ester performed better when the equivalencies of the
substrates was reversed (cf. Table 4.3, entry 7). Lithium butylmethyl amide provided a
further boost in yield of cross-coupled product when the boronic acid neopentyl ester was
used (Table 4.3, entry 8). From this evaluation, we decided to move forward with using the

tosylates for further optimization of the cross-coupling reaction.
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Table 4.3. Screening of sulfonate esters and boronic esters for the cross-coupling of cycloheptyl
sulfonate ester and phenyl boronic ester catalyzed by an iron-based complex.

TS

N._ N
i
cl cl

0] Li
i ' (thf),
< |S| R B{OR) Fe catalyst 4.6 (10 mol %) i
o)

LiINMeEt (1.2 equiv.)

(2.0 equiv.) (1.0 equiv.) CeHe, 50 °C, 24 h 4.3
entry R (sulfonate ester) B(OR’) (boronic ester) yield (%)
1 4-CHsPh B(pin) 42%
2 4-OMePh B(pin) 19%
3 4-NO2Ph B(pin) 0%
4 4-BrPh B(pin) 14%
5 CHs B(pin) 0%
6 4-CHsPh B(neo) 5%
72 4-CHsPh B(neo) 16%
8b 4-CHsPh B(neo) 19%

a 1.0 equiv. cycloheptyl tosylate to 2.0 equiv. PhB(neo), ® LiNMeBu (1.2 equiv.) used.

4.4.3 Screening of lithium amide bases

We hypothesized that altering the relative solubility of the base in relation to the
lithium tosylate byproduct from catalyst activation would shift the equilibrium of the salt
metathesis toward the formation of the iron amide. To this end, a screen of lithium amide
bases with different N-alkyl substituents was conducted (Table 4.4). Lithium amide bases
containing longer alkyl chains possess higher solubility in benzene and produced 4.3 in the
highest yields (Table 4.4, entries 4-5); however, the yields remained moderate. Critically,
it was determined that lithium amide that had been passed through a 250-micron sieve into
a uniformly fine powder was necessary for optimal and reproducible yields. This had been

previously observed for LINMeEt in cross-coupling reactions of alkyl halides.! When the
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LiNMe("Bu) base was introduced without sieving, yields of the cross-coupled product were

significantly reduced.

Table 4.4. Screening of lithium amides for the cross-coupling of cycloheptyl tosylate and phenyl
boronic acid pinacol ester catalyzed by an iron-based complex.

TS
N._ N
cr. cl

Li
(thf)2
OOTS + @—B(pin) Fe catalyst 4.6 (10 mol %) O—ph
base (1.2 equiv.)
41 4.2 CeHe, 50 °C, 24 h 4.3
(2.0 equiv.) (1.0 equiv.)
entry lithium amide yield (%)
1 LiNMe2 32%
2 LiNMeEt 42%
3 LiNEt2 27%
4 LiNMe("Bu) 47%
5 LiNMe("Oct) 47%
6° LiN(Pr)2 2%

4.4.4 Screening of reaction conditions

A variety of reaction conditions including solvent, temperature, time, and catalyst
loading were assessed next (Table 4.5). The reaction did not proceed in toluene or 2-
methyltetrahydrofuran (Table 4.5, entries 2-3), but produced comparable yields in anisole
(Table 4.5, entry 4). It was determined that the reaction requires heat to reach optimal
yields, but yields plateau and slightly decreased above 50 °C (Table 4.5, entries 5-7). The
reaction demonstrated a modest increase in yield when the reaction time was doubled, but
we did not feel that this improvement was substantial enough to justify the significantly
longer reaction time in future optimization studies (Table 4.5, entry 8). A lower amount of

catalyst loading produced comparable yields during the longer reaction time, but the
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majority of the cross-coupled product is observed within the first six hours (Table 4.5,
entries 9-10). Increased catalyst loading, however, was detrimental for the reaction over
the course of 24 hours (Table 4.5, entry 11). It is possible that increased catalyst loading
leads to a higher buildup of lithium tosylate, which we believe has an inhibitory effect on

the cross-coupling reaction (vide supra).

Table 4.5. Screening of reaction conditions including solvent, temperature, time, and catalyst
loading for the cross-coupling of cycloheptyl tosylate and phenyl boronic acid pinacol ester catalyzed

by an iron-based complex.
W

N._ N
Pe
cr. ¢l

Li
OTs + @—B(pin) (thf), Ph
Fe catalyst 4.6 (x mol %)
41 4.2

LiNMeBu (1.2 equiv.)

(2.0 equiv.) (1.0 e-quiv.) solvent, temperature, time 43
entry cat. loading (x) solvent temperature (°C) time (h) yield (%)
1 10 benzene 50 24 47%
2 10 toluene 50 24 15%
3 10 2-MeTHF 50 24 0%
4 10 anisole 50 24 43%
5 10 benzene 25 24 17%
6 10 benzene 65 24 44%
7 10 benzene 80 24 40%
8 10 benzene 50 48 51%
9 5 benzene 50 48 41%
10 5 benzene 50 6 28%
11 20 benzene 50 24 34%

4.4.5 Screening of additive effects

We hypothesized that we could potentially improve the yields of cross-coupling
reactions involving alkyl tosylates by addressing some of the mechanistic issues that may
arise when the tosylate replaces the halide. One way to do this is by initiating in sifu anion

exchange with the addition of a halide source such as tetrabutylammonium halide, leading
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to the formation of a cycloheptyl halide that would subsequently be active for cross-
coupling. The addition of tetrabutylammonium chloride did not improve the yields of 4.3
in either stoichiometric or substoichiometric amounts (Table 4.6, entries 2-3, cf- entry 1).
However, tetrabutylammonium bromide as an additive resulted in a modest increase in
yield that was independent of the amount added (Table 4.6, entries 4-5). With both
tetrabutylammonium halide salts, a significant byproduct of the reaction was the
corresponding unreacted cycloheptyl halide (Table 4.6, entries 2 and 4). It is possible that
in situ anion exchange occurs to deliver this product, but at a rate that is slower than a

catalyst deactivation pathway.

Alternatively, we considered the impact of crown ether additives, hypothesizing
that their ability to sequester alkali cations*’ could impact the equilibrium of salt metathesis
by either solubilizing the lithium amide or decreasing the solubility of the lithium tosylate
byproducts. Varying equivalencies of 18-crown-6 did not significantly improve yields,
although 18-crown-6 is not the appropriately sized crown ether for the lithium cation*!+*?
(Table 4.6, entries 6-8). However, the addition of 1 equivalent of 12-crown-4, which

41,42

demonstrates the ability to sequester lithium cations, also did not result in improved

yields (Table 4.6, entry 9). In fact, lower yields were generally observed.
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Table 4.6. Screening of the effect of additives for the cross-coupling of cycloheptyl tosylate and
phenyl boronic acid pinacol ester catalyzed by an iron-based complex.

TS

N.__N
Fe
i, Cl
Li

(thf),

. Fe catalyst 4.6 (10 mol %)
OOTS ¥ @B(p'”) LiNMeBu (1.2 equiv.) Ph
4.1 4.2

additive (x equiv.)
4.3

CsHe, 50 °C, 24 h

(2.0 equiv.) (1.0 equiv.)
entry additive equivalents of additive (x) yield (%)
1 none n/a 42%
22 (n-Bu)aNCiI 1.0 23%
3 (n-Bu)aNCiI 0.5 44%
4b (n-Bu)aNBr 1.0 51%
5 (n-Bu)sNBr 0.5 52%
6 18-crown-6 1.5 31%
7 18-crown-6 1.0 49%
8 18-crown-6 0.5 30%
9 12-crown-4 1.0 38%

a56% of the cycloheptyl chloride was recovered. ® 13% of the cycloheptyl bromide was
recovered.

4.5 Examining the equilibrium of the salt metathesis step and the inhibitory
effect of lithium tosylate

According to our mechanistic hypothesis (Figure 4.2), a putative iron tosylate
species I forms following one turnover of the active iron catalyst. Earlier studies focused
on perturbing the equilibrium of the salt metathesis between the iron tosylate I and the
lithium amide base, which could be unfavorable for the formation of the catalytically active
iron amide species I1. To assess the capability of the iron tosylate species to act as a suitable
precatalyst, we sought to synthesize 4.12 via protonolysis of iron alkyl compound 4.11
(Scheme 4.4a). '"H NMR spectroscopy of the reaction mixture following the addition of

lithium diethylamide to the iron tosylate species was inconclusive and suggested that the
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salt metathesis reaction from this compound to the iron amide species did not proceed

cleanly (Scheme 4.4b-c).

a) X8 X X
N._ _N TsOH (1.0 equiv.) N. .N LiNMeEt (1.0 equiv). N. _N
Fe Fe Fe
K CgDg, 25 °C, minutes | CgDs, 25 °C, minutes 'L
< ™

Si(CHa)s OTs

4.11 4.12

b) b C d e f g h

c)

Scheme 4.4. a) Synthesis of iron tosylate complex supported by B-diketiminate ligand. b) '"H NMR spectrum
in C¢Ds 0f 4.12, ¢) "H NMR spectrum in CsDs of reaction between 4.12 and LiNMeEt

However, using 4.12 as the catalyst precursor in place of the iron halide analogue
in the cross-coupling reaction of bromocycloheptane under standard conditions produced
the desired product in slightly reduced yield (Scheme 4.5a, cf. ref. 2). The iron tosylate
4.12 was similarly effective for the cross-coupling reaction of cycloheptyl tosylate 4.1

under otherwise standard conditions, also producing the desired product in slightly reduced
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yield (Scheme 4.5b). These results suggest that the iron tosylate species 4.12 generated
following one turnover of the catalyst remains catalytically competent, which suggests that

the salt metathesis reaction is not prohibitively slow.

O LR O

Fe catalyst 4.12 (10 mol %)
(1 equiv.) LiNMeEt (1.2 equiv.)

(2 equw) CeHs, 25 °C, 24 h 76% yleld

|\
N. ,N

b)
@ Fle
Oren o 25 (O
Fe catalyst 4.12 (10 mol %)

! i LiNMeBu (1.2 equiv.)
(2 equiv.) (1 equiv.) CgHg, 50 °C, 24 h 33% yleld

Scheme 4.5. a) Cross-coupling reaction of cycloheptyl bromide and phenyl boronic acid
pinacol ester catalyzed by iron tosylate complex 4.12, b) Cross-coupling reaction of
cycloheptyl tosylate and phenyl boronic acid pinacol ester catalyzed by iron tosylate complex
4.12.

While earlier efforts were directed at addressing the role of the lithium tosylate
byproduct as a driving force in the equilibrium of the salt metathesis reaction, we had not
considered its ability to otherwise serve as an inhibitor. To evaluate its possible inhibitory
role, 1 equivalent of lithium tosylate (LiOTs) was added to the cross-coupling reaction of
bromocycloheptane and 4.2 catalyzed by iron tosylate complex 4.12. These conditions had
a significantly detrimental impact on product yield, delivering the cross-coupled product
4.3 in only 18% yield (Scheme 4.6a), compared to 76% in its absence (vide supra, Scheme
4.5a). Lithium tosylate has a similar effect on the cross-coupling reaction of
bromocycloheptane and 4.2 catalyzed by iron complex 4.6, producing the desired product

in 33% yield (compared to 95% without). Likewise, the addition of lithium tosylate to the
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cross-coupling reaction of cycloheptyl tosylate 4.1 and 4.2 catalyzed by iron tosylate
complex 4.12 completely shut down the reaction (Scheme 4.6b). These results suggest that
the cross-coupling reaction is inhibited by lithium tosylate as it is formed in the catalytic

cycle.

f :N‘Fe’N: E
a) |

OTs
Br + B(pin) Fe cgtalyst 412 (10 m0| %) Ph
LiNMeEt (1.2 equiv.)
LiOTs (1.0 equiv.)
4.2 4.3

(2 equiv.) CeHe, 25 °C, 24 h 18% vield

g
b) N‘Fe”N
ﬁ I
OTs
OTs + @B(pin) Fe catalyst 4.12 (10 mol %) Ph
LiNMeBu (1.2 equiv.)
4.1 4.2

LiOTs (1.0 equiv.) 43
(2 equiv.) (1 equiv.) CeHe, 50 °C, 24 h 0% yield

(1 equiv.)

Scheme 4.6. a) Inhibition of the cross-coupling reaction of bromocycloheptane and phenyl
boronic acid pinacol ester catalyzed by iron tosylate complex 4.12 with the addition of 1 equiv.
lithium tosylate, b) Inhibition of the cross-coupling reaction of cycloheptyl tosylate and phenyl
boronic acid pinacol ester catalyzed by iron tosylate complex 4.12 with the addition of 1 equiv.
lithium tosylate.

Because our results suggested that the reaction was stalling as a result of inhibitory
byproduct formation, we sought to establish conditions that would enable the reaction to
re-enter the productive catalytic cycle. We examined the impact of adding equivalents of
catalyst or base to “kickstart” the reaction partway through. While adding an extra
equivalent of iron halide complex 4.6 after 24 hours of the reaction did not improve the
yield (Table 4.7, entry 1), the addition of 1 equivalent of lithium butylmethyl amide
resulted in a significant increase in product yield, leading to our current optimized results

(Table 4.7, entries 2-3). Using 2 equivalents of lithium butylmethyl amide at the beginning
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of the reaction resulted in 48% yield of the desired product, suggesting that the benefit of
the excess base is limited to its introduction to the reaction mixture partway through

catalysis.

Table 4.7. Screening of the effect of adding reagents halfway through the cross-coupling of
cycloheptyl tosylate and phenyl boronic acid pinacol ester catalyzed by an iron-based complex.

TS
N‘fe\’N
Cl, Cl
Li
(thf),
i) Fe catalyst 4.6 (10 mol %)

OTs + @B(pin) LiNMeBu (1.2 equiv.) -
CsHe, 50 °C, 12 h

4.1 4.2 i) additive (x equiv.) 4.3
(2.0 equiv.) (1.0 equiv.) CgHs, 50 °C, 12 h
entry additive equivalents of additive (x) yield (%)
1 4.6 0.1 35%
2 LiNMeBu 1.0 68%
3 LiNMeBu (2" trial) 1.0 56%

4.6 Examining the possibility of a catalytic cycle featuring two-electron
processes

In addition to transmetalation, our mechanistic hypothesis also implicates the iron
amide species II in the single-electron halide abstraction (Figure 4.2). To assess the
capability of the iron amide species to activate cycloheptyl tosylate, iron amide 4.13 was
synthesized and reacted with 1 equivalent of 4.1 in an NMR tube (Scheme 4.7a). After 48
hours, no change was observed in the '"H NMR spectrum of the reaction mixture. An
analogous stoichiometric reaction with bromocycloheptane had previously led to a
complex mixture of products.®* Similarly, reaction of iron amide 4.13 with 0.5 equivalent

of 4.2 to generate a 1:1 mixture of 4.13 and iron phenyl 4.14 in situ did not produce the
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cross-coupled product following addition of 4.1 (Scheme 4.7b). Previously, an analogous
stoichiometric reaction with bromocycloheptane was fast and cleanly produced the desired
cross-coupled product. These results suggest that a different mechanism is operative for

electrophile activation when alkyl tosylates are used.

a) X
W OOTS
N‘F N
le 4.1 _
no reaction

1.0 equiv.
NEL ( quiv) observed
413 CgDg, 25°C, 48 h
X
b) |
N._ .
Ar” Fe N
PhB(pin) | Ols
X
Nl N 4.2 NEt; 41
ﬁ Fe (0.5 equiv.) 4-:3 (0.5 equiv.) s
lLEtz CgDg, 25 °C N CgDg, 25°C, 48 h observed
|
413
_N.__N
Ar F|e %
Ph
4.14

Scheme 4.7. a) Stoichiometric reaction to probe reactivity of cycloheptyl tosylate 4.1 with discretely synthesized
iron amide intermediate 4.13, b) Stoichiometric reaction to probe reactivity of cycloheptyl tosylate 4.1 with in situ
generated iron intermediates 4.13 and 4.14.

Alkyl sulfonate esters are known to be excellent substrates for two-electron

nucleophilic substitution reactions, %3¢

making it unlikely that activation occurs through
the single-electron pathway we have proposed for the iron amide. Conversely, it is unlikely
that iron(Il)-based intermediates such as the iron amide can engage in two-electron
oxidative addition reactions, because such a process would result in the intermediacy of

uncommonly observed high-valent non-heme iron(IV) species.*** The successful

formation of cross-coupled product in the catalytic reaction despite the incongruity in
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reactivity between 4.1 and 4.13 led us to consider the possibility that a complex with lower
valency than the iron(II) precursors investigated in the stoichiometric reactions could be
responsible for activation of the electrophile. The significant excess of a reductant such as
lithium amide*® in relation to the catalyst (1.2 equiv. to 0.1 equiv.) could reduce a
population of the iron-based intermediates to a lower oxidation state, which could then

participate in a two-electron oxidative addition to activate the alkyl tosylate.

To explore this possibility, stoichiometric reactions of 4.13 were performed with
external reductants in order to generate a putative iron(I) compound that could be assessed
for reactivity with 4.1 (Table 4.8). While the addition of cobaltocene led to no changes in
the '"H NMR spectrum of 4.13 nor any observed subsequent reaction with 4.1 (Table 4.8,
entry 1), addition of potassium graphite to a solution of 4.13 in C¢Ds led to the formation
of a complex mixture of products observed in the 'H NMR spectrum (Table 4.8, entry 2).
Subsequent addition of 4.1 followed by 4.2 resulted in the formation of 4.3 as detected by

gas chromatography. Studies using other reductants remain ongoing.

Table 4.8. Stoichiometric reactions of in situ reduced iron amide species 4.13 to test for reactivity with
cycloheptyl tosylate 4.1 and formation of 4.3.

| N i) reductant (1.0 equiv.)

N._ .N i) 4.1 (1.0 equiv.)
@ F|e % i) 4.2 (1.0 equiv.) O‘Ph

NEt, CsDg, 25 °C 43
413
entry  reductant E° (V, vs. Fc) reaction after i) observed?® 4.3 observed after iii)?®
1 CoCp2 -1.33 no no
2 KCs -2.04 yes yes

a reaction mixture analyzed by paramagnetic '"H NMR spectroscopy to assess evidence of reaction between
4.13 and 4.1. "reaction mixture analyzed by gas chromatography to determine presence of 4.3.
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4.7  Evaluation of substrate scope

Other tosylate substrates were screened to evaluate the generality of the cross-
coupling reaction (Table 4.9). Primary alkyl tosylate 4.15 could be incorporated. We had
targeted a racemic benzylic alkyl tosylate for evaluation because observed inversion of
stereochemistry would further support the hypothesis that the cross-coupling reaction
proceeds through a two-electron mechanism akin to a bimolecular nucleophilic
substitution. However, benzylic tosylates are highly unstable and difficult to synthesize.*’
The racemic homobenzylic alkyl tosylate 4.16 and racemic alkyl tosylate 4.17 delivered no
observed cross-coupled product. At the time of submission of this dissertation, an
examination of the substrate scope of aryl boronic esters tolerated by this method had not

been conducted and is an opportunity for future study.

Table 4.9. Substrate scope of alkyl tosylates for the Suzuki-Miyaura cross-coupling reaction
with 4.2 catalyzed by iron-based complex 4.6.

N._ N
Fe
crcl
Li
(thf),
i) Fe catalyst 4.6 (10 mol %)
S @B(pm) LiNMeBu (1.2 equiv.) -~
CeHe, 50 °C, 12 h
20 . 4.2 i) LINMeBu (1.0 equiv.) yield
(2.0equiv) (4.0 equiv.) CgHe, 50 °C, 12 h
Ph
Ph &~
4.3 4.15 4.16 417
68% 42% 0% 0%
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4.8 Conclusion and outlook

We report the discovery and optimization of a Suzuki-Miyaura cross-coupling
reaction between alkyl tosylates and aryl boronic esters catalyzed by an iron-based
complex. The practical implications of being able to use alkyl pseudohalide electrophiles
include taking advantage of the wide availability of aliphatic alcohol precursors for
incorporation into cross-coupling reactions and avoidance of toxic and unstable alkyl
halides. The use of pseudohalide electrophiles are rare for cross-coupling reactions
employing first-row transition metal catalysts such as nickel and the use of sp3-hybridized
substrates are a known limitation for palladium-catalyzed cross-coupling reactions. As a
result, a cross-coupling reaction involving an alkyl pseudohalide substrate provides
complementary reactivity to that of established methods. The successful cross-coupling
reaction of alkyl tosylates catalyzed by iron-based complexes is inconsistent with our
understanding of how such electrophiles and transition metal catalysts behave, giving rise
to the possibility that a different reaction mechanism may be operative. The ability of iron-
based complexes to access different mechanistic manifolds has long been an obstruction to
a thorough mechanistic understanding of reactions involving iron. However, the studies
presented here demonstrate the potential for harnessing such divergent reactivity to employ
a diverse range of otherwise inaccessible substrates through the use of a single transition
metal complex. Future directions include extending this method towards incorporating
other pseudohalide electrophiles, including but not limited to redox-active esters,
phosphonates, and xanthates, and a closer examination of how other ancillary ligand

frameworks may impact the efficacy of the cross-coupling reaction.
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4.9 Experimental section

General Considerations. Unless stated otherwise, all reactions were carried out in
oven-dried glassware in a nitrogen-filled glovebox or using standard Schlenk line
techniques.*® Solvents including tetrahydrofuran, pentane, and benzene were used after
passage through two activated alumina columns under a blanket of argon and then degassed
by brief exposure to vacuum.* Deuterated solvents were dried over a
sodium/benzophenone pot and distilled prior to their use. Boronic esters were used after
passage through alumina under a nitrogen atmosphere. Methylbutylamine and
methylethylamine were purchased from TCI America; diethylamine was purchased from
Sigma-Aldrich. Amines that were liquids at room temperature were dried over calcium
hydride for at least 24 hours and then distilled under vacuum. Lithium amides were passed
through a 250-micron sieve to ensure homogenous particle size prior to use. Iron (II)
chloride was purchased from Sigma-Aldrich and used without further purification. Alkyl
halides were dried over calcium hydride for at least 24 hours and then distilled under
vacuum. Nuclear magnetic resonance (NMR) spectra were recorded at ambient
temperature on Varian vNMRs operating at 400 MHz, 500 MHz, or 600 MHz for 'H NMR,
at 160 MHz for "B NMR, and at 125 MHz for {'"H}!*C NMR. Spectra were referenced
using shifts corresponding to solvent residual protic impurities. Boron trifluoride diethyl
etherate (BF3-Et20) was used as an external standard for ''B NMR (0.0 ppm). The line
listing for NMR spectra of diamagnetic compounds are reported as follows: chemical shift
(multiplicity, coupling constant, integration); paramagnetic compounds are reported as
follows: chemical shift (peak width at half height, number of protons). All paramagnetic

spectra were collected at 25 °C. Solvent suppressed spectra were collected for
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paramagnetic complexes in THF using the PRESAT macro on the vNMR software.
Infrared spectra were recorded on a Bruker Alpha attenuated total reflectance infrared
spectrometer. High resolution mass spectra were obtained at the Boston College Mass

Spectrometry Facility on a JEOL AccuTOF DART instrument.

General procedure for synthesis of p-diketiminate iron chloride complexes. To
an oven-dried round-bottom flask equipped with stir bar was added B-diketiminate ligand
(9.8 mmol, 1.0 equiv.) and pentane (40 mL, 0.244 M). This mixture was cooled to -78 °C
and degassed by placing the solution under vacuum for at least 5 minutes. A solution of
butyl lithium in hexanes (4.21 mL, 2.3 M, 9.75 mmol) was added dropwise while stirring.
In most cases, a white precipitate formed rapidly. The reaction mixture was warmed to
room temperature while stirring before the solvent was removed under vacuum. The sealed
reaction vessel was transferred into a nitrogen glovebox, where the solid was collected on
a frit and washed with cold pentane (5 mL at -40 °C). The solid was dried and weighed to
determine stoichiometry for the next step. The collected lithiated ligand (9.8 mmol) was
then dissolved in THF (10 mL) in a 20 mL scintillation vial. This solution was added
dropwise to a slurry of iron dichloride (9.8 mmol) in THF (10 mL) prepared in a separate
scintillation vial equipped with stir bar. This mixture was allowed to stir overnight. The
resulting solution was cooled and passed through celite which was washed with additional
THF (~20 mL), then concentrated under vacuum. The resulting semi-solid was then

washed with pentane, dried, and collected.

General procedure for the iron-catalyzed cross-coupling reaction of aryl
boronic esters and alkyl sulfonate esters. In a nitrogen-filled glovebox, iron complex

(0.05 mmol, 10 mol %) and lithium ethylmethyl amide (0.60 mmol, 1.2 equiv.) were added
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to a 7 mL scintillation vial containing a magnetic stir bar. A 1 mL benzene solution of
boronic acid pinacol ester (0.5 mmol, 1.0 equiv.) and alkyl sulfonate ester (1.0 mmol, 2.0
equiv.) was added to the stirring vial followed immediately by benzene (5 mL) and sealing
of the reaction vessel. The sealed reaction vessel was removed from the glovebox and
heated to 50 °C. The reaction was allowed to stir vigorously and quickly became
homogenous. After 24 hours of stirring, the reaction was quenched with a saturated
aqueous solution of ammonium chloride (10 mL). The aqueous phase was washed with
dichloromethane (3 x 40 mL) and the combined organic phases were dried over sodium
sulfate and filtered through celite. Trimethoxybenzene (42 mg, 0.25 mmol) was added as
an internal standard before evaporating the solvent in vacuo. A spectroscopic yield was
determined by 'H NMR spectroscopy before the crude product was purified by silica

column chromatography.

Synthesis of cycloheptyl tosylate (4.1). To oven dried O\\ //o

round bottom flask containing stir bar was OO/S@
added cycloheptanol  (1.14 g, 996 mmol, 1.2

mL) and pyridine (4.87 g, 61.59 mmol, 4.98 mL). The reaction mixture was cooled to 0°C
with an ice bath. To the stirring solution of alcohol in pyridine was slowly added 4-
methylbenzenesulfonyl chloride (2.85 g, 14.94 mmol). The reaction mixture was allowed
to stir overnight, warming to ambient temperature. The reaction mixture was acidified with
15% aqueous HCI (pH ~ 2), extracted with EtOAc (30 mL x 2), and the combined organics
washed with DI water (1x) and brine (1x). The combined organic layers were dried over
magnesium sulfate and filtered; the filtrate concentrated in vacuo and purified via flash

autocolumn chromatography (15% EtOAc in hexanes). 'H NMR (400 MHz, CDCls) § 7.79
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(d, J=7.9 Hz, 2H), 7.32 (d, J = 7.9 Hz, 2H), 4.67 (tt, J = 7.9, 4.7 Hz, 1H), 2.44 (s, 3H),

1.99 — 1.46 (m, 12H). NMR spectrum is in agreement with literature precedence.”°

Synthesis of 4,4,5,5-tetramethyl-2-phenyl-1,3,2-dioxaborolane o

(4.2). To round bottom flask containing stir bar was added phenyl j: OIB@
boronic acid (10 g, 82 mmol, 1.0 equiv.), pinacol (10.2 g, 86 mmol, 1.05 equiv.), and
sodium sulfate (11.65 g, 82 mmol). To the flask was added pentane (100 mL) and diethyl
ether (50 mL). The reaction mixture was allowed to stir overnight before the crude reaction
mixture was passed through a plug of'silica, eluting with dichloromethane. The solvent was
removed in vacuo and the resultant crude white solid (15.5 g, 93%) was passed through a
plug of alumina in the glovebox prior to use. '"H NMR (500 MHz, CDCl3) & 1.35 (s, 6H),
7.35-7.39 (m, 2H), 7.43-7.48 (m, 1H), 7.79-7.83 (m, 2H); ''B NMR (500 MHz, CDCIl3) &

31. NMR spectra are in accordance with literature precedence.’!

Synthesis of phenylcycloheptane (4.3). Phenylcycloheptane was

synthesized from cycloheptyl tosylate (2.0 equiv.) and phenyl boronic O_Q
acid pinacol ester according to the general procedures for the iron-catalyzed cross-coupling
reaction of aryl boronic esters and alkyl sulfonate esters and purified by silica gel flash
column chromatography, eluting with 100% hexanes to afford the product as a colorless
oil. R¢=0.60 (100% hexanes). '"H NMR (500 MHz, CDCls): § 7.23 — 7.33 (m, 2H), 7.08 —
7.23 (m, 2H), 2.66 (tt, J = 10.7, 3.7 Hz, 1H), 1.92 (ddt, J = 13.5, 6.6, 3.3 Hz, 2H), 1.80
(ddd, J=13.4, 6.6, 3.4 Hz, 2H), 1.46 — 1.78 (m, 8H) ppm. NMR spectrum is in agreement

with literature precedence.!
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Synthesis of (2,2-bis((:5)-4-phenyl-4,5-dihydrooxazol-2-

CN
efe . . 0 0
yl)acetonitrile) iron chloride (4.4). In the glovebox, to a 7 mL m
</>/NF,N _
scintillation vial equipped with stir bar was added 2,2-bis((S)-4-phenyl- pp éT Ph
4,5-dihydrooxazol-2-yl)acetonitrile (0.81 g, 2.5 mmol). This was dissolved in THF (3 mL)
and sodium hydride (0.065 g, 2.7 mmol) was added using THF (2 mL) to transfer it. This
mixture was stirred for 12 hours before being filtered through celite. The celite and vial
were rinsed with THF (5 mL). To a 20 mL scintillation vial equipped with a stir bar was
added iron dichloride (0.31 g, 2.5 mmol) and THF (5 mL). After stirring for one hour, the
Na{2,2-bis((S)-4-phenyl-4,5-dihydrooxazol-2-yl)acetonitrile} solution was added. The
solution went from pale yellow-brown to a white suspension almost immediately. After
stirring for 12 hours the solvent was removed in vacuo and the solid washed with THF and
redried. This yielded an off-white solid (0.95 g, 81%). 'H NMR (500 MHz, THF) & -30
(w12 =307 Hz, 4H), -4.2 (w12 = 59 Hz, 2H), -3.8 (w12 = 33 Hz, 4H), -1.1 (w12 = 21 Hz,

2H), 10.8 (w12 = 76 Hz, 2H), 56.8 (w12 = 512 Hz, 1H) ppm. IR: 2203, 1606, 1533, 1440,

1067, 694 cm™. NMR spectrum is in agreement with literature precedence. !

Synthesis of 2,4-bis[(2,6-dimethylphenyl)imino]pentane | AN
iron chloride complex (4.5). Synthesized according to @N\FG,N%
. . cl. Cl
general procedure using 2,4-bis[(2,6- \Li
(thf),

dimethylphenyl)imino]pentane as the ligand. '"H NMR (400
MHz, THF) 6 -68.7 (w12 = 180 Hz, 6H), -52.0 (w12 = 100 Hz, 2H), -39.7 (w12 = 264 Hz,
1H), 6.2 (w12 =254 Hz, 12H), 16.1 (w12 = 82 Hz, 4H) ppm. IR: 2916, 1519, 1373, 1038,

760 cm™. NMR spectrum is in agreement with literature precedence.’
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Synthesis of 2,4-bis[(2-fert-butylphenyl)imino]pentane iron W
|

chloride complex (4.6). Synthesized according to general N"Fe/N
cl. cl

procedure using 2,4-bis[(2-tertbutylphenyl)imino]pentane as L
(thf)z

the ligand. 'H NMR (of the major rotameric species) (400
MHz, THF) & -62.3 (w12 = 137 Hz, 6H), -48.1 (w12 = 69 Hz, 2H), -46.5 (w12 = 206 Hz,
1H), -5.1 (w12 =210 Hz, 18H), 14.3 (w12 = 60 Hz, 2H) 16.7 (three overlapping peaks, 4H)
ppm. IR: 2914, 1377, 1187, 1037, 754 cm™', NMR spectrum is in agreement with literature

precedence.’

Synthesis of 1,1,1,5,5,5-hexafluoro-2,4-bis[(2,6- FaC N CF,
dimethylphenyl)imino|pentane iron chloride complex (4.7). N|~Fe/N
Synthesized according to general procedure using 1,1,1,5,5,5- @ Cll\ {\Cl %
hexafluoro-2,4-bis[(2,6-dimethylphenyl)imino]pentane as the %tlhf)Z

ligand. "H NMR (400 MHz, THF) & -53.9 (w12 = 89 Hz, 1H), 15.5 (w12 = 356 Hz, 12H),
18.7 (w12 = 760 Hz, 4H) ppm. IR: 1564, 1173, 1136, 769 cm’'. NMR spectrum is in

agreement with literature precedence.’

Synthesis of 2,2,6,6-tetramethyl-3,5-bis|[(2,6-
dimethylphenyl)imino]heptane iron chloride complex (4.8). W
Synthesized according to general procedure using 2,2,6,6- d C~!: e\( %
tetramethyl-3,5-bis[(2,6-dimethylphenyl)imino]heptane as the Li
ligand. '"H NMR (400 MHz, THF) & -75.0 (w12 = 105 Hz, 2H), -51.4 (w12 = 348 Hz, 1H),
12.8 (w12 = 152 Hz, 36H), 21.7 (w12 = 383 Hz, 12H), 22.9 (w12 = 82 Hz, 4H) ppm. IR:
3301, 1665, 1539, 1320, 752, 691 cm™'. NMR spectrum is in agreement with literature

precedence.’
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Synthesis of 2,4-bis[(2,6-diisopropylphenyl)imino]pentane W
|

iron chloride complex (4.9). Synthesized according to N\Fe/N
eneral rocedure usin 2,4-bis[(2,6- / )

g p g [( Cl\LfCI
diisopropylphenyl)imino]pentane as the ligand. 'H NMR (400 (tlhf)2

MHz, THF) 6 15.28 (w12 = 40 Hz, 4H), 2.23 (w12 =51 Hz, 12H), -16.55 (w12 = 115 Hz,
12H), -42.97 (w12 =56 Hz, 2H), -63.88 (w12 =116 Hz, 6H). NMR spectrum is in agreement

with literature precedence.”?

Synthesis of 2,4-bis[(2-ethylphenyl)imino]pentane iron W
chloride complex (4.10). Synthesized according to general Nl"Fe/N
procedure using 2,4-bis[(2-ethylphenyl)imino]pentane as the Cl/\L%C|
ligand. '"H NMR (400 MHz, THF) § -67.2 (w12 = 162 Hz, 6H), (thf)z

-52.1 (w12 = 187 Hz, 2H), -14.2 (w12 = 103 Hz, 3H), -11.3 (w12 = 132 Hz, 3H), 15.9 (w12
=289 Hz, 4H) ppm. IR: 2963, 1518, 1373, 1021, 740 cm™'. NMR spectrum is in agreement

with literature precedence.?

Synthesis of 2,4-bis[(2,6-dimethylphenyl)imino]pentane iron W

e

) \\Si(Me)3

glovebox, to a 7 mL scintillation vial equipped with magnetic stir bar <;/O

_N_ N
CH:TMS tetrahydrofuran adduct (4.11). In a nitrogen-filled Ar \F/ ﬁ

was added 4.5 (800 mg, 1.37 mmol) and pentane (2 mL). This mixture was allowed to cool
to -40 °C in the freezer. A solution of LiCH,TMS (129 mg, 1.0 equiv.) in pentane (1 mL)
was added to the stirring reaction mixture. The reaction vessel was sealed and a dark yellow
precipitate forms immediately. The reaction was allowed to stir for 1 hour, at which point
the precipitate was filtered off through celite and the filtrate concentrated in vacuo. The

residue was dissolved in pentane and transferred to a vial to recrystallize in the freezer
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overnight. The mother liquor was decanted to afford the product as a yellow solid (434 mg,
61% yield). "H NMR (400 MHz, C¢D¢) & 81.30 (w12 = 294 Hz, 6H), 34.65 (w12 = 303 Hz,
9H), 3.31 (w12 = 37 Hz, 4H), 1.58 (w12 = 12 Hz, 4H), -4.97 (w12 = 42 Hz, 4H), -61.48
(w12 = 406 Hz, 12H), -69.12 (w12 = 68 Hz, 2H). NMR spectrum is in agreement with

literature precedence.?

Synthesis of 2,4-bis[(2,6-dimethylphenyl)imino]pentane iron I AN

N._ _N
tosylate (4.12). In a nitrogen-filled glovebox, 4.11 (16.5 mg, 0.032 @ Fle %

mmol) was weighed into a scintillation vial and dissolved in ot

deuterated benzene (300 pL). para-toluenesulfonic acid (5.46 mg, 0.032 mmol, 1.0 equiv.)
was weighed out in a separate scintillation vial and dissolved in deuterated benzene (300
pL). The solutions were combined and the reaction mixture turned bright yellow
immediately with formation of a white precipitate. The reaction mixture was decanted and
transferred into a J. Young tube, which was sealed and shaken. The product could not be
isolated and was carried forward for stoichiometric reactions without further purification.
"H NMR (500 MHz, CsD¢) & 100.05 (w12 = 704 Hz, 1H), 80.4 (w12 = 394 Hz, 6H), 34.61
(w12 =348 Hz, 6H), 12.5 (w12 =97 Hz, 3H), -4.8 (w12 = 116 Hz, 4H), -37.91 (w12 = 244

Hz, 4H), -61.05 (w12 = 509 Hz, 6H), -68.95 (w12 = 151 Hz, 2H).

Synthesis of 2,4-bis[(2,6-dimethylphenyl)imino]pentane iron /V,/N- \/Y

Flé

diethylamide (4.13). In the glovebox, to a 20 mL scintillation vial Ar” " ’Nﬁ
equipped with magnetic stir bar was added 4.11 (200 mg, 390 pmol) ( N

and pentane (5 mL). To this mixture was added diethylamine (40 pL, 1.0 equiv). The
resulting mixture was allowed to stir overnight, turning from yellow to red-orange. The

reaction vessel was transferred to the freezer to recrystallize overnight. The pentane was
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decanted and the resultant red-orange solid washed with fresh cold pentane, and residual
pentane removed in vacuo to afford the product as a red-orange solid (150 mg, 90% yield).
'H NMR (400 MHz, CsDs) 5 121.30 (w12 = 780 Hz, 1H), 50.20 (w1, = 961 Hz, 6H), 37.77
(w12 =355 Hz, 6H), -14.89 (w12 =97 Hz, 4H), -73.44 (w12 = 110 Hz, 2H), -78.58 (w12 =
530 Hz, 12H). IR: 1506, 1378, 1173, 1096, 765 cm™'. NMR spectrum is in agreement with

literature precedence.?

Synthesis of 2,4-bis[(2,6-dimethylphenyl)imino|pentane iron W
phenyl (4.14). In the glovebox, to a 20 mL scintillation vial was Ar/N\ é/Nﬁ
weighed 4.13 (10 mg, 23 pumol, 1.0 equiv.). In the same vial was

weighed 4.2 (2.5 mg, 11.5 pmol, 0.5 equiv.). The solids were dissolved

in deuterated benzene (600 umol) and a rapid color change from orange to dark brown was
observed. The reaction mixture was carried forward and used in reactivity studies as a 1:1
mixture of 4.13 and 4.14 without further purification. NMR spectrum displayed signals

consistent with both species, and is in agreement with literature precedence.?

Synthesis of 9-decen-1-ylbenzene (4.16). 9-decen-1-ylbenzene was /\97/\%
synthesized from 9-decen-1-yltosylate (2.0 equiv.) and phenyl boronic acid pinacol ester
according to the general procedures for the iron-catalyzed cross-coupling reaction of aryl
boronic esters and alkyl sulfonate esters and purified by silica gel flash column
chromatography, eluting with 100% hexanes to afford the product as a colorless oil. 'H
NMR (400 MHz, CDCl3) ), 7.33-7.11 (m, 5H), 5.61 (m, 1H), 4.88-4.73 (m, 2H), 2.59 (t,
J=17.6 Hz, 2H), 1.95 (q, J = 7.4 Hz, 2H), 1.56-1.41 (m, 4H), 1.31-1.17 (m, 8H). NMR

spectrum is in agreement with literature precedence.’”
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Nuclear magnetic resonance spectral data
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A.1  Nuclear magnetic resonance spectral data from Chapter 2
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Figure A.1.1. '"H NMR spectrum of compound 2.10 using solvent suppression for THF peaks.

mmmmmmmmmmmmmmmmmmmmmmmm

CF,
2.27
"H NMR, 500 MHz, CDCl;

a:

1.8
1.7

100 ?——

2.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0
f1 (ppm)
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Figure A.1.4. ’F NMR spectrum of compound 2.27.
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Figure A.1.6. *C NMR spectrum of compound 2.31.
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Figure A.1.12. 'H NMR spectrum of compound 2.48 using solvent suppression for THF peaks.
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Figure A.1.14. 'H NMR spectrum of compound 2.50 using solvent suppression for THF peaks.

245



—15.90
—-11.30

—-14.23

—-51.92
—-67.15

thi IF th
/Li\
clal
s/
Fe
/ \

N
Bt )\/IK Bt
2.51 /

"H NMR, 400 MHz, THF

—-

-55 -60 -65 -70

T T T T T T T
-25 -30 -35 -40 -45 -5
f1 (ppm)
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Figure A.1.26. '"H NMR spectrum of compound 2.29.

251



—144.79
—126.03
—123.60
— 11851
—115.03
—107.43
—83.53
—47.14

2

N
Boc

2.29
3C NMR, 126 MHz, CDCl,

T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
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F3 48 8 R® B 88RG
TN i A7
I }f / H
N
B
=
2.64
H NMR, 500 MHz, CDCl3
1 1
L
g gié gg :g TBER

T T T T T T
2.0 115 110 105 100 95 9.0 85 80 75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0 05 0.0 -05

Figure A.1.28. 'H NMR spectrum of compound 2.64.
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Figure A.1.30. 'H NMR spectrum of compound 2.65.
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Figure A.1.32. '"H NMR spectrum of compound 2.66.
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Figure A.1.33. *C NMR spectrum of compound 2.66.
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Figure A.1.34. '"H NMR spectrum of compound 2.28.
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Figure A.1.36. 'H NMR spectrum of compound 2.67.
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Figure A.1.37. *C NMR spectrum of compound 2.67.
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Figure A.1.38. 'H NMR spectrum of compound 2.68.
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Figure A.1.39. *C NMR spectrum of compound 2.68.
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Figure A.1.40. 'H NMR spectrum of compound 2.69.
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Figure A.1.41. '*C NMR spectrum of compound 2.69.
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Figure A.1.42. '"H NMR spectrum of compound 2.73.
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Figure A.1.43. 3*C NMR spectrum of compound 2.73.
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A.2  Nuclear magnetic resonance spectral data from Chapter 3
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Figure A.2.1. '"H NMR spectrum of compound 3.2 using solvent suppression for THF peaks.
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Figure A.2.2. '"H NMR spectrum of compound 3.3.
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A.3 Nuclear magnetic resonance spectral data from Chapter 4
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Figure A.3.1. '"H NMR spectrum of compound 4.12.
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Appendix B.
X-ray crystallographic data
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B.1  X-ray crystallographic data from Chapter 2

B.1.1. X-ray crystallographic data for compound 2.46
Figure B.1.1.1. ORTEP diagram of compound 2.46
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Table B.1.1.1. Crystal data and structure refinement for dimeric 2,4-bis[(2,6-
dimethylphenyl)imino]pentane iron N, N-diethylamide complex (2.46)

Identification code C50H70Fe2N6

Empirical formula C50 H70 Fe2 N6

Formula weight 866.82

Temperature 100(2) K

Wavelength 1.54178 A

Crystal system Monoclinic

Space group 6/c

Unit cell dimensions a=15.8079(5) A a=90°.
b=14.3502(4) A B=109.8450(10)°.
c=21.0653(6) A v =90°.

Volume 4494.8(2) A3
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Z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 66.599°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

4
1.281 Mg/m3

5.480 mm-1
1856

0.480 x 0.260 x 0.100 mm3
4.282 to 66.599°.

-18<=h<=18, -17<=k<=17, -24<=I<=25

19773

3960 [R(int) = 0.0363]

99.7 %

Semi-empirical from equivalents
0.7528 and 0.4837

Full-matrix least-squares on F2
3960/0/273

1.067

R1=0.0288, wR2 = 0.0794
R1=0.0292, wR2 =0.0798
n/a

0.322 and -0.371 e.A-3
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Table B.1.1.2. Atomic coordinates (x 104) and equivalent isotropic displacement

parameters (Azx 103) for dimeric 2,4-bis[(2,6-dimethylphenyl)imino]pentane iron N, V-
diethylamide complex (2.46). U(eq) is defined as one third of the trace of the

orthogonalized Ul tensor.

X y z U(eq)
Fe(1) 7654(1) 3272(1) 5451(1) 9(1)
N(1) 7882(1) 3290(1) 6488(1) 11(1)
N(2) 8003(1) 4654(1) 5448(1) 10(1)
N(@3) 6507(1) 2774(1) 4737(1) 10(1)
C(1) 8488(1) 3876(1) 6878(1) 11(1)
C(2) 8929(1) 4563(1) 6626(1) 12(1)
C@3) 8660(1) 4979(1) 5989(1) 11(1)
C4) 7358(1) 2743(1) 6793(1) 12(1)
C(5) 6474(1) 3048(1) 6692(1) 15(1)
C(6) 5927(1) 2532(1) 6957(1) 21(1)
C(7) 6247(1) 1734(1) 7331(1) 24(1)
C(8) 7119(1) 1456(1) 7447(1) 21(1)
C(9) 7694(1) 1948(1) 7189(1) 16(1)
C(10) 6135(1) 3955(1) 6338(1) 19(1)
C(11) 8655(1) 1614(1) 7385(1) 23(1)
C(12) 8737(1) 3870(1) 7638(1) 19(1)
C(13) 9142(1) 5869(1) 5932(1) 16(1)
C(14) 7604(1) 5317(1) 4916(1) 12(1)
C(15) 7019(1) 6002(1) 5009(1) 15(1)
C(16) 6589(1) 6606(1) 4480(1) 21(1)
C(17) 6732(1) 6544(1) 3870(1) 24(1)
C(18) 7325(1) 5889(1) 3788(1) 22(1)
C(19) 7780(1) 5277(1) 4308(1) 16(1)
C(20) 6841(1) 6098(1) 5664(1) 20(1)
C(21) 8468(1) 4618(1) 4218(1) 21(1)
C(22) 6196(1) 3365(1) 4128(1) 14(1)
C(23) 5625(1) 4207(1) 4166(1) 20(1)
C(24) 5736(1) 2488(1) 4939(1) 14(1)
C(25) 5022(1) 1909(1) 4414(1) 17(1)
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Table B.1.1.3. Bond lengths [A] and angles [°] for dimeric 2,4-bis[(2,6-
dimethylphenyl)imino]pentane iron N, N-diethylamide complex (2.46)

Fe(1)-N(3)
Fe(1)-N(2)
Fe(1)-N(1)
Fe(1)-N(3)#1
Fe(1)-Fe(1)#1
N(1)-C(1)
N(1)-C(4)
N(2)-C(3)
N(2)-C(14)
N(3)-C(22)
N(3)-C(24)
C(1)-C(2)
C(1)-C(12)
C(2)-C(3)
C(2)-H(2)
C(3)-C(13)
C(4)-C(9)
C(4)-C(5)
C(5)-C(6)
C(5)-C(10)
C(6)-C(7)
C(6)-H(6)
C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(8)-H(8)
C(9)-C(11)
C(10)-H(10A)
C(10)-H(10B)
C(10)-H(10C)
C(11)-H(11A)
C(11)-H(11B)
C(11)-H(11C)
C(12)-H(12A)
C(12)-H(12B)
C(12)-H(12C)
C(13)-H(13A)
C(13)-H(13B)
C(13)-H(13C)
C(14)-C(19)
C(14)-C(15)
C(15)-C(16)
C(15)-C(20)

2.0503(12)
2.0601(12)
2.0909(13)
2.1275(12)
2.8494(4)
1.328(2)
1.4412(19)
1.338(2)
1.4407(19)
1.4770(19)
1.4793(19)
1.410(2)
1.513(2)
1.397(2)
0.935(19)
1.512(2)
1.407(2)
1.409(2)
1.393(2)
1.505(2)
1.384(3)
0.9500
1.375(3)
0.9500
1.399(2)
0.9500
1.510(2)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.402(2)
1.408(2)
1.393(2)
1.505(2)
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C(16)-C(17)
C(16)-H(16)
C(17)-C(18)
C(17)-H(17)
C(18)-C(19)
C(18)-H(18)
C(19)-C(21)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)
C(21)-H(21A)
C(21)-H(21B)
C(21)-H(21C)
C(22)-C(23)
C(22)-H(22A)
C(22)-H(22B)
C(23)-H(23A)
C(23)-H(23B)
C(23)-H(23C)
C(24)-C(25)
C(24)-H(24A)
C(24)-H(24B)
C(25)-H(25A)
C(25)-H(25B)
C(25)-H(25C)

N(3)-Fe(1)-N(2)
N(3)-Fe(1)-N(1)
N(2)-Fe(1)-N(1)
N(3)-Fe(1)-N(3)#1
N(2)-Fe(1)-N(3)#1
N(1)-Fe(1)-N(3)#1
N(3)-Fe(1)-Fe(1)#1
N(2)-Fe(1)-Fe(1)#1
N(1)-Fe(1)-Fe(1)#1
N(3)#1-Fe(1)-Fe(1)#1

C(1)-N(1)-C(4)

C(1)-N(1)-Fe(1)
C(4)-N(1)-Fe(1)
C(3)-N(2)-C(14)
C(3)-N(2)-Fe(1)
C(14)-N(2)-Fe(1)
C(22)-N(3)-C(24)
C(22)-N(3)-Fe(1)
C(24)-N(3)-Fe(1)
C(22)-N(3)-Fe(1)#1

1.381(3)
0.9500
1.378(3)
0.9500
1.398(2)
0.9500
1.501(2)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.527(2)
0.9900
0.9900
0.9800
0.9800
0.9800
1.530(2)
0.9900
0.9900
0.9800
0.9800
0.9800

120.34(5)
124.49(5)
92.24(5)
94.01(4)
119.61(5)
107.82(5)
48.14(3)
137.08(4)
129.49(3)
45.87(3)
118.15(12)
119.13(10)
122.54(9)
116.18(12)
117.67(10)
126.15(9)
110.21(11)
112.78(9)
119.73(9)
106.76(9)
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C(24)-N(3)-Fe(1)#1
Fe(1)-N(3)-Fe(1)#1
N(1)-C(1)-C(2)
N(1)-C(1)-C(12)
C(2)-C(1)-C(12)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)
C(1)-C(2)-H(2)
N(2)-C(3)-C(2)
N(2)-C(3)-C(13)
C(2)-C(3)-C(13)
C(9)-C(4)-C(5)
C(9)-C(4)-N(1)
C(5)-C(4)-N(1)
C(6)-C(5)-C(4)
C(6)-C(5)-C(10)
C(4)-C(5)-C(10)
C(7)-C(6)-C(5)
C(7)-C(6)-H(6)
C(5)-C(6)-H(6)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7)
C(6)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(8)-C(9)-C(4)
C(8)-C(9)-C(11)
C(4)-C(9)-C(11)
C(5)-C(10)-H(10A)
C(5)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(5)-C(10)-H(10C)
H(10A)-C(10)-H(10C)
H(10B)-C(10)-H(10C)
C(9)-C(11)-H(11A)
C(9)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(9)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)
C(1)-C(12)-H(12A)
C(1)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(1)-C(12)-H(12C)
H(12A)-C(12)-H(12C)

119.03(9)
85.99(4)
123.69(13)
121.66(13)
114.62(13)
129.18(14)
114.7(11)
114.8(11)
124.37(13)
119.50(13)
116.11(13)
119.82(14)
123.19(14)
116.98(13)
119.54(15)
119.54(15)
120.80(14)
120.80(16)
119.6
119.6
119.44(16)
120.3
120.3
121.96(16)
119.0
119.0
118.37(15)
117.31(15)
124.25(15)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5

269



H(12B)-C(12)-H(12C)
C(3)-C(13)-H(13A)
C(3)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(3)-C(13)-H(13C)
H(13A)-C(13)-H(13C)
H(13B)-C(13)-H(13C)
C(19)-C(14)-C(15)
C(19)-C(14)-N(2)
C(15)-C(14)-N(2)
C(16)-C(15)-C(14)
C(16)-C(15)-C(20)
C(14)-C(15)-C(20)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(15)-C(16)-H(16)
C(18)-C(17)-C(16)
C(18)-C(17)-H(17)
C(16)-C(17)-H(17)
C(17)-C(18)-C(19)
C(17)-C(18)-H(18)
C(19)-C(18)-H(18)
C(18)-C(19)-C(14)
C(18)-C(19)-C(21)
C(14)-C(19)-C(21)
C(15)-C(20)-H(20A)
C(15)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(15)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(19)-C(21)-H(21A)
C(19)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(19)-C(21)-H(21C)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
N(3)-C(22)-C(23)
N(3)-C(22)-H(22A)
C(23)-C(22)-H(22A)
N(3)-C(22)-H(22B)
C(23)-C(22)-H(22B)
H(22A)-C(22)-H(22B)
C(22)-C(23)-H(23A)
C(22)-C(23)-H(23B)
H(23A)-C(23)-H(23B)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
119.87(14)
120.90(13)
119.22(13)
119.25(15)
118.99(15)
121.76(14)
121.01(16)
119.5
119.5
119.55(16)
120.2
120.2
121.37(16)
119.3
119.3
118.84(15)
119.93(14)
121.19(14)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
115.92(13)
108.3
108.3
108.3
108.3
107.4
109.5
109.5
109.5
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C(22)-C(23)-H(23C)  109.5
H(23A)-C(23)-H(23C)  109.5
H(23B)-C(23)-H(23C)  109.5
N(3)-C(24)-C(25) 114.79(12)
N(3)-C(24)-H(24A) 108.6
C(25)-C(24)-H(24A)  108.6
N(3)-C(24)-H(24B) 108.6
C(25)-C(24)-H(24B)  108.6
H(24A)-C(24)-H(24B)  107.5
C(24)-C(25)-H(25A)  109.5
C(24)-C(25)-H(25B)  109.5
H(25A)-C(25)-H(25B)  109.5
C(24)-C(25)-H(25C)  109.5
H(25A)-C(25)-H(25C)  109.5
H(25B)-C(25)-H(25C)  109.5

Symmetry transformations used to generate equivalent atoms:
#1 -x+3/2,-y+1/2,-z+1
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Table B.1.1.4. Anisotropic displacement parameters (Azx 103) for dimeric 2,4-
bis[(2,6-dimethylphenyl)imino]pentane iron N, N-diethylamide complex (2.46). The

anisotropic displacement factor exponent takes the form: 2n2[h2a*2ull + . +2hk
a* b* Ul2 ]

ull U222 U33 U23 ul3 ul2
Fe(1) 13(1) 6(1) 7(1) -1(1) 2(1) -1(1)
N(1) 15(1) 9(1) 8(1) 1(1) 3(1) 0(1)
N(2) 14(1) 8(1) 10(1) 1(1) 4(1) 0(1)
NQ@3) 10(1) 10(1) 9(1) -1(1) 2(1) 0(1)
C(1) 13(1) 11(1) 10(1) -1(1) 3(1) 4(1)
CQ2) 12(1) 12(1) 10(1) -4(1) 2(1) -1(1)
C(3) 12(1) 9(1) 14(1) -2(1) 6(1) 0(1)
C#4) 19(1) 12(1) 6(1) -3(1) 4(1) -4(1)
C(5) 20(1) 15(1) 10(1) -4(1) 4(1) -4(1)
C(6) 20(1) 27(1) 16(1) -6(1) 7(1) -9(1)
C(7) 32(1) 26(1) 15(1) -3(1) 10(1) -16(1)
C(8) 37(1) 15(1) 10(1) 2(1) 6(1) -7(1)
C(9) 26(1) 13(1) 9(1) -2(1) 4(1) -2(1)
C(10) 18(1) 17(1) 21(1) -2(1) 7(1) 2(1)
C(1y  32(1) 22(1) 14(1) 6(1) 7(1) 9(1)
C(12)  24(1) 22(1) 11(1) -3(1) 6(1) -7(1)
C(13) 19(1) 13(1) 16(1) -1(1) 5(1) -5(1)
C(14) 14(1) 8(1) 12(1) 3(1) 3(1) -3(1)
C(15) 17(1) 10(1) 19(1) 1(1) 6(1) -3(1)
C(6)  20(1) 12(1) 28(1) 6(1) 7(1) 2(1)
C(17)  26(1) 19(1) 23(1) 13(1) 3(1) 0(1)
C(18)  26(1) 25(1) 15(1) 7(1) 7(1) -4(1)
C(19) 18(1) 14(1) 14(1) 2(1) 5(1) -4(1)
C(0) 25(1) 15(1) 24(1) 1(1) 12(1) 4(1)
C21) 27(1) 22(1) 14(1) 2(1) 10(1) 3(1)
C(22) 15(1) 14(1) 12(1) 2(1) 3(1) 2(1)
C(23) 18(1) 15(1) 25(1) 4(1) 5(1) 3(1)
C(24) 16(1) 14(1) 14(1) -2(1) 7(1) -1(1)
C(25) 16(1) 16(1) 19(1) -2(1) 7(1) -3(1)
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B.1.2. X-ray crystallographic data for compound 2.47

Figure B.1.2.1. ORTEP diagram of compound 2.47
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Table B.1.2.1. Crystal data and structure refinement for dimeric 2,4-bis[(2,6-
dimethylphenyl)imino]pentane iron phenyl complex (2.47).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

C54H60Fe2N4(C4H100)

C58 H70 Fe2 N4 O

950.88

100(2) K

1.54178 A

Orthorhombic

Pbca

a=13.5021(4) A o= 90°.
b=22.3216(6) A B=90°.

¢ =33.1135(10) A v =90°.

9980.0(5) A3
8

1.266 Mg/m3
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Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.679°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

4.990 mm-!
4048

0.480 x 0.400 x 0.280 mm?3
2.669 to 69.544°.

-15<=h<=16, -27<=k<=23, -23<=1<=38

37898

9062 [R(int) = 0.0398]

98.8 %

Semi-empirical from equivalents
0.7532 and 0.4281

Full-matrix least-squares on F2
9062 /0/598

1.026

R1=0.0379, wR2 = 0.0886
R1=0.0453, wR2 =0.0931
n/a

0.459 and -0.583 e.A-3
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Table B.1.2.2. Atomic coordinates ( X 104) and equivalent isotropic displacement
parameters (Azx 103) for dimeric 2,4-bis[(2,6-dimethylphenyl)imino]pentane iron phenyl
complex (2.47). U(eq) is defined as one third of the trace of the orthogonalized Ulj
tensor.

X y z U(eq)
Fe(1) 3350(1) 3847(1) 4006(1) 12(1)
Fe(2) 1949(1) 3201(1) 3642(1) 12(1)
N(1) 3207(1) 4361(1) 4510(1) 15(1)
N(2) 4770(1) 4115(1) 3917(1) 16(1)
N(@3) 2088(1) 2413(1) 3347(1) 14(1)
N(4) 508(1) 3287(1) 3470(1) 15(1)
C(1) 3728(2) 4866(1) 4553(1) 17(1)
C(2) 4542(2) 5015(1) 4308(1) 18(1)
C@3) 5084(2) 4647(1) 4047(1) 17(1)
C4) 2586(2) 4184(1) 4843(1) 17(1)
C(5) 1572(2) 4323(1) 4840(1) 19(1)
C(6) 978(2) 4114(1) 5154(1) 26(1)
C(7) 1372(2) 3777(1) 5464(1) 30(1)
C(8) 2377(2) 3647(1) 5465(1) 27(1)
C(9) 2994(2) 3843(1) 5156(1) 20(1)
C(10) 1129(2) 4684(1) 4504(1) 26(1)
C(11) 4069(2) 3669(1) 5155(1) 23(1)
C(12) 3484(2) 5300(1) 4888(1) 22(1)
C(13) 6097(2) 4874(1) 3920(1) 26(1)
C(14) 5429(1) 3746(1) 3681(1) 17(1)
C(15) 5541(2) 3837(1) 3265(1) 21(1)
C(16) 6127(2) 3438(1) 3049(1) 28(1)
C(17) 6610(2) 2969(1) 3237(1) 33(1)
C(18) 6532(2) 2900(1) 3650(1) 29(1)
C(19) 5952(2) 3289(1) 3879(1) 21(1)
C(20) 5091(2) 4363(1) 3049(1) 28(1)
C(21) 5933(2) 3234(1) 4331(1) 28(1)
C(22) 2685(2) 3046(1) 4193(1) 16(1)
C(23) 3459(2) 2635(1) 4272(1) 18(1)
C(24) 3392(2) 2210(1) 4574(1) 26(1)
C(25) 2525(2) 2155(1) 4794(1) 32(1)
C(26) 1739(2) 2536(1) 4724(1) 26(1)
C(27) 1828(2) 2988(1) 4435(1) 18(1)
C(28) 1571(2) 2300(1) 3011(1) 16(1)
C(29) 748(2) 2641(1) 2893(1) 19(1)
C(30) 200(2) 3053(1) 3123(1) 17(1)
C(@31) 2699(2) 1941(1) 3504(1) 14(1)
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C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)
C(51)
C(52)
C(53)
C(54)
C(18)
C(28)
C(38)
C(4S)
0(1S)

3720(2)
4302(2)
3895(2)
2883(2)
2275(2)
4178(2)
1178(2)
1839(2)
-819(2)
-162(1)
-666(2)

-1243(2)
-1347(2)

-887(2)
-296(2)
-634(2)

131(2)
2628(1)
2729(2)
2683(2)
2607(2)
2546(2)
2521(2)
2875(2)
1838(2)

542(2)

333(2)
1543(1)

1932(1)
1491(1)
1070(1)
1079(1)
1509(1)
2392(1)
1501(1)
1767(1)
3203(1)
3659(1)
3405(1)
3777(1)
4379(1)
4616(1)
4264(1)
2741(1)
4542(1)
4008(1)
3833(1)
4239(1)
4848(1)
5043(1)
4633(1)
6122(2)
6299(1)
6088(1)
5799(1)
5980(1)

3422(1)
3602(1)
3857(1)
3932(1)
3756(1)
3149(1)
3841(1)
2752(1)
2958(1)
3699(1)
4027(1)
4270(1)
4187(1)
3852(1)
3599(1)
4106(1)
3226(1)
3429(1)
3022(1)
2704(1)
2780(1)
3176(1)
3492(1)
1608(1)
1709(1)
2162(1)
2562(1)
2058(1)

17(1)
21(1)
23(1)
20(1)
16(1)
24(1)
23(1)
23(1)
30(1)
18(1)
23(1)
32(1)
32(1)
26(1)
21(1)
32(1)
27(1)
15(1)
16(1)
18(1)
21(1)
21(1)
18(1)
53(1)
36(1)
41(1)
36(1)
31(1)
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Table B.1.2.3. Bond lengths [A] and angles [°] for dimeric 2,4-bis[(2,6-
dimethylphenyl)imino]pentane iron phenyl complex (2.47).

Fe(1)-N(2)
Fe(1)-N(1)
Fe(1)-C(22)
Fe(1)-C(49)
Fe(1)-Fe(2)
Fe(2)-N(3)
Fe(2)-N(4)
Fe(2)-C(22)
Fe(2)-C(49)
N(1)-C(1)
N(1)-C(4)
N(2)-C(3)
N(2)-C(14)
N(3)-C(28)
N(3)-C(31)
N(4)-C(30)
N(4)-C(41)
C(D)-C(2)
C(1)-C(12)
C(2)-C(3)
C(2)-H(2)
C(3)-C(13)
C(4)-C(9)
C(4)-C(5)
C(5)-C(6)
C(5)-C(10)
C(6)-C(7)
C(6)-H(6)
C(7)-C(8)
C(7N)-H(7)
C(8)-C(9)
C(8)-H(8)
C(9)-C(11)
C(10)-H(10A)
C(10)-H(10B)
C(10)-H(10C)
C(11)-H(11A)
C(11)-H(11B)
C(11)-H(11C)
C(12)-H(12A)
C(12)-H(12B)
C(12)-H(12C)
C(13)-H(13A)

2.0301(17)
2.0356(17)
2.096(2)
2.175(2)
2.6664(4)
2.0207(16)
2.0368(17)
2.106(2)
2.142(2)
1.335(3)
1.440(3)
1.332(3)
1.442(3)
1.335(3)
1.436(2)
1.328(3)
1.445(3)
1.405(3)
1.511(3)
1.400(3)
0.9500
1.518(3)
1.399(3)
1.404(3)
1.394(3)
1.499(3)
1.380(3)
0.9500
1.388(3)
0.9500
1.389(3)
0.9500
1.503(3)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
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C(13)-H(13B)
C(13)-H(13C)
C(14)-C(15)
C(14)-C(19)
C(15)-C(16)
C(15)-C(20)
C(16)-C(17)
C(16)-H(16)
C(17)-C(18)
C(17)-H(17)
C(18)-C(19)
C(18)-H(18)
C(19)-C(21)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)
C(21)-H(21A)
C(21)-H(21B)
C(21)-H(21C)
C(22)-C(27)
C(22)-C(23)
C(23)-C(24)
C(23)-H(23)
C(24)-C(25)
C(24)-H(24)
C(25)-C(26)
C(25)-H(25)
C(26)-C(27)
C(26)-H(26)
C(27)-H(27)
C(28)-C(29)
C(28)-C(39)
C(29)-C(30)
C(29)-H(29)
C(30)-C(40)
C(31)-C(36)
C(31)-C(32)
C(32)-C(33)
C(32)-C(37)
C(33)-C(34)
C(33)-H(33)
C(34)-C(35)
C(34)-H(34)
C(35)-C(36)
C(35)-H(35)
C(36)-C(38)

0.9800
0.9800
1.400(3)
1.404(3)
1.391(3)
1.504(3)
1.381(4)
0.9500
1.382(4)
0.9500
1.394(3)
0.9500
1.500(3)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.413(3)
1.414(3)
1.381(3)
0.9500
1.385(4)
0.9500
1.380(4)
0.9500
1.395(3)
0.9500
0.9500
1.402(3)
1.511(3)
1.407(3)
0.9500
1.517(3)
1.398(3)
1.406(3)
1.394(3)
1.500(3)
1.379(3)
0.9500
1.389(3)
0.9500
1.390(3)
0.9500
1.509(3)
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C(37)-H(37A)
C(37)-H(37B)
C(37)-H(37C)
C(38)-H(38A)
C(38)-H(38B)
C(38)-H(38C)
C(39)-H(39A)
C(39)-H(39B)
C(39)-H(39C)
C(40)-H(40A)
C(40)-H(40B)
C(40)-H(40C)
C(41)-C(42)
C(41)-C(46)
C(42)-C(43)
C(42)-C(47)
C(43)-C(44)
C(43)-H(43)
C(44)-C(45)
C(44)-H(44)
C(45)-C(46)
C(45)-H(45)
C(46)-C(48)
C(47)-H47A)
C(47)-H(47B)
C(47)-H(47C)
C(48)-H(48A)
C(48)-H(48B)
C(48)-H(48C)
C(49)-C(50)
C(49)-C(54)
C(50)-C(51)
C(50)-H(50)
C(51)-C(52)
C(51)-H(51)
C(52)-C(53)
C(52)-H(52)
C(53)-C(54)
C(53)-H(53)
C(54)-H(54)
C(18)-C(2S)
C(1S)-H(1SA)
C(1S)-H(1SB)
C(1S)-H(1SC)
C(28)-0(1S)
C(2S)-H(2SA)

0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.401(3)
1.402(3)
1.394(3)
1.507(3)
1.380(4)
0.9500
1.377(4)
0.9500
1.397(3)
0.9500
1.498(3)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.410(3)
1.418(3)
1.389(3)
0.9500
1.386(3)
0.9500
1.386(3)
0.9500
1.391(3)
0.9500
0.9500
1.493(4)
0.9800
0.9800
0.9800
1.415(3)
0.9900
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C(2S)-H(2SB)
C(3S)-0(18)

C(38)-C(4S)

C(3S)-H(3SA)
C(3S)-H(3SB)
C(4S)-H(4SA)
C(4S)-H(4SB)
C(4S)-H(4SC)

N(2)-Fe(1)-N(1)
N(2)-Fe(1)-C(22)
N(1)-Fe(1)-C(22)
N(2)-Fe(1)-C(49)
N(1)-Fe(1)-C(49)
C(22)-Fe(1)-C(49)
N(2)-Fe(1)-Fe(2)
N(1)-Fe(1)-Fe(2)
C(22)-Fe(1)-Fe(2)
C(49)-Fe(1)-Fe(2)
N(3)-Fe(2)-N(4)
N(3)-Fe(2)-C(22)
N(4)-Fe(2)-C(22)
N(3)-Fe(2)-C(49)
N(4)-Fe(2)-C(49)
C(22)-Fe(2)-C(49)
N(3)-Fe(2)-Fe(1)
N(4)-Fe(2)-Fe(1)
C(22)-Fe(2)-Fe(1)
C(49)-Fe(2)-Fe(1)
C(1)-N(1)-C(4)
C(1)-N(1)-Fe(1)
C(4)-N(1)-Fe(1)
C(3)-N(2)-C(14)
C(3)-N(2)-Fe(1)
C(14)-N(2)-Fe(1)
C(28)-N(3)-C(31)
C(28)-N(3)-Fe(2)
C(31)-N(3)-Fe(2)
C(30)-N(4)-C(41)
C(30)-N(4)-Fe(2)
C(41)-N(4)-Fe(2)
N(1)-C(1)-C(2)
N(1)-C(1)-C(12)
C(2)-C(1)-C(12)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2)

0.9900
1.414(3)
1.500(4)
0.9900
0.9900
0.9800
0.9800
0.9800

92.41(7)
134.32(7)
101.38(7)
104.38(7)
125.82(7)
102.08(8)
139.87(5)
127.45(5)

50.79(6)

51.30(5)

91.98(7)
103.48(7)
135.21(8)
122.15(7)
103.68(7)
102.84(8)
128.58(5)
138.88(5)

50.44(5)

52.42(6)
117.24(17)
120.78(14)
121.91(12)
119.17(17)
121.09(14)
119.53(13)
117.60(16)
121.26(13)
121.02(13)
118.98(17)
120.33(14)
120.32(13)
123.45(19)
120.22(19)
116.27(18)
128.80(19)
115.6
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C(1)-C(2)-H(2)
N(2)-C(3)-C(2)
N(2)-C(3)-C(13)
C(2)-C(3)-C(13)
C(9)-C(4)-C(5)
C(9)-C(4)-N(1)
C(5)-C(4)-N(1)
C(6)-C(5)-C(4)
C(6)-C(5)-C(10)
C(4)-C(5)-C(10)
C(7)-C(6)-C(5)
C(7)-C(6)-H(6)
C(5)-C(6)-H(6)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7)
C(8)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(8)-C(9)-C(4)
C(8)-C(9)-C(11)
C(4)-C(9)-C(11)
C(5)-C(10)-H(10A)
C(5)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(5)-C(10)-H(10C)
H(10A)-C(10)-H(10C)
H(10B)-C(10)-H(10C)
C(9)-C(11)-H(11A)
C(9)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(9)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)
C(1)-C(12)-H(12A)
C(1)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(1)-C(12)-H(12C)
H(12A)-C(12)-H(12C)
H(12B)-C(12)-H(12C)
C(3)-C(13)-H(13A)
C(3)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(3)-C(13)-H(13C)
H(13A)-C(13)-H(13C)
H(13B)-C(13)-H(13C)

115.6
123.77(19)
119.67(19)
116.53(18)
120.6(2)
119.11(18)
120.18(19)
118.8(2)
120.3(2)
120.84(19)
121.1(2)
119.5
119.5
119.5(2)
120.3
120.3
121.3(2)
119.3
119.3
118.7(2)
120.0(2)
121.3(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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C(15)-C(14)-C(19)
C(15)-C(14)-N(2)
C(19)-C(14)-N(2)
C(16)-C(15)-C(14)
C(16)-C(15)-C(20)
C(14)-C(15)-C(20)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(15)-C(16)-H(16)
C(16)-C(17)-C(18)
C(16)-C(17)-H(17)
C(18)-C(17)-H(17)
C(17)-C(18)-C(19)
C(17)-C(18)-H(18)
C(19)-C(18)-H(18)
C(18)-C(19)-C(14)
C(18)-C(19)-C(21)
C(14)-C(19)-C(21)
C(15)-C(20)-H(20A)
C(15)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(15)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(19)-C(21)-H(21A)
C(19)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(19)-C(21)-H(21C)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
C(27)-C(22)-C(23)
C(27)-C(22)-Fe(1)
C(23)-C(22)-Fe(1)
C(27)-C(22)-Fe(2)
C(23)-C(22)-Fe(2)
Fe(1)-C(22)-Fe(2)
C(24)-C(23)-C(22)
C(24)-C(23)-H(23)
C(22)-C(23)-H(23)
C(23)-C(24)-C(25)
C(23)-C(24)-H(24)
C(25)-C(24)-H(24)
C(26)-C(25)-C(24)
C(26)-C(25)-H(25)
C(24)-C(25)-H(25)
C(25)-C(26)-C(27)

120.7(2)
121.20(19)
118.14(19)
118.4(2)
119.0(2)
122.5(2)
121.4Q2)
119.3
119.3
119.8(2)
120.1
120.1
120.7(2)
119.6
119.6
118.8(2)
120.02)
121.1(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
116.23(19)
126.64(15)
106.93(14)
96.78(14)
127.96(15)
78.77(7)
122.0(2)
119.0
119.0
119.9(2)
120.1
120.1
120.42)
119.8
119.8
119.7(2)
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C(25)-C(26)-H(26)
C(27)-C(26)-H(26)
C(26)-C(27)-C(22)
C(26)-C(27)-H(27)
C(22)-C(27)-H(27)
N(3)-C(28)-C(29)

N(3)-C(28)-C(39)

C(29)-C(28)-C(39)
C(28)-C(29)-C(30)
C(28)-C(29)-H(29)
C(30)-C(29)-H(29)
N(4)-C(30)-C(29)

N(4)-C(30)-C(40)

C(29)-C(30)-C(40)
C(36)-C(31)-C(32)
C(36)-C(31)-N(3)

C(32)-C(31)-N(3)

C(33)-C(32)-C(31)
C(33)-C(32)-C(37)
C(31)-C(32)-C(37)
C(34)-C(33)-C(32)
C(34)-C(33)-H(33)
C(32)-C(33)-H(33)
C(33)-C(34)-C(35)
C(33)-C(34)-H(34)
C(35)-C(34)-H(34)
C(34)-C(35)-C(36)
C(34)-C(35)-H(35)
C(36)-C(35)-H(35)
C(35)-C(36)-C(31)
C(35)-C(36)-C(38)
C(31)-C(36)-C(38)

C(32)-C(37)-H(37A)

C(32)-C(37)-H(37B)

H(37A)-C(37)-H(37B)

C(32)-C(37)-H(37C)

H(37A)-C(37)-H(37C)
H(37B)-C(37)-H(37C)
C(36)-C(38)-H(38A)

C(36)-C(38)-H(38B)

H(38A)-C(38)-H(38B)

C(36)-C(38)-H(38C)

H(38A)-C(38)-H(38C)
H(38B)-C(38)-H(38C)
C(28)-C(39)-H(39A)

C(28)-C(39)-H(39B)

120.2
120.2
121.7Q2)
119.2
119.2
123.02(19)
119.73(18)
117.19(19)
128.3(2)
115.9
115.9
124.15(19)
120.61(19)
115.19(19)
120.50(18)
119.20(18)
120.23(18)
118.65(19)
120.56(19)
120.78(19)
121.32)
119.3
119.3
119.4(2)
120.3
120.3
121.1Q2)
119.5
119.5
119.01(19)
119.59(19)
121.40(18)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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H(39A)-C(39)-H(39B)
C(28)-C(39)-H(39C)
H(39A)-C(39)-H(39C)
H(39B)-C(39)-H(39C)
C(30)-C(40)-H(40A)
C(30)-C(40)-H(40B)
H(40A)-C(40)-H(40B)
C(30)-C(40)-H(40C)
H(40A)-C(40)-H(40C)
H(40B)-C(40)-H(40C)
C(42)-C(41)-C(46)
C(42)-C(41)-N(4)
C(46)-C(41)-N(4)
C(43)-C(42)-C(41)
C(43)-C(42)-C(47)
C(41)-C(42)-C(47)
C(44)-C(43)-C(42)
C(44)-C(43)-H(43)
C(42)-C(43)-H(43)
C(45)-C(44)-C(43)
C(45)-C(44)-H(44)
C(43)-C(44)-H(44)
C(44)-C(45)-C(46)
C(44)-C(45)-H(45)
C(46)-C(45)-H(45)
C(45)-C(46)-C(41)
C(45)-C(46)-C(48)
C(41)-C(46)-C(48)
C(42)-C(47)-H(47A)
C(42)-C(47)-H(47B)
H(47A)-C(47)-H(47B)
C(42)-C(47)-H(47C)
H(47A)-C(47)-H(47C)
H(47B)-C(47)-H(47C)
C(46)-C(48)-H(48A)
C(46)-C(48)-H(48B)
H(48A)-C(48)-H(48B)
C(46)-C(48)-H(48C)
H(48A)-C(48)-H(48C)
H(48B)-C(48)-H(48C)
C(50)-C(49)-C(54)
C(50)-C(49)-Fe(2)
C(54)-C(49)-Fe(2)
C(50)-C(49)-Fe(1)
C(54)-C(49)-Fe(1)
Fe(2)-C(49)-Fe(1)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
120.6(2)
118.70(19)
120.70(19)
118.6(2)
120.1(2)
121.2(2)
121.4Q2)
119.3
119.3
119.3(2)
120.3
120.3
121.6(2)
119.2
119.2
118.3(2)
118.7(2)
122.9(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
115.11(18)
97.09(13)
137.37(16)
138.60(15)
94.48(14)
76.28(7)
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C(51)-C(50)-C(49)
C(51)-C(50)-H(50)
C(49)-C(50)-H(50)
C(52)-C(51)-C(50)
C(52)-C(51)-H(51)
C(50)-C(51)-H(51)
C(51)-C(52)-C(53)
C(51)-C(52)-H(52)
C(53)-C(52)-H(52)
C(52)-C(53)-C(54)
C(52)-C(53)-H(53)
C(54)-C(53)-H(53)
C(53)-C(54)-C(49)
C(53)-C(54)-H(54)
C(49)-C(54)-H(54)
C(2S)-C(1S)-H(1SA)
C(2S)-C(1S)-H(1SB)
H(1SA)-C(1S)-H(1SB)
C(2S)-C(1S)-H(1SC)
H(1SA)-C(1S)-H(1SC)
H(1SB)-C(1S)-H(1SC)
0(18)-C(2S)-C(18)
0(1S)-C(2S)-H(2SA)
C(1S)-C(2S)-H(2SA)
0(1S)-C(2S)-H(2SB)
C(1S)-C(2S)-H(2SB)
H(2SA)-C(2S)-H(2SB)
0(18)-C(3S)-C(4S)
0(1S)-C(3S)-H(3SA)
C(4S)-C(3S)-H(3SA)
0(1S)-C(3S)-H(3SB)
C(4S)-C(3S)-H(3SB)
H(3SA)-C(3S)-H(3SB)
C(3S)-C(4S)-H(4SA)
C(3S)-C(4S)-H(4SB)
H(4SA)-C(4S)-H(4SB)
C(3S)-C(4S)-H(4SC)
H(4SA)-C(4S)-H(4SC)
H(4SB)-C(4S)-H(4SC)
C(3S)-0(1S)-C(2S)

122.53(19)
118.7
118.7
120.5(2)
119.8
119.8
118.92)
120.5
120.5
120.45(19)
119.8
119.8
122.3(2)
118.9
118.9
109.5
109.5
109.5
109.5
109.5
109.5
108.3(2)
110.0
110.0
110.0
110.0
108.4
108.7(2)
109.9
109.9
109.9
109.9
108.3
109.5
109.5
109.5
109.5
109.5
109.5
112.45(19)

Symmetry transformations used to generate equivalent atoms:
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Table B.1.2.4. Anisotropic displacement parameters (Azx 103) for dimeric 2,4-bis[(2,6-
dimethylphenyl)imino]pentane iron phenyl complex (2.47). The anisotropic

displacement factor exponent takes the form: -2x2[ h2 a*2Ull + | +2 hka* b* U12]

ull U222 U33 U23 ul3 ul2
Fe(1) 15(1) 9(1) 12(1) -1(1) -1(1) -3(1)
Fe(2) 14(1) 8(1) 14(1) 0(1) -1(1) -1(1)
N(1) 20(1) 12(1) 14(1) 0(1) -1(1) -1(1)
N(2) 15(1) 16(1) 15(1) 2(1) -1(1) -1(1)
NQ3) 17(1) 10(1) 14(1) 1(1) 1(1) 0(1)
N(4) 14(1) 13(1) 19(1) 3(1) -1(1) -1(1)
C(1) 22(1) 9(1) 18(1) 0(1) -8(1) 2(1)
CQ2) 24(1) 10(1) 21(1) 1(1) -6(1) -3(1)
C(3) 18(1) 16(1) 17(1) 5(1) -6(1) -4(1)
C“) 25(1) 12(1) 13(1) -4(1) 1(1) -1(1)
C(5) 27(1) 14(1) 18(1) -4(1) 1(1) 2(1)
C(6) 28(1) 27(1) 24(1) -4(1) 8(1) 2(1)
C(7) 38(1) 32(1) 22(1) 3(1) 11(1) 0(1)
C(8) 40(1) 24(1) 16(1) 3(1) 1(1) 2(1)
C9) 27(1) 12(1) 19(1) -2(1) -2(1) 0(1)
C(10)  23(1) 28(1) 27(1) 2(1) 1(1) 4(1)
C(11)  28(1) 18(1) 22(1) 1(1) -5(1) 0(1)
C(12) 29(1) 15(1) 21(1) -5(1) -5(1) 0(1)
C(13)  26(1) 26(1) 28(1) -1(1) -1(1) -11(1)
C(14) 15(1) 19(1) 18(1) -2(1) 1(1) -6(1)
C(15) 19(1) 26(1) 18(1) 0(1) 2(1) -11(1)
C(6)  26(1) 35(1) 24(1) -8(1) 10(1) -15(1)
C(17)  21(1) 35(1) 43(2) -15(1) 13(1) -5(1)
C(18)  20(1) 27(1) 40(2) -2(1) 2(1) 2(1)
C(19) 17(1) 23(1) 24(1) -1(1) -1(1) -3(1)
C0) 29(1) 37(1) 17(1) 6(1) 1(1) -10(1)
C21)  28(1) 31(1) 26(1) 6(1) -8(1) 4(1)
C(22) 25(1) 10(1) 14(1) 0(1) -2(1) -4(1)
C(23) 25(1) 12(1) 16(1) -5(1) -5(1) -2(1)
C24) 38(1) 17(1) 23(1) 0(1) -12(1) 5(1)
C(25) 49(2) 24(1) 22(1) 11(1) -5(1) -6(1)
C(26) 36(1) 24(1) 18(1) 5(1) 2(1) -10(1)
C(27) 25(1) 14(1) 15(1) -4(1) -2(1) -2(1)
C(28) 22(1) 11(1) 16(1) 0(1) 0(1) -6(1)
C(29) 26(1) 18(1) 13(1) 1(1) -6(1) -5(1)
C(30) 18(1) 15(1) 19(1) 5(1) -4(1) -4(1)
C31) 21(1) 7(1) 13(1) -3(1) -2(1) 0(1)
C(32) 23(1) 14(1) 15(1) -3(1) 0(1) -1(1)
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C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)
c(51)
C(52)
C(53)
C(54)
C(18)
C(28)
C(38)
C(48)
0(1S)

20(1)
31(1)
32(1)
23(1)
22(1)
25(1)
30(1)
24(1)
13(1)
17(1)
20(1)
23(1)
23(1)
17(1)
26(1)
28(1)
15(1)
19(1)
21(1)
25(1)
31(1)
25(1)
37(2)
39(1)
36(1)
42(1)
32(1)

19(1)
12(1)
9(1)

10(1)
24(1)
17(1)
22(1)
29(1)
19(1)
28(1)
47(2)
41(2)
25(1)
22(1)
31(1)
22(1)
14(1)
13(1)
20(1)
19(1)
10(1)
15(1)
92(3)
36(1)
40(2)
34(1)
33(1)

25(1)
25(1)
19(1)
16(1)
27(1)
28(1)
17(1)
38(2)
20(1)
25(1)
28(1)
31(2)
31(1)
25(1)
37(2)
30(1)
17(1)
14(1)
13(1)
20(1)
23(1)
15(1)
29(2)
32(2)
47(2)
33(2)
27(1)

-6(1)
0(1)
0(1)
-3(1)
4(1)
5(1)
-7(1)
1(1)
2(1)
6(1)
5(1)
-6(1)
0(1)
4(1)
13(1)
10(1)
2(1)
-2(1)
0(1)
9(1)
0(1)
1(1)
-3(2)
3(1)
15(1)
3(1)
5(1)

1(1)
-4(1)
0(1)
-1(1)
4(1)
2(1)
-4(1)

-12(1)

-2(1)
0(1)
7(1)
2(1)
-4(1)
-3(1)
5(1)
-2(1)
-1(1)
0(1)
1(1)
1(1)
1(1)
0(1)
6(1)
1(1)
10(1)
8(1)
3(1)

S(1)
8(1)
-2(1)
-2(1)
-2(1)
-4(1)
-2(1)
1(1)
0(1)
-1(1)
2(1)
11(1)
8(1)
2(1)
-5(1)
4(1)
0(1)
0(1)
-1(1)
1(1)
0(1)
0(1)
0(2)
-4(1)
13(1)
9(1)
7(1)
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B.2  X-ray crystallographic data from Chapter 3

B.2.1. X-ray crystallographic data for compound 3.2

Figure B.2.1.1. ORTEP diagram of compound 3.2
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Table B.2.1.1. Crystal data and structure refinement for 2,4-bis[(2,6-
dimethylphenyl)imino]pentane iron(IlI) dichloride complex (3.2).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

C21H25CI12FeN2(C4H80)
C25H33 CI12Fe N2 O
504.28

1732) K

1.54178 A

Orthorhombic

Pca2i

a=27.8561(11) A a=90°.
b = 8.6070(4) A b= 90°.

288




Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 66.654°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

¢ =21.1090(9) A g=90°.
5061.0(4) A3

8

1.324 Mg/m3

6.860 mm-!

2120

0.260 x 0.120 x 0.080 mm?3
3.173 to 66.654°.

-33<=h<=32, -10<=k<=10, -25<=I<=25

126278

8895 [R(int) = 0.0612]

99.6 %

Semi-empirical from equivalents
0.7528 and 0.5132

Full-matrix least-squares on F2
8895 /551 /645

1.021

R1=0.0606, wR2 = 0.1444
R1=10.0642, wR2 =0.1470
n/a

0.625 and -0.334 e.A-3
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Table B.2.1.2. Atomic coordinates (x 104) and equivalent isotropic displacement
parameters (A2x 103) for 2,4-bis[(2,6-dimethylphenyl)imino]pentane iron(IIl) dichloride
complex (3.2). U(eq) is defined as one third of the trace of the orthogonalized U1 tensor.

X y z U(eq)
Fe(1) 3835(1) 3683(1) 4155(1) 22(1)
Fe(2) 1450(1) 10965(1) 5778(1) 23(1)
CI(1) 3851(1) 1134(2) 4068(1) 32(1)
Cl(2) 3824(1) 4607(3) 5118(1) 36(1)
Cl(3) 1449(1) 13510(2) 5876(1) 34(1)
Cl(4) 1401(1) 10059(3) 4812(1) 42(1)
N(1) 4364(2) 4528(8) 3644(3) 24(1)
N(2) 3327(2) 4464(8) 3599(3) 24(1)
NQ@3) 1990(2) 10175(8) 6275(3) 24(1)
N#4) 954(2) 10168(8) 6346(3) 25(1)
C(1) 4315(3) 4642(9) 3021(4) 27(2)
C(2) 3871(3) 4444(10) 2713(4) 29(2)
C(@3) 3409(3) 4462(10) 2978(4) 27(2)
C4) 4818(3) 4884(10) 3944(4) 26(2)
C(5) 5157(3) 3707(10) 4031(4) 33(2)
C(6) 5583(3) 4083(12) 4337(5) 41(2)
C(7) 5671(3) 5558(14) 4549(5) 45(3)
C(8) 5330(3) 6706(12) 4466(5) 41(2)
C(9) 4895(3) 6382(10) 4162(5) 32(2)
C(10) 5088(3) 2077(12) 3782(6) 46(3)
C(11) 4524(3) 7638(11) 4089(5) 41(2)
C(12) 4746(3) 5064(12) 2629(4) 38(2)
C(13) 2986(3) 4562(13) 2529(4) 39(2)
C(14) 2864(3) 4928(10) 3843(4) 26(2)
C(15) 2778(3) 6514(10) 3905(4) 30(2)
C(16) 2335(3) 6981(12) 4159(5) 44(2)
C(17) 2001(3) 5909(13) 4337(5) 45(2)
C(18) 2089(3) 4335(13) 4268(5) 42(2)
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C(19)
C(20)
C21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
0(1S)
C(19)
C(2S)
C(39)
C(4S)
O(1T)
C(1T)
C(2T)
C(3T)
C(4T)
0(2S)
C(59)

2524(3)
3148(3)
2613(4)
1951(3)
1510(3)
1042(3)
2439(3)
2775(3)
3194(3)
3283(3)
2951(3)
2522(3)
2694(3)
2159(4)
2393(3)
634(3)
487(3)
407(3)
-35(3)
-382(3)
296(3)
132(3)
790(4)
210(4)
5855(8)
6129(13)
6632(11)
6658(8)
6158(10)
5900(20)
6020(20)
6520(20)
6650(20)
6290(30)
3472(4)
3819(5)

3810(10)
7694(11)
2090(11)

10141(10)

10272(10)

10157(10)
9772(10)

10937(10)

10488(12)
8950(12)
7839(12)
8216(9)

12613(11)
6982(11)
9881(12)
9913(13)
9770(10)
8209(10)
7820(12)
8946(14)

10453(12)

10904(11)
7000(11)

12576(11)
3430(50)
3740(70)
3950(60)
3450(70)
3520(50)
3150(110)
3770(140)
4350(120)
4270(120)
3250(110)
1640(20)
1300(30)
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4025(4)
3726(5)
3959(6)
6903(4)
7218(4)
6969(4)
5976(4)
5831(5)
5528(4)
5375(4)
5522(5)
5826(4)
6000(6)
5980(5)
7300(4)
7426(4)
6105(4)
5940(4)
5676(5)
5572(5)
5741(5)
6016(4)
6032(5)
6206(6)
2329(17)
1786(13)
1990(14)
2621(13)
2864(12)
2470(30)
1880(30)
1930(30)
2570(30)
2880(30)
7455(7)
7002(8)

33(2)
43(2)
49(3)
27(2)
29(2)
27(2)
25(2)
31(2)
36(2)
40(2)
39(2)
29(2)
46(3)
43(2)
37(2)
41(2)
26(2)
31(2)
41(2)
46(3)
41(2)
32(2)
42(2)
48(3)

100(7)
97(8)

100(9)
96(9)
83(8)

105(11)
97(11)
96(12)
99(12)

106(12)

104(5)
91(6)



C(6S)
C(79)
C(8S)
0(2T)
C(5T)
C(6T)
C(7T)
C(8T)

4294(5)
4215(7)

3692(7)

3530(20)
3700(30)
4210(30)
4360(30)
3940(40)

1310(30)
1680(30)
1590(30)
1150(130)
-190(120)
180(170)
1340(190)
1790(160)

7305(8)
7946(9)

8060(8)

7850(50)
7530(60)
7370(60)
7790(70)
8170(50)

105(6)
103(6)
99(6)
103(12)
105(12)
105(6)
100(12)
101(13)
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Table B.2.1.3. Bond lengths [A] and angles [°] for 2,4-bis[(2,6-
dimethylphenyl)imino]pentane iron(IIl) dichloride complex (3.2).

Fe(1)-N(2) 1.957(6)
Fe(1)-N(1) 1.967(7)
Fe(1)-CI(2) 2.183(2)
Fe(1)-CI(1) 2.202(2)
Fe(2)-N(4) 1.953(7)
Fe(2)-N(3) 1.955(7)
Fe(2)-Cl(4) 2.189(3)
Fe(2)-CI(3) 2.201(2)
N(1)-C(1) 1.325(11)
N(1)-C(4) 1.446(10)
N(2)-C(3) 1.330(11)
N(2)-C(14) 1.445(10)
N(3)-C(22) 1.331(11)
N(3)-C(25) 1.444(10)
N(4)-C(24) 1.337(11)
N(4)-C(35) 1.440(10)
C(1)-C(2) 1.408(11)
C(1)-C(12) 1.503(11)
C(2)-C(3) 1.402(12)
C(2)-H(2A) 0.9500
C(3)-C(13) 1.517(11)
C(4)-C(9) 1.386(12)
C(4)-C(5) 1.397(12)
C(5)-C(6) 1.389(13)
C(5)-C(10) 1.510(13)
C(6)-C(7) 1.369(15)
C(6)-H(6A) 0.9500
C(7)-C(8) 1.381(15)
C(7)-H(7A) 0.9500
C(8)-C(9) 1.401(12)
C(8)-H(8A) 0.9500
C(9)-C(11) 1.502(12)
C(10)-H(10A) 0.9800
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C(10)-H(10B)
C(10)-H(10C)
C(11)-H(11A)
C(11)-H(11B)
C(11)-H(11C)
C(12)-H(12A)
C(12)-H(12B)
C(12)-H(12C)
C(13)-H(13A)
C(13)-H(13B)
C(13)-H(13C)
C(14)-C(15)
C(14)-C(19)
C(15)-C(16)
C(15)-C(20)
C(16)-C(17)
C(16)-H(16A)
C(17)-C(18)
C(17)-H(17A)
C(18)-C(19)
C(18)-H(18A)
C(19)-C(21)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)
C(21)-H(21A)
C(21)-H(21B)
C(21)-H(21C)
C(22)-C(23)
C(22)-C(33)
C(23)-C(24)
C(23)-H(23A)
C(24)-C(34)
C(25)-C(30)
C(25)-C(26)
C(26)-C(27)

0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.392(12)
1.404(12)
1.406(12)
1.495(13)
1.363(15)
0.9500
1.385(15)
0.9500
1.390(13)
0.9500
1.508(13)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.401(12)
1.507(11)
1.409(12)
0.9500
1.505(12)
1.396(11)
1.405(11)
1.387(12)
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C(26)-C(31)
C(27)-C(28)
C(27)-H(27A)
C(28)-C(29)
C(28)-H(28A)
C(29)-C(30)
C(29)-H(29A)
C(30)-C(32)
C(31)-H(31A)
C(31)-H(31B)
C(31)-H(31C)
C(32)-H(32A)
C(32)-H(32B)
C(32)-H(32C)
C(33)-H(33A)
C(33)-H(33B)
C(33)-H(33C)
C(34)-H(34A)
C(34)-H(34B)
C(34)-H(34C)
C(35)-C(40)
C(35)-C(36)
C(36)-C(37)
C(36)-C(41)
C(37)-C(38)
C(37)-H(37A)
C(38)-C(39)
C(38)-H(38A)
C(39)-C(40)
C(39)-H(39A)
C(40)-C(42)
C(41)-H(41A)
C(41)-H(41B)
C(41)-H41C)
C(42)-H(42A)
C(42)-H(42B)

1.502(13)
1.384(14)
0.9500
1.367(14)
0.9500
1.392(12)
0.9500
1.503(12)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.402(12)
1.405(12)
1.393(12)
1.503(13)
1.385(15)
0.9500
1.367(15)
0.9500
1.383(13)
0.9500
1.509(13)
0.9800
0.9800
0.9800
0.9800
0.9800
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C(42)-H(42C)
O(1S)-C(18)
O(1S)-C(4S)
C(1S)-C(2S)
C(1S)-H(1S1)
C(18)-H(1S2)
C(2S)-C(39)
C(2S)-H(2S1)
C(2S)-H(2S2)
C(3S)-C(4S)
C(3S)-H(3S1)
C(3S)-H(3S2)
C(4S)-H(4S1)
C(4S)-H(4S2)
0(25)-C(5S)
0(25)-C(8S)
C(5S)-C(6S)
C(58)-H(5S1)
C(58)-H(5S2)
C(6S)-C(7S)
C(6S)-H(6S1)
C(6S)-H(6S2)
C(7S)-C(8S)
C(7S)-H(7S1)
C(7S)-H(7S2)
C(8S)-H(8S1)
C(8S)-H(8S2)

N(2)-Fe(1)-N(1)

N(2)-Fe(1)-Cl(2)
N(1)-Fe(1)-Cl(2)
N(2)-Fe(1)-CI(1)
N(1)-Fe(1)-CI(1)
Cl(2)-Fe(1)-Cl(1)
N(4)-Fe(2)-N(3)

N(4)-Fe(2)-Cl(4)

0.9800
1.403(19)
1.414(19)
1.48(2)
0.9900
0.9900
1.40(2)
0.9900
0.9900
1.48(2)
0.9900
0.9900
0.9900
0.9900
1.390(16)
1.417(18)
1.471(17)
0.9900
0.9900
1.41(2)
0.9900
0.9900
1.478(19)
0.9900
0.9900
0.9900
0.9900

94.9(3)
115.0(2)
112.7(2)
107.9(2)
107.9(2)
116.19(10)
95.3(3)
113.8(2)
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N(3)-Fe(2)-Cl(4)
N(4)-Fe(2)-CI(3)
N(3)-Fe(2)-CI(3)
Cl(4)-Fe(2)-CI(3)
C(1)-N(1)-C(4)
C(1)-N(1)-Fe(1)
C(4)-N(1)-Fe(1)
C(3)-N(2)-C(14)
C(3)-N(2)-Fe(1)
C(14)-N(2)-Fe(1)
C(22)-N(3)-C(25)
C(22)-N(3)-Fe(2)
C(25)-N(3)-Fe(2)
C(24)-N(4)-C(35)
C(24)-N(4)-Fe(2)
C(35)-N(4)-Fe(2)
N(1)-C(1)-C(2)
N(1)-C(1)-C(12)
C(2)-C(1)-C(12)
C(3)-C(2)-C(1)
C(3)-C(2)-H(2A)
C(1)-C(2)-H(2A)
N(2)-C(3)-C(2)
N(2)-C(3)-C(13)
C(2)-C(3)-C(13)
C(9)-C(4)-C(5)
C(9)-C(4)-N(1)
C(5)-C(4)-N(1)
C(6)-C(5)-C(4)
C(6)-C(5)-C(10)
C(4)-C(5)-C(10)
C(7)-C(6)-C(5)
C(7)-C(6)-H(6A)
C(5)-C(6)-H(6A)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7A)

115.1(2)
106.9(2)
107.3(2)
116.21(10)
120.6(7)
119.6(5)
119.5(5)
120.4(7)
117.8(5)
121.7(5)
120.1(7)
118.6(5)
121.0(5)
120.7(7)
118.5(5)
120.4(5)
122.6(7)
118.8(7)
118.5(8)
128.4(8)
115.8
115.8
123.4(7)
118.8(7)
117.7(7)
121.8(8)
118.5(7)
119.6(7)
118.0(8)
119.1(8)
122.8(8)
121.5(9)
119.3
119.3
119.9(9)
120.1
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C(8)-C(7)-H(7A)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8A)
C(9)-C(8)-H(8A)
C(4)-C(9)-C(8)
C(4)-C(9)-C(11)
C(8)-C(9)-C(11)
C(5)-C(10)-H(10A)
C(5)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(5)-C(10)-H(10C)
H(10A)-C(10)-H(10C)
H(10B)-C(10)-H(10C)
C(9)-C(11)-H(11A)
C(9)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(9)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)
C(1)-C(12)-H(12A)
C(1)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(1)-C(12)-H(12C)
H(12A)-C(12)-H(12C)
H(12B)-C(12)-H(12C)
C(3)-C(13)-H(13A)
C(3)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(3)-C(13)-H(13C)
H(13A)-C(13)-H(13C)
H(13B)-C(13)-H(13C)
C(15)-C(14)-C(19)
C(15)-C(14)-N(2)
C(19)-C(14)-N(2)
C(14)-C(15)-C(16)
C(14)-C(15)-C(20)

120.1
120.7(9)
119.6
119.6
118.1(8)
121.9(8)
119.9(8)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
122.0(8)
117.2(7)
120.8(8)
117.9(8)
121.6(8)
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C(16)-C(15)-C(20)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16A)
C(15)-C(16)-H(16A)
C(16)-C(17)-C(18)
C(16)-C(17)-H(17A)
C(18)-C(17)-H(17A)
C(17)-C(18)-C(19)
C(17)-C(18)-H(18A)
C(19)-C(18)-H(18A)
C(18)-C(19)-C(14)
C(18)-C(19)-C(21)
C(14)-C(19)-C(21)
C(15)-C(20)-H(20A)
C(15)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(15)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(19)-C(21)-H(21A)
C(19)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(19)-C(21)-H(21C)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
N(3)-C(22)-C(23)
N(3)-C(22)-C(33)
C(23)-C(22)-C(33)
C(22)-C(23)-C(24)
C(22)-C(23)-H(23A)
C(24)-C(23)-H(23A)
N(4)-C(24)-C(23)
N(4)-C(24)-C(34)
C(23)-C(24)-C(34)
C(30)-C(25)-C(26)
C(30)-C(25)-N(3)

120.5(8)
120.8(9)
119.6
119.6
120.8(9)
119.6
119.6
120.8(9)
119.6
119.6
117.8(9)
119.8(8)
122.4(8)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
122.9(7)
119.3(7)
117.8(7)
129.0(8)
115.5
115.5
122.3(7)
119.6(7)
118.0(8)
121.7(7)
118.3(7)
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C(26)-C(25)-N(3)
C(27)-C(26)-C(25)
C(27)-C(26)-C(31)
C(25)-C(26)-C(31)
C(28)-C(27)-C(26)
C(28)-C(27)-H(27A)
C(26)-C(27)-H(27A)
C(29)-C(28)-C(27)
C(29)-C(28)-H(28A)
C(27)-C(28)-H(28A)
C(28)-C(29)-C(30)
C(28)-C(29)-H(29A)
C(30)-C(29)-H(29A)
C(29)-C(30)-C(25)
C(29)-C(30)-C(32)
C(25)-C(30)-C(32)
C(26)-C(31)-H(31A)
C(26)-C(31)-H(31B)
H(31A)-C(31)-H(31B)
C(26)-C(31)-H(31C)
H(31A)-C(31)-H(31C)
H(31B)-C(31)-H(31C)
C(30)-C(32)-H(32A)
C(30)-C(32)-H(32B)
H(32A)-C(32)-H(32B)
C(30)-C(32)-H(320)
H(32A)-C(32)-H(320)
H(32B)-C(32)-H(32C)
C(22)-C(33)-H(33A)
C(22)-C(33)-H(33B)
H(33A)-C(33)-H(33B)
C(22)-C(33)-H(330)
H(33A)-C(33)-H(33C)
H(33B)-C(33)-H(33C)
C(24)-C(34)-H(34A)
C(24)-C(34)-H(34B)

120.0(7)
117.5(8)
120.2(8)
122.3(8)
121.7(9)
119.2
119.2
119.6(8)
120.2
120.2
121.5(9)
119.3
119.3
118.1(8)
120.8(8)
121.1(7)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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H(34A)-C(34)-H(34B)
C(24)-C(34)-H(34C)
H(34A)-C(34)-H(34C)
H(34B)-C(34)-H(34C)
C(40)-C(35)-C(36)
C(40)-C(35)-N(4)
C(36)-C(35)-N(4)
C(37)-C(36)-C(35)
C(37)-C(36)-C(41)
C(35)-C(36)-C(41)
C(38)-C(37)-C(36)
C(38)-C(37)-H(37A)
C(36)-C(37)-H(37A)
C(39)-C(38)-C(37)
C(39)-C(38)-H(38A)
C(37)-C(38)-H(38A)
C(38)-C(39)-C(40)
C(38)-C(39)-H(39A)
C(40)-C(39)-H(39A)
C(39)-C(40)-C(35)
C(39)-C(40)-C(42)
C(35)-C(40)-C(42)
C(36)-C(41)-H(41A)
C(36)-C(41)-H(41B)
H(41A)-C(41)-H(41B)
C(36)-C(41)-H(41C)
H(41A)-C(41)-H(41C)
H(41B)-C(41)-H(41C)
C(40)-C(42)-H(42A)
C(40)-C(42)-H(42B)
H(42A)-C(42)-H(42B)
C(40)-C(42)-H(42C)
H(42A)-C(42)-H(42C)
H(42B)-C(42)-H(42C)
C(1S)-0(1S)-C(4S)
O(18)-C(1S)-C(2S)

109.5
109.5
109.5
109.5
121.4(8)
121.3(7)
117.3(7)
117.9(8)
120.9(8)
121.2(8)
120.8(9)
119.6
119.6
120.0(9)
120.0
120.0
121.8(9)
119.1
119.1
118.0(8)
120.2(8)
121.8(8)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
108.5(15)
107.5(15)
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O(18)-C(18)-H(1S1)
C(2S)-C(1S)-H(1S1)
O(18)-C(1S)-H(1S2)
C(2S)-C(1S)-H(1S2)
H(1S1)-C(1S)-H(182)
C(3S)-C(2S)-C(1S)
C(3S)-C(2S)-H(2S1)
C(1S)-C(2S)-H(2S1)
C(3S)-C(2S)-H(2S2)
C(1S)-C(2S)-H(2S2)
H(2S1)-C(2S)-H(2S2)
C(2S)-C(3S)-C(4S)
C(2S)-C(3S)-H(3S1)
C(4S)-C(3S)-H(3S1)
C(2S)-C(3S)-H(3S2)
C(4S)-C(3S)-H(3S2)
H(3S1)-C(3S)-H(3S2)
O(1S)-C(4S)-C(3S)
O(1S)-C(4S)-H(4S1)
C(3S)-C(4S)-H(4S1)
O(1S)-C(4S)-H(4S2)
C(3S)-C(4S)-H(4S2)
H(4S1)-C(4S)-H(4S2)
C(5S)-0(2S)-C(8S)
0(2S)-C(5S)-C(6S)
0(28)-C(5S)-H(5S1)
C(6S)-C(5S)-H(5S1)
0(28)-C(5S)-H(552)
C(6S)-C(5S)-H(552)
H(5S1)-C(5S)-H(5S2)
C(7S)-C(6S)-C(5S)
C(7S)-C(6S)-H(6S1)
C(5S)-C(6S)-H(6S1)
C(7S)-C(6S)-H(6S2)
C(5S)-C(6S)-H(6S2)
H(6S1)-C(6S)-H(6S2)

110.2
110.2
110.2
110.2
108.5
106.8(17)
110.4
110.4
110.4
110.4
108.6
105.5(17)
110.6
110.6
110.6
110.6
108.8
106.4(17)
110.4
110.4
110.4
110.4
108.6
108.1(12)
109.1(12)
109.9
109.9
109.9
109.9
108.3
106.1(13)
110.5
110.5
110.5
110.5
108.7
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C(6S)-C(7S)-C(8S) 107.4(13)
C(6S)-C(7S)-H(7S1)  110.2
C(8S)-C(7S)-H(7S1)  110.2
C(6S)-C(7S)-H(7S2)  110.2
C(8S)-C(7S)-H(7S2)  110.2
H(7S1)-C(7S)-H(7S2)  108.5
0(2S)-C(8S)-C(7S) 106.2(13)
0(25)-C(8S)-H(8S1)  110.5
C(7S)-C(8S)-H(8S1)  110.5
0(25)-C(8S)-H(8S2)  110.5
C(7S)-C(8S)-H(8S2)  110.5
H(8S1)-C(8S)-H(8S2)  108.7

Symmetry transformations used to generate equivalent atoms:
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Table B.2.1.4. Anisotropic displacement parameters (Azx 103) for 2,4-bis[(2,6-
dimethylphenyl)imino]pentane iron(III) dichloride complex (3.2). The anisotropic
displacement factor exponent takes the form: -2p2[ h2 a*2Ull + . +2hka*b* U12]

ull U222 U33 U23 ul3 ul2
Fe(1) 21(1) 25(1) 22(1) 0(1) 0(1) 2(1)
Fe(2) 20(1) 27(1) 22(1) 0(1) 0(1) 0(1)
CI(1) 32(1) 24(1) 41(1) 1(1) 4(1) 1(1)
Cl(2) 40(1) 42(1) 26(1) -6(1) 1(1) 6(1)
CI(3) 33(1) 26(1) 42(1) 4(1) -6(1) 1(1)
Cl4) 45(1) 54(1) 25(1) -7(1) 0(1) 0(1)
N(1) 19(3) 26(4) 26(4) -1(3) 0(3) 0(3)
N(2) 21(3) 25(3) 25(3) 0(3) -3(3) -1(3)
NQ@3) 20(3) 26(3) 25(3) -2(3) 1(3) 0(3)
N(4) 21(3) 25(3) 27(4) -3(3) 1(3) 0(3)
C(1) 25(4) 26(4) 29(4) -5(3) 5(3) 2(3)
C(2) 30(4) 37(5) 21(4) -3(3) 0(3) 0(4)
C(3) 27(4) 27(4) 27(4) -3(3) -4(3) 4(3)
C#4) 20(4) 33(4) 24(4) -1(3) 0(3) -6(3)
C(5) 24(4) 36(5) 38(5) 2(4) 4(4) -3(4)
C(6) 22(4) 56(6) 46(6) 0(5) -3(4) 8(4)
C(7) 25(5) 71(7) 39(6) -8(5) -5(4) -8(5)
C(8) 34(5) 50(6) 40(5) -14(5) -1(4) -11(4)
C9) 29(4) 38(5) 30(4) -3(4) 1(4) -3(4)
C(10)  29(5) 38(5) 72(7) -2(5) 2(5) 6(4)
C(11)  44(5) 32(5) 48(6) -6(4) -4(5) -2(4)
C(12)  32(5) 48(6) 35(5) -2(4) 7(4) -5(4)
C(13)  30(5) 56(6) 30(5) -1(4) -5(4) 1(5)
C(14) 18(4) 37(5) 23(4) -1(3) -2(3) 3(3)
C(1s5) 234 33(5) 34(5) -3(4) -4(3) 2(3)
C(16)  32(5) 50(5) 51(6) -16(5) -8(5) 13(4)
C(17)  26(5) 64(7) 46(6) -11(5) 4(4) 7(5)
C(18) 244 57(6) 46(6) 0(5) 5(4) -6(4)
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C(19)
C(20)
C21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
0(1S)
C(19)
C(2S)
C(39)
C(4S)
O(1T)
C(1T)
C(2T)
C(3T)
C(4T)
0(2S)
C(59)

26(4)
34(5)
35(5)
25(4)
31(4)
26(4)
17(4)
25(4)
21(4)
29(5)
33(5)
27(4)
34(5)
44(5)
30(5)
31(5)
21(4)
23(4)
33(5)
25(5)
25(4)
26(4)
44(5)
31(5)
59(9)

70(15)

59(12)

50(10)

49(12)

66(16)

51(18)

56(19)

57(17)

60(20)
48(6)
56(8)

40(5)
29(5)
39(6)
28(4)
38(5)
28(4)
34(4)
34(4)
52(6)
56(6)
39(5)
31(4)
33(5)
27(5)
55(6)
65(7)
35(4)
35(5)
44(5)
71(7)
55(6)
39(5)
29(5)
37(5)

161(19)

160(20)

170(20)

170(20)

150(20)

160(30)

160(30)

160(30)

160(30)

170(30)

168(13)

144(16)

33(5)
66(7)
75(8)
28(4)
19(4)
26(4)
23(4)
33(5)
34(5)
35(5)
46(5)
29(4)
69(7)
56(6)
25(4)
29(5)
21(4)
35(5)
45(6)
43(6)
42(5)
30(5)
52(6)
76(8)

81(14)

60(11)

69(12)

72(11)

64(10)

80(20)

76(18)

77(16)

77(17)

85(18)
97(9)
74(9)

0(4)
4(5)
S6))
-13)
-5(3)
2(3)
13)
S(4)
S(4)
-2(4)
-6(4)
S(4)
-109)
-3(4)
-1(4)
-50)
-303)
-5(4)
-17(4)
-14(5)
-309)
-6(4)
-3(4)
905
14(13)
-4(14)
7(14)
8(16)
13(13)
15(19)
10(20)
14(19)
10(20)
30(20)
-509)

-27(10)
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-2(4)
-10(5)
4(5)
-2(3)
13)
203)
-13)
2(4)
2(3)
5(4)
0(4)
4(4)
8(5)
7(5)
-7(4)
6(4)
13)
203)
1(4)
-4(4)
-3(4)
5(3)
0(4)
15)
1(8)
0(10)
12(10)
6(9)
10(9)
6(14)
10(14)
7(15)
2(14)
5(15)
3(5)
-9(6)

-3(4)
3(4)
-10(4)
-103)
-2(4)
0(3)
0(3)
-103)
-2(4)
9(4)
12(4)
2(3)
-9(4)
1(4)
-1(4)
-6(5)
-3(3)
-3(3)
-11(4)
-4(5)
8(4)
-1(4)
-4(4)
10(4)
3(11)

_13(17)

1(15)
10(14)
7(14)

27(19)
-20(20)
-20(20)
-20(20)
-20(20)

-9(8)
-6(10)



C(6S)
C(79)
C(8S)
0(2T)
C(5T)
C(6T)
C(7T)
C(8T)

55(7)
80(10)
85(11)
67(17)
62(16)
55(7)
69(19)
70(20)

184(17)
155(17)
132(15)
160(20)
160(20)
184(17)
160(30)
160(30)

77(9)
74(10)
81(9)
80(20)
90(20)
77(9)
70(20)
80(20)

-23(12)
_11(11)
22(11)
-10(20)
-20(20)
23(12)
-10(20)
-10(20)

11(7)
-19(9)
4(9)
23(18)
-5(19)
11(7)
0(20)
“1(19)

2(10)
6(12)

20(12)

-3(19)
0(18)
-2(10)
2(19)
0(20)

306



Table B.2.1.5. Hydrogen coordinates ( x 104) and isotropic displacement parameters
(A2x 10 3)
for 2,4-bis[(2,6-dimethylphenyl)imino]pentane iron(II) dichloride complex (3.2).

X y z U(eq)
H(2A) 3886 4277 2269 35
H(6A) 5818 3298 4400 49
H(7A) 5967 5793 4752 54
H(8A) 5392 7727 4617 49
H(10A) 4772 1994 3580 70
H(10B) 5339 1843 3471 70
H(10C) 5108 1337 4134 70
H(11A) 4646 8606 4272 62
H(11B) 4456 7795 3638 62
H(11C) 4229 7330 4309 62
H(12A) 4655 5104 2180 57
H(12B) 4867 6083 2761 57
H(12C) 4998 4281 2688 57
H(13A) 3102 4548 2090 58
H(13B) 2772 3675 2599 58
H(13C) 2810 5530 2606 58
H(16A) 2267 8056 4208 53
H(17A) 1704 6246 4511 54
H(18A) 1850 3605 4389 51
H(20A) 3022 8739 3804 65
H(20B) 3438 7534 3982 65
H(20C) 3228 7582 3277 65
H(21A) 2933 1919 3781 74
H(21B) 2591 1596 4376 74
H(21C) 2371 1638 3676 74
H(23A) 1529 10466 7660 35
H(27A) 3426 11254 5423 43
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H(28A)
H(29A)
H(31A)
H(31B)
H(31C)
H(32A)
H(32B)
H(32C)
H(33A)
H(33B)
H(33C)
H(34A)
H(34B)
H(34C)
H(37A)
H(38A)
H(39A)
H(41A)
H(41B)
H(41C)
H(42A)
H(42B)
H(42C)
H(1S1)
H(1S2)
H(2S1)
H(2S2)
H(3S1)
H(3S2)
H(4S1)
H(4S2)
H(ITI)
H(1T2)
H(Q2T1)
H(Q2T2)
H(3TI)

3574
3013
2382
2948
2698
1882
2053
2304
2306
2536
2626
757
396
483
-100
-679
-538
1074
670
876
530
183

6012
6104
6850
6727
6871
6783
6095
6104
5804
6002
6738
6540
6643

8669
6786
12723
12964
13244
7458
6477
6208
9886
8875
10711
9936
10740
8903
6771
8670
11212
7483
6181
6549
12691
13243
12880
4698
2869
3322
5052
4135
2372
2638
4501
4633
2961
3698
5434
5322
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5170
5415
6210
6286
5613
6191
5588
6261
7750
7191
7217
7861
7371
7344
5566
5382
5668
6222
6313
5621
6393
5832
6518
1575
1482
1720
1957
2871
2645
3155
3097
1763
1548
1671
1775
2764

48
47
68
68
68
64
64
64
55
55
55
62
62
62
49
55
49
63
63
63
72
72
72
116
116
120
120
115
115
106
106
117
117
116
116
119



H(3T2)
H(4T1)
H(4T2)
H(5S1)
H(5S2)
H(6S1)
H(6S2)
H(7S1)
H(7S2)
H(8S1)
H(8S2)
H(5T1)
H(5T2)
H(6T1)
H(6T2)
H(7T1)
H(7T2)
H(8T1)
H(8T2)

6976
6430
6194
3808
3755
4449
4504
4333
4387
3610
3583
3512
3686
4411
4229
4489
4618
3960
3909

3837
2208
3693
2085
269
283
2100
2743
940
606
2470
-389
-1110
-763
551
2243
934
1376
2936

2618
2954
3294
6659
6815
7266
7104
8039
8223
8279
8324
7147
7812
7412
6926
7555
8072
8602
8189

119
127
127
110
110
126
126
124
124
119
119
126
126
126
126
120
120
121
121
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Table B.2.1.6. Torsion angles [°] for 2,4-bis[(2,6-dimethylphenyl)imino]pentane iron(I1I)
dichloride complex (3.2).

C(4)-N(1)-C(1)-C(2) _174.2(8)
Fe(1)-N(1)-C(1)-C(2) 11.6(11)
C(4)-N(1)-C(1)-C(12) 3.2(12)

Fe(1)-N(1)-C(1)-C(12) “171.0(6)
N(1)-C(1)-C(2)-C(3) 15.9(14)
C(12)-C(1)-C(2)-C(3) -161.5(9)
C(14)-N(2)-C(3)-C(2) 162.1(8)
Fe(1)-N(2)-C(3)-C(2) 22.2(11)
C(14)-N(2)-C(3)-C(13) “14.8(12)
Fe(1)-N(2)-C(3)-C(13) 160.9(6)
C(1)-C(2)-C(3)-N(2) -9.6(15)
C(1)-C(2)-C(3)-C(13) 167.2(9)
C(1)-N(1)-C(4)-C(9) 92.5(10)
Fe(1)-N(1)-C(4)-C(9) -93.2(8)
C(1)-N(1)-C(4)-C(5) -90.1(10)
Fe(1)-N(1)-C(4)-C(5) 84.1(8)

C(9)-C(4)-C(5)-C(6) -1.0(13)
N(1)-C(4)-C(5)-C(6) ~178.2(8)
C(9)-C(4)-C(5)-C(10) ~178.2(9)
N(1)-C(4)-C(5)-C(10) 4.5(13)

C(4)-C(5)-C(6)-C(7) 0.0(14)

C(10)-C(5)-C(6)-C(7) 177.3(10)
C(5)-C(6)-C(7)-C(8) 0.8(16)

C(6)-C(7)-C(8)-C(9) -0.6(16)
C(5)-C(4)-C(9)-C(8) 1.2(13)

N(1)-C(4)-C(9)-C(8) 178.5(8)
C(5)-C(4)-C(9)-C(11) ~177.9(9)
N(1)-C(4)-C(9)-C(11) -0.6(13)
C(7)-C(8)-C(9)-C(4) -0.4(14)

C(7)-C(8)-C(9)-C(11) 178.7(9)
C(3)-N(2)-C(14)-C(15) -82.0(10)
Fe(1)-N(2)-C(14)-C(15) 102.5(8)
C(3)-N(2)-C(14)-C(19) 99.8(10)
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Fe(1)-N(2)-C(14)-C(19)
C(19)-C(14)-C(15)-C(16)
N(2)-C(14)-C(15)-C(16)
C(19)-C(14)-C(15)-C(20)
N(2)-C(14)-C(15)-C(20)
C(14)-C(15)-C(16)-C(17)
C(20)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-C(18)
C(16)-C(17)-C(18)-C(19)
C(17)-C(18)-C(19)-C(14)
C(17)-C(18)-C(19)-C(21)
C(15)-C(14)-C(19)-C(18)
N(2)-C(14)-C(19)-C(18)
C(15)-C(14)-C(19)-C(21)
N(2)-C(14)-C(19)-C(21)
C(25)-N(3)-C(22)-C(23)
Fe(2)-N(3)-C(22)-C(23)
C(25)-N(3)-C(22)-C(33)
Fe(2)-N(3)-C(22)-C(33)
N(3)-C(22)-C(23)-C(24)
C(33)-C(22)-C(23)-C(24)
C(35)-N(4)-C(24)-C(23)
Fe(2)-N(4)-C(24)-C(23)
C(35)-N(4)-C(24)-C(34)
Fe(2)-N(4)-C(24)-C(34)
C(22)-C(23)-C(24)-N(4)
C(22)-C(23)-C(24)-C(34)
C(22)-N(3)-C(25)-C(30)
Fe(2)-N(3)-C(25)-C(30)
C(22)-N(3)-C(25)-C(26)
Fe(2)-N(3)-C(25)-C(26)
C(30)-C(25)-C(26)-C(27)
N(3)-C(25)-C(26)-C(27)
C(30)-C(25)-C(26)-C(31)
N(3)-C(25)-C(26)-C(31)
C(25)-C(26)-C(27)-C(28)
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-75.7(9)
0.0(13)
~178.2(8)
178.3(8)
0.1(13)
-0.1(14)

_178.4(10)

-0.4(16)
1.0(16)
~1.0(15)
179.6(10)
0.5(13)
178.7(8)
179.9(9)
~1.9(13)
-169.5(8)
16.2(11)
7.8(12)
-166.5(6)
13.5(15)
~163.8(9)
168.7(8)
“18.3(11)
-7.3(12)
165.7(7)
“12.3(15)
163.8(9)
88.6(10)
-97.2(8)
-92.8(10)
81.4(9)
0.4(13)
“178.2(8)
-179.0(9)
2.4(13)
L0.4(14)



C(31)-C(26)-C(27)-C(28)
C(26)-C(27)-C(28)-C(29)
C(27)-C(28)-C(29)-C(30)
C(28)-C(29)-C(30)-C(25)
C(28)-C(29)-C(30)-C(32)
C(26)-C(25)-C(30)-C(29)
N(3)-C(25)-C(30)-C(29)
C(26)-C(25)-C(30)-C(32)
N(3)-C(25)-C(30)-C(32)
C(24)-N(4)-C(35)-C(40)
Fe(2)-N(4)-C(35)-C(40)
C(24)-N(4)-C(35)-C(36)
Fe(2)-N(4)-C(35)-C(36)
C(40)-C(35)-C(36)-C(37)
N(4)-C(35)-C(36)-C(37)
C(40)-C(35)-C(36)-C(41)
N(4)-C(35)-C(36)-C(41)
C(35)-C(36)-C(37)-C(38)
C(41)-C(36)-C(37)-C(38)
C(36)-C(37)-C(38)-C(39)
C(37)-C(38)-C(39)-C(40)
C(38)-C(39)-C(40)-C(35)
C(38)-C(39)-C(40)-C(42)
C(36)-C(35)-C(40)-C(39)
N(4)-C(35)-C(40)-C(39)
C(36)-C(35)-C(40)-C(42)
N(4)-C(35)-C(40)-C(42)
C(4S)-0(18)-C(18)-C(2S)
O(18)-C(18)-C(2S)-C(3S)
C(1S)-C(2S)-C(3S)-C(4S)
C(1S)-O(18)-C(4S)-C(3S)
C(2S)-C(3S)-C(4S)-0(1S)
C(8S)-0(2S)-C(55)-C(6S)
0(28)-C(55)-C(68)-C(7S)
C(5S)-C(6S)-C(7S)-C(8S)
C(5S)-0(2S)-C(8S)-C(7S)
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179.0(9)
0.3(15)
-0.2(15)
0.2(14)
179.6(9)
-0.3(13)
178.3(8)

-179.7(8)

-1.0(12)
89.9(10)
-83.0(8)
-92.3(9)
94.8(8)
0.9(13)

-176.8(8)

179.6(8)
1.8(12)
0.9(14)

-177.8(9)

_1.5(16)
0.2(16)
1.6(15)

-179.0(10)

2.1(13)
175.5(8)
178.5(9)
-3.9(13)
3(5)
12(5)
21(5)
-16(5)
23(5)
11(3)
0(3)
11(3)
17(3)



C(6S)-C(7S)-C(8S)-0(2S) “18(3)

Symmetry transformations used to generate equivalent atoms:
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B.2.2. X-ray crystallographic data for compound 3.3

o

t“-_
L

(180920)

PLATON-Nov 10 16:18:22 2020

Z 154 C31H38FeN204

Figure B.2.2.1. ORTEP diagram of compound 3.3

Prob = 50
Temp = 173
P Z21l7¢ R = 0.03 RES= 0-147 X

Table B.2.2.1. Crystal data and structure refinement for 2,4-bis[(2,6-
dimethylphenyl)imino]pentane iron(III) bis(acetylacetone) complex (3.3).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

C31H39FeN204
C31 H39 Fe N2 04

559.49

173(2) K

1.54178 A

Monoclinic

P21/c

a=28.5730(7) A a=90°.
b=15.7016(13) A b= 92.127(3)°.
c=22.1488(17) A g=90°.
2979.4(4) A3
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Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 66.673°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

4
1.247 Mg/m3

4.346 mm-1

1188

0.480 x 0.220 x 0.100 mm?3
3.451 to 66.673°.

-10<=h<=10, -18<=k<=18, -26<=1<=25

61955

5172 [R(int) = 0.0377]

97.9 %

Semi-empirical from equivalents
0.7528 and 0.4395

Full-matrix least-squares on F2
5172/0/353

1.085

R1=0.0300, wR2 = 0.0775
R1=0.0331, wR2 =0.0787
n/a

0.283 and -0.279 e.A3
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Table B.2.2.2. Atomic coordinates (x 104) and equivalent isotropic displacement
parameters (A2x 103) for 2,4-bis[(2,6-dimethylphenyl)imino]pentane iron(III)
bis(acetylacetone) complex (3.3). U(eq) is defined as one third of the trace of the

orthogonalized UY tensor.

X y z U(eq)
Fe(1) 3432(1) 2625(1) 5975(1) 19(1)
O(1) 1352(1) 3191(1) 5748(1) 26(1)
0O(2) 4405(1) 3749(1) 5747(1) 26(1)
0(@3) 3192(1) 3174(1) 6802(1) 27(1)
04) 2295(1) 1624(1) 6319(1) 24(1)
N(1) 3608(1) 2125(1) 5118(1) 20(1)
N(2) 5626(2) 2160(1) 6187(1) 22(1)
C(1) 5023(2) 1946(1) 4177(1) 37(1)
C(2) 4972(2) 2102(1) 4851(1) 23(1)
C(@3) 6418(2) 2170(1) 5159(1) 26(1)
C4) 6727(2) 2099(1) 5782(1) 24(1)
C(5) 8388(2) 1893(1) 5976(1) 32(1)
C(6) 2249(2) 1866(1) 4765(1) 21(1)
C(7) 1363(2) 2455(1) 4429(1) 24(1)
C(8) 35(2) 2169(1) 4109(1) 28(1)
C©) -386(2) 1320(1) 4108(1) 29(1)
C(10) 533(2) 738(1) 4428(1) 27(1)
C(11) 1849(2) 998(1) 4761(1) 22(1)
C(12) 1843(2) 3371(1) 4368(1) 35(1)
C(13) 2846(2) 360(1) 5100(1) 31(1)
C(14) 6051(2) 1957(1) 6806(1) 25(1)
C(15) 5916(2) 1114(1) 7002(1) 30(1)
C(16) 6306(2) 924(1) 7603(1) 40(1)
C(17) 6834(3) 1550(1) 7996(1) 46(1)
C(18) 6978(2) 2375(1) 7794(1) 41(1)
C(19) 6585(2) 2600(1) 7201(1) 30(1)
C(20) 5418(2) 416(1) 6572(1) 37(1)
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C21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)

6793(2)
-653(2)
1052(2)
2177(2)
3777(2)
4893(2)
2318(3)
2399(2)
1655(2)
1694(2)
1011(3)

3506(1)
4219(1)
3980(1)
4626(1)
4482(1)
5224(1)
3554(2)
2933(1)
2148(1)
1527(1)

663(1)

7000(1)
5699(1)
5752(1)
5786(1)
5770(1)
5776(1)
7756(1)
7241(1)
7278(1)
6833(1)
6956(1)

40(1)
48(1)
30(1)
33(1)
27(1)
39(1)
61(1)
32(1)
38(1)
28(1)
43(1)
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Table B.2.2.3. Bond lengths [A] and angles [°] for 2,4-bis[(2,6-
dimethylphenyl)imino]pentane iron(III) bis(acetylacetone) complex (3.3).

Fe(1)-O(4)
Fe(1)-0(2)
Fe(1)-O(1)
Fe(1)-O(3)
Fe(1)-N(2)
Fe(1)-N(1)
0(1)-C(23)
0(2)-C(25)
0(3)-C(28)
0(4)-C(30)
N(1)-C(2)
N(1)-C(6)
N(Q2)-C(4)
N(2)-C(14)
C(1)-C(2)
C(1)-H(1A)
C(1)-H(1B)
C(1)-H(1C)
C(2)-C(3)
C(3)-C(4)
C(3)-HQ3)
C(4)-C(5)
C(5)-H(5A)
C(5)-H(5B)
C(5)-H(5C)
C(6)-C(7)
C(6)-C(11)
C(7)-C(8)
C(7)-C(12)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H(9)

2.0142(11)
2.0238(11)
2.0384(11)
2.0409(11)
2.0559(13)
2.0653(12)
1.266(2)
1.272(2)
1.265(2)
1.276(2)
1.330(2)
1.4374(19)
1.330(2)
1.441(2)
1.514(2)
0.9800
0.9800
0.9800
1.397(2)
1.400(2)
0.9500
1.508(2)
0.9800
0.9800
0.9800
1.395(2)
1.405(2)
1.393(2)
1.503(2)
1.380(3)
0.9500
1.385(2)
0.9500
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C(10)-C(11)
C(10)-H(10)
C(11)-C(13)
C(12)-H(12A)
C(12)-H(12B)
C(12)-H(12C)
C(13)-H(13A)
C(13)-H(13B)
C(13)-H(13C)
C(14)-C(15)
C(14)-C(19)
C(15)-C(16)
C(15)-C(20)
C(16)-C(17)
C(16)-H(16)
C(17)-C(18)
C(17)-H(17)
C(18)-C(19)
C(18)-H(18)
C(19)-C(21)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)
C(21)-H(21A)
C(21)-H(21B)
C(21)-H(21C)
C(22)-C(23)
C(22)-H(22A)
C(22)-H(22B)
C(22)-H(22C)
C(23)-C(24)
C(24)-C(25)
C(24)-H(24)
C(25)-C(26)
C(26)-H(26A)
C(26)-H(26B)

1.387(2)
0.9500
1.501(2)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.398(2)
1.402(2)
1.392(2)
1.503(2)
1.378(3)
0.9500
1.377(3)
0.9500
1.390(3)
0.9500
1.502(3)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.509(2)
0.9800
0.9800
0.9800
1.400(3)
1.392(3)
0.9500
1.507(2)
0.9800
0.9800
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C(26)-H(26C)
C(27)-C(28)
C(27)-H(27A)
C(27)-H(27B)
C(27)-H(27C)
C(28)-C(29)
C(29)-C(30)
C(29)-H(29)
C(30)-C(31)
C(31)-H(31A)
C(31)-H(31B)
C(31)-H(31C)

0(4)-Fe(1)-0(2)
0(4)-Fe(1)-0(1)
0(2)-Fe(1)-0(1)
0(4)-Fe(1)-0(3)
0(2)-Fe(1)-0(3)
O(1)-Fe(1)-0(3)
0(4)-Fe(1)-N(2)
0(2)-Fe(1)-N(2)
O(1)-Fe(1)-N(2)
0(3)-Fe(1)-N(2)
O(4)-Fe(1)-N(1)
0(2)-Fe(1)-N(1)
O(1)-Fe(1)-N(1)
0(3)-Fe(1)-N(1)
N(2)-Fe(1)-N(1)
C(23)-O(1)-Fe(1)
C(25)-0(2)-Fe(1)
C(28)-0(3)-Fe(1)
C(30)-O(4)-Fe(1)
C(2)-N(1)-C(6)
C(2)-N(1)-Fe(1)
C(6)-N(1)-Fe(1)
C(4)-N(2)-C(14)

0.9800
1.505(3)
0.9800
0.9800
0.9800
1.393(3)
1.388(3)
0.9500
1.507(2)
0.9800
0.9800
0.9800

169.96(4)
90.12(4)
85.62(4)
85.63(4)
84.97(4)
85.50(5)
95.03(5)
89.12(5)

174.73(5)
93.80(5)
95.93(5)
93.30(5)
91.84(5)

176.93(5)
88.71(5)

126.92(11)

126.87(10)

129.73(11)

130.34(10)

117.31(12)

120.99(10)

121.43(9)

117.72(13)
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C(4)-N(2)-Fe(1)
C(14)-N(2)-Fe(1)
C(2)-C(1)-H(1A)
C(2)-C(1)-H(1B)
H(1A)-C(1)-H(1B)
C(2)-C(1)-H(1C)
H(1A)-C(1)-H(1C)
H(1B)-C(1)-H(1C)
N(-C(2)-C3)
N(-C2)-C(1)
C(3)-C(2)-C(1)
C(2)-C)-CH)
C(2)-C(3)-HEB)
C(4)-CR)-HB)
N@2)-C(4)-C3)
N@2)-C(4)-C(5)
CR3)-CH-CO)
C(4)-C(5)-H(5A)
C(4)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(4)-C(5)-H(5C)
H(5A)-C(5)-H(5C)
H(5B)-C(5)-H(5C)
C(7)-C(6)-C(11)
C(7)-C(6)-N(1)
C(11)-C(6)-N(1)
C(8)-C(7)-C(6)
C(8)-C(7)-C(12)
C(6)-C(7)-C(12)
C(9)-C8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(8)-C(9)-C(10)
C(8)-C(9)-H()
C(10)-C(9)-H(9)
C(9)-C(10)-C(11)

122.50(10)
119.57(10)
109.5
109.5
109.5
109.5
109.5
109.5
124.02(14)
120.08(14)
115.82(14)
127.38(14)
116.3
116.3
123.14(14)
120.62(14)
116.14(14)
109.5
109.5
109.5
109.5
109.5
109.5
120.78(14)
121.13(14)
118.09(13)
118.41(15)
119.00(15)
122.49(15)
121.41(15)
119.3
119.3
119.55(15)
120.2
120.2
120.90(15)
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C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
C(10)-C(11)-C(6)
C(10)-C(11)-C(13)
C(6)-C(11)-C(13)
C(7)-C(12)-H(12A)
C(7)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(7)-C(12)-H(12C)
H(12A)-C(12)-H(12C)
H(12B)-C(12)-H(12C)
C(11)-C(13)-H(13A)
C(11)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(11)-C(13)-H(13C)
H(13A)-C(13)-H(13C)
H(13B)-C(13)-H(13C)
C(15)-C(14)-C(19)
C(15)-C(14)-N(2)
C(19)-C(14)-N(2)
C(16)-C(15)-C(14)
C(16)-C(15)-C(20)
C(14)-C(15)-C(20)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(15)-C(16)-H(16)
C(18)-C(17)-C(16)
C(18)-C(17)-H(17)
C(16)-C(17)-H(17)
C(17)-C(18)-C(19)
C(17)-C(18)-H(18)
C(19)-C(18)-H(18)
C(18)-C(19)-C(14)
C(18)-C(19)-C(21)
C(14)-C(19)-C(21)
C(15)-C(20)-H(20A)

119.6
119.6
118.89(14)
120.41(14)
120.70(14)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
121.11(15)
119.01(14)
119.88(15)
118.72(16)
120.07(16)
121.17(15)
120.74(18)
119.6
119.6
119.87(17)
120.1
120.1
121.65(18)
119.2
119.2
117.90(17)
119.58(16)
122.48(15)
109.5

322



C(15)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(15)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(19)-C(21)-H(21A)
C(19)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(19)-C(21)-H(21C)
H(21A)-C(21)-H(21C)
H(21B)-C(21)-H(21C)
C(23)-C(22)-H(22A)
C(23)-C(22)-H(22B)
H(22A)-C(22)-H(22B)
C(23)-C(22)-H(22C)
H(22A)-C(22)-H(22C)
H(22B)-C(22)-H(22C)
0(1)-C(23)-C(24)
0(1)-C(23)-C(22)
C(24)-C(23)-C(22)
C(25)-C(24)-C(23)
C(25)-C(24)-H(24)
C(23)-C(24)-H(24)
0(2)-C(25)-C(24)
0(2)-C(25)-C(26)
C(24)-C(25)-C(26)
C(25)-C(26)-H(26A)
C(25)-C(26)-H(26B)
H(26A)-C(26)-H(26B)
C(25)-C(26)-H(26C)
H(26A)-C(26)-H(26C)
H(26B)-C(26)-H(26C)
C(28)-C(27)-H(27A)
C(28)-C(27)-H(27B)
H(27A)-C(27)-H(27B)
C(28)-C(27)-H(27C)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
124.76(16)
116.06(16)
119.17(16)
123.97(16)
118.0
118.0
124.49(15)
115.51(15)
120.00(16)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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H(27A)-C(27)-H(27C)  109.5
H(27B)-C(27)-H(27C)  109.5

0(3)-C(28)-C(29) 124.73(15)
0(3)-C(28)-C(27) 115.56(16)
C(29)-C(28)-C(27) 119.70(16)
C(30)-C(29)-C(28) 123.84(16)
C(30)-C(29)-H(29) 118.1

C(28)-C(29)-H(29) 118.1

0(4)-C(30)-C(29) 124.88(15)
0(4)-C(30)-C(31) 116.23(15)
C(29)-C(30)-C(31) 118.87(15)

C(30)-C(31)-H(31A)  109.5
C(30)-C(31)-H(31B)  109.5
H(31A)-C(31)-H(31B)  109.5
C(30)-C(31)-H(31C)  109.5
H(31A)-C(31)-H(31C)  109.5
H(31B)-C(31)-H(31C)  109.5

Symmetry transformations used to generate equivalent atoms:
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Table B.2.2.4. Anisotropic displacement parameters (Azx 103) for 2,4-bis[(2,6-
dimethylphenyl)imino]pentane iron(IIl) bis(acetylacetone) complex (3.3). The
anisotropic

displacement factor exponent takes the form: -2p2[ h2 a*2Ull + . +2hka*b* U12]

ull U222 U33 U23 ul3 ul2
Fe(1) 17(1) 21(1) 19(1) 0(1) 2(1) -1(1)
O(1) 22(1) 24(1) 32(1) 3(1) 1(1) 0(1)
0(2) 25(1) 25(1) 28(1) 0(1) 4(1) -5(1)
0@3) 31(1) 28(1) 23(1) -2(1) 5(1) -5(1)
04) 24(1) 24(1) 25(1) 1(1) 1(1) -2(1)
N(1) 19(1) 22(1) 20(1) -1(1) 0(1) -2(1)
N(2) 19(1) 26(1) 21(1) -1(1) -2(1) 0(1)
C(1) 29(1) 58(1) 23(1) -5(1) 5(1) -4(1)
CQ2) 24(1) 26(1) 21(1) -1(1) 3(1) -4(1)
C(3) 19(1) 32(1) 27(1) -2(1) 6(1) -4(1)
C#4) 18(1) 24(1) 29(1) -2(1) 0(1) -3(1)
C(5) 20(1) 42(1) 36(1) -2(1) -2(1) 0(1)
C(6) 18(1) 27(1) 17(1) -2(1) 1(1) -1(1)
C(7) 26(1) 26(1) 22(1) 0(1) 1(1) 0(1)
C(8) 25(1) 33(1) 25(1) 1(1) -3(1) 4(1)
C9) 21(1) 38(1) 28(1) -5(1) -5(1) -3(1)
C(10)  25(1) 25(1) 30(1) -5(1) 0(1) -4(1)
C(11)  20(1) 24(1) 24(1) -3(1) 2(1) 1(1)
C(12) 45(1) 27(1) 33(1) 6(1) -7(1) -4(1)
C3) 27(1) 24(1) 40(1) -1(1) -4(1) 2(1)
C(14) 19(1) 34(1) 22(1) 0(1) -2(1) 0(1)
C(15)  26(1) 35(1) 30(1) 2(1) -3(1) 4(1)
C(16)  45(1) 40(1) 33(1) 9(1) -3(1) 2(1)
C(17)  56(1) 58(1) 23(1) 6(1) -7(1) -2(1)
C(18)  44(1) 52(1) 25(1) -6(1) -6(1) -7(1)
C(19) 27(1) 39(1) 25(1) -3(1) -1(1) -4(1)
C(0) 43(1) 28(1) 39(1) 2(1) -9(1) 3(1)
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C21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)

45(1)
31(1)
29(1)
37(1)
36(1)
44(1)
93(2)
36(1)
46(1)
25(1)
53(1)

40(1)
38(1)
29(1)
22(1)
24(1)
31(1)
57(1)
37(1)
43(1)
31(1)
36(1)

34(1)
74(2)
31(1)
40(1)
22(1)
43(1)
35(1)
22(1)
25(1)
27(1)
40(1)

-4(1)
15(1)
6(1)
0(1)
0(1)
-4(1)

-17(1)

-3(1)
0(1)
S(1)
8(1)

-5(1)
10(1)
S(1)
S(1)
A1)
7(1)
27(1)
4(1)
12(1)
-1(1)
2(1)

-15(1)

9(1)
4(1)
2(1)

-6(1)
-12(1)
27(1)

-4(1)
-13(1)

-5(1)
-16(1)
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Table B.2.2.5. Hydrogen coordinates (x 104) and isotropic displacement parameters
(A2x 103) for 2,4-bis[(2,6-dimethylphenyl)imino]pentane iron(IIl) bis(acetylacetone)
complex (3.3).

X y z U(eq)
H(1A) 4592 1382 4082 55
H(1B) 6107 1974 4053 55
H(1C) 4404 2382 3961 55
H(3) 7292 2277 4918 31
H(5A) 8736 2282 6300 49
H(5B) 9063 1959 5631 49
H(5C) 8447 1305 6123 49
H(8) -595 2566 3887 33
H(9) -1300 1138 3890 35
H(10) 257 152 4419 32
H(12A) 2195 3473 3958 53
H(12B) 2695 3497 4661 53
H(12C) 950 3741 4444 53
H(13A) 2729 436 5535 46
H(13B) 3941 443 5003 46
H(13C) 2518 =217 4983 46
H(16) 6206 356 7744 47
H(17) 7099 1413 8404 55
H(18) 7354 2801 8067 49
H(20A) 6299 254 6327 56
H(20B) 4554 618 6308 56
H(20C) 5076 -79 6802 56
H(21A) 6176 3883 7250 60
H(21B) 6440 3562 6576 60
H(21C) 7898 3662 7043 60
H(22A) -1274 3713 5594 71
H(22B) -809 4652 5384 71
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H(22C)
H(24)

H(26A)
H(26B)
H(26C)
H(27A)
H(27B)
H(27C)
H(29)

H(31A)
H(31B)
H(31C)

-982
1827
5254
4360
5790
3375
1702
1824
1088

581

178
1828

4448
5197
5343
5728
5085
3678
3307
4083
2029

419

721

288

6086
5823
6193
5607
5533
7916
8077
7612
7629
6578
7245
7126

71
39
59
59
59
91
91
91
45
65
65
65
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Table B.2.2.6. Torsion angles [°] for 2,4-bis[(2,6-dimethylphenyl)imino]pentane iron(I1I)
bis(acetylacetone) complex (3.3).

C(6)-N(1)-C(2)-C(3)
Fe(1)-N(1)-C(2)-C(3)
C(6)-N(1)-C(2)-C(1)
Fe(1)-N(1)-C(2)-C(1)
N(1)-C(2)-C(3)-C(4)
C(1)-C(2)-C(3)-C(4)
C(14)-N(2)-C(4)-C(3)
Fe(1)-N(2)-C(4)-C(3)
C(14)-N(2)-C(4)-C(5)
Fe(1)-N(2)-C(4)-C(5)
C(2)-C(3)-C(4)-N(2)
C(2)-C(3)-C(4)-C(5)
C(2)-N(1)-C(6)-C(7)
Fe(1)-N(1)-C(6)-C(7)
C(2)-N(1)-C(6)-C(11)
Fe(1)-N(1)-C(6)-C(11)
C(11)-C(6)-C(7)-C(8)
N(1)-C(6)-C(7)-C(8)
C(11)-C(6)-C(7)-C(12)
N(1)-C(6)-C(7)-C(12)
C(6)-C(7)-C(8)-C(9)
C(12)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(6)
C(9)-C(10)-C(11)-C(13)
C(7)-C(6)-C(11)-C(10)
N(1)-C(6)-C(11)-C(10)
C(7)-C(6)-C(11)-C(13)
N(1)-C(6)-C(11)-C(13)
C(4)-N(2)-C(14)-C(15)
Fe(1)-N(2)-C(14)-C(15)
C(4)-N(2)-C(14)-C(19)
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-166.96(15)
18.9(2)
9.6(2)

-164.51(13)
14.0(3)

~162.66(17)

171.33(15)
-13.9(2)
4.8(2)
169.89(12)
~17.03)
159.31(17)
290.94(18)
83.13(16)
88.00(17)
-97.93(14)
2.8(2)
~178.28(14)
~173.39(15)
5.5(2)
“1.8(2)
174.56(16)
-0.4(3)
1.6(2)
-0.5(2)
~179.33(15)
1.7(2)
179.37(13)
177.09(14)
1.8(2)
-88.95(18)
96.16(16)
91.32(19)



Fe(1)-N(2)-C(14)-C(19)
C(19)-C(14)-C(15)-C(16)
N(2)-C(14)-C(15)-C(16)
C(19)-C(14)-C(15)-C(20)
N(2)-C(14)-C(15)-C(20)
C(14)-C(15)-C(16)-C(17)
C(20)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-C(18)
C(16)-C(17)-C(18)-C(19)
C(17)-C(18)-C(19)-C(14)
C(17)-C(18)-C(19)-C(21)
C(15)-C(14)-C(19)-C(18)
N(2)-C(14)-C(19)-C(18)
C(15)-C(14)-C(19)-C(21)
N(2)-C(14)-C(19)-C(21)
Fe(1)-0(1)-C(23)-C(24)
Fe(1)-0(1)-C(23)-C(22)
0(1)-C(23)-C(24)-C(25)
C(22)-C(23)-C(24)-C(25)
Fe(1)-0(2)-C(25)-C(24)
Fe(1)-0(2)-C(25)-C(26)
C(23)-C(24)-C(25)-0(2)
C(23)-C(24)-C(25)-C(26)
Fe(1)-0(3)-C(28)-C(29)
Fe(1)-0(3)-C(28)-C(27)
0(3)-C(28)-C(29)-C(30)
C(27)-C(28)-C(29)-C(30)
Fe(1)-0(4)-C(30)-C(29)
Fe(1)-0(4)-C(30)-C(31)
C(28)-C(29)-C(30)-O(4)
C(28)-C(29)-C(30)-C(31)

-83.57(16)
0.7(3)
~179.02(15)
-176.98(16)
3.3(2)
-0.8(3)
176.91(19)
0.13)
0.7(3)
-0.8(3)
-178.8(2)
0.13)
179.80(16)
178.02(17)
2.3(3)
14.7(2)
-166.83(13)
5.6(3)
“172.77(17)
-19.8(2)
160.52(11)
-3.003)
176.66(16)
9.4(3)
~172.13(16)
0.0(3)
-178.5(2)
2.6(2)
-176.27(12)
6.2(3)
172.67(19)

Symmetry transformations used to generate equivalent atoms:
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Appendix C.

Assorted spectral data
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C.1 Mossbauer and electron paramagnetic resonance spectral data from
Chapter 3
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Figure C.1.1. Mdssbauer spectra of 3.3 synthesized at various concentrations. The fourth
spectrum is a sample of >’Fe-enriched 3.3, which displays reduced signal broadening
(though signal broadening is common for Fe(IIl) complexes)
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Fit #1 for a sample of 3.3 in CgHg after 24 hours

$=0.47 $=0.85
AEq = 0.82 AEq = 1.64
33% of total iron 67% of total iron

consistent with Fe(lll) species consistent with Fe(ll) species

Fit #2 for a sample of 3.3 in CgHg after 24 hours

$=0.47 5=0.85
AEq = 0.82 AEq =1.64
28% of total iron 39% of total iron

consistent with Fe(lll) species consistent with Fe(ll) species
5=0.56

AEq = 0.50

33% of total iron

consistent with Fe(acac);

Figure C.1.2. Two possible fits for the Mdssbauer spectra of a sample of 3.3 dissolved in
CsHs after 24 hours. The compound is converted into a mixture of iron species in solution.
At this time, the iron speciation of the compound in solution is unclear.
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Figure C.1.3. a) 80 K °’Fe Mossbauer spectra of 3.3 in CsHs, b) 80 K °’Fe Mossbauer
spectra of 3.3 5 minutes following the addition of 1 equivalent LINMeEt in C¢He, ¢) 80 K
STFe Mossbauer spectra of 3.3 5 minutes following the addition of 1 equivalent PhB(pin)
in C¢He, d) 80 K >’Fe Mdssbauer spectra of 3.3 5 minutes following the addition of 1
equivalent LiNMeEt and 1 equivalent PhB(pin) in CsHs. All spectra feature two iron
species in varying ratios, with the following parameters: green component, 6 = 0.47 mm/s,
|AEq| = 0.82 mm/s; blue component, 6 = 0.85 mm/s, |AEq| = 1.64 mm/s.
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Figure C.1.4. Electron paramagnetic spectrum of 3.3 in C¢Hs at 10 K.
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Figure C.1.5. Electron paramagnetic spectrum of 3.3 following the addition of 1 equivalent
of LiNMeEt in CsHs at 10 K.
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Figure C.1.6. Electron paramagnetic spectrum of 3.3 following the addition of 2
equivalents of LiNMeEt in C¢Hg at 10 K.
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