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Abstract
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Sulfones are useful bioisosteres in drug discovery, and have an unusual
ability to engage in binding with both polar and nonpolar regions of target
proteins. Despite this, they have seen limited use in drug-screening campaigns,
compared with other functional groups. With the goal of generating a library of
bicyclo[3.2.1]sulfone-containing molecules to probe biological function, a tandem
1,2-addition/anionic oxy-Cope/1,2-addition reaction proceeding from 3-sulfolene
and discovered by previous members of our group was used to prepare highly
substituted scaffolds for diversification. Functional group manipulations on this
scaffold were partially successful, but ultimately provided limited scope for
exploring three-dimensional space.

Moving to a less-substituted bicyclo[3.2.1]sulfone scaffold that could be
accessed using methodology developed by the Chou group, it was found that a
greater range of chemical diversification could be achieved. Using both
substrate-directed methods and intrinsic functional group reactivity, about 70% of
the skeletal framework was functionalized with high levels of regioselectivity and
(in some cases) good levels of diastereoselectivity.

Chemoinformatic analysis was performed on our collection of synthesized
bicyclo[3.2.1]sulfone-containing molecules, and diverse molecular descriptors
were obtained. Collaborations were established with industrial partners and non-
profit institutions for the purpose of determining biological properties in
medicinally relevant areas. Significantly, each of these partners joined the project
with therapeutic expertise in a different field (oncology, neurodegenerative
diseases, antimicrobial agents, and skin inflammation), thereby maximizing the

chances of finding useful lead compounds for future development. Preliminary



biological screening data were obtained, which suggest future potential for
sulfone-containing conformationally restricted small molecules to be impactful in

therapeutic development.
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Chapter 1 - Introduction

Chapter 1.1 Modern Evolution of Medicinal Chemistry.

Drug discovery is a complex and dynamic process where many strategies and
ideas are developed in the pharmaceutical industry with the aim to improve human
health. One of the most common strategies in medicinal chemistry? is oriented around
prior understanding of the biological target of interest: its role in a given disease should
be clearly validated in order to affirm its therapeutic value. Once an assay system has
been developed, automated high-throughput screening of compound libraries can be
performed in order to identify candidates with a good target affinity.2 Once a favorable
ligand is determined, rational optimization via chemical structure alteration will be
performed to enhance target selectivity as well as to improve pharmacokinetic and
pharmacodynamic properties.® Structure-activity relationships (SAR) can be derived as
one performs data analysis to determine any correlation between changes of the
chemical structure and variation in biological effects.* As a result, many chemical
compounds are designed, built, and tested to derive a fundamental understanding of
how the ligand works in the physiological environment, with the assistance of computer

modelling and crystallographic data.
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Figure 1. Simple Overview of Drug Development Timeline After Lead Identification.®



However, this approach requires huge investment in resources, manpower, and
time® towards analogue chemical synthesis. Even then, depending on project difficulty,
one may expect at least two to three years’ of high-risk development in early-stage drug
discovery. Figure 1 illustrates that on average, the time required for development of one
market-approved drug requires between 12 to 16 years, with a minimum of 5000 to
10000 compounds required for early-stage screening after a suitable lead candidate has
been identified. Realistically, there are many diseases for which we currently lack a full
understanding of the underlying biology; as a result, one can expect an even higher
barrier of entry to find a cure. To mitigate any obstacles that may arise from chemical
synthesis, researchers tend to favor chemical reactions that are highly robust, provide
good chemoselectivity and reactivity, offer high reproducibility, and are widely tolerant of
functional groups.? These reactions include transition metal-catalyzed aryl-aryl cross-
coupling reactions,® amide bond formations,'° reductive aminations,*! olefin
metathesis,*? and alkene hydrogenations.*® As illustrated in Figure 2, most of the
chemical reactions employed by medicinal chemists result in no change in hybridization,
which leads to little or no change in overall molecular shape. Because the precursors in
these coupling reactions tend to be sp?-hybridized planar molecules, the resulting
coupled products generally exhibit little deviation from planarity, baring the formation of
atropisomers. An example would a typical Suzuki-Miyaura coupling reaction, in which a
sp?-hybridized organohalide reacts with a sp?-hybridized boronic acid, resulting in
formation of a Csp~Csp2 bond. These biases have a huge impact on the overall three-

dimensional shape of drug candidates.'4
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Figure 2. Some of the most frequently used chemical reactions employed by medicinal chemists in recent

years.¢ Chemical reactions highlighted in red do not change overall molecular shape.

For drug discovery campaigns where little to no information about the biological
target(s) are provided, shape variation should be an important criterion to consider. If a
given molecular shape does not interact favorably with any surface of biological target
Y, then a library of molecules that have very similar 3D shapes will end up performing
similarly, and generate little to no activity. Researchers may interpret these data
incorrectly and term the biological target “undruggable”. In recent years, the community
of medicinal chemists have gradually become more aware of how the three-
dimensionality of synthesized molecules can be of importance in bestowing desired
biological consequences.'® Molecular shapes can be quantified using principal moments
of inertia plots: this is done by normalizing Cartesian coordinate systems into a two-
dimensional graph'® containing an isosceles triangle, where each edge corresponds to
various archetype shapes: linear (or sometimes referred to as rods), sphere, and
disks.'” Each molecule is represented as one coloured data point within the triangle. For
molecules with a high proportion of sp?-hybridized carbons, one can envision

distribution of data points near the edges indicating linear or disc shapes. Indeed,



Brown and coworkers have illustrated that as one surveys the ChEMBL database,!®
underpopulation of certain regions of medicinal chemical space can be identified, as

shown in Figure 3.

o ChEMBL v18
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Figure 3. Principal moments of inertia (PMI) plot constructed from a proportion of compounds in ChEMBL
space. Reproduced with permission.8

Biological interaction is reliant on chemical interaction on a three-dimensional
scale; a molecule of more diverse and broader three-dimensional shape will occupy a
greater amount of volume, thus leading to an increase in contact area overlap between
two surfaces. This geometric change translates to higher chance of surface recognition
between a small molecule and the biological enzyme of interest.'® Highly planar drug
candidates tend to have lower target selectivity,?® leading to undesirable biological
effects.?* This mandates a new paradigm in drug discovery with an emphasis on crafting
sp3-rich compounds for medicinal chemistry applications.

Since the early 1960s, a new trend gradually emerged, in which commercially
available chemical building blocks can be quickly assembled via simple chemical
reactions.?? The impact of this concept can lead to rapid expansion of chemical

collections with various molecular sizes using a single chemical process. This new
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ideology was coined combinatorial chemistry, and technologies emerged to support the

rapid synthesis of compound libraries with minimal purification.?® The grandeur of this
idea was substantiated by many new discoveries, and it was once hailed by the
pharmaceutical industry as the next revolution in drug research and discovery.?*

One of the best examples of the power of combinatorial synthesis in medicinal
chemistry is the discovery of the potent anticancer compound sorafenib.?> During the
early 2000s, Bayer was in collaboration with Onyx Pharmaceuticals to discover novel
therapeutics aimed at the Ras/Raf/MEK/ERK kinases.?® An initial biochemical screen of
200,000 compounds was performed to identify a project lead.?’ Afterwards, structure—
activity evaluation was performed mainly via amino-isocyanate coupling (see scheme 1)
using a robotic rapid parallel synthesizer. An additional 1,000 analogues were created
for further testing in a cellular screening platform, which was used to evaluate Rafl
kinase inhibitory activity.?® After several rounds of analogue synthesis by combinatorial
chemistry to improve potency, a victor labelled BAY 43-9006 emerged. This drug
candidate was later given the name sorafenib, and eventually went into widespread
clinical use for the treatment of advanced renal cell carcinoma and hepatocellular

carcinoma. 2°

Y Y
O 0}
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X > X R N 3
— or — o) | \n/
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X =S8, O, NH, NMe sorafenib

Y = OMe, NHMe

Scheme 1. An overall reaction scheme of how sorafenib was discovered.

Since this time, however, the rate of successful discovery has rapidly dropped.3° Data
analysis revealed that this could be attributed to limited chemical space that can be
encompassed by a single chemical reaction.3! To make matters worse, Schmidt has
suggested that combinatorial chemistry suffers from the same drawbacks, arguably
more so, of traditional medicinal chemistry discovery: the low proportion of sp3-
hybridized carbons and stereogenic centers.®? Indeed, using limited templates to build a

large collection of chemical compounds without providing for any changes in three-
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dimensionality will result in little to no variation in structural topology, depending on the

coupling building blocks. This is not to say, of course, that sp2-rich compounds cannot
be successful drugs. The majority of successful kinase inhibitors are comprised
principally of sp2-centres, and members of this family (e.g. imatinib, pazopanib,
regorafenib, sorafenib, etc.) have proven to be phenomenally successful at treating a
wide range of diseases. However, this is to some extent a “special case” (albeit an
economically significant one!) since these molecules occupy a pocket that has evolved
to bind the sp?-rich adenine base within ATP. Biology in general exhibits substantially
greater three-dimensionality than is found wihin the structure of ATP; it therefore stands
to reason that molecules with less planar structures may be useful in targeting a
broader selection of disease-specific targets.

Many critics have argued that the most successful examples of drug discovery arise
from sufficient fundamental understanding of the biological target, including its structural
information.33 Rapid synthesis of a large collection of chemical structures without
understanding how the template itself can interact with the biological target is
meaningless: if the template does not orientate the substituents favorably for bioactivity,
the whole collection will be rendered useless as no bioactive compounds can be
discovered. Significant resources and time are committed for purification and
characterization, which often exceeds initial expectation. Minimal SAR data will be
generated despite the number of compounds made. All in all, the usage of solely
combinatorial chemistry to develop drug candidates without proper guidance was
doomed to fail. Despite the limited utility of combinatorial chemistry in early stage drug
discovery,3* one can argue that if a hit candidate is identified, small pools of chemical
analogues can be assembled in a timely fashion using various chemical building blocks.
Consequently, hit-to-lead optimization can proceed within a reasonable timeframe.
Thus, the usage of combinatorial chemistry has remained as a powerful tool in
advancing innovation within medicinal chemistry.3%

In combinatorial chemistry, the diversity of molecular shapes is highly dependent on
the type of building blocks and scaffolds, resulting in structurally similar chemical
libraries. One can argue that with some exceptions, compounds with high structural

similarity exhibit similar biological profiles, thus limiting the progress for searching novel



biological targets.®® Instead, Schreiber and co-workers propose that if one were to
design molecule libraries with an emphasis of broad structural diversity and molecular
complexity, then larger chemical space can be occupied, thereby allowing rapid
interrogation with a wide range of cellular targets, thus leading to higher probabilities of
identifying novel lead compound.3” Many biological applications have followed through
using this concept, which is given the name diversity-orientated synthesis (DOS),
spanning from usage in fragment-based drug discovery,*® to the development of small
molecular probes that helped elucidate novel biological pathways.® To help understand
how to achieve the syntheses of small molecules with structurally unique architecture
more efficiently, Nielson and Schreiber developed a rational guideline for systemically
designing:4°

e Build: Chemical building blocks with predefined stereochemistry are assembled
using organic synthesis.

e Couple: Intermolecular coupling is carried out with different reagents and pre-
synthesized building blocks in order to generate densely functionalized
molecules.

e Pair: Based on analysis of all functional group present, pairing allows
intramolecular coupling to occur. Different ring formation can arise from different
combination of functional group pairing, thereby leading to diverse formation of
skeletal frameworks.

An informative representation for these criteria is shown in Figure 4. During the
building phase, chiral building blocks can be obtained either by enantio- and
diastereoselective reactions or from natural origins (“chiral pool”).4! The design of
building blocks should allow for functional groups required during the coupling phase
and pairing phase to be embedded, thus allowing for subsequent stereochemical
diversity through mix-and-match.*? Ideally, all sterecisomeric elements should be
controlled during the coupling phase to allow the fully dense array of functional groups
to remain intact during the subsequent pairing phase. Additionally, broader occupation
of three-dimensional space can occur during the coupling phase, depending on building
blocks of varying molecular weight and size. Consequently, an increase in molecular

size translates to greater volume of occupation, which also leads to an increase in



interacting surface area between the synthesized molecule and any cellular proteins;
thus one would expect greater perturbation of cellular function. Finally, identification of
suitable functional group pairs can allow for highly diverse skeletal outcome. By
capitalizing different functional group interaction amongst transition metals,*® or pre-
designed cyclization and pericyclic reactions,** compounds of uniquely different
molecular frameworks and various ring sizes, which is an important attribute to the
overall skeletal diversity within a screening collection, can be generated. Topological
differences amongst chemical matters allow for different interaction, thereby leading to
changes in binding selectivity amongst protein surfaces. Thus, divergent outcomes can
arise from a common scaffold of systematic design, allowing for a diverse number of
binding events to occur.

(OB )
BUILD COUPLE PAIR multiple modes of
.jj functional group pairing
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polar non-polar non-polar ' to polar

P

polar polar
to to
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O functional group for coupling
@ functional group for pairing (non-polar)
Q functional group for pairing (polar)

Figure 4. An illustrative diagram to demonstrate how DOS results in skeletally comprehensive structures
through functional group pairing.

Over the past two decades, many research labs have adopted this strategy and
have seen some success,* which have helped to identify new therapeutic targets and
biological mechanisms of action,*¢ as well as small molecule drug candidates capable of
modulating the functions of these new targets.*’ For example, the central motif of 8-

membered benzo-fused lactams can be generated via the build-couple-pair strategy
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using readily synthesized amino alcohols, amino acids, and aryl acid halides, as shown

in scheme 2.
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Scheme 2. An example of how DOS provides stereochemically different molecules.

The convergent strategy to combine all linear building blocks allows rapid
synthesis of the core macrocycle. Further investigation of all stereocisomers, as well as
different appendage partners led to the identification of different bioactivity, with
selected examples shown in Figure 5.48
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Figure 5. List of benzofused lactams from DOS and their respective biological applications.

Chapter 1.2 Predictors and Strategies in Drug Design.

In the 1990s, Lipinski and coworkers published a landmark article that highlighted
important parameters and changed the way people analyze drug candidates.* Using

data from the World Drug Index, Lipinski and coworkers analyzed physicochemical
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properties of all marketed drugs dating back to 1964 in order to determine parameters

for identifying good cellular permeability. They discovered common trends which were
later termed “the rule of five” — for any orally administered drug molecules that are not
substrates for biological transporters:

e The molecular weight should not exceed 500 Da

e The number of hydrogen-bond donors should not exceed 5

e The number of hydrogen-bond acceptors should be less than 10

e The partition coefficient between octanol and water should not exceed 5.

These criteria helped shape the mindset of the medicinal chemistry community,
as many researchers viewed Lipinski’s rule of five as important guidelines for predicting
if a molecule has the desired physicochemical properties for use as a drug.
Nonetheless, many exceptions to these rules are known,*° and one should be careful to
avoid an over-reliance on Lipinski’'s guidelines. Figure 6 represents an informative
comparison between three marketed drugs. Grazoprevir is an orally-administered drug
approved for the treatment for hepatitis C.5! However, its physicochemical properties
clearly do not abide by all of Lipinski’s rule of five, as highlighted in red. On the other
hand, donepezil and imatinib are orally-administered drugs that both abide by Lipinski’s
rule of five. However, the former is ineffective for stopping progression of patients in
Alzheimer’s disease, °? whereas the latter is a blockbuster success in treating different

types of cancer.>®
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Figure 6. Comparison of molecular descriptors between three approved and marketed drugs. Criteria that
violate Lipinski’s rule of five are highlighted in red. 54
Many newly developed drug discovery programs have been heavily influenced by
these criteria during the search for compounds that exhibit high “druglikeness”. An ideal
druglike molecule would have the following properties:
e Soluble in both aqueous and organic phases.
o The logarithm of partition coefficient in octanol and water, known as LogP, is a
common measure of a molecule’s solubility.
e High potency toward the desired biological target.
o This is usually expressed as ICs, the maximum concentration at which half of the
target population undergoes inhibition of function.
¢ Low molecular weight

o Smaller molecular size leads to higher rate of cellular diffusion.

Variants based on Lipinski’s rule of five later emerged to improve the prediction of
molecular physicochemical properties of a drug candidate.>® Veber and coworkers
proposed that the molecular weight cutoff was highly arbitrary, and the following
predictiors are more suited to predict good oral bioavailability:°®

e Number of rotatable bonds should be 10 or fewer

e Polar surface area should not exceed 140 A2. The definition of polar surface area is the

sum of all surface areas for all polar heteroatoms (usually oxygen or nitrogen) in a

molecule.®’

More recently, Lovering and coworkers have attempted to use identifiable molecular
properties to address the importance of molecular complexity towards the community of
medicinal chemists.58 As discussed before, molecular architecture is important when
considering any spatial interaction between ligand and biological target of interest. They
proposed that the following parameters can be used to address this problem:

e Fsp?: fraction of sp3-hybridized carbons within a molecule of interest.

e Number of chiral centers in the molecule of interest.

Their analysis of the GVK BIO database identified that during transition from lead
identification to drug candidate optimization, an increasing trend of saturated carbon
counts can be observed. Combined with previous physicochemical filters, an active
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approach to addressing pharmacological effects during drug design has been applied to

the development of discovering new drug candidates.>®

The development of maraviroc provides an illustrative case study.® Initial high-
throughput screening (HTS) from Pfizer for an antagonist of the CCR5 receptor, which
is expressed on the surface of leukocytes and is involved in HIV virion entry into human
cells, yielded UK-107,543.51 The molecule had weak affinity, but after some structural
optimization, an increase in potency was observed for the structural analogue UK-
382,005.%2 However, an inherent problem was that the inhibitor was also active towards
CYP2D6, a metabolic enzyme expressed primarily in hepatocytes and the central
nervous system.®? This spelled trouble for the campaign, and during their venture
towards minimizing CYP2D6 toxicity, they discovered that the solution was to replace
the aminopiperidine moiety into a more structurally rigid tropane skeleton.®* The
resultant UK-408,300 had excellent binding affinity and antiviral activity yet exhibited no
CYP2D6 activity. Further structural changes were necessary to mitigate inhibition of the
hERG ion channel and to improve metabolic stability, ultimately leading to the
emergence of maraviroc.®® Due to its well-tolerated safety profile and remarkable
potency to reduce at least 80% of viral load in a 48 week Phase Il daily-dose trial over
48 weeks, maraviroc received approval from the FDA for marketing within 4 months of

application review.%6
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Scheme 3. The evolution of maraviroc from hit-to-lead optimization until drug approval, with selected
examples from the discovery campaign shown. Structural changes are highlighted in red.

To achieve the desired physicochemical properties, appropriately positioned
functional groups are necessary and can be accomplished by careful consideration of
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synthetic planning. One such strategy is termed rigidification, or conformational

restriction.®” Complementary to the induced fit model proposed by Daniel Koshland,®8
ligands that are conformationally flexible may adopt different three-dimensional shapes,
some of which will be energetically unfavorable during drug-protein interaction.®°
However, there exists some geometrical adjustments where the binding interactions
between a ligand and its target are optimally maximized. Note that high degrees of
conformational flexibility can induce ligand binding to other undesired biomolecules,
leading to undesirable phenotypical responses. Therefore, if the ligand adopts a
geometrically restricted conformation, and the three-dimensional shape of such
matches with how it binds to the desired target, one can theoretically expect that only
one binding event will occur between the ligand and the desired target, even amongst
an environment swarmed with other proteins. Thus, by lowering the amount of rotatable
bonds and restricting conformational variability, off target binding can be lowered,°
thereby leading to an improved pharmacokinetic profile during lead optimization.

A model demonstrating the benefits of conformational restriction is shown below.
AstraZeneca reported a hit candidate based on an inhibition assay for the enzyme
mammalian target of rapamycin (mTOR).”! Due to the enzyme being involved in
regulating cell proliferation and survival,”> many companies sought to target the enzyme
as an alternative therapeutic for inhibiting tumour growth.”® After much optimization and
learning from their failure, researchers from Pfizer reported a strategy based on
conformational restriction,” leading to drastic improvement in both bioavailability and
selective inhibition of MTOR over PI3Ka, a kinase that also participates in cellular

signaling to equilibrate cellular growth.”™
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Scheme 4. An example of conformational restriction leading to improved biological properties.

Chapter 1.3 Academic-Industrial Collaboration in Drug Discovery.

If one were to evaluate the number of new molecular entities (NMESs) approved
by the Food and Drug Administration (FDA) throughout the past decades, one can
observe a trend of stagnating output by evaluating the number of NMEs approved on an
annual basis.’® Considering the rapid growth of new biotechnological advances, one
would expect the productivity to be higher instead due to more efficient tools to
understand human biology and discover novel targets. Without a doubt, there is a
significant productivity gap in research-and-development (R&D), between what was
anticipated and what is currently delivered. Experts have concluded that many variables
contribute to the lower rate of innovation in for-profit pharmaceuticals, including
explosive growth of low-cost generics, escalating research and development (R&D)
costs, as well as “low-hanging fruits” — biological targets with an in-depth fundamental
understanding that are easily translatable to clinical success — being slowly reached and
thus saturating the market.”” To make matters worse, therapeutic targets are often
chosen due to their marketability, instead of a full understanding of their biology,
ultimately leading to late discovery of unattractive pharmacological properties. The cost
of failure in drug discovery is enormous, as an FDA-approved drug comes with a hefty
price of between 0.8 to 1.3 billion dollars.”® On top of that, patent expiration of
blockbuster drugs that was discovered by conglomerate pharmaceutical companies in

the past two decades will face sharp decline in revenue sales primarily from generic
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competition.”® Coupled with rising costs in R&D investment within the pharmaceutical

industry, the current economic model of drug discovery is unsustainable if the issue of
low productivity in pipeline discovery is not dealt with.

Due to fiduciary responsibilities to shareholders and employees, many
pharmaceutical companies are conservative and in favor of approaches that are low-risk
yet yield moderate-to-high rewards. One most common decision is to develop “me-too”
drugs — pharmaceutical products that are chemically related or structurally similar to
other known drugs.8° This strategy may allow one to recuperate heavy loss in R&D
investment from other failed programs but diminishes any pioneering incentives for
innovation in the grand scheme of things.8! Other methods aimed at circumventing
productivity issues include acquisitions of promising biotechnology start-ups, or
liquidating assists that may result in higher R&D cost and time.®? However, these
business models only solve issues on a short-term basis and cannot be sustained
forever. Coupled with the looming threat of antibiotic resistance,®? therapy-resistant viral
mutations,®* and chemotherapy-resistant oncology cases,® the need for discovering
novel, druggable biological targets has never been greater.8® Many have expressed the
desire for novel chemical agents to function as probes to perturb and understand
unknown biological pathways,®” since less than 3% of the numerous illness that afflicts
humanity can be managed by currently known treatments, while less than 0.5% of the
entire human genome can be targeted by all known FDA-approved drugs.88

Recognizing this global threat as well as the resources required to accomplish
these lofty goals, many collaborative programs have been established through a
combination of academic excellence and industrial resources.® Academics have an
edge towards basic research with regards to target identification and validation, whilst
their industrial counterpart is experienced in developing highly adaptable and applicable
technological platforms, such as high-throughput biomarker studies or large-scale
informatics processing and management.®® This new business model, coined by Henry
Chesbrough as “open innovation”,** where collaborative and free exchange of
information and ideas occur, has gradually seen more adaptations in the modern era.®?
Statistics have shown that in the last four decades, about 60% of all new FDA-approved

small molecules drugs were discovered through research programs that were publicly
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funded.®3® Open accessible platforms will be of immense use in many fields of life

science.

A successful and ongoing example is the European Lead Factory.®? It is an open
innovation platform with the objective of combining innovative ideas in chemistry and
biology to accelerate research in drug discovery. Sponsored by the Innovative Medicine
Initiative, the public-private partnership attracts more than 150 researchers all over
Europe, from 7 pharmaceutical companies, 10 small-to-medium-sized enterprises, and
13 academic institutions.** The multidisciplinary center boasts an industry-standard HTS
infrastructure, and state-of-the-art information technology to support any ongoing
campaigns. Currently a total of 83 successful HTS evaluations has results in more than
4500 hit compounds with definitive biological profiles.®> A combination of more than
460,000 novel compounds, based on more than 220 novel chemical architecture, have
been generated by both academic scholars and pharmaceutical partners.®® To date, at
least one spin-out enterprise has been established based on publicly accessible
information from the European Lead Factory, and other funding agencies such as the
Wellcome Trust are invested in further developing their hit portfolios into new medical

therapies.®’

Chapter 1.4 Sulfonamides and Sulfones in Medicinal Chemistry.

Sulfonamide-containing molecules were among the first commercial antibiotics in
the history of drug discovery. Under the leadership of Gerhard Domagk, a research
team experimented with hundred of molecules under the hypothesis that dyes may be
preferentially harmful to microbial organisms instead of humans.®8 After years of
unfruitful search, Prontosil emerged in the facilities of Bayer AG in 1932 as a synthetic
molecule capable of suppressing bacterial infection in mice.®® This work also earned
Gerhard Domagk the 1939 Nobel Prize in Medicine.1® Since then, sulfonamides have
emerged as one of the most common functional groups in pharmaceuticals.1%! Often,
the group serves as a suitable bioisostere for carboxylic acid moieties.%? Due to being
reliable substitutes for optimizing molecular physicochemical properties, sulfonamides
are applied in a wide variety of therapeutic areas, including anticancer,3 antiviral, 04

anti-inflammatory,1°® anti-epileptic,% and many others (Figure 7).
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Figure 7. A list of representative sulfonamide-containing drugs that are currently approved or in
development. Highlighted in blue is the general structure of a sulfonamide, where R, R’ and R” denotes

any carbon-containing substituent.

Other sulfur-containing groups, such as thioethers, thiophenes, and sulfoxides,
also appear in drugs or drug candidates. However, sulfones are unusual for their
comparative absence among approved drug compounds or clinical candidates.

Sulfones are capable of both acting as hydrogen bond acceptors and interacting
strongly with lipophilic regions.°” This amphiphillic property is viewed favorably in the
field of material sciences.'%® Beyond that, sulfone-containing molecules are also
important in the commodity chemical industry: sulfolane is used as a privileged organic
solvent, due to its thermal stability, and chemical robustness against highly corrosive
acid-catalyzed reaction environments. The sulfone functional group in sulfolane allows
for high solvating power towards cations, as well as introducing a high dipole moment
and a high dielectric constant, compared to common polar aprotic solvents.1%9

The earliest example of a sulfone-containing drug that is FDA approved is
chlormezanone, which is used for anxiety management and muscle relaxation.11°

Sulfones have also been used as ketone!!! and ether bioisosteres!!? in drug design.
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Figure 8. A list of all known sulfone-containing drugs that are currently approved or in
development.Highlighted in blue is the general structure of a sulfone, where R, and R’ denotes any

carbon-containing substituent.

However, if one were to evaluate all known sulfone-containing drugs (Figure 8),
most of them contain at least one aryl substituent. Comparatively, the number of bis-
alkyl sulfone-containing drugs appears to be underrepresented in the field of medicinal
chemistry,'!3 as only 1% of all FDA-approved-sulfur-containing drugs contain the bis-
alkyl sulfone moiety, which is illustrated as the blue portion with the caption “Sulfones
(sp3-sp?)” in Figure 9.11* Such a low proportion amongst sulfur-containing drugs can be
considered baffling, and yet we have not considered the fact that sulfur-absent drugs
were omitted from this analysis! Furthermore, the inclusion of sulfones as part of the
pharmacophore is relatively uncommon compared to other bioisosteres.*® This
phenomenon is puzzling as when considering the versatility of sulfones based on
previous points, one would consider that incorporation of such an amazing functional
group would be beneficial to early stage drug discovery and possibly during hit-to-lead
optimization. And yet, reality has demonstrated that there is a sufficiently large gap in
what should be expected and what is happening in real life. Nonetheless, this lack of
practical usage represents a golden opportunity for one to explore any applications of

sulfone-containing chemical matters in drug discovery.
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DIVERSITY OF FDA-APPROVED SULFUR-CONTAINING DRUGS
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Figure 9. Functional Group Diversity of FDA-approved sulfur-containing drugs in US.

The sulfone moiety has proven to be a viable option as part of the
pharmacophore during early stages of drug discovery. For example, cyclic sulfone 2
was developed as a cyclic transition-state mimetic of amide 1 in the hopes of
developing a beta-secretase (BACE-1) inhibitor.11® The decision to use sulfone 2 as a
starting point originates from high ranking score in molecular docking, followed by
preliminary experimental data demonstrating an improved pharmacokinetic profile
compared to amide 1, which exhibits poor oral bioavailability.” However, poor
selectivity towards the cysteine protease cathepsin D (CatD) was observed, which left
room for improvements: the inhibition of CatD is associated with build up of lipofuscin
within human neuronal tissues.*® Further site-modifications and biological data analysis
led to the evolution of sulfone 3 with relatively superior potency and good
pharmacokinetic and permeability profile,'° as illustrated in scheme 5. Co-crystal
structure of compound 4, which evolved during the lead optimization campaign, and
BACE reveals hydrogen-bonding interaction of the sulfonyl oxygen with the amide N-H
of GIn73 and secondary alcohol O—H of Thr220, which was a key feature of how
compound 2 was chosen as a good starting point due to optimal fit at the binding site
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through computational docking. This case study serves to highlight the importance of

cyclic bis-alkyl sulfones as a pharmacophore in drug discovery.
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Scheme 5. Development of cyclic sulfone 3 in the search of a novel BACEL1 inhibitor.
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Figure 10. Close-up of co-crystal structure for small molecule 4 in BACE1(left) and the chemical structure
of small molecule 4 (right). PDB code: 4D8C.

As mentioned previously, incorporation of a cyclic bis-alkyl sulfone as part of the
pharmacophore of a novel drug candidate can serve as an important strategy. Once
again, the underrepresentation of said feature can be viewed as an opportunity for
researchers to capitalize on. Upon further understanding of sulfone-containing chemical
matters and how they can interact with biologically important proteins, one should
expect a greater occurrence of practical application amongst both the academic sphere

and the industrial community should follow through.
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Chapter 2 — Oxidative Cleavage of Previously Investigated Scaffold
and Alternative Methods for Construction and Diversification

All compound syntheses, analysis and characterization of data was performed by C.
H. Andy Un, except for characterization of compound 28, which was performed by Dr.
Jeremy E. Wulff. Dr. Tyler Trefz and Dr. Ori Granot collected the HRMS data.

Chapter 2.1 Synthetic access to bi- and tri-cyclic alkyl sulfones, and selection of

the bicyclo[3.2.1]sulfone framework for diversification

As described in the previous Chapter, bis-alkyl sulfones have considerable
promise as pharmacophores but have not yet been extensively explored. Conducting a
thorough survey of biological properties for any set of molecules would require
screening against a wide variety of microorganisms and enzymatic targets. This will
necessarily result in large amounts of biological data being acquired. Making and testing
molecules is resource-intensive, and analysis of the collected biological data will be
time-consuming. It is therefore crucial to select at the outset the right bis-alkyl sulfone
scaffold with which to undertake such a study.

This Chapter begins with a review of the Wulff group’s existing methodology for
the production of four different classes of bi- or tri-cyclic sulfones, and describes the
decision process that led to the selection of a family of bicyclo[3.2.1]sulfones for further
study. Among the four different structural archetypes that could be readily accessed, the
bicyclo[3.2.1]sulfone framework was particularly attractive due to its conformational
rigidity, its pronounced three-dimensionality, and the absence of any electrophilic
alkenes that could trigger false-positive hits in biological screening. The remainder of
the Chapter summarizes efforts to suitably derivatize this scaffold to generate
compounds for biological testing.

In earlier work, our group discovered a method of generating architecturally
interesting molecules based on 3-sulfolene, illustrated as 4a in scheme 6.12° Lithiation of
4a, followed by addition of bis—vinyl ketone 5a produced o—substituted sulfone 7a as a
single diastereomer. Mechanistic studies indicated that deprotonation of 3-sulfolene

occurs prior to nucleophilic addition to ketone 5a via 1,2-addition, followed by an anion
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oxy-Cope rearrangement at low temperature. We have proved that the 1,2-addition

product 6a can be isolated, and at room temperature rearranged to the desired tandem
product via a boat-shaped transition state, thus offering valuable evidence to support

our mechanistic proposal.

0.0
Q0 0 1 eq. LIHMDS W /\)J\)/\ quench \
on AAA - ) — OH

THF, -78°C at-78°C
| <
4a 5a 6a
1 eq. LIHMDS,
THF, 1 LiIHMDS
-78°C to RT eq. Li
THF,

-78°C to RT

Scheme 6. Tandem 1,2-addition/anionic oxy-Cope cascade reaction.

Prior work from our group showed that this methodology can tolerate multiple
alkyl fragments on both the ketone and sulfone substrates, in each case provided the
coupled product in moderate yield. Taking advantage of the presence of an q,[3-
unsaturated ketone, 7a can be subjected to a second deprotonation as part of an
annulation strategy, resulting in the formation of a highly constrained sulfone-containing
framework 8a. The transformation is highly diastereoselective, and presumably occurs
through nucleophilic addition at the 3-position of the sulfone-stabilized allylic anion, as
highlighted in TS1 within scheme 7.
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Scheme 7. Formation of cis-bicyclo[3.3.0]sulfone-containing molecules in a diastereoselective manner.

Strategic recognition of all substituents and functional groups in the
bicyclo[3.3.0]system revealed a geometrical match between 8a and the enzyme-bound
conformation of peramivir, a viral neuraminidase inhibitor, as shown in Figure 11.
Computational data suggests that despite the high potency of peramivir, the
conformational flexibility of peramivir in solution may not be ideal for high isoenzyme
specificity. As such, our group envisioned that derivatization of the conformationally rigid
bicyclo[3.3.0]sulfone-containing framework can lead to reduced entropy of binding and

improved target selectivity, paving way to the development of the next generation

influenza neuraminidase inhibitors.121

Figure 11. Crystal structure comparison of compound 8a (left, CCDC 766248) and enzyme-bound
peramivir (right, PDB 1L7F). As discussed in reference 121, the core of sulfone 8a is predisposed to
position substituents in similar orientations to those found in the enzyme-bound structure—but not in the

solid-state or solution-state structure—of peramiver.

Mutation-induced resistance of influenza virus has become an ongoing
healthcare issue that also has huge economical impact, especially after the 2009
pandemic. 122 Current available treatments have gradually become less effective in
combatting this issue if the situation does not improve. 123 As it stands, novel

neuraminidase inhibitors with new skeletal framework is required in order to inhibit
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mutant influenza neuraminidase. Taking advantage of the peramivir-like conformation of

our highly functionalized bicyclo[3.3.0]sulfone-containing framework, Dr. Mike G. Brant
set out to test if derivatization of the scaffold into biologically-active neuraminidase
inhibitors. Utilizing the aforementioned tandem cascade methodology, compound 8b
was synthesized as shown in scheme 8. Installation of an acetamide group was
possible due to reaction with the vinyl sulfone moiety; subsequent oxidative cleavage
allows for the formation of a versatile ketone group, thereby setting up a precursor 9
that can theoretically engage with all the sub-pockets of the neuraminidase active site.
Dr. Brant envisioned that oxidative degradation of the aromatic fragment could offer a
versatile functional group — a carboxylic acid for further derivatization. This
transformation is not without literature precedent, as strong oxidants such RuO4can
achieve said task. 1?* Indeed, compound 10 was obtained successfully. Subsequent
transformation lead to the emergence of amine 11 as an HCI salt, as well as its
chemical analogue — guanidine 12 as an acetic acid salt.
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Scheme 8. Development of highly functionalized conformationally-restricted bicyclo[3.3.0]sulfone-
containing neuraminidase inhibitor.
In vitro enzymatic assay against viral neuraminidase of amine 11 and guanidine
guanidine 12 displayed promising activities, with Ki values of 19 £+ 1 uyM and 4.5 £ 0.5
MM respectively. Both compounds were determined to be competitive inhibitors of

neuraminidase, as well as showing higher bioactivity when compared to model
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compounds based on zanavir and peramivir. Thus, it was determined that bicyclic bis-

alkyl sulfone-containing compounds were effective small molecules capable of
modulating the activities of biological systems.

Dr. Brant and other previous Wulff group members (Jordan Friedmann and
Connor Boulken) later discovered that a more extensive collection of interesting bicyclic
frameworks can be synthetically achieved. By varying the steric and electronic
environment using different 3-substituted 3-sulfolenes, the reaction with bis-vinyl
ketones could be tuned to selectively provide three unique ring systems in a
diastereoselective manner, as shown in Scheme 9.1%° This reactivity is analogous to
dialkylative coupling between disubstituted alkyl halides and 3-sulfolene. Thus, one can
gain access to a diverse set of sulfone-containing scaffolds with varying degrees of

three-dimensionality.1?®

OH
Ar\//,,, R
\
Al H O//S\E)
bicyclo [3.3.0] bicyclo [3.2.1] spiro [5.4] tricyclic
if R=H or CI if both R = Ph if R= COOR or CN ifn>=1and R=H

Scheme 9. Diversity-orientated sulfone-containing scaffolds based on a common building block.

Upon inspection of crystallographic data of all three frameworks, one can
calculated the projection angle of the sulfone moiety, as shown in Figure 12. The
projection angles can serve as useful references to guide researchers in constructing
chemical matters that maximize the interaction between the sulfone functional group

and any biological interface. The projection angle of the sulfone moiety relative to the 7-
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membered carbon framework of the bicyclo[3.2.1]scaffold was determined to be

approximately 247° using compound 14 as reference, as the angle shown in Figure 12
implied the spatial region of a spherical model that obstructs any theoretical biological
interface that can interact with the sulfone. In contrast, the projection angles of the
sulfone moiety relative to the scaffold framework of the bicyclo[3.3.0]framework and the
spiro[5.4]framework were determined to be 183 ° and 97° respectively using compound
13 and 15 as references. Clearly, amongst all three conformationally-rigid sulfone-
containing framework, the bicyclo[3.2.1]system appears to be fit for interacting with a
greater range of three-dimensional volume due to being more spatially accessible.

Furthermore, we noted that electron-deficient alkenes (vinyl sulfones) were
present in both the bicyclo[3.3.0]sulfone and the corresponding tricyclic structure,
whereas the spiro[5.4]sulfone could acquire an electron-deficient alkene if the double
bond were to migrate into proximity of the sulfone. Vinyl sulfone groups serve as
potential electrophilic centres for conjugate addition reactions with various nucleophiles,
(especially thiols) and are often found to be promiscuous (i.e. nonselective) binders in
biological screening campaigns. While prior experience from our research group
suggests that none of these three species are particularly electrophilic, we nonetheless
felt it safer to deprioritize these three scaffolds. The bicyclo[3.2.1]sulfone contains a 3-
alkenyl sulfone like that present in the spirocyclic ring system, but while the double bond
in the latter molecule can migrate toward the sulfone (creating a potentially risky vinyl
sulfone motif, as described above) the alkene in the former molecule cannot, since
doing so would violate Bredt’s rule.

For all of the above reasons, the bicyclo[3.2.1]system served as a good starting
point to probe novel biological interactions with sulfones serving as the pharmacophore.
This presents a novel research frontier for our group to explore, in the hopes of
discovering novel hit candidates or understanding unexplored physiological pathways.
Thus, we aim to create highly functionalized analogues of bicyclo[3.2.1]sulfone-
containing molecules as part of our campaign towards promoting conformationally-

restricted sulfone-containing scaffolds in medicinal chemistry.



Figure 12. X-ray crystal structure of compounds 13 (top left), 14 (top middle) and 15 (top right) and their

chemical structures (bottom). Included in each X-ray structure are the corresponding projection angle of

the sulfone groups, with the exception of 14 (implied to be the inverse of 113 ° in a theoretically spherical
model, which is approximately 247°).

Chapter 2.2 Initial Construction of Bicyclo[3.2.1]Sulfone-Containing Library.

Instead of constructing bicyclo[3.2.1]sulfone-containing molecules in a de novo
manner, we devised a strategy based on our previously discovered tandem cascade
methodology. As shown in Scheme 10, bis-aryl electrophiles were constructed via a
simple double-aldol condensation method.'?” This strategy offered great variability due
to usage of inexpensive aryl aldehyde and acetone 16 as feedstocks, and good yields
were obtained for compounds 5a, 5b, and 5c. However, for electron-poor aryl
substituents such as 3-pyridyl, the protocol was not applicable. An alternative solution
based on an acid-mediated aldol-decarboxylative condensation allowed us to obtain

compound 5d.1%8
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Scheme 10. Synthesis of diarylidene ketones.

For construction of the bis-aryl sulfone, Nakyama and coworkers have described
a viable synthetic route, which we relied upon.*?® Shown in Scheme 11, acetophenone
19 was brominated at the 2-position mediated by acetic acid,'3° which produced
compound 20a upon stirring at ambient temperature overnight. Alternatively,
chlorination with sulfuryl chloride in methanol can yield the analogous compound 20b.13!
Subsequent coupling with NazS using either compound 20a or 20b provided the
diketone 21 without the need for chromatography.*3?

Q Br,, AcOH Q Na,S, TBAI Q Q

- X ) S
2 or SO,Cly, MeOH MeCN

20a X =Br 49% yield
20b X =Cl 94% yield

19 21 78% vyield from 20a

76% yield from 20b

Scheme 11. Synthesis of symmetrical diketone sulfides

Depicted in Scheme 12, initial McMurry coupling generated the annulated
thioether species 22 in high conversion but low purity. Chromatographic purification was
challenging because of the possibility of aromatization,**? therefore we decided to
telescope into the formation of sulfone 4b. The transformation presumably occurs via
reduction of TiCls into Ti (1l1) species,'3* which can form a ketyl radical. Annulation

occurs upon interaction of diketyl species, which under thermodynamic conditions can
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undergo elimination to afford the tetra-substituted alkene 4b. Our initial screening

revealed a byproduct as indicated by *H NMR signal of two doublets at & 5.32 ppm and
5.55 ppm, with both signals displaying coupling constants of 1.6 Hz. The byproduct was

assigned as diene 23 due to spectroscopic agreement with precedent literature.3°

B - o, 0
S \\S//
TiCly, Zn _ mCPBA
2! —m8m8m + —_— =
THF, reflux O Q O O DCM, 0°C D O
23 22 4b
81% crude yield 35% yield
obnoxious odour purified by chromatography

Scheme 12. Synthesis of cyclic sulfones via deoxygenative annulation and sulfide oxidation.

Careful optimization led to minimal formation of 23 via reduction of the
stoichiometry of the terminal reductant zinc dust as well as the amount of titanium (llI)
precursor (from 5.0 equivalent to 3.0 equivalent), as shown in Figure 13. Presumably,
the formation of the diene 23 is due to the harsh reductive condition leading to cleavage
of the C-S bonds.'3¢ Attempts to use Flrstner’s catalytic method yielded thiophenes
instead.®” Subsequent electrophilic oxidation with mCPBA offered higher yield
compared to Oxone conditions.38 Thus, after considerable optimization, we were able
to obtain symmetrical sulfone 4b.

Due to aforementioned obstacles, we also tried investigating whether other
possible synthetic routes can yield 4b in a more efficient manner. We decided to begin
by performing pinacol coupling with acetophenone 19 in the presence of acetic
anhydride to synthesize compound 24, as shown in Scheme 13.1%° Good yields were
obtained after moderate reaction time; subsequent elimination under thermodynamic
conditions to afford the diene 23 was performed.'*° However, low yield was obtained
due to competing pinacol rearrangement to give ketone 25 as the major product.3’
Despite our successful attempt at sulfur-dioxide transfer using compound 23 and

sodium hydroxymethanesulfinate dihydrate, commonly referred to as Rongalite salt, to
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Figure 13. Overlapping *H NMR spectra of McMurry coupling using 5.0 equivalent (green), 3.5 equivalent
(red), and 3.0 equivalent (blue) of TiCls. Signals corresponding to diene 26 are highlighted as purple
rectangle. Normalized based on peak height of singlet signal at 6 4.28 ppm (highlighted as yellow circles).

yield compound 4b, the overall yield of this synthetic route was abysmally low and not
deemed scalable due to the necessity of maintain an atmosphere of sulfur dioxide gas

in the last step. Thus, we abandoned this synthetic route.

O cat. TiCly, Zn, A0
P — P o
THF RT DMF, reflux DMF, reflux

19

29% yield
82% yield major product over 2 steps

Scheme 13. Attempted improvement of sulfone synthesis via pinacol coupling.

Harrington and DiFiore have previously reported that iodobenzene 26 and 3-
sulfolene 4a served as suitable substrates for Pd-catalyzed cross-coupling reaction in
order to yield 3-subsituted sulfolenes.'#! As such, we sought to investigate whether their
protocol could serve as a template for generating 3,4-disubstituted sulfolene derivatives.
Despite their claim of obtaining mono-aryl sulfones, we were curious as to whether this
protocol can lead to formation of the analogous sulfone 4b. Instead of using
triethylamine as a reductant to generate Pd(0) from Pd(ll), we explored the possibilities
of using tricyclohexylphosphine instead. However, we were unable to obtained either
the mono-arylated or bis-arylated product, as iodobenzene and 3-sulfolene was

recovered in all cases. These results are summarized in Scheme 14.
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Scheme 14. Attempted double arylation of cyclic alkenes via Heck reaction.

This is most likely due to the alkene being less-polarized and more electron-rich,
thus requiring higher activation energy to overcome the rate-limiting reductive
elimination step and less steric hinderance during oxidative addition. By contrast, the
more electron-deficient maleic anhydride is capable of under going Pd-catalyzed double
arylation at room temperature to yield 27b.1#? It is known that the use of
tetrabutylammonium bromide as an additive during palladium cross-coupling can
generate Pd colloids,*® which are catalytically active for aryl cross couplings.'4!

Nonetheless, the McMurry coupling route offered us the desired sulfone
precursor in multigram quantity. Thus, we attempt to replicate the tandem 1,2-
addition/anion-oxy Cope cascade reaction, as shown in Scheme 15. Initial attempts
revealed that the reaction was successful, although only 50% conversion towards

compound 7b was achieved.

LiHMDS
4b + 508 —— >

THF, -78°C to RT

7b

Scheme 15. Replication of Tandem 1,2-addition/anionic oxy-Cope cascade reaction.

We pondered whether the order of reagent addition was of importance, and after
a series of investigations, no significant change in product conversion was observed.
Introduction of tertiary amine additives are known to influence the aggregation state of
the lithium hexamethyldisilazene (LIHMDS),'** and we were curious whether
introduction of DABCO could lead to any improvements. Unfortunately, our situation
remained stagnant. It was not until we realized that the rate of addition of the base was
of crucial importance: upon near-instantaneous addition of all LIHMDS in one portion
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instead of gradual addition, we observed that the reaction mixture turned from clear,

yellow to a persistent clear, brown colour. Note that previously when performing gradual
addition, the reaction mixture gradually changed from clear, yellow to clear, light brown
colour, which exhibit a lighter tone compared to the “instantaneous addition” method.
Surprisingly, complete conversion into sulfone 7b was observed using the
“instantaneous addition” method upon workup and subsequent *H NMR analysis. The
crude product appeared as clear, brown oil, which turned into light brown foamy solid
upon drying under reduced pressure. Thus, it is possible that the anionic oxy-Cope
rearrangement requires a high concentration of lithium salt aggregates to perform at its
full capacity.14® The presence of sulfone moieties can also influence the aggregation
state of lithium salts.#® Initial purification was not successful in producing compound 7b
in high purity, as our early attempts to do so resulted in recovery of the substrates. Later
replication attempts reveal that the product is highly unstable under acidic conditions, as
presumably the acidic nature of silica leads to beta-elimination pathway and thus
recovery of fragments 4b and 5a.'*’ Suppression of said fragmentation can be done
through addition of a small amount of triethylamine during elution of the product through
chromatographic means.

Interestingly, we were able to generate compound 28 during our struggle to
achieve complete conversion of compound 7b, as shown in Scheme 16. We added an
excessive amount of base in the attempts to generate compound 7b, as we postulated
that interference of residual water content in the reaction flask resulted in incomplete
conversion towards compound 7b. Presumably, the compound 28 arises from
compound 7b via another iteration of tandem 1,2-addition/anionic oxy-Cope reaction

sequence.

excess LIHMDS o O

4 + b5a —
THF,

-78°C to RT

41% yield

Scheme 16. Serendipitous discovery of iterative tandem 1,2-addition/ anionic oxy-Cope cascade.
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We were curious whether ring-closing metathesis of compound 28 could occur at

the activated alkenes and yield a 11-membered ring 29.148 Unfortunately, we only
recovered starting material. Attempts to generate a 9-membered ring 30 via pinacol
coupling was also met with failure, as shown in Scheme 17. Presumably, these
transformations were unable to proceed as planned due to intrinsic nature of the two

alkyl appendages being unable to geometrically be in close contact with each other.

cat. Gl

toluene, reflux N N
Q ﬁcx ﬁ\
o= pn
PCy;
30 28 29
Scheme 17. Attempted synthesis of sulfone-containing macrocycles.
Once we resolved the issues surrounding the anionic oxy-Cope reaction,
subsequent ring-closure proceeded smoothly,'? although cautious purification via
chromatographic means were warranted due to the bicyclic products also being acid-
sensitive. The above sequence was tolerant of various aryl substituents, and we were
able to synthesize various analogues 31a, 31b, 31c, and 31d, as shown in Scheme 18.
O\\ /,O
S
o 1. LIHMDS, THF, -78°C to RT HQ
4 * /\)J\/\ >
= Ar
AT Ar 2. LIHMDS, THF, -78°C Z
Ar
5a Ar = CeHs 31a Ar = CgHs 26% yield over 2 steps

5b Ar= p-OMeC6H4
5c Ar = p-MeCgH,
5d Ar = 3-pyridyl

31b Ar = p-OMeCgH, 66% yield over 2 steps
31c Ar=p-MeCgH, 73% yield over 2 steps
31d Ar = 3-pyridyl 53% yield over 2 steps

Scheme 18. Synthesis of bicyclo[3.2.1]sulfone-containing compounds using different diarylidene
ketones.

Our initial attempt at selective oxidative degradation to yield compound 32 was
done under ozonolysis conditions. However, the crude product revealed no significant
H signals, let alone anything resembling compound 31a. After various replications
without success, we wondered whether the presumed aldehyde product was unstable,

thus we decided to perform Pinnick oxidation directly after ozonolysis in the hopes of
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isolating the carboxylic acid 33. However, we were unable to isolate any material of

significance, as shown in Scheme 19.

0]

\\S¢O

03/0,, DCM, -78°C  (
31a e >

then Me,S z then NaOClI,
@ {BUOH — THF — H,0

03/0,, DCM, -78°C
31a > >

32 33
Scheme 19. Attempted oxidative cleavage of aryl alkenes under different redox workup conditions.

As such, we pondered whether the alcohol was of crucial importance leading to
oxidative decomposition.'>° Thus, protection of the alcohol would be necessary, and we
elected to install an acetyl group?®! as we envision the ester moiety would be capable of
serving as a substrate to generate silylketene acetals in situ upon deprotonation with a
strong base, which could then undergo [3,3]-sigmatropic rearrangement. Shown in
Scheme 20, esterification using acetic anhydride and catalytic amounts of DMAP
afforded compound 34a albeit very slowly; 3 days of reaction time was required in order

to reach complete conversion.1%?

cat. DMAP, Ac,0
31a >

THF, 0°C to RT

34a

92% vyield

Scheme 20. Successful acylation of sterically hindered tertiary alcohol 31a.

Despite protection of the alcohol, once again no identifiable products were
observed under ozonlysis conditions. As such, we decided to employ a Lemieux-
Johnson-type transformation as an alternative, as shown in Scheme 21.153.154 However,
we were met with no success again. Usage of other strong oxidants warrant our caution

due to the possibility of oxidative degradation of any aryl fragments. As such, we
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elected to abandon this route to more advanced bicyclo[3.2.1]sulfone-containing

compounds.

04/0,, DCM, -78°C
then Me,S
or
34a % >
cat. K,OsO,4(OH5),NMO
then Phl(OAc),

35

Scheme 21. Attempted oxidative cleavage of aryl alkenes using either ozonolysis or Lemieux-Johnson

oxidation.

Currently our hypothesis is that decomposition originates from elimination during
reduction of our supposedly generated Criegee intermediate.'> Upon inspection of the
crystallographic data of the bicyclo[3.2.1]sulfone-containing framework using compound
14, we discovered that the dihedral angle between C1-S1 bond and C2-Cs bond are
nearly on the same plane, as illustrated in Figure 14. Thus, it may not be surprising to
postulate that the C1-S1 bond is cleaved via pathways similar to Grob-fragmentation, 5
157 leading to ring-opening of the bicyclic framework as shown in Scheme 22, and

further oxidative decomposition may arise.

—>  decomposition

R =H orAc

Scheme 22. Postulated mechanism on how oxidative decomposition can arise during ozonolysis.



Figure 14. Rationalization of how decomposition originates from cleavage of C — SO, bond.

Despite the struggles, we were still optimistic about other ways to functionalize
the bicyclo[3.2.1]framework. Due to the presence of the allylic alcohol, we envisioned
obtaining compound 36 through allylic rearrangement of the alcohol moiety mediated by
PCC, as shown in Scheme 23.1%8 159 However, no significant product was observed, nor

did we recover any starting material.

PCC

31a e >
DCM

36

Scheme 23. Attempted allylic 1,3-oxygen transposition mediated by chromium reagents.

We speculated that cleavage of the C-O bond would lead to overall
decomposition of the entire framework. Indeed, compound 34a was investigated for its
potential to undergo Ireland-Claisen rearrangement, as shown in Scheme 24;160. 161
however, decomposition was also observed. Regardless of whether the pericyclic

reactions undergo cationic or radical pathways,? it appears that deoxygenation in the
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vicinal of the bicyclic sulfone moiety is key to decomposition, presumably the collapse of

the C-SO2 bond can alleviate ring strain imposed by the bicyclic framework.

i) LDA, THF, -78°C,
then TMS-CI
34a e >
ii) warm to RT, then reflux

37

Scheme 24. Attempted transformation of one-pot Ireland-Claisen rearrangement to yield carboxylic acids

Our resilience against the face of continuous failures had started to wane, as we
were only able to demonstrate acetylation of the tertiary alcohol moiety amongst all
synthesized tetra-aryl sulfone-containing molecules, yet could not accomplish any

further derivatization.

O\\S¢O

HQ cat. DMAP, Ac,0

THF, 0°C to RT

31b Ar= p-OMeC6H4
31c Ar=p-MeCgH,
31d Ar = 3-pyridyl

34b Ar = p-OMeCgH; 89% yield
34c Ar=p-MeCgH, 85% yield
34d Ar = 3-pyridyl 87% yield
Scheme 25. Acetylation of bicyclo[3.2.1]sulfone-containing compounds.
Our final hope was to attempt to demethylate compound 34b using BBrs in the
hopes of obtaining compound 38, as shown in Scheme 25. The reaction was performed
under extremely low temperature,%3 but compound 34a underwent rapid decomposition

instead.

34b 38

Scheme 26. Attempted demethylation of methyl aryl ethers under Lewis acidic conditions.
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This can proceed via two decomposition pathway: (i) the oxygen of the sulfone

coordinating to the Lewis acidic boron, thereby enhancing the electrophilicity of the
sulfur, and cleavage of the C-S bond will alleviate the inherent ring strain from the
bicyclic system, or (ii) BBrz mediates the loss of an acetate group,%4 thus high degree
of carbocation character on the tertiary carbon can result in bond migration and further
uncontrolled rearrangement. All in all, we were not able to chemically transform the
substrate as planned.

Nonetheless, we were able to construct a small collection of
bicyclo[3.2.1]sulfone-containing small molecules. We anticipated acetylated products to
be of different physicochemical properties compared to the free-alcohol products, thus
evaluation of any future biological data would be useful, as we would be able to
guestion the importance of the free alcohol. Variability amongst this small chemical
collection is low, thus we seek other methods to generate the bicyclo[3.2.1]framework.
Perhaps instead of starting from a densely functionalized template, a simpler skeleton

framework can offer us better ways of installing substituents for future derivatization.

Chapter 2.3 Alternative Approach to Generate Bicyclic Sulfones.

Chou and coworkers reported a simpler and more straightforward method of
generating bicyclo[3.2.1]sulfone-containg molecules.® Taking inspiration from them,
we were curious whether their protocol of double displacement using dihalide
compound can generate the 7-membered ring framework. Commercially available
dichloride 39a was reacted with compound 4b, but we only recovered both starting
materials, as shown in Scheme 27. Note that due to safety concerns, we elected to not

employ the usage of HMPA during our initial investigations.

o\\S¢O
LiHMDS, =
4+ CI\)J\/CI —X—> \_/
THF, -78°C
39a 40

Scheme 27. Attempted synthesis of bicyclo[3.2.1]sulfone-containing compounds via nucleophilic
substitution with organochlorides.
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We rationalized that perhaps organochloride species 39a were unreactive

towards nucleophilic displacement, hence we needed to enhance the electrophilicity of
the isobutene fragment. Under Finkelstein conditions,%® compound 39a was reacted
with NaBr and Nal to afford compound 39b and 39c in quantitative yield respectively.
Next, we subjected the compound 39b under Chou’s protocol, and we were able to
isolate the novel diphenyl bicyclic compound, albeit in low yield. Compound 39c proved
to be more reactive, as shown in Scheme 28, and the usage of this led to a moderate

yield after chromatographic purification.

\S//O
LiIHMDS, —
oo X\)k/x > N\ /
THF, -78°C
gg: ;((: |Br 40 38% yield if X=Br

54% yield if X =1
Scheme 28. Successful transformation of diaryl sulfones via double nucleophilic substitution with
organohalides.

With the bicyclic framework in hand, we enthusiastically moved forward to
perform oxidative cleavage on the terminal alkene. The transformation proceeded
smoothly, and we were able to isolate ketone 41. Reduction of the alcohol using NaBH4
lead to a mixture of diastereomer alcohols 42a and 42b. Thorough spectroscopic
analysis revealed the identity of both diastereomers, with 42a being the major product in
approximately 2:1 diastereoselectivity, as shown in Scheme 29. The identity of alcohols
42a and 42b were determined upon thorough spectroscopic analysis: the methine
proton of the alcohol moiety in compound 42b demonstrated a coupling constant of 11.2
Hz with the axial proton of the methylene carbon, which is within the range of values
that one would expect of typical axial-axial 3Jun coupling within a conformationally rigid
cyclohexane skeleton when presented as chair form. From there, COSY and HSQC
assisted in assigning the *H and 13C signals. By process of elimination, we can also

assign other 'H and *3C signals that correspond to alcohol 42a.
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S$O O\\Sgo O\\S¢O
04/0,, — NaBH, — —
40 —> \ 7 T N\ / \ 7/
0
DCM, -78°C H HO
0) OH H
4

42a 42b

91% vyield 25% combined yield
2:1 diastereoselectivity

Scheme 29. Ozonolysis of terminal alkenes and subsequent reduction of ketones

Based on our results, we hypothesized that delivery of the hydride source via the
concave face was unfavorable as the two phenyl groups introduced significant steric
congestion. We also tried to perform hydroboration of the diaryl alkene!®” and obtained
an equal mixture of diastereomers, compound 43a and compound 43b, as shown in
Scheme 30. The possibility of other regioisomers were ruled out due to the lack of any
observable signals that corresponded to the methyl resulting from anti-Markonikov
hydride addition.

0

\, /,O (0]
i) BHgeMe,S, ST V520
THF, 0°C to RT =
i) NaOH, H,0,  H

HO  H
HO
43a 43b

38% combined yield
1:1 diastereoselectivity

Scheme 30. Hydroboration of bicyclo[3.2.1]sulfone-containing alkenes

We were curious as to whether a 1,3-dipolar cycloaddition reaction with nitrile
oxide species would be able to proceed to obtain either compound 44a or 44b as well
as regioisomers 44c and 44d, as shown in Scheme 31. Sadly, under the prescribed
conditions,'%® we were unable to collect anything but recovered 40. Due to precendent
report that indicates success of sterically hindered alkene substrates undergoing the
desired [3+2] transformation, it may be that our current conditions are not optimized for
said performance;*° the strong acidic nature of trifluoroacetic acid (TFA) could results

in degradation of compound 40 prior to undergoing the desired transformation.
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X, .OH
©/\N

DIB, cat. TFA

34
MeOH

44c 44d

Scheme 31. Attempted dipolar [3+2] cycloaddition of bicyclo[3.2.1]sulfone-containing compounds using
in situ generated nitrile oxides.

Another method of regioselective functionalization of the terminal alkene was by

dihydroxylation using catalytic amount of osmium tetroxide (OsOa): the tetra-substituted

olefin of compound 34 did not react and instead we obtained compound 45 as a single
diastereomer, as shown in Scheme 32.

O\\S;O
cat. OsOy, -
34 > \ //
NMO, acetone — H20 HO
HO
45
75% vyield

Scheme 32. Regioselective dihydroxylation of bicyclo[3.2.1]sulfone-containing compound.

In theory, stereoselective hydrogenation could be performed on the tetra-
substituted olefin using ketone 41 as the substrate. 1% Attempts to transform into
compound 46a or 46b were futile using catalytic amount of Pd on carbon, as shown in
Scheme 33. We recovered starting material even with up to 500 psi of hydrogen gas.
Usage of different Pd sources such as Pearlman’s catalyst did not improve the situation.
Switching to different transition-metal such as Pt results in cleavage of the C-SO2 bond.

It is currently unknown whether the decomposition pathway proceeds via direct insertion
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of Ptinto the C-SO2 bond, or perhaps via initial Tr-coordination of transition metals to the

tetra-substituted olefin, followed by subsequent formation of 1r-allyl complex leading to

sulfone cleavage. As such, we had to temporarily abandon the hydrogenation idea.

O\\S/,O
O\\S//O 74 \
catalysts —
a1 > > +
H,, EtOAc, RT H
0 H

Scheme 33. Attempted hydrogenation of tetra-substituted diaryl alkene region of bicyclo[3.2.1]sulfones.

Arguably, many more robust chemical reactions can be used to functionalize the
alkene region (and perhaps the allylic region), but we aimed to be more ambitious.
Furthermore, we were concerned that since all synthesized compounds contained a
stilbene moiety, it would be hard for us to assess well-defined structure—activity
relationships. It would therefore be helpful to have access to a broader range of different
substituents around the bicyclic core, and we therefore desired a simpler
bicyclo[3.2.1]sulfone-containing scaffold in order to achieve this goal—for the simple
reason that it’s often easier to add functionality to a relatively simple scaffold than it is to
take it away from a more complex one.

In conclusion, we realized that the approach outlined in this Chapter is very
limited: the bicyclo[3.2.1]sulfone-containing molecules from tandem 1,2-addition/ anionic
oxy-Cope cascade were difficult to functionalize, and already contained too many
substituents. In the next Chapter, a route to alternative bicyclo[3.2.1]sulfone-containing
molecules is presented. This was based upon a simpler double-nucleophilic substitution

sequence, and allowed for much greater success in functionalization.
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Chapter 3 — Functionalization of Simpler Bicyclo[3.2.1]Sulfone-
Containing Scaffold.
All compound syntheses, analysis and characterization of data was performed by C.
H. Andy Un. Dr. Tyler Trefz and Dr. Ori Granot collected the HRMS data.

Chapter 3.1 Oxidation of Chou-type Bicyclic Sulfones.

As mentioned previously, we sought simpler bicyclo[3.2.1]sulfone-containing
building blocks, which would allow for a greater degree of functionalization. This
strategy would not only permit the generation of more analogues in a rapid manner, but
would also allow us to obtain greater vector control in in probing three-dimensional
space. To that end, we looked towards the original molecule 47 that Chou and
coworkers described. Replication of their procedure yet without the use of carcinogenic
HMPA afforded us crude sulfone 47 in relatively high purity. Similar to our screening of
suitable electrophiles for the synthesis of sulfone 40, we realized that only dibromide
39b and diiodide 39c were compatible to yield sulfone 47 in moderate to good yield,
with isolated yields of 34% and 55% respectively, as shown in Scheme 34. This shows
that electrophilicity of the dihalide is crucial for formation of Chou-type sulfone 47. The
diiodide 39c was generally prepared freshly before being subjected to Chou’s
annulation method, as degradation was observed within one week despite storage in a

—-20°C freezer and away from light.

O\\S¢O
LiIHMDS,
4a + CI\)]\/CI — X \
THF, -78°C
39a 47
O\\S//O
LiHMDS,
4a + X X —_— \
THF, -78°C
39b X =Br S _
39¢ X = | 47 36% vyield if X =Br

67% yield if X =1

Scheme 34. Formation of compound 47 using different dihalide species as the electrophile.
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However, crude *H NMR revealed the presence of the desired

bicyclo[3.2.1]sulfone-containing product 47, as well as unreacted diiodide 39c. Although
flash column chromatography is capable of purifying product 47 for later diversification,
this issue is non-trivial for future scale-up purposes. Initially, we tried decreasing the
amount of reaction solvent — THF — as our initial hypothesis was that the rate of
nucleophilic displacement was too slow, and therefore increasing the concentrations of
both reagents may assist in the initial bimolecular reaction step. However, the situation
did not improve. Precipitate formation was noticeable as more LIHMDS was gradually
added to the reaction flask during scale-up synthesis of sulfone 47, which was
presumably the formation of LiBr from double nucleophilic substitution of sulfone 4a.

It is known that upon lithiation of the a—position of 4a, the lithiated intermediate is
unstable above cryogenic temperature of —78°C and undergoes fragmentation to
generate sulfinate salt 49, as shown in Scheme 35.17! It may be possible that the
sulfinate salt 49 is washed away during workup, hence why we could not observe the
presence of unreacted butadiene sulfone.

0,0

\//

--Li O\\//

0
LiIHMDS, \
4a _— C{\S",\'H/ N''SiMe; 4 <S7@ <—><S7<—> ¥
THF, -78°C Q/ SiMes, =/~ y @
’ — | o

resonance stabilized by conjugation

2.2 eq. LIHMDS, 0=5
THF, rate-determining o
-78°C to RT '\J\/' step >-78°C \ //\

] 49
LiHMDS 0. 0 2 ’9\7"‘Li
’ | \\S// csS @"

a7
-/
THF, -78°C W\ (J

(2)-48

A

Scheme 35. Mechanism of how compound 47 is formed, as well as possible fragmentation pathway.

To remedy this issue, we speculated that perhaps better heat dissipation during
the presumably exothermic deprotonation step can be a solution; indeed, by adjusting to
a slow addition of LIHMDS into the reaction mixture, we obtained an isolated yield of

65% on a multigram scale. Although Chou’s original synthesis employs the addition of
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4.0 equiv. of carcinogenic HMPA presumably to alter the aggregation state of

organolithium species in solution, we did not see the value of introducing polar aprotic
additives in the reaction mixture as the isolated yield of sulfone 47 drastically lowered to
8% yield upon changing the solvent composition from THF to a mixture of 1:1 THF:
DMPU. These results may suggest that the aggregation states can be influential for
optimal conformational alignment between the electrophilic carbon center and sulfone
(+)-48 during formation of the bicyclic sulfone 47, although we are currently unsure if the
aggregation state of delocalized lithiated 4a anion is important for the initial nucleophilic
substitution step and/or perhaps overall formation of bicyclic sulfone 47. Nonetheless,
we have established optimal conditions for obtaining sufficient quantities of the Chou-
type sulfone 47 on a decagram scale that may be scalable in larger batches.

With the material in hand, we decided to chemically modify the alkene regions in
a chemoselective manner: relative 1m-bond reactivity between a 1,1-disubstituted exo-
cyclic olefin (such as compound 50) and the 1,2-disubstituted internal olefin of a bicyclic
system (such as compound 51) can be distinguished, as Mayr and coworkers have
described the reaction rates of these respective alkenes to differ by approximately 1000
times.1’2 As we noted that the Mayr's parameter is evaluated towards electrophilic
atomic centers,'”® we rationalized that reactions that employ alkenes as nucleophiles
may serve as an initial point of investigation for chemoselective functionalization of the

Chou-type bicycle [3.2.1]sulfone 47, as indicated in Figure 15.

A A

50 51 47

Figure 15. Comparison of alkenes that demonstrate the highest reactivity as described by Mayr and
coworkers. Highlighted in neon blue are the most reactive moieties in corresponding molecules 50 and
51, while yellow highlighted regions indicate possible reactivity moieties with unknown preferences in

compound 47.
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Beyond this, we postulated that perhaps the relative position of the sulfone

moiety can affect 1-reactivity of either the 1,1-disubstituted exo-cyclic olefin or the 1,2-
disubstituted internal olefin via inductive effects and/or electronic repulsion.
Furthermore, allylic carbons are present in the framework, which offers activated C—H
bonds that may prove to be versatile in selective functionalization.'’* Beyond that,
although the bridgehead carbons appear to be sterically encumbered, it is highly likely
that the electron-withdrawing properties of sulfone moieties can help stabilize any
proximal carbanion formation,’®> which we can capitalize upon by employing different
electrophiles of various three-dimensional shapes. Thus, it appears that the Chou-type
bicyclo[3.2.1]sulfone-containing framework is poised for a fundamental investigation,
where one should question whether chemoselective and regioselective functionalization
of the carbon framework is possible, as indicated in Figure 16. If we can achieve this,
then not only will the novel functionalized products that incorporate the
bicyclo[3.2.1]sulfone-containing scaffold be generated, but also this can help assist in
structure-activity relationship analysis during our lofty goal of eventually deploying sp3-
rich sulfone-containing small molecules for further understanding of biological

mechanisms and development of impactful therapeutics.

I\

v, o

C-6

a

Figure 16. Grand scheme of site-selective functionalization of bicyclo[3.2.1]sulfone-containing
frameworks. Coloured arrows indicate the direction of vectors that can be theoretically reached if the
carbons with corresponding colours can be decorated.

As described by described by Criegee and coworkers,'’¢ the fundamental

mechanism of ozonolysis requires the electrophilic ozone generated to approach with
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an alkene in a bimolecular manner, leading to the formation of a 1,3-dipolar cycloadduct

prior to fragmentation. Alkenes with increasing substitution may exhibit greater
hyperconjugative stabilization of the polarized transition state,'’” which we further
anticipated to be beneficial for our substrate: the 1,1-disubstituted exo-cyclic olefin was
expected to react preferentially over the 1,2-disubstituted internal olefin. Indeed, in situ
generated ozone reacted exactly as we predicted, yielding 66% of ketone 52 upon

reductive workup using dimethyl sulfide, as shown in Scheme 36.

O\\S¢O O\\S$O O
0,/0,
\ r \ H H
@) O
- MeCN — H,0, 0°C >s<
o’ o

d H H

47 52 53

77% vyield

Scheme 36. Ozonolysis of compound 46. Compound in brackets are not isolated but observed.

A binary solvent mixture of water and water-miscible organic solvents such as
acetonitrile has been used as greener alternative to the conventional reaction
environment of ozonolysis protocols,'”® where large amount of environmentally
hazardous dichloromethane was needed; small amount of water content can also be
used to quench the ozonides generated in situ, further making the process safer to
working personnel. After testing the procedures described by Cochran, we observed
comparable results.'”® Furthermore, we have also observed that depending on the
feeding rate of ozone generated in situ, it is possible to perform oxidative ring-opening
of the internal olefin. Therefore, close monitoring of the reaction progress was crucial to
avoid overreaction leading to sulfone 53; typically, at a feeding rate of 7L per minute of
ozone, the reaction reaches complete conversion approximately after 90 min, with the
assistance of TLC for reaction monitoring. Thus, we have successfully optimized the
synthetic steps leading to ketone 52.

With ketone 52 in hand, we envisioned that the carbonyl moiety can serve as a
versatile functional group handle, especially on forming new chemical bonds at either

the C-2 or C—4 position. Aldol reactions were described by Majewski and coworkers on
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analogues of ketone 52 (albeit the sulfone moiety was replaced with a thioether

functional group instead),8° therefore we had reason to believe that sulfones 41 or 52
would be capable of undergoing similar transformations. However, attempts of
performing aldol condensation was not successful, and we only recovered the aldehyde

component 54, as shown in Scheme 37.

O\‘S/,O 0 0 o
c-2 \ . /@)L H KOH, . /@)‘\ H .
- 0 THF, RT 0
3 | |
52 54 54 55

Scheme 37. Failed attempt to perform aldol-condensation between sulfone 51 and aldehyde 53.

Interestingly, purification of ketone 52 via flash column chromatography using
silica gel as the stationary phase failed, as we were also unable to recover any trace of
ketone 52. We speculate that the acidic nature of silica gel led to degradation of ketone
52; however, even upon treating the silica gel with 5% v/v EtsN, recovery of ketone 52
was still not feasible. Thus, we have reason to believe that no matter the pH change,
tautomerization of the carbonyl region will lead to B-elimination of the sulfone moiety to
relieve ring strain, thus triggering a decomposition pathway that is undesirable, as
shown in Scheme 38.18! Literature precendent of sulfones acting as leaving groups
exists,82 although in our case, we believe that the identity of the nucleofuge is sulfoxylic
acid (sulfur in +2 oxidation state). This is known to be an unstable species, and most
likely oxidizes under aerobic conditions to gaseous sulfur dioxide (sulfur in +4 oxidation

state).



49

HZOH
O\S;O O\\SQD
KOH i& Osg-OH
—— —
——— f\ —~———
\ THF, RT 6 <\ <OoH
S o K 0
-H,0 L ® _
52 (+)-56
KOH,
H,0,
THF, RT
Q HO=H O3¢-OH
@ o P
- KOH @5‘
- S(OH),

55

Scheme 38. Postulated B-elimination pathway of compound 52 leading to the extrusion of sulfone moiety.

Fortunately, reduction of the carbonyl afforded isolation of both diastereomers of
alcohol 57 (i.e. alcohols 57a and 57B) in a 1:5 ratio, as shown in Scheme 39. Rapid
bubbling was observed as soon as the reducing agent NaBH4 was transferred into the
reaction flask, despite the use of freshly distilled anhydrous THF as the reaction solvent,
Furthermore, a nauseous odour originated from the reaction vial as soon as the
reduction proceeded. Thus, it may be possible that the exothermic process of
generating a C-O bond from a C=0 bond of ketone 52 triggered retro-cheletropic
rearrangement of ketone 51, thereby releasing foul sulfur dioxide gas that lingered
within the workspace.'®3 Note that the retro-cheletropic rearrangement under thermal
conditions is a fundamentally different decomposition pathway to the -elimination
reaction described above, and occurs under different reaction conditions. Further
dilution of the reaction via addition of more THF did not help dissipate the amount of
heat transferred, nor did performing the reduction in an ice-water bath, as low yields of
alcohols 57a and 57b were consistently obtained.
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O\\S/,O O\\S/,O O\\S/,O
reducing agent
\ > \ \
(o]
THF, 0°C H HO
O OH H
52 57a 57b
if reducing agent = NaBHy,, then 39% yield 1 : 5
if reducing agent = DIBAL, then 37% yield 2 : 1

Scheme 39. Different regioselectivity in carbonyl reduction of compound 51 via different metal hydrides.

As NaBH4 was our initial choice of reducing agent, we pondered whether
screening alternative choices of both cations and anions would assist us in
understanding what factors can influence the diastereoselectivity and perhaps isolated
yields of alcohols 57a and 57b. Despite using LiBH4 and Zn(BHa),®* we did not see any
major improvement in diastereoselectivity nor isolated yield. Thus, we concluded that
the cations were not a primary factor.85 Interestingly, changing the reducing agent to
DIBAL-H lead to an observed reversal trend of diastereoselectivity: we isolated alcohols
57a and 57b in a 2:1 ratio. It is possible that the monomeric DIBAL-H coordinates with
the oxygen atoms of the sulfone moiety, thereby directing the hydride transfer via the
convex face of the scaffold i.e. TS2b. On the other hand, the tetrahedral borohydride
anion is incapable of interacting with the sulfone moiety in such manner; instead,
electronic repulsion between the two results in an energetically unfavorable process if
the hydride transfer were to occur via the convex face i.e. TS1la, as shown in Scheme
40. This type of phenomenon was showcased by Schomaker and coworkers in their
crusade to functionalize bicyclic substrates based on their methodology of Rh-catalyzed

[4+3] cycloadditions of azidirines.'®
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Scheme 40. Postulated mechanistic differences resulting in differing diastereoselectivity in reduction of

ketone 52 using different metal-hydrides.

We sought to confirm whether arguments of steric repulsion were affirmative,
thus leading to our use of L-selectride; however, we did not obtain any material of
interest, nor did we recover any starting material 52. Furthermore, evaluation of the
crude reaction mixture afforded none of the diagnostic protons of the internal alkene. As
L-selectride can be considered as a “softer” hydride-transferring agent due to its
prominent use in 1,4-reduction of a,B-unsaturated carbonyl derivatives,®” it may not be
surprising to surmise that hydride deliver to the internal olefin may trigger elimination of
the sulfone moiety through an Sn2’ pathway.8 Further investigations may be
warranted.

As we were able to showcase that the two alkenes can participate in chemical
functionalization with differing reactivities, we wanted to test further reactions in order to
derive different building blocks. Epoxidation using mCPBA was successful and epoxide
58 was generated in 96% isolated yield as a single diastereomer, as shown in Scheme
41. Increasing the concentration of both mCPBA and alkene 47 to 1.0 M lead to

complete conversion into epoxide 58.
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Scheme 41. Epoxidation of sulfone 47 (left) and the “butterfly” mechanistic transition state (right).

It was noted that the “butterfly” transition state TS3 is key towards the
epoxidation,*® since when we added saturated NaHCOs during the reaction, only 12%
of epoxide 58 was obtained. Presumably, mCPBA is deprotonated in situ and thus the
loss of hydrogen-bonding interaction during the “butterfly” transition state leads to low
conversion. It is currently unknown if hydrogen-bonding between mCPBA and the
sulfone moiety is possible and whether it could assist in regiocontrol; 1% if so, the
approach of mCPBA towards the concave face will not be determined based on the
argument of steric congestion solely.

Hydroboration using sterically bulky 9-borabicyclo[3.3.1]Jnonane (9-BBN) afforded
alcohol 59 in 30% isolated yield as a single region- and diastereomer, as shown in
Scheme 42. Presumably, the sterically encumbered 9-BBN approaches the alkene from
the convex face in order to avoid steric clash with the relatively congested concave face
of the bicyclo[3.2.1]scaffold.*®* However, we noted that acid-catalyzed hydration was
not successful, as we noticed decomposition of alkene 47; in an effort to generate the
Markonikov product, we pondered the possibility of performing Mukaiyama hydration, 92
but instead we were only able to recover alkene 47. All in all, we have demonstrated
that in the presence of electrophilic reagents, the 1,1-disubstituted alkene of alkene 47
would react preferentially, generating versatile building blocks where the C—3 position of

the bicyclo[3.2.1]sulfone scaffold is functionalized.
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i) 9-BBN, THF, o°C
\ -~ \

i) NaOH, H,0,, RT H

HO
47 59

57% yield

Scheme 42. Regioselective and diastereoselective hydroboration of sulfone 46.

Interestingly, as we turn our attention towards formation of diols via osmylation,
unexpected results were obtained. Based on aforementioned difference in olefin
reactivity from Mayr’s nucleophilicity scale, we expected that the exo-olefin to participate
in the reaction. Serendipitously, we were able to obtain diol 60 as a single regioisomer

instead, as shown in Scheme 43.

c6 cat. 0sO4, NMO OH OH
\ r 3 OH = OH
c-7 HO
H H
HO
47 60 61
50% yield not observed

Scheme 43. Unexpected results from dihydroxylation of compound 47 using catalytic osmium tetroxide.

We found this finding to be extraordinary due to the following reasons:

1. The reaction time required to achieve complete conversion was at least 48
hours, which was deemed to be significantly longer compared to literature
precedent of substrates with similar framework undergoing similar
transformations.

2. Minor improvements in isolated yield was obtained as we screened
different catalyst loading, as shown in Table 1. Usage of either
K2[OsO4(H20)2] or OsOa4 in water as the osmium source did not yield any
significant difference.
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Table 1. Tabulation of varying catalysting loading of OsO4 and their corresponding yield of sulfone 60.

Catalystloading(mol%) | 1 | 3 | 4 | 5 | 7
Yield (%) 22 128|30 (28|23

3. Even as we increased the stoichiometry of terminal oxidant N-

methylmorpholine N-oxide (NMO), overreaction was not observed i.e. we
did not observe the appearance of tetra-ol 61. Instead, we were only able
to obtain diol 60.

Based on these observations, we offer the following explanations: it is highly
likely that the oxygen of the sulfone in our framework interacts with the osmium center
in OsOa i.e. TS4a, thereby directing the transformation to occur in a regioselective
manner. Literature precedent has demonstrated that late transition-metal centers can
interact with analogous DMSO to form either S-adducts or O-adducts, with the former
being more prevalent and equilibrium favored.'®® The aforementioned coordination
between bicyclic sulfone 47 and OsOzu is kinetically favorable, as we did not observe
any signs of exo-olefin participating in osmylation regardless of the catalyst loading nor
the stoichiometry of NMO used. Furthermore, the [3+2] adduct is stable enough to
temporarily resist hydrolysis and subsequent liberation of diol 60, which may explain the
prolonged reaction time required as well as absence of tetraol 61 in the presence of

excess NMO, as shown in Scheme 44.

(0]
W
S=0
AN
Yo 0 ﬂ
~ Os. 47
%%O/H 0" o
OH
"H
60
rate-limiting step H,0 S-0, o

Scheme 44. Simplified catalytic cycle illustrating how compound 60 is formed. The rate-determining step

of the mechanism is postulated to be the hydrolysis of TS4b.
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Narasaka and coworkers have reported a one-pot synthesis for transforming

olefins into boronate esters.*®* The protocol essentially combines the essence of
dihydroxylation and diol-boronate exchange within a single reaction vessel. Given that
metathesis of diols between osmic esters and arylboronic acids occurs during the
Narasaka reaction,®® we anticipate that the faster reactivity of this protocol may be an
alternative method to not only speed up reactivity of osmylation in our campaign to
transform bicyclic sulfone 47, but also to yield novel boronic ester 62 in a rapid
manner.®® Indeed, using reaction conditions described by Sharpless and coworkers, *°7
we were able to obtain boronic ester 62 in excellent yield, as shown in Scheme 45.
Furthermore, we observed that the reaction time required to achieve complete
conversion is shortened to 24 hours instead, which serve to augment our hypothesis of
facile transmetallation as a method to improve slow hydrolysis of osmic ester TS4b.
One interesting note is that presence of trace amounts of water during the
transformation led to a mixture of diol 60 and boronic ester 62. It is possible that the
oxygen of the sulfone is geometrically incapable of coordinating the vacant r-orbital of
the boron center, thereby instead of yielding a hydrolytically stable tetrahedral boronate
salt, we obtained a neutral tri-coordinate boronic ester which is susceptible to
hydrolysis. Addition of 4A molecular sieves during the Narasaka reaction was able to
circumvent this issue, and also assisted in product purification since residual osmium

metal was coated on the surface of the molecular sieves.

Q
O\\S/’O \\S//Oo—B/©

cat. 0sO,4, NMO

/
> 0]
PhB(OH),, DCM, H
4A molecular sieves H
47 62
88% yield

Scheme 45. One-pot dihydroxylation/boronic ester formation from compound 46.

This sulfone-chelation phenomenon was once again demonstrated when
stoichiometric amounts of Pd(PPh3)2Cl2 and bicyclic sulfone 47 were dissolved in CeDs.

Interestingly, small upfield changes in chemical shifts in H NMR were observed, which
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are demonstrated in Figures 16, and 17. We rationalized that perhaps the upfield shifts

of these signals are attributed from metal-ligand donation of the more electron dense
Pd-center as two tris-aryl phosphine ligands are capable of forming two o-bonds with

the Pd-center.

L]
47 and Pd(PPh3),Cly in CDg
O
47 in CgDg
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
56 5.4 5.2 5.0 48 4.6 4.4 [ppm]

Figure 17. Magnification of 'H NMR reactivity monitoring spectrum of compound 46 and Pd(PPh3).Cl,.
Highlighted in light green are diagnostic peaks corresponding to alkenyl protons of the 1,1-disubstituted
exo-cyclic olefin.

L]
M 47 and Pd(PPh),Cl in CeDg
%—J \)
O
M T
-———— T
2.95 2.90 2.85 2.80 2.75 2.70 [ppm]

Figure 18. Magnification of *H NMR reactivity monitoring spectrum of compound 46 and Pd(PPhs).Cl,.
Highlighted in light green are diagnostic peaks corresponding to C,sprotons of bridgehead position i.e.

C-1 or C-5 positions of the bicyclo[3.2.1]sulfone-containing framework.
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Note that these signals correspond to the internal olefin of bicyclic sulfone 47, yet

the exocyclic olefin region demonstrated no change in either chemical shifts nor did it
exhibit different coupling patterns. Thus, we can assume that a chelated adduct is
formed from Pd(PPhz)2Cl2 to both the oxygen atom of the sulfone moiety and the

internal olefin i.e. compound 63 as shown in Scheme 46.

2+
N0 2020
PdCIy(PPhs), \
> pq—PPhs 2Cl°
\ CeDg, RT \
! PPh,
47 63

Scheme 46. Weak bidentate chelation of sulfone 46 with Pd(Il) species.

Salt formation was observed, which we attribute to the displacement of chloride
anions resulting from the aforementioned chelation. New 3!P signals occurred at 5 21.9
ppm and & 13.6 ppm as soon as both substrates were dissolved into the solution, as
shown in Figure 19; as the signals persisted over time, we attribute to the possibility of a
new intermediate resulting from coordination geometry change from the square planar
(D4n) Pd(PPhz3)2Cl: to the unstable chelated adduct in solution.1%

© y
” 47 and PA(PPh),Cly in CgDg
|!
| |
J \ / \
[ e A7, NG _,_».‘*_,%f\__ﬁ\_,v«f\// \\v*hf""‘/\/ ‘\mmv»-—aﬂ\ma—w—f\ﬁ«f-_-\_‘m\w_h_h\ e
]
i PG(PPh;),Chin CyDg
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28 26 24 22 20 18 [ppm]

Figure 19. 3P NMR reactivity monitoring spectrum of compound 47 and Pd(PPhs).Cl,. Highlighted in

green are diagnostic peaks corresponding to Pd(PPhs).Cls.

Despite not fully understanding the elementary steps relating to how the

chelation phenomenon occurs, these results further augment our hypothesis of



58
regioselective chelation between bicyclic sulfone scaffolds and various transition-

metals.
With that said, we were able to showcase the potential of functionalization of the
bicyclic sulfone framework at selective positions using chemoselective methodologies

that results in possibly regioselective outcomes.

Chapter 3.2 Expanding Chemical Space of Bicyclo[3.2.1] Sulfones

To further functionalize ketone 52, we pondered whether a Baeyer-Villager
rearrangement could be performed; **° particularly, we chose mCPBA as the
nucleophilic oxidant 2°° such that the electrophilic ketone can preferably react instead of
the nucleophilic internal alkene. Unfortunately, we were only able to recover alkene 47,
and no signs of the desired product 64 was observed as shown in Scheme 47. We
hypothesized that hydrogen-bonding between the oxygen of the sulfone bridge and the
acidic mCPBA may hinder the desired transformation, since presumably hydrogen-
bonding between the acidic mCPBA and the ketone moiety is necessary in order for the

desired transformation to proceed.?%!

N O\\ _0
mCPBA o 3
Ve %2h
DCM, 0°C O
o]
52 64

Scheme 47. Failed attempt at Baeyer-Villiger oxidation of compound 51.

Fortunately, we were able to form oxime 67a in 50% yield using hydroxylamine
hydrochloride with ketone 52, as shown in Scheme 48.292 The fact that oxime formation
was possible under ambient temperature and without the introduction of external
sources of acid was encouraging to us, as we envisioned that substitution at the oxygen
of hydroxylamine of oxime 67a could lead to better coverage of three-dimensional
space at a certain vector. To that end, we attempted to see if the alcohol can participate
in phosphine-mediated etherification of methyl acrylate,?°® with the hopes that the
theoretical ester can lead to further derivatization. However, we did not observe such

transformation, and instead recovered oxime 67a. We also attempted dehydration of the
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alcohol moiety of oxime 67a with cyanuric chloride in order to induce a Beckmann

rearrangement, but to no avail.?2°* We reasoned that the oxygen of hydroxylamine 67a

was insufficiently nucleophilic to participate in the desired transformation.2%°

0y..0 Oxg20 R=  H-3 67a  96% yield
R-ONH,-HCI AN 67b  89% yield
- )
EtOH, RT
o’ 67c  97% yield
0 O-N
R
52 o
N erd 75% yield

OH

Scheme 48. Various O-substituted oximes formed via condensation with sulfone 52.

Therefore, we sought to investigate whether O-substituted hydroxylamines were
capable of undergoing condensation with ketone 52. Indeed, using O-ethyl
hydroxylamine hydrochloride and O-benzyl hydroxylamine hydrochloride under the
same reaction conditions, we were able to obtain oxime 67b and 67c respectively. Both
products were obtained in 89% yield and 97% yield respectively. Note that the reaction
conditions required longer reaction time in order to achieve complete conversion,
regardless of the stoichiometry of hydroxylamine hydrochloride salts, which we attribute
to increasing steric hindrance. Oxime 67d was also isolatable in 75% yield, which is
encouraging to us since we were concerned about the stability of ketone 52 under
acidic conditions. Based on the aforementioned results, perhaps the stability of the
sulfone moiety in bicyclic substrates are highly dependent on pH, as we noted that
recovery of sulfone 47 is possible despite submerging in glacial acetic acid over 48
hours.

We were interested to see if we could replicate an outcome similar to the
aforementioned case of bicyclic sulfone 47 reacting with OsOa in a regioselective
manner via sulfone-guided directing. Currently many methodologies are known that
convert alkenes of various kinds into functionalized cyclopropanes.?°¢ The presence of
cyclopropanes in pharmaceutical drugs are considered to be beneficial due to improved
metabolic stability and other pharmacokinetic properties; 2%’ as such, we anticipate that
incorporation of cyclopropanes within our bicyclic sulfone scaffold will not only afford
additional conformational restriction, but also direct functional groups along specific

projection vectors that may be beneficial for interaction with protein surfaces. One of the
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mildest methods of cyclopropanation involves transition-metal-catalyzed transformation
between alkenes and activated diazo species.?%® We started our initial investigation by
employing 5 mol% of Rh2(OAc)sand 1.5 equivalent of commercially available ethyl
diazoacetate, and we obtained the desired cyclopropanes 68a and 68b in 33% isolated
yield, as shown in Scheme 49. Interestingly, beyond the occurrence of compound 69
which resulted from dimerization of ethyl diazoacetate, we did not observe diagnostic
signals that corresponded to either compound 70a or 70b spectroscopically, as shown

in Scheme 49.

EtO
cat. Rhy( OAc)4 J\j/
DCM, RT
68a 68b 69
J
Co20 0 Cog20 e
H 75% combined yield
OEt H
i 6 : 1
H
H
S OEt
70a 70b

not observed

Scheme 49. Rh-catalyzed cyclopropanation of sulfone 47 to yield conformationally restricted products.

Despite this exciting news, we faced many different obstacles, including
optimization of the reaction conditions by varying catalyst loading, varying stoichiometry
of ethyl diazoacetate, varying amount of solvent (DCM) in the reaction vessel, varying
reaction temperature, and much more. After much extensive screening, the following
was observed:

1. Optimal catalyst loading was determined to be at 5 mol% of Rh2(OAC)a.
Lower catalyst loading was achievable, but required significantly longer
reaction time.

2. 8 equivalents of ethyl diazoacetate was required to achieve near-complete

conversion (92.5%). Lower stoichiometry was not achievable, as
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dimerization of ethyl diazoacetate in the presence of metal catalysts was

far more rapid compared to cyclopropanation. However, stoichiometry of
ethyl diazoacetate can be significantly reduced to 4 equivalents if slow
addition of ethyl diazoacetate was performed i.e. addition rate of ethyl
diazoacetate should be kept to 0.10mL/hr.

The reaction can be performed at room temperature. Lower temperature
(eg. 0°C) did not appear to be beneficial in improving isolated yield or
diastereomeric ratio. Higher temperature (eg. 40 °C) led to lower
conversion of desired cyclopropanes 68a and 68b, and greater amount of
dimerized product 69 to be formed.

Lower amount of reaction solvent i.e. higher concentration of substrates
appears to favor the formation of dimerized product 69. Dilution appears to
be beneficial for the formation of cyclopropanes 68a and 68b, and we
deemed the ratio of 10mL of DCM for every mmol of bicyclic sulfone 47 to
be the optimal concentration for our desired transformation to occur.
Diastereomeric ratio maintained stagnant (3:1) despite any of the
aforementioned changes.

Usage of other transition-metals were explored, as shown in Table 2; 2%°
Pd(OACc):2 did not afford any cyclopropanes 68a and 68b but instead we
recovered bicyclic sulfone 47 and obtained dimerized product 69.
Cu(OTf)2 appeared to afford higher diastereomeric ratio (~9:1), but at the
cost of low conversion (9%).

Table 2. Rh-catalyzed cyclopropanation of sulfone 47 to yield conformationally restricted products.

Catalyst | Combined conversion | Diastereoselectivity | Note: all reactions were
of 68a + 68b (%) (68a : 68b) performed using a
Rh2(OAC)a 60.00 299:1 catalyst loading of 5
Pd(OACc)2 N/A mol% and 4 equiv. of
Cu(OTf): 8.97 8.76: 1 ethyl diazoacetate
7. Rhz(oct)s was deemed to be a more soluble catalyst compared to

Rh2(0OAc)4,%1% and we anticipated that usage of such transition-metal

complex may assist in increasing surface area contact between substrates
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and catalyst; however, no improvements in either substrate conversion,

isolated yield, or diastereomeric ratio upon using the costlier Rhz(oct)a.

Currently we have determined the optimal conditions for cyclopropanation of
bicyclic sulfone 47 as the following: a reaction vessel was charged with 5 mol%
Rh2(OAc)n f4, bicyclic sulfone 47, and DCM (10mL for every mmol of substrate 47).
Stirring of the reaction mixture was performed using a Teflon-coated magnetic stir bar;
high revolution per minute (rpm) is encouraged; we usually try to aim for 750 — 900 rpm.
Slow addition of a solution of ethyl diazoacetate in DCM (4 wt%) into the reaction vessel
was accomplished using a syringe pump. After addition of ethyl diazoacetate is finished,
the reaction vessel remains as is and continued stirring at ambient temperature for 30
minutes. Filtration of the reaction mixture through a short plug of Celite can assist in
separation of insoluble Rh2(OAc)4 from the product mixture. Purification via column
chromatography was performed in order to afford pure cyclopropanes 68a and 68b.

An interesting note is that compared to previous bicyclic sulfone derivatives,
cyclopropane 68a appears to demonstrate greater stability in the presence of aerobic
CDCls i.e. acidic environment; however, it would appear that the minor diastereomer
68b would eventually degrade upon standing in CDCIs overnight, as indicated by Figure
20.

@
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Figure 20. ™H NMR of cyclopropanes 68a and 68b in CDCls; over prolonged period of time. Highlighted in
purple circles are diagnostic peaks corresponding to sulfone 68a, while highlighted in green diamonds are

diagnostic peaks corresponding to sulfone 68b.
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Based on the optimization data, further understanding of the mechanistic cycle

has been achieved, as demonstrated in Scheme 50. Oxidative addition of Rh2(OAc)4
with ethyl diazoacetate is moderately facile, as indicated by the presence of constant
bubbling from molecular nitrogen and short lag in time between addition of ethyl

diazoacetate and occurrence of bubbling in solution.

d[68a + 68b]
dt

Equation 1. Simplified rate equation summarizing the cyclopropanation step and dimerized product 69.

= k, [ethyl diazoacetate][47] — Kk, [ethyl diazoacetate]?

As we decrease the amount of DCM used i.e. higher concentration of both ethyl
diazoacetate and sulfone 47, greater amount of dimerized product 69 is formed.
Signficant amounts of both 68a and 68b can be isolated if we were to pursue the
opposite direction and introduce more DCM as the reaction solvent i.e. lower
concentration of both ethyl diazoacetate and sulfone 47. The latter scenario indicates
that upon dilution, the importance of the second component of equation 1 would be
rendered relatively infinitesimal compared to the first component, even though the
concentration of ethyl diazoacetate being significantly greater than the concentration of
sulfone 47 in solution i.e. excess amount of ethyl diazoacetate. Due to the second
component being the product of the square of the concentration of ethyl diazoacetate, if
ki and k2 are equivalent then the first component would be rendered less significant due
to the lower concentration values of sulfone 47 in solution. However, this is in contrast
to what we have observed experimentally; thus, the only explanation is that the inherent
value of ki is greater than k2. As we assumed that TS5a is a common elementary step
towards generation of both compound 69 and cyclopropane products 68a and 68b, this
indicates that interaction of Rh-carbenoid complex TS5a with sulfone 47 is inherently
more favorable compared to the interaction of a second equivalent of ethyl
diazoacetate. This may be due to higher 1-nucleophilicity of the exocyclic alkene moiety
of sulfone 47 compared to the ylide form of ethyl diazoacetate.

As such, one way to minimize unproductive dimerization is to utilize physical
means to control the amount of Rh2(OAc)4 being exposed to ethyl diazoacetate, which
we have demonstrated via slow addition of ethyl diazoacetate using a syringe pump.
Subsequently, upon interaction of exo-olefin with the Rh-carbenoid complex TS5a in a
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putative butterfly-like transition state i.e. TS6a and TS6b should yield our desired

cyclopropane 68a and 68b, as well as liberating the catalytic rhodium species to
participate in the next catalytic cycle. We believe that based on these data, interaction
of the sulfone moiety and the Rh-carbenoid species TS5a does not exist to a significant
extent,?!! as we do not observe the formation of cyclopropanes 70a and 70b.
Furthermore, we believe the “T-coordination” step from TS5a to TS6a or TS6b to be the
rate-determining and diastereoselectivity-determining step in the mechanistic catalytic
cycle. We also note that the nearly-constant diastereomeric ratio could be a result of
conformational preference when the Rh-carbenoid species TS5a is interacting with
either the concave or convex face of the exo-olefin. Currently we have assessed the
identities of both the major and minor portion of the product mixture as cyclopropane
diastereomers 68a and 68b: if cyclopropane 68b was produced as the major portion, we
would expect transfer of spin polarization through space between the alkenyl protons
and the protons of the methylene carbon of the cyclopropane. As a side note, we have
observed a nuclear Overhauser effect (NOE) between the protons of the internal and
external olefin in sulfone 47. However, upon irradiation of the alkenyl protons of the
major cyclopropane diastereomer, we did not observe any cross relaxation that
corresponded to any signals that we assigned to be the cyclopropane portion. Thus, we
can confidently assign cyclopropane 68a as the major diastereomer produced; however,
further spectroscopic evidence may be beneficial in assessing our mechanistic
hypothesis. We also anticipate that other Rh-containing dimer species with increasing
steric bulkiness of ligand size may be helpful in achieving diastereoselective

cyclopropanation of bicyclic sulfone 47.212
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Scheme 50. Simplified catalytic cycle that demonstrates the transformation of sulfones 68a and 68b.
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Attempts at transforming the cyclopropane ester moiety have been briefly

investigated. Reduction of the ester functional group using DIBAL appears to yield the
cyclopropanols 71a and 71b as 50% conversion and no signs of aldehydes 72a and
72b, as we do not observe any characteristic proton signals between & 9 to 11 ppm that
would correspond to any aldehydes, as shown in Scheme 51. However, separation of
cyclopropanols 71a and 71b, as well as cyclopropanes 68a and 68b, is non-trivial.
Therefore, future means of identifying methodologies that can selectively reduce the

ester moiety without disrupting the bicyclic sulfone scaffold are desired.

O\\S/,O O\\S/,O O\\S//O O\\S/,O
DIBAL,
+ \ > \ -+ \
O,
THF, 0°C
EtO HO
O
EtO HO
68a 68b 71a 71b

50% conversion by 'H NMR

T

72a 72b

not observed

Scheme 51. Reduction of the ester moieties of compound 68a and 68b. Isolation of compounds 71a and

71b were difficult due to negligible polarity differences as indicated in TLC.

Next, we once again turn our attention towards functionalization of positions C—2
and C—4, after much effort in expanding chemical space at positions C—3, C—6 and C-7.
Due to the positions of C—2 and C—4 being adjacent to the exo-olefins of sulfone 47, we
thought that functionalization at these allylic positions of sulfone 47 would be achieved.
However, reality proved us differently. Many different allylic oxidation methods require
the reaction to be performed at elevated temperature; 213 however, we were concerned

about the thermal stability of bicyclic sulfone 47, as we anticipated that retro-cheletropic
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reaction would be facile.?** Few examples were demonstrated in past literature where

allylic functionalization was achievable under mild reaction conditions and without the

need for elevated temperature, thus we decided to explore these conditions.

o §iMe2tBu 0o §iMe2tBu
WO WOH
N
=, ,-OMe | N -, -OMe
CrOg3, NH
MeO [ON
© SiMe,tBu
DCM, -20°C
MeO ) 55% yield
| |
SiMe,tBu SiMe,tBu
73a 73b Branimycin

Scheme 52. Mulzer’s synthesis towards natural product branimycin.

Mulzer and coworkers showcased that a,3-unsaturated ketone 73b can be
synthesized from allylic oxidation using chromium trioxide and 3,5-dimethylpyrazole as
additive in the reaction; ?1°> despite their success in achieving this transformation in the
journey towards complex natural product branimycin shown in Scheme 52, instead our
bicyclic sulfone 47 remain inert under such conditions and neither compound 74a or
74b was observed spectroscopically. Undeterred, we seek to use more conventional
methods — selenium dioxide-mediated allylic oxidation.?'® Sharpless and coworkers
have described the usage of catalytic amounts of selenium dioxide to afford allylic
oxidation, with tert-butyl peroxide as the terminal oxidant and acetic acid to neutralize

CrQOg3,

/W\\

S,
A %& _2ﬂl\
74b
\ cat. Se0,, ///

tBuOOH, AcOH

Scheme 53. Failed attempts of allylic oxidation of sulfone 47.
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the pH level of the reaction environment.?!” Yet again, our bicyclic sulfone 47

shows robustness in resisting these oxidation techniques, as summarized in Scheme
53. Despite these setbacks, tetra-aryl sulfones 31a, 31b, 31c, 31d, 32a, 32b, 32c, and
32d featured functionalization at the desired carbons of the scaffold. Thus, we decided
to rely on these molecules in order to gain us reliable and predictive insight on structure-
activity relationship studies in future biological screening results.

Chapter 3.3 Bridgehead Alkylation of Bicyclic Sulfones

Despite facing numerous obstacles, we remained strong at heart. The
bridgehead positions at C—1 and C-5 of our bicyclic sulfone scaffold remains
untouched, and we initially anticipated that functionalization at these positions would be
the most difficult challenge to tackle. However, given the fact that these positions being
adjacent to the sulfone moiety, we remained optimistic as the inductive effects of the
sulfone functional group would be capable of stabilizing the resulting carbanion when
presented with a strong base.?'® The anion could subsequently react with appropriate
electrophiles in order to achieve our goal of selective functionalization at these positions
of the bicyclic sulfone scaffold. Literature precedents for similar approaches have been
described in several campaigns which pursued the chemical synthesis of polycyclic

polyprenylated acylphloroglucinols (PPAPs).?!° Beyond that, our bicyclic sulfone
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Scheme 54. Natural products that contains tropane skeleton as shown in blue.

scaffold highly resembles molecules derived from tropinone-type family of natural
products, as shown in Scheme 54.22°

Traditionally, synthesis of these tropinone derivatives employ multicomponent
condensation such as Robinson’s tandem Mannich reaction,?2! and functionalization at
analogous positions require building blocks with substituents inherently featured.???
Even so, these sterically demanding building blocks present a challenge in these
conventional processes. As such, we have high hopes that our anticipated strategy of
bridgehead functionalization of our bicyclo[3.2.1]sulfone-containing molecules can gain
access to unnatural bioactive chemical structures that highly resemble natural products.

Indeed, during our initial investigation, deprotonation using 1.5 equivalent of tert-
butyl lithium and subsequent quenching using 1.0 equivalent of D20 afforded mono-
deuterated bicyclic sulfone (z)-76a in 80% isolated yield, as shown in Scheme 55.

Spectroscopically, we determined that approximately 80% of bicyclic sulfone 47 was

deuterated.
O‘\s .0 0\\8/,0 0\\8/,0
c-1 tBulLi \ then D,O \
N\ — —
o
c-5 THF, -78°C ® D
Li
47 75 (%)-76a

80% conversion
64% yield

Scheme 55. Deuteration via sulfone-assisted lithiation of compound 47.

The results are not only encouraging as is, but also demonstrated that in the
presence of excess amounts of strong base, no other C-H bonds are capable of being
deprotonated, and ultimately the stoichiometry of the quenching agent determines the
substrate conversion. Furthermore, we envisioned that by substituting the trapping
agent with suitable electrophiles, the isolated products would be effectively

desymmetrized.
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Firstly, we decided to screen different organic bases with differing pKa in order to

obtain a rough estimation of the acidity of the C—H bonds at position C-1 and C-5. Using
benzyl bromide as the electrophile, we were able to demonstrate that tert-butyl lithium
(pKa = 53 in H20) was a suitable base for obtaining quaternary sulfone (£)-76b in 30%
isolated yield. Significant amount of unreacted bicyclic sulfone 47 was recovered after
chromatographic purification, thus we believe that instead of tert-butyl lithium acting as
a base solely, it may also function as a nucleophile as well, which ended up interfering
with our anticipated synthetic plans. Switching to NaH (pKa ~36 in H20) was possible to
yield quaternary sulfone ()-76b, albeit with significantly more amounts of unreacted
bicyclic sulfone 47 recovered. We theorize that although the deprotonated carbanion
can be stabilized by the adjacent sulfone moiety, the species remain short-lived and
may be potentially quenched by residual water content from the reaction environment
despite rigourously ensuring anhydrous reaction conditions. Thus, we sought an
alternative choice of base that is capable of deprotonating the desired C—H bond under
kinetic control. LDA (pKa ~36 in THF) was able to perform its function as an organic
base proficiently, as we were able to obtain quaternary sulfone (x)-75b in 66% isolated

yield, as demonstrated in Scheme 56.

Ong20 Q%20 pKa (in THF)
c-1 base Base = {BulLi 53 (H,0) 72 % yield
\ > \ NaH  ~36 (H,0) 44 % yield
c-s THF, —78°C
then LDA 36 72 % yield

47 1)-
©\/Br (%)-76b LIHMDS 26 N/A

Scheme 56. Screening of base used in bridgehead lithiation to optimize isolation of sulfone (+)-76b.

An interesting note is that LIHMDS (pKa = 26 in THF) was incapable of
deprotonating the C-H bonds at the bridgehead positions of our bicyclic sulfone scaffold.
This matches with the expectation that -conjugation in butadiene sulfone assisted in
lowering the acidity of the a-proton, and therefore complete deprotonation with a milder
base such as LIHMDS is possible; thus, in the absence of such 1T-conjugation,
deprotonation of sulfone 47 with LIHMDS is not kinetically and thermodynamically
favorable. Indeed, Paquette and coworkers have briefly investigated the whether the
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aforementioned phenomenon holds true in bicyclic sulfone-containing organic

molecules, and they claim that in bicyclic bis-alkyl sulfone structures, the sulfone moiety
serves to inductively stabilize the carbanion and if the adjacent alkene is incapable of
sufficient orbital overlap, charge stabilization should not be expected.??® Thus, our
current optimal conditions for bridgehead alkylation is to employ 1.1 equivalent of LDA
formed in situ, which acts to deprotonate bicyclic sulfone 47 at -78 °C. After 5 minutes of
stirring to ensure complete deprotonation, 1.2 equivalent of appropriate electrophile is
added in one bolus charge, and stirring at cryogenic temperature is maintained for
several hours before quenching with aqueous NH4ClI.

Using the aforementioned method, we were able to synthesize quaternary
sulfone (£)-76c using allyl bromide as the choice of electrophile, and we isolated the
product in 50% yield. Other alkyl bromides were capable of participating in the
bridgehead alkylation procedure: 2-bromoethanol was transformed into silyl ether 77
using TBS-Cl and imidazole as shown in Scheme 57,224 and silyl ether 77 served as the
electrophile during bridgehead alkylation in order to afford quaternary sulfone (£)-76d in
30% isolated yield, as shown in Scheme 58. A possibility that may result in the lower
yield of quaternary sulfone (x)-76d is that either deprotonated sulfone 74 or LDA acts
more as a base to perform hydrogen abstraction of bromide 77 i.e. the reaction rate of
E2 is faster than Sn2.

\__.ClI
—Si
\ /O
HO —Si \/\Br
\/\Br
Imidazole,
DMF, 0°C
77
95 % yield

Scheme 57. Silylation of 2-bromoethanol under mild conditions.

Despite this, not all alkyl bromides were compatible: in the presence of either
propargylic bromide or TMS-propargylic bromide,??> deprotonated bicyclic sulfone 74
did not undergo bridgehead alkylation, and we recovered bicyclic sulfone 47 instead.
Note that in a previous allylation investigation with a slightly different substrate, we
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isolated impurities that correspond to N-allyldiisopropylamine. A plausible explanation is

that either LDA or DIPEA (from protonated LDA) exhibits nucleophilicity towards alkyl
bromides, which results in direct competition against the more nucleophilic

deprotonated bicyclic sulfone 75.

Oy

(N .0 \S/ \ .O
i ST
LDA Er= N
\ > \
THF, —78°C E
thon £+ (%) - 76¢ (¥) - 76d
47 54 % yield 32 % yield

Scheme 58. Successful attempts at bridgehead alkylation of compound 47

However, other activated electrophiles such as benzyl chloroformate were
competent reactants, but yielded products that we were unable to successfully
characterize; we observed signals that corresponded to protons of the aromatic region
and the benzylic carbon, but we did not observe any signals that corresponded to either
the alkenyl protons, diastereotopic protons of the methylene carbons, or the methane
proton attached to the carbon adjacent to the sulfone moiety of compound 47 with
comparable intensity to the benzylic portion. Thus, we attribute that perhaps
degradation of the bicyclic core occurred in the presence of highly electrophilic species.
Reactions using p-anisaldehyde as the source of electrophile did not yield any
significant transformation; instead, we recovered both substrates upon work-up.
Furthermore, when we were investigating the option of using ethyl 2-bromoacetate as

the electrophile, we did not yield the desired bridgehead alkylated product. Instead, we

O\\S/,O O‘\s”o
LDA
\ > > \
THF, —78°C E
then E
47

0] OH

O
E= ///\f >Si/?\ Eto)ke’ EtO)J\}’ /©)\9;
|
MeO

(¥) - 76e (%) - 76f (¥) - 76g (*) - 76h (£) - 76i
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Scheme 59. Failed attempts of bridgehead functionalization. Many different substituents were tested as

shown and did not appear to be compatible with our current methodology.

obtained unreacted bicyclic sulfone 47 and impurities that we identified as ethyl 2,4-
dibromo-3-ethoxy-3-hydroxybutanoate. All failed attempts using various electrophile are
summarized in Scheme 59.

Once again, we were able to understand the limitations of our methodology;
however, in the process, we were able to achieve our goal of regioselective
functionalization of certain positions of our bicyclic sulfone framework.

Despite some setbacks, we were interested in whether allylated bicyclic sulfone
(x)-76¢ could undergo cross metathesis with other alkenes. If so, not only can we
expand on accessible chemical space based on our bicyclic sulfone framework, but also
showcase compatibility of transition-metals such as Ru-species towards bicyclic sulfone
moieties. Our initial investigation employed 5 mol% of 2"d-generation Grubbs catalyst,
with stoichiometric amount of allyl benzene 78a as the coupling partner, as shown in
Scheme 60. The reaction was performed at ambient temperature over the course of 24

hours, but we did not obtain cross-metathesis product (+)-79a nor self-metathesis

oY

C%Séo
v t. Gll, alkene
cat.
y Ru—
\ A4 - \ Gll = cl” | \
7N P Ph
- - 0RO

products.

(¥)-76¢c YO
alkene = NS 6] o (0]
T L SN
78a 78b 78c
O (0]
5 ’(\© ‘(\oJ\ ’z/u\
()-79a (£)-79b (£)-79¢

Scheme 60. Unsuccessful attempts at furnishing sulfone (z)-76c using cross-olefin metathesis.
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Heating the reaction to 40 °C did not prove to be beneficial in improving the

situation. We considered perhaps that the alkenes of both allylated bicyclic sulfone (z)-
76¢ and allyl benzene 78a exhibited mildly nucleophilic properties and resulted in a
mismatch of chemo-compatibility. Thus we decided to test out methyl acrylate 78c,
which contains an activated alkene, as the coupling partner. Unfortunately, both
substrates were recovered regardless of performing the reaction at ambient
temperature or heating to 40 °C.

Allylated bicyclo[3.2.1]scaffolds were demonstrated by Miesch and coworkers as
effective substrates that could undergo cross metathesis under analogous reaction
conditions.??% To that end, we decided to investigate whether bidentate chelation of the
oxygen of the sulfone moiety and the internal olefin of compound (z)-76¢ and 2"9-
generation Grubbs catalyst would interact prior to the formation of the
ruthenacyclobutane structure.??” Surprisingly, no significant changes in chemical shifts
were observed in either *H and 3P NMR after 24 hours of mixing, when a solution of
stoichiometric equivalent of both bicyclic sulfone 47 and 2"-generation Grubbs catalyst

was prepared by dissolving in CeDs, as shown in Figures 20, 21 and 23.
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Figure 21. 'H NMR reactivity monitoring spectrum of compound 46 and GlI. Highlighted in purple are

diagnostic peaks corresponding to compound 46.
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Figure 22. Downfield 'H NMR reactivity monitoring spectrum of compound 47 and Gll. Neon green circle
indicates the vinyl proton of Gll (Ru=CHPh). Orange circle indicates the formation of a new Ru-

benzylidene species.
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Figure 23. 3P NMR reactivity monitoring spectrum of compound 47 and GII. Green circle and light green

square correspond to diagnostic signals of CysP=0 and GlI respectively.

Interestingly, a new complex has formed based on the appearance of a singlet at
0 18.5 ppm, as highlighted in orange square in Figure 22. The chemical shift of this
signal suggests that a Ru-benzylidene species to be present in solution. Figure 24
illustrated that upon standing for 24 hours, the signal corresponding to the bridgehead
protons of sulfone 47 appears to be shifted towards downfield by 0.02. Based on all the
above data, it is implicated that neither the exo-olefin and internal-olefin of the bicyclic

sulfone framework has interacted with the Ru-center; instead, a plausible explanation is
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that upon disassociation of PCys in solution, the active NHC-containing Ru-benzylidene

species is coordinated towards the oxygen of the sulfone moiety in compound 47. Grela
and colleagues have reported that amongst sulfone-chelating benzylidene species, the
appearance of the sp? C-H of the Ru-benzylidene portion to be relatively downfield i.e.
between d 18.6 to 19 ppm.228 They have also demonstrated that choices of NHC may
have a non-trivial influence on the catalytic activity of the sulfone-chelated Ru-

benzylidene species towards olefin metathesis.
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Figure 24. Zoomed in of *H NMR reactivity monitoring spectrum of compound 46 and GlI.

In the early works by Paquette and colleagues, they postulated a potential
pathway where chelation between the Ru-metal center and both the sulfone moiety and
the alkene functional group of the substrate is necessary in order to direct the formation
of sulfone-containing macrocycles via olefin metathesis.??° In the absence of such
effects, no activity of olefin metathesis have been observed. Therefore, we speculate
that perhaps sulfone-coordination to Ru-metal center hampers the reactivity of the
catalytically active species, and the olefin of the allyl portion of sulfone (x)-76c may not
be geometrically flexible enough to coordinate to the Ru-metal center and subsequently
displace the sulfone moiety.

We also sought other chemical processes to functionalize allylated bicyclic
sulfone (x)-76¢. One such approach that we pursued was to oxidize the allyl moiety via
Wacker process.?3° Usage of Wacker oxidation is prominently featured in acyclic alkene

substrates in natural product synthesis and development of novel methodologies.?3! We
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anticipated that the allyl moiety in allylated bicyclic sulfone (£)- 76c is less sterically

congested compared to the exo-olefin and internal olefin region, which may be

advantageous in yielding our desired transformation.

S” s” ¥g”
cat. Pd(OAc),
X——> \ \
Cu(OAc), or
N DMF-H,0, O, H
o) o)
()-76¢ (*)-80a (%)-80b

Scheme 61. Failed attempts at Wacker-type oxidation of sulfone (£)-76c.

Unfortunately, reality always has ways to enable one to embrace humility: after
briefly screening various reaction conditions, we were unable to obtain the desired
Wacker oxidation product, but instead recovered unreacted allylated bicyclic sulfone (£)-
76c¢ instead, as shown in Scheme 61. Based on previous experimental data with
Pd(PPhs3)2Cl2 and bicyclic sulfone 47, we hypothesized that chelated adduct formation
of allylated bicyclic sulfone ()-76c and Pd(OAc):z is not only possible, but
thermodynamically stable enough such that the desired Wacker pathway cannot
proceed as expected. Although the results appear to be tragic, one must always
embrace failure and learn from it in order to reach the realms of success.

All'in all, using the simpler bicyclo[3.2.1]sulfone-containing framework, we were
able to achieve a much greater degree of functionalization than was the case with the
more highly functionalized bicyclo[3.2.1]sulfones described in Chapter 2. Further
understanding of the scaffold itself was realized, such as the inability to functionalize at
the allylic positions. Moreover, between the two diferent sets of structures we were
ultimately able to achieve our primary goal of manipulating functionality at every position
around the bicycle—although in many cases we were not able to modify as extensively
as we would have liked.

Although we have encountered much failure in our crusade to selectively
functionalize our bicyclic sulfone scaffold, we have also achieved many treasurable
successful moments by isolating novel functionalized bicyclic sulfone derivatives, as

shown in Figure 25. We are curious to explore any meaningful functions that these



novel chemical matters can potentially harbor in early stages of drug discover and
development, especially with regards to identification of novel biological pathways or

undiscovered therapeutic targets.
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Figure 25. First generation bicyclo[3.2.1]sulfone-containing small molecule library.
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Chapter 4 — Biological Screening and Preliminary Data Analysis

All chemoinformatic analysis was performed by C. H. Andy Un. All biological
screening data were collected by respective collaborators at the Community for Open
Antimicrobial Drug Discovery, Open Innovation Drug Discovery (OIDD) program at Eli
Lilly & Company, and LEO Pharma A/S.

Chapter 4.1 Chemoinformatic Analysis of Bicyclo[3.2.1] Sulfones

Once we finished assembling our library of bicyclo[3.2.1]sulfone-containing
molecules, we sought to obtain chemoinformatic data to assess the degree of structural
diversity within our collection of small molecules. Using the online engine ChemAxon,?3?
we were able to obtain the following data, which is summarized in Table 3, after
providing corresponding chemical structures (note that diastereomers and regioisomers
are treated as equivalent structures):

Table 3. Chemoinformatic data of bicyclo[3.2.1]sulfone-containing molecules. MW, HBD, HBA, tPSA,
cLogP, and RotB denotes molecular weight, number of hydrogen-bond donors, humber of hydrogen-bond
acceptors, topological polar surface area, calculated LogP, and number of rotatable bonds respectively.
Checkmark in the column “Rule of 5?” indicates that such molecule fulfills the criteria proposed by Lipinski
and coworkers. 4°

tPSA Rule
No Structure MW (Da) | HBD | HBA (A?) cLogP | RotB | Fgpys of 57
31a 504.644 1 3 54.37 | 6.35 5 0.15 X
31b 532.698 1 3 5437 | 7.37 5 0.20 X
31c 564.696 1 5 72.83 | 6.03 7 0.20 X
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31d 505.620 80.15 | 3.91 0.16
32a 546.681 60.44 | 6.79 0.17
326 | [ \ L | 574735 60.44 | 7.82 0.22
32¢ 606.733 78.90 | 6.47 0.22
32d 545.657 86.22 | 4.35 0.18
40 N/ 322.422 34.14 | 3.60 0.20
ON
\S//O
a1 N/ 324.394 51.21 | 2.80 0.21
O
(O
\S//O
42 \ /) | 326.410 54.37 | 2.13 0.26

HO




81

43

340.437

54.37

2.59

0.30

45

356.436

74.60

1.37

0.30

47

170.226

34.14

0.57

0.57

52

172.198

51.21

-0.23

0.57

57

174.214

54.37

-0.90

0.71

59

186.225

46.67

-0.50

0.75

60

188.241

54.37

-0.44

0.75
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\

These data confirm that a wide range of physicochemical properties are contained
within this library of bicyclo[3.2.1]sulfone-containing molecules. For example, the total-
polar-surface-area of our bicyclo[3.2.1]sulfone-containing chemical library is very well

spread-out, ranging from 34.14 A2 to 93.03 A?; the same could be said about the Fgps

values as they range from 0.15 to 0.75.

Furthermore, analysis of plane of best-fit (PBF) distribution 233 amongst alll
synthesized bicyclo[3.2.1]sulfone-containing molecules, which is summarized in Figure
26, are significantly above 0 A2, which indicates that most molecules are not flat in
overall shape. Note that similar to line-fitting in two-dimensions, three-dimensional
“plane-fitting” of molecules will generate a plane where the distance of heavy atoms in
the molecule away from the plane of best-fit is minimized. A quantitative description of
three-dimensional molecular shape can be determined as one analyzes the average
distance of all heavy atoms away from the PBF. A higher score will indicate that the
analyzed molecule deviates farther away from two-dimensional shape. For reference,
Blagg and colleagues have reported that the practical average PBF scores for drug-like
small molecules and proteins are <2 and <10 respectively. 233

Once the plane of best fit for a molecule has been determined, a PBF descriptor
is calculated by dividing the sum of the distances of all heavy atoms away from the

plane by the number of heavy atoms in the molecule. Using this methodology provided
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by LLAMA, we can see that all of our bicyclo[3.2.1]sulfone-containing molecules have

PBF scores above 0.7 A2, with the mean and median PBF scores being 1.09 A2 and 1.02
A? respectively. This testifies that none of our synthesized bicyclo[3.2.1]sulfone-
containing molecule should be categorized as planar molecules, as our library contains
diverse three-dimensionality. We attribute the rich three-dimensionality to the overall
molecular shape of bicyclo[3.2.1]scaffolds.

However, upon visual analysis of Figures 27 and 28, it is clear that there is

certain property space that we are lacking. For example, the Fg s values of some

heavier bicyclo[3.2.1]sulfone-containing molecules (i.e. greater than 500Da) appears to
be localized within 0.15 to 0.22, and leaves much to be desired. This is a consequence
of adding non-polar substitutents via acylation, as well as the molecules’ innate ability to
undergo oxidative cleavage to generate lighter bicyclo[3.2.1]sulfone-containing
fragments for functionalization and redox manipulation. Noticeably, certain molecules
contained properties that medicinal chemists would flag as not worthy for further
investigation. For example, all tetra-aryl sulfones 31a—d and 32a—d exhibit high cLogP
values, and do not abide by Lipinski’'s Rule of 5. Nonetheless, we argue that strict
definition of physicochemical properties may lead to “tunnel vision” whereby only certain
chemical space can be manipulated, 23* thereby leading to a small subset of biological
matter being influenced. For example, currently development of proteolysis targeting
chimera (PROTAC) has led to alternative ways that may potentially translate to
improvement in human health via merely binding affinity as opposed to functionally-
driven small molecule inhibitors, 23> and these PROTACS do not abide by Lipinski’s
Rule of 5.
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Plane of Best-Fit Distribution of Bicyclo[3.2.1] Sulfones
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Plane of best-fit distribution diagram of bicyclo[3.2.1]sulfone-containing molecules from Table
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Figure 27. Distribution plot of polar surface area and molecular size of bicyclo[3.2.1]sulfone-containing

molecules from Table 3.
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Molecular three-dimensionality of bicyclo[3.2.1] sulfones
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Figure 28. Three-dimensionality distribution diagram of bicyclo[3.2.1]sulfone-containing molecules from
Table 3.

Chemoinformatic guidelines have been established for lead candidates serving
as herbicides, 2% insecticides, 23’ or acting against diseases targeted toward the central-
nervous system (CNS), 28 as shown in Figure 29 and Table 4. By comparing the
physicochemical parameters of our bicyclo[3.2.1]sulfone-containing molecular library to
parameters summarized from Table 4, it is interesting that most of the synthesized

molecules fit the aforementioned criteria.

Table 4. Summary of chemoinformatic data for FDA-approved herbicides, insecticides, and drugs that

target the central-nervous system.
Herbicide | Insecticide | CNS
MW (Da) 150 to 500 <=360
HBD <=3 <=2 <=05
HBA
tPSA (A2 40 to 90
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Property Space of Bicyclo[3.2.1] Sulfones
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Figure 29. Property space of synthesized bicyclo[3.2.1]sulfones. Chemoinformatic properties of of FDA-
approved herbicides, 236 insecticides, 22" and central-nervous system-targetting drugs 23 are highlighted in

orange, green, and yellow respectively.

We also constructed a principle moment of inertia (PMI) plot of our
bicyclo[3.2.1]sulfone-containing library using the open software LLAMA, ?*° as illustrated
in Fig. 27. Generally speaking, the PMI of each molecule is calculated in three
orthogonal vectors, which is usually represented as I, Iz, and I3 in ascending
magnitude. Normalization is done in order to minimize size-dependency by dividing the
two lower variables by the highest one i.e. generating ratios 1—: and E A plot in the form
of an isosceles triangle is generated, where its three corners are defined by the
normalized ratios of various magnitudes ([1,1], [0.5, 0.5], and [0,1]). Note that these
corners translate in three-dimensional space as spheres, discs, and rod-shapes
respectively. Lastly, once all normalized ratios of each molecule are calculated,
projection onto the isosceles triangle will afford the PMI plot.

Gratifyingly, the molecular shapes of our library are well-dispersed, which
indicate diversity in three-dimensional space, as shown in Figure 30. Compared to

Brown and coworker’s PMI plot of known FDA-approved drugs (Figure 3), 8 our library
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of bicyclo[3.2.1]sulfone-containing molecules demonstrate less bias towards either the

rod or disk axes, as the mean PMI coordinate (11 = 0.434, 12 = 0.864) is relatively close
to the center of the PMI plot (11 = 0.5, 12 = 0.75), which represents a balance of all three
axes. Note that our current collection of molecules has not encompassed much
chemical space near the spherical region; we anticipate that by discovering more
methods to chemically functionalize bicyclo[3.2.1]sulfone-containing frameworks,
greater vector control and strategies to increase hybridization (e.g. macrocyclization in
the pairing phase of DOS) can help address this challenge. Although some molecules
may not contain optimal physicochemical properties i.e. too many heavy atoms, high
number of aromatic rings, or functional groups that may be labile or classified as pan-
assay interfering, 24° we are nonetheless excited to showcase the possibility of
bicyclo[3.2.1]sulfone-containing scaffolds in drug discovery once we have practical

biological data.
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Figure 30. Principle moment of inertia plot of bicyclo[3.2.1]sulfone-containing molecules and selected
examples that closely represents its corresponding axes. Mean PMI coordinates: 11 = 0.434, 12 = 0.864
(denoted by +).
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Chapter 4.2 Collaborations with Community for Open Antimicrobial Drug

Discovery.

With our small library of bicyclo[3.2.1]sulfone-containing molecules in hand, we
next sought to explore their biological importance. Without a specific biological target in
mind, we decided to consult phenotypic assays provided by open-access biological
screening platforms. Currently, many such initiatives have been established in order to
increase overall productivity of drug discovery, and one such example is the Community
for Open Antimicrobial Drug Discovery (CO-ADD) in Australia. 24! This initiative is
established and co-managed by both academia and government agencies, and aims to
resolve the healthcare crisis resulting from drug-resistant antibiotics.

Even in the early stages of understanding microbes, many renowned researchers
including Sir Alexander Fleming have addressed the potential for prokaryotes to evolve
across multiple generations of colonies, leading to hereditary transfer of genetic material
that renders antibiotics powerless. 242 Currently this phenomenon has emerged to
become more of an impactful matter to society: microbial infections are becoming
resilient to most front-line medicines that mankind has developed, 42 and if this matter
becomes worse, perhaps the healthcare standard may regress into the equivalent of
early-1900s, where plagues and small wounds can become lethal. 244

Thus, there have been many ongoing efforts towards improving this potentially
apocalyptic crisis. 24> Despite this, many political and socioeconomical factors make the
financial aspects of developing novel drug candidates for multidrug-resistant
microorganisms not appealing to the private sector due to increasing overhead costs
and low rate-of-return. 246 This creates an important role for academic labs to play in the
drug discovery process.

Initial screening of select members of our compound library was performed by
the CO-ADD, and results are presented in Table 5, below. Each compound shown in
the table was tested against a panel of different microorganisms of various strains,
including two pathogenic yeasts: Cryptococcus neoformans (ATCC 208821) and
Candida albicans (ATCC 90028). Yeast infections represent one of the highly
represented causes for high morbidity and mortaility rates in immunocompromised

patients. 247 Thus, the increasing prevalence of multidrug resistance in these
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microorganisms is starting to become a serious healthcare concern. Many frontline

antifungal agents are starting to experience decrease in efficiency, 2*8 and if humanity
does not take this problem seriously, one cannot fathom the horrendous outcome
associated with this issue.

Only one of our synthesized compounds is shown to be bioactive towards C.
neoformans, as illustrated in Table 5. This particular strain is commonly known to serve
as a reference strain for antimicrobial assays, 2*° and has been well documented since
its whole genome was sequenced.?*°

C. albicans is also used commonly as a reference strain, as this strain is known
to be susceptible to many different antifungal agents and has been thoroughly studied
within the community. 2! Only selected molecules from our screening library were
shown to be bioactive, and no obvious relationship can be deduced based on structural
information. However, compound 31c and 76b were shown to be the most potent out of
all bioactive bicyclo[3.2.1]sulfone-containing molecules, as they exhibit approximately
50% and 40% inhibition at a concentration of 32ug/mL. Of course, these values are
relatively unimpressive when we compare them to FDA-approved antifungal
therapeutics (documented MICgo values for amphotericin B and itraconazole against C.
albicans are 0.094 pg/mL and 0.75 pug/mL respectively). 252@ Nonetheless they are an
intriguing glimpse into a previously undocumented type of activity for the class of
molecules under study. We anticipate that further studies will help us to understand the

pharmacophore, and elucidate the mechanism of action.



Table 5. Summary of biological assay data of bicyclo[3.2.1]sulfone-containing molecules against
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pathogenic yeast. Note that red, white, and blue colour coding denotes performance at 10", 50, and 90"

percentile. Grey blocks indicate that negative inhibition was detected, or else a lack of statistical

significance in the result.

Compound No. | Molecular Formula | MW (Da) C(ﬁ)l;)r;:;tr):zoncatnizoh‘lgr/rr:la_ns
3la C33H2803S 504.644
31b C35H3203S 532.698
3lc C35H3205S 564.696
31d C31H26N203S 505.620
32a C35H3004S 546.681
32b C37H3404S 574.735
32c C37H3406S 606.733
32d C33H2s8N204S 545.657
40 C20H1802S 322.422
41 C19H1603S 324.394
42 C19H1803S 326.410
43 C20H2003S 340.437
45 C20H2004S 356.436
47 CgH1002S 170.226
52 C7HgO3S 172.198
57 C7H1003S 174.214
59 CsH1203S 188.241
60 CgH1204S 204.240
67a C7H9NO3S 185.241
67b CoH13NO3S 215.267
67c C14H1sNO3S 277.338
76b C15H1602S 260.351
76¢C C11H1402S 210.291
0% percentie. T

In addition, five out of the six most commonly encountered drug-resistant
microorganisms, which are known in the field as the acronym ESKAPE (Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter species) 252 were screened in order to
access whether our library of bicyclo[3.2.1]sulfone-containing molecules are active
against these organisms. Data are presented in Table 6.
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For Gram-positive bacteria, 2>* only strain ATCC 43300 of S. aureus was

screened. Note that this strain of S. aureus has been documented to be resistant
against methicillin, oxacillin, and other antibiotics via incorporation of the mecA gene. 2%°
This gene is responsible for encoding pencillin-binding protein A (PBP2a), in which its
active site is unable to bind to B-lactam antibiotics and thus cell-wall synthesis can
propagate in the presence of antibiotics. 2°6 Thus, strain ATCC 43300 of S. aureus is
classified as one of the problematic methicillin-resistant S. aureus (MRSA), which is
responsible for high mortality rates amongst patients diagnosed with bacterial infections.
Only a few specific bicyclo[3.2.1]sulfone-containing molecules were shown to be active
against this strain of S. aureus, as illustrated in Table 6. Without a reference strain or
similar Gram-positive bacteria, it remains difficult for us to understand fully the
underlying biological phenomenon. Further control experiments are required in order to
accurately deduce the underlying effects.

E. Coli is one of the most well-understood Gram-negative bacteria in the
scientific community, and certain strains are responsible for food poisoning and other
gastrointestinal-related disorders. 2 In this case, strain ATCC 25922 was screened.
This strain is known to be susceptible to all known antibiotics and commonly serves as
a reference strain. 25 Having a positive control of this type in the screening campaign
informs us of the inherent bioactivity of bicyclo[3.2.1]sulfone-containing molecules
against microorganisms in general. As shown in Table 6, a wide range of inhibition
percentage values were obtained using a fixed concentration of bicyclo[3.2.1]sulfone-
containing molecules in DMSO. Even though maximum inhibition does not exceed
approximately 21% inhibition across the entire panel, we can still extrapolate some
useful trends from these screening results.

For example, with the exception of tetra-aryl sulfones 31a—d and 32a—d, almost
all Chou-type bicyclo[3.2.1]sulfone-containing molecules performed moderately, with
inhibitions values generally varying between approximately 10% to 21%. This trend
suggests that the bioactivity of bicyclo[3.2.1]sulfone-containing molecules is size-
dependant; perhaps this phenomenon may be relevant to cell-permeability of the
bicyclo[3.2.1]sulfone-containing molecules. O-substitution of oximes appear to follow

the same trend, as inhibition values decrease when comparing oximes 67a, 67b, and
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67c. Changes in overall polar-dispersity did not appear to be beneficial; however, it is

noted that the hydroboration-oxidation product 59 appears to be slightly outperforming
most of the Chou-type sulfones, yet alcohols 57a and 59b did not demonstrate such
effect. However, compound 45 does not appear to fit the observing trend when
compared to other di-aryl bicyclo[3.2.1]sulfone-containing molecules. Thus, based on
emerging structure-activity-relationships as well as the inhibition values themselves, it
appears that further development via library expansion is warranted. On the other hand,
strain ATCC 19606 of A. baumannii is known to be a commonly used reference strains
and is resistant against sulfonamides such as sulfamethoxazole, %% as well as
gentamycin 26> and carbapenem-based antibiotics. 256

For example, with the exception of tetra-aryl sulfones 31a—d and 32a—d, almost
all Chou-type bicyclo[3.2.1]sulfone-containing molecules performed moderately, with
inhibitions values generally varying between approximately 10% to 21%. This trend
suggests that the bioactivity of bicyclo[3.2.1]sulfone-containing molecules is size-
dependant; perhaps this phenomenon may be relevant to cell-permeability of the
bicyclo[3.2.1]sulfone-containing molecules. O-substitution of oximes appear to follow
the same trend, as inhibition values decrease when comparing oximes 67a, 67b, and
67c. Changes in overall polar-dispersity did not appear to be beneficial; however, it is
noted that the hydroboration-oxidation product 59 appears to be slightly outperforming
most of the Chou-type sulfones, yet alcohols 57a and 59b did not demonstrate such
effect. However, compound 45 does not appear to fit the observing trend when
compared to other di-aryl bicyclo[3.2.1]sulfone-containing molecules. Thus, based on
emerging structure-activity-relationships as well as the inhibition values themselves, it
appears that further development via library expansion is warranted. On the other hand,
strain ATCC 19606 of A. baumannii is known to be a commonly used reference strains
and is resistant against sulfonamides such as sulfamethoxazole, %54 as well as

gentamycin 2%° and carbapenem-based antibiotics. 256
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Table 6. Summary of biological assay data of bicyclo[3.2.1]sulfone-containing molecules against bacteria.

Note that red, white, and blue colour coding denotes performance at 10™, 50t and 90" percentile. Grey

blocks indicate that negative inhibition was detected, or else a lack of statistical significance in the result.

% inhibition at 32ug/mL

Compound Molecular MW
No. Formula (Da)
3la Ca3H2803S | 504.644
31b CssH3203S | 532.698
31lc C35H3205S | 564.696
31d Cs1H26N203S | 505.620
32a C3sH3004S | 546.681
32b C37H3404S 574.735
32c C37H3406S | 606.733
32d Cs3H2sN204S | 545.657

40 C20H1802S | 322.422
41 C19H1603S 324.394
42 C19H1803S | 326.410
43 C20H2003S 340.437
45 C20H2004S | 356.436
a7 CsH1002S 170.226
52 C7HsO3S 172.198
57 C7H1003S 174.214
59 CsH1203S 188.241
60 CsH1204S 204.240
67a C7HoNOsS 185.241
67b CoH13NO3S | 215.267
67c C14H1sNOs3S | 277.338
76b Ci15H1602S 260.351
76¢ C11H1402S | 210.291

S.
aureus

K. A.

E. Coli . "
pneumonaie | baumannii

11.70

P.
aeruginosa

| 10t percentile

50t percentile

9Qth percentile

Currently, we have insufficient data to understand why certain

M.
tuberculosis

bicyclo[3.2.1]sulfone-containing molecules selectively act against the drug resistant

microorganisms that we have screened. Elucidating which biochemical pathway

bicyclo[3.2.1]sulfone-containing molecules interact with would require extensive effort,

such as developing bicyclo[3.2.1]sulfone-containing photoaffinity probes to determine

which biological target(s) they interact with, or testing mutant microorganisms with

specific gene knockouts to determine which biological pathways are influenced by the

presence of bicyclo[3.2.1]sulfone-containing molecules.
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Nonetheless, we can derive interesting observations based on our results from

the screening assays against drug resistant microorganisms. For example, one can
argue that Gram-negative bacteria appear to be more susceptible than Gram-positive
bacteria to be influenced by the presence of bicyclo[3.2.1]sulfone-containing molecules,
if one were to qualitatively compare that number of bioactive hits amongst S. aureus
strain ATCC 43300 and K. pneumonaie strain ATCC 700603. Given the fact that Gram-
negative bacteria are more resistant against most known antibiotics due to their nearly-
impenetrable cell wall, 27 this is a considerably interesting phenomenon, and we can
foresee an opportunity may arise through future development that leads to emergence
of bicyclic sulfone-containing antibiotics that are selective against Gram-negative
bacteria. Alternatively, given the fact that at least four molecules of our
bicyclo[3.2.1]sulfone-containing library exhibit similar bioactivity against both S. aureus
and K. pnemonaie, exciting development can arise from further development of bicyclic
sulfone-containing broad spectrum antibiotics. 268

Drug resistant M. tuberculosis was also screened with the assistance of the
team from Eli Lilly’'s Open Innovation Drug Discovery program. 262 In contrast to the
microbes, M. tuberculosis cannot be definitively categorized using Gram test. 270
Nonetheless, this species represents one of the major challenges to be tackled as the
wave of antibiotic resistance becomes more prevalent to our daily lives. ?’* Screening
against our library of bicyclic sulfone-containing small molecules reveal that low scores
of inhibition values were obtained, with the maxima being approximately 12.5%.
Comparison between chemical structures and their respective inhibition values reveal
no obvious trends, which may be attributed to unfavorable cellular uptake of bicyclic
sulfone-containing fragments by M. tuberculosis. 2”2 This phenomenon yet again
demonstrates that different microorganisms exhibit different preference of bicyclic
sulfone-containing small molecules, which at first glance may be challenging to tackle
for long-term research focus of drug discovery development. However, surely every

molecule synthesized has its own purpose in the realms of searching for bioactivity.
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Chapter 4.3 Eli Lilly’s Open Innovation Drug Discovery Platform.

As mentioned previously, Eli Lilly provides a comprehensive open-access
biological screening platform for academia and industrial partners for future
collaboration. 2”3 In order to further validate the potential of our library of bicyclic sulfone-
containing small molecules during our campaign, we determined that collaborative effort
with Eli Lilly’s Open Innovation Drug Discovery Platform would be a good fit. The
pipelines of Eli Lilly orientate towards other therapeutic direction beyond antibiotics;
instead, they aim to solidify their position as a global competitor in disciplines such as
oncology, immunology, diabetes, and neurodegenerative diseases. To that end, we felt
that their biological assays may yield further interesting results from our bicyclic sulfone-
containing small molecule library.

Indeed, we received news that our library raised some attentions in a primary
assay against an enzyme called nicotinamide N-methyl transferase (NNMT). This
enzyme is capable of catalyzing the process of transferring a methyl group from S-
adenosylmethionine (SAM) to the sp2-hybridized nitrogen of the pyridine ring in
nicotinamide, thereby generating N-methylated nicotinamide (MNA) and S-
adenosylhomocysteine (SAH) as products, as illustrated in Figure 31. 274
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Figure 31. General mechanistic scheme illustrating natural ligands and function of NNMT.

Although this biochemical pathway sounds relatively straightforward, its biological
implication can be tremendously significant: MNA is involved in numerous cellular
signaling pathways, 2’ and consumption of SAM into SAH requires that methionine-
dependant pathways perform methionine salvaging in order to be functional, 276 which is

also associated with a wide variety of epigenetic cell expression. Furthermore,
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nicotinamide is not the only competent substrate for NNMT, as there is evidence to

support that vitamin B3 and other nitrogen-containing heterocycles can be methylated,
277 thereby implicating the enzyme into numerous biochemical pathways. Coupled with
the fact that different expression level of NNMT has been observed in different tissues,
278 it is no surprise NNMT is a key player in many different types of cancer, 27°
neurological disorders such as Parkinson’s disease, 28° and various metabolic

impairments. 28! Yet, the biological function of NNMT remains unclear.
Table 7. Summary of biological assay data of bicyclo[3.2.1]sulfone-containing molecules against the
enzyme NNMT. Note that red, white, and blue colour coding denotes performance at 10, 50t, and 90"
percentile. Grey blocks indicate that negative inhibition was detected, or else a lack of statistical

significance in the result.

% inhibition at 9.99 uM
Compound No. | Molecular Formula | MW (Da)
3la Cs3H2803S 504.64
31b Css5H3203S 532.7
31c Cs35H3205S 564.7
31d C31H26N203S 505.62 35.15 |
32a CasH3004S 546.68
32b Cs7H3404S 574.74 | |
32¢c C37H3406S 606.73 17.49
32d C33H28N204S 545.66 17.31
40 C20H1802S 322.42
41 C19H1603S 324.39
42 C19H1803S 326.41
43 C20H2003S 340.44
45 C20H2004S 356.44
47 CsH1002S 170.23
52 C7HsO3S 172.2
57 C7H1003S 174.21
59 CsH1203S 188.24
60 CsH1204S 204.24
67a C7H9NO3sS 185.24
67b CoH13NO3sS 215.27
67cC C14H1sNO3S 277.34
76b C15H1602S 260.35
76C C11H1402S 210.29
50" percentle I
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The primary assay used for determining inhibition of NNMT was prescribed by

van Haren and colleagues, 282 although many different quantification assays have been
developed since then.?®? In our case, monitoring of the MNA and SAH concentration
values can offer further insight into the mechanism of how our bicyclic sulfone-
containing small molecules interact with NMMT. Inhibition values derived from the
concentration of MNA vary significantly, as shown in Table 7; however, their inhibition
values are moderate at best.

Perhaps it is no surprise that sulfones 31d and 32d slightly outperformed the rest
of the library, which we attribute to greater match between the pyridine moieties and the
active site of NMMT. 284 Note that the p-anisole-containing sulfone 32c also appears to
be a competitive inhibitor, which exceeded our expectations. Given the fact that 6-
methoxynicotinamide can function as a competitive inhibitor for NMMT, 285 which is
summarized in Scheme 62, our hypothesis of pyridine-containing bicyclic sulfone-
containing small molecules acting as competitive inhibitor for the active site of NNMT is
further augmented. Martin and coworkers have demonstrated that favorable interaction
between two regions of the active site of NNMT is necessary for optimal inhibitions, 286
and coupled with careful analysis of the co-crystal structure of human NMMT and
natural ligands nicotinamide and SAM, 287 our hypothesis where the bicyclic sulfone
scaffold may be interacting with a pocket in close proximity to the active site of NNMT is

further strengthened.
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Scheme 62. General schematic diagram of how methylation of nicotinamide proceeds (left)

illustration of how 6-methoxynicotinamide interacts within the active site of NNMT.

Cravatt and coworkers have showcased an a-chloroacetamide-based chemical
probe with extraordinary selectivity for NMMT in vitro; 228 if one were to assume that the
trifluoromethyl moiety acts as a hydrogen-bond accepting bioisostere to interact with
Tyr-20 and/or its vicinity, then one may be able to see parallelism between their
rightmost portion of the chemical probe and our compounds 31d and 32d: the aryl
amide and nitro moiety functions similar to our trans-alkene and bicyclic sulfone
moieties, as illustrated in Scheme 63. The high proportion of sp?-hybridized atoms in
both the aryl amide and trans-alkene moiety could be a geometrical match, while both
the nitro and bicyclic sulfone functional group could act as hydrogen-bond acceptors
presumably in a pocket nearby the nicotinamide-binding region. It is possible that the
low reactivity could be due to a combination of steric hindrance between the bulky tetra-
aryl 31d or 32d with the active site of NNMT, as well as insufficient binding affinity due
to suboptimal geometry between interacting regions. Excitingly, we should anticipate
that further optimization and truncating certain regions of our pyridine-containing
bicyclo[3.2.1]sulfone-containing molecules can lead to improved potency; fragment
extension in order to reach the cysteine-amino-acid-binding region should also lead
improved binding affinity and increased selectivity amongst other SAM-dependant

methyltransferases. 289
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if 31d, then R =H
if 32d, then R = Ac

Scheme 63. Postulated binding mode of amide 81 by covalent linkage within the active site of
NNMT (left). Structural similarity between amide 81 and bicyclo[3.2.1]sulfone 31d or 32d as highlighted in
red (right).

Arguably, the present analysis has no computational or crystallographic evidence
to directly support our hypothesis. Nonetheless, we believe ongoing development of
fragment coupling as well as further structure-activity relationship development may be
helpful in developing structures that not only contain bicyclic alkyl sulfone moieties, but
also achieve desirable physiological outcome by interacting favorably with NNMT,

whether competitively or not.

Chapter 4.4 Eczema Assay Screening with LEO Pharma A/S.

To further explore any potential biological applications for our bicyclic sulfone-
containing small molecule library, we decided to collaborate with another industrial
partner, this time with a focus towards a different therapeutic area. LEO Pharma A/S is
a Denmark-based pharmaceutical that specializes in developing novel therapeutic
treatments with regards to skin-related disorders and diseases related to cellular
signaling. 2% In particular, they have had long-lasting collaborations with academic

partners on a global scale. 2%
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The open innovation platform offered by LEO Pharma focuses on four biological

assays: 292

1. Eczematous inflammation in human keratinocytes: human keratinocytes are
incubated with a cytokine cocktail containing IL-4, IL-13, IL-22 and IFN-gamma to
induce an eczema-relevant response, which is characterized by an increase in
CCL2 expression.

2. T-cell inflammation assay: an inflammatory response is induced in human CD4+
T-cells via exposure to beads coated in CD2, CD3 and CD28. The response is
measured by the secretion level of IL-2 and IL-4.

3. Psoriatic inflammation in human keratinocytes: Increase in IL-8 expression is
used to indicate the presence of a psoriasis-relevant inflammatory response
when human keratinocytes are stimulated with a cytokine cocktail of TNF-a and
IL-7.

4. Peripheral blood mononuclear cells (PBMC) inflammation assay: Human PMBC
are to be used to induce an inflammatory response as indicated by the
expression level of IL-17. This is done by exposure of PMBC with beads coated
in CD3 and CD28, followed by incubation in a medium rich in IL-23.

Our bicyclic sulfone-containing fragment library was tested against the
aforementioned assays, with additional testing of cellular viability in order to ensure
minimization of cytotoxicity during exposure to our library of small molecules. Many of
our synthesized molecules did not perform well nor yield any interesting results, with
one exception being ketone 41, which demonstrated an ECso value of approximately
8.12uM during observation of inhibition of CCL2 expression, as shown in Figure 32.
Beyond that, additional data suggested that cell viability was well-maintained, which
indicated that cellular damage was kept to a minimum. These results are very
encouraging for primary screening, as we obtained a hit candidate within a relatively
small library. However, other bicyclic sulfone-containing analogues did not perform as
well, such as alcohol 42a, 42b or alkene 40, which suggests improved activity may not

come easily.
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Figure 32. Biological data of sulfone 41 in eczema induced CCL2 release assay. Data points highlighted

in orange and blue represent two separate trials.

In order to revalidate the data obtained from the primary phenotypic assays, we
decided to re-test several bicyclic sulfones with the goal of obtaining a full inhibition
curve if appropriate. These molecules were chosen due to high structural similarity, as
well as our desire for further understanding the pharmacophore required for phenotypic
activity, and full toxicity curve induced by the corresponding molecule. As such,
compounds 40, 41, 42a, 42b, 76b, 82, and 83 were screened, as shown in Scheme 64.

O\\S//O O\\S//O O\\S//O
o) HO
40 41

42a + 42b
/@ )
76b 82 83

Scheme 64. List of synthesized bicyclo[3.2.1]sulfone-containing molecules that were used in re-

validation screening.

Compounds 82 and 83 were synthesized as a part of our ongoing efforts to
continue exploring novel bicyclo[3.2.1]sulfone-containing molecules and investigate
novel bioactivity. Sulfone 82 was synthesized using Chou’s double alkylation protocol
from sulfone 87, 2% while ketone 83 was generated from 82 via ozonolysis, as illustrated
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in Scheme 65. It is interestingly that we observed ketone 83 being degraded within a

week when dissolved in a solution of hexane with 5% v/v NEts, thus augmenting our
previous hypothesis that enolization leads to B-elimination of the sulfone moiety in

bicyclo[3.2.1]sulfone-containing molecules.

Na\ / O\\S//O
©C LiHMDS, 39c
cat. nBu4NBr MeCN reflux 8 THF, -78°C
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DMF, 0°C to RT 70% yield 57% yield
84 97% yield 87 82
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°vie then Me,S

O] =

88

Scheme 65. Overall reaction schemes of synthesizing sulfones 82 and 83, as well as postulated

mechanism of how ketone 83 degrades under basic conditions.

The biological data from re-validation is summarized in Table 8. Note that in our
analysis, assays results are deemed insignificant when the potency values are
approximately equal to (or less than) cell viability values. Interestingly, sulfone 41
performed arguably similar in the IL-8 assay as well as the CCL2-assay, due to
similarity between their potency values (7.35 uM and 5.47uM). However, we also
observed that sulfones 76b and 40 showing bioactivity in the assay, as their inhibition
values were determined to be 20.3uM and 9.12uM respectively; unfortunately, sulfone
82 did not show any significant cellular events.

We also obtained other interesting results: sulfone 41 performed relatively well in
the psoriasis IL-8 assay and is the only bioactive bicyclo[3.2.1]sulfone-containing
molecule to demonstrate significant results in the assay during our secondary screen.
Furthermore, sulfone 41 showed moderate inhibition in the IL-17 assay which was not
seen previously. This fluctuation in cellular outcome could be due to biological
inconsistency in whole-cell screenings. Note that sulfone 40 also performed in a decent

manner in IL-17 assay as it demonstrated a potency of 21.4uM.
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Simply evaluating by potency values alone without considering toxicity would be

misleading. Although much remains to be elucidated i.e. mechanism of action, more
refined structure-activity relationship studies, pharmacophore determination,
pharmacodynamics and pharmacokinetic profile, we believe that adapting therapeutic
index (TI), which is a quantitative measurement of the relative safety of a drug, could be
beneficial in our analysis, as we seek to minimize any potential side-effects. In our case,
we can derive the therapeutic index using the ratio of half maximal assay output

concentration and the half maximal cell viability concentration. For example, the

9.12uM

35.0uM = 0.261.

“therapeutic index” of sulfone 40 in CCL2 assay is

Table 8. Summary of biological assay data from re-validation of bicyclo[3.2.1]sulfone-containing

molecules.
No. 40 41 76b 82
O. O. O. _ O,
\S//O \S//O \S/O \Sﬁo
Assay types * *
Structure N\ / Y \
o)
Potency 7.35 uM
Psoriasis-induced IL- — R -
Cell Viability Insignificant 9.63 uM Insignificant
8 assay
Tl values 0.763
Potency 9.12 uM 5.47 uM 20.3 uM
Eczema-induced S
Cell Viability 35.0 uM 11.8 uM 56.6 UM
CCL2 release assay
Tl values 0.261 0.464 0.359
Inhibiti fIL-17
nhibiton o Potency 21.4 uM 27.1 uM Insignificant
release from —
CD3/CD28/IL-23- Cell Viability 40.4 uM 64.2 UM
induced assay Tl values 0.530 0.422
Insignificant
Inhibition of IL-2 and Potency
IL-4 release from Insianif ¢ Insianifi ¢
il nsignifican nsignifican
cD2/cD3/cD2s. | Cell Viability 9 9
induced assay TI values
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Using such standards, sulfones 41, 76b, and 40 offered Tl values of 0.464,
0.359, and 0.261 respectively when comparing results from CCL2 assays. Despite the
fact that sulfone 40 outperforming ketone 41 in terms of potency values, the fact that
sulfone 40 offered higher Tl values may indicate that the ketone moiety may be
responsible for higher cellular toxicity events. Currently we are unsure if the changes in
polarity alone (tPSA of ketone 41 = 51.21 A% while sulfone 40 = 34.14 A?) can explain the
observation that ketone 41 is twice as effective than sulfone 40. Serendipitously,
although sulfone 76b has a Tl value that is inbetween that of ketone 41 and sulfone 40,
the values of cell viability of sulfones 76b and 40 are significantly higher than ketone 41,
which further supports our hypothesis that the ketone moiety is leading to unproductive
cellular outcomes. Thus, we believe that the higher potency values of sulfone 76b
compared to sulfone 40 are due to geometric mismatch of the phenyl moiety between
target pocket. The fact that the inflexible benzene ring is featured in sulfone 82, and
coupled with its insignificant results, has lead us to infer that a flexible phenyl ring at an
appropriate geometric distance away from the protruding sulfone moiety of the
bicyclo[3.2.1]scaffold is most likely the pharmacophore, as shown in Scheme 66.
However, further screening of new bicyclo[3.2.1]sulfone-containing molecules are
needed in order to validate our hypothesis, as well as more accurately determine the
biological target.

(@) 0]
¥g=0 ¥g=0 O\\S//O
\_/ \_/ \
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40 41 76b

Scheme 66. Structural similarity amongst all bioactive bicyclo[3.2.1]sulfones in eczema-induced

CCL2 release assay, as highlighted in red.
During analysis of IL-17 assay data, the Tl values of sulfone 40 is slightly higher
than ketone 41, which is directly in contrast to what was observed in the first round of
assays. When comparing the IL-17 assay data between ketone 41 and sulfone 40,

almost all data appears to be comparable, despite slight differences of cell viability. This
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implies that either change in overall polarity does not induce significant phenotypic

responses in the CCL2 assay, or that substitution at the C-3 position is irrelevant to
inducing any changes in cellular outcome. Interestingly, alcohols 43a, 43b and diol 45
did not demonstrate any significant bioactivity in the IL-17 assay; these molecules
feature sp3-hybridization at the C-3 position and changes in overall polarity. Coupled
with the fact that neither sulfone 47 nor ketone 52 performed outstandingly well during
primary screens, it is possible that an exo-cyclic sp?-hybridized moiety, as well as di-aryl
stilbene moiety incorporated a bicyclo[3.2.1]sulfone scaffold is necessary in order to

achieve comparable phenotypic outcome, as shown in Scheme 67.

Na=0 SN -0
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Scheme 67. Structural similarity amongst all bioactive bicyclo[3.2.1]sulfones in inhibition of IL-17
release from CD3/CD28/IL-23-induced assay, as highlighted in red.

Despite the intriguing results mentioned previously, we are currently unsure if the
mechanism of action induced by bicyclo[3.2.1]sulfones are as straightforward as one
might imagine. Currently, we require more experimental data not only for structure-
activity relationship studies, but also to elucidate the biological target responsible for the
observed cellular outcome. For example, JAK-STAT pathways are thoroughly studied
and is known to be highly involved in immunodeficiency disorders?®* and different types
of cancer cases. 2°® The enzyme JAK3 is responsible for regulating activation of various
receptors such as IL-2, IL-4, IL-15, and IL-21, amongst other cytokine receptors. 2%
Faulty JAK-STAT signaling pathways have been observed to be associated with high
prevalence of skin disorders. 2°” Overexpression of STAT3 has been associated with
psoriasis,?® as STAT3 is known to regulate production of IL-23 receptors and thus
indirectly controlling the development of Th17 cells, which can induce psoriasis. 29
Also, STAT6 has been demonstrated as a crucial component for mediating IL-4-induced
signaling,3°® which produces various physiological responses.3! Beyond IFN-y or TNF-
0,292 it has been demonstrated that IL-4, IL-13, and IL-23 can lead to signal induction of



107
JAK-STAT pathways.3%2 In addition, IL017 expression has been known to be influenced

by cooperativity between STAT3 and the receptor RORyt.2%* Beyond that, JAK2 has
been examined to play an important role in regulating IL-8 transcription.3%> However,
currently there are many variables that may refute our hypotheses, thus, continuation of
this program would require re-validation and reassessment on top of additional
experimental data to support our claims.

Despite this, the reduction of CCL2 expression is a good starting point for
therapeutic development. The cytokine is responsible for attracting various types of
monocytes, memory T-cells, and dendritic cells to sites of inflammation when tissue
injuries or infections occurs.®% Thus, CCL2 is implicated in pathogenses of not only
psoriasis, but also of rheumatoid arthritis and atherosclerosis.®%” Furthermore, the
polypeptide is involved in neuroinflammatory processes which are characterized by
neuronal degeneration, such as epilepsy,3°8 brain ischemia,3® Alzeheimer’s disease, 31°
experimental autoimminue encephalomyelitis,3!! and traumatic brain injury.3!? Beyond
that, high levels of CCL2 can lead to hypomethylation of CpG sites and upregulation of
amylin expression through ERK1/ERK2/INK-AP1 and NF-kB related signaling
pathways, which are responsible for vascular complications and insulin resistance.3*®
Thus, we anticipate that further optimization of bicyclo[3.2.1]sulfone-containing
molecules can lead to improved reduction of CCL2 levels without significantly damaging
cell proliferability, and ultimately lead to improvement in human health.

Similarly, the ability to alter expression levels of cytokines IL-8 and IL-17 can be
beneficial in advancing human healthcare. IL-8 not only serves a prominent role in the
development of gingivitis and psoriasis,3!* but also been implied in various other
disorders, such as obesity,3'° colorectal carcinomas,3® cystic fibrosis,3'’ as well as
schizophrenia.®!8 The severity of asthma is highly correlated with the expression level of
IL-17.31% Thus, we can foresee that biological testing with more bicyclo[3.2.1]sulfone-
containing molecules will help chart through unknown territory and expand human
knowledge.

In summary, small molecule candidates with promising biological applications

have been achieved. This work showcases that bicyclic alkyl sulfones have the potential
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to become an important cornerstone that no medicinal chemists should dismiss in the

pursuit of drug discovery.
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Chapter 5 — Future Directions on Functionalization

Chapter 5.1 Further Functionalization of Bicyclo[3.2.1]Sulfones

As mentioned in previous chapters, we have made significant progress in site-
selective functionalization of bicyclo[3.2.1]alkyl sulfone-containing skeletons. Our
strategy so far has allowed us to realize many biological activities. However, our lofty
goal of complete vector control via site-selective functionalization has not yet been fully
realized. Greater dedication in reaction screening is required in order to further expand
chemical space and exert molecular control.

For example, despite ketone 52 being sensitive to changes in pH, the fact
remains that oxime formation via condensation presents the ketone moiety as an
opportunity for us to capitalize upon. One can envision other nucleophilic reagents to
perform 1,2-addition selectively with the carbonyl moiety, such as isocyanides.3?° As
such, we can envision that ketone 52 can be further decorated using multicomponent
reactions, such as Ugi-type 4 component coupling reactions, as shown in Scheme
68.321

Scheme 68. Functionalization of bicyclo[3.2.1]sulfone-containing ketone species using isocyanide-based

multicomponent reactions

Our success in forming oxime 67d using aminooxyacetic acid is also an
interesting direction to focus upon. One can imagine multiple derivatizations using the
carboxylic acid functional group, which may include amide bond formation using
different amine-containing building blocks. 32?2 Other carboxylic derivatives such as
ketones, aldehydes, esters can also be derived. Alternatively, one may perform
decarboxylative cross couplings with other simple, inexpensive metal-containing

building blocks. 322 The decarboxylatively-trapped products can once more lead to
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diverse hydroxylamine building blocks, which can be very helpful in controlling three-

dimensional chemical space with possible vectorial control, as shown in Scheme 69.
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Scheme 69. Rapid access to O-substituted hydroxylamines as substrates for oxime condensation.

Although we were presented with considerable difficulties in performing ring-
opening of epoxide 68 under mild conditions, we can exhibit other strategies for
functionalization. For example, Giese-type addition of electron-deficient alkenes 324 can
be performed by radical ring-opening of epoxides mediated by transition-metal
complexes. 32° A possibility that may arise from this research direction is lactone
installation, as shown in Scheme 70. 326 The hypothetical 6-membered lactone can lead
to numerous opportunities, either via a-functionalization or B-functionalization. Beyond
that, epoxides have been shown to be capable substrates for transition-metal-catalyzed

cross-coupling reactions. 327

if EWG = COOR, CN

Scheme 70. Radical-based ring-opening of epoxide 68 and subsequent trapping.

Despite our extensive efforts that showcase the capability of installing

substituents at the C-3 position, it would appear that we are becoming increasingly
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reliant on the ketone moiety. Recently, Sanford and coworkers have demonstrated C-H

functionalization of tropane frameworks using directing groups to install aryl building
blocks both regioselectively and diastereoselectively. 328 It would perhaps be an
interesting approach to investigate whether the oxygen of the sulfone moiety is capable
of performing the same trick, as perhaps coordination to the Pd followed by subsequent
elementary steps can allow us to accomplish the same feat on our bicyclo[3.2.1]sulfone-

containing scaffold, as shown in Scheme 71.
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Scheme 71. Substrate-directed regioselective arylation of bicyclo[3.2.1]sulfone-containing molecules.

We faced significant challenges in order to functionalization the allylic carbon of the
bicyclo[3.2.1]sulfone-containing framework, and it is possible that perhaps we have not
fully explored all allylic oxygenation protocols. Transition-metal-catalyzed C-H
functionalization would represent one of the most ideal situation for scaffold
functionalization, and perhaps we may be tempted to investigate installation of
carboxylic acids of various types onto C-2 or C-4 positions of bicyclo[3.2.1]sulfone-
containing molecules. 32° Electrochemical organic synthesis 33° may offer us an
alternative solution, with the promise of greater reproducibility, as shown in Scheme 72.
A point of concern will be whether the sulfone moiety is capable of undergoing reductive

cleavage under electrochemical reaction conditions. 331
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Scheme 72. Allylic functionalization methods that may accommodate our need for site-selective

modification of bicyclo[3.2.1]sulfone-containing molecules.

Although we have not yet extensively used boronic ester 62, one can envision
formation of boronate salts using benzoxaboroles, as shown in Scheme 73. Reaction

equilibrium can be determined using either NMR titration, 332 or UV-Visible
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spectroscopic analysis. 333 Due to precedent literature on using benzoboraxole as

antimicrobial agent, 33 we can envision biological applications of a pro-drug delivery
system: further functionalization of the bicyclo[3.2.1]sulfone skeleton can lead to
selective cellular intake or binding with a particular enzyme of interest, whereupon the
benzoboraxole can be released under physiological conditions in order to inhibit the
activity of the cellular target, leading to a desired physiological outcome. 33 One may
also capitalize on the increase in buried volume due to the formation of boronic esters to
develop bicyclo[3.2.1]sulfone-containing boronic esters as novel ligands for asymmetric

catalysis. 338
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Scheme 73. Rapid equilibrium of bicyclo[3.2.1]sulfone-containing benzoxaboronic esters.

Despite the unsuccessful outcome of olefin cross metathesis in our preliminary
test results against allylated sulfone 76c, more extensive reaction screening may be
required in order to obtain our desired product under mild reaction conditions. With the
plethora of commercially available molybdenum 237 and ruthenium-based 338 catalysts
for testing, it is doubtful that optimization will be a major obstacle. The promise of a
modular synthetic strategy to yield a diverse set of bicyclo[3.2.1]alkyl sulfone-containing
molecules remains an attractive option for continue pursuing this research direction, as

shown in Scheme 74.
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Scheme 74. Quaternary allylic olefin metathesis as an alternative method for diversity-orientated

synthesis of bicyclo[3.2.1]sulfone-containing molecules.

One may ponder what results would come out of the silyl-protected primary
alcohol moiety of sulfone 76d, and we foresaw beyond simple coupling chemistry with
electrophilic building blocks. We pondered that perhaps if we were to construct a
sulfamate moiety from the primary alcohol, then it is possible upon exposure to catalytic
amounts of a suitable transition-metal catalyst in an oxidative environment,
intramolecular C-H functionalization at the allylic position would end up creating a C-N
bond, as shown in Scheme 75. 33° We envision that regioselectivity would depend on

many variables, including the identity of the catalyst as well as conformational

preference.
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Scheme 75. Possible competition between C-H allylic functionalization and aziridination pathways.

Desulfonylation selectively at the sulfamate would be desirable, as newly converted
secondary amine and primary alcohols would be labile for selective coupling with
electrophilic building blocks. Not only would that allow us to control the overall solubility
of the bicyclo[3.2.1]sulfone-containing scaffold, but also control of three-dimensional
chemical space in designated vectors. Also, one may change the tethering length by
employing different silyl-protected alcohol-containing alkyl bromides, and perhaps we
may even see competing aziridination if comformationally-allowed. 34°

The reactions listed above are but a tip of the iceberg if one desired to further
functionalize the carbon skeleton of the 7-membered ring. As one incorporates more
building blocks and increases the diversity of functional groups, one can envision
different combination of functional group pairing that may give rise to novel molecular

architecture.
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Chapter 5.2 Novel Methodology for Bicyclo[3.2.1] Sulfone Fragments
Despite obtaining some interesting biological data from open screening

collaboration with industrial partners and not-for-profit research organizations, our
current progress of rapid generation of bicyclo[3.2.1]sulfone-containing molecules has
been hindered due to lengthy synthesis and lack of modularity. In particular,
unsymmetrical cyclic sulfones cannot be obtained using our current protocol, thus new
synthetic possibilities should be entertained. Current methodologies in constructing
cyclic alkyl sulfones are insufficient in meeting our needs, 3! as many require tedious
efforts for substrate manufacturing, or perhaps lack of chemical versatility. Despite our
lack of success in performing Heck-type arylation of sulfolene 4a, we can envision
analogous concepts using aryldiazonium salts. Sigman and coworkers 342 have
communicated such ideas to form functionalized carbocycles with high reactivity, and
our preliminary tests have revealed that 4a can be functionalized via Heck-Matsuda
reactions 343 that can afford either mono-arylated products or di-arylated products. We
envisioned that a two-step protocol from the mono-arylated product to afford
unsymmetrical cyclic sulfones, as shown in Scheme 76. Alternatively, symmetrical cyclic

sulfones can also be assembled presumably in a one-pot manner using aforementioned

methods.
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Scheme 76. Cross-coupling between aryl diazonium salts and 3-sulfolene 4a to generate diverse

amounts of cyclic sulfolenes, which can act as substrates for our ongoing investigations.

In order to verify our hypothesis of pyridine-containing bicyclic sulfones serving
as competitive inhibitors of NMMT, we need to synthesize more analogues with
selective modifications on certain structural regions. For example, analogues with the
tertiary allylic alcohol moiety but without the stilbene fragment can perhaps offer useful

biological data for future development. However, currently our synthetic route requires
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the use of sulfone 4b as substrate, which provides limited utility for future structural-

activity relationship deconvolution. Thus, there is a need for obtaining
bicyclo[3.2.1]sulfone-containing scaffolds that are structurally similar but do not proceed
through the tandem vinylogous 1,2-addition/ anionic oxy-Cope cascade reaction.

One interesting aspect would be to modulate the nucleophilicity of the lithiated
sulfone intermediate via addition of late transition-metals such as Cu or Zn, which
should direct the carbanion to proceed via Michael-reaction instead of aldol-reactions.
Diastereoselective or enantioselective a-functionalization of alkyl sulfones via conjugate
addition with activated alkenes are known; however, current paradigm requires the
presence of electron-withdrawing groups at the a-position in order to stabilize the
resulting carbanion. 3** Removal of these substituents is non-trivial, 34> and we foresee
tremendous efforts required to apply such concept onto our campaign in constructing
diverse bicyclo[3.2.1]sulfone-containing compounds. Interestingly, a-functionalization of
alkyl sulfones relies on conventional lithiation protocols at cryogenic temperature;
arguably, a-arylation would be expected when applying transition-metal-catalyzed
cross-coupling methods, 34 followed by decarboxylative allylation. 34° More so, cyclic
alkyl sulfones are rarely featured as substrates in aforementioned areas of research
development. Note that these lack of thorough development amongst the academic
sphere represents an opportunity for us to capitalize on: we have been able to furnish
sulfone 82 from sulfone 87 in good conversion using catalytic amounts of Pd(OAc)2 and

PCys as the ligand, and NaOtBu as the base, as shown in Scheme 77.

-0
\ 7/ \S/
S cat. Pd(OAc),, 39c,
cat. PCy3, NaOfBu,
toluene, 100°C
87 70% conversion 82

Scheme 77. Formation of sulfone 82 using milder reaction conditions.

By applying the concepts of transition-metal-catalyzed cross-coupling, it is not
impractical for us to achieve modular synthetic methods that can furnish novel
bicyclo[3.2.1]sulfone-containing molecular frameworks as well as post-annulation

functionalization.
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Another theoretically interesting methodology would require the involvement of

cyclopropanols, which can act as 3-carbon synthons in the form of homoenolates, as

illustrated in Figure 33. 348

[Mt] O—[Mt]
HOKO — g A
A
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Figure 33. Cyclopropanols and their transition-metal homoenolate counterparts.

Literature precedents for homoenolates participating in Pd-catalyzed cross-coupling
reactions are known; 3#% in order to afford formation of the desired C-C bond, we have to
envision reaction environments that can bring together the nucleophilic carbon of
homoenolates and the nucleophilic carbon of sulfones. 3% Thus, C-C bond formation
would require oxidative cross-coupling of sulfones and cyclopropanols, which can be
readily accessed from Kulinkovich reactions. 35! If proven successful, a one-pot protocol
can evolve as additional amounts of strong base can not only deprotonate sulfones
during the cross-coupling phase, but also serve an important role during aldol-ring-
closure to afford our desired bicyclo[3.2.1]sulfone-containing scaffolds, as shown in
Scheme 78.
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Scheme 78. Theorized oxidative cross-coupling between cyclic sulfones and cyclopropanols to generate

bicyclo[3.2.1]sulfone-containing molecules.

Thus, we can predict an academically-productive feedback loop, where
development of novel synthetic methodologies leads to rapid construction of
bicyclo[3.2.1]sulfone-containing molecules with densely populated chemical handles for
late-stage functional group interconversion, as well as investigation of biological activity

of novel chemical matter incorporating bicyclo[3.2.1]sulfone-containing frameworks to
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reveal interesting screening results and thus promoting demand for more precise

molecular control for proper structure-activity relationship studies.

Chapter 5.3 Alternative Evolution of Bicyclic Sulfones.

As mentioned in chapter 3.1, Majewski and coworkers have described the
generation of bicyclo[3.2.1]sulfide-containing compounds. In particularly, their
substrates were capable of undergoing aldol reactions with various aldehydes. These
discoveries are particularly of value to us, as sulfides can readily be oxidized into
sulfoxides or sulfones, and Majewski’s aldol products are structurally functionalized at
the framework where our efforts at allylic functionalization have failed. Thus, it would be
an interesting idea to functionalize using bicyclo[3.2.1]sulfide-containing molecules,
which can then be subjected to late-stage oxidation to yield bicyclo[3.2.1]sulfone-
containing congener.

Moreover, these bicyclo[3.2.1]sulfide-containing compounds are readily
accessible via the analogue tropinones: 252 generation of quaternary ammounium salts
using methyl iodide can weaken the C-N bonds, where introduction of sodium sulfide
can perform double substitution in order to create new C-S bonds. Substituted
tropinones can be generated quite readily using various di-aldehyde species using
conditions reported by Robinson, and can be amenable for scale-up safely.
Furthermore, we can also investigate whether rongalite, which in solution can act as a
doubly nucleophilic synthon, 253 can undergo substitution with quaternary ammounium
tropinone salts, as shown in Scheme 79. These efforts will be complementary to our
crusade in gaining topological control of bicyclo[3.2.1]sulfone-containing molecules on a

molecular scale.
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Scheme 79. Formation of bicyclo[3.2.1]sulfone-containing molecules via tropinone derivatives.
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There has been an increasing amount of literature describing the use of

sulfoximines, 3% as the functional group features a chiral sulfur center as well as the
possibility of controlling further three-dimensional space through various substituents at

the sulfoximine nitrogen, as illustrated in Figure 34.

Figure 34. Greater three-dimensional control on a molecular level using sulfoximines.

Evolution from bicyclo[3.2.1]sulfone-containing molecules into the analogous
bicyclo[3.2.1]sulfoximine-containing molecules will allow for greater sampling of
chemical space, which will attract more attention for medicinal chemists to incorporate
during early stages of drug discovery campaigns. Diastereoselective
bicyclo[3.2.1]sulfoximines may possibly be generated from bicyclo[3.2.1]sulfoxides
using electrophilic nitrogen sources in oxidative environments, as shown in Scheme 80.
355 We can also expect the “imine fragment” of bicyclo[3.2.1]sulfoximine-containing
scaffolds and the internal olefin to coordinate to transition-metal centers via a bidentate
coordination, 3% thus opening up new possibilities of sulfoxomines as novel ligands in
catalytic applications. 357 Overall, much potential remains untapped and explored.
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Scheme 80. Possible two-step protocol to form bicyclo[3.2.1]sulfoximine-containing molecules from its

sulfide counterparts.
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Conclusion

In summary, we have successfully demonstrated the potential of using sulfones
to serve as part of the pharmacophore. With the foresight of combining the concepts of
conformational rigidification and site-selective functionalization, we were able to obtain a
collection of molecules that together encompass a wide degree of physicochemical
properties, such as three-dimensionality. Interesting biological screening data was
observed across many therapeutic areas, which proves that our strategy is viable, and
our dreams of developing bicyclic sulfone-containing drugs may one day come to
fruition. Granted, much is left for us to explore, such as how to overcome the intrinsic
limits of bicyclo[3.2.1]sulfone-containing scaffolds in order to achieve complete site-
selective functionalization, and elucidating which biochemical pathway our molecules
interact favorably with.

We are highly encouraged that our fundamental ideas can possibly be translated
into such diverse amounts of novel research directions. One must never forget that
basic research is the foundation that leads to technological improvements which leads
to an overall improvement in societal standards. If one does not truly understand
sufficiently about their own research, or be allowed to have the appropriate resources to
support their intellectual creativity, then the cornerstone of what scientific research
stands for is lost.
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Appendix A — Experimental Information
General Experimental Details:

All reactions were performed in single-neck, oven-dried, round-bottom flasks fitted with
rubber septa under a positive pressure of argon, unless otherwise noted.

Liquid reagents and solvents were either transferred via plastic syringes with stainless
steel needles of suitable gauge sizes, or transferred via cannula needle. Organic
solutions were concentrated at appropriate temperatures using a water bath by rotary
evaporation under vacuum.

Analytical thin-layer chromatography (TLC) was performed using aluminum plates pre-
coated with silica gel (0.20 mm, 60 A pore-size, 230-400 mesh, Macherey-Nagel)
impregnated with a fluorescent indicator (254 nm). TLC plates were visualized by
exposure to ultraviolet light, or developed using chemical stains of KMnOa solution or
phosphomolybdic acid (PMA) solution.

Flash column chromatography was performed over untreated silica gel (60 A, 63-200
uM, Caledon) from Silicycle® unless otherwise noted.

Unless otherwise noted, all compounds isolated by chromatography were sufficiently
pure (>80 % by NMR) for use in subsequent preparative reactions.

General Materials:

Commercial solvents and reagents were used as received with the following exceptions:
THF was dried by distillation over Na® and benzophenone. DCM and THF (when > 100
mL of solvent was used in the reaction) were dried by passage through alumina in a
commercial solvent purification system (SPS).

Instrumentation:

Proton nuclear magnetic resonance spectra (*H NMR) were recorded at 300 MHz or
500 MHz using Bruker AVANCE 1lI™ 300MHz, AVANCE |™ 500MHz, or AVANCE
NEO™ 500MHz respectively at 23 °C. Proton chemical shifts are expressed in parts per
million (ppm, & scale) downfield from tetramethylsilane, and are referenced to residual
protium in the NMR solvent (CD3C(O)CDs or ds-ace, 6 2.05; CDCls, & 7.26;
CD3S(0O)CDs or de-DMSO, 6 2.50). Data are represented as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, sext = sextet, m = multiplet
and/or multiple resonances, br = broad), coupling constant (three significant figures) in
Hertz, and relative integration.

Carbon nuclear magnetic resonance spectra (**C NMR) were recorded at 75 MHz using
Bruker AVANCE [II™ 300MHz at 23 °C. Carbon chemical shifts are reported in parts per
million downfield from tetramethylsilane and are referenced to the carbon resonance of
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the solvent (CD3C(O)CDs or de-ace, 6 29.85; CDCls, 6 77.22; CD3S(O)CDs or ds-DMSO,
0 39.52). Carbon assignments (e.g. CH2) were inferred using DEPT-135 spectra.

Infrared (IR) spectra were obtained using a Perkin EImer 1000 FT-IR spectrometer
referenced to a polystyrene standard with an air background. Diagnostic peaks are
represented as follows: frequency of absorption (cm1).

High-resolution mass spectra were obtained at the UVic Chemistry Mass Spectrometry
Facility (CMSF) using a Thermo Fisher Scientific Exactive™ Orbitrap-LCMS instrument.

General Procedure A:

A round-bottom flask was charged with an appropriate stir bar, sulfone (1.0 equiv.) and
bis-aryl ketone (1.0 equiv.) prior to dissolving in THF (10 mL/mmol), and the solution
was cooled to —78°C using a cooling bath composed of dry ice and acetone.
Commerically available LIHMDS (1.1 equiv., 1.0 M in THF) was added as one portion at
—78 °C. The reaction mixture was stirred for 1 hr at —78°C, then removed from the
cooling bath and stirred for 30 min. at ambient temperature. Subsequently, the reaction
mixture was quenched with saturated aqueous NH4ClI (1.0 mL/mmol), prior to
concentration under reduced pressure to remove THF. EtOAc (3 x 10 mL/mmol) was
used for extraction, and the combined organic extracts were washed with H20 (3 x 10
mL/mmol) and brine (2 x 10 mL/mmol). The organic layer was dried with anhydrous
Na2S0a4 before concentration under reduced pressure to provide a coloured oil. The
crude product instantaneously turned into coloured foam upon subjecting to high
vacuum. The crude coloured foam was carried to the next step with no further
purification.

Hexamethyldisilazane (1.1 equiv.) was dissolved to THF (1.0 mL/mmol) prior to cooling
to 0 °C using a cooling bath of ice and water. Commercially available nBuLi (1.1 equiv.,
2.5M in hexane) was added to the solution in a dropwise manner at 0°C. The clear,
yellow LIHMDS solution was allowed to stir for 10 min. Another round-bottom flask was
charged with an appropriate stir bar and the aforementioned crude foam (1.0 equiv.)
prior to dissolving in THF (20 mL/mmol). The solution was cooled to —78 °C using a
cooling bath composed of dry ice and acetone. LIHMDS solution was then added into
the reaction mixture in a dropwise manner at —78°C. The reaction mixture was stirred for
1 hr at —78°C, before being quenched with saturated aqueous NH4ClI (1.0 mL/mmol).
The quenched reaction mixture was then concentrated under reduced pressure to
remove THF. EtOAc (3 x 10 mL/mmol) was used for extraction, and the combined
organic extracts were washed with H20 (3 x 10 mL/mmol) and brine (2 x 10 mL/mmol).
The organic layer was dried with anhydrous Na2SO4 before concentration under
reduced pressure to provide a coloured oil. The crude product instantaneously turned
into coloured foam upon subjecting to high vacuum. The crude coloured foam was then
purified by flash column chromatography using DCM (spiked-with 5% v/v NEt3) in order
to afford = 90% pure product as a lightly coloured foam.
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General Procedure B:

A round-bottom flask was charged with an appropriate stir bar, sulfone (1.0 equiv.) prior
to dissolving in THF (2.0 mL/mmol). Ac20 (5.0 equiv.) and DMAP (10 mol%) was added
into the reaction mixture at 0 °C using a cooling bath composed of ice and water. The
reaction mixture was then stirred for 3 days while warming gradually to ambient
temperature. H20 (1.0 mL/mmol) was used to quench the reaction, prior to
concentration under reduced pressure to remove THF. EtOAc (3 x 10 mL/mmol) was
used for extraction, and the combined organic extracts were washed with H20 (3 x 10
mL/mmol) and brine (2 x 10 mL/mmol). The organic layer was dried with anhydrous
Na2S0a4 before concentration under reduced pressure to provide = 90% pure product as
coloured oils.

General Procedure C:

Hexamethyldisilazane (2.2 equiv.) was dissolved to THF (1.0 mL/mmol) prior to cooling
to 0 °C using a cooling bath of ice and water. Commercially available nBuLi (2.2 equiv.,
2.5M in hexane) was added to the solution in a dropwise manner at 0°C. The clear,
yellow LIHMDS solution was allowed to stir for 10 min. Another round-bottom flask was
charged with an appropriate stir bar, sulfone (1.0 equiv.) and di-iodide 39c (1.0 equiv.)
prior to dissolving in THF (5.0 mL/mmol). The solution was cooled to —78 °C using a
cooling bath composed of dry ice and acetone. LIHMDS solution was then added into
the reaction mixture in a dropwise manner at —78°C. The addition rate should be
properly controlled such that the cooling bath should not exceed —78°C for prolonged
periods. The reaction mixture was then stirred for 2 hr at —78°C, before being quenched
with saturated agqueous NH4Cl (1.0 mL/mmol). The quenched reaction mixture was then
concentrated under reduced pressure to remove THF. Et20 (3 x 10 mL/mmol) was used
for extraction, and the combined organic extracts were washed with H20 (3 x 10
mL/mmol) and brine (2 x 10 mL/mmol). The organic layer was dried with anhydrous
Na2S0a4 before concentration under reduce pressure to provide yellow-coloured solids.
The crude product was then purified by flash column chromatography using a column
volume of hexane (spiked with 5% v/v NEts) and subsequently gradient elution in order
to afford 290% pure product as lightly-coloured solids.

General Procedure D:

Under open atmosphere, a round-bottom flask was charged with an appropriate stir bar,
ketone 52 (1.0 equiv.) prior to dissolving in EtOH (1.5 mL/mmol). Hydroxylamine
hydrochloride salts (1.3 equiv.) were added in one portion at ambient temperature. The
reaction mixture was stirred at ambient temperature in an open atmosphere until TLC
indicated complete consumption of ketone 52. The reaction mixture was then
concentrated under reduced pressure to remove EtOH. EtOAc (3 x 10 mL/mmol) was
used for extraction, and the combined organic extracts were dried with anhydrous
Na2S0a4. Subsequent concentration under reduced pressure provided = 90% pure
product as coloured solids.
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General Procedure E:

Diisopropylamine (1.2 equiv.) was dissolved to THF (1.0 mL/mmol) prior to cooling to O
°C using a cooling bath of ice and water. Commercially available nBuLi (1.2 equiv., 2.5M
in hexane) was added to the solution in a dropwise manner at 0°C. The clear, yellow
LDA solution was allowed to stir for 10 min. Another round-bottom flask was charged
with an appropriate stir bar and sulfone 47 (1.0 equiv.) prior to dissolving in THF (2.0
mL/mmol). The solution was cooled to —78 °C using a cooling bath composed of dry ice
and acetone. LDA solution was then added into the reaction mixture in a dropwise
manner at —78°C. After stirring at —78 °C for 10 min., alkyl bromides (1.1 equiv.) were
then added into the reaction mixture in one portion at —78 °C. The reaction mixture was
then stirred for 4 hr at —78°C, before being quenched with saturated aqueous NH4Cl
(1.0 mL/mmol). The quenched reaction mixture was then concentrated under reduced
pressure to remove THF. Et20 (3 x 10 mL/mmol) was used for extraction, and the
combined organic extracts were washed with H20 (3 x 10 mL/mmol) and brine (2 x 10
mL/mmol). The organic layer was dried with anhydrous Na2SOa4 before concentration
under reduce pressure to provide brown oils. The crude product was then purified by
flash column chromatography using gradient elution of 4:1 Hexane: Et20 (spiked with
5% v/v NEts) to 1:1 Hexane: Et20 (spiked with 5% v/v NEt3) in order to afford = 90%
pure product.
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Synthesis of (1S,2S,4S,5S)-2-hydroxy-4,6,7-triphenyl-2-[(1E)-2-phenylethenyl]-8A®-
thiabicyclo[3.2.1]oct-6-ene-8,8-dione 31a

Using general procedure A, alcohol 31a was obtained as 0.5853¢g (63% yield) of
yellow solid from sulfone 4b and ketone 5a on a 1.85 mmol scale.

Melting Point: 111 — 112°C
TLC solvent: (Rr=0.24) 3:1 hexane : EtOAC

IH NMR: 7.33 — 7.39 (m, 5H), 7.16 — 7.21 (m, 5H), 7.06 — 7.13 (m, 3H), 6.99 (dm, J =
8.0 Hz, 2H), 6.90 — 6.96 (m, 3H), 6.86 (d, J = 15.7 Hz, 1H), 6.59 (dm, J = 7.4 Hz, 2H),
5.89 (dd, J = 15.6 Hz, 1.8 Hz, 1H), 5.56 (d, J = 1.8 Hz, 1H), 4.32 (dd, J = 12.9 Hz, 4.4
Hz, 1H), 4.20 — 4.24 (m, 1H), 4.10 (dm, J = 2.5 Hz, 3H), 2.66 (dd, J = 15.0 Hz, 13.0 Hz,
1H), 2.13 (dd, J = 14.8 Hz, 4.5 Hz, 1H)

13C NMR: 139.99, 138.25, 136.42, 136.15, 135.43, 132.77, 129.72, 129.34, 129.31,
129.29, 128.73, 128.64, 128.56, 128.42, 128.38, 128.05, 127.92, 127.88, 126.65, 73.68,
73.22,72.27,39.73, 37.26

IR (cm-1): 3582, 3055, 2957, 1600, 1495, 1302, 1205, 1124, 1071, 971, 754, 695, 576
HRMS: calcd. for C3sH2803SNa [M+Na*]: 527.16569, found 527.16521



173

Synthesis of (1S,2S,4S,5S)-2-hydroxy-4-(4-methylphenyl)-2-[(1E)-2-(4-
methylphenyl)ethenyl]-6,7-diphenyl-8Aé-thiabicyclo[3.2.1]oct-6-ene-8,8-dione 31b

Using general procedure A, alcohol 31b was obtained as 0.3642g (66% yield) of
yellow solid from sulfone 4b and ketone 5b on a 0.96 mmol scale.

Melting Point: 105 — 108°C
TLC solvent: (Rr=0.25) 3:1 hexane : EtOAC

IH NMR: 7.30 — 7.34 (m, 5H), 7.18 — 7.22 (m, 5H), 7.00 (dm, J = 8.2 Hz, 4H), 6.83 (d, J
= 8.2 Hz, 2H), 6.81 (d, J = 15.7 Hz, 1H), 6.63 (dm, J = 6.8 Hz, 2H), 5.84 (dd, J = 15.5
Hz, 1.8 Hz, 1H), 5.53 (d, J = 1.83 Hz, 1H), 4.27 (dd, J = 12.9 Hz, 4.3 Hz, 1H), 4.18 —
4.22 (m, 1H), 4.08 (d, J = 2.5 Hz, 1H), 2.62 (dd, J = 14.4 Hz, 13.4 Hz, 1H), 2.38 (s, 3H),
2.29 (s, 3H), 2.10 (dd, J = 14.8 Hz, 4.3 Hz, 1H)

13C NMR: 138.22, 137.72, 136.97, 136.20, 135.48, 135.28, 133.61, 131.82, 129.86,
129.79, 129.49, 129.37, 129.25, 129.04, 128.65, 128.57, 128.48, 128.34, 127.78,
126.54, 73.73, 73.23, 72.26, 39.42, 37.50, 21.28, 21.19

IR (cm™1): 3585, 3053, 2920, 1601, 1514, 1443, 1300, 1204, 1109, 1032, 973, 799, 763,
696, 579, 526

HRMS: calcd. for C3sH3004SNa [M+Na*]: 555.19699, found 555.19628
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Synthesis of (1S,2S,4S,5S)-2-hydroxy-6,7-diphenyl-4-(pyridin-3-yl)-2-[ (1E)-2-
(pyridin-3-yl)ethenyl]-8Aé-thiabicyclo[3.2.1]oct-6-ene-8,8-dione 31d

Using general procedure A, alcohol 31d was obtained in 0.5073g (54% yield) of light
yellow solid from sulfone 4b and ketone 5d on a 1.85 mmol scale.

Melting Point: 126 — 127°C
TLC solvent: (Rr=0.32) 2:1 hexane : EtOAC

IH NMR: 8.53 — 8.57 (m, 3H), 8.47 (dd, J = 4.8 Hz, 1.6 Hz, 2H), 8.19 (d, J = 2.1 Hz, 1H),
7.88 (dt, J = 8.0 Hz, 2.0 Hz, 1H), 7.76 (qt, J = 8.1 Hz, 1.9 Hz, 1H), 7.21 — 7.26 (m, 5H),
7.14 —7.21 (m, 3H),7.04 — 7.09 (m, 1H), 6.83 (it, J = 8.2 Hz, 2.0 Hz, 2H), 5.89 (dd, J =
15.6 Hz, 1.7 Hz, 1H) , 5.55 (d, J = 1.8 Hz, 1H), 4.68 (dd, J = 13.3 Hz, 4.3 Hz, 1H) , 4.33
—4.36 (M, 1H), 4.22 — 4.25 (m, 1H), 2.99 (dd, J = 17.2 Hz, 15.5 Hz, 1H), 2.73 (dd, J =
17.1 Hz, 4.7 Hz, 1H)

13C NMR: 148.65, 148.09, 147.68, 146.29, 137.22, 136.16, 135.44, 133.19, 132.09,
129.01, 128.53, 128.26, 127.10, 126.84, 126.42, 126.28, 122.11, 121.60, 73.59, 73.33,
72.30, 39.75, 37.45

IR (cm1): 3380, 3059, 2958, 1699, 1578, 1480, 1305, 1290, 1216, 1113, 962, 768, 707,
701, 557

HRMS: calcd. for C31H26N203SNa [M+Na*]: 529.15618, found 529.15648
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Synthesis of (1S,2S,4S,5S)-8,8-diox0-4,6,7-triphenyl-2-[(1E)-2-phenylethenyl]-8A°-
thiabicyclo[3.2.1]oct-6-en-2-y| acetate 32a

Using general procedure B, ester 32a was obtained as 0.2632g (93% yield) of bright
yellow solid from alcohol 31a on a 0.52mmol scale.

Melting Point: 86 — 87°C
TLC solvent: (Rr=0.60) 2:1 hexane : EtOAC

1H NMR: 7.30 — 7.33 (m, 5H), 7.15 — 7.23 (m, 5H), 7.01 — 7.10 (m, 3H), 6.89 — 6.99 (m,

5H), 6.59 (dm, J = 7.3 Hz, 2H), 6.49 (d, J = 16.7 Hz, 1H), 6.21 (d, J = 16.3 Hz, 1H), 5.51
(d, J = 2.2 Hz, 1H), 4.43 (dd, J = 12.2 Hz, 4.0 Hz, 1H), 4.16 — 4.20 (m, 1H), 2.62 (dd, J =
14.4 Hz, 12.5 Hz, 1H), 2.41 (dd, J = 14.2 Hz, 4.2 Hz, 1H), 2.20 (s, 3H)

13C NMR: 168.59, 139.95, 138.20, 136.44, 136.12, 135.43, 135.18, 132.75, 129.76,
129.35, 129.33, 129.25, 128.72, 128.69, 128.53, 128.40, 128.38, 128.01, 128.00,
127.82, 126.63, 76.25, 73.22, 72.26, 39.72, 37.23, 22.15

IR (cm-1): 3053, 2923, 1732, 1594, 1484, 1311, 1259, 1123, 965, 763, 697, 591
HRMS: calcd. for C3sH3004SNa [M+Na*]: 569.17625, found 569.17579
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Synthesis of (1S,2S,4S,5S)-4-(4-methylphenyl)-2-[(1E)-2-(4-methylphenyl)ethenyl]-
8,8-diox0-6,7-diphenyl-8A%-thiabicyclo[3.2.1]oct-6-en-2-yl| acetate 32b

Using general procedure B, ester 32b was obtained in 0.1001g (89% yield) of light
yellow oily solid from alcohol 31b on a 0.19 mmol scale.

Melting Point: 78 — 82°C
TLC solvent: (Ri=0.50) 2:1 hexane : EtOAC

IH NMR: 7.28 — 7.32 (m, 5H), 7.18 — 7.22 (m, 2H), 7.15 — 7.18 (m, 2H), 6.96 — 7.02 (m,
5H), 6.85 (dm, J = 7.8 Hz, 2H), 6.64 (dd, J = 7.4 Hz, 1.3 Hz, 2H), 6.46 (d, J = 16.5 Hz,
1H), 6.17 (d, J = 16.3 Hz, 1H), 5.48 (d, J = 2.3 Hz, 1H), 4.62 (dd, J = 13.1 Hz, 4.7 Hz,
1H), 4.15 (dm, J = 1.1 Hz, 1H), 2.97 (dd, J = 13.5 Hz, 8.2 Hz, 1H), 2.68 (dd, J = 8.4 Hz,
4.9 Hz, 1H), 2.38 (s, 3H), 2.29 (s, 3H), 2.19 (s, 3H)

13C NMR: 165.56, 138.20, 137.71, 136.92, 136.16, 135.40, 135.29, 133.69, 131.88,
129.86, 129.79, 129.49, 129.37, 129.35, 128.97, 128.62, 128.08, 127.77, 127.47,
127.39, 126.52, 75.73, 73.22, 72.21, 39.49, 37.43, 23.85, 21.29, 21.18

IR (cm™1): 3057, 2921, 1740, 1602, 1513, 1444, 1305, 1209, 1034, 974, 811, 760, 697,
578

HRMS: calcd. for C37H3404SNa [M+Na*]: 597.20755, found 597.20686
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Synthesis of (1S,2S,4S,5S)-4-(4-methoxyphenyl)-2-[(1E)-2-(4-
methoxyphenyl)ethenyl]-8,8-diox0-6,7-diphenyl-8Aé-thiabicyclo[3.2.1]oct-6-en-2-y!|
acetate 32c

Using general procedure B, ester 32c was obtained in 0.89569g (85% yield) of bright
yellow oily solid from alcohol 31c on a 1.20 mmol scale.

Melting Point: 85 — 89°C
TLC solvent: (Ri=0.25) 2:1 hexane : EtOAc

IH NMR: 7.43 — 7.45 (m, 2H), 7.29 — 7.30 (m, 2H), 6.94 — 7.00 (m, 4H), 6.88 — 6.92 (m,
5H), 6.73 (dd, J = 8.8 Hz, 1.8 Hz, 3H), 6.64 (dd, J = 7.2 Hz, 1.4 Hz, 2H), 6.43 (d,
J=16.3 Hz, 1H), 6.08 (d, J = 16.2 Hz, 1H), 5.48 (d, J = 2.3 Hz, 1H), 4.35 (dd, J =
12.8 Hz, 4.1 Hz, 1H), 4.13 — 4.15 (m, 1H), 3.84 (s, 3H), 3.78 (s, 3H), 2.56 (dd, J =
13.8 Hz, 12.8 Hz, 1H), 2.36 (dd, J = 14.0 Hz, 4.0 Hz, 1H), 2.21 (s, 3H)

13C NMR: 169.46, 138.24, 136.25, 135.42, 135.29, 132.01, 130.75, 129.38, 129.25,
129.14, 129.10, 128.99, 128.68, 128.41, 127.85, 124.55, 123.97, 75.81, 73.23, 72.25,
55.54, 55.38, 39.12, 37.77, 22.08

IR (cm™1): 3055, 2934, 1730, 1600, 1511, 1443, 1303, 1247, 1029, 979, 827, 766, 698
HRMS: calcd. for C37H310sSNa [M+Na*]: 629.19738, found 629.19684



178

Synthesis of (1S,2S,4S,5S)-8,8-diox0-6,7-diphenyl-4-(pyridin-3-yl)-2-[(1E)-2-
(pyridin-3-yl)ethenyl]-8As-thiabicyclo[3.2.1]oct-6-en-2-y| acetate 32d

Using general procedure B, ester 32d was obtained in 0.0891g (87% vyield) of white
solid from alcohol 31d on a 0.18 mmol scale.

Melting Point: 98 — 100°C
TLC solvent: (Ri=0.53) 2:1 hexane : EtOAC

IH NMR: 8.73 — 8.75 (dm, J = 2.3 Hz, 1H), 8.60 (dd, J = 4.8 Hz, 1.6 Hz, 1H), 8.15 (dd, J
= 4.4 Hz, 2.1 Hz, 1H), 7.89 (ddd, J = 7.9 Hz, 2.1 Hz, 1.6 Hz, 2H), 7.68 (dd, J =
2.1 Hz, 1.0 Hz, 2H), 7.32 — 7.39 (m, 5H),7.02 — 7.10 (m, 3H),6.83 — 6.85 (m, 3H),
6.46 (d, J = 16.6 Hz, 1H), 6.17 (d, J = 16.2 Hz, 1H), 5.48 (d, J = 2.4 Hz, 1H), 4.68
(dd, J = 19.2 Hz, 5.3 Hz, 1H), 4.08 — 4.12 (m, 1H), 2.71 (dd, J = 19.3 Hz, 17.6
Hz, 1H), 2.55 (dd, J = 16.7 Hz, 5.6 Hz, 1H), 2.30 (s, 3H)

13C NMR: 165.35, 148.65, 148.09, 147.68, 146.29, 137.22, 136.16, 135.45, 133.18,
132.09, 129.01, 128.53, 128.26, 127.09, 126.85, 126.43, 126.28, 122.12, 121.60, 76.59,
73.32,72.29, 39.76, 37.45, 22.61

IR (cm™1): 3059, 2957, 1759, 1713, 1699, 1494, 1446, 1306, 1205, 1124, 963, 760, 695,
579

HRMS: calcd. for C3sH2sN204SNa [M+Na*]: 571.16675, found 571.16699
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Synthesis of (S,E)-1-((2S,5S)-1,1-dioxido-5-((S,E)-3-0x0-1,5-diphenylpent-4-en-1yl)-
3,4-diphenyl-2,5-dihydrothiophen-2-yl)-1,6-diphenylhex-5-en-3-one 28

Using general procedure A albeit with two equivalent of LIHMDS, sulfone 28 was
obtained as 0.315g (41% vyield) of yellow solid from sulfone 4b on a 1.04 mmol scale.

TLC solvent: (Ri=0.35) 7:2 hexane: EtOAc

IH NMR: 7.45 — 7.39 (m, 4H), 7.42 (dd, J = 15.84 Hz, 2H), 7.32 — 7.29 (m, 7H), 7.12 —
7.07 (m, 8H), 7.07 — 7.03 (dm, J = 7.33 Hz, 4H), 7.03 — 6.98 (m, 5H), 6.66 (dm, J = 7.84
Hz, 2H), 6.63 (dd, J = 16.26 Hz, 2H), 4.24 (d, J = 4.36 Hz, 2H), 3.82 — 3.76 (m, 2H),
3.55 (dd, J = 17.7 Hz, 6.9 Hz, 2H), 3.06 (dd, J = 16.5 Hz, 7.4 Hz, 2H)

13C NMR: 197.72, 143.06, 138.51, 135.99, 134.51, 134.44, 130.66, 129.47, 129.05,
128.48, 128.35, 128.07, 127.90, 127.26, 126.10, 70.66, 47.78, 38.74
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Synthesis of 3-methylidene-6,7-diphenyl-8A®-thiabicyclo[3.2.1]oct-6-ene-8,8-dione
40

Using general procedure C, sulfone 40 was obtained as 1.02g (61% yield) of
crystalline white solid from sulfone 4b on a 5.18 mmol scale.

Melting Point: 142 — 144°C
TLC solvent: (Rr=0.33) 5:1 hexane: EtOAc

IH NMR: 7.22 — 7.27 (m, 6H), 7.13 — 7.18 (m, 4H), 4.99 (t, J = 2.0 Hz, 2H), 3.96 (dm, J
= 2.7 Hz, 2H), 3.34 (dd, J = 15.8 Hz, 2.3 Hz, 2H), 2.82 (dd, J = 16.0 Hz, 4.8 Hz, 2H)

13C NMR: 137.17, 136.38, 135.21, 128.77, 128.40, 128.22, 118.15, 65.00, 36.67

IR (cm™): 3057, 2911, 1651, 1497, 1444, 1294, 1253, 1175, 1109, 911, 762, 700, 582,
561

HRMS: calcd. for C20H1802S [M+H*]: 323.11058, found 323.11009



181
Synthesis of 6,7-diphenyl-8A°-thiabicyclo[3.2.1]oct-6-ene-3,8,8-trione 41

ON
\S//O

N\ 7/

O

Under open atmosphere, a round-bottom flask was charged with an appropriate stir bar,
sulfone 40 (0.2611g, 0.81mmol, 1.0 equiv.) prior to dissolving in DCM (50 mL, 60
mL/mmol). The reaction flask was allowed to stir at —78°C using a cooling bath of dry ice
and acetone, before O3z being introduced into the reaction mixture via bubbling at a flow
rate of 7L/min. The introduction of O3 was continued for 15 min., followed by the
addition of Me2S to quench the reaction mixture. The solution was allowed to continue
stirring overnight and gradually warm to ambient temperature. The yellow reaction
mixture was then concentrated under reduced pressure to remove DCM. 3 x 20mL
EtOAc was used for extraction, and then washed with 3 x 20mL H20 and 2 x 20mL
brine sequentially. The combined organic extracts were dried with anhydrous Na2SO4,
and subsequent concentration under reduced pressure provided crude product 41 as a
reddish-brown solid. Purification was done via flash column chromatography using a
gradient elution of 5:1 hexane: EtOAc (spiked with 5% v/v NEt3) to 2:1 hexane: EtOAc
(spiked with 5% v/v NEt3) to afford a total of 0.2425g (92% yield) = 90% pure product as
crystalline white solids.

Melting Point: 138 — 140°C
TLC solvent: (Ri=0.26) 3:1 hexane: EtOAc

IH NMR: 7.29 (dd, J = 5.0 Hz, 2.1 Hz, 6H), 7.13 — 7.18 (m, 4H), 4.16 — 4.21 (m, 2H),
3.52 (dm, J = 17.0 Hz, 2H), 3.04 (dm, J = 17.0 Hz, 2H)

13C NMR (in acetone-de): 201.49, 139.52, 135.48, 129.61, 129.51, 129.06, 63.85,
45.37

IR (cm™): 3055, 2965, 1714, 1575, 1489, 1305, 1259, 1183, 1115, 761, 693, 561, 444
HRMS: calcd. for Ci19H1603SNa [M+Na*]: 347.07178, found 347.07100



182

Synthesis of 3-hydroxy-6,7-diphenyl-8A®-thiabicyclo[3.2.1]oct-6-ene-8,8-dione 42a
and 42b

O\\S - O O\\S - O

\_ 7 N\ /

H HO
OH H

A round-bottom flask was charged with an appropriate size stir bar and ketone 41
(0.100g, 100mg, 0.31 mmol), and then dissolved in THF (1.5mL, 5 mL/mmol). The
solution was then placed under a cooling bath of 0°C using ice and H20. Subsequently,
NaBHa4 (0.0620g, 1.64mmol, 5 equiv.) was added into the reaction mixture in one
portion. The reaction was stirred for 24 hours and gradually warm to ambient
temperature, or until TLC indicated complete consumption of ketone 41. Subsequently,
the reaction mixture was quenched with a mixture of 1:1 MeOH: H20, and allowed to stir
at ambient temperature for 15 min. Concentration under reduced pressure was
performed to remove THF, before extraction with EtOAc (4 x 10mL). The combined
organic extracts were then washed with 4 x 10mL H20 and 2 x 10mL brine sequentially,
and dried over anhydrous Na2SOa4. The crude product was obtained after concentration
under reduced pressure as light yellow solids. Purification was performed via flash
column chromatography using a gradient elution of 3:1 hexane: EtOAc (spiked with 5%
v/v NEts) to 1:2 hexane:EtOAc (spiked with 5% v/v NEtz) to yield a total of 0.0607g (61%
yield) of both alcohol 42a and 42b as white solids. Both regioisomers were inseparable
by column chromatography.

Melting Point: 136 — 137°C
TLC solvent: (Rr=0.08) 2:1 hexane: EtOAc

'H NMR (major diastereomer): 7.24 —7.30 (m, 6H), 7.16 — 7.20 (m, 4H), 4.22 — 4.30
(dd, J = 11.2 Hz, 5.3 Hz, 1H), 3.93 (d, J = 4.6 Hz, 2H), 2.92 (dd, J = 15.3 Hz, 4.9 Hz,
2H), 2.47 (dm, J = 15.6 Hz, 2H), 1.74 (d, J = 6.0 Hz, 1H)

'H NMR (minor diastereomer): 7.24 —7.30 (m, 6H), 7.16 — 7.20 (m, 4H), 4.03 — 4.12
(m, 1H), 4.00 (d, J = 4.9 Hz, 2H), 2.57 — 2.69 (m, 2H), 2.51 (d, J =10 Hz, 2H), 1.48 (d, J
= 8.0 Hz, 1H)

13C NMR (major diastereomer, in acetone-ds): 137.92, 136.38, 129.58, 129.14,
129.07, 65.36, 63.92, 35.96
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13C NMR (minor diastereomer, in acetone-de): 137.37, 135.97, 129.26, 129.11,
128.53, 64.72, 62.73, 34.63

IR (cm1): 3508, 3058, 2959, 1599, 1489, 1292, 1111, 1061, 761, 694, 558
HRMS: calcd. for C19H1003S [M+H*]: 327.10549, found 327.10490
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Synthesis of 3-(hydroxymethyl)-6,7-diphenyl-8A°-thiabicyclo[3.2.1]oct-6-ene-8,8-
dione 43

H

HO

A round-bottom flask was charged with an appropriate stir bar, sulfone 40 (0.500g,
1.55mmol, 1.0 equiv.) prior to dissolving in THF (8.0 mL, 5 mL/mmol). The reaction flask
was allowed to stir at 0 °C using a cooling bath of ice and water, before the addition of
9-BBN (0.2843g, 4.66 mL, 2.23mmol, 1.5 equiv., 0.5M in THF) in dropwise manner. The
reaction mixture was allowed to continue stirring at 0 °C and gradually warm to ambient
temperature for 3 hr or until TLC indicated complete consumption of sulfone 40.
Subsequently, the reaction mixture was then transferred into an Erlenmyer flask
containing 1M NaOH(aqg.) (15.5mL, 15.5mmol, 5 equiv.) and placed at 0 °C prior to the
addition of H202 (0.527g, 1.51mL, 15.5mmol, 5 equiv., 35% w/v) in a dropwise manner.
The reaction mixture was allowed to continue stirring for 1 hr, and then concentrated
under reduce pressure to remove THF. Extraction was performed using 3 x 20mL
EtOAc, and the combined organic layer was then washed with 3 x 20mL H20 and 3 x
20mL brine sequentially. The organic layer was then dried over anhydrous Na2S0Oa4, and
then concentrated under reduce pressure to provide a total of 0.2277g (43% vyield) of 2
90% pure product as white oily solid.

Melting Point: 98 — 100°C
TLC solvent: (Rr=0.36) 2:1 hexane: EtOAc

IH NMR: 7.23 — 7.30 (m, 6H), 7.07 — 7.15 (m, 4H), 3.95 (dd, J = 6.3 Hz, 2.7 Hz, 2H),
3.64 (dd, J = 7.4 Hz, 2.7 Hz, 2H), 2.77 (dq, J =14.6 Hz, 3.2 Hz, 1H), 2.58 (dq, J =14.6
Hz, 2.3 Hz, 1H), 2.43 (br s, 1H), 2.29 (ddd, J =12.0 Hz, 3.0 Hz, 1.3 Hz, 1H), 2.18 (ddd, J
=12.8 Hz, 3.0 Hz, 1H), 2.08 — 2.15 (m, 1H)

13C NMR (in acetone-de): 136.53, 132.34, 129.59, 129.40, 129.03, 71.58, 67.25, 61.49,
35.35, 32.82, 27.29

IR (cm™): 3445, 2922, 1683, 1599, 1491, 1410, 1297, 1250, 1109, 1132, 1066, 759,
694, 563, 469

HRMS: calcd. for C20H2103S [M+H*]: 341.12114, found 341.12135
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Synthesis of 3-hydroxy-3-(hydroxymethyl)-6,7-diphenyl-8A%-thiabicyclo[3.2.1]oct-
6-ene-8,8-dione 45!

ON
220

N\ /
HO

HO

A round-bottom flask was charged with an appropriate size stir bar and sulfone 40
(0.400g, 1.24 mmol), and then dissolved in a mixture of 4:1 acetone: H20 (6.5mL, 5
mL/mmol). Subsequently, OsOa4 (0.0017g, 0.43mL, 1 mol%, 0.0065 mmol, 4 wt% in
H20) and NMO (0.2905g, 2.0 equiv., 2.48 mmol) was added into the reaction mixture
sequentially. The reaction was stirred at ambient temperature for 24 hours, and then
guenched with Na2S204. H20 was added into the reaction mixture for dilution, and
allowed to stir at ambient temperature for 15 min. before extraction with EtOAc (4 x
10mL). The combined organic extracts were then washed with 4 x 10mL H20 and 2 x
10mL brine sequentially, and dried over anhydrous Na2SOa. The product was obtained
after concentration under reduced pressure to yield a total of 0.1501g (75% vyield) of
white solid.

Melting Point: 124 — 122°C
TLC solvent: (Rr=0.38) 3:1 hexane: EtOAc

IH NMR: 7.12 — 7.20 (m, 6H), 7.04 — 7.12 (m, 4H), 3.88 — 3.83 (m, 2H), 3.42 (s, 2H),
2.86 — 3.05 (br s, 2H), 2.57 (dd, J = 15.2 Hz, 3.8 Hz, 2H), 2.47 (dd, J = 15.2 Hz, 1.8 Hz,
2H)

13C NMR: 128.96, 127.92, 127.46, 127.19, 127.09, 70.48, 69.54, 63.96, 35.58

IR (cm™1): 3516, 3391, 3046, 2924, 1654, 1599, 1490, 1444, 1292, 1251, 1116, 1093,
1068, 1051, 760, 694, 562, 455

HRMS: calcd. for C20H2004SNa [M+Na*]: 379.09800, found 379.09750
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Synthesis of 3-methylidene-8A®-thiabicyclo[3.2.1]oct-6-ene-8,8-dione 47

\\S//O
Using general procedure C, followed by purification via flash column chromatography
with a column volume of hexane (spiked with 5% v/v NEts), and a gradient elution of 3:1
hexane: EtOAc (spiked with 5% v/v NEts) to 2:1 hexane: EtOAc (spiked with 5% v/v

NEts), sulfone 47 was obtained as 7.98g (67% yield) of crystalline colourless solid from
sulfone 4a on a 71.45 mmol scale.

Melting Point: 64 — 68°C
TLC solvent: (Ri=0.41) 3:1 hexane: EtOAc

IH NMR: 6.44 (d, J = 2.9 Hz, 2H), 4.85 (t, J = 2.1 Hz, 2H), 3.57 — 3.62 (m, 2H), 3.16 (dd,
J = 15.8 Hz, 2.0 Hz, 2H), 2.54 (dd, J = 15.8 Hz, 4.5 Hz, 2H)

13C NMR: 136.94, 130.82, 118.03, 58.75, 36.41
IR (cm-1): 3048, 2960, 2920, 1646, 1420, 1343, 1289, 1182, 1122, 897, 751, 702, 613
HRMS: calcd. for CsH1002SNa [M+Na*]: 193.02992, found 193.02952



187
Synthesis of 8A°-thiabicyclo[3.2.1]oct-6-ene-3,8,8-trione 52

O: _o

\

O

Under open atmosphere, a round-bottom flask was charged with an appropriate stir bar,
sulfone 47 (2.50g, 17.62mmol, 1.0 equiv.) prior to dissolving in a mixture of 9:1 MeCN:
H20 (88 mL, 5 mL/mmol). The reaction flask was allowed to stir at 0°C using a cooling
bath of ice and water, before Oz being introduced into the reaction mixture via bubbling
at a flow rate of 7L/min until TLC indicated complete consumption of ketone 52. The
yellow reaction mixture was then concentrated under reduced pressure to remove
MeCN. 3 x 50mL EtOAc was used for extraction, and then washed with 3 x 50mL H20
and 2 x 50mL brine sequentially. The combined organic extracts were dried with
anhydrous Na2S04, and subsequent concentration under reduce pressure provided a
total of 1.900g (77% yield) of = 90% pure product as light yellow solids.

Melting Point: 58 — 62°C
TLC solvent: (Rr=0.21) 3:1 hexane: EtOAc

1H NMR: 6.68 (d, J = 2.9 Hz, 2H), 3.80 — 3.91 (m, 2H), 3.34 (dd, J = 18.6 Hz, 2.4 Hz,
2H), 2.76 (dd, J = 19.1 Hz, 2.4 Hz, 2H)

13C NMR: 200.99, 133.34, 56.80, 45.17
HRMS: calcd. for C7HsO3SNa [M+Na*]: 195.00861, found 195.00870
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Synthesis of 3-hydroxy-8A®-thiabicyclo[3.2.1]oct-6-ene-8,8-dione 57a and 57b

0. 0.
\S//O \S//O

\ \

HO H
H OH

A round-bottom flask was charged with an appropriate stir bar, ketone 52 (0.400g,
400mg, 2.35 mmol, 1.0 equiv.) prior to dissolving in THF (10 mL, 5 mL/mmaol). The
reaction flask was then placed at 0 °C using a cooling bath of ice and water, before the
addition of NaBH4 (0.1334g, 133.4mg, 3.53mmol, 1.5 equiv.) in one portion at 0 °C. The
reaction mixture was allowed to stir overnight or until TLC indicated complete
consumption of ketone 52. The reaction mixture was then quenched by the addition of
MeOH at 0 °C in a dropwise manner, and then diluted with H20. Concentration under
reduced pressure was done to remove THF and MeOH, and then 4 x 10mL EtOAc was
used for extraction. The combined organic extracts were then washed with 3 x 10mL
H20 and 2 x 10mL brine sequentially before drying under anhydrous NazSOa.
Subsequent concentration under reduce pressure provided a total of 0.0674g (67.4mg,
39% yield) of = 90% pure product as white solids. Both diastereomers 57a and 57b
were inseparable by flash column chromatography.

Melting Point: 118 — 120°C
TLC solvent: (Rr= 0.25) EtOAc

'H NMR (major diastereomer): 6.47 (d, J = 2.1 Hz, 2H), 3.70 — 3.80 (m, 1H), 3.63 —
3.69 (m, 2H), 2.33 — 2.41 (m, 2H), 2.24 — 2.33 (m, 2H)

'H NMR (minor diastereomer): 6.67 (d, J = 2.1 Hz, 2H), 3.70 — 3.80 (m, 1H), 3.56 —
3.65 (m, 2H), 3.47 (dd, J = 16.3 Hz, 7.4 Hz, 2H), 2.15 — 2.21 (m, 2H)

13C NMR (major diastereomer): 129.81, 63.84, 58.20, 33.42

13C NMR (minor diastereomer): 134.18, 63.80, 58.20, 33.20

IR (cm™): 3535, 3059, 2933, 1652, 1449, 1338, 1281, 1186, 747, 701, 605
HRMS: calcd. for C7H1003SNa [M+Na*]: 197.02431, found 197.02429
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Synthesis of 8A°-thiaspiro[bicyclo[3.2.1]octane-3,2'-oxiran]-6-ene-8,8-dione 582

ON
e
\
O

Under open atmosphere, a round-bottom flask was charged with an appropriate stir bar,
sulfone 47 (1.00g, 5.87mmol, 1.0 equiv.) prior to dissolving in DCM (6.0 mL, 1
mL/mmol). The reaction flask was allowed to stir at 0 °C using a cooling bath of ice and
water, before the addition of mMCPBA (1.9745¢g, 8.81mmol, 1.5 equiv., max 77% purity)
in one portion. The reaction mixture was allowed to continue stirring at 0 °C and
gradually warm to ambient temperature overnight or until TLC indicated complete
consumption of sulfone 47. Filtration was performed in order to remove mCBA, and then
diluted with DCM. The combined organic layer was then washed with 4 x 30mL
NaHCOs(aq), and 3 x 30mL brine sequentially before drying over anhydrous Na2SOa.
Concentration under reduced pressure provided a total of 1.05g (95% vyield) of = 90%
pure product as crystalline white solids.

Melting Point: 130 — 131°C
TLC solvent: (Ri=0.07) 2:1 hexane: EtOAc

'H NMR (in acetone-ds): 6.65 (d, J = 2.9 Hz, 2H), 3.70 — 3.73 (m, 2H), 3.00 (dd, J =
15.5 Hz, 1.5 Hz, 2H), 2.40 (s, 2H), 1.67 (ddm, J = 15.4 Hz, 1.2 Hz, 2H)

13C NMR (in acetone-ds): 133.70, 58.96, 52.48, 46.61, 38.44
IR (cm™): 3054, 2990, 1599, 1347, 1247, 1228, 1120, 842, 766, 729, 597
HRMS: calcd. for CsH1003SNa [M+Na*]: 209.02483 found 209.02426
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Synthesis of 3-(hydroxymethyl)-8A®-thiabicyclo[3.2.1]oct-6-ene-8,8-dione 59

O\\ /O

\

H

HO

A round-bottom flask was charged with an appropriate stir bar, sulfone 47 (0.500g,
2.94mmol, 1.0 equiv.) prior to dissolving in THF (15 mL, 5 mL/mmol). The reaction flask
was allowed to stir at 0 °C using a cooling bath of ice and water, before the addition of
9-BBN (0.5381g, 8.82 mL, 4.41mmol, 1.5 equiv., 0.5M in THF) in dropwise manner. The
reaction mixture was allowed to continue stirring at 0 °C and gradually warm to ambient
temperature for 3 hr or until TLC indicated complete consumption of sulfone 47.
Subsequently, the reaction mixture was then transferred into an Erlenmyer flask
containing 1M NaOH(aqg.) (14.7mL, 14.7mmol, 5 equiv.) and placed at O °C prior to the
addition of H202 (0.500g, 1.43mL, 14.7mmol, 5 equiv., 35% w/v) in a dropwise manner.
The reaction mixture was allowed to continue stirring for 1 hr, and then concentrated
under reduce pressure to remove THF. Extraction was performed using 3 x 15mL
EtOAc, and the combined organic layer was then washed with 3 x 15mL H20 and 3 x
15mL brine sequentially. The organic layer was then dried over anhydrous Na2SO4, and
then concentrated under reduce pressure to provide crude product 59. Purification via
flash column chromatography using a gradient elution of 3:1 hexane: EtOAc (spiked
with 5% v/v NEts) to 1:2 hexane:EtOAc (spiked with 5% v/v NEts) afforded a total of
0.3165g (57% yield) of = 90% pure product as light yellow oil.

TLC solvent: (Rr=0.20) 2:1 hexane: EtOAc

IH NMR: H NMR: 6.42 — 6.48 (dm, J = 8.4 Hz, 2H), 3.77 — 3.85 (dm, J = 9.5 Hz, 2H),
3.52 — 3.59 (m, 2H), 2.38 (dm, J = 15.1 Hz, 1H), 2.19 — 2.28 (dm, J = 12.0 Hz, 1H), 2.14
—2.23(dd, J = 15.1 Hz, 4.0 Hz, 1H), 1.98 — 2.04 (dm, J = 12.7 Hz, 1H), 1.87 (t, J = 9.4
Hz, 1H)

13C NMR: 129.78, 129.57, 71.79, 59.26, 58.63, 39.73, 32.56, 18.82
IR (cm-1): 3054, 2990, 1599, 1347, 1247, 1228, 1120, 842, 766, 729, 597
HRMS: calcd. for CsH1003SNa [M+Na*]: 209.02483 found 209.02426
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Synthesis of (1R,5S,6R,7S)-6,7-dihydroxy-3-methylidene-8A°-
thiabicyclo[3.2.1]octane-8,8-dione 603

O\\ /O
S/
OH
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H

H

A round-bottom flask was charged with an appropriate size stir bar and sulfone 47
(0.100g, 100mg, 0.59 mmol), and then dissolved in a mixture of 4:1 acetone: H20
(3.0mL, 5 mL/mmol). Subsequently, NMO (0.1043g, 1.5 equiv., 0.89 mmol) and OsO4
(0.010g, 0.25mL, 7 mol%, 0.004 mmol, 4 wt% in H20) was added into the reaction
mixture sequentially. The reaction was stirred at ambient temperature for 48 hours, and
then quenched by adding Na2S204 and allowed to stir at ambient temperature for 15
min. Concentration under reduced pressure was performed in order to remove acetone.
Extraction with done using EtOAc (4 x 15mL), and the combined organic extracts were
then washed with 3 x 15mL H20 and 2 x 15mL brine sequentially. The organic layer
was dried over anhydrous Na2S0a4, and concentrated under reduced pressure to yield a
total of 0.050g (500mg, 50% yield) of diol 60 as white solid.

Melting Point: 76 — 78°C
TLC solvent: (Ri=0.24) 3:1 hexane: EtOAc

IH NMR: 5.02 (t, J = 2.1 Hz, 2H), 4.28 — 4.34 (m, 2H), 3.18 (dd, J = 5.9 Hz, 2.5 Hz, 2H),
3.13 (dm, J = 15.4 Hz, 2H), 2.63 (dm, J = 15.4 Hz, 4.87 Hz, 2H)

13C NMR: 137.00, 117.60, 69.78, 61.79, 36.75

IR (cm™1): 3449, 3375, 3046, 2986, 1647, 1434, 1413, 1307, 1290, 1173, 1161, 1112,
873, 582, 565

HRMS: calcd. for CsH1204SNa [M+Na*]: 227.03540, found 227.03475
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Synthesis of (1R,2S,6R,7S)-9-methylidene-4-phenyl-3,5-dioxa-11A%-thia-4-
boratricyclo[5.3.1.0%,]lundecane-11,11-dione 62

O\ /O
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A round-bottom flask was charged with an appropriate size stir bar, sulfone 47 (0.200g,
200mg, 1.17 mmol, 1.0 equiv.), PhB(OH)2 (0.5706g, 4.68mmol, 4.0 equiv.), and 4A
molecular sieves (1.17g, 1.0 g/mmol) prior to dissolving in DCM (12.0mL, 10 mL/mmaol).
Subsequently, NMO (0.5483g, 4.68 mmol, 4.0 equiv.) and OsO4 (0.0153g, 0.38mL, 5
mol%, 0.06 mmol, 4 wt% in H20) was added into the reaction mixture sequentially at
ambient temperature. The reaction was stirred at ambient temperature overnight or until
TLC indicated complete consumption of sulfone 47. The reaction mixture was then
guenched by adding Na>S204 and allowed to stir at ambient temperature for 15 min.
Decantation was performed and the reaction vessel was washed with 2 x 10mL DCM.
The combined organic extracts were then washed with 2 x 15mL brine sequentially and
dried over anhydrous Na2SOa4. Concentration under reduced pressure was done to yield
a total of 1.199g (88% yield) of boronic ester 62 as flaky amber solid.

Melting Point: 114 — 118°C
TLC solvent: (Rr=0.34) 1:1 hexane : EtOAc

IH NMR: 7.68 — 7.76 (m, 2H), 7.36 — 7.49 (m, 1H), 7.27 — 7.36 (m, 2H), 4.98 (m, 2H),
3.33 — 3.38 (M, 2H), 3.29 — 3.33 (M, 2H), 3.16 (dd, J = 15.3 Hz, 2.1 Hz, 2H), 2.56 (dd, J
= 15.7 Hz, 4.7 Hz, 2H)

13C NMR: 136.71, 134.97, 131.91, 128.71, 128.00, 118.10, 59.93, 59.17, 36.83
IR (cm-1): 3057, 2923, 1368, 1329, 1207, 1165, 1124, 1089, 698, 648, 586, 498, 412
HRMS: calcd. for C14H1504SBNa [M+Na*]: 313.06761, found 313.06726
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Synthesis of 3-(hydroxyimino)-8A®-thiabicyclo[3.2.1]oct-6-ene-8,8-dione 67a

O\ /O
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\
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Using general procedure D, oxime 67a was obtained as 0.1056g (96% yield) of bright
yellow-orange solid from ketone 52 on a 0.59 mmol scale.

Melting Point: 98 — 100°C
TLC solvent: (Ri=0.10) 2:1 hexane:EtOAc

IH NMR (acetone-de): 6.56 (d, J = 3.0 Hz, 2H), 3.78 — 3.86 (m, 2H), 3.60 (dm, J = 17
Hz, 2H), 3.06 (d, J = 16.6 Hz, 2H), 2.79 (dm, J = 16.0 Hz, 2H), 2.67 (dm, J = 17.2 Hz,
2H)

13C NMR (acetone-de): 149.67, 133.50, 132.88, 58.46, 57.36, 35.32, 29.40
IR (cm™1): 3387, 3050, 2954, 1716, 1647, 1346, 1268, 1184, 960, 715, 585
HRMS: calcd. for CsH11NO2SNa [M+Na*]: 210.01952, found 210.01989
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Synthesis of 3-(ethoxyimino)-8A®-thiabicyclo[3.2.1]oct-6-ene-8,8-dione 67b

O\ /O
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N\
O-N

Using general procedure D, oxime 67b was obtained as 0.1251g (89% vyield) of light
orange solid from ketone 52 on a 0.59 mmol scale.

Melting Point: 94 — 97°C
TLC solvent: (Ri=0.26) 2:1 hexane : EtOAC

IH NMR: 6.54 (d, J = 3.0 Hz, 2.4 Hz, 2H), 4.06 (qd, J =7.1 Hz, 2.5 Hz, 2H), 3.71 — 3.76
(m, 1H), 3.67 — 3.71 (m, 1H), 3.56 (dm, J = 17.0 Hz, 1H), 3.25 (dm, J = 16.1 Hz, 1H),
2.83 (dm, J = 16.1 Hz, 1H), 1.27 (t, J = 14.4 Hz, 3H)

13C NMR: 148.63, 132.48, 131.86, 69.65, 57.78, 56.71, 34.77, 29.54, 14.57
IR (cm-1): 3056, 2979, 1703, 1655, 1301, 1262, 1122, 1043, 961, 690, 581
HRMS: calcd. for CoH1303SNa [M+Na*]: 238.05082, found 238.05105
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Synthesis of 3-[(benzyloxy)imino]-8As-thiabicyclo[3.2.1]oct-6-ene-8,8-dione 67¢

O\\ /O
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Using general procedure D, oxime 67c was obtained as 0.1594g (97% yield) of flaky
beige-white solid from ketone 52 on a 0.59 mmol scale.

Melting Point: 126 — 127°C
TLC solvent: (Ri=0.07) 2:1 hexane:EtOAc

IH NMR: 7.30 — 7.40 (m, 5H), 6.51 (m, 2H), 3.70 (dm, J = 14.8 Hz, 2H), 3.25 (dm, J =
16.4 Hz, 2H), 2.79 — 2.88 (m, 2H)

13C NMR: 132.44, 131.89, 128.53, 128.11, 76.10, 57.78, 56.71, 45.23, 34.81, 29.74

IR (cm™1): 3064, 3031, 2954, 1737, 1651, 1586, 1496, 1320, 1144, 1126, 1082, 1058,
943, 753, 733, 693, 607, 459

HRMS: calcd. for C14H1503SNa [M+Na*]: 300.06703, found 300.06654
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Synthesis of [({8,8-diox0-8A%-thiabicyclo[3.2.1]oct-6-en-3-
ylidene}amino)oxy]acetic acid 67d

N /O
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HO \
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Using general procedure D, oxime 67d was obtained as 0.1154g (75% yield) of
orange-yellow oil from ketone 52 on a 0.59 mmol scale.

TLC solvent: (Rr=0.90) 9:1 DCM: MeOH

IH NMR: 6.51 — 6.60 (m, 2H), 4.20 — 4.28 (m, 2H), 3.70 — 3.78 (m, 2H), 3.66 (dm, J =
16.9 Hz, 1H), 3.24 (dm, J = 16.2 Hz, 1H), 2.90 (dm, J = 16.3 Hz, 1H), 2.81 (dm, J = 16.2
Hz, 1H)

13C NMR: 173.99, 169.88, 132.57, 131.73, 61.15, 57.63, 56.67, 34.62, 29.76
IR (cm™): 3425, 3066, 2957, 1732, 1399, 1335, 1300, 1122, 1080, 961, 699, 587
HRMS: calcd. for CoH11NOsSNa [M+Na*]: 268.02556, found 268.02574
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Synthesis of ethyl 8,8-dioxo-8A®-thiaspiro[bicyclo[3.2.1]octane-3,1'-cyclopropan]-
6-ene-2'-carboxylate 68a and 68b 4
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A round-bottom flask was charged with an appropriate size stir bar, sulfone 47 (0.300g,
1.76 mmol, 1.0 equiv.), and Rh2(OAc)4(0.0701g, 70.1mg, 0.09mmol, 5 mol%) prior to
dissolving in DCM (18mL, 10 mL/mmol). Subsequently, ethyl diazoacetate (1.0098g,
0.93mL, 8.85 mmol, 5.0 equiv., 7.4% w/w in DCM) was added into the reaction mixture
using a syringe pump at an addition rate of 0.01mL/min at ambient temperature. Upon
completion of the addition of ethyl diazoacetate, the reaction mixture was allowed to stir
at ambient temperature for 30 min, followed by filtration via Celite plug in order to
separate Rh2(OAc)4. After washing with additional DCM, the combined organic layer
was concentrated under reduced pressure to yield crude product mixture containing
cyclopropane esters 68a and 68b. Purification via flash column chromatography was
performed using a gradient elution of 2:1 hexane: Et20 (spiked with 5% v/v NEt3) to 1:4
hexane: Et20 (spiked with 5% v/v NEts) to afford a total of 0.3383g (75% vyield) of
cyclopropane ester 68a as amber-orange oil.

TLC solvent: (Rr=0.16) 1:2 hexane: Et20

IH NMR: 6.56 (m, 2H), 4.13 (q, J = 7.1 Hz, 2H), 3.68 (m, 1H), 3.61 (m, 1H), 2.98 (dt, J
= 14.3 Hz, 1.7 Hz, 1H), 2.56 (dt, J = 14.7 Hz, 1.7 Hz, 1H), 2.10 (ddd, J = 14.7 Hz, 5.3
Hz, 2.7 Hz, 1H), 1.48 (dd, J = 8.5 Hz, 5.9 Hz, 1H), 1.28 (t, J = 7.2 Hz, 3H), 1.24 (ddd, J
= 14.3 Hz, 5.1 Hz, 2.5 Jz, 1H), 1.08 (td, J = 10.7 Hz, 1.8 Hz, 1H), 0.87 (ddd, J = 8.1Hz,
4.9 Hz, 1.6 Hz, 1H)

13C NMR (in acetone-ds): 172.22, 132.15, 132.00, 61.00, 60.00, 59.87, 38.69, 27.26,
21.94,21.53,19.72, 14.61

HRMS: calcd. for C12H1604SNa [M+Na*]: 279.06670, found 279.06610
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Synthesis of 1-benzyl-3-methylidene-8A®-thiabicyclo[3.2.1]oct-6-ene-8,8-dione 76b

\\S//O
Using general procedure E, sulfone 76b was obtained as 1.10g (72% yield) of light
yellow-orange solid from sulfone 47 on a 5.87 mmol scale.

Melting Point: 121 — 125°C
TLC solvent: (Rr=0.26) 2:1 hexane:EtOAc

IH NMR: 7.30 — 7.40 (m, 3H), 7.24 — 7.30 (m, 2H), 6.37 (dd, J = 8.2 Hz, 4.6 Hz, 1H),

6.26 (d, J = 8.1 Hz, 1H), 4.77 (dd, J = 12.0 Hz, 1.8 Hz, 2H), 3.71 (td, J = 4.6 Hz, 2.2 Hz,
1H), 3.19 — 3.12 (m, 1H), 3.15 (dd, J = 24.6 Hz, 14.2 Hz, 1H), 2.96 (dd, J = 15.0 Hz, 2.0
Hz, 2H), 2.50 (ddd, J = 15.0 Hz, 4.3 Hz, 2.0 Hz, 1H), 2.41 (dd, J = 15.0 Hz, 2.0 Hz, 1H)

13C NMR: 138.12, 134.47, 134.15, 130.65, 128.74, 128.67, 127.40, 117.70, 66.29,
59.79, 40.64, 35.96, 33.12

IR (cm™1): 3056, 2961, 1651, 1605, 1495, 1283, 1255, 1138, 1110, 1093, 906, 761, 705,
698, 557, 433

HRMS: calcd. for C1sH1602SNa [M+Na*]: 283.07687, found 283.07629
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Synthesis of 3-methylidene-1-(prop-2-en-1-yl)-8Aé-thiabicyclo[3.2.1]oct-6-ene-8,8-
dione 76¢
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Using general procedure E, sulfone 76c was obtained as 1.344g (54% yield) of brown
oil from sulfone 47 on a 11.75 mmol scale.

TLC solvent: (Ri=0.22) 3:1 hexane : EtOAc

IH NMR: 6.38 (dd, J = 8.6 Hz, 4.9 Hz, 1H), 6.24 (d, J = 8.3 Hz, 1H), 5.84 — 5.95 (m, 1H),
5.25 (dm, J = 11.8 Hz, 2H), 4.82 — 4.86 (m, 2H), 3.65 — 3.71 (m, 1H), 3.16 (dm, J = 15.9
Hz, 1H), 3.04 (dm, J = 15.3 Hz, 1H), 2.58 (dd, J = 14.3 Hz, 7.4Hz, 1H), 2.52 (ddd, J =
15.1 Hz, 4.7 Hz, 2.2 Hz, 1H), 2.43 (dd, J = 15.0 Hz, 1.6 Hz, 1H)

13C NMR: 136.93, 132.98, 129.71, 127.64, 119.15, 116.27, 64.41, 58.57, 39.66, 34.72,
30.94

IR (cm™1): 3089, 2983, 2943, 1812, 1646, 1420, 1343, 1290, 1262, 1122, 986, 898, 703,
614, 593

HRMS: calcd. for C11H1402SNa [M+Na*]: 233.06122, 233.06099
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Synthesis of 1-{2-[(tert-butyldimethylsilyl)oxy]ethyl}-3-methylidene-8A®-
thiabicyclo[3.2.1]oct-6-ene-8,8-dione 76d
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Using general procedure E, sulfone 76d was obtained as 0.75279g (33% yield) of
beige-white solid from sulfone 47 on a 7.0 mmol scale.

Melting Point: 146 — 148°C
TLC solvent: (Rr=0.38) 3:1 hexane: EtOAc

IH NMR: 6.35 — 6.38 (m, 1H), 6.31 — 6.34 (m, 1H), 4.85 (dd, J = 10.0 Hz, 2.1 Hz, 2H),
3.86 — 3.90 (M, 2H), 3.60 — 3.62 (m, 1H), 3.16 (dd, J = 16.0 Hz, 2.4 Hz, 1H), 3.03 (dd, J
= 15.0 Hz, 1.6 Hz, 1H), 2.58 (dd, J = 14.9 Hz, 1.8 Hz, 1H), 2.49 (dd, J = 14.8 Hz, 2.1 Hz,
1H), 2.10 — 2.20 (m, 2H), 0.90 (s, 9H), 0.08 (s, 6H)

13C NMR: 134.23, 128.90, 120.41, 117.52, 63.66, 59.83, 58.08, 35.98, 34.56, 32.20,
25.80, 17.83, 5.29

136.93, 132.98, 129.71, 127.64, 119.15, 116.27, 64.41, 58.57, 39.66, 34.72, 30.94
IR (cm-1): 3055, 2969, 1654, 1294, 1123, 1090, 909, 702, 588, 579
HRMS: calcd. for C16H2003SSi [M+H*]: 329.16067, found 329.16097
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Synthesis of 7-methylene-6,7,8,9-tetrahydro-5H-5,9-epithiobenzo[7]annulene
10,10-dioxide 82
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Using general procedure C, sulfone 76b was obtained in 1.8848 g (93% yield) from
sulfone 47 on a 9.2 mmol scale.

Melting Point: 124 — 126°C
TLC solvent: (Ri=0.52) 3:1 hexane: EtOAc

IH NMR: 7.33 — 7.40 (m, 4H), 4.65 (t, J = 1.2 Hz, 2H), 4.15 — 4.18 (dm, J = 1.4 Hz, 2H),
3.39 (dd, J = 9.2 Hz, 1.2 Hz, 2H), 2.69 (dd, J = 9.3 Hz, 2.8 Hz, 2H)

13C NMR: 136.17, 135.94, 128.96, 125.03, 118.33, 61.91, 39.22

IR (cm™1): 3086, 2984, 1645, 1472, 1454, 1295, 1244, 1217, 1114, 1102, 1082, 1025,
990, 912, 761, 743, 550, 486

HRMS: calcd. for C12H1402S [M+H*]: 222.06363, found 222.06381
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Synthesis of 5,6,8,9-tetrahydro-7H-5,9-epithiobenzo[7]annulen-7-one 10,10-
dioxide 83

ON
\S//O

O

Under open atmosphere, a round-bottom flask was charged with an appropriate stir bar,
sulfone 82 (1.00 g, 4.54mmol, 1.0 equiv.) prior to dissolving in DCM (140 mL, 30
mL/mmol). The reaction flask was allowed to stir at —78°C using a cooling bath of dry ice
and acetone, before O3z being introduced into the reaction mixture via bubbling at a flow
rate of 7L/min. The introduction of O3 was continued for 15 min., followed by the
addition of Me2S to quench the reaction mixture. The solution was allowed to continue
stirring overnight and gradually warm to ambient temperature. The yellow reaction
mixture was then concentrated under reduced pressure to remove DCM. 3 x 30mL
EtOAc was used for extraction, and then washed with 3 x 30mL H20 and 2 x 30mL
brine sequentially. The combined organic extracts were dried with anhydrous Na2SO4,
and subsequent concentration under reduce pressure provided a total of 0.5752 g (57%
yield) of ketone 83 as beige-white needles.

Melting Point: 98 — 102°C
TLC solvent: (Rr=0.33) 3:1 hexane: EtOAc

IH NMR: 7.44 — 7.47 (m, 5H), 4.39 (tm, J = 3.5 Hz, 2H), 3.56 (dm, J = 16.0 Hz, 2H),
2.91 (dm, J = 15.6 Hz, 2H)

13C NMR: 200.98, 136.15, 129.99, 125.80, 59.93, 47.46
IR (cm™): 3019, 2962, 1709, 1473, 1306, 1187, 1108, 1016, 982, 761, 699
HRMS: calcd. for C11H1003SNa [M+Na+]: 245.02483, found 245.02497
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Appendix B — Spectral Data
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Figure E22. 'H NMR Spectra of compound 40 in CDCls.
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Figure E26. 'H NMR Spectra of compounds 42a and 42b in CDCls.
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Figure E27. Magnified regions of *H NMR Spectra of compounds 42a and 42b in CDCls.
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Figure E28. 13C NMR Spectra of compounds 42a and 42b in acetone-de.

T
[ppm]

General
38 Fried © oN 5 DATE = 2017/07/21
0 Eau = N @ TIME = 11:40
NN @ - ™~ f~ < g
o« < Fieo 03 ¢ o e —|e= INSTRUM = spect
( H H H . H PULPROG = zg30
F1 (1H)
ST = 16384
SF = 300.27
SWp = 4795.396
bd 0| |02 o B i=4 -~ 0 I~ 0
- | (D] 00! =4 w0 bvd o 00
o < 0| (O =4 At 0| 4 i
< Q1N < e e @ - e
T T K I T I T T | T | T T T T |
4.0 35 3.0 25 2.0 15 [ppm]

20

1.0

05

-0.0

217



]

. ML NL../MUM L W,V .

Genel;al.qﬂi.' =3 r E
|7 DATE = 2017/07/21 :—?
=P = R B < st

- . 4B g g i PULFROG = cosyopdf [ e

F2 (1H) L
= o T L&
- a - D :
Fo
Fl (1H) L
N
. SF =@ 300.27 F
SW p = 2304.147 [

1 : R
2{ BB :
D T T | T T T T | T T T T | T T T T | T T T T | T T T T | T T T T =

7 6 5 a4 3 2 F2 [ppm]
Figure E29. COSY NMR Spectra of compounds 42a and 42b in CDCls.
izl

7] eis_ AT
* JGeneéral
2 £ g

o i TIME 2i1F:09. 4
. INZTRUM = shect

300.27

1024

1 §Fe= 30027, , -
8w ptF 2304.147
Jia e g
AR

U apaTE = atimnz [

F1 [ppm]

R o
. 28044147, |

A

Figure E30. Magnified regions of COSY NMR Spectra of compounds 42a and 42b in CDCls.

1 F2 [ppm]

218



219

General

spect
zg30

DATE = 2019/04/20

PULPROG

Vi82'L
8Y9Z°L

888Z°L—

Fl {1H)

300.27

5F =

4795.396

SU_p

[ppm]

Figure E31. 'H NMR Spectra of compound 43 in CDCls.

General

spect

o
o
e
Y
o
2
@
=

o
«a

=]
(7]
w0
o
L
T

//////

£OLSE

8829°¢ ~Z
rese
0lLs9°¢
£889°¢

\

vzee'e
LIPE°E
SE56°C
9296°¢

i

F1l {1H)

SI. =
SF

16384

300.27

4795.396

SU_p

ey L

Figure E32. Magnified regions of *H NMR Spectra of compound 43 in CDCls.

siize

)

0000°2
2R e |

[ppm]

20

25

3.0

35

4.0



General
&-8%82 MM o rofle T
eRean g8 8 3 | DATE = 2018/03/17
w'dm'gim' NN oS 1 B TIME = 01:32
P ohads) al r i E 3] | INSTRUM = spect
H\W | | I \ f | PULPROG = zgpg30
F1 (13C)
SI = 16384
SF = 75.503
SWp = 18115.942
A J J 5 oy l il I
T T T T T T T T ; T T T T T T T T T T T T T T
200 150 100 50 0 [ppm]
Figure E33. 13C NMR Spectra of compound 43 in acetone-ds.
J}LL o et )
-
General ~ 'g
o
"""" F &
DATE = 2019/04/21 | o
TIME = 00:40 P&
.o INSTRUM = spect o
° & - P, - ) PULPROG = cosyopgf
- e & . o e 3
- oR O =
F2 (1H) +
R b SI = 1024 i
y - T s SF .= 300.27 =
- SU_p = 2347.418
F1 (1) r
" SI = 1024 |
SF = 300.27
SWp'= 2347.418 [
@ o r
. IR o
= L
T T T T T T T T T T T T T T T
6 4 2 F2 [ppm]

Figure E34

. COSY NMR Spectra of compound 43 in CDCls.

220



|

General P E
o
““““ &
; [ &
DATE = 2019/04/20 [ o
TIME = 22:09 -
INSTRUM = spect [
e oD a -
PULPROG = hmgcgpgf [~ o
ee oo " <
F2 (1H) o
-------------- Lo
w0
oo SI =0 1024 F
e SF. = 300.27 L
a o
SUp = 2347.418 &
FL (13C) F o
4
_____________ e
SI = 1024 r
SF = 75.503 &
S A SWp = 12507.185 [ ©
[ ©
S
D | T T T | T T T | T T T | T T T a3
6 4 2 F2 [ppm]
Figure E35. HSQC NMR Spectra of compound 43 in CDCls.
General
g g §.. | T
WOT OPFOTeOTO DATE = 2019/04/24
WHRW FYhTOONO—0
oo SZaB2R el Tifl i 22cl3
ZEnE oNNNNNZNNN INSTRUM = spect
L\_l./' | &%g%vrp PULPROG = zg30
F1 (1H)
SI = 16384
SF = 300.27
SWp = 4795.396
(] hond | 0 T
= b4 hd el 100
(¥ D w0 - 1
10 @ 0 © 00,
— N
T T T T T T T T T T T T T 1 T T T T T T T T
10 8 6 4 2 0 [ppm]

Figure E36. 'H NMR Spectra of compound 45 in CDCls.
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Figure E53. 'H NMR Spectra of compound 59 in CDCls.
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Figure E54. 13C NMR Spectra of compound 59 in CDCls.
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Figure E57. COSY NMR Spectra of compound 60 in CDCls.

General

DATE
TIME

2019/03/19
21:17

= spect
= zg30

INSTRUM

PULPROG

FL (1H)

51

16384

300.27

5F =

4795.396

SW_p

T
[ppm]

2821°2

§808°
9Lp0°

bil w.ml

1$90°2
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Figure E61. 'H NMR Spectra of compound 67a in acetone-ds.
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Figure E63. HSQC NMR Spectra of compound 67a in acetone-ds.
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Figure E64. 'H NMR Spectra of compound 67b in CDCls.
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Figure E68. 13C NMR Spectra of compound 67¢ in CDCls.
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Figure E70. 'H NMR Spectra of compound 67d in CDCls.
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Figure E72. HSQC NMR Spectra of compound 67d in CDCls.
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Figure E73. 'H NMR Spectra of compounds 68a and 68b in CDCls.
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Figure E75. 'H NMR Spectra of compound 68a in CDCls.
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Figure E76. Magnified regions of 1H NMR Spectra of compound 68a in CDCls.
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Figure E77. 13C NMR Spectra of compound 68a in acetone-ds.

L

Al

General L E‘
- ___he__ o - &
a- Loam - -
- o as a8 TE - = 2018/04/30 |
B8 TINE®= 51 [
. INSTRUM = spect -
= L] = WMLPROG = cosygpgf [~ N
; s et ; A 20
Fz2 (1H) r
] " N o
g 31 =0 1024 C
- - o= ¥ . =..300.27 o
S p = 1990.446 [
- W [
F1 (1H) L
SI = 1024 [0
$F =@ 300.27 -
SW_p = 1990.446 [
o
M -
T T T T T T T T T T T T T T T T T T T T T T T T T T T T r
5 4 3 2 1 F2 [ppm]

Figure E78. COSY NMR Spectra of compound 68a in CDCls.
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Appendix C — Biological Data

Antibacterial data collection
Inhibition of bacterial growth was determined measuring absorbance at 600 nm (ODeoo),

using a Tecan M1000 Pro monochromator plate reader. The percentage of growth
inhibition was calculated for each well, using the negative control (media only) and

positive control (bacteria without inhibitors) on the same plate as references.

Antifungal data collection
Growth inhibition of C. albicans was determined measuring absorbance at 530 nm

(ODs30), while the growth inhibition of C. neoformans was determined measuring the
difference in absorbance between 600 and 570 nm (ODeoo-570), after the addition of
resazurin (0.001% final concentration) and incubation at 35 °C for additional 2 h. The
absorbance was measured using a Biotek Synergy HTX plate reader. The percentage
of growth inhibition was calculated for each well, using the negative control (media only)

and positive control (bacteria without inhibitors) on the same plate as references.

Inhibition Values
Percentage growth inhibition of an individual sample is calculated based on negative

controls (media only) and positive Controls (bacterial/fungal media without inhibitors).
Please note negative inhibition values indicate that the growth rate (or ODsoo) is higher
compared to the negative Control (Bacteria/fungi only, set to 0% inhibition). The growth
rates for all bacteria and fungi has a variation of + 10%, which is within the reported

normal distribution of bacterial/fungal growth.
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Trial 1 inhibition Trial 2 inhibition Mean inhibition Standard
Compound
values (%) values (%) values deviation
31a 11.06 5.81 8.44 3.71
31b 5.39 6.02 5.71 0.45
31c 50.96 48.10 49.53 2.02
31d 10.78 5.45 8.12 3.77
32a 0.56 -6.66 -3.05 5.11
32b 11.90 6.24 9.07 4.00
32c 10.36 6.88 8.62 2.46
32d 5.04 9.87 7.46 3.42
40 28.70 0.67 14.69 19.82
41 3.99 4.24 4.12 0.18
42 -0.14 5.81 2.84 4.21
43 8.33 3.95 6.14 3.10
45 18.41 8.02 13.22 7.35
47 1.05 29.49 15.27 20.11
52 2.31 9.02 5.67 4.74
57 5.04 5.17 5.11 0.09
59 -1.33 15.58 7.13 11.96
60 4.55 4.81 4.68 0.18
67a 12.74 10.94 11.84 1.27
67b 5.46 7.31 6.39 1.31
67c 11.48 5.74 8.61 4.06
76b 37.24 43.61 40.43 4.50
76¢ 11.62 16.36 13.99 3.35

Table E1. Biological data of bicyclo[3.2.1]sulfone-containing molecules against C. albicans (strain ATCC

90028).
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Trial 1 inhibition Trial 2 inhibition Mean inhibition Standard
Compound
values (%) values (%) values deviation
31a 9.13 -31.92 -11.40 29.03
31b -28.70 -31.35 -30.03 1.87
31c -23.11 -34.35 -28.73 7.95
31d -20.53 -26.92 -23.73 4.52
32a -18.38 -25.78 -22.08 5.23
32b -20.96 -9.50 -15.23 8.10
32c -14.94 -12.07 -13.51 2.03
32d 4.40 -5.35 -0.48 6.89
40 -21.82 -21.21 -21.52 0.43
41 -12.58 -19.78 -16.18 5.09
42 9.78 30.35 20.07 14.55
43 11.07 -16.21 -2.57 19.29
45 1.18 -43.35 -21.09 31.49
47 -6.34 -14.21 -10.28 5.56
52 6.55 5.64 6.10 0.64
57 6.12 -13.78 -3.83 14.07
59 -19.24 -12.64 -15.94 4.67
60 -2.04 -4.64 -3.34 1.84
67a -0.96 -15.64 -8.30 10.38
67b -18.81 -24.21 -21.51 3.82
67c -6.98 2.64 -2.17 6.80
76b -96.66 -37.64 -67.15 41.73
76¢ 9.35 -8.78 0.29 12.82

Table E2. Biological data of bicyclo[3.2.1]sulfone-containing molecules against C. neoformans (strain

ATCC 20882).
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Trial 1 inhibition Trial 2 inhibition Mean inhibition Standard
Compound
values (%) values (%) values deviation
31a 11.81 21.72 16.77 7.01
31b -6.99 -0.72 -3.86 4.43
31c -11.21 -6.24 -8.73 3.51
31d 9.18 7.76 8.47 1.00
32a -32.49 -36.53 -34.51 2.86
32b -12.34 -11.46 -11.90 0.62
32c -35.65 -30.96 -33.31 3.32
32d -20.16 -11.50 -15.83 6.12
40 5.26 7.70 6.48 1.73
41 10.19 15.13 12.66 3.49
42 -20.44 -18.26 -19.35 1.54
43 16.45 22.46 19.46 4.25
45 1.79 12.68 7.24 7.70
47 -12.71 -8.52 -10.62 2.96
52 3.57 3.47 3.52 0.07
57 10.79 17.43 14.11 4.70
59 9.83 11.05 10.44 0.86
60 -0.25 5.77 2.76 4.26
67a 9.46 12.01 10.74 1.80
67b -1.03 -1.38 -1.21 0.25
67c -2.09 -3.58 -2.84 1.05
76b -5.93 -8.82 -7.38 2.04
76¢ 17.60 18.36 17.98 0.54

Table E3. Biological data of bicyclo[3.2.1]sulfone-containing molecules against S. aureus (strain ATCC

43300).



254

Trial 1 inhibition Trial 2 inhibition Mean inhibition Standard
Compound
values (%) values (%) values deviation
31a 12.03 15.66 13.85 2.57
31b -2.99 0.75 -1.12 2.64
31c -3.07 1.97 -0.55 3.56
31d 7.13 8.37 7.75 0.88
32a -10.83 -7.32 -9.08 2.48
32b 9.14 7.54 8.34 1.13
32c -3.70 1.19 -1.26 3.46
32d 5.26 6.63 5.95 0.97
40 14.59 17.06 15.83 1.75
41 18.23 17.65 17.94 0.41
42 8.99 11.38 10.19 1.69
43 12.08 12.56 12.32 0.34
45 10.54 8.29 9.42 1.59
47 8.07 12.33 10.20 3.01
52 14.97 15.76 15.37 0.56
57 10.77 14.27 12.52 2.47
59 23.40 18.99 21.20 3.12
60 10.67 16.46 13.57 4.09
67a 20.60 22.31 21.46 1.21
67b 10.31 12.89 11.60 1.82
67c 10.77 9.32 10.05 1.03
76b 5.84 9.21 7.53 2.38
76¢ 12.52 17.91 15.22 3.81

Table E4. Biological data of bicyclo[3.2.1]sulfone-containing molecules against E. Coli (strain ATCC

25922).
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Trial 1 inhibition Trial 2 inhibition Mean inhibition Standard
Compound
values (%) values (%) values deviation
31a 10.58 13.32 11.95 1.94
31b 12.59 1.82 7.21 7.62
31c -9.01 0.63 -4.19 6.82
31d 8.09 8.68 8.39 0.42
32a -19.96 -10.98 -15.47 6.35
32b -11.26 4.96 -3.15 11.47
32c -22.14 -6.13 -14.14 11.32
32d -0.95 3.88 1.47 3.42
40 3.58 16.10 9.84 8.85
41 10.29 13.11 11.70 1.99
42 -14.31 -21.04 -17.68 4.76
43 14.39 16.64 15.52 1.59
45 1.58 -2.22 -0.32 2.69
47 3.53 8.90 6.22 3.80
52 13.03 25.35 19.19 8.71
57 8.23 10.67 9.45 1.73
59 15.29 13.77 14.53 1.07
60 3.13 11.76 7.45 6.10
67a 14.62 22.93 18.78 5.88
67b 14.33 11.57 12.95 1.95
67c -4.04 9.49 2.73 9.57
76b 10.75 6.86 8.81 2.75
76¢ 16.20 17.44 16.82 0.88

Table E5. Biological data of bicyclo[3.2.1]sulfone-containing molecules against K. pneumoniae (strain

ATCC 700603).
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Trial 1 inhibition Trial 2 inhibition Mean inhibition Standard
Compound
values (%) values (%) values deviation
31a 32.32 3.58 17.95 20.32
31b -11.53 -10.86 -11.20 0.47
31c -22.83 -49.08 -35.96 18.56
31d -34.55 -38.34 -36.45 2.68
32a -73.27 -91.01 -82.14 12.54
32b -11.81 -42.25 -27.03 21.52
32c -33.14 -61.56 -47.35 20.10
32d -2.18 -32.05 -17.12 21.12
40 9.55 17.33 13.44 5.50
41 36.67 3.58 20.13 23.40
42 -105.35 -111.54 -108.45 4.38
43 27.46 21.87 24.67 3.95
45 -11.31 -20.02 -15.67 6.16
47 -20.43 -15.39 -17.91 3.56
52 4.13 -5.07 -0.47 6.51
57 -3.40 6.59 1.60 7.06
59 -16.05 -56.04 -36.05 28.28
60 -7.04 -37.15 -22.10 21.29
67a 7.18 0.14 3.66 4.98
67b -8.26 -34.01 -21.14 18.21
67c -44.38 -24.47 -34.43 14.08
76b -14.61 -8.56 -11.59 4.28
76¢ -3.29 -33.90 -18.60 21.64

Table E6. Biological data of bicyclo[3.2.1]sulfone-containing molecules against A. baumannii (strain

ATCC 19606).
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Trial 1 inhibition Trial 2 inhibition Mean inhibition Standard
Compound
values (%) values (%) values deviation
31a -4.37 -7.61 -5.99 2.29
31b -8.86 -2.68 -5.77 4.37
31c -3.93 -9.76 -6.85 4.12
31d 0.71 -2.81 -1.05 2.49
32a -5.67 -10.02 -7.85 3.08
32b -3.11 -11.21 -7.16 5.73
32c -3.09 -14.68 -8.89 8.20
32d -3.58 -10.85 -7.22 5.14
40 2.35 -10.61 -4.13 9.16
41 1.87 -7.71 -2.92 6.77
42 7.93 2.05 4.99 4.16
43 -6.49 -6.10 -6.30 0.28
45 -8.03 -7.80 -7.92 0.16
47 -8.08 -7.15 -7.62 0.66
52 1.29 -1.85 -0.28 2.22
57 -3.08 -7.46 -5.27 3.10
59 -0.30 -8.19 -4.25 5.58
60 -2.10 -6.25 -4.18 2.93
67a -1.52 0.06 -0.73 1.12
67b -3.43 -6.91 -5.17 2.46
67c -1.47 -10.48 -5.98 6.37
76b -0.06 -1.22 -0.64 0.82
76¢ 1.38 -2.72 -0.67 2.90

Table E7. Biological data of bicyclo[3.2.1]sulfone-containing molecules against P. aeruginosa (strain

ATCC 27853).
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M. Tuberculosis assay procedure (performed by Eli Lilly & Co.)

Molecule(s) to be tested were prepared as 10mM stock DMSO solution(s) before
shipping off. A diluted solution was prepared by 10x dilution using DMSO before assay.

4L of said diluted solution was added into 50uL of M. tuberculosis cell culture in 96-

well plates. The plates were incubated at 37°C for about 72 hours before analysis.

Growth inhibition was calculated by absorbance at 590nm (ODsg0), which was
measured using a Synergy 4 plate reader (Biotech). Background value was calculated

from the contamination control wells (medium-only).

Compound No. % Inhibition @ 20uM
3la 2.34
31b 4.16
31lc -6.02
31d 12.42
32a 12.42
32b 3.08
32c 1.21
32d -0.28

40 5.32
41 -1.4
42 2.34
43 5.32
45 1.96
47 0.16
52 5.61
57 1.21
59 3.46
60 1.21
67a 4.58
67b 6.45
67c -8.87
76b 8.31
76¢ 0.84

Table E8. Biological data of bicyclo[3.2.1]sulfone-containing molecules against M. tuberculosis (strain

ATCC H37Rv).
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NNMT assay procedure (performed by Eli Lilly & Co.)
Molecule(s) to be tested was prepared as a 10uM stock DMSO solution. An aliquot was

mixed with a buffered solution of hANNMT (10 nM), SAM (5.8 puM), and nicotinamide (2.9

MM), and incubated at ambient temperature for 120 minutes.

Internal standards of 3C-S-Adenosyl-L-homocysteine (0.625 pg/uL) and d7 -
methylnicotinamide (0.1354 pg/pL) were added, and then subjected to HPLC analysis.

Inhibitory activities are calculated by concentration levels of MNA and SAH respectively.

hNNMT MNA single | hNNMT SAH single
point assay point assay
Compound No. % Inhibition @ 9.99uM

3la 8.393

31b -1.157

3lc 15.17

31d 35.15 38.14
32a 8.297

32b -15.76 28.52
32c 17.49

32d 17.31 28.65
40 10.67

41 5.549

42 -12.1

43 5.57

45 1.471

47 11.04

52 114

57 11.04

59 -2.752

60 7.681

67a 19.42

67b -5.405

67c 2.327

76b 12.13

76¢ 1.837

Table E9. Biological data of bicyclo[3.2.1]sulfone-containing molecules against human recombinant
NNMT (hNNMT).
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Human keratinocyte cell assay procedure (performed by LEO Pharma)

Molecule(s) are weighed in provided vials, or prepared as 10mM of stock DMSO
solution(s) in provided vials before shipping off. If shipped as is, the molecule(s) are
diluted in DMSO until complete dissolution, and concentration of freshly prepared
DMSO stock solution of molecule(s) is recorded.

Serial dilution is performed in order to obtain a series of diluted DMSO solution of
molecules across a wide range of concentrations (1x dilution to 108x dilution).

For each experiment, 80 nL of solution is transferred into 80 uL human keratinocyte cell
culture, in which EpiLife™ (spiked with 60 uM Ca?* for long term storage) as the cell
media, and is then incubated at 37°C for about 48 to 72 hours before analysis.

Eczema CCL2 Release Assay Cell Viability Assay
Concentration | Trial #1 | Trial #2 | Concentration | Trial #1 | Trial #2
(mmol/mL) % effect | % effect (mmol/mL) | % effect | % effect
9.78E-12 -0.8 2.5 9.78E-12 -10.9 -10.3
9.78E-11 -8.8 -2.8 9.78E-11 -12.9 -5.2
9.78E-10 -7.9 -5.8 9.78E-10 -16.3 -9.6
9.78E-09 -15.3 -12.4 9.78E-09 -20.5 -12.7
9.78E-08 -13.6 -13.1 9.78E-08 -12.9 -12.6
3.11E-07 -14.6 5.3 3.11E-07 -16.8 -12.8
9.90E-07 -13.1 3.9 9.90E-07 -13.3 -7.7
3.15E-06 15.1 17.7 3.15E-06 -6.5 -3.2
1.00E-05 55 61.2 1.00E-05 -0.4 3.2

Table E10. Biological data of compound 41 in eczema CCL2 release assay.

Psoriasis IL-8 Release Assay Cell Viability Assay
Concentration | Trial #1 | Trial #2 | Concentration | Trial #1 | Trial #2
(mmol/mL) % effect | % effect (mmol/mL) | % effect | % effect
9.76E-11 1.7 3.8 9.76E-11 -1.6 9.2
9.76E-10 4.6 7.9 9.76E-10 9.1 -1.6
9.76E-09 0 7.3 9.76E-09 -4.8 2.5
9.76E-08 6.6 12.8 9.76E-08 -13.7 -3
9.76E-07 11.1 24 9.76E-07 -2 6.5
3.10E-06 8.6 11.1 3.10E-06 -13.7 -7.4
9.88E-06 18.7 329 9.88E-06 17.2 18.1
3.14E-05 65.7 70.2 3.14E-05 87 92.6
1.00E-04 100.5 100.5 1.00E-04 95.4 104.8

Table E11. Biological data of compound 40 in psoriasis IL-8 release assay.




Psoriasis IL-8 Release Assay

Cell Viability Assay

Concentration | Trial #1 Trial #2 | Concentration | Trial #1 | Trial #2
(mmol/mL) % effect | % effect (mmol/mL) | % effect | % effect
9.76E-11 -8.3 -6.3 9.76E-11 -11.1 9.6
9.76E-10 -0.6 11.3 9.76E-10 -4.7 1.8
9.76E-09 1.2 11.1 9.76E-09 -1.7 2.1
9.76E-08 4.4 19.1 9.76E-08 -17 -12.4
9.76E-07 7.1 12.3 9.76E-07 -6 1.6
3.10E-06 3.4 4.5 3.10E-06 4.2 4.4
9.88E-06 57.2 57.7 9.88E-06 66.4 80.7
3.14E-05 99.7 99.7 3.14E-05 110.5 111
1.00E-04 19.9 24.8 1.00E-04 -12.2 5.1

Table E12. Biological data of compound 41 in psoriasis IL-8 release assay.

Psoriasis IL-8 Release Assay

Cell Viability Assay

Concentration | Trial #1 Trial #2 | Concentration | Trial #1 | Trial #2
(mmol/mL) % effect | % effect (mmol/mL) | % effect | % effect
9.76E-11 -25.9 -10.2 9.76E-11 -7.1 9.1
9.76E-10 -15.5 -6.3 9.76E-10 -18.9 -6.5
9.76E-09 -16.8 -11.3 9.76E-09 -18 7.8
9.76E-08 -14.4 -10 9.76E-08 5 7.5
9.76E-07 -6.2 17.5 9.76E-07 -10.9 0
3.10E-06 -10.3 -7.4 3.10E-06 10.1 17.4
9.88E-06 9.4 10 9.88E-06 194 24.5
3.14E-05 42.9 69.1 3.14E-05 55 58.4
1.00E-04 91.3 92.6 1.00E-04 90.1 90.9

Table E13. Biological data of compound 76b in psoriasis IL-8 release assay.

Psoriasis IL-8 Release Assay

Cell Viability Assay

Concentration | Trial #1 | Trial #2 | Concentration | Trial #1 | Trial #2
(mmol/mL) % effect | % effect (mmol/mL) | % effect | % effect
9.76E-11 -0.8 5.9 9.76E-11 -17.8 -6.6
9.76E-10 6.7 8 9.76E-10 -8.6 -8.1
9.76E-09 12.6 15.5 9.76E-09 -1.3 3.4
9.76E-08 8.3 11.7 9.76E-08 -5.8 9.5
9.76E-07 14.8 16.1 9.76E-07 -8.8 -7.5
3.10E-06 -1.1 9.4 3.10E-06 -17.1 4.5
9.88E-06 5.5 14.3 9.88E-06 -13.8 0.7
3.14E-05 27.8 33.7 3.14E-05 4.6 15.7
1.00E-04 38.3 39.5 1.00E-04 9.5 27.2

Table E14. Biological data of compound 82 in psoriasis IL-8 release assay.
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Eczema CCL2 Release Assay

Cell Viability Assay

Concentration | Trial #1 Trial #2 | Concentration | Trial #1 | Trial #2
(mmol/mL) % effect | % effect (mmol/mL) | % effect | % effect
9.76E-11 -6 6.4 9.76E-11 -9.1 -1.8
9.76E-10 -24.6 94 9.76E-10 -22.8 -3.2
9.76E-09 -12.9 -9.1 9.76E-09 -9.2 -3.2

9.76E-08 -5.5 7.4 9.76E-08 -7.8 -5
9.76E-07 -7.5 -1.6 9.76E-07 -0.7 1.5
3.10E-06 10.2 12.1 3.10E-06 -2.7 1.2
9.88E-06 49.3 55.2 9.88E-06 6.4 13.7
3.14E-05 87.2 93.6 3.14E-05 35.7 43.7
1.00E-04 90.3 100.4 1.00E-04 100.2 101.8

Table E15. Biological data of compound 40 in eczema CCL2 release assay.

Eczema CCL2 Release Assay

Cell Viability Assay

Concentration | Trial #1 Trial #2 | Concentration | Trial #1 | Trial #2
(mmol/mL) % effect | % effect (mmol/mL) | % effect | % effect
9.76E-11 -6.6 -3.2 9.76E-11 -23.4 -22.9
9.76E-10 -21 -4.9 9.76E-10 -29.5 -24.7
9.76E-09 -21.6 -5.3 9.76E-09 -22.3 -19.9
9.76E-08 -8.4 -5.3 9.76E-08 -27.1 -25.4
9.76E-07 6.2 16.1 9.76E-07 -26.2 -19.7
3.10E-06 20 20.2 3.10E-06 -20.5 -20.2
9.88E-06 75.6 75.7 9.88E-06 -10.2 -6.4
3.14E-05 96.5 99.1 3.14E-05 97.8 97.8
1.00E-04 94.2 95 1.00E-04 86.2 94.9

Table E16. Re-validated biological data of compound 41 in eczema CCL2 release assay.

Eczema CCL2 Release Assay

Cell Viability Assay

Concentration | Trial #1 | Trial #2 | Concentration | Trial #1 | Trial #2
(mmol/mL) % effect | % effect (mmol/mL) | % effect | % effect
9.76E-11 -15.8 -7.6 9.76E-11 -40.9 -30
9.76E-10 -13.1 -7.6 9.76E-10 -38.9 -22.7
9.76E-09 -13.7 -1.3 9.76E-09 -30.8 -27.2
9.76E-08 -12.9 -12.2 9.76E-08 -26.9 -26.9
9.76E-07 -12.4 1.4 9.76E-07 -28.8 -26.3
3.10E-06 -6 6.5 3.10E-06 -22.2 -21.2
9.88E-06 15.5 16.7 9.88E-06 -16.4 -14.4
3.14E-05 71.2 72.1 3.14E-05 24.9 25.1
1.00E-04 99.8 102.6 1.00E-04 70 73.3

Table E17. Biological data of compound 76b in eczema CCL2 release assay.
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Eczema CCL2 Release Assay Cell Viability Assay
Concentration | Trial #1 Trial #2 | Concentration | Trial #1 | Trial #2
(mmol/mL) % effect | % effect (mmol/mL) | % effect | % effect
9.76E-11 -7.1 2.6 9.76E-11 -14 -10.5
9.76E-10 -14.1 -0.3 9.76E-10 -14.6 -7.5
9.76E-09 -6.7 -5.3 9.76E-09 -10.2 -0.4
9.76E-08 -19.3 7.3 9.76E-08 -2.2 -0.8
9.76E-07 4.1 8.6 9.76E-07 -1.5 -0.1
3.10E-06 -11.5 4.4 3.10E-06 -6.4 -0.3
9.88E-06 5.2 8.9 9.88E-06 -0.3 0.3
3.14E-05 8.7 16.8 3.14E-05 41 7.3
1.00E-04 19 26.1 1.00E-04 17.7 27.5

Table E18. Biological data of compound 82 in eczema CCL2 release assay.

IL-17 Release Assay Cell Viability Assay
Concentration | Trial #1 Trial #2 | Concentration | Trial #1 | Trial #2
(mmol/mL) % effect | % effect (mmol/mL) | % effect | % effect
9.76E-11 -0.16 1.54 9.76E-11 2.58 9.53
9.76E-10 -2 13.52 9.76E-10 10.07 7.68
9.76E-09 -4.21 -9.16 9.76E-09 7.49 8.81
9.76E-08 1.04 10.95 9.76E-08 0.47 0.72
9.76E-07 -1.57 11.93 9.76E-07 11.91 11.95
3.10E-06 10.55 3.67 3.10E-06 14.83 19.33
9.88E-06 17.66 22.44 9.88E-06 14.9 25.76
3.14E-05 67.75 68.04 3.14E-05 21.73 29.19
1.00E-04 100.03 100.06 1.00E-04 100.02 99.15

Table E19. Biological data of compound 40 in IL-17 release assay.

IL-17 Release Assay Cell Viability Assay
Concentration | Trial #1 | Trial #2 | Concentration | Trial #1 | Trial #2
(mmol/mL) % effect | % effect (mmol/mL) | % effect | % effect
9.76E-11 -2.58 -5.42 9.76E-11 -3.39 3.21
9.76E-10 -8.08 5.55 9.76E-10 0.27 6.95
9.76E-09 -2.43 -6.51 9.76E-09 0.4 6.43
9.76E-08 11.47 8.85 9.76E-08 -5.13 0.8
9.76E-07 -0.19 2.38 9.76E-07 2.78 4.15
3.10E-06 -0.11 7.51 3.10E-06 4.21 4.82
9.88E-06 3.81 8.93 9.88E-06 6.64 9.13
3.14E-05 58.25 61.73 3.14E-05 19.6 6.93
1.00E-04 96.96 99.94 1.00E-04 64.27 90.52

Table E20. Re-validated biological data of compound 41 in IL-17 release assay.
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IL-17 Release Assay

Cell Viability Assay

Concentration | Trial #1 Trial #2 | Concentration | Trial #1 | Trial #2
(mmol/mL) % effect | % effect (mmol/mL) | % effect | % effect
9.76E-11 1.87 9.96 9.76E-11 -1.28 -10.46
9.76E-10 14.84 5.13 9.76E-10 -0.01 -3.28
9.76E-09 -0.95 -3.78 9.76E-09 -0.9 4.05
9.76E-08 -6.79 3.71 9.76E-08 -9.46 -9.85
9.76E-07 -1.5 -5.03 9.76E-07 -1.5 1.42
3.10E-06 -12.18 -7.4 3.10E-06 -3.07 -4.21
9.88E-06 -13.18 0.22 9.88E-06 0.42 6.75
3.14E-05 14.2 8.17 3.14E-05 -0.8 4.87
1.00E-04 31.57 47.82 1.00E-04 -4.69 10.85

Table E21. Biological data of compound 76b in IL-17 release assay.

IL-17 Release Assay

Cell Viability Assay

Concentration | Trial #1 Trial #2 | Concentration | Trial #1 | Trial #2
(mmol/mL) % effect | % effect (mmol/mL) | % effect | % effect
9.76E-11 2.96 3.79 9.76E-11 -2.96 0.73
9.76E-10 12.95 8.82 9.76E-10 2.26 8.41
9.76E-09 7.33 8.33 9.76E-09 0.32 8.33
9.76E-08 0.82 4.6 9.76E-08 -6.92 6.25
9.76E-07 6.53 7.9 9.76E-07 4.97 7.66
3.10E-06 -3.33 4.7 3.10E-06 6.57 7.53
9.88E-06 -0.53 -6.1 9.88E-06 14.16 14.57
3.14E-05 -4.92 -9.13 3.14E-05 19.08 19.15
1.00E-04 12.16 13.52 1.00E-04 21.37 26.03

Table E22. Biological data of compound 82 in IL-17 release assay.
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