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This dissertation encompasses several studies pertaining to natural product total
synthesis, reaction methodology development, and organic materials. Given that natural product
structures inspire the development of new agrochemicals and pharmaceuticals, their syntheses
remain a worthwhile pursuit in organic chemistry. Furthermore, the successful completion of a
total synthesis endeavor can confirm proposed molecular structures and biological activities, in
addition to serving as a testing ground for new synthetic methods. Similarly, organic materials
impact many areas of humanity, including technology, health, and energy conversion. Therefore,
developing new reaction methodologies is crucial for expanding the architectures, and thereby

properties, of organic materials. Specifically, photocatalysts and organic light-emitting diodes
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(OLEDs) often rely on photophysical properties imparted by N-containing polycyclic aromatic
hydrocarbon (PAH) ligands. As such, new methods that provide access to unique N-containing
heterocyclic scaffolds are highly desirable.

Chapter one offers a current perspective on the field of natural product total synthesis.
Although historically viewed as a highly competitive field, several recent syntheses demonstrate
a growing spirit of collaboration in total synthesis. By forming alliances with chemists in other
fields, industries, or laboratories, total synthesis chemists have made many breakthroughs that
would arguably not have been possible if working independently.

Chapter two describes our laboratory’s total syntheses of several bioactive akuammiline
alkaloids, including strictamine, 2(S)-cathafoline, akuammiline, W-akuammigine, and 10-
demethoxyvincorine. Our strategic approach to the natural products focused on the use of a
modern variant of a classic reaction, the Fischer indolization, to install several rings and the
common quaternary center found in each target. This strategy allowed for the first total syntheses
of akuammilines bearing a methanoquinolizidine core, as well as those that bear vicinal
quaternary centers. In addition, rearrangements of the methanoquinolizidine core were developed
that allowed us to access pyrrolidinoindoline-containing akuammilines.

Chapter three describes synthetic studies of the reactive intermediates 2,3-pyridyne and
4,5-pyrimidyne. Heterocycles bearing one or more nitrogen atom are privileged motifs in natural
products and pharmaceuticals. Therefore, methodologies that decorate such heterocycles are of
great interest to the synthetic and biological communities. Arynes are highly reactive, transient
species that can efficiently build multiple bonds in a single transformation, and our lab is

particularly interested in accessing new, heterocyclic arynes to study their reactivity. This study
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demonstrates the synthetic utility of 2,3-pyridyne and the undesired reactivity of a 4,5-
pyrimidyne precursor.

Chapter four describes synthetic studies toward the development of new methods to
manipulate polypyridyl organometallic scaffolds. Ruthenium- and iridium-based polypyridyl
organometallic complexes have been known for nearly a century and have broadly impacted the
scientific community, including the areas of catalysis, bioimaging, and energy conversion.
Despite decades of study, methods to synthesize polypyridyl ligands are limited to relatively few
transformations, particularly when extending m-conjugation. We detail the use of arynes to
extend the conjugation of polypyridyl ligands “on-the-complex,” thereby overcoming traditional
limitations in ligand synthesis. We also disclose the first generation and trapping of a ligand-
bound aryne on an organometallic complex.

Chapter five describes the synthesis of a novel m-extended carbazole ligand for the study
of structure-property relationships in two-coordinate metal complexes. Recently, linear two-
coordinate metal complexes of the general structure donor-metal-acceptor have been identified
as promising dopants for OLEDs. Both the donor and acceptor ligand play a crucial role in
tuning the photophysical properties of these complexes. However, donor ligands with extended
m-conjugation have not been studied in this context. Our approach leverages heterocyclic arynes
to synthesize m-extended donor ligands in a modular fashion, which can also apply to other
PAHs. Subsequent photophysical studies of m-extended two-coordinate metal complexes identify

a new dopant that displays up to 80% photoluminescence efficiency.
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the most thoughtful person I know, and despite being my least favorite friend in the lab, you
were a great roommate. I couldn’t ask for a better person to have in my corner when things got
tough. Also, your incessant need to check boxes saved our cohort multiple times in the last 5
years. Jordan, I'm so glad you joined our trifecta after candidacy. Not only did you bring a
bottomless pit of physical organic chemistry knowledge, complete with memorized references,
but you also brought a competitive nature that rivaled Michael’s, which took a lot of much
needed pressure off of me and Jacob. Our time together became more selective as we progressed
through the program, but our bond never faded. No matter the distance or future careers, we’ll

always have the legendary 257" National ACS conference. Thanks for the ride boys.
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CHAPTER ONE

Total Synthesis as a Vehicle for Collaboration

Lucas A. Morrill, Robert B. Susick, Jason V. Chari, and Neil K. Garg.

J. Am. Chem. Soc. 2019, 141, 12423—-12443.

1.1 Abstract

“Collaboration” is not the first word most would associate with the field of total
synthesis. In fact, the spirit of total synthesis is all-too-often reputed as being more competitive,
rather than collaborative, sometimes even within individual laboratories. However, recent studies
in total synthesis have inspired a number of collaborative efforts that strategically blend synthetic
methodology, biocatalysis, biosynthesis, computational chemistry, and drug discovery with
complex molecule synthesis. This chapter highlights select recent advances in these areas,
including collaborative syntheses of chlorolissoclimide, nigelladine A, artemisinin, ingenol,
hippolachnin A, communesin A, and citrinalin B. The legendary Woodward—Eschenmoser

collaboration that led to the total synthesis of vitamin B, is also discussed.

1.2 Introduction

One of the most stunning scientific achievements of the 20" century is the landmark total
synthesis' of vitamin B, (1.1, Figure 1.1).>° Vitamin B, (1.1) is the largest and most
structurally complex vitamin known and is comprised of a number of structural challenges,

including 63 carbons, 14 nitrogens, a cobalt center, and 14 stereocenters. The vitamin, which



plays a critical role in metabolism, was first isolated in pure form in 1948.* Subsequently, Nobel
Laureate Dorothy Hodgkin determined the structure of 1.1 using X-ray crystallography in 1956.’
In turn, the remarkable structure of the natural product captivated the minds of the legendary
synthetic chemists R. B. Woodward (Harvard, USA) and Albert Eschenmoser (ETH Zurich,
Switzerland). The two would initially pursue the synthesis of 1.1 independently, but ultimately
realized the difficulty was too great for either group to bear independently. Thus, an international

collaboration was formed between the two laboratories in 1965.>

Vitamin B4, (1.1)

Figure 1.1. The remarkable structure of vitamin By, (1.1).

Two of the most memorable moments of the epic vitamin Bj; collaboration are
summarized in Figure 1.2. The groups had decided to each prepare one half of the molecule.
Woodward’s group arrived at cyanobromide 1.2, whereas Eschenmoser’s team prepared
thiodextrolin 1.3. The two units were then successfully joined using Eschenmoser’s sulfide

contraction methodology.® This transformation delivered product 1.4 bearing the necessary A-D



rings, which, in turn, was elaborated to cobalt derivative 1.5. The synthesis of 1.5, bearing much
of the natural product’s core, constituted an amazing achievement toward the natural product.
The second aspect of the highlighted chemistry reflects a somewhat tragic incident.
Eschenmoser’s group had developed a new, high yielding set of conditions for adding a carbon
to each of the one-carbon linkers between the A—B and C—D ring systems. This information was
given to Woodward’s group, as they had significant quantities of 1.5 on hand, while the
Eschenmoser group completed the characterization. Using IR spectroscopy, it was regrettably
realized that the nitrile unit stemming off of the D ring had been unintentionally converted to a
methyl ester, giving rise to 1.6. This marked a dead-end, as moving forward it would be
impossible to differentiate the newly formed methyl ester from the other esters in 1.6.
Eschenmoser tried to call Woodward immediately, but it was too late. One of Woodward’s
postdoctoral scholars had come to the laboratory early (ca. 3:30 A.M.) to start the alkylation
sequence. Almost all of the material was lost in the incident commonly referred to by the groups
as “Black Friday” (July 9, 1971).*°

Despite the “Black Friday” setback, the team ultimately persevered and developed an
alternate protocol to give the desired alkylated product 1.7 by simply using CICH,OBn in place
of CICH,0OCHs.>® They would go on to complete the total synthesis of 1.1 in 1972, which
remains the only total synthesis of vitamin By, (1.1) to date.” The total synthesis is said to have
involved a remarkable team of 103 co-workers over the course of 12 years, representing 19
countries. Overall the Woodward—Eschenmoser collaborative synthesis of 1.1 would be an

incredible feat, even if accomplished today.
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and the infamous “Black Friday” loss of material.



In the modern era, “collaboration” is perhaps not the first word one would associate with
the field of total synthesis. Even practioners like us might think of the field as being more
competitive, rather than collaborative, in general. Who will make the molecule first? Whose
synthesis is more elegant? Which synthesis is shorter or more efficient? Such questions are
commonplace amongst total synthesis chemists, and the resulting discussions do ultimately
prompt innovations and achievements. That being said, we admire the glory days of
collaboration in total synthesis pioneered by Woodward and Eschenmoser. Although we may
never see a collaboration of such magnitude within the field of total synthesis again, a number of
striking collaborations surrounding total synthesis have been reported in recent years. We
describe some of our favorite examples in this chapter that tie together synthetic methodology,
biocatalysis, biosynthesis, computations, and pharmaceutical science with total synthesis. The
specific targets described are chlorolissoclimide (1.8),° nigelladine A (1.9),” artemisinin (1.10),"
ingenol (1.11)," hippolachnin A (1.12),"* communesin A (1.13)," and citrinalin B (1.14),'* as

highlighted in Figure 1.3.
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Figure 1.3. Natural products 1.8—-1.14 synthesized via collaborations.

1.3 Collaborative Synthesis of (+)-Chlorolissoclimide

An elegant collaboration between the Alexanian and Vanderwal laboratories® nicely
showcases the modern synergy between methodology and total synthesis. (+)-Chlorolissoclimide
(1.8) (Figure 1.4) was first isolated in the early 1990s from Lissoclinum voeltzkowi Michaelson, a
coral reef ascidian found in New Caledonia." It displays potent activity against the P388 murine

15d,16

leukemia and KB human oral carcinoma cell lines. The natural product, bearing three rings

and 7 stereogenic centers, poses a formidable challenge for total synthesis.'” One of the



stereocenters is quaternary, whereas another is a secondary stereocenter bearing an alkyl
chloride. The latter challenge provided an opportunity for the Alexanian and Vanderwal groups
to join forces. Vanderwal’s group had already displayed an affinity for chlorinated natural
products, which led to several completed total syntheses.'® Fortuitously, Alexanian’s team had
established an innovative means to carry out site- and stereoselective halogenation of aliphatic
carbons.'” A compelling example of Alexanian’s methodology is shown in Figure 1.4, where
(+)-sclareolide (1.15) was treated with N-bromoamide 1.16 in the presence of visible light to
yield bromide 1.17 in 67% yield."” A chlorinative counterpart to this methodology did not exist

at the time, but if available, could enable the synthesis of (+)-chlorolissoclimide (1.8).
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& Isolated in 1991 from the
Alexanian ascidian Lissoclinum
voeltzkowi
cl, Cytotoxic activity
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(0] |
Br
1.16
0 CFy
Me >

visible light, PhH, 23 °C

==

Mé Me (67% yield) Mé Me
(+)-Sclareolide (1.15) 2-Bromosclareolide (1.17)

Figure 1.4. (+)-Chlorolissoclimide (1.8) and site-selective halogenation methodology.



The success of the Vanderwal-Alexanian collaboration would hinge upon the
development of a site-selective, stereocontrolled C—H chlorination reaction. Although highly
predictable and chemoselective aliphatic C—H bromination reactions had been developed,'
aliphatic C—H chlorination reactions remained challenging. Existing methods required the use of
strongly acidic conditions or the presence of highly reactive reagents to enable such
transformations.*’

Ultimately, the Alexanian group was able to identify suitable conditions using N-
chloroamide 1.18 to enable efficient C—H chlorination, which was evaluated on a range of
substrates (Figure 1.5). Several products are shown (1.19-1.22), which reflect that the reaction
primarily leads to monochlorination and is sensitive to sterics. It was envisioned that this strategy
could be applied to (+)-sclareolide (1.15), which has become a popular testing ground as a
substrate for C—H functionalization protocols that rely on radical intermediates.”' Impressively,
applying their optimal chlorination reaction conditions to (+)-sclareolide (1.15) furnished
chloride 1.23 in 82% yield. For gram-scale reactions, an alternate procedure was developed
wherein benzoyl peroxide was used in place of visible light for radical initiation. This flexibility

underscores the robustness of the Alexanian C—H functionalization protocol.
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Figure 1.5. C—H chlorination methodology and gram-scale synthesis

of (+)-2-chlorosclareolide (1.23).

Following the development of the successful C—H chlorination step as the first step of the
total synthesis, Vanderwal’s team was well poised to develop the necessary synthetic steps to
access (+)-chlorolissoclimide (1.8) (Figure 1.6). 2-Chlorosclareolide (1.23) was elaborated to
Weinreb amide 1.24 using a two-step sequence. This set the stage for a site-selective C—H
oxidation,** followed by Swern oxidation, to deliver enone 1.25. Further modification gave rise
to aldehyde 1.26, which underwent an Evans aldol reaction with 1.27.> This allowed for the
introduction of two new stereocenters and generated alcohol 1.28. The final steps, involving

ammonolysis of the chiral auxillary and ring closure, provided (+)-chlorolissoclimide (1.8).
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Figure 1.6. A robust route to (+)-chlorolissoclimide (1.8).

The Alexanian—Vanderwal collaboration provides a striking example of the synergy
between methods development and total synthesis between two different research groups. The
effort led to a powerful new methodology for achieving site-selective and stereoselective
chlorination, while also facilitating a concise total synthesis of (+)-chlorolissoclimide (1.8). The
authors were also able to prepare unnatural analogs that show promise as cytotoxic agents toward

melanoma and prostate cancer cell lines.***
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1.4 Collaborative Total Synthesis of Nigelladine A

The collaborative synthesis of nigelladine A (1.9) (Figure 1.7) by the Stoltz and Arnold
laboratories presents a compelling example of synergy between biocatalysis and total synthesis.’
The natural product, 1.9, a norditerpenoid alkaloid, was first isolated in 2014 from Nigella
glandulifera and exhibits potent protein tyrosine phosphatase 1B (PTP1B) inhibitory activity.”
Nigelladine A (1.9) bears a highly conjugated tricyclic skeleton and a quaternary stereocenter,
thus offering an intriguing synthetic challenge. Moreover, the natural product possesses
oxidation at C7, which the Stoltz group viewed as a potential testing ground for late-stage C—H
oxidation protocols. Ultimately, this challenge proved to be a formidable one and could not be
easily resolved using conventional synthetic chemistry. This difficulty was eventually resolved

using a biocatalytic oxidation.

Stoltz Me
&
Arnold 1a

Isolated in 2014 from Nigella
glandulifera

Potent activity against Me
protein tyrosine
phosphatase 1B

10 7
Me \& %Site-Selective

Highly conjugated ] ] Oxidation?
ring system Nigelladine A (1.9) 1.29

Figure 1.7. Collaborative total synthesis of nigelladine A (1.9) by the Stoltz

and Arnold laboratories.

With the aim of testing late-stage oxidation chemistry, the Stoltz laboratory first
developed the synthetic sequence shown in Figure 1.8. Beginning with known enone 1.30,%° a

four-step sequence provided multigram quantities of -ketoester 1.31. Next, to establish a key
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quaternary stereocenter, an asymmetric allylic alkylation was performed.”” This furnished
allylated product 1.32 in 96% yield and 87% ee. Enone 1.32 was further elaborated to vinyl
bromide 1.33, which set the stage for a Suzuki—Miyaura cross-coupling. In the event, treatment
of 1.33 with vinyl boronate 1.34 using palladium catalysis delivered triene 1.35.%° Lastly, the
Boc group was removed using TFA (trifluoroacetic acid). Upon neutralization and exposure to
Si0O,, the amine underwent cyclization with subsequent olefin isomerization to provide iminium

salt 1.29.
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Figure 1.8. Stoltz’s synthesis of tricycle 1.29.
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With 1.29 in hand, the Stoltz group was just an oxidation step away from completing the
total synthesis of 1.9 (Figure 1.9). The group examined a number of conditions to effect the
desired oxidation of neutral imine 1.29 to deliver the natural product nigelladine A (1.9).”
Unfortunately, these efforts were hampered by low yields and poor site-selectivity. At best,
nigelladine A (1.9) could be obtained in 10% yield using a Rh-catalyzed oxidation protocol.
Faced with near defeat, the graduate student lead, Steven Loskot, approached the Arnold
laboratory and connected with Dr. David Romney, who coincidentally performed research with
Stoltz as an undergraduate student. Together, they envisioned carrying out the key oxidation step
enzymatically.’® A select library of mutated cytochrome P450 enzymes was evaluated and,
fortunately, several delivered the desired secondary alcohol. P450 8C7 was identified as the
enzyme of choice. In their optimal sequence, the enzymatic oxidation was followed directly by a
Dess—Martin oxidation to give nigelladine A (1.9) in 21% yield (43% based on recovered
starting material 1.29). This result not only allowed for the completed total synthesis, but also
provides a persuasive example of how biocatalysis can be used to effect a challenging late-stage

transformation in target-oriented synthesis.
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Figure 1.9. The crucial site-selective, late-stage oxidation of tricycle 1.29 was achieved using an

enzymatic oxidation and allowed for the total synthesis of nigelladine A (1.9).

The alliance between the Stoltz and Arnold laboratories proved instrumental in enabling
the first total synthesis of nigelladine A (1.9). More specifically, the synthetic expertise of the
Stoltz group, including their enantioselective allylation methodology, was leveraged in
combination with the Arnold laboratory’s proficiency in biocatalysis using mutated enzymes to
concisely deliver the natural product. Stoltz notes, “I hope this effort will influence the synthetic
community to not only use biocatalysis when faced with a synthetic obstacle, but also to more
frequently consider the use of biocatalysis and particularly engineered enzymes during strategic

.53l
planning.”
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1.5 Collaborative Total Synthesis of Artemisinin

One of the most exciting collaborations reported in recent years involves the Keasling
laboratory and the pharmaceutical giant Sanofi, who came together to develop a semisynthetic
route to artemisinin (1.10) (Figure 1.10)."° Artemisinin (1.10) is a naturally occurring small
molecule first isolated in 1971 in an effort to boost anti-malarial medicinal abilities during the
Vietnam War.** Artemisinin (1.10) and its derivatives display exceptional potency, showing low
nanomolar ECsy values with regard to their inhibition of the parasitic cause of malaria
Plasmodium falciparum.” Although the development of resistance has historically made malaria
difficult to treat, the discovery of artemisinin (1.10) and derivatives, such as artesunate (1.36)
and artemether (1.37), has been a tremendous breakthrough for humanity. These compounds
function through a novel mode of action relative to previously used anti-malarial drugs.>* Thus,
therapies involving the combination of 1.36 or 1.37 alongside drugs with separate modes of
action, termed artemisinin-based combination therapy (ACT), have revolutionized modern
malarial treatments. ACTs have led to reduced treatment times, diminished parasite recurrence,
and lower resistance development. The impact of these therapies cannot be understated, and was
recognized by the awarding of the 2015 Nobel Prize in Physiology or Medicine to Youyou Tu

. . . . . 35
“for her discoveries concerning a novel therapy against malaria.”

Despite these remarkable
advances, malaria continues to be a deadly threat to people, especially children, in the

developing world.
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Figure 1.10. Artemisinin (1.10) accessed through a collaboration between the Keasling

laboratory and Sanofi—Aventis, in addition to unnatural derivatives 1.36 and 1.37.

ACTs have proven difficult to access for the developing world due to challenges in
obtaining reliable supplies of artemisinin (1.10).>° The industrial production of artemisinin (1.10)
has long relied on isolation from Artemisia annua, which gives low and inconsistent yields. This
has led to fluctuations in price and availability, which, in turn, has prompted research efforts
towards alternative sources of the compound. One such approach involves chemical synthesis, an
avenue which has been explored for many years due in part to the provocative structure of
artemisinin (1.10). The natural product contains four rings and seven stereocenters, as well as a
unique endoperoxide bridge. To date, more than 10 completed syntheses have been reported,’’

? and Cook.* Despite

including those by the laboratories of Schmid and Hofheinz,”® Yadav,’
these breakthroughs, an approach based solely on synthetic chemistry has yet to meet the high

global demand for artemisinin (1.10). In addition, synthetic biology on its own has not provided
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a cost-efficient synthesis of 1.10. However, an approach that utilizes both synthetic chemistry
and synthetic biology in a synergistic fashion had tremendous potential to unlock a low-cost
production route.

The tag-team approach taken by Keasling and Sanofi involved a strategic blend of
engineered biosynthesis and organic synthesis. First, the Keasling laboratory and Amyris*'
developed the conversion of glucose (1.38) to artemisinic acid (1.42) (Figure 1.11). After initial
optimization studies performed in E. Coli yielded high titres of key intermediate amorphadiene
(1.41, 25 g/L), the Keasling lab made a pivotal discovery in performing the engineered
biosynthesis in a less common strain (CEN.PK2) of S. cerevisiae. This switch, driven by the
need to express downstream enzymes, allowed for the entire engineered biosynthesis to take
place in a single organism. In the final process, glucose (1.38) was used as a precursor to acetyl-
CoA (1.39), which provided an entryway into terpene biosynthesis. A variety of different
enzymes then transform acetyl-CoA into amorphadiene (1.41) via intermediate farnesyl
pyrophosphate (1.40). After extensive optimization, the Keasling lab was able to obtain
amorphadiene (1.41) in a remarkable 40 g/L titre. Further downstream enzymatic oxidations,
performed by enzymes characterized in 4. annua and expressed in yeast, provided artemisinic

acid (1.42) in an overall isolation of 25 g/L.
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Figure 1.11. Keasling’s contribution: an efficient biosynthetic route to artemisinic acid (1.42).

With Keasling’s biosynthetic efforts providing artemisinic acid (1.42), Sanofi took to the
task of developing the chemical conversion of 1.42 to artemisinin (1.10). Original efforts by
Acton and Roth** had established the viability of this route, but were not commercially feasible.
Thus, over several years, Sanofi optimized the sequence shown in Figure 1.12.'° First, reduction
of 1.42 with a Ru-Segphos catalytic system proceeds in nearly quantitative yield to give acid
1.43 with excellent diastereoselectivity. Activation of 1.43 provides the corresponding mixed
anhydride, 1.44, thus setting the stage for a key photocyclization. Such a photocyclization is
thought to occur naturally when 1.44 is exposed to sunlight™ and has been shown to be viable in
a flow process.** In the Sanofi procedure, 1.44 is exposed to a sensitizer and light in a semi-batch
reactor, with exposure to oxygen. The resulting hydroperoxide intermediate 1.45 then reacts with
another equivalent of oxygen to ultimately provide artemisinin (1.10). This three-step sequence
is remarkably efficient, furnishing the desired natural product in 55% yield. Notably, single
batches of 600 kg of artemisinic acid (1.42) have delivered 370 kg of artemisinin (1.10) using

this approach.
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Figure 1.12. The finishing touches by Sanofi: industrial scale conversion of

artemisinic acid (1.42) to artemisinin (1.10).

There have been relatively few collaborations between academic laboratories and
industrial laboratories that blend biosynthesis and chemical synthesis to solve a production
problem in the pharmaceutical field. Perhaps the most classic example of such a collaboration is
the production route to Taxol devised by Holten® and licensed by Bristol-Myers Squibb in the
1990s. The collaboration described herein that addresses the artemisinin production problem sets
another gold standard for this type of blended approach. The Keasling/Sanofi collaboration
delivered 35 tons of artemisinin (1.10) in 2013, with the potential to produce up to 60 tons

annually. Although the amounts of synthetic artemisinin needed to complement natural material
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will vary annually and may even be negligible at times,*® having a scalable route offers long-

term stability to the artemisinin supply problem.

1.6 Total Synthesis of Ingenol

Another exciting collaboration between the pharmaceutical industry and academia is
presented in the efficient total synthesis of (+)-ingenol (1.11) in 2013 via a partnership between
the Baran and Cravatt laboratories and LEO Pharma (Figure 1.13)." (+)-Ingenol (1.11) was first
isolated from Euphorbia ingens in 1968," and its derivatives have since been employed as
effective treatments for the precancerous skin condition actinic keratosis. The potent analog,
ingenol mebutate (1.46), marketed as Picato® by LEO Pharma, is an FDA-approved topical
treatment for the disease, whereas isoxazole derivative ingenol disoxate (1.47) is currently
undergoing clinical trials for the same ailment.*® The preparation of these therapeutic agents
presented a major obstacle for LEO Pharma, as only 275 milligrams of ingenol (1.11) can be
isolated per kilogram of plant material.'' Artemisinin, in comparison, can be accessed in
recovery yields of about 5 grams per kilogram.*” In addition to this crucial isolation problem,
previous synthetic approaches™ were lengthy due to the complex architecture of the molecule
that contains four interconnected rings including an in/out-[4.4.1]bicycloundecane core and eight
stereocenters, one of which is quaternary and five of which are contiguous. Further, structure—
activity relationships were not fully understood, and structural analogs could only be accessed
through derivatization of (+)-ingenol (1.11) itself."' To address these challenges, LEO Pharma
partnered with the Baran laboratory to devise a concise, enantioselective total synthesis of (+)-

ingenol (1.11).
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Figure 1.13. (—)-Ingenol (1.11) and medicinally important derivatives.

(+)-3-Carene (1.48) was identified as a cost-effective starting material for the synthesis
of (+)-ingenol (1.11) (Figure 1.14)." From 1.48, elaboration to allene 1.49 was achieved through
a five-step alkylation sequence, which established four contiguous stereocenters and set the stage
for a key allenic Pauson-Khand cyclization.”' Treatment of 1.49 with an appropriate rhodium
catalyst under an atmosphere of CO furnished the 5/7-fused ring system of the natural product to
deliver dienone 1.50 in 72% yield. After elaboration to 1.51, a semi-pinacol rearrangement was
employed to furnish 1.52. Of note, this crucial step assembles the necessary 7-membered ring
and the notorious in/out-[4.4.1]bicycloundecane. Selective allylic oxidations and protecting
group removal ultimately gave rise to (+)-ingenol (1.11) in a total of 14 steps from (+)-3-carene

(1.48).
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Figure 1.14. Expedient total synthesis of (+)-ingenol (1.11).

The newly developed synthetic route to (+)-ingenol (1.11) enabled the synthesis of
unnatural derivatives for biological investigations. One prominent example is related to the
aforementioned analog ingenol mebutate (1.46) (Figure 1.15), which is an effective treatment for
actinic keratosis commercialized by LEO Pharma. Whereas the general mode of action for 1.46
had been well characterized,” the specific proteins it targets within cancer cells had not been
identified. In collaboration with the Cravatt laboratory, a suitable substrate for chemical
proteomic discovery was synthesized to enable the identification of ingenol mebutate (1.46)
binding proteins. A “fully functionalized” probe was realized in the ingenol mebutate derivative
1.53, which harbors a photoreactive dialkyl diazirine and clickable alkyne for visualization of the

binding proteins.”® This derivative was accessed from allylic alcohol 1.54, available from the
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route described above,'' by treatment with MsCl, followed by TBACI and LiNj3, to provide azide
1.55 in 60% yield over two steps. Further elaboration generated “azido-ingenol” (1.56), which, in
turn, underwent a copper-catalyzed click reaction® with bis(alkyne) 1.57 to furnish clickable
probe 1.53 in 37% yield. Empowered with the ingenol-based probe, Cravatt and co-workers
employed quantitative mass spectrometry-based proteomics to discover a new protein target for
ingenol mebutate (1.46).> Specifically, the mitochondrial carnitine/acylcarnitine carrier protein
SLC25A20 was identified as a highly ligandable site for 1.46 and 1.53. Further studies revealed
that ingenol mebutate (1.46) inhibits SLC25A20, thereby perturbing mitochondrial function and
leading to necrotic cell death in a pathway independent of that known via protein kinase C

agonism.

N
N (4
Ingenol Mebutate (Picato®, 1.46) 1.53
treatment for actinic keratosis detection tag allows for biological target elucidation
Me 1.i. MsCI, Et;N
Me CH,CI,, 0 °C
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DMF, 75 °C
_— Me
. 2. LiNg
'0TBS DMF, 80 °C

(60% yield, 2 steps)

sodium ascorbate
MeOH, 23 °C

(37% yield)
“Azido-ingenol” (1.56) 1.53

Figure 1.15. Synthesis of ingenol derivative 1.53 bearing a photoaffinity probe.
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The partnership between the Baran laboratory, the Cravatt laboratory, and LEO Pharma
illustrates the effectiveness of leveraging academic resources to solve critical problems in the
pharmaceutical industry. The concise total synthesis of (+)-ingenol (1.11) delivered an attractive
solution to access valuable material.'' Additionally, the synthetic route enabled further biological
studies by the Cravatt laboratory to elucidate the molecular targets of ingenol derivatives,
including that of the FDA-approved drug ingenol mebutate (1.46). In turn, this effort led to the
elucidation of a novel mechanism of action. The Baran-LEO Pharma team subsequently
synthesized the classic target (+)-phorbol, where LEO Pharma provided large quantities of 1.50,
a common intermediate from their synthesis of (+)-ingenol (1.11).°® The total syntheses of

several other terpene targets have also been achieved as a result of this collaboration.”’

1.7 Total Synthesis of Hippolachnin A

Collaboration between two total synthesis groups is rare today, despite the precedent set
by Eschenmoser and Woodward decades earlier. Nonetheless, the Wood and Brown laboratories
reported a particularly successful example with their total synthesis of hippolachnin A (1.12)
described in 2016 (Figure 1.16).'**® The natural product was first isolated in 2013 from
Hippospongia lachne. Hippolachnin A (1.12) bears a densely functionalized polycyclic core,
which presents a challenge for chemical synthesis. Notably, 1.12 possesses six contiguous
stereocenters, one of which is quaternary, and a structurally unique, highly congested tricyclic
skeleton. In addition to its unique structure, 1.12 was initially reported to display potent
antifungal activity against several pathogenic fungi, in particular Cryptococcus neoformans.”

Thus, developing a synthetic strategy to access the scaffold of 1.12 was highly desirable.
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Figure 1.16. Collaborative total synthesis of hippolachnin A (1.12).

The collaboration between the Wood and Brown groups was spurred by a serendipitous

meeting during a poster session at the 2015 National Organic Symposium.'**

The lead graduate
students on the project realized their synthetic designs toward hippolachnin A (1.12) were nearly
identical, including the non-obvious use of quadricyclane (1.60) as the starting material (Figure
1.17). Although one could imagine each group trying to reach the finish line first, the researchers
took the opportunity to work together. Ultimately, they were able to combine the strengths of
each independent synthesis to formulate an improved and elegant route to hippolachnin A (1.12).
The natural product, 1.12, was envisioned to arise from fused-[3.2.0]-bicyclic intermediate 1.58
through a late-stage C—H oxidation. Fused bicycle 1.58 could be traced back to bridged-[2.2.1]-
bicycle 1.59. In the forward sense, ring-opening metathesis of the bridged bicycle present in 1.59
would yield 1.58. Lastly, the cyclobutane found in 1.59 would arise from quadricyclane (1.60).
In the Brown laboratory’s route, quadricyclane (1.60) would undergo a [2+2+2] cycloaddition
with acid chloride 1.61 to generate the desired cyclobutane intermediate. Separately, the Wood

laboratory envisioned a [2+2+2] cycloaddition between quadricyclane (1.60) and diester 1.62,

with further manipulations, would deliver the key cyclobutane intermediate 1.59.
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Figure 1.17. Shared retrosynthetic analysis of hippolachnin A (1.12).

Figure 1.18 provides a summary of the collaborative route to hippolachnin A (1.12)
devised by the Brown and Wood laboratories. Using Brown’s initial step, quadricyclane (1.60)
underwent a [2+2+2] cycloaddition®' with acid chloride 1.61, thus forming carboxylic acid 1.59
in 50% yield after hydrolysis of the acid chloride. This remarkable key reaction installed all six
stereocenters of the natural product in a single transformation. From 1.59, ring-opening
metathesis of the bridged bicycle in the presence of ethylene delivered fused-[3.2.0]-bicycle 1.58
with high efficiency.”® This set the stage for a key C—H oxidation developed by the Wood
laboratory. In the event, 1.58 was treated with a modification of White’s conditions using
catalyst 1.63 to generate lactone 1.64 in 70% yield.”> With lactone 1.64 in hand, a three-step
sequence involving a condensation, reduction, and transesterification produced hippolachnin A
(1.12). Interestingly, the reported antifungal activity of hippolachnin A (1.12) could not be
reproduced using synthetic material.** This same observation was verified independently by
Trauner’s laboratory during bioactivity studies of synthetic analogs of 1.12.% In fact, none of the

analogs displayed antifungal activity, and only weakly potent growth inhibition of the nematode

26



Caenorhabditis elegans was observed. This clarification of the biological activity of

hippolachnin A (1.12) and derivatives underscores the utility of total synthesis in enabling

bioactivity studies.
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Figure 1.18. Collaborative route to achieve the total synthesis of hippolachnin A (1.12).

Overall, the joint synthetic route developed by the Brown and Wood laboratories
represents an uncommon synergetic relationship between two synthetic research groups. The
individual laboratories’ total syntheses of hippolachnin A (1.12) each totaled nine steps. Upon
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collaborating and finding advantageous portions of each route, the team was able to establish a
six-step route to 1.12. The final synthesis featured impressive [2+2+2] cycloaddition chemistry
using quadricyclane (Brown laboratory) in combination with an elegant C—H oxidation and
subsequent elaboration (Wood laboratory). Moreover, the joint effort provided students with
many opportunities to exchange ideas beyond the confines of their individual institutions.
Although collaborations of this nature between total synthesis groups remain rare, the elegant

Brown and Wood synthesis of 1.12 underscores the value of such partnerships.

1.8 Biosynthesis of Natural and Unnatural Communesin Scaffolds

Understanding the biosynthetic origins of highly intricate natural product scaffolds can
require collaboration across synthetic, computational, and enzymatic chemists. A compelling
example of this cooperation that was borne out of a total synthesis endeavour is exemplified by
the investigation of the communesin alkaloid biosynthesis recently reported by the Houk and
Tang laboratories, together with our laboratory."” The communesins possess daunting chemical
structures and promising biological activities, and have therefore been popular targets for
synthetic chemists.®® With regard to their structural features, the communesin scaffold 1.68
(Figure 1.19) bears four nitrogen atoms and a multitude of stereocenters embedded in a
heptacyclic framework. The vicinal quaternary centers at C3 and C3’ are particularly challenging
to install.

The nature of how this particular collaboration arose deserves special mention. Garg had
studied in two laboratories where the communesin alkaloids were being pursued.®’ In addition,
his own laboratory had devised a synthetic route to the communesin scaffold using the so-called

interrupted Fischer indolization methodology.®® When this synthetic methodology failed to
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generate scaffolds containing vicinal quaternary stereocenters, over a casual lunch meeting,
Professors Tang and Garg decided the problem should be investigated biosynthetically. Tang
procured the necessary fungus and a joint student was able to isolate communesin alkaloids in a
matter of weeks. Both research groups became fascinated by the remarkable ability of Nature to
generate vicinal quaternary stereocenters and the challenging communesin framework.

The Tang group went on to identify the biosynthetic gene cluster for quaternary
stereocenter formation.”” However, the exact mechanism of formation of these quaternary
centers remained elusive (1.66 + 1.67 — 1.68, R=H, Figure 1.19). Thus, the Houk laboratory
was also recruited and together, the team performed a combination of feeding studies,
computations, and mechanism of action studies that ultimately led to new insights and access to a

novel communesin scaffold (i.e., 1.69).

[Tang, Houk, & Garg] HN
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R=H
—
R\H .
% N H 168
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Me N
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H
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» Mechanism of vicinal quaternary center formation
* New “isocommunesin” scaffold

Figure 1.19. Biosynthetic studies of the heterodimeric scaffolds of communesin indole alkaloids.
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To determine the order of bond forming steps, the Tang laboratory engineered yeast to
express the cytochrome P450 oxidoreductase. Concurrently, the Garg laboratory synthesized
substrate analogs for feeding studies. Several key results are depicted in Figure 1.20. For
example, when N10’ methylated tryptamine derivative 1.70 was employed in the enzymatic
coupling with aurantioclavine (1.67), a new oxidatively coupled product was obtained. This
compound, 1.69, bears a new scaffold that was termed “isocommunesin”. An analogous outcome
was seen when tryptophol (1.71) was utilized, which gave rise to “isocommunesin” 1.72.
Interestingly, isocommunesins were obtained when w-N-dimethyl-tryptamine (1.73) and 3-(2-
azidoethyl)-indole (1.74) were used, whereas no product was seen if N1 and N1’ methylated
derivatives of tryptamine or aurantioclavine were employed (1.75 or 1.76, respectively). The
latter results indicate that the indole hydrogens are essential for coupling and supports previous
hypotheses.””’! Overall, the fact that a new communesin-type framework could be accessed
through the use of natural enzymes showcases the power of this strategy for accessing new

chemical space.
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Figure 1.20. Feeding studies of P450 oxidoreductase with analogs.

With access to both communesin and “isocommunesin” scaffolds, the researchers
questioned what factors govern the formation of one scaffold over the other as a function of
substituents. As such, the Houk laboratory performed computations to determine the energetics
of the two competing pathways in the absence of enzymes (Figure 1.21). Although no transition
states were identified, it was assumed that the activation energy of each step was proportional to
the energy of formation for each intermediate in the proposed reaction pathway. Given the
commonality of the C3—C3’ linkage in both scaffolds, the indole coupling step is proposed to
occur first in the active site of CnsC. Beginning from 1.66 and 1.67, two sequential one-electron
transfer processes lead to aza-allyl radicals 1.77 and 1.78 (with net two-electron reduction of Fe),

which combine to generate the vicinal quaternary stereocenters in 1.79. From heterodimer 1.79,
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two possible intramolecular aminal formations can occur that lead to either the communesin or
isocommunesin scaffold. It was found that aminal formation between N10’ and C2 is more
energetically favored, leading to the unnatural isocommunesin scaffold 1.80. The competing
process involving aminal formation between N10° and C2’ (leading to the natural communesin
scaffold 1.81) is actually less energetically favorable. Thus, it is thought that elaboration to the
communesin scaffold 1.82 requires the CnsC enzyme to override the inherent thermodynamic
preference of the system. As observed in the feeding studies, the enzyme’s substrate specificity

about N10’ is limited to R=H.
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Figure 1.21. Mechanistic studies on communesin scaffold formation by the Houk laboratory.

The collaboration between the Tang, Garg, and Houk laboratories does not necessarily
fall under the general category of total synthesis. However, the study is an important one in the
area of natural products, as it strategically leverages the collective powers of synthetic chemistry,
biosynthetic chemistry, and computational chemistry to furnish access to natural products, new
and highly complex natural product analogs, and mechanistic insights. Moreover, the enzymatic
coupling of two indole units to generate vicinal quaternary stereocenters sets a high bar for

synthetic chemists in pursuit of such alkaloids.
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1.9 Total Synthesis of Cyclopiamine B and Biogenetic Studies

The final collaboration we discuss involves research performed by four teams pertaining
to the citrinalin and cyclopiamine natural products. Here, Sarpong, Tantillo, Miller, and
Berlinck'® demonstrated the interplay between total synthesis, computational tools, peptide
catalysis, and natural product biosynthesis. Ultimately, these efforts led to a natural product
structural revision, seminal total syntheses, discoveries in peptide-based catalysis, and insights
into natural product biosynthesis.

The specific targets accessed in this endeavour using total synthesis are the indole
alkaloids citrinalin B (1.14) and cyclopiamine B (1.85) (Figure 1.22).”* Both the originally
assigned structure 1.83 and the revised structure for citrinalin B (1.14) are depicted. Citrinalin B
(1.14) was first isolated in 2010 from Penicillium citrinum” and cyclopiamine B (1.85) was
isolated from a toxinogenic strain of Penicillium cyclopium in 1979.” The natural products have
six rings, and each bears four stereocenters, including one quaternary stereocenter as part of the
spirooxindole framework. In addition, citrinalin B (1.14) and cyclopiamine B (1.85) each possess
three distinct nitrogen substituents. One of the substituents is an alkyl nitro group, which is rarely
seen in natural products.”” From a biosynthetic perspective, 1.14 and 1.85 are curiosities because
they lack the typical bicyclo[2.2.2]diazaoctane moiety present in many congeners, ® such as

citrinalin C (1.84).
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Figure 1.22. Reported structures of natural products 1.83—1.85 and

revised structure of citrinalin B (1.14).

With the aim of completing the total syntheses and exploring various biosynthetic
considerations, the Sarpong laboratory devised a synthetic strategy wherein ent-citrinalin B (ent-
1.14) would first be synthesized and then converted to cyclopiamine B (1.85) using a
chromanone rearrangement. However, based on biosynthetic hypotheses and known
transformations across the cyclopiamine family,”* the group suspected that the stereocenters at
C22 and C14 in the originally proposed structure of citrinalin B (1.83) were incorrect. Instead,
they proposed 1.14 as the revised natural product structure. To validate this hypothesis, the
Tantillo laboratory performed computations to predict the 'H and ?C NMR spectra for both 1.83
and 1.14, which were then compared to experimentally reported NMR data. Tantillo’s findings
supported the revised structural assignment of 1.14 and enabled the Sarpong laboratory to

aggressively launch their synthetic campaign targeting ent-1.14."" Moreover, these results
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underscore the value of computations in the determination and revision of natural product
structures.”®

The early stages of Sarpong’s synthetic sequence are shown in Figure 1.23. D-Proline
(1.86) was first elaborated to vinyl iodide 1.87 over a series of transformations. Next, vinyl
iodide 1.87 underwent Suzuki-Miyaura cross-coupling with known boronic ester 1.88” to give
adduct 1.89 in 95% yield. 1.89 was converted to the fused indole 1.90 using two sequential
reductions, setting the stage for spirooxindole formation. Face-selective oxygenation of a C2—
C3-fused indole to the hydroxyindolenine, followed by spirooxindole formation is well
established.® It was envisioned that the carbamate would direct oxidation to the alpha face of the
indole. However, attempts to employ typical heteroatom-directed oxygenation using Davis’
oxaziridines®' did not provide the desired stereoselectivity. Instead, hydroxyindolenine 1.91 was
typically observed as the major product, with only trace amounts of the desired

hydroxyindolenine 1.92, as well as undesired spirooxindole 1.93.
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Figure 1.23. Overview of Sarpong’s synthesis of spirooxindole

precursor 1.90 and unsuccessful oxidation attempts.

Following a fruitful conversation at a Gordon Research Conference between Professors
Richmond Sarpong and Scott Miller, the Sarpong laboratory bridged a collaboration with

Miller’s laboratory at Yale University.*” The groups hoped to employ Miller’s peptide catalysts
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to achieve the stereoselective oxidation of substrate 1.90 (Figure 1.24).*° Ironically, the
experimental effort was carried out by graduate student David Romney, who was mentioned
earlier as a key player in the nigelladine A collaboration. After screening a library of peptide
catalysts, it was found that desired hydroxyindolenine 1.92 could be obtained in 83% yield upon
oxidation of fused indole 1.90 in the presence of peptide catalyst 1.94 and H,O,. With desired
stereoisomer 1.92 in hand, attempted formation of the spirooxindole was pursued. However,
attempts to perform the rearrangement led only to intermediate pseudoindoxyl 1.95, which did
not undergo further rearrangement to oxindole 1.96.** The failure of 1.95 to rearrange was
posited to be the result of a stabilizing hydrogen bond between the carbonyl of the
pseudoindoxyl and carbamate N-H (calculated to be 2.24 A apart). Although the peptide-based
catalysis would ultimately not be used to achieve the total syntheses at hand, the collaboration
with the Miller laboratory demonstrated the high selectivity of peptide catalysts in an
extraordinarily complex environment. Moreover, the failed conversion of 1.95 to 1.96 informed
the Sarpong laboratory’s efforts and prompted them to design a more viable substrate for

attempted spirooxindole formation.
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Figure 1.24. Successful oxidation to give 1.92 using Miller’s peptide catalyst

and challenges encountered in attempted rearrangement toward 1.96.

The Sarpong laboratory identified indole 1.97 as a revised precursor to construct the
desired spirooxindole and set out to complete the syntheses (Figure 1.25). It was believed that
the free amine of 1.97 could still serve as a hydrogen-bond donor to effect stereoselective
oxidation of the C2—C3 face of the indole. However, it could also be oxidized to the nitro group
present in the natural product in situ. Importantly, the presence of the nitro group would subvert
the hypothesized hydrogen bond stabilization effect mentioned earlier, which was thought to
prevent pseudoindoxyl rearrangement to the spirooxindole. Indole 1.97 was prepared in two
steps from 1.90 via Wacker oxidation®’ and carbamate cleavage. Remarkably, 1.97 was
transformed to spirooxindole 1.98 with simultaneous introduction of the nitro group in a single

step. Using excess dimethyldioxirane (DMDO) generated in situ,*® the rearrangement proceeded
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in 56% yield to give 1.98 as a mixture of diastereomers in a 4:1 ratio favoring the desired
compound. To complete the synthesis of ent-citrinalin B (ent-1.14), the group performed a
selective two-step reduction of the tertiary amide.®’ Spectral data for ent-1.14 matched those of
the isolated material,” but with the opposite sign of optical rotation. Moreover, ent-1.14 was
unambiguously characterized by X-ray crystallographic analysis. ent-Citrinalin B (ent-1.14) was
then converted to cyclopiamine B (1.85) in 78% yield over two additional steps involving
chromanone rearrangement. The completed syntheses of ent-citrinalin B (ent-1.14) and
cyclopiamine B (1.85) provided unambiguous structural confirmation of these natural products,
while also lending support to the notion that the cyclopiamines may arise from the citrinalin

family of alkaloids.
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Figure 1.25. Successful spirooxindole formation and total syntheses

of ent-citrinalin B (ent-1.14) and cyclopiamine B (1.85).

The final part of the collaboration was spearheaded by the Berlinck laboratory and
focused on establishing the biosynthetic origins of the natural products in question (Figure 1.26).
In a key finding, employing "°C labeled glucose (1.99), anthranilic acid (1.100), and ornithine
(1.101), in feeding studies gave rise to citrinalin A (1.102), citrinalin B (1.14), and two new
metabolites that were determined to be citrinalin C (1.84) and 1.103. Upon refractionation and
re-analysis of secondary metabolites from P. citrinum F53, both 1.84 and 1.103 were found.
Interestingly, although ’C labeled ornithine (1.101) was incorporated, the use of °C labeled

proline in feeding studies was unsuccessful. This suggests that ornithine is not converted to
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proline in the biosynthesis of the citrinalins, despite proline being a known biosynthetic
derivative of ornithine. Lastly, and perhaps most importantly, the isolation of citrinalin C (1.84)
among congeners like 17-hydroxycitrinalin B (1.103)* provides support for the notion that 1.102
and other family members may arise from biosynthetic precursors that contain

bicyclo[2.2.2]diazaoctane units.*
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Figure 1.26. Results of feeding studies of P. citrinum F53 with '°C labeled precursors.

The combined efforts of the Sarpong, Tantillo, Miller, and Berlinck laboratories led to
many advances. These include a computationally-supported structural revision of a natural

product (Tantillo), a peptide-mediated oxidation reaction of a complex substrate (Miller), the
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completed total syntheses of two indole alkaloids using a late-stage stereoselective
spirooxindole-forming reaction (Sarpong), and insight into the biosynthetic origins of the
targeted natural products (Berlinck). Overall, these collective studies beautifully intertwine the
expertise of four laboratories, leading to new knowledge and achievements, in addition to the

interdisciplinary training of many talented coworkers.

1.10 Conclusion

We have described a collection of recent total synthesis-related efforts that were
performed in highly collaborative manners. These efforts showcase how collaborations in areas
such as synthetic methodology, biocatalysis, biosynthesis, computations, and pharmaceutical
research can lead to new insights and ultimately facilitate our ability to access intricate chemical
structures. Moreover, such collaborations allow for students and postdoctoral scholars to be
exposed to new areas of science, while benefiting from interactions with scientists from other
groups and institutions. We hope this perspective will help to prompt synthetic chemists to

further build a growing spirit of collaboration in the future.
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CHAPTER TWO

Enantioselective Total Syntheses of Methanoquinolizidine-Containing Akuammiline
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Elias Picazof Lucas A. Morrill,T Robert B. Susick,
Jesus Moreno, Joel M. Smith, and Neil K. Garg.

J. Am. Chem. Soc. 2018, 140, 6483—-6492.

2.1 Abstract

The akuammiline alkaloids are a structurally diverse class of bioactive natural products
isolated from plants found in various parts of the world. A particularly challenging subset of
akuammiline alkaloids are those that contain a methanoquinolizidine core. We describe a
synthetic approach to these compounds that has enabled the first total syntheses of (+)-
strictamine, (—)-2(S)-cathafoline, (+)-akuammiline, and (-)-W-akuammigine. Our strategy relies
on the development of the reductive interrupted Fischer indolization reaction to construct a
common pentacyclic intermediate bearing five contiguous stereocenters, in addition to late-stage
formation of the methanoquinolizidine framework using a deprotection—cyclization cascade. The
total syntheses of (—)-W-akuammigine and (+)-akuammiline mark the first preparations of
akuammiline alkaloids containing both a methanoquinolizidine core and vicinal quaternary
centers. Lastly, we describe the bioinspired reductive rearrangements of (+)-strictamine and (+)-

akuammiline to ultimately provide (—)-10-demethoxyvincorine and a new analogue thereof.
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2.2 Introduction

The akuammiline alkaloids are an important class of natural products isolated from plants
found in India, Africa, and Southeast Asia. These alkaloids, thought to be the active ingredients in
traditional medicines used to treat a multitude of ailments in humans and livestock,1 have been the
subject of intense investigations spanning structural elucidation, biosynthesis, biological
evaluation, and chemical synthesis.” More than 75 akuammilines have now been unambiguously
characterized,” many of which display exciting biological profiles, and all of which possess
provocative chemical structures. Despite their enticing characteristics and biosynthetic relation to
the popular Strychnos alkaloids,”® the akuammiline family has been comparatively less studied by
synthetic chemists relative to the Strychnos alkaloids. It was not until recently that the synthetic
community launched efforts toward the akuammiline alkaloids, which have now culminated in
total syntheses of several subclasses.” This is particularly noteworthy, as even the simplest
akuammilines contain at least five interconnected rings, a multitude of stereocenters, and one or
more basic nitrogen atoms.

We became interested in a subset of the akuammiline alkaloids that possess a
methanoquinolizidine core. This cage-like scaffold and several methanoquinolizidine-containing
akuammilines are shown in Figure 2.1 (ie., 2.1-2.4).° (+)-Strictamine (2.1)" features an
indolenine and four stereocenters, whereas (—)-2(S)-cathafoline (2.2)°® has an indoline core
resulting in five contiguous stereocenters. (+)-Akuammiline (2.3) and (—)-W-akuammigine (2.4)°
display an additional layer of complexity with vicinal quaternary centers at C7 and C16.
Moreover, (—)-W-akuammigine (2.4) also bears a furoindoline motif, leading to six interconnected
rings and five contiguous stereocenters, thereby rendering it the most complex member of this

akuammiline subclass.
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The complexity of 2.1-2.4, coupled with attractive biological activities (vide infra), have
prompted numerous synthetic efforts. Following seminal studies by Dolby,'® Bosch and
Bennasar,'' and Sakai'’ beginning more than four decades ago, the laboratories of Cook,"
Tokuyama,'* and Matsuo'> have more recently described promising synthetic approaches.
However, a total synthesis of any methanoquinolizidine-containing akuammiline alkaloid had
proven elusive.'® Moreover, to date, no total syntheses of methanoquinolizidine-containing

akuammilines that also bear vicinal quaternary centers (e.g., 2.3 and 2.4) have been reported.

methanoquinolizidine

(+)-Akuammiline (2.3) (-)-P-Akuammigine (2.4)

Figure 2.1. Representative methanoquinolizidine-containing akuammiline alkaloids.

Herein, we describe a full account of our enantioselective approach to several
methanoquinolizidine-containing akuammilines and subsequent biomimetic manipulations. Key
to the success of these studies is the development of the reductive interrupted Fischer indolization

reaction! %1

to construct a complex pentacyclic intermediate, as well as the late-stage formation
of the methanoquinolizidine framework using a deprotection—cyclization cascade. These studies

result in the first total syntheses of (+)-strictamine (2.1) and (—)-2(S)-cathafoline (2.2), which we

communicated in 2016.”' We then exploit a previously undesired epimerization event to access
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(+)-akuammiline (2.3) and (-)-W-akuammigine (2.4), each of which bear vicinal quaternary
stereocenters embedded in their methanoquinolizidine cores. Lastly, we describe late-stage
reductive rearrangements of (+)-strictamine (2.1) and (+)-akuammiline (2.3), inspired by the

proposed biosynthesis of akuammiline alkaloids® to give pyrrolidinoindoline scaffolds.

2.3 (+)-Strictamine and (-)-2(S)-Cathafoline: Background and Retrosynthetic Analysis
(+)-Strictamine (2.1) and (-)-2(S)-cathafoline (2.2) were selected as our initial synthetic

targets. (+)-Strictamine (2.1) was isolated in 1966’ from the plant Rhazya stricta, whereas (—)-

2(S)-cathafoline (2.2) was extracted from Alstonia macrophylla in 2014.® (+)-Strictamine (2.1)

inhibits the transcription factor NF-«xB,?'

and may therefore serve as a lead compound for the
discovery of new drugs for the treatment of cancer or inflammatory diseases. (—)-2(5)-Cathafoline
(2.2) shows moderate activity in overturning drug resistance in vincristine-resistant KB cells.”
Despite the aforementioned synthetic pursuits, neither 2.1 nor 2.2 had succumbed to total
synthesis. In the case of (+)-strictamine (2.1), this is especially noteworthy given that the
compound had been known for more than 50 years.

Our retrosynthetic analysis of (+)-strictamine (2.1) and (—)-2(S)-cathafoline (2.2) is shown
in Scheme 2.1. We envisioned forming the methanoquinolizidine scaffold by late-stage
construction of the C5-N4 bond. Thus, 2.1 and 2.2 would be accessed from primary alkyl
chloride 2.5 through a tandem deprotection—cyclization reaction, followed by manipulation of the
indoline ring system. Chloride 2.5 would derive from indoline lactone 2.6 through methanolysis
and halide formation. In a key retrosynthetic disconnection, we envisaged indoline lactone 2.6

arising from ketolactone 2.9 and phenylhydrazine (2.8) via a reductive interrupted Fischer

. . . . 16 . . . .
indolization reaction.” If successful, this transformation would introduce two new rings.
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Moreover, two stereogenic centers would be generated, including the C2 stereocenter seen in
2(S)-cathafoline (2.2) (via transition structure 2.7) and the challenging C7 quaternary center
common to all akuammilines. Ketolactone 2.9 would ultimately be obtained from enone 2.10,

1.” Finally,

which, in turn, would arise from a gold-catalyzed cyclization of silyl enol ether 2.1
2.11 would be accessed in enantioenriched fashion from sulfonamide 2.12 and dibenzoate 2.13

via a Pd-catalyzed desymmetrization and subsequent manipulations.*

(+)-Strictamine (2.1) (-)-2(S)-Cathafoline (2.2)

Deprotection & Late-Stage
C-N Bond Formation

Reductive Interrupted

Fischer Indolization
Au-Mediated NsN/\ Pd-Mediated 0Bz
Cyclization Me  Desymmetrization
>
NsHN /\
A
OTBDPS Me OBz
2.11 2.12
enantioenriched 2.13

Scheme 2.1. Retrosynthetic analysis of (+)-strictamine (2.1) and (-)-2(S)-cathafoline (2.2).
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2.4 Enantioselective Synthesis of the Fischer Indolization Substrate

To initiate our forward synthetic studies, we sought to prepare enone 2.16 in
enantioenriched form, as this could serve as a precursor for later construction of the necessary
[3.3.1]-azabicycle (Scheme 2.2). Although we initially examined several possible routes,
including enzymatic desymmetrization®* and the use of Koga bases,” we found a Pd-catalyzed
Trost desymmetrization” was ultimately most successful. Upon treatment of dibenzoate 2.13 and
sulfonamide 2.12 with a suitable Pd precatalyst and (R,R)-DACH-phenyl Trost ligand 2.14, the
desired desymmetrization took place. Direct saponification of the product furnished alcohol 2.15
in 89% yield. Subsequent PCC-mediated oxidation of the resultant secondary alcohol delivered
enone 2.16 in excellent yield. Enone 2.16 could be crystallized at the interface of EtOAc and
heptane; X-ray diffraction studies confirmed the desired absolute stereochemistry had been

obtained in the desymmetrization reaction.

OBz i. [PACI(C3Hs)], (1.5 mol%) Ns<\
ligand 2.74 (4.5 mol%) /\
Cs,CO;, CH,Cl,, 23 °C Me
. NsHN/\ 2C0j3, CHyCl .
2.12 Me ii. LIOH*H,0, MeOH, 23 °C
OBz (89% yield) OH
2.13 Pd-Catalyzed 2.15

Desymmetrization

X NH YO

PCC Me M O’

_— —_— o
CH,Cl,, 23 °C - «{ NH__O

3 PPh,
0
(93% yield) N Xray

2.16 214

Scheme 2.2. Trost desymmetrization and synthesis of enone 2.16.
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Having synthesized enone 2.16, we sought to introduce the [3.3.1]-azabicycle of the
natural product and perform further elaborations (Scheme 2.3). Upon treatment with TBDPSOTf
and 2,6-lutidine, enone 2.16 was converted to silyl enol ether 2.11 in high yield. This set the stage
for a pivotal gold-mediated cyclization, inspired by precedent from Li and coworkers.”' Using our
optimized protocol, silyl enol ether 2.11 was treated with (PMe;)AuCl and AgOTf, followed by
quenching with tosic acid hydrate in the same pot, to ultimately afford bicycle 2.10 as the major
product. This sequence is thought to proceed by initial formation of oxocarbenium ion
intermediate 2.17, which undergoes nucleophilic attack by ~BuOH to give silyl enol ether 2.18.
In the presence of acid and water, 2.18 is hydrolyzed to give the desired enone 2.10. Chiral SFC
analysis at this stage revealed that 2.10 had been prepared in 96% ee. It should also be noted that
the key gold-mediated cyclization gave an undesired product, 2.19, in minor quantities. Although
2.10 and 2.19 were inseparable, the mixture could be taken forward through an epoxidation and
Wittig homologation.”™ Aqueous workup of the Wittig product led to enol ether hydrolysis with
epoxide fragmentation to cleanly deliver enal 2.20 as a single constitutional isomer in 49% yield

from silyl enol ether 2.11.
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NS\ NS\
N N
/\ TBDPSOT# /\ i. (PMe3)AuCl (10 mol%)

Me 5 6-lutidine, CH,Cl, Me  AgOTf (15 mol%)
78 -23°C PhMe, +-BuOH, 40 °C
0 (89% yield) OTBDPS Gold-Catalyzed
Cyclization
2.16 2.11

tBuoH H N° H o Ns

n ’ +Bu0O,, ~

¢ : ii. p-TSOH-H,0

S B . _—
2 Me i Me
TBDPSO,) TBDPSO
L 217 . L 2.18 i
H Ns H Ns
= N 1. NaBO3+4H,0 % _N
THF, H,0, 65 °C HO,,
+ >
7 2. CI(Ph)3P-CH,0Me -
H m KOt-Bu, THF "
o y -78 - 23°C cHo e
210 [10:1 2.19 (49% yield, from 2.11) 2.20

(96% ee) ’

Scheme 2.3. Gold-catalyzed construction of the [3.3.1]-azabicycle and elaboration to enal 2.20.

Using the sequence shown in Scheme 2.4, enal 2.20 was elaborated to ketolactone 2.9, the
substrate for our key reductive interrupted Fischer indolization reaction. One of the synthetic
challenges we encountered was the introduction of a hydroxyethyl group on C7. Initial
approaches using metal-mediated conjugate addition strategies were met without success, so
instead we targeted Ueno—Stork cyclization methodology.>’ En route to testing this approach,
aldehyde 2.20 was converted to the corresponding methyl ester, 2.21, using an NIS-based
oxidative esterification protocol.”® Next, 2.21 was treated with ethyl vinyl ether (2.22) and NIS to
give a mixed iodoacetal intermediate. Subsequent reaction with tributyltin hydride and AIBN led
to cyclization at C7 to deliver acetal 2.23 as an inconsequential mixture of diastereomers.”” Acid-
mediated hydrolysis of the acetal and reduction of the resultant lactol provided diol 2.24. Finally,

lactonization, followed by alcohol oxidation, afforded the desired ketolactone 2.9.
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NIS an
cho3
222 Et0w<
MeOH NIS, —20 °C
Me 23°C H Me CH2Cl, H Me

CO,Me 2. nBu.SnH CO,Me
(90% yield) n-BugSnit
2.20 c 2.21 AIBN, 75 °C 2.23
toluene

(70% yield, 2 steps)

H Ns

1. ACOH, H,0 Ho, <N 1. p-TsOH-H,0
THF, 75 °C " benzene, 80 °C
—» :
2. NaBH, ' B 2. Dess—Martin
MeOH, 0 °C H Me CH,Cl,, 40 °C
Ho CO,Me
(68% yield, 2 steps) 224 (66% yield, 2 steps)

Scheme 2.4. Synthesis of reductive Fischer indolization reaction substrate, ketolactone 2.9.

2.5 Reductive Interrupted Fischer Indolization Reaction
With ketolactone 2.9 in hand, we developed the key reductive interrupted Fischer
indolization reaction. Our laboratory had extensive experience in developing Fischer indolizations

bk Thus we began by

in the context of methodology'’ and complex molecule synthesis.
surveying a range of acid sources that were utilized in the Fischer indolization reaction literature
and those we had previously deemed most promising. As shown in Table 2.1, the reactions of
phenylhydrazine (2.8) and ketolactone 2.9 were performed at 60 °C for 6 h to provide meaningful
comparison data. Most attempts, including those with Lewis acids and very strong protic acids,
were met with disappointment (entries 1-5). Whereas the use of AcOH gave modest yield using
water as the solvent (entry 6), an improvement was seen in switching the solvent to acetic acid
(entry 7). Lastly, the use of TFA gave the most promising result, delivering Fischer indolization
product 2.26 in 38% yield (entry 8). It should be noted that this transformation proceeds with

complete diastereoselectivity and sets the C7 quaternary stereocenter. The diastereoselectivity is

thought to be governed by approach of the phenyl ring on the less hindered face of the [3.3.1]-
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azabicycle during the charge-accelerated [3,3]-sigmatropic rearrangement (see transition structure

2.25).

Table 2.1. Fischer indolization reaction between ketolactone 2.9 and hydrazine 2.8.

HN
2.8
—_—
acid
solvent
60°C,6 h
entry acid source solvent yield? (%)
1 PCl; benzene <5
2 ZnCl, EtOH <5
3 p-TsOH-H,0 EtOH, H,0 <5
4 5% HCI CH5;CN <5
5 4% H2$04 CH3CN <5
6 AcOH H,0 9
7 AcOH AcOH 14
8 TFA 1,2-dichloroethane 38

4 Yields were determined by 'H NMR analysis using 1,3,5-trimethoxybenzene as an external standard.

Our next objective was to further optimize the Fischer indolization reaction and develop
the desired reductive variant.'® We were delighted to find that slight changes in our reaction
conditions (i.e., 40 °C and 12 h), greatly improved conversion to indolenine lactone 2.26 (Scheme
2.5). Moreover, it was found that by simply adding triethylsilane and additional TFA to the
Fischer indolization reaction with stirring at 23 °C, we obtained the reductive Fischer indolization
product 2.6 in 83% yield. Overall, the conversion of ketolactone 2.9 to indoline 2.6 proceeds with
installation of two new rings, three new bonds, and two new stereocenters, all with complete

diastereoselectivity. This transformation represents one of the most complex Fischer indolization

65



reactions reported in the literature.” Interestingly, hydride approach from the more congested face
of the [3.3.1]-azabicycle appears to be favorable (see transition structure 2.7). Although
counterintuitive in some respects, the stereochemical outcome may be rationalized by the kinetic
preference for the formation of a cis ring juncture between the pyrrolidine and cyclohexyl units.
The stereochemical outcome is consistent with reports from the Strychnos alkaloid literature™ as

well as a similar C2 reduction in akuammiline synthesis.”

add
Et;SiH, TFA
—>
23°C

2.8

[

TFA,40°C,12 h
1,2-dichloroethane

Scheme 2.5. Reductive interrupted Fischer indolization reaction delivers 2.6.

2.6 Undesired C16 Epimerization and Synthesis of Unnatural C16 Epimers of Strictamine
and 2(S)-Cathafoline

Having executed the key reductive interrupted Fischer indolization reaction, we sought to
prepare chloroester 2.30 en route to the desired natural products through a seemingly
straightforward sequence (Scheme 2.6). Boc protection of indoline 2.6 proceeded smoothly to
furnish 2.27. Subsequently, a two step hydrolysis/methylation protocol was used to arrive at

hydroxyester 2.28. Although we found 2.28 to be somewhat unstable, we found it could be used
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directly in the subsequent step. Treatment under Appel-like conditions cleanly provided 2.29,
which unfortunately possessed the undesired stereochemistry at C16. Despite a survey of
alternative methanoloysis conditions prior to performing the chlorination, the undesired C16
epimer, 2.29, was routinely formed as the major product. We surmise that C16 epimerization of
2.27 occurs more favorably than methanolysis or hydrolysis of the lactone. Several workarounds
were pursued, such as attempted lactone opening via amidation,’' Pd-catalyzed ring-opening,* or
Sn2 displacements,”® none of which were successful. Additionally, efforts to epimerize C16 of

2.29 and related compounds to provide the desired C16 epimer also proved fruitless.

1. NaOH, H,0
THF, 23 °C

p

Me Boc,0, DMAP
—_— .
2. TMSCHN,, MeOH
THF, 23 °C
(62% yield, 2 steps)

epimerization before
2.6 227 saponification

“H CH,Cl,, 40 °C

o (94% yield)

PPh;
2,6-lutidine
—
CI3CCN
CH,ClI,, 23 °C

(79% yield)

desired product
not observed

Scheme 2.6. Undesired C16 epimerization.

Faced with the undesired epimerization leading to chloroester 2.29, we saw an opportunity
to develop late-stage transformations and synthesize unnatural epimeric analogs of strictamine
and 2(S)-cathafoline. As shown in Scheme 2.7, the C16 epimer of strictamine 2.34 could be
accessed in three steps from chloroester 2.29. Deprotection of 2.29 furnished indoline 2.31 in

quantitative yield. Treatment of 2.31 with PCC led to indoline oxidation, thus providing the
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corresponding indolenine motif. Lastly, we pursued the key deprotection—cyclization step,
analogous to that outlined in our retrosynthetic analysis (see Scheme 2.1). Exposure of the
indolenine intermediate to solid-supported thiol resin 2.32°* and Cs,COj; in acetonitrile at 65 °C
delivered 16-epi-strictamine (2.34), presumably by way of transition structure 2.33. Analogous to
our earlier study toward the total synthesis of picrinine,Sh’k the use of 2.32 proved instrumental in
facilitating purification of the basic tertiary amine product. More importantly, this sequence
demonstrated that our overall approach involving a late-stage deprotection—cyclization could be

used to access the challenging methanoquinolizidine framework.

TFA
CH,Cl,, 23 °C

(quant. yield)

1. PCC, CH,Cl,, 23 °C

2. HS/\/@ 232

h
L

Cs,CO03, MeCN, 65 °C

(67% yield, 2 steps) 16-epi-Strictamine (2.34)

Scheme 2.7. Synthesis of 16-epi-strictamine (2.34).

We also explored two complementary routes to the C16 epimer of 2(S)-cathafoline 2.35,
which are depicted in Figure 2.2. Beginning from intermediate alkyl chloride 2.31, reductive
amination using formaldehyde led to N-methylation.® Subsequent deprotection—cyclization
provided 2.35, albeit in only 10% yield. Given the modest synthetic efficiency of this sequence,
we pursued an alternative path that involved methanoquinolizidine formation prior to N-

methylation. Deprotection—cyclization of sulfonamide 2.29, followed by acidic deprotection of
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the indoline, furnished the methanoquinolizidine-containing product 2.36 in 76% yield over two
steps. Finally, a reductive amination involving the indoline nitrogen afforded 16-epi-2(S)-
cathafoline (2.35). The synthetic routes to 2.34 and 2.35 not only permitted access to unnatural
analogs of strictamine and 2(S)-cathafoline, but also gave us critical experience in performing
late-stage operations, particularly for introduction of the methanoquinolizidine unit and

purification of polar natural product-like compounds.

1. HCHO, NaBH;CN
MeCN, AcOH, 23 °C

L
'

2,
s "si) 2.32

Cs,CO0;, MeCN, 65 °C

16-epi-2(S)-

(10% yield, 2 steps) Cathafoline (2.35)

" 1s™Nsi) 2.32

Me  Cs,CO; MeCN,65°C

>

2. TFA, CH,Cly, 23 °C

(76% yield, 2 steps)

HCHO, NaBH;CN

h
-

MeCN, AcOH, 23 °C

(48% yield) 16-epi-2(S)-
Cathafoline (2.35)

Figure 2.2. Synthetic routes to 16-epi-2(S)-cathafoline (2.35).

2.7 Enantioselective Total Syntheses of (+)-Strictamine and (-)-2(5)-Cathafoline
Despite the C16 epimerization setback, we returned to the primary task of completing the

total syntheses of (+)-strictamine and (—)-2(S)-cathafoline (Scheme 2.8). We first sought a means
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to open the lactone ring of 2.6 under non-basic reaction conditions, to hopefully avoid the
undesired epimerization. To this end, indoline lactone 2.6 was treated with lithium borohydride to
give the corresponding diol with the C16 stereochemistry unperturbed. Subsequent protection of
the more accessible primary alcohol furnished silyl ether 2.37. Next, a straightforward three-step
sequence was performed to elaborate the C16 hydroxymethyl group of 2.37 to the corresponding
methyl ester, 2.38. From hydroxy ester 2.38, a two-step chlorination protocol gave alkyl chloride
2.5,%° which proceeded in the presence of the free N-H of the indoline unit and set the stage for
the final steps of the total syntheses. (+)-Strictamine (2.1) was accessed in quantitative yield from
2.5 by indoline oxidation, followed by deprotection—cyclization. Similarly, the total synthesis of
(-)-2(S)-cathafoline (2.2) was achieved by N-methylation of 2.5, followed by deprotection—
cyclization. In both cases, the pentacyclic methanoquinolizidine framework was established in the
final step of the total synthesis. NMR spectra of synthetic (+)-2.1 and (-)-2.2 correlated with
spectra of the natural samples. This synthetic effort marked the first total syntheses of 2.1 and 2.2,
which was initially communicated concurrently with Zhu’s synthesis of 2.1.'® Other synthetic
routes to 2.1 have subsequently been reported by the labs of Fujii and Ohno,™ Gaich,’™" Snyder,"

. s 5
Qin,”* and Zu.”"
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1. LiBH,, THF, 40 °C

e
-

2. TBSCI, imid., DMAP, CH,Cl,, 0 °C
(63% yield, 2 steps)

2.6

1. Dess—Martin, CH,Cl,, 23 °C
2. NaClO,, NaH,PO,, 2-Me-2-butene
t-BuOH, H,0, THF, 23 °C

1. MsCl, Et;N
CH,Cl,, 0 °C

L
Y

\ ]

3. TMSCHN,, MeOH, THF, 23°C; 2. LiCl, THF, 70 °C
AcOH, H,0, THF, 23 °C
(77% yield, 2 steps)

(41% yield, 3 steps)

1. PCC, CH,CI,, 23 °C

b
-

2.
HS/\/@ 2.32

Cs,C0;,, MeCN, 65 °C

(quantitative yield, 2 steps)

1. HCHO, NaBH,CN
MeCN, AcOH, 23 °C
(71% yield)

Me\

L
Y

2.
Hs/\/@ 2.32

Cs,CO3, MeCN, 65 °C (-)-2(S)-Cathafoline (2.2)
(50% yield)

Scheme 2.8. Total syntheses of (+)-strictamine (2.1) and (—)-2(S)-cathafoline (2.2).

2.8 (-)-W-Akuammigine: Isolation, Biological Activity, and Retrosynthetic Analysis

Having validated our strategy toward the total syntheses of natural products containing the
methanoquinolizidine core, we directed our attention toward (—)-W-akuammigine (2.4), the most
structurally complex of the methanoquinolizidine-containing akuammiline alkaloids. (—)-W-
Akuammigine (2.4) was isolated from Picralima klaineana in 1932.° Biological studies later
revealed promising activity as an anti-inflammatory agent.’® Moreover, (-)-W-akuammigine (2.4)
belongs to a subset of akuammilines bearing vicinal quaternary centers, a structural motif which

continues to be a notable synthetic challenge. In fact, only recently have there been reported total
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syntheses of akuammiline alkaloids bearing this motif.”™ ¥ Despite these triumphant efforts,
akuammilines containing both the methanoquinolizidine and vicinal quaternary centers have yet
to succumb to total synthesis.’’

Our initial retrosynthetic analysis of (—)-W-akuammigine (2.4) is shown in Scheme 2.9.
The natural product (2.4) was proposed to arise from late-stage intermediate 2.39, possessing a
furoindoline motif and an alkyl chloride. In the forward sense, removal of the nosyl group was
expected to enable C5—N4 bond formation and forge the methanoquinolizidine core, analogous to
the strategy used to synthesize (+)-strictamine (2.1) and (—)-2(S)-cathafoline (2.2). Chloride 2.39
would be synthesized from furoindoline 2.40 through oxidative esterification and elaboration of
the silyl ether. In a key maneuver, furoindoline 2.40 would ultimately be derived from aldehyde
2.42 through a sequence involving C16 hydroxymethylation, followed by N-methylation and
cyclization (see transition structure 2.41). Although not depicted, it was envisioned that the
namesake of the natural product family, (+)-akuammiline (2.3), could also be accessed from 2.42
or derivatives thereof. Finally, aldehyde 2.42 was anticipated to be available from indoline
lactone 2.6, the product of the reductive interrupted Fischer indolization reaction'® described

above (see Scheme 2.5).
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Deprotection &
Me Late-Stage C5-N4
Bond Formation

C16 Alkylation &
N-Methylation

From Reductive
Interrupted
Fischer
Indolization

Scheme 2.9. Retrosynthetic analysis of (—)-W-akuammigine (2.4).

2.9 Attempted Introduction of the Furoindoline Motif

To initiate our studies toward (—)-W-akuammigine (2.4), we focused on the scalable
preparation of aldehyde 2.42 following the route shown in Scheme 2.10. Knowing the commonly
encountered difficulties associated with late-stage endeavors in akuammiline total synthesis, we
expected our expedition would require us to perform the key reductive interrupted Fischer
indolization'® step on a large scale. Thus, we first prepared more than 10 grams of ketolactone 2.9.
In the key reductive Fischer indolization step, we were heartened to find that gram-scale reaction
of ketolactone 2.9 and phenylhydrazine (2.8) under acidic conditions proceeded smoothly to
deliver intermediate indolenine 2.26. Reduction in the same pot using triethylsilane then furnished

the pentacyclic indoline lactone 2.6 in 93% yield. Elaboration of indoline lactone 2.6 through a 3-
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step sequence involving lactone reduction, selective alcohol protection, and simultaneous

oxidation of the indoline and remaining alcohol afforded indolenine aldehyde 2.42.

HN,NHZ
add
@ 2.8 Et;SiH, TFA
- S
TFA, 40°C, 14 h 23°C
1,2-dichloroethane (93% yield)
29 gram scale

> 10 g prepared

1. LiBH,, THF, 70 °C
2. TBSCI, imid.
DMAP, CH,Cl,, 0 °C

3. PCC, CH,Cl,, 23 °C
(30% yield, 3 steps)

Scheme 2.10. Scalable preparation of aldehyde 2.42.

With aldehyde 2.42 in hand, we sought to tackle three structural challenges presented by
W-akuammigine (2.4): the vicinal quaternary centers, the furoindoline moiety, and the
methanoquinolizidine core. As shown in Scheme 2.11, treatment of aldehyde 2.42 with
paraformaldehyde under basic conditions’™™ provided diol 2.43 in 58% yield. Of note, this
transformation establishes the second of the vicinal quaternary centers and proceeds with
Tischenko-type reduction of the aldehyde.”® Next, we pursued introduction of the furoindoline
moiety by exposing diol 2.43 to excess methyl iodide and K,CO;.*” This allowed for
differentiation of the C16 hydroxymethyl groups and furnished furoindoline alcohol 2.44 in 66%
yield. Lastly, we sought to forge the methanoquinolizidine core of the natural product. A three-
step oxidation/esterification sequence delivered ester 2.45, which was poised to undergo C5-N4

bond formation upon C5 activation and removal of the nosyl group. Unfortunately, removal of the
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silyl ether group present in 2.45 failed to deliver the desired alcohol 2.47. Instead, we exclusively
obtained an undesired isomer, furoindoline 2.46, in 67% yield using Ph;PBr,,* and in high
efficiencies under other conditions (e.g., acetic acid, TBAF). It is hypothesized that the presumed
in situ structural rearrangement of furoindoline 2.47 to isomer 2.46 is thermodynamically driven,

with 2.46 being significantly more stable.*'

Cs,CO; Mel

(CH,0),, Me K,CO3
THF, 60 °C MeOH, 55 °C
(58% yield) (66% yield)

2.43

1. Dess—Martin, CH,ClI,, 23 °C

2. NaClO,, NaH,PO,, +-BuOH, H,0
2-Me-2-butene, THF, 23 °C
3. TMSCHN,, MeOH, THF, 23 °C

(29% yield, 3 steps)

Ph3PBr,
CH,Cl,, 23 °C
(67% yield)
undesired 2.47
furoindoline desired product
isomerization not observed

Scheme 2.11. Introduction of the furoindoline motif and undesired isomerization to afford 2.46.

2.10 Enantioselective Total Synthesis of (-)-W-Akuammigine
The discovery of the undesired furoindoline isomerization prompted us to reassess our
synthetic approach toward (—)-W-akuammigine (2.4) (Scheme 2.12). Rather than installing the

furoindoline prior to the methanoquinolizidine, we sought to reverse the order in which these key
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structural features were formed. Thus, we targeted epimeric esters 2.36 or 2.48 and derivatives
thereof that contain the methanoquinolizidine core, but lack the vicinal quaternary centers and
furoindoline, as potential precursors to (-)-W-akuammigine (2.4).*> It should be noted that the
C16 stereochemistry was considered inconsequential, as this stereocenter would be controlled
during a subsequent alkylation step. However, the strategy would likely require the handling and
purification of polar compounds due to the earlier installation of the tertiary amine. Given limited

options, we pursued this revised strategy.

Strategic Reversal of
Bond Formations

(-)-P-Akuammigine (2.4) 2.36; R =H, R’= CO,Me
2.48; R=CO,Me, R’ =H

Scheme 2.12. Reassessment of synthetic approach.

With the aim of installing the methanoquinolizidine and setting the stage for furoindoline
formation, we developed the sequence described in Scheme 2.13. Beginning with the product of
our reductive interrupted Fischer indolization reaction, indoline lactone 2.6, we performed a one-
pot saponification/methylation reaction. This net methanolysis of the lactone proceeded smoothly,
with the expected epimerization of the C16 stereocenter. Several attempts were made to activate
the resultant primary alcohol (e.g., tosylate, mesylate, halides, etc.), but the desired products of
such efforts were highly unstable and could not be isolated. We ultimately found that the alcohol
intermediate could be activated by conversion to diphenyl phosphate ester 2.49.* This set the
stage for methanoquinolizidine formation. Treatment of 2.49 with solid-supported thiol resin 2.32
under basic conditions provided ester 2.36.”™' Reduction of ester 2.36 with LiBH, afforded the
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corresponding alcohol with concomitant borylation of the tertiary amine to give indoline alcohol
2.50 in 69% yield.** Although unintentional, the introduction of the amine-borane functional
group proved beneficial, as it masked the basic tertiary amine and dramatically facilitated

purification of late-stage intermediates.

Ns
1. NaOH, THF, H,0; I
TFA, TMSCHI\122 (PhO),(0)PO_N
Me CH,CI,, 23 °C H K

\j

2. (PhO),POCI, DMAP
Et3N, CH,Cl,, 23 °C

(73% yield, 2 steps)

2.32
HS/\/@ LiBH,
_ = _ LW,
Cs2C0s THF, 60 °C
MeCN, 23 °C
(96% yield) (69% yield)

Scheme 2.13. Introduction of methanoquinolizidine framework and amine-borane complexation.

The final steps to complete the total synthesis of (—)-W-akuammigine (2.4) focused on
installation of the C16 quaternary stereocenter and the furoindoline motif (Scheme 2.14). Double
oxidation of indoline alcohol 2.50 with PCC yielded the corresponding indolenine aldehyde,
which was a suitable substrate for C16 alkylation. Exposure of the indolenine aldehyde to
paraformaldehyde (9 equivalents) and Cs,COs provided diol 2.51 in 43% yield over two steps. In
a key ploy, we pursued furoindoline formation by exposing 2.51 to methyl iodide under basic
conditions.*” This gave rise to the desired product, furoindoline alcohol 2.53, in 45% yield, with
33% recovered 2.51. We presume the reaction proceeds through activated indoleninium 2.52 to
deliver an intricate scaffold bearing both the methanoquinolizidine and the furoindoline motifs.

Notably, if the reaction was allowed to proceed with higher conversion, borane removal and N4-
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methylation occured to give an undesired ammonium salt byproduct. Nonetheless, oxidation to
the aldehyde, followed by oxidative esterification®® with borane removal,* furnished (-)-W-
akuammigine (2.4) in 86% yield over two steps. All spectral data for (—)-W-akuammigine (2.4)

were consistent with reported data and authentic samples.*

1. PCC, Celite®
CH,Cl,, 23 °C

L

2. Cs,CO3, (CH,0),
THF, 23 °C

(43% yield, 2 steps)

2.51

Mel, Cs,CO;,
THF, 30 °C

(45% yield +
33% recovered 2.57)

1. Dess—-Martin, CH,Cl,, 23 °C

2. NIS, K,CO3, MeOH, 35 °C

(86% yield, 2 steps)
(-)-P-Akuammigine (2.4)

Scheme 2.14. Total synthesis of (-)-W-akuammigine (2.4).

2.11 Enantioselective Total Synthesis of (+)-Akuammiline
Lastly with regard to the synthesis of methanoquinolizidine-containing akuammilines, we
sought to prepare (+)-akuammiline (2.3, Scheme 2.15), the namesake of the natural product

family. Akuammiline (2.3) was isolated alongside (—)-W-akuammigine (2.4) in 1932 and has not
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been synthesized.” (+)-Akuammiline (2.3) is structurally similar to (—)-W-akuammigine (2.4), but
possesses a C16 acetoxymethyl group, rather than a furoindoline unit.

We were delighted to find that late-stage intermediate alcohol 2.50 served as a suitable
precursor to (+)-akuammiline (2.3) (Scheme 2.15). Double oxidation of indoline alcohol 2.50
provided borane-protected indolenine aldehyde 2.54. C16 alkylation of 2.54 proceeded smoothly
to establish the vicinal quaternary centers and provide aldehyde 2.55.%” It was optimal to use only
1.2 equivalents of paraformaldehyde to preserve the aldehyde moiety and avoid reduction to the
corresponding diol as we had observed earlier (see 2.51, Scheme 2.14). To complete the total
synthesis of (+)-akuammiline (2.3), aldehyde 2.55 was elaborated through a multistep protocol
involving acetylation, conversion to the methyl ester, and borane removal.”® Synthetic (+)-
akuammiline (2.3) was spectroscopically comparable to an authentic sample of the natural

product.”’

032003
PCC Me (CH0),
—_— —_—
CH,Cl,, 23 °C THF, 23 °C
(91% yield) (61% yield)

1. AcCl, DMAP, Et;N, CH,Cl,, 23 °C
2. NaClO,, NaH,PO,, 2-Me-2-butene
tBuOH, H,0, THF, 23 °C

L
’ o

3. TMSCHN, MeOH, THF, 23 °C
4. EtOH, 55 °C

(25% yield, 4 steps) (+)-Akuammiline (2.3)

2.55

Scheme 2.15. Total synthesis of (+)-akuammiline (2.3).
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2.12 Structural Rearrangement of Methanoquinolizidines to Pyrrolidinoindolines

One interesting notion regarding the methanoquinolizidine-containing akuammiline
alkaloids is that, biosynthetically, they serve as precursors to the pyrrolidinoindoline-containing
akuammilines.”” As such, we wondered if structural rearrangements could efficiently be
performed in the laboratory under mild reaction conditions. Exciting precedent for such
conversions exist from the Zn/AcOH-mediated rearrangement of strictamine reported by Banerji
and Chakrabarti in 1966, albeit without a reported yield.”® We were particularly enticed to attempt
the rearrangement of the methanoquinolizidine-containing natural products (+)-strictamine (2.1)
and (+)-akuammiline (2.3) using the mild reducing agent samarium diiodide® (Figure 2.3).
Samarium diiodide has been utilized to reductively cleave C—N bonds of a-amino carbonyls, even

in the context of akuammiline chemistry.”*

However, there have been no previous examples of
the corresponding reductive cleavage of C—N bonds with Sml, using o-amino imine substrates.
Given that previous reductive rearrangements of the methanoquinolizidine core have been low
yielding,” we viewed this as an opportunity to improve their efficiencies.

The results of our rearrangement studies are shown in Figure 2.3. Upon treatment of (+)-
strictamine (2.1) with Sml, in THF and methanol at 23 °C, the desired reductive rearrangement
took place to furnish pyrrolidinoindoline compound 2.56. Subsequent methylation afforded (-)-
10-demethoxyvincorine (2.57), a bioactive natural product isolated in 2014° from Alstonia
macrophylla, that had yet to be synthesized. Next, we applied the same reductive rearrangement
conditions to (+)-akuammiline (2.3). To our delight, the rearrangement proceeded in quantitative
yield to provide the unnatural akuammiline derivative 2.58. Of note, 2.58 bears a

pyrrolidinoindoline core with vicinal quaternary stereocenters at C7 and C16, and is therefore

. o . 53
reminiscent of complex akuammilines bearing those structural features.
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Sml,

THF, MeOH, 23 °C

(67% yield)
(+)-Strictamine (2.1) 2.56

aq. HCHO
NaCNBH;
ﬁ
AcOH, CH;CN

(40% yield)
(-)-10-Demethoxyvincorine (2.57)

Me
Me

Sml,

X
0
&~

THF, MeOH, 23 °C

& \ COyMe
\ CO.Me . OAc
OAc (quant. yield)

2.58

(+)-Akuammiline (2.3)
New Akuammiline Derivative

Figure 2.3. Structural rearrangement to access pyrrolidinoindolines.

2.13 Conclusion

We have completed the first enantioselective total syntheses of five akuammiline
alkaloids, in addition to several unnatural compounds. Our synthetic approach to the
methanoquinolizidine-containing natural products 2.1-2.4 features a number of key steps,
including: a) a Trost desymmetrization to govern absolute stereochemistry, b) a gold-mediated
cyclization to construct the [3.3.1]-azabicycle, c) a reductive interrupted Fischer indolization to
arrive at pentacycle 2.6, and d) late-stage formation of the methanoquinolizidine using a
deprotection—cyclization cascade. In the case of (+)-akuammiline (2.3) and what is arguably the
most complex methanoquinolizidine-containing alkaloid, (—)-W-akuammigine (2.4), late-stage

introduction of the vicinal quaternary stereocenters was achieved by employing challenging C16
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alkylations. Additionally, in the case of (-)-W-akuammigine (2.4), a means to install the
furoindoline was crafted, while avoiding an undesired furoindoline isomerization that plagued our
early approaches. Lastly, bioinspired reductive rearrangements of (+)-strictamine (2.1) and (+)-
akuammiline (2.3) provided (—)-10-demethoxyvincorine (2.57) and a C16 analogue thereof, by
rearrangement of the methanoquinolizidine core to pyrrolidinoindoline scaffolds.

These efforts mark the first total syntheses of some of the most complex akuammilines
known, including those that possess both a methanoquinolizidine core and vicinal quaternary
stereocenters. It is expected that our studies will enable biological investigations of akuammilines
and unnatural analogs. Moreover, the lessons learned from our synthetic endeavors, including the
delicate late-stage manipulations and various undesired setbacks, should inform synthetic forays

toward akuammilines and other challenging natural products.

2.14 Experimental Section
2.14.1 Materials and Methods

Unless stated otherwise, reactions were conducted in flame-dried glassware under an
atmosphere of nitrogen using anhydrous solvents (either freshly distilled or passed through
activated alumina columns). All commercially obtained reagents were used as received unless
otherwise specified. Dess—Martin periodinane (DMP) was prepared following a literature
procedure.”* N-Todosuccinimide was purchased from Oakwood Chemical and recrystallized from
dioxane—CCly prior to use. PANHNH, (2.8) was obtained from Sigma Aldrich and purified by
flash chromatography (4:1 hexanes:EtOAc) prior to use. Methyl iodide was purchased from Alfa
Aesar and distilled prior to use. Cs,CO; Puratronic® 99.994% (metals basis) and

paraformaldehyde were purchased from Alfa Aesar. K,CO; was purchased from Alfa Aesar and
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ground prior to use. Solid supported thiol-resin, MetSThiol® (2.32), was obtained from SiliCycle
(Product # R51030B). Et;SiH, TBSCI, TFA, and DMAP were obtained from Oakwood Chemical
and used as received. NaClO,, PhsPBr,, and (PhO),POCI were purchased from Sigma Aldrich
and used as received. 2-methyl-2-butene, PCC, imidazole, absolute ethanol, and LiBH4 were
obtained from Acros Organics. NaH,POy, 1,2-dichloroethane, Celite®, and acetyl chloride were
used as received from Fisher Scientific. TMSCHN, was used as received from TCI America.
NaOH was purchased from EMD Millipore. Reaction temperatures were controlled using an
IKAmag temperature modulator, and unless stated otherwise, reactions were performed at room
temperature (rt, approximately 23 °C). Thin-layer chromatography (TLC) was conducted with
EMD gel 60 F254 pre-coated plates (0.25 mm) and visualized using a combination of UV,
anisaldehyde, iodine, phosphomolybdic acid and cerium (IV) sulfate in water with sulfuric acid
(Seebach), and potassium permanganate staining. Silicycle P60 (particle size 0.040—0.063 mm)
silica gel was used for flash column chromatography. 'H NMR spectra were recorded on Bruker
spectrometers (at 500 MHz) and are reported relative to deuterated solvent signals (7.26 ppm for
CDCls, 7.16 ppm for C¢Dg). Data for 'H NMR spectra are reported as follows: chemical shift
(d ppm), multiplicity, coupling constant (Hz), and integration. °C NMR spectra were recorded on
Bruker spectrometers (at 125 MHz) and are reported relative to deuterated solvent signals (77.16
ppm for CDCls, 128.06 ppm for C¢Dg). Data for °C NMR spectra are reported in terms of
chemical shift, and when necessary, multiplicity, coupling constant (Hz) and carbon type. ''B
NMR spectra were recorded on Bruker spectrometers (at 160 MHz) and are reported relative to an
external standard (0.00 ppm for BF3*Et,0). Data for ''B NMR spectra are reported in terms of
chemical shift. *'P NMR spectra were recorded on Bruker spectrometers (at 202 MHz) and are

reported relative to an external standard (0.00 ppm for 85% H3PO,). Data for *'P NMR spectra
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are reported in terms of chemical shift. IR spectra were recorded on a Perkin-Elmer 100
spectrometer and are reported in terms of frequency of absorption (cm™). DART-MS spectra were
collected on a Thermo Exactive Plus MSD (Thermo Scientific) equipped with an ID-CUBE ion
source and a Vapur Interface (IonSense Inc.). Both the source and MSD were controlled by
Excalibur software v. 3.0. The analyte was spotted onto OpenSpot sampling cards (IonSense Inc.)
using CHCl; or CH,Cl; as the solvent. Ionization was accomplished using UHP He plasma with
no additional ionization agents. The mass calibration was carried out using Pierce LTQ Velos ESI
(+) and (—) Ion calibration solutions (Thermo Fisher Scientific). Optical rotations were measured
with a Rudolf Autopol III Automatic Polarimeter. Melting points were determined using a

DigiMelt MPA160 melting point apparatus.

2.14.2 Experimental Procedures

Note: Experimental information for compounds 2.1, 2.2, 2.5, 2.6, 2.9, 2.10, 2.11, 2.12, 2.13, 2.15,

2.16, 2.19, 2.20, 2.21, 2.23, 2.24, 2.37, and 2.38 have previously been reported.51
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Table 2.2 Interrupted Fischer Indolization Reaction Optimization.

- ) .
Acid (5.0 equiv)
* Solvent (0.05 M)
60°C,6h
2.8
entry acid source conditions yield (%)
1 PCl; benzene, 60 °C <5
2 ZnCl, EtOH, 60 °C <5
3 p-TsOH-H,0 EtOH, H,0, 60 °C <5
4 5% HCI CH;CN, 60 °C <5
5 4% H,S0, CH;CN, 60 °C <5
6 AcOH H,0, 60°C 9
7 AcOH AcOH, 60 °C 14
8 TFA DCE, 60 °C 38

Indolenine lactone 2.26. General Procedure. To a solution of ketolactone 2.9°' (5.0 mg, 0.012
mmol, 1.0 equiv) in 1,2-dichloroethane (0.25 mL) was added TFA (5 pL, 0.059 mmol, 5.0 equiv)
and PhNHNH,; (2.8) (3.5 pL, 0.036 mmol, 3.0 equiv). The resulting mixture was degassed via the
freeze-pump-thaw method (3 cycles) using a —78 °C bath. After warming to 23 °C, the reaction
was backfilled with N, for 1 min and heated to 60 °C. After stirring for 6 h, the reaction was
cooled to 23 °C, at which point it was quenched with sat. aq. NaHCO; (1 mL). The layers were
separated and the aqueous layer was extracted with CH,Cl, (3 x 1 mL). The organic layers were
combined, dried over Na,SOj, and concentrated under reduced pressure. Yields were determined
by 'H NMR analysis using 1,3,5-trimethoxybenzene as an internal standard. An analytically pure
sample was obtained by combining the crude mixtures and purifying via flash chromatography
(1:1 hexanes:EtOAc — 1:2 hexanes:EtOAc) to afford indolenine lactone 2.26 as a yellow oil.
Indolenine lactone 2.26: R;0.30 (3:1 EtOAc:hexanes); 'H NMR (500 MHz, CDCL3): & 8.24-8.18
(m, 1H), 7.76-7.70 (m, 3H), 7.69-7.64 (m, 1H), 7.43 (td, /= 7.6, 1.2, 1H), 7.33 (d, J= 7.5, 1H),
7.26 (td, J=17.5, 1.0, 1H), 5.86 (q, J = 7.4, 1H), 5.02 (dd, J=4.1, 2.3 1H), 4.77 (td, J = 12.2, 4.7,
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1H), 4.66 (dd, J=12.2, 7.1, 1H), 4.50 (d, J = 15.6, 1H), 4.17 (br d, J = 15.1, 1H), 3.69 (br s, 1H),
3.20 (qd, J = 7.4, 4.3, 1H), 2.66 (dt, J = 14.5, 3.8, 1H), 2.45 (dd, J = 4.4, 1.8, 1H), 1.83 (dt, J =
14.5, 2.6, 1H), 1.74 (dd, J = 7.4, 2.5, 3H), 1.34 (m, 1H); °C NMR (125 MHz, CDCL;): § 181.4,
170.1, 153.5, 148.4, 142.3, 134.2, 132.5, 132.0, 131.5, 131.45, 129.3, 127.3, 126.5, 124.4, 122.8,
122.2, 67.5, 55.2, 53.4, 51.4, 48.2, 34.3, 31.6, 25.9, 14.5; IR (film): 2923, 2854, 1733, 1544,
1360, 1215, 1169 cm'; HRMS—-APCI (m/z) [M + H]" caled for C,sHa4N306S", 493.1380; found

494.1297; [0]**"p —8.67° (c = 0.1, CH,CL,).

Me Boc,0, DMAP
CH,Cl,, 40 °C

(94% yield)

2.27

Indoline lactone 2.27. To a solution of known lactone 2.6” (800 mg, 1.6 mmol, 1.0 equiv) in
CH,ClI; (120 mL) was added Boc,O (512 mg, 2.4 mmol, 1.5 equiv), and DMAP (191 mg, 1.6
mmol, 1.0 equiv). The golden brown solution became bright yellow and was placed into a
preheated oil bath set to 40 °C. Additional aliquots of Boc,O (512 mg, 2.4 mmol, 1.5 equiv) were
added after the reaction had been stirring for 1, 13, 17 h. After stirring for 20 h total, the reaction
was concentrated under reduced pressure and the crude mixture was purified by flash
chromatography (1:1 hexanes:EtOAc) to afford indoline lactone 2.27 (900 mg, 94% yield) as a
yellow oil. Indoline lactone 2.27: R;0.84 (7:3 EtOAc:hexanes); 'H NMR (500 MHz, CDCl): &
8.10 (d, J=7.2, 1H), 7.70-7.62 (m, 3H), 7.51 (br s, 1H), 7.21 (td, J= 7.6, 1.4, 1H), 7.10-7.07 (m,
1H), 7.04 (td, J= 7.4, 0.9, 1H), 5.60 (q, J = 6.8, 1H), 4.63 (dt, J = 12.0, 2.4, 1H), 4.48 (br s, 1H),
442 (dt,J=12.2,3.9, 1H), 4.34 (d, J=15.9, 1H), 4.23 (br s, 1H), 3.86-3.79 (m, 2H), 3.70-3.64

(m, 1H), 2.00 (dt, J = 14.9, 2.5, 1H), 2.91-1.84 (m, 2H), 1.68-1.62 (m, 4H), 1.49 (s, 9H); °C
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NMR (125 MHz, CDCl;): (27 of 28 signals observed) & 170.5, 151.5, 148.1, 139.5, 139.3, 134.4,
133.2, 131.6, 131.5, 128.8, 125.8, 124.3, 123.5, 121.9, 115.6, 82.6, 67.8, 65.3, 54.7, 47.9, 45.1,
42.8, 37.3, 30.1, 29.7, 28.3, 12.7; IR (film): 2958, 2923, 2854, 1735, 1698, 1547, 1373 cm ';
HRMS-APCI (m/z) [M — CsH70,]" caled for CasHaeN306S ™, 496.1537; found 496.1498; [a]**p

223.33° (¢ = 0.1, CH,CDL).

PPhs, CI,CCN
Me 1. 0.5 M aq. NaOH, THF, 23 °C 2,6-lutidine
2. TMSCHN,, MeOH, THF, 23 °C CH,Cly, 23 °C
(62% yield, 2 steps) (79% yield)
2.27 2.28 2.29

Indoline chloride 2.29. To a solution of lac_tone 2.27 (415 mg,—0.68 mmol, 1.0 equiv) in THF (34
mL) was added 0.5 M aq. NaOH (34 mL). The yellow solution was stirred for 12 h at 23 °C. Then
the mixture was quenched with sat. aq. NH4Cl (100 mL) and the layers were separated. The
aqueous layer was extracted with EtOAc (3 x 100 mL) and the combined organic layers were
dried over Na,SO4, and concentrated under reduced pressure. The residue was then resuspended
in methanol (19 mL) and THF (52 mL). Trimethylsilyldiazomethane (0.6 M in hexanes, 0.81
mmol, 1.2 equiv) was added to the solution and the reaction was stirred for 1 h at 23 °C. Then the
mixture was diluted with sat. aq. NaCl (100 mL). The layers were separated and the aqueous layer
was extracted with EtOAc (3 x 50 mL). The combined organic layers were dried over Na,SOs,
and concentrated under reduced pressure. The crude mixture was purified via column
chromatography (7:3 hexanes:EtOAc) to afford alcohol 2.28 (270 mg, 62% yield) as a yellow oil.
Note: Upon extensive purification, alcohol 2.28 decomposed to lactone intermediates such as 2.27
and its presumed epimer.

To a solution of alcohol 2.28 (270 mg, 0.42 mmol, 1.0 equiv) in CH,Cl, (60 mL) was

added triphenylphosphine (220 mg, 0.84 mmol, 2.0 equiv), 2,6-lutidine (0.10 mL, 0.84 mmol, 2.0
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equiv), and trichloroacetonitrile (85 pL, 0.84 mmol, 2.0 equiv). The solution was stirred for 2 h at
23 °C. Then the mixture was diluted with sat. ag. NaCl (100 mL). The layers were separated and
the aqueous layer was extracted with CH,Cl, (3 x 50 mL). The combined organic layers were
dried over Na,SO,4 and concentrated under reduced pressure. The crude mixture was purified via
column chromatography (7:3 hexanes:EtOAc) to afford indoline chloride 2.29 (219 mg, 79%
yield) as a yellow oil. Rf0.50 (4:6 EtOAc:hexanes); 'H NMR (500 MHz, CDCl;): & 8.60 (d, J =
6.1, 1H), 7.74-7.67 (m, 2H), 7.62 (dd, J=17.5, 1.6, 1H), 7.52 (d, J = 8.3, 1H), 7.22-7.17 (m, 2H),
6.70 (t, J=17.5, 1H), 5.31 (q, J = 6.7, 1H), 4.91 (br s, 1H), 4.22-4.14 (m, 2H), 3.92 (d, J = 15.0,
1H), 3.76 (s, 3H), 3.50 (ddd, J = 16.6, 11.1, 5.3, 1H), 3.41 (t, J = 5.3 1H), 3.17-3.06 (m, 2H),
2.24-2.15 (m, 1H), 2.15-2.05 (m, 1H), 1.74 (dd, J = 14.2, 4.5, 1H), 1.62 (s, 9H), 1.54-1.51 (m,
4H); °C NMR (125 MHz, CDCL): & 174.2, 152.2, 148.5, 142.2, 135.2, 133.8, 133.2, 131.4,
131.1, 128.7, 124.1, 124.0, 123.0, 119.1, 115.2, 82.7, 66.5, 54.5, 52.4, 48.5, 48.2, 47.0, 45.3, 39.6,
29.7,29.2, 28.4,23.0, 12.7 ; IR (film): 2957, 2922, 2857, 1736, 1699, 1547, 1371 cm '; HRMS—
APCI (m/z) [M — CsHsClO,]" caled for CagHasN3O6S™, 510.1693; found 510.1653; [a]** b —

34.67° (c = 0.1, CH,Cly).

Me TFA

“H CH,Cl,, 23 °C

COoMe (quant. yield)

2.29 2.31
Alkyl chloride 2.31. To a solution of chloride 2.29 (30.0 mg, 0.045 mmol, 1.0 equiv) in CH,Cl,

(2.3 mL) was added TFA (2.3 mL). The yellow solution was stirred for 5 min at 23 °C. Then the
mixture was quenched with sat. aq. NaHCO; (10 mL). The layers were separated and the aqueous
layer was extracted with CH,Cl, (3 x 10 mL). The combined organic layers were dried over

NaySOy4, and concentrated under reduced pressure. The crude mixture was purified via column
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chromatography (9:1 hexanes:EtOAc) to afford alkyl chloride 2.31 (26 mg, quant. yield) as a
yellow oil. Alkyl chloride 2.31: R¢ 0.42 (3:2 hexanes:EtOAc); 'H NMR (500 MHz, CDCl;): §
8.04-8.01 (m, 1H), 7.78-7.71 (m, 2H), 7.65-7.61 (m, 1H), 7.06—7.01 (m, 2H), 6.72 (td, J = 7.5,
1.0, 1H), 6.63 (d, J = 7.8, 1H), 5.58 (q, J = 7.2, 1H), 4.26—4.21 (m, 1H), 4.16 (d, J = 13.8, 1H),
4.04 (d, J= 1.8, 1H), 3.77 (dq, J = 13.9, 2.3, 1H), 3.55 (ddd, J = 16.1, 10.6, 5.7, 1H), 3.24-3.20
(m, 1H), 3.19 (s, 3H), 3.05 (s, 1H), 2.97 (dt, J = 14.5, 2.8, 1H), 2.86 (d, J = 1.4, 1H), 2.66 (ddd, J
=179, 12.2, 5.8, 1H), 2.37-2.29 (m, 1H), 1.74-1.67 (m, 4H); >*C NMR (125 MHz, CDCLy): (25
of 26 signals observed) 0 173.6, 150.0, 134.9, 134.2, 131.8, 131.2, 130.94, 130.91, 128.9, 124.2,

124.2, 123.4, 118.9, 110.1, 64.5, 54.1, 52.1, 51.4, 48.2, 46.5, 43.7, 40.8, 28.7, 19.8, 13.4; IR
(film): 2925, 2853, 1729, 1545, 1374, 1165 cm '; HRMS-APCI (m/z) [M — CI]" caled for

Ca6HasN306S ™, 510.1693; found, 510.1625; [a]**%p 11.33° (¢ = 0.1, CH,CL).

Me  1.PCC, CH,Cly, 23 °C

\j

“H 2.

Hs/\/@
COyMte 2.32

MetSThiol®, Cs,CO3, MeCN, 65 °C
2.31 (67% yield, 2 steps) 2.34

16-Epi-strictamine 2.34. To a solution of indoline 2.31 (13.0 mg, 0.023 mmol, 1.0 equiv) in
CH,Cl; (2.3 mL) was added PCC (10.0 mg, 0.046 mmol, 2.0 equiv). The solution was stirred for
20 min at 23 °C. Then the mixture was filtered through a plug of basic alumina (2 g) and eluted
with EtOAc (10 mL). The volatiles were removed under reduced pressure to afford the
corresponding indolenine (13.0 mg, quant. yield) as a yellow oil, which was taken forward with
no further purification.

To a solution of indolenine (13.0 mg, 0.023 mmol) in MeCN (3.2 mL) was added Cs,COs3
(25.0 mg, 0.077 mmol, 3.0 equiv), and SiliaMetS Thiol® 2.32 (0.10 mmol, 4.0 equiv). The
solution was then placed into a preheated aluminum block set at 65 °C and stirred for 9 h. Then
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the mixture was filtered through a plug of Celite® (1 g) and eluted with MeCN (10 mL). The
volatiles were removed under reduced pressure and the crude material was purified by column
chromatography (9:1 acetone:MeOH) to afford 16-epi-strictamine 2.34 (5.0 mg, 67% yield) as a
colorless oil. 16-Epi-strictamine 2.34: R¢ 0.20 (9:1 acetone:MeOH); "H NMR (500 MHz, CDCls):
6 7.62 (dt,J=17.0, 0.8, 1H), 7.32-7.27 (m, 2H), 7.15 (td, /= 7.4, 1.0, 1H), 5.48 (q, /= 7.0, 1H),
4.74-4.70 (m, 1H), 4.10 (d, J = 16.4, 1H), 3.48 (s, 1H), 3.15-3.09 (m, 4H), 3.03-2.96 (m, 1H),
2.77-2.71 (m, 2H), 2.48 (t, J = 2.5, 2H), 2.07-2.01 (m, 1H), 1.76 (dd, J= 7.0, 2.5, 3H), 1.72-1.65
(m, 1H); "C NMR (125 MHz, CDCls): 6 189.9, 171.8, 156.2, 145.4, 142.0, 128.1, 125.2, 122.0,
120.9, 118.8, 58.4, 55.3, 54.0, 53.9, 51.8, 51.4, 41.8, 31.6, 31.1, 12.8; IR (film): 2928, 2863,
1736, 1594, 1453, 1165 cm'; HRMS-APCI (m/z) [M + H]" caled for CyoHy3N,0,", 323.1754;

found, 323.1710; [0]**°p 141.33° (¢ = 0.1, CH,CL).

Me 1. HCHO, NaBH;CN, AcOH, MeCN, 23 °C

L

HS/\/@ 2.32
MetSThiol®, Cs,CO3, MeCN, 65 °C
231 (10% yield, 2 steps)

235
16-Epi-2(S)-cathafoline 2.35. To a solution of indoline 2.31 (13.0 mg, 0.023 mmol, 1.0 equiv) in

MeCN (2.3 mL) was added HCHO (37 wt. % in water, 0.40 mL), AcOH (0.23 mL), and
NaBH;CN (4.4 mg, 0.069 mmol, 3.0 equiv). The solution was stirred for 10 min at 23 °C. Then
the mixture was filtered through a plug of sodium sulfate (5 g) and eluted with EtOAc (10 mL).
The volatiles were removed under reduced pressure. The resultant solution was suspended in sat.
aq. NaHCOs; (5 mL) and EtOAc (5 mL). The layers were separated and the aqueous layer was
extracted with EtOAc (3 x 5 mL). The organic layers were combined and dried over Na,SOs. The

organic solvent was evaporated under reduced pressure to afford a crude residue, which was
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purified via column chromatography (9:1 hexanes:EtOAc) to afford the corresponding N-Me-
indoline (13.3 mg, quant. yield) as a yellow oil.

To a solution of the N-Me-indoline intermediate (13.3 mg, 0.023 mmol) in MeCN (2.9
mL) was added Cs,CO; (23.0 mg, 0.070 mmol, 3.0 equiv), and SiliaMetSThiol® (2.32) (0.093
mmol, 4.0 equiv). The solution was then placed into a preheated aluminum block set at 65 °C and
stirred for 9 h. Then the mixture was filtered over a plug of Celite® (1 g) and eluted with MeCN
(10 mL). The volatiles were removed under reduced pressure and the crude material was purified
by column chromatography (9:1 acetone:MeOH) to afford 16-epi-2(S)-cathafoline (2.35) (1.0 mg,
10% vyield) as a colorless oil. 16-Epi-2(S)-cathafoline (2.35): Rf 0.22 (9:1 acetone:MeOH); 'H
NMR (500 MHz, CDCl3): 6 7.13-7.05 (m, 2H), 6.81-6.73 (dt, J=7.4, 0.9, 1H), 6.59 (d, /= 7.8,
1H), 5.32 (q, J = 6.8, 1H), 4.0 (t, J = 5.0, 1H), 3.95 (d, J = 15.9, 1H), 3.55 (ddd, J = 18.6, 11.2,
7.7, 1H), 3.34 (d, J = 4.6, 1H), 3.13 (s, 1H), 2.97 (s, 3H), 2.94 (d, J = 15.8, 1H), 2.76 (dd, J =
13.8, 3.0, 1H), 2.67 (s, 3H), 2.64 (d, J = 7.2, 1H), 2.61 (s, 1H), 2.41-2.26 (m, 2H), 1.87-1.81 (m,
1H), 1.58-1.55 (m, 3H); °C NMR (125 MHz, CDCLy): § 175.0, 153.6, 142.9, 136.6, 128.0,

123.8,118.8, 117.5, 109.2, 70.2, 57.0, 56.7, 51.0, 48.7, 46.9, 42.9, 38.6, 34.3, 30.9, 20.6, 12.8; IR
(film): 2947, 2925, 2856, 1738, 1465, 1158 cm'; HRMS-APCI (m/z) [M + H]" caled for

C,1HyN,05 ", 339.2067; found, 339.2022; [0]*°p — 204.67° (¢ = 0.1, CH,CL).

s "Ysi) 232

1. MetSThiol®
Cs,CO3, MeCN, 65 °C

-
>

2. TFA, CH,Cl,, 23 °C

2.29 (76% vyield, 2 steps) 2.36
Methanoquinolizidine 2.36. To a solution of indoline 2.29 (297 mg, 0.459 mmol, 1.0 equiv) in

MeCN (15.0 mL) was added Cs,COs (299 mg, 0.918 mmol, 2.0 equiv), and SiliaMetSThiol®
(2.32) (2.294 mmol, 5.0 equiv). The solution was then placed into a preheated aluminum block set
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at 65 °C and stirred for 17 h, at which point, the reaction mixture was cooled to 23 °C and a
second addition of Cs,CO;3 (299 mg, 0.918 mmol, 2.0 equiv), and SiliaMetSThiol® (2.32) (2.294
mmol, 5.0 equiv) were added. The reaction was then placed into a preheated aluminum block set
at 65 °C and stirred for 24 h. Then the mixture was filtered through a plug of Celite” (5 grams)
and eluted with MeCN (40 mL). The volatiles were removed under reduced pressure. The crude
oil was suspended in CH,Cl, (20.0 mL) and TFA (10.0 mL) was added. The solution was then
stirred at 23 °C for 1 h. The reaction was quenched with sat. aq. NaHCO; (200 mL) and diluted
with CH,Cl, (40 mL). The layers were separated and the aqueous layer was extracted with
CHClI; (3 x 40 mL). The organic layers were combined and dried over Na,SO4. The volatiles
were removed under reduced pressure to afford a crude mixture, which was purified via column
chromatography (EtOAc — 1:4 MeOH:CHCls) to afford methanoquinolizidine 2.36 (113.4 mg,
76% vyield, over two steps) as a colorless oil. Methanoquinolizidine 2.36: R¢ 0.10 (3:7
MeOH:EtOAc); 'H NMR (500 MHz, CDCls): § 7.11 (d, J= 7.4, 1H), 7.04 (t, J= 7.8, 1H), 6.81
(t,J=17.5, 1H), 6.75 (d, J = 7.8, 1H), 5.34 (q, J = 6.8, 1H), 4.08 (d, J = 4.7, 1H), 3.92-4.02 (m,
2H), 3.51-3.61 (m, 1H), 3.13 (br s, 1H), 2.99 (s, 3H), 2.86-2.96 (m, 2H), 2.60-2.68 (m, 2H),
2.30-2.43 (m, 2H), 1.87 (d, J = 14.0, 1H), 1.58 (dd, J = 6.9, 1.7, 3H); °C NMR (125 MHz,
CDCly): 6 175.2, 150.8, 142.4, 136.8, 127.9, 124.3, 119.7, 117.9, 111.7, 63.9, 56.9, 56.6, 51.1,

50.3, 46.9, 43.4, 38.8, 30.7, 20.6, 12.8; IR (film): 2947, 2918, 2856, 1733, 1612, 1462, 1249,
1158 cm'; HRMS-APCI (m/z) [M + H]" caled for Cy0HsN,O,", 325.1911; found, 325.1890;

[a]**p —75.3° (¢ = 0.1, CH,CL).

92



Me

HCHO, NaBH;CN

, H MeCN, AcOH, 23 °C
COZMe

(48% yield)
2.36 2.35

16-Epi-2(S)-cathafoline 2.35. To a solution of methanoquinolizidine 2.36 (4.0 mg, 0.012 mmol,
1.0 equiv) in MeCN (1.2 mL) was added HCHO (37 wt. % in water, 0.22 mL), AcOH (0.12 mL),
and NaBH;CN (2.3 mg, 0.037 mmol, 3.0 equiv). The solution was stirred for 10 min at 23 °C.
Then the mixture was filtered through a plug of sodium sulfate (5 g) and eluted with EtOAc (10
mL). The volatiles were removed under reduced pressure. The resultant solution was suspended in
sat. aq. NaHCOs; (5 mL) and EtOAc (5 mL). The layers were separated and the aqueous layer was
extracted with EtOAc (3 x 5 mL). The organic layers were combined and dried over Na,SOs. The
volatiles were removed under reduced pressure to afford a crude residue, which was purified via
column chromatography (9:1 acetone:MeOH) to afford 16-epi-2(S)-cathafoline 2.35 (2.0 mg, 48%

yield) as a colorless oil. 16-Epi-2(S)-cathafoline 2.35 is characterized above, vide supra.

ii. Et3SiH, TFA
Me DCE, 23 °C

(93% yield, gram scale)

2.9 2.26 2.6
Indoline lactone 2.6. To a solution of ketolactone 2.9°! (1.00 g, 2.40 mmol, 1.0 equiv) in 1,2-

dichloroethane (120 mL) was added TFA (0.900 mL, 12.0 mmol, 5.0 equiv) and PANHNH, (2.8)
(472 pL, 4.76 mmol, 2.0 equiv). The resulting mixture was degassed via the freeze-pump-thaw
method (3 cycles) using a —78 °C bath. After warming to 23 °C, the reaction was backfilled with
N, for 1 min and heated to 40 °C. After stirring for 14 h, the reaction was cooled to 23 °C, at

which point additional TFA (19.0 mL, 246 mmol, 103.0 equiv) and Et;SiH (19.0 mL, 119 mmol,
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50.0 equiv) were added. The reaction was flushed with N, for 1 min and stirred at 23 °C. After 1 h
of stirring, the reaction was quenched with sat. aq. NaHCO3 (400 mL) and diluted with CH,Cl,
(200 mL). The layers were separated and the aqueous layer was extracted with CH,Cl, (3 x 200
mL). The organic layers were combined, dried over Na,SO4, and concentrated under reduced
pressure. The crude mixture was purified via flash chromatography (3:1 hexanes:EtOAc — 2:1
hexanes:EtOAc) to afford indoline lactone 2.6 (1.10 g, 93% yield) as a yellow solid. Indoline
lactone 2.6: mp: 135-137 °C; R¢0.30 (1:1 EtOAc:hexanes); '"H NMR (500 MHz, CDCl3): & 8.07—
8.03 (m, 1H), 7.78-7.70 (m, 2H), 7.68— 7.65 (m, 1H), 7.10-7.04 (m, 2H), 6.75 (dt, J = 7.5, 0.9,
1H), 6.66 (d, J = 7.8, 1H), 5.62 (q, J = 7.2, 1H), 4.72-4.64 (m, 1H), 4.61-4.53 (m, 1H), 4.21 (s,
1H), 4.18 (d, J = 2.4, 1H), 4.06 (d, J = 14.6, 1H), 3.95 (s, 1H), 3.82 (dt, J = 14.5, 1.3, 1H), 3.55—
3.49 (m, 1H), 3.08 (d, J= 6.4, 1H), 2.51-2.43 (m, 1H), 2.11 (dt, J = 13.9, 2.8, 1H), 2.07-1.98 (m,
1H), 1.87 (dtd, J = 13.9, 3.8, 1.3, 1H), 1.68 (d, J = 7.1, 3H). The spectral data match those

previously reported in the literature.”

Me 1. LiBH,, THF, 70 °C

\J

2. TBSCI, imid.
DMAP, CH,Cl,, 0 °C
3. PCC, CH,Cl,, 23 °C

26 (30% yield, 3 steps) 242
Indolenine aldehyde 2.42. To a solution of indoline lactone 2.6 (255 mg, 0.499 mmol, 1.0 equiv)

in THF (20 mL) was added LiBH4 (43.0 mg, 2.0 mmol, 4.0 equiv). The reaction was placed in a
preheated oil bath at 40 °C. After stirring for 5 h, the reaction was cooled to 23 °C, poured into
deionized water (25 mL), and diluted with EtOAc (20 mL). The layers were separated and the
aqueous layer was extracted with EtOAc (3 x 20 mL). The organic layers were combined, dried
over MgSQ4, and evaporated under reduced pressure. The crude residue was purified via flash

chromatography (3:7 hexanes:EtOAc) to afford the corresponding diol.
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To a solution of the diol in CH,Cl, (10 mL) was added imidazole (28.5 mg, 0.418 mmol,
1.2 equiv) and DMAP (43.0 mg, 0.350 mmol, 1.0 equiv). The reaction was cooled to 0 °C and
stirred. After 1 min, TBSCI (74.0 mg, 0.500 mmol, 1.4 equiv) was added. The reaction was
allowed to warm to 23 °C. After 1 h the reaction was poured into deionized water (12 mL). The
layers were separated and the aqueous layer was extracted with CH,Cl, (3 x 12 mL). The organic
layers were combined, dried over MgSQ,, and evaporated under reduced pressure. The crude
residue was purified via flash chromatography (4:1 hexanes:EtOAc — 3:1 hexanes:EtOAc) to
afford the corresponding silyl ether.

To a solution of the silyl ether in CH,Cl, (30 mL) was added PCC (0.200 g, 0.800 mmol,
2.5 equiv). After 45 min, Celite” (200 mg) was added to the reaction and the contents of the flask
were filtered through a pad of Celite® (2 g) and basic alumina (4 g). The pad was eluted with
EtOAc (100 mL) and the filtrate was concentrated under reduced pressure. The crude mixture was
purified via flash chromatography (1:3 hexanes:EtOAc) to afford indolenine aldehyde 2.42 (99.7
mg, 30% yield, 3 steps) as a colorless oil. Indolenine aldehyde 2.42: Ry 0.70 (1:1
hexanes:EtOAc); '"H NMR (500 MHz, CDCL;): 6§ 10.15 (d, J = 3.3, 1H), 8.21-8.15 (m, 1H),
7.78=7.70 (m, 2H), 7.67-7.61 (m, 2H), 7.38-7.31 (m, 2H), 7.23 (td, J=7.5, 1.1, 1H), 5.79 (q, J =
7.4, 1H), 5.22 (dd, J = 4.1, 2.7, 1H), 4.47 (d, J = 15.0, 1H), 4.10-4.00 (m, 1H), 3.55-3.47 (m,
1H), 3.41 (s, 1H), 2.94-2.84 (m, 1H), 2.69-2.59 (m, 2H), 2.47 (dd, J = 14.0, 3.7, 1H), 1.98 (t, J =
3.5, 1H), 1.82 (dt, /= 14.1, 3.0, 1H), 1.69 (dd, /= 7.3, 2.4, 3H), 0.70 (s, 9H), —0.18 (s, 3H), —0.22
(s, 3H); "C NMR (125 MHz, CDCly): 6 201.8, 182.4, 153.6, 148.8, 143.6, 134.2, 132.0, 131.8,

131.2, 131.0, 128.5, 126.4, 125.1, 124.4, 123.5, 121.5, 63.2, 59.1, 58.9, 54.5, 47.7, 35.5, 35.1,

295, 26.1, 18.4, 15.0, —5.4, -5.5; IR (film): 2955, 2930, 2856, 1715, 1544, 1443, 1371, 1175,
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1091 cm '; HRMS-APCI (m/z) [M + H]" caled for C3HyoN306SSi", 610.2402; found, 610.2361;

[a]*p 16.00° (¢ = 0.1, CH,CL).

(CH,0),
Me  Cs,CO;

THF, 60 °C

(58% yield)
242 243
Diol 2.43. To a solution of indolenine aldehyde 2.42 (47 mg, 0.077 mmol, 1.0 equiv) in THF (8
mL) was added Cs,COs (250 mg, 0.77 mmol, 10.0 equiv) and paraformaldehyde (23 mg, 0.77
mmol, 10.0 equiv). The reaction was heated to 60 °C. After stirring for 2.5 h, the reaction was
cooled to 23 °C, filtered over Celite®(2 g), and evaporated under reduced pressure. The crude
mixture was purified via preparative thin layer chromatography (3:2 benzene:MeCN) to afford
diol 2.43 (28.7 mg, 58% yield) as a pale yellow oil. Diol 2.43: R 0.30 (1:3 hexanes:EtOAc); 'H
NMR (500 MHz, CDCl3) 6 8.19-8.12 (m, 1H), 7.76-7.71 (m, 2H), 7.70-7.66 (d, J = 7.7, 1H),
7.65-7.60 (m, 1H), 7.53 (d, J= 7.4, 1H), 7.37 (td, J = 7.6, 1.3, 1H), 7.25 (td, J = 7.5, 1.1, 1H),
579 (q,J=7.4,1H),5.13 (t,J=3.3, 1H), 4.45 (d, J=15.2, 1H), 4.31 (dd, /= 10.6, 3.4, 1H), 4.21
(dd, J=10.5,5.3, 1H), 4.06 (dt, J=15.1, 2.5, 1H), 3.47 (ddd, J=10.0, 9.1, 5.9, 1H), 3.34 (s, 1H),
3.07 (dd, J = 12.0, 2.7, 1H), 2.69-2.58 (m, 2H), 2.45 (dd, J = 5.6, 3.8, 1H), 2.37 (td, J = 9.8, 4.6,
1H), 2.10 (dt, J = 14.6, 3.3, 1H), 2.03 (ddd, J = 13.5, 9.1, 4.7, 1H), 1.97 (dt, J = 14.6, 3.2, 1H),
1.86 (d, 7.1, 3H), 1.82 (dd, J= 9.8, 3.1, 1H), 0.69 (s, 9H), —0.21 (s, 3H), —0.24 (s, 3H); °C NMR

(125 MHz, CDCls): 0 182.8, 154.4, 148.9, 141.3, 134.0, 131.86, 131.84, 131.7, 131.1, 128.7,

126.3, 125.8, 124.3, 124.1, 122.1, 64.9, 64.7, 62.2, 58.7, 54.2, 52.3, 47.6, 35.4, 30.6, 30.2, 26.1,
18.4, 14.4, -5.3, —5.5; IR (film): 3376, 2928, 1546, 1467, 1373, 1170, 1071 cm'; HRMS-APCI
(m/z) [M + H]" caled for C3,HagN307SSi", 642.2664; found, 642.2617; [0]*~p 4.00° (¢ = 0.1,

CH,Cl,).
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Me K,CO,
MeOH, 55 °C

(66% yield)

2.44

Furoindoline 2.44. To a solution of diol 2.43 (9.5 mg, 0.0150 mmol, 1.0 equiv) in MeOH (1.4
mL) was added K,COs (20.0 mg, 1.50 mmol, 1.5 equiv) and Mel (1.5 mL, 22.0 mmol, 22.0
equiv). The reaction was heated to 55 °C. After stirring for 4 h, the reaction was cooled to 23 °C
and concentrated under reduced pressure. The crude solid was washed with EtOAc (5 x 2 mL)
and the organic wash was filtered over a plug of silica (2 g). The filtrate was concentrated under
reduced pressure and purified via column chromatography (1:1 hexanes:EtOAc) to afford
furoindoline 2.44 (6.4 mg, 66% yield) as a colorless oil. Furoindoline 2.44: R; 0.60 (EtOAc); 'H
NMR (500 MHz, CDCl;): 0 8.08-8.02 (m, 1H), 7.75-7.65 (m, 2H), 7.63-7.57 (m, 1H), 7.21-
7.14 (m, 2H), 6.76 (td, J=7.5, 1.0, 1H), 6.71 (d, J= 8.4, 1H), 5.51 (q, J= 7.0, 1H), 4.84-4.78 (m,
1H), 4.28 (dd, J=10.8, 3.6, 1H), 4.22-4.12 (m, 2H), 3.83 (d, /= 7.5, 1H), 3.68 (dt, /= 14.7, 2.1,
1H), 3.55 (ddd, J = 10.0, 8.1, 4.6, 1H), 3.46 (d, J = 7.2, 1H), 3.42 (s, 1H), 2.95 (s, 3H), 2.79 (m,
1H), 2.47 (dt, J = 14.2, 3.9, 1H), 2.19 (ddd, J = 14.3, 7.7, 4.6, 1H), 2.03 (ddd, J = 14.3, 8.2, 7.0,
1H), 1.83 (dd, /=17.1, 2.3, 3H), 1.72 (t, J = 4.4, 1H), 1.64 (dt, J = 14.1, 2.4, 1H), 0.79 (s, 9H), —
0.09 (s, 3H), -0.11 (s, 3H); °C NMR (125 MHz, CDCl;): § 151.9, 148.8, 135.3, 134.1, 133.7,

132.2, 131.2, 131.0, 127.6, 124.6, 124.0, 121.6, 118.8, 110.5, 106.8, 75.4, 62.5, 60.7, 58.8, 56.5,
52.2,48.2, 33.8, 33.5, 30.5, 27.3, 26.0, 18.4, 13.8, —5.3, —5.4; IR (film): 3438, 2928, 1542, 1470,
1371, 1071 cm'; HRMS-APCI (m/z) [M + H]" caled for Ci3sHiN30,SSi’, 656.2820; found,

656.2777; [0]*"°p 14.00° (¢ = 0.1, CH,CL).
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1. Dess—Martin, CH,Cl,, 23 °C

Y

2. NaClO,, NaH,PO,
2-Me-2-butene, t-BuOH
H,0, THF, 23 °C

3. TMSCHN,, MeOH, THF, 23°C

2.44 (29% yield, 3 steps) 2.45

Ester 2.45. To a solution of furoindoline 2.44 (7.2 mg, 0.011 mmol, 1.0 equiv) in CH,Cl, (1.0
mL) was added Dess—Martin periodinane (5.8 mg, 0.014 mmol, 1.3 equiv). After stirring for 20
min, the reaction was quenched with sat. aq. Na;S,0; (1.5 mL) and diluted with CH,Cl, (1.5 mL).
The layers were separated and the aqueous layer was extracted with CH,Cl, (3 x 1.5 mL). The
organic layers were combined, dried over Na,SOs, and evaporated under reduced pressure. The
crude residue was purified via flash chromatography (1:1 hexanes:EtOAc) to afford the
corresponding furoindoline aldehyde.

To a solution of the furoindoline aldehyde in #-butanol (0.24 mL), 2-methyl-2-butene (2.0
M in THF, 0.24 mL), and deionized water (0.24 mL), was added NaClO, (3.7 mg, 0.040 mmol,
5.5 equiv), and NaH,PO4 (5.7 mg, 0.048 mmol, 6.5 equiv). After stirring for 14 h, the reaction
was diluted with deionized water (2 mL) and CH>Cl, (2 mL). The layers were separated and the
aqueous layer was extracted with CH,Cl, (3 x 2 mL). The organic layers were combined, dried
over Na,SOs, and evaporated under reduced pressure. The corresponding furoindoline carboxylic
acid intermediate was used in the subsequent step without further purification.

To a solution of the crude furoindoline carboxylic acid in THF (0.5 mL) and methanol
(0.3 mL) was added TMSCHN; (0.6 M in THF, 0.020 mL, 0.12 mmol, 1.6 equiv). After stirring
for 40 min, the reaction was quenched with deionized water (1.5 mL) and diluted with CH,Cl,
(1.5 mL). The layers were separated and the aqueous layer was extracted with CH,Cl, (3 x 1.5
mL). The organic layers were combined, dried over Na,SO,, and evaporated under reduced

pressure. The crude material was purified via preparative thin layer chromatography (1:4
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hexanes:EtOAc) to afford ester 2.45 (2.2 mg, 29% yield, 3 steps) as a colorless oil. Ester 2.45: R
0.75 (1:3 hexanes:EtOAc); 'H NMR (500 MHz, CDCls): (42 of 45 protons observed) § 8.10-8.04
(m, 1H), 7.76-7.64 (m, 2H), 7.63—7.57 (m, 1H), 7.20-7.12 (m, 2H), 6.75 (td, J = 7.5, 0.8, 1H),
6.68 (d, J=8.2, 1H), 5.54 (q, J = 6.8, 1H), 4.84 (s, 1H), 4.20 (d, J = 14.3, 1H), 3.87 (d, /= 7.7,
1H), 3.80 (s, 3H), 3.70 (d, J = 14.3, 1H), 3.58-3.45 (m, 3H), 3.08 (ddd, J = 11.0, 9.7, 4.9, 1H),
2.94 (s, 3H), 2.57 (dt, J = 14.2, 3.9, 1H), 2.47 (ddd, J = 14.2, 10.9, 4.9, 1H), 2.39 (ddd, J = 14.2,
11.0, 5.4, 1H), 1.67 (dt, J = 14.2, 2.4, 1H), 0.74 (s, 9H), —0.16 (s, 3H), —0.18 (s, 3H); °C NMR
(125 MHz, CDCl3): 6 172.1, 151.9, 148.9, 134.7, 134.2, 133.9, 132.5, 131.4, 130.9, 127.8,
124.1, 123.8, 123.0, 119.6, 110.1, 106.9, 73.2, 60.8, 58.7, 58.1, 52.3, 51.7, 48.4, 38.4, 34.8, 30.3,
27.5, 26.2, 18.4, 13.3, —5.1, =5.2; IR (film): 2955, 2928, 2853, 1741, 1542, 1470, 1371, 1254,
1172, 1075 ecm™'; HRMS-APCI (m/z) [M + H]" caled for C3;sHysN305SSi’, 684.2769; found,

684.2732; [0]*°*p 8.00° (c = 0.1, CH,CL,).

Me Ph;PBr,

CH.Cl,

(67% yield)

2.45

Furoindoline isomer 2.46. To a solution of ester 2.45 (2.7 mg, 0.039 mmol, 1.0 equiv) in CH,Cl,
(0.4 mL) was added Ph3;PBr; (8.3 mg, 0.20 mmol, 0.5 equiv). After stirring for 20 min, the
reaction was quenched with deionized water (1.5 mL) and diluted with CH,Cl, (1.5 mL). The
layers were separated and the aqueous layer was extracted with CH,Cl, (3 x 1.5 mL). The organic
layers were combined, dried over Na,SO4, and evaporated under reduced pressure. The crude
mixture was purified via preparative thin layer chromatography (1:3 hexanes:EtOAc) to afford

furoindoline isomer 2.46 (1.5 mg, 67% yield) as a colorless oil. Furoindoline isomer 2.46: R 0.70
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(1:3 hexanes:EtOAc); '"H NMR (500 MHz, CDCl;): 6 8.16-8.09 (m, 1H), 7.71-7.64 (m, 3H),
7.36-7.32 (m, 1H), 7.17 (td, J= 7.7, 1.3, 1H), 6.77 (td, J = 7.5, 1.0, 1H), 6.54 (dd, J = 8.0, 1.0,
1H), 5.48 (q, J = 6.8, 1H), 4.62 (t, J = 3.5, 1H), 4.10 (dt, J = 14.7, 2.3, 1H), 4.00 (t, J = 8.2, 1H),
3.77 (s, 3H), 3.72 (d, J = 14.7, 1H), 3.65 (dd, J= 11.7, 4.1, 1H), 3.62 (t, J = 3.4, 1H), 3.28 (ddd, J
=11.5, 8.6, 5.8, 1H), 3.16 (dd, J = 11.6, 8.9, 1H), 2.88 (s, 3H), 2.67 (ddd, J=13.1, 11.4, 8.0, 1H),
2.53 (dd, J=13.2, 5.6, 1H), 2.14 (dt, J = 14.3, 3.2, 1H), 1.79 (dt, J = 14.3, 3.7, 1H), 1.66 (dd, J =
6.9, 2.1, 3H), 1.64-1.61 (m, 1H); °C NMR (125 MHz, CDCL;): § 173.9, 151.9, 147.9, 134.1,

133.3, 131.73, 131.70, 131.2, 130.1, 129.3, 126.0, 125.2, 124.7, 119.2, 108.7, 105.1, 68.2, 67.1,
57.5,56.6, 51.9, 51.4, 49.7, 39.4, 30.8, 30.4, 26.9, 13.5; IR (film): 3545, 2950, 2925, 1742, 1720,
1542, 1490, 1351, 1163, 1125 cm'; HRMS-APCI (m/z) [M + H]" caled for CasH3:N305S",

570.1905; found, 570.1863; [a]*~b —50.00° (c = 0.1, CH,CL).
Ns
1. NaOH, THF, H,0

I

then TFA (Ph0),(0)PO N
Me TMSCHN,, CH,Cl,, 23 °C H H K
> N

-

2. (PhO),POCI
DMAP, CH,Cl,, 23 °C

(73% yield, 2 steps)

Phosphate ester 2.49. To a solution of indoline lactone 2.6 (50.0 mg, 0.10 mmol, 1.0 equiv) in
THF (5.0 mL) was added aq. NaOH (0.5 M, 5.0 mL). After stirring for 14 h at 23 °C, the reaction
was neutralized with TFA (190 pL) and diluted with brine (2.0 mL) and CH,Cl, (2.0 mL). The
aqueous layer was removed by pipette and TMSCHN, (0.6 M in hexanes, 3.30 mL, 1.98 mmol,
20.0 equiv) was added. The reaction was stirred at 23 °C for 30 min then dried over Na,SO4. The
solution was concentrated under reduced pressure and the crude mixture was purified via flash

chromatography (1:1 EtOAc:hexanes) to afford the corresponding ester.
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To a solution of the ester in CH,Cl, (8.0 mL), was added diphenyl phosphoryl chloride (26
ul, 0.13 mmol, 1.5 equiv), triethylamine (29 pL, 0.20 mmol, 2.5 equiv), and DMAP (2.5 mg,
0.021 mmol, 0.5 equiv). After stirring for 1 h at 23 °C, additional diphenyl phosphoryl chloride
(26 pL, 0.13 mmol, 1.5 equiv), triethylamine (29 pL, 0.20 mmol, 2.5 equiv), and DMAP (2.5 mg,
0.021 mmol, 0.5 equiv) were added and the reaction was stirred for 1 h. Then the reaction was
concentrated under reduced pressure and the crude material was purified by flash chromatography
(1:1:18 acetone:CH,Cly:benzene) to afford phosphate ester 2.49 (55.9 mg, 73% yield, 2 steps) as a
colorless oil. Phosphate ester 2.49: R 0.70 (1:1 hexanes:EtOAc); "H NMR (500 MHz, CDCl;): §
8.01-7.95 (m, 1H), 7.76-7.68 (m, 2H), 7.62—7.57 (m, 1H), 7.36-7.28 (m, 4H), 7.22-7.12 (m, 6H),
7.06-6.98 (m, 2H), 6.68 (t,J = 7.3, 1H), 6.61 (d, J= 7.6, 1H), 5.49 (q, J=7.1, 1H), 4.37-4.28 (m,
1H), 4.21 (br s, 1H), 4.17-3.96 (m, 4H), 3.77 (d, J=13.9, 1H), 3.17 (s, 3H), 3.04 (br s, 1H), 2.93
(dt,J=14.2,2.5, 1H), 2.86 (br s, 1H), 2.68-2.58 (m, 1H), 2.38-2.28 (m, 1H), 1.71-1.62 (m, 4H);
PC NMR (125 MHz, CDCLy): § 173.6, 150.6 (t, J = 6.6), 149.8, 149.0, 134.7, 134.2, 131.7,
131.0, 130.9, 130.7, 129.9, 128.9, 125.3, 124.4, 124.2, 123.4, 120.3 (t, J=4.9), 119.0, 110.1, 66.5
(d, J = 6.3), 65.0, 53.9, 52.2, 51.4, 48.3, 45.2, 40.4 (d, J = 6.9), 28.6, 19.8, 13.4; *'P NMR (202
MHz, CDCl;): § —12.4; IR (film): 2923, 1735, 1590, 1543, 1487, 1189, 1163, 1024 cm';
HRMS-APCI (m/2) [M + H]" caled for C3sH3oN3010PS™, 760.2088; found, 760.2043; [0]*’p —

2.0° (¢ =0.1, CH,CDL).
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2.32

Ns HS

| .

(PhO),(0)PO_ N MetSThiol®
H\ H A3 Me C52C03
—»
“H MeCN, 40 °C
CO,Me (96% yield)
249 2.36

Methanoquinolizidine 2.36. To a solution of phosphate ester 2.49 (8.5 mg, 0.011 mmol, 1.0
equiv) and Cs,CO; (15.0 mg, 0.045 mmol, 4.0 equiv) in MeCN (1.0 mL) was added SiliaMetS
Thiol® 2.32 (0.033 mmol, 3.0 equiv). The reaction was heated to 40 °C. After stirring for 46 h, the
reaction was cooled to 23 °C, and filtered through a plug of Celite® (1 g). The plug was washed
with MeCN (15 mL) and the filtrate was concentrated under reduced pressure. The crude mixture
was purified via flash chromatography (1:19 MeOH:CHCIs) to afford methanoquinolizidine 2.36
(3.5 mg, 96% yield) as a colorless oil. Methanoquinolizidine 2.36 is characterized above, vide

supra.

Me LiBH,

s
. “H THF, 60 °C
'COzMe
(69% yield)
2.36 2.50

Indoline alcohol 2.50. To two separate solutions of ester 2.36 (35.3 mg, 0.109 mmol, 1.0 equiv)
in THF (10.9 mL each) was added LiBH4 (47.4 mg, 2.18 mmol each, 20.0 equiv). The mixtures
were each heated to 60 °C. Additional aliquots of LiBH4 (47.4 mg, 2.18 mmol each, 20.0 equiv)
were added to each mixture after 14, 24, 27, and 30 h. After stirring for 32 h total, the reactions
were cooled to 23 °C and poured into deionized water (30 mL each) and diluted with CH,Cl, (30
mL). The layers were separated and the aqueous layer was extracted with CH,Cl, (3 x 30 mL).
The organic layers were combined, dried over Na,SOs, and evaporated under reduced pressure.
The crude mixtures were combined and purified via flash chromatography (4:1 — 7:3
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hexanes:EtOAc) to afford indoline alcohol 2.50 (46.2 mg total, 69% yield) as a colorless oil.
Indoline alcohol 2.50: R; 0.70 (1:1 hexanes:EtOAc); '"H NMR (500 MHz, CDCL): § 7.14 (t,J =
7.5, 1H), 7.04 (d, J = 7.1, 1H), 6.92 (t, J = 7.5, 1H), 6.83 (d, J = 7.7, 1H), 5.49 (q, J = 6.8, 1H),
4.04-4.11 (m, 2H), 4.01 (br s, 1H), 3.92 (t, J = 3.7, 1H), 3.54-3.67 (m, 1H), 3.20-3.31 (m, 3H),
3.05-3.13 (m, 1H), 2.90 (dd, J = 15.0, 7.7, 1H), 2.34-2.51 (m, 3H), 2.27 (dd, J = 7.0, 4.0, 1H),
1.97 (d, J = 14.6, 1H), 1.76 (t, J = 4.8, 1H), 1.68 (dd, J = 7.1, 2.0, 3H); °C NMR (125 MHz,
CDCl;): (18 of 19 signals observed) 6 149.8, 137.7, 136.9, 128.2, 122.8, 121.7, 121.3, 112.2,
64.8, 61.6, 60.0, 56.3, 53.5, 41.8, 35.2, 29.9, 20.3, 13.1; ''B NMR (160 MHz, CDCl;): § 6.8; IR

(film): 3330, 2924, 2354, 1463, 1168, 1011, 746 cm '; HRMS-APCI (m/z) [M — H] calcd for

C1oH26BN,O, 309.2144; found, 309.2139; [a]***p —42.0° (¢ = 0.1, CH,CL).

1. PCC, CH,Cl,, 23 °C

2. Cs,CO0;3, (CH,0),
THF, 23 °C

(43% yield, 2 steps)

2.50 2.51

Diol 2.51. To a solution of indoline alcohol 2.50 (9.3 mg, 0.030 mmol, 1.0 equiv) in CH,Cl, was
added PCC (32.0 mg, 0.15 mmol, 5.0 equiv) and Celite® (30 mg). The reaction mixture was
stirred at 23 °C for 2 h. The mixture was filtered over a pad of Celite® (1 g) and basic alumina (2
g), and then washed with 75% EtOAc in hexanes (12 mL). Evaporation of the solvent under
reduced pressure afforded the corresponding indolenine aldehyde intermediate, which was used in
the subsequent step without further purification.

To a solution of the crude indolenine aldehyde in THF (3.0 mL) was added Cs,CO; (39.0

mg, 0.121 mmol, 4.0 equiv) and paraformaldehyde (8.2 mg, 0.273 mmol, 9.0 equiv). The reaction
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mixture was stirred at 23 °C for 16 h, at which point it was poured into sat. aq. NaCl (5 mL) and
diluted with EtOAc (5 mL). The layers were separated and the aqueous layer was extracted with
EtOAc (3 x 5 mL). The organic layers were combined, dried over MgSQO,, and evaporated under
reduced pressure. The resulting residue was purified via flash chromatography (4:1 — 1:2
hexanes:EtOAc) to afford diol 2.51 (4.4 mg, 43% yield, 2 steps) as a colorless oil. Diol 2.51: R¢
0.20 (1:1 hexanes:EtOAc); 'H NMR (500 MHz, CDCl3): § 7.71 (d, J= 7.8, 1H), 7.50 (d, J = 7.6,
1H), 7.42 (t, J=17.6, 1H), 7.26 (d, J = 7.5, 1H), 5.73 (q, J = 7.2, 1H), 4.79 (d, J = 4.2, 1H), 4.30
(dd, J=10.8, 4.2, 1H), 4.20-4.28 (m, 2H), 3.49 (d, J = 17.0, 1H), 3.39 (br s, 1H), 3.07 (dd, J =
12.3, 3.1, 1H), 2.88-3.02 (m, 3H), 2.74 (tdd, J = 13.9, 4.6, 1.5, 1H), 2.51 (ddd, J = 15.0, 4.2, 2.7,
1H), 2.43 (dd, J = 5.8, 4.2, 1H), 1.97 (d, J = 15.0, 1H), 1.87 (dd, J = 7.2, 2.7, 3H), 1.73 (dd, J
=14.7, 5.4, 1H), 1.60 (dd, J =9.8, 3.2, 1H); °C NMR (125 MHz, CDCls): § 184.3, 155.5, 143.5,
133.7,129.2, 126.5, 124.2, 123.6, 122.6, 64.4, 64.2, 62.4, 61.9, 59.7, 56.9, 52.0, 30.8, 29.7, 28.1,

14.0; "B NMR (160 MHz, CDCL): § 6.8; IR (film): 3332, 2922, 2854, 2378, 1450, 1170, 1016,

751 ¢cm™'; HRMS-APCI (m/z) [M — H] ~ caled for Cy0H26BN,O,, 337.2093; found, 337.2085;

[a]**"p 68.0° (¢ = 0.1, CH,CL).

Me Mel, Cs,CO;
—_——
MeOH, 30 °C

(45% yield +
33% recovered 2.57)

2.53

Furoindoline 2.53. To a solution of diol 2.51 (4.5 mg, 0.013 mmol, 1.0 equiv) in MeOH (0.2 mL)
was added Cs,COs (43.0 mg, 0.13 mmol, 10.0 equiv) and Mel (1.0 mL, 16 mmol, 1200 equiv).

The reaction was heated to 30 °C. After stirring for 18 h, the reaction was cooled to 23 °C and
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poured into brine (0.5 mL) and diluted with CH,Cl, (0.5 mL). The layers were separated and the
aqueous layer was extracted with CH,Cl, (5 x 1 mL). The organic layers were combined, dried
over Na;SQy4, and evaporated under reduced pressure. The crude mixture was purified via
preparative thin layer chromatography (3:7 hexanes:EtOAc) to afford furoindoline 2.53 (2.1 mg,
45% yield) as a colorless oil and diol 2.51 (1.5 mg, 33% yield). Furoindoline 2.53: R¢ 0.60 (1:1
hexanes:EtOAc); "H NMR (500 MHz, CDCl;): 6 7.17 (t,J=7.7, 1H), 7.08 (d, J= 7.5, 1H), 6.78
(t,J=17.5,1H), 6.68 (d,J=7.8, 1H), 5.51 (q, /= 6.9, 1H), 4.39 (dd, /= 10.2, 3.5, 1H), 4.34 (br s,
1H), 4.08 (dd, /= 10.2, 4.5, 1H), 4.01 (d, J = 16.5, 1H), 3.97 (d, J= 7.7, 1H), 3.78 (td, J = 14.0,
4.1, 1H), 3.57 (d, J=17.7, 1H), 3.52 (br s, 1H), 3.15 (d, /= 17.0, 1H), 2.98 (td, /= 15.1, 5.5, 1H),
2.90 (s, 3H),2.77 (dd, J=13.1,5.2, 1H), 2.32 (d, /= 14.8, 1H), 2.04 (d, /= 14.2, 1H), 1.85 (dd, J
=7.1, 1.9, 3H), 1.45 (t, J = 4.1, 1H), 1.34 (dd, J = 15.9, 4.9, 1H); °C NMR (125 MHz, CDCl):
6 151.2,137.9, 137.6, 128.1, 123.5, 120.3, 120.2, 110.6, 103.4, 63.7, 61.2, 60.7, 58.1, 55.9, 52.4,

34.1, 29.9, 29.3, 28.7, 26.3, 13.5; ''B NMR (160 MHz, CDCL): § 7.7; IR (film): 3455, 2922,

1556, 1454, 1375, 1095 cm™'; HRMS-APCI (m/z) [M — H] caled for Co;H>sBN,O, ", 351.2249;

found, 351.2237; [0]**"p —13.3° (¢ = 0.1, CH,CL).

1. Dess—Martin
CH,Cl,, 23 °C

2. NIS, K,CO,4
MeOH, 35 °C

(86% yield, 2 steps)
2.53 (-)-P-Akuammigine (2.4)

(-)-W-Akuammigine (2.4). To a solution of furoindoline 2.53 (1.0 mg, 0.0028 mmol, 1.0 equiv)

in CH,Cl; (0.3 mL) was added Dess—Martin periodinane (2.4 mg, 0.0057 mmol, 2.0 equiv). The

reaction mixture was stirred at 23 °C for 1 h. The reaction was quenched with sat. aq. Na,S,03 (1
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mL) and diluted with CH,Cl, (0.5 mL). The resulting layers were separated and the aqueous layer
was extracted with CH,Cl, (5 x 1 mL). The organic layers were combined, dried over Na,SOs,
and concentrated under reduced pressure. The crude residue was purified via flash
chromatography (4:1 hexanes:EtOAc) to afford the corresponding indolenine aldehyde.

To a solution of the indolenine aldehyde in MeOH (0.3 mL) was added K,COs (7.9 mg,
0.057 mmol, 20.0 equiv) and NIS (12.8 mg, 0.057 mmol, 20.0 equiv). Following 3 h of stirring at
35 °C, additional K,COj3 (7.9 mg, 0.057 mmol, 20.0 equiv) and NIS (12.8 mg, 0.057 mmol, 20.0
equiv) were added. Following 5 h of additional stirring at 35 °C, the reaction was quenched with
sat. aq. Na,S,0;3 (0.5 mL) and aq. NaOH (15%, 0.5 mL) and diluted with CH,Cl, (1.0 mL). The
layers were separated and the aqueous layer was extracted with CH,Cl, (5 x 1 mL). The organic
layers were combined, dried over Na,SQOy, and evaporated under reduced pressure. The resulting
residue was purified via flash chromatography (0:100 — 1:4 MeOH:CHCIs) to afford (—)-W-
Akuammigine (2.4) (0.9 mg, 86% yield, 2 steps) as a colorless oil.
* The tertiary amine of (—)-W-Akuammigine (2.4) causes significant pH-dependent variation in
chemical shifts during NMR analysis. In order to observe consistent NMR data, the natural
product (~1 mg) was partitioned between 15% aq. NaOH (1 mL) and CHCl; (1 mL; pre-basified
with K>COs3). The layers were separated and the aqueous layer was extracted with CHCl; (3 x 1
mL). The organic layers were combined, dried over Na,SO,, and evaporated under reduced
pressure. The NMR spectra were obtained using CDCls, which had been filtered over basic
alumina immediately prior to use. Spectral data for synthetic 2.4 were consistent with literature
reports46 and a natural sample provided by L. Evanno. (-)-W-Akuammigine (2.4): Rr 0.40 (1:9

MeOH:CHCly); 'H NMR (500 MHz, CDCly): § 7.12 (td, J=7.3, 1.3, 1H), 7.07 (dd, J= 7.7, 1.2,

1H), 6.73 (td, J = 7.5, 1.0, 1H), 6.64 (d, J = 7.8, 1H), 5.40 (q, J = 7.0, 1H), 4.18 (br s, 1H), 3.95
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(d, J=17.5, 1H), 3.92 (m, 1H, partially overlapped with the signal at 3.95), 3.82 (s, 3H), 3.59 (d, J
= 7.6, 1H), 3.58 (m, 1H, partially overlapped with the signal at 3.59), 3.48 (br s, 1H), 3.31 (td, J =
14.3, 6.0, 1H), 2.83 (s, 3H), 2.82 (d, J = 16.6, 1H, partially overlapped with the signal at 2.83),
2.57(dd, J=13.4,5.7, 1H), 2.31 (d, J = 14.7, 1H), 2.06 (ddd, J = 14.0, 3.7, 2.0, 1H), 1.52 (dd, J =
7.1, 2.5, 3H), 1.45 (dd, J = 15.3, 4.6, 1H); °C NMR (125 MHz, CDCL): § 172.3, 151.9, 142.4,
139.4, 127.5, 122.6, 120.0, 118.4, 110.0, 104.0, 74.5, 58.5, 54.7, 53.8, 52.8, 52.1, 50.9, 41.1, 31.4,
29.1,28.2, 13.1; IR (film): 2922, 2854, 1738, 1467, 1455, 1276, 1259, 1107, 1075 cm™'; HRMS-
APCI (m/2) [M + H] " caled for C2H,7N,05", 367.2016; found, 367.1993; [a]**p —14.0° (c = 0.1,
CH,CL).

Table 2.3. Comparison of ’C NMR data for natural vs. synthetic (—)-¥-akuammigine (2.4).

Natural (—)-W-Akuammigine (2.4) Synthetic (—)-W-Akuammigine (2.4)
(From Hesse, et. al. Report)*®
13C NMR, 50.4 MHz, CDCls "C NMR, 125 MHz, CDCl;
172.8 172.3
151.9 151.9
142.6 142 .4
139.4 139.4
127.3 127.5
122.4 122.6
119.9 120.0
118.0 118.3
109.8 110.0
103.8 104.0
74.3 74.5
58.4 58.5
54.5 54.7
53.7 53.8
52.7 52.8
51.7 52.1
50.8 50.9
41.0 41.1
314 314
28.6 29.1
28.0 28.2
12.8 13.1
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PCC
CH,Cl,, 23 °C
(91% yield)

2.50 2.54
Aldehyde 2.54. To solution of indoline alcohol 2.50 (20.0 mg, 0.064 mmol, 1.0 equiv) in CH,Cl,
(6.0 mL), was added PCC (69.0 mg, 0.32 mmol, 5.0 equiv). After stirring for 2 h at 23 °C, the
reaction was filtered over basic alumina (2 g) and eluted with EtOAc (20 mL). The solution was
concentrated under reduced pressure and the crude material was purified by flash chromatography
(7:3 hexanes:EtOAc) to afford aldehyde 2.54 (18 mg, 91% yield) as a colorless oil. Aldehyde
2.54: R; 0.50 (1:1 hexanes:EtOAc); 'H NMR (500 MHz, CDCLy): & 8.64 (d, J = 2.8, 1H), 7.73
(d,J=177,1H), 7.43 (td, J= 7.6, 1.2, 1H), 7.40 (d, J = 7.7, 1H), 7.30 (td, J = 7.5, 0.9, 1H), 5.65
(q,J=7.1, 1H), 493 (d, J = 4.6, 1H), 4.22 (d, J = 16.7, 1H), 3.50 (d, J = 16.5, 1H), 3.38 (br s,
1H), 3.19 (q, /= 2.0, 1H), 3.02-3.13 (m, 2H), 2.83-2.92 (m, 1H), 2.65 (dquint, J = 15.7, 2.5, 1H),
1.99-2.09 (m, 2H), 1.80 (dd, J = 7.0, 2.7, 3H); °C NMR (125 MHz, CDCls): 6 200.1, 183.7,
155.2, 142.9, 134.9, 1294, 127.2, 122.7, 122.5, 122.4, 62.6, 62.3, 61.3, 59.8, 52.3, 34.4, 31.2,
29.2, 13.1; "B NMR (160 MHz, CDCl): § 6.4; IR (film): 2920, 2364, 1721, 1448, 1170, 750
cm '; HRMS-APCI (m/z) [M — H] calcd for C1oH2,BN,O, 295.1805; found, 295.1788; [a]**'p —

81.3° (¢ = 0.1, CH,CL).
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Cs,CO03, (CHy0),
_—
THF, 23 °C
(61% yield)

2.54 2.55

Alcohol 2.55. To a solution of aldehyde 2.54 (18.0 mg, 0.059 mmol) in THF (6.0 mL) was added
Cs2CO;3 (29.0 mg, 0.088 mmol, 1.5 equiv) and paraformaldehyde (2.0 mg, 0.068 mmol, 1.2
equiv). After stirring for 12 h, the reaction was filtered over Na,SO, (2 g) and eluted with CH,Cl,
(20 mL). The volatiles were evaporated under reduced pressure and the crude mixture was
purified via flash chromatography (1:1 hexanes:EtOAc) to afford alcohol 2.55 (12 mg, 61% yield)
as a colorless oil. Alcohol 2.55: Ry 0.20 (1:1 hexanes:EtOAc); '"H NMR (500 MHz, C¢Dg):
9.69 (s, 1H), 7.69 (d, J=17.7, 1H), 7.52 (d, J = 7.6, 1H), 7.07 (td, J = 7.7, 1.1, 1H), 6.94 (td, J =
7.6, 1.0, 1H), 4.98 (d, J=4.3, 1H), 4.76 (g, J = 7.2, 1H), 3.93 (d, J = 16.9, 1H), 3.22 (br s, 1H),
3.02(d,J=16.9, 1H),2.85 (td, J=15.2, 5.5, 1H), 2.55 (d, J= 7.2, 1H), 2.47-2.52 (m, 1H), 2.36—
2.43 (m, 2H), 1.84 (ddd, J = 15.2, 4.9, 3.0, 1H), 1.31-1.45 (m, 2H), 1.20 (dd, J = 7.1, 2.8, 3H),
0.20 (dd, J = 6.3, 4.1, 1H); >C NMR (125 MHz, C¢Ds): (19 of 20 signals observed) 6 201.8,
183.3, 156.5, 143.7, 134.1, 126.5, 125.5, 122.4, 120.8, 63.7, 62.1, 61.6, 61.2, 59.9, 55.5, 30.3,
29.3, 28.4, 14.2; "B NMR (160 MHz, CsD¢): & 6.3; IR (film): 3310, 2923, 2853, 1721, 1444,
1169, 1030 cm‘l; HRMS-APCI (m/z) [M — H] caled for Cy0H24BN,O,", 335.1936; found,

335.1927; [0]**7 b —2.0° (¢ = 0.1, CH,CL,).
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1. AcCl, DMAP, Et;N, CH,Cl,, 23 °C
2. NaClO,, NaH,PO,, 2-methyl-2-butene
tBuOH, H,0, 23 °C

3. TMSCHN,, MeOH, THF, 23 °C
4. EtOH, 55 °C

(25% yield, 4 steps)
2.55 (+)-Akuammiline (2.3)

(+)-Akuammiline 2.3. A stock solution of acetyl chloride (51 pL, 0.71 mmol, 20.0 equiv),
triethylamine (250 pL, 1.8 mmol, 50.0 equiv), and DMAP (87.0 mg, 0.71 mmol, 20.0 equiv) in
CH,Cl;, (36 mL) was prepared. To a separate vial containing alcohol 2.55 (12.0 mg, 0.036 mmol,
1.0 equiv) was added 3.6 mL of the aforementioned stock solution. The reaction was stirred at 23
°C for 15 min and then filtered over Na;SO4 (2 g). The solution was concentrated under reduced
pressure and the crude product was purified via flash chromatography (1:1 hexanes:EtOAc) to
afford the corresponding acetylated product.

To a solution of acetylated product in #-butanol (0.70 mL), was added 2-methyl-2-butene
(2.0 M in THF, 0.70 mL), water (0.70 mL), NaCIlO, (11.0 mg, 0.12 mmol, 6.0 equiv), and
NaH,POy4 (17.0 mg, 0.14 mmol, 7.0 equiv). After stirring for 12 h, NaClO; (11.0 mg, 0.12 mmol,
6.0 equiv), and NaH,PO4 (17.0 mg, 0.14 mmol, 7.0 equiv) were added. The resultant mixture was
stirred for an additional 6 h. Then the reaction was diluted with EtOAc (5 mL) and the layers were
separated. The aqueous layer was extracted with EtOAc (3 x 5 mL) and the organic layers were
combined, dried over Na,SO,, and evaporated under reduced pressure. The corresponding
carboxylic acid intermediate was used in the subsequent step without further purification.

To a solution of the crude carboxylic acid in THF (1.0 mL), was added methanol (1.0
mL) and TMSCHN; (0.6 M in THF, 0.050 mL, 0.030 mmol, 1.5 equiv). After stirring for 15 min,
the reaction was quenched with water (2.0 mL) and diluted with CH,Cl, (5.0 mL). The layers
were separated and the aqueous layer was extracted with CH,Cl, (3 x 5.0 mL). The organic layers

were combined, dried over Na,SOs, and evaporated under reduced pressure. The crude material
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was purified via flash chromatography (1:1 hexanes:EtOAc) to afford the corresponding methyl
ester.

To a vial containing the methyl ester was added ethanol (0.9 mL). The solution was heated
to 55 °C and stirred for 7 h. Then the reaction was concentrated under reduced pressure and
suspended in EtOAc (2.0 mL) and aq. NaOH (1 M, 2.0 mL). The layers were separated and the
aqueous layer was extracted with EtOAc (3 x 5 mL). The organic layers were combined, dried
over Na,SOy, and evaporated under reduced pressure. The crude mixture was purified via flash
chromatography (9:1 acetone:MeOH) to afford (+)-Akuammiline (2.3) (2.0 mg, 25% yield, 4
steps) as a colorless oil.

* The tertiary amine of Akuammiline (2.3) causes significant pH-dependent variation in chemical
shifts during NMR analysis. In order to observe consistent NMR data, the natural product (~1 mg)
was partitioned between 1 M NaOH (1 mL) and ethyl acetate (1 mL). The layers were separated
and the aqueous layer was extracted with ethyl acetate (3 x 1 mL). The organic layers were
combined, dried over Na,SQOy4, and evaporated under reduced pressure. The NMR spectra were
obtained using CDCls, which had been filtered over basic alumina immediately prior to use.
Spectral data for synthetic 2.3 were consistent with literature reports’> and a natural sample
provided by L. Evanno. Akuammiline (2.3): R; 0.26 (9:1 acetone:MeOH); '"H NMR (500 MHz,
CDCl3): 0 7.64 (d,J=7.5, 1H), 7.58 (d, J= 7.8, 1H), 7.29 (t, /= 7.5, 1H), 7.15 (t, J = 7.8, 1H),
549 (q, J =74, 1H), 4.62 (d, J = 4.8, 1H), 4.10 (d, J = 17.2, 1H), 3.76 (s, 3H), 3.64-3.47 (m,
4H), 3.15 (d, J = 16.9, 1H), 2.67-2.58 (m, 2H), 2.48 (ddd, J = 14.6, 4.9, 2.2, 1H), 2.12 (dd, J =
14.9, 3.7, 1H), 1.89 (dd, J=15.4, 3.9, 1H) 1.65 (dd, J= 7.0, 2.5, 3H), 1.57 (s, 3H); °C NMR (125
MHz, CDCL): 0 189.5, 171.6, 169.5, 155.6, 144.9, 139.4, 128.2, 126.1, 125.5, 121.2, 120.3,

66.3, 59.3, 58.8, 54.6, 54.0, 52.3, 51.9, 37.8, 37.1, 31.0, 20.2, 13.6; IR (film): 2928, 2860, 1738,
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1445, 1237, 753 cm™'; HRMS-APCI (m/z) [M + H] caled for C23H27N,04", 395.1965; found,

395.1944. [a]*"b 50.0° (¢ = 0.1, MeOH).

Table 2.4. Comparison of 3C NMR data for natural vs. synthetic (+)-akuammiline (2.3).

Natural (+)-Akuammiline (2.3) Synthetic (+)-Akuammiline (2.3)
(From Benayad, et. al. Report)*>®
13C NMR, 101 MHz, CDCls "C NMR, 125 MHz, CDCl;
189.4 189.5
171.5 171.6
169.4 169.5
155.5 155.6
144.9 144.9
139.3 139.4
128.2 128.2
126.1 126.1
125.5 125.5
121.2 121.2
120.3 120.3
66.3 66.3
59.3 59.3
58.8 58.8
54.6 54.6
54.0 54.0
523 523
51.9 51.9
37.8 37.8
37.1 37.1
31.0 31.0
20.2 20.2
13.6 13.6
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Sm|2

—" .
co,Me THF, MeOH, 23 °C

(67% yield)
(+)-Strictamine (2.1) 2.56
Pyrrolidinoindoline 2.56. To a solution of (+)-strictamine (2.1) (8.6 mg, 0.027 mmol, 1.0 equiv)

in MeOH (138 pL) was added Sml, (0.37 M in THF, 1.1 mL, 15 equiv). The dark blue solution
was stirred at 23 °C and gradually became clear after 30 min. Then the mixture was quenched
with sat. ag. NaHCO; (1.5 mL). The layers were separated and the aqueous layer was extracted
with CHCIl; (3 x 1.5 mL). The organic layers were combined, dried over Na,SOu, and then
concentrated under reduced pressure. The crude residue was purified via column chromatography
(acetone) to afford the corresponding pyrrolidinoindoline 2.56 (5.7 mg, 67% yield) as a white
film. Pyrrolidinoindoline 2.56: Ry 0.25 (9:1 acetone:MeOH); 'H NMR (500 MHz, CDCls): §
7.27-7.26 (m, 1H), 7.01 (td, J = 7.7, 1.1, 1H), 6.66 (td, J = 7.5, 1.0, 1H), 6.53 (d, J = 7.6, 1H),
539 (q, J = 6.8, 1H), 3.85 (d, J = 15.3, 1H), 3.80 (s, 3H), 3.71-3.66 (m, 1H), 3.64 (d, J = 4.9,
1H), 3.52 (td, /=114, 8.7, 1H), 2.97 (d, /= 15.1, 1H), 2.85 (s, 1H), 2.75 (dd, J = 12.0, 9.0, 1H),
2.56-2.49 (m, 1H), 2.33 (ddd, J = 14.1, 10.7, 2.5, 1H), 2.05-1.95 (m, 2H), 1.84 (tdd, /= 13.8, 5.3,
2.4, 1H), 1.80-1.72 (m, 1H), 1.59 (dd, J = 6.9, 1.8, 3H); °C NMR (125 MHz, CDCL;): § 173.9,

148.1, 139.3, 137.4, 127.8, 124.7, 122.5, 118.8, 109.1, 94.3, 58.2, 57.6, 55.0, 51.8, 50.8, 41.5,
35.5, 26.6, 26.7, 13.6; IR (film): 2923, 2853, 1734, 1581, 1465, 1436, 743 cm'; HRMS-APCI
(m/z) [M + H]" caled for Ca0HasN,O5", 325.19105; found, 325.1874; [a]*’p — 48.00° (¢ = 0.1,

CH,CL).
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Me HCHO

NaCNBH;
—_—
AcOH/CH5CN
CO,Me
(40% yield)
2.56 (-)-10-Demethoxyvincorine (2.57)

(-)-10-Demethoxyvincorine 2.57. A stock solution of reagents was prepared by combining
MeCN (930 pL), HCHO (37 wt. % in water, 40 puL, 30 equiv), and AcOH (30 pL, 30 equiv). To a
solution of pyrrolidinoindoline 2.56 (5.5 mg, 0.017 mmol, 1.0 equiv) in MeCN (0.18 mL) was
added 100 pL of stock solution and NaBH3;CN (3.2 mg, 0.051 mmol, 3.0 equiv). The solution was
stirred for 60 min at 23 °C. Then the mixture was quenched with sat. aq. NaHCO; (1.5 mL). The
layers were separated and the aqueous layer extracted with CHCl; (3 x 1.5 mL). The organic
layers were combined, dried over Na,SOs, and then concentrated under reduced pressure. The
crude residue was purified via column chromatography (acetone) to afford (-)-10-
Demethoxyvincorine (2.57) (2.3 mg, 40% yield) as a white film. Although a natural sample was
not obtained, spectral data for synthetic 2.57 were consistent with literature reports.® (—)-10-
Demethoxyvincorine (2.57): Ry 0.28 (1:1 EtOAc:Hexanes); 'H NMR (500 MHz, CDCls): & 7.22
(dd,J=7.4,1.1, IH), 7.06 (td, J=7.7, 1.3, 1H), 6.57 (td, J = 7.4, 1.0, 1H), 6.27 (d, J = 7.8, 1H),
539 (q, J = 6.8, 1H), 3.84-3.76 (m, 4H), 3.60 (d, J = 4.7, 1H), 3.31 (td, /= 11.4, 8.9, 1H), 2.99
(d, J=15.3, 1H), 2.83 (d, J=1.3, 1H), 2.76-2.69 (m, 1H), 2.61 (s, 3H), 2.54-2.44 (m, 1H), 2.36—
2.26 (m, 1H), 1.97 (ddd, J = 14.0, 8.9, 1.4, 1H), 1.80-1.64 (m, 3H), 1.58 (dd, J = 6.9, 1.9, 3H);
C NMR (125 MHz, CDCls): § 174.0, 149.3, 139.4, 137.3, 127.9, 123.7, 122.4, 116.9, 105.4,
97.5, 58.5, 57.2, 55.3, 51.7, 50.9, 41.4, 35.0, 27.4, 26.5, 21.1, 13.7; IR (film): 3049, 2950, 2876,
2855, 1737, 1505, 1487, 1175 cm'; HRMS-APCI (m/z) [M + H]' caled for CpHyN,O5",

339.2067; found, 339.2051; [a]***b — 80.00° (¢ = 0.1, CH,CL,).

114



Table 2.5. Comparison of °C NMR data for natural vs. synthetic (—)-10-Demethoxyvincorine

(2.57).
Natural (—)-10-Demethoxyvincorine (2.57) Synthetic (—)-10-Demethoxyvincorine

(From Lim, et. al. Report)® (2.57)

3C NMR, 100 MHz, CDCls “C NMR, 125 MHz, CDCls
173.8 174.0
149.0 149.3
138.9 139.4
137.0 137.3
127.8 127.9
123.5 123.7
122.4 122.4
116.9 116.9
105.3 105.4
97.4 97.5
58.3 58.5
57.0 57.2
55.0 553
51.5 51.7
50.6 50.9
41.0 41.4
34.8 35.0
273 274
26.2 26.5
20.8 21.1
13.5 13.7

Sml,

—_—mm
THF, MeOH, 23 °C

(quant. yield)
(+)-Akuammiline (2.3) 2.58
Pyrrolidinoindoline 2.58. To a solution of (+)-akuammiline (2.3) (2.3 mg, 0.0058 mmol, 1.0

equiv) in MeOH (35 pL) was added Sml, (0.37 M in THF, 0.24 mL, 15 equiv). The dark blue
solution was stirred at 23 °C and gradually became clear after 30 min. Then the mixture was
quenched with sat. aq. NaHCO; (1.5 mL). The layers were separated and the aqueous layer was

extracted with CHCI; (3 x 1.5 mL). The organic layers were combined, dried over Na,SO4, and
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then concentrated under reduced pressure. The crude residue was purified via column
chromatography (acetone) to afford the corresponding pyrrolidinoindoline 2.58 (2.4 mg, quant.
yield) as a white film. Pyrrolidinoindoline 2.58: R¢ 0.16 (5% MeOH in acetone); 'H NMR (500
MHz, CDCl;): 6 7.72 (dd, J=7.6,1.0, 1H), 7.01 (td, J=7.6, 1.2, 1H), 6.67 (td, J = 7.5, 1.1, 1H),
6.49 (dd, J=17.9, 0.6, 1H), 5.37 (q, J = 6.7, 1H), 4.81 (d, J = 12.0, 1H), 4.03-3.95 (m, 1H), 3.88
(d, J=12.1, 1H), 3.79 (m, 4H), 3.71 (d, J = 4.7, 1H), 3.41-3.22 (m, 1H), 3.02 (d, J = 16.1, 1H),
2.71 (dd, J=12.3, 8.3, 1H), 2.47 (ddd, J = 14.8, 11.6, 2.3, 1H), 2.15-2.07 (m, 1H), 2.05 (s, 3H),
2.04-1.99 (m, 2H), 1.93 (tdd, J = 14.6, 5.3, 2.0, 1H), 1.76 (dd, J = 7.0, 2.2, 3H) 1.66-1.61 (m,
1H); *C NMR (125 MHz, CDCL): & 174.1, 170.7, 148.9, 139.6, 131.0, 128.4, 127.9, 123.1,

118.6, 109.3, 92.2, 67.3, 60.7, 58.5, 54.3, 53.9, 52.0, 46.6, 35.3, 28.0, 21.7, 21.2, 14.9; IR (film):
3359, 3193, 2952, 2918, 1744, 1630, 1468, 1247, 1034, 806 cm™'; HRMS-APCI (m/z) [M + H]"

caled for Co3Ha0N,04", 397.2122; found, 397.2088; [0]*!*p — 56.00° (¢ = 0.1, CH,CL).
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2.15 Spectra Relevant to Chapter Two:

Enantioselective Total Syntheses of Methanoquinolizidine-Containing Akuammiline

Alkaloids and Related Studies

Elias Picazof Lucas A. Morrill,T Robert B. Susick,

Jesus Moreno, Joel M. Smith, and Neil K. Garg.

J. Am. Chem. Soc. 2018, 140, 6483—-6492.
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Figure 2.4. '"H NMR (500 MHz, CDCls) of compound 2.26.
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Figure 2.5. °C NMR (125 MHz, CDCl3) of compound 2.26.
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Figure 2.6. "H NMR (500 MHz, CDCls) of compound 2.27.
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Figure 2.7. °C NMR (125 MHz, CDCl3) of compound 2.27.
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Figure 2.9. °C NMR (125 MHz, CDCl3) of compound 2.29.
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'H NMR (500 MHz, CDCls) of compound 2.31.
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Figure 2.11. >C NMR (125 MHz, CDCls) of compound 2.31.
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Figure 2.12. "H NMR (500 MHz, CDCls) of compound 2.34.
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Figure 2.13. >C NMR (125 MHz, CDCls) of compound 2.34.
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Figure 2.14. "H NMR (500 MHz, CDCls) of compound 2.35.
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Figure 2.15. >C NMR (125 MHz, CDCls) of compound 2.35.

123



Current Data Parameters
NAME ENP-2017-086
PROCNO 1

F2 - Acquisition Parameters
Date_ 20171106
Time

INSTRUM ‘av500
PROBHD _ 2119248_0002 (
P G

5
SOLVENT CDCI3
NS 16
DS 0
SWH 10000.000 Hz
FIDRES 0.305176 Hz
AQ 3.2767999 sec
RG 5
bw 50.000 usec
DE 10.00 usec
TE .
D1 2.00000000 sec
TDO
SFO1 500.1330008 MHz
NU
P1 10.00 usec
PLW1 13.50000000 W

F2 - Processing parameters

SF 500.1300123 MHz
wbw EM

D!
SSB
LB 0.30 Hz
GB
PC 1.00
T T T T T T T T T T T 1
10 9 8 7 6 5 4 3 2 1 0 pm

CCC

Figure 2.16.

® NN Y rhoO0
<3 8§ ¥§8 -39
« ® IN HER G
0 S a8 KNyon~ -
R B ¥ 08 qdd== =

dl

48 1 e

NOMOO-©® N ® O
BRERNO0IDS @ @ &
RROOMOIN © 0o~
VEC-ro0r® S o o
CLWLHBIF® & &

'H NMR (500 MHz, CDCl5) of compound 2.36.
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Figure 2.17. °C NMR (125 MHz, CDCl;) of compound 2.36.
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Figure 2.18. H NMR (500 MHz, CDCls) of compound 2.42.
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Figure 2.19. °C NMR (125 MHz, CDCl;) of compound 2.42.
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Figure 2.20. '"H NMR (500 MHz, CDCl;) of compound 2.43.
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Figure 2.21. C NMR (125 MHz, CDCls) of compound 2.43.
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Figure 2.23. >C NMR (125 MHz, CDCls) of compound 2.44.
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Figure 2.24. 'H NMR (500 MHz, CDCLs) of compound 2.45.
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Figure 2.25. °C NMR (125 MHz, CDCl3) of compound 2.45
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Figure 2.27. 3C NMR (125 MHz, CDCl3) of compound 2.46.
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Figure 2.29. C NMR (125 MHz, CDCls) of compound 2.49.
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Figure 2.30.'P NMR (202 MHz, CDCl;) of compound 2.49.
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Figure 2.31. "H NMR (500 MHz, CDCl;) of compound 2.50.
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Figure 2.32. >C NMR (125 MHz, CDCl;) of compound 2.50.
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Figure 2.33. "B NMR (160 MHz, CDCls) of compound 2.50.
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Figure 2.34. "H NMR (500 MHz, CDCl;) of compound 2.51.
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Figure 2.35. 3C NMR (125 MHz, CDCls) of compound 2.51.
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Figure 2.36. "B NMR (160 MHz, CDCls) of compound 2.51.

135



M_mbjmu

F2 - Processi
Sl 6!

Current Data Parameters

NAME LAM-2017-078
EXPNO 4
PROCNO 1

F2 - Acquisition Parameters
Date_ 7101

Time 15.37 h
INSTRUM avs
PROBHD 7119248, 0002(
PULPROG 2930

TD 65536
SOLVENT CDCI3
NS 24

Ds 0

SWH 10000.000 Hz
FIDRES 0.305176 Hz
AQ 3.2767999 sec
RG 1214

bw 50.000 usec
DE 10.00 usec
TE .

D1 2.00000000 sec
TD(

SFO1 500.1330008 MHz
NUC1 1H

P1 10.00 usec
PLW1 13.50000000 W

ing parameters
5536

SF 500.1300122 MHz
WD EM

SSB

LB 0.30 Hz

GB

PC 1.00

<~

Figure 2.37. "H NMR (500 MHZ, CDC13) of compound 2.53.
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Figure 2.38. 3C NMR (125 MHz, CDCl3) of compound 2.53.
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Figure 2.39. "B NMR (160 MHz, CDCls) of compound 2.53.
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Figure 2.41. 3C NMR (125 MHz, CDCl3) of compound 2.4
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Figure 2.43. C NMR (125 MHz, CDCls) of compound 2.54.
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Figure 2.44. "B NMR (160 MHz, CDCls) of compound 2.54.
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Figure 2.45. '"H NMR (500 MHz, C¢Dg) of compound 2.55.

metor
25358393R353338538 t:5 2338 e Gurrent Data Parametors
SRR AL EELERL
OOOOOOOOO®HONNNNO © SN W NO O o EXPNO 1
EEBE88R0R00EBB0NARE g8 g Rged EXPNO )
RS v L TN T
Date_ 151130
Time 18.10
INSTRUM av500
PROBHD 5 mm DCH 13C-
PULPROG 2gpg30
TD 65536
SOLVENT CDCI3
NS 320
DS 2
SWH 43859.648 Hz
FIDRES 0.669245 Hz
AQ 0.7471104 sec
RG 204.54
DW 11.400 usec
DE 18.00 usec
TE 298.0 K
D1 2.00000000 sec
D11 0.03000000 sec
TD 1
- = CHANNEL f1 ===
SFO1 125.7722511 MH:
NUC1 13C
P1 9.63 usec
PLW1 23.00000000 W
= = CHANNEL 2 ===
SFO2 500.1330008 MH:
NUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec
PLW2 13.50000000 W
PLW12 0.21094000 W
PLW13 0.13500001 W
F2 - Processing parameters
S| 131072
SF 125.7577716 MHz
WDW EM
SSB
LB 1.00 Hz
GB
‘ PC 1.40
| '
—
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

Figure 2.46. C NMR (125 MHz, CDCls) of compound 2.55.
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Figure 2.49. >C NMR (125 MHz, CDCl;) of compound 2.3.

143



Current Data Parameters
NAME RBS-2018-001
EXPNO 9

PROCNO 1

F2 - Acquisition Parameters
Date 80110

PULPROG 2930
SOLVENT CDCI3
NS

bs 0

SWH 12376.237 Hz
FIDRES 0.188846 Hz
AQ 5476543 sec
RG

DW 40 400 usec
DE 6.50 usec
TE 294.7 K

D1 2.00000000 sec
TDO 1

= = CHANNEL f1
NUC1 1H

P1 15.75 usec
PL1 -1.00 dB

PLIW 31.62277603 W
SFO1 600.1336008 MHz

F2 - Processing parameters
S| 65536

SF 600.1300286 MHz
D! EM

W
SSB 0
LB 0.30 Hz
GB 0
PC 1.00
L .
10 9 8 3 2 1 1] ppm

697,
924
932,

T

Figure 2.50. "H NMR (500 MHz, CDC13) of compound 2.56.

.

0.
0.

25U ER2SRINI2R8 538 e er o 9o o o Current Data Parameters
fEUBS NN OSONN Y AT B E® 2 00 8§ = NAME LAM-2-024
IL888BI5 58388 S SN B RS B © EXPNO 11
s . d [RURRYAN e s

F2.- Acquisiton Parameters

e

INSTRUM  avs
PROBHD. 5 mm DoH 13C-
PULPROG " ___ 200930

D
SOLVENT CDCI3
320

SWH 43859.648 Hz
FIDRES 0.669245 Hz
A

Q 0.7471 104 sec
RG 04..
DW 11. 400 usec
DE \8 00 usec
TE
D1 2. 00000000 sec
D11 0.03000000 sec
TDO 1

S
NUC1
P1 9.63 usec
PLW1 23.00000000 W
= CHANNEL {2 =:
SF02 500. 1330008 MH:

CPDPHG[Z wa\\z16

PCPD2 80.00 usec
PLW2 13.50000000 W
PLW12 0.21094000 W
PLW13 0.13500001 W

SF 125.7577716 MHz
WDW EM

SSB 0

LB 1.00 Hz
GB

PC 1.40

F2 - Processing parameters
Sl 131072

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

Figure 2.51. C NMR (125 MHz, CDCls) of compound 2.56.
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Figure 2.53. C NMR (125 MHz, CDCl;) of compound 2.57.
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Figure 2.55. °C NMR (125 MHz, CDCl;) of compound 2.58.
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CHAPTER THREE

Synthetic Studies Pertaining to the 2,3-Pyridyne and 4,5-Pyrimidyne

Jose M. Medina, Moritz K. Jackl, Robert B. Susick, and Neil K. Garg

Tetrahedron 2016, 72, 3629-3634.

3.1 Abstract

We report synthetic studies pertaining to two heterocyclic aryne intermediates: the 2,3-
pyridyne and the 4,5-pyrimidyne. First, a 2,3-pyridyne precursor was readily accessed from 2-
pyridone using a known procedure. Subsequently, 2,3-pyridyne generation and trapping were
used to access several functionalized pyridines in a regioselective manner. In addition, we report
synthetic routes to two isomeric silyl triflates, which were intended to serve as precursors to the
4,5-pyrimidyne. Consecutive 4,5-pyrimidyne generation and trapping experiments were
ultimately deemed unfruitful. We expect these findings will promote the use of 2,3-pyridyne and

other heterocyclic arynes as building blocks for the synthesis of functionalized heterocycles.

3.2 Introduction

The synthesis of heterocycles continues to be a vital area of research. Heterocycles,
especially N-containing compounds, are commonly seen in a variety of important molecules
including medicines, natural products, and agrochemicals.' One exciting approach to the

synthesis of decorated heterocycles involves the trapping of in situ generated heterocyclic
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arynes, commonly referred to as hetarynes.”” This strategy was well studied several decades
ago,” but only led to modest synthetic utility.

More recently, the chemistry of heterocyclic arynes has undergone a revival
Methodological studies pertaining to indolynes™® and 3,4-pyridynes’ have been disclosed and
several silyl triflate precursors to these intermediates are now commercially available.®
Moreover, heterocyclic arynes have been used to synthesize several natural products (e.g., 3.1-
3.4, Figure 3.1).>”'° One particularly attractive subclass of heterocyclic arynes are those that
possess one or more nitrogen atoms in a 6-membered ring (e.g., 3.5-3.7). The successful
generation and trapping of such species via cycloaddition processes would provide a powerful
means to build medicinally privileged scaffolds, including compounds that may be difficult to
access by other means.

We have been particularly interested in the chemistry of pyridynes and pyrimidynes, each
of which are classes of heterocyclic arynes with an interesting history. The 3,4-pyridyne (3.5)
was first generated in 1955'" and has subsequently been the subject of numerous investigations,
including one by our own laboratory.” The 3,4-pyridyne (3.5) and substituted versions can now
be used to access polysubstituted pyridines in a controlled and predictable way by virtue of the
aryne distortion model™'? using robust silyl triflate precursors.” Similarly, the 2,3-pyridyne (3.6)
has been known for several decades.”” In more recent efforts, Walters and Shay reported the
synthesis of a silyl triflate precursor to 3.6."* In turn, a few examples where 3.6 can be used in

ILISIGITISE The least well-studied of

Diels—Alder reactions or other annulations are available.
our targets is the 4,5-pyrimidyne (3.7). Substituted derivatives have been accessed by

dehydrohalogenation under strongly basic reaction conditions or by oxidation of an
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aminotriazole precursor.”’ Prior experiments involving 4,5-pyrimidynes have led to amination or

low yields of annulated products.*

Recent Total Synthesis Achievements Using Hetarynes

Me Me
OH
o
Me\NIn/N o
o
I
N
H
R
N-methylwelwitindolinone indolactam
C isothiocyanate (3.1) alkaloids (3.2)

tubingensin A (3.3) (S)-macrostomine (3.4)

6-Membered N-Containing Hetarynes of Interest

\\3 z 3 Néjs
| gk .
N N

N
3,4-pyridyne 2,3-pyridyne 4,5-pyrimidyne
(3.5) (3.6) (3.7)

Figure 3.1. Natural products 3.1-3.4 and heterocyclic arynes 3.5-3.7

Given the earlier promising results involving the 2,3-pyridyne (3.6) and 4,5-pyrimidyne
(3.7), we sought to further expand the utility of these intermediates for the synthesis of
functionalized heterocycles. Herein, we report new trapping experiments involving 2,3-pyridyne

(3.6), in addition to efforts toward 4,5-pyrimidyne (3.7).
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3.3 Synthesis of 2,3-Pyridyne Precursor

To study annulations of 2,3-pyridyne, it was first necessary to prepare a suitable silyl
triflate precursor. Thus, silyl triflate 3.10 was synthesized using a known procedure (Scheme
3.1)." Beginning from 2-pyridone (3.8), a lithiation and silylation sequence provided
silylhydroxypyridine 3.9. Subsequent reaction with triflic anhydride furnished silyl triflate 3.10.
This high-yielding two-step sequence provides a reliable method to access 3.10 in multigram

quantities. It should be noted that 3.10 is now also commercially available.'

(\l LDA, TMSCI | ™S

_—

e °| =
H o THF, 0 - 23 °C N OH
(87% yield)

3.8 3.9

Tf,0 I AL >8 grams
—»_d_ preparedin a
OPX:IZIIBn"eC NZ ot single batch
(85% yield) 3.10

Scheme 3.1. Synthesis of silyl triflate 3.10

3.4 Generation & Trapping of 2,3-Pyridyne

Silyl triflate 3.10 was examined in nucleophilic trapping experiments as shown in Table
3.1. Trapping with morpholine (3.12) led to the formation of 3.13 in 55% yield (entry 1),
whereas use of imidazole (3.14) as the trapping agent delivered 3.15 in 63% yield (entry 2). In
both cases, the 2-substituted pyridine products were obtained, with no evidence of the formation
of 3-substituted adducts. This regioselectivity trend is consistent with prior observations® and

predictions made by the aryne distortion model.'*
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Table 3.1. Trapping of 2,3-Pyridyne (3.6) with nucleophiles

CsF
Trapping agent
z | T™S (3 equiv) Ol (j\
\N OTf MeCN 60 °C N” 2 "Nuc
3.10 3.6 3.11
T, .
Entry raagzl’rt)g Product Yield?

1 HN(}, SN | N/\ 55%

o
312 3.13
z
5 NNy o 63%
(-]
o M
3.14 3.15

2 Reported yields are the average of two experiments and are based on the
amounts of isolated product.

We were delighted to find that silyl triflate 3.10 could also be employed in cycloaddition
reactions (Table 3.2). For example, interception of pyridyne 3.6 by benzylazide (3.17)%
furnished annulated product 3.18, albeit in low yield (entry 1). Alternatively, trapping with
nitrone 3.19% provided the unusual heterocycle 3.20 (entry 2). We also tested an azomethine
imine cycloaddition®* using 3.21, which gave rise to tricycle 3.22 in 42% yield (entry 3). More
synthetically useful yields were obtained when dimethylurea 3.23'® was utilized in the trapping
experiments. This reaction gave fused bicyclic pyridine derivative 3.24 in 75% yield (entry 4).
In all cases, only one regioisomer of annulated product was detected, indicative of preferential

nucleophilic attack occurring at C2 of the 2,3-pyridyne intermediate.
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Table 3.2. Annulation reactions of 2,3-pyridyne (3.6)

CsF
Trapping agent Y
2N VS (3 equiv) Y 2
S l o > S ||2 N |
NT NoTf MeCN, 60 °C N NT2Y X
3.10 3.6 3.16
T -
Entry r:ggll’rtrg Product Yield?
N
il “ T
1 ) N N 20%
@N\ N 2 \
Bn Bn
3.17 3.18
Ph\[ Ph
| Z
: O’g\t Bu N | MN—#Bu 5%
S) N 2 O
3.19 3.20
Ph Ph

3 o AN 42%
oN N“2"N

o (o]
3.21 3.22
o o IMe
4 A ad
Me— _Me | ) 75%
N N S
/ N 2 N
md
3.23 3.24

2 Reported yields are the average of two experiments and are based on the
amounts of isolated product.

Despite the success of the aforementioned trapping experiments, it should be noted that
silyl triflate 3.10 could not be employed successfully in other attempted 2,3-pyridyne trapping
experiments (Figure 3.2). For example, the use of nitrile oxide precursor 3.25, diazoester 3.26, or
enamide 3.27 in attempted annulations led only to decomposition. Similarly, efforts to utilize

sydnone 3.28 in a Diels—Alder trapping or B-ketoester 3.29%° in a formal (2+2) cycloaddition
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were unsuccessful. Nonetheless, the knowledge gained from our 2,3-pyridyne studies should

enable the judicious use of 3.10 in synthetic applications.

CsF

Trapping agent
~ | ™S (3equ|v) (\/E )
Q.
N OTf MeCN heat
3.10 3.16

Unsuccessful Trapping Agents

(o]

N
N Me_ M
OMe e \”)‘\owle
cl A
N © kcozEt 0

/
HO 3.25 3.26 3.27

07 N NPh ? ?
)\/ Me)J\/U\ OMe
3.28 3.29

Figure 3.2. Unsuccessful cycloadditions using silyl triflate 3.10

3.5 Synthesis of 4,5-Pyrimidyne Precursors & Trapping Experiments
As noted earlier, we were also eager to expand the limited scope of 4,5-pyrimidyne
trapping experiments.”’ As such, we pursued the notion suggested in Scheme 3.2. Specifically,
we envisioned that 4,5-pyrimidyne (3.7) could be prepared in situ from silyl triflate 3.30 or its
constitutional isomer 3.31.
> WO NP~ SiRs
I\\/Nj| — k\/NIsma - k\/I\IOTf

4,5-pyrimidyne

(3.7) 3.30 3.31

Scheme 3.2. Approaches to 4,5-pyrimidyne (3.7) from silyl triflate precursors 3.30 and 3.31

161



In our initial approach, we sought to access a silyl triflate precursor from known
benzyloxypyrimidine 3.32°° (Scheme 3.3). As such, 5-benzyloxypyrimidine (3.32) was
synthesized from the corresponding commercially available bromide using an Ullmann
coupling.”® With 3.32 in hand, extensive efforts were put forth to effect silylation. It was
ultimately found that the desired triethylsilylated product 3.33 could be obtained using a one-pot
procedure involving mixing of 3.32 with TESCI, followed by low temperature lithiation, with in
situ silylation.”” From 3.33, debenzylation and subsequent triflation delivered the desired silyl
triflate 3.34. Eager to attempt pyrimidyne generation, 3.34 was subjected to a battery of
experiments involving variation of fluoride sources, trapping agents, and other reaction
conditions. Unfortunately, no products indicative of pyrimidyne formation were observed.
Instead, it was found that 3.34 was prone to readily undergo thia-Fries rearrangement in the
presence of fluoride sources. For example, treatment of 3.34 with CsF in acetonitrile gave 3.35
as the major product.”® Greaney and coworkers have also observed thia-Fries rearrangement in

attempted aryne generation from silyl triflate precursors.>’
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3.32 (70% yield) 3.33 (51% yield)
OH
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3.34 . . 3.35
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Scheme 3.3. Synthesis of silyl triflate 3.34 and undesired Fries rearrangement

With our initial efforts thwarted, we pursued the synthesis of an isomeric silyl triflate, as
shown in Scheme 3.4. 2-Pyrimidone (3.36) was found to undergo lithiation/silylation using a
protocol similar to the one described previously to access pyridyne precursor 3.10 (see Scheme

3.1). Subsequent triflation of the remaining hydroxyl group furnished silyl triflate 3.37.%

1. LITMP, TESCI _~_SiEty
Nt/\l THF (9% yield) Nk/\/(
> S
N Yo

2. DTBMP, Tf,0 N~ oTt
H CH,Cl,, -78 °C
3.36 (36% yield) 3.37

Scheme 3.4. Synthesis of silyl triflate 3.37

With the desired isomeric silyl triflate 3.37 available in just two steps from commercially
available material, we pursued pyrimidyne generation and trapping (Figure 3.3). Thus, 3.37 was
exposed to fluoride sources (e.g., CsF) in the presence of trapping agents. However, in all
attempts, we were unable to observe any of the desired cycloaddition adducts. Instead, only

substantial non-specific decomposition or formation of 2-pyrimidone was observed.”'
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Figure 3.3. Unsuccessful attempts to generate and trap the 4,5-pyrimidyne from silyl triflate 3.37

3.6 Conclusion

In summary, we have performed studies pertaining to two interesting heterocyclic aryne
intermediates: 2,3-pyridyne and 4,5-pyrimidyne. We have shown that 2,3-pyridyne can be
employed in various trapping experiments involving nucleophiles or cycloaddition partners.
Several of the products obtained are unique scaffolds that would arguably be difficult to access
by other means. In addition, we have developed synthetic routes to two plausible silyl triflate
precursors to the 4,5-pyrimidyne, although no evidence of pyrimidyne formation was noted in
attempted trapping experiments. We expect our findings will promote the use of 2,3-pyridyne

and other strained heterocyclic intermediates in the synthesis of functionalized heterocycles.
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3.7 Experimental Section
3.7.1 Materials and Methods

Unless stated otherwise, reactions were conducted in flame-dried glassware under an
atmosphere of nitrogen using anhydrous solvents (freshly distilled or passed through activated
alumina columns). All commercially obtained reagents were used as received unless otherwise
specified. Cesium fluoride (CsF) was obtained from Strem Chemicals. Trifluoromethanesulfonic
anhydride (Tf;0), trimethylsilyl chloride (TMSCI), 2,2,6,6-tetramethylpiperidine (TMP) and
triethylsilyl chloride (TESCI) were obtained from Oakwood Products, Inc. and distilled over
before use. N-tert-butyl-a-phenylnitrone and methyl 2-acetamidoacrylate were obtained from
Alfa Aesar. Ethyl diazoacetate, (trimethylsilyl) diazomethane (1 M in Et,0), 2,5-dimethylfuran,
imidazole, and N-Boc-pyrrole were obtained from Sigma-Aldrich. Morpholine was obtained
from Spectrum Chemical and distilled before use. Reaction temperatures were controlled using
an IKAmag temperature modulator and, unless stated otherwise, reactions were performed at
room temperature (rt, approximately 23 °C). Thin layer chromatography (TLC) was conducted
with EMD gel 60 F254 pre-coated plates (0.25 mm) and visualized using a combination of UV
light and potassium permanganate staining. Preparative thin layer chromatography (TLC) was
conducted with EMD gel 60 F254 pre-coated plates (0.5 mm) and visualized using UV light.
Silicycle Siliaflash P60 (particle size 0.040-0.063 mm) was used for flash column
chromatography. 'H NMR spectra were recorded on Bruker spectrometers (500 MHz) and are
reported relative to deuterated solvent signals. Data for 'H NMR spectra are reported as follows:
chemical shift (5 ppm), multiplicity, coupling constant (Hz) and integration. >°C NMR spectra
were recorded on Bruker spectrometers (125 MHz) and are reported relative to deuterated

solvent signals. Data for °C NMR spectra are reported in terms of chemical shift and, when
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necessary, multiplicity, and coupling constant (Hz). IR spectra were obtained using a Perkin-
Elmer 100 spectrometer or a Perkin-Elmer UATR two spectrometer, and are reported in terms of
frequency absorption (cm™). DART-MS spectra were collected on a Thermo Exactive Plus MSD
(Thermo Scientific) equipped with an ID-CUBE ion source and a Vapur Interface (IonSense
Inc.). Both the source and MSD were controlled by Excalibur software v. 3.0. The analyte was
spotted onto OpenSpot sampling cards (IonSense Inc.) using CDCI; as the solvent. lonization
was accomplished using UHP He (Airgas Inc.) plasma with no additional ionization agents. The
mass calibration was carried out using Pierce LTQ Velos ESI (+) and (-) Ion calibration

solutions (Thermo Fisher Scientific).

3.7.2 Experimental Procedures

@

o
312
A~ ™S (3 equiv) fl
Shon e L)
3.10 (55% yield) 3.13

Representative Procedure for 2,3-Pyridyne Trappings. Adduct 3.13 (Table 3.1, Entry 1). To
a stirred solution of silyl triflate 3.10'* (51.1 mg, 0.172 mmol, 1.0 equiv) and morpholine (3.12,
48.0 pL, 0.516 mmol, 3.0 equiv) in MeCN (7.0 mL) was added CsF (128 mg, 0.840 mmol, 5.0
equiv). The reaction vessel was sealed and placed in a preheated aluminum heating block
maintained at 60 °C for 2 h. After cooling to 23 °C, the reaction mixture was filtered over silica
gel (EtOAc eluent, 12 mL). Evaporation under reduced pressure and further purification by

preparative thin layer chromatography (2:1 hexanes:EtOAc) afforded 3.13 as a colorless oil
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(55% yield, average of two experiments). 3.13: R, 0.48 (3:1 hexanes:EtOAc); 'H NMR (500
MHz, CDCls): 6 8.19 (ddd, J=4.9, 2.0, 0.8, 1H), 7.49 (ddd, J=9.0, 7.2, 2.0, 1H), 6.65 (ddd, J =
7.2,4.9,0.8, 1H), 6.62 (d, J = 8.7, 1H), 3.82 (t, J = 5.0, 4H), 3.49 (t, J = 5.0, 4H); °C NMR (125
MHz, CDCls): 6 159.7, 148.1, 137.6, 113.9, 107.0, 66.9, 45.7; IR (film): 1593, 1481, 1437, 1376,
1312, 1243 cm'; HRMS-APCI (m/2) [M + H]" caled for CoH 3N,0", 165.1022; found 165.1024.
Any modifications of the conditions shown in this representative procedure are specified in the

following schemes, which depict all of the results shown in Tables 3.1 and 3.2.

3.14
= (3 equiv) |
—_—

CsF (5 equiv) N
MeCN, 60 °C \§/

3.10 (63% vyield)

3.15

Adduct 3.15 (Table 3.1, Entry 2). Purification by preparative thin layer chromatography (6:3:1
EtOAc:PhH:MeOH) afforded 3.15 (63% yield, average of two experiments) as a light orange oil.
3.15: Ry 0.62 (9:1 EtOAc:MeOH); '"H NMR (500 MHz, CDCls): § 8.49 (ddd, J = 4.9, 1.8, 0.9,
1H), 8.35 (s, 1H), 7.83 (dt, J = 7.5, 1.8, 1H), 7.65 (s, 1H), 7.36 (d, J = 8.2, 1H), 7.24 (ddd, J =
7.5, 4.9, 0.8, 1H), 7.20 (s, 1H); °C NMR (125 MHz, CDCL;): & 149.4, 149.3, 139.1, 135.1,
130.9, 122.1, 116.3, 112.5; IR (film): 1598, 1578, 1487, 1444, 772, 738 cm '; HRMS-APCI

(m/z) [M + H]" calcd for CsHgN3", 146.0713; found 146.0714.
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]

oN
N

© “Bn
3.17

z ™S (3 equiv) z
—_—

X, l CsF (5 equiv) X, N
N™ ot MeCN, 60 °C N

3.10 (20% yield)

3.18

Adduct 3.18 (Table 3.2, Entry 1). Purification by preparative thin layer chromatography (3:1
hexanes:EtOAc) afforded 3.18 (20% yield, average of two experiments) as a light yellow oil.
3.18: R, 0.35 (3:1 hexanes:EtOAc); 'H NMR (500 MHz, CDCL): & 8.69 (dd, J = 4.5, 1.4, 1H),
8.37 (dd, J=8.2, 1.4, 1H), 7.46 (d, J= 7.2, 2H), 7.36-7.28 (m, 4H), 5.92 (s, 2H); °C NMR (125
MHz, CDCls): 6 150.5, 145.8, 137.2, 135.2, 129.0, 128.7, 128.5, 128.4, 120.0, 50.6; IR (film):
3032, 2927, 2852, 1591, 1216 cm'; HRMS-APCI (m/z) [M + H] caled for CioH; Ny,

211.0978; found 211.0974.

Ph \“

N
©0 @™ tBu
3.19 Ph
z (3 equiv) z
—»

N CsF (5 equiv) N 4
N™ ot MeCN, 60 °C NT "0

3.10 (33% vyield)

3.20

Adduct 3.20 (Table 3.2, Entry 2). Purification by preparative thin layer chromatography (3:1
hexanes:EtOAc) afforded 3.20 (33% yield, average of two experiments) as an amorphous white
solid. 3.20: R, 0.52 (3:1 hexanes:EtOAc); 'H NMR (500 MHz, CDCLs): & 8.04 (d, J= 5.0, 1H),
7.42 (d,J=17.2,2H), 7.35 (t,J="7.2,2H), 7.28 (tt, J = 7.2, 1.2, 1H), 7.19 (dt, J = 7.3, 1.3, 1H),
6.74 (dd, J = 7.3, 5.0, 1H), 5.62 (s, 1H), 1.20 (s, 9H); °C NMR (125 MHz, CDCl;): & 165.1,

147.9, 143.0, 132.8, 128.9, 127.9, 127.4, 123.0, 116.8, 66.3, 61.4, 25.5; IR (film): 1604, 1420,
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1282, 1270, 775, 739 cm'; HRMS-APCI (m/2) [M + H] " caled for C16H oN,O", 255.1492; found

255.1492.

4
®N
N )
@
o Ph
3.21
=z TMS (3 equiv) z | N
X, ! CsF (5 equiv) \N N
N® “oTf MeCN, 60 °C
_ o
3.10 (42% yield) 3.22

Adduct 3.22 (Table 3.2, Entry 3). Purification by preparative thin layer chromatography (95:5
EtOAc:MeOH) afforded 3.22 (42% yield, average of two experiments) as a colorless amorphous
solid. 3.22: Ry 0.48 (95:5 EtOAc:MeOH); 'H NMR (500 MHz, CDCl3): & 8.32 (dt, J = 5.1, 1.1,
1H), 7.44-7.38 (m, 5H), 7.18 (dt, J = 7.5, 1.3, 1H), 6.94 (dd, J = 7.5, 5.1, 1H), 5.16 (s, 1H),
3.64-3.60 (m, 1H), 3.19-3.06 (m, 2H), 2.89-2.83 (m, 1H); °C NMR (125 MHz, CDCL): §
163.2, 148.8, 148.5, 137.6, 132.5, 129.2, 129.1, 128.8, 128.4, 119.7, 73.5, 52.5, 36.9; IR (film):

1708, 1597, 1460, 1430, 1388, 1308 cm'; HRMS-APCI (m/z) [M + H]' caled for CsHi4N30',

252.1131; found 252.1126.

(o}
Me< NJ\N -Me o
\/ e
3.23 N
z
=z L (3 equiv) | )
| _— \N
N CsF (5 equiv) N
N™ “oTf MeCN, 60 °C we
3.10 (75% vyield) 3.24

Adduct 3.24 (Table 3.2, Entry 4). Purification by preparative thin layer chromatography (95:5
EtOAc:MeOH) afforded 3.24 (75% yield, average of two experiments) as a colorless oil. 3.24: R,
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0.45 (95:5 EtOAc:MeOH) ; 'H NMR (500 MHz, CDCL): § 8.29 (dd, J = 4.9, 2.0, 1H), 8.01 (dd,
J=1.6,2.0, 1H), 6.76 (dd, J = 7.6, 4.9, 1H), 3.61-3.57 (m, 2H), 3.57-3.52 (m, 2H), 3.18 (s, 3H),
3.05 (s, 3H); °C NMR (125 MHz, CDCL): & 169.2, 155.7, 150.9, 140.7, 119.4, 114.6, 56.3,
48.1, 38.9, 35.6; IR (film): 1633, 1504, 1408, 1385, 1247, 1208 cm'; HRMS-APCI (m/z) [M +

H]" calcd for C1oH4N3O", 192.1131; found 192.1131.

OB OBn
N4j/ n TESCI, THF Né\/lE
k\N then, LiTMP N

-100 °C — 78 °C

3.32 (70% yield) 3.33

Pyrimidine 3.33 (Scheme 3.3). To a stirred solution of freshly distilled 2,2,6,6-
tetramethylpiperidine (1.97 g, 14.0 mmol, 1.4 equiv) in THF (50 mL) at 0 °C was added n-BuLi
in hexanes (2.3 M, 5.65 mL, 13.0 mmol, 1.3 equiv). The resulting solution was allowed to stir at
0 °C for 30 min. A separate flask was charged with 5-benzyloxypyrimidine 3.32 (2.00 g, 10.0
mmol, 1.0 equiv), TESCI (4.53 g, 30.0 mmol, 3.0 equiv), and THF (50 mL). The resulting
solution was cooled to —100 °C and the LiTMP solution was added dropwise via cannula over 20
min. The resulting solution was warmed to —78 °C and allowed to stir for 3.5 h. The solution was
then allowed to warm to 0 °C and quenched with saturated NH4CI (25 mL). The volatiles were
removed under reduced pressure and EtOAc (75 mL) was added. The organic phase was
separated and the aqueous layer was extracted with EtOAc (3 x 50 mL). The combined organic
layers were dried with MgSO4 and concentrated under reduced pressure. The resulting oil was
further purified by column chromatography (5:1 hexanes:EtOAc) to yield pyrimidine 3.33 (2.09
g, 70% yield) as a colorless oil. 3.33: Ry 0.41 (3:1 hexanes:EtOAc); 'H NMR (500 MHz,
CDCls): & 8.95 (s, 1H), 8.24 (s, 1H), 7.42-7.34 (m, 5H), 5.12 (s, 2H), 0.95-0.91 (m, 9H), 0.91—

0.86 (m, 6H); °C NMR (125 MHz, CDCLy): § 165.5, 158.4, 151.7, 137.6, 135.7, 128.9, 128.6,
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127.7, 70.6, 7.5, 3.0; IR (film): 2953, 2874, 1558, 1456, 1397, 1284 cm'; HRMS-APCI (m/z)

[M + H]" caled for C17HsN,0Si", 301.1731; found 301.1729.

OBn oTf
Né\/lt 1. H,, Pd/C, MeOH lf\/(
- >
k\N SiEt; 2. TMP, PhNTf, N~ TSiEty
CH,Cl,, -78 °C

3.33 (51% yield) 3.34

Silyl triflate 3.34 (Scheme 3.3). To a stirred solution of pyrimidine 3.33 (1.00 g, 3.33 mmol, 1.0
equiv) in dry MeOH (20 mL) was added 10% Pd/C (350 mg, 0.330 mmol, 0.1 equiv). The
resulting mixture was placed under an atmosphere of H, (1 atm) and was allowed to stir at 23 °C
for 2 h. The mixture was filtered over celite (MeOH eluent). Evaporation of the solvent under
reduced pressure afforded the crude alcohol intermediate, which was used in the subsequent step

without further purification.

The alcohol intermediate (510 mg, 2.43 mmol, 1.0 equiv) was dissolved in dry CH,Cl, (7
mL) and freshly distilled 2,2,6,6-tetramethylpiperidine (282 mg, 9.72 mmol, 4.0 equiv) was
added dropwise over 10 min. The resulting solution was cooled to —78 °C and a solution of
PhNTT; (714 mg, 2.92 mmol, 1.2 equiv) in CH,Cl, (7 mL) was added dropwise over 15 min. The
resulting solution was stirred at =78 °C for 2 h and was then quenched with saturated NaHCO;
(10 mL). The organic layer was separated and the aqueous layer was extracted with CH,Cl, (3 x
20 mL). The combined organic layers were dried with MgSO,4 and concentrated under reduced
pressure. The resulting oil was further purified by column chromatography (30:1
hexanes:EtOAc) to yield silyl triflate 3.34 as a colorless oil (581 mg, 51% yield, 2 steps). 3.34:
R/ 0.70 (3:1 hexanes:EtOAc); 'H NMR (500 MHz, CDCL): & 9.26 (s, 1H), 8.64 (s, 1H), 0.97 (br

s, 15H); °C NMR (125 MHz, CDCL): & 169.7, 156.7, 152.4, 147.0, 118.5 (q, J = 318.2, CF3),
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7.3, 3.0; IR (film): 2960, 2880, 1565, 1428, 1386, 1211 cm™'; HRMS-APCI (m/z) [M + H]" caled

for C11H18F3N203SSi+, 3430754, found 343.0748.

oTf O~g-CFs /\/[0"'
k/j: T | KL e

MeCN

SiEt; S|Et3 //\\
(75% vyield)
. F . 3.35
thia-Fries
Rearrangement

Alcohol 3.35 (Scheme 3.3). To a stirred solution of silyl triflate 3.34 (130 mg, 0.380 mmol, 1.0
equiv) in MeCN (3.8 mL) was added CsF (173 mg, 1.14 mmol, 3.0 equiv). The reaction vessel
was sealed and placed in a preheated aluminum heating block maintained at 60 °C for 2 h. After
cooling to 23 °C, the reaction mixture was filtered over celite (MeOH eluent, 12 mL).
Evaporation under reduced pressure and further purification by preparative thin layer
chromatography (100:10:1 CH,Cl,:MeOH:Et;N) afforded 3.35 as a colorless oil (75% yield).
3.35: R, 0.76 (MeCN); 'H NMR (500 MHz, MeOD): 5 8.28 (s, 1H), 8.08 (s, 1H); °C NMR (125
MHz, MeOD): & 165.6, 161.0, 142.0, 137.6, 122.5 (q, J = 327.9, CF3); IR (film): 3349, 1643,
1575, 1510, 1445, 1341 cm '; HRMS-APCI (m/z) [M — H] caled for CsH,F3N,03S",226.9733;

found 226.9750.

1. LITMP, TESCI SiEt,
Nl/\l THF (9% yield) N4\/|[
kN o - K

2. DTBMP, Tf,0 N7 ot
H CH,Cl,, 78 °C
3.36 (36% yield) 3.37

Silyl triflate 3.37 (Scheme 3.4). To a stirred solution of freshly distilled 2,2,6,6-
tetramethylpiperidine (1.02 g, 7.20 mmol, 1.4 equiv) in THF (10 mL) at 0 °C was added n-BuLi

in hexanes (2.3 M, 2.94 mL, 6.80 mmol, 1.3 equiv). The resulting solution was stirred at 0 °C for

172



30 min. A separate flask was charged with 2-pyrimidone 3.36 (500 mg, 5.20 mmol, 1.0 equiv),
TESCI (1.97 g, 13.0 mmol, 2.5 equiv), and THF (16 mL). The resulting solution was cooled to 0
°C and the LiTMP solution was added dropwise via cannula over 20 min. The resulting solution
was warmed to 23 °C and allowed to stir for 24 h. The solution was then quenched with saturated
NH4CI (10 mL). The volatiles were removed under reduced pressure and EtOAc (30 mL) was
added. The organic phase was separated and the aqueous layer was extracted with EtOAc (3 x 20
mL). The combined organic layers were dried with MgSO4 and concentrated under reduced
pressure. The resulting oil was further purified by column chromatography (1:2 to 1:4
hexanes:EtOAc) to yield an alcohol intermediate (100 mg, 9% yield, unoptimized) as a colorless

oil.

The alcohol intermediate (90.0 mg, 0.430 mmol, 1.0 equiv) was dissolved in dry CH,Cl,
(2 mL) and DTBMP (96.0 mg, 0.470 mmol, 1.1 equiv) was added. The resulting solution was
cooled to —78 °C and Tf,0 (133 mg, 0.470 mmol, 1.1 equiv) was added dropwise over 5 min.
The resulting solution was allowed to stir at =78 °C for 2 h and was then quenched with saturated
NaHCOs; (1 mL). The organic layer was separated and the aqueous layer was extracted with
CH,Cl; (3 x 3 mL). The combined organic layers were dried with MgSO, and concentrated under
reduced pressure. The resulting oil was further purified by column chromatography (40:1
hexanes:EtOAc) to yield silyl triflate 3.37 as a colorless oil (55 mg, 36% yield). 3.37: R, 0.52
(5:1 hexanes:EtOAc); "H NMR (500 MHz, CDCL;): 8 9.14 (d, J= 1.2, 1H), 7.29 (d, J = 1.2, 1H),
0.99 (t, J = 7.2, 9H), 0.92-0.86 (m, 6H); >*C NMR (125 MHz, CDCl;): & 184.2, 162.2, 158.2,
118.6 (q, J = 320.6, CF3), 117.0, 7.2, 2.6; IR (film): 2959, 2880, 1579, 1511, 1428, 1211 cm ';

HRMS-APCI (m/z) [M + H] " calcd for C;;H sF3N,03SSi", 343.0754; found 343.0755.
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3.8 Spectra Relevant to Chapter Three:

Synthetic Studies Pertaining to the 2,3-Pyridyne and 4,5-Pyrimidyne

Jose M. Medina, Moritz K. Jackl, Robert B. Susick, and Neil K. Garg

Tetrahedron 2016, 72, 3629-3634.
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default proton parameters Current Data Parameters

NAME  JMM-4-72(p)
1

TNORITNORN O NOPVONOVANNOD T DY~ woooon EXPNO
OO S PP0 ORIV BR N OBV BBRIIRD = IR =R - AN
NANNS == NN IIIIITNQQOQOOOQOOQ © QO Y PROCNO 1
BBBBBBBBNINNNNNNNNGBG G G666 66 0 PR R KRR
MW W w W F2 - Acquisition Parameters
Date_ 20141117
Time 20.51
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG 2930
Tl 65536
/ SOLVENT CDCI3
NS 21
| DS 0
N SWH 10000.000 Hz
FIDRES 0.152588 Hz
N N AQ 3.2767999 sec
RG 12.14
DW 50.000 usec
(o) DE 1000 uses
TE 298.0 K
3 13 D1 2.00000000 sec
- TDO 1
= == CHANNEL f1 =
SFO1 500.1340010 MHz
NUC1 1H
P1 10.00 usec
PLW1 13.50000000 W
F2 - Processing parameters
S| 65536
SF 500.1300122 MHz
WDW EM
SSB
LB 0.30 Hz
GB 0
PC 1.00
A JL_J
T T T T T T T T T T T 1
10 1 ppm

000,
071
096,
071

i b4 T

Figure 3.4. "H NMR (500 MHz, CDCls) compound 3.13

1.

Current Data Parameters

default carbon parameters NAME JMM-4-72(p)
T 3 g 33 cor o o Prooo 1
I s N IS N 5
3 < 1) 2 38 NNG © o
0 3 b - = NNN © < F2 - Acquisition Parameters
‘ ‘ ‘ ‘ ‘ \I / ‘ Date_ 014111
Time

INSTRUM av500

PROBHD 5 mm DCH 13C-1

PULPROG zgpg30
65536

SOLVENT CDCI3
NS 31

DS 2

SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0485760 sec
RG 13.13

DW 16.000 usec

DE 18.00 usec

TE 298.0 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1

= = CHANNEL f1 2
SFO1 125.7703648 MHz
NUC1 3C

P1 9.63 usec
PLW1 23.00000000 W

== CHANNEL f2 2
SFO2 500.1330008 MHz

NUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec

PLW2 13.50000000 W
PLW12 0.21094000 W
PLW13 0.13500001 W

F2 - Processing parameters

S|

SF 125.7577761 MHz
WDW EM

SSB

LB 1.00 Hz

GB

PC 1.40

T T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

Figure 3.5. °C NMR (125 MHz, CDCl;) compound 3.13
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default proton parameters Current Data Parameters
NAME JMM-4-70(p2)
3

CUOUANOVNOOD VT ND NOTOTO RO DN EXPNO
POV RITOAN— S LWELWITNOHNS

TITITIITOOQQQQRQ RERRRRRRRRRN] PROCNO 1
@ 05600 W0 NNNNNN NNNNNNNNNNN

F2 - Acquisition Parameters
Date_ 20141118
Time .

INSTRUM av500

PROBHD 5 mm DCH 13C-1
PULPROG 2930
T 65536

SOLVENT ~ CDCI3
z NS 13

DS 0

SWH 10000.000 Hz
FIDRES 0.152588 Hz

NT N e

3.2767999 sec
12.14

\\/N RG .
~ DW 50.000 usec
DE 10.00 usec

3.15 TE 208.0 K
. D1 2.00000000 sec
TDO 1
= == CHANNEL f1 =
SFO1 500.1340010 MHz
NUC1 1H
P1 10.00 usec
PLW1 13.50000000 W
F2 - Processing parameters
S| 65536
SF 500.1300121 MHz
WDW EM
SSB 0
LB 0 Hz
GB 0
PC 1.00
T T T T T T T T T T T 1
10 9 8 7 6 5 4 3 2 1 0 ppm

Figure 3.6. "H NMR (500 MHz, CDCls) compound 3.15

Current Data Parameters
default carbon parameters NAME JMM-4-70(p2)
g EXPNO 5
; g by 9 > PROCNO 1
9 N
I3 KRR

F2 - Acquisition Parameters

Date_ 20141118

Time 9.57

INSTRUM av500

PROBHD 5 mm DCH 13C-1

PULPROG zgpg30
65536

SOLVENT CDCI3
NS 127

—139.12
—135.12
——130.90
—122.12
—116.26
—112.47

<
P
~

DS 2

SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0485760 sec
RG 204.54

DW 16.000 usec

DE 18.00 usec

TE 298.0 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1

= = CHANNEL f1 2
SFO1 125.7703648 MHz
NUC1 3C

P1 9.63 usec
PLW1 23.00000000 W

= == CHANNEL f2 2
SFO2 500.1330008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec

PLW2 13.50000000 W
PLW12 0.21094000 W
PLW13 0.13500001 W

F2 - Processing parameters

S|

SF 125.7577725 MHz
WDW EM

SSB

LB -0.05 Hz

GB

PC 1.40

T T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

Figure 3.7. >C NMR (125 MHz, CDCl;) compound 3.15
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default proton parameters Current Data Parameters
NAME -6-1

P NOENNORN T - RVO - NEVRDOMON DD EXPNO

B8RRI LI nIBR{L22E838y

BREBNBABIITRBANANAR0IRANS PROCNO 4

BB BBBBOBBNNNNNNNNNNNNNNN NG

W&W/ F2 - Acquisition Parameters
Date_ 20160127
Time 8.39
INSTRUM av500

PROBHD 5 mm DCH 13C-1

PULPROG 2930
N T 553
7 SOLVENT cDCI3
W NS 16
I DS 0
~ , SWH 10000.000 Hz
N FIDRES  0.152588 Hz
N \ AQ 3.2767999 sec
RG 12.14
Bn DW 50.000 usec
DE 10.00 usec
TE 298.0 K
3.18 D1 2.00000000 sec
TDO 1
= == CHANNEL f1 =====
SFO1  500.1340010 MHz
NUC1 1H
P1 10.00 usec

PLW1  13.50000000 W

F2 - Processing parameters

S| 65536

SF 500.1300125 MHz
DW EM

Wi

SSB

LB 0.30 Hz
GB 0

PC 1.00

10 9 8 7 6 5 4 3 2 1 0 ppm

Figure 3.8. "H NMR (500 MHz, CDCl;) compound 3.18

Current Data Parameters
default carbon parameters NAM| MM-6-103

0O O-PITANW EXPNO 2
B8 2IyXBYY —o= Py PROCNO 1
oW NWOIOS S N &
Y osddNdR NN =
R it il ~IS S 0 F2 - Acquisition Parameters
‘ ‘ \\ \W / \V Date_ 016012

Time

INSTRUM _ av500
PROBHD 5 mm DCH 13C-1
PULPROG zgpg30

SOLVENT CDCI3
NS 65

DS 2

SWH 50000.000 Hz
FIDRES 0.762939 Hz
AQ 0.6553600 sec
RG 204.54

DW 10.000 usec

DE 18.00 usec

TE 298.0 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1

= = CHANNEL f1 2
SFO1 125.7766527 MHz
NUC1 3C

P1 9.63 usec
PLW1 23.00000000 W

= == CHANNEL f2 2
SFO2 500.1330008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec

PLW2 13.50000000 W
PLW12 0.21094000 W
PLW13 0.13500001 W

F2 - Processing parameters

S|

SF 125.7577743 MHz
WDW EM

SSB

LB 1.00 Hz

GB

PC 1.40

e

T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

Figure 3.9. °C NMR (125 MHz, CDCl3) compound 3.18
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default proton parameters Current Data Parameters
NAM -4-1

NENOANNONANTNOINO - QOO =T TOOD 2 EXPNO 1
IO r OB TN P OIONBORPORDDT I D S
R ERARNERERERRRRRERR MDD e PROCNO 1
BBONNNNNNNNNNNNNNNNNNG GG 66 -
‘\N\WW F2 - Acquisition Parameters
Date_ 20141215
Time 9.26
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG 2930
Tl 65536
S(SJLVENT CDCI3
N 15
Ph DS 0
SWH 10000.000 Hz
FIDRES 0.152588 Hz
z éG 3.2767999 sec
12.14
| N—#Bu oW 50.000 usec
N / DE 10.00 usec
N 0 TE 298.0 K
D1 2.00000000 sec
3 20 TDO 1
= == CHANNEL f1 =
SFO1 500.1340010 MHz
NUC1 1H
P1 10.00 usec
PLW1 13.50000000 W
F2 - Processing parameters
S| 65536
SF 500.1300124 MHz
WDW EM
SSB
LB 0.30 Hz
GB 0
PC 1.00
A_MLJ J L
T T T T T T T T T T T 1
10 9 8 7 6 1 0 ppm
9 B9 @) )
B O P i e - =
. 1
Figure 3.10. 'H NMR (500 MHz, CDCls) compound 3.20
Current Data Parameters
default carbon parameters NAM MM-4-102
[} ©OoN QN Y EXPNO 3
e OO prfiClp =y PROCNO 1
NONNANGC N
SN L NN
ffffff ININEN

F2 - Acquisition Parameters

Date_ 20141215

Time 9.30

INSTRUM av500

PROBHD 5 mm DCH 13C-1

PULPROG zgpg30
65536

SOLVENT CDCI3
NS 26

I}
©

——147.87
——143.00

—66.33
—61.43
25.45

-
~
™~
~
<
N

DS 2

SWH 50000.000 Hz
FIDRES 0.762939 Hz
AQ 0.6553600 sec
RG 204.54

DW 10.000 usec

DE 18.00 usec

TE 298.0 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1

= = CHANNEL f1 2
SFO1 125.7766527 MHz
NUC1 3C

P1 9.63 usec
PLW1 23.00000000 W

= == CHANNEL f2 2
SFO2 500.1330008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec

PLW2 13.50000000 W
PLW12 0.21094000 W
PLW13 0.13500001 W

F2 - Processing parameters

S|

SF 125.7577747 MHz
WDW EM

SSB

LB 1.00 Hz

GB

PC 1.40

T T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

Figure 3.11. >C NMR (125 MHz, CDCl;) compound 3.20
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default proton parameters Current Data Parameters
NAM -4-1

PN O OO - VO N OO NANOON DAY IR I TAUR- N TN - DOOOO TV — VDT EXPNO 3
QN T NP e N e R0 AR N IR N AL IO NN OINNODINNrOR DO DL ODB Y
QOAONAATIIIINAAACT S I RRAR-QQOOO e - m m = 000000000 PROCNO 1
BBBBBONNNNNNNNNNNNNNNGCCOCOB B 0B 0dsndsndsndlnooaaca
‘W‘N\\%‘% \k&NWFMJ F2 - Acquisition Parameters

Date_ 20141215
ime 17.22
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG 2930
Ph Tl 65536
SOLVENT CDCI3
NS 30
DS 0
=z SWH 10000.000 Hz
N FIDRES 0.152588 Hz
, QG 3.217261399 sec
\N N DW 50.000 usec
DE 10.00 usec
TE 298.0 K
D1 2.00000000 sec
0 TDO 1
= == CHANNEL f1 =
3 22 SFO1 500.1340010 MHz
. NUC1 1H
P1 10.00 usec
PLW1 13.50000000 W
F2 - Processing parameters
S| 65536
SF 500.1300127 MHz
WDW EM
SSB
LB 0.30 Hz
GB 0
PC 1.00
| Lk
T T T T T T T T T T 1
10 9 ppm

131

A

- 4

Figure 3.12. "H NMR (500 MHz, CDCls) compound 3.22

5

Current Data Parameters
default carbon parameters NAM| MM-4-103
g 3% a5e5s80 sege 5 3 RS K
© BO NADFDODD N o o
3 ST 5adJII7 NS o Pl »
© I oMy NN~ N 0 © F2 - Acquisition Parameters
‘ \/ \\\V/ / \V/ ‘ ‘ Date_ 0141215
Time

INSTRUM av500

PROBHD 5 mm DCH 13C-1

PULPROG zgpg30
65536

SOLVENT CDCI3
NS 35

DS 2

SWH 50000.000 Hz
FIDRES 0.762939 Hz
AQ 0.6553600 sec
RG 204.54

DW 10.000 usec

DE 18.00 usec

TE 298.0 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1

= = CHANNEL f1 2
SFO1 125.7766527 MHz
NUC1 3C

P1 9.63 usec
PLW1 23.00000000 W

= == CHANNEL f2 2
SFO2 500.1330008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec

PLW2 13.50000000 W
PLW12 0.21094000 W
PLW13 0.13500001 W

F2 - Processing parameters

S|

SF 125.7577772 MHz
WDW EM

SSB

LB 1.00 Hz

GB

PC 1.40

T T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

Figure 3.13. °C NMR (125 MHz, CDCl;) compound 3.22
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default proton parameters Current Data Parameters
NAME _ JMM-4-94(char)
2

TN CODTODWO - = ©© QRO WLNO DI EXPNO
PRON- - DPOINOL SPRRONDFTIIONT
AAAANOSHHNUNNNN CHRBLVLBYHLHODN —~ O PROCNO 1
® 050 ®®DBNNNG GGG 5300 MMe)NnonD6 o

—7.260

/
T
¢
Zﬁ
%

F2 - Acquisition Parameters
Date_ 20141209

ime .
INSTRUM av500
PROBHD 5 mm DCH 13C-1

PULPROG 2930
o Duvent P Tocis
Me NS 18
DS 0
N SWH 10000.000 Hz
z FIDRES  0.152588 Hz
AQ 3.2767999 sec
RG 12.14
NS DW 50.000 usec
DE 10.00 usec
N N TE 298.0 K
! DI 200000000 sec
Me
= == CHANNEL f1 =====
SFO1  500.1340010 MHz
3.24 NUC1 1H
P1 10.00 usec

PLW1  13.50000000 W

F2 - Processing parameters

S| 65536

SF 500.1300120 MHz
DW EM

Wi

SSB

LB 0.30 Hz
GB 0

PC 1.00

099
030,
052
019

W he

Figure 3.14. "H NMR (500 MHz, CDCls) compound 3.24
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Current Data Parameters
default carbon parameters NAME  JMM-4-94(char)
< EXPNO
N by 9 > PROCNO 1
N
RRR

F2 - Acquisition Parameters

Date_ 20141209

Time 8.53

INSTRUM av500

PROBHD 5 mm DCH 13C-1

PULPROG zgpg30
65536

SOLVENT CDCI3
NS 44

—169..
——155.67
—150.91
——140.65
—119.40
—114.60
—56.29
——48.06
——38.88
——35.55

s
~

DS 2

SWH 50000.000 Hz
FIDRES 0.762939 Hz
AQ 0.6553600 sec
RG 204.54

DW 10.000 usec

DE 18.00 usec

TE 298.0 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1

= = CHANNEL f1 2
SFO1 125.7766527 MHz
NUC1 3C

P1 9.63 usec
PLW1 23.00000000 W

= == CHANNEL f2 2
SFO2 500.1330008 MHz
NUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec

PLW2 13.50000000 W
PLW12 0.21094000 W
PLW13 0.13500001 W

F2 - Processing parameters

S|

SF 125.7577735 MHz
WDW EM

SSB

LB 1.00 Hz

GB

PC 1.40

T T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

Figure 3.15. °C NMR (125 MHz, CDCl;) compound 3.24
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default proton parameters Current Data Parameters
NAME MOJ-1-091

982 VINSRLIZLHS & BRLIBVSRILRRBP EXPNO
N NN RN - NRNNNNRNRDD®D DD PROCNO 1
GBNNNNNNNNNNNNNN o o= R R=R=R=R=R=R=R=R-R=p=p=]
\\\N M ‘ W F2 - Acquisition Parameters
Date_ 20160125
Time 16.28
INSTRUM av500
PROBHD 5 mm DCH 13C-1
PULPROG 2g30
OB D 65536
z n SOLVENT CDCI3
N NS 16
DS 0
SWH 10000.000 Hz
N FIDRES 0.152588 Hz
H AQ 3.2767999 sec
N SlEt3 RG 12.14
bw 50.000 usec
DE 10.00 usec
3 33 TE 298.0 K
. D1 2.00000000 sec
TDO 1
= = CHANNEL f1 =====
SFO1 500.1330008 MHz
NUC1 1H
P1 10.00 usec
PLW1 13.50000000 W
F2 - Processing parameters
SF 500.1300121 MHz
WDW EM
SSB
LB 0.30 Hz
GB
PC 1.00
‘ N
T T T T T T T T T T T 1
10 9 8 7 6 5 4 3 2 1 0 ppm
9 (N 2 @ 23]
= = o ol ol
. 1
Figure 3.16. HNMR (500 MHz, CDCl3) compound 3.33
default carbon parameters ﬁi’,\'}leé“ Da(a&gTTg‘;ﬁ
8 28 883N 5958 Proco 1
[P v PN Soon 28
8 3 b ouIdQ KNGS ?
- - -  Treee P~~~ ~ o F2 - Acquisition Parameters
A & [ [ B e
Time

INSTRUM _ av500
PROBHD 5 mm DCH 13C-1
PULPROG zgpg30

SOLVENT CDCI3
NS 76

Dbs 2

SWH 31250.000 Hz
FIDRES 0.476837 Hz
AQ 1.0485760 sec
RG 204.54

bw 16.000 usec
DE 18.00 usec

TE 298.0 K

D1 2.00000000 sec
D11 0.03000000 sec
TDO 1

= = CHANNEL f1 ====:
SFO1 125.7722511 MHz
NUCH1 13C

P1 9.63 usec
PLW1 23.00000000 W

= = CHANNEL f2 ====:
SFO2 500.1330008 MHz

NUC2 1H
CPDPRG[2 waltz16
PCPD2 80.00 usec
PLW2 13.50000000 W
PLW12 0.21094000 W
PLW13 0.13500001 W

F2 - Processing parameters

S| 3

SF 125.7577754 MHz
WDW EM

SSB 0

LB 1.00 Hz

GB 0

PC 1.40

] |

T T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

Figure 3.17. >C NMR (125 MHz, CDCl;) compound 3.33
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Figure 3.19. °C NMR (125 MHz, CDCl;) compound 3.34
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CHAPTER FOUR

Aryne-Driven Approach for the Synthesis and Manipulation of

Polypyridyl Metal Complexes

4.1 Abstract

Ruthenium- and iridium-based polypyridyl complexes have remarkable photophysical
properties that are utilized across many scientific disciplines. Their broad application across
fields such as solar energy conversion, luminescence sensing, and catalysis can be attributed to a
highly tunable ligand sphere that controls their photophysical properties. Recently, extended -
conjugation in the ligand sphere has enabled longer excited state lifetimes, thus increasing
cytotoxicity in photodynamic therapies and noncovalent —m interactions for DNA intercalation.
Despite decades of study and successful applications, synthetic strategies to access polypyridyl
metal complexes are limited to relatively few methods across two major platforms, ligand
synthesis and coordination, or direct manipulation of the ligand “on-the-complex”. Specifically,
annulation reactions that extend the st-conjugation of polypyridyl complexes are limited to C—N
bond forming processes. Herein, we report a C—C bond forming annulation directly on
polylpyridyl organometallic complexes by harnessing the power of arynes and Pd catalysis. This
methodology is also used to generate the first ligand-bound aryne on an organometallic complex,

which is trapped via a Diels—Alder cycloaddition to access an exotic ligand.
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4.2 Introduction

Since the initial discovery of [Ru(bpy)g]2+ in 1936,' the remarkable photophysical
properties displayed by ruthenium- and iridium-based polypyridyl complexes have broadly
impacted the scientific community. With extensive applications in solar energy conversion,’
DNA intercalation,” and luminescence sensing,4 transition metal frameworks of this class have
demonstrated broad versatility in both photochemical and photophysical applications. More
recently, polypyridyl metal complexes such as 4.1-4.3 (Figure 4.1) have been implemented as
both therapeutics for human disease and as biophysical probes to investigate biomolecules of
interest. One recent, compelling example of their therapeutic potential is the ruthenium complex
TLD-1433 (4.1), which is currently in phase II clinical trials as a photodynamic therapeutic for
the treatment of bladder cancer.’ For the interrogation of biomolecules, Barton and Turro have
employed 4.2 as an intercalating agent to study conductivity through stacked DNA
nucleobases.®** Additionally, MacMillan and coworkers recently demonstrated the use of
photocatalyst 4.3 to identify protein—protein interactions in live cells.” A particularly attractive
feature of these polypyridyl metal complexes is the capacity to tune photophysical properties by
manipulating the ligand sphere. For example, extended m-conjugation in the ligand sphere has
enabled longer photocatalyst excited state lifetimes, thus promoting increased cytotoxicity in

photodynamic therapy,*’ and noncovalent n— interactions for DNA intercalation.’™
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Figure 4.1. Polypyridyl metal complexes used as therapeutics and in bioimaging.

Despite extensive studies to evaluate the photophysical properties of polypyridyl metal
complexes, their design is limited to relatively few synthetic platforms. Current strategies for
accessing polypyridyl metal complexes largely rely on ligand synthesis followed by metal
coordination (Figure 4.2A, reaction a, 4.4 + 4.5 — 4.6). However, this strategy often necessitates
long, linear reaction sequences, rendering the process of synthesizing large libraries of Ru- or Ir-
based therapeutic targets cumbersome.'® Moreover, metal-catalyzed processes, though effective
in diversifying most arenes, are unproductive in the context of 2,2’-bipyridine ligands. This
challenge stems from the strong bidentate chelation properties of 2,2’-bipyridine ligands and
their resultant propensity to form stable, catalytically inactive N,N-chelate complexes.'' As a
result, bipyridyl ligands are unsuitable for the transition metal-catalyzed annulation and cross-
coupling reactions that are typically employed to functionalize conjugated organic molecules.
Furthermore, the low solubility of highly rigid bipyridyl ligands can complicate their synthesis,
rendering traditional ligand synthesis intractable for bipyridine systems bearing extended
conjugation.

A synthetic approach that complements traditional coordination chemistry involves so-

called, “chemistry-on-the-complex,” whereby metal complexes are diversified after coordination
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(Figure 4.2A, reaction b, 4.7 — 4.6).” Notably, this strategy has proven effective in overcoming
challenges manifested in traditional synthetic approaches, but it has rarely been used to access
metal complexes bearing annulated bipyridyl ligands. In particular, available protocols for the
direct annulation of polypyridyl metal complexes are restricted to C—N bond forming
processes.'”™"?  Whereas such protocols have enabled studies revealing the promising
photophysical and therapeutic potential of m-extended ligands, they are limited to the formation
of quinoxaline and imidazole derivatives. To date, no C—C bond forming annulations exist for
coordinated polypyridyl complexes, limiting the electronic nature and design of such ligands.

We questioned if annulated polypyridyl metal complexes could be rapidly accessed
through a “chemistry-on-the-complex™ strategy involving highly strained aryne intermediates.
Strained cyclic intermediates, such as 4.8-4.11 (Figure 4.2B), have been harnessed to access
various organic targets including heterocycles,'* phosphine ligands," agrochemicals,'® and
natural products.'” Given their ability to generate multiple bonds on various cyclic scaffolds, we
viewed arynes as uniquely poised for the synthesis and manipulation of polypyridyl metal
complexes. Nonetheless, arynes have seen limited use in the manipulation of metal-bound

ligands with only two examples reported, both involving Diels—Alder reactions.'*"

No examples
have been demonstrated on polypyridyl metal complexes. Herein, we disclose a platform for the
aryne-driven synthesis and manipulation of polypyridyl metal complexes (Figure 4.2C). In one
variant, reactions between catalytically generated intermediates 4.12 and fleeting aryne
intermediates 4.13 provide one-step conversion to annulated products 4.14. In a second variant,

in situ generation of the first organometallic complex bearing a free aryne 4.15, followed by

trapping with 4.16, generates cycloadducts 4.17 under mild conditions. Both approaches enable
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the formation of multiple C—C bonds in a single operation and offer a divergent means to access

functionalized polypyridyl metal complexes, including several exotic structures.
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Figure 4.2. A) Strategies for the synthesis of polypyridyl metal complexes. B) Aryne and cyclic
alkyne intermediates. C) Synthetic designs for the direct manipulation of photoactive metal
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4.3 Annulation Optimization

We initiated our studies by pursuing a Pd-catalyzed annulation reaction of halogenated
Ru(bpy); derivative 4.18 and commercially available benzyne precursor 4.19 (Table 4.1). Prior
studies by Larock and co-workers established the feasibility of performing Pd-catalyzed
annulations of arynes from silyl triflate precursors to furnish organic materials.** Our preliminary
studies involved the use of Pd(dba), and P(o-tolyl)s, in the presence of CsF. Under these
conditions, we were gratified to observe formation of the desired m-extended adduct 4.20, albeit
in 2% yield (entry 1). Additionally, undesired dehalogenation product 4.21 was observed in 48%
yield. Efforts to eliminate this dehalogenation pathway via reduced temperatures and rigorous
exclusion of air and moisture proved unfruitful,®' as did the use of other Pd’ sources such as
Pd(PPhs), (entry 2). Alternatively, Pd(OAc), provided a substantial improvement in the yield of
the desired m-extended adduct 4.20 to 26% (entry 3). By increasing the catalyst and ligand
loadings to 10 mol%, as well as decreasing the reaction duration to 30 minutes, we observed a
further increase in yield to 71% (entry 4). The use of modified ratios of the co-solvents,
acetonitrile and toluene, resulted in decreased reaction efficiency (entries 5 and 6), highlighting
the importance of tuning the rate at which benzyne is generated. Finally, switching from a
bromide to a chloride functional handle on the substrate effectively eliminated the
dehalogenation pathway and provided the desired product in 78% yield (entry 7). It is worth
noting that attempts to perform this transformation on uncoordinated bromo- or chlorobipyridine
ligands proved unproductive, potentially owing to the formation of a Pd—N,N-chelate. The latter
result underscores the complementarity of on-the-complex strategies that circumvent issues of

unproductive catalyst—substrate chelation.
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Table 4.1. Optimization studies for Pd-catalyzed annulation of benzyne onto Ru-polylpyridyl
complex 4.18. “PF; counterions have been omitted from the X-Ray crystal structure for clarity.

"Yields were determined by 'H NMR using 1,3,5-trimethoxybenzene as an external standard.

2+
2PFg~
Catalyst
| P(o-tolyl);
Tf0:© CsF (10 equiv)
x 7 >
0 Me;Si CH3CN : PhMe (1:1)
110 °C
4.19
(2 equiv)
2+ 2+
2PFg" 2PFg”

[X-ray]? 4.20 4.21
Catalyst Ligand ~ CH3CN : Yield of Yield of
Entry  Catalyst X [oading  Loading  PhMe ™M 4.20° 4.21°
1 Pd(dba), Br 5 mol% 5 mol% 1:1 2h 2% 48%
2 Pd(PPh3), Br 5 mol% 5 mol% 1:1 2h 2% 48%
3 Pd(OAc), Br 5 mol% 5 mol% 1:1 2h 26% 24%
4 Pd(OAc), Br 10 mol% 10 mol% 1:1 30 min 71% 16%
5 Pd(OAc), Br 10 mol% 10 mol% 3:1 30 min 61% 19%
6 Pd(OAc), Br 10 mol% 10 mol% 1:3 30 min 35% 28%
7 Pd(OAc), (¢]] 10 mol% 10 mol% 1:1 30 min 78% 0%

4.4 Scope of Aryne Annulation Partners

Having uncovered optimal conditions for the on-the-complex annulation of benzyne, we
then investigated the scope of the methodology with respect to the aryne (Figure 4.3). Benzyne
adduct 4.20 could be isolated in 78% yield using standard column chromatography. Notably, the

only available protocol to access the diazatriphenylene ligand found in 4.20 involves the use of
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hazardous reagents and exceptionally forcing conditions.”> Heterocyclic arynes were also
tolerated, as evidenced by the formation of N-Me-4,5-indolyne adduct 4.25 in 75% yield. This
result demonstrates the capacity for expedient incorporation of heterocycles directly into the -
framework of polypyridyl metal complexes. 2,3- and 1,2-naphthalyne were also competent under
these conditions, leading to the formation of 4.26 and 4.27, each in 61% yield. Historically, the
naphthophenanthroline ligand present in 4.26 has proven challenging to synthesize due to its low
solubility. As a result, reported syntheses proceed in very low yields or require multiple steps.”
In other cases, insolubility has entirely precluded access to the desired naphthophenanthroline

ligand, thus necessitating the incorporation of hydrophobic substituents.'
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4.22
(2 equiv)

4.20

Pd(OAc), (10 mol%)
P(o-tolyl); (10 mol%)
CsF (10 equiv)

TIO -,
, MeySi~™ -

CH,CN : PhMe (1:1)
110 °C, 30 min

4.25

78% Yield (X = Cl)
69% Yield (X = Br)

_|2+

4.26

61% Yield (X = Br)

2PFg-

4.27
61% Yield (X = Br)

Figure 4.3. Scope of aryne annulation partners.

4.5 Scope of Polypyridyl Annulation Partners

After validating the use of various aryne partners in the methodology, we turned our

attention to varying the organometallic substrate (Figure 4.4). We first investigated whether other

metal centers could be tolerated under the reaction conditions, as this would provide an entryway

to other privileged classes of octahedral complexes. In particular, Ir-centered polypyridyl

complexes have demonstrated broad utility as photoactive complexes,

3a,7,24
% s0 we assessed the

viability of brominated Ir(ppy)(bpy) derivative 4.28. This substrate underwent the reaction
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smoothly to deliver 4.29 in 75% yield. Notably, dehalogenation was not observed in this reaction
despite 4.28 bearing the previously problematic C—Br bond. We then questioned if conjugation
could be extended across multiple ligands in a single step, thus expanding conjugation of the
ligand sphere in multiple directions. Under slightly modified conditions, bis(chlorinated) Ru-
complex 4.30 underwent a double annulation in one pot to furnish 4.31 in 54% yield through the
formation of four C—C bonds. Finally, tris(chlorinated) Ru-complex 4.32 was treated with six
equivalents of benzyne precursor 4.19 to generate triple annulation adduct 4.33 in 57% yield. In
this transformation, six new C—C bonds were constructed, three of which resulted from C-H
functionalization. These results demonstrate the capacity for arynes to manipulate multiple

metal-bound ligands in a single transformation, and in high efficiency per C—C bond formed.
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Pd(OAc), (10 mol%)
P(o-tolyl); (10 mol%)
Tf°:© CsF (10 equiv)
Br + >
| Me;Si CH4CN : PhMe (1:1)
4.19 110 °C, 30 min
(2 equiv) (75% yield)

2+ 2+
2PFg” 2PFg"
Pd(OAc), (20 mol%)
| P(o-tolyl); (20 mol%) i
TfO CsF (10 equiv)
o D -
) Me,Si CH,CN : PhMe (1:1) |
419 110 °C, 3.0 min
(4 equiv) (54% yield)
4 new C-C bonds
2+ 2+
2PFg” 2PFg”
Pd(OAc), (30 mol%)
P(o-tolyl); (30 mol%) ]
Tf0:© CsF (10 equiv)
ca ¥ >
| Me;Si CH,CN : PhMe (1:1) |
4.19 110°C, 30 min
(6 equiv) (57% yield)

6 new C—C bonds

Figure 4.4. Scope of organometallic complex reaction partners.

4.6 Synthesis and Trapping of Ligand-Bound Aryne Precursor

Given the successful union of arynes and organometallic complexes, we next sought to
develop a mild and complementary means of decorating polypyridyl organometallic species by
generating an aryne on the organometallic complex itself. Doing so would enable a new set of
transformations, including those previously validated in the context of organic arynes and cyclic

17,25

alkynes. Toward this end, we first set out to develop a robust route to a suitable silyl triflate

precursor (Figure 4.5). Initial attempts to react chlorinated Ru-complex 4.34 with bis(silyl
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triflate) 4.35°° proved unfruitful in providing access to desired aryne precursor 4.36. We
therefore pursued the use of an unsymmetrical bis(aryne) precursor bearing a silyl triflate and
silyl enol ether, the latter of which would not react under fluoride-based reaction conditions.”’
Methoxymethyl (MOM) ether 4.37, prepared in two steps from commercially available
materials, enabled the desired transformation of 4.34 to adduct 4.38 in 80% yield using the Pd-
catalyzed aryne annulation. Subsequent mild cleavage of the MOM group using solid-supported
NaHSO4+Si0,, followed by triflation with Comins’ Reagent, delivered the desired silyl triflate

4.36 in 73% yield over two steps.

2+
2PF6

\%SIME;;

—l O Sile,
Me;Si ot

= 4.35
5 I NS ! various conditions »
"Rull’ N ‘Rul’
>, Cl /\ Vi N/
| N | no desired product observed
S

|

4.34 4.36
Ligand-bound
Aryne Precursor
TfO:@SiMeg
Me;Si OMOM
2+
4.37 (3 equiv) _| 2PF,-
Pd(OAc), (10 mol%)

P(o-tolyl); (10 mol%) 1. NaHSO0,-Si0,

CsF (3 equiv) SiMe; CH,CI,, 23 °C, 6 h
CH3CN/PhMe (1:1) OMOM 2. Comins’ Reagent,
110°C,2h DMAP, CH,Cl,
(80% yield) 23 °C, 30 min
(73% yield, 2 steps)
Masked Bis-Aryne Annulation

Figure 4.5. Synthesis of Ru-polylpyridyl silyl triflate.

With silyl triflate 4.36 in hand, we then set out to generate a Ru-complex bearing a free
aryne and subsequently trap it in a cycloaddition reaction (Figure 4.6). We began by treating 4.36
with 2,5-dimethylfuran (4.39) and CsF, and observed the formation of Diels—Alder adduct 4.40

in 59% yield. This represents the first example a free aryne being generated directly on an
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organometallic complex. Further studies are underway with trapping partners 4.41-4.43 to assess
other reaction manifolds such as [3+2]- and [2+2]-cycloadditions. If successful, exotic
complexes such as metallotryptycene 4.45 and isoxazoline 4.45 could be obtained in a divergent
manner from a common intermediate. Notably, [2+2]-cycloaddition adduct 4.46 would provide a

cyclobutane ring and a ketone, the latter of which could be used for further functionalization.

Me
_l 2+ =S
2PFg" ~ 7 O —| 2+
2PFg~
Me
| . CsF 4.39
SiMes (5 equiv) | (5 equiv)
—_— —_—
0 OTf CH3CN
23°C |
_ (59% yield)?
Future Trapping Partners
Me Me
07 T
N
©o~ Me
4.41 4.42 4.43
Potential Products
Me 2+
—l 2PFg~
S Me =
— N Me I NS | 0
?
A (o) -
— o |
4.45 4.46
via [4+2] via [3+2] via [2+2]

Figure 4.6. Mild generation of the first ligand-bound aryne, and future trapping partners.

“Unoptimized yield.
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Several salient features of the results presented in Figure 4.6 should be noted. First, the
diverse collection of products possible through this approach demonstrates the potential to utilize
silyl triflate 4.36 as a common precursor to a library of functionalized metal complexes.
Secondly, many of the products potentially accessible through this approach would not be readily
accessible by conventional means. Namely, accessing the ligands prior to coordination could be
challenging, in part because of the inability to perform Pd catalysis on bipyridyl substrates.
Finally, these results demonstrate that a highly strained, free aryne can be generated on an

organometallic complex from a silyl triflate precursor under mild reaction conditions.

4.7 Conclusion

In summary, we have developed an aryne-driven strategy for the synthesis and direct
manipulation of polypyridyl metal complexes. Our strategy relies on the controlled reactivity of
Ru- and Ir-based octahedral complexes with arynes via Pd catalysis. Various arynes can be used
to extend the conjugation of Ru-complexes, including a heterocyclic indolyne. The method can
also be extended to Ir-complexes, as well as Ru-complexes bearing multiple reactive bipyridyl
ligands to construct up to 6 C—C bonds in a single transformation. Lastly, an unsymmetrical
bis(aryne) was utilized to access a Ru-based silyl triflate, which was activated to generate a free
aryne under mild conditions. Trapping the organometallic aryne with 2,5-dimethylfuran afforded
an exotic Diels—Alder adduct, and other cycloaddition partners are currently under investigation.
We hope these studies promote the design of novel bipyridyl architectures with the potential for

desirable, unique photophysical properties, as well as stimulate future on-the-complex strategies.
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4.8 Experimental Section
4.8.1 Materials and Methods

Unless stated otherwise, reactions were conducted in flame-dried glassware under an
atmosphere of nitrogen or argon and commercially obtained reagents were used as received.
Anhydrous solvents were either freshly distilled or passed through activated alumina columns,
unless otherwise stated. Reaction temperatures were controlled using an IKAmag temperature
modulator, and unless stated otherwise, reactions were performed at room temperature
(approximately 23 °C). Cesium fluoride (CsF), Palladium(Il) acetate (Pd(OAc),),
Bis(dibenzylidenacetone)palladium(0) (Pd(dba),), tetrakis(triphenylphosphine)palladium(0), and
Di-p-chlorotetrakis[2-(2-pyridinyl-kN)phenyl-kC]diiridium(III) were obtained from Strem
Chemicals. Methyl iodide was obtained from Spectrum Chemical. Ruthenium(IIl) chloride
trihydrate (4.54), 3-(trimethylsilyl)-2-naphthyl trifluoromethanesulfonate  (4.57), 2,5-
dibromohydroquinone (4.61), and 2,5-dimethylfuran (4.39) were obtained from Combi-Blocks.
1-(trimethylsilyl)-2-naphthyl trifluoromethanesulfonate (4.58) was obtained from TCI America.
Tri(o-tolyl)phosphine  (P(o-tolyl);), Garg 4,5-indolyne precursor (4.59), cis-bis(2,2’-
bipyridine)dichlororuthenium(Il) hydrate (4.52), phosphorus trichloride (PCls), 1,1,1,3,3,3-
hexamethyldisilazane (HMDS), and bromomethyl methyl ether (MOMBr) were obtained from
Sigma-Aldrich. N-bromosuccinimide and N-chlorosuccinimide were obtained from Acros
Organics. 2,2 -bipyridine N-oxide (4.47)*® was prepared according to literature procedures. Thin-
layer chromatography (TLC) was conducted with EMD gel 60 F254 pre-coated plates (0.25 mm
for analytical chromatography and 0.50 mm for preparative chromatography) and visualized
using UV. Silicycle Siliaflash P60 (particle size 0.040—0.063 mm) was used for flash column

chromatography. '"H NMR spectra were recorded on Bruker spectrometers (at 400, 500 and 600
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MHz) and are reported relative to residual solvent signals. Data for '"H NMR spectra are reported
as follows: chemical shift (8 ppm), multiplicity, coupling constant (Hz), integration. Data for '°C
NMR are reported in terms of chemical shift (125 MHz). IR spectra were recorded on a Perkin-
Elmer UATR Two FT-IR spectrometer and are reported in terms of frequency absorption (cm ).
High-resolution ESI-MS spectra were collected on a Waters LCT Premier mass spectrometer by
direct injection. DART-MS spectra were collected on a Thermo Exactive Plus MSD (Thermo
Scientific) equipped with an ID-CUBE ion source and a Vapur Interface (IonSense Inc.). Both
the source and MSD were controlled by Excalibur software v. 3.0. The analyte was spotted onto
OpenSpot sampling cards (IonSense Inc.) using volatile solvents (e.g., chloroform,
dichloromethane). Ionization was accomplished using UHP He plasma with no additional
ionization agents. The mass calibration was carried out using Pierce LTQ Velos ESI (+) and (-)

Ion calibration solutions (Thermo Fisher Scientific).

4.8.2 Experimental Procedures
4.8.2.1 Halobipyridine Organometallic Complex Synthesis
Note: The following procedures for the synthesis of halobipyridines 4.49 and 4.51 were adapted

from a published literature protocol’’ to facilitate gram-scale synthesis.

1 1 1
Pd(OAc), (5 mol%)
° NN NBS (1.2 equiv) o NX PBry (4.0 equiv) N
——
0.® PhCI (0.1 M) 0.® Br  cHel Br

N - N 3 (0.1 M) N

1 110°C,24 h | 0—80°C,3h |
= =
(59% yield,
4.47 4.48 > stops) 4.49

2-Bromobipyridine (4.49). To a flask containing 2,2’-bipyridyl N-oxide (4.47, 1.00 g, 5.81

mmol), Pd(OAc), (65.4 mg, 0.291 mmol, 5 mol%), and N-Bromosuccinimide (1.24 g, 6.97
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mmol, 1.2 equiv) was added PhCI (58 mL, 0.10 M). This suspension was then heated to 110 °C
and stirred for 24 h. The reaction was then allowed to cool to 23 °C, at which point it was
transferred with CH,Cl, (30 mL) to a separatory funnel containing 1.0 M saturated aqueous
NaOH (30 mL). The layers were separated and the aqueous layer was extracted with CH,Cl, (3 x
30 mL). The combined organic layers were then dried over Na,SO,, filtered, and concentrated
under reduced pressure to afford the corresponding bromobipyridine N-oxide 4.48 as a brown
oil. This was carried forward without further purification.

The crude oil was dissolved in CHCI; (50 mL, 0.10 M) and cooled to 0 °C. To this stirred
solution was added PBr3 (1.98 mL, 21.0 mmol, 4.0 equiv) dropwise over 8 min. The cooling bath
was then removed and the reaction was warmed to 80 °C and stirred for 3 h. It was then allowed
to cool to 23 °C before being cooled again to 0 °C. The reaction was then quenched by addition
of 1.0 M aqueous NaOH (40 mL) over 1 min before being warmed to 23 °C. 6.0 M NaOH (40
mL) was then added and the mixture was stirred at 23 °C for 5 min before being transferred to a
separatory funnel. The layers were separated and the aqueous layer was extracted with CH,Cl, (3
x 50 mL). The combined organic layers were then dried over Na,SOy, filtered, and concentrated
under reduced pressure. The resulting oil was purified by flash chromatography (5% Et;N in 9:1
hexanes:EtOAc — 5% Et;N in 7:2 hexanes:EtOAc) using silica gel neutralized with Et;N to
afford 2-bromobipyridine (4.49) as a beige solid (800 mg, 59% yield over two steps).
Bromobipyridine 4.49: R, 0.31 (10% MeOH in CH,Cl,). 'H NMR (500 MHz, CDCL): & 8.75
(dd, /=4.9,0.8, 1H), 8.66 (d, J= 4.6, 1H), 8.03 (d, J=7.9, IH), 7.83 (td, /= 7.6, 1.4, 1H), 7.73
(d,J=17.7,1H), 7.36 (dd, J= 7.6, 4.9, 1H), 7.22 (dd, J = 8.3, 4.7, 1H). Spectral data match those

previously reported in the literature.”
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Z Z Z
| Pd(oAc), (5 mol%)

° NN NCS (1.2 equiv) o NX PCl; (4.0 equiv) N
_
0.® PhCI (0.1 M) 0@ Cl cHel c
S - X 3 (0.1 M) N
N| 110°C,24 h N| 0—+80°C,3h |
— ~
"
4.47 4.50 e’ 4.51

2-Chlorobipyridine (4.51). To a flask containing 2,2’-bipyridyl N-oxide (4.47, 3.81 g, 22.1
mmol), Pd(OAc), (248 mg, 1.11 mmol, 5 mol%), and N-Chlorosuccinimide (3.55 g, 26.6 mmol,
1.2 equiv) was added PhCl (220 mL, 0.10 M). This suspension was then heated to 110 °C and
stirred for 24 h. The reaction mixture was then allowed to cool to 23 °C, at which point it was
transferred with CH,Cl, (15 mL) to a separatory funnel containing 1.0 M saturated aqueous
NaOH (100 mL). The layers were separated and the aqueous layer was extracted with CH,Cl, (3
x 60 mL). The combined organic layers were then dried over Na,SOy, filtered, and concentrated
under reduced pressure to afford the corresponding chlorobipyridine N-oxide 4.50 as a brown oil.
This was carried forward without further purification.

The crude oil was dissolved in CHCIl; (200 mL, 0.10 M) and cooled to 0 °C. To this
stirred solution was added PCls (7.28 mL, 83.2 mmol, 4.0 equiv) dropwise at 0 °C over 12 min.
The cooling bath was then removed and the reaction was warmed to 80 °C and stirred for 3 h. It
was then allowed to cool to 23 °C before being cooled again to 0 °C. The reaction was then
quenched by addition of 1.0 M aqueous NaOH (100 mL) over 2 min before being warmed to 23
°C. 6.0 M NaOH (50 mL) was then added and the mixture was stirred at 23 °C for 5 min before
being transferred to a separatory funnel. The layers were separated and the aqueous layer was
extracted with CH,Cl, (3 x 100 mL). The combined organic layers were then dried over Na;SOs,
filtered, and concentrated under reduced pressure. The resulting brown oil was purified by flash

chromatography (5% Et;:N in 3:1 hexanes:EtOAc — 5% Et;N in 1:1 hexanes:EtOAc — 5%
Et;N in 1:3 hexanes:EtOAc) using silica gel neutralized with Et;N to afford 2-chlorobipyridine
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(4.51) as an off-white solid (2.96 g, 70% yield over two steps). 2-chlorobipyridine (4.51): Ry
0.30 (3:1 EtOAc:hexanes). 'H NMR (400 MHz, CD;CN): & 8.77 (d, J = 4.8, 1H), 8.64 (dd, J =
4.8, 1.4, 1H), 7.83 (td, J=8.7, 1.4, 2H), 7.77 (d, J = 7.9, 1H), 7.36 (ddd, J = 7.7, 4.9, 1.3, 1H),

7.31 (dd, J=8.31, 4.7, 1H). Spectral data match those previously reported in the literature.*’

=~ i. 1:1 ethanol:H,0
N 91°C,14 h
+ Br o -
N7 ii. KPFg (aq)
|
4.49 (78% yield)
(1.5 equiv)
Bromo-Ru(bpy);|PF¢]2 4.53. To a flask containing cis-bis(2,2’-

bipyridine)dichlororuthenium(Il) hydrate (4.52, 899 mg, 1.86 mmol, 1.0 equiv) and
bromobipyridine 4.49 (667 mg, 2.84 mmol, 1.5 equiv) was added EtOH (120 mL) and H,O (120
mL). The reaction mixture was then warmed to 91 °C and stirred for 14 h, during which the
solution changed in color from deep purple to red. The reaction was then allowed to cool to 23
°C before saturated aqueous KPFs (50 mL) was added over 1 min while stirring to produce a red
precipitate. The mixture was then filtered over a pad of celite (packed with Et,0), washed with
Et,0 (3 x 20 mL), and the filtrate was discarded. The remaining solid residue was redissolved in
CH;CN (90 mL) and passed through the same celite plug. The resulting deep red filtrate was
then concentrated under reduced pressure and then passed through a pad of neutral alumina with
CH3CN (250 mL). The red band was collected and concentrated under reduced pressure to afford
a red semi-solid. This material was then recrystallized from 1:1 MeOH:H,O (10 mL) and the
resulting red crystals were washed with 1:1 MeOH:H,O (2 x 2 mL, cooled to 0 °C) and dried on

high vacuum for 12 h at 60 °C to afford bromo-Ru(bpy)s;[PF¢]> 4.53 as a red crystalline solid
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(1.36 g, 78% yield based on anhydrous 4.52). Bromo-Ru(bpy);[PFs], 4.53: mp >250 °C; R,0.64
(7:2:1 MeCN:H;,O:sat. aq. KNOs3); "H NMR (400 MHz, CDsCN): 8 9.56 (dq, J = 8.6, 0.7, 1H),
8.49 (dd, J = 8.3, 3.4, 4H), 8.30 (dd, J = 8.3, 1.3, 1H), 8.10-8.02 (m, 5H), 7.84 (dd, J = 5.5, 1.4,
2H), 7.76 (dq, J = 5.7, 0.7, 1H), 7.70 (dq, J = 5.7, 0.7, 1H), 7.68-7.63 (m, 2H); °C NMR (125
MHz, CD;CN, 26 of 30 signals observed): & 157.79, 157.78, 157.69, 157.65, 157.5, 154.9, 153.2,
152.8, 152.7, 152.5, 152.3, 145.7, 138.93, 138.91, 138.90, 138.0, 129.3, 128.7, 128.64, 128.58,

128.55, 128.46, 127.9, 125.29, 125.28, 121.8; IR (film): 1606, 1467, 1447, 1425, 837, 762 cm ™"

—| 2+
2PFg

~ i. 1:1 ethanol:H,0 I

N 91°C, 14 h
T ONESAC i KPR (ag) o | c
|
83% yield

4.51 (83% ield)

(1.5 equiv)
Chloro-Ru(bpy);[PFe|. 4.34. To a flask containing cis-bis(2,2’-

bipyridine)dichlororuthenium(Il) hydrate (4.52, 4.00 g, 826 mmol, 1.0 equiv) and
chlorobipyridine 4.51 (2.36 g, 12.4 mmol, 1.5 equiv) was added EtOH (330 mL) and H,O (330
mL). The reaction mixture was then warmed to 91 °C and stirred for 14 h, during which the
solution changed in color from deep purple to red. The reaction was then allowed to cool to 23
°C before saturated aqueous KPFs (300 mL) was added over 5 min while stirring to produce a
red precipitate. The mixture was then filtered over a pad of celite (packed with Et,O), washed
with Et;0O (3 x 50 mL), and the filtrate was discarded. The remaining solid residue was
redissolved in CH3CN (200 mL) and passed through the same celite plug. The resulting deep red
filtrate was then concentrated under reduced pressure and then passed through a pad of neutral

alumina with CH3CN (600 mL). The red band was collected and concentrated under reduced
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pressure to afford a red semi-solid. The purified material was then divided into three portions and
each was recrystallized from 1:1 MeOH:H,O (10 mL) and the resulting red crystals were washed
with 1:1 MeOH:H,O (2 x 2 mL for each portion, cooled to 0 °C) and dried on high vacuum for
12 h at 50 °C to afford chloro-Ru(bpy)s;[PF¢]. 4.34 as a red crystalline solid (6.13 g, 83% yield
based on anhydrous 4.52). Chloro-Ru(bpy)s;[PFe]. 4.34: mp >250 °C; Ry 0.60 (7:2:1
MeCN:H,O:sat. aq. KNOs); 'H NMR (400 MHz, CD;CN): & 9.41 (dg, J = 8.5, 0.8, 1H), 8.50
(dd, J=8.2, 1.0, 4H), 8.12-8.02 (m, 6H), 7.86 (dq, J = 5.6, 0.7, 1H), 7.81 (dd, J = 5.5, 1.3, 1H),
7.76 (dq, J = 5.6, 0.7, 1H), 7.70 (dq, J = 5.6, 0.7, 1H), 7.68-7.64 (m, 2H), 7.44-7.35 (m, 5H),
7.31 (dd, J = 8.4, 5.5, 1H); °C NMR (125 MHz, CD;CN, 24 of 30 signals observed) & 157.80,
157.78, 157.71, 157.67, 157.1, 154.0, 153.2, 152.8, 152.47, 152.45, 151.9, 142.0, 138.94, 138.91,
138.4, 134.2, 129.4, 128.7, 128.65, 128.61, 128.57, 128.5, 128.1, 125.30, 125.29; IR (film):

1604, 1467, 1447, 1427, 1243, 837 cm ™",

Cl

- 7\ 4.51
\_/" =/ (2equiv)
LiCl (6 equiv)
DMF (0.05 M)
153°C,6 h
RuCl; - 3H,0 >

4.54 2 O 25
\N/ =/ (1.5 equiv)

1:1 ethanol:H,0 (0.075 M)
91 °C, 14 h; KPFg (aq)

(45% yield, 2 steps)
Bis(chloro)-Ru(bpy);[PFs]2 4.30. To a flask containing ruthenium(I1I) chloride trihydrate (4.54,
309 mg, 1.18 mmol, 1.0 equiv), chlorobipyridine 4.51 (559 mg, 2.38 mmol, 2.0 equiv), and LiCl
(301 mg, 7.10 mmol, 6.0 equiv) was added DMF (25 mL). The resulting suspension was warmed
to 153 °C and stirred for 6 h. The reaction mixture was then allowed to cool to 23 °C before

acetone (25 mL) was added and the mixture was added dropwise to vigorously stirring Et;O (300

211



mL). The resultant mixture was then filtered over a pad of celite (packed with Et,0) and washed
with Et;0O (3 x 30 mL). The solid residue was then redissolved in CH,Cl, (200 mL) and
concentrated under reduced pressure to afford a deep purple solid. This was carried forward
without further purification.

To the crude solid was added 2,2’-bipyridine (4.55, 281 mg, 1.80 mmol, 1.5 equiv),
EtOH (80 mL), and H,O (80 mL) sequentially. The resulting mixture was then warmed to 91 °C
and stirred for 14 h, during which the solution changed in color from deep purple to red. The
reaction was then allowed to cool to 23 °C before saturated aqueous KPF¢ (70 mL) was added
over 2 min while stirring to produce a red precipitate. The mixture was then filtered over a pad of
celite (packed with Et,0), washed with Et;0O (3 x 30 mL), and the solid residue was redissolved
in MeCN (200 mL). The deep red filtrate was then concentrated under reduced pressure and then
purified by flash chromatography on neutral alumina (100% MeCN). The red band was collected
and concentrated under reduced pressure to afford a red semi-solid. The purified material was
then recrystallized from 1:1 MeOH:H,O (5 mL) and the resulting red crystals were washed with
1:1 MeOH:H,0 (2 x 2 mL, cooled to 0 °C) and dried on high vacuum for 12 h at 60 °C to afford
bis(chloro)-Ru(bpy);[PFs], 4.30 as a red crystalline solid (491 mg, 45% yield over 2 steps).
Bis(chloro)-Ru(bpy)s[PFs], 4.30: mp >250 °C; R, 0.63 (7:2:1 MeCN:H,O:sat. aq. KNO3); 'H
NMR (500 MHz, CD3;CN): 6 9.43-9.39 (m, 2H), 8.50 (d, J = 8.2, 2H), 8.13-8.04 (m, 6H), 7.88
(dq, J = 5.6, 0.7, 1H), 7.85-7.82 (m, 1H), 7.81-7.77 (m, 1H), 7.75 (ddd, J = 5.6, 3.7, 1.4, 1H)
7.71 (app. d, J = 5.6, 1H), 7.67-7.63 (m, 1H); °C NMR (125 MHz, CD;CN) & 157.59, 157.57,
157.56, 157.5, 156.92, 156.85, 156.81, 153.85, 153.78, 153.75, 153.3, 153.04, 153.01, 152.64,
152.63, 152.03, 152.02, 151.74, 151.71, 142.24, 142.22, 142.21, 139.13, 139.11, 139.10, 139.09,

138.58, 138.57, 134.32, 134.29, 129.53, 129.51, 128.8, 128.72, 128.67, 128.61, 128.60, 128.5,
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128.2, 128.1, 128.0, 125.41, 125.39, 125.37; IR (film): 1603, 1468, 1447, 1419, 1214, 835, 797
cm . Note: 4.30 was obtained as a mixture of geometric isomers. These data represent

empirically observed chemical shifts from the >C NMR spectrum.

1. — ‘ 4.51
A 2 ) @equiv)
N N=

LiCl (6 equiv)

DMF (0.05 M)

153°C,6 h

RuCl; - 3H,0 -
4.54 “
: - 7\ 4.51
) .
\ 7 \=/ (1:5equiv)

1:1 ethanol:H,0 (0.075 M)
91 °C, 14 h; KPFg (aq) 4.32

(38% yield, 2 steps)
Tris(chloro)-Ru(bpy);[PFs]. 4.32. To a flask containing ruthenium(IIl) chloride trihydrate
(4.54, 401 mg, 1.54 mmol, 1.0 equiv), 2-chlorobipyridine (4.51) (584 mg, 3.07 mmol, 2.0 equiv),
and LiCl (390 mg, 9.21 mmol, 6.0 equiv) was added DMF (30 mL). The resulting suspension
was warmed to 153 °C and stirred for 6 h. The reaction mixture was then allowed to cool to 23
°C before acetone (35 mL) was added and the mixture was added dropwise to vigorously stirring
Et,0 (300 mL). The resultant mixture was then filtered over a pad of celite (packed with Et,0)
and washed with Et;O (4 x 30 mL). The solid residue was then redissolved in CH,Cl, (250 mL)
and concentrated under reduced pressure to afford a deep purple solid. This was carried forward
without further purification.

To the crude solid material was added 2-chlorobipyridine (4.51) (443 mg, 2.32 mmol, 1.5
equiv), EtOH (100 mL), and H,O (100 mL) sequentially. The resulting mixture was then warmed
to 91 °C and stirred for 14 h, during which the solution changed in color from deep purple to red.
The reaction was then allowed to cool to 23 °C before saturated aqueous KPFs (70 mL) was

added over 2 min while stirring to produce a red precipitate. The mixture was then filtered over a
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pad of celite (packed with Et,O), washed with Et,0O (3 x 30 mL), and the solid residue was
redissolved in MeCN (250 mL). The deep red filtrate was then concentrated under reduced
pressure and then purified by flash chromatography on neutral alumina (100% MeCN). The red
band was collected and concentrated under reduced pressure to afford a red semi-solid. The
purified material was then recrystallized from 1:1 MeOH:H,O (5 mL) and the resulting red
crystals were washed with 1:1 MeOH:H,O (2 x 2 mL, cooled to 0 °C) and dried on high vacuum
for 12 h at 60 °C to afford tris(chloro)-Ru(bpy)s[PF¢]» 4.32 as a red crystalline solid (567 mg,
38% yield over 2 steps). Tris(chloro)-Ru(bpy);[PF¢], 4.32: mp >250 °C; Ry 0.69 (7:2:1
MeCN:H,O:sat. aq. KNO3); "H NMR (500 MHz, CD;CN): 8 9.41 (d, J = 8.5, 3H), 8.14-8.06 (m,
6H), 7.85-7.72 (m, 6H), 7.41-7.38 (qd, J = 6.8, 1.3, 3H), 7.35-7.28 (m, 3H); °C NMR (125
MHz, CD;CN) 6 156.7, 156.5, 153.63, 153.62, 153.59, 153.20, 153.18, 151.89, 151.87, 142.40,
142.38, 142.37, 138.74, 138.71, 134.38, 134.36, 134.35, 134.34, 129.61, 129.60, 129.57, 128.83,
128.79, 128.70, 128.66, 128.3, 128.2, 128.13, 128.07; IR (film): 1473, 1428, 1420, 1215, 837,
797 cm .
Note: 4.32 was obtained as a mixture of geometric isomers. These data represent empirically

observed chemical shifts from the >C NMR spectrum.

—l 1+
PFg
7
NS ey, \N >
+ IrI
NZ Br ethylene egcoI
- 150 °C
4.49 (95% yield)
(2.2 equiv) 4.28

Bromo-Ir(ppy):bpy 4.28. To a 1-dram vial was added Di-p-chlorotetrakis[2-(2-pyridinyl-

kN)phenyl-kC]diiridium(III) 4.56 (100.0 mg, 0.093 mmol, 1.0 equiv) in a glovebox. The vial
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was removed from the glovebox and placed under nitrogen in a hood. To a separate 1-dram vial
was added 3-bromo-2,2’-bipyridine (4.49) (48.2 mg, 0.205 mmol, 2.2 equiv) and ethylene glycol
(4.0 mL, 0.023 M), then the mixture was sparged with nitrogen for 15 minutes. The solution of
3-bromo-2,2’-bipyridine was then transferred to the vial of diiridium (III) complex. The septa
cap was replaced with a Teflon-lined screw cap and the reaction stirred at 150 °C for 15 h. After
cooling to 23 °C, the reaction was transferred to a separatory funnel containing deionized water
(48 mL). The aqueous phase was washed with hexanes (2 x 24 mL) and then ether (24 mL). The
aqueous layer was then heated to 85 °C for 5 minutes to evaporate any remaining organic
solvent. The solution cooled to 23 °C, then aq. ammonium hexafluorophospate (12 mL, 0.27 M)
was added precipitating orange-yellow crystals. The solid was filtered through a plug of celite (2
x 2 cm) and washed with water (20 mL) to remove ethylene glycol. The pad was then washed
with acetonitrile (50 mL) to dissolve the product and the filtrate was collected and concentrated
under reduced pressure to afford bromo-Ir(ppy).bpy complex 4.28 as a dark yellow solid (95%
yield). Bromo-Ir(ppy):bpy 4.28. (7:2:1 CH;CN:H,O:sat. aq. KNO3); 'H NMR (600 MHz,
CD;CN): 6 9.42 (ddd, J = 8.4, 1.3, 0.83, 1H), 8.37 (dd, J = 8.4, 1.4, 1H), 8.13 (ddd, J = 8.7, 7.9,
1.8 1H), 8.09 — 8.04 (m, 4H), 7.88 — 7.83 (m, 2H), 7.78 (ddd, J = 7.9, 3.3, 1.1, 2H), 7.73 — 7.70
(m, 2H), 7.49 (ddd, J =7.7, 5.5, 1.2, 1H), 7.29 (dd, J = 8.6, 5.4, 1H), 7.06 — 7.01 (m, 4H), 6.90
(tdd, J = 7.4, 2.4, 1.3, 2H), 6.22 (ddd, J = 7.6, 4.6, 1.0, 2H); HR-ESI-MS (m/z) calcd for

C3Ha3BrNuIr', 735.0735; found 735.0738.
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4.8.2.2 Reaction Optimization (Table 4.2)

Representative Procedure for reaction optimization. Benzyne adduct 4.20 (Supplementary
Table 4.2, entry 11):

To a 1-dram vial was added Pd(OAc), (1.6 mg, 7.3 umol, 10 mol%), Bromo-Ru(bpy)s;[PFs]>
4.53 (68.6 mg, 73.1 umol, 1.0 equiv), P(o-tolyl); (2.2 mg, 7.3 umol, 10 mol%), MeCN (0.5 mL),
PhMe (0.5 mL), silyl triflate 4.19 (43.6 mg, 73.1 umol, 2.0 equiv), an oven-dried magnetic
stirbar, and CsF (111 mg, 731 umol, 10.0 equiv) sequentially. The reaction was then purged with
N, for 5 min before being sealed with a Teflon-lined screw cap under a flow of N, sealed with
Teflon tape and electrical tape, and stirred at 110 °C for 30 min. After cooling to 23 °C, the
mixture was filtered through a plug of celite with MeCN (6 mL) and concentrated under reduced
pressure. The yield was determined by 'H NMR analysis with 1,3,5-trimethoxybenzene as an
external standard.

Optimization efforts that deviate from the above conditions are indicated below.
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Table 4.2. Optimization studies of Br-Ru(bpy); annulation with benzyne. Yields were

determined using 'H NMR analysis with 1,3,5-trimethoxybenzene (TMB) as an external

standard.
2+ 24+
2PFg 4.19 (2 equiv) 2PFq-
Catalyst
CsF (10 equiv)
| X Base (1.1 equiv) |
CH;CN : PhMe (1:1)
110 °C
; Catalyst Ligand CH5CN : ) Yield of Yield of

Entry - Catalyst Ligand X loading  Loading Base Tppye TiMe 429 4.21
1 Pd(dba), P(o-tolyl)s Br 5 mol% 5 mol% - 1:1 2h 2% 48%
2 Pd(PPhg), P(o-tolyl)s Br 5 mol% 5 mol% - 1:1 2h 2% 48%
3 XPhos Pd G2 Br 5 mol% 5 mol% - 1:1 2h 4% 40%
4  Pd(OAc), P(o-tolyl)s Br 5 mol% 5 mol% - 1:1 2h 26% 24%
5 Pd(OAc), P(o-tolyl)s Br 10 mol% 30 mol% - 1:1 2h 60% 18%
6 Pd(OAc), P(o-tolyl)s Br 10 mol% 30mol% Ag,COz 1:1 2h 54% 16%
7 Pd(OAc),  P(o-tolyl); Br 10mol% 30mol% KyCO3  1:1 2h 41% 19%
8 Pd(OAc), P(4-CICgH,)3 Br 10 mol% 30 mol% - 1:1 2h 32% 29%
9 Pd(OAc), P(4-MeOCgHy)z  Br 10 mol% 30 mol% - 1:1 2h 16% 35%
10 Pd(OAc), SPhos Br 10 mol% 30 mol% - 1:1 2h 44% 26%
11 Pd(OAc), P(o-tolyl)s Br 10 mol% 10 mol% - 1:1 30 min 71% 16%
12 Pd(OAc), P(o-tolyl)s Br 10mol% 10 mol% - 3:1 30min  61% 19%
13  Pd(OAc), P(o-tolyl)s Br 10 mol% 10 mol% - 9:1 30 min 44% 18%
14  Pd(OAc), P(o-tolyl)3 Br 10 mol% 10 mol% — 100% CH3CN 30 min 47% 16%
15 Pd(OAc), P(o-tolyl)s Br 10 mol% 10 mol% - 1:3 30 min 35% 28%
16  Pd(OAc), P(o-tolyl)s Cl 10 mol% 10 mol% = 1:1 30 min 78% 0%
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4.8.2.3 Scope of Pd-Catalyzed Aryne Annulation

Pd(OAc), (10 mol%)
P(o-tolyl); (10 mol%)

' Tf0:© CsF (10 equiv)
+ >
| Br Me,Si CH,CN / PhMe (0.075 M, 1:1)

110 °C, 30 min

4.19
(2 equiv) (69% vyield)

Representative Procedure A for aryne annulations (Figure 4.3, benzyne adduct 4.20 used as
an example). To a 1-dram vial was added Pd(OAc), (1.5 mg, 6.7 umol, 10 mol%), Bromo-
Ru(bpy)s[PF¢]» 4.53 (62.2 mg, 0.066 mmol, 1.0 equiv), P(o-tolyl); (2.2 mg, 7.2 pmol, 10 mol%),
MeCN (0.5 mL), PhMe (0.5 mL), silyl triflate 4.19 (40.1 mg, 0.134 mmol, 2.0 equiv), an oven-
dried magnetic stirbar, and CsF (101 mg, 0.663 mmol, 10.0 equiv) sequentially. The reaction was
then purged with N; for 5 min before being capped with a Teflon-lined screw cap under a flow of
N, sealed with Teflon tape and electrical tape, and stirred at 110 °C for 30 min. After cooling to
23 °C, the mixture was filtered through a plug of celite with MeCN (6 mL), and concentrated
under reduced pressure. The crude residue was adsorbed onto SiO, and purified by flash
chromatography (14:2:1 MeCN:H,O:sat. ag. KNOs). To the concentrated aqueous mixture was
added saturated aqueous KPFs (50 mL) to precipitate the desired product, and the resultant
mixture was transferred to a separatory funnel with CH,Cl, (50 mL). The layers were separated
and the aqueous layer was extracted with CH,Cl, (2 x 50 mL). The combined organic layers
were then concentrated under reduced pressure and dried on high vacuum at 100 °C for 12 h to
afford benzyne adduct 4.20 as a deep red solid (69% yield, average of two experiments).
Benzyne adduct 4.20: mp >250 °C; Ry 0.68 (7:2:1 MeCN:H,O:sat. aq. KNO3); 'H NMR (500
MHz, CD3;CN): 6 9.23 (d,d J = 8.4, 0.9, 2H), 8.92-8.88 (m, 2H), 8.55 (d, J = 8.3, 2H), 8.51 (d, J
=8.3,2H), 8.11 (td, J=7.9. 1.5, 2H), 8.07 (dd, J= 5.3, 0.9, 2H), 8.02—-7.98 (m, 4H), 7.85 (d, J =
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5.8,2H), 7.79 (dd, J= 8.2, 5.3, 2H), 7.63 (d, J= 5.6, 2H), 7.46 (td, J= 6.9, 1.3, 2H), 7.23 (td, J =

6.9, 1.2, 2H).

Pd(OAc), (10 mol%)
P(o-tolyl); (10 mol%)

| TfO CsF (10 equiv)
+ >
Br Me;Si CH3CN/ PhMe (0.075 M, 1:1)
| 110 °C, 30 min
4.57

(2 equiv) (61% yield)

4.26

Representative Procedure B for aryne annulations (Figure 4.3, naphthalyne adduct 4.26
used as an example). To a 1-dram vial was added Pd(OAc), (1.4 mg, 6.4 umol, 10 mol%),
Bromo-Ru(bpy);[PFs], 4.53 (60.0 mg, 0.064 mmol, 1.0 equiv), P(o-tolyl); (2.0 mg, 6.4 umol, 10
mol%), MeCN (0.5 mL), PhMe (0.5 mL), silyl triflate 4.57 (44.6 mg, 0.128 mmol, 2.0 equiv), an
oven-dried magnetic stirbar, and CsF (97.1 mg, 0.639 mmol, 10.0 equiv) sequentially. The
reaction was then purged with N, for 5 min before being sealed with a Teflon-lined screw cap
under a flow of N, sealed with Teflon tape and electrical tape, and stirred at 110 °C for 30 min.
After cooling to 23 °C, the mixture was filtered through a plug of celite with MeCN (6 mL), and
concentrated under reduced pressure. The crude residue was adsorbed onto SiO; and purified by

flash chromatography (100% EtOAc — 7:2:1 MeCN:H,O:sat. ag. KNO3). To the concentrated

aqueous mixture was added saturated aqueous KPF¢ (50 mL) to precipitate the desired product,
and the resultant mixture was transferred to a separatory funnel with CH,Cl, (50 mL). The layers
were separated and the aqueous layer was extracted with CH,Cl, (2 x 50 mL). The combined
organic layers were then concentrated under reduced pressure before being redissolved in
CH3CN (10 mL). Activated charcoal (150 mg) was then added the mixture was agitated for 10

seconds before being filtered over celite, concentrated under reduced pressure, and dried on high
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vacuum at 100 °C for 12 h to afford naphthalyne adduct 4.26 as a deep red solid (61% yield,
average of two experiments). Naphthalyne adduct 4.26: R,0.57 (7:2:1 CH3CN:H,O:saturated
aqueous KNOs); "H NMR (500 MHz, CD;CN): § 9.41 (s, 2H), 9.29 (dd, J = 8.0, 1.2, 2H), 8.56 —
8.51 (m, 4H), 8.30-8.27 (m, 2H), 8.11 (td, J = 10, 1.4, 2H), 8.03 — 7.99 (m, 4H), 7.85 (dd, J =
5.5, 0.5, 2H), 7.79-7.76 (m, 4H), 7.72 (dd, J = 5.6, 0.5, 2H), 7.46 (ddd, J = 7.8, 5.7, 1.3, 2H),
7.27 (ddd, J = 7.8, 5.7, 1.3, 2H); °C NMR (500 MHz, CD;CN): § 158.1, 157.9, 152.9, 152.8,
152.3, 149.6, 138.8, 138.7, 134.0, 133.0, 132.3, 129.3, 129.1, 128.5, 128.4, 127.7, 126.4, 125.6,

125.2, 125.1; HR-ESI-MS (m/z) caled for C4HasNgPF¢Ru', 839.1061; found 839.1050.

Pd(OAc), (10 mol%)
P(o-tolyl); (10 mol%)

Tfo O CsF (10 equiv)
+ -
Me;Si O CH4CN / PhMe (0.075 M, 1:1)
110 °C, 30 min

4.58 (61% yield)
(2 equiv)

4.27

Naphthalyne adduct 4.27. Followed representative procedure B. Purification by flash
chromatography (14:2:1 CH3CN:H,O:sat. aq. KNOs3) afforded naphthalyne adduct 4.27 (61%
yield, average of two experiments) as a red solid. Naphthalyne adduct 4.27: R, 0.70 (7:2:1
CH;3CN:H,O:sat. aq. KNO3); (600 MHz, CD3CN): 6 9.52 (d, J = 8.7, 1H), 9.29 (d, J = 8.7, 1H),
8.96 (d, J=8.3, 1H), 8.82 (d, J = 8.7, 1H), 8.57-8.50 (m, 4H), 8.37 (d, /= 8.8, 1H), 8.24 (d, J =
7.9, 1H), 8.15-8.09 (m, 4H) 8.00 (t, J = 7.8, 2H), 7.89-7.78 (m, 6H), 7.69 (d, J = 5.2, 1H), 7.64
(d, J = 5.6, 1H), 7.49-7.44 (m, 2H), 7.23-7.20 (m, 2H); HR-ESI-MS (m/z) calcd for

C40H27N(,PF6RU.+, 8391061, found 839.1119.
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TfO NaH (2 equiv) TfO
Mel (1.5 equiv)
Me;Si NH DME (0.3 M), Me;Si NMe
— -20 °C, 50 min —

4.59 (97% yield) 4.60
Silyl triflate 4.60. To a solution of Garg 4,5-indolyne precursor (4.59, 913 mg, 2.71 mmol, 1.0
equiv) in DME (9 mL, 0.3 M) at —20 °C was added Mel (256 pL, 4.10 mmol, 1.5 equiv) and
NaH (60 wt% dispersion in mineral oil; 215 mg, 5.41 mmol, 2.0 equiv) sequentially. The
reaction mixture was then stirred at —20 °C for 50 min before being quenched by addition of
saturated aqueous NH4CI (5 mL). It was then allowed to warm to 23 °C and transferred to a
separatory funnel with H,O (10 mL) and EtOAc (10 mL). The layers were then separated and the
aqueous layer was extracted with EtOAc (3 x 15 mL). The combined organic layers were dried
over MgSQ, filtered, and concentrated under reduced pressure. The crude residue was then

purified by flash chromatography (100% hexanes — 100:1 hexanes:EtOAc — 50:1

hexanes:EtOAc) to afford silyl triflate 4.60 as a viscous, oil (927 mg, 97% yield). N-Me silyl
triflate 4.60: R, 0.63 (4:1 hexanes:EtOAc). 'H NMR (500 MHz, CDCls): & 7.33 (d, J= 9.0, 0.9,
1H), 7.20-7.14 (m, 2H), 6.68 (dd, J = 3.4, 0.6, 1H), 3.81 (s, 3H), 0.50 (s, 9H). Spectral data

match those previously reported in the literature.™

—|2+

| 2PFs 2PFg”
Pd(OAc), (10 mol%)
3 P(o-tolyl); (10 mol%) =~
NS TiO CsF (10 equiv) RURS
+ -
Sy~ -Br  MesSi NMe CH;CN/PhMe (0.075 M, 1:1) NMe
| = 110 °C, 30 min | =
N
4.60 (75% yield)
(2 equiv)

Indolyne adduct 4.25. Followed representative procedure A. Purification by flash

chromatography (7:2:1 CH3CN:H,O:sat. ag. KNOs) afforded indolyne adduct 4.25 (75% yield)
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as a red solid. Indolyne adduct 4.25: Ry 0.63 (7:2:1 CH3CN:H,O:sat. aq. KNO3); 'H NMR (400
MHz, CDsCN): 6 9.71 (d, J = 8.0, 1H), 9.25 (d, J = 8.0, 1H), 8.72 (d, 1H), 8.55 — 8.45 (m, 4H),
8.05 — 7.95 (m, 3H), 7.90 — 7.80 (m, 3H), 7.70 — 7.77 (m, 1H), 7.65 —7.60 (m, 3H), 7.57 (m,

1H), 7.47-7.44 (m, 2H), 7.21-7.17 (m, 2H), 4.24 (s, 3H).

1
i

Pd(OAc), (10 mol%)
P(o-tolyl); (10 mol%)

|
. Tf0:© CsF (10 equiv) LA
> IS
| Br Me;Si CH,CN/PhMe (0.075 M, 1:1)  (ZSN"" | “NZ |
110 °C, 30 min
4.19 ' . X
(2 equiv) (75% yield)

4.29

Ir-benzyne adduct 4.29. Followed representative procedure A. Purification by flash
chromatography (9:1 benzene:acetonitrile — 3:2 benzene:acetonitrile) afforded Ir-benzyne
adduct 4.29 (75% yield, average of two experiments) as a dark orange solid. Ir-benzyne adduct
4.29: "H NMR (600 MHz, CD;CN): & 9.30 (dd, J = 8.6, 0.9, 1H), 8.92 — 8.88 (m, 1H), 8.29 (dd, J
=5.1, 1.3, 1H), 8.06 (d, J = 8.3, 1H), 8.00 — 7.98 (m, 1H), 7.89 (dd, J = 8.6, 5.1, 1H), 7.84 (dd, J
=8.0, 1.1, 1H), 7.79 (ddd, J = 8.2, 7.6, 1.5, 1H), 7.49 (ddd, J = 6.0, 1.5, 0.7, 1H), 7.29 (dd, J =
8.4,5.3, 1H), 7.06 — 7.00 (m, 4H), 6.90 (tdd, J = 7.5, 2.5, 1.3, 2H), 6.22 (ddd, 7.5, 4.8, 1.2, 2H);

HR-ESI-MS (m/z) caled for C3sHaNylr', 731.1787; found 731.1659.
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Pd(OAc), (20 mol%)
| P(o-tolyl); (20 mol%)

TfO CsF (10 equiv)
I Me;Si CH3;CN / PhMe (0.075 M, 1:1)
4.19 110 °C, 30 min
(4 equiv) (54% yield)

4.30 4.31

Bis-annulation adduct 4.31. Followed representative procedure A. Purification by flash
chromatography (14:1:1 CH3CN:H,O:sat. aq. KNOs3) afforded adduct 4.31 (54% yield, average
of two experiments) as a red solid. Bis-annulation adduct 4.31: mp >250 °C; R, 0.77 (7:2:1
MeCN:H,O:sat. ag. KNO3); '"H NMR (500 MHz, CD;CN): § 9.27 (d, J = 8.6, 1H), 9.16 (d, J =
8.6, 1H), 8.96-8.85 (m, 2H), 8.54 (d, /= 8.4, 1H), 8.17 (d, J= 5.2, 1H), 8.07-7.92 (m, 4H), 7.83
(dd, J=8.5,5.3, 1H), 7.74 (d, J = 5.3, 1H), 7.61 (dd, J = 8.2, 5.4, 1H), 7.28 (t, J = 6.4, 1H); );
BC NMR (125 MHz, CDsCN, 19 of 21 signals observed) & 158.1, 153.1, 152.9, 152.8, 149.0,
148.8, 138.7, 133.2, 133.0, 131.32, 131.26, 131.2, 129.14, 128.3, 127.4, 127.3, 125.64, 125.60,

125.1; IR (film): 1467, 1436, 1407, 840, 762 cm .

N e
_| 2PFg”

Pd(OAc), (30 mol%)
P(o-tolyl); (30 mol%)

|
TfO CsF (10 equiv)
+ >
Cl :@
I Me,Si CH3CN/ PhDMe (0.07_5 M, 1:1)
110 °C, 30 min
4.19

(6 equiv) (57% yield)

Tris-annulation adduct 4.33. Followed representative procedure B. Purification by flash
chromatography (14:1:1 CH3CN:H,O:sat. aq. KNOs3) afforded adduct 4.33 (57% yield, average
of two experiments) as a red solid. Tris-annulation adduct 4.33: mp >250 °C; Ry 0.78 (7:2:1

CH;CN:H,O:sat. ag. KNOs); 'H NMR (500 MHz, CD;CN): § 9.22 (dd, J = 8.7, 0.7, 6H), 8.93—
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8.90 (m, 6H), 8.08 (dd, J = 5.3, 1.0, 6H), 8.03-7.99 (m, 6H), 7.68 (dd, J = 8.3, 5.3, 6H); °C

NMR (125 MHz, CD;CN) 6 153.1, 149.0, 133.1, 131.3, 131.2, 129.2, 127.3, 125.6.

4.8.2.4. Synthesis of Ligand-Bound Silyl Triflate and Trapping of Organometallic Aryne

HOI:EB’ i. HMDS (2.1 equiv), THF (2.2 M), 66 °C, 2 h TiO SiMes
ii. n-BuLi (1.1 equiv), THF (0.1 M), =78 °C; Tf,0 (1.1 equiv) )
Br OH iii. n-BuLi (1.1 equiv), —78 °C; NaHCO, Me;Si OH

4.61 . 4.62
(70% yield, one pot)

Silylation Retro-Brook Retro-Brook
Rearrangement Triflation Rearrangement
©o

Me,SiO Br Br : TiO Br : TfO SiMe;,
X U = 10— XX
Br OSiMe MesSi OSiMe, Me;Si 0SiMe, Me;Si 0®©

Silyl alcohol 4.62. To a stirred solution of 2,5-dibromohydrone (4.61, 2.60 g, 9.71 mmol, 1.0

Protonation

—

3

equiv) in THF (4.40 mL, 2.20 M) was added HMDS (4.25 mL, 20.4 mmol, 2.1 equiv). The
mixture was then heated to 66 °C and stirred for 2 h. Then, the reaction mixture was allowed to
cool to 23 °C and the volatiles were removed. THF (69.3 mL, 0.14 M) was then added and the
mixture was cooled to —78 °C. n-BuLi (2.49 M in hexanes; 4.29 mL, 10.7 mmol, 1.1 equiv) was
then added dropwise over 8§ min. The reaction mixture was then stirred at —78 °C for 25 min.
T£,0 (1.80 mL, 10.7 mmol, 1.1 equiv) was then added dropwise over 5 min at —78 °C, and the
mixture was allowed to stir at this temperature for 25 min. n-BuLi (2.49 M in hexanes; 4.29 mL,
10.7 mmol, 1.1 equiv) was then added dropwise over 8 min. The reaction mixture was then
stirred at —78 °C for 25 min. Finally, the reaction was quenched by addition of sat. ag. NaHCOs3
(40 mL) in one portion and the mixture was allowed to warm to 23 °C before being transferred to
a separatory funnel with Et;O (100 mL) and the layers were separated. The aqueous layer was

then extracted with Et;O (2 x 100 mL) and the combined organic layers were then dried over
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NaySOq, filtered, and concentrated under reduced pressure. The crude residue was then purified

by flash chromatography (100% hexanes — 3% EtOAc in hexanes — 5% EtOAc in hexanes) to

afford silyl alchol 4.62 as a viscous yellow oil (2.62 g, 70% yield). Silyl alcohol 4.62: R, 0.39
(9:1 hexanes:EtOAc). '"H NMR (600 MHz, CDCl3): & 7.23 (s, 1H), 6.74 (s, 1H), 4.88 (s, 1H),

0.35 (s, 9H), 0.31 (s, 9H). Spectral data match those previously reported in the literature.®!

MOMBr (2.4 equiv)

TfOI:[SiMea NaH (3.0 equiv) TfoniSiMes

. THF (0.1 M .

Me3S| OH 0—23 °(C, 15 {Tlin Me3S| OMOM
4.62 (71% yield) 4.37

\

Methoxymethyl ether 4.37. To a stirred solution of silyl alcohol 4.62 (1.03 g, 2.66 mmol, 1.0
equiv) in THF (25 mL, 0.10 M) at 0 °C was added sodium hydride (dry, 95%; 202 mg, 7.99
mmol, 3.0 equiv) in one portion. The solution was then stirred at 0 °C for 15 min, followed by
dropwise addition of bromomethyl methyl ether (522 pL, 6.39 mmol, 2.40 equiv) over 1 minute.
Following addition, the reaction was allowed to warm to 23 °C and stirred for 15 min before
being diluted with Et,O (30 mL). H,O (30 mL) was then added over 30 seconds and then mixture
was transferred with Et,O (5 mL) to a separatory funnel. The layers were separated and the
aqueous layer was extracted with Et;0O (3 x 30 mL). The combined organic layers were then
washed with HO (30 mL), dried over Na,SO,, and concentrated under reduced pressure. The
crude residue was then purified by flash chromatography (100% hexanes) to afford methoxy
methyl ether 4.37 as a white solid (814 mg, 71% yield). Methoxymethyl ether 4.37: R,0.56 (9:1
hexanes:EtOAc). "H NMR (500 MHz, CDCls): & 7.25 (s, 1H), 7.14 (s, 1H), 5.19 (s, 2H), 3.48 (s,
3H), 0.36 (s, 9H), 0.28 (s, 9H). °C NMR (125 MHz, CD;CN) & 160.5, 149.6, 135.3, 132.8,

126.1, 126.0, 119.2, 118.7 (q, J = 320.5), 94.3, 56.3, 0.7, —1.2.
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TfO: : ZSiMea
MesSi OMOM
4.37

(3 equiv) 2PFg”
Pd(OAc), (10 mol%)
P(o-tolyl); (10 mol%) I .
CsF (3 equiv) SiMe3
MeCN:PhMe (1:1, 0.075 M) OMOM

110°C,2h

(80% isolated yield)

4.38

Methoxymethyl ether adduct 4.38. To a 20 mL scintillation vial was added Pd(OAc), (10.1
mg, 44.8 pmol, 10 mol%), chloro-Ru(bpy);[PFs], 4.34 (400.5 mg, 0.448 mmol, 1.0 equiv), P(o-
tolyl)s (13.6 mg, 44.8 mmol, 10 mol%), MeCN (3.0 mL), PhMe (3.0 mL), silyl triflate 4.37 (564
mg, 1.31 mmol, 3.0 equiv), an oven-dried magnetic stirbar, and CsF (204 mg, 1.34 mmol, 3.0
equiv) sequentially. The reaction was then purged with N for 5 min before being sealed with a
Teflon-lined screw cap under a flow of N,, sealed with Teflon tape and electrical tape, and
stirred at 110 °C for 2 h. After cooling to 23 °C, the mixture was filtered through a plug of celite
with MeCN (10 mL), and concentrated under reduced pressure. The crude residue was adsorbed

onto SiO; and purified by flash chromatography (100% EtOAc — 14:1:1 MeCN:H,O:sat. aq.

KNOs). To the concentrated aqueous mixture was added saturated aqueous KPFs (100 mL) to
precipitate the desired product, and the resultant mixture was transferred to a separatory funnel
with CH,Cl, (50 mL). The layers were separated and the aqueous layer was extracted with
CH,Cl, (2 x 50 mL). The combined organic layers were then concentrated under reduced
pressure before being redissolved in CH3CN (10 mL). Activated charcoal (500 mg) was then
added and the mixture was agitated for 10 seconds before being filtered over celite, concentrated
under reduced pressure, and dried on high vacuum at 100 °C for 12 h to afford methoxymethyl
ether adduct 4.38 as a red solid (380 mg, 80% yield). Methoxymethyl ether adduct 4.38: Ry

0.79 (7:2:1 CH3;CN:H,O:saturated aqueous KNOs); "H NMR (500 MHz, CD;CN): & 9.25 (dd, J
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= 12.0, 8.5, 2H), 8.88 (s, 1H), 8.60 (dd, J = 8.2, 2H), 8.56 (dd, J = 8.2, 2H), 8.34 (s, 1H), 8.16-
8.11 (m, 3H), 8.08 (d, J = 5.2, 1H), 8.03 (tt, J= 7.9, 1.7, 2H), 7.91 (d, J = 5.8, 2H), 7.82 (td, J =
8.4, 5.3, 2H), 7.69 (t, J = 6.8, 2H), 7.50 (td, J = 6.6, 1.0, 2H), 7.28 (dd, J = 12.9, 5.5, 2H), 5.58

(q,J = 5.5, 2H), 3.54 (s, 3H), 0.48 (s, 9H).

2
- Z;Fs‘ 1z

1. NaHS0,Si0,

=
| . CH,CI, (0.01 M) =
| NS SIMe3 23 30,212 h ‘\\N >~ ! siM93
N= I OMOM 2. Comins’ Reagent (1.5 equiv) l \N = OTf

S DMAP (3 equiv) <~
CH,CI, (0.01 M)
23 °C, 30 min

4.38 (73% yield, 2 steps) 4.36

Silyl triflate 4.36. To a stirred solution of methoxymethyl ether 4.38 (259 mg, 0.243 mmol, 1.0
equiv) in CH,Cl, (25 mL, 0.01 M) at 23 °C was added solid supported catalyst NaHSO4+Si0,>
(2.63 g, stored in the oven for >48 h and added while hot) in one portion. The reaction mixture
was then stirred for 6 h at 23 °C. The mixture was then filtered through a plug of silica gel with
7:2:1 MeCN:H;,O:sat. aq. KNOs (100 mL). The eluate was concentrated under reduced pressure
before being crashed out with sat. aq. KPF¢ (100 mL) and transferred to a separatory funnel with
CH,Cl; (100 mL). The layers were separated and the aqueous layer was extracted with CH,Cl; (2
x 100 mL). The combined organic layers were then concentrated under reduced pressure to
afford the intermediate silyl alcohol as a red solid.

The intermediate silyl alcohol was then dissolved in CH,Cl, (25 mL, 0.01 M) and while
stirring at 23 °C, DMAP (89.3 mg, 0.731 mmol, 3.0 equiv) and Comins’ reagent (144 mg, 0.366
mmol, 1.5 equiv) were added sequentially, each in single portions. After stirring at 23 °C for 30
min, the reaction was concentrated under reduced pressure and then loaded onto a silica plug.

The silica plug was washed with EtOAc (200 mL) before being eluted with 7:2:1
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MeCN:H,O:sat. ag. KNO; (100 mL). The red eluate was then concentrated under reduced
pressure and transferred with CH,Cl, (100 mL) to a separatory funnel containing 2 M aq. HCI
(100 mL). The layers were separated and the organic layer was washed with 2 M aq. HCI (2 x 40
mL). The combined aqueous layers were then back-extracted with CH,Cl, (2 x 100 mL). The
organic layers were then combined, dried over Na,SOs, and concentrated under reduced
pressure. The residue was then filtered over a pad of neutral alumina (200 mL CH3;CN eluent)
and concentrated under reduced pressure before being dried on hi-vac at 100 °C for 1 h to afford
silyl triflate 4.36 as a red solid (204 mg, 73% yield). Silyl triflate 4.36: '"H NMR (500 MHz,
CD;CN): 69.29 (d, J= 8.6, 1H), 9.11 (d, /= 8.5, 1H), 9.02 (s, 1H), 8.69 (s, 1H), 8.53 (d, /= 8.2,
2H), 8.49 (d, J = 8.2, 2H), 8.13-8.08 (m, 4H), 8.00 (tt, /= 7.9, 1.7, 2H), 7.84-7.78 (m, 4H), 7.60

(t,J=5.3, 2H), 7.45 (t, J = 6.8, 2H), 7.22 (qt, J = 6.6, 1.3, 2H), 0.55 (s, 9H).

Me
_| 2+
2PFe” 0] 4.39 (5equiv)

) Me
SiMe, CsF (5 equiv)
0 OTf CH3CN (0.01 M), 23 °C, 12 h
(80% yield)
4.36 4.40

Furan 4.40. To a stirred solution of silyl triflate 4.36 (11.2 mg, 9.71 umol, 1.0 equiv) and 2,5-
dimethylfuran (4.39, 10.5 pL, 97.1 pumol, 10.0 equiv) at 23 °C was added CsF (7.4 mg, 48.5
pmol, 5.0 equiv) in one portion. After stirring at 23 °C for 1 h, the reaction was filtered through a
plug of celite with CH;CN (10 mL) and then concentrated under reduced pressure. The crude
residue was then adsorbed onto SiO, and purified by flash chromatography (100% EtOAc —
14:1:1 MeCN:H,0O:sat. ag. KNO3). To the concentrated aqueous mixture was added saturated

aqueous KPFs (100 mL) to precipitate the desired product, and the resultant mixture was
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transferred to a separatory funnel with CH,Cl, (50 mL). The layers were separated and the
aqueous layer was extracted with CH,Cl, (2 x 50 mL). The combined organic layers were then
concentrated under reduced pressure. Further purification by preparative TLC (14:1:1
MeCN:H,0O:sat. aq. KNOs) afforded furan 4.40 as a red solid (8.0 mg, 80% yield). Furan 4.40:
'H NMR (500 MHz, CD;CN): § 9.23 (dt, J = 8.6, 1.3, 2H), 8.59 (d, J = 1.5, 2H), 8.52 (dd, J =
8.3, 0.8, 2H, 8.49 (ddt, /= 8.3, 3.1, 1.1, 2H), 8.09 (td, /= 7.9, 1.5, 2H), 8.04 (ddd, J = 5.2, 4.8,
1.1, 2H), 8.01-7.95 (m, 2H), 7.84-7.81 (m, 2H), 7.76 (dd, J = 8.5, 5.2, 2H), 7.57 (ddd, J = 11.8,
5.7, 1.6, 2H), 7.44 (ddt, J= 7.6, 5.7, 1.3, 2H), 7.19 (dddd, J = 13.0, 7.6, 5.7, 1.4, 2H), 6.92 (dd, J
= 6.9, 5.4, 2H), 2.04 (s, 3H), 2.04 (s, 3H); >C NMR (125 MHz, CD;CN, 29 of 32 signals
observed): 6 158.1, 157.90, 157.88, 156.2, 152.90, 152.89, 152.8, 152.3, 145.6, 147.41, 147.38,
138.8, 138.62, 138.59, 133.3, 131.3, 128.5, 128.33, 128.32, 127.2, 127.1, 125.2, 125.11, 125.09,

114.9, 114.8, 89.6, 15.53, 15.50.
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4.9 Spectra Relevant to Chapter Four:

Aryne-Driven Approach for the Synthesis and Manipulation

of Polypyridyl Metal Complexes
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Figure 4.7. "H NMR (500 MHz, CD;CN) compound 4.20
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Figure 4.8. °C NMR (125 MHz, CD;CN) compound 4.20
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Figure 4.13. °C NMR (125 MHz, CD;CN) compound 4.27
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Figure 4.15. "H NMR (600 MHz, CD3CN) compound 4.29
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Figure 4.16. "H NMR (500 MHz, CD3CN) compound 4.30
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Figure 4.17. °C NMR (125 MHz, CD;CN) compound 4.30
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Figure 4.18. "H NMR (500 MHz, CD;CN) compound 4.31
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Figure 4.19. °C NMR (125 MHz, CD;CN) compound 4.31
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Figure 4.20. "H NMR (500 MHz, CDsCN) compound 4.32
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Figure 4.21. °C NMR (125 MHz, CD;CN) compound 4.32
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Figure 4.22. "H NMR (600 MHz, CDsCN) compound 4.33
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Figure 4.23. C NMR (125 MHz, CD;CN) compound 4.33
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Figure 4.24. "H NMR (400 MHz, CDsCN) compound 4.34
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Figure 4.25. C NMR (125 MHz, CD;CN) compound 4.34
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Figure 4.26. "H NMR (500 MHz, CD3CN) compound 4.36
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Figure 4.27. "H NMR (500 MHz, CDCl;) compound 4.37
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Figure 4.28. >C NMR (125 MHz, CDCls) compound 4.37
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Figure 4.30. "H NMR (500 MHz, CD3CN) compound 4.40
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Figure 4.31. "H NMR (500 MHz, CDCl3) compound 4.49
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Figure 4.32. "H NMR (500 MHz, CDCl3) compound 4.51
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Figure 4.33. "H NMR (400 MHz, CDsCN) compound 4.53
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Figure 4.34. >C NMR (125 MHz, CD;CN) compound 4.53

245



4.10 Notes and References

(1) Burstall, F. H. J. Chem. Soc. 1936, 173-175.

(2) Gritzel, M. J. Photochem. Photobiol., C 2003, 4, 145—153.

(3) a) Gill, M. R.; Thomas. J. A. Chem. Soc. Rev. 2012, 41, 3179-3192. b) Zeglis, B.; Pierre, V.

C.; Barton, J. K. Chem. Commun. 2007, 4565-4579. c) Song, H.; Kaiser, J. T.; Barton, J. K. Nat.

Chem. 2012, 4, 615-620.

(4) Keefe, M. H.; Benkstein, K. D.; Hupp, J. T. Coord. Chem. Rev. 2000, 205, 201—-228.

(5) Monro, S.; Colén, K. L.; Yin, H.; Roque, J., IIL.; Konda, P.; Gujar, S.; Thummel, R. P.; Lilge,
L.; Cameron, C. G.; McFarland, S. A. Chem. Rev. 2019, 119, 797-828.

(6) Friedman, A. E.; Chambron, J. C.; Sauvage, J. P.; Turro, N. J.; Barton, J. K. J. Am. Chem.
Soc. 1990, 112, 4960-4962.

(7) Geri, J. B.; Oakley, J. V.; Reyes-Robles, T.; Wang, T.; McCarver, S. J.; White, C. H.;
Rodriguez-Rivera, F. P.; Parker, D. L., Jr.; Hett, E. C.; Fadeyi, O. O.; Oslund, R. C;
MacMillan, D. W. C. Science 2020, 367, 1091-1097.

(8) Reichardt, C.; Monro, S.; Sobotta, F. H.; Colén, K. L.; Sainuddin, T.; Stephenson, M.;
Sampson, E.; Roque, J., III.; Yin, H.; Brendel, J. C.; Cameron, C. G.; McFarland, S.;
Dietzek, B. Inorg. Chem. 2019, 58, 3156—-3166.

(9) Toupin, N. P.; Nadella, S.; Steinke, S. J.; Turro, C.; Kodanko, J. J. Inorg. Chem. 2020, 59,
3919-3933.

(10) Mede, T.; Jager, M.; Schubert, U. S. Chem. Soc. Rev. 2018, 47, 7577-76217.

(11) Zucker, S. P.; Wossidlo, F.; Weber, M.; Lentz, D.; Tzschucke, C. C. J. Org. Chem. 2017,

82,5616-5635.

246



(12) a) Soulis, K.; Gourlaouen, C.; Daniel, C.; Quatela, A.; Odobel, F.; Blart, E.; Pellegrin, Y.
Polyhedron 2018, 140, 42-50. b) Bolger, J.; Gourdon, A.; Ishow, E.; Launay, J.-P. J. Chem.
Soc., Chem. Commun. 1995, 1799-1800.

(13) a) Karlsson, E. A.; Lee, B.-L.; Liao, R.-Z.; Akermark, T.; Kirkis, M. D.; Becerril, V. S.;
Siegbahn, P. E. M.; Zhou, X.; Abrahamsson, M. ChemPlusChem, 2014, 79, 936-950. b)
Herrero, C.; Quaranta, A.; Fallahpour, R.-A.; Leibl, W.; Aukauloo, A. J. Phys. Chem. C
2013, 717, 9605-9612. ¢) Karnahl, M.; Tschierlei, S.; Kuhnt, C.; Dietzek, B.; Schmitt, M.;
Popp, J.; Schwalbe, M.; Krieck, S.; Gorls, H.; Heinemann, F. W.; Rau, S. Dalton Trans.
2010, 39, 2359-2370. d) Huber, F. L.; Nauroozi, D.; Mengele, A. K.; Rau, S. Eur. J. Inorg.
Chem. 2017, 4020-4027.

(14) Goetz, A. E.; Garg, N. K. J. Org. Chem. 2014, 79, 846-851.

(15) a) Surry, D. S.; Buchwald, S. L. Angew. Chem., Int. Ed. 2008, 47, 6338—6361. b) Mauger,
C. C.; Mignani, G. A. Org. Process Res. Dev. 2004, 8, 1065—1071.

(16) Schleth, F.; Vettiger, T.; Rommel, M.; Tobler, H. WO2011131544 A1, 2011.

(17) Tadross, P. M.; Stoltz, B. M. Chem. Rev. 2012, 112, 3550-3577.

(18) Wang, B.; Mu, B.; Chen, D.; Xu, S.; Zhou, X. Organometallics 2004, 23, 6225-6230.

(19) Luo, S; Zhao, X.; Mu, B.; Song, H.; Zu, S.; Wang, B. Organometallics 2009, 28, 4602—
4605.

(20) a) Liu, Z.; Zhang, X.; Larock, R. C. J. Am. Chem. Soc. 2005, 127, 15716-15717. b) Liu, Z.;
Larock, R. C. J. Org. Chem. 2007, 72, 223-232.

(21) For a prior report of dehalogenation in Ru(bpy); derivatives, see: Iranmanesh, H.;

Arachchige, K. S. A.; Bhadbade, M.; Donald, W. A.; Liew, J. Y.; Liu, K. T.-C.; Luis, E. T.;

247



Moore, E. G.; Price, J. R.; Yan, H.; Yang, J.; Beves, J. E. Inorg. Chem. 2016, 55,
12737-12751.

(22) Hofstraat, J. W.; Reinhoudt, D. N.; Steemers, F. J.; Van der Tol, E. B.; Verboom, W.;
Verhoeven, J. W. EP1019401 A1, 1998.

(23) Lu, W.; Vicic, D. A.; Barton, J. K. Inorg. Chem. 2005, 44, 7970-7980.

(24) a) Colombo, M. G.; Hauser, A.; Guedel, H. U. Inorg. Chem. 1993, 32, 3088-3092. b) Wang,
C.; deKrafft, K. E.; Lin, W. J. Am. Chem. Soc. 2012, 134, 7211-7214. ¢) Bolink, H. J.;
Coronado, E.; Costa, R. D.; Orti, E.; Sessolo, M.; Graber, S.; Doyle, K.; Neuberger, M.;
Housecroft, C. E.; Constable, E. C. Adv. Mater. 2008, 20, 3910-3913.

(25) For reviews of arynes, see: a) Nakamura, Y.; Yoshida, S.; Hosoya, T. Heterocycles 2019,
98, 1623-1677. (b) Pellissier, H.; Santelli, M. Tetrahedron 2003, 59, 701-730. (¢c) Wenk, H.
H.; Winkler, M.; Sander, W. Angew. Chem., Int. Ed. 2003, 42, 502-528. (d) Sanz, R. Org.
Prep. Proced. Int. 2008, 40, 215-291. (e) Gampe, C. M.; Carreira, E. M. Angew. Chem., Int.
Ed 2012, 51, 3766-3778. (f) Bhunia, A.; Yetra, S. R.; Biju, A. T. Chem. Soc. Rev. 2012, 41,
3140-3152. (g) Yoshida, H.; Takaki, K. Synlett 2012, 1725-1732. (h) Dubrovskiy, A. V.;
Markina, N. A.; Larock, R. C. Org. Biomol. Chem. 2013, 11, 191-218. (i) Wu, C.; Shi, F.
Asian J. Org. Chem. 2013, 2, 116-125. (j) Hoffmann, R. W.; Suzuki, K. Angew. Chem., Int.
Ed. 2013, 52, 2655-2656.

(26) Duong, H. M.; Bendikov, M.; Steiger, D.; Zhang, Q.; Sonmez, G.; Yamada, J.; Wudl, F.
Org. Lett. 2003, 5, 4433-4436.

(27) Suzuki, S.; Itami, K.; Yamaguchi, J. Angew. Chem., Int. Ed. 2017, 56, 15010-15013.

248



(28) Young, M. C.; Liew, E.; Ashby, J.; McCoy, K. E.; Hooley, R. J. Chem. Commun. 2013, 49,
6331-6333.

(29) Zucker, S. P.; Wossidlo, F.; Weber, M.; Lentz, D.; Tzschucke, C. C. J. Org. Chem. 2017,
82,5616-5635.

(30) Cheong, P. H.-Y.; Paton, R. S.; Bronner, S. M.; Im, G.-Y. J.; Garg, N, K.; Houk, K. N. J.
Am. Chem. Soc. 2010, 132, 1267-1269.

(31) Suzuki, S.; Itami, K.; Yamaguchi, J. Angew. Chem., Int. Ed. 2017, 56, 15010-15013.

(32) Breton, G. W. J. Org. Chem. 1997, 62, 8952-8954.

249



CHAPTER FIVE

Heterocyclic Aryne Annulations for the rw-Extension of Donor Ligands in

Two-Coordinate Metal Complexes

5.1 Abstract

Organic light emitting diodes (OLEDs) are crucial for high-performance displays and
solid-state lighting applications. Recently, linear two-coordinate metal complexes have been
identified as promising dopants with high photoluminescence efficiency and short-lived excited
states, whose properties are controlled by the choice of donor and acceptor ligands. Herein, we
report a modular platform that leverages a novel carbazolyne precursor to access N-containing
donor ligands bearing extended m-conjugation. Subsequent photophysical characterization of
two-coordinate metal complexes bearing m-extended donors identify a new thermally-activated

delayed fluorescence dopant that displays up to 80% photoluminescence efficiency.
Y

5.2 Introduction

Efficient and stable organic light emitting diodes (OLEDs) are crucial for high-
performance display technologies and solid-state lighting applications.' Despite decades of
research in both industry and academia, fundamental discoveries continue to improve the
emissive properties and tunability of organometallic phosphors.” One recent advancement is the
development of thermally-activated delayed fluorescence (TADF) complexes of the general
structure donor(carbazole)-M-acceptor(carbene), where M is Cu(I), Ag(I), or Au(I) (5.1 and 5.2,

Figure 5.1A).° The promise of these compounds is evident in their high photoluminescence

250



efficiencies (up to 100% in both solution and in the solid state), short-lived excited states (t < 1
us), as well as an economic advantage over conventional phosphor dopants that rely on precious
metals (e.g., Ir and Pt).*

The photophysical properties of these TADF complexes can be manipulated by altering

both the donor and acceptor ligands.**’

However, a majority of ligand studies have focused on
the influence of N-heterocyclic carbene (NHC) acceptors, whereas manipulation of the carbazole
donor remains limited. Previous donor studies, as summarized in Figure 5.1B, have focused on
electronic modification using electron-donating or withdrawing groups (5.3), steric hindrance
(5.4), and structural flexibility (5.5), leading to important structure-property relationships.3b
Extending the conjugation of related systems has also been shown to effect relative HOMO and
LUMO energy levels, thereby altering emission color.” However, the effect of n-extension on the
photophysical properties of donor(carbazole)-M—acceptor(carbene) complexes has not yet been
explored.

In this study, we aim to elucidate the effects of extending the m-conjugation of a
carbazole donor ligand in two-coordinate metal complexes 5.6 (Figure 5.1C). We envisioned
accessing scaffold 5.6 through a Pd-catalyzed annulation between 2-bromobiphenyl (5.7) and
2,3-carbazolyne (5.8), followed by coordination with metal-acceptor complex 5.9. We also

demonstrate the versatility of this synthetic platform for the modular synthesis of various N-

heterocycles with extended conjugation and functional group variability.
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modular platform for studying conjugation effects of donors in two-coordinate metal complexes.
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5.3 Annulation of Heterocycles

We initiated our synthetic studies by pursuing a Pd-catalyzed annulation reaction of
bromobiaryls 5.10 with N-Me-4,5-indolyne precursor 5.11 (Figure 5.2). Silyl triflate 5.11,
accessible in only one step from its commercially available N-H derivative, would serve as a
model for the corresponding unknown carbazolyne. We were inspired by an analogous
annulation strategy previously reported by Larock using benzyne and halobiaryls in the presence
of Pd(0),” although we found that reaction conditions needed to be modified in order to tolerate
our heterocyclic aryne (hetaryne) variant. We determined that 5 mol% Pd(dba),, a 1:1 ratio of
co-solvents, acetonitrile and toluene, and 10 equivalents of cesium fluoride (CsF) were optimal.
Presumably, these conditions were ideal for enabling slow generation of the highly reactive
hetaryne, such that it can undergo interception of the catalytically-generated Pd intermediates
(from 5.10) without competitive decomposition. Both N-Me and N-Boc® substituted indolynes
could be coupled with 2-bromobiphenyl (5.7) to give 5.13 and 5.14 in 90% and 61% yields,
respectively.” Substituted biaryls could also be coupled in good yield, albeit while giving
mixtures of regioisomers. For example, methoxy- and nitro-substituted biaryls underwent the
annulation smoothly to deliver adducts 5.15 and 5.16 in 62% and 80% yields, respectively.
Various heterocycles could also be incorporated into the extended aromatic scaffold, as
evidenced by the formation of pyridine 5.17 and pyrrole 5.18 in 76% and 86% yields,
respectively. Additionally, fused indole 5.19 could be obtained in 90% yield, as well as indole
5.20 in 57% yield. Not only do these results confirm that hetarynes can be harnessed in
annulation reactions with various biaryl substrates, but they also provide a synthetic entryway to
electronically and structurally diverse m-extended N-heterocycles, which could be of interest in

the study of polycyclic aromatic hydrocarbon (PAH)-based materials.
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= Pd(dba), R’ NMe
Br . Me;Si NMe P(o-tolyl), ‘
—»
. CsF, 110 °C AR
' TfO CH3CN, PhMe 't OAr !

- (2.0 equiv)
5.10 5.11 5.12 and regioisomer
(L o
R
5.13 (R = Me) 5.15 (R = OMe) 5.17
90% yield 62% yield 76% yield
5.14 (R = Boc) 5.16 (R = NO,)
61% yield 80% yield

5.18 5.19 5.20
86% yield 90% yield 57% yield

Figure 5.2. Scope of biaryl annulation partners. 5 mol% Pd(dba), and P(o-tolyl); loadings.
Yields for 5.15-5.20 reflect isolated yields of a mixture of regioisomers (~1-1.5:1; see section

5.8.2 for details).

5.4 Carbazolyne Silyl Triflate Precursor Synthesis

Having validated the use of indolynes in the Pd-catalyzed annulation with halobiaryls, we
sought to access a novel carbazolyne silyl triflate precursor that would enable a modular
synthesis of carbazole-based donor ligands for two-coordinate metal complexes. Several routes
were pursued, ultimately leading to the concise approach shown in Scheme 5.1. Starting from
known 3-bromo-2-hydroxycarbazole (5.21),'° treatment with HMDS at elevated temperature

afforded silyl ether 5.22 in 97% yield, which was carried forward in a two-step retro-Brook
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rearrangement/triflation sequence to afford silyl triflate 5.23 in 53% yield. During our initial
annulation studies using indolynes, we observed diminished yields with hetaryne precursors
bearing a free N-H, so we opted to protect carbazole 5.23 prior to the annulation. Protection was
achieved either through methylation using iodomethane to afford N-Me-carbazolyne precursor
5.24 in 77% yield or via Boc-protection using Boc,O to provide N-Boc-carbazolyne precursor

5.25 in 93% yield.

1. +-BulLi
HMDS THF, —78 °C
THF 70 °C
HO H TMSO 2. Tf20 Et;N

(97% vyield) CH,Cl, -78 °C
(53% vyield, 2 steps)

Y

™S
NaH, Mel O
TiO

DME, -20 °C N
M

e
™S O (77% yield) 5.24
TiO ! N
H Boc,0, DMAP ™S O
5.23 >
IO

THF, 23 °C N
. Boc
(93% yield)

5.25

Scheme 5.1. Synthesis of carbazolyne silyl triflate precursors.

5.5 Pd-Catalyzed Carbazolyne Annulations

With suitable carbazolyne precursors in hand, we validated the annulation of 2,3-
carbazolyne under our previously optimized conditions (Figure 5.3). 2-Bromobiphenyl (5.7) and
N-Me-carbazolyne precursor 5.24 were coupled in 86% yield to afford m-extended carbazole
5.26. We also prepared N—H carbazole adduct 5.27 via the union of 5.7 and N-Boc carbazolyne
precursor 5.25 for subsequent coordination to metal-NHC complexes. The Boc group was

cleaved to a minor extent over the course of the annulation reaction. However, extending the

255



reaction time did not achieve adequate conversion to the free N—H product. Therefore, the
annulation was followed by treatment with trifluoroacetic acid (TFA) in dichloromethane to

generate the desired m-extended carbazole 5.27 in 65% yield over two steps.

Br . Tfo:‘f’ Pd(dba),, P(o-tolyl)s‘ ‘O O
N
Me

OO

) CsF, CH,CN/PhMe N
Me;Si 110 °C O Me
(2 equiv) (86% yield)
5.24 5.26
1. Pd(dba),, CsF
P(o-tolyl)z, 110 °C
Br TiO O CH3CN/PhMe ‘O
+ >
) 2. TFA/CH,Cl,, 23 °C N
O Me;Si N 2l O N
(2 equiv) (65% yield)
5.7 5.25 5.27

Figure 5.3. Annulation with N-substituted carbazolynes.

5.6 Two-Coordinate Metal Complex Synthesis and Photophysical Characterization

With a robust route to the s-extended carbazole ligand, we turned to the synthesis of two-

coordinate metal complexes bearing extended m-conjugation (Figure 5.4). We selected known
MAC-Au—Cl 5.28 (MAC=1,3-bis(2,6-diisopropylphenyl)-5,5-dimethyl-4-keto-
tetrahydropyridylidene) and BZI-Au-Cl 5.30'' (BZI=1,3-bis(2,6-diisopropylphenyl)-1-H-
benzo[d]imidazole-2-ylidene) complexes as preliminary targets, given the stability of similar Au
complexes and the relative acceptor strengths of the BZI and MAC ligands. Treatment of
carbazole 5.27 with sodium fert-butoxide in the presence of NHC halide complexes 5.28 or 5.30

afforded donor—Au—acceptor complexes 5.29 and 5.31 in 78% and 68% yields, respectively.
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Figure 5.4. Synthesis of novel two-coordinate organometallic complexes.

The photophysical properties of m-extended complexes 5.29 and 5.31 were evaluated in
different media and compared to previously studied carbazole-containing complexes 5.32 and
5.33 (Figure 5.5). The absorbance spectra of m-extended carbazole-Au—MAC complex 5.29
(Figure 5.5A) display a solvent-independent, high-energy band at 318 nm, which is attributed to
a m-rt* transition localized on the carbazole ligand. In addition, the spectra display a broad,
negative solvatochromic shift from MeCy (460 nm) to MeTHF (417 nm), which is likely due to
inter-ligand charge transfer (ICT) between the m-extended carbazole donor and MAC acceptor
ligands. ICT is required to enable efficient TADF emission, and further evidence for ICT in 5.29

is borne out in its emission spectra (Figure 5.5C). Compared to known carbazole-Au-MAC
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complex 5.32,° which undergoes rapid ICT, 5.29 displays a similar emission profile at 298 K,
albeit red shifted as a result of the extended conjugation. It is also noteworthy that the emission is
red shifted when moving from polar (MeTHF) to non-polar (MeCy and polystyrene film'?)
media. Such solvatochromic behavior is a consequence of dipole moment interactions between
the solvent and the complex, in which the dipole of the excited state is larger and opposite
relative to the ground state. Emission at 77 K (500 nm) is structured and polarity-independent. In
this case, solvent molecules are frozen as a glass around the complex, thus restricting
stabilization of the excited charge transfer triplet. Therefore, the triplet state localized on the
donor becomes the lowest-lying emissive state and precludes ICT. Notably, 5.29 achieved 80%
photoluminescence efficiency in MeTHF (see Table 5.1 for tabulated measurements of
complexes 5.29 and 5.32).

The absorption and emission spectra of m-extended carbazole-Au-BZI complex 5.31
indicate that ICT does not occur between the donor and acceptor ligands. The lower energy
bands in the absorption spectra (382 and 416 nm, Figure 5.5A) are more structured and are blue-
shifted compared to 5.29. Unlike the previously studied carbazole-Au—BZI complex 5.33, the
emission spectra of 5.31 are structured and polarity-independent regardless of the temperature
(Figure 5.5D). This indicates that the excited state transitions are localized on the donor ligand,
rather than undergoing ICT. In other words, the m-extended carbazole-Au-BZI complex 5.31
does not undergo desirable charge transfer and thermally activated fluorescence (TADF), but
rather conventional phosphorescence. Further support for this observation is evident in the poor
photoluminescence quantum yield (< 5%) and long excited-state lifetime (k, = 4.2 x 10*s ™, see

Table 5.2).
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Figure 5.5. A) Absorbance spectra in methylcyclohexane (MeCy) and 2-methyl-tetrahydrofuran
(MeTHF). B) Previously studied carbazole—Au—MAC complex 5.32 and carbazole—Au-BZI
complex 5.33. C) Emission spectra of MAC complexes 5.29 and 5.32. D) Emission spectra of

BZI complexes 5.31 and 5.33.

Table 5.1. Photophysical measurements for MAC-based complexes 5.29 and 5.32.

Solvent o labe | km::;'( Vield, ¢ T K
(MeCy) 460 544 (500) 0.80 101 7.90x10* 2.0x10*
5.29 | (1% PS film) 420 529 (500) 0.74 227 3.26x10° 1.15x 105
(MeTHF) 417 569 (498) 0.39 311 1.30x10* 2.0x10*
5.32 (MeTHF) 420 544 (428) 0.50 079 6.30x10° 6.3x10°
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Table 5.2. Photophysical measurements for BZI-based complex 5.31 and 5.32.

Sowent  (orpee ) MEma  vielw g Tmac 6l

(MeCy) 416 502 (504) 0.028 29.9 9.36x102 3.25x 10*
531 (MeTHF) 382 504 (498)  0.024 571 420x102 1.71 x 10*
5.33 (MeTHF) 366 452 (426) 0.79 263 3.0x10° 8.0x103

In summary, 5.29 is a promising two-coordinate complex achieving up to 80%
photoluminescence efficiency via TADF, whereas 5.31 undergoes conventional phosphorescence
with ~3% photoluminescence efficiency. The discrepancy in emission type between 5.31 and
5.33 indicates significantly different triplet energies between the m-extended carbazole ligand
5.27 and carbazole. To probe this discrepancy, time-dependent density functional theory
(TDDFT) calculations were performed on each ligand, and indeed it was found that the triplet
energy of the m-extended carbazole 5.27 is 0.55 eV lower than that of carbazole (see Section
5.8.3 for details). Future studies will focus on the investigation of similar complexes using -

extended indole ligands as well as copper metal centers.

5.7 Conclusion

We have developed a modular platform to access N-heterocycles with extended -
conjugation by leveraging hetarynes and Pd-catalysis. The method is tolerant of a variety of
bromobiaryls with both structural and electronic diversity. Furthermore, novel m-extended
carbazole ligands were synthesized and successfully ligated to give new two-coordinate metal
complexes. One of these, 5.29, displays up to 80% photoluminescence efficiency and therefore
shows promise as a TADF emitter for OLED technology. These studies should prompt the

further exploration of unique donor ligands in these metal complexes in order to enhance OLED
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stability and efficiency, as well as provide access to new N-containing polycyclic aromatic

hydrocarbon materials.

5.8 Experimental Section

5.8.1 Materials and Methods

Unless stated otherwise, reactions were conducted in flame-dried glassware under an atmosphere
of nitrogen or argon and commercially obtained reagents were used as received. Anhydrous
solvents were either freshly distilled or passed through activated alumina columns, unless
otherwise stated. Reaction temperatures were controlled using an IKAmag temperature
modulator and, unless stated otherwise, reactions were performed at room temperature
(approximately 23 ©°C). Cesium Fluoride (CsF) and Bis(dibenzylidenacetone)palladium(0)
(Pd(dba),) were obtained from Strem Chemicals and stored in a desiccator. Tri(o-tolyl)phosphine
(P(o-tolyl);) was obtained from Sigma Aldrich. 2-Bromobiphenyl (5.7) was obtained from
Combi-Blocks and purified by flash chromatography (100% Hexanes) prior to use. Bromobiaryl
5.39 was obtained from Combi-Blocks. Bromobiaryls 5.35,"° 5.37,' 5.41,"° 5.43,'° and 5.45,"
were prepared according to literature procedures. The silyl triflate precursors to N-Me-4,5-
indolyne,18 N—Boc-4,5-ind01yne,19 N—Me-5,6-indolyne,19 and were prepared following literature
procedures. NHC-Au—Cl complexes 5.28° and 5.30'' were prepared following literature
procedures. Regioisomeric ratios for annulation products were determined by analysis of the 'H
NMR spectra of the crude reaction mixtures. Thin-layer chromatography (TLC) was conducted
with EMD gel 60 F254 pre-coated plates (0.25 mm for analytical chromatography and 0.50 mm
for preparative chromatography) and visualized using UV. Silicycle Siliaflash P60 (particle size

0.040-0.063 mm) was used for flash column chromatography. '"H NMR spectra were recorded
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on Bruker spectrometers (at 400, 500 and 600 MHz) and are reported relative to residual solvent
signals. Data for '"H NMR spectra are reported as follows: chemical shift (8 ppm), multiplicity,
coupling constant (Hz), integration. Data for ’C NMR are reported in terms of chemical shift (at
101 and 125 MHz). IR spectra were recorded on a Perkin-Elmer UATR Two FT-IR spectrometer
and are reported in terms of frequency absorption (cm™'). DART-MS spectra were collected on a
Thermo Exactive Plus MSD (Thermo Scientific) equipped with an ID-CUBE ion source and a
Vapur Interface (IonSense Inc.). Both the source and MSD were controlled by Excalibur
software v. 3.0. The analyte was spotted onto OpenSpot sampling cards (IonSense Inc.) using
CH,Cl, as the solvent. lonization was accomplished using UHP He plasma with no additional
ionization agents. The mass calibration was carried out using Pierce LTQ Velos ESI (+) and (-)
Ion calibration solutions (Thermo Fisher Scientific). UV-visible absorption spectra were
recorded by using Hewlett-Packard 4853 diode array spectrometer. Steady state emission spectra
were recorded on Quanta-Master Photon Technology International
phosphorescence/fluorescence spectrofluorometer. Emission quantum yields were measured
using Hamamatsu C9920 system equipped with a xenon lamp, integrating sphere and model
C10027 photonic multichannel analyzer (PMA). Emission lifetimes were acquired on IBH

Fluorocube instrument by using time-correlated single photon counting (TCSPC) method.
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5.8.2 Experimental Procedures

Pd(dba), (5 mol%)
- P(o-tolyl)3 (5 mol%)
Br  MesSi NMe CsF (10 equiv)
+
CH3CN / PhMe (0.075 M, 1:1)
O TIO 110°C, 24 h

(90% yield)

5.7 5.11
(2.0 equiv)

Representative Procedure (Palladium-catalyzed annulation of indolyne precursor 5.11 with
2-bromobiphenyl (5.7) is used as an example). Indole 5.13. A 1-dram vial was charged with
Pd(dba); (3.7 mg, 0.064 mmol, 5 mol%). Next, toluene (0.86 mL), P(o-tolyl); (2.0 mg, 0.064
mmol, 5 mol%), 2-bromobiphenyl (5.7) (30.0 mg, 0.129 mmol, 1.0 equiv), silyl triflate 5.11
(90.5 mg, 0.257 mmol, 2.0 equiv), and acetonitrile (0.86 mL) were added, followed by an oven-
dried magnetic stirbar and then CsF (195 mg, 1.29 mmol, 10.0 equiv). The vial was purged with
nitrogen for 3 minutes, then sealed with a Teflon-lined screw cap and stirred at 110 °C for 24 h.
After allowing cooling to 23 °C, the mixture was transferred with CH,Cl, (10 mL) and H,O (2
mL) to a 150 mL separatory funnel containing brine (15 mL). The layers were separated and the
aqueous layer was extracted with CH,Cl, (3 x 15 mL). The combined organic layers were dried
over MgSQy, filtered, and concentrated in vacuo. The resulting crude product was purified by
flash chromatography (100% Hexanes — 200:1 Hexanes:EtOAc) to yield annulation product
5.13 (90% yield, average of two experiments) as an off-white solid. Indole 5.13: mp: 139-144
°C; Rr0.41 (4:1 Hexanes:EtOAc); 'H NMR (500 MHz, CDCL): § 9.24 (d, J= 8.0, 1H), 8.78 (d, J
= 8.0, 1H), 8.72 (t, J = 7.0, 2H), 8.57 (d, J = 9.0, 1H), 7.75 (t, J = 7.4, 1H), 7.73-7.62 (m, 4H),
7.53 (d, J=2.8, 1H), 7.28 (d, J = 3.0, 1H), 3.92 (s, 3H); °C NMR (125 MHz, CDCL;): § 136.4,
131.3, 131.2, 130.4, 128.9, 128.8, 127.17, 127.15, 126.7, 126.4, 125.9, 124.6, 124.1, 123.8,

123.6, 123.3, 123.3, 117.7, 110.5, 104.0, 33.3; IR (film): 3069, 2924, 2850, 1514, 1492, 1441,
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1417, 1351, 1248, 754, 740, 718 cm'; HRMS-APCI (m/z) [M + H] caled for CyH;¢N",
282.12773; found 282.12717.
Any modifications of the conditions shown in the representative procedure above are specified in

the following schemes, which depict all of the results shown in Figure 5.2.

Pd(dba), (5 mol%)

O - P(o-tolyl); (5 mol%)
Br Me;Si NBoc CsF (10 equiv)
+
CH3CN/ PhMe (0.075 M, 1:1)
O TfO 110°C, 24 h

(61% yield)
5.7 5.34 5.14

(2.0 equiv)

Indole 5.14. Purification by flash chromatography (20% dichloromethane in Hexanes) afforded
indole 5.14 (61% yield) as a white solid. Indole 5.14: R, 0.45 (9:1 Hexanes:EtOAc); 'H NMR
(400 MHz, CDCl;3): 6 9.04 — 8.99 (m, 1H), 8.77 — 8.72 (m, 1H), 8.70 (ddd, /= 7.8, 5.2, 1.7, 2H),
8.64 (d, J=9.3, 1H), 8.57 (d, ] = 9.3, 1H), 7.83 (d, J = 3.7, 1H), 7.73-7.64 (m, 4H), 7.62 (d, J =

3.8, 1H), 1.74 (s, 9H).

O Pd(dba), (5 mol%) O
Br — P(o-tolyl); (5 mol%)
Me;Si NMe CsF (10 equiv)
+ >
CH,CN / PhMe (0.075 M, 1:1)
TfO 110°C,24 h

OMe (60% yield, 1.1:1 ratio)

5.35 5.11
(2.0 equiv)

Indoles 5.15 and 5.36. Purification by flash chromatography (50:1 Hexanes:EtOAc) afforded an
inseparable mixture of indoles 5.15 and 5.36 (60% yield, average of two experiments, 1.1:1

ratio) as a white solid. Indoles 5.15 and 5.36: R;0.27 (4:1 Hexanes:EtOAc); 'H-NMR (500 MHz,
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C¢Ds, combined): 6 9.42 (dd, J = 8.3, 1.3, 1H), 8.93 (d, J = 2.6, 1H), 8.69 (dd, J = 7.9, 1.3, 1H),
8.57-8.50 (m, 5H), 8.48 (d, /J=9.0, 1H), 8.22 (d, J=2.5, 1H), 7.60-7.47 (m, 6H), 7.30-7.26 (m,
3H), 7.21 (dd, J=9.2, 2.6, 1H), 6.72 (d, /= 6.7, 1H), 6.69 (d, J= 3.2, 1H), 3.61 (s, 3H), 3.55 (s,
3H), 3.001 (s, 3H), 2.995 (s, 3H); "C-NMR (125 MHz, C4Ds, combined): § 159.6, 159.3, 136.7,
136.6, 133.32, 133.31, 131.2, 131.0, 130.8, 129.7, 128.6, 128.5, 127.6, 126.6, 126.4, 126.2,
126.0, 125.8, 125.4, 125.3, 125.2, 125.1, 125.0, 124.6, 124.5, 124.4, 124.0, 123.6, 123.27,
123.25, 118.1, 118.0, 115.5, 115.0, 110.8, 110.5, 110.1, 106.5, 104.5, 104.0, 55.0, 54.9, 32.31,
32.28; IR (film): 2934, 2834, 1614, 1510, 1414, 1246, 1227 cm™'; HRMS-APCI (m/z) [M + H']

caled for CppHigsNO", 312.13829; found 312.13897.

O Pd(dba), (5 mol%) O
Br - P(o-tolyl)z (5 mol%)
Me;Si NMe CsF (10 equiv)
+ L
CHZCN/ PhMe (0.075 M, 1:1)
TfO 110°C, 24 h

NO, (60% yield, 1.1:1 ratio)

5.37 5.11
(2.0 equiv)

Indoles 5.16 and 5.38. Purification by flash chromatography (50:1 Hexanes:EtOAc — 20:1
Hexanes:EtOAc) afforded an inseparable mixture of indoles 5.16 and 5.38 (80% yield, average
of two experiments, 1.4:1 ratio) as a yellow solid. Indoles 5.16 and 5.38: R, 0.45 (4:1
Hexanes:EtOAc); "TH-NMR (600 MHz, CDCl3, major): 6 10.10 (d, J=2.4, 1H), 8.79 (d, /= 9.1,
1H), 8.71 (d, /= 8.3, 1H), 8.66 (d, J= 8.2, 1H), 8.55 (d, /=9.2, 1H), 8.41 (dd, /= 9.0, 2.3, 1H),
7.78=7.72 (m, 2H), 7.68-7.65 (ddd, J= 8.1, 7.0, 1.2, 1H), 7.54 (d, J = 3.1, 1H), 7.39 (d, J = 3.2,
1H), 4.00 (s, 3H); "H-NMR (600 MHz, CDCls, minor):  9.54 (d, J = 2.3, 1H), 9.21 (d, J = 8.3,
1H), 8.75 (d, J/=9.1, 1H), 8.70 (d, J = 8.3, 1H), 8.55 (d, /= 8.9, 1H), 8.35 (dd, /= 9.0, 2.3, 1H),

7.82 (ddd, J = 8.1, 7.0, 1.3, 1H), 7.76-7.71 (m, 2H), 7.51 (d, J = 3.1, 1H), 7.36 (d, J = 3.2, 1H),
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4.00 (s, 3H); "C-NMR (125 MHz, CDCl;, combined): & 146.4, 146.0, 136.8, 136.4, 134.8,
133.3, 132.51, 132.48, 131.3, 131.0, 129.9, 129.4, 129.0, 128.7, 128.6, 127.4, 127.3, 126.8,
126.4, 125.2, 124.6, 124.4, 124.21, 124.17, 124.14, 123.8, 123.60, 123.55, 123.5, 123.1, 122.8,
119.9, 119.53, 119.47, 117.5, 117.4, 111.7, 111.1, 104.0, 103.4, 33.4, 33.3; IR (film): 2919,
2852, 1597, 1515, 1346, 854, 747 cm’™; HRMS-APCI (m/z) [M + H'] caled for CyH;sNO;",

327.11280; found 327.11387.

I A Pd(dba), (5 mol%) I A —

- P(o-tolyl)3 (5 mol%) NMe
N g, , Megsi NMe CsF (10 equiv) . N O .
CH3CN / PhMe (0.075 M, 1:1)
TiO 110°C, 24 h O

(76% yield, 1.4:1 ratio)
5.39 5.11 5.17
(2.0 equiv)

Indoles 5.17 and 5.40. Purification by flash chromatography (100% Hexanes — 50:1
Hexanes:EtOAc — 9:1 Hexanes:EtOAc) afforded an inseparable mixture of indoles 5.17 and
5.40 (76% yield, 1.4:1 ratio, average of two experiments) as a pale yellow solid. Indole 5.17: Ry
0.34 (4:1 Hexanes:EtOAc); "H-NMR (500 MHz, CDCl3): 6 9.40 (ddd, J=28.2, 4.7, 1.4, 2H), 8.99
(dd, J=4.3, 1.6, 1H), 8.66 (d, 8.2, 1H), 8.54 (d, 8.5, 1H), 7.76 (ddd, J = 8.1, 6.9, 1.6, 1H), 7.71
(ddd, /= 8.3, 6.8, 1.2, 1H), 7.65 (d, J= 9.0, 1H), 7.64-7.60 (m, 1H), 7.38 (d, J = 2.9, 1H), 7.27
(d, J = 3.2, 1H), 3.91 (s, 3H). Indole 5.17: R;0.34 (4:1 Hexanes:EtOAc); 'H-NMR (500 MHz,
CDCl3): 6 9.46 (dd, J= 8.1, 1.3, 1H), 9.18 (d, /= 8.2, 1H), 8.95 (dd, /= 4.3, 1.6, 1H), 8.89 (dd, J
= 8.4, 1.3, 1H), 8.41 (d, /= 9.0, 1H), 7.83 (ddd, J = 8.2, 7.0, 1.7, 1H), 7.77 (ddd, J = 7.2, 5.6,
1.2, 1H), 7.64-7.60 (m, 1H), 7.55 (dd, J = 8.3, 4.3, 1H), 7.53 (d, J = 3.1, 1H), 7.29 (d, J = 3.2,
1H), 3.90 (s, 3H); >C-NMR (125 MHz, CDCls, combined): 147.69, 147.66, 146.9, 145.6, 136.6,
136.3, 134.2, 132.8, 132.7, 131.4, 131.0, 130.1, 129.3, 129.2, 128.8, 128.4, 126.6, 126.4, 126.2,

126.1, 125.8, 125.4, 125.2, 124.6, 124.2, 124.0, 123.9, 123.2, 122.9, 122.8, 122.1, 121.5, 117.7,
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117.3, 111.1, 110.6, 104.0, 103.2, 33.3 (2C); IR (film): 3059, 2920, 1739, 1609, 1579, 1513,
1477, 1444, 1418, 1399, 1349, 1290, 1241 cm’'; HRMS-APCI (m/z) [M + H'] calcd for
Ca0H1sN> ", 283.12297; found 283.11932.

The structure of 5.17 was verified by 2D-NOESY and 2D-COSY of the mixture, as the following

Interactions were observed:

and

5.17 5.17
2D-NOESY 2D-COSsY

Pd(dba), (5 mol%)

= P(o-tolyl); (5 mol%)
Br + Me;Si NMe CsF (10 equiv)
N CH,CN / PhMe (0.075 M, 1:1)
§\ /) TfO

Y

110°C, 24 h

(86% yield, 1.4:1 ratio)

5.41 5.11
(2.0 equiv)

Pyrroles 5.18 and 5.42. Purification by flash chromatography (20:1 Hexanes:Benzene) afforded
a mixture of pyrroles 5.18 and 5.42 (86% yield, 1.4:1 ratio, average of two experiments) as a
yellow solid, mp: 135-140 °C. Pyrroles 5.18 and 5.42: R;0.56 (4:1 Hexanes:EtOAc); 'H-NMR
(500 MHz, C¢Dg, combined): & 9.01 (dd, J = 8.0, 1.5, 1H), 8.33—8.28 (m, 1H), 8.13 (d, J = 8.9,
1H), 8.01 (d, J=8.7, 1H), 7.65 (dd, J = 3.0, 1.4, 1H), 7.58 (dd, J = 3.0, 1.4, 1H), 7.4 (m, 3H),
7.28 (dd, J=3.2, 0.7, 1H), 7.27-7.23 (m, 2H), 7.22-7.19 (m, 1H), 7.19-7.17 (m, 2H), 7.10 (t, J
=0.9, 1H), 7.09 (m, 2H), 6.92 (dd, J=4.0, 2.9, 1H), 6.84 (dd, J= 3.9, 2.8, 1H), 6.67 (d, J = 3.0,
1H), 6.62 (d, J = 3.3, 1H), 2.96 (s, 3H), 2.92 (s, 3H); "C-NMR (125 MHz, C¢Ds, combined): &

136.7, 136.2, 134.0, 132.9, 131.5, 129.6, 128.9, 128.8, 127.60, 127.58, 127.0, 124.3, 124.2,
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124.0, 123.7, 123.5, 123.4, 122.9, 121.5, 120.4, 118.9, 118.6, 117.9, 117.0, 115.3, 115.2, 113.0,
112.9, 112.7, 112.2, 111.5, 108.8, 105.6, 102.94, 102.88, 101.0, 32.22, 32.19; IR (film): 3102,
2923, 1500, 1441, 1355 cm’'; DART-HRMS (m/z) [M + H'] caled for CioH 5N, 271.12297;

found 271.12191.

Pd(dba), (5 mol%)
— P(o-tolyl)z (5 mol%)
Br Me;Si NMe CsF (10 equiv)
+ >
N CHZCN/ PhMe (0.075 M, 1:1)

Qj TI0 110°C, 24 h

5.43 5.11
(2.0 equiv)

(78% yield, 1.3:1 ratio)

Indoles 5.19 and 5.44. Purification by flash chromatography (100% Hexanes — 100:1
Hexanes:EtOAc — 25:1 Hexanes:EtOAc — 9:1 Hexanes:EtOAc, followed by a second column
of 9:1 Hexanes:EtOAc) afforded an inseparable mixture of indoles 5.19 and 5.44 (78% yield,
1.3:1 ratio) as a bright yellow solid. Indoles 5.19 and 5.44: R,0.32 (4:1 Hexanes:EtOAc); 'H-
NMR (500 MHz, CDCl;, major): 6 8.43 (dd, J = 8.2, 1.0, 1H), 8.28 (dd, J = 8.0, 1.1, 2H), 8.04
(d, J=9.0, 1H), 7.98 (d, J = 8.6, 1H), 7.79 (s, 1H), 7.41 (ddd, J= 7.8, 6.8, 0.9, 1H), 7.36-7.31
(m, 1H), 7.30-7.17 (m, 3H), 7.08 (dd, J = 8.9, 0.6, 1H), 6.63 (d, J = 3.2, 1H), 2.94 (s, 3H); 'H-
NMR (500 MHz, CDCls, minor): 6 8.95 (dd, J = 8.0, 1.6, 1H), 8.41 (dd, J = 8.0, 1H), 8.23 (d, J
=84, 1H),798 (d,J = 7.6, 1H), 791 (d, J = 7.9, 1H), 7.41 (ddd, J = 7.5, 6.9, 0.9, 1H), 7.36—
7.31 (m, 1H), 7.30-7.17 (m, 4H), 7.04 (dd, J = 8.7, 0.7, 1H), 6.58 (d, J = 3.2, 1H), 2.92 (s, 3H);
BC-NMR (125 MHz, C¢Ds, combined): (45 of 46 signals observed) & 137.6, 137.2, 136.7, 136.5,
135.6, 135.5, 134.1, 133.9, 131.7, 131.6, 129.3, 129.2, 127.6, 127.3, 124.6, 124.3, 124.0, 123.8,
123.7, 123.04, 122.95, 122.3, 122.11, 122.06, 121.6, 121.5, 121.4, 121.05, 120.98, 120.7, 119.9,

118.7, 116.8, 116.7, 116.6, 114.8, 111.3, 110.5, 103.2, 102.9, 99.8, 95.2, 32.2 (2C); IR (film):

268



3040, 2923, 1738, 1601, 1550, 1509, 1490, 1447, 1419, 1355; HRMS-APCI (m/z) [M + H]'

caled for Co3Hi7Ny", 321.13862; found 321.13951.

Pd(dba), (5 mol%)

- P(o-tolyl)3 (5 mol%)
N Me;Si NMe CsF (10 equiv)
N >
MeN CH3CN / PhMe (0.075 M, 1:1)
TiO 110°C, 24 h
O (57% yield, 1.4:1 ratio)

5.45 5.11
(2.0 equiv)

Indoles 5.20 and 5.46. Purification by flash chromatography (100% Hexanes — 200:1
Hexanes:EtOAc — 100:1 Hexanes:EtOAc) afforded an inseparable mixture of indoles 5.20 and
5.46 (57% yield, 1.4:1 ratio, average of two experiments) as a yellow amorphous solid. Indole
5.20: R,0.40 (3:1 Hexanes:EtOAc); "H-NMR (500 MHz, C¢Ds): & 9.74 (d, J = 8.5, 1H), 9.09 (d,
J = 8.8, 1H), 8.92-8.88 (m, 1H), 8.48 (dd, J = 8.3, 0.9, 1H) 7.70-7.65 (m, 2H), 7.59-7.43 (m,
4H), 7.29 (dd, J= 7.5, 1.5, 1H), 6.81 (d, J = 3.1, 1H), 3.57 (s, 3H), 3.11 (s, 3H); *C-NMR (125
MHz, C¢Ds): 141.8, 134.8, 134.2, 132.7, 128.4, 128.2, 125.7, 125.3, 125.2, 124.4, 123.9, 123.8,
123.5, 123.3, 122.6, 122.1, 120.3, 118.8, 115.7, 111.4, 109.9, 103.9, 34.0, 32.4. Indole 5.46: R
0.40 (3:1 Hexanes:EtOAc); 'H-NMR (500 MHz, C¢Ds): & 9.37 (d, J = 8.1, 1H), 8.92-8.88 (m,
1H), 8.68 (d, J=9.1, 1H), 8.38 (dd, 8.4, 0.9, 1H), 7.95 (d, /= 3.1, 1H), 7.59-7.43 (m, 3H), 7.40
(ddd, /=179, 7.1, 1.1, 1H), 7.34 (dd, J = 9.1, 0.6, 1H), 7.26 (d, J = 8.1, 1H), 6.72 (d, J = 3.1,
1H), 3.54 (s, 3H), 3.1 (s, 3H); "C-NMR (125 MHz, C¢Ds, 23 of 24 signals observed): 141.5,
136.4, 136.2, 132.8, 126.3, 125.8, 125.1, 124.8, 124.54, 124.51, 124.46, 123.7, 123.6, 123.1,
121.7,119.2, 118.3, 115.3, 109.7, 108.1, 105.8, 34.0, 32.4; IR (film, entire mixture): 3055, 2923,
2854, 1737, 1509, 1472, 1374, 1342, 1245, 1102 cm '; HRMS-APCI (m/z) [M + H]" calcd for

CasHoN,', 335.15428; found 335.15396.
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The structure of 5.20 was verified by 2D-NOESY of the mixture, as the following interaction

was observed:

2D-NOESY

Pd(dba), (5 mol%)
TfO P(o-tolyl)z (5 m_ol%)

N m CsF (10 equiv) . ‘ A

Br .
. N CH;CN / PhMe (0.075 M, 1:1) N
O MeSi Me > 1100, 24 h O
(81% yield)
5.7 5.47 5.48
(2.0 equiv)

Indole 5.48. Purification by flash chromatography (Hexanes — 1:1 Hexanes/benzene) afforded
indole 5.48 (81% yield, average of two experiments) as an off-white solid. Indole 5.48: R 0.25
(9:1 Hexanes:EtOAc); 'H NMR (500 MHz, CDCl3): & 8.92 (s, 1H), 8.73 (d, J = 8.3, 2H), 8.62 (t,
J=1.7,2H), 8.51 (s, 1H), 7.66-7.56 (m, 4H), 7.27 (d, J = 2.6, 1H), 6.70 (dd, J = 0.8, 3.1, 1H),
4.00 (s, 3H); °C NMR (125 MHz, CDCls): (27 of 28 signals observed) & 137.4, 132.0, 131.4,
131.2, 129.6, 129.3, 129.0, 127.3, 127.1, 126.6, 126.1, 125.7, 123.56, 123.55, 123.4, 123.22,
123.15, 115.1, 102.3, 101.1, 33.2; IR (film): 3081, 2928, 2811, 1628, 1601, 1520, 1446, 1218,

1085, 754 cm'; HRMS-APCI (m/z) [M]" caled for Co Hi6N*, 281.11990; found 281.12065.
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—_—
HO N THF, 70 °C TMSO N
5.21 5.22
Silyl ether 5.22. A scintillation vial was charged with 3-bromo-2-hydroxy carbazole (5.21, 4.3 g,
16 mmol, 1.0 equiv) and THF (5.6 mL). 1,1,1,3,3,3-Hexamethyldisilazane (HMDS) (6.9 mL, 2.0
equiv, 33 mmol) was added in one portion, the vial was sealed with a telfon-lined screwcap, and
then the vial was placed in a pre-heated aluminum block to stir 70 °C for 90 min. After the
allotted time, the solution was cooled to 23 °C and concentrated under reduced pressure. After

drying under high vacuum for 12 hours, the crude product, 5.22, was carried forward without

further purification.

Br. 1. +-BulLi

e ey L)

—»

TMSO N 2. Tf,0, Et;N O
H CH,Cl, -78°C  TfO N

5.22 5.23
(563% yield, 2 steps)

Silyl Triflate 5.23. To a scintillation vial was added crude 5.22 (765 mg, 2.29 mmol, 1.00 equiv)
and tetrahydrofuran (THF) (8.5 mL). The resulting suspension was purged with nitrogen for 3
minutes, then cooled to —78 °C. fert-Butyllithium (1.70 M, 4.17 mL, 7.09 mmol, 3.1 equiv) was
then added dropwise over 10 min. The solution was allowed to stir for 1 hour at —78 °C. After the
allotted time, water (408 pL, 22.5 mmol, 10 equiv) was added dropwise over 2 min. The solution
was then allowed to warm to 23 °C over 10 min and the mixture was transferred to a separatory
funnel with water (20 mL) and dichloromethane (20 mL). The layers were then separated and the
aqueous layer was extracted with dichloromethane (2 x 20 mL). The combined organic layers

were dried over MgSOQ,, filtered, and concentrated under reduced pressure. The crude residue
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was then purified by flash chromatography (100% benzene) to afford an intermediate silyl
alcohol as a white solid.

The silyl alcohol from the previous step (403 mg, 1.58 mmol, 1.00 equiv) was suspended
in dichloromethane (15 mL) in a scintillation vial. The headspace was purged with nitrogen for 3
minutes, then cooled to —78 °C. Triethylamine (0.66 mL, 4.7 mmol, 3.0 equiv) was then added in
one portion followed by trifluoromethanesulfonic anhydride (400 pL, 2.37 mmol, 1.5 equiv),
which was added dropwise over 5 min. The solution was allowed to stir for 1 hour at —78 °C.
After the allotted time, saturated aqueous sodium bicarbonate (20 mL) was added over 1 minute.
The solution was then allowed to warm to 23 °C over 10 min and the mixture was transferred to a
separatory funnel with H,O (10 mL) and dichloromethane (20 mL). The layers were then
separated and the aqueous layer was extracted with dichloromethane (2 x 20 mL). The combined
organic layers were dried over MgSQ,, filtered, and concentrated under reduced pressure. The
crude residue was then purified by flash chromatography (100% benzene) to afford silyl triflate
5.23 as a white solid (375 mg, 1.58 mmol, 53% yield over 2 steps). Silyl triflate 5.23: R,= 0.59
(benzene); 'H-NMR (600 MHz, CDCLs): & 8.64 (s, 1H), 7.97 (s, 1H), 7.91 (d, J = 8.6, 1H), 7.31
(td,J=7.7,1.3,1H),7.23 (d,J=7.9, 1H), 7.19 (td, J= 7.6, 1.0, 1H), 5.14 (s, 1H), 0.32 (s, 9H);

HRMS-APCI (m/z) [M + H]" calcd for C1¢H;7NOF;SSi', 388.05723; found 388.05692.

TMS O O NaH, Mel ™S Q O
DME,20°C
TfO H TfO N

(77% yield) Me
5.23 5.24

N-Me-Carbazole Silyl Triflate 5.24. To a 2-dram vial was added carbazole silyl triflate 5.23
(196 mg, 0.506 mmol, 1.00 equiv) and DME (1.7 mL, 0.3 M). The resulting mixture was stirred

under positive nitrogen pressure. The mixture was cooled to —20 °C in a dry ice water/methanol
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bath (7:3) for 5 min. To the cooled solution was added iodomethane (48 pL, 0.76 mmol, 1.5
equiv). Next, the septum was removed and NaH (60% dispersion in mineral oil, 40.5 mg, 1.01
mmol, 2.0 equiv) was added in a single portion, then the septum was quickly replaced. The
reaction continued to stir under nitrogen at —20 °C for 2 h, at which point the reaction was
quenched with sat. aq. NH4CI (5 mL) and allowed to stir at 23 °C for 5 min. The mixture was
transferred to a separatory funnel containing water (10 mL) and EtOAc (10 mL). The layers were
separated and the aqueous layer was extracted with EtOAc (3 x 10 mL). The organic layers were
combined, dried over MgSQ,, filtered, and concentrated under reduced pressure to afford a
yellow solid. The crude material purified by flash chromatography (dry-loaded using 600 mg of
silica, 16:1 Hexanes:benzene) to yield N-Me-carbazole silyl triflate 5.24 (156 mg, 77% yield) as
a white solid. N-Me-carbazole silyl triflate 5.24: Ry 0.79 (9:1 Hexanes:EtOAc); 'H NMR (600
MHz, CDCl): 6 8.18 (s, 1H), 8.11 (d, /=7.9, 1H), 7.53-7.50 (m, 1H), 7.43 (d, J = 8.3, IH), 7.38

(s, 1H), 7.30 (td, J = 7.5, 0.9, 1H), 3.85 (s, 3H), 0.4 (s, 9H);

™S O Boc,0, DMAP TMS O O
o O . THF, 23 °C o N

H (93% yield) Boc
5.23 5.25

N-Boc-Carbazole Silyl Triflate 5.25. To a 50 mL round bottom flask was added carbazole silyl
triflate 5.23 (1.00 g, 2.58 mmol, 1 equiv), THF (13 mL, 0.2 M), 4-dimethylaminopyridine (63
mg, 0.51 mmol, 0.2 equiv), and di-tert-butyl dicarbonate (839 mg, 3.84 mmol, 1.5 equiv). The
resulting mixture was purged with nitrogen for 3 minutes, then continued to stir under positive
nitrogen pressure at 23 °C for 2 h. The mixture was quenched with deionized water (10 mL). The

layers were separated and the aqueous layer was extracted with CH,Cl, (3 x 10 mL). The organic
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layers were combined, dried over Na,SOs, filtered, and concentrated under reduced pressure to
afford a yellow solid. The crude material purified by flash chromatography (100:1
Hexanes:EtOAc) to yield N-Boc-carbazole silyl triflate 5.25 (1.17 g, 93% yield) as a white solid.
N-Boc-carbazole silyl triflate 5.25: R,0.57 (9:1 Hexanes:EtOAc); "H NMR (600 MHz, CDCl3): &
8.36 (d, J = 8.6, 1H), 8.35 (s, 1H), 8.08 (s, 1H), 8.00 (d, /= 7.9, 1H), 7.51 (td, J = 7.6, 1.0, 1H),

7.39 (td, J= 7.5, 1.0, 1H), 1.76 (s, 9H).

O Pd(dba), (5 mol%)
. P(o-tolyl)z (5 mol%)
S CsF (10 equiv) ‘O
+ >
CH4CN / PhMe (0.075 M, 1:1) N
O 0 Me 110°C, 24 h O Me

(86% vyield)
57 5.24 5.26
(2.0 equiv)

Carbazole 5.26. Follows representative annulation procedure above. Purification by flash
chromatography (100% Hexanes — 1:1 Hexanes:Benzene) afforded carbazole 5.26 (86% yield)
as an off-white solid. Carbazole 5.26: R, 0.74 (4:1 Hexanes:EtOAc); '"H NMR (400 MHz,
CDCls): 6 9.38 (s, 1H), 8.86 (d, J = 8.2, 1H), 8.81 (d, J = 7.8, 1H), 8.68 (td, J = 8.6, 1.5, 2H),
8.54 (s, 1H), 8.31 (dt, J=17.8, 0.9, 1H), 7.72-7.60 (m, 4H), 7.63 (td, J = 7.8, 1.1, 1H), 7.58 (td, J
=78, 1.1, 1H), 7.47 (d, J = 8.1, 1H), 7.33 (td, J = 7.4, 0.8, 1H), 4.03 (s, 3H); °C NMR (100
MHz, CDCL): (27 of 28 signals observed) 6 142.9, 141.3, 131.1, 130.6, 130.0, 128.85, 128.78,
127.4, 127.1, 127.0, 126.8, 126.1, 123.9, 123.6, 123.5, 123.4, 123.1, 123.0, 122.9, 120.8, 119.2,
114.8, 108.5, 101.1, 29.3; IR (film): 3049, 2923, 2854, 1638, 1603, 1500, 1443, 1258, 754 cm ';

HRMS-APCI (m/z) [M]" caled for CosHisN", 331.13555; found 331.13609.
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1. Pd(dba),, CsF
P(o-tolyl)z, 110 °C
Br TfO O CH5CN/PhMe ‘0
+ >

2. TFA/CH,CI,, 23 °C N

. N 2%12,
Q™ ok o

(2 equiv) (65% yield)

5.7 5.25 5.27

Carbazole 5.27. A 2-dram vial was charged with Pd(dba), (7.1 mg, 0.012 mmol, 5 mol%). Next,
toluene (1.3 mL), P(o-tolyl); (3.8 mg, 0.012 mmol, 5 mol%), 2-bromobiphenyl (5.7) (58.0 mg,
0.248 mmol, 1.0 equiv), silyl triflate 5.25 (241 mg, 0.495 mmol, 2.0 equiv), and acetonitrile (1.6
mL) were added, followed by an oven-dried magnetic stirbar and then CsF (376 mg, 2.48 mmol,
10.0 equiv). The vial was purged with nitrogen for 3 minutes, then sealed with a Teflon-lined
screw cap and stirred at 110 °C for 24 h. After allowing cooling to 23 °C, the mixture was
transferred with dichloromethane (20 mL) and H,O (10 mL) to a separatory funnel containing
brine (15 mL). The layers were separated and the aqueous layer was extracted with
dichloromethane (3 x 30 mL). The combined organic layers were dried over Na,SO,, filtered,
and concentrated under reduced pressure to yield a brown residue that was carried forward
without further purification.

The crude material was dissolved in 10:1 CH,Cl,:TFA (24.2 mL, 0.01 M) and stirred at
23 °C for 5 h. The reaction was then slowly transferred to a separatory funnel containing sat. aq.
sodium bicarbonate (30 mL). The mixture was further diluted with CH,Cl, (10 mL) and the
layers were separated. The organic phase was dried over Na,SO4 and filtered. To the filtrate was
added silica (500 mg). The resulting mixture was dried under reduced pressure until a free
flowing solid was obtained. The crude material purified by flash chromatography (100%
Hexanes, then 9:1 Hexanes/EtOAc, then 1:1 Hexanes/benzene) to yield carbazole 5.27 (51 mg,
65% yield) as an off-white solid. Carbazole 5.27. R, 0.63 (4:1 Hexanes:EtOAc); 'H NMR (600

MHz, DMSO-de): & 11.35 (s, 1H), 9.62 (s, 1H), 9.0 (d, J = 8.0, 1H), 8.82 (d, J = 8.3, 1H), 8.76
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(dd, J = 12.5, 8.3, 2H), 8.72 (s, 1H), 8.43 (d, J = 7.5, 1H), 7.73-7.69 (m, 2H), 7.67 (t, J = 6.9,
1H), 7.62 (t, J = 7.5, 1H), 7.55 (d, ] = 8.0, 1H), 7.46 (t, ] = 7.5, 1H), 7.24 (t, J = 7.5, 1H); HRMS-

APCI (m/z) [M + H]" calcd for Co4H gN", 318.1277; found 318.12843.

of Hag

5.27 ?' NaO#Bu
Au
+ . f
gﬁprfﬁprﬁ (78% yield) gﬁm :-Pp
N N N
wpr ) N ipr i-Pr i-Pr
LA LA

Me Me Me Me
5.28 5.29

Carbazole-Au—-MAC 5.29. Sodium tert-butoxide (7.3 mg, 76 umol) was added into a solution
of 5.27 (23 mg, 72 pmol) in THF (10 mL). 5.28 (50.2 mg, 73.9 umol) was added into the
reaction flask in one portion and the mixture was left stirring under inert gas at room temperature
for 12 hours. The solution was filtered through a plug of celite (2 cm in a 15 mL fritted funnel),
washed with THF (10 mL), and the volatiles were removed under reduced pressure. A minimum
amount of dichloromethane was added into the residue, followed by 15 mL of dry hexane to
precipitate out a solid which was collected by vacuum filtration and washed by more hexane to
yield (42 mg, 78% yield). Carbazole—Au-MAC 5.29: 'H NMR (400 MHz, CDCl3) & = 9.17 (s,
1H), 8.72 (d, 1H), 8.57 (ddd, J = 18.5, 8.3, 1.1 Hz, 2H), 8.39 (d, 1H), 8.08 (d, /=74, 1.5, 0.7
Hz, 1H), 7.82 — 7.70 (m, 3H), 7.65 — 7.44 (m, 8H), 7.04 — 6.91 (m, 2H), 5.81 (d, 1H), 3.86 (s,
2H), 3.36 (hept, J = 6.5 Hz, 2H), 3.08 (hept, J = 6.8 Hz, 2H), 1.45 — 1.33 (m, 18H), 1.26 (d, J =

6.8 Hz, 6H).
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Carbazole-Au-BZI 5.31. Sodium fert-butoxide (6.4 mg, 33 mmol) was added into a solution of
5.27 ligand (20 mg, 63 mmol) in THF (10 mL). 5.30 (44.4 mg, 66.2 mmol, 2.0 equiv) was added
into the reaction flask in one portion and the mixture was left stirring under inert gas at room
temperature for 12 hours. The solution was filtered through a plug of celite (2 cm in a 15 mL
fritted funnel), washed with THF (10 mL), and the volatiles were removed under reduced
pressure. A minimum amount of dichloromethane was added into the residue, followed by 10
mL of dry hexane to precipitate out an off-white solid which was collect by vacuum filtration
and washed by more hexane to yield (47 mg, 68% yield). Carbazole-Au-BZI 5.31: '"H NMR
(400 MHz, CDCl3) 6 9.25 (s, 1H), 8.77 (dd, J= 8.5, 1.3 Hz, 1H), 8.60 (ddd, /= 16.7, 8.4, 1.4 Hz,
2H), 8.28 (dd, J= 8.5, 1.4 Hz, 1H), 8.17 (dd, J = 7.6, 1.0 Hz, 1H), 8.13 (s, 1H), 7.86 (t, J = 7.8
Hz, 2H), 7.72 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H), 7.65 — 7.56 (m, 6H), 7.52 — 7.47 (m, 3H), 7.29 —
7.26 (m, 2H), 7.16 (ddd, J = 8.2, 7.0, 1.3 Hz, 1H), 7.01 (ddd, /= 7.9, 7.0, 1.0 Hz, 1H), 6.67 (dd,
J=28.1,0.9 Hz, 1H), 2.60 (hept, J = 6.9 Hz, 4H), 1.40 (d, J = 6.9 Hz, 12H), 1.19 (d, J = 6.8 Hz,

12H).

General Procedure for 1% Polysterene Films. A mixture of polystyrene pellets (99 mg) and

toluene (2 mL) was sonicated for 1 h, until all pellets are dissolved. Two-coordinate metal
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complex (1 mg) was dissolved in the solution. Using a pipet, ~0.5 mL of the solution was
drop-casted onto a glass substrate (2 cm x 2 cm) to achieve an even surface. The film was left to
air-dry for 30 min and then placed in the vacuum chamber for further drying overnight. The

resulting film was used to acquire the photophysical data.

5.8.3 Computational Data

Density functional theory (DFT) calculations were executed using Q-Chem 5.1 program® at the
B3LYP/LACVP** level for ground state geometry optimization. Time-dependent density
functional theory (TD-DFT) calculations were performed on the ground state optimized
geometries at the CAM-B3LYP/LACVP** level for a balanced description of both charge-

transfer and locally excited (LE) states (Table 5.3).

Table 5.3. Calculated frontier molecular orbital, singlet (S;), and triplet (T;) energies.

HOMO (ev) LUMO (eV) Euoiu(€V) Sqi(eV) Ty (eV)
carbazole  —5.47 ~0.63 4.84 4.56 3.05

5.27 -5.30 -1.14 416 4.02 2.50
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5.9 Spectra Relevant to Chapter Five:

Heterocyclic Aryne Annulations for the rw-Extension of Donor Ligands in

Two-Coordinate Metal Complexes
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Figure 5.7. °C NMR (125 MHz, CDCl;) compound 5.13
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Figure 5.8. "H NMR (500 MHz, CDCls) compound 5.14
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Figure 5.9. '"H NMR (500 MHz, C¢Dg) compound 5.15 and 5.36
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Figure 5.10. °C NMR (125 MHz, CsDs) compound 5.15 and 5.36
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Figure 5.12. °C NMR (125 MHz, CDCl;) compound 5.16 and 5.38
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Figure 5.13. "H NMR (500 MHz, CDCl;) compound 5.17 and 5.40
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Figure 5.14. °C NMR (125 MHz, CDCl;) compound 5.17 and 5.40
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Figure 5.16. °C NMR (125 MHz, CsD¢) compound 5.18 and 5.42
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Figure 5.17. "H NMR (500 MHz, C4Ds) compound 5.19 and 5.44
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Figure 5.18. >C NMR (125 MHz, CsDs) compound 5.19 and 5.44
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Figure 5.19. "H NMR (500 MHz, C4Ds) compound 5.20 and 5.46
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Figure 5.20. °C NMR (125 MHz, CsDs) compound 5.20 and 5.46
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Figure 5.21. H NMR (500 MHz, CDCl3) compound 5.48
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Figure 5.22. "H NMR (500 MHz, CDCl;) compound 5.23
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